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QUARTERDECK <

RULE CHANGES RELATED TO PUBLICATIONS
PROPOSED BY THE US OFFICE OF MANAGEMENT AND BUDGET

In the United States, it has been difficult for scientists to ignore
the proposed new Office of Management and Budget (OMB) rules
related to scientific awards, international collaboration, confer-
ence attendance, and publication fees, among other activities. If
implemented as scheduled on October 1, 2026, the proposed rules
would significantly affect scientists’ ability to carry out work effec-
tively and efficiently. The Oceanography Society (TOS) has shared
these proposed rules with our membership, and TOS’s president,
Paula Bontempi, has urged everyone to submit public comments
by July 13 (see https://tos.org/omb-2026-0034). I certainly have.

Here, I focus on the proposed rules’ potential consequences for
publications.

From the Federal Register (v. 91, n. 103, May 29, 2026, p. 32232):
“OMB is revising the section to make publication costs unallowable

unless such costs are expressly required by statute or approved in
advance by the Federal agency on a case-by-case basis”

This is a fundamental change to the current rules, which state:
“Page charges, article processing charges (APCs), or similar fees
such as open access fees for professional journal publications and
other peer-reviewed publications resulting from a Federal award
are allowable where the publications report work supported by
the Federal Government,” and the charges are levied impartially
by the journal, whether or not the research was supported under
a Federal award.

The ambiguous language makes the consequences of the pro-
posed change a bit unclear. On the one hand, it could mean that
as long as APCs are an approved item within the grant’s budget
(“approved in advance”), then authors can, as in the past, charge
the APC to their grant without needing to seek further approval.
On the other hand, the “case-by-case” wording suggests that for
every paper scientists wish to publish, they would need to ask
their agency program manager for permission to use grant funds.
If that is the government’s intent, then this requirement imposes
a huge new burden on the authors—and their program managers.
Without knowing how favorably such requests will be received, and
how quickly the program manager will respond, is it worth the time
and effort to submit such requests? Will there be a simple form and
portal to submit publication requests? Will agencies require letters
containing detailed justification for publishing? Can that letter con-
tain a request for a budget supplement to support APCs, or will
the grantee need to use funds budgeted for something else? Will
program managers need approval from a political appointee before

ARTICLE DOL. https://doi.org/10.5670/oceanog.2026.e206

responding positively? If APCs cannot be paid from grants, where
will the funds to publish come from? If the burden of paying APCs
is shifted to universities, how much support will universities (and
other institutions) be able to provide to their researchers?

And, of course, if APCs are no longer permitted in federal
grants, will journals like Oceanography, which is published by a
small nonprofit society, be able to survive? Our APCs cover the
cost of humans doing work (editing, design, and web posting,
among other tasks), plus they allow us to make your work publicly
and openly accessible on the web. We do not have an advertising
base nor large donors to cover the costs of publishing and main-
taining an archive of past issues.

The text of the proposed new rule also provides OMB’s ratio-

nale for this rule change: “Publication costs are not inherently
necessary to carry out the core programmatic objectives of most
Federal awards. In many cases, such activities are discretionary,
vary widely in scope and costs, and may serve institutional, profes-
sional, or reputational interests rather than the specific objectives
of the Federal program”

That statement represents a fundamental misunderstanding of
how science advances or an intentional misrepresentation of the
need for grants to support scientific publishing. As any scientist
knows, good experimental design relies on what you and your col-
leagues around the globe have learned from previous research, as
laid out in the peer-reviewed literature and as discussed at con-
ferences and elsewhere. Advancing the science also relies on your
colleagues’ evaluation of your experimental design and find-
ings, as shared in the peer-reviewed literature and at conferences.
Publishing results offers transparency in scientific background,
methodology, and results, and permits others to duplicate your
experiment to ensure its validity (reproducibility). Peer review and
sharing our results simply makes our science better. Importantly,
supporting APCs (and conference attendance) also allows pro-
gram managers and other agency representatives to see and evalu-
ate the results of the grants they supported.

If you haven't already, I urge you to use this public comment
period to submit your thoughts on these proposed OMB rules,
whether you pick one or a few rules that are particularly meaning-
ful to you or you take on the whole batch of changes. With more
voices, perhaps we can make a difference.

T A Lo

Ellen S. Kappel, Editor
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p COMMENTARY

Argo AT A CROSSROADS

ACHIEVEMENTS, IMPACTS, AND THE IMPERATIVE FOR
SUSTAINED GLOBAL OCEAN OBSERVATIONS

By Lilian A. Dove, Gaél Forget, Momme Hell, Verena Hormann, Irina Marinov, Monique Messié,

Anastasia Romanou, Jacob Steinberg, and Lynne D. Talley

ABSTRACT. Over the past 25 years, the international Argo program has become the backbone of subsurface ocean observation and
a prime example of a highly successful, sustained global scientific collaboration. Through evolving technology, the program has become
more efficient while also expanding its suite of observations, with a subset of floats equipped with biogeochemical sensors or the abil-
ity to sample below 2,000 m water depth. By delivering continuous, global measurements essential for climate science and national secu-
rity operations, Argo observations underpin advances in understanding ocean heat uptake, circulation, carbon cycling, deoxygenation,
and marine ecosystem variability, while also supporting operational forecasting, ocean reanalysis, and coupled Earth system prediction.
Here, we synthesize Argo’s scientific, operational, and societal contributions while emphasizing the importance of sustained continuity
and expansion of the observing system. We, members of the US CLIVAR Phenomena, Observations, and Synthesis Panel, argue that Argo
has become an indispensable global infrastructure whose long-term value depends on maintaining consistent global coverage and data
quality. Emerging advances in biogeochemical sensing, deep-ocean observations, artificial intelligence, and data systems provide oppor-
tunities to further strengthen the network, but continued investment and international coordination are essential to preserve and expand
humanity’s capacity to monitor and predict a changing ocean and climate system.

The ocean, covering more than two-thirds of our planet, exerts a
profound influence on Earth’s climate system by regulating regional
climates, driving weather patterns, and absorbing and redistrib-
uting vast amounts of heat and carbon dioxide from the atmo-
sphere. Despite its central role, the global ocean remains largely
unexplored, owing both to its immense scale and to the opacity of
seawater to the electromagnetic signals commonly used in atmo-
spheric and space-based observations. As a result, satellite cover-
age is largely restricted to the ocean’s surface and upper tens of
meters. In this context, the Argo program, through an extraordi-
nary international collaboration, has emerged as a transformative
force over the past 25 years, deploying a global fleet of autonomous
underwater profilers that have delivered sustained, frequent, and
widespread measurements of the ocean’s interior dynamics and
properties (Roemmich et al., 1999, 2019; Thierry et al., 2025).

As members of the Phenomena, Observations, and Synthesis
(POS) Panel of the US Climate Variability and Predictability
Program (US CLIVAR), we are inspired to highlight Argo as a
remarkable international success story. The mission of the POS
Panel is to improve understanding of climate phenomena, inform
the needs for a sustained global climate observing system, and
guide the development of global climate-relevant datasets and
model synthesis. Our range of expertise in ocean and climate sci-
ence enables us to assert that Argo affects virtually everyone who
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depends on or cares about weather prediction, ecosystem health,
and national security, both in the United States and globally. Argo’s
impact resonates across various sectors, from academic research
to practical applications in industries and government, making it a
fundamental piece of modern Earth system science.

Here, we spotlight a critical juncture regarding the future of
monitoring Earth’s biosphere with Argo. We champion continued
investment in this critical infrastructure that advances and directly
supports US federal research priorities while serving as a model for
sustained multinational scientific cooperation. Through partner-
ships between governments, academia, nonprofit research insti-
tutions, and industry, Argo supports ocean data assimilation and
modeling, workforce development in data sciences, and ongoing
exploration of the ocean and polar regions. Together, these efforts
accelerate technological and scientific innovation and result in the
delivery of applied science products to stakeholders.

KEY OUTCOMES FROM 25 YEARS OF ARGO

For over two decades, Argo has been a core component of the
Global Ocean Observing System (GOOS), coordinated interna-
tionally through the United Nations Educational, Scientific, and
Cultural Organization (UNESCO). The Argo program has trans-
formed oceanography from a data-sparse discipline into one
grounded in sustained, global observations of the ocean’s interior



(Figure 1). Numerous comprehensive reviews (e.g., Riser et al.,
2016; Roemmich et al., 2019; Wong et al., 2020; G.C. Johnson
et al., 2022; Thierry et al., 2025) have documented these advances
in detail. Rather than reiterating individual findings, we synthesize
Argo’s principal outcomes across three domains: scientific discov-
ery, operational capability, and education (Figure 2).

Argo has fundamentally reshaped understanding of the ocean’s
role in the climate system by providing continuous, global mea-
surements of temperature and salinity in the upper 2,000 m of
the ocean. These observations underpin quantification of key cli-
mate indicators, including ocean heat content, sea level rise, and
changes in the global hydrological cycle. More recently, through
the Biogeochemical-Argo (BGC-Argo; Claustre et al., 2020) and
Deep Argo (Zilberman et al, 2023) expansions, data coverage
has been extended to include biogeochemical parameters and the
full ocean depth. Together, the core observations of temperature
and salinity, BGC-Argo, Deep Argo, and proposed polar expan-
sions of Argo are referred to as “OneArgo” (Thierry et al., 2025).
With its expanded capabilities, Argo has enabled advances in
understanding full-depth ocean circulation and mixing, while
also transforming observation of the ocean carbon system,

biological productivity, and oxygen distribution (Claustre et al.,
2020; G.C. Johnson et al., 2022). As highlighted in prior review arti-
cles, Argo now provides the dominant share of global subsurface
observations for many essential climate variables (Figure 1), estab-
lishing an internally consistent benchmark for evaluating Earth
system variability and change.

Beyond its scientific contributions, Argo provides a cornerstone
for climatology, operational oceanography, and environmental pre-
diction. Argo profiles are routinely assimilated into ocean and cou-
pled Earth system models to constrain initial conditions, reduce
uncertainty, and improve forecasts spanning short-range weather
to seasonal and decadal climate variability (Figure 3). These obser-
vations enhance prediction of phenomena such as the El Nifio-
Southern Oscillation (ENSO), marine heatwaves, and tropical
cyclone intensity, and are operationally integrated into forecast-
ing systems at US agencies that include the National Hurricane
Center of the National Oceanic and Atmospheric Administration
(NOAA; Halliwell et al., 2017) and the US Navy (Chen et al., 2017),
as well as those at international modeling centers (Balmaseda
et al., 2024). Argo data are also central to ocean reanalyses, pro-
viding coherent reconstructions of the evolving ocean state and

FIGURE 1. Status and contribution of the
Argo network. (a) Dots represent oper-
ating floats contributed to the Argo net-
work by various countries as of May
2026. (b) Oxygen profiles are plotted per
year in the NOAA World Ocean Database
collected by Argo as opposed to tradi-
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critical benchmarks for climate models; in many regions, Argo is
the dominant source of subsurface ocean observations for these
systems. Its global, internally consistent data record further sup-
ports emerging essential satellite measurement calibration and
bias correction efforts, as well as artificial intelligence and machine
learning (AI/ML) approaches that rely on large training datasets to
improve prediction of ocean and climate variability (Forget, et al.,
2015; Jiménez-Esteve et al., 2025). At the same time, the growing
biogeochemical Argo record enables detection of declining ocean
oxygen and hypoxic regions, with implications for marine eco-
systems, fisheries management, and nitrogen cycling (Claustre
et al,, 2020; Thierry et al., 2025).

Finally, Argo’s openly accessible, near-real-time data have also
had a profound impact on education and workforce development.
The program has supported hundreds of graduate theses across
oceanography, climate science, and related fields (Argo, 2024) while
also serving as a widely used resource in undergraduate curricula.
At the K-12 level, initiatives such as Adopt-a-Float and curated
educational materials have enabled primary and secondary school
students worldwide to engage directly with real ocean data, foster-
ing early interest in Earth science, engineering, and data literacy.
More broadly, Argo exemplifies the value of open, international
scientific infrastructure, providing equitable access to high-quality
environmental data and enabling participation from a global com-
munity of researchers, educators, and students.

ARGO’S RETURN ON INVESTMENT

Given its immense and wide-ranging impacts (Figure 2), Argo
delivers unparalleled value for its cost. In the last 25 years, Argo
floats have collected over three million temperature and salinity
profiles, greatly exceeding the number of subsurface (>1,000 m)
observations available from the historical record prior to Argo
(Wong et al., 2020; Thierry et al., 2025). BGC-Argo has helped fill
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the gap in oxygen data created by declining shipboard measure-
ments (Figure 1b). This prolific output is achieved at a fraction
of the traditional cost: producing one core Argo profile costs less
than $250 (in present-day US dollars) compared to over $10,000
for one ship-based temperature and salinity profile (Jayne et al.,
2017). Likewise, a biogeochemical profile by BGC-Argo costs
between $800 and $900, while collecting an equivalent suite of
biogeochemical observations from a research vessel typically costs
orders of magnitude more due to ship time and analytical expenses
(K.S. Johnson and Claustre, 2026).

The value of these observations extends across sectors, support-
ing applications in weather forecasting, fisheries, shipping, and
national security. While difficult to quantify precisely, Argo’s cen-
tral role in GOOS implies economic benefits on the order of hun-
dreds of millions of dollars annually (Kite-Powell, 2009). Crucially,
no other observing system provides sustained, global subsurface
coverage at comparable scale and cost. Satellite (Barale et al., 2010)
and ship-based (Sloyan et al., 2019) observations are complemen-
tary but cannot replace this capability; a resilient ocean observ-
ing enterprise depends on the integration of all these observa-
tional data types.

Argo’s commitment to free and open data further amplifies its
impact, ensuring that these observations are immediately accessi-
ble worldwide and fully utilized across scientific, operational, and
societal applications (Roemmich et al., 1999). The freely available
data guide actionable science such as detection of extreme weather
and early warning signals for disaster response, maritime safety,
and global shipping route optimization, as well as aquaculture and
fisheries management. Open access to high-quality ocean observa-
tions also helps expand scientific capacity in developing countries,
where freely available data are essential for advancing research
programs, supporting education and workforce development, and
enabling participation in the global ocean observing community.
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THE NECESSITY OF CONTINUITY

TO THE ARGO MISSION

Sustained continuity is essential to Argos value. The program’s
impact depends on not only global coverage but also the consistency
of its long-term record. Interruptions in sampling or shifts in mea-
surement systems risk degrading the climate data record in ways
that cannot be recovered retrospectively (Lidstrom and Wickberg,
2025). Reduced coverage below scientifically determined targets
for the Argo program—Core Argo (2,500 floats), Biogeochemical
Argo (1,000 floats), and Deep Argo (1,200 floats)—will dimin-
ish the system’s ability to resolve seasonal-to-interannual variabil-
ity, including early warning signals for extreme events. It will also
weaken constraints on ocean heat and carbon uptake and increase
uncertainty in estimates of large-scale circulation and water mass
changes (G.C. Johnson et al.,, 2015; Chamberlain et al., 2023).
Because the configuration of the Argo array is already minimal for
meeting climate-scale objectives (Roemmich et al. 2009), further
reduction would not only degrade resolution but also risk crossing
thresholds beyond which key signals become aliased or undetect-
able (Sivareddy et al., 2017; Gasparin et al., 2023). Maintaining full
coverage is not an aspirational goal but a requirement for preserv-
ing the integrity, usability, and long-term societal value of GOOS.
Reduction of the Argo program would undermine basic as well
as actionable research and their critical roles in protecting ecosys-
tems and societies.

The continuity of Argo is critical because systems, such as fore-
casting and reanalysis, and emerging AI/ML applications, depend
on Argo as their primary source of subsurface observations (Forget
et al,, 2015; Lellouche et al., 2021). Disruptions would propagate
directly into reduced forecast skill and increased uncertainty. The
implications of a reduced Argo program extend beyond science

to economic stability and national security. Given the reliance on
Argo data across a wide range of economic sectors, from shipping
and fisheries to disaster preparedness and national defense, gaps in
coverage represent a form of strategic vulnerability. Argo provides
not only observations of the ocean but also the basis for decisions
that affect billions of dollars in economic activity and public safety.
Ensuring continuity is therefore essential to maintaining reliable
environmental intelligence in a changing climate.

The continued development and deployment of new technol-
ogies, including improved sensors that can expand observational
capabilities, increase accuracy, and reduce costs, are key aspects of
the Argo system. However, given the importance of data continu-
ity, advances in sensor technology must be integrated carefully. The
strength of the Argo program lies in the stability and comparabil-
ity of its long-term record, which depends on consistent measure-
ment practices across decades (Roemmich et al., 1999; Riser et al.,
2016; Thierry et al., 2025). Introducing new sensors inevitably risks
introducing biases, calibration offsets, or shifts in data character-
istics that can mask real climate signals. To avoid this, sensor evo-
lution must be accompanied by careful cross calibration, overlap
between old and new technologies, and rigorous validation against
reference standards (World Meteorological Organization, 2015;
Biogeochemical-Argo Planning Group, 2016). At the same time,
failing to adopt improved sensors would limit the system’s abil-
ity to address emerging risk factors and scientific questions, from
ocean carbon uptake to deoxygenation (Ito et al., 2026). The chal-
lenge, therefore, is not to choose between consistency and innova-
tion, but to manage their coexistence and intensify effort, ensur-
ing that technological progress strengthens the observing system
without compromising sustainability or the integrity of the envi-
ronmental record it is designed to sustain.

0°

FIGURE 3. Temperature correction
estimated from Argo float observa-
tions for depths of 300—-700 m. This
correction represents how model
temperatures are adjusted over time
to better match real-world ocean
measurements, as applied within
the ORAS4 ocean reanalysis (a com-

bined model-observation ocean
reconstruction). Figure reproduced
from Balmaseda et al. (2013)
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NEW FRAMEWORKS FOR AN

INDISPENSABLE PROGRAM

Meeting the research, operational, and educational demands of
the coming decades may require rethinking Argo not simply as a
research program, but as an enduring infrastructure. Currently, in
the United States, which funds half of the international Argo pro-
gram, it is funded through National Science Foundation (NSF),
National Aeronautics and Space Administration (NASA), and
NOAA research programs rather than through a dedicated long-
term operational infrastructure line. As reliance on Argo data
grows across forecasting, climate monitoring, and decision-making
systems, its sustained operation must be treated with the same pri-
ority as other core environmental observing networks. This shift
in framing from project-based funding toward long-term infra-
structure investment would provide the stability needed to main-
tain continuity while enabling strategic and sustainable innovation
(NASEM, 2017; European Marine Board, 2021).

Recognizing the need for a more scalable global observing net-
work, the Argo community is advancing efforts to streamline tech-
nical infrastructure and operations. Argo-affiliated international
partners, data system developers, and observing system engi-
neers have already begun to develop new technical frameworks
to improve efficiency and scalability. These efforts include mod-
ernizing data management pipelines, integrating cloud-based and
Al-enabled workflows, improving interoperability across observ-
ing platforms, and developing more autonomous quality con-
trol systems to accommodate the rapidly growing volume and
complexity of ocean observations. Efforts to standardize com-
munication interfaces and data systems across float platforms
are reducing operational complexity and lowering costs while
also improving interoperability and data accessibility within the
broader GOOS program. These advances position Argo to more
seamlessly incorporate new technologies without fragmenting
the observing network.

Emerging AI/ML approaches in data assimilation and ocean
modeling are creating new pathways for scientific and opera-
tional advances, with Argo positioned as a primary source of the
observations needed to train, constrain, and evaluate these next-
generation systems. Throughout the program’s life, Argo observa-
tions have been routinely integrated into operational and research
forecasting frameworks, underpinning ocean reanalyses and cou-
pled climate predictions. Advances in AI/ML therefore build on
an already mature assimilation infrastructure, offering pathways
to improve how Argo data are used, potentially through more effi-
cient data assimilation, model optimization, improved error char-
acterization, and the capacity for adaptive sampling strategies that
respond to evolving ocean conditions. Looking ahead, develop-
ments in high-performance computing systems and increased use
of graphics processing units (GPUs) may further enhance weather
prediction and ocean state estimation systems that already rely
heavily on Argo. Rather than requiring a fundamental shift, these
innovations position Argo to remain central to a new generation
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of forecasting systems that will support a more flexible and respon-
sive observing network while preserving the continuity and reli-
ability that make it indispensable.

MAINTAINING UNITED STATES LEADERSHIP
IN A GLOBAL SUCCESS STORY

Argo’s path has been one of remarkable success and collaboration,
but the journey ahead demands critical decisions, renewed com-
mitment, and potentially new organizational frameworks. In our
view, augmenting Argo, not just maintaining it, is of the utmost
importance for science and society. By extending observations to
the full depth of the ocean, sustaining the newly built global BGC
float array, and enhancing coverage in polar regions, the proposed
expansion to a complete OneArgo by 2030 (Thierry et al., 2025)
would transform our mechanistic and quantitative understand-
ing of the world ocean as well as our ability to predict its future
evolution. This evolution is not merely an enhancement of exist-
ing capabilities but a necessary leap to address emerging scientific
questions and environmental risks while continuing to support
existing data-assimilating and machine-learning infrastructure.

Recently in the United States, leaders of the ocean science and
technology agencies on the National Science and Technology
Council have reaffirmed the value that data from Argo floats bring
to all agency missions (National Science and Technology Council
Subcommittee on Ocean Science and Technology, 2024). This
reaffirmation presents an opportunity for the United States to
strengthen its commitment, for fellow leaders in the Argo com-
munity (the European Union, United Kingdom, Japan, Canada,
India, Australia) to expand their investment in the program, and
for emerging leaders to play a larger role in this global initiative.

As we look ahead, the future of Argo presents several possi-
ble paths. In an optimistic scenario, sustained and reliable fund-
ing would support a technologically advanced, publicly accessi-
ble network that delivers unparalleled insights into our ocean and
its societal impacts. By contrast, maintaining the status quo with
flat or even decreased funding risks stagnation and an erosion
of scientific and operational capacities. Because Argo is already
deeply embedded in operational forecasting and climate monitor-
ing frameworks, such degradation would directly reduce predic-
tive skill for weather, climate, and ocean hazards, thus increasing
the risk to humanity, societies, and individuals. If the United States
does not rise to the challenge, international partners will need to
shoulder the responsibility of sustaining momentum and shaping
the next era of global ocean observations.

At this critical juncture, Argo represents a story of great past
achievements through strong US involvement and international
collaboration as well as expected future accomplishments with
renewed dedication and financial support. The path we choose will
determine not only the future of global ocean measurements but
also our ability to understand and respond to the challenges posed
by a changing climate and environment.
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p FEATURE ARTICLE

QUANTIFYING THE
ROLE OF CLIMATE CHANGE IN DRIVING

MASS CORAL BLEACHING

By Andrew J. Pershing, John F. Bruno, Joseph Giguere, and Alexandra Khrizman

ABSTRACT. Four global mass coral bleaching events have now been recorded. The first, in 1998, was associated with that year’s strong
El Nifio. Subsequent global-scale bleaching occurred in 2010 and then over the periods 2014-2017 and 2018-2025 (and likely ongoing).
All these events also coincided with El Nifios for at least part of the period. While El Nifo is an important factor, each event has also

occurred during a period of rising global temperatures. Here, we use attribution of daily sea surface temperatures to show that the most

recent global coral bleaching event is entirely due to human-caused warming. Furthermore, all previous events, including the original one

in 1998, had strong fingerprints of anthropogenic climate change. Our analysis shows that global warming is the main driver of bleach-

ing and that global coral bleaching simply would not occur without human-caused climate change.

Coral reefs are the most diverse marine ecosystems, housing
approximately 32% of all named marine species (Fisher et al,
2015). Reef-building corals have adapted to their local annual
cycle of environmental temperature, but when temperatures
exceed these conditions for several weeks, bleaching or even death
can occur (Hoegh-Guldberg, 1999). Extensive mortality leads to a
transformation in the ecosystem from one dominated by coral to
one dominated by algae, sponges, or other taxa (Norstrom et al.,
2009), and this is typically accompanied by a loss of species rich-
ness and diversity (Bellwood et al., 2004).

Global mass coral bleaching events—coincident bleaching across
many reefs around the world—have occurred periodically since
1998 (Goreau et al., 2000). These events, which also occurred in
2010, 2014-2017, and 2018-2025 (Spady et al., 2026), all coincided
wholly or in part with El Nifio conditions, making it difficult to iso-
late the influence of climate change. Here, we use attribution of daily
ocean temperatures to quantify the role of anthropogenic ocean
warming in driving global mass bleaching of the world’s coral reefs.

ISOLATING THE SIGNAL OF CLIMATE CHANGE
IN OCEAN TEMPERATURE RECORDS
Our ability to detect climate change at finer spatial and tempo-
ral scales has increased in the last decade. This is most apparent in
the advent of extreme event attribution (Otto, 2017; Swain et al.,
2020), which has been used to diagnose the contribution of cli-
mate change to individual heatwaves on land (Stott et al., 2004)
and in the ocean (Hope et al, 2024), extreme rainfall events
(Van Oldenborgh et al., 2017; Reed et al., 2022), and economic
damages from coastal flooding (Strauss et al., 2021).

Gilford et al. (2022), extended extreme event attribution meth-
ods (e.g., Otto, 2017; Swain et al., 2020) to daily air temperatures.
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Their approach integrates information from climate models run
with and without anthropogenic greenhouse gas forcing and from
the observed local response to changing global temperatures.
Giguere et al. (2024) applied this same multi-method approach
to sea surface temperatures from NOAA’s Optimum Interpolation
Sea Surface Temperature (OISST) long-term Climate Data Record
(Reynolds et al., 2007). The Gilford-Giguere approach reaches sim-
ilar conclusions about how climate change increased the likelihood
of terrestrial heatwaves (Gilford et al., 2024b) and marine heat-
waves (Giguere et al., 2024) as did other studies (e.g., Laufkétter
et al’s [2020] attribution of marine heatwaves). This approach has
an additional advantage in that it can be easily automated and
applied to any day’s temperature, not just extremes.

This daily, local-scale perspective provides new capabilities for
considering that climate change has and is impacting marine eco-
systems such as coral reefs. For this study, we use Giguere et al’s
(2024) approach to assess the influence of climate change on sea
surface temperatures, specifically using NOAAs OISST (Reynolds
et al., 2007). This approach is built around a statistical reconstruc-
tion of the distribution of daily temperatures expected at a location
and time of year under a specific global climate condition (detailed
methods are provided in the online supplementary material). We
use a smoothed version of HadCRUT5 (Morice et al., 2021) global
mean temperature (GMT) as our estimate of the global conditions.
We refer to this as GMT15 because it approximates a centered
15-year running average. Global temperatures are reported relative
to the 1850-1900 baseline used by the Intergovernmental Panel on
Climate Change (IPCC). For example, assessing a temperature in
2025 would contrast the distribution under GMT15 = 1.35°C with
the counterfactual (no global warming) distribution represented
by GMT15 = 0°C.



We divide the year into 24 periods. We then use output from
13 climate simulations and two empirical approaches to charac-
terize the local temperature distributions for each period and how
they change with GMT15. We downscale and debias each cli-
mate model dataset based on the 1991-2020 period. We then fit
a skew-normal distribution to the 30 years of daily output when
each model’s global temperature anomaly first crosses the desired
GMT15 value. We also fit a distribution to the model’s control run
without anthropogenic greenhouse gas forcing. This produces
13 paired distributions.

The Gilford-Giguere approach also uses two empirical meth-
ods to estimate how local temperatures respond to changes in
GMT. The first empirical method uses linear regression to estimate
how the median daily temperature responds to a change in GMT.
The slope of this regression, called the scale factor, is used to shift
the skew-normal distribution built with data from 1991 to 2020
(GMT15 = 0.88°C) to the climate of the observations and to the
counterfactual climate. The second empirical method calculates
the scale factor for 21 evenly spaced quantiles between 0.01 and
0.99. This allows for the variance and skewness of the distribution
to change in response to global forcing.

For impact studies, we need to estimate the counterfactual tem-
perature, not the probability. Following Giguere et al. (2024), we
define the counterfactual temperature (T;) as the temperature with
the same exceedance probability in the GMT15 = 0° distribution as
the observed temperature (T) has in its climate. We calculate T, for
each of the 13 climate models and average them. We then calcu-
late T;; for the two empirical models and average. Finally, we aver-
age the two averages. This gives us two sets of temperatures, one
corresponding to the observations and another corresponding to
the observations but with the influence of climate change removed.
These can then be used to drive a process model, allowing us to esti-
mate how climate change has influenced that process. For example,

30°N

Gilford et al. (2024a) applied a model of hurricane maximum inten-
sity to daily sea surface temperature counterfactuals to identify the
role of climate change in increasing Atlantic hurricane intensity.

ATTRIBUTION OF CORAL BLEACHING

For this study, our process of interest is the risk of coral bleach-
ing. We applied the bleaching risk model developed by NOAA's
Coral Reef Watch (CRW) program (Liu et al., 2014; Skirving et al.,
2019) to both the observed and the counterfactual temperatures.
This model is based on degree heating week (DHW) accumulation
above a local maximum monthly mean climatological tempera-
ture. We calculated the maximum monthly mean climatology for
OISST using the same years (centered on the year 1998.5) as CRW.
We mapped the 12-week DHW onto risk levels (Heron et al., 2016;
Manzello et al., 2025): moderate (DHW >4°-week) implies a risk of
reef-wide bleaching, severe (DHW = 8°-week) translates to a risk
of mortality of sensitive species, and extreme (DHW = 12°-week)
indicates risk of multi-species mortality. To highlight patterns at
lower DWH, we split NOAAs “low” category into two bins: very
low (DHW < 1°-week) and low (1°-week < DHW < 4°-week) cor-
respond to a risk of possible bleaching. For 100 coral reef contain-
ing regions, we calculated the annual maximum value (DHW_,,)
for the years 1982-2025.

Spady et al. (2026) aggregated reports of bleaching during the
most recent global bleaching event. For each of the 71 regions
where they determined that bleaching had occurred, we found the
over the period 2018-2025. Consistent with
their analysis, we find that bleaching risk was elevated in all the
regions they identified (Figure 1a). Risk was most intense in the
southern Caribbean and along the Central and South American

maximum DHW,

max

coasts. Throughout this region, DHW,_, reached extreme levels
(DHW,,,, = 12°C-weeks) at which large-scale mortality is expected

and has been documented in some regions (Manzello et al., 2025).
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FIGURE 1. Bleaching risk attributable to anthropogenic climate change for the fourth global mass coral bleaching event. (a) Risk levels based on maximum
degree heating weeks (DHW,,,,) for 71 regions where bleaching was reported during 2018-2025 (Spady et al., 2026). The extreme risk level is split into three
sublevels to highlight the gradation. (b) Risk levels calculated using counterfactual temperatures. (c) Plot of observed (circles) and counterfactual (squares)
DHW,..,. The regions are ranked based on the observed values and colored according to risk levels as in panel a. The DHW,,,, values for each region are in

online supplementary Table S1.
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Other regions that reached the extreme level include the Red Sea,
central and eastern Polynesia, and the coast of Japan. Risk reached
at least moderate levels (DHW,,,, > 4°C-weeks) in all other regions,
a risk level associated with reef-wide bleaching.

Our analysis indicates there would be essentially no coral
bleaching and certainly not a global-scale event without human-
caused climate change. Based on DHW,_,, calculated with counter-
factual temperatures, we find a substantial reduction in the risk
of bleaching (Figure 1b). Only one region, the central Kuroshio,
had moderate bleaching risk in the counterfactual climate. This
region had an observed DHW,_,,, value exceeding 17.4°C-weeks,
well above the extreme risk threshold (Figure 1c). All the remain-
ing regions had little temperature-based risk, including 51 regions
with DHW,,, < 1°C-week.

The influence of climate change is also apparent in previous
global coral bleaching events. During each of these events, at
least 40 regions were at moderate risk (Figure 2). In 1998, only
one of these regions had bleaching risk that was not attributable,
meaning that the region reached the moderate risk level under
the counterfactual conditions (in the absence of global warming).
For all other global events, the other regions would not have had
this level of risk in the counterfactual climate. The rising trend in
the number of regions experiencing each risk level suggests that
many regions are now experiencing stressful temperatures multi-
ple times in a decade.

GLOBAL WARMING VS. EL NINO

The attributability of the 1998 event is especially noteworthy
given the perceived importance of El Nifio in that event (Hoegh-
Guldberg, 1999; Bruno et al., 2001). Our approach to calculat-
ing the counterfactual temperature is designed to account for

1001 & b
Attributable Risk )
fffff Low s ’,"‘\ A o
804  —— Moderate ,.‘ ¥ I
—— Severe R AR |
" — Extreme AL A T BT
g / \ L | |
© 60 A |
g [
[2%4
Y
6
38 40 ©
£
=]
z
20 A
2
0+ ®
1980 1990 2000 2010 2020 2024
Year

FIGURE 2. Number of coral regions exposed to elevated risk of bleaching.
(@) Number of regions reaching a particular bleaching risk level (indicated by
colors as in Figure 1a). The dashed lines show the number of regions where
the risk is attributable to human-induced warming, meaning that the region’s
DHW,,,, calculated with observed temperatures is above the threshold but
the value using the counterfactual temperatures is below the threshold.
(b) The number of regions at each risk level in 2024 re-calculated using the
1992-2023 baseline.
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natural variability from the El Nifio-Southern Oscillation (ENSO)
and other sources. It does this by characterizing the distribution
of temperatures during a 30-year reference period (in this case,
1991-2020) and then shifting that distribution using the observed
trends and climate models (Giguere et al., 2024). This means that
the counterfactual temperatures for 1998 or any El Nifio year
would reflect El Nino conditions in the absence of warming.

To further explore the hypothesis that global warming and not
El Niflo is the main driver of large-scale bleaching, we use linear
regression to fit a statistical model of DHW,,, for each region:

DHW,,.,(year) = a*GMT15(year) + b*ONI(year-L) + ¢,

where ONI(year) is the monthly Oceanic Nifio Index (Glantz and
Ramirez, 2020; NOAA, 2025) from the month when the region’s
maximum monthly climatological temperature occurs. The param-
eter L is the lag in months (from 0 to 12) that gives the best fit.
We found 23 regions where only the temperature term was signif-
icant and 74 out of 100 regions where both the global temperature
and ONI effects were significant (Figure S1in the online supple-
mentary material). For the regions where both factors were signif-
icant, we calculated GMT,;,
perature that leads to a change in DHW,,, comparable to a strong
El Nifio; ONI = 2).

According to the statistical modeling, the effect of global tem-

= 2*b/a (i.e., the global mean tem-

perature became stronger than El Nifo in half the regions where
both factors are significant when global mean temperature was only
0.5°C above the preindustrial (Figure 3a, blue curve). These con-
ditions occurred in the year 1989. In 1998, during the first global
bleaching event, the global mean temperature was 0.72° above
preindustrial conditions, and warming was stronger in 61 out of
74 regions. Under current conditions in 2025 (GMT15 = 1.35°),
only three regions, Cocos Islands, Northern Galapagos Islands,
and Line Islands, have a stronger El Nifio effect (Figure 3b). Under
current warming rates (SSP3-7.0), warming will outweigh ENSO
in all regions where both factors are significant by 2028.

The statistical models also demonstrate that climate change has
been the main driver of coral bleaching risk over the last 40 years.
By 2000, when GMT15 = 0.77°C, the effect of warming emerged
from natural variability in half of the 95 regions with significant
GMT15 terms (Figure 3a). In the current climate of 1.35°C, forc-
ing from global temperature exceeds natural variability in 93% of
regions (90/97). All regions are expected to exceed their natural
variability by 2040 (Figure 3c).

DISCUSSION

Both the attribution analysis and the linear modeling indicate
that rising greenhouse gas emissions and the ensuing rise in
global temperatures are the main drivers of mass coral bleach-
ing. Without human-induced climate change, reef-wide bleach-
ing would be exceedingly rare, and global bleaching events simply
would not occur. According to our analysis, large El Nifio events
add to the risk from long-term warming, but temperature changes
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from El Nifio would not be strong enough on their own to result in
widespread bleaching.

The main advance in our study is the ability to quantify the
influence of global warming and to isolate it from natural climate
variability, including El Nifio events. The multi-method, daily
approach developed by Giguere et al. (2024) is currently being
used to provide operational assessments of the influence of climate
change on sea surface temperatures (see https://csi.climatecentral.

org/ocean). This approach provides a convenient pathway for gen-
erating time series of counterfactual temperatures that can be used
for impact attribution. The main requirement for impact attribu-
tion is a model linking sea surface temperature with the process of
interest. Marine species distributions (e.g., Morley et al., 2018) and
fishery population dynamics (e.g., Pershing et al., 2015) have all
been modeled using sea surface temperature and would be partic-
ularly suited to attribution studies.

The DHW risk model follows from the understanding that
reef-building corals are adapted to the prevailing conditions in
their regions. Exposure to stressful temperatures can cause bleach-
ing; however, it can also lead to physiological acclimatization and
genetic adaptation, and at the community level, to the loss of the
species most sensitive to warming. This may explain why some
reefs do not bleach when exposed to conditions that they have
previously experienced. For example, in the Chagos Archipelago,
high DHW values in 2005 and 2010 were comparable in magni-
tude to the 1998 event, yet coral cover did not decline and instead
increased until 2015 (Sheppard et al., 2017).

Ultimately, a region will only be able to retain a coral reef eco-
system if the rate of adaptation (defined broadly to include pro-
cesses ranging from acclimatization and genetic changes to species
replacement) is faster than the rate of warming (Pershing et al,,
2019). Understanding the process of adaptation to rising tempera-

tures is the defining goal of climate change ecology (Witman et al.,
2023). The rate of adaptation in coral reef communities should be
slow due to the long lifespan and slow growth of most reef-building
corals and will be further exacerbated in isolated reefs where spe-
cies replacement is slower.

Defining bleaching risk relative to the original baseline period
echoes the fixed-baseline definition of marine heatwaves (Hobday
et al,, 2016). Jacox (2019) argued for defining marine heatwaves
after removing the long-term trend. From the perspective of marine
ecology, removing the trend assumes that adaptation processes
are fast enough to keep pace with the trend. Coral communities
lie somewhere between these perspectives. If we shift the baseline
period for the DHW calculations from the standard NOAA period
(mean year = 1982.3) to the most recent 30 years (mean year =
2008.5), there is a reduction in the number of reefs at each risk level
(Figure 2b); however, the number of reefs exposed in each category
remains high and is similar to 1998 and 2010. In other words, we
would still expect a significant global mass bleaching event.

Our analysis suggests that anthropogenic warming was already
driving coral bleaching in the 1990s, the period when the scien-
tific consensus on human-caused climate change was coming into
focus. The failure to reduce greenhouse gas emissions after that
time led to an additional 0.7° of warming, increasing the expo-
sure of reef ecosystems to dangerously warm temperatures. The
International Union for Conservation of Nature (IUCN) has doc-
umented that 1,008 species have gone extinct since 1600, most due
to human activities (IUCN, 2025). Continued emissions and addi-
tional warming raise the potential that human actions may soon
eliminate coral reef ecosystems as we know them from the planet.

SUPPLEMENTARY MATERIALS
The supplementary materials are available online at https:/doi.org/10.5670/
oceanog.2026.e210.
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ECOLOGICAL BENTHIC UNITS

A NEW CHARACTERIZATION OF THE GLOBAL SEAFLOOR
FOR OCEAN SPATIAL PLANNING AND MANAGEMENT

By Peter T. Harris, Dawn J. Wright, Kevin Butler, Keith VanGraafeiland, Mark John Costello, Kerry Howell,

Gustav Kagesten, Vanessa Lucieer, Miles Macmillan-Lawler, and Roger Sayre

ABSTRACT. Effective management of deep-sea ecosystems and the high seas is hindered by the absence of a globally consistent frame-
work for characterizing benthic habitats. Here we present the first global ecological classification of the seafloor, comprising 250 unique
ecological benthic units (EBUs), distributed on the seafloor as nearly 700,000 EBU polygon occurrences, generated by intersecting a
high-resolution geomorphic map with multivariate environmental seascapes. Using 17 million seafloor data points and 0.05° resolution
biophysical datasets—including bottom temperature, dissolved oxygen, pH, carbon flux, sediment thickness, crustal age, and bottom
currents—we identified 57 benthic regions across six major geomorphic groups (shelves, slopes, seamounts/guyots, spreading ridges,
abyssal/hadal areas, plateaus). The resulting EBUs reveal previously unrecognized ecological gradients, quantify global patterns of ben-
thic heterogeneity, and expose large-scale environmental vulnerabilities. Notably, we find that 95.6 million km* (26% of the ocean area)
of abyssal seafloor lies below the carbonate compensation depth, that 4.16 million km* (1% of the ocean) of continental slopes intersect
severe oxygen minima, and <1% of seamounts occur in seascapes most environmentally favorable to life. These insights provide a power-
ful basis for identifying rare habitat configurations, assessing exposure to climate-driven stressors, and prioritizing areas for high seas
marine protected area planning, as well as a policy-relevant foundation for environmental impact assessment and biodiversity baseline

proxies under the new United Nations High Seas Treaty.

INTRODUCTION

Society’s interest in exploiting deep-sea resources is growing rap-
idly, but the same cannot be said for our ability to effectively con-
serve and manage the deep ocean (>500 m depth) and high seas
(i.e., international waters beyond national jurisdiction). The recent
ratification of the United Nations (UN) High Seas Treaty (formally
the Agreement on Marine Biological Diversity of Areas Beyond

National Jurisdiction or BBNJ Agreement; High Seas Alliance,

2025) indicates that there is a growing need to conserve the ocean’s

resources and protect the biodiversity that it contains. There have

been discussions of what aspects should be considered when plan-
ning conservation strategies for the deep ocean realms (Ceccarelli
et al., 2021), but there remains a lack of sufficient tools and data
to guide decision-making processes (McQuaid et al., 2023; Misiuk

and Brown, 2024).

Marine spatial planning in the ocean, including the high seas
areas, involves making decisions about managing human activities
in the ocean. For example:

1. Sustainable harvesting of living marine resources and conser-
vation of biodiversity: There is growing interest in harvesting
deep-sea biological resources for food and the genetic materials
used in the development of pharmaceuticals (Bisson et al., 2023).

2. Understanding impacts of pollution: For example, deep-sea
sediments are the final resting place for plastic pollution lost in
the ocean. However, our understanding of pathways and what

environments are most impacted is very poor (Harris et al.,
2023). This includes creating more accurate environmental
impact assessments for potential deep-sea resource extraction.

3. Establishment and monitoring of high seas marine protected
areas: To create an ecologically representative global network of
marine protected areas (MPAs) as per the new UN Highs Seas
Treaty, we first need to understand the spatial distribution of
different seabed environments and the biodiversity they con-
tain. Our understanding of deep-sea habitats is still extremely
limited, illustrated by the recent extraordinary discovery of the
electrochemical production of “dark oxygen” on the abyssal sea-
floor by polymetallic nodules (Sweetman et al., 2024).

4. Understanding impacts of climate change: Research shows
that global climate change is driving changes in deep ocean pH
(Sulpis et al., 2018), bottom currents, and patterns of sedimen-
tation. Further, the shape of the seafloor combines with these
factors to influence the amount of heat flowing underneath ice
shelves and contributing to melting (Richter et al., 2025). Deep-
sea biota will respond to these ecosystem changes by moving
and/or recolonizing different locations that suit their needs
(Ramirez-Llodra et al., 2011).

In this paper, we present a new benthic classification that we

call “ecological benthic units” (EBUs) for the world ocean. Our
aim is to provide a new tool to improve global understanding and
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decision-making capability for a range of global issues, as listed
above. EBUs build upon an earlier map of ecological marine units
(EMUs) that characterizes the ocean water column as a proxy
for pelagic ecosystems (Sayre et al., 2017). As abiotic surrogates
for benthic biodiversity (McArthur et al., 2010; Astudillo-Scalia
et al., 2021), the EBUs are environmentally distinct areas occur-
ring within physiographically stratified geomorphic types, and
they represent the ecological settings that control the distribution
of benthic biota.

APPROACH TAKEN

The global map of seafloor geomorphic features (Harris et al.,
2014) provides the basis for the present study. It contains 29 sea-
floor feature categories, such as submarine canyons, seamounts,
mid-ocean ridges, troughs, rift valleys, escarpments, and basins.
The map divides the global ocean floor into more than 120,000
separate polygons and provides the basis for quantitative classifica-
tion of seafloor areas. Seafloor geomorphology, mapped and mea-
sured by marine scientists, has proven to be a very useful physical
attribute for ocean management. This is because different geo-
morphic features (e.g., submarine canyons, seamounts, spread-
ing ridges, escarpments, plateaus, trenches) are commonly associ-
ated with particular suites of habitats and biological communities
(Harris and Baker, 2020). The features themselves, be they can-
yons, sea valleys, rocky reefs, or sand banks, become the short-
hand descriptor (if not the direct focus) of conservation efforts and
marine management processes because they are easily understood
by the broader community and are commonly associated with a
particular kind of benthic community.

To advance the science underpinning ocean conservation,
better classification resolution and spatial resolution are needed to
sub-classify geomorphic features into more meaningful EBUs. We
used existing spatial datasets for environmental parameters rele-
vant to the deep-sea ecosystem. For example, six ecologically rel-
evant biophysical variables (depth, seabed slope, sediment thick-
ness, primary production, bottom water dissolved oxygen, and
bottom temperature) were used by Harris and Whiteway (2009) to
classify the ocean into 53,713 separate polygons comprising 11 dif-
ferent categories called “seascapes.” A similar approach was used
by Sayre et al. (2017) to create the EMU ocean water column clas-
sification. In this paper, we subclassify the existing map of seafloor
geomorphic features into different sub-units with existing spatial
data using multivariate statistics.

ECOLOGICAL SIGNIFICANCE OF VARIABLES

USED AND DERIVED

Reviews of the ecological significance of biophysical variables
used for global seascape type analyses such as those conducted
for the present study have been published previously (e.g., Harris
and Whiteway, 2009). The input variables used may be grouped
into four broad categories: (1) physical/structural (depth, sea-
floor gradient [slope)], feature height above seafloor, crustal age,
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spreading rate, sediment thickness); (2) chemical (water tempera-
ture, pH, dissolved oxygen, salinity); (3) biological (primary pro-
ductivity, seafloor downward organic carbon flux); and (4) hydro-
dynamic (sea ice cover, significant wave height, tidal range,
benthic current velocity).

The use of static variables (e.g., annual mean value when sea-
sonal variations are present) to characterize the ocean has clear
limitations. The occurrence of biota at any given location on the
seafloor will not necessarily be in response to the mean value of
any variable. Dynamic aspects of the benthic environment include
natural changes in variables like current speed, temperature, dis-
solved oxygen, and food supply. It is now an established fact that
there are “benthic storms” (e.g., Woodgate and Fahrbach, 1999)
and seasons in the deep sea. Detrital-feeding fauna and suspension-
feeding organisms have evolved to exploit the seasonal, vertical flux
of surface matter sinking to the seabed. Seasons are recorded by
moored sediment traps (e.g., Juniper et al., 2013) and in thick ver-
sus thin growth rings in the shells of small abyssal molluscs (Gage
and Tyler, 1991). A key driver for longer-frequency (>1 year) vari-
ations is change in deep ocean (near bottom) current speed and/or
direction. Because water properties are essentially carried passively
over benthic habitats in the moving water column, changes in bot-
tom currents can trigger changes in (for example) the quantity and
quality of particulate organic carbon (POC) flux (food) to the abys-
sal seafloor (Smith et al., 2008). For this reason, we include modeled
bottom water current speed and direction in our analysis.

Examples of derived variables include local benthic habitat het-
erogeneity (e.g., number of unique EBU types per neighborhood)
and orientation of seafloor features to the prevailing current.
Several authors have reported evidence that seafloor heterogene-
ity is an indicator of areas with high species richness (e.g., Harris,
2012; Zeppilli et al., 2016; Riehl et al., 2020; Zhao et al., 2020;
Romoth et al., 2023). In this study, we quantify the number of
polygons per unit area to compare the heterogeneity of seascapes
and their associated geomorphic features.

Some seafloor features rise up prominently, providing a hard,
rocky substrate that is habitat for sessile benthic animals that rely
upon filter-feeding plankton and organic detritus from the water
column for their food supply. The optimum orientation of such a
substrate is one that faces into the prevailing current, thus bring-
ing the most amount of suspended detritus (food) to the wait-
ing tentacles (Baynes and Szmant, 1989). In this study we include
an analysis of seafloor feature orientation relative to the mod-
eled bottom current.

METHODS

CREATING SEAFLOOR GEOMORPHOLOGY

AS A SINGLE MAP LAYER

The project builds upon the foundation of an existing 1 km global
grid of seafloor geomorphic features (Harris et al., 2014) that was
based on bathymetric data available at the time, in particular,
the SRTM 30_PLUS model of Becker et al. (2009). Although the



global bathymetry database is improving every year, it is beyond
the scope of this project to produce a revised/updated version of
the 2014 global seafloor geomorphic features map.

The geomorphic features were first “flattened” in ArcGIS Pro 3.6
to remove all areas of spatial overlap. This flattening was performed
through a hierarchical overlay process in which the 28 geomorphic
feature types were prioritized based on their logical order of super-
position. Superimposed features were sequentially “burned into”
those below them in the hierarchy. For example, a canyon cutting
across a slope that ends on an abyssal plain would overwrite the
slope and abyssal plain where it intersects them, while the slope
and abyssal plain would remain elsewhere. This resulted in a single
map layer where every grid point was allocated into a single geo-
morphic feature type. Table 1 lists the 28 feature categories used
in this study. We did not include escarpments mapped by Harris
etal. (2014) because these were measured from bathymetry (gradi-
ent exceeding 20°) and draped over other features (e.g., ridges with
escarpment, canyons with escarpment). Hence “escarpment” is a
secondary attribute of other features.

ESTABLISHING GEOMORPHIC GROUPS

The next step was to allocate relevant biophysical variables to
each of the geomorphic features. Geomorphic feature types were
grouped into six broad geomorphic groups—continental shelf,
continental slope, seamounts and guyots, crust-forming, complex/
deep seafloor, and plateaus—to reflect fundamental differences
in ecological drivers and physical processes across the seafloor.
This grouping allowed for a more targeted selection of environ-
mental variables within each geomorphic group. Although a num-
ber of data layers covering the global ocean (or specific areas of
the global ocean) are available, not every data layer is necessarily

relevant to sub-classifying a given geomorphic feature. For exam-
ple, ocean surface waves may impact the shallow continental shelf
but have no impact on mid-ocean spreading ridges. Conversely,
seafloor spreading rate is an important characteristic of mid-ocean
rift valleys but is not relevant to shallow coral reefs. Therefore, rel-
evant biophysical variables were allocated differently for each geo-
morphic group (Table 1). In short, we clipped the biophysical data
to geomorphic group geographies, performed a cluster analysis
within each geomorphic group, subdivided the geomorphic group
into seascapes using the clustered biophysical data, and then sum-
marized distribution of those seascapes among geomorphic fea-
ture types, as follows.

SEASCAPES

Within each of the six geomorphic groups (Groups A-F), a sep-
arate K-means clustering analysis was carried out based on the
biophysical variables as they are aligned in Table 1. The main
data source was Bio-Oracle (Assis et al., 2024), a gridded prod-
uct at a pixel spacing of 0.05° (~6 km); all data sources are listed
in Table 2. To prevent variables with a higher variance from hav-
ing more influence in the clustering, we standardized each vari-
able to a mean of zero and a standard deviation of one before clus-
tering. We then created a regular global grid of points covering the
seafloor at 0.05° resolution (approximately 5.5 km at the equator),
yielding 17,034,951 points. This resolution was chosen to match
the Bio-ORACLE v3.0 dataset, which provided most of the phys-
iochemical variables used in the analysis. Each point of the global
mesh was assigned to one of the six geomorphic groups based on
its location within the flattened geomorphic layer. Environmental
variables were extracted from a series of raster datasets (Table 2),
some with differing cell sizes and spatial alignments.

TABLE 1. List of the geomorphic feature groups (A—F) and their associated biophysical variables used for sub-classification in this study. Seascapes were
derived separately to match six different groups of seabed geomorphic features: (A) shelf, (B) slope, (C) seamounts and guyots, (D) spreading ridges and rift
valleys, (E) other abyssal and hadal areas, and (F) plateaus. Variables common to all groups are shown in orange text.

a C. Seamounts
3 A. Shelf B. Slope
) and Guyots
3 « Sill on shelf « Basin on slope « Seamount
g « Basin on shelf « Canyon « Guyot
-8 - Glacial trough - Shelf incising
il - Shelf valley - Blind canyon
(SIN - Coral reef - Terraces
E « Low relief shelf « Other continental
g « Medium relief shelf slope
L - High relief shelf
[¢]
w
(V)
« Tidal range « Slope « Crust age
0 « Wave Hsig « Depth « Height
SHGN - Depth « Current velocity « Current velocity
O w
» al * pH * pH * pH
E C® - Salinity « Dissolved O, « Dissolved O,
3 E « Dissolved O, « Temperature « Temperature
o =8 . Primary productivity | « Carbon flux « Carbon flux

« Temperature
« Sea ice cover

D. Spreading Ridges | E. Other Abyssal

and Rift Valleys and Hadal Areas F. Plateaus
« Mid-ocean ridge - Fan « Plateau
« Rift valley « Continental rise
- Bridge
« Trough
» Trench
- Ridge
« Abyssal plain
« Abyssal hill
+ Abyssal mountain
» Hadal
« Spreading rate « Crust age « Slope
« Slope « Depth « Depth
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* pH « Sediment thickness | « Sediment thickness

« Current velocity
« Dissolved O,
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« Current velocity
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« Temperature

« Carbon flux
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« Dissolved O,

« Temperature

« Carbon flux
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To ensure consistent attribution, values in Table 2 were assigned
to points using nearest neighbor resampling, which assigns the
value of the raster cell containing the point without interpola-
tion. Importantly, the specific geomorphic feature type (e.g., “sill
on shelf” or “guyot”) was not included as an input variable, allow-
ing the clustering to remain blind to the geomorphic feature type.
For pixels with slope >3°, current direction was assessed relative to
pixel aspect. Currents flowing from 90° to 270° relative to aspect
were classified as high relief exposed, whereas currents flowing
from 270° through 0° to 90° were classified as high relief sheltered.

For each geomorphic group, we constructed a cross-correlation
matrix to assess redundancy among variables. Variables with cor-
relations greater than 0.7 were removed to reduce redundancy
and ensure that no single type of environmental condition was

overrepresented in the analysis. This helped ensure that each vari-
able contributed more equally to the clustering process.

Clustering was conducted separately for each geomorphic
group using K-means clustering in SAS. The number of clus-
ters tested ranged from 3 to 25. The optimal number of clusters
for each group was selected using the “gap statistic” (Tibshirani
et al., 2001), which compares the within-cluster dispersion to that
expected under a null reference distribution. The optimal num-
ber corresponds to the highest significant peak in the gap statistic.
Each point was labeled with its final cluster assignment, and these
clusters—interpreted as distinct seascape types—were merged
across all groups to produce the final global seafloor classification.
All variables listed in Table 1 were used in the clustering; no vari-
ables were removed post hoc due to cross correlation.

TABLE 2. List of variables used in this study, with units, data source, and resolution. The variables “Escarpments” and “Orientation towards current” were
not used as inputs to the K-means clustering. They are derived attributes added after clustering to provide additional environmental context for the resulting
EBUs and to support future analyses by other researchers. They do not influence cluster assignments or polygon boundaries in this study.

NAME ‘ UNITS ‘ RESOLUTION ‘ SOURCE ‘ COMMENTS
. Bio-Oracle data are documented by Assis et al. (2024);
Depth (mean) m 0.05 degrees | Bio-ORACLE v3.0 data are averaged over 2000-2018
Model is a finite elements solution that has been
) FES (2022) interpolated to 0.05 degrees. https://www.aviso.altimetry.
RN e m bk (AVISO) fr/en/data/products/auxiliary-products/global-tide-fes/
release-fes22.html
Significant wave heiaht m 0.2 Copernicus Data averaged from 1980-2024 based on the Météo-
9 9 ’ Marine Service France WAve Model (MFWAM)
. CCD at pH of 779 £ 0.014 was determined using data from
pH (mean) n/a 0.05 Bio-ORACLE v3.0 Sulpis et al. (2018)
Slope degrees 0.05 Bio-ORACLE v3.0
Global sediment thickness km 0.083 GlobSed v3.0 After Straume et al. (2019)
Primary production mmol m3 0.05 Bio-ORACLE v3.0
Current velocity (long-term mean) ms™ 0.05 Bio-ORACLE v3.0
NOAA High-resolution Blended Analysis of Daily SST and
Ice (Huang et al., 2021). NOAA OI SST V2 high resolution
Sea ice cover % per year 0.25 NOAA dataset provided by the NOAA Physical Sciences
Laboratory, Boulder, CO, USA, from their website at
https://psl.noaa.gov
Bottom dissolved oxygen mmol m-3 0.05 Bio-ORACLE v3.0
(long-term min)
Bottom primary productivity mmol m- 005 Bio-ORACLE v3.0
(long-term mean)
el °C 005 Bio-ORACLE v3.0
(long-term max)
Seafloor downward organic 5 Brodeau et al.
carbon flux (2006-2015 average) mmol/m</d 0.2 (2010) Data averaged over 2006-2015
Parts per
Salinity thousand (ppt) Bio-ORACLE v3.0
long-term mean
Crustal age Ma Muller et al. (2008)
Seafloor spreading rate cmyr™ Muller et al. (2008)
Seamount height m Calculated in this study using the latest GEBCO
RS Present/absent 30 arc seconds Harris et al. (2014) Seafloor gradient exceeding 20 degrees; Added last as a

Orientation towards current

20 Ocmm/jmp/i)/ | Vol. 39, No. 2

(~1km)

Dimensionless
Exposure index

This study

qualifying attribute

Added last as a qualifying attribute


https://www.sas.com/en_us/home.html
https://url.au.m.mimecastprotect.com/s/KXr5C2xZ6AHkgoGw0Infnc5hHvl?domain=aviso.altimetry.fr
https://url.au.m.mimecastprotect.com/s/KXr5C2xZ6AHkgoGw0Infnc5hHvl?domain=aviso.altimetry.fr
https://url.au.m.mimecastprotect.com/s/KXr5C2xZ6AHkgoGw0Infnc5hHvl?domain=aviso.altimetry.fr
https://psl.noaa.gov

NAMING OF SEASCAPES AND EBUs

Terminology and thresholds describing the environmental vari-
ables that establish the class names and value ranges for each class are
based on the National Oceanic and Atmospheric Administration
(NOAA) Coastal and Marine Ecological Classification Standard
(CMECS) scheme, where relevant terms are available (US FGDC,
2012; see online supplementary Table S1). For each of the 57 sea-
scape types identified, the mean value of each environmental vari-
able used in the clustering (Table 1) was calculated, except in the
case for temperature and dissolved oxygen, where long-term max-
imum and minimum values were used to better reflect biologically
limiting values (e.g., Baker et al., 2024; Capotondi et al., 2024).
Throughout this paper, the term “mean” is used for temperature
calculated as the average temperature of the warmest month in the
period 2000-2010 and for dissolved oxygen as the average level
occurring in the month having the lowest average dissolved oxy-
gen in the period 2000-2010; they are thus mean maximum and
minimum values, respectively. All mean values were then assigned
descriptive labels using existing thresholds (shown in Table S1),
concatenated to form a short descriptive seascape name that sum-
marizes the dominant environmental conditions represented by
the cluster. For example, a high-latitude continental shelf sea-
scape might be labeled as Minimally Tidal, Moderately High Wave
Energy, Mesobenthic to Shallow Infralittoral Depth, pH Above
CCD, Euhaline, Highly Oxic, Very Low Productivity, Very Cold
Temperature, with Moderate Ice.

A1 o A7
FIGURE 1. Map in Equal Earth projection — i —
of the global distribution of 57 seascapes =2‘; 21?

derived for the present project. A6

A12

EBUs inherit the seascape name and append the corresponding
geomorphic feature name. As a result, every location on the ocean
floor represented in the EBU map is associated with an explicit
descriptive label that captures both its environmental setting and
its geomorphic context. These labels are provided with the publicly
available EBU dataset.

EBU HETEROGENEITY

To identify areas where the greatest EBU heterogeneity occurs, a
focal variety analysis of the data was undertaken in ArcGIS Pro 3.6.
The focal variety tool determines the number of unique values (or
the variety) for each cell location on an input raster within a spec-
ified neighborhood and sends it to the corresponding cell location
on the output raster. In this study, we used a 100 km search radius
(i.e., an area of 31,400 km?) to define the neighborhood, reported
here as polygons per 1,000 km”. EBU heterogeneity used normal-
ized numbers of EBUs in the neighborhood analysis window, thus
taking into account any potential variation in the density of EBU
types across the geomorphic groups that may have been caused
by differing clustering approaches within the geomorphic groups.

RESULTS: SEASCAPES AND GEOMORPHIC
FEATURE SUB-CLASSES

The global map of seascapes (Figure 1) produced in this study
divides the ocean floor into 162,687 separate polygons. The fol-
lowing sections describe the 57 seascape types by geomorphic
group and assess the intersection of seascapes with the previously
mapped geomorphic features.

N B1
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https://ecological-benthic-units-esrioceans.hub.arcgis.com/
https://ecological-benthic-units-esrioceans.hub.arcgis.com/
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FIGURE 2. Polar shelf seascapes (A1, A3, A6, A7, and A8), mapped in
the Equal Earth projection (as per all maps in this paper), derived in the
present study. See Table 1 for the list of variables used in the cluster
analysis. These seascapes have mean sea ice cover per day of greater
than 70% and mean water temperature below 2.8°C. The geomorphic
features associated with each seascape are illustrated in Figure 3.
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SHELF SEASCAPES (GROUP A) AND

GEOMORPHIC FEATURES

The 12 shelf seascapes fall into three broad categories based on sea
ice cover and water temperature: polar, tropical, or temperate. The
“polar” category (A1, A3, A6, A7, A8) is characterized by signifi-
cant sea ice cover (grid cells are ice-covered >70% of the year), cold
water (<2.8°C), generally very low to low primary productivity, and
the occurrence of geomorphic glacial troughs (Figures 2 and 3).
Seascape A1 contains only 0.46 polygons per 1,000 km? making it
the least heterogeneous (greater number of large, continuous poly-
gons) of all shelf seascapes.

Polar seascape A7 has the deepest mean water depth of all shelf
seascapes (602 + 186 m; 186 m is the standard deviation conven-
tion used throughout this paper). This great depth is associated
with the greatest occurrence of shelf-perched basins, abundant
glacial troughs, and the smallest area of low-relief shelf. A7 also
has a low mean temperature (0.24°C), which explains the occur-
rence of this seascape at some higher latitudes (Figure 2) where
the shelf extends deeper and intersects cold water masses.

Seascape A3 stands out with its very shallow mean water depth
(15.6 + 12.5 m), relatively low mean salinity (22 ppt), and very
high dissolved oxygen 360 + 33 mmol m>. This seascape is found
close to the Arctic coastline and in the Black Sea (Figure 2), and
it is the warmest and has the highest primary productivity of
the polar seascapes.

There are two “tropical” shelf seascapes (A4 and A10) where
mean temperature is over 20°C—this is where 85% of coral reefs
occur (Figures 3 and 4). Seascapes A4 and Al0Q are the larg-
est shelf seascapes by surface area, covering 5,615,274 km* and
6,073,758 km?, respectively (Figure 3), totaling 36.7% of the

Shelf Secscopes (Group A)
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FIGURE 3. Intersection of different shelf geomorphic features with the sea-
scapes, shown as a percent area. The graph shows that each seascape
is dominated mainly by different percent areas of low (<10 m), medium
(10-50 m), and high (>50 m) vertical relief shelf areas.



total shelf area (31,894,360 km?). Seascape A10 has greatest area
of all shelf seascapes and includes the largest area of coral reefs
(57,543 km?), largest area of low-relief shelf (2.8 million km?),
46% of sills, and the second-highest mean tidal range of 2.37 m.

Seascape A4 is noteworthy for having the highest mean salin-
ity (34.98 ppt) of all shelf seascapes. It also has the second great-
est area of all shelf seascapes and includes the second-largest area
of coral reefs (45,081 km?) and the largest area of medium-relief
shelf (2.6 million km?), capturing some temperate regions as well
(e.g., Stuart-Smith et al., 2017).

The five “temperate” seascapes (A2, A5, A9, All, and Al2)
are broadly distributed geographically but have a generally mod-
erate mean temperature range between 3.11°C and 17.97°C. In
other respects, these seascapes each exhibit a unique, character-
istic attribute. Seascape A2 is the only macrotidal seascape, hav-
ing a mean, macrotidal range of 5.09 £ 2.06 m, the largest range
of all shelf seascapes. This seascape is found on the west European
shelf; in the Gulf of Alaska, eastern Canada, and the Sea of
Okhotsk; and on the southern Argentine shelf and the Australian
northwest shelf.

Seascape A5 exhibits the most energetic wave climate, with a
mean significant wave height of 2.94 + 0.75 m, found around the
North Atlantic, Aleutian Islands, southern part of South America,
New Zealand, and southern Australia (Figure 5). A5 is also char-
acterized by a significant area of glacial trough.

FIGURE 4. “Tropical” shelf seascapes (A4 and A10) derived in the present
study are generally located near the equator but do extend to higher lati-
tudes in some places. Seascapes A4 and A10 have mean water tempera-
tures of 20.09° + 5.75° C and 29.05° + 4.71°C, respectively. The geomor-
phic features associated with each seascape are illustrated in Figure 5.
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FIGURE 5. “Temperate” shelf seascapes (A2, A5, A9, A11, and A12) derived
in the present study generally have mean water temperatures between
311°C and 17.97°C. The geomorphic features associated with each sea-
scape are illustrated in Figure 3.
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Seascape A9 is the only hypoxic shelf area with (long-term min-
imum) dissolved oxygen levels of 94.55 mmol m™>. It is also char-
acterized by relatively low pH (mean value of 7.7), compared to
other shelf waters. This seascape is spatially very strongly associ-
ated with western continental margins (Figure 5), which are com-
monly known as upwelling zones. The upwelled water masses are
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FIGURE 6. Hypoxic slope seascapes B1 and B5 versus highly oxic sea-
scapes B3 and B7. In terms of the depth differences, the mean water depth
is 285 m for B1, 895 m for B5, 2,752 m for B3, and 1,112 m for B7.
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commonly depleted of oxygen and have a lower pH. Upwelling of
deep water depleted in oxygen has been documented in a number
of locations associated with boundary currents, including off the
coasts of Peru, California (USA), Chile, and West Africa (Chavez
and Messié, 2009). The source of the deep water is not necessar-
ily from abyssal depths, but rather mid-depth, oxygen minimum
zones. However, there is also evidence that oxygen levels in the
global ocean are decreasing in association with anthropogenic
climate change and that mid-depth oxygen minimum zones are
expanding (Grégoire al., 2021).

Seascape All is characterized by a very shallow mean depth
of 15.86 m, the highest mean pH of 8.07 (most alkaline), and the
highest primary productivity, 5.78 mmol m~>, of all shelf seascapes.
All is the most heterogeneous of all shelf seascapes, containing
2.57 polygons per 1,000 km?. This seascape is broadly dispersed,
occurring on the margins of most continents with the exceptions
of Australia and the eastern shelf of Africa.

Finally, seascape A12 is classed as “Atidal,” having a mean tidal
range of only 0.0693 m; it also has low wave energy with mean sig-
nificant wave height of 0.91 m, and it has the lowest salinity of all
shelf seascapes, only 7.14 ppt. This seascape is geographically con-
strained to the Baltic Sea, the mouth of the Amazon River, and
also adjacent to major Russian and Canadian river mouths that
discharge into the Arctic Ocean.

SLOPE SEASCAPES (GROUP B) AND
GEOMORPHIC FEATURES
Slope seascapes are mostly isobath parallel zones of continen-
tal margins. Among the most important variables for benthos
is the dissolved oxygen regime of the water mass (e.g., Diaz and
Rosenberg, 2008; Brietburg et al., 2009; Levin, 2018) impinging on
the slope and geomorphic features found along it. Slope seascapes
B1 and B5 are characterized by water containing (long-term min-
ima) 72.2 and 52.5 mmol m~ dissolved oxygen, making these sea-
scapes hypoxic and severely hypoxic, respectively. Seascape B1 is
located at the shallowest mean water depth (285 m) of all slope sea-
scapes, and seascape B5 is the third most shallow seascape (895 m).
The pH of bottom water in these two seascapes is also the lowest
(most acidic) of all slope seascapes (mean pH of 7.67 and 7.64 for
B1 and B5, respectively). Seascape B1 has the highest rate of par-
ticulate organic carbon flux (7.12 mmol/m?/d), which is consistent
with these areas’ association with ocean upwelling and enhanced
primary productivity. Hypoxic seascape geographic distribution is
concentrated around the Pacific rim, along the eastern margin of
North and South America, in the western Pacific along the coast
of Asia, and around Africa, India, New Zealand, and Tasmania
(Figure 6). Finally, seascape B1 has the greatest heterogeneity of
slope seascapes, 6.7 polygons per 1,000 km?, while B5 has the low-
est heterogeneity, 0.80 polygons per 1,000 km?.

In contrast, seascapes B3 and B7 are characterized by the most
oxygen-rich waters, containing mean dissolved oxygen levels
of 270 and 297 mmol m™>, respectively. Seascapes B3 and B7 are



also characterized by cold bottom water (mean temperatures of
-0.07°C and 0.11°C, respectively) and high pH (mean pH values
of 7.94 and 8.02, respectively). These well oxygenated seascapes
occur at intermediate water depths (2,752 m and 1,112 m, respec-
tively) and are located in both polar seas and along the margins of
the Atlantic (Figure 2).

With regard to slope geomorphic features (Figure 7), one obvi-
ous association is that about 53.7% of slope-perched basins occur
in seascape B9. The depth range of this seascape is 1,581 * 576 m,
and the gradient mean is 1.66°, which characterizes the common
locations of slope basins. Submarine canyons occur in all nine sea-
scapes but are most common in polar regions of seascape B3, which
contains 32.1% of blind canyons and 22.3% of shelf incising can-
yons. This is consistent with the observation of Harris et al. (2014)
that canyons in polar regions are the largest in the world ocean.

SEAMOUNTS AND GUYOTS (GROUP C)

The five seascapes created for seamounts and guyots suggest two
main categories: Seascapes C1 and C3 (Figure 8) are character-
ized by warm waters (mean bottom water temperatures of 2.86°C
and 8.31°C, respectively) and low to high organic matter flux
(mean POC flux of 0.24 and 1.46 mmol/m?/d, respectively). The
other three seascapes (C2, C4, and C5) are colder (mean tem-
perature <1.45°C) and exhibit very low POC flux (mean POC flux
<0.08 mmol/m?/d).

Seascape C3 has the greatest heterogeneity of seamount and
guyot seascapes with 6.95 polygons per 1,000 km* Compared to
deep, cold, low oxygen seascapes (Costello et al., 2023), this sea-
scape appears to provide relatively more favorable conditions for
species among seamounts and guyots with warm, oxygenated
waters (mean dissolved oxygen is 185 mmol m™), good food sup-
ply (high POC flux), relatively strong bottom currents (maximum
current speed of 0.58 m s™'), and locations above the carbonate
compensation depth (CCD; mean pH is 7.91). However, C3 is also

Continental Slope Seascapes (Group B)
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FIGURE 7. Intersection of different slope geomorphic features with the sea-
scapes, shown as a percent area. The graph shows that featureless slope
comprises the majority of slope area.

the smallest seamount and guyot seascape at only 81,855 km?, rep-
resenting only 0.94% of the total area of 8,715,301 km® for sea-
mounts and guyots.

Seascape C1 covers more area (1,260,146 km?) but has colder
water and low POC flux. Nevertheless, C1 still has oxygenated
waters (mean dissolved oxygen is 243 mmol m™), relatively strong
bottom currents (maximum current speed of 0.4 m s™), and is
mainly located above the CCD (mean pH is 7.90).

The three cold/low POC flux seascapes (C2, C4, and C5) are gen-
erally much larger in area, overall comprising 72.1% of seamount
and guyot seascapes. Seascape C4 is the largest among seamount
and guyot seascapes at 2.95 million km?, and it also has the lowest
heterogeneity of 0.72 polygons per 1,000 km?.

SPREADING RIDGES AND RIFT VALLEYS (GROUP D)

Multivariate analysis of spreading ridges and rift valleys within
identified 15
(Figure 9). Based on mean seafloor spreading rate, the group can

slower-spreading ridges separate seascapes
be divided into three main categories: slow (<50 mm yr™'), medium
(55-100 mm yr''), and fast (>100 mm yr'). The “fast” cate-
gory has only two members, seascapes D2 and D9, which are
characterized by having the gentlest mean seafloor gradients
(1.13° and 1.23°, respectively) and the lowest mean dissolved oxy-
gen levels (136 mmol m™ and 159 mmol m™, respectively) of all
spreading ridge and rift valley seascapes. Seascape D2 has the low-
est heterogeneity among spreading ridge and rift valley seascapes

of 0.21 polygons per 1,000 km”.

C1

C3

FIGURE 8. Maps show the locations of seascapes C1and C3, characterized
by warm waters and low (C1) to high (C3) organic matter flux.
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FIGURE 9. Map provides the locations of seascapes D1to D15, which char-
acterize the mid-ocean spreading ridges and rift valleys. Darker colors indi-
cate faster spreading sub-classes.

The “medium” category includes four seascapes, D4, D5, D13,
and D15, and all nine of the other seascapes are in the “slow” cate-
gory. The “fast” and “medium” categories are located almost exclu-
sively in the Pacific and Indian Oceans (Figure 9). The seascapes
range in size from 20,572 km* (D14) to 1.023 million km? (D15)
and have a total area of 6.166 million km?. Seascape D3 in the
“slow” category has the greatest heterogeneity among spreading
ridge and rift valley seascapes of 8.53 polygons per 1,000 km?.

ABYSSAL SEASCAPES (GROUP E) AND

GEOMORPHIC FEATURES

Multivariate analysis of the abyssal to hadal ocean floor identi-
fied seven separate seascapes (Figures 10 and 11). Abyssal sea-
scapes are generally characterized by their very large area (average
size of 39.9 million km?) and very low heterogeneity (average of
0.29 polygons per 1,000 km?). Distinguishing and unique aspects
that characterize each of the abyssal seascape are as follows:

Abyssal Seascapes (Group E)
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FIGURE 10. The distribution of geomorphic features by seascape as a per-
cent of area is plotted in this bar graph.
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El 4.6% of abyssal seascapes by area, has the greatest mean bottom
current speed of 0.77 m s™'.

E2 10.9% of abyssal seascapes by area, has the greatest POC flux of
0.53 mmol/m?*/d.

E3 31.9% of abyssal seascapes by area, has the youngest mean age
of ocean crust (22.4 million years), the thinnest cover of sed-
iment (mean thickness of 101 m), and the lowest mean dis-
solved oxygen (176 mmol m~). E3 has the largest areas of abys-
sal mountains, fans, ridges, and troughs (Figure 10). The age of
ocean crust is inversely proportional to sediment cover (young
crust has had less time for sediment to accumulate; Olson et al.,
2016) and hence we expect a relationship between crustal age
and the occurrence of rocky substrate versus thick sediment
cover habitats.

E4 13.4% of abyssal seascapes by area, has the highest dissolved
oxygen of 250 mmol m~>. E4 has the largest area of continental
rise (Figure 10).

E5 3.4% of abyssal seascapes by area, has the coldest mean
water temperature of —0.55°C, the lowest mean POC flux of
0.01 mmol/m*/d, and most alkaline waters with a mean pH of
7.93 (equal with E6).

E6 1.5% of abyssal seascapes by area, has the oldest mean ocean
crust age at 136.7 Ma, the thickest sediments (mean thickness
6,986 m), most shallow mean depth of 2,679 m, warmest mean
water temperature of 3.95°C, and most alkaline waters with a
mean pH of 7.93 (equal with E5).

E7 34.3% of abyssal seascapes by area, has the greatest mean depth
of 5,096 m, weakest mean bottom current speed of 0.08 m s',
and most acidic pH of 7.75, which is below the CCD. E7 has
the largest areas of abyssal hills, abyssal plains, bridges, hadal
zones, and trenches (Figure 10).

E1 Il E3 E5

. E7
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FIGURE 11. Map shows the locations of seascapes E1to E7 that characterize
the abyssal to hadal ocean floor.



By combining geomorphic structure with key biophysical
drivers—including temperature, oxygen, pH, carbon flux,
bottom currents, and sediment thickness—the EBU framework
reveals previously unrecognized environmental gradients and
boundaries across the global ocean floor.

PLATEAUS (GROUP F)

Multivariate analysis of the ocean floor having plateaus identified

nine separate seascapes (Figure 12). Distinguishing and unique

aspects that characterize plateau seascapes are as follows:

F1 6.4% of plateau seascapes by area, has the greatest mean sedi-
ment thickness 0f 4,168 m,located mainly in the Atlantic Ocean.

F2 1.6% of plateau seascapes by area, has very strong maximum
bottom current speed of 0.44 m s (nearly equal to F9), com-
prised of two plateaus located in the western Atlantic and one
plateau off Norway. F2 has the lowest heterogeneity among pla-
teau seascapes of 0.12 polygons per 1,000 km?.

F3 8.0% of plateau seascapes by area, has the most alkaline mean
bottom water pH of 8.02, located mainly in the Arctic Ocean
and the North Atlantic.

F4 6.9% of plateau seascapes by area, deepest plateaus at mean
depth of 3,074 m, lowest (most acidic) pH of 7.81, thinnest
mean sediment cover of 518 m, broadly distributed but mainly
located in the Pacific and Indian Oceans.

F5 34.9% of plateau seascapes by area, the largest seascape by area,
similar to F4 as it is broadly distributed but mainly located in
the Pacific and Indian Oceans.

F6 33.0% of plateau seascapes by area, has the lowest mean dis-
solved oxygen level of 156 mmol m~, broadly distributed.
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FIGURE 12. Seascapes F1to F9 that characterize plateaus are plotted here.

F7 1.1% of plateau seascapes, the smallest plateau seascape by
area, steepest seafloor gradient of 5.08°, coldest mean bottom
water temperature of —0.5°C, and lowest mean POC flux of
0.01 mmol/m*/d, located mainly in the Arctic and Southern
Oceans. F7 has the greatest heterogeneity of 8.85 polygons per
1,000 km? (highest of all seascapes, globally).

F8 3.4% of plateau seascapes by area, most gentle seafloor slope of
0.39°, most shallow mean depth of 530 m, warmest mean bot-
tom water temperature of 7.34°C, greatest mean POC flux of
1.87 mmol/m?/d, located mainly adjacent to New Zealand.

F9 4.8% of plateau seascapes by area, has very strong maximum
bottom current speed of 0.46 m s™ (compare to F2), broadly
distributed.

RESULTS: ECOLOGICAL BENTHIC UNITS

The individual polygons located within specific geomorphic fea-
ture polygons are termed ecological benthic units (EBUs). Each
EBU is a unique combination of a biophysical (bottom water)
seascape located within a particular geomorphic unit. A total of
697,235 EBUs have been identified in this study.

The characteristics of EBUs provide specific environmental con-
text for the geomorphic feature in which they occur and provide a
basis for distinguishing between features of the same type (i.e., dif-
ferences among seamounts, submarine canyons, and deep ocean
trenches). The information can be accessed through the online
EBU Explorer created as an output of this project. The following
section provides examples of specific geomorphic features and the
EBUs they contain.

“THE GULLY” SUBMARINE CANYON

“The Gully” submarine canyon, located about 200 km off the
coast of Nova Scotia, Canada, is 15-16 km wide and extends
approximately 65 km downslope to a depth of over 3,000 m. It is
a shelf-incising canyon carved into Tertiary bedrock draped by
Quaternary glaciomarine sediments. The canyon was formed by
combined mass wasting of the slope and turbidity currents during
the Pleistocene. The Gully links the shallow banks of the continen-
tal shelf with deeper, steep canyon walls that support cold-water
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corals and other benthic fauna, while the canyon floor supports
deep-water fish, invertebrates, and deep-diving cetaceans, linking
surface, pelagic, and benthic ecosystems (Harrison and Fenton,
1998; Fisheries and Oceans Canada, 2025).

Figure 13 shows screenshots of information provided by the
EBU Explorer tool for The Gully canyon. The dialogue box indi-
cates that the highlighted feature is a shelf-incising submarine
canyon and that there are 20 EBUs within the canyon polygon.
The bar graph illustrates how The Gully compares globally with

EBU Explorer

Continental Shelf

Elevated/Volcanic

Guyot

shelf-incising submarine canyons, indicating that The Gully has a
relatively high proportion of seascape B3, with oxygen-rich waters.
In contrast, there is an absence of seascapes B4, B5, and B9.

The panels below the bar graph contain information on the
20 EBUg, listed in order of decreasing percent area. The top EBU
number, 157859 (seascape B3), covers 75.2% of The Gully, and it
is located mainly on the lower continental slope. The second EBU
number, 161480 (seascape B7), covers 10.2% of The Gully and is
located mainly on the upper continental slope and across the shelf

Canyon (shelf incising) (54018)

EBU Distribution - Global vs Sell

FIGURE 13. Screenshots taken
from the EBU Explorer show the
The Gully submarine canyon off
Newfoundland, Canada. (a) Location
of The Gully with bar graph show-
ing the relative proportion of EBUs
characterizing all shelf-incising can-
yons (in blue) versus the EBUs that
characterize The Gully canyon (in
o orange). (b) Zoom-in view of EBU B3
GroupID with respective information panel.
EBUType (¢) Zoome-in view of EBU B7.
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break. EBU B7 is 1°C warmer in mean temperature than B3 (4.4°C
versus 3.4°C), illustrating the most significant difference in physi-
cal properties between the two (Figure 13).

MARIANA TRENCH
The Mariana Trench, the deepest part of the ocean, is located in
the western Pacific Ocean, east of the Mariana Islands. It forms a
long, narrow, crescent-shaped depression created where the Pacific
Plate subducts beneath the smaller Philippine Sea Plate and the
small, crescent-shaped Mariana microplate that broke off from
it (van Rijsingen, 2019). It is ~2,500 km in length, 70-100 km in
width, and reaches its deepest point at 10,935 m in the Challenger
Deep (Greenaway et al., 2021). The Trench has steep, asymmet-
ric sides, and the western wall is typically steeper due to tectonic
forces that include the large age differential between the down-
going and overriding plates.

Figure 14 shows a segment of the Mariana Trench illustrating its
composition relative to trenches globally. Seascape E7 is dominant
in most trenches, as it is with the Mariana Trench, characterized by

EBU Explorer

osaivun

Crust-Forming Zone
Rift Valley

Spreading Ridge

Complex/Deep Seafloor

This chart
their glob:

Hadal > Related Records
Ridge
Rise
Trench
Trough Group ID

EBU Type

EBU Explorer

Trench (113010)

EBU Distribution - Global vs Local

Guyot (100790)

cold temperatures and acidic bottom waters (see also Figure 10).
But in contrast to other trenches, the Mariana Trench does not
contain any area of seascapes E2, E3, E4, or E6 (Figure 14).

GIFFORD GUYOT

Gifford Guyot is a flat-topped seamount located on the Lord Howe
Rise plateau in the Coral Sea. The Gifford Marine Park is included
within the Australian Government’s national marine protected
area network (Nanson et al., 2018). The Guyot formed as the Indo-
Australian plate migrated north across a stationary magma source
(“hotspot”) during the Middle Miocene (about 15 million years
ago) and has a depth range of approximately 3 km, rising from
3,400 m on the abyssal plain to as shallow as 250 at its summit
(Nanson et al., 2018).

Figure 15 illustrates the dominance of seascape C5, charac-
terized by warm water temperatures around the Gifford Guyot.
In contrast, most guyots globally are dominated by seascape C4
with its colder water temperatures. Of particular significance is
the above-average occurrence of seascape C3 on the Gifford since

FIGURE 14. Screenshot taken from
the EBU Explorer showing a section
of the Mariana Trench in the Pacific
Ocean. The bar graph plots the rel-
ative proportion of EBUs compris-
ing the trench, which is dominated
by seascape E7; seascape E1 cov-
ers less than 2%. The largest EBU,
which covers 60.3% of the trench,
is shown here.

ature - Trench with

E7
Trench-E7

EBU Distribution - Global vs Local
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FIGURE 15. Screenshot taken from
the EBU Explorer describes Gifford
Guyot in the Coral Sea. The bar
graph shows the relative proportion
of EBUs comprising Gifford Guyot,
which is dominated by seascape C5.
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this seascape was noted above for its high heterogeneity and high
potential for benthic productivity and biomass. Limited sampling
of the Gifford suggests the presence of a relatively diverse, albeit
sparse, epibenthic assemblage, including mixed cold-water coral
and sponge assemblages (Nanson et al., 2018).

DISCUSSION

INSIGHTS INTO GLOBAL BENTHIC

BIODIVERSITY FROM EBUs

The diversity of EBUs is an indicator of the diversity found in ben-
thic ecosystems, and as such, it can also be considered to represent
benthic biodiversity in terms of likely species richness for a given
area (e.g., Harris and Baker, 2020; Almond et al., 2021; Girard et al,,
2025). Our map of EBU heterogeneity (Figure 16) has direct appli-
cations in designing and cross-validating spatial conservation zones
(i.e., marine protected areas, MPAs; Howell, 2010; Fischer et al,,
2019); we note, for example, the close correspondence between
our map of EBU diversity (Figure 16) and the map of MPA pri-
oritized areas by Zhao et al. (2020, their Figure 4). The hotspots of
heterogeneity (Figure 16) immediately suggest themselves within
bioregions as candidates for MPAs, where the maximum biodiver-
sity can be conserved in the smallest possible area (Roft and Taylor,
2000). They are also areas where targeted marine surveys could be
optimized to investigate the regional diversity of environments.

CCD AND ACIDIFICATION

EBUs provide the first global, spatially explicit view of how sea-
floor habitats are distributed relative to the CCD and therefore
quantify which benthic systems are already exposed—or will soon

be exposed—to corrosive, low-pH bottom waters. Seascape E7,
the most abundant seascape globally (95.6 million km?), is char-
acterized by a mean pH of 7.75, already below the modern CCD
threshold used in this study. The extent of E7 highlights that a sub-
stantial fraction of the global abyss is currently bathed in waters
corrosive to calcium carbonate (CaCOs3). This has direct ecolog-
ical implications: the CCD has recently been demonstrated to
act as a biological boundary that structures abyssal biogeography
(Simon-Lledo et al., 2023), and experimental studies confirm that
decreasing pH reduces fitness and survival in several abyssal taxa
(Barry et al., 2013).

As the ocean continues to absorb anthropogenic CO,, deep-
water masses entering the global conveyor belt (thermohaline cir-
culation system) will carry progressively lower pH and oxygen
concentrations. Model and observational evidence indicate that
the CCD is rising (Sulpis et al., 2018; Harris et al., 2023), resulting
in increasing areas of the seafloor—particularly in older, sediment-
starved basins—crossing into undersaturated conditions. EBUs
therefore allow us to identify which geomorphic systems lie near-
est to this chemical boundary and where upward shoaling of the
CCD will most rapidly expose carbonate-dependent habitats and
fauna to corrosive conditions.

EBUs offer a novel geospatial tool for quantifying ecosystem
vulnerability to ocean acidification by mapping the intersection
of benthic environments, geomorphic features, and evolving car-
bonate saturation horizons. This capability is directly relevant to
global MPA planning, environmental impact assessment for deep-
sea industries, and future biodiversity monitoring frameworks.

FIGURE 16. Map showing the heterogeneity of the global ocean based on focal variety analysis of EBU polygons within a 100 km
search radius. Blue colors indicate heterogeneities as low as 1and red colors heterogeneities as high as 50. Higher heterogeneity
values identify broad transition zones where multiple EBU types occur together within a regional neighborhood.
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OXYGEN DEAD ZONES

Oxygen minimum zones (OMZs) are expanding globally due to
warming-driven stratification and reduced ventilation, and EBUs
provide a new way to map where low-oxygen waters intersect spe-
cific geomorphic settings. Slope seascapes Bl and B5 represent
the clearest expression of this phenomenon: they contain hypoxic
(72.2 mmol m®) and severely hypoxic (52.5 mmol m) bottom
waters, respectively, and together cover 4.16 million km?. Their
distribution—along the continental margins of the Pacific Rim,
western South America, North America, and parts of Asia, Africa,
India, New Zealand, and Tasmania—closely matches known global
OMUZ cores (Paulmier and Ruiz-Pino, 2009).

These oxygen-depleted environments (oxygen dead zones) have
well-documented ecological consequences, including reduced hab-
itat suitability for metabolically sensitive taxa, compression of spe-
cies’ depth ranges, altered trophic structure, and enhanced vul-
nerability of demersal fisheries (Diaz and Rosenberg, 2008; Levin,
2018). Our results show that the most oxygen-stressed systems (and
EBUs) occur on economically important slopes near productive
shelf ecosystems, where many nations rely on fisheries resources.

The ability to quantify the areal extent and geomorphic con-
text of hypoxic EBUs provides a practical tool for evaluating where
deepening OMZs will next make contact with slope habitats, and
which regions are most at risk of biodiversity loss or fisheries dis-
placement. As oxygen minimum zones continue to intensify under
climate change (Grégoire et al., 2021), EBUs offer a globally consis-
tent spatial framework for monitoring, forecasting, and prioritiz-
ing management responses.

SEAMOUNT HABITAT AND

CONSERVATION PRIORITIES

Seamounts and guyots host some of the most ecologically dis-
tinctive habitats in the deep ocean, yet they vary enormously in
their environmental conditions and biodiversity potential (Rogers,
2000; Clark et al., 2011). EBUs allow these differences to be quan-
tified globally for the first time. Among the five seamount and
guyot seascapes, C3 stands out as a rare and highly favorable hab-
itat type, combining warm, oxygenated bottom waters (mean
185 mmol m™* dissolved oxygen), relatively strong currents, ele-
vated POC flux, and pH values above the CCD. Together, these
conditions promote enhanced suspension-feeding communities,
greater metabolic scope for fauna, and increased ecological con-
nectivity. Despite its favorable characteristics, C3 is extremely lim-
ited in extent, representing <1% of global seamount and guyot
area. We note also that favorable environmental conditions may
not always equate with higher biodiversity. While we can define
relatively rare habitats, we cannot be certain that they are host to
an especially unique community.

By contrast, the majority of seamounts occur within C2, C4, and
C5, which are characterized by cold, low-productivity, low-POC-
flux waters—conditions associated with sparse benthic assemblages
and reduced potential for habitat-forming taxa such as corals and

sponges. This global environmental pattern suggests that the vast
majority of seamounts reside in ecological “cold spots;” while a very
small minority form important biodiversity reservoirs. The EBU
framework therefore highlights two conservation priorities: (1) rec-
ognition of naturally rare, highly productive seamount habitats
(e.g., C3 units) as critical areas for biodiversity protection, ecologi-
cal monitoring, and potential MPA designation within a network of
ecologically representative areas (Zhao et al. 2020); and (2) differ-
entiation among superficially similar seamounts—allowing manag-
ers to move beyond treating all seamounts as equivalent, which has
historically hindered ecologically representative and coherent con-
servation planning.

These insights align with previous biogeographic analyses
demonstrating that seamounts cannot be managed as a single class
of features. Clark et al. (2011), for example, identified 194 distinct
seamount classes based on oxygen, depth, production regimes,
and geographic context, and demonstrated their ecological rele-
vance by comparing classes with distributions of octocoral assem-
blages. EBUs extend this approach globally and at higher spatial
resolution, enabling direct integration of geomorphology, envi-
ronmental regimes, and carbonate chemistry into conservation
decision-making.

For high-seas MPA planning, fisheries management, and gen-
eral ocean human-use and infrastructure management, EBUs
therefore provide a transformative tool: they identify which sea-
mounts host rare ecological configurations, which are exposed to
hypoxia or acidification, and which exist within areas less suitable
for benthic life. This differentiation is essential for prioritizing sur-
veys, assigning conservation value, and evaluating the vulnerabil-
ity of seamount systems in a rapidly changing ocean.

CONCLUSION

This study presents the first global benthic classification system
that explicitly integrates seafloor geomorphology with environ-
mental regimes to generate 250 unique EBUs distributed on the
seafloor as nearly 700,000 EBU polygon occurrences. By combin-
ing geomorphic structure with key biophysical drivers—includ-
ing temperature, oxygen, pH, carbon flux, bottom currents, and
sediment thickness—the EBU framework reveals previously
unrecognized environmental gradients and boundaries across
the global ocean floor.

EBUs demonstrate that benthic habitats are far more heteroge-
neous than suggested by geomorphology or environmental vari-
ables alone. The resulting classification highlights important envi-
ronmental patterns: the dominance of CCD-exposed abyssal
plains (E7), the concentration of hypoxic environments along pro-
ductive continental margins (B1, B5), and the extreme rarity of
seamounts with high biodiversity potential (C3). These patterns
underscore the uneven distribution of environmental vulnerabil-
ity across the seafloor and show how different geomorphic settings
mediate exposure to climate stressors such as acidification, deoxy-
genation, and shifting food supply.
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As a global characterization of the seafloor for decision support,
EBUs have direct application to high-seas MPA design, national
assessments of the representativeness of MPA networks, envi-
ronmental impact assessments, and biodiversity baseline proxies
for emerging conservation frameworks under the UN High Seas
Treaty, and more. Because EBUs operate at the scale of geomor-
phic features that are widely used in marine policy, they provide
an intuitive and spatially resolved way to compare habitats within
and among ocean basins, identify rare or vulnerable systems, and
guide prioritization for exploration and protection. The ocean is
vast, and grossly under-sampled. EBUs can help target exploration
and sampling efforts by providing a framework for the design of a
global sampling strategy.

While the present analysis offers the most comprehensive global
benthic classification to date, further refinements will benefit from
time-varying environmental datasets, higher-resolution bathym-
etry, and expanded biological observations to strengthen ecolog-
ical validation. In this study we have delineated what we believe
to be ecologically meaningful areas, but further study is needed
to more fully understand the relationship between our complexes
of unique physical environments and actual species distributions.
As new global datasets emerge, EBUs can be dynamically updated,
providing a living framework for monitoring environmental
change in the deep sea. They may also provide a useful extension to
the General Bathymetric Chart of the Oceans (GEBCO) grid of the
UN Nippon Foundation-GEBCO Seabed 2030 program (Mayer
etal,, 2018), lending insight into the EBUs beyond just bathymetry.

In summary, EBUs offer a transformative step forward for
global ocean management by linking where benthic habitats
occur, what environmental regimes define them, and how vulner-
able they are to future change. This integrative approach delivers
a foundation for more informed and proactive stewardship of the
world’s largest, least understood biome. As a reproducible, data-
driven, and updatable global classification, EBUs deliver a new
decision-support resource that helps to power area-based manage-
ment tools for understanding and managing the world’s largest and
least explored biome.

SUPPLEMENTARY MATERIALS
The supplementary materials are available online at https://doi.org/10.5670/
oceanog.2026.e211.
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TOWARD OCEAN MODEL-DRIVEN

ROBOTIC EXPLORATION

By Renato Mendes, Ana F. Duarte, Leonardo Azevedo, Lucrezia Bernacchi,

Jodo Borges de Sousa, Jodo Pereira, Bernardo Gabriel, Jodo Bogas, Marina Cunha, Clara F. Rodrigues,

Ajit Subramaniam, Fernando Esteves, and Kanna Rajan

ABSTRACT. This interdisciplinary work demonstrates the viability of coupling ocean models with in situ robotic sampling in a

dynamic coastal region as a means to increase model skill and prediction. Model-driven exploration closes the sample-assimilate-

predict-direct loop within a virtuous cycle to refine prediction for a range of applications in a region characterized by harsh conditions,

high variability, and diverse physical forcings, including bathymetry and coastal topography. By exploring the feasibility of coupling

high-resolution autonomous underwater vehicle (AUV) sampling and data assimilation with a geostatistical model in a continuous loop,

we aim to provide a new approach to understanding coastal dynamics and processes, while using modest computational resources. The

novelty of this effort is threefold: the demonstration of coupling models with AUV sampling, the importance of targeted sampling, and

the impact of loop closure toward model prediction.

INTRODUCTION

The marine areas extending from the coastline to the continen-
tal slope and encompassing the continental shelf, known collec-
tively as the coastal ocean, constitute one of the most dynamic
and complex regions of the ocean. These areas are characterized
by high variability and intricate topographies and coastline geom-
etries. They are forced by a wide range of physical and biogeo-
chemical processes that occur across diverse spatial and temporal
scales. They are among the most productive and economically sig-
nificant areas of the world ocean, benefiting from terrestrial inputs
via river discharges and nutrient renewal driven by upwelling pro-
cesses. As a result, and in part, coastal areas concentrate a great
proportion of human activities, including leisure, fisheries, off-
shore aquaculture, and renewable energy exploitation. The coastal
ocean mediates interactions between deep-ocean processes and
coastal environments, influencing how large-scale phenomena—
such as climate-driven changes or extreme weather events—affect
the coastal population. It also governs, for example, how anthro-
pogenic influences originating on land are redistributed and affect
marine ecosystems (Greene and Delaney, 2025).

Interactions among physical, chemical, and biological processes
in the coastal ocean can amplify or mitigate the impacts of extreme
events, including storms, flooding, and pollution. Furthermore,
the coastal ocean serves as a key interface where large-scale oce-
anic and atmospheric changes manifest their consequences for
coastal ecosystems. Accurately forecasting the state of the coastal
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ocean is therefore essential not only for safeguarding environmen-
tal and economic interests but also for enhancing resilience to cli-
mate variability, natural hazards, and anthropogenic stressors.

Ocean models have become essential tools for predicting ocean
state, and they underpin a wide range of societal applications,
from climate forecasting to pollution monitoring and resource
management. However, these models are inherently imperfect
representations of complex reality. Data assimilation techniques,
where observational data are integrated to update models, play a
critical role in correcting or adjusting model errors and improv-
ing their forecasting capabilities. Yet, the success of data assimi-
lation depends heavily on the availability, quality, and relevance
of observations.

Satellite remote sensing provides extensive spatial coverage but
is generally limited to surface observations and constrained by
atmospheric conditions. In situ observations from ships, moor-
ings, or drifting platforms, although spatially sparse and logisti-
cally demanding, complement satellite data by providing higher
spatial or temporal resolution and access to subsurface processes,
adding a critical three-dimensional component to the observ-
ing system. Recent technological advances have enabled the use
of autonomous underwater vehicles (AUVs) and other robotic
platforms, offering flexible, mobile, and increasingly autonomous
means of sampling ocean properties with high spatiotemporal res-
olution and low logistic footprints (Das et al., 2012, 2015; Graham
et al., 2012; Fossum et al., 2018).



However, even with these new tools, efficiently collecting data
for modeling at optimal spatial and temporal scales remains a
complex challenge. AUV are constrained not only by endurance
and communication bandwidth but also by speed (typically on
the order of 1-2 ms™), which is comparable to ambient current
velocities and thus limits synopticity. This limitation is even more
pronounced for gliders, as they operate at lower effective speeds.
Operational risks that further restrict deployment include vessel
traffic, fishing activity, strong currents, and complex bathymetry.
In addition, the ocean itself remains highly dynamic, with key pro-
cesses often evolving faster than traditional ship-based sampling
strategies can capture. This opens the door to adaptive sampling
strategies, where observation efforts are guided by model outputs
and uncertainty estimates to maximize the relevance of collected
data. Adaptive sampling (Zhang and Sukhatme, 2007; Singh et al,,
2009; Fossum et al., 2019a) represents a fundamental shift: instead
of executing pre-planned missions, autonomous vehicles dynam-
ically prioritize areas for observation. Our approach combines
model predictions with adaptive sampling using propelled AUVs.
Lermusiaux (2007), Ford et al. (2022), and Wihsgott et al. (2026)
explore such a concept, with Lermusiaux in simulation only. While
Ford et al. (2022) focus a single glider on chlorophyll as a driver,
and Wihsgott et al. (2026) multiple gliders on chlorophyll, tem-
perature, and oxygen, we target temperature exclusively. The nov-
elty of our work is in demonstrating the applicability of controlling
the AUV’s trajectory using onboard computation and articulating
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the importance of the larger sample-assimilate-predict-direct loop.
Our setup is also simpler as we employ the Copernicus Marine
Service (CMEMS) Nucleus for European Modelling of the Ocean
(NEMO) numerical model, which is used to initiate the stochas-
tic model, the primary model we use in our work. This is supple-
mented with practical ways to reduce operational costs using small
boat operations and multiple in-house designed AUVs with our
mature technology suite for command/control.

Model forecasts identify where spatial uncertainty is highest or
where new observations are expected to have the greatest impact in
reducing forecast errors. Vehicles are then directed to sample these
areas, and their data are in turn assimilated back into the models,
as a virtuous cycle. Data assimilation from these high uncertainty
regions is then incorporated into the model so that new predic-
tions benefit from improved in situ data. Such an approach prom-
ises to significantly enhance the skill of ocean forecasts, especially
in the complex coastal environment where processes occur over a
wide range of scales.

Our work has three significant results. First, it demonstrates
the importance of coupling ocean models with high-resolution
AUV sampling. Second, it highlights the importance of targeted
adaptive sampling based on model uncertainty. Third, it demon-
strates the importance of assimilation in predicting and closing
the sample-assimilate-predict-direct loop (Figure 1). Additionally,
sampling resolution with AUVs vastly outweighs that of the data
obtained from traditional ship-based approaches. Using multiple
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FIGURE 1. The work described here
was conducted within the framework
of FRESNEL (Field expeRiment for
modEling, aSsimilatioN and adaptivE
sampling. It demonstrates the value of
integrating ocean models with adap-
tive robotic vehicles in the coastal
ocean to increase model skill and pre-
diction within a tight control loop.
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AUVs sampling simultaneously, as we do here, also makes a dent
in spatial as well as temporal coverage of dynamic environments
at relatively moderate costs. Finally, AUVs can provide near-real-
time data, allowing for their rapid re-tasking and potential place-
ment in evolving spatially separated regions.

This manuscript is organized as follows. We first introduce the
problem we are tackling, providing a motivation for the sample-
assimilate-predict-direct loop. Next, we provide the environmen-
tal context and the challenge of modeling and operating robotic
vehicles in a dynamic coastal region. Our Methods section then
highlights the details of the forecasting, assimilation, sampling,
and operational strategies that lie at the core of this paper. We next
highlight the results of our experiment, followed by a discussion
and analysis of these results. We wrap up with conclusions and
propose future work.

STUDY AREA
In this study, we address the challenge of loop closure by imple-
menting and evaluating a complete data cycle, from model pre-
diction, to uncertainty generation, to adaptive sampling, to data
assimilation. The work was conducted within the framework of
FRESNEL (Field expeRiments for modEling, aSsimilatioN and
adaptivE sampLing), specifically designed to explore and test
model-driven robotic exploration strategies.

The study was conducted off central Portugal, focusing on the
region influenced by the Nazaré Canyon (39.2°-39.9°N; Figure 2)

during fall 2024. While the experiment considered the measurable
impact of model-driven robotic sampling on the biogeochemistry
of the canyon region, this manuscript focuses on the implications
of closing the sample-assimilate-predict-direct loop closure.

Implementing such a closed-loop system in a dynamic coastal
environment presents substantial challenges. These include the
need for spatial high-resolution numerical models capable of
rapidly generating uncertainty predictions, robust algorithms for
exploration under a range of constraints, reliable communica-
tion links for mission updates, and assimilation frameworks that
integrate heterogeneous real-time data streams. Furthermore,
marine operations face logistical risks and communication
limitations, such as intermittent connectivity, unpredictable
weather, and vessel traffic, that further constrain the execution of
robotic missions.

The Nazaré area features pronounced topographic contrasts:
the transition from the wide Estremadura Plateau to the narrower
northern shelf, the long and narrow Nazaré submarine canyon that
incises the shelf and extends more than 200 km offshore, and the
Berlengas archipelago, a UNESCO Biosphere Reserve with high
ecological value. These features contribute to enhanced biological
productivity and biodiversity and strongly modulate physical and
biogeochemical processes in the region.

Freshwater inputs from major rivers, such as the Tagus, have
only a limited direct impact on the area. In contrast, smaller rivers
and the Obidos lagoon, located south of Nazaré, can episodically

/

FIGURE 2. (a) Map of Portugal’s west coast with the study area highlighted with a red rectangle. (b) The bathymetry of the FRESNEL study area includes the
Nazaré Canyon-Berlengas area and its environment. The white bands indicate commercial shipping lanes. The two buoys drawn on the map are part of a
coastal observing system. The Nazaré Canyon is a significant feature of this area and a driver for the biogeophysics of the domain (Tyler et al., 2009), along

with other prominent features.
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deliver low-salinity, nutrient-rich plumes to the shelf. Circulation
is driven by seasonal wind forcing linked with the Azores High,
with persistent upwelling-favorable northerly winds in summer
and frequent downwelling episodes in winter under southerly
winds. The interplay between canyon topography, shelf circulation,
and atmospheric forcing generates complex mesoscale dynamics,
intensified tidal currents, and internal wave activity that promote
strong vertical mixing and cross-shelf exchanges (Quaresma et al.,
2007; 1. Martins et al., 2010).

The combination of sharp bathymetric gradients, variable forc-
ing, and rich physical-biogeochemical interactions makes the
Nazaré Canyon region an ideal natural laboratory for testing sam-
pling strategies and evaluating how model-based uncertainty pro-
jections can guide sampling and assimilation to improve ocean
model predictive skill.

METHODS

Our methodology is based on implementing a closed-loop data

cycle to improve predictions from a coastal ocean model via

robotic adaptive sampling and data assimilation. The approach
consists of three fundamental steps, executed iteratively daily:

1. MODEL FORECAST AND UNCERTAINTY PROJECTION. An
ocean model provides a daily step forecast Ok + 1, x, y)ofa
target oceanic variable 6, along with an associated uncertainty
field 04(k + 1, x, y), where k represents the current day and (x, y)
denote the geographical coordinates. These outputs are orga-
nized into discrete spatial maps, M;(x, y) and M, (x, ), repre-
senting the predicted state and its uncertainty, respectively, over
a predefined grid covering the study area.

2. TARGETED SAMPLING. We define areas of larger uncertainty
predictions as areas of higher “reward” to bias where the AUVs
sample. Using the uncertainty map M,,(x, y) as input, the tar-
geted sampling algorithm determines the set of trajectories for
N AUV for the next operational cycle, typically the following
day. The goal is to maximize the accumulated uncertainty sam-
pled along the vehicle trajectories.

3. DATA COLLECTION AND ASSIMILATION. Throughout the
operational cycle, each AUV collects measurements of the tar-
get variable 0 along its assigned path. After mission comple-
tion, the collected measurements are assimilated into the model
using an appropriate data assimilation scheme. This updated
model state serves as the new initial condition for the next fore-
casting cycle, closing the loop.

While previous efforts have concentrated on a form of embed-
ded and automated decision-making for AUV-based adaptive
sampling (McGann et al., 2008; Ryan et al., 2010; Garcia-Olaya
et al., 2012; Rajan and Py, 2012), the trajectories in this work are
generated offline, with adaptation focused on deployment based
on M, (x, y). Here, loop closure refers to the sample-assimilate-
predict-direct process.

MODEL FORECAST, UNCERTAINTY PROJECTION,
AND DATA ASSIMILATION

Sampling strategies rely on timely information about the spatial
variability of ocean properties. Conventional numerical ocean cir-
culation models, based on the fluid dynamics, such as CMEMS
NEMO (EU Copernicus Marine Service [CMEMS] Information
Marine Data Store [MDS], 2024a), Regional Ocean Modeling
System (ROMS; Shchepetkin and McWilliams, 2005), and Hybrid
Coordinate Ocean Model (HYCOM; Wallcraft et al., 2009), for
example, are widely used by the scientific community for opera-
tional forecasting and research. These models provide physically
consistent simulations of ocean state variables (e.g., tempera-
ture, salinity, currents) and underpin applications ranging from
climate prediction to coastal management. However, numeri-
cal ocean models are computationally intensive, and their run-
time makes them impractical for use with high spatial resolution
and in near-real-time mission planning (Agarwal et al., 2021).
While assimilation-prediction cycles such as the one we propose
could, in principle, be implemented within such models, it would
require either substantially larger computational resources or
longer execution times.

As a practical alternative, we use geostatistical simulation
(i.e., direct sequential simulation; Soares, 2001) as a computation-
ally efficient surrogate for short-term spatial predictions of ocean
variables together with estimates of spatial uncertainty (Deutsch
and Journel, 1992). This approach captures the essential spatio-
temporal variability of local ocean dynamics, based on a prior
numerical ocean model solution, at a fraction of the computa-
tional cost of numerical models, while remaining flexible enough
to rapidly assimilate new in situ observations (Duarte et al., 2025).
However, with these types of surrogate models, we are not explic-
itly considering the full physics of the system, and the quality of
the predictions directly depends on the accuracy of the numeri-
cal model and the prediction time length. If the numerical model
is unable to capture the true nature of the system, the geostatistical
predictions will likely be inaccurate.

Our methodology relies on ensembles of geostatistical reali-
zations, each representing a state of an ocean variable field con-
ditioned a priori by the deterministic CMEMS NEMO model
(Madec et al, 1997, 2015; EU Copernicus Marine Service
[CMEMS] Information Marine Data Store [MDS], 2024a) using
the Iberian Biscay Irish domain. In doing so we use a variogram
model describing the temporal dependency between days over a
14-day period. Realizations are generated via stochastic sequen-
tial simulation: the grid is visited along a random path and, at each
node, the local Kriging mean and variance are computed from
the covariance/variogram model and the available conditioning
data, from which a value is drawn from the corresponding con-
ditional distribution. By computing the pointwise standard devia-
tion across the ensemble, we obtain spatial uncertainty maps that
highlight regions where predictions are more variable and there-
fore potentially a target for robotic sampling. These maps then,
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serve as the basis for identifying areas where new measurements
are expected to maximize the reduction of forecast error.

Beyond uncertainty prediction, the statistical approach incor-
porates AUV data through sequential assimilation, refining fore-
casts for subsequent cycles. Data collected on a given day is used
to update the ocean variable forecast for the following day by com-
bining prior predictions with new measurements. The geostatis-
tical simulation grid, in this case, includes two temporal layers:
the first contains the AUV measurements at their spatial loca-
tions, and the second corresponds to the new prediction step.
With AUV sampling denser than the model horizontal grid reso-
lution (approximately 0.0035°, corresponding to about 300-400 m
at the study latitude), measurements within the same grid cell are
averaged as a form of arithmetic upscaling (Duarte et al., 2025).
To incorporate spatial and temporal variability, we apply sequen-
tial simulation with local means (Soares, 2001),' where each simu-
lated value is drawn from its conditional distribution, accounting
for both prior simulated values and local mean models. Doing so
enables consistent updating of the variable field while integrating
both AUV observations and a priori information. The ensemble of
realizations thus provides an updated ocean forecast and a quanti-
tative measure of uncertainty.

The spatial and temporal continuity of the variable field is
simultaneously characterized by variogram models fitted to long-
term numerical ocean model data from CMEMS NEMO. For each
depth layer of the numerical model where the AUV navigation is
defined, geostatistical simulations are performed independently
using a moving temporal window of the previous 14 days as con-
ditioning data. This window length was selected through com-
parison with the numerical model’s short-term evolution under
similar seasonal conditions, striking a balance between forecast
stability and computational cost. Spatial propagation occurs only
horizontally within each depth level, while vertical consistency is
implicitly maintained through the depth-specific variogram struc-
tures derived from the 3D numerical model (see Figure 3 of Duarte
et al,, 2025). This provides both a forecast of the ocean variables
being simulated and a quantitative assessment of the prediction
uncertainty. By updating the forecasts with new in situ measure-
ments through sequential assimilation, the method progressively
refines the variable field while maintaining consistency with prior
model dynamics. The resulting forecast and uncertainty maps then
form the input for the targeted sampling algorithm, guiding the
allocation of AUV trajectories toward regions of greatest expected
information gain. Duarte et al. (2025) provide a complete descrip-
tion of the methodology and implementation.

THE SAMPLING ALGORITHM

Our adaptive sampling problem involves the design of vehicle tra-
jectories that maximize information gain (Eidsvik et al., 2015;
Fossum et al., 2018) extracted from the uncertainty map provided

by the model, while satisfying operational AUV constraints. Each
day, the model provides both a forecast field and its associated
uncertainty distribution, which together define the reward land-
scape for the trajectory planner. The task is to generate, for each
vehicle, a tour that accumulates the highest possible uncertainty
values. The tour is traveled at a prescribed AUV speed while the
duration is bounded above by the assimilation period. The start-
ing and ending points are selected to simplify logistics for launch
and recovery.

Although the underlying numerical CMEMS NEMO model is
fully three-dimensional and the statistical solution also provides
predictions across multiple depth layers, in this work, the sam-
pling algorithm operates on a two-dimensional (2D) horizontal
field derived from the uncertainty structure of the statistical solu-
tion. This field is obtained by averaging the horizontal depth slices
of uncertainty between the surface and 40 m depth, a depth inter-
val chosen to represent the upper mixed layer in the Nazaré study
region. Within this layer, turbulent mixing typically maintains rel-
atively weak vertical gradients, and most of the temperature vari-
ability relevant for mission planning is concentrated near the sur-
face and the upper thermocline. Averaging across this depth range,
therefore, yields a stable and physically meaningful representation
of the uncertainty field.

While the trajectory planning itself is carried out in two dimen-
sions, the yo-yo motion executed by the AUVs along each tran-
sect naturally restores vertical sampling capability, compensat-
ing for the 2D approximation and enabling the acquisition of high
vertical resolution profiles at all visited locations. This strategy
also aligns with the dominant physical and biogeochemical pro-
cesses occurring within the mixed layer, where air-sea interac-
tions, nutrient entrainment, and local thermal structure exert pri-
mary control on short-term dynamics (Behrenfeld and Boss, 2014;
Mahadevan, 2016).

The tour is formulated as a graph theoretic problem. The spa-
tial uncertainty map is first pre-processed to remove obstacles and
smoothed to highlight large-scale features. Candidate waypoints
are then identified from the map and used to build a weighted
graph, where nodes carry a reward proportional to their uncer-
tainty value and edges represent travel costs. The trajectory plan-
ning task is posed as a multi-vehicle, multi-depot tour routing
problem where routes must balance the rewards obtained from
visiting nodes with associated costs of traveling between them
(Vidal et al., 2013; Toth and Vigo, 2014). By solving this graph tra-
versal problem, the algorithm returns a set of near-optimal trajec-
tories that prioritize regions of greatest uncertainty while enforc-
ing an effective travel budget (endurance) and an obstacle-masked
admissible area (safety) (Bernacchi et al., 2025). This is illustrated
by the boundaries in the uncertainty field shown in the zoomed
area of Figure 4b.

' Defined by Kriging estimates and variances, which are conditioned to existing direct measurements and a spatial covariance matrix (Cressie, 1993).
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OPERATIONS AND DATA COLLECTION

The in situ data collection process involved three upper water-
column light autonomous underwater vehicles (LAUVs; XP2,
XP3, and XP5)? that performed targeted sampling missions with
durations of up to 60 hours over the Nazaré Canyon region, with
all vehicles sampling the upper 100 m of the water column. These
vehicles were designed and developed in-house at the University
of Porto (Sousa et al., 2012) and are equipped with a range of sen-
sors, including a CTD (Figure 3a), along with Wi-Fi and Iridium
satellite communications. The CTDs mounted on the AUV were
cross calibrated to ensure consistency. In addition to the hardware
involved, we used an extensive suite of mature mission planning
and command/control tools whose discussion is outside the scope
of this paper and can be found in Dias et al. (2005), R. Martins and
Sousa (2010), and Pinto et al. (2013).

The experiment had a small human and support vessel foot-
print, demonstrating significant cost reduction in comparison to
traditional ship-based methods while measuring at higher spatial
and temporal resolution. Operations were conducted continuously
by pairs of operators working six-hour shifts based in Porto as well
as locally in Nazaré—small boat use was limited to the launch and
recovery of AUVs, which operated unattended.

Challenging meteorological and ocean conditions constrained
the number of consecutive iterations of the sample-assimilate-
predict-direct loop to a three-day sequence of experiments
(October 29-31, 2024; Figure 3b). Also for simplicity and clar-
ity, we focused on a single variable: temperature measurements.
As a consequence, this work is univariate in showing the impact of
assimilated model-driven exploration. We believe that the experi-
mental results presented in this paper are general enough to apply
to other critical physical oceanographic variables, which would
be modeled similarly. Therefore, the analysis presented here ulti-
mately aims to quantify the impact of assimilating AUV-acquired
temperature data on the predictive performance of the statistical
model and to assess the operational feasibility of the data cycle
approach in a coastal setting.

Each experimental day followed a structured cycle that involved
(1) the generation of a statistical model forecast and its associ-
ated uncertainty field using the prior CMEMS NEMO model data
available up to the previous day (Sotillo et al., 2021), (2) the exe-
cution of the target sampling algorithm to plan the next day mis-
sion, (3) in situ data collection by AUV following the algorithmi-
cally determined tours, (4) and, finally, assimilation of data from
the tour into the model.

A MULTI-SCENARIO FRAMEWORK

Given the logistical and weather-related challenges encountered, a
number of scenarios contribute to the final solution set. The sce-
narios are labeled A through D (and their corresponding assimi-
lation variants) in Table 1, which provides a compact, color-coded

overview of all configurations (used in Figure 6), including statis-
tical forecast dates, prior CMEMS NEMO fields, and the specific
AUV datasets assimilated at each stage.

On October 29, 2024, the statistical model produced the initial
forecast solution (A), which was used to plan the mission executed
by XP2 (Figure 3b). The resulting data were assimilated offline to
produce an updated statistical model solution (B1) for October 30.

cMs Pred}:tlon
Oct 29

Data ° Trajectory | Trajectory | Trajectory
Assimilation | Assimilation Generation | Generation | Generation

XP2 /
AUV Data

Acquisition

XP3,XP5
AUV Data
Acquisition

XP2,XP3,XP5
TEeoo AUV Data
Acquisition

FIGURE 3. (a) Multiple light autonomous underwater vehicles (LAUVs), such
as the one in this photo, were used in FRESNEL. This low-cost platform
designed at the University of Porto has proven to be robust, is easily inte-
grated with a number of oceanographic sensors, and comes with sizable
open source command/control software. See the supplemental video for
LAUV XP5 recovery at sea. (b) Three-day sequence (October 29-31, 2024)
of the sample-assimilate-predict-direct loop in the FRESNEL experiment.
Each cycle integrated statistical model predictions using the EU Copernicus
Marine Service Information (CMEMS) Copernicus Marine Service Nucleus for
European Modelling of the Ocean (NEMO) model as a prior, targeted sam-
pling, AUV data acquisition, and subsequent assimilation for the following
day’s prediction.

2 We will refer to these specific vehicles across the three-day period based on the diversity and specificity of their operating environments and measurements.
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https://youtu.be/y3a6zjhLmF4

Although operational real-time assimilation was initially planned,
logistical constraints prevented its implementation; consequently,
all assimilations were performed offline after AUV mission com-
pletion. The targeted sampling algorithm, therefore, relied on sta-
tistical forecasts without assimilation (B), using pre-existing data
as input for daily mission planning. This limitation is not expected
to have significantly affected the experimental outcomes, as the
operational area was compact and the predicted variability field
remained consistent between consecutive days.’

For October 31, multiple assimilation configurations were tested
to quantify how the information collected on previous days could
influence short-term predictive skill. Measurements from XP3 and
XP5 on October 30 were assimilated offline to generate scenar-
ios C1-C4, complementing the non-assimilated reference case C.
These cases progressively integrate different subsets of AUV obser-
vations, ranging from XP2-only data (C1) to the full multi-vehicle
dataset from October 29 to 30 (C4).

A parallel set of scenarios (D and D1-D4) was generated to
evaluate the sensitivity of the statistical model to the choice of
prior CMEMS NEMO fields. The D-series uses CMEMS NEMO
data available only up to October 29, thus representing a less favor-
able initial state, and applies the same assimilation configurations
as in the C-series. This dual-series approach enables a controlled
comparison of how data assimilation interacts with differences in
model initialization. Model performance was evaluated by com-
paring predicted and observed temperature data along the AUV
trajectories using root mean square error (RMSE) as the perfor-
mance metric for October 31.

FRESNEL is part of a larger concept for multi-domain sensing,
observation, and exploration that couples ocean models, autono-
mous robotics, artificial intelligence, and machine learning with a
small satellite constellation. Our end goal is to democratize ocean

TABLE 1. Summary of scenarios and assimilation configurations. The
color codes are referred to in Figure 6 to disambiguate root mean square
error plots.

CMEMS NEMO
FORECAST PRIOR DATA ASSIMILATED AUV
SCENARIO DATE UP TO DATASETS

A 29 Oct 28 Oct None (baseline)
B 30 Oct 29 Oct None (baseline)

30 Oct 29 Oct XP2 (29 Oct)
C 310ct 30 Oct None (baseline)
Cc1 310ct 30 Oct XP2 (29 Oct)

310ct 30 Oct XP2 (29 Oct), XP5 (30 Oct)
C3 310ct 30 Oct XP5 (30 Oct)
c4 310ct 30 Oct XP2, XP3, XP5 (29-30 Oct)
D 310ct 29 Oct None (baseline)
D1 310ct 29 Oct XP2 (29 Oct)

310ct 29 Oct XP2 (29 Oct), XP5 (30 Oct)
D3 310ct 29 Oct XP5 (30 Oct)
D4 310Oct 29 Oct XP2, XP3, XP5 (29-30 Oct)

model prediction using low-cost operations integrated with open-
source software to enable spatio-temporal data assimilation from
mobile or immobile robots across space, aerial, surface, and under-
water domains (Rajan et al., 2021).

EXPERIMENTAL RESULTS

Figure 4a summarizes environmental conditions observed during
the three-day experimental window considered in this study. The
background fields correspond to the Level 3 sea surface tempera-
ture (SST) product (EU Copernicus Marine Service (CMEMS)
Information Marine Data Store (MDS), 2024b). The operational
area covers approximately 100 km? south of Nazaré Canyon. While
all missions focused on temperature variability predicted by the
model, on October 31, XP2 was deployed for a cross-shore tran-
sect of approximately 13 km to sample an internal wave hotspot;
in this study, it serves as an independent ground-truth dataset.
These observations are used as a reference for evaluating the fore-
cast cases C1-C4 and D1-D4. See online supplementary material
for more information regarding AUV paths.

During the experimentation, the coastal ocean was influenced
by a late-season upwelling-relaxation cycle. At the beginning of the
sequence (October 29), the SST field revealed the characteristic
signature of coastal upwelling, with colder water masses extending
offshore due to wind-driven Ekman transport that brings subsur-
face, nutrient-rich waters to the surface. In the following days, the
weakening of upwelling-favorable winds led to a relaxation phase,
during which warmer offshore waters gradually advanced toward
the coast. This transition is reflected in the SST maps by an over-
all warming trend in the nearshore region, particularly evident on
November 1 (Figure 4a).

It is important to note that the SST imagery is partially affected
by cloud coverage, which limits the availability and accuracy of
satellite-derived temperature data. Despite these limitations, the
SST patterns clearly capture the dominant mesoscale features and
coastal processes driving the observed variability during the exper-
iment. The pronounced temperature gradients associated with the
upwelling front generated well-defined spatial and temporal vari-
ability, making the impact of targeted in situ observations on pre-
dictive model skill visible.

Figure 4b shows the vertical temperature distribution mea-
sured by the AUVs between October 29 and 31. The panels illus-
trate the temporal and vertical structure of the coastal water col-
umn throughout the three-day period, and they highlight the
complexity of logistics in multi-vehicle operations, where schedul-
ing, resources, and environmental constraints together determine
the actual temporal coverage of the vehicles.

XP2 operated on October 29 and 31, XP5 on October 29, 30, and
31, and XP3 on October 30 and 31. The temperature fields reveal a
thermocline and a progressive warming of the surface layer down
to approximately 40 m depth, with temperatures ranging from

3 In future implementations, on-board or near-real-time assimilation would need to be considered to fully exploit the framework’s adaptive potential.
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~14°C in deeper layers to ~18°C near the surface, reaching their
maximum on the afternoon of October 30 during XP5’s mission.

In Figure 5, four scatter plots compare the measurements
acquired in situ on October 31 against the corresponding geo-
statistical predictions derived under each scenario. They focus on
the most contrasted scenarios: the baseline cases without assim-
ilation (C and D) and those incorporating the full set of AUV
observations from previous days (C4 and D4). The observations
include all available data collected by the missions on that day
(see Figure 4a,b). Colors indicate the depth layers associated with
the vertical discretization used in the CMEMS NEMO model,
which defines the vertical structure of the statistical model. This
comparison illustrates the statistical model’s ability to reproduce
the observed temperatures at each measurement point accurately,
contrasting the non-assimilated cases (C and D) with the partially
and fully assimilated (C1-C4 and D1-D4).

a Oct 29

Oct 30

In the baseline scenarios without assimilation (C and D), the
plots exhibit a wide spread of points around the reference line,
indicating substantial discrepancies between the model predic-
tions and the observed AUV measurements. These deviations are
particularly evident in XP3 and XP5 data, where temperatures
around 20-30 m depth tend to be overestimated by almost 1°C
(Figure 6b,c). This dispersion reflects the model’s limited abil-
ity to accurately reproduce the vertical thermal structure when
it relies solely on CMEMS NEMO data without incorporating
in situ information.

In contrast, the fully assimilated scenarios (C4 and D4) show a
much tighter clustering of points around the reference, especially
within the studied upper layers, where the previous AUV missions
provide dense and temporally relevant observations. This reduc-
tion in spread suggests a clear improvement in predictive accu-
racy, indicating that the assimilation of targeted measurements
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effectively constrains the thermal structure and captures ongoing
physical transitions in the water column. See the online supple-
mentary material for a detailed comparison of SST fields across the
CMEMS NEMO model products from C to C4 and from D to D4.

Figure 6 presents the RMSE between the statistical model fore-
casts and the in situ temperature observations collected by the
AUVs. These figures cover all experimental configurations exam-
ined in this study. Figure 6a corresponds to the initial phase of
the experiments on October 29 and 30. Scenario A represents the
baseline statistical forecast based on CMEMS NEMO data. B and
B1 scenarios correspond to forecasts for October 30 without and
with the assimilation of in situ observations during the previous
day (see Table 1). RMSE values in scenario A range from approx-
imately 0.48°C near the surface to 1.33°C at 40 m, with a mean
RMSE of about 0.74°C. The errors increase with depth, indicating
reduced model skill in reproducing the subsurface thermal struc-
ture. The non-assimilated B scenario remains similar to A in the
upper layers but diverges below 20 m. Assimilation in scenario Bl
consistently improves predictions across the water column com-
pared to the non-assimilated B scenario with RMSE values between
0.31°Cand 0.55°C and an average of 0.39°C representing an overall

reduction of nearly 50% relative to B. This improvement is most
pronounced in the 5-20 m layers, coinciding with the strongest
vertical temperature gradients and the region most densely sam-
pled by the AUVSs.

The results for October 31, summarized in Figure 6, correspond
to the phase of the experiment in which multiple assimilation sce-
narios were tested. The C-series used CMEMS NEMO data up
to October 30, whereas the D-series uses CMEMS NEMO up to
October 29, representing a less favorable statistical initial state. In
both cases, the assimilation scenarios (C1-C4 and D1-D4) corre-
spond to the incorporation of AUV data collected during previous
days (see Table 1).

A consistent reduction in statistical forecast error is observed
across most vehicles and assimilation stages. In the C-series, the
average RMSE across all AUVs decreases from approximately
0.40°C in C to 0.31°C in C4, while in the D-series, the mean
RMSE drops from 0.55°C in D to 0.40°C in D4 (see Table 1).
These improvements correspond to an average error reduction of
25%-30%, demonstrating that the assimilation of targeted obser-
vations can compensate for differences in the initial state and
improve predictive accuracy.

FIGURE 5. Comparison between in
situ AUV temperature (°C) observa-
tions (October 31) and model tem-
perature (°C) scenarios C, C4, D, and
D4. Shallower layers are shown in
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For XP3 and XP5, which performed targeted sampling in the
same area where previous assimilation data were collected, RMSE
values show a consistent reduction. In contrast, XP2, which on
October 31 performed a cross-shore transect outside the main tar-
get region, exhibits a weaker response to assimilation. The impli-
cations of this behavior and its relevance for evaluating the predic-
tive robustness of the framework are examined in the next section.
Vertically, RMSE profiles show similar behavior in both experi-
ment sets: errors tend to increase gradually below 25-30 m, where
model uncertainty and unresolved variability are higher. However,
this gradient weakens considerably in the fully assimilated cases
(C4 and D4), particularly in the upper 30 m, where the assimila-
tion of prior AUV data significantly improves the representation of
the temperature structure and short-term thermal evolution prob-
ably associated with the upwelling-relaxation transition.

DISCUSSION

Assessing the impact of targeted AUV observations on short-term
ocean forecasts requires evaluating both model-data agreement
and how assimilation effects vary across regions and dynamical
oceanographic regimes. Although assimilation generally improves
model skill, vehicle-specific results highlight differences linked to
sampling patterns and regional dynamics.

Figure 6b,c presents the RMSE predictions compared with
in situ data under the different assimilation scenarios (C, C4, D,
and D4) for October 31. The results are shown as a function of
depth and vehicle, allowing a direct comparison with and without
data assimilation. For XP3 and XP5, a clear and consistent trend
is observed: the assimilation scenarios (C4 and D4) improve the
model prediction skill, with RMSE decreasing across all depths,
indicating that the assimilation procedure effectively constrains
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the local dynamics represented in the statistical model. Although
small differences are present between C4 and D4, they are not
statistically significant and confirm that assimilation results are
robust with respect to initial configuration differences.

The situation for XP2 was different, however. The assimilation
scenarios (C4 and D4) lead to higher prediction errors compared
with the non-assimilation runs (C and D). This counterintuitive
result reflects a spatial mismatch: on October 31, XP2 operated
north of Nazaré Canyon, while assimilated data from the previ-
ous days (October 29 and 30) were collected south of it. Nazaré
Canyon marks a transition zone between distinct oceanographic
regimes, where circulation patterns are strongly influenced by the
canyon’s complex topography and the interaction between shelf
and slope processes. Inside the canyon, residual currents are gen-
erally aligned along the canyon axis as a result of strong topograph-
ical forcing, and this alignment extends well above the canyon
edges (~150 m depth), implying substantial disturbance of the pre-
dominant north-south circulation parallel to the general trend of
the shelf and slope (Relvas et al., 2007; Tyler et al., 2009; Guerreiro
et al., 2014). This topographic forcing not only alters circulation
but also serves as a conduit for transporting organic matter and
sediment from the shelf to the deep sea. The divergence in physi-
cal regimes at the canyon likely supports distinct biological assem-
blages, or “hotspots” of productivity that would be misrepresented
by a model that fails to capture these subgrid dynamics (de Stigter
et al., 2007; Cunha et al., 2011).

CMEMS NEMO fields (Figure 7) provide a broader context,
comparing temperature distributions in northern and southern
regions of the study area during the days preceding and during the
experiment. Before October 26, although mean temperatures differ
between the two regions, their variability is consistent, indicating
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FIGURE 6. (a) Root mean square error (RMSE) in °C
between model forecasts and in situ AUV tempera-
ture observations for October 29-30. Scenario A cor-
responds to the baseline statistical forecast gener-
ated based on CMEMS NEMO data up to October 29.
Scenarios B and B1 represent forecasts for October
30 without and with, respectively, the assimilation
of AUV observations collected by light autonomous
underwater vehicle (LAUV) XP2. (b) RMSE, between
the statistical model forecasts and in situ AUV tem-
perature measurements for October 31, for scenarios
C and C1-C4. These forecasts were initialized using
Copernicus Marine Service Nucleus for European
Modelling of the Ocean (CMEMS NEMO) data avail-
able up to October 30, and the assimilation steps pro-
gressively incorporate AUV observations collected on
previous days. Results are shown for each vehicle and
for the combined dataset (“All LAUVS”). (c) Same as (b),
but for scenarios D and D1-D4, in which forecasts for
October 31 were initialized using CMEMS NEMO data
available only up to October 29. Assimilation config-
urations D1-D4 mirror those of the C-series but start
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from this less favorable prior state. Results are again
presented per vehicle and for the aggregated dataset.

June 2026 | Ocmnajm/n/i)/ 43



that the system was evolving coherently across the canyon, with
systematically colder waters (by about 1°C) in the northern region.
After October 26, the temperature evolution in the two regions
diverges, with the CMEMS NEMO model showing relatively
warmer conditions in the north compared to the south. This diver-
gence coincides with the onset of the upwelling-relaxation tran-
sition and highlights a shift toward slightly distinct dynamical
regimes on either side of the canyon. This transition can explain
why assimilation of southern data, collected under a single dynam-
ical regime, fails to improve and, in fact, degrades forecasts. An
alternative explanation for the divergence of the results, which may
also act in combination with previously explained factors, concerns
the choice of covariance length scales. In our configuration, the
estimated variogram range is approximately 70 km in the horizon-
tal, with a temporal correlation scale of about one season. The var-
iogram parameters are estimated using data from the entire domain
of interest, which can be interpreted as capturing an “average”
space-time behavior. As a consequence, this single, domain-wide
covariance model cannot represent local heterogeneity, such as dif-
ferences between the southern and northern sectors of the Nazaré
Canyon region. Therefore, local over- and/or under-estimation
of the variogram range may lead to overly broad or overly local-
ized background corrections, which can in turn increase the RMSE
in the assimilative experiments (C4 and D4) relative to the corre-
sponding baseline runs (C and D) without assimilation.

This spatial mismatch underscores the need for trajectory-
planning strategies that maximize class separation between dis-
tinct dynamical regimes, as proposed by Fossum et al. (2019b)
using hierarchical clustering methods. Such approaches, based
on criteria including variance reduction, mutual information,
or entropy, could help identify routes that better discriminate
between competing oceanographic states and mitigate situations
where assimilation may propagate misleading information if rely-
ing solely on uncertainty fields.
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Another highlight of this experiment was in showing the vari-
ability within the model grid, which provided additional insight
into the subgrid-scale structure of the observed field. Figure 8
depicts the interquartile distance (IQD) of measurements recorded
by the AUVs within the three-dimensional discretization of the
statistical model. Each grid cell represents the maximum spatial
resolution available in the model, while the IQD quantifies the
local variability of in situ measurements acquired as the vehicles
navigated through each cell.

This figure illustrates how robotic platforms can capture sig-
nificant variability at scales smaller than the model resolution,
revealing the existence of fine-scale gradients, in some locations
greater than 1°C, as processes that are also unresolved by the
model. Although the statistical model provides smoothed, grid-
averaged predictions of ocean properties, AUV measurements
highlight fluctuations that occur within individual cells, indicat-
ing the presence of subgrid-scale dynamics. Unresolved variabil-
ity is a known source of error in data assimilation systems; numer-
ical forecasts and statistical surrogates inevitably smooth or filter
variability below grid scale, so observations that resolve submeso-
scale or turbulent features will often disagree locally with grid-
averaged model fields (Oke and Sakov, 2008; Janji¢ et al., 2018).
These considerations underscore that high-resolution observa-
tions from AUVs should not be interpreted solely through coarse
model fields. Instead, subgrid variability itself provides valuable
information about local forecast uncertainty and should be explic-
itly accounted for when assimilating observations into coarser-
resolution predictive systems.

Across all missions, the AUVs sampled each grid cell with
median values ranging from 9 to 14 measurements per cell and
mean values between 19 and 26. These statistics indicate a rela-
tively uniform and dense sampling pattern, sufficient to charac-
terize the local variability of the water column at the subgrid level.
The maximum number of samples per grid cell reached several

FIGURE 7. Temperature distributions
from CMEMS NEMO for the north-
ern and southern regions of the study
area between October 18 and 31.
The division between regions fol-
lows the line boundary shown in the
inset map, top right. Only grid points
shallower than 200 m were retained
to avoid including the canyon inter-
face. Boxplots show the spatial distri-
T W bution of CMEMS NEMO temperature
within each region, capturing both the
median and the spread of variability.

29

28



thousand available to communicate and geolocate, though these
values are biased by vehicle behavior near the surface.

Despite these localized biases, the overall sampling density
achieved by the AUVs provides a detailed depiction of fine-scale
ocean variability. The IQD distributions reveal higher variabil-
ity near the thermocline (30-40 m), where vertical gradients are
strongest, while in some instances increased variability could also
appear near the surface, potentially corresponding to small-scale
frontal zones or localized mixing events. Because AUVs sample
continuously along their trajectories, they resolve spatial and tem-
poral scales that often fall between CTD stations in traditional
ship-based surveys, thereby capturing subgrid processes that
remain unresolved in numerical models.

This subgrid variability is not observational noise; it provides
valuable insight into local uncertainty and environmental hetero-
geneity. For example, quantifying this variability is essential for bio-
logical oceanography, as many marine organisms—from zooplank-
ton to fish larvae—aggregate in micro-fronts or thermal patches
that are often smaller than model resolution. Understanding this
“noise” helps distinguish biological aggregations from physical
turbulence (Visser and Stips, 2002). Incorporating both the vari-
ability (such as IQD) and the spatial sampling density into data
assimilation frameworks enhances the model’s ability to repre-
sent uncertainty at the subgrid scale and improve the realism of
short-term forecasts.

This field study provides invaluable lessons in operational pro-
cedures, refinement of adaptive sampling and algorithms, and risk
minimization for operating in an area with dense ship traffic and
fishing nets. Our AUVs were occasionally affected by strong ver-
tical currents that may have resulted from the impact of internal
waves that are common in the area and that were observed with
the help of remote-sensing imagery during the experiment.

Finally, the results achieved with this deployment provided
additional insights and the motivation to further advance the state
of the art in refining the sample-assimilate-predict-direct cycle
with the goal of improving the skill of oceanographic models.
Furthermore, dense grids of sampled oceanographic data have the
potential to fuel developments that target existing gaps in model-
ing skill when different levels of spatial and temporal resolution are
considered (Balaji et al., 2022).

CONCLUSIONS

This effort demonstrates the usefulness of overall integration to
close the sample-assimilate-predict-direct cycle to improve ocean-
ographic model skill by leveraging observations from robotic plat-
forms. Figure 6 shows clear indications of an increase in predictive
skill when high-resolution data from AUVs are assimilated in a geo-
statistical model. By choosing such a modeling approach, this effort
offers a window into the rapid process of assimilating and predict-
ing, the primary goal of FRESNEL, and doing so with minimal oper-
ational support. The accuracy of the predictions of the geostatistical

IQD [°C)

i FIGURE 8. Trajectory of LAUV XP5, during
the October 30 mission in the Nazaré Canyon
region. The color shading represents the inter-
0.8 quartile range (IQD) of temperature values

recorded within each model grid cell, illustrating
0.7 the horizontal resolution of the statistical model.
10 Results are shown for three representative
106 depth layers: near-surface, 20 m, and 40 m, cap-
E20- o5 turing distinct vertical regimes. Higher IQD val-
%_30 . ’ ues indicate regions of higher thermal variabil-
a 0.4 ity within the model grid. Close-up view of the
i - = 20 m layer reveals fine-scale fluctuations occur-
- 0.3 ring inside single grid elements, illustrating that
7 3965 the AUVs are capturing subgrid-scale structure
" 396 02 that the model does not resolve.
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model increased after several cycles, while overall prediction errors
decreased as noted. These results provide a foundation for contin-
uous ocean prediction when obtaining high-resolution in situ data
as conceptualized in the METEOR (A Mobile (Portable) ocEan
roboTic ObsErvatORy) framework (Rajan et al., 2021).

A confluence of external factors reduced the observation period
from the planned three weeks to three days, primarily due to
weather, platform availability, and personnel constraints. Future
work will extend the observation period to validate and expand
upon these promising results.

Other challenges that remain to be addressed include near-
real-time assimilation and continuous model prediction, espe-
cially to capture dynamic coastal events. While we are still lacking
the desired statistical significance of a long series of consecutive
cycles, our future work will target optimization of the parameters
used for deeper integration of the algorithms used in the cycle.
For instance, we hope to investigate the selection of representa-
tive depths for the application of the sampling algorithm used to
find the horizontal projection of the AUV paths (Bernacchi et al.,
2025). Another potential outcome to be investigated is the use of
higher-resolution numerical models and longer prediction hori-
zons, considering computational trade-offs. In doing so, we would
also like to demonstrate the viability of portable low (computa-
tional) cost models running in the cloud, which can be initial-
ized for any region rapidly to demonstrate the loop-closure we set
out to validate.

Along these lines, an additional research direction involves
encapsulating a model surrogate embedded within the control
system of one or more AUVs to capture coastal dynamism at fine
scales (Frolov et al., 2009; Fossum et al., 2019b), while comple-
menting an increase in the assessment of shore-based model skill.

SUPPLEMENTARY MATERIALS
The supplementary materials are available online at https://doi.org/10.5670/
0ceanog.2026.e209.
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p ROGER REVELLE COMMEMORATIVE LECTURE

THE QUEST 1O MAP
THE GLOBAL OCEAN

By Larry Mayer

Current global bathymetric coverage in the GEBCO 2025 grid (blue) displayed on Mollweide
projection. Black areas have no bathymetric coverage. Web service created by Paul Johnson,
Center for Coastal and Ocean Mapping, University of New Hampshire, https://gis.ccom.unh.

edu/portal/apps/instant/basic/index.html?appid=2cd9ce9dd37c48bf9036d102b6f32485
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The Roger Revelle Commemorative Lecture Series was created by the Ocean Studies Board of the

National Academies of Sciences, Engineering, and Medicine in honor of Roger Revelle to highlight the

important links between ocean sciences and public policy. Dr. Larry Mayer, the twenty-seventh annual

lecturer, spoke on March 17, 2026, at the National Academy of Sciences.

INTRODUCTION: MAPPING AS EXPLORATION
When asked to give the Revelle Lecture—and come up with a
catchy title that would capture the essence of my talk—we came up
with “The Quest to Map the Global Ocean” That sounded good,
but it also led me to delve deeper into what a “quest” really is.
Drawing on several formal definitions, I arrived at “A long, adven-
turous search or journey undertaken to find or achieve something
important involving challenges and obstacles” I felt that was an
accurate description of what I would talk about, but, in all honesty,
I would have to say that when I first entered this field, I was driven
less by the altruistic goal of “achieving something important” and
more by the more selfish desire of searching for adventure.

From my earliest days growing up in an apartment building
in the Bronx, I wanted to be an ocean explorer. Like many of my
generation, I was inspired by Jacques Cousteau, and while it was
the spectacular images of macrofauna and wrecks that folks like
Cousteau and Bob Ballard produced that caught my imagination,
I also recognized that these images were only minuscule snapshots
of a vastly unknown ocean system—true exploration begins with
mapping. This is what the early explorers did as they ventured into
the unknown—Lewis and Clark, Magellan, and Captain Cook all
started by making maps, establishing the spatial framework for all
else that they and others would discover.

HUMAN PERCEPTION, IMAGERY,

AND THE PRIMACY OF VISION

Mapping, in the context of exploration, is the process of creating a
visual representation of spatial data. Visual representation is cen-
tral to mapping because spatial exploration is fundamentally a sen-
sory process and, among the human senses, vision dominates both
perceptually and neurologically. Approximately 30% of the neu-
rons in the human brain are devoted directly to visual process-
ing, and over 60% of the brain is involved in vision directly or
indirectly (Billinghurst and Thomas, 2016). Throughout history,
exploration has therefore been closely tied to imagery: telescopes
pointed skyward, maps sketched from elevated vantage points,
and, more recently, satellites imaging Earth from space with
remarkable resolution.

Our modern approaches to understanding Earth’s processes
reflect this visual bias. Satellite imagery, digital terrain models, and
geospatial visualization tools allow researchers to “see” processes
unfolding across the continents. High-resolution imagery reveals

glacier retreat, forest loss, urban expansion, and geomorphic change
with unprecedented clarity. Mapping does not merely document
these processes; it provides the spatial context necessary to interpret
them quantitatively. Modern satellite-based digital elevation mod-
els provide the spatial framework upon which interpretation, nav-
igation, governance, and both resource exploitation and environ-
mental protection depend. Today, for the terrestrial components
of Earth, advances in remote sensing, geodesy, and computing
have produced near-global, meter-scale representations of Earth’s
surface. These datasets now underpin climate science, hydrology,
ecology, hazard mitigation, and land-use planning. With a few
keystrokes, anyone can extract this remarkable imagery for any
terrestrial location with readily available applications like Google
Earth. In stark contrast, when focused on the ocean’s surface, the
same sensors that spectacularly map terrestrial components pro-
vide little information about our ocean, which represents 71% of
Earth’s surface and the largest continuous environment on the
planet. This disparity is striking and frightening as the ocean exerts
a disproportionate influence on our planet. Ocean circulation reg-
ulates climate; the seafloor controls deep-water pathways and mix-
ing; maritime trade sustains the global economy; fisheries feed and
support hundreds of millions of people; and submerged landscapes
host ecosystems, resources, and cultural heritage (Figure 1).

WHY MAP?

Habitats and Ecosystems

Deep Ocean Circulation and Climate Modeling
Natural Hazards and Resource Exploration
Safety of Navigation

Earth Processes

Tsunami Inundation and Storm Surge

Cables, Pipelines, and Infrastructure (Wind Farm Siting)
National Security
Maritime Heritage

Pure Exploration

FIGURE 1. Some of the many reasons why ocean maps are important to
understanding Earth processes. How do we manage and protect what we
do not know and understand?
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THE PHYSICAL CONSTRAINT: WHY THE
OCEAN RESISTS OPTICAL MAPPING

The principal barrier to comprehensive ocean mapping is physi-
cal rather than conceptual. The sensors used for satellite remote
sensing typically rely on electromagnetic radiation—visible light,
infrared, or radar—that propagates efficiently through air. In sea-
water, however, absorption and scattering dramatically reduce
penetration depth. Even in the clearest open-ocean waters, visible
light rarely penetrates beyond ~200 m; in most coastal waters, pen-
etration is typically less than 50 m.

This limitation renders optical imaging ineffective for the vast
majority of the seafloor and water column. The mean depth of
the global ocean is approximately 3,700-4,000 m, with large areas
exceeding 5,000 m; 94% of the world’s seafloor is deeper than
200 m. Beyond these depths (and typically much shallower) the
seafloor lies permanently beyond the reach of light-based remote
sensing. This does not mean deep-sea optical imaging is impos-
sible; rather, it requires placing sensors very close to the sea-
floor to overcome rapid light attenuation. As outlined by Chris
Scholin in last year’s Revelle Lecture (Scholin, 2025), this can be
accomplished using cabled remotely operated vehicles (ROVs) or
free-swimming autonomous underwater vehicles (AUVs) that can
be operated close to the seafloor and collect high-resolution opti-
cal imagery. Unfortunately, these vehicles move very slowly and,
given the rapid attenuation of light, can only image a very small
portion of the seafloor at a time.

Explanation

FIGURE 2. This early contour map of the Atlantic Ocean is based on lead-
line soundings undertaken and recorded by Lt. Matthew Fontaine Maury in
1854. Credit: NOAA Central Library Historical Collection, https.//www.noaa.
gov/noaa-collections/photo-library/map00002jpg
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A thought experiment underscores the magnitude of this con-
straint. What would it take to create a “Google Ocean” of optical
images with resolution analogous to that of Google Earth? To col-
lect the optical imagery necessary to obtain the resolution pro-
vided by Google Earth, cameras would need to operate within
roughly 10-20 m above the seafloor with a very limited field of
view (~10 m). Given this limited field of view and the enormous
area of the ocean floor, such an effort would require on the order
of 34 x 10° images and, given the very slow rate of coverage for
these vehicles, tens of millions of years to completely capture these
images at realistic acquisition rates. Supporting these estimates,
Bell et al. (2025) estimated that, to date, all efforts to image the
deep seafloor since 1958 have covered only .001% of the deep sea-
floor. These order-of-magnitude estimates make clear that optical
mapping of the complete deep ocean is not merely impractical, it
is physically untenable.

FROM TOUCH TO SOUND: EARLY

SEAFLOOR MAPPING

LEAD-LINE SOUNDINGS AND MILLENNIA

OF CONTINUITY

Given the limits of optical imagery—and thus the inability to
use our sense of vision for mapping the seafloor—we had to turn
to other senses, initially touch. For most of human history, sea-
floor depth measurements were made by direct physical con-
tact. Weighted ropes or wires—lead lines—were lowered until
they touched the bottom. This method, depicted in artifacts from
Egyptian tombs dating back to at least 2000 BCE, remained essen-
tially unchanged for nearly 4,000 years. Even as ship design, nav-
igation, and seafaring expanded dramatically, the fundamental
approach to measuring depth did not. Lead-line soundings can be
accurate in shallow water under calm conditions, but they are slow,
labor-intensive, and spatially very sparse. As water depth increases,
uncertainty grows due to ship motion, current-induced line deflec-
tion, and difficulty in detecting bottom contact. Consequently,
lead-line datasets provide only the coarsest representations of sea-
floor morphology (Figure 2).

SINGLE BEAM ECHO SOUNDING

Because sound waves propagate efficiently through seawater
unlike electromagnetic waves, efforts to use sound (and thus the
engagement of another sense: hearing), to measure depth and
to identify icebergs accelerated in the early 1900s and marked a
turning point in ocean mapping (NOAA, n.d.). Perfected through
the Second World War, “single beam” echosounders were devel-
oped that allowed the rapid measurement of depth in any depth of
water (assuming the frequency of the echosounder is low enough
to allow it to travel to the deepest part of the ocean; for full-ocean
depth measurements, echosounders typically use frequencies of
12,000 cycles/sec or 12 kHz). Single beam echosounders transmit
an acoustic pulse downward and then measure the time required
for the echo to return to the vessel. If the speed of sound in the
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FIGURE 3. Geometry of a single beam sonar. The beam widens as it prop-
agates from a narrow ping emitted from the vessel to insonify a large area
on the seafloor. However, only a single reading of the shallowest depth
the sonar encounters is returned to the ship, and it does not provide any
information about the location in the footprint that depth occurred. Source:
John Hughes Clarke, Center for Coastal and Ocean Mapping, University of
New Hampshire

water column is known, then the travel time can be converted to
depth. This approach dramatically increased data acquisition rates
and accuracy of depth measurements relative to lead lines.

Using an average speed of sound in seawater of 1,500 ms™, a
single measurement of depth with an echosounder in the approx-
imately 11,000 m Challenger Deep of the Mariana Trench (the
deepest place in the ocean) would take approximately 14.7 seconds
for a sound wave to travel from the vessel to the seafloor and back
to the vessel. A lead-line measurement in these water depths would
take many hours, and it would likely be inaccurate.

While representing a tremendous leap with respect to the rate
at which depth measurements could be made (and thus the num-
ber of measurements made on a given mission), single beam echo-
sounders have limited spatial resolution on the seafloor. As the
sound pulse leaves the echosounder on the ship, it expands much
like a beam of light leaving a flashlight. By the time the sound pulse
reaches the seafloor, it has insonified a broad conical footprint that
increases in size with increasing water depth. In deep water, this
footprint can be kilometers wide, but the returned signal is a sin-
gle depth measurement representing the shallowest feature within
that footprint rather than the point directly beneath the vessel. Asa
result, single beam data are spatially ambiguous and require exten-
sive interpolation between widely spaced tracks (Figure 3). The
result is a rather defocused representation of the seafloor, averaged
over the spatial footprint of the sonar (usually about one-third to
one-half the water depth). Typically, to visualize these data, mea-
sured points of equal depth are connected with “contour” lines,
offering a crude and widely interpolated representation of the dis-
tribution of depths in a region.

SATELLITE ALTIMETRY: A GLOBAL,

BUT COARSE VIEW

In the late 1990s, Smith and Sandwell (1997) introduced an
approach to estimating seafloor depths (bathymetry) from satel-
lite altimetry measurements. Satellite radar altimetry introduced
a fundamentally different approach to seafloor mapping. Rather
than measuring the depth of the seafloor directly, altimeters mea-
sure the height of the sea surface with centimeter-scale preci-
sion. Variations in sea surface height reflect gravitational anom-
alies caused by changes in seafloor mass distributions: the excess
mass of seamounts produces positive anomalies and a slight ele-
vation of the sea surface, while the missing mass of trenches pro-
duce negative ones and a slight depression of the sea surface. By
relating the dense gravity anomaly measurements to sparse known
depth measurements, Smith and Sandwell (1997) were able to pro-
duce a global interpolated grid of predicted depths. These predic-
tions work best for long-wavelength features (~10-15 km) and are
particularly good at revealing large features like mid-ocean ridges,
fracture zones, and trenches on a planetary scale (Figure 4).
Satellite altimetry provided the first truly global view of the ocean
basins and played a critical role in advancing plate tectonic theory
but is inherently coarse. Typical spatial resolution is on the order
of 10-15 km, though a new satellite mission, Surface Water and
Ocean Topography (SWOT), is providing resolution as fine as
4-5 km (Sandwell et al., 2025). Even this improved scale, however,
is insufficient for resolving geomorphic features, habitat heteroge-
neity, or seafloor roughness relevant to ocean circulation and eco-
systems. Satellite altimetry therefore provides a remarkable global
perspective for understanding tectonic processes but is not a sub-
stitute for direct mapping.

e S

FIGURE 4. Global predicted bathymetry from satellite altimetry provides an
excellent estimate of global bathymetry at low spatial resolution that is use-
ful for understanding tectonic-scale features but of limited use for under-
standing many ocean processes. Inset zooms into a 200 x 200 km area at
the scale of satellite-altimetry-derived bathymetry. Map from https.//www.
star.nesdis.noaa.gov/socd/Isa/AltBathy/
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MULTIBEAM SONAR: A REVOLUTION

IN OCEAN MAPPING

The most transformative advance in ocean mapping came with the
development of multibeam echosounders (MBES), which evolved
out of classified military systems in the mid-1970s and 1980s.
Unlike single beam systems, multibeam sonars use a separate trans-
mitter and receiver. The transmitter produces a fan of sound that is
thin in the along-track direction and wide—typically five to seven
times the water depth—in the across-track direction. The receiver
simultaneously creates many, often hundreds, of small fans that are
narrow in the across-track direction and wide in the along-track
direction. The intersection of the transmit and receive pulses on the
seafloor results in hundreds of small insonified areas on the seafloor
(beams), each producing a highly accurate depth measurement
(Figure 5). Typical swath widths are four to seven times the water
depth (>20 km in 4,000 m of water), and the size of the beam foot-
print (controlling the lateral resolution of features on the seafloor) is
typically on the order of 0.017% of the water depth (for a 1° beam),
and thus, the spatial resolution of features in 4,000 m of water is on
the order of 70 m. Hundreds of these high-resolution soundings are
collected with each “ping” of the sonar (which takes place at rates
ranging from many tens per second to once every 5-10 seconds
depending on water depth), enabling thousands of highly accurate
soundings to be collected each hour over a relatively wide swath of
the seafloor. This dramatic increase in data density represented a
fundamental change in our ability to map the seafloor and revolu-
tionized the use of bathymetric data to understand ocean processes.

The introduction of multibeam sonar would not, on its own,
have resulted in a revolution in ocean mapping. Fortunately, as
these new sonar technologies were developed, there were concom-
itant advances in precise navigation, high-quality motion sensors,
accurate sound-speed profiles, advanced computing, and sophis-
ticated visualization tools. It is only through the careful integra-
tion of these components that the thousands to millions of raw
acoustic travel times collected by multibeam sonars can be con-
verted into accurate high-resolution digital terrain models. The
density of data acquired by multibeam sonar allows us to return
to the central role that vision plays in exploration, as the high den-
sity of multibeam sonar data support the use of modern visual-
ization techniques that allow the production of realistic looking
sun-illuminated three-dimensional (3-D) images that allow scien-
tists to recognize patterns, infer processes, and generate hypothe-
ses in ways that were impossible with sparse datasets (Figure 5),
including details of volcanic constructs, fault scarps, submarine
landslides, channels, sediment waves, and flat-topped seamounts
(guyots) that record past sea level exposure. Such features provide
direct evidence of tectonic, volcanic, and sedimentary processes
and inform models of crustal formation, slope stability, and sed-
iment transport. Equally important, detailed bathymetry enables
quantitative analyses of seafloor roughness and slope, parameters
that strongly influence ocean circulation and mixing. Seamounts
and rough terrain enhance turbulence and energy dissipation,
affecting deep-water stratification and heat transport—key com-
ponents of climate models.

FIGURE 5. A single swath in 4,000 m of water north of Hawai‘i shows the difference between the resolution of multibeam sonar data (detailed swath in bright
colors) and single beam and satellite-altimetry-derived bathymetry (underlying image). The top right illustration on the sonar data shows the geometry of a
multibeam sonar swath, where hundreds of individual high-resolution depths are measured simultaneously across a swath that typically measures five to
seven times the water depth. Source: Larry Mayer, top right image of ship and multibeam sonar from John Hughes Clarke, Center for Coastal and Ocean
Mapping, University of New Hampshire
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BEYOND DEPTH: ACOUSTIC BACKSCATTER
AND SEAFLOOR CHARACTERIZATION

Modern multibeam systems record not only depth but also the

intensity of the returned acoustic signal, known as backscatter.
Backscatter varies with the properties of the seafloor, most impor-
tantly its roughness and hardness. Thus, careful mapping of sea-
floor backscatter provides insights into the nature of the substrate.

When combined with bathymetry, backscatter allows scientists to
move from identifying where the seafloor is (from the bathymetry)
to inferring what it is composed of. Applications include identifica-
tion of seafloor type and items on the seafloor (e.g., wrecks [Box 1]
and other infrastructure), benthic habitat mapping (Box 2), detec-
tion of anthropogenic disturbances such as dredge spoil disposal
(Figure 6), and many more.

BoX 1. MAPPING AND MARITIME HERITAGE

As many as three million underwater wrecks are estimated to be
preserving a remarkable record of the history of civilization (Croome,
1999). While some shallow-water marine cultural heritage sites are
reachable by divers, the advent of new sonar and imaging technol-
ogies offers the possibility of discovering and exploring wrecks at
all ocean depths. Recently, a powerful combination of sonar and
uncrewed systems technologies was used to explore the historic
wrecks of “Iron Bottom Sound,” where five naval battles took place
off Guadalcanal in the Solomon Islands over the course of several
months in 1942. The Battle of Guadalcanal resulted in the tragic loss
of more than 100 vessels, 1,200 aircraft, and over 20,000 Japanese,
American, Australian, and New Zealand sailors. With many of the
wrecks lying in water depths between 600 m and 1,000 m, the tra-
ditional search method for these wrecks would be a serial process
in which a large crewed surface vessel maps the seafloor using mul-
tibeam or side-scan sonar, identifies potential targets, stops search-
ing, and then launches a remotely operated vehicle to determine if

the potential target is a wreck and if so, then conducts a detailed
visual survey of the wreck. Instead, the Guadalcanal search took
advantage of a small uncrewed surface vessel equipped with a
multibeam sonar optimized for mapping in the water depths of
Iron Bottom Sound and perfected a parallel process where the
uncrewed surface vessel was operated from shore to continuously
map and locate potential targets. As the uncrewed vessel identified
targets (Figure B1-2), their locations were transmitted to a large ves-
sel whose crew would drop a remotely operated vehicle (ROV) on
the target in order to image the wreck in detail (Figure B1-2). In this
way, many tens of targets could be identified independently of the
expensive crewed surface vessel, and the crew aboard the surface
vessel could quickly move the ROV from one target to the next, a
tremendously more efficient mode of operation. With the addition
of real-time high-resolution telemetry, naval historians around the
world could participate in the exploration and—based on many sur-
prising results—literally re-write history in real time.

FIGURE B1-1. (a) His Majesty’s Australian Ship (HMAS)
Canberra is clearly seen lying at 700 m in this multi-
beam sonar bathymetric map derived from data col-
lected by the uncrewed surface vessel DriX in Iron
Bottom Sound, off Guadalcanal, Solomon Islands.
(b) HMAS Canberra is further delineated in a three-
dimensional view and profile derived from DriX multi-
beam sonar.

FIGURE B1-2. (a) A camera pass over HMAS Canberra
by ROV Hercules provides further detail. (b) An image
of the bridge telegraph on HMAS Canberra collected
by Hercules shows the telegraph setting at full astern.
Images like this help naval historians better under-
stand the details of the Battle of Savo Island, the first
major naval confrontation of the Guadalcanal cam-
paign, on August 9, 1942. Photos courtesy of Ocean
Exploration Trust
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identification of benthic habitats, in both shallow and deep waters.
Historically, habitat has been defined by diver observations and cam-
eras systems—both severely limited in their fields of view. Sonars,
however, can cover much larger areas of the seafloor, and as sonar
systems begin to achieve higher resolution along with the ability to
extract information beyond just depth, acoustic mapping systems
have become important contributors to benthic habitat studies. As
part of NOAA Ocean Exploration’s efforts to map and characterize the
US exclusive economic zone, as well as to establish the limits of the
US Extended Continental Shelf as defined by the UN Convention on
the Law of the Sea, thousands of square kilometers of seafloor off the
US East Coast were mapped with multibeam sonar. While the exis-
tence of some cold-water coral mounds in the region have been known
since the early 1960s, the mapping, combined with new automated
analytical techniques that can quantitatively identify the morphology
of small features, identified 83,908 individual coral mounds over an
area up to 500 km long and 110 km wide on Blake Plateau (Sowers
et al., 2024; Figures B2-1 and B2-2). The analysis also documented
the variations in the distribution of coral communities, including their
density and height. This vast coral province is thought to be the largest
deep-sea coral reef habitat discovered to date. 80°W 79°W 78°W 77°W
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FIGURE B2-1. More than 80,000 of cold-water coral mounds
were mapped on Blake Plateau. Figure modified from Sowers
etal. (2024)
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FIGURE B2-2. “Geomorphons” (descriptions of morphological elements) automatically extracted from multibeam sonar data
allowed quantification of cold-water coral reefs on Blake Plateau. Figure modified from Sowers et al. (2024)
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IMAGING THE WATER COLUMN: A SECOND
ACOUSTIC REVOLUTION

From their inception, multibeam sonars were focused on the return
from the seafloor, originally only collecting depth data and then,
as the systems became more sophisticated, adding seafloor back-
scatter measurements. To collect seafloor data, the acoustic wave
had to travel through the water column, and, as computational and
data storage capabilities improved, multibeam sonars began to offer
the option of acquiring data in the water column. While immensely
increasing data volumes, water column data also offered tremen-
dous new insights into processes both at and near the seafloor and
in the ocean’s volume. Fish schools, zooplankton layers, and other
biological aggregations produce strong acoustic scattering signals
in the water column. Fishery sonars had been imaging the water
column for years; however, these were single beam sonars insoni-
fying only a narrow sector of the water column. In contrast, water
column data from multibeam sonars offered the opportunity to
see the distribution and behavior of fish schools and other targets
simultaneously over a wide area, addressing the important ques-
tion of whether fish were avoiding the sonar vessel and thus biasing
biomass estimates (Soria et al., 1996; Mayer et al., 2002). Similarly,
gas seeps produce strong acoustic targets; the ability for multibeam
sonars to visualize gas seeps was clearly demonstrated during the
test of a newly installed water column-capable multibeam sonar on
NOAA Ship Okeanos Explorer oft the coast of northern California
where natural methane gas seeps were clearly seen rising more than
1,400 m from the seafloor (Gardner et al., 2009; Figure 7).

Volcanic flows

FIGURE 6. Multibeam sonar back-
scatter data draped on top of
bathymetry data off the island of
O‘ahu, Hawai‘i. Bright white (high-
backscatter) regions off Diamond
Head (top right of figure) indicate
volcanic flows, while more subtle,
rounded, lighter areas near the bot-
tom of the image indicate dredge
material that was removed from
Pearl Harbor and dumped in 400—
600 m of water offshore. Bedforms
running through them indicate
some dispersal of material. Source:
James Gardner, Center for Coastal
and Ocean Mapping, University of
New Hampshire

FIGURE 7. Natural gas seeps, each about 1,400 m high, off Mendocino,
California, were detected during early testing of multibeam sonar water

column data collection on NOAA Ship Okeanos Explorer. Source:
James Gardner, Center for Coastal and Ocean Mapping, University of
New Hampshire
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Water column mapping proved invaluable in 2010 during the
Deepwater Horizon incident, where acoustic monitoring was
used following explosion of the drill rig to assess wellhead integ-
rity after capping (Hickman et al., 2013; Box 3). These observa-
tions demonstrated the ability of multibeam systems to detect
even small leaks and distinguish them from background noise,
and they have led to the use of multibeam sonars to broadly map
and estimate the distribution of both natural and human-made gas

seeps in the ocean—underestimated contributors to ocean acidi-
fication and in some cases atmospheric CO, (Weber et al., 2012;
Ruppel et al., 2024).

Perhaps one of the most exciting applications of midwater map-
ping is the ability of our sonar systems to reveal physical ocean-
ographic changes in the water column. Internal waves, pycno-
clines, turbulence, thermohaline staircases, mixed-layer depth,

and anoxic layers have all been imaged acoustically (some with

BOX 3. WATER-COLUMN MAPPING AND DEEPWATER HORIZON

B

After many attempts, including a containment dome, “top kill” and
“junk shot” procedures, and a cap for funneling oil and gas to a
surface ship, all failed to stop the leaking Macondo wellhead during
the aftermath of the Deepwater Horizon explosion, a three-ram cap-
ping stack was installed in July 2010, nearly three months after the
spill began, with the hope of finally stopping the leak. As plans for
this installation were being made, concern grew that if there were
issues with the subsurface drilling infrastructure, the cap could lead
to a sidewall blowout and an oil spill that would be unstoppable.
Engineers predicted that such a blowout would be preceded by
significant gas expulsion and if this could be seen as soon as it
happened, the cap could be removed before a sidewall blowout
occurred. The question was posed to the acoustic mapping team
as to whether they could “guarantee” that they would see gas

PC1004 1651
27 July 2010

L
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FIGURE B3-1. A sonar water column image captured over the Macondo well-

head after installation of the cap stack shows a gas plume rising from the
wellhead. Image credit: Tom Weber
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leaking from the wellhead. “Guarantee” is a scary word for scien-
tists, but our understanding of the very large acoustic response of
gas bubbles led us to say we could. The cap was installed, and an
acoustic mapping vessel was positioned directly over the wellhead.
The sonar imagery quickly revealed a gas plume rising from the
wellhead (Figure B3-1), and BP immediately sent remotely operated
vehicles (ROVs) down to the wellhead to see what was happen-
ing. The ROVs revealed that the large acoustic plume seen on the
sonar imagery was the result of just a few bubbles per second com-
ing from a scratch on a cap stack flange (Figure B3-2). Thus, there
was no danger of a blowout, and the capping process leading to
the eventual kill of the well proceeded successfully. The process
revealed, however, just how sensitive acoustic mapping can be in
defining both natural gas seeps and leaking infrastructure. Since
then, the water column mapping techniques developed during
Deepwater Horizon have been used to map natural gas seeps in
many areas of the world and have added significantly to our under-
standing of the widespread nature of gas seeps and their impact on
the global methane budget.
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FIGURE B3-2. ROV image of gas bubbles coming
from the Macondo wellhead cap stack. The large
acoustic target seen in Figure B3-1 was the result
of only a few bubbles a second leaking from a
scratch on a flange in the cap.



multibeam sonar and some with single beam fisheries sonars),
in each case revealing fine-scale structure previously accessi-
ble only through direct point measurements with conductivity,
temperature, depth sensors (CTDs) or microturbulence sensors
(Colbo et al., 2014; Stranne et al., 2017, 2018; Weidner et al., 2020;
Figure 8). These observations are opening new horizons for the
understanding of mixing processes and stratification in both polar
and temperate oceans.

HOW MUCH IS MAPPED?

We have come a long way, from 4,000 years of measuring depth
with lead lines to modern multibeam sonars capable of cover-
ing wide swaths of the seafloor with high resolution. Most mod-
ern research vessels and many commercial and military vessels
carry multibeam sonars, and these vessels have been collecting
mapping data for the past 40 years. Despite these efforts, by 2017,
only approximately 6% of the global seafloor had been mapped
using modern techniques (i.e., single beam or multibeam sonars).
Recognizing the critically important roles that mapping plays in
understanding our ocean, the Nippon Foundation established an
ambitious and aspirational international mission to inspire ocean
mapping and deliver a complete seabed map for the benefit of peo-
ple and the planet. This effort, the Nippon Foundation/GEBCO

Seabed 2030 program, comprises a series of regional centers that

have discovered unpublished data and facilitated collection of new
data, all of which are added to the publicly available GEBCO global
bathymetric grid. Since its inception in 2017, global coverage of
modern bathymetric data has increased from 6% to 28.7% in 2026
(Seabed 2030, 2026).

The United States also recognized the critical importance of
mapping data for managing and protecting its offshore resources
by establishing the National Ocean Mapping, Exploration, and
Characterization (NOMEC) Council under a 2019 Presidential
Memorandum. NOMEC contributes to the global Seabed 2030
initiative and calls for the complete mapping of the deeper waters
of the US exclusive economic zone by 2030 and the shallow
waters by 2040.

While these efforts have greatly accelerated the rate of seafloor
mapping, almost 75% of the global seafloor remains unmapped.
How long would it take to map the remaining 75%? Using our

best estimate of the distribution of depths (the mapping effort
changes radically with water depth as the swath width changes)
and assuming the use of current technology (large research vessels
with deep-water multibeam systems), it has been estimated that
it would take between 200 and 350 ship-years to map the ocean
deeper than 200 m at the resolutions specified by Seabed 2030
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(Mayer et al.,, 2018). Assuming an average day rate of $50,000 for
a large research vessel, the estimated cost would be between three
and five billion dollars.

While it might seem unrealistic to spend several billion dollars
to completely map the ocean, the reality is that we have spent much
more than that to map other planets. To date, the global commu-
nity has launched 18 orbiters to Mars, resulting in the near com-
plete mapping of that planet at a resolution of 6 m or better (Zurek
et al., 2024). Each mission costs somewhere between $300M and
$1B, and thus more than approximately $11B has already been
spent to map Mars. This is not to demean the tremendous techno-
logical achievement of mapping Mars nor the importance of these
maps in understanding planetary origins and planning future mis-
sions; however, one cannot help but ask why we are not willing to
put a similar level of investment into mapping our own planet. The
typical response is that it is actually harder to map the deep ocean
than it is to remotely map Mars from an orbiter (which is true),
but as has been demonstrated above, even with current technol-
ogy, we have the ability to map the entire ocean, and, for the same
(or less of an) investment than we have put into mapping Mars,

it can be done.
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FIGURE 9. (a) DriX, a bright red 77 m long uncrewed vessel capable of
mapping to 3,000 m is shown acting as a force multiplier while operating
in parallel with E/V Nautilus. Photo courtesy of Ocean Exploration Trust
(b) DriX is used to direct the Woods Hole Oceanographic Institution auton-
omous underwater vehicle (AUV) Mesobot to a mid-water acoustic target
layer and to turn on its video and environmental DNA samplers when the
AUV’s arrival at the at the target layer is verified.
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CAN TECHNOLOGICAL INNOVATION

REDUCE THE COST AND EFFORT?

The cost and time estimates discussed above assume the use of
current technologies for ocean mapping—that is, the use of large
multibeam-sonar-equipped research vessels. Can technical inno-
vations reduce these costs and make the goal of complete map-
ping of the ocean more obtainable? There are a limited number of
large research vessels with many demands on their time beyond
mapping. If we are to achieve comprehensive coverage, we must
find means to scale ocean mapping beyond the use of traditional
research vessels.

UNCREWED OR MINIMALLY CREWED

SURFACE VESSELS

One of the largest expenses associated with traditional research
vessels is the cost of the crew. If we can eliminate or minimize crew
costs, significant savings can be had. AUVs have matured greatly
over the past 60 years and are now available in a range of sizes
serving many applications (Wynn et al., 2014; Ma et al., 2025).
These vehicles typically operate near the bottom (and thus can-
not use GPS for navigation), have limited endurance, and move
rather slowly (in efforts to extend endurance). They present the
only means to collect extremely high-resolution mapping data
in very deep waters, as their sonars are near the bottom; how-
ever, their slow speed, limited endurance, small area of coverage
(because they are near the bottom), and navigational challenges
make them less than ideal for comprehensive mapping of the
global ocean at this time.

In contrast to fully crewed research vessels, uncrewed or min-
imally crewed surface vessels (USVs or MCSVs) offer the possi-
bility to field platforms of sufficient size to carry the large sonars
needed to map in deep water and potentially to provide the speed
and endurance that will allow efficient scaling of the ocean map-
ping problem. Small uncrewed vessels have proven effective force-
multipliers for shallow water mapping (e.g., Journal of Petroleum
Geology, 2023), and medium-to-small USV's have proven remark-
ably valuable for expanding the footprint of ocean exploration
by monitoring the activities of AUVs and, in real time, directing
these vehicles to specific targets in the water column. For example,
recently in the mid-Pacific, a 7.7 m USV deployed from a mother
ship was used to map mid-water acoustic targets (scattering layers)
and was able to track and direct a small AUV (Mesobot) directly
into the scattering layer before turning on environmental DNA
samplers and high-resolution video, all while the mother ship was
free to carry on other activities. This new approach to “Verified
Directed Sampling” promises capability for estimating biodiver-
sity in the mesosphere and improving our understanding of the
nature of mid-water scattering layers (Mayer, 2023; Govindarajan,
2025; Figure 9). We are, however, still in the early days of devel-
opment of USVs that are large enough and have the endurance
to carry out long-range deep-ocean mapping missions. Challenges
include operations in extreme environments, long-term reliability,



and truly autonomous behaviors that include obstacle avoidance
and dynamic decision-making (Norazaruddin et al., 2024).

Several vendors are bringing to market large uncrewed ves-
sels designed to carry deep-water sonars that may have the speed,
range, and endurance to potentially provide a scalable and cost-
effective alternative to traditional research vessels (e.g., Exail,
Ocean Infinity). Addressing the other major costs associated with
traditional research vessels, large sail-powered uncrewed vessels
have been developed and are currently collecting mapping data
while exploring the trade-offs between slower rates of coverage and
potentially extended endurance (Figure 10). Because there is still
much to be learned about the best operational modes for these ves-
sels and their shore-based crewing requirements, questions remain
about the overall cost-effectiveness of their operation. As experi-
ence is gained and lessons are learned from operating these sys-
tems, their viability and the role they can play in the complete map-
ping of the global ocean will be better understood (Mayer, 2023).

Mindful of the tremendous technological and safety concerns of
operating USV's on the open seas, ocean, land, and ice explorer and
venture capitalist Victor Vescovo is constructing a small (24 m),
minimally (one- or two-person) crewed vessel whose only purpose
would be to map. This “Ocean Mapper” is estimated to be an order
of magnitude cheaper to operate than a traditional ocean-going
research vessel, and serves as a challenge to others to build similar
vessels so that a fleet of these relatively inexpensive to operate vehi-
cles can address the goal of completely mapping the oceans (Dunn,
2025; Figure 10).

OTHER INNOVATIONS

While the efforts described above have focused on decreasing the
cost of collecting multibeam sonar data, deep-water multibeam
sonars are inherently large and expensive. To supplement multi-
beam sonar data, others are looking at ways to increase the use of
simpler and cheaper single beam sonars and to find ways to deploy
them in remote areas of the ocean.

One approach to this is to engage the “crowd,” the millions of
recreational and commercial vessels that carry echosounders but
do not commonly record the depth information. To address this,
efforts are now underway to create very inexpensive devices that
are easily attached to most any vessel's echosounder, perform
internal calibrations, and even transmit those data to the national
data archive (Calder et al., 2020). This approach has proven suc-
cessful when applied to the commercial fishing sector (Novaczek
etal., 2019), and its expansion to the broader community can add
important new data to the global database.

Crowd-sourced bathymetry tends to focus on shallow water
areas and regions that are well traveled by commercial vessels. To
address the issue of collecting data in the most remote regions,
specialized profiling floats have been designed that use the thermal
difference in the upper part of the water column to supply power
to drive a buoyancy engine and a narrow beam echosounder. These
floats can be deployed in the most remote regions of the ocean to

drift for many years while moving up and down in the water col-
umn to harvest power as they collect several soundings a day, each
time surfacing and sending data back to shore-based repositories
via satellite (Mayer, 2023; Figure 11).

Recently, researchers at MIT/Lincoln Labs have proposed a
truly innovative way to address seafloor mapping. Their approach
uses the concept of a sparse array where many small autonomous
vessels move together to create a very large (e.g., 40 km x 40 km)
array, with some of the vessels sending out sonar pings that are

FIGURE 10. (a) The photo shows a 16 m long DriX O-16 long-endurance,
deep-mapping uncrewed surface vehicle (USV). Source: Exail (b) The photo
captures a 21 m long Saildrone Surveyor, a sail-powered, deep-water map-
ping USV. Source: Saildrone (c) Artist’s depiction of Victor Vescovo’s “Ocean
Mapper”’—a 24 m minimally crewed vessel. Credit: Espen @ino International
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FIGURE 11. This concept
graphic shows a special-
ized profiling float that
employs the thermal dif-
ference in the upper part
of the water column to
supply power for a buoy-
ancy engine and a narrow
beam deep-water echo-
sounder. Image courtesy
of Yi Chao, SeaTrec Inc.
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then received by the rest of the vessels. Smaller prototypes have
been built and tested, but, working at full scale, the approach has
the potential to achieve both much better resolution and greater
coverage than a conventional multibeam sonar (Ryu et al., 2023).
Together, these approaches suggest that complete mapping of the
global ocean may be technically achievable within decades.

FROM QUEST TO PLANETARY
RESPONSIBILITY

For me, the pursuit of ocean mapping began as an adventure,
driven by curiosity and the desire to explore. As the field has pro-
gressed to the point where we can, at relatively high-resolution,
visualize the fine-scale features of the deep-sea floor, I have learned
that the information provided by detailed ocean mapping rep-
resents a foundational requirement for managing the Earth sys-
tem, and my adventure-driven quest has evolved into a quest to
achieve something important. The remaining unmapped ~75% of
the seafloor represents not merely unexplored territory but unre-
solved risks to navigation, climate prediction, hazard mitigation,
resource exploration, environmental stewardship, and the poten-
tial for yet-unknown discoveries. The tools to complete a map of
the global ocean now exist or are rapidly emerging. What remains
is the need for a collective decision (and the fiscal will) to recognize
that the complete mapping of the ocean is essential to understand-
ing—and responsibly managing—our planet. The quest continues.
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Roger Revelle

Revelle was a pioneer in oceanography who over his 50-year career pursued innovative

research and created a vision that still influences the field of oceanography to this day.

A strong proponent of science communication and public policy, Revelle was a leader in

encouraging the scientific community to devote time to address the “long-range problems of

society” (Day, 2000, quoting Revelle, 1957). For his contributions to geophysics, Revelle was

elected to membership in the National Academy of Sciences (NAS). Revelle’s commitment to

science policy is evident in his extensive contributions to the work of the NAS. Revelle served

as a member of the Ocean Studies Board and its predecessor (Ocean Sciences Board) from
1983 to 1987. He also served on the Board on Atmospheric Sciences and Climate (1982—-1986)

and as a committee member for several influential National Academies’ studies.
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p WORKSHOP REPORT

THE PACE DATA HACKWEEK LAUNCHES
A NEW WAVE OF OPEN SCIENCE

HOW WE DID IT (TWICE), AND WHY

By Anna E. Windle, lan Carroll, Carina Poulin, Skye Caplan, and P. Jeremy Werdell

ABSTRACT. PACE Data Hackweeks bring together student, early-career, and senior scientists to work hands-on with data from
NASA’s Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) mission. During two past events, participants collaborated in small teams to

explore scientific questions, develop reproducible workflows, and gain experience working with large, cloud-hosted datasets. Leveraging

community-supported cloud infrastructure, the hackweeks lowered technical barriers and emphasized modern tools, open-source prac-

tices, and FAIR data principles. The events fostered interdisciplinary collaboration and led to tangible outcomes, including new analyses,

shared code, and ongoing collaborations. Overall, the PACE Data Hackweeks demonstrate that mission-focused hackweeks are an effec-

tive way to build community capacity and support adaptation to evolving data and computing environments.

NASA DOES HACKWEEKS

The NASA Plankton, Aerosol, Cloud, ocean Ecosystem (PACE)
Data Hackweek builds on a growing ecosystem of geoscience
hackweeks that leverage NASA Earth Observing System datasets,
including Geohackweek, OceanHackWeek, and mission-specific

events like ICESat-2 and SnowEx hackweeks (Huppenkothen
et al., 2018; Mitchell et al., 2026). Unlike traditional workshops or
competitive hackathons, hackweeks emphasize participant-driven

learning through a mix of coding tutorials and group projects in
a collaborative setting. Demand for these events has grown along-
side major shifts in Earth science data access, including the migra-
tion of petabyte-scale data to NASAs Earthdata Cloud, hosted on
Amazon Web Services (AWS), and the launch of new satellite mis-

sions that introduce novel, complex data products. Launched in
February 2024, the PACE mission carries a three-instrument pay-
load that collects synergistic oceanic, atmospheric, and terrestrial
observations that extend Earth system data records for the next
generation of scientists. Details on PACE data file formats, types,
and volumes can be found at the Ocean Biology Distributed Active
Archive System (OB.DAAC) and PACE websites. The OB.DAAC
provides processed data along with publicly available processing

and visualization tools, enabling researchers to quickly engage in
exploring applications and interpretations of PACE data prod-
ucts. However, the user community still faces the dual challenge of
becoming familiar with new data products while adapting work-
flows to cloud-based computing environments, including the use
of community-supported software and cloud infrastructure.
Hackweeks provide an effective mechanism for helping
researchers adapt to these evolving data environments by promot-
ing open-source tools, FAIR (findable, accessible, interoperable,
reusable) data practices, reproducible workflows, and cloud-based
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collaboration in support of NASA’s open science goals (Scheick
etal,, 2026). Here, we describe the goals and outcomes of the PACE
Data Hackweeks, highlight participant experiences, and identify
remaining challenges. We conclude that sustained investment in
hackweeks and community-maintained cloud infrastructure is
essential for maximizing scientific and applied value of NASA’
evolving Earth science systems.

GOALS OF A PACE DATA HACKWEEK

From organizing and leading two successful in-person hackweeks,
we have gained valuable insights and refined a suite of goals for
teams interested in hosting similar events. During early planning
stages, our team consulted with the ICESat-2 Hackweek organiz-
ers, whose experience and resources proved instrumental in shap-
ing our approach. Members of our team have also participated in
and organized a multitude of short-format trainings, some within
the Carpentries or eScience Institute hackweek frameworks. These

experiences allowed us to formulate the goals below as a high-
level strategy for achieving a research-focused event that generates
tangible scientific outputs.

GOAL 1: KICKSTART NOVEL RESEARCH AND

NEW COLLABORATIONS

PACE Data Hackweek participants arrive with diverse research
ideas and are expected to depart with well-defined projects, col-
laborative teams, and a foundation for sustained remote collab-
oration. Developing effective group projects is one of the pri-
mary organizational challenges, requiring early alignment of
research goals and active guidance from both scientific and tech-
nical mentors. Daily science lectures and tutorials, modeled after
the ICESat-2 Hackweek, helped shape projects while providing


https://geohackweek.github.io/
https://oceanhackweek.org/
https://icesat-2.hackweek.io/
https://snowex.hackweek.io/
https://www.earthdata.nasa.gov/
https://www.earthdata.nasa.gov/centers/ob-daac
https://pace.oceansciences.org/data.htm
https://carpentries.org/lessons/curriculum-summary/
https://escience.washington.edu/using-data-science/hackweeks/

exposure to current PACE research across oceanic, atmospheric,
and terrestrial domains, as well as a break from intensive coding.

To promote continuity beyond the hackweek, teams were
encouraged to develop projects into conference presentations,
manuscripts, or proposal concepts, with continued support
through cloud computing resources, Slack communication, tech-
nical guidance, and funding and publication advice. Structured
social activities were also integral to fostering collaboration, help-
ing participants build networks, exchange feedback across teams,
and sustain a balanced, collaborative environment.

GOAL 2: DEMONSTRATE THE VALUE AND LIMITS

OF CLOUD COMPUTING

The transition of NASAs Earthdata archive to the commercial
cloud encourages researchers to adopt cloud-based data analysis
(Gentemann et al., 2021). Earthdata Cloud provides free access to
datasets stored in AWS and discoverable through NASA’s Common
Metadata Repository, but it does not currently offer compute
resources; however, efforts are underway to expand access to inte-
grated cloud-based computing environments that would allow
users to analyze data without needing to manage cloud infrastruc-
ture. Cloud-based analysis requires separate compute infrastruc-
ture, most commonly AWS Elastic Compute Cloud (EC2). This
architecture supports high-throughput, data-intensive workflows

by enabling direct access to large datasets within the same AWS
region, reducing data movement and speeding up processing.

An emerging model for accessing EC2 instances is through
community-maintained cloud-based JupyterHubs. Co-locating
hackweek compute and data in the cloud lowers barriers to work-
ing with large datasets without duplication, supports data stream-
ing and reproducible workflows, enables real-time collabora-
tion, and allows users to scale seamlessly from simplified tutorials
to full-mission workflows (Box 1; Martin et al., 2025). For the
PACE Data Hackweek, we used CryoCloud, a JupyterHub main-
tained by a broad Earth science community, and we collected
participation feedback on usability during the event (online
supplementary Box S1).

GOAL 3: GROW A PERSISTENT ONLINE RESOURCE

To extend the reach of the hackweeks, we created a public web-
site using an open-source website template and the GitHub Pages
hosting service. The PACE Data Hackweek website includes a

single-page landing site for logistics and a detailed JupyterBook
with recorded lectures, coding tutorials, schedules, and prepara-
tion materials. Participants found it intuitive and helpful, reducing
pre-event questions.

Hackweek content is preserved as static archives and incorpo-
rated into NASAs Ocean Ecology Lab Help Hub, which provides

BOX 1. Summary of the value and limitations of using a cloud-based

community-maintained JupyterHub for the PACE Data Hackweek.

+ VALUE

— LIMITATIONS

MANAGED COMPUTE ENVIRONMENT

- Eliminates the need for individual software configuration, allowing
participants to begin productive work immediately

« Can be reused on other local or remote platforms beyond the hackweek
« Reduces technical barriers and inequalities among participants

« Fosters a community of support and collaboration

- Restricted control over resources and system configuration
« Limited available memory (Box S3)

« Unfamiliar development environment and operating system
(i.e., JupyterlLab, Linux, S3 bucket storage and access, commonly
owned “shared” file system)

DIRECT DATA ACCESS

» Reduces latency through storage-adjacent compute resources

« Supports collaborative workflows with high-bandwidth connections and
unlimited concurrency

« Removes dependencies on local storage or network limitations

« Lack of cloud optimization for data products stored as NetCDF4/HDF5
reduces performance

- Data products from different agencies (e.g., NASA, USGS, NOAA, ESA)
are not all co-located in the same commercial cloud

FACILITATED COLLABORATION

« Encourages reproducible research by standardizing the computing
environment with access to datasets

« Supports generation of preliminary analyses and hypothesis testing that
can be built into future research proposals

« Promotes sharing of code, workflows, and results with the broader
community, accelerating scientific discovery

« Reproducing the compute environment outside a managed JupyterHub
requires additional training

- Limits and “best effort” restrictions on per-user and shared file storage
(Figure S4)

COMMERCIAL CLOUD SCALABILITY

« Supports both simple tutorials and computationally intensive projects

« Enables seamless scaling for larger datasets or complex analyses

« Reliance on S3 over local or network file systems for persistent storage
is unfamiliar and less widely supported
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reproducible Jupyter Notebook tutorials combining code, text,
and visualizations. Tutorials are collaboratively developed, peer-
reviewed, and regularly updated using hackweek feedback to
ensure relevance and usability. Hackweeks play a critical role in
motivating the continual updating of Help Hub tutorials by serv-
ing as development sandboxes where project activities and par-
ticipant feedback feeds directly into new or improved note-
books. Since its launch, the Help Hub has grown from 48 to over
6,200 weekly page views, with usage spikes following trainings and
events (Figure S1).

GOAL 4: LEVERAGE PRIOR EXPERTISE
Hackweeks, workshops, and short courses are common in aca-
demic and open-source communities, often implicitly adopting
the Openscapes program’s flywheel approach: leveraging momen-
tum toward greater outcomes (Robinson and Lowndes, 2022).
Organizing a hackweek raises many questions about costs and exe-
cution, and planners are encouraged to consult multiple past event
managers for guidance, as it is unlikely that any one approach can
be exactly replicated. The PACE Data Hackweeks draw on two key
sources of momentum: the CryoCloud community and the Ocean
Carbon and Biogeochemistry (OCB) Project Office.

Participants receive access to CryoCloud (Snow et al.,, 2022), a
cloud-based JupyterHub managed by the International Interactive

Computing Collaboration (2i2c), originally developed for NASA
cryosphere research but now serving a broader Earth science
community. To reflect this expansion, the platform will soon be
rebranded (Tasha Snow, Earth System Science Interdisciplinary
Center, University of Maryland and NASA Goddard Space Flight
Center, pers. comm., 2025). Access during and after the hackweek
is supported by NASA funding and AWS cloud credits.

Professional logistics support from the OCB Project Office
assisted with funding, contracts, and travel, allowing the core
organizing team to focus on participant recruitment, instructional
design, and tutorial development. Other hackweeks have suc-
cessfully partnered with the University of Washington eScience
Institute for similar logistical coordination.

We also built on prior expertise by empowering past partici-
pants to take on leadership roles in subsequent events. These men-
tors brought valuable participant perspectives and offered practical
feedback that helped improve the overall participant experience.

EXPERIENCE AT A PACE DATA HACKWEEK

The PACE Data Hackweeks, held in August 2024 and 2025, aimed
to broaden access to PACE data, enhance data-access tools, pro-
mote open-source workflows, and support integration with other
Earth observation datasets. Each five-day, in-person workshop
brought together 40-50 participants, with all instructional mate-
rials released and new code and analyses shared across the com-
munity. Project teams were first organized around research inter-
ests identified in participants’ applications and then grouped into
broad themes. Mentors worked with groups to refine project scope,
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align goals with available datasets, and ensure that proposed anal-
yses were feasible within the week-long program. This structure
enabled teams to quickly coalesce around focused research ques-
tions while remaining flexible to emerging ideas. Through these
collaborative efforts, participants explored novel applications of
PACE data, developed reproducible workflows, and generated pre-
liminary analyses that seeded new collaborations, informed future
research directions, and in some cases, supported early-stage
proposal development.

Of the 88 total participants across both years, 36 completed a
post-event feedback survey and a separate demographic survey
(41% response rate). Highlights from the surveys are included in
the following summary of the hackweek experience and in the
online supplementary material (Boxes S1-S3, Figures S2-S4).
We also show data on cloud computing resource usage and costs
that were derived from EC2 activity logs during the 2025 event.

LOGISTICS

Each five-day, in-person event was held at the University of
Maryland, Baltimore County (UMBC) and funded through OCB
Training Activity grants. OCB covered travel, lodging, and meals
for US-based participants, while international participants received
partial travel stipends, with remaining expenses supported by the
participants or their home institutions. Accommodations were
provided in UMBC dormitories, and meals were served at the uni-
versity cafeteria. To support participants with family or depen-
dent care responsibilities, additional funding was available to off-
set caregiver costs or to allow for customized travel arrangements.

SCHEDULE

Each day combined scientific lectures with hands-on coding tuto-
rials and demonstrations designed to build skills in data accession,
Python programming, and cloud computing (Figure 1). Both sci-
ence lectures and coding tutorials were highly rated (based on
1-5 ranking scores collected in feedback surveys), and 100% of
survey respondents reported increased confidence in working
with PACE data (Figure S2). Daily check-ins supported collab-
oration and progress, and on the final day teams presented their
projects and shared code via public GitHub repositories, with most
planning continued collaboration (Box S2). Feedback was over-
whelmingly positive, with participants describing the hackweek as
fun, engaging, and collaborative (Figure S3). Social events, includ-
ing a Bob Ross paint night, a fireside chat with NASA program
managers, a local crab feast, a PACE Nerd Night, and a themed
trivia exercise, were frequently cited as essential for community
building and sustained engagement:

“Best part of the day! Every night was so great and the energy
was great.”

“I loved the intentional inclusion of social activities. It helped
people meet and have fun while maintaining work-life balance
and camaraderie”


https://openscapes.org/
https://cryointhecloud.com/
https://2i2c.org/
https://2i2c.org/

DEMOGRAPHICS

The respondents represented a diverse international community
spanning 15 countries (Figure 2). Most were graduate students
or early career researchers, with the majority holding master’s or
doctoral degrees (Figure 2). Notably, 74% reported that the PACE
Data Hackweek was their first hackweek experience.

Technical Skills Gained During PACE Data Hackweeks

Technical Skills Network

) More mentions 2024 cloud computing

[ 48% (12)

CODING ENVIRONMENT

PACE Data Hackweek participants onboarded to CryoCloud ben-
efited from a fully configured, cloud-based software environment
with direct access to all PACE datasets and no local setup required.
The hub launched Docker containers, running on adjustable
hardware configurations (2-29 GB RAM and 0.2- 4 CPUs), that
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EC2 Cost

included required Python packages and the NASA Ocean Biology
Processing Group’s Ocean Color Science SoftWare (OCSSW); this
container is available on CryoCloud as the “Ocean Biology Python
Image” (Figure S5). Participants were able to begin running tuto-
rials and regenerating PACE data products in the commercial
cloud almost immediately, all through a web browser.

Using the community-maintained JupyterHub, participants
could execute tutorial and group-project notebooks, while experi-
encing both the benefits and limitations of cloud-based workflows
(Box 1). Overall, CryoCloud played a central role in reducing tech-
nical barriers, fostering collaboration, and supporting open, repro-
ducible workflows (Box S1). Feedback indicated that the majority
of participants intend to continue using cloud computing in their
research, although some concerns remain (Box S3, Figure S4).

COMMERCIAL CLOUD USAGE AND COSTS

Using Grafana dashboards developed by 2i2c, we charted EC2
usage and costs for all participants during the 2025 PACE Data
Hackweek (Figure 3). Daily memory usage per user ranged from
155 KB to 29.4 GB, with an average of 1.79 GB, while CPU usage
peaked at ~3.7 CPUs per user and averaged 0.6 CPUs per day
(Figure 3). Peak memory and CPU demand occurred late in the
week during intensive group project development.

CryoCloud costs include user-dependent expenses (e.g., com-
pute and personal storage) and user-independent infrastructure
costs that run continuously. Compared to the previous model
of launching a dedicated hackweek JupyterHub that incurred
~$2,250 in startup and ~$2,250 in monthly infrastructure costs

(Tasha Snow, Earth System Science Interdisciplinary Center,
University of Maryland and NASA Goddard Space Flight Center,
pers. comm., 2025), maintaining a shared hub is substantially more
cost-effective. For the full week, total EC2 compute costs were
$367.99, with $36.36 in individual storage and $19.49 in shared
storage, for a combined total of $423.84. Individual daily costs
peaked on Day 4, with the highest single-user daily cost at $7.31
and a maximum single-user weekly cost of $22.61 (Figure 3).
Uncertainty around these costs was a commonly raised concern
among participants (Box S3), who did not have real-time access to
the Grafana dashboards.

OPPORTUNITIES FOR IMPROVEMENT

While cloud computing is essential for processing large PACE
datasets and enabling hackweeks, several challenges remain.
(1) CryoCloud provides user home directories backed by Amazon
Elastic Block Store (EBS) but limits storage to 50 GB due to per-
user costs, creating constraints for users and the community.
(2) Configuring and maintaining compute environments remains
a technical challenge. Guidance on defining and running repro-
ducible workflows, for example, binder-ready repositories, is

often perceived as technically advanced by hackweek participants.
(3) Data-adjacent computing requires co-located datasets, which
is often not the case across agencies, and user-contributed data
archives, making temporary data transfer, storage, and remote
execution necessary even when working in a commercial cloud.
(4) Performance limitations occur when accessing data not opti-
mized for S3 (McNally et al., 2026). (5) Growing the CryoCloud
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community requires additional funding, but clear mechanisms
for contributions from grants, institutions, or agencies are not yet
established. Future collaboration between hackweek organizers,
data engineers, and cloud system administrators would help prior-
itize and address these challenges, with benefits extending beyond
future hackweeks.

While PACE Data Hackweeks have been highly effective in
building skills and community, opportunities exist to improve
their reach, structure, and long-term impact. (1) Although PACE
Data Hackweeks have primarily attracted early-career scientists,
they also offer valuable opportunities for late-career researchers
to update their skills in modern, cloud-based workflows. Future
hackweeks will aim to increase participants from this group to
broaden impact across the community. (2) Participant feedback
also points to challenges with project development and comple-
tion. To address this issue, future PACE Data Hackweeks may
adopt a more structured approach, with pre-defined project topics,
participant matching, and dedicated mentors to support progress
during and after the event.

CONCLUDING REMARKS

Hackweeks have become an effective mechanism for advancing
scientific work, in large part because they bring together research-
ers who might not otherwise collaborate. Interactions often con-
tinue after the event, leading to new ideas and follow-on proj-
ects. By combining different areas of expertise over an intense but
short research sprint, hackweeks provide space to experiment with
new approaches and to take risks on novel or uncertain research
directions.

PACE Data Hackweek participants not only explored new data
products but also developed familiarity with cloud-based work-
flows and joined a larger community of Earth science research-
ers working to maximize the benefits of NASAs Earthdata Cloud.
Leveraging an established, cloud-based JupyterHub for hackweeks
is practical and cost-effective, and provides a nexus for contin-
ued interactions. Continued investment in hackweeks and shared
cloud resources will be critical for sustaining these benefits, and we
plan on hosting PACE Data Hackweeks in the future.

As NASA’s Earth Observing System evolves, hackweeks are well
positioned to serve as catalysts for skill-building and community
formation. The oceanography community faces a mix of opportu-
nities and challenges as it advances open science. Participants in
the PACE Data Hackweeks are empowered to translate broad shifts
in the data and computational landscape into meaningful, lasting
impacts for the community.

SUPPLEMENTARY MATERIALS
The supplementary materials are available online at https://doi.org/10.5670/
oceanog.2026.e204.
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UNLOCKING A FISH FINDER FOR
BENTHIC HABITAT CHARACTERIZATION

By Michael P. Scherer and Val Schmidt

ABSTRACT. Single beam sonars can provide valuable acoustic information on the structure of benthic habitats and the contents of
the water column. Nominally, acoustic sensors that provide water column data in scientific applications can cost tens or hundreds of
thousands of dollars. In contrast, consumer grade fish finders that are mass produced are very inexpensive, costing only tens or hundreds
of dollars. Unlocking a fish finder for scientific use could increase access to low-cost sensing methods for coastal communities that are
historically underserved. The principal challenge with using a fish finder for benthic habitat classification is that the sonars are generally
not interoperable and are often limited to visualization on a display or chart plotter made by the sonar manufacturer. This vendor lock
prevents the sonar data, and in particular water column data, from being stored and processed to create mapping products. In this proj-
ect, “SonarPhony” was developed to provide interoperability software to enable the real-time visualization and logging of water column
data from a low-cost fish finder. A machine learning approach was used to demonstrate that the logged data could be used to estimate
bottom type and identify the presence of seagrasses. This solution thus provides a low-cost means for both benthic habitat classification

and bathymetric mapping.

INTRODUCTION

Understanding the location and character of benthic habitats is
critical for people to understand their fisheries. US laws such as
the Magnuson-Stevens Fishery Conservation and Management
Act (2007) require the definition and management of essential fish
habitat, such as seagrasses, which in turn requires sensing that can
be deployed on large scales to manage fisheries (Federal Register,
2013). Coastal communities around the world depend on fish
stocks whose habitats are easily misunderstood for lack of visibil-
ity without expensive tools (Harden-Davies and Snelgrove, 2020).
These economic barriers to entry prevent local, distributed, inde-
pendent access to ocean data.

Existing data pipelines for crowdsourced bathymetry using
low-cost sensors have been proven to expand access and detect
changes to charted bathymetry, in particular, after natural disas-
ters (Gilbert et al., 2025). Low-cost fish finders have been used for
bathymetric studies and habitat mapping to create gridded digi-
tal elevation models (DEM; Gomes et al., 2025). Benthic acous-
tic classification has been thoroughly studied, but largely with sig-
nificantly more expensive sensor systems (Anderson et al., 2008;
Gumusay et al., 2019). Commercial solutions exist for process-
ing higher end consumer grade fish finder data that rely on licens-
ing models (Helminen et. al., 2019). Underwater video has been
used to relate seafloor characteristics to acoustic data (Rooper and
Zimmermann, 2007; Sdnchez-Carnero, 2023). With added open
interface water column data, consumer fish finders could be used
to map beyond bathymetry to include seafloor and habitat charac-
terization, at a cost that is accessible for citizen science.
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Small uncrewed systems also benefit from low-cost sensing with
open interfaces. Sensors incorporated on an uncrewed platform
can cost as much or more than the vehicle itself. Because no people
are on board, and uncrewed systems may operate completely over
the horizon (Scherer and Chance, 2023; Cross et al., 2025), an open
interface is required to collect and visualize data remotely.

To address this gap, we introduce SonarPhony, an open-source
interoperability software that unlocks an off-the-shelf fish finder
for data logging, remote or autonomous operation, and collec-
tion of water column data. The usefulness of these data is further
demonstrated with the development of a machine learning classi-
fier of benthic habitat type from the SonarPhony software.

MATERIALS AND COST

The benthic characterization system consists of three subsystems:
the sonar itself, a GPS and sonar data logger, and a drop camera
(Table 1). The Vexilar SP100 sonar is an off-the-shelf product
that can be operated from any computer with the SonarPhony
software. The data logger was based on a Raspberry Pi running
SonarPhonyD. The integrated Wi-Fi on the Pi connects to the
sonar. A USB GPS receiver was used to georeference the sound-
ings. The drop camera was used to validate the bottom type.

ASSEMBLY

SOFTWARE. Two applications were created. SonarPhony has a
graphical user interface that can be used to drive and visualize the
sonar data (see Figure 1) or to play back log files. SonarPhonyD
is a daemon that can log the water column data and output



NMEAO0183 sentences. The NMEAO0183 output is useful for inter-
facing with a chart plotter or other data acquisition system. An
alternate daemon was also developed to control and transmit over
ROS2 for robotics applications.

SONAR. The sonar was installed as specified by the manufacturer.
When submerged in water, the sonar created a Wi-Fi access point
for computer connection. The SonarPhony software was run to
visualize and record the data. The T-Pod (SP100) model used for
this study operates at 125 kHz and 30° beam, pinging 28-29 times
per second with 302 samples per ping. The SP200 could reduce
uncertainty due to its fixed mounting, though it operates at differ-
ent frequencies.

DATA LOGGER. The portable charger was plugged into the
input USB power port of the Raspberry Pi. Raspberry Pi OS Lite
was installed on the Pi. A daemon version of SonarPhony, called
SonarPhonyD, was initiated by a systemd script to run on the Pi
to log sonar data. In addition to logging sonar data, it published
a NMEAO0183 string of the depth to a configured network port.
OpenRVDAS (Agarwal and Cohn, 2020) was installed to log the
GPS data and validate the logging of the sonar data, reading the
NMEAO0183 strings from both.

DROP CAMERA. The GoPro used for this study was chosen
because it was on hand. With the waterproof enclosure, the camera
is rated to 60 m of water depth. The light was attached to the base

TABLE 1. Material costs for the SonarPhony
acquisition system.

ITEM | cosT

Vexilar SP100 or SP200 $59.95

Total $59.95
Raspberry Pi 3 model B $35.00
USB Wi-Fi Dongle $20.00
USB GPS $20.00
Portable USB Charger $10.00
Watertight Enclosure $10.00

Total $95.00
Diving Reel (or thin line) $20.00
GoPro HERO11 Black $299.99
GoPro Enclosure $49.99
Light — Movo LED-WP $29.95

Total $399.93

$554.88

TOTAL COST |

of the camera using the provided mount. The end of the diving
reel line was then tied to the combined system. Additional weight
could be added for a faster descent rate.

CODE

The sonar, which also acts as the Wi-Fi access point, always assigns
itself the IP of 192.168.1.1, and accepts UDP traffic on port 5000.
The client first issues a handshake message to establish itself as the
leader. Upon acceptance by the sonar, the client can then begin
issuing commands to direct the sonar to begin transmitting pings
and to select the requested range of the water column data. The
commands are issued once per second to keep the sonar alive. If
the commands stop, the sonar will cease transmitting after several
seconds. Each returned ping contains the battery voltage, state of
charge, water temperature, range of the water column (minimum
and maximum), detected depth, and water column data that is a
raster array of intensities with values between 0 and 255. Altering
the gain had no effect on the returned raster intensities, so it is
assumed that the gain is for visualization. The source code can be
found on Github.

FIELD APPLICATION EXAMPLE

The usefulness of the sensor for bottom type characterization was
assessed. Data were collected at Bonita Bayou in St. Petersburg,
Florida, USA, on December 1, 2024, and March 2, 2025. The bay
has a largely sandy seafloor with patches of seagrass, rocks, and
fan corals. A third dataset was collected in Lake Martin, Louisiana,
on November 17, 2024. Lake Martin is a freshwater lake with a
silted mud bottom. The data logger was fixed to a kayak, and the
sonar was towed by a short, fixed line behind it. A cell phone was
used to connect to the OpenRVDAS instance running on the data
logger to verify that the sonar and GPS were both collecting data.
For the purposes of this study, a fixed sonar range of 0-9 ft was
used at all times to reduce variability, making each sample in the

FIGURE 1. This image shows the SonarPhony app displaying a waterfall of water column data collected
in Lake Martin, Louisiana.
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water column approximately 7 cm high. Periodically, the camera
was dropped from the kayak, logging the time of each deployment,
shown in Figure 2.

The data logs were converted from NMEAO0183 data and raw
sonar data, respectively, into Python pickle format. Time was cor-
rected by comparing the offset between GPS time and the system

clockin thelogs, and the corrected timestamps were used thereafter.

Each drop camera video segment was reviewed to determine
the bottom type at the drop location. The timestamp recorded in
the handwritten log for each camera drop was then used to asso-
ciate the bottom type with a GPS coordinate. Training and test
data were then extracted by first selecting the soundings within
a 5-second neighborhood of each drop camera location and tag-
ging those soundings based on the bottom type. Within each

FIGURE 3. Survey region in Bayou
Bonita, drop camera locations, and
resultant classification of bottom
type using sonar data. Detail shows
classified seagrass correlated over
the region where seagrass can be
seen in a satellite image from six
months prior. Background image
source: Maxar 2024-06-03
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sounding’s water column data, the 16 samples on either side of the
detected hard bottom were extracted, including the center sam-
ple at the hard bottom, resulting in a window of 33 samples. All
other samples in the water column for each sounding were dis-
carded to focus on bottom type classification. Thirty-three percent
of the tagged and extracted soundings, randomly selected, were
allocated to test data, and the remainder were used for training.

To increase model accuracy and generalization (Bishop, 2006),
a set of basic statistical and power spectra features were extracted
from each sounding’s sample window (Preston et al., 2001). Basic
features included mean, standard deviation, skew, and kurtosis.
Power spectra features were quantified using the periodogram
method from SciPy (Virtanen et al,, 2020). Features were calcu-
lated on both the entire window and on the samples directly above
the hard bottom to increase the discriminating ability of seagrass.

Many implementations use unsupervised clustering algorithms
to detect bottom type (Gumusay et al., 2019), so initial trials were
done with K-Means. Unsupervised learning methods are capable
of discovering categorizations of data that might not be known
a priori; however, these clusters may have no physical meaning
(Mitchell, 1997). Thus, it was difficult to validate that the clusters
were correlated to any particular bottom type.

Because the target classes (bottom types) were known for this
study, a supervised learning algorithm was chosen. AdaBoost was
selected after trialing a selection of supervised learning algorithms
implemented in scikit-learn (Pedregosa et al., 2001). AdaBoost is
an ensemble method that uses many so-called “weak” classifiers
whose results are combined to get a more accurate result (Freund
and Schapire, 1997). The AdaBoost classifier was trained on the
data using 200 estimators, because additional estimators did not
appreciably increase the accuracy of the model. When only consid-
ering classes of sand, mud, and rocks, the classifier performed very

Class ‘ Precision ‘ Recall ‘ F1-Score
0.SAND 0.97 0.85 0.91 549
1.MUD 0.99 0.99 0.99 139
2. ROCKS 0.72 0.88 0.79 107
3. GRASS 0.65 0.80 0.72 186
Macro Avg 0.83 0.88 0.85 981
Weighted Avg 0.88 0.87 0.87 981
Matthews Correlation Coefficient 0.79
Accuracy 0.87

FIGURE 4. Classification statistics for a four-class machine learning model.

Support ‘

well with 96% accuracy and a Matthews correlation coefficient of
0.92. Considering all four classes of sand, mud, rocks, and seagrass,
the quantitative scores reduced to 87% accuracy and a Matthews
correlation coefficient of 0.79 (Figure 4). The greatest confusion
in classification was between sand and grass. Because the identi-
fied grass lived in sand, it is reasonable that a broad swath would
have poor discriminating ability between the two bottom types. As
a notable example, location 79 was sparse in seagrass compared to
locations 83 and 84, as shown in Figure 2. The results of the clas-
sification on the dataset can be found in Figure 3, demonstrat-
ing correlation of seagrass presence with both satellite imagery
from 2024 and from NOAA Environmental Sensitivity Index (ESI)
Benthic Habitats established in 2016. The machine learning code
can be found on Github.

FUTURE DEVELOPMENT

Machine learning models could be improved by collecting training
datasets with higher data density, such as by collecting persistent
camera data during the entire collection process.

Further experimentation could be done using the SP300 model
of sonar, which supports higher frequencies of 200 kHz that may
have better discriminating ability for thin seagrasses. The SP300
also supports 80 kHz operation, so multiple frequencies could be
collected to better characterize bottom type. Of additional inter-
est is full characterization of the acoustic properties of the sonar,
such as target strength calibration, which might allow the sonar to
be used in more traditional processing pipelines for biomass esti-
mation or classification.

A practical limitation in this solution is that it provides a fixed
number of samples for any range setting. Therefore, increasing the
range of the sensor reduces the resolution of the water column
data. A future study could evaluate the reasonable maximum range

Confusion Matrix
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of the sonar, or if the minimum range could be modified to move
the window of water column data to a region of interest without
losing resolution.

CONCLUSION

Seafloor classification, and in particular seagrass identification, is
valuable for communities where seagrasses are measured and pro-
tected. Low-cost tools for measuring seagrass abundance enable cit-
izen scientists to track changes to essential fish habitat. SonarPhony
was shown to be effective in a region for characterizing bottom
type, and it was stable over two data collection excursions. Bottom
type classification of sand, mud, and rocks was demonstrated in
addition to identification of seagrasses, which could serve as a use-
ful tool for understanding habitat. This low-cost methodology fur-
ther enables crowdsourcing of seafloor classification.
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THE OCEANOGRAPHY CLASSROOM <

STUDENTS CO-CREATING THEIR

COMMUNITY OF INQUIRY

By Mirjam S. Glessmer, Anne Digranes Arvik, and Kjersti Daae

The Community of Inquiry is a well-established framework devel-
oped for online education (Garrison et al., 2010). It is often used
by teachers to plan, evaluate, or reflect on teaching. The framework
consists of three overlapping “presences” that teachers bring to the
educational experience (Figure 1). The cognitive presence relates to
how teachers can help students learn to think about concepts and
make sense of them. Teachers can consider which concepts are rele-
vant, what might be difficult for students to understand about these
concepts, and why. They can listen to student expressions to under-
stand their levels of comprehension or where there are currently

challenges in order to respond in ways that help students connect,
apply new ideas, and learn. The teaching presence involves develop-
ing activities that support practicing relevant skills, structuring les-
sons, and facilitating discussions in the classroom or online. The
social presence includes becoming visible and connecting as a per-
son. A teacher can show interest in and care for students and create
environments in which students feel welcome and that they matter.

In the pairwise overlap between these main presences, we find
ways the teacher can regulate learning by helping students focus
on useful tasks and goals, supporting discussions both inside and

COMMUNITY OF INQUIRY:
TEACHER PERSPECTIVE
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outside of class, and setting the climate by encouraging students to
connect with their peers and providing structure and scaffolding
for collaborative work. The total of all these presences forms the
educational experience in a Community of Inquiry.

The Community of Inquiry framework is also a helpful tool for
diagnosing which area of the educational experience might ben-
efit from more attention and provides ideas of what that might
look like. Mendoza et al. (2026), for example, use the framework
to populate the three presences and their overlap with examples
of strategies for creating an inclusive and accessible hybrid class-
room. Just how important it is to have all three presences com-
bined became very clear during the COVID-19 pandemic when
there was an abrupt shift to online teaching. Many teachers instinc-
tively focused on cognitive presence, followed by teaching presence.
Maintaining sufficient social presence was very difficult, especially
at the beginning, as everyone had to adjust to the new situation
and had to figure out what it was that was actually missing. The
experience during the pandemic renewed interest in relationships
in learning and teaching, and a lot of advice for building trust
with, and showing care for, students exists (e.g., Anderson et al.,

2020; Felten and Lambert, 2020; Gravett et al., 2021, Glessmer
et al., 2024, Hamshire et al., 2025), often with the goal of work-
ing with students as partners to co-create learning and teaching
(Cook-Sather et al., 2014; Bovill, 2020).

Co-creation is also where our interest lies. Even though the
Community of Inquiry framework is traditionally used to shape
student experiences, it considers those experiences from the teach-
er’s perspective. And while teachers can do a lot, we have previously
argued that responsibility for learning should be a shared with stu-
dents (Glessmer and Daae, 2021). What happens if we look at the
Community of Inquiry framework from a student’s perspective? We
share the following thoughts based on our conversation between
a student (AA), a teacher (KD), and a colleague (MSG) to inspire
other teachers not only to think about their own practice but also to
consider using the Community of Inquiry framework to talk with
students about how they can take responsibility for their own learn-
ing and make it more meaningful and enjoyable (see Figure 2).

From a student’s perspective, cognitive presence involves actively
engaging in learning, both during scheduled teaching sessions and
outside of them. This includes asking themselves questions, trying
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to explain concepts to themselves, predicting what a teacher might

do next in an explanation, and formulating answers to teachers’ or

peers’ questions. It can also mean taking notes, even though lec-
ture notes or slides may be provided, and writing up a summary of
the learning session.

The teaching presence is, from a student’s perspective, bet-
ter described as organizing and prioritizing, for example, by set-
ting learning goals (in terms of outcomes, time spent on studying,
content worked through); using schedules, lists, and asynchro-
nous self-study time; and last but not least, rewarding oneself: rest,
recover, and have fun!

From a student’s perspective, social presence means first show-
ing up and then engaging with peers and teachers: saying “hi,”
talking with people inside and outside of the classroom, and mak-
ing themselves available for contact, for example, by putting away
phones and headphones during breaks. However, some students
may also wish to take a break from social interactions during break
time, which is valid.

In the overlap between social presence and organizing and priori-
tizing presence, it becomes clear that, for a meaningful and reward-
ing educational experience, we cannot rely solely on in-class, facili-
tated interactions. Here, we find ways students can collaborate and
integrate meaningful interactions into their lives and learning out-
side of class—for example, by creating accountability systems such
as sticker charts for studying a certain amount of time, where the
competitive element with peers might be an extra incentive to show
up, or by organizing social events and activities with their peers.

It is, however, important to remember that some students, for
whatever reasons, might not want to have relationships with their
peers in the course but instead prefer a network separate from the
course, with people they meet in other contexts or online. That
is also valid, but then it becomes even more important for those
students to figure out how to cultivate those relationships and use
them for learning.

The other two overlaps between presences from the students’
perspective are similar to those from the perspective of teachers.
Students can regulate learning by coming prepared, working on
assignments, and ensuring a good learning environment, free from
disruptions. They can also discuss classroom material with their
peers in various settings and visit their teachers during office hours
to examine difficult concepts.

So, how can teachers make use of the students’” perspectives on
the Community of Inquiry framework? From our discussions, we
suggest teachers consider the following steps:

1. Present the framework: Explicitly point out the importance of
all three presences, alone and in combination, for learning. It is
not just about cognitive engagement but also about being orga-
nized and doing things with others. The teacher can also cre-
ate conditions that align with the Community of Inquiry frame-
work and highlight how the methods used are designed to
help students in different ways. However, most of the strategies
depend on students actively choosing to adopt them.

2. Collect and share stories from older students or alumni regard-
ing how they have organized their work alone and together, and
how it has helped them. Learning always happens in a context,
and examples from “close to home” tend to be accepted more
easily than those that come from an article written by a team on
the other side of the world.

3. Talk to students about the model. Do they recognize them-
selves in it? What strategies do they use that could be added,
and which of the ideas presented might they want to try? How
can they use the model together with their peers and the teacher
to co-create learning and teaching?

We found our discussions between teachers and students mean-
ingful and relevant to help shape better educational experiences.
We hope that other teachers and students can build on our ideas
and co-create valuable learning experiences in a Community of
Inquiry in their own contexts.
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CAREER PROFILES Options and Insights

Gabby Ahmadia, Vice President, Seascapes and Science, World Wildlife Fund
Oceans — gabby.ahmadia@wwfus.org

Degree: When, where, what,

and what in?

I took a bit of a long and winding path
through my degrees. It began at Humboldt
State University, where I took five years to

earn a degree in zoology, in part because I
was also playing college soccer—a big part of my identity at the time.
From there, I went to the University of West Florida for my mas-
ter’s degree in marine biology. That was where I was first exposed
to international research, which really shaped what I wanted to do
next. I then went on to Texas A&M Corpus Christi for my PhD
in coastal and marine systems science, focusing on coral reef fish
ecology. I was lucky to work with my advisor, Frank Pezold, who
was incredibly supportive. He encouraged me to follow my own
interests and career path rather than steering me toward his, which
made a lasting impact.

Did you stay in academia at all, and if so, for how long?
Not at all. Toward the end of my PhD, I applied broadly to jobs
both within and outside academia. I ended up landing a reef mon-
itoring postdoc at World Wildlife Fund (WWF) right after gradu-
ating and have stayed ever since. I am now coming up on 14 years
with the organization.

How did you go about searching for a job outside of
the university setting?

This was a while ago, and the landscape has changed a lot since
then. At the time, I relied heavily on listservs and word of mouth.
I remember several people forwarding me the WWF job, thinking
it would be a good fit. I also tried to be intentional about timing.
I started my job search about six months before graduating and
did not rush to finish my degree because I still had funding and
health insurance. That extra time allowed me to focus on both the
job search and wrapping up manuscripts from my PhD research.

Is this the only job (post-academia) that you’ve had?

If not, what else did you do?

Yes, this has been my only role since finishing my PhD. That said,
during my academic years I did a wide range of jobs. I washed
athletes’ laundry, which was not glamorous, did some consulting
on data analysis, helped run a research station, and organized the
local Ocean Sciences Bowl. Those experiences, even the less excit-
ing ones, all added something along the way.
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What is your current job? What path did you take

to get there?

I am currently the VP of Seascapes and Science at WWF Oceans.
My interest in this field really started early. I grew up in Hawai‘i
and took a marine biology class as a kid that involved going down
to the shoreline to learn about the organisms there. That expe-
rience stuck with me. Even though I mostly saw myself as an
athlete growing up, I always worked hard in school. As an under-
graduate, I did not follow the typical path that many science stu-
dents take. While others were doing internships, I was working
for a local baseball team, spending time at the multicultural cen-
ter, and picking up whatever jobs I could, including washing some
very smelly laundry.

I went on to a master’s program focused on marine ecophysiol-
ogy, but over time I realized I was more drawn to ecology and fish-
eries science. I enjoy working with data and thinking about sys-
tems at a larger scale. For my PhD, I shifted into coral reef fish
ecology, which gave me the opportunity to conduct research across
the Pacific and Indian Oceans. I had to be resourceful in finding
funding, piecing together small grants and AmeriCorps support to
make that work.

After finishing my PhD, I joined WWF in a role focused on
designing a monitoring program in Indonesia. Helen Fox, who
was the Director of Marine Science at WFE, played a key role in
mentoring me during that time, especially in helping me under-
stand how to be a strong and respectful partner to local scientists.
Over the years, I have had the opportunity to work with an incred-
ible range of partners and teams, helping to connect solid sci-
ence with conservation in practice. While my role now leans more
toward the conservation side, I still rely heavily on scientific think-
ing and on the scientists on my team when designing and imple-
menting programs.

What did your oceanographic education (or academic
career) give you that is useful in your current job?

My academic training gave me a strong foundation in understand-
ing what good science looks like and how to apply it in real-world
settings. It also built resilience. Research comes with a lot of ups
and downs, and learning how to navigate that has been invaluable.
It also instilled in me a sense of curiosity and a habit of question-
ing assumptions. That mindset has carried through into my career
and has helped me stay open to learning and adapting as I take
on new challenges.


mailto:gabby.ahmadia%40wwfus.org?subject=

Is there any course or other training you would have
liked to have had as part of your graduate education to
meet the demands of the job market?

I think having a well-rounded academic experience is really
important. Taking courses that span both policy and the natural
sciences can make a big difference. Increasingly, scientists want
their work to inform decisions, which means understanding the
political and social context in which that work sits and being able
to communicate effectively with a wide range of audiences.

I was also taught at one point that scientists should not be advo-
cates. In practice, I do not think that fully holds. If you are not
advocating for your work and its relevance, it is unlikely that others
will step in to do that for you.

Is the job satisfying? What aspects of the job do you
like best/least?

I find the job very satisfying. Being part of a mission-driven orga-
nization and working alongside smart, motivated colleagues
is incredibly rewarding. One of the best parts of the role is the
opportunity to travel and see conservation work firsthand, and to

meet the people who are driving that work on the ground. At the
same time, travel has become more complicated now that I have a
young child at home. Another challenging aspect of the role is the
amount of time spent on fundraising. While it is essential to sus-
taining the work, it does take time away from the parts of the job
that I most enjoy.

Do you have any recommendations for new grads
looking for jobs?

Persistence is critical. You will hear “no” many times but continu-
ing to put yourself out there and staying open to opportunities
both make a difference. It is also important to apply for roles even
if you do not meet every listed qualification.

From a hiring perspective, I look not only at experience but also
at whether someone is adaptable, curious, and willing to take on
new challenges. Those qualities often matter just as much as check-
ing every box on a job description.

ARTICLE DOIL. https://doi.org/10.5670/oceanog.2026.e202

Shane Guan, Oceanographer, Bureau of Ocean Energy Management,

Degree: When, where, what,
and what in?
I received my BSc degree in fisheries sci-

ence from Nagasaki University, Japan,
in 1993, where I was first exposed to
marine bioacoustics during a study of humpback whale song
structures off Okinawa. Following that experience, I enrolled in
the Grice Marine Biology Program at the College of Charleston
and earned an MSc degree in marine biology in 1998. My thesis
research was on acoustic behavior of free-ranging bottlenose dol-
phins in the Charleston estuaries. After about 10 years working
with the US Fish and Wildlife Service (USFWS) and the National
Oceanic and Atmospheric Administration (NOAA), I pursued a
PhD degree in underwater acoustics at the Catholic University
of America (CUA), where I graduated in 2016. My dissertation
research focused on anthropogenic underwater sound and marine
soundscape characterization.

Did you stay in academia at all, and if so, for how long?
I always thought that I would like to stay in academia study-
ing marine bioacoustics. But when I completed my MSc degree
in the late 1990s, there were very few graduate programs offer-
ing that field (my thesis major advisor was an ornithologist!). So,
I accepted a job offer as a government biologist, which led to a

and Adjunct Assistant Professor, Department of Mechanical Engineering,
The Catholic University of America — guan@cua.edu

different career path. However, after completing my PhD, I was
offered an adjunct assistant professor position teaching graduate-
level classes in ocean acoustics, marine bioacoustics, and compu-
tational methods, which I gladly accepted and continue to this day.
Though this is a part-time position beside my full-time career with
the Bureau of Ocean Energy Management (BOEM), I enjoy the
campus atmosphere and scholarly discussion with university fac-
ulty and students.

How did you go about searching for a job outside of
the university setting?

By the time I completed my MSc degree, the Internet was just
becoming a great place to look for jobs beyond the local commut-
ing area. The US government employment website was launched

in 1996, and I was able to find many opportunities there. I focused
my search on marine biology/zoology related fields and was able to
land a job as a biologist at the headquarters of the USFWS Fisheries
Program in the Washington, DC, metro area.

Is this the only job (post-academia) that you’ve had?

If not, what else did you do?

No. After six years with the USFWS working on native freshwater
fish conservation, which also included a six-month temporary
assignment with the US Coral Reef Task Force, I took a job with
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NOAA Fisheries. My duties at NOAA were to assess anthropo-
genic noise effects on marine mammals for the issuance of inciden-
tal take authorization (ITA) under the Marine Mammal Protection
Act. Utilizing my expertise on underwater acoustics and marine
bioacoustics, I provided technical advice to the ITA program. In
this capacity, I also developed many noise impact assessment tools
and guidelines, and mentored colleagues who did not have acous-
tics backgrounds. While at NOAA Fisheries, I also took two short-
term assignments at other NOAA line offices. One was with the
US Integrated Ocean Observing System (I0OS), where I led the
development of a metadata convention for underwater passive
acoustic recording. The other was with the NOAA Office of Ocean
Exploration Research, where I led the environmental assessment
for the operations of NOAA Ship Okeanos Explorer. Due to my
expertise in underwater noise effects on marine species, I was also
invited to Taiwan many times to advise on monitoring and mit-
igation strategies to protect the critically endangered Taiwanese
humpback dolphin from underwater noise exposure generated
from offshore wind farm development.

What is your current job? What path did you take

to get there?

I started my current job with BOEM in 2020 as an oceanogra-
pher in the Environmental Studies Program (ESP). My roles are
to develop, fund, and manage underwater acoustics, acousti-
cal oceanography, and marine bioacoustics studies that support
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BOEM’s mission to assure that offshore energy, mineral, and geo-
logical resources are developed in an environmentally responsible
way, and to ensure that BOEM’s regulatory decisions are informed
by the best available science and are fully compliant with statu-
tory obligations. I work closely with external and internal scientists
to conceptualize and formulate research ideas and turn them into
studies that advance BOEM’s mission. In the years since I joined
the bureau, I have participated in research projects, led workshops,
and collaborated on papers and reports. As with my previous gov-
ernment positions, I simply applied for the job on https://www.
usajobs.gov/ and went through the competitive hiring process.

What did your oceanographic education (or academic
career) give you that is useful in your current job?

I took quite extensive oceanographic and marine science courses—
ranging from physical and biological oceanography, marine geol-
ogy, ichthyology, marine zoology, and botany to aquaculture
and even maritime affairs—both in my undergraduate and post-
graduate (master’s) years. These classes provided me with broad
knowledge and appreciation of topics related to ocean science
and technology that are critical in pursuing my career as an
ocean acoustician.

Is there any course or other training you would have
liked to have had as part of your graduate education to
meet the demands of the job market?

Machine learning, geospatial tools, and software developer plat-
forms. Though I am a proficient MATLAB user, which enables me
to perform a variety acoustic signal processing tasks and analyses
at work, I wish that I had had more training in information tech-
nology early on.

Is the job satisfying? What aspects of the job do you
like best/least?

Absolutely! Being able to connect with academia and actively par-
ticipate in research is the best part of my job. It is satisfying to know
that the study results are valuable to resource managers for envi-
ronmental compliance and science-informed decision-making.
However, the ever-shifting change in priorities can sometimes be
challenging to ensure the continuity of studies.

Do you have any recommendations for new grads
looking for jobs?

Be flexible and look beyond your field of study. Oceanography is
an interdisciplinary field, and I have observed that graduate stu-
dents with cross-disciplinary knowledge and expertise are more
likely to land jobs than those who only focus on their specific
fields. Additionally, networking during conferences and work-
shops and being active in professional societies are great ways to
establish connections that could lead you to your dream job.

ARTICLE DOL. https:/doi.org/10.5670/oceanog.2026.e203
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