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Abstract: Monitoring the state of oceans and their evolution in space and time is of fundamental im-
portance as they are severely impacted by climate change, showing an increase in temperature, acidity
and stratification. The role of metrology in the marine sector is relevant for helping oceanographers
consolidate measurement approaches already in place by introducing concepts like metrological trace-
ability and measurement uncertainty. The aim of this paper is to present some examples of successful
and potential applications of metrology in oceanographic research, with a focus on past and ongoing
activities in the framework of joint research cooperation, which could be applied by oceanographers
to consolidate the comparability of data acquired in different experimental conditions, and places
and time for some essential ocean variables. Scientific cooperation in the framework of joint research
projects is particularly useful for supporting measurement capabilities in marine research worldwide,
and the technologies and methods developed so far represent a starting point for improvements in
international monitoring networks. These techniques may be applied by laboratories and centres
working in the marine sector. Applications and possible future developments will also be discussed
in this paper.

Keywords: essential ocean variables; metrological traceability; uncertainty evaluation; climate
change; metrological case studies

1. Introduction

Monitoring the state of oceans and their evolution in space and time is of fundamental
importance, due to the relevance and impact they have on Earth’s global cycle [1]. The
oceans are severely impacted by climate change, with key indicators being an increase in
temperature, acidity and stratification. These changes are responsible for the alteration of
marine ecosystems and an increased vulnerability of many marine species [2].

The Global Ocean Observing System (GOOS), a programme run through UNESCO In-
tergovernmental Oceanographic Commission (IOC), has established a framework for ocean
observation centred on essential ocean variables (EOVs). GOOS expert panels identified
31 EOVs that include physical (e.g., temperature, salinity, currents, ice), biogeochemical
(e.g., dissolved gases and nutrients, acidification, particulate matter and tracers) and bio-
logical (e.g., phytoplankton) parameters. The importance of these variables for monitoring
the oceans’ state is underlined by the presence of 19 GOOS EOVs among the 54 essential
climate variables (ECVs) defined by the Global Climate Observing System (GCOS).

EOVs monitoring is fundamental for capturing trends and assessing comparability
among different networks, different principles and methods. However, in many cases,
a multidisciplinary and coordinated approach to establish fundamental metrological ro-
bustness in EOVs observation is lacking. In this context, documented traceability to the
International System of Units (SI) for EOVs, including proper quality assurance tools
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(e.g., reference materials, interlaboratory comparisons, uncertainty evaluation) is currently
needed. The paramount role of EOVs as key indicators for ocean life is acknowledged by
the entire scientific community and is required to inform policy makers and international
management in the framework of climate change studies, use of marine resources and
coastal development [3–5]. Another important aspect is the temporal scale at which shifts
in biological systems can be detected, which vary for each EOV and therefore influence
the properties being monitored and the length of the time-series. Collaboration between
the scientific and policy sectors is required to improve human and infrastructure capac-
ity worldwide. This also necessitates developing new and more automated observing
technologies and application of international standards and best practices.

As an example, the authors in [6] developed a particular model called “driver-pressure-
state-impact-response—DPSIR”, to identify biological and ecological EOVs for implemen-
tation within the global ocean observing system. This model was developed following
several steps: (1) study of relevant international agreements to identify societal drivers and
pressures on marine resources and ecosystems; (2) evaluation of the temporal and spatial
scales of variables (measured by more than 100 observing programmes); (3) analysis of the
impact of these variables and their contribution to address societal and scientific questions.
This kind of approach could also be implemented for other types of EOVs to evaluate their
impact and to study new strategies for the correct exploitation of data collected from their
monitoring.

In the present paper, the authors focus on three variables related to their main fields
of expertise, i.e., temperature (surface and subsurface temperature), partial pressure of
CO2 and stable carbon isotopes. Metrological case studies found in the literature (Science
Direct and other international databases) will be considered, and metrological research
examples from the outcomes of different European joint research projects in metrology
will be presented. The principal aim of this work is to contribute to spreading concepts
of metrological research, which were consolidated into the traditional sectors of physical
sciences and to oceanographic research and marine monitoring sectors too. The final goal,
which is foreseen by the entire metrological community, is to create a bridge and to support
cooperation between the scientists working in these two sectors.

In the EURAMET framework [7], several projects concerning metrology for envi-
ronmental and climate change-related issues were funded by the EU and carried out by
consortia of national metrology institutes (NMIs), designated institutes (DIs) and other
institutions involved in this field.

Within EURAMET, the establishment of the European Metrology Network (EMN) for
climate and ocean observation represents another initiative [8]. The EMN is intended as a
network of European NMIs, DIs and affiliated partners that supports the application of
metrology and the science of measurement to climate and ocean observation. In particular,
the EMN is working to assure metrological support for the following initiatives: observa-
tions from in situ sensors, networks and satellite sensors, and their transformation into bio
and geophysical quantities such as EOVs for the ocean sector.

These represent the basis for environmental information services that are used for
numerous applications and which benefit commerce and society as a whole. As already
mentioned, metrology can help to assure that measurements and observation records are
comparable across users, methods and time, and that they are robust and stable enough to
support end-users when establishing the fit-for-purpose nature of such records.

Within the European funding programme HORIZON 2020, several opportunities for
cooperative research were present. An example is the project MINKE—Metrology for
Integrated Marine Management and Knowledge-Transfer Network [9], which started in
2021 and is ongoing. MINKE gathers several institutions and laboratories working in the
oceanographic sector and NMIs to create a network for cooperation in the marine science.
They also involve countries outside Europe, promoting transnational access to research
infrastructures of consortium partners involved and the growing sector of citizen science.
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2. The Role of Metrology for Ocean Studies

The oceanographic community is concerned by a wide variety of quantities and uses
of very different techniques to measure EOVs. Oceanographic research institutions are
well organised at the European and international levels, usually covering most EOVs,
and requirements addressing quality assurance and quality control (QA/QC) are in place
to improve data measurement. However, the fundamental metrological principles, e.g.,
metrological traceability and evaluation of measurement uncertainty, are in several cases
missing, even though these steps are essential to obtain robust data to support reliable
long-term observation, even multi-decadal, of trends [10]. Such principles play a funda-
mental role in covering GOOS/GCOS quality requirements for EOVs. In this framework, a
close collaboration between oceanographic and metrological communities could be very
useful for sharing respective efforts and competences in order to address the metrological
requirements for EOVs.

NMIs and DIs are devoted to the establishment of metrological traceability of mea-
surement results, by defining shared references agreed at the international level, realising
proper measurement standards and developing fit-for-purpose calibration procedures.

National governments and organisations, non-governmental organisations and re-
search institutions must cooperate to define strategies for monitoring and observation in a
system that integrates the GOOS, the Marine Biodiversity Observation Network (MBON)
and the Ocean Biogeographic Information System (OBIS). In Figure 1, a graphic represen-
tation of this cooperation at the international level is presented. The outer (blue) circle
indicates the direct links between users and top-level organisations. In this complex obser-
vation system, NMIs and DIs are progressively becoming part of the marine observation
network.

An additional point is represented by the need for agreed terminology and a set of
common standards for metadata, a common data format to facilitate the international data
exchange and ensure harmonisation of understanding.

The evaluation of measurement uncertainty is also a key point. In many cases, un-
certainty calculation cannot simply be applied to in situ ocean measurements for several
reasons: stable and repeatable laboratory conditions cannot be realised in natural envi-
ronments, field sensors may drift and often they cannot be recovered for re-calibration.
The role of metrology in this context is to develop easy-to-use methods for uncertainty
evaluation in oceanography and establish quantified measurement uncertainty as a key
quality indicator of EOVs, by considering oceanographic practice and issues.

The commitment of metrology to support oceanographic research, in the broadest
framework of studies on climate change, is a central point both at the European and
at international level, with several ongoing projects dealing with these open issues. In
September 2022, an international workshop was organised by the World Metrological
Organisation (WMO) in conjunction with the Bureau International des Poids et Mesures
(BIPM) titled “Metrology for Climate Action” [11], which aimed at discussing the most
recent open issues to support action for reduction of climate change operating in all
environmental compartments. The objective of this workshop was to open a discussion on
these themes and collect recommendations from those involved in the measurement field.

The workshop was organised along two major themes; the first one was entitled
‘Metrology in support of the physical science basis of climate change and climate obser-
vations’, and covered the role of metrology in supporting scientific understanding of the
physical basis of Earth’s climate and its evolution with time. It included metrology for cli-
mate monitoring associated with in situ and remote measurements together with techniques
for uncertainty propagation. The second theme of the workshop was titled ‘Metrology as
an integral component of operational systems to estimate greenhouse gas emissions based
on accurate measurements and analyses’. It highlighted the role of metrology in supporting
the mitigation of the emission of greenhouse gases and the monitoring of natural sinks.
Outcomes have been collected and published in a comprehensive report [11].
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Figure 1. Scheme of the connections between the GOOS, the MBON and the OBIS proposed for
biodiversity assessments [4]. (Reproduced from [4]. Copyright © 2018 Muller-Karger, Miloslavich,
Bax, Simmons, Costello, Sousa Pinto, Canonico, Turner, Gill, Montes, Best, Pearlman, Halpin, Dunn,
Benson, Martin, Weatherdon, Appeltans, Provoost, Klein, Kelble, Miller, Chavez, Iken, Chiba, Obura,
Navarro, Pereira, Allain, Batten, Benedetti-Checchi, Duffy, Kudela, Rebelo, Shin and Geller. This
is an open-access article distributed under the terms of the Creative Commons Attribution License
(CC BY)).

3. Metrological Case Studies for Ocean Temperature (Subsurface and Surface
Temperature)

The EMRP joint research project MeteoMet (2011–2014) [12] focused on the traceabil-
ity of some ECVs to the SI and the evaluation of calibration uncertainties. Its follow-up
MeteoMet2 (2014–2017) [12] extended the investigation to additional variables and contri-
butions to the measurement uncertainty [13,14]. The goal of these projects was to make
improvements towards a comprehensive evaluation of uncertainty contributions and the
metrological traceability of the measurement of the main ECVs defined by GCOS and
involved in meteorological observations and climate change. The improvement of recorded
ECV data should lead to active steps towards uncertainty reduction. This project was
divided into three areas of observation: air, sea and land. For the sea section, the ECVs
surface and subsurface (deep-sea) temperature were considered.

The activities carried out within these projects started from the needs indicated by
GCOS “Long-term, high-quality and uninterrupted observations of the atmosphere, land
and ocean [...] vital for all countries, as their economies and societies become increasingly
affected by climate variability and change” [15]. Observations can be deemed of high
quality only if they are based on a continuous and sustained traceability to the SI and have
associated uncertainties with the measured ECVs.

In the MeteoMet2 project, one of the key oceanic ECVs, i.e., temperature, was consid-
ered to monitor and understand decadal changes in heat content and flow. An extensive
study of the effect of the main influence quantities on thermometers was carried out to
reduce the measurement uncertainty and validate their characterisation. Some of the ac-
tivities aimed to improve the accuracy and traceability of temperature measurements in
oceans, in particular:
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• the development of instruments and facilities to study the dependence on the pressure
of deep-sea thermometers and to validate pressure-correction models [16,17];

• performing thermodynamic calibrations of deep-sea thermometers to evaluate the
uncertainties of such models or to propose improved ones [18];

• the development of temperature sensors distributed along optical fibres for the im-
provement of the metrological traceability of sea-surface and sea-profile temperature
measurement results [19].

The application of the concepts of calibration and evaluation of measurement uncer-
tainty is not easy, especially in sectors involving measurements in the field and in adverse
environmental conditions. The following examples show possible ways to bypass these
issues and to use successfully metrology in the application of particular oceanographic
instrumentation and methodologies.

3.1. Subsurface Temperature

Subsurface temperature is described by GCOS as:

“A fundamental variable that is required to monitor variability and change in the physical
environment of the ocean, energy flows, climate patterns and sea level. Many other
physical variables are derived from subsurface temperature along with subsurface salinity,
including subsurface density, geostrophic circulation, heat transport and steric sea level.
Heat uptake by the global ocean accounts for more than 90% of the excess heat trapped in
the Earth system in the past few decades. This ocean heat uptake helps to mitigate surface
warming but, in turn, increases the global ocean volume through thermal expansion, and
thus results in global-mean sea-level rise, accounting for about one third of the increase
observed over the past few decades”.

Deep-sea sensors, like the Sea-Bird Electronic (SBE) devices, are used around the world
as the de facto standard for oceanographic measurements. For laboratory applications,
SBE 35 thermistors are laboratory-standard thermometers, providing 1 mK uncertainty in
temperature measurements according to the manufacturer’s specifications. Calibration is
performed at water and gallium fixed points, and linearisation coefficients are determined
from calibrations at eleven equally spaced temperatures from −1.5 ◦C and 32.5 ◦C, realised
by means of a 50-L stirring bath. An independent characterisation, especially if made in
thermodynamic temperature, is needed to assess the manufacturer’s linearisation model
and to provide a way of further reducing calibration uncertainties.

SBE CTD profiling systems are also used as standard units for the combined measure-
ment of conductivity, temperature and depth, for in situ deep-sea measurements. With
such systems, temperature is measured by using SBE 3 thermistors having moderate accu-
racy but showing faster response time than SBE 35, which is a necessary feature because
immersion speeds can be as high as 1 m·s−1. This is essential because, given the extremely
high cost of ship time, the measurement is always a trade-off between the required accuracy
and the available ship time. In this sense, the accuracy is limited by the dynamic effects
related to the combination of immersion speed and sensor response time. The study of
the behaviour of different oceanographic devices and probes in the field, for measuring
temperature profiles, needs to be supported by accurate statistical analysis and uncertainty
evaluation of the data obtained from these sensors. This approach could be used to compare
their performances with other types of sensors and with data from reference climatology.
This particular “delayed-mode” quality control is used in some cases for instruments that
are not recollected after sampling campaigns, thus they are not recalibrated. This means
that the collected data could suffer some measurement drift or offset. In [20], a comparison
between Argo floats and shipboard CTDs was performed for temperature and salinity
profiles in the Mediterranean Sea, under space-time conditions as close as possible. The
authors collected and elaborated on a big set of data (acquired in a time span of 12 years)
and highlighted the biases between different sensors (XBT, Argo floats and ship-based
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CTDs) for temperature profiles, which should be taken into account to homogenise data
processing and to support studies involving ocean modelling.

The determination of the effect of some quantities of influence on measurements
carried out by deep-sea sensors is fundamental when defining the related corrections to be
applied to measurements and the uncertainty contributions to be included in the overall
calibration uncertainty budget. A comparison between SBE 35 and SBE 3 deep-sea ther-
mometers was carried out to determine pressure effects on temperature measurements in a
range from 0 ◦C to 10 ◦C and pressures in a range from 0.1 MPa to 60 MPa (corresponding
to a depth of about 6000 m). In Figure 2, the facility used in [16] for this comparison is
shown, together with a graphical summary of the temperature difference between three
tested SBE devices. The aim was to consolidate the results for in situ measurements and to
improve the uncertainty budgets by supplying direct traceability to the lowest-uncertainty
temperature standards. The characterisation of deep-sea thermometers was carried out by
several metrology institutes to provide a comprehensive analysis of the metrological char-
acteristics of SBE 35 thermometers, based on results obtained from the study of influence
quantities and a thermodynamic characterisation.
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Figure 2. (a) Immersion of a comparator block in the pressure chamber; (b) Temperature difference
between three SBE devices and the reference standard platinum resistance thermometers (SPRTs) at
each investigated pressure [16]. (Reproduced from [16], with permission of Springer Nature, 2023).

Another aspect considered the thermodynamic characterisation of oceanographic
reference thermometers between 5 ◦C and 35 ◦C, in order to address two needs related to
temperature measurements in the oceanographic scientific community.

The first need was the assessment of uncertainty due to the linearisation of the measure-
ment model (or the calibration function). The independent thermodynamic characterisation,
performed at the highest level of accuracy, aimed to verify that linearisation uncertainty
contributions were well below 0.5 mK. The reason for choosing thermodynamic measure-
ments is to overcome the limits of the (non-thermodynamic) ITS-90: between −5 ◦C and
35 ◦C, ITS-90 uncertainties may quickly increase above 0.5 mK, making validation impossi-
ble. On the contrary, if reference temperatures are measured thermodynamically, global
uncertainties may be kept below 0.5 mK and the SBE 35′s linearisation equation verification
becomes possible.

The second need was implicitly expressed in Thermodynamic Equation Of Seawater-
2010 (TEOS-10) [21]. Although seawater thermodynamic properties depend on salinity,
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pressure and thermodynamic temperature, use of the ITS-90 temperature is recommended,
which is not a thermodynamic quantity (even though it provides traceability to the kelvin).
Conversions from ITS-90 to thermodynamic temperature are possible but with large addi-
tional uncertainties (up to 0.5 mK), making direct thermodynamic temperature calibrations
preferable.

Another important pathway in the field of the monitoring of subsurface temperature
profiles is linked to the use of modelling and computational techniques (e.g., machine
learning tools, such as artificial neural networks), together with the use of remote sensing
techniques [22,23]. Deeper ocean remote sensing is gaining significance because recent
data indicate an influence of climate variability on the deeper ocean. Many subsurface
phenomena also show surface manifestations that can be studied by using models to derive
key parameters for the deeper ocean [24,25].

An example of investigations on the effects of ocean fronts on the reconstruction of
vertical temperature profiles in the Northwest Pacific Ocean is presented in [26]. The
authors show a metrological approach for the validation of their proposed method, based
on four mapping models working on linear and second-order polynomial regressions.
These models were trained with SST and sea level anomaly (SLA) input data, while the
model validation was carried out by calculating the mean bias and standard deviation on
an independent dataset, which was not included in the training process.

The possibility to combine in situ measurements with metrologically characterised
and calibrated sensors, and prediction models based on remote sensing data, opens a wide
range of possibilities in the study of subsurface ocean phenomena, in particular related to
temperature variations.

3.2. Sea-Surface Temperature

GCOS describes Sea Surface Temperature (SST) as:

“A vital component of the climate system as it exerts a major influence on the exchanges
of energy, momentum and gases between the ocean and atmosphere. SST largely controls
the atmospheric response to the ocean at both weather and climate time scales. Daily
variations in SST can exceed 3 ◦C and could alter the surface energy budget by more than
10 Wm−2 over the tropics and subtropics. Therefore, the SST and horizontal gradients
in SST are also important for coupling with the atmosphere for sub-seasonal to seasonal
prediction timescales. The spatial patterns of SST reveal the structure of the underlying
ocean dynamics, such as, ocean fronts, eddies, coastal upwelling and exchanges between
the coastal shelf and open ocean”.

In Figure 3, the global ocean sea surface temperature trend map obtained from the
observations reprocessing of Copernicus Marine Service [27] is shown. This map gives an
immediate visual idea of the increase in SST worldwide, in the timeframe spanning from
1993 to 2021. It is clear that there is an urgent need for corrective actions to counteract the
trend of global warming, which is also affecting the marine environment.

About 1600 buoys are currently installed around the world for monitoring EOVs. They
are equipped with different devices according to the EOVs, but in some cases, they do not
provide reliable values due to a lack of traceability of the measurement instruments and/or
to wrong uncertainty evaluations, where some parameters of influence are missing. New
sensors based on Bragg grating optical fibres were developed within MeteoMet2 project,
to be independent of sea water pressure, in order to measure the drift of thermometers
currently in use in underwater observatories and buoy-observatories on the near-surface,
such as the OBSEA (Vilanova i la Geltrú, Barcelona, Spain). The developed techniques can
be applied to the design of temperature sensors for measuring the sea-surface temperature
and sea-temperature profile in situ and in continuous. Considering that the complexity
of sensor extractions from underwater to surface induces laboratories to broaden recali-
bration periods, with consequent degradation of measurement accuracy, monitoring the
thermometer drift by optical fibre sensors has the advantage of reducing the uncertainty of
sea temperature measurements performed by underwater temperature sensors. In addition,
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a distributed temperature sensor, based on optical fibre Bragg grating and mounted in a
“model” buoy-observatory system, was intended to perform traceable measurements of the
sea-temperature profile along 20 m of depth and to test the possibility of measuring the
near-SST in situ.
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Two prototypes of distributed temperature sensors based on optical fibre Bragg grating
were developed. The first one was used to obtain traceable measurements of the seawater
profile and near-sea surface temperature (profile fibre). The second one was used to control
the drift of the fibre described before and to measure the drift of the thermometers sited in
the underwater observatory-buoy system (control fibre).

For this activity, the underwater observatory OBSEA and the buoy attached to the
observatory (provided by the Spanish National Metrology Institute, CEM), were used. In
addition, INRiM climatic chamber Earth Dynamics Direct Investigation Experiment (EDDIE),
developed during the MeteoMet project, was exploited. This promising technique is subject
to further study, to improve the set-up and the assigned measurement uncertainties. The
experimental in situ set-up is shown for clarity in Figure 4. Figure 4 demonstrates that the
optical fibres, after their optical and thermal characterisation, were deployed and connected
to the buoy and the OBSEA underwater observatory, which was deployed on the seabed at
a depth of 20 m. The optical fibres were used to carry out traceable measurements of the
sea temperature profile and the sea surface temperature.

SST has traditionally been measured in situ, and since the 1970s its monitoring has
been recorded by satellite-borne radiometers. Satellites radiometers measure the radi-
ance emitted by the sea surface; the radiance measurements are sensitive to ocean skin
temperature, to the atmospheric physical state and constituents and to the sea state [28].
Several methods were developed to determine these sources of inaccuracy to evaluate
radiance measurement uncertainties [29,30]. To ensure the validity of retrieved SST from
satellite monitoring, it is necessary to carry out comparisons with independent in situ
measurements. The resulting SST retrievals from satellite observations can be used to
generate global datasets with spatial-temporal consistency only after validation. Several
examples of methodologies for the validation of satellite SST measurements can be found in
the literature. The recent application of machine learning techniques in this field supports
the retrieval of the satellite SST measurements and is particularly helpful in cases where
there is an insufficient number of in situ skin temperature measurements for deriving the
algorithm coefficients [31–35].
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4. Metrological Case Studies for Ocean Carbon Cycle
4.1. Partial Pressure of CO2 (pCO2) in Seawater

The observed rising levels of CO2 in the atmosphere, caused largely by anthropogenic
emissions, are responsible for fundamental changes in marine carbonate chemistry as
the oceans act as a sink for atmospheric CO2. The importance of measuring the partial
pressure of CO2 in water (pCO2) lies in its usefulness in the determination of the fugacity
of CO2, ƒ(CO2), which involves the non-ideal nature of the gas phase of CO2. The fugacity
coefficient is defined as the ratio between fugacity and partial pressure, and its magnitude
is a function of temperature and gas phase composition. In addition to its role in the air-sea
gas exchange context and Earth’s CO2 system, pCO2 is also a helpful indicator of the course
and potential ecological impacts of biological processes like photosynthesis and respiration.

This EOV is linked to the inorganic carbon EOV, together with total alkalinity (TA)
and the dissolved inorganic carbon (DIC). This connection is introduced well by GCOS:

“The ocean is a major component of the global carbon cycle, absorbing enormous quantities
of carbon in natural cycles driven by ocean circulation, biogeochemistry and biology.
Since seawater has a very high capacity for absorbing carbon, the ocean has an inhibitory
effect on the atmospheric accumulation of carbon dioxide and related greenhouse effect.
[...] The chemical pathways of the inorganic carbon in the ocean mean that this uptake
causes a decline in ocean pH, also known as ocean acidification”.

At present, pCO2 is one of the few variables of the water carbon cycle that can be
directly measured in situ. There is a wide availability of in situ sensors and analytical
methodologies used to monitor pCO2 in marine environments, but there are still many
open issues, such as the differences in adopted calibration methodologies, the application
of non-validated procedures and the lack of suitable metrological traceability paths and
of operational harmonisation for field measurements. Another problem is related to the
scarcity and expensiveness of proper reference materials to calibrate the instruments used
for pCO2 monitoring.

Compact measurement systems for pCO2 in seawater with membrane tubes and
non-dispersive infrared gas analyser (NDIR) have been developed in the recent past [36].
Typically, the measurement principle is based on the diffusion of gaseous CO2 (dissolved in
seawater) through the membrane into flowing air inside a tube. The CO2 amount fraction
determination in the air is carried out by NDIR. When the equilibrium between the water
and the air is achieved, the pCO2 levels in seawater are monitored automatically and
continuously. According to the requirements of the Integrated Carbon Observation System
(ICOS), such measurements have a target uncertainty of ±2 µatm. This system has reduced
size and it requires only a small power supply in order to deploy the membrane equilibrator
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directly in seawater, and it has wide application. Considering that the measuring principle
is the same used to monitor CO2 levels in the atmosphere, and that the atmospheric
CO2 amount fraction is closely linked to pCO2 in water, a strong connection between the
measurement standards used in the two different environmental compartments is highly
desirable [37].

The primary reference for Earth system’s research-related CO2 measurements is
the World Meteorological Organisation Global Atmosphere Watch (WMO/GAW) CO2
mole fraction scale (identified as WMO-CO2-X2019) [38]. It is based on 19 primary stan-
dards which cover a nominal CO2 amount fraction ranging from 250 µmol·mol−1 to
800 µmol·mol−1. The standards are made by natural air contained in high-pressure alu-
minium cylinders, where CO2 levels are modified with a spike of a 10% CO2 parent mixture
in natural air. A promising approach could be the provision, on a larger scale, of appropri-
ate reference gas mixtures to be used as measurement standards in the calibration of pCO2
sensors, due to the stability of the CO2 in the gas mixtures. Intermediate-level standards
and working standards could represent a more affordable and widespread traceability
source, while NDIR photometry application could be potentiated.

In recent years, the Global Ocean Acidification Observing Network (GOA-ON) has
addressed the issue of the uncertainties of carbonate system variables. GOA-ON was
established as a collaborative international network to address three main goals: improving
understanding of the conditions of global ocean acidification (OA); improving the under-
standing of ecosystem response to OA; acquiring and exchanging data and knowledge
needed to optimise the OA modelling and its impacts. To ensure that the quality of the
measurements is appropriate and fit-for-purpose to address the relevant problems, GOA-
ON proposed two levels of uncertainty: the “weather goal” and the “climate goal”. The
GOA-ON weather goal focuses on individual measurements and is aimed to assess spatial
and short-term variations (e.g., diurnal variability). The climate goal is stricter and empha-
sises the need to identify and deciphering decadal trends. To frame its goals, GOA-ON
proposed different target uncertainties. The relative uncertainty in calculated carbonate
ion concentration must be less than 10% for the weather goal. For the climate goal, the
uncertainty of a difference in carbonate ion concentration over time must be less than 1%.
Starting from these thresholds, back calculations were made to define the corresponding
maximum permissible uncertainties in measured input variables. For the weather goal,
measurement uncertainties should be no larger than 0.02 for pH and 10 µmol·kg−1 for TA
and DIC, while the relative uncertainty for pCO2 must be lower than 2.5%. For the climate
goal, the corresponding estimates of uncertainties are 0.003 for pH, 2 µmol·kg−1 for TA
and DIC and 0.5% for pCO2. An interlaboratory comparison suggested that most research
groups currently measuring ocean pH, TA and DIC were able to achieve the weather goal,
whereas rather few were able to meet the criteria of the climate goal [39]. The same study
highlighted that in some cases the measurement uncertainty could be underestimated,
particularly when uncertainty values are based only on repeatability (short-term precision)
and thus neglecting other possible uncertainty sources [40]. Another measurement inter-
comparison was carried out to compare multiple groups of sensors in a well-controlled
environment. A 5000 L tank was modified to vary several parameters i.e., TA, pH, pCO2,
temperature and salinity, while keeping constant various properties for each individual
test. This set-up was used to test the response of every instrument with the capability of
calculating CO2 parameters together over a wide range of values. In this intercomparison,
the tested instruments showed adequate precision and accuracy in the detection of the
modified conditions in the test facility, which represented the natural variability in coastal,
open ocean and deep ocean environments. It was also highlighted that pH or pCO2 can be
combined with TA to completely characterise the CO2 system [41].

Examples of this are represented by measurements carried out in regions such as
the coastal areas, where pCO2 variability is highly uncertain because of the complexity of
physical and biogeochemical processes (e.g., tidal mixing or riverine inputs) [42]. Mea-
surement of pCO2 carried out in regions such as the coastal areas can present additional
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challenges, given that these areas highly dynamic. Ad hoc systems to measure pCO2 in
these environments can be found in the literature, which were validated in laboratory and
with sea tests. As an example, the system in [43] showed a fast response time and provided
a better resolution for CO2 system gradients. In the open waters of the Baltic Sea, pCO2
measurements achieved an accuracy of ±1.3 µatm, thus meeting the ICOS requirements
of ±2.0 µatm. In the coastal zone, less consistency between pCO2, DIC and pH measure-
ments was shown, suggesting the need to redefine the QA/QC requirements for pCO2
measurement in dynamic regions.

Another key issue in the determination of f(CO2) in surface water is that some key
physio-chemical characteristics related to this EOV are not fully solved, like its dependence
on temperature. The f(CO2) is usually measured in situ by means of autonomous underway
systems near SST. On the other hand, subsurface measurements are typically carried out on
individual discrete samples at a fixed temperature (20 ◦C). The data acquired in [44] refer
to cruises spanning the major ocean basins from 1992 to 2020 and showed a temperature
dependence of 4.13 ± 0.01% ◦C−1, which is in close agreement with a widely used previous
empirical estimate of 4.23 ± 0.02% ◦C−1 (for the North Atlantic Ocean). The authors in [44]
addressed several aspects of this metrological issue:

• Determination of temperature dependence by comparing underway measurements at
SST and discrete measurements at 20 ◦C;

• Factors that influence temperature dependence;
• Comparison of f(CO2) calculated from DIC and TA, based on discrete and underway

f(CO2) data;
• Possible sources of analytical bias for underway CO2 systems and discrete CO2 systems

used.

One limitation encountered in this research activity was represented by the non-exact
co-location of the samples; this means that the same water was not sampled for the discrete
measurements and the underway measurements, thus leading to some error in the data
collected. However, the difference in time and location between underway and discrete
samples depended on cruise and dataset (with maximum differences of 1 h and 50 km,
respectively). The average and standard deviation of the co-location were 1.6 min and
8 min for time and 1.4 km and 7 km for distance, respectively.

Another issue could be represented by the fact that the underway f CO2w measure-
ments were made with an air-water equilibrator located in the research laboratory on-board
at a temperature generally slightly above SST due to warming of water inside the ship.
The underway f CO2 data were adjusted for the temperature difference of (≈0.1–0.2 ◦C)
between equilibrator and SST using a 4.23% ◦C−1 temperature adjustment.

Finally, the empirical relationships described in this paper were based on 30 years of
data and covered a range of temperatures and different seawater chemistry, with TA/DIC in
the range 1.06–1.24 and with a mean of 1.15 ± 0.03 (for n = 1798). Over this timeframe, DIC
levels grew for the increase in anthropic CO2 emissions, causing the TA/DIC to decrease
by ≈1%. This analysis highlighted that increases in the DIC of seawater lead to a slightly
weaker temperature dependence.

The temperature dependence for each cruise was determined by assuming either a
constant dependency of the natural logarithm of f CO2w, ln(f CO2w) with temperature (T),
or a linear dependence of ln(f CO2w) with temperature.

This work represents a valuable example of the systematic approach for monitoring
and data collection in the various ocean basins, in order to constitute a large and compre-
hensive dataset of underway and discrete f(CO2) samples that supports studies on this
EOV, its temperature dependence and its relation with other variables such as TA and
DIC. The large dataset of co-located underway and discrete f CO2w samples covered all
ocean basins but with most data on the Atlantic Ocean. The temperature dependencies
have uncertainties and differences that cannot be attributed to the time of measurement,
temperature or chemical composition but are assumed to be primarily caused by small
analytical biases. For accurate temperature corrections, knowledge of the TA/DIC is neces-
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sary and the authors suggested the determination of the dependency using the carbonate
dissociation constants.

Another example of study on the seasonal and spatial variability of the CO2 sys-
tem parameters in the Northeast Atlantic Ocean, close to the Canary basin, is reported
in [45]. Data collected during a one-year sampling campaign (February 2019–February
2020), showed a seasonal and spatial variability of f CO2w strongly driven by the seasonal
temperature variation. The surface waters of the studied region acted as a CO2 sink during
the autumn–winter period and as a CO2 source during the spring–summer season.

Historically, the South Atlantic Ocean was less sampled than the North Atlantic Ocean,
but some examples can be found in the literature [46]. The use of satellite monitoring is
now helping the study of this extended ocean area, improving the understanding of the
carbonate system variable distribution, mainly f CO2w and also extending study in the
Southern hemisphere. In [46], the authors developed seasonal algorithms to study f CO2w
trends and its dynamics along the Southwestern Atlantic Ocean. Monthly satellite images,
acquired in the period August 2011–June 2015, were considered for several parameters
(SST, salinity and chlorophyll-a) and used to evaluate the seasonal fields of f CO2w. The
SST was found to be mainly responsible for seasonal variations in the values of f CO2w, but
the changes of DIC and TA were also important drivers.

4.2. Stable Carbon Isotopes

As previously stated, the DIC in seawater has a fundamental role in understanding
the properties of the oceanic carbon reservoir within the global carbon cycle. The stable
carbon isotopes 12C and 13C of atmospheric CO2 and its dissolved forms within the ocean
can also be used to estimate the fluxes between the atmospheric and marine compartments.
However, the use of stable isotope analysis to investigate the carbon uptake by marine
phytoplankton or the reconstruction of past oceans requires a sound understanding of
seawater chemistry and associated carbon isotope fractionation [47].

The global distribution of δ13C values for CO2 and methane (CH4) dissolved in inor-
ganic and organic carbon (DIC, DOC), particulate organic matter (POM) and carbonates, is
summarised schematically in Figure 5 [48]. The different arrows in Figure 5 represent the
exchanges within and between environmental compartments of the different carbon forms.
The values of δ13C-CO2 of atmospheric CO2 are closely linked to global climate evolution
and change. On the other hand, the marine δ13C in DIC can be used as a water-mass tracer
to support the quantification of the anthropogenic CO2 uptake of the oceans.

The use and monitoring of the ratio 13C/12C (generally expressed in the delta notation,
δ13C) as a marker to discriminate between CO2 of anthropogenic origin and derived from
natural sources, is well known in the atmospheric measurement community. Within the
EURAMET framework, the EMPIR loint research projects SIRS [49] and STELLAR [50] were
carried out in order to develop a new infrastructure including measurement standards,
methods and instrumentation to underpin measurements of stable isotopes of CO2, which
enable CO2 origin to be identified.

The usefulness of 13C isotope as a tracer of the ocean’s carbon cycle is, however, “ob-
servation limited” [51]. The ocean uptake of CO2 produced by burning 13C-depleted fossil
fuels causes a progressive lightening of the oceanic inorganic carbon pool, a phenomenon
also known as “oceanic 13C Suess effect”. The observation of this phenomenon can be
also used to estimate the anthropogenic carbon fraction of the DIC. The improvements in
pCO2 measurements with field portable spectrometers open the possibility of underway
δ13C observations across large portions of the surface ocean. The information provided
by such datasets would lead to a substantial improvement in δ13C-based estimates of
organic matter export rate and of the air-sea 13CO2 flux. Comparing this latter term to
depth-integrated 13CO2 inventory changes in the water column will allow a discrimination
between anthropogenic CO2 change due to air-sea CO2 flux from changes occurring by
physical transport through ocean circulation.
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The role of the global surface ocean as a source and sink for atmospheric CO2 and
the air-sea CO2 flux strengths can be also quantified by measuring ƒ(CO2) as well as
DIC concentration and its isotopic composition in surface seawater. Research is ongoing
in this field; as an example, the technique called “continuous wave” cavity ring-down
spectroscopy (cw-CRDS) was applied to autonomous underway measurements of ƒ(CO2)
and of δ13C in DIC (δ13C(DIC)) [52]. In this work, both quantities were continuously and
simultaneously measured during a field deployment on two research cruises in the Atlantic
Ocean by using a conventional air-sea equilibrator set-up. The obtained data were then
compared against reference measurements by an established underway CO2 monitoring
system and isotope ratio mass spectrometry (IRMS) of individual water samples. The
authors reported an agreement within ∆ƒ(CO2) = 0.35 µatm for atmospheric values and
∆ƒ(CO2) = 2.5 µatm and ∆δ13C(DIC) = 0.33‰ for seawater measurements. As for ƒCO2,
“calibration-free” monitoring is feasible, while the measurement of accurate δ13C requires
the use of reference standards on a daily basis. With the measurement system presented
in [52], the online monitoring of ƒ(CO2), δ13C(CO2) and δ13C(DIC) aboard moving research
vessels was demonstrated, opening the possibility of measurement campaigns with high
spatial and temporal resolution.

5. Conclusions

In the present paper, the importance of monitoring the state of the oceans and its
evolution in space and time is highlighted, in particular for the relevance and impact
on Earth’s global cycle of those key points. The changes occurring in the oceans are
responsible for the alteration of marine ecosystems and for an increased vulnerability of
many marine species. The application of metrology in the marine sector is therefore needed,
in particular for the usefulness of metrological concepts such as metrological traceability
and measurement uncertainty, to consolidate the measurements in this framework and
to assure the comparability of the acquired data in different experimental conditions,
places and time. Some examples of successful and potential applications of metrology
in oceanographic research at the European and international level were presented, with
a focus on past and ongoing activities in the framework of research cooperation. The
presented results, especially those obtained in the framework of joint research projects, are
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available to the oceanographic community. Their follow-up could foster the cooperation
between the metrological and the marine research communities.

In particular, examples of cooperation such as the ones ongoing within the project
MINKE [9] represent a promising direction for oceanographic research. Potentiating
transnational access to research infrastructures around the globe, the commitment of
people through citizen science and communication to the public on scientific issues and
outcomes are also key pillars to these initiatives.

Many areas for improvement are still open, in particular the agreement on a common
terminology for the two communities, the assurance of metrological traceability to the
International System of Units, as well as the definition of common best practices in the
monitoring of different EOVs. An important point is represented by training on specific
metrological issues for those operating in the oceanographic sector like the evaluation of
measurement uncertainty, for example.

In this sense, INRiM is continuously working to assure metrological traceability
for temperature measurements in situ in the various environmental compartments, by
maintaining temperature standards, developing appropriate calibration procedures and
improving measurement uncertainties. INRiM is also carrying out activities to produce
appropriate primary reference standards of CO2 in gas phase at known amount fraction
by gravimetry to calibrate pCO2 sensors. In addition, intermediate-level standards and
working standards, which could represent a more economic and widespread traceability
source, are under development within the H2020 MINKE project, in cooperation with the
National Institute of Oceanography and Applied Geophysics (OGS, Italy).

Author Contributions: Conceptualisation, F.R.; writing—original draft preparation, F.R. and M.S.;
writing—review and editing, F.R., G.C., F.D., C.M., S.P. and F.R.P.; supervision, M.S. and A.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kaiser, B.A.; Hoeberechts, M.; Maxwell, K.H.; Eerkes-Medrano, L.; Hilmi, N.; Safa, A.; Horbel, C.; Juniper, S.K.; Roughan, M.;

Theux Lowen, N.; et al. The Importance of Connected Ocean Monitoring Knowledge Systems and Communities. Front. Mar. Sci.
2019, 6, 309. [CrossRef]

2. Wang, Z. Influence of Climate Change On Marine Species and Its Solutions. IOP Conf. Ser. Earth Environ. Sci. 2022, 1011, 012053.
[CrossRef]

3. Danovaro, R.; Fanelli, E.; Aguzzi, J.; Billett, D.; Carugati, L.; Corinaldesi, C.; Dell’anno, A.; Gjerde, K.; Jamieson, A.J.; Kark, S.; et al.
Ecological variables for developing a global deep-ocean monitoring and conservation strategy. Nat. Ecol. Evol. 2020, 4, 181–192.
[CrossRef] [PubMed]

4. Muller-Karger, F.E.; Miloslavich, P.; Bax, N.J.; Simmons, S.; Costello, M.J.; Pinto, I.S.; Canonico, G.; Turner, W.; Gill, M.; Montes,
E.; et al. Advancing Marine Biological Observations and Data Requirements of the Complementary Essential Ocean Variables
(EOVs) and Essential Biodiversity Variables (EBVs) Frameworks. Front. Mar. Sci. 2018, 5, 211. [CrossRef]

5. Nolan, G.; Cusack, C.; Fitzhenry, D.; McGovern, E.; Cronin, M.; O’Donnell, G.; O’Dowd, L.; Clarke, M.; Reid, D.; Clarke, D.;
et al. Baseline Study of Essential Ocean Variable Monitoring in Irish Waters; Current Measurement Programmes & Data Quality; Marine
Institute: Galway, Ireland, 2021.

6. Miloslavich, P.; Bax, N.J.; Simmons, S.E.; Klein, E.; Appeltans, W.; Aburto-Oropeza, O.; Garcia, M.A.; Batten, S.D.; Benedetti-Cecchi,
L.; Checkley, D.M.; et al. Essential ocean variables for global sustained observations of biodiversity and ecosystem changes. Glob.
Chang. Biol. 2018, 24, 2416–2433. [CrossRef]

7. EURAMET. Available online: https://www.euramet.org/ (accessed on 29 June 2023).
8. Climate and Ocean Observation. Available online: https://www.euramet.org/climate-and-ocean-observation (accessed on 29

June 2023).

https://doi.org/10.3389/fmars.2019.00309
https://doi.org/10.1088/1755-1315/1011/1/012053
https://doi.org/10.1038/s41559-019-1091-z
https://www.ncbi.nlm.nih.gov/pubmed/32015428
https://doi.org/10.3389/fmars.2018.00211
https://doi.org/10.1111/gcb.14108
https://www.euramet.org/
https://www.euramet.org/climate-and-ocean-observation


J. Mar. Sci. Eng. 2023, 11, 1605 15 of 16

9. MINKE—Metrology for Integrated Marine Management and Knowledge-Transfer Network. Available online: https://minke.eu/
(accessed on 29 June 2023).

10. Waldmann, C.; Fischer, P.; Seitz, S.; Köllner, M.; Fischer, J.-G.; Bergenthal, M.; Brix, H.; Weinreben, S.; Huber, R. A methodology to
uncertainty quantification of essential ocean variables. Front. Mar. Sci. 2022, 9, 1002153. [CrossRef]

11. Wielgosz, R.; Forgan, B.; del Campo Maldonado, D.; Rea, A.; Woolliams, E.; Fulford, J.; Madonna, F.; Whetstone, J.R.; DeCola, P.;
Vermeulen, A.; et al. (Eds.) Rapport BIPM-2023/03 Metrology for Climate Action; BIPM: Sèvres, France; WMO: Geneva, Switzerland,
2023. Available online: https://www.bipm.org/en/publications/rapports-bipm (accessed on 29 June 2023).

12. MeteoMet. Available online: https://www.meteomet.org/ (accessed on 23 June 2023).
13. Merlone, A.; Lopardo, G.; Sanna, F.; Bell, S.; Benyon, R.; Bergerud, R.A.; Bertiglia, F.; Bojkovski, J.; Böse, N.; Brunet, M.; et al. The

MeteoMet project—Metrology for meteorology: Challenges and results. Meteorol. Appl. 2015, 22, 820–829. [CrossRef]
14. Merlone, A.; Sanna, F.; Beges, G.; Bell, S.; Beltramino, G.; Bojkovski, J.; Brunet, M.; del Campo, D.; Castrillo, A.; Chiodo, N.; et al.

The MeteoMet2 project—Highlights and results. Meas. Sci. Technol. 2018, 29, 025802. [CrossRef]
15. GCOS—Essential Climate Variables. Available online: https://gcos.wmo.int/en/essential-climate-variables (accessed on 29 June

2023).
16. Peruzzi, A.; Ober, S.; Bosma, R. Effect of pressure on deep-ocean thermometers. Int. J. Thermophys. 2017, 38, 163. [CrossRef]
17. Joung, W.; Gam, K.; Pearce, J.V. Pressure dependence of reference deep- ocean thermometers. Meteorol. Appl. 2020, 27, e1870.

[CrossRef]
18. Uchida, H.; Nakano, T.; Tamba, J.; Widiatmo, J.V.; Yamazawa, K.; Ozawa, S.; Kawano, T. Deep Ocean Temperature Measurement

with an Uncertainty of 0.7 mK. J. Atmos. Ocean. Technol. 2015, 32, 2199–2210. [CrossRef]
19. García Izquierdo, C.; Garcia-Benadí, A.; Corredera, P.; Hernandez, S.; Gonzalez Calvo, A.; del Río Fernandez, J.; Nogueres-Cervera,

M.; Pulido de Torres, C.; del Campo, D. Traceable sea water temperature measurements performed by optical fibers. Measurement
2018, 127, 124–133. [CrossRef]

20. Bordone, A.; Pennecchi, F.; Raiteri, G.; Repetti, L.; Reseghetti, F. XBT, ARGO Float and Ship-Based CTD Profiles Intercompared
under Strict Space-Time Conditions in the Mediterranean Sea: Assessment of Metrological Comparability. J. Mar. Sci. Eng. 2020,
8, 313. [CrossRef]

21. Thermodynamic Equation of Seawater-2010. Available online: http://www.teos-10.org/ (accessed on 27 June 2023).
22. Thomas, E.E.; Müller, M. Characterizing vertical upper ocean temperature structures in the European Arctic through unsupervised

machine learning. Ocean Modell. 2022, 177, 102092. [CrossRef]
23. Su, H.; Wu, X.; Yan, X. Autumn Kidwell Estimation of subsurface temperature anomaly in the Indian Ocean during recent global

surface warming hiatus from satellite measurements: A support vector machine approach. Remote Sens. Environ. 2015, 160, 63–71.
[CrossRef]

24. Yan, Y.; Wang, G.; Wang, X.; Chen, C.; Ling, Z.; Zhang, L. Relationship between subsurface diurnal warming and wind speed.
Deep Sea Res. Part I 2023, 199, 104106. [CrossRef]

25. Klemas, V.; Yan, X. Subsurface and deeper ocean remote sensing from satellites: An overview and new results. Prog. Oceanogr.
2014, 122, 1–9. [CrossRef]

26. Chen, X.; Wang, C.; Li, H.; Hu, D.; Chen, C.; He, Y. Impact of ocean fronts on the reconstruction of vertical temperature profiles
from sea surface measurements. Deep Sea Res. Part I 2022, 187, 103833. [CrossRef]

27. Copernicus—Ocean Monitoring Indicators. Available online: https://marine.copernicus.eu/access-data/ocean-monitoring-
indicators (accessed on 5 August 2023).

28. Le Menn, M.; Poli, P.; David, A.; Sagot, J.; Lucas, M.; O’Carroll, A.; Belbeoch, M.; Herklotz, K. Development of Surface Drifting
Buoys for Fiducial Reference Measurements of Sea-Surface Temperature. Front. Mar. Sci. 2019, 6, 578. [CrossRef]

29. Woolliams, E.R.; Mittaz, J.; Merchant, C.J.; Hunt, S.E.; Harris, P.M. Applying metrological techniques to satellite fundamental
climate data records. J. Phys. Conf. 2018, 972, 012003. [CrossRef]

30. Merchant, C.J.; Holl, G.; Mittaz, J.; Woolliams, E.R. Radiance uncertainty characterisation to facilitate climate data record creation.
Remote Sens. 2019, 11, 474. [CrossRef]

31. Minnett, P.J.; Corlett, G.K. A pathway to generating Climate Data Records of sea-surface temperature from satellite measurements.
Deep Sea Res. Part II 2012, 77, 44–51. [CrossRef]

32. Alerskans, E.; Zinck, A.-S.P.; Nielsen-Englyst, P.; Høyer, J.L. Exploring machine learning techniques to retrieve sea surface
temperatures from passive microwave measurements. Remote Sens. Environ. 2022, 281, 113220. [CrossRef]

33. Eichhorn, M.; Shardt, Y.A.W.; Gradone, J.; Allsup, B. Sensitivity analysis of bias in satellite sea surface temperature measurements.
IFAC Pap. Line 2020, 53, 764–771. [CrossRef]

34. Castro, S.L.; Wick, G.A.; Minnett, P.J.; Jessup, A.T.; Emery, W.J. The impact of measurement uncertainty and spatial variability
on the accuracy of skin and subsurface regression-based sea surface temperature algorithms. Remote Sens. Environ. 2010, 114,
2666–2678. [CrossRef]

35. Alosairi, Y.; Alsulaiman, N.; Rashed, A.; Al-Houti, D. World record extreme sea surface temperatures in the northwestern
Arabian/Persian Gulf verified by in situ measurements. Mar. Pollut. Bull. 2020, 161, 111766. [CrossRef]

36. Saito, H.; Tamura, N.; Kitano, H.; Mito, A.; Takahashi, C.; Suzuki, A.; Kayannea, H. A compact seawater pCO2 measurement
system with membrane equilibrator and non dispersive infrared gas analyser. Deep Sea Res. Part I 1995, 42, 2025–2029+2031–2033.
[CrossRef]

https://minke.eu/
https://doi.org/10.3389/fmars.2022.1002153
https://www.bipm.org/en/publications/rapports-bipm
https://www.meteomet.org/
https://doi.org/10.1002/met.1528
https://doi.org/10.1088/1361-6501/aa99fc
https://gcos.wmo.int/en/essential-climate-variables
https://doi.org/10.1007/s10765-017-2297-4
https://doi.org/10.1002/met.1870
https://doi.org/10.1175/JTECH-D-15-0013.1
https://doi.org/10.1016/j.measurement.2018.05.056
https://doi.org/10.3390/jmse8050313
http://www.teos-10.org/
https://doi.org/10.1016/j.ocemod.2022.102092
https://doi.org/10.1016/j.rse.2015.01.001
https://doi.org/10.1016/j.dsr.2023.104106
https://doi.org/10.1016/j.pocean.2013.11.010
https://doi.org/10.1016/j.dsr.2022.103833
https://marine.copernicus.eu/access-data/ocean-monitoring-indicators
https://marine.copernicus.eu/access-data/ocean-monitoring-indicators
https://doi.org/10.3389/fmars.2019.00578
https://doi.org/10.1088/1742-6596/972/1/012003
https://doi.org/10.3390/rs11050474
https://doi.org/10.1016/j.dsr2.2012.04.003
https://doi.org/10.1016/j.rse.2022.113220
https://doi.org/10.1016/j.ifacol.2020.12.828
https://doi.org/10.1016/j.rse.2010.06.003
https://doi.org/10.1016/j.marpolbul.2020.111766
https://doi.org/10.1016/0967-0637(95)00090-9


J. Mar. Sci. Eng. 2023, 11, 1605 16 of 16

37. Rolle, F.; Sega, M. Carbon dioxide determination in atmosphere by non dispersive infrared spectroscopy: A possible approach
towards the comparability with seawater CO2 measurement results. Measurement 2018, 128, 479–484. [CrossRef]

38. NOAA Global Monitoring Laboratory—Carbon Dioxide (CO2) WMO Scale. Available online: https://gml.noaa.gov/ccl/co2
_scale.html (accessed on 29 June 2023).

39. Bockmon, E.; Dickson, A.G. An inter-laboratory comparison assessing the quality of seawater carbon dioxide measurements. Mar.
Chem. 2015, 171, 36–43. [CrossRef]

40. Orr, J.C.; Epitalon, J.-M.; Dickson, A.G.; Gattuso, J.-P. Routine uncertainty propagation for the marine carbon dioxide system. Mar.
Chem. 2018, 207, 84–107. [CrossRef]

41. Shangguan, Q.; Prody, A.; Wirth, T.S.; Briggs, E.M.; Martz, T.R.; DeGrandpre, M.D. An inter-comparison of autonomous in situ
instruments for ocean CO2 measurements under laboratory-controlled conditions. Mar. Chem. 2022, 240, 104085. [CrossRef]

42. Ko, Y.H.; Seok, M.-W.; Jeong, J.-Y.; Noh, J.-H.; Jeong, J.; Mo, A.; Kim, T.-W. Monthly and seasonal variations in the surface
carbonate system and air–sea CO2 flux of the Yellow Sea. Mar. Pollut. Bull. 2022, 181, 113822. [CrossRef] [PubMed]

43. Stokowski, M.; Makuch, P.; Rutkowski, K.; Wichorowski, M.; Kuliński, K. A system for the determination of surface water pCO2
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