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F29280, Plouzané, France, 2Sorbonne University, CNRS, Laboratoire d’Océanographie de Villefranche
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The ocean plays an essential role in regulating Earth’s climate, influencing weather

conditions, providing sustenance for large populations, moderating anthropogenic

climate change, encompassing massive biodiversity, and sustaining the global

economy. Human activities are changing the oceans, stressing ocean health,

threatening the critical services the ocean provides to society, with significant

consequences for human well-being and safety, and economic prosperity.

Effective and sustainable monitoring of the physical, biogeochemical state and

ecosystem structure of the ocean, to enable climate adaptation, carbon

management and sustainable marine resource management is urgently needed.

The Argo program, a cornerstone of the Global Ocean Observing System (GOOS),

has revolutionized ocean observation by providing real-time, freely accessible

global temperature and salinity data of the upper 2,000m of the ocean (Core

Argo) using cost-effective simple robotics. For the past 25 years, Argo data have

underpinned many ocean, climate and weather forecasting services, playing a

fundamental role in safeguarding goods and lives. Argo data have enabled clearer

assessments of ocean warming, sea level change and underlying driving processes,

as well as scientific breakthroughs while supporting public awareness and

education. Building on Argo’s success, OneArgo aims to greatly expand Argo’s

capabilities by 2030, expanding to full-ocean depth, collecting biogeochemical

parameters, and observing the rapidly changing polar regions. Providing a

synergistic subsurface and global extension to several key space-based Earth

Observation missions and GOOS components, OneArgo will enable

biogeochemical and ecosystem forecasting and new long-term climate

predictions for which the deep ocean is a key component. Driving forward a

revolution in our understanding of marine ecosystems and the poorly-measured

polar and deep oceans, OneArgo will be instrumental to assess sea level change,

ocean carbon fluxes, acidification and deoxygenation. Emerging OneArgo

applications include new views of ocean mixing, ocean bathymetry and sediment

transport, and ecosystem resilience assessment. Implementing OneArgo requires

about $100 million annually, a significant increase compared to present Argo

funding. OneArgo is a strategic and cost-effective investment which will provide

decision-makers, in both government and industry, with the critical knowledge
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needed to navigate the present and future environmental challenges, and

safeguard both the ocean and human wellbeing for generations to come.
KEYWORDS

ARGO, ocean observation, climate change, weather forecast, ocean prediction, climate
projection, ocean governance, ocean economy
1 Introduction

The ocean is at the heart of human life on Earth. It plays an

essential role in regulating Earth’s climate, influencing weather

conditions and controlling the natural variability of climate

patterns affecting weather worldwide (e.g. El Niño-Southern

Oscillation). The ocean slows the rate of surface warming driven

by anthropogenic greenhouse gas emissions: it has absorbed 26% of

global CO2 emissions (Friedlingstein et al., 2024) and about 90% of

the excess heat received by Earth as a result of human activities (von

Schuckmann et al., 2023), moderating impacts on human societies.

As the basis of countless ecosystems, the ocean preserves

biodiversity and human livelihoods. Beyond its climate and

ecological significance, it is also vital to the global economy,

supporting industries such as offshore oil and natural gas, marine

renewable energies, fisheries, aquaculture, maritime transportation

and tourism. In 2010, the global ocean economy contributed an

estimated 1.5 trillion USD and provided around 31 million full-time

jobs (OECD, 2016). Projections indicate that, under a “business-as-

usual” scenario, this contribution could more than double by 2030.

With 38% of the global population living within 100 km of the coast

(Cosby et al., 2024)—a figure expected to rise in the future—human

activities, population well-being, economic prosperity, and ocean

health are deeply interconnected. In addition, through globally

connected weather and climate processes, changes in the ocean

have major impacts far inland and impact communities that,

superficially, do not appear ocean anchored.

Yet, the unprecedented stress on the ocean from human

activities threatens to disrupt the essential services it provides to

society. Monitoring the physical and biogeochemical state of the

ocean, as well as the health of its ecosystems, is needed more than

ever to understand and predict these services, and their evolution in

response to human activities. This is essential for managing

economic activities and marine resources, forecasting weather and

climate conditions, informing public policies to mitigate risks,

ensuring population wellbeing and livelihoods, and adapting

society to the emerging oceanic and climatic conditions.

To address this need, the Global Ocean Observing System

(GOOS), created in March 1991 by the Intergovernmental

Oceanographic Commission (IOC) of UNESCO and co-

sponsored by the World Meteorological Organization (WMO),

UN Environment Programme (UNEP) and the International

Science Council, leads and coordinates the ocean observing
03
community and networks, and builds engagement and

partnerships to grow an integrated, responsive, sustained and

effective observing system (IOC, 2018). By 2030, GOOS aims to

establish a truly global ocean observing system serving sustainable

development, safety, wellbeing and prosperity of humankind

(Fischer et al., 2019). Although substantial progress has been

made in developing observational platforms and sensor

technologies, data access and forecasting capabilities, ocean

sampling still lacks the homogeneous full-depth coverage needed

to deliver effective actionable information to end users. While

approximately 70% of atmospheric observations benefit from core

institutional support, only about 30% of in-situ ocean observations

receive sustained funding, and the mechanisms available to access

medium (3–5 years) or long–term (6–10 years) funding are limited

(European Marine Board, 2021). A joint strategy between funding

organizations and ocean observing network operators is needed to

ensure sustainable funding for in situ ocean observation, and to

establish ocean observing as an essential infrastructure for

understanding and forecasting ocean impacts on weather and

climate variability, improving the assessment and prediction of

ocean-related risks, and safeguarding ocean resources and the vital

services they provide.

The Argo program, a global network of about 4,000

autonomous profiling floats (Figure 1), is a component of the

GOOS, as well as a major ocean component of the Global

Climate Observing System (GCOS). Argo floats typically operate

on a nominal 10-day cycle (Figure 2). They drift for 9 days at 1,000

meters, following ocean currents, descend to 2,000-m depth and

slowly rise, collecting pressure, temperature and salinity data. Upon

reaching the surface, Argo floats communicate with satellites to

transmit data and obtain a GPS position, and, if necessary, receive

mission updates. This cycle repeats until the float’s batteries are

exhausted, typically after 5 to 7 years, and can be adapted for

specific environments or marginal seas. About 15,700 floats have

reached the end of their service life to date. Argo provides

invaluable near-real-time temperature and salinity data from the

surface to 2,000 m depth spaced at 3° of latitude and longitude

(Core Argo mission) for ocean and atmospheric services, as well as

climate research (Roemmich et al., 2019; Wong et al., 2020). Having

accumulated more than 3 million global profiles since its launch in

2000 (Argo, 2025), Argo has revolutionized ocean observation,

expanding the total number of temperature profiles in many

regions from under 10 per 1° square to more than 50 in nearly all
frontiersin.org
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areas (Roemmich et al., 2022; Figure 3). The success of the Argo

program, monitored by the number of Argo-based publications

(about 6,800 from 1998 to 2025) and their use in Intergovernmental

Panel on Climate Change (IPCC) reports (at least 320 in the Sixth

Report; IPCC, 2021), stems from a combination of factors:

revolutionary low-power autonomous technology; communication

via satellite networks enabling fast data delivery; a multinational

partnership with currently 23 countries contributing to Argo float
Frontiers in Marine Science 04
purchase (Figure 1A) and over 50 helping deploy them;

international governance within a legal framework with

Intergovernmental Oceanographic Commission (IOC) resolutions

that facilitate data acquisition and deployments, particularly within

Exclusive Economic Zones (EEZs); and a transparent and

innovative data management system (Roemmich et al., 2022).

Free and open real-time data access following FAIR (Findable,

Accessible, Interoperable, Reusable) principles further play an
FIGURE 1

Status of the OneArgo network by contribution countries (A) or by float type (B). Among the 4,152 active floats, 556 floats (56% of the BGC Argo
target) are equipped with two or more BGC sensors and 219 floats (18% of the Deep Argo target) are capable of sampling to 4,000 or 6,000 m.
https://www.ocean-ops.org/share/Argo/Maps/networks.pdf.
frontiersin.org
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instrumental role in the success and sustainability of the Argo

program (Wong et al., 2020). All Argo data are made available to

end users in near-real time (RT) feeding operational centers with a

delay of less than 12 hours from collection. A research-quality

delayed mode (DM) data set, formed by careful examination by

experts, is available within a year to the community. The RT and

DM procedures are regularly updated, and well documented (Argo

Data Management, 2022; http://www.argodatamgt.org/

Documentation) to maintain uniformity among all national Argo

programs. The accuracies of the Core Argo data, assessed by

comparison with high-quality shipboard measurements, are

0.002°C for temperature, 2.4 dbar for pressure, and 0.01 PSS-78

for salinity, after delayed-mode adjustments (Wong et al., 2020).

Building on this legacy of success, OneArgo aims to radically

expand and enhance Argo’s capabilities by 2030 (Roemmich et al.,

2019). The targeted 4,700-float OneArgo will provide a more

comprehensive and responsive global-ocean observing system.

The Core Argo mission will cover the ocean interior (0-2,000 m)

and marginal seas, with double density in western boundary

currents and tropical regions, and stretch Argo coverage to ice-

covered regions at high latitudes with the Polar Argo mission. The

Deep Argo mission will extend profiling depth beyond 2,000 m to

the ocean bottom (Zilberman et al., 2023a). The biogeochemical

(BGC) Argo mission will integrate biogeochemical sensors in the

upper 2,000-m (Claustre et al., 2020). Argo floats equipped with an

ice-avoidance algorithm (based on Klatt et al., 2007) enable
Frontiers in Marine Science 05
broadscale sampling in ice-covered seas. Deep Argo floats have

increased pressure capability to profile to 4,000 m or 6,000 m

depending on the float model, and increased CTD accuracy to

resolve the deep-ocean signal (Thierry et al., 2025). BGC Argo floats

are equipped with advanced sensors that measure a range of

biogeochemical parameters (Bittig et al., 2019), including

dissolved oxygen (for understanding ocean hypoxia ,

deoxygenation, and biological activity), pH (to track ocean

acidification and assess the ocean carbonate system), nitrate (a

key nutrient for phytoplankton growth), chlorophyll-a (a proxy for

phytoplankton biomass and ocean productivity), suspended

particles (for tracking particulate organic carbon and

understanding biological carbon export) and downwelling

irradiance (for measuring light penetration, which affects

photosynthesis). Among the 4,700 profiling floats targeted in the

OneArgo array, 1,000 will be equipped with BGC sensors and 1,200

will have deep-ocean measurement capabilities (> 2,000 m)

(Roemmich et al., 2019).

OneArgo will expand global measurements from 3 to 14

Essential Ocean Variables (EOVs) defined by GOOS (Lindstrom

et al., 2012) and volumetric coverage from ~45% of the ocean

volume to more than 90% (Le Reste et al., 2016). The Argo program,

and its extension OneArgo, are strongly grounded in the principles

of the Framework for Ocean Observing. By building on this

framework, OneArgo implicitly serves as a cornerstone of the

broader GOOS system, particularly through its emphasis on
FIGURE 2

Schematic of a typical 10-day cycle of an Argo float. Updated from Claustre et al. (2020).
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clearly defined requirements, robust data management, and open,

interoperable data access. As proof of its expected benefits,

OneArgo contributes to two of the 17 Sustainable Development

Goals (SDGs) adopted by all United Nations Member States in

2015: SDG 13 “Take urgent action to combat climate change and its

impacts” and SDG 14 “Conserve and sustainably use the oceans,

seas and marine resources for sustainable development”. It sits as

well at the base of the value chain for many other SDG targeted

during the UN Decade of Action, including Quality Education,

Innovation and Infrastructure, Climate Action, and Life Below

Water (Roemmich et al., 2022). Developing Argo and its

extensions is one of the top priorities of the G7 Future of the Seas

and Oceans Initiative (G7 FSOI, 2025).

Based on real-world large-scale pilots, the Argo Steering Team

estimated in 2024 that the projected cost of OneArgo’s

implementation, including float purchase and deployment,

transmission costs, data management, and associated human
Frontiers in Marine Science 06
resources, is approximately 100 million euros annually. Among

the 4,152 presently-active floats of the Argo array (Figure 1B), 556

contribute to the BGC Argo mission (56% of the target) and 219 to

the Deep Argo mission (18% of the target). Increased Core Argo

float sampling in the marginal seas, western boundary current,

tropical regions, and seasonally covered ice zones is emerging

(Figure 3). The remaining gaps at high latitude highlight the need

for enhancement of polar observations as part of OneArgo.

Over the past decade, the global Argo community has

demonstrated, through research-based projects, the ability to

build, deploy, operate and manage data for each of the new major

missions in OneArgo (e.g., Bittig et al., 2019; Talley et al., 2019; Le

Traon et al., 2020; Zilberman et al., 2023a). This capability has been

developed in close collaboration with float and sensor

manufacturers, who have played a central role in the success of

the Argo program and the development of OneArgo through

technological advances in the lifetime and capacity of the
FIGURE 3

Spatial density per 1°x1° square of all about 3,062,060 Argo profiles (upper panel, 1999–2025) and all 751,197 non-Argo temperature-salinity-
pressure profiles to depths greater than 1,000 m from the World Ocean Database 2023 (lower panel, all years through end of 2023). Updated from
Roemmich et al., 2022.
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platforms (e.g., under-ice or bottom measurements, integration of

new sensors), and in the improvement and development of sensors

(e.g., Johnson, 2017; Bittig et al., 2018; Dever et al., 2022; Thierry

et al., 2025). This capability was also based on a clear framework

defined by the Argo community for integrating data from new

sensors into the Argo data stream, and ensuring that the network

provides its users with high-quality, unbiased and interoperable

data of known accuracy (https://argo.ucsd.edu/expansion/

framework-for-entering-argo/). This framework includes well-

defined real-time and delayed-mode QC procedures based on

peer-reviewed publications (e.g., Maurer et al., 2021 and

Dall’Olmo et al., 2022), and a three-stage implementation phase:

experimental deployments, global pilot deployment and global

implementation. This capacity building internal to Argo has seen

a shift of some resources from Core Argo to the new missions in

some national programs. This has been compensated for in other

national programs that have maintained core funding and found

additional short term support for the new missions. Neither

approach is sustainable in the long term. To realize the full

OneArgo array, national programs have to be supported at three

times the Core Argo cost, otherwise we will realize a badly degraded

core array and only partially implement new mission arrays. At

present, Argo operators are facing an opportunity window of

around 5 years for the new funding to emerge before the array

becomes sub-optimal across all missions. This underscores the

urgency, from a logistical and community capacity view point

(both on the government and commercial supplier sides), to

secure the support to build on the existing momentum and drive

toward global implementation of OneArgo. If full funding was

rapidly ramped up over a period of 2–3 years in the near term,

the community could deliver much of the OneArgo design by 2030.

In the face of rapid ocean and climate changes, and the need for

environmental intelligence to manage and adapt to these, the urgency

to expand Argo to OneArgo by 2030 is only increasing. This review

paper highlights how Argo data form the backbone of many essential

societal services, enabling applications that span climate monitoring

(Section 2), ocean circulation monitoring and oceanic processes

research (Section 3), ocean and weather forecasting (Section 4),

ocean management (Section 6), and education (Section 7), aligning

with the GOOS mission and framework. The present paper also

addresses synergies between OneArgo and other major components

of the global ocean observing system strengthening overall GOOS

integration and impact (Section 5). This synthesis not only

underscores the breadth of these services and their societal value

but also describes the innovative capabilities that OneArgo can

develop to meet emerging needs in both science and the ocean

economy. In this sense, while drawing on the solid scientific

foundations of Argo’s legacy and vision, the approach taken here is

intentionally different from traditional review articles of this nature

aimed at a technical audience. This paper is designed for a broader

audience, including decision-makers and ocean managers, to

illustrate how OneArgo is uniquely poised to address a wide range

of societal needs in a time of urgency. By highlighting the diverse

applications of OneArgo and its critical role in securing a sustainable

future for humanity, this paper emphasizes the fundamental necessity
Frontiers in Marine Science 07
of ensuring OneArgo ’s full implementation and long-

term sustainability.
2 Ocean and climate change

2.1 Heat content, Earth energy imbalance
and hydrological cycle

Due to its high heat capacity, the ocean has absorbed about 90%

of the excess heat received by the Earth System (von Schuckmann

et al., 2023), as a result of increased atmospheric greenhouse gases

(Loeb et al., 2021), delaying atmospheric warming but intensifying

the Earth’s water cycle (IPCC, 2021). Argo, through its

unprecedented spatial coverage, has revolutionized investigation

of ocean heat content (e.g., von Schuckmann et al., 2023) and

salinity changes (e.g., Durack et al., 2012) with reduced

uncertainties (Desbruyères et al., 2016), central to understanding

past climate and predicting future changes to Earth’s energy and

water cycles.

Annual rate of change of the global integral of ocean heat

content (Figure 4a) and multidecadal global-average temperature

trends in the 0–2,000 dbar layer (Figures 4b, c) reveal an increase in

ocean heat content throughout the water column, with warming of

~0.22 ± 0.07°C decade-1 near the surface diminishing to ~0.04 ±

0.02°C decade-1 by 400 dbar and then ~0.01 ± 0.002°C decade-1 at

the 2,000-dbar maximum pressure of Core Argo (Figure 4c). This

warming contributes to sea level rise through thermal expansion

(e.g., Cazenave and Moreira, 2022; Sections 2.2 and 5.1); increases

the frequency of extreme weather events like severe tropical

cyclones, heavy precipitation, and agricultural and ecological

droughts due to an intensifying global water cycle (IPCC, 2021);

impacts ocean circulation (Section 3.1), oxygen levels in the ocean

(Section 2.3) and more generally ecosystem functioning through

more frequent marine heatwaves and increased ocean stratification

(e.g., Li et al., 2020); and alters anthropogenic carbon uptake and

storage (Bindoff et al., 2019; Sections 2.4 and 2.5).

Global temperature anomalies over the past 20 years (Figure 4b)

reveal a recurring interannual pattern of vertical heat distribution.

During El Niño, warm anomalies appear at the surface while cooler

anomalies are concentrated around 160 dbar, whereas the opposite

occurs during La Niña (e.g., Roemmich and Gilson, 2011). This

variability is overlaid on a broader multi-decadal warming trend.

Deeper than 400 dbar, the warming trend dominates. Due to the

ocean’s huge thermal inertia, the annual rate of change of the global

integral of ocean heat content (Figure 4a, blue line) reflects 90% of

Earth’s Energy Imbalance (EEI; e.g., von Schuckmann et al., 2023).

The trend over the Argo record (black line) shows a doubling of the

EEI, in remarkable agreement with nearly independent top-of-the-

atmosphere satellite estimates (e.g., Loeb et al., 2021; Minière et al.,

2023). The interannual variability in the EEI is associated with El

Niño, with ocean heating rates dipping during surface warm phases

and peaking during surface cold phases (Figure 4a).

Historical shipboard and Deep Argo data show that ocean

warming intensifies again towards the bottom (not shown).
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Warming deeper than 2,000 m in recent decades accounts for about

10% of ocean heat uptake (e.g., Johnson and Purkey, 2024). This

bottom-intensified warming is a signature of a reduction in the

Antarctic Bottom Water formation rate, predicted by models to

continue diminishing in coming decades (e.g., Li et al., 2023). A

major motivation for the global implementation of Deep Argo is to

monitor these momentous changes globally in real time as Core

Argo is doing for the upper 2,000 m (vastly augmenting data

collection beyond sparse revisits by ships at decadal intervals;

Section 5.4), and to provide a deep-ocean constraint for global

climate models still plagued with unphysical deep-ocean drifts

which reduce their utility for future prediction (e.g., Durack

et al., 2018).
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A warming lower atmosphere, consistent with a warming

surface ocean (Figure 4), stores and transports more water vapor

(IPCC, 2021) across Earth’s surface. The ocean salinity field is

changing in response, increasing inter-basin salinity contrasts and

strengthening regional salinity extrema both at the surface and at

depth (e.g., Curry et al., 2003; Boyer et al., 2005; Hosoda et al., 2009;

Durack et al., 2012; Cheng et al., 2020). The ocean acts as an

integrator over time and space scales, accumulating freshwater

changes across noisy precipitation and evaporative events. The

changes are expressed with enhanced positive salinity anomalies

in regions dominated by an evaporative regime and negative salinity

anomalies or freshening in regions dominated by precipitation-

dominant regimes (Figure 5). These changes align with a 7%
FIGURE 4

Analyses of ocean temperature and heat content maps using Argo data as training data in a machine learning algorithm (Lyman and Johnson, 2023).
(a) 0–2,000 dbar ocean heat uptake rates (blue line) in TW calculated as one-year differences of one-year averages (e.g., the first value at 2006 is
the difference of ocean heat content for calendar year 2006 minus that for calendar year 2005). A linear fit to the time-series (black line) with 5–
95% confidence intervals (gray shading) highlights the acceleration of ocean heat uptake rates. (b) Global temperature anomalies in °C vs. time and
pressure with a seasonal cycle and record-length mean removed, then low-pass filtered with a 5-month (3-month half-width) Hanning window. (c)
Ocean warming trends in °C decade-1 (blue lines) with 5–95% confidence intervals (blue shading) calculated over the 20-year record length from
the de-seasoned data prior to smoothing.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1593904
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Thierry et al. 10.3389/fmars.2025.1593904
intensification of the global water cycle, consistent with the

theoretical Clausius-Clapeyron relationship for ~1°C of surface

warming. High-quality salinity data from Argo combined with

sparser historical data have enabled the detection of an

intensification of ocean salinity change patterns, one of the first

clear lines of evidence of an intensifying hydrological cycle (Pierce

et al., 2012; Bindoff et al., 2013). These salinity changes have been

used to compare theoretical predictions and numerical climate

results (e.g., Durack et al., 2012; Cheng et al., 2020; Eyring

et al., 2021).

OneArgo’s ability to support tracking Earth’s warming rate

accurately and the associated hydrological cycle intensification in

real time is an essential tool for monitoring the efficacy of future

climate mitigation, supporting adaptation management and climate

resilient pathways, and otherwise informing policy decisions.
2.2 Sea level rise

Global mean sea level rise, one of the most prominent indicators

of climate change, is driven by changes in ocean volume due to

ocean warming and salinity changes (known as steric sea level), and

by increases in global ocean mass (known as barystatic sea level;

Gregory et al., 2019) due to the influx of freshwater from ice sheet
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mass loss (Greenland and Antarctica) and mountain glacier

melting. Understanding and predicting global mean sea level rise

is of vital importance to many nations (e.g., Hinkel et al., 2018)

facing the risk of coastal flooding and erosion. Sea levels are

projected to rise 30–60 cm by 2100 if we sharply reduce our

greenhouse gas emissions, or 60–100 cm under a very-high-

emissions scenario. In 2020, 267 million people (3.4% of the

world’s population) lived within 2 m above sea level. It is

anticipated that 410 million people will be impacted by a 1-meter

sea level rise and zero population growth (Hooijer and Vernimmen,

2021). Without adaptation, flood damage for sea level rise between

0.3 to 1.3 m, depending on the socio-economic and climate

scenarios, is estimated to cost between 10 and 50 trillion USD per

year (OECD, 2019).

Argo has revolutionized our understanding of global mean sea

level rise and regional sea level trends historically observed by

satellite altimetry (Section 5.1). Argo temperature profiles were

instrumental for assessing that the contribution of global ocean

warming to global mean sea level rise accounted for 35% of the net

linear trend of 4.1 mm/yr over the period 2005–2022 (Figure 6).

This latter estimate appears to be greater than the linear trend of 3.2

± 0.4 mm/yr computed over 1993–2023, denoting an acceleration of

this global mean rise. In addition, Argo salinity data have provided

strong constraints on the geophysical corrections needed for the
FIGURE 5

Map of observed near-surface ocean salinity linear trends over the period 1950–2019 (after Durack et al., 2010, updated). The analysis leverages all
salinity profile data available from ship-based CTD casts and, in the more recent period, from the Argo array. Regions of blue show freshening,
primarily located in precipitation-dominant regions, such as the Pacific Inter-Tropical Convergence Zone, the Maritime Continent, and subpolar
regions in both hemispheres. Regions of red show enhanced salinification, which is co-located with evaporation-dominant regimes such as the
subtropical gyres whose distribution is similar to that of climatological salinity maxima zones. Reproduced from Eyring et al. (2021) with permission.
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space gravity missions (i.e., GRACE and GRACE-FO) that have

remotely monitored the barystatic component of sea level due to

freshwater exchange with the continent (Llovel et al., 2019), which

corresponds to a ~10 cm increase over the period 1993–2022. Argo

floats have also revealed warm water inflow near ice shelves, driving

basal melt, reducing buttressing and increasing Antarctica’s

contribution to sea level (Hirano et al., 2023; van Wijk et al., 2022a).

Sea level is not rising uniformly and is subject to large regional

variability. Steric sea level trends inferred from Argo data over

2005–2015 show spatial patterns coherent with altimetry-based sea

level trend patterns over the same period (Figures 7A, B), revealing

that the latter are driven by density changes induced by temperature

and salinity. Steric sea level trends driven by temperature variations

only (known as thermosteric sea level, Figure 7C) display patterns

similar to overall steric sea level trends, suggesting that temperature

plays a significant role in these changes. However, salinity’s

contributions (known as halosteric sea level, Figure 7D) show

large trends in the North Atlantic and Indian Oceans, suggesting

that salinity can enhance or compensate for the contribution of

temperature. These findings highlight the importance of continued

monitoring of regional density changes (needing simultaneous

temperature and salinity observations), as they can regionally

amplify or offset long-term global sea level rise. Monitoring and

understanding regional sea levels is also crucial for assessing the

realism of climate models used by policymakers to anticipate and

mitigate sea level rise impacts. OneArgo’s ability to better document

the contribution of the deep ocean (> 2,000 m) and ice-covered

regions to steric sea level rise will also be a major step forward in

reducing uncertainties in steric sea level estimates from in-

situ observations.
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2.3 Deoxygenation and denitrification

While oxygen in the ocean is important for the survival of the

plants and animals that live there, its concentration in the ocean

interior has been decreasing (Stramma et al., 2008; Keeling et al.,

2010; Breitburg et al., 2018). Human activities are the primary cause

of ocean deoxygenation in both coastal environments and the open

ocean (IPCC, 2021). Globally, the ocean has lost about 2% of its

oxygen content since the 1960s (Schmidtko et al., 2017), and this is

projected to decline further (Bindoff et al., 2019). Such loss in the

open-ocean interior may have important effects on marine life,

ocean productivity, ecosystem structure, and the biogeochemical

cycle of nitrogen, impacting the health of marine ecosystems, a

sustainable ocean economy, and communities dependent on the

ocean (e.g., tourism, fisheries, aquaculture, ecosystem services, and

marine protected areas). Even very small declines of oxygen can

affect biodiversity, especially in locations that may be close to

physiological thresholds, such as oxygen deficient zones (ODZ).

Expansion of ODZs, where nitrate is converted to nitrogen (N2) by

bacterial metabolism (denitrification), is particularly concerning as

this has the potential to reduce ocean stocks of nitrate, an essential

plankton nutrient.

Deoxygenation is controlled by three interacting processes:

increasing ocean temperatures (Section 2.1), changing ocean

circulation and ventilation of the ocean interior (Section 3.1), and

changing export of organic carbon into mid-waters of the ocean

(Resplandy et al., 2018). Increasing upper ocean temperatures lead

to a decrease in surface oxygen concentrations due to reduced

oxygen solubility and the accompanying increase in thermal

stratification of the ocean, which limits mixing of oxygen-rich
FIGURE 6

Global mean sea level observed by satellite altimetry representing the sum of barystatic and thermosteric components (blue curve; C3S data, Legeais
et al., 2021), and global mean thermosteric sea level inferred from Argo floats (red curve). Envelops represent the uncertainty at 1 standard deviation
(updated from Llovel et al., 2023).
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surface waters into the interior. However, the future trajectories of

ocean ventilation and organic carbon export are less clear (e.g., Fu

et al., 2018). Recent work indicates that the extent of denitrification

in the ODZ of the Eastern Tropical North Pacific can oscillate on

decadal time scales, suggesting a system that is easily influenced by

environmental change (Duprey et al., 2024). Understanding the

future trajectory of ocean oxygen and the processes that control it

will require an observing system that links ocean physics, upper

ocean carbon cycling, and in situ oxygen measurements throughout

the open ocean (Grégoire et al., 2021).

Despite the need to observe oxygen and the processes that

control it, the shipboard observations that have formed the basis for

understanding its distribution are decreasing (Figure 8).
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Fortunately, Argo floats now return 20 times more oxygen

profiles per year than ships in the upper 2,000 m. The growing

usage of DO sensors on Deep Argo floats is a new contributor to

filling major observational gaps below 2,000 m (Zilberman et al.,

2023a). OneArgo is revolutionizing our ability to observe spatial

and temporal variability in ocean oxygen (e.g., Sharp et al., 2023;

Kolodziejczyk et al., 2024). When coupled with nitrate, pH, and bio-

optical sensors (e.g. chlorophyll-a (Chla) and particle backscattering

(bbp)) on BGC Argo floats, our ability to observe the influence of

carbon export on oxygen (e.g., Su et al., 2022) and the influence of

ODZs on the nitrogen cycle (Johnson et al., 2019) will transform

our ability to observe and predict the trajectory and influence of

ocean deoxygenation.
FIGURE 8

Oxygen profiles per year in the NOAA World Ocean Database that have been collected from bottle casts and typically analyzed by Winkler titration,
and oxygen sensor data from shipboard CTD casts, and by Argo profiling floats. Updated from Ito et al. (2024).
FIGURE 7

(A) Regional sea level trends observed by satellite altimetry over 2005-2015. (B) Regional steric sea level trends computed over 2005–2015 from
Argo data (Roemmich and Gilson, 2009) for the 0-2,000 m depth. (updated from Llovel and Lee, 2015). (C) Same as (B) but for the temperature-
driven steric component (thermosteric component). (D) Same as (B) but for the salinity-driven steric component (halosteric component).
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2.4 Acidification

The ocean provides an important service by absorbing 25–30%

of annual anthropogenic CO2 emissions (Friedlingstein et al., 2024).

However, this absorption has profound consequences as dissolved

CO2 reacts with seawater to form carbonic acid, leading to ocean

acidification. The resulting decline in surface ocean pH, currently

occurring at a rate of approximately -0.002 per year, has serious

implications for marine ecosystems, particularly for organisms that

rely on calcium carbonate structures, such as pteropods, corals, and

shellfish (Bednarsěk et al., 2019; Doney et al., 2020).

While long-term ocean acidification trends have been identified

through sustained pH measurements at ocean time-series stations

(Dore et al., 2009), these records are geographically sparse (e.g.,

Bates et al., 2014). The much denser set of surface ocean pCO2

observations have been used to create detailed maps of acidification

rates at the global scale (Iida et al., 2021; Ma et al., 2023). However,

these observations do not extend into subsurface waters or sample

the huge Southern Hemisphere oceans regularly. Subsurface pH

measurements at the global scale have been primarily limited to the

decadal repeat hydrography program now conducted by GO-SHIP

(Section 5.4). These observations have been essential to identify

where decreasing pH and the associated change in CaCO3 mineral

saturation may drive critical ecological tipping points in the coming

decades (McNeil and Matear, 2008; Bednarsěk et al., 2019). They

have also helped clarify that the largest impacts of ocean

acidification for many carbonate system parameters, including

pH, are occurring well below the ocean surface (Arroyo et al.,

2022; Fassbender et al., 2023). Increasing the spatial and temporal

coverage of these interior ocean measurements is vital to better

understand both processes and impacts.

BGC Argo profiling floats equipped with pH sensors are now

generating data records that can be combined with shipboard

measurements to map acidification rates throughout the ocean

(Section 5.4). For example, by using float and ship measurements

to map pH throughout the Southern Ocean, Mazloff et al. (2023)

found that the zonal mean pattern of acidification rates throughout

the upper 1,500 m of the Southern Ocean was strongly influenced

by the large-scale overturning circulation. Lower rates of

acidification occur in regions of strongest upwelling of deep

waters that have had less exposure to atmospheric CO2.

Expanding BGC Argo coverage and sustaining long-term

observations will be essential for tracking how acidification

propagates through the ocean interior. These insights will

improve climate projections, refine marine ecosystem impact

assessments, and support policymakers in developing strategies to

mitigate and adapt to ocean acidification.
2.5 Towards ecosystem monitoring

Marine ecosystems, spanning from microscopic phytoplankton

to higher trophic levels such as fish, are fundamental to oceanic

biodiversity and the overall health of the planet. These ecosystems

are increasingly affected by physical (see Sections 2.1 and 3.1),
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chemical (Sections 2.3 and 2.4), and biological changes, driven by

climate variability and human activities. Historically, studying these

impacts for the open ocean has been challenging due to

observational limitations. The nascent OneArgo fleet, in

combination with the other components of the ocean observing

system (e.g. ocean color satellites; Section 5.3), now provides

scientists with a comprehensive suite of ecosystem observations

enabling new understanding of ocean ecosystems, their evolution,

and feedbacks related to climate change. This is vital for scientific

and societal needs, such as fisheries management (Section 6.1),

carbon sequestration measurement (Section 3.4), and assessing the

impact of human interventions (Section 6.2). The OneArgo fleet

thus offers significant advancement in the characterization of the

various components of marine ecosystems and their impact on the

biogeochemical processes essential for sustaining life on Earth.

The composition of phytoplankton forms the foundation of

marine ecosystems. BGC Argo optical measurements, such as

chlorophyll-a (Chla) and particle backscattering (bbp), provide

valuable insights into phytoplankton biomass and growth (e.g.,

Arteaga et al., 2022), as well as composition at the base of oceanic

food webs (Cetinić et al., 2015; Terrats et al., 2020; Stoer and Fennel,

2024). Recently, the ability to characterize phytoplankton

composition has expanded with the launch of the near-synoptic

PACE (Plankton, Aerosol, Cloud, ocean Ecosystem) satellite

mission based on an ocean-color satellite with a hyperspectral

sensor capturing light across continuous visible wavelengths for

detailed climate and ecosystem studies, coupled with the first

operational deployments of floats also equipped with

hyperspectral sensors (Jemai et al., 2021) (Section 5.3). These

advancements represent a potential breakthrough, as they support

the development of BGC Argo-based 3D products for

phytoplankton and Chla. These new products will build upon the

useful data (Chla, bbp) already provided by the Copernicus Marine

Service (Sauzède et al., 2016; Figure 9).

Zooplankton data acquisition with Argo floats (not yet an

official OneArgo parameter endorsed by IOC/UNESCO) is in an

initial experimental phase, yet advancements in technology hint at a

promising future. While there has been progress in studying the

photosynthetic base of the ocean food web, understanding the flow

of carbon to zooplankton remains challenging. The Underwater

Vision Profiler (UVP6), incorporating AI-driven zooplankton

recognition (Picheral et al., 2022), shows potential, especially in

high-latitude regions where it reveals critical zooplankton migration

and possible carbon transport to deeper waters (Section 3.4).

Additionally, experimental miniature echosounders on floats

could help quantify macroplankton, positioning OneArgo for

global meso- and macro-plankton monitoring.

Finally, although OneArgo cannot directly access higher

predators (fishes), it enables the realization of four-dimensional

global or regional maps of environmental drivers (e.g., temperature,

pH, light, O2, Chla) essential for characterizing the ecological niches

of important species (e.g., Roemmich and Gilson, 2009; Sharp et al.,

2023). Monitoring changes in the volumes of these niches over the

long term (e.g., expanding Oxygen Deficient Zones) or as a result of

extreme events will become essential and offers the potential to
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better support protection and management of these resources

(Section 6.1), such as Marine Protected Areas.
2.6 Climate modeling and climate
projection

Climate projections are simulations of Earth’s climate for future

decades (typically until 2100) based on assumed “scenarios” for the

concentrations of greenhouse gases, aerosols, and other

atmospheric constituents that affect the planet’s radiative balance.

Climate projections rely on the use of comprehensive climate and

Earth System models (Eyring et al., 2016) that have been evaluated

against observations by modelers and analysts long before the Argo

program was conceived (Durack et al., 2025). However, the

availability of Argo data has had an impact on the reliability of

climate projections by enabling improved initialization of climate

models, better representation of climate processes in models,

reduction of large-scale biases, assessment of recent climate

changes and climate variability in models, and enabling future

climate projections to be constrained.

Climate models need to be initialized either with a mean state of the

ocean temperature and salinity field which is run to quasi-equilibrium

(typically for multi-century projections) or via data assimilation to

produce an initialized state (typically for multi-annual–decadal

predictions). Argo data have been particularly valuable for the latter

application (e.g., Decadal Climate Prediction Project; Boer et al., 2016),

and in a similar way, for operational ocean forecasting and seasonal

forecasting (e.g. Balmaseda et al., 2015; Shi et al., 2017; see Section 4).
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Argo has played an important role in the development of ocean

model parameterizations to reduce biases, as new measurements

have provided insights into observed ocean processes and operation

(e.g., Griffies et al., 2015). This has included tuning of the ocean

mixed layer schemes and vertical diffusivity (e.g., Acreman and

Jeffery, 2007; Zhu et al., 2018; Sane et al., 2023). Model biases are

generally large, even compared to the Northern Hemisphere

dominant CTD and XBT data from the pre-Argo period (e.g.,

Gordon et al., 2000). However, the pre-Argo lack of Southern Ocean

data has now been addressed by Argo and has enabled model

deficiencies to be identified there (e.g., Hyder et al., 2018).

The ability of climate models to simulate observed change is

typically assessed over a historical period (roughly 1850 to the

present; see for example IPCC AR6 WGI Chapter 3; Eyring et al.,

2021). Such assessment involves many of the quantities discussed in

previous sections – ocean heat content, salinity, water mass changes. In

particular, the improved temporal and spatial resolution of available

data from Argo and the understanding this enables has improved our

ability to evaluate the representation of ocean heat uptake and ocean

salinity in climate models (e.g., Lyman et al., 2014; Durack et al., 2010;

Hosoda et al., 2009; Helm et al., 2010). There has also been a productive

synergy between climate models and observations. Gregory et al.

(2004) identified issues with the ocean heat content timeseries during

the XBT period which was quantified by Gouretski et al. (2007).

Corrections to the XBT measurements (e.g., Wijffels et al., 2008) then

enabled evaluation of decadal variability in the ocean in climate models

(Domingues et al., 2008). Looking to the future, the ocean heat content

time-series provided by Argo has the potential to constrain future

projections of climate (Lyu et al., 2021).
FIGURE 9

Three-dimensional climatology of Chlorophyll-a concentration (Chla; right panel) and Particulate Organic Carbon (POC; left panel), averaged over all
months from a 25-year time series. POC is derived from the particulate backscattering coefficient (bbp) and retrieved down to 1,000 m depth, as
shown in the right panel where it extends deeper than Chl, which is retrieved within the productive layer. This visualization results from estimates
produced by the neural network developed by Sauzède et al. (2016), which combines remote-sensing satellite data with Argo-based hydrological
profiles to retrieve depth-resolved bio-optical vertical profiles. The neural network is trained using BGC Argo data as a reference, based on ~60,000
Biogeochemical-Argo vertical profiles available for this version. This climatology is derived from a product that is operationally released by the
European Copernicus Marine Service and updated annually (Sauzède et al., 2024). Its resolution and accuracy continue to improve, thanks to the
increasing availability of BGC Argo data.
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As large-scale biases in climate models are reduced, Argo will

become increasingly valuable for evaluating both variability and

long-term trends. The OneArgo vision to sample the deep ocean

and the biogeochemical fields will be especially important as we

advance full Earth System models representing the carbon cycle

with observed fields (Turner et al., 2023). OneArgo will contribute

to the improvement of global ocean biogeochemistry models. To

date, these models have had limited validation data, particularly to

constrain variability on seasonal to multi-annual scales (Fu et al.,

2022; Séférian et al., 2020). Accurate representation of marine

biological and physical processes, and their interactions, will be

required to produce accurate reconstructions and projections of the

ocean carbon sink (e.g., Rodgers et al., 2023; Terhaar et al., 2024).

From a climate modelling perspective, there is an anticipated

need to augment Argo sampling to capture mesoscale processes and

under-ice shelf cavities. Climate models are moving towards

increasing temporal and spatial resolutions (e.g., Griffies et al.,

2015) and there is a need for supplemental observations to

validate model predictions at smaller scales. In particular,

monitoring the temperature of water flow into ice shelves cavities

and melt rate magnitude is critical for predicting the evolution of

the Antarctic ice sheet (Fox-Kemper et al., 2021). Polar Argo floats

are a cost-effective tool to monitor exchange with ice shelf cavities

(e.g. Girton et al., 2019; Falco et al., 2024; Sallée et al., 2024).
3 Investigating leading physical and
biogeochemical oceanic processes

3.1 Ocean circulation and meridional
overturning cell

Argo data are now an ubiquitous tool for fundamental research

of the oceanic large-scale circulation and its role in transporting

physical or biogeochemical properties. Advances include mapping

of the time-mean circulation at the 1,000-meter nominal parking

depth using Argo float displacement during their park phase (e.g.

Ollitrault and Rannou, 2013; Colin de Verdière et al., 2019;

Zilberman et al., 2023b), reconstructions of basin-scale horizontal

balanced flows (Wijffels et al., 2024) and associated property

transport (Desbruyères et al., 2019; Mercier et al., 2024;

Zilberman et al., 2020; Asselot et al., 2024; Chandler et al., 2024),

and the discovery of abyssal water pathways (Racapé et al., 2019).

Argo data have proven particularly useful for improving our

understanding of the Meridional Overturning Circulation (MOC).

This integrated view of large-scale ocean circulation, which

distributes heat, freshwater, and biogeochemical properties (e.g.

carbon, oxygen) around the globe (Ganachaud and Wunsch, 2002,

2003), establishes the mean climate state and its variability on

interannual to longer time scales (Buckley and Marshall, 2016;

Jackson et al., 2015), regulates the exchange of CO2 with the

atmosphere (Sigman et al., 2010), and influences marine

ecosystems (Schmittner, 2005). The MOC exerts a strong

influence over regional ocean and air temperatures, rainfall, the

frequency of hurricanes and storms, or even the global carbon cycle
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(Lozier et al., 2017). In the Atlantic, the MOC (AMOC) transports

warm water north in the upper layer and cold water south at depth.

The warm-to-cold conversion and sinking of water in the North

Atlantic are associated with intense exchanges of heat, oxygen,

carbon and other nutrients, which are vital for the viability of ocean

ecosystems and play an instrumental role in ocean heat storage and

carbon sink (Pérez et al., 2013). The Southern Ocean overturning

circulation completes the global-scale MOC by converting cold

water of North Atlantic origin to warmer deep and intermediate

waters that return to the Atlantic to close the global circulation

(Marshall and Speer, 2012). The vigorous overturning in the

Southern Ocean accounts for 70% of global ocean storage of

anthropogenic heat (Frölicher et al., 2015; Armour et al., 2016)

and 40% of anthropogenic carbon uptake (Khatiwala et al., 2009)

and returns nutrients to the surface ocean to support marine

productivity (Sarmiento et al., 2004). Argo data in the Southern

Ocean have been critical to quantify global ocean heat storage (von

Schuckmann et al., 2023), to identify the key processes that link the

upper and lower limbs of the MOC (Sallée et al., 2012), and to track

changes in the water masses that contribute to the MOC (Gao et al.,

2018; Meijers et al., 2019; Portela et al., 2020), including rapid

warming and contraction of deep waters (Foppert et al., 2021).

The MOC in the Atlantic and Southern Ocean is expected to

weaken during the 21st century (IPCC, 2021), and could even

collapse (Ditlevsen and Ditlevsen, 2023; van Westen et al., 2024; Li

et al., 2023) in response to increased freshwater input from melting

ice sheets and changes in ocean temperature and salinity due to

global warming, leading to substantial climate change.

Understanding the response of the MOC to future climate

changes is of critical societal importance given the influence of

ocean circulation on regional and global climate (Lozier et al.,

2017). Such understanding relies heavily on observations of the

ocean’s velocity and property fields because climate models vary

widely in their simulation and prediction of MOC variability (IPCC,

2023). As such, over the past two decades, the international

community has implemented several trans-basin observing

systems for estimating MOC variability (Volkov et al., 2024).

Central to these observing systems are boundary current mooring

arrays measuring velocity and property fields. In the Atlantic for

example, OSNAP (Overturning in the Subpolar North Atlantic

Program; Figure 10 and Lozier et al., 2017) has a number of

boundary arrays from the Labrador coast to the Scottish shelf.

However, boundary arrays alone are insufficient to estimate trans-

basin fluxes of volume, heat and freshwater, and the continuous

measurement of the vast ocean interior with these fixed arrays is

prohibitively expensive. Instead, these observing systems rely on

temperature and salinity data from Argo (Section 5.7), combined

with climatological property data, to calculate monthly trans-

Atlantic heat and freshwater fluxes.

Critically, Argo data have enabled us to estimate ocean heat

storage between AMOC observing arrays in the North Atlantic (Li

et al., 2021). The combination of trans-basin lines with Argo float

data has produced new estimates for the time-mean surface heat

and freshwater divergences over a wide domain of the Arctic-North

Atlantic region. Furthermore, these data collectively allow us to
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calculate the total heat and freshwater exchanges across the surface

area of the extratropical North Atlantic between the OSNAP and

RAPID-MOCHA (RAPIDMeridional Overturning Circulation and

Heat-flux Array) arrays. With longer time series from OSNAP,

time-varying estimates will soon be possible.

While Argo data are indispensable to the AMOC metrics, these

calculations still rely on relatively sparse sampling below 2,000 m in

the ocean interior, mainly provided by GO-SHIP cruises (Section

5.4). Even if the property fields below this depth are less variable

than those above it, having time-varying estimates of the

temperature and salinity below 2,000 m would reduce our

uncertainty of AMOC variability, particularly in the subpolar

North Atlantic where overflow waters from the Nordic Seas are

found below this depth. Because the properties of the overflow

waters are expected to drastically change in the years and decades to

come, an increase in the number of Deep Argo floats in this area is

critically needed.
3.2 Mesoscale eddies

Motions at the oceanic mesoscale, one of the most dominant

sources of variability in the ocean, typically occur at horizontal

scales of tens to hundreds of kilometers and time scales of weeks to

months. Accounting for nearly 90% of the global ocean kinetic

energy (Ferrari and Wunsch, 2009), mesoscale variability plays a

central role in the dynamics of the ocean and significantly impacts

the distribution of heat, fresh water, carbon, oxygen, and other

water properties, thereby influencing global climate and marine

ecosystems. Motions at these scales are frequently equated with

long-lived vortices, called mesoscale eddies, that can be identified

via satellite observations of sea level (Chelton et al., 2011). Although

not originally designed to capture motions at these scales, the Argo

array has nonetheless revolutionized our understanding of
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mesoscale variability and its impacts. While observations from

small numbers of targeted floats have been used for this purpose,

the most significant insights have resulted from the existence of a

truly global, publicly available dataset, free from seasonal and

spatial biases.

The majority of investigations of mesoscale variability using

Argo data rely on combining subsurface profiles of temperature and

salinity—and increasingly, biogeochemical properties, with

concurrent satellite-based surface observations. This composite

approach, whose synergy is fully developed in Section 5, has

provided key insights into the vertical structure of oceanic eddies,

regionally (e.g., Chaigneau et al., 2011; Yang et al., 2015; Laxenaire

et al., 2019; Rykova and Oke, 2022; Ma et al., 2024) as well as

globally (Zhang et al., 2013; Ni et al., 2020). Based on this method,

several studies have found substantial transport of mass, heat, and

salt by mesoscale eddies, comparable in magnitude to the transport

induced by large-scale wind- and thermohaline-driven circulation

(Qiu and Chen, 2005; Dong et al., 2014; Zhang et al., 2014; Sun

et al., 2019). The strength of this transport has recently been

questioned, however, as it has been shown to depend significantly

on the method used to detect mesoscale eddies in satellite altimetry-

based observations (e.g. Beron-Vera et al., 2018; Barabinot et al.,

2024). The magnitude of eddy-induced transport thus remains an

area of active research, one in which Argo data will undoubtedly

continue to serve a central role.

Argo data have also provided observational evidence of

mesoscale oceanic dynamics, in ways that were never imagined at

the onset of the program more than two decades ago. Composite

analysis with satellite data has advanced our knowledge of the

growth and decay of mesoscale eddies (e.g. Zhang et al., 2015;

Rykova and Oke, 2015). Mixing and stirring induced by mesoscale

eddies have been quantified in independent analyses that rely on

Argo salinity profiles (Cole et al., 2015) and trajectory data (Roach

et al., 2018). Eddy available potential energy and eddy kinetic energy
FIGURE 10

The 6-year mean salinity section (colored shading) with moorings marked by the vertical black lines. The horizontal black lines represent the
isopycnals of 27.10, 27.70, 27.80, and 27.88 kg m−3. The interior salinity field (and likewise for temperature) is largely based on Argo data and allows
the estimation of cross-section fluxes of mass, heat and freshwater in between the mooring lines. From Fu et al. (2024).
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have been quantified globally using the data provided by the Argo

array (Roullet et al., 2014; Ni et al., 2023). Additionally,

measurements taken during the drift of the floats at depth have

recently been used to estimate mesoscale vertical velocities near

1,000 m (Christensen et al., 2024).

The subsurface observations collected by the Argo array have

enabled analysis of the influence of mesoscale eddies on key oceanic

features, providing critical benchmarks for numerical models

typically used for climate projection (Section 2.7), or ocean and

weather forecasts (Section 4). For example, Gaube et al. (2019)

characterized the role of mesoscale eddies in modulating mixed

layer depth, finding large geographic and seasonal variability across

the globe and differing effects due to anticyclonic and cyclonic

features. More recently, the addition of new sensors to the Argo

array has allowed investigation of the impacts of eddies on

biological and biogeochemical quantities (e.g., Llort et al., 2018;

Su et al., 2021; Strutton et al., 2023; Keppler et al., 2024). Deep Argo

profiles will illuminate how deep mesoscale eddies reach and how

they are affected by the nature of the sea floor.

By providing a subsurface multiparameter dataset with

widespread spatial and temporal coverage, OneArgo gives us the

ability to examine the role of mesoscale eddies for shaping the

distribution of climate-relevant quantities (e.g., heat, freshwater and

carbon), and also to better understand, monitor and manage marine

ecosystems (Sections 2, 4 and 6).
3.3 Oceanic turbulence and mixing

Oceanic turbulence refers to chaotic and irregular water motion,

characterized by rapid fluctuations in velocity, temperature, salinity,

and other properties. It is driven by a combination of physical processes

(e.g. winds, tides, surface heat fluxes, topography) that introduce energy

into the ocean system. Ocean mixing generated by turbulent

instabilities is a critical forcing mechanism affecting the distributions

of heat, dissolved gases, nutrients, and pollutants, and impacting the

Earth’s climate system, global carbon cycle (Ellison et al., 2023), and

productivity of ecosystems (Bindoff et al., 2019; Melet et al., 2022) (see

Section 2). Ocean mixing constitutes an important mechanism

impacting physical properties of water masses and controlling the

global overturning circulation (Munk, 1966;Wunsch and Ferrari, 2004;

Section 3.1). The densest water masses at the bottom of the ocean gain

buoyancy by mixing with lighter water above, providing a pathway by

which water can return to the ocean surface after sinking at high-

latitudes. Turbulent fluxes, the transport of properties due to turbulent

mixing, play an important role in emerging ocean industries such as

deep-sea mining and marine Carbon Dioxide Removal (mCDR),

expanding the need for observations as advocated in Sections 6.2 and

6.3. For example, deep-ocean turbulence controls the scale of the

environmental impact of sediment plume deposition in the wake of

deep-sea mining (Peacock and Ouillon, 2023), as well as the rate and

permanence of carbon sequestration (National Academies of Sciences,

Engineering, and Medicine, 2021). Turbulent mixing is usually

quantified locally from microstructure data obtained from specific

instruments with O(1 cm) resolution (e.g. Vertical Microstructure
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Profiler, VMP; www.rocklandscientific.com) or from the

finestructure data obtained with high resolution conductivity–

temperature–depth (CTD) profiles and lowered acoustic Doppler

current profilers (LADCP) (e.g. Ferron et al., 2014).

Direct turbulence measurements fromArgo floats are now feasible,

owing to recent advances in turbulence sensing technology (Shroyer

et al., 2016; Moum et al., 2023; Le Boyer et al., 2023). Measuring

turbulence from Argo floats would offer needed insights into the

impact at global scale of ocean mixing (Naveira-Garabato and

Meredith, 2022; Le Boyer et al., 2023) on processes relevant to the

climate, the ocean economy, and any mitigation relative to ocean-

driven climate variability. For example, in the equatorial Pacific,

increasing mixing measurement of the upper ocean turbulence is

necessary to understand El Niño-Southern Oscillation variability

(Moum et al., 2013). Similarly, turbulence in deep bottom boundary

layers is poorly sampled despite its anticipated importance in the

slowdown of the global ocean circulation (Rahmstorf et al., 2015;

Wynne-Cattanach et al., 2024; Section 3.1). Some of these dynamically

important regions are accessible to the Argo float array. They will even

be sampled more densely and their variability better captured with the

implementation of OneArgo.

The oceanographic community has identified ocean mixing

measurements as an EOV (Le Boyer et al., 2023) and an achievable

scientific goal of the Argo mission (Roemmich et al., 2019). However,

turbulence is still not included as an official parameter recognized and

validated by the IOC/UNESCO. To create this new “ArgoMix” branch,

the mixing community advocating the integration of turbulence

sensors is committed to follow the OneArgo framework, which

facilitates collaboration between research groups by defining

common standards, and collaborate with the Argo community to

advance through chronological experimental, pilot, and global

implementation stages. This development is key to Argo’s resilience

by contributing to the implementation of new applications in

the program.
3.4 Biological carbon pump

The biological carbon pump (BCP) is the process whereby

phytoplankton produce organic matter from dissolved carbon

dioxide, which is subsequently transported out of the near surface

euphotic zone, creating a net flux of carbon from the atmosphere

into the deep ocean. This mechanism helps reduce atmospheric

carbon dioxide by some 200 ppm (Watson and Orr, 2003), an effect

comparable to the shift observed between glacial to interglacial

cycles. Despite its critical role in regulating Earth’s carbon cycle and

climate, the BCP remains poorly understood, requiring further

research to better predict its response to climate change and its

potential for mitigating CO2 emissions.

The BGC Argo mission within OneArgo represents a

transformative opportunity to advance our understanding of this key

process (Claustre et al., 2021). By filling spatial and temporal gaps in

the sparse ship-based and time-series observations (Section 5.4), BGC

Argo enables the construction of a global high-resolution picture of the

variations in carbon fluxes from the ocean surface to its depths.
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Through measurements of seasonal fluctuations in oxygen,

inorganic carbon, Chla, and nitrate in the upper ocean, BGC Argo

floats quantify net community production and organic matter export

(Plant et al., 2016; Su et al., 2022), placing crucial constraints on the

maximum organic carbon exportable from surface waters (Henson

et al., 2019). These observations reveal the multiple pathways by which

organic carbon is transported to depth—not only via gravitational

sinking of particulate matter, but also through transport mediated

physically (subduction, mixed layer) or biologically (zooplankton

migration at diel or seasonal scale) (Boyd et al., 2019). By integrating

multidisciplinary observations, from physics to chemistry and biology,

OneArgo provides a comprehensive framework for understanding how

surface ocean processes drive these carbon fluxes (Terrats et al., 2023).

The vertically resolved measurements enable quantification of the flux

attenuation with depth as organic carbon is remineralized back into

CO2, a critical piece of information for estimating how long carbon

from these biologically produced particles will remain sequestered in the

deep ocean. As a result, the BGC Argo mission will enable meeting one

of the main aims of the UN Ocean Decade’s Joint Exploration of the

Twilight Zone Ocean Network (JETZON; http://jetzon.org) program,

which seeks to understand the role of the ocean’s Twilight Zone

(from 200m to 1000m depth) in helping the ocean store carbon.

The impact of not implementing the BGC Argo mission as a

component of OneArgo is simple and stark: we have no hope of

quantifying and tracking the BCP. There is no feasible alternative,

especially at a time when we are seeking ways to mitigate climate

change through marine Carbon Dioxide Removal (mCDR)

experimentation (Section 6.2). While satellites can give

comparable coverage in space and time, they only observe the top

few meters of the ocean and for fewer variables. In the presence of a

full BGC Argo array, combined strength of satellite surface

measurements and subsurface Argo data is powerful, and is

already being synergistically used to develop AI-based products

for quantifying global interior ocean carbon fluxes (Section 5.3).

Looking to the future, there are two areas that need to be

addressed. First, sustainable funding of the operational fleet of 1,000

BGC Argo floats is urgently needed for capturing seasonality of the

global carbon cycle, establishing unbiased flux estimates and

establishing a benchmark to inform discussions around the

efficacy of mCDR (see section 6.2). Second, it is necessary to

continue to explore which sensors might be developed and added

in the future, with priority on those that can improve air-ocean CO2

flux estimates, analysis of organic carbon composition, and the

characterization of higher trophic levels/animals (imagers, acoustic

sensors; see Section 2.6 on ecosystem monitoring).
4 Digital twins of the ocean, weather
and ocean forecasting

4.1 Digital twins of the ocean

Digital Twins of the Ocean (DTOs) are virtual representations

of the ocean integrating diverse data sources, models and

simulations. As such, they provide access to vast amounts of data,
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models, artificial intelligence, and other tools, enabling the

replication of marine systems’ properties and behaviors and their

interactions. DTOs allow users to explore complex “what-if”

scenarios, facilitating data-driven decision-making to address

critical ocean challenges such as climate change adaptation,

biodiversity preservation, ecosystem management, ocean economy

and sustainable development. By leveraging advanced computing,

artificial intelligence and global data-sharing networks, DTOs

empower users—including researchers and policymakers—to

create tailored digital twins suited to their specific needs. DTOs

bridge the gap between observational data and actionable

information for various marine sectors by linking real-time

observations with predictive capabilities, representing a

transformative leap in operational oceanography.

Observations are the cornerstone of DTOs, serving key

functions such as calibrating, optimizing (e.g., parameter

estimation) and initializing models, training machine learning

tools, or assessing and evaluating information provided by DTOs.

By measuring near-real-time physical and biogeochemical

properties of the ocean throughout the water column, Argo

provides unique observation data for the development, validation,

and ongoing improvement of DTOs. The continuous flow of Argo

data refines ocean physical and biogeochemical state estimates (see

Section 4.5 on DTOs for marine ecosystems) and improves the

predictive reliability of DTOs. This ensures that DTOs remain

robust tools for monitoring and predicting ocean processes,

ultimately aiding management of marine resources and

optimizing actions to mitigate and adapt to climate change.

The Digital Twins of the Ocean (DITTO) Program is a global

initiative endorsed by the UN Decade of Ocean Science for

Sustainable Development (2021-2030) (Bahurel et al., 2023). It

aims to establish a framework for developing DTOs, and

envisions a future where DTOs play a transformative role in

ocean understanding and management. OneArgo is recognized as

a key component needed for the success of the DITTO program

which, by fostering collaboration, sharing best practices, and

ensuring sustainable ocean stewardship, will help support ocean

protection, ocean governance and a sustainable ocean economy.
4.2 Operational oceanography

Operational oceanography has revolutionized information

services available to the marine user community, delivering

increasingly precise estimates of ocean conditions to support both

day-to-day decision-making and long-term strategic planning (Bell

et al., 2015; Le Traon et al., 2019; Johnson et al., 2022). Many

nations now operate sophisticated ocean analysis and forecasting

systems that provide reanalyses, analyses and short-term

predictions of ocean states (Schiller et al., 2018; Qin et al., 2023;

Le Traon et al., 2021). These systems serve a wide range of

applications dealing with maritime safety, sustainable use of

marine resources, healthy waters, informing coastal and marine

hazard services, ocean climate services, and protecting

marine biodiversity.
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Operational systems rely heavily on real-time observations to

initialize their forecasts (e.g., Lea et al., 2014; Davidson et al., 2019;

Le Traon et al., 2019). Foundational observing platforms are

satellite altimetry, satellite sea surface temperature, and Argo (Le

Traon, 2013; Legler et al., 2015; see Section 5). Among these

operational systems, Argo stands out as the only GOOS network

that delivers near-real-time sub-surface data at the scales needed.

Observing system experiments that systematically withhold

components of the integrated observing system to assess impact

demonstrate that Argo plays a prominent and mandatory role in

operational oceanography (e.g., Oke et al., 2015; Turpin et al., 2016).

Marine sectors that regularly use operational ocean forecasts

encompass fisheries (Schwing, 2023), offshore industries (e.g., Pan

et al., 2021), shipping (González-Santana et al., 2023), defense

(Schiller et al., 2020), and civilian authorities such as the US

Coast Guard and the Australian Maritime Safety Authority,

which oversee search and rescue operations (Barker et al., 2020).

For offshore industries, operational ocean services are essential for

enhancing efficiency, ensuring safety, and minimizing the

environmental impacts of marine activities.

Operational oceanography also plays a crucial role in achieving

the United Nations’ SDG 14: “Conserve and sustainably use the

oceans, seas and marine resources for sustainable development.” By

providing the information needed for informed decisions, these

services support efforts in marine conservation, sustainable

fisheries, and pollution mitigation. The evolution of the global

Argo float array into OneArgo shows promising results for the

improvement of ocean analyses and prediction systems (Gasparin

et al., 2020; Cossarini et al., 2019; Wang et al., 2021). The full

implementation and maintenance of the OneArgo program are

critical for the future of operational oceanography (Roemmich

et al., 2019; Owens et al., 2022).
4.3 Coupled weather forecasts and storm
prediction

Medium-range weather forecasts provide information about the

evolution of weather up to 15 days ahead and are now an integral part

of people’s lives. Several operational weather forecasting centers have

recently introduced an interactive ocean model in their coupled

(atmosphere/ocean-waves/ocean/sea-ice) numerical weather

prediction (NWP) systems (Wedi et al., 2015; Smith, 2018; Vellinga

et al., 2020) to obtain a more accurate description of the surface ocean,

which serves as the lower boundary condition for the atmospheric

model. With such systems it is possible to take into account changes in

the surface ocean in response to atmospheric/ocean interactions.

NWP is an initial value problem, meaning that the reliability of

weather forecasts depends on the realism of the initial conditions

for all components of the NWP systems. The introduction of an

interactive ocean model in these systems thus requires realistic

ocean initial conditions (Chen et al., 2017; King et al., 2020;

Polichtchouk et al., 2024). The most significant forecast

enhancements found by multiple NWP centers are an improved

fidelity of the tropical circulation (seen in global models) and better
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intensity prediction of tropical cyclones (seen in both global and

regional models). These advances are directly related to a more

realistic description of ocean processes, for example upwelling and

mixing causing cold wakes to be seen after the passage of the storms.

Mogensen et al. (2017) demonstrated that for some tropical

cyclones, ocean stratification can lead to very strong cooling in

the ocean even for very warm sea surface temperatures. This

necessitates an accurate initialization of the subsurface ocean to

get the dynamics correct.

Argo has been the main observational contributor to the

constraint of ocean stratification in modern ocean data

assimilation systems in recent years. The impact of removing

Argo data from a prototype of the European Centre for Medium-

Range Weather Forecasts (ECMWF) ocean data assimilation on

operational-like deterministic forecasts was investigated by

Mogensen et al. (2025) (Figure 11). The impact is estimated by an

indicator of the difference between the forecasted fields and in situ

observations referred to as the root mean square error (RMSE).

When considering sea surface temperature verified against drifting

buoys (not shown) and at 50 m depth on forecast day 10 verified

against Argo data (Figure 11), the degrading of the RMSE shows

that assimilation of Argo data improves the ocean state in the

forecast, with the largest improvements being found in the tropics.

Given the growing intensity and frequency of extreme weather

events, and their ever-increasing human and financial costs, long-

term investment in in situ observation systems such as OneArgo,

which contribute to the reliability of weather forecasting models, is

now more important than ever.
4.4 Seasonal and subseasonal forecasts

Seasonal forecasts provide important insights into expected climate

conditions over the coming months, helping governments and

industries anticipate and mitigate climate-related risks. They are

essential for safeguarding human health (e.g. heat extremes) and

safety (e.g. fire or flooding risk), optimizing the management of

energy, water, and agricultural resources, and minimizing economic

losses associated with climatic disruptions (e.g., Boucharel et al., 2024).

Seasonal forecasts are produced using numerical coupled

atmosphere-ocean models. Ocean fields are initialized by blending

prior forecast model outputs with ocean observations, including

Argo data. The impact of assimilating ocean observations in

seasonal forecasts of El Niño Southern Oscillation (ENSO) is

illustrated in Figure 12, showing the evolution of forecast lead

time with correlations exceeding 0.9 by ECMWF seasonal

forecasting systems developed between 1997-2017 (shown in

blue), and the equivalent value if ocean observations were not

assimilated in their latest version (indicated in red). This metric

quantifies the forecast lead time of “accurate” forecasts. The

contribution of ocean observations to seasonal forecast

performance is equivalent to approximately 15 years of research

and development in ENSO prediction, and is thus a major impact.

The impact of in situ observations on the Japan Meteorological

Agency’s (JMA) forecasts is assessed by comparing forecasts
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initialized with both in situ temperature and salinity, as well as

satellite-derived sea surface height (SSH) and sea surface

temperature (SST), against those initialized using only satellite

SST observations. Forecast accuracy is evaluated using the Root

Mean Square Error (RMSE), estimated from the difference between
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model predictions and observations, with lower RMSE values

indicating improved forecast skill.

A substantial reduction in RMSE highlights the positive

influence of in situ temperature and salinity, along with satellite

SSH observations, on JMA’s seasonal forecasts for August,
FIGURE 12

Progress in ENSO prediction in the ECMWF seasonal forecasting systems from 1997 to 2017, as measured by the forecast lead time (months) with
correlation coefficients above 0.9 in SST averaged in the Nino3.4 region (5°N-5°S in latitude and 170°W-120°W in longitude). Withdrawing ocean
observations in the latest seasonal forecast system S5 (i.e., S5-NoOobs) decreases this lead time to the level of forecasting systems dating back 15
years. Adapted from McPhaden et al., 2020.
FIGURE 11

Over the period from 1 June 2021 to 1 June 2022, the ECMWF forecast system was run to provide a 10-day forecast every day with (CNTL-run) or
without assimilation (NOARGO-run) of Argo data. For each run, the RMSE represents the typical difference over the entire year between the
forecasted field and the Argo data. The map represents a difference for temperature RMSE at around 50 m depth for the NOARGO versus CNTL
coupled forecasts. Yellow to red colors mean larger errors without Argo data.
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initialized at the end of April (Figure 13). Notably, SST RMSE

reductions are particularly pronounced in the tropical Pacific (TP)

and generally lower across the Southern Hemisphere. The

assimilation of in situ observations also markedly improves ocean

heat content (OHC) predictions, with strong impacts in the TP and

other key regions. These improvements in skill reduce the

uncertainty of information provided to decision-makers, allowing

them to make informed decisions across many industries that are

important to society.

The findings summarized above are consistent with other

studies that demonstrate the value of ocean observations to

seasonal forecasting. Balmaseda et al. (2024) showed that ocean

observations influence the mean state, variability, and trends of

ocean and atmospheric variables in ECMWF’s seasonal forecasting

system. Several studies (e.g., Balmaseda and Anderson, 2009; Fujii

et al., 2011; Xue et al., 2017) have highlighted the impact of Argo

data on seasonal forecasts. Balan-Sarojini et al. (2024) reported

unprecedented improvements in subseasonal forecasts due to Argo

data, showing that removing these observations from ocean

initialization systematically increases biases in oceanic and

atmospheric variables during the first four weeks of forecasts. The

benefits of assimilating Argo data into seasonal and subseasonal

forecasts are further reinforced by coordinated Observing System

Experiments (OSEs) conducted as part of the UN Ocean Decade

Project Synergistic Observing Network for Ocean Prediction

(SynObs) (Fujii et al., 2024; Oke et al., 2025).

Owing to their high-quality and nearly global coverage, Argo

data play a fundamental role in reducing biases in coupled models

and advance performance of model’s predictions through improved

representation of salinity-related processes impacting climate

modes such as ENSO (e.g., Zhang et al., 2021; Hackert et al.,

2023; Jauregui and Chen, 2024). The reduced availability of in

situ data in the tropical Pacific Ocean due to a significant reduction

in tropical Pacific moorings in 2012–2014 and since 2024 has led to

the degradation of the ocean reanalysis temperature fields (Fujii

et al., 2015; NOAA/CPC, 2024), possibly reducing ENSO forecasts

skill. Increased deployment of Argo floats in the tropical band, as
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planned in the OneArgo design, would therefore be highly

beneficial for improving seasonal forecast accuracy in this highly

dynamic and critical region (Section 5.5).
4.5 Forecasting marine ecosystems

The functioning and biodiversity of marine ecosystems, the

green component of the ocean, are being severely threatened by

human pressures and climate change, which are altering

biogeochemical cycles and the suitability of habitats for marine

species, and ultimately the livelihoods of over three billion people

(UNESCO-IOC, 2021). To monitor these changes and guide efforts

to mitigate and counteract them, operational centers need to

develop effective forecasting systems (Link et al., 2023) and

interdisciplinary Digital Twins of the Ocean (DTOs; Tzachor

et al., 2023; Section 4.1). Both these approaches should be

underpinned by skillful models, which can use, alternatively or in

combination, ecosystem processes equations (Cossarini et al., 2024;

Fennel et al., 2022) and machine learning algorithms (Skákala

et al., 2023).

Marine ecosystem models, however, need multivariate ocean

observations to formulate the model processes or train the

algorithms, to validate the model outputs, and to initialize their

forecasts via assimilation. So far, these tasks have been

accomplished mainly by exploiting the abundance of satellite

ocean color observations of phytoplankton Chla (IOCCG, 2020)

(Section 5.3). Nevertheless systematic sensitivity experiments with

research models (Wang et al., 2020) and state-of-the-art operational

models (Ciavatta et al., 2025) have shown that surface Chla

measurements do not he lp constra in ocean inter ior

biogeochemistry. Furthermore, analysis of bio-optical data from

BGC Argo shows that surface Chla measurements from ocean color

satellites systematically misrepresent the phenology of plankton

blooms in most of the ocean when compared to plankton biomass

estimates for the euphotic zone (Stoer and Fennel, 2024). As has

been pointed out previously, the sparsity of biogeochemical and
FIGURE 13

Reductions in the RMSEs of the (a) SST and (b) ocean heat content at 0–300 m depth (OHC300) in August in forecasts from 28 April, 2001–2016,
using regular ocean reanalysis assimilating in situ temperature and salinity, and SSH and SST observations compared to the RMSEs in forecasts using
ocean reanalysis assimilating only the satellite SST observations. Positive values (red colors) indicate positive impacts of in situ and satellite SSH
observations. Units in °C. The lower-resolution version of the current JMA coupled prediction system was used for the forecasts.
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biological ocean observations is hampering current forecast and

simulation capabilities of state-of-the-art operational systems

(Fennel et al., 2019). Marine ecosystems digital twins and

forecasting tools cr it ical ly depend on multi-property

biogeochemical profiles that are delivered by BGC Argo for the

open ocean and complemented by gliders for coastal and shelf-seas.

BGC Argo data have already been shown to improve, through

assimilation, state estimates of Southern Ocean biogeochemistry

(Verdy and Mazloff, 2017) and, through optimized model

parameterization, the simulation of carbon export in the ocean

interior of the Gulf of Mexico (Wang et al., 2020).

BGC-Argo data have now reached a maturity level enabling their

routine use in operational services and Digital Twin Ocean

developments, demonstrating sustained performance and reliability.

Mixed layer (ML)-based biogeochemical products computed by

integrating worldwide BGC floats and ocean color (3D fields of

particulate organic carbon, particulate backscattering coefficient and

Chla concentration at depth), directly feed the European DTO’s data

lake (my-ocean.dive.edito.eu; Sauzède et al., 2016, 2021), and a similar

product for phytoplankton carbon biomass is feasible (Stoer and

Fennel, 2024). Oxygen and Chla are already routinely assimilated or

used for validation by several operational centers (https://

oceanpredict.org/observations-use/#section-argo-profiling-floats).

Nitrate is beginning to be assimilated into 10-day operational

forecasts at the Mediterranean Sea Operational Center (Lecci

et al., 2023), enabling the prediction of vertical nutrient structures

that are otherwise poorly simulated and cannot be observed by

satellites (Cossarini et al., 2019; Teruzzi et al., 2021).

BGC Argo floats are advancing the ocean forecasting value

chain by providing fundamental data for assessing operational

model accuracy and skill in representing emergent properties of

marine ecosystems, such as deep Chla maxima and oxygen

minimum zones (Mignot et al., 2023). In such applications, they

have become an invaluable component of most Monitoring and

Forecasting Centers (MFCs) of the Copernicus Marine Service,

where the performance of operational models is evaluated with

respect to BGC Argo observations (Lamouroux et al., 2023).

We foresee that the use of an expanding BGC Argo network will

allow improvements in operational ecosystem forecasts and DTOs,

also through the systematic optimization and ML-based

representation of space-time variable parameters of marine

processes as a function of the variability of the ocean conditions,

trophic regimes and biodiversity (Skákala et al., 2024). We maintain

that such an evolution will increase the capacity of models to

respond to changes in ecosystem conditions and climate forcings,

i.e., increase their portability across DTOs’ what-if scenarios and

“self-calibrate” to strengthen the skill of forecasts by future

operational centers.
5 Synergies with satellite and in situ
observations

Through strong scientific synergies, the value derived from the

millions of dollars invested in space-based observations of the ocean
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and other in situ networks, is greatly enhanced by Argo’s

complementary subsurface and large-scale reach. Below we

provide several examples.
5.1 Sea level budget closure

Assessing sea level budget consists of comparing total sea level

change measured from altimetry satellites to the sum of all known

contributions to sea level change, that are thermal expansion

(thermosteric sea level) and ocean mass variations (barystatic sea

level) due to ice melt from glaciers, Greenland and Antarctica, ice

mass loss, terrestrial water storage, and atmospheric water vapor

content (Figure 14; Section 2.2). The sea level budget is closed when

the two estimates match, meaning that our understanding of sea

level change is complete and consistent. Disagreement between the

two estimates is indicative of missing known driving processes (due

for instance to inadequate ocean observations), data inaccuracies

(e.g., satellite or in situ sensor bias), or gaps in scientific

understanding (Meyssignac et al., 2023).

Synergies between OneArgo and satellite observations are

critical for helping close the sea level budget for several reasons.

First, they ensure that all key contributors to sea level changes are

accurately identified and that their combined effects match observed

changes in sea level (Figure 14). This provides a thorough

understanding of the mechanisms behind sea level rise (e.g.

Cazenave and Moreira, 2022). Second, they serve as a validation

tool for global observation systems, including the Argo network, the

GRACE/GRACE-FO gravimetry missions, and satellite altimetry.

By allowing sea level to be measured through multiple independent

methods, synergies between OneArgo and satellite measurements

help detect and correct errors and drifts in these systems (e.g.

Barnoud et al., 2021). Third, closing the sea level budget helps verify

the consistency of various climate measurements—such as sea level,

ocean temperature, and mass—against conservation laws, ensuring

that observations align with physical theories and support accurate

climate modeling (e.g. Blazquez et al., 2018).

Several challenges for closing the sea level budget remain that

are related to a need for more in-situ observations. The current level

of precision is compatible with identifying the main contributors to

sea level rise but not pinpointing contributions from deep-ocean

warming below 2,000 m and from changes in land water storage

(Meyssignac et al., 2023). Yet these factors are important for

understanding global trends in freshwater stocks and the ocean’s

ability to absorb heat and delay global warming effects. At regional

scales, achieving a closed sea level budget is a challenging objective

due to large uncertainties in local variations in steric sea level (see

Section 2.2), particularly in the deep ocean, at high latitudes, and

under ice-covered regions, as well as uncertainties in ocean heat

uptake (OHU) (Cazenave et al., 2018).

The shift to the OneArgo network will address these limitations.

While the current Argo float array provides valuable data for the

upper half of the ocean, the OneArgo Polar mission will stretch this

coverage to high-latitude and seasonally-covered ice regions, and

the OneArgo Deep Argo mission will expand Argo profiling to the
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deep ocean, offering a better understanding of the role of the polar

and deep oceans in climate dynamics.
5.2 Monitoring sea surface salinity and sea
surface temperature

Sea surface salinity (SSS) and temperature (SST) are essential

indicators of climate change (Section 2.1). They are key factors in

the ocean’s capacity to exchange heat, water and gases with the

atmosphere and thereby influence the solubility of CO2 and oxygen

in seawater and the ocean’s role in the global carbon cycle (see

Section 5.6). While SST influences atmospheric conditions, affecting

weather patterns (Section 4.3 and 4.4), SSS provides insights into

the global water cycle (Section 2.1), including evaporation,

precipitation, riverine discharges and sea ice melting/

freezing patterns.

Satellites and Argo measure global ocean temperature and

salinity with complementary sampling characteristics. Satellite

radiometers observe SSS and SST in the first centimeters or
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millimeters of the upper ocean, with a revisit time of 2–3 days,

for observations horizontally integrated over typically 40 x 40 km2

and sampled every ~25 km (e.g., Boutin et al., 2023). Argo platforms

record salinity and temperature through the water column from a

few meters depth below the sea surface to thousands of meters

depth, with typical vertical resolution of 2–10 m and about one

vertical ocean profile per ~300 km x 300 km sampled every 10 days.

By providing the most synoptic and regular in situ observations

of sub surface temperature around the globe, Argo data are a

cornerstone for the validation and calibration of satellite

temperature (Bhaskar et al., 2009; Gille, 2012; Alerskans et al.,

2020). Similarly, Argo data are key for the validation of satellite

salinity (Meissner et al., 2018) and for calibration of satellite signals

with Argo-based large-scale means (e.g., basin averages or

latitudinal profiles) (e.g., Boutin et al., 2021).

While Argo data do not resolve eddies directly, their

colocalization with satellite observations has allowed for the

resolution and interpretation of the subsurface thermohaline

structure of energetic western boundary currents (Section 5.7)

and eddies (Section 3.2). This has, for instance, provided a better
FIGURE 14

Sea level budget (a) from 1993 to 2023 and (b) associated residual. Total sea level (plain black line) is estimated from satellite altimetry. Barystatic sea
level is estimated from GRACE and GRACE-FO (plain blue line) or from the continental water budget (dashed blue line) including glacier ice melt
(dashed magenta line), Greenland (dashed green line) and Antarctica (dashed yellow line), ice mass loss and terrestrial water storage (dashed cyan
line), and atmospheric water vapor content (dashed pink line). Thermal expansion (orange plain line) is estimated from in situ data including XBT,
CTD and Argo profiles. The sum of the contribution to sea level and the residual are estimated using barystatic sea level from either GRACE and
GRACE-FO [plain red line in panel (a) and plain black line in panel (b) or from the continental water budget (dashed red line in panel (a) and dashed
black line in panel (b)].
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assessment of the heat and freshwater content associated with

synoptic eddies transport of the Agulhas rings (Laxenaire et al.,

2019) and revealed the evolution of mesoscale structures at the

ocean surface, such as Gulf Stream meanders and eddies, with

unprecedented resolution (Reul et al., 2014).

The synergy between Argo data and satellite-derived SSS and

SST enables significant scientific advances, such as the

understanding of diurnal variability of upper ocean temperatures

(Gille, 2012) and the monitoring of the marine branch of the global

freshwater cycle. In this latter case, satellites and Argo were jointly

used to estimate the horizontal extent of sea surface freshwater

originating from river discharges, the freshwater transport

integrated over the fresh surface layer and its penetration into the

subsurface ocean (Olivier et al., 2024). The combination of satellite

SSS and Argo data has also revealed the surface and subsurface

fingerprints of major climate modes such as El Niño-Southern

Oscillation (Qu and Yu, 2014) and the Indian Ocean Dipole (Du

and Zhang, 2015). These phenomena have significant global

impacts and affect climate patterns, precipitation, temperatures,

and ocean current. Identifying their signatures at various scales

(from meso- to large-scale) is instrumental for improving climate

forecasts and essential for defining risk management and climate

policy adaptation.

Finally, the powerful synergy between Argo and satellite-

derived SSS and SST data, has enabled a better understanding of

extreme events, such as heat exchanges at the air-sea interface

during the passage of a cyclone, and insights into how cyclones can

intensify when passing over river plumes (Reul et al., 2021),

significantly improving the reliability of cyclonic forecasts.

As the effects of climate change intensify, the sustainability of

the Core Argo mission and the implementation of the OneArgo

extension, with enhanced sampling in western boundary currents,

tropical and ice-covered Polar regions, are vital to improve SSS and

SST monitoring, allowing a comprehensive understanding of

ocean-atmosphere interactions and the global water cycle, as well

advanced forecast of major climate modes, weather conditions and

extreme events.
5.3 Synergies with satellite ocean color

Ocean color radiometry (OCR) observations from satellites

have revolutionized our ability to observe marine ecosystems by

providing global long-term datasets on phytoplankton dynamics,

primary production, and ocean biogeochemistry (Groom et al.,

2019). Since the launch of the Coastal Zone Color Scanner (CZCS)

in 1978, successive missions such as SeaWiFS, MODIS, and

Sentinel-3 OLCI have enhanced spectral resolution, data

continuity, and accuracy. These observations are critical for

monitoring climate-driven ocean changes, harmful algal blooms

(HAB), or carbon fluxes.

The OneArgo BGC Argo mission, though still a young in situ

observation network, has quickly demonstrated synergies with OCR.

Indeed, the two types of observations complement each other in many
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ways: satellites offer global surface coverage at high horizontal

resolution (~1 km) and near-daily temporal frequency; BGC-Argo

floats provide measurements down to 2,000 meters, with a vertical

resolution typically ranging from a few meters near the surface to

several tens of meters at greater depth, independent of cloud cover.

BGCArgo data are valuable for validating ocean color products such as

chlorophyll-a (Chla), particle backscattering coefficient (bbp), and the

diffuse attenuation coefficient (Haentjens et al., 2017; Xing et al., 2020;

Bisson et al., 2021; Begouen Demeaux and Boss, 2022). Any

discrepancies between satellite and in situ data also help identify

areas that require closer inspection. New 3D or 4D products that

combine satellite and float data (Sauzède et al., 2016; Figure 9) provide

improved views of ocean ecosystems, helping users to track changes in

productivity and carbon export crucial for understanding the global

carbon cycle.

The synergy between BGC Argo and ocean color is already very

strong and well demonstrated. One important mutually-beneficial

development is the dawn of the era of hyperspectral observations

(i.e., measurement of light across a wide range of wavelengths) of

the sea, which both communities have embraced, through

hyperspectral satellite missions (e.g., PACE-OCI) and BGC Argo

floats equipped with light sensors that perform hyperspectral

measurements (Organelli et al., 2022). These developments open

up the possibility for the BGC Argo community to develop

absorption-based algorithms for chlorophyll detection, and

conversely, for the ocean color community to strengthen their

fluorescence products. The opportunity to use hyperspectral data

to investigate phytoplankton community structure is now available

to both communities.

Looking ahead, the progressive deployment of a fleet of

hyperspectral BGC Argo floats equipped with downwelling

irradiance and upwelling radiance sensors also presents new

opportunities to enhance synergy between satellite and in situ

measurements. These BGC Argo floats are envisioned as versatile

platforms for satellite remote sensing reflectance (Rrs) validation

(Gerbi et al., 2016), complementing traditional fixed moorings. This

dedicated fleet could provide a scalable, cost-effective solution for

validating satellite data across diverse open-ocean conditions,

improving sensor performance assessment and ensuring long-

term data stability.

With the two communities working together, using both types

of data to strengthen interpretation of data, the delivery of better

products can be ensured. The integration of high-density, high-

quality in situ datasets with synoptic satellite observations will

enhance both the accuracy and applicability of global ocean

monitoring effort, required for effective decision making on ocean

health and risks such as HAB.
5.4 GO-SHIP

The Global Ocean Ship-Based Hydrographic Investigations

Program (GO-SHIP; http://www.go-ship.org) is, like Argo, a

network of the GOOS. Its design comprises 55 coast-to-coast or
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coast-to-ice sections (Figure 15A) on which physical ,

biogeochemical and ecosystem-relevant observations are made

through the full depth of the water column, with each section

occupied once a decade since the 1990s. The focus of the program is

on the highest-quality measurements, achieved by making

laboratory analyses of water samples that can be traced to

internationally-agreed reference materials and best practices
Frontiers in Marine Science 24
(Hood et al., 2010 and updates). The gathering of water samples

also allows GO-SHIP to be early adopters of new parameters, such

as in the nascent BioGO-SHIP program. GO-SHIP’s high-quality

observations of individual parameters document the global ocean’s

water mass properties and their multi-decadal evolution.

There have long been collaborations and overlaps between GO-

SHIP and Argo scientists. Indeed, Argo is dependent on GO-SHIP
FIGURE 15

(A) Status of the GO-SHIP cruises of the 3rd decadal GO-SHIP survey (01/2012–01/2023). (B) Launch location of 840 Argo floats deployed from
GO-SHIP cruises during this 3rd decadal GO-SHIP survey, representing ~9% of the 9,707 floats deployed during that period.
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for several aspects of its implementation. First, GO-SHIP has

provided a deployment platform for Argo floats on a global scale,

including in the Arctic Ocean (Figure 15B). During the 3rd GO-

SHIP decade (January 2012 to January 2023), about 9% of Argo

floats were deployed from GO-SHIP cruises. This number increased

to about 20% when considering Deep and BGC Argo floats. Second,

GO-SHIP collects high-quality measurements that are the reference

data for the evaluation of Argo data quality (Wong et al., 2020).

Early in Argo, these measurements were physical measurements:

continuous well-calibrated vertical profiles of temperature and

salinity. More recently, GO-SHIP has provided data from

laboratory analysis of discrete water samples for a wide range of

BioGeoChemical parameters that are also measured on floats with

bio-optical and electronic sensors (e.g., Racapé et al., 2019; Maurer

et al., 2021). Without these reference data, the quality of the global

Argo dataset could not be assured. For the evaluation of data from

Deep Argo floats, GO-SHIP provides the overwhelming majority of

traceable full-depth CTD data.

The synergy between Argo and GO-SHIP is scientific as well as

practical. While Argo is dependent on the logistics and data

provided by GO-SHIP, Argo observes the ocean with time and

space resolution that could never be achieved with ships (at least for

the parameters that Argo can measure). For upper ocean

temperature or salinity, the number of float profiles recorded each

year is approximately 100,000, compared to around 1,000 profiles

from GO-SHIP. In particular, Argo measures year-round, whereas

higher-latitude ship data sampling is strongly biased towards local

summer when ship operations are most feasible. GO-SHIP

monitors the properties of water masses and Argo their

distributions; both contribute to monitoring their evolution. The

synergy between these two networks has recently been strengthened

through the use of machine learning techniques such as neural

networks trained on GO-SHIP data to estimate concentrations of

nutrients and carbonate system parameters from temperature,

salinity, and dissolved oxygen measurements (Sauzède et al.,

2017). By applying neural networks to Argo data, it becomes

possible to interpolate ship-based data in space and time,

providing higher-resolution estimates of key oceanic variables.

However, to adapt to a changing ocean, these neural networks

must be regularly updated with new training data. Therefore,

maintaining the availability of high-quality ship-based

observations is essential to ensure the accuracy and reliability of

these models over time. As discussed elsewhere, the BGC and Deep

extension missions in OneArgo have not yet reached the level of

activity required by the design of those missions. While Deep and

BGC Argo develop, GO-SHIP remains the primary network

providing climate observations for the global deep ocean, as well

as the most comprehensive global source of biogeochemical data.

The importance of those ship profiles for OneArgo data quality

cannot be overemphasized. Whether for Core, Deep or BGC

missions, Argo could not provide a climate-quality dataset

without reference data from GO-SHIP. Conversely, Argo provides

subsurface global, year-round, monthly coverage which cannot be

achieved with measurements from ships or any other platform.

Through these scientific and logistical synergies, the value of GO-
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SHIP and OneArgo is greatly multiplied via simultaneous and

sustained implementation.
5.5 Tropical ocean moorings

Tropical oceans are home to key climate variability modes,

including the El Niño-Southern Oscillation (ENSO) in the Pacific,

the Indian Ocean Dipole in the Indian Ocean, and zonal and

meridional modes in the Atlantic (e.g., Foltz et al., 2025). These

climate modes drive lateral shifts in warm tropical waters and

atmospheric convection, playing a central role in influencing global

weather patterns. In the Pacific Ocean, the TAO-TRITON moored

array—comprising 70 tropical moorings—was established in the 1990s,

prior to the implementation of the global Argo array (McPhaden et al.,

1998), with the aim to provide supplemental real-time atmospheric and

oceanic measurements needed to improve understanding and

forecasting of oceanic and atmospheric states, and air-sea

interactions, particularly those associated with ENSO. It was followed

by the deployment of the PIRATA array in the Atlantic and the RAMA

array in the Indian Ocean, expanding our capacity to monitor and

predict climate variability (Bourlès et al., 2019; McPhaden et al., 2009).

Recent reviews of the design of the tropical moored arrays included

expansion of the tropical OneArgo array, highlighting the

complementary nature between the two observing systems (Smith

et al., 2019; Foltz et al., 2019; Hermes et al., 2019). The doubling of Argo

float coverage, and maintenance of moorings in tropical ocean basins

has been recommended in these reviews (Foltz et al., 2025) to

adequately measure the subsurface temperature and salinity, allowing

redundancy in case of platform failure, and preserving long-term

climate records. The tropical moored arrays along with the Argo

observations remain a key input into seasonal climate forecasting

systems (see Section 4.4), and play a critical role to challenge models

and help improve their physics.

Enhancing the vertical, horizontal and temporal scales is a key

objective that has strengthened the complementarity between the

Argo float array and tropical ocean moorings (Cravatte et al., 2016).

The Argo array provides broad global observations of temperature

and salinity down to 2000 m with high vertical resolution (2 m).

However, with 10-day sampling, Argo floats are not able to capture

high-frequency processes. In contrast, tropical moorings are rather

widely spaced, and their vertical sampling is typically 10 to 20 m (up

to 5 m at the surface). Although their spatial spacing (about 15° in

longitude, 2-3° in latitude) does not resolve small-scale structures

such as frontal zones at the edges of the warm waters, tropical ocean

moorings are uniquely able to capture high-frequency signals with

hourly or better sampling, and provide collocated subsurface and

meteorological observations.

At the heart of climate variability, air-sea fluxes of momentum,

heat and freshwater in the near-surface layer require high resolution

vertical sampling in the oceanic surface layer with co-located ocean-

atmosphere measurements. For example, in tropical warm and

rainy regions, mixed layer depths are often influenced by shallow

salinity stratification and associated ‘barrier layers’ (Mignot et al.,

2007), which affect the sea surface temperature response to wind
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events and may influence the onset and intensity of ENSO (Zhao

et al., 2013; Zhu et al., 2014). Although barrier layers are localized

and short-lived, they can impede heat transfer if they persist

sufficiently for a long time over a large area (Mignot et al., 2007).

Argo floats provide broad-scale information on the spatial extent of

barrier layers and also offer high vertical resolution. Argo profiles

also can track the displacement of the barrier layer within the

eastern edge of the warm pool on intraseasonal timescales (Bosc

et al., 2009), a key precursor to El Niño events. Moorings that

capture high-frequency variability in barrier layer thickness, in

conjunction with atmospheric measurements (e.g., wind,

precipitation), provide complementary and invaluable data on

these phenomena, particularly capturing short rain/convection

events and diurnal cycles.

To accurately infer heat content variations at intraseasonal to

interannual timescales, a mix of both Argo and moored platforms is

necessary (Smith et al., 2019). The vertical spacing of mooring

temperature sensors is generally adequate to follow thermocline

displacements at the equator, from intraseasonal waves to

interannual changes (Kessler et al., 1995; Cravatte et al., 2003).

Argo floats provide additional information between the moorings at

a finer meridional scale and away from the equator where zonal

scales shorten. One limitation of Argo floats, however, is their

inability to fully capture equatorial upwelling which is narrowly

confined to the equator, whereas close fixed mooring arrays are

capable of resolving this phenomena. Nonetheless, doubling Argo

along the equator resolves 70–80% of the temperature variance at

intraseasonal timescales at some mooring sites and more than 90%

of the variance of seasonal to longer-term variability (Gasparin

et al., 2015). However, for periods shorter than 20 days, the

moorings continue to provide critical unique information.
5.6 Developing synergies for an integrated
carbon observing system

As the ocean absorbs approximately 25% of anthropogenic CO2

emissions, a better understanding of its role as a carbon sink is

critical. However, significant uncertainties persist regarding the

spatial and temporal variability of this uptake. The uncertainties

are largely created by gaps in traditional ship-based observational

methods that are limited by weather conditions, surface coverage,

and temporal resolution, while satellite-based systems see only the

sea surface.

In many cases, BGC Argo observations can mitigate the

observational gaps as floats can provide observations year round,

in all weather conditions, in the subsurface, and in ocean regions

that are infrequently visited by ships. However, the traditional

observing systems provide capabilities not achievable with floats,

such as traceable calibrations for each observation, measurements

of many quantities that are not observable from floats, or the

exceptionally high resolution of space-based observations. An

optimized observing system would utilize the capabilities of each

method of observation to produce products that were more detailed

and capable than can be obtained from any one system of observing.
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Developing synergies between BGC Argo and other major

observing systems would enable a vastly improved and more

skillful integrated carbon observing system. It would result in

enhancing our ability to monitor and understand carbon

dynamics across the ocean, improving data consistency, and

providing more comprehensive insights into the global

carbon cycle.

By synergistically combining OneArgo, traditional ship-based

approaches, and satellite remote sensing, there is thus an immense

potential to significantly improve quantification of ocean carbon

sources and sinks, supporting model improvements and uncovering

new dynamics in carbon cycling processes. By combining the

temporal and spatial coverage of autonomous floats with the

precision of shipboard measurements and the high spatial

resolution of satellites, OneArgo could become an indispensable

component of global ocean carbon monitoring, enabling a more

comprehensive understanding of the ocean’s response to growing

anthropogenic pressures. While efforts should continue to foster

synergies within the various components of the observation system,

the essential role of OneArgo in capturing high-resolution,

continuous, and multidimensional data is now indisputable.

Indeed, several studies have highlighted phenomena that would

have been impossible to detect using traditional methods. For

instance, Carranza et al. (2024) demonstrated that extratropical

cyclones in the Southern Ocean significantly enhance air-sea CO2

fluxes, while Chen et al. (2022) revealed that vertical coupling

between mesopelagic waters and the surface creates basin-scale

variations in CO2 exchange. Furthermore, Huang et al. (2022)

highlighted the influence of biological productivity on air-sea CO2

fluxes by leveraging sensors for oxygen, pH, chlorophyll, and

particle backscatter. BGC Argo observations of dissolved oxygen

enable global maps of biological carbon cycling (Yamaguchi et al.,

2024), the driver of the biological carbon pump that produces a

large reduction in atmospheric carbon dioxide levels.
5.7 The role of Argo in developing
synergies for western boundary current
monitoring

Western boundary currents (WBCs) are swift and narrow jets

flowing along the western boundaries of ocean basins in both

hemispheres. They are a key component of the global ocean

circulation system (Section 3.1) and play an influential role in

ocean heat transport, influencing climate patterns, affecting fishing

stocks, biodiversity, coastal sea level, rainfall, and storm activity.

Nonetheless, the direct observation of WBCs is challenging due to

the difficulty of maintaining, within these energetic current regimes,

observing platforms that successfully capture the wide range of

temporal and spatial scales of variability. WBC monitoring cannot

be achieved by a single ocean observing platform but instead,

requires a combination of complementary long-term platforms,

such as moorings, glider and high-resolution XBT transects, high-

frequency radar and drifters (Todd et al., 2019; Ayoub et al., 2024).

Argo floats provide broad coverage in WBCs but to date the year-
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to-year sampling density has been heterogeneous as the floats tend

to get caught in fast-flowing jets. Yet Argo data assimilation has

been shown to strengthen WBCs in ocean models, even though

Argo data is sparse at the boundaries (Oke et al., 2019). This is likely

because of the better temperature and salinity representation on the

interior side of the boundaries. OneArgo plans to double the density

of float deployments withinWBCs over the next decade (Roemmich

et al., 2019). Through this intentional decision, the Argo

community has the opportunity to step forward and take a lead

in the design and implementation of a sustained boundary current

monitoring scheme. In addition, OneArgo has previously dealt with

the geopolitical challenges of requesting permission to deploy and

sample within the EEZs of multiple countries, and hence could

provide insight into this issue also faced in boundary current

monitoring (GOOS, 2021). Similarly, the global Argo network has

prior experience useful for guiding the securing of resources and

funding, as well as fostering a framework for the international and

regional cooperation that is vital for sustained WBC observations.

Some good examples of what the sustainably-funded infrastructure

for WBC observing might look like are already described in Ayoub

et al. (2024). Continued integration of WBC monitoring

observations that will be of benefit to society, cost-effective for

investors, and guide the evolution of the observing system through

end-user engagement, is pivotal to advance our ability to improve

climate monitoring and model evaluation.
5.8 Bathymetry

Accurate charting of ocean bathymetry is fundamental to

understanding and predicting large-scale ocean circulation

(Rahman and Rahaman, 2024), tidal propagation and dissipation

(Arbic, 2022), ocean mixing (Mashayek et al., 2024), and tsunami

and storm surge impacts on coastal regions (Latifah et al., 2024;

Zhang et al., 2024). Detailed maps of shape and depth fluctuations

of the ocean floor are essential for navigation safety

(Mavraeidopoulos et al., 2017), simulation of high-seas fishery

catch (Guiet et al., 2024), and assessment of offshore energy

platform vulnerability (Alizadeh et al., 2024).

To date, the gold standard method for measuring ocean

bathymetry uses the time of propagation of a sounding signal

sent from a shipboard echosounder to the seafloor (Wölfl et al.,

2019). Yet basin-scale echosounding surveys remain limited and

only 26.1% of the ocean floor is currently sampled using this

technique (GEBCO Bathymetric Compilation Group, 2024). An

alternative method utilizes the slope of the ocean surface from

satellites to estimate ocean bathymetry, but has a lower spatial

resolution than echosounding measurements (Tozer et al., 2019).

Ocean bathymetry is a new application of the OneArgo mission.

The seafloor is detected by a float when the pressure sent by the

CTD sensor to the float controller shows no increase despite

attempts from the buoyancy system to descend to greater

pressure depth. Core Argo floats may reach the bottom in shallow

(< 2,000 m) regions near the coastline. Early validation of 2,000-

meter capable Argo data shows good consistency with multibeam
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echosounders in the Antarctic continental shelf (van Wijk et al.,

2022b), a region where accurate knowledge of bathymetry is of

critical importance to assessing the present and future contribution

of Antarctica to sea level rise. About 2/3 of historical Deep Argo

profiles reveal detection of the seafloor in the deepest (3,000–6,000

m) regions of the ocean interior. The proportion of Deep Argo

profiles detecting the ocean floor can be increased by setting the

maximum profiling pressure to exceed the expected depth. Deep

Argo floats can collect higher-resolution bathymetric data than

satellites over widespread and remote regions of the Atlantic,

Pacific, and Southern Oceans (Zilberman et al., 2023a; Yu et al.,

2024), where ship-based acquisition of bathymetric sounding is

typically lacking. Core Argo and Deep Argo data have been already

assimilated in the Bathymetric Chart of the Oceans since 2024

(GEBCO Bathymetric Compilation Group, 2024; Jakobsson et al.,

2024), and are attributed a Type Identifier (TID) code of 47 in

GEBCO grids starting in 2025 and going forward. With each float

sampling remote ocean areas every 10 days over a lifetime of 5–8

years, OneArgo has the capacity to rapidly densify ocean

bathymetry sampling in all ocean basins and play an important

role in the advancement of Seabed 2030, a program of the UN

Decade of Ocean Science for Sustainable Development (2021–2030)

dedicated to increasing the spatial resolution of the ocean floor by

way of collating supplemental observations and developing new

platforms (Mayer et al., 2018).
6 Ocean observation to support
ocean management

6.1 Fisheries

Global fisheries and aquaculture production was estimated as 223.2

million tons in 2022, corresponding to 195 billion USD for the

international trade of aquatic products and supporting the

employment of 61.8 million people (FAO, 2024). Global capture

fisheries production has remained stable since the late 1980s, but the

sustainability of fishery resources is a cause for concern, while global

demand for aquatic foods is projected to increase further (FAO, 2024).

The population models applied in fishery management approaches

typically assume that fluctuations in the vital rates of a fish population

are centered on a stationary mean, derived from the system’s past

behavior. Assessments of stocks also include assumptions about the

spatial distribution of fish and their habitats. This style of fishery

management originated when reliable, low-latency observations of

upper ocean conditions were desired but unavailable at the necessary

space and time scales. Thus, most fish population models exclude

consideration of environmental context (Skern-Mauritzen et al., 2016).

Even with such information, more research is needed to

mechanistically link environmental conditions to fish population

dynamics in a way that is useful for living marine resource

management (Cowan et al., 2012). Still, it has long been recognized

that climate change is impacting the structure and functioning of

marine ecosystems, and that management approaches based on

assumptions of stationarity are not ideal.
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The first step toward environmentally-informed, dynamic fishery

management is comprehensive ocean monitoring, with low-latency

data dissemination. This will enable the foundational research required

to connect transient environmental conditions to ecosystem and

population modeling (Schmidt et al., 2019). Such advances could be

achieved with the envisioned OneArgo array that would provide

globally-distributed observations of ocean physical (pressure,

temperature, and conductivity), chemical (oxygen, nitrate, and pH),

and biological (particle backscatter, chlorophyll fluorescence, and light)

conditions throughout the upper ocean in near-real time (Roemmich

et al., 2019). Global Argo data synthesis products provided on regular

time and space grids (e.g., Roemmich and Gilson, 2009) that are

routinely updated (i.e., ≥ monthly frequency) will be the most

valuable to end users in fishery science and management who do not

have the time or expertise to wrangle inconsistent and complex datasets

from outside their discipline. For example, satellite ocean color data

with unprecedented spatial coverage have been used widely in fisheries

research; however, their utility for operational needs has been limited by

seasonal gaps in spatial coverage and the restriction of observations to

the sea surface. By combining ocean color and Argo data (Section 5.3),

many global-scale observing challenges can be overcome, yielding low-

latency marine environmental information throughout the upper 2,000

m of the global ocean (e.g., Sauzède et al., 2016; Sharp et al., 2023).

Operational four-dimensional global ocean data products will

enable low-latency mapping of habitat ranges associated with the life

stages of fish, mammals, and turtles based on their preferred

environmental conditions. This in turn will improve the collection of

biological data for stock assessments and the efficiency of commercial

fisheries by facilitating distribution estimates of target fish and species

of concern. Environmentally-informed and proactive decision-making

will expedite closure warnings so that adaptive measures can be taken

to mitigate the impacts to fishing community livelihoods. While many

fisheries are centered on the continental shelves where Argo floats

typically do not profile and optically complex waters cause satellite

algorithms to break down, important lifecycle stages ofmanymigratory

species that are fished nearshore take place in the open ocean.

Integrating coastal observing system data into the nascent global

Argo-based data products currently under development will help

connect large-scale oceanographic conditions to local social-

ecological system dynamics, extending the value of Argo into coastal

and estuarine domains.
6.2 Marine carbon dioxide removal
approaches

Carbon dioxide removal refers to a set of technologies or methods

used to remove CO2 from the atmosphere and store it in various forms

to mitigate climate change. Notably, the deployment of marine CO2

removal techniques (mCDR; e.g. alkalinization, fertilization) for the

open ocean is increasingly considered as a promising strategy to

enhance the natural carbon sequestration capacity of the oceans

(NASEM, 2022). OneArgo has the unique potential to become the

cornerstone of an ocean observation system required for the evaluation

of such mCDR manipulations in offshore waters, particularly through
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its BGC Argo mission (Boyd et al., 2023a). The float platform has the

versatility required to observe different open ocean mCDR methods,

through key variables that are already routinely measured (pH, oxygen,

bio-optical variables), and it can accommodate additional sensors (e.g.,

for the carbonate system; Bushinsky et al., 2019) as soon as they reach

technological maturity. The OneArgo program, by already meeting

most of the desirable characteristics for monitoring, verification and

reporting (MRV) for the deployment of ocean-based mCDR, makes it

unnecessary to develop a costly ad hoc system for MRV. However, and

despite its huge potential, the OneArgo system is not yet ready—only

half of the network has been implemented and additional sensors must

be developed or optimized. In advance of any ocean-based mCDR

deployments at a scale that will influence atmospheric concentrations,

it is therefore essential and urgent to complete, through sustained

funding, the full implementation of OneArgo and its BGC component

(Boyd et al., 2023b). Such full implementation is the prerequisite to

establish a robust benchmark of the ocean biogeochemical state.

Benchmarks would also drive improved understanding of natural

variability, such as seasonal or interannual changes, and

consequently more confident attribution of observed changes

resulting from ocean-based mCDR deployments, while accounting

for other natural processes affecting the carbon cycle. Furthermore, the

cost, scalability and interoperability of OneArgo make it a candidate to

accommodate a range of scales from local (pilot and research project)

to regional (mCDR trials and scaled-up deployments) to global

(dispersal of mCDR from repeated deployments).

In summary, a long-term OneArgo array having the capability

to accommodate new measurements is a fundamental pillar for

ensuring that ocean-based climate mitigation efforts can be

rigorously evaluated, thus safeguarding the scientific credibility of

ocean mCDR projects.
6.3 Deep-sea mining

Deep-sea mining (DSM) refers to the extraction of mineral

resources from the ocean floor at depths exceeding 200 meters.

While it offers access to valuable deposits of critical metals such as

lithium, nickel, copper, and cobalt, it remains highly controversial due

to the environmental risk it poses to this pristine and largely

unexplored region (Boetius and Haeckel, 2018; Vonnahme et al.,

2020; Macheriotou et al., 2020). Given the complexity of

understanding and mitigating its environmental impact, scientific

consensus on the feasibility of large-scale DSM is unlikely (Amon

et al., 2022). Beyond these unpredictable risks, there is a broader

argument to permanently preserve the deep seabed environment, given

there are abundant metal resources on land (Crane et al., 2024).

Despite these concerns, DSM tests are already underway.

Consequently, there is a pressing need for further independent study

of the natural properties of the deep ocean to provide more evidence of

how they would be disrupted by DSM, to uphold precaution

surrounding DSM and raise public awareness regarding the unique

and fragile nature of the deep-ocean environment.

BGC Argo floats and their associated sensors are invaluable to

understand the natural variability of the mesopelagic zone (100–
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2,000 m) and its susceptibility to perturbation by DSM (Drazen

et al., 2020). At greater depths, the natural properties of the water

column near the deep-ocean floor could be monitored by Deep

Argo floats (down to ~6,000 m) equipped with biogeochemical

sensors, in order to widen essential understanding about the natural

processes that sustain these unique ecosystems.

Given the largely unexplored nature of the deep ocean,

deploying Argo floats in proposed DSM areas is a vital step

toward documenting natural processes and assessing their

susceptibility to DSM. Such efforts can help maintain a

precautionary approach by grounding decisions in robust,

independent science. By using OneArgo data to further

understand the deep ocean’s intricate biogeochemical processes,

its ecological fragility, and its potential for biotechnological and

medical discoveries (Boetius and Haeckel, 2018), researchers can

strengthen the case for protecting this unique environment.
6.4 High seas marine protected areas and
biodiversity beyond national jurisdiction
treaty

Efforts to conserve Biodiversity Beyond National Jurisdictions

(BBNJ) have gained momentum, culminating in a United Nations

treaty to safeguard the world’s oceans (Tessnow-von Wysocki and

Vadrot, 2020), the BBNJ Agreement. This treaty aims to protect

marine ecosystems, conserve biodiversity, and establish Marine

Protected Areas (MPAs) in the high seas. The development of

science-informed guidance for managing such Areas Beyond

National Jurisdiction (ABNJ) relies on advanced observation

systems like the Argo program, which can provide critical data

for governance and conservation.

One prominent example is the Ross Sea MPA, the world’s

largest high-seas MPA (2.09 million km²). Its objectives include

conserving biodiversity, protecting key species and ecosystems, and

serving as a reference for studying environmental changes and

human impacts (Brooks et al., 2021). Although BGC Argo

deployments in the Ross Sea have been limited, they have

successfully captured carbon and nutrient fluxes throughout a full

annual cycle in ice-covered areas—data unattainable via traditional

methods (Cao et al., 2025). Expanded deployment of floats within

the MPA could provide critical insights into nutrient and carbon

cycles, krill biomass, and the broader food web, on time and spatial

scales that are appropriate. Emerging technologies, such as the

Underwater Vision Profiler (Picheral et al., 2022) or miniature

echosounders (see Section 2.6), could further enhance observations,

especially for macroplankton and species like Antarctic silverfish,

supporting science-based governance of this complex and

variable ecosystem.

Similarly, the Central American Thermal Dome, located in the

eastern Tropical Pacific, is recognized by UNESCO as a high-seas

site of exceptional heritage value. This biodiversity hotspot and

socio-economic hub supports migratory marine predators, rich

fishery resources, and commercial shipping routes. It is poised to

become one of the first ABNJ to be protected. The Argo-Dome
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project (https://argo-dome.org) has begun prototyping an ocean

observation system using next-generation BGC Argo floats to

generate mult idisc ipl inary data (physical , b iological ,

biogeochemical, acoustic, and optical). This system aims to

provide the foundational knowledge required to guide future

conservation measures and governance for the Dome’s protection.

Both examples illustrate the critical role of BGC Argo floats

within the OneArgo program in bridging observational gaps,

providing essential data on oceanic processes, and enabling

evidence-based governance of ABNJs. As these technologies

advance, they will play a central role in informing and supporting

effective global ocean governance, ensuring the protection of

biodiversity and the sustainable use of marine resources in the

high seas.
7 OneArgo related to societal
concerns and needs

7.1 Environmental footprint of Argo

Argo floats are quiet and robust autonomous platforms

designed to be as energy-efficient as possible (Davis et al., 2001;

Le Reste et al., 2016; Riser et al., 2018). In light of these assets, there

is presently no method for observing the global subsurface ocean

that is more cost-effective and less environmentally damaging than

Argo (Argo Program Office et al., 2020). Floats are primarily

deployed from research vessels during scientific cruises,

commercial ships or, occasionally, through partnerships with civil

society initiatives (such as Vendée Globe, 2024). By leveraging

existing maritime routes, this approach minimizes the need for

dedicated ship time and its associated fuel consumption. Standard

floats operate at sea for 5 to 8 years, and continuous efforts by the

scientific community and manufacturers focus on extending their

lifespan, improving energy efficiency and enhancing sensor

reliability (Gordon et al., 2016; Dever et al., 2022). The design

and implementation of OneArgo further optimizes (Johnson et al.,

2015; Chamberlain et al., 2023) the required deployment rate of new

floats while ensuring adequate ocean sampling coverage for all

Argo-measured ocean variables across different regions.

Although Argo floats have very minimal environmental impact

(Argo Program Office et al., 2020), their loss at sea at the end of their

lifespan remains a concern for the Argo community. Building on

successful initiatives, primarily in European seas (D’Ortenzio et al.,

2020; Walczowski et al., 2020), efforts to recover Argo floats have

significantly increased. Currently, around 10% of European floats

are routinely retrieved during scientific cruises or through

opportunistic ship transits. Another potential approach involves

chartering dedicated float recovery cruises when economically and

environmentally viable. For instance, a proof-of-concept cruise

using a low-carbon footprint vessel (Euro-Argo ERIC and

Ifremer, 2024) demonstrated that collaborations with civil society

could effectively support float recovery operations. Recent studies

(González-Santana et al., 2023) reveal the potential to extend

recovery efforts to other regions and involve different
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stakeholders, such as fishing vessels. Current priorities include

developing best practices for float recovery, reconditioning floats

for redeployments, and determining recycling pathways for

components when reconditioning is not feasible. Additionally,

assessing the human resources required to coordinate recovery

and reconditioning activities is a key focus. The European

implementers aim to recover 25% of their annual deployments by

2030, while simultaneously developing a global strategy for

OneArgo that considers the unique characteristics of each ocean

basin. Particular attention is being given to ensuring access to low-

carbon footprint vessels, factoring in distance from the coast,

infrastructure availability, and oceanic and weather conditions.

Expanding Argo to OneArgo involves increased costs as well as

greater scientific and technical complexities. Recovery of floats

stands to not only further drive our efforts to lower Argo impact

on the environment, but also generate economic (e.g., through

refurbishment), scientific (e.g., post-calibration of sensors) and

technical (e.g., expertise on floats) value to the program. In

addition, the Argo community will work towards adopting more

environmentally benign batteries as they become available.
7.2 OneArgo and its societal benefit
through ocean literacy and education

At present, we can state countless examples for strong bonds in the

science to society domains such as technological innovation and

knowledge transfer, and governance. Other examples, however, show

a skepticism regarding science, its approaches and results or a lack in

people’s scientific understanding (e.g. IFOP, 2023). Current studies

show for example a staggering 59% of respondents between the age of

16 and 25 are climate-anxious and are extremely worried about climate

change and how this will impact their futures (Hickman et al., 2021). It

is thus more important than ever to foster a science-literate society that

can engage in meaningful discussions, make informed and responsible

decisions and help prepare a vibrant future for the next generations.

Consequently, and regarding the Ocean and its critical role in

sustaining life on Earth, the Ocean literacy movement is very crucial.

Ocean literacy is rooted in sciences and yet it is so much more

than a transfer or exchange of knowledge (McKinley et al., 2023); it

is about developing the skills, values and culture needed to engage

with Ocean issues at every socially relevant level. A strong Ocean

education component encourages lifelong learning, both formal and

informal, and helps to connect people with the Ocean and

its resources.

The OneArgo community subscribes to the ambition to

enhance Ocean literacy and education. They contribute with

targeted actions, all well-founded on the combination of cutting-

edge research and innovative technology to monitor and explore the

Ocean. Such actions mostly combine science communication and

mediation techniques and address a mainly non-scientific audience.

Actions of the international OneArgo network have a local to global

reach and several are truly collaborative engagements (e.g. Greenan

et al., 2023; article translations in more than a dozen languages

available online).
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For almost two decades now, OneArgo community members

have been designing, developing and putting in place actions that

bridge between science and society. In their approach, a strong

focus is given to guarantee interactions with a young public. For

example, through hands-on experiences and educational resources,

school children around the world benefit from the pluridisciplinary

and multifaceted program and the freely accessible data provided in

real time. For students and early career scientists, professional

development initiatives are ongoing to expand expertise within

the fields of physical and biogeochemical oceanography as well as

science communication and mediation.

On top of such educational initiatives, the One Argo

community extends actions outside of schools and academia to

reach out to emerging small and medium enterprises keen to

develop sensor technologies that can be integrated onto Argo

floats, policy and decision-makers responsible for high-level

decisions, but also importantly, society at large. These interactions

are intended to promote and cultivate science-to-society links, to

give the (present and upcoming) generation in charge of big and

small decisions access to actual science-based information and

foster their awareness of today’s challenges.
7.3 Capacity building

Capacity building is needed at all levels of OneArgo. Developing

and sharing technical expertise on Argo floats and sensors are

required both for new instrument development and diversification,

and for the monitoring of floats (Cancouët et al., 2020) and sensor

behavior at sea, to avoid potential failures in the network and

associated datasets. Building capacity through new partnerships is

essential to maintain regular deployments of floats across the global

ocean, including in high-latitude regions and undersampled areas,

and to increase the number of recovered floats (González-Santana

et al., 2023). Data centers also need to scale up their infrastructure

and expertise in order to manage the larger amount and variety of

data to be processed, qualified and distributed.

The Argo community, comprising all individuals involved in the

network implementation, from instrument development through to

the provision of qualified data to users, has been growing since the

early 2000s. International efforts to establish and share best practices

for collecting and analyzing Argo data have culminated in two recent

publications: Bittig et al. (2019) and Morris et al. (2024).

Efforts devoted to community training have contributed to the

success of Argo and its development towards OneArgo (Roemmich

et al., 2019). There is a large base of scientific and technical experts in

the international Argo community willing to share their expertise and

help new countries and individuals to contribute, operate floats,

manage and access Argo data. Events such as workshops, training

sessions and summer schools are occasionally organized, targeting

individuals entering the Argo community within existing Argo teams,

scientists outside Argo national programs, or students in oceanography

or related fields. Recent examples include a BGC Argo training course

organized by POGO (Partnership for Observation of the Global

Ocean) in China and the EuroFleet+ floating University in Italy. The
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deployment of Argo floats during the 2024 Vendée Globe sailing race

and the NAARCO sailing cruise devoted to float recoveries (Section

7.1) are other examples, which highlight capabilities transfer towards

civil society. In addition, several “float donor programs” have been

implemented in the last two decades to kick off new contributions in

Asia, South America and Africa. In Europe, countries involved in Argo

are organized within the Euro-Argo European Research Infrastructure

Consortium (ERIC), which provides a remarkable framework for

capacity building, through collaboration between the ERIC members,

and activities led at regional level (Kassis et al., 2021; Walczowski et al.,

2021). Actions are also undertaken at international level to upgrade the

skills and knowledge of part of the existing Argo community in the

domains required by the OneArgo extension (Deep Argo, BGC Argo

and Polar Argo missions). Technical workshops where Argo’s

industrial partners work with expert and non-expert float deploying

teams to exchange practices and issues have been invaluable. The Argo

Data Management Team has been particularly active since the start of

the Argo program, sharing documents, tools and codes (https://

github.com/euroargodev/Argo-data-management-documents; https://

argo.ucsd.edu/data/argo-software-tools/), and continues its efforts

within the OneArgo framework.

The Argo community has proved its ability to set up some internal

mechanisms for capacity building development. Argo is also active in

capacity building activities outside the Argo community itself through:

(i) knowledge exchange with other observing networks, occurring in

various contexts (e.g. GOOS Observations Coordination Group, Data

Buoy Cooperation Panel, EuroGOOS and EU-funded projects in

Europe) and (ii) outreach about Argo data access, format and flow,

aimed at the external user community (e.g. González-Santana and

Velez-Belchi, 2024), which is key for the program to achieve a high

societal impact (Section 7.2).

Argo capacity building initiatives have been made regularly but

in an ad hoc and opportunistic way. They deserve a more organized

and routine approach, supported by resources dedicated to

transferring floats and expertise to new partners and gradually

augmenting the already large base of Argo implementers and users.
8 Summary and future crucial needs

The ocean provides functions essential to society. It influences

weather conditions, moderates climate change, hosts massive

biodiversity and supports human livelihoods, and is vital to the

global economy, through industries such as offshore oil and gas,

marine renewable energies, fisheries, aquaculture, maritime

transportation, and tourism. Changes in the ocean state therefore

have profound impacts on human health, well-being and safety.

Scientific reports and numerical predictions are unsettling,

indicating clear signs of deterioration of the ocean’s health. Ocean

warming alters weather and climate, exacerbating the magnitude

and frequency of extreme events such as heatwaves, wildfires and

storm surges. These changes amplify risks of riverine and coastal

flooding, intensify coastal erosion, and impact water access,

agricultural productivity, infrastructure development, housing

markets, and property insurance. Additionally, ocean warming
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combined with ocean deoxygenation and ocean acidification

along with fishing pressure is impacting marine ecosystems,

endangering fish stocks, biodiversity, and aquaculture. While

diagnosing symptoms of ocean health decline is essential,

identifying their causes and predicting future changes are critical

to developing effective solutions and mitigation options.

OneArgo represents a transformative step toward improving our

ability to understand and predict ocean variability by integrating

physical, chemical, and biological observations. Core Argo and the

emergence of the Deep, BGC, and Polar missions have already

enabled scientific breakthroughs in our understanding of sea level

change, ocean warming, circulation, deoxygenation, acidification, and

the interplay of these phenomena. Emerging applications are being

explored to advance knowledge on ocean mixing, ocean bathymetry

and sediment transport, define ecosystem resilience, and assess the

impact of ocean-based climate mitigation efforts such as marine

carbon dioxide removal experimentations. By enabling continuous

ocean state assessment, OneArgo enhances ocean and weather

forecasts, improves extreme weather and ocean event predictions,

and refines climate change projections. OneArgo also provides

critical insights into sea level rise, coastal flooding, and oceanic

ecosystem changes, reinforcing the safety of the populations and

the prosperity of the ocean economy.

As the ocean economy continues to grow, its full potential can

only be unlocked through a stable and sustained ocean observation

system supporting key information services. Without a

comprehensive baseline of the physical and biogeochemical state

of the open ocean, ocean-based industries cannot effectively achieve

long-term prospects for global economic growth. Investing in a

robust ocean observing infrastructure is not just a scientific

necessity, but an economic imperative. The ocean economy must

recognize that upstream investment in sustained ocean monitoring

will generate downstream direct economic returns and innovations.

However, despite its immense societal value and recognition

within the scientific community, OneArgo remains only partially

funded and on a short term basis. The full realization of OneArgo

requires sustained and much increased investment over the original

core mission. This means transitioning from a project-based

funding model to a more institutionalized, long-term approach,

comparable to meteorological observation systems, which have

benefited from sustained public and private investment. To reach

this objective, it is essential to strengthen top-down governance,

highlight the societal and economic benefits of ocean observation,

and foster greater political commitment to secure long-term

funding of ocean observation, as advocated, coordinated by, and

supported through the Global Ocean Observing System (GOOS).

Due to the hard-won underpinning work done to date, with the

right scale up in resources the Argo community can achieve the

global implementation of the OneArgo float array within the next

five years. This effort will include ramping up float production,

optimizing sensor performance and float longevity, diversifying

suppliers to support sustainability, and expanding deployment

and recovery opportunities via high-seas research, commercial

and sailing vessels to maximize cost-effectiveness and reduce

environmental footprint. Facilitating marine science research
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clearance in EEZs will be instrumental to advance homogeneous

sampling. Strengthening synergies with ocean in-situ and satellite

observing networks will be prioritized to increase OneArgo’s

scientific value. Additionally, enhancing data accessibility and

developing new user-oriented products will be crucial for

maximizing economic and societal benefits, supporting key

industries such as fisheries, aquaculture, maritime operations, and

developing climate adaptation strategies.

Without strong and sustained support to implement OneArgo by

2030 while maintaining the Core Argo mission, past successes come

under threat, and the transformative opportunities ahead cannot be

fully realized. In the event that supplemental funding would not be

provided, the target date for the implementation of OneArgo would be

delayed. The number of Core Argo floats would be reduced but the

number of 0-2,000 meter temperature and salinity profiles, including

those provided by Deep and BGC, would be maintained. Argo has

consistently positioned scientists and stakeholders at the forefront of

ocean science and technology. Securing OneArgo’s future will not only

extend this leadership, but also provide decision-makers with the

critical knowledge needed to navigate unprecedented environmental

challenges. Beyond its scientific necessity, investing in OneArgo is a

strategic and cost-effective imperative to safeguard ocean health,

economy and human wellbeing for generations to come.
Author contributions

VT:Writing – original draft, Conceptualization, Writing – review

& editing, Supervision, Investigation. HC:Writing – review & editing,

Writing – original draft, Conceptualization, Investigation. OP:

Writing – original draft, Investigation, Writing – review & editing.

NZ: Investigation, Writing – review & editing, Writing – original

draft. KJ: Writing – review & editing, Writing – original draft. BK:

Writing – review & editing. SW: Writing – review & editing,

Writing – original draft. UB: Writing – review & editing.

MBa: Writing – original draft. MBe: Writing – original draft. MBo:

Writing – original draft. JB: Writing – original draft. PB: Writing –

original draft. RCa: Writing – original draft. FC: Writing – review &

editing. SCi: Writing – original draft. RCr: Writing – original draft.

SCr: Writing – original draft. GD’O: Writing – original draft,

Writing – review & editing. DD: Writing – original draft. PD:

Writing – original draft. AF: Writing – review & editing, Writing –

original draft. KF: Writing – original draft. YF: Writing – original

draft. FG: Writing – original draft. AG-S: Writing – original draft.

CG: Writing – original draft. AG: Writing – original draft. HH:

Writing – original draft. SJ: Writing – original draft. GJ: Writing –

review & editing, Writing – original draft. NK: Writing – original

draft, Writing – review & editing. AL: Writing – original draft. P-YL:

Writing – original draft. WL: Writing – original draft. ML: Writing –

original draft. JL: Writing – original draft. EM: Writing – original

draft. AM:Writing – original draft. BM:Writing – original draft. KM:

Writing – original draft. TM: Writing – original draft. PO: Writing –

original draft, Writing – review & editing. WS: Writing – original
Frontiers in Marine Science 32
draft. BO: Writing – review & editing. NP: Writing – original draft.

JP: Writing – review & editing. RR: Writing – original draft. DR:

Writing – review & editing. SS: Writing – original draft. MS:

Writing – review & editing. CS: Writing – original draft.

OS: Writing – original draft. KV: Writing – original draft. JSc:

Writing – original draft. JSp: Writing – original draft.

TS: Writing – original draft. MT: Writing – original draft. EV:

Writing – review & editing, Writing – original draft. XX: Writing –

review & editing. HZ: Writing – original draft.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. VT gratefully

acknowledges financial support from the following projects and

grants: the Equipex+ Argo-2030 project supported by the French

government under the “Investissements d’avenir” program within

France 2030 and managed by the Agence Nationale de la Recherche

(ANR) under grant agreement no. ANR-21-ESRE-0019; the CPER

Obsocean, co-funded by the European Union, Région Bretagne,

Département du Finistère, Brest Métropole, and Ifremer; and the

Euro-Argo ONE project funded by the European Union's Horizon

Europe research and innovation programme under grant agreement

no. 101188133. HC acknowledges financial support from the

European Research Council (ERC) for the “REFINE—Robots

Explore Plankton-drive Fluxes in the Marine Twilight Zone”

project (grant agreement 834177) and from the Centre National
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Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M.
Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, O.
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Séférian, R., Berthet, S., Yool, A., Palmiéri, J., Bopp, L., Tagliabue, A., et al. (2020).
Tracking improvement in simulated marine biogeochemistry between CMIP5 and
CMIP6. Curr. Clim Change Rep. 6, 95–119. doi: 10.1007/s40641-020-00160-0

Sharp, J. D., Fassbender, A. J., Carter, B. R., Johnson, G. C., Schultz, C., and Dunne, J.
P. (2023). GOBAI-O2: temporally and spatially resolved fields of ocean interior
dissolved oxygen over nearly 2 decades. Earth Syst. Sci. Data 15, 4481–4518.
doi: 10.5194/essd-15-4481-2023

Shi, L., Alves, O., Wedd, R., Palmer, M. D., Balmaseda, M. A., Hernandez, F., et al.
(2017). An assessment of upper ocean salinity content from the Ocean Reanalyses
frontiersin.org

https://doi.org/10.1016/j.pocean.2019.102139
https://doi.org/10.1016/j.pocean.2019.102139
https://doi.org/10.1016/j.rse.2024.114165
https://doi.org/10.1175/JTECH-D-12-00073.1
https://doi.org/10.5670/oceanog.2021.supplement.02-33
https://doi.org/10.5670/oceanog.2021.supplement.02-33
https://doi.org/10.4031/MTSJ.56.3.8
https://doi.org/10.1016/j.apor.2021.102548
https://doi.org/10.1016/j.apor.2021.102548
https://doi.org/10.1146/annurev-fluid-031822-010257
https://doi.org/10.1038/ngeo1680
https://doi.org/10.1002/lom3.10475
https://doi.org/10.1029/2012GL053389
https://doi.org/10.1002/2015gb005349
https://doi.org/10.1175/MWR-D-24-0104.1
https://doi.org/10.1175/JPO-D-19-0128.1
https://doi.org/10.3390/jmse11122255
https://doi.org/10.1175/JPO2693.1
https://doi.org/10.1007/s10872-014-0238-4
https://doi.org/10.1029/2019JC015040
https://doi.org/10.1038/s41598-024-58464-2
https://doi.org/10.1038/s41598-024-58464-2
https://doi.org/10.1038/nclimate2554
https://doi.org/10.1038/s41586-018-0651-8
https://doi.org/10.1029/2020GL091478
https://doi.org/10.1002/2014GL059215
https://doi.org/10.1002/2017JC013419
https://doi.org/10.1029/2017JC013668
https://doi.org/10.1029/2023GB007798
https://doi.org/10.1029/2023GB007798
https://doi.org/10.3389/fmars.2019.00439
https://doi.org/10.1016/j.pocean.2009.03.004
https://doi.org/10.1029/2011GL047992
https://www.jstor.org/stable/27217322
https://doi.org/10.1002/2013GL058974
https://doi.org/10.1002/2013GL058974
https://doi.org/10.1002/2015GL066467
https://doi.org/10.1029/2022JC018679
https://doi.org/10.1038/ngeo1523
https://doi.org/10.5194/os-20-1267-2024
https://doi.org/10.1029/2023MS003890
https://doi.org/10.1029/2023MS003890
https://doi.org/10.1038/nature02127
https://doi.org/10.3389/fmars.2017.00128
https://doi.org/10.1002/2015JC011408
https://catalogue.marine.copernicus.eu/documents/PUM/CMEMS-MOB-PUM-015-010.pdf
https://catalogue.marine.copernicus.eu/documents/PUM/CMEMS-MOB-PUM-015-010.pdf
https://doi.org/10.48670/moi-00046
https://doi.org/10.48670/moi-00046
https://doi.org/10.1080/1755876X.2019.1685834
https://doi.org/10.17125/gov2018.ch01
https://doi.org/10.3389/fmars.2019.00550
https://doi.org/10.1038/nature21399
https://doi.org/10.1038/nature03476
https://doi.org/10.1111/fog.12619
https://doi.org/10.1007/s40641-020-00160-0
https://doi.org/10.5194/essd-15-4481-2023
https://doi.org/10.3389/fmars.2025.1593904
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Thierry et al. 10.3389/fmars.2025.1593904
Inter-comparison Project (ORA-IP). Clim. Dyn. 49, 1009–1029. doi: 10.1007/s00382-
015-2868-7

Shroyer, E. L., Rudnick, D. L., Farrar, J. T., Lim, B., Venayagamoorthy, S. K., St.
Laurent, L. C., et al. (2016). Modification of upper-ocean temperature structure by
subsurface mixing in the presence of strong salinity stratification. Oceanography 29,
62–71. doi: 10.5670/oceanog.2016.39

Sigman, D. M., Hain, M. P., and Haug, G. H. (2010). The polar ocean and glacial
cycles in atmospheric CO2 concentration. Nature 466, 47–55. doi: 10.1038/nature09149

Skákala, J., Awty-Carroll, K., Menon, P. P., Wang, K., and Lessin, G. (2023). Future
digital twins: emulating a highly complex marine biogeochemical model with machine
learning to predict hypoxia. Front. Marine Sci. 10, 1058837. doi: 10.3389/
fmars.2023.1058837
Skákala, J., Wakamatsu, T., Bertino, L., Teruzzi, A., Lazzari, P., Alvarez, E., et al.

(2024). SEAMLESS Target indicator quality in CMEMS MFCs (D6.1). doi: 10.5281/
zenodo.10522305
Skern-Mauritzen, M., Ottersen, G., Handegard, N. O., Huse, G., Dingsør, G. E.,

Stenseth, N. C., et al. (2016). Ecosystem processes are rarely included in tactical fisheries
management. Fish Fisheries 17, 165–175. doi: 10.1111/faf.12111

Smith, G. C. (2018). Impact of coupling with an ice–ocean model on global medium-
range NWP forecast skill. Monthly Weather Rev. 146, 1157–1180. doi: 10.1175/MWR-
D-17-0157.1

Smith, N., Kessler, W. S., Cravatte, S., Sprintall, J., Wijffels, S., Cronin, M. F., et al.
(2019). Tropical pacific observing system. Front. Marine Sci. 6. doi: 10.3389/
fmars.2019.00031

Stoer, A. C., and Fennel, K. (2024). Carbon-centric dynamics of Earth’s marine
phytoplankton. Proc. Natl. Acad. Sci. U.S.A. 121, e2405354121. doi: 10.1073/
pnas.2405354121

Stramma, L., Brandt, P., Schafstall, J., Schott, F., Fischer, J., and Körtzinger, A. (2008).
Oxygen minimum zone in the North Atlantic south and east of the Cape Verde Islands.
J. Geophys. Res.: Oceans 113, 1–15. doi: 10.1029/2007JC004369

Strutton, P. G., Trull, T. W., Phillips, H. E., Duran, E. R., and Pump, S. (2023).
Biogeochemical Argo floats reveal the evolution of subsurface chlorophyll and
particulate organic carbon in southeast Indian Ocean eddies. J. Geophys. Res. Oceans
128, e2022JC018984. doi: 10.1029/2022JC018984

Su, J., Schallenberg, C., Rohr, T., Strutton, P. G., and Phillips, H. E. (2022). New
estimates of Southern Ocean Annual Net Community Production revealed by BGC-
Argo floats. Geophys. Res. Lett. 49, e2021GL097372. doi: 10.1029/2021GL097372

Su, J., Strutton, P. G., and Schallenberg, C. (2021). The subsurface biological structure
of Southern Ocean eddies revealed by BGC-Argo floats. J. Mar. Syst. 220, 103569.
doi: 10.1016/j.jmarsys.2021.103569

Sun, B., Liu, C., and Wang, F. (2019). Global meridional eddy heat transport inferred
from Argo and altimetry observations. Sci. Rep. 9, 1345. doi: 10.1038/s41598-018-
38032-3

Talley, L. D., Rosso, I., Kamenkovich, I., Mazloff, M. R., Wang, J., Boss, E., et al.
(2019). Southern Ocean biogeochemical float deployment strategy, with example from
the Greenwich Meridian Line (GO-SHIP A12). J. Geophys. Res. Oceans 124, 403–431.
doi: 10.1029/2018JC014059

Terhaar, J., Goris, N., Müller, J. D., DeVries, T., Gruber, N., Hauck, J., et al. (2024).
Assessment of global ocean biogeochemistry models for ocean carbon sink estimates in
RECCAP2 and recommendations for future studies. J. Adv. Modeling Earth Syst. 16,
e2023MS003840. doi: 10.1029/2023MS003840

Terrats, L., Claustre, H., Cornec, M., Mangin, A., and Neukermans, G. (2020).
Detection of coccolithophore blooms with biogeochemical-argo floats. Geophys. Res.
Lett. 47, e2020GL090559. doi: 10.1029/2020GL090559

Terrats, L., Claustre, H., Briggs, N., Poteau, A., Briat, B., Lacour, L., et al. (2023).
BioGeoChemical-argo floats reveal stark latitudinal gradient in the southern ocean
deep carbon flux driven by phytoplankton community composition. Global
Biogeochemical Cycles 37 (11), e2022GB007624. doi: 10.1029/2022GB007624

Teruzzi, A., Bolzon, G., Feudale, L., and Cossarini, G. (2021). Deep chlorophyll
maximum and nutricline in the Mediterranean Sea: emerging properties from a multi-
platform assimilated biogeochemical model experiment. Biogeosciences 18, 6147–6166.
doi: 10.5194/bg-18-6147-2021

Tessnow-von Wysocki, I., and Vadrot, A. B. M. (2020). The voice of science on
marine biodiversity negotiations: A systematic literature review. Front. Marine Sci. 7.
doi: 10.3389/fmars.2020.614282
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