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Figure 1 Spatiotemporal scales applicable to different methane measurement and monitoring methods. Modified from Ref. [7]
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Figure 2 Schematic diagram of sampling procedure for methane content detection in seawater and sediment samples. (a) Schematic diagram of the
seawater sampling procedure; (b) schematic diagram of the sediment sampling procedure; (c) schematic diagram of the headspace gas replacement

procedure for seawater or sediment samples
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Figure 3 Comparison of measurement methods for air-sea methane flux. (a) Eddy covariance method; (b) flux chamber method; (c) concentration
gradient method; (d) schematic of partial pressure-based calculation for air-sea flux
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Ocean-wide methane monitoring: towards comparable global
data through full-chain standardization
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Marine methane (CH,4) emissions are a critical component of global climate dynamics, with methane possessing over 80
times the warming potential of carbon dioxide over a 20-year period. Accurate monitoring is essential for climate
mitigation, yet it is hampered by significant technical and methodological challenges. The extreme heterogeneity of marine
environments, concentration gradients spanning several orders of magnitude, and the fragmentation of monitoring
technologies across the workflow from sampling to flux quantification severely undermine global data comparability. This
summary synthesizes the key bottlenecks in standardizing marine methane monitoring and outlines the promising
technological and collaborative pathways emerging to address them.

The path to reliable data begins with sampling, where critical gaps persist. For seawater, discrete sampling via Niskin
bottles risks dissolved gas loss, while online techniques like Membrane Inlet Mass Spectrometry (MIMS) face issues with
membrane fouling and lack standardized calibration. Sediment sampling, crucial for studying cold seeps, lacks universally
accepted pressure-preserving techniques, leading to methane degassing and underestimation, particularly in gas-rich
sediments. Furthermore, atmospheric sampling near the sea surface requires more robust protocols to avoid ship
contamination.

Analytical techniques present another major hurdle. While Gas Chromatography with Flame Ionization Detection (GC-
FID) is a benchmark for concentration analysis, achieving precision at deep-sea background levels (nmol L™") remains
difficult. For stable isotope analysis (6'*C-CH,, dD-CH,), which is vital for source identification, a severe shortage of
matrix-matched certified reference materials for seawater hinders method validation and creates significant inter-
laboratory discrepancies. These discrepancies can reach up to 0.5%o for 5'*C-CH,, undermining data comparability.

Flux measurement across key interfaces exhibits the most pronounced variability. Methods for quantifying sea-air
exchange, such as eddy covariance and chamber techniques, are confounded by platform motion artifacts and the limited
regional applicability of gas-exchange models. At the sediment-water interface, techniques like core incubation and
gradient diffusion calculations often yield estimates differing by orders of magnitude, primarily because key processes like
bubble-mediated transport and sediment bioturbation are either unaccounted for or lack standardized correction models.

Recent advances in marine methane monitoring focus on overcoming standardization barriers through integrated
technological approaches. Satellite remote sensing enables large-scale concentration mapping with time-averaged data,
while in-situ sensors like CRDS, OA-ICOS, and MIMS deployed on AUVs/ROVs provide real-time dissolved methane
measurements. The integration of artificial intelligence further enhances data fusion from multi-source observations—
including satellites, buoys, and ships—to address spatial and temporal coverage gaps, improving global monitoring
consistency and accuracy.

Concurrently, a strong push for international collaboration and standardized governance is underway. Initiatives like the
Integrated Carbon Observation System (ICOS) are establishing standardized protocols for its network. The implementation
of policy frameworks, such as the methane fee in the US Waste Emissions Charge, creates economic incentives for accurate
monitoring and reporting. The core strategic moves for enhancing comparability involve establishing common data
formats, transparent methodologies, and centralized data repositories with rigorous quality assurance to build trust and
enable seamless data integration.

Overcoming the fragmentation in marine methane monitoring requires a systematic, internationally coordinated effort
towards standardization. The integration of cutting-edge technologies—from next-generation satellites to autonomous in-
situ sensors—with robust international governance frameworks and policy incentives is paramount. Developing a system
that combines universal principles, such as metrological traceability, with context-specific adaptations is essential. Success
in this endeavor will yield the high-quality, globally comparable data necessary to accurately constrain the marine methane
budget, understand its role in climate change, and support evidence-based policies for achieving global carbon neutrality
goals.

methane, sediment, seawater, isotopes, standardization, data comparability
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