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Abstract

Offshore methane emissions are increasingly quantified using a range of observational
approaches, yet reported estimates often show substantial variability between methods.
This study examines whether disagreement can arise from atmospheric transport pro-
cesses alone by investigating how the marine boundary layer influences the relationship
between measured concentrations and inferred emission rates. An idealised dispersion
framework was used to compare three commonly applied approaches, Gaussian plume
inversion, aircraft mass balance, and satellite-based methods, across representative off-
shore atmospheric regimes. By holding emissions constant and varying only atmospheric
structure, the framework isolates the influence of transport processes on inferred emis-
sions. The results show that each method exhibits regime-dependent bias arising from
different physical mechanisms. Gaussian methods are highly sensitive to plume align-
ment and may fail under lateral displacement. Aircraft mass balance remains robust when
the plume is fully sampled but becomes unreliable when the sampling volume does not
intercept the plume. Satellite methods consistently detect the plume but exhibit systematic
bias when plume transport is decoupled from assumed wind speeds. These results
demonstrate that disagreement between offshore methane emission estimates can arise
solely from changes in atmospheric regime under the conditions represented by the
model. Under conditions where standard transport assumptions are not satisfied, differ-
ences between estimates reflect the influence of atmospheric structure on plume behav-
iour and sampling, rather than measurement error alone. Emission estimates are therefore
only reliable where the underlying transport assumptions are satisfied, and convergence
between methods cannot be universally assumed under realistic offshore conditions.

Keywords: offshore methane emissions; marine boundary layer; atmospheric inference;
non-convergence; structural uncertainty; plume dispersion; stratification; atmospheric
transport

1. Introduction

Due to increasing requirements for quantifying, measuring, and reporting, interest
in accurately measuring methane emissions from offshore oil and gas production facilities
has increased in recent years [1-5]. Typically, methods infer methane emission rates from
measured atmospheric concentrations and meteorological data; however, several as-
sumptions are used within the modelling frameworks applied to calculate emissions [2,6—
9]. Recent work has reviewed these methodologies, compared their performance, and
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highlighted uncertainties associated with each approach [10]. Despite growing interest,
advances in method development, and improved observational capability, there remains
a limited understanding of how well calculated emissions agree across different method-
ologies [11]. For example, comparisons across different observational platforms show that
emissions inferred using satellite, aircraft, and in situ methods can differ by orders of
magnitude [10], and measurement-based estimates have been found to differ by up to 40%
from inventory-based values [12].

While this study does not aim to compare existing methods, it instead addresses a
more fundamental question. Specifically, it examines the atmospheric conditions under
which concentration-based approaches can be used to infer physically valid methane
emissions from offshore production facilities. The aim is to shift the focus from methodo-
logical performance towards a better understanding of the atmospheric processes that
govern plume transport and dispersion in the marine boundary layer. One key question
is whether transport assumptions derived from terrestrial boundary-layer conditions are
universally valid offshore, and, if these assumptions are fundamentally violated, whether
this invalidates calculated emissions.

There are two broad types of uncertainty relevant to offshore methane quantification.
Some uncertainty comes from how well something is measured, while some comes from
how those measurements are interpreted. In this study, reducible uncertainty refers to
uncertainty associated with the measurement process itself, including instrument perfor-
mance, calibration, and sampling density. Structural uncertainty refers to uncertainty aris-
ing when the transport and dispersion assumptions used to calculate emissions are not
satisfied. While reducible uncertainty can often be lowered through improved measure-
ments, structural uncertainty reflects a mismatch between the atmospheric model being
assumed and the atmosphere being measured.

Disagreement between top-down quantification methods is often attributed to un-
certainty in meteorological measurements, methodological assumptions, or incomplete
sampling [2,6,8]. While these factors are important, such uncertainty should, in principle,
be reducible through improved measurement design and repeated observations. How-
ever, it is not intuitively obvious that increasing the number of measurements will resolve
differences spanning orders of magnitude. This suggests that additional sources of uncer-
tainty must be considered, including structural uncertainty arising from violations of the
transport assumptions used to infer emissions.

The challenge in emissions quantification is the coupling of measurement and mod-
elling, i.e., how emission rates are inferred from observations of atmospheric concentra-
tions and meteorological conditions. Fundamentally, this depends on how the emitted
plume interacts with the surrounding atmospheric flow field. In practice, atmospheric
flow is shaped by boundary layer structure and turbulent mixing [13]. If these processes
are not adequately parameterised, emission estimates may differ substantially, even when
based on high-quality observational data.

To date, emission quantification methods have primarily been developed, tested, and
tuned under onshore atmospheric conditions. These are typically relatively deep and well
mixed, allowing rapid vertical and lateral dispersion of the plume. Under such conditions,
near-surface wind measurements are generally representative of plume transport, and
concentration measurements taken downwind of the source can be used to infer emission
rates using simplified dispersion models such as Gaussian plume formulations [13-15].
Although these approaches rely on empirically derived parameters to describe dispersion,
their underlying assumptions are often sufficiently satisfied to produce representative
emission estimates under typical onshore conditions [13,16].

Offshore environments, however, differ from onshore in several key respects. The
marine boundary layer is frequently characterised by shallow depth, persistent stratifica-
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tion, and reduced vertical mixing, particularly under stable or near-neutral conditions
[17,18]. These features arise from the thermal properties of the ocean surface, as well as
the influence of mesoscale and synoptic processes. As a result, plume transport is not al-
ways controlled by near-surface winds and may instead occur at different speeds and/or
in different directions from the air being measured [17,18]. What remains unclear is
whether methods developed and tuned using onshore observations are applicable off-
shore when the marine boundary layer is shallow or stratified.

In particular, quantification methods that assume alignment between plume
transport and measured wind direction, such as Gaussian methods [6,7], may fail to accu-
rately capture plume core concentrations, leading to systematic under- or overestimation
of emission rates. Similarly, incomplete vertical mixing may result in only a fraction of the
emitted plume being sampled, particularly when measurements are conducted at a single
height or along a fixed transect [6,7,19]. Importantly, errors in quantification do not arise
solely from measured quantities (e.g., instrument performance or data quality), but also
from the underlying atmospheric conditions governing plume behaviour. These effects
are consistent with observations of offshore methane emissions, where zero or very low
emissions have been reported from operating facilities [6,8,9].

The increasing use of different methods to estimate offshore emissions has resulted
in a wide range of reported values, yet nearly all approaches rely on assumptions that
may not hold in a marine atmosphere. In this context, differences in reported emission
estimates from relatively similar sources [6,8,9] are not necessarily caused by methodo-
logical inconsistency or poor experimental design. Rather, they may reflect physical con-
straints on plume behaviour imposed by the atmospheric environment. The marine
boundary layer is often characterised by stratification, vertical decoupling, and layered
flow —conditions that directly violate the assumptions embedded in standard inference
approaches. This raises the possibility that disagreement between offshore methane esti-
mates is not simply caused by measurement uncertainty, but may also arise from applying
these methods under conditions where their assumptions do not hold.

To address this, a simple modelling framework is developed to investigate the influ-
ence of atmospheric structure on emission quantification using typical methods. Three
widely used approaches —Gaussian plume inversion, aircraft mass balance, and satellite-
based methods—are evaluated under idealised offshore atmospheric regimes represent-
ing the dominant features of the marine boundary layer. By holding emissions constant
and varying only atmospheric structure, the framework directly tests whether divergence
between methods can arise from transport processes alone. Specifically, the study aims to:
(1) identify assumptions shared across methods; (2) define representative offshore atmos-
pheric regimes; and (3) quantify how calculated emissions vary across both method and
atmospheric states.

Accordingly, this study does not seek to reproduce or validate specific field observa-
tions. Instead, it tests whether the dominant features of the marine boundary layer are
sufficient to generate systematic differences between quantification approaches under
controlled conditions. The objective is therefore to establish a physical mechanism for
these differences, rather than to quantify their magnitude in any particular setting. In this
context, the aim is not to reduce uncertainty to a bounded range, but to identify the con-
ditions under which it becomes structurally embedded in the inference process itself.

2. Overview of Offshore Methane Quantification Approaches

A range of approaches have been adopted and then developed to quantify methane
emissions from offshore oil and gas installations. These methods span spatial scales from
individual components to regional atmospheric measurements and use a variety of meas-
urement platforms, including in situ sensors, mobile transects, aircraft, and satellite sys-
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tems. Fundamentally, all approaches convert measured concentrations to emission rates
by considering the gas’s atmospheric transport and are therefore sensitive to deviations
from assumed plume behaviour. Despite differences in instrumentation, spatial resolu-
tion, and sampling strategy, the ability of each method to infer emissions depends on how
accurately the transport of methane from source to sensor is modelled through advection
and turbulent diffusion processes [20-22].

2.1. Downwind Dispersion and Gaussian Plume Approaches

Downwind dispersion approaches estimate emissions by measuring methane con-
centrations within a downwind plume at a distance from the source and applying a dis-
persion model to infer the emission rate. The Gaussian plume model and its extensions
provide a widely used analytical framework for this purpose, relating source strength to
downwind concentration distributions under idealised steady-state conditions
[14,20,23,24].

Typically, methane concentration measurements are collected along a transect per-
pendicular to the plume, and the emission is then calculated using modelled dispersion
behaviour. This approach relies on several assumptions, including steady wind condi-
tions, homogeneous turbulence, Gaussian concentration structures, and consistent cou-
pling between the plume and near-surface wind measurements [14,20,23,24]. These as-
sumptions are mostly appropriate under well-mixed boundary-layer conditions.

2.2. Mass Balance Approaches

Mass balance approaches estimate emissions by combining integrated methane en-
hancements across a volume downwind with measurements of wind speed and direction
[25]. This is typically implemented through transect measurements that capture the plume
cross-section, with the total flux calculated as the product of excess concentration and
transport velocity [8,26]. Mass balance methods require few assumptions about plume
shape, but it does assume plume coherence between vertical transects, which retains de-
pendence on atmospheric transport assumptions. These methods assume that the plume
is fully captured within the measurement transect, i.e., have transects that measure zero-
enhancement above and below the plume, and that the measured wind field accurately
represents plume transport.

2.3. Aircraft and Satellite Remote Sensing

In terms of remote sensing, both aircraft and satellite-based methods use downward-
looking infrared spectrometers to observe column-integrated methane concentrations
over spatial domains with emissions calculated from the total plume column mass, the
length of the observed plume and wind speed. Aircraft platforms can be used to observe
emissions from single facilities and detect plumes down to ~5 kg CHs h-1 [27,28]. There are
two main types of satellite: earth observation and site-specific targeting satellites. Earth
observation platforms observe methane enhancements over broad areas, e.g., Sentinel-2
has a swath width of 290 km and a detection limit of ~1400 kg CH4 h' + 50% [29,30], while
site-specific targeting systems, e.g.,, GHGSat, have a spatial resolution of 25 m and can
~200 kg CHs h' +13% [2,31,32].

2.4. Common Structure Across Approaches

Despite their differences, the approaches described above share a common depend-
ency on atmospheric transport and dispersion. Each method infers an emission by assum-
ing a relationship between plume behaviour and the surrounding wind fields. All of these
approaches assume the physical processes governing plume transport are sufficiently well
understood and accurately represented.
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Emissions reported by offshore measurement studies of similar sources show differ-
ences in emissions. In the Gulf of Mexico, average emissions of 25 kg CHa h™' were re-
ported from 54 fixed-leg platforms using downwind methods, 58 kg CH4 h! from 56 plat-
forms using mass balance methods and 4930 kg CH4 h-! from 151 platforms using remote
sensing aircraft methods [6,8,9]. These differences suggest that boundary-layer processes
such as stratification and decoupling could significantly affect plume structure and sam-
pling completeness [10].

Accordingly, the comparison of offshore methane quantification approaches is less a
question of methodological performance than of the models” sensitivity to atmospheric
transport. Understanding this sensitivity is essential for identifying when uncertainty is
primarily reducible and when structural uncertainty dominates the interpretation of emis-
sion estimates.

3. Atmospheric Regime Framework

The objective of the present study is not to reproduce these specific values. Rather,
these examples illustrate the degree of disagreement that can arise between methods. The
modelling framework is used to determine whether atmospheric structure alone is capa-
ble of generating systematic divergence between estimates, independent of other meth-
odological and operational differences.

The marine boundary layer (MBL) provides the physical environment governing off-
shore plume transport. Its structure is highly variable and often differs from the terrestrial
boundary layer, meaning that the assumptions underlying many quantification methods
may not hold offshore. A defining feature of the MBL is its tendency toward vertical strat-
ification. Unlike terrestrial boundary layers driven by diurnal heating, the MBL is influ-
enced by air—sea temperature contrasts, cloud processes, and large-scale atmospheric dy-
namics [33-35]. These factors frequently produce stable or weakly mixed conditions, lim-
iting vertical exchange.

3.1. Vertical Decoupling

Under many offshore conditions, the boundary layer becomes vertically decoupled. In
these cases, the surface layer becomes dynamically separated from the air above. This can
arise through cloud-top radiative processes or reduced turbulence [36,37]. The result is a
layered structure in which different parts of the boundary layer exhibit distinct wind speeds
and directions. Plumes emitted into such environments may become trapped within a par-
ticular layer and be transported independently of near-surface wind measurements.

3.2. Reduced Vertical Mixing

Stratification suppresses vertical mixing, confining plumes to narrow vertical re-
gions. Rather than dispersing throughout the boundary layer, emissions remain concen-
trated within a limited height range. This produces strong vertical gradients in concentra-
tion, such that small differences in sampling height can lead to large differences in ob-
served concentration [33].

3.3. Lateral Displacement and Shear

Wind shear within a stratified boundary layer can cause lateral displacement of the
plume relative to the nominal wind direction. As a result, a plume that would be expected
to travel along a defined centreline may instead shift laterally, moving away from sam-
pling locations [33,34].
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3.4. Implications for Plume Behaviour

These processes lead to several key characteristics: plumes may be vertically con-
fined; plume position may be laterally shifted; and transport may occur in elevated layers.
These effects are not considered in current quantification methods and could influence
inferred emissions. To investigate how atmospheric regimes could affect emission quan-
tification, three offshore atmospheric regimes were defined to represent MBL structures
likely to be encountered during offshore methane measurements. These regimes reflect
differences in boundary layer depth, vertical mixing, and coupling between atmospheric
layers, which are known to influence plume transport and detectability. Atmospheric re-
gimes are defined quantitatively using standard micrometeorological parameters, includ-
ing boundary layer depth (z;), Monin-Obukhov stability (z/L), and bulk Richardson num-
ber (Rig), allowing direct comparison with observed marine boundary layer conditions.

The three offshore regimes therefore represent a progression from well-mixed to
highly structured atmospheric conditions (Figure 1):

Marine neutral deep: well-mixed, single-layer flow defined by near-neutral stability (1z/L|
<0.1), low Richardson number (Riz < 0.1), and a deep mixed layer (zi > 500 m), ensuring
vertically coherent turbulence and strong wind—plume coupling.

Marine neutral shallow: vertically confined but still coupled, characterised by shallow
boundary layers (z: ~102 m) and weakly stable conditions (0 < Iz/L| <1, Ris = 0.1-0.25),
resulting in reduced turbulence intensity and vertically constrained plume dispersion.
Marine stratified: layered and decoupled flow defined by stable stratification (1z/L| >>1,
Riz > 0.25) and suppressed turbulence (0w < 0.2 m s7), consistent with the commonly
adopted critical Richardson number above which turbulence is strongly reduced [33,34],
leading to vertical decoupling, strong wind shear, and multi-layer flow.

The thresholds adopted here are not intended to define rigid atmospheric classes.
Rather, they provide representative end-members spanning the range of marine bound-
ary layer structures commonly reported offshore. In reality, atmospheric conditions exist
on a continuum and transitions between states may produce more complex plume behav-
iour than considered here. The selected Richardson number and stability thresholds are
therefore used to represent physically distinct transport regimes, including well-mixed,
weakly stable, and vertically decoupled conditions. The threshold Riz > 0.25 is consistent
with the commonly adopted critical Richardson number above which turbulence is
strongly suppressed and sustained vertical mixing becomes unlikely [33,34].

The marine boundary layer exists as a continuum of atmospheric states, and transi-
tions between regimes can produce more complex plume behaviour than represented
here. The regimes were therefore selected as idealised end-members intended to isolate
dominant transport processes rather than to provide an exhaustive classification of off-
shore atmospheric conditions.

The emission source was placed at a height of 50 m above mean sea level, represent-
ing a typical working deck elevation for offshore production platforms, particularly in
exposed or deepwater environments [5]. An emission rate of 88 kg h™! was used as a rep-
resentative offshore source. This value is large enough to produce a well-defined plume
across all methods, but not so large that detection is guaranteed under all atmospheric
conditions, allowing the influence of boundary layer structure on emission inference to be
isolated [38]. A constant wind speed of 15 m s was assumed at the plume height (50 m),
representing a typical strong offshore wind condition. This choice ensures coherent plume
transport and isolates the effects of atmospheric structure (e.g., stratification and bound-
ary layer depth) on plume behaviour [11].
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Figure 1. Simulated methane plume structure for four atmospheric regimes. Top row shows verti-
cally integrated methane (column mass), representing satellite-like observations. Bottom row shows
vertical cross-sections through the plume centreline. The dashed line in the top row indicates the
nominal plume centreline (y = 0), while the dotted line in the bottom row shows the source height
(50 m). Boundary-layer depth, wind direction, and inversion effects are represented implicitly
through the plume structure associated with each atmospheric regime rather than through addi-
tional annotations. Stratified conditions exhibit vertical lifting and lateral displacement of the

plume, resulting in strong sensitivity of observed concentrations to sampling position.

The atmospheric regimes used here are not intended to represent a complete classi-
fication of marine boundary-layer states, but are idealised representations of structures
commonly reported in offshore meteorological studies. Well-mixed marine boundary lay-
ers, shallow stable boundary layers, and vertically decoupled stratified layers have all
been observed in offshore campaigns and fixed-platform observations [34,36,37]. The se-
lected parameter ranges are therefore intended to represent physically realistic boundary-
layer states rather than reproduce any specific meteorological dataset.

A single source height (50 m) and emission rate (88 kg h™') were selected to represent a
realistic offshore production platform and a detectable offshore emission source. The objec-
tive was to isolate the influence of atmospheric structure on emission inference. While dif-
ferent source heights and emission rates may influence the magnitude of observed biases,
the physical mechanisms explored here, including plume confinement, wind—plume decou-
pling, and incomplete sampling, arise from atmospheric transport processes and are there-
fore expected to remain relevant across a broader range of source characteristics.

4. Modelling Framework

The aim of the modelling framework is to isolate the influence of marine boundary-
layer structure on emission inference under controlled conditions. The selected atmos-
pheric regimes should therefore be interpreted as representative end-members rather than
a comprehensive description of offshore atmospheric variability. While variations in wind
speed, stability, boundary-layer depth, and source characteristics may influence the mag-
nitude of the reported biases, the purpose of the present study is to demonstrate the mech-
anisms by which atmospheric structure can generate disagreement between methods, ra-
ther than to quantify uncertainty across all possible conditions.
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4.1. Gaussian Boat-Based

To simulate a boat-based survey, methane concentrations were calculated along a
transect perpendicular to the wind direction for each offshore atmospheric regime, at
specified downwind distances and at a height of 2 m above the ocean surface. The maxi-
mum concentration observed along each transect was then used as input to a Gaussian
plume model, tuned for onshore quantification, to estimate the emission rate. The down-
wind distance of the transects ranged from 50 m to 500 m. In lieu of measured wind
speeds, the wind speed used in the emission calculation was derived from a logarithmic
wind profile. Assuming a wind speed of 15 m s at 50 m, this corresponds to approxi-
mately 11 m s at 2 m for a surface roughness length of zo = 0.0002 m.

Although a Gaussian-based framework is employed, regime-dependent modifica-
tions to turbulence structure and wind profiles introduce departures from classical Gauss-
ian assumptions, allowing systematic failure modes of standard inference approaches to
be explored. The framework therefore serves as a controlled baseline against which sen-
sitivity to atmospheric structure can be assessed.

4.2. Aircraft Mass Balance

Following descriptions of reported mass balance surveys, aircraft typically circle
platforms at distances of 2-7 km [19,26], completing between 7 and 20 transects [12,19,26]
at altitudes ranging from approximately 45 m to 1300 m above sea level, with vertical
spacing between transects of 11-100 m [8,26]. For modelling purposes, a representative
survey configuration was adopted, consisting of a flight path 4.5 km downwind of the
emission source, with 12 equally spaced transects between 50 m and 1250 m above sea
level. Emissions were calculated by integrating the difference between upwind and down-
wind concentrations across the plume cross-section (width x height), multiplied by the
local wind speed. Wind speeds were calculated at measurement heights using a logarith-
mic wind profile. If the upper or lower transect remained within the plume, the plume
extent was assumed to reach the boundary layer top or the ocean surface, respectively.

A Monte Carlo framework was used to assess the sensitivity of aircraft mass balance
emission estimates to variability in survey design. For each simulation, key sampling pa-
rameters were randomly selected within ranges representative of reported field studies,
including downwind distance (2-7 km), number of transects (7—20), and vertical sampling
extent (approximately 45-1300 m). Transect heights were distributed evenly between ran-
domly selected minimum and maximum altitudes, and plume concentrations were sam-
pled along each transect. Emissions were then estimated by integrating the crosswind
concentration field across both lateral and vertical dimensions, weighted by wind speed
derived from a logarithmic wind profile. This process was repeated 300 times for each
atmospheric regime to generate a distribution of inferred emission rates.

4.3. Satellite-Based Approaches

Satellite-based emission estimates were simulated by exploiting the vertically inte-
grated nature of remote sensing measurements. In this framework, methane concentra-
tions were first modelled in three dimensions using a Gaussian plume formulation with
regime-dependent modifications. These concentrations were then integrated vertically to
produce a two-dimensional field of column-enhanced methane, analogous to satellite re-
trievals of column mixing ratios. For each simulated scene, the total column mass was
obtained by integrating the enhanced concentrations across the plume footprint in both
the crosswind and downwind directions.

Emissions were estimated by multiplying this integrated column mass by an as-
sumed plume transport velocity, consistent with commonly applied satellite inversion ap-
proaches. A logarithmic wind profile was used to relate wind speed to height, with the
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satellite retrieval assumed to use wind speeds sampled at low altitude (randomly varied
between 2 and 50 m) to reflect the typical reliance on near-surface or coarse-resolution
meteorological data.

A Monte Carlo framework was implemented to represent variability in satellite sam-
pling geometry and environmental conditions. For each atmospheric regime, multiple
simulations were performed with randomised spatial domains and wind assumptions.
The resulting distributions of inferred emissions demonstrate that, while the plume is con-
sistently detectable in column-integrated measurements, errors arise primarily from mis-
matches between the assumed and actual plume transport velocity. These errors are am-
plified under stratified conditions, where vertical decoupling leads to systematic bias in
emission estimates.

It is important to note that the modelling framework is intentionally idealised and is
designed to isolate first-order physical mechanisms governing plume transport rather
than to reproduce specific field conditions. As such, the results should be interpreted as
mechanistic sensitivity experiments illustrating how violations of standard transport as-
sumptions influence inferred emissions, rather than as quantitative predictions for any
given site. These simplifications allow the isolation of first-order transport mechanisms
while retaining physical consistency with observed marine boundary layer behaviour.

A Gaussian framework was intentionally adopted because many methane quantifi-
cation approaches either rely directly on Gaussian assumptions or are interpreted through
simplified transport representations. The objective was therefore to investigate the conse-
quences of violating these assumptions under controlled conditions, rather than to de-
velop the most realistic atmospheric dispersion model possible.

The Monte Carlo simulations were designed to investigate how sampling and atmos-
pheric regime influence inferred emissions. Atmospheric conditions within each regime
were therefore held constant, and variability arises from the sampling strategy rather than
meteorological variability. Similarly, the satellite implementation is intentionally simpli-
fied and is not intended to reproduce any specific operational retrieval methodology. The
resulting distributions should therefore be interpreted as representing sensitivity to sam-
pling and atmospheric regime within a defined atmospheric state rather than the full un-
certainty associated with real offshore measurements, retrieval algorithms, or meteoro-
logical reanalysis products.

The purpose of the framework is not to reproduce specific offshore measurement
campaigns or provide validated predictions of methane emissions under real atmospheric
conditions. Instead, it is designed to isolate the influence of marine boundary-layer struc-
ture on plume transport and emission inference. The model should therefore be inter-
preted as a mechanism-based sensitivity framework that tests whether realistic atmos-
pheric structures are sufficient to generate disagreement between methods under con-
trolled conditions.

The author acknowledges the use of Microsoft 365 Copilot (Microsoft Corporation,
Redmond, WA, USA) to assist with manuscript preparation. Copilot was used for draft-
ing, restructuring, and improving the clarity of the text. All scientific content, analysis,
and conclusions are solely the responsibility of the author.

5. Results
5.1. Gaussian Plume Methods

Transect-based Gaussian plume sampling shows that offshore atmospheric structure
strongly influences downwind methane concentrations (Figure 2). Under land-neutral
deep boundary layer conditions, the plume remains symmetric and centred on the nomi-
nal centreline. The Gaussian inversion behaves as expected, with emission estimates con-
verging to a constant value with increasing downwind distance (Figure 3). In contrast,
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offshore regimes introduce systematic deviations from this behaviour. In marine neutral
and shallow boundary layers, enhanced vertical confinement leads to increased lateral
spreading of the plume. Although the plume remains centred, peak concentrations are
reduced, resulting in consistent underestimation of emissions when using standard
Gaussian parameterisations (Figure 2). This bias is most pronounced at shorter downwind
distances, where concentrations are further depleted by rapid lateral dispersion (Figure
3). The most significant departure occurs under stratified conditions, where the plume is
displaced laterally due to shear and decoupling from the surface layer (Figure 2). In this
regime, the sampling transect directly downwind, i.e., y = 0 m, fails to intersect the plume
core, leading to near-zero measured concentrations despite ongoing emissions. This can
yield negligible or highly unstable emission estimates (Figure 3).
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Figure 2. Transect methane concentrations at 2 m height and 200 m downwind for four atmospheric
regimes. The dashed line marks the assumed plume centreline. While land-neutral conditions pro-
duce symmetric plumes centred on the transect, offshore regimes show reduced peak concentrations
and, under stratification, complete lateral displacement of the plume away from the sampling loca-

tion, leading to failure of detection.

Emission estimates inferred from transect-based Gaussian plume analysis varied sig-
nificantly across atmospheric regimes. While estimates converged towards a single value
under land-neutral conditions, offshore regimes exhibited persistent underestimation
and, in stratified conditions, near-complete failure of detection when the plume was dis-
placed from the sampling transect (Figure 3). This represents a structural source of uncer-
tainty because the plume is not observed despite emissions being present.

Under land-neutral deep conditions, emission estimates approach the true value at
intermediate downwind distances, where the plume is well defined and sampling inter-
sects the plume core. However, the estimates do not converge exactly to the true emission
rate. This is because the method relies on simplified assumptions regarding plume struc-
ture and transport, including the use of a representative wind speed and an assumed dis-
persion profile. Small mismatches between the assumed and actual plume characteristics,
as well as differences between plume transport speed and the wind speed used in the
calculation, introduce systematic bias. As a result, even under conditions where the un-
derlying assumptions are broadly satisfied, the method may produce consistent but
slightly biased estimates rather than exact convergence to the true emission rate. At the
largest downwind distances, estimates range from approximately 40% above the true
emission to complete non-detection, depending on atmospheric regime, highlighting the
strong influence of atmospheric structure on inferred emissions.
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Figure 3. Estimated emissions derived from Gaussian plume inversion as a function of downwind
distance for each atmospheric regime. The dashed line indicates the true emission rate (88 kg h™).
Under land-neutral conditions, estimates approach but do not exactly match the true emission rate

due to small mismatches between assumed and actual plume properties.

5.2. Aircraft Mass Balance

Results also show that aircraft mass balance quantification has a strong dependence
on atmospheric structure and vertical coverage. Under land-neutral deep boundary layer
conditions, the plume is well mixed vertically and can be observed across a broad range
of altitudes, with clear symmetric transects centred on the nominal plume centreline (Fig-
ure 4). Marine neutral conditions are similar but have reduced peak concentrations, re-
flecting weaker vertical mixing and enhanced lateral dispersion. In both cases, the plume
is sampled consistently across multiple heights, supporting robust emission quantifica-
tion through cross-sectional integration.

Under shallow marine boundary layer conditions, the plume is strongly confined to
the lowest altitudes and is only detected in the lowest transects (~50-150 m). At higher
altitudes, concentrations above background are difficult to discern. Despite this limited
vertical extent, the plume is still captured within the measurement domain, indicating that
mass balance remains effective provided that sampling includes near-surface levels.

In contrast, stratified conditions result in a plume that is both vertically constrained
and laterally displaced relative to the nominal centreline. As a result, no measurable signal
is recorded across any of the sampled transects. This demonstrates that aircraft mass bal-
ance surveys can fail when plume structure deviates sufficiently from assumed alignment,
particularly if the sampling volume does not intersect the plume.

The results of the Monte-Carlo analysis demonstrate clear differences in robustness
between regimes (Figure 5). Under land-neutral and marine-neutral deep conditions, es-
timated emissions cluster tightly around the true value (~88 kg h™), indicating stable and
reliable performance of the mass balance approach. In contrast, marine shallow conditions
exhibit a broader distribution and systematic underestimation, reflecting the limited ver-
tical extent of the plume and dependence on low-altitude sampling. The greatest variabil-
ity is observed under stratified conditions, where estimates frequently collapse toward
zero. This occurs because the plume is laterally displaced and can fall entirely outside the
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sampled measurement volume, highlighting a fundamental limitation of the method un-
der strongly stratified offshore conditions. Under these conditions, uncertainty is domi-
nated by plume observability rather than measurement precision.

0.0050 -
0.0025 -
0.0000 - T

0.0050
0.0025 A

0.0000 - T

0.0050 -
0.0025 A

0.0000 - T

1

—

0.0025 A
0.0000 - T

!
T
T
[}
1
]
1
1
}
I
T
[}
1
1
}
I
1
I
T
]
)
}
1
}
I
}
T

/f\/—i\

T T T T T T T T T

0.0050 -
0.0025 A
0.0000 - T

/L\/+\

0.0050

v /\ /%\

0.0000 - T

T T T T T T T T T

0.0050 A

0.0000 - T

0.0050 A

1 ]
1 I
' i
0.0025 /\ g ! 1
. i~
] ]
1 ] ]
- ! - ! 4
1 I ]
1 I 1
0.0025 - /\ 1 /;\ 1 ! 1
1 I 1
0.0000 L ' . :

Land Neutral Deep Marine Neutral Deep Marine Neutral Shallow Marine

tratified

0.0050 -

0.0000

s

] ] 1

1 J 4 i 1

1 1

1 1

0.0025 /;\ 1 1 1 1
: }

~2000 —1000

0

I
1
1
1
]
1000 2000 -2000-1000 O 1000 2000 —2000-1000 O 1000 2000 —2000-1000 O 1000 2000

Crosswind distance y (m)

Figure 4. Simulated crosswind methane concentration transects at 4.5 km downwind for aircraft
mass balance sampling across four atmospheric regimes. Each column represents a different regime
(Land Neutral Deep, Marine Neutral Deep, Marine Neutral Shallow, and Marine Stratified), and
each row shows a horizontal transect at a specific sampling height between 50 m and ~1000 m above

sea level. The dashed vertical line indicates the nominal plume centreline (y = 0).

Increasing the number of transects or extending the vertical sampling range would
improve the probability of intercepting the plume and would therefore be expected to
reduce underestimation. However, these modifications do not remove the underlying de-
pendence of the method on plume observability. Under strongly stratified conditions,
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plume displacement and vertical decoupling may still result in incomplete sampling even
when measurement coverage is increased.
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Figure 5. Monte Carlo simulations of aircraft mass balance emission estimates across four atmos-
pheric regimes. Each simulation randomly varies sampling distance, number of transects, and ver-
tical coverage based on reported survey conditions. Box-and-whisker plots show the distribution of
inferred emission rates, with the dashed line indicating the true emission (88 kg h™). Land-neutral
conditions produce consistent and accurate estimates, while offshore regimes exhibit increasing var-
iability. Stratified conditions show the greatest spread, including frequent underestimation, reflect-

ing sensitivity to plume position relative to sampling geometry.

5.3. Satellite Methods

Satellite-based emission estimates exhibit systematic dependence on atmospheric re-
gime, despite consistent detection of the plume in the column-integrated signal. Under
land-neutral and marine-neutral deep boundary layer conditions, inferred emissions clus-
ter closely around the true value (~88 kg h™'), with relatively narrow interquartile ranges
(Figure 6). This indicates that, when plume transport is well mixed and aligned with near-
surface winds, the use of a representative wind speed can provide a robust estimate of
emission rate.

In contrast, offshore regimes characterised by reduced vertical mixing introduce in-
creasing bias. Under shallow marine boundary layer conditions, estimated emissions are
systematically lower, with median values between 50 and 65 kg h™' and increased spread.
This reflects the confinement of the plume to lower altitudes, where wind speeds differ
from those assumed in the retrieval, leading to underestimation.

An underestimate of emissions also occurs under stratified conditions, where median
estimates are between 55 and 65 kg h™, and variability remains moderate. In this regime,
the plume is vertically decoupled from the surface layer, and the assumption of near-sur-
face wind speed introduces a consistent bias in the inferred emission. This represents
structural uncertainty associated with the transport assumptions used in the retrieval. Un-
like point or transect-based methods, the plume remains detectable in all cases; however,
the simulations suggest that errors may arise primarily from incorrect representation of
wind speed rather than plume position. The purpose of the satellite simulation is to isolate

https://doi.org/10.3390/atmos17080720



Atmosphere 2026, 17, 720

14 of 21

Estimated emission (kg/h)

the influence of atmospheric structure on inferred emissions rather than reproduce the
behaviour of a specific retrieval algorithm.
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Figure 6. Monte Carlo simulations of satellite-derived methane emission estimates for four atmos-
pheric regimes. Emissions are inferred from vertically integrated plume mass using an assumed
near-surface wind speed, with 300 simulations per regime representing variability in sampling con-
ditions. Box-and-whisker plots show the distribution of inferred emissions, with the dashed line

indicating the true value (88 kg h™).

The simulations assume that the plume is fully resolved within the satellite observa-
tion. In practice, satellite retrievals are affected by finite pixel size and spatial averaging,
which can smooth concentration gradients and dilute plume maxima. These effects would
be expected to reduce observed plume enhancements and may therefore introduce addi-
tional low bias into the inferred emission rate. As a result, the satellite estimates presented
here should be interpreted as representing the influence of atmospheric regime alone ra-
ther than the combined effects of atmospheric structure and instrument resolution.

6. Discussion
6.1. Why Additional Measurements Do Not Guarantee Convergence

A common expectation in atmospheric measurement science is that increasing the
volume, spatial coverage, or temporal resolution of observations will lead to improved
agreement between independent estimates. This expectation is grounded in the assump-
tion that uncertainty is primarily reducible through improved sampling, calibration, and
instrumentation. However, the analysis presented above suggests that, in offshore envi-
ronments, this assumption does not always hold.

Where uncertainty arises from violations of underlying transport and dispersion as-
sumptions, additional measurements do not necessarily improve precision. Instead, the re-
sulting variability may reflect a persistent feature of the system, caused by the interaction
between plume behaviour and wind fields rather than limitations of the experimental setup.

In the marine boundary layer, mechanisms such as stratification, vertical decoupling,
and shear introduce regime-dependent variability in plume transport. In these cases,
plume structure differs between well-mixed and stratified conditions (Figure 1), affecting
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both the spatial distribution of emissions and detectability within a given sampling strat-
egy. It follows that two measurements of the same source conducted with similar instru-
ments and comparable sampling density in different atmospheric regimes may encounter
different plume configurations, leading to different emission estimates.

A key example of this behaviour is wind—plume decoupling, where the effective
transport pathway of a plume may diverge from the measured wind direction (Figure 2),
particularly in stratified or layered flow regimes. Sampling strategies designed under the
assumption of wind—plume alignment may therefore intersect the plume core in one in-
stance and miss it in another, even under nominally similar meteorological conditions.
Increasing the number of transects or extending sampling duration does not inherently
resolve this issue if the underlying transport relationship remains misrepresented.

More generally, differences in measured concentrations reflect changes in atmos-
pheric structure rather than random measurement noise, which can lead to incorrect emis-
sion estimates, particularly when only a limited number of measurements are available.
In such cases, increasing the number of samples may result in a wider scatter of observa-
tions rather than converging toward a single value. This behaviour reflects structural un-
certainty rather than reducible measurement uncertainty. Therefore, the range of calcu-
lated emissions reflects changes in atmospheric structure, rather than uncertainty around
a single true value that could be reduced through additional measurements.

This explains why independent measurement campaigns may produce divergent re-
sults despite increased sampling effort and instrument density. Differences in calculated
emissions may not only be caused by methodological inconsistency, but may also reflect
differences in the atmospheric regimes encountered during measurement. As a result, in-
creasing the amount of data does not necessarily lead to convergence when the underlying
transport assumptions are not satisfied.

6.2. Reducible vs. Structural Uncertainty in Offshore Contexts

The behaviour described above highlights the importance of distinguishing between
reducible and structural components of uncertainty in offshore methane quantification.

Reducible uncertainty is caused by factors that can be addressed through improved
measurement design or execution, including instrument precision and calibration, sam-
pling density, spatial coverage, and data processing methods. These uncertainties are typ-
ically well characterised within atmospheric measurement methods and usually reduced
through common approaches such as increased sampling frequency, improved calibra-
tion protocols, and enhanced sensor performance.

In contrast, structural uncertainty arises from limitations in methods” underlying as-
sumptions and reflects conditions where the relationship between observed concentration
and emission rate cannot be reliably defined using the method as it stands. In the context
of offshore methane measurement, structural uncertainty is associated with how valid
transport and dispersion assumptions are under real offshore atmospheric conditions.
Where actual plume behaviour deviates systematically from the assumptions used to re-
late concentration to emission rate, uncertainty not only increases but is qualitatively al-
tered. Under these conditions, uncertainty cannot be reduced through increased measure-
ment density or precision alone.

Differentiating between these two forms of uncertainty is critical to understanding
the emissions calculated. Reducible uncertainty can be addressed by improving the ex-
periment, but structural uncertainty reflects a fundamental mismatch between the con-
ceptual model and the physical reality of the atmosphere. In the latter case, additional
data may drive down the uncertainty but does not necessarily improve the accuracy of
inference. If measurements are made under conditions where transport assumptions are
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not satisfied, reducing reducible uncertainty may increase confidence in an emission esti-
mate without improving its accuracy.

In practice, reducible and structural uncertainty are not independent. Measurements
made under atmospheric conditions where transport assumptions are not satisfied may
still exhibit low instrument uncertainty, high sampling density, and strong internal con-
sistency. Under these circumstances, improving the measurement itself may increase con-
fidence in a result without improving its accuracy. Assessing whether structural uncer-
tainty is likely to be important therefore requires consideration of atmospheric conditions
in addition to measurement quality. Indicators such as strong stratification, shallow
boundary layers, wind-plume decoupling, incomplete plume interception, or substantial
differences between independent measurement approaches may all suggest that struc-
tural uncertainty is influencing the inferred emission rate. This is particularly important
when interpreting unusually low or non-detect emissions, where the absence of a meas-
urable plume may reflect atmospheric structure and sampling limitations rather than the
absence of a substantial source.

The marine boundary layer introduces structural uncertainty through its influence
on plume transport. Processes such as stratification, vertical decoupling, and layered flow
alter the relationship between emissions and measured concentrations in ways that are
not captured by the transport models typically used to calculate offshore emissions. These
effects are persistent and regime-dependent, rather than random or episodic.

Accordingly, offshore methane uncertainty is partly structural, arising from the in-
herent coupling between plume dynamics and atmospheric state. Under these conditions,
uncertainty is not simply residual error, but arises from the way the inference method
interacts with the atmosphere. Measurements can be made in all atmospheric regimes, but
calculated emissions are only accurate where the underlying transport assumptions are
satisfied. Failure to distinguish between reducible and structural uncertainty may lead to
overconfidence in emission estimates. Including measurements made under conditions
where underlying assumptions are not satisfied can obscure the interpretation of results
and lead to systematic errors in inferred emission rates.

Structural uncertainty has direct implications for how offshore methane measure-
ments are interpreted. These results indicate that the validity of emission estimates de-
pends on whether the underlying transport assumptions are satisfied. In this context, non-
convergence is not necessarily due to measurement error, but can be an expected outcome
of how plume behaviour changes across atmospheric regimes.

Where transport and dispersion assumptions are broadly satisfied, such as in well-mixed
boundary layers, measurements can provide reliable and consistent emission estimates. How-
ever, when these assumptions are not satisfied, the link between measured concentration and
emission rate breaks down, and the resulting estimates become difficult to interpret.

This means that claims of precision in offshore methane quantification need to ac-
count for the atmospheric conditions in which measurements are made. Emission esti-
mates should not be treated as directly comparable without considering the atmospheric
regime. Differences between studies may therefore reflect differences in plume behaviour
and sampling conditions, rather than differences in the underlying emissions.

This is particularly important for Gaussian, mass balance, and satellite approaches,
all of which rely on assumptions about plume transport and structure. When these as-
sumptions are not satisfied, differences in inferred emissions may arise from changes in
plume position and observability, rather than real differences in emission rate.

More broadly, these results show that interpreting offshore methane measurements
requires more than improving measurement accuracy. It requires understanding when
the underlying assumptions hold and recognising when atmospheric structure limits
what can be inferred. The consistent behaviour observed across multiple methods indi-
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cates that these effects are not specific to any one approach but arise from their shared
dependence on atmospheric transport.

6.3. Implications for Measurement Strategy

The results suggest that atmospheric regime should be considered before selecting a
methane quantification methodology. Under well-mixed conditions, all three methods
perform reasonably well and produce consistent estimates. Under shallow boundary-
layer conditions, methods capable of sampling a large fraction of the plume cross-section,
such as aircraft mass balance, are likely to perform more robustly than near-surface Gauss-
ian approaches. Under stratified conditions, plume displacement and vertical decoupling
become important, increasing the risk of missed detections for both Gaussian and mass
balance methods, while satellite approaches become increasingly dependent on the accu-
racy of assumed transport velocities.

In practical terms, atmospheric variables such as boundary-layer depth, evidence of
stratification, wind shear, and vertical wind profiles should be assessed before selecting a
measurement strategy. Where uncertainty exists regarding plume transport, complemen-
tary measurement approaches may provide a more robust estimate than any single
method alone. For example, satellite observations may be useful for plume detection while
aircraft measurements provide information on plume structure and transport. Similarly,
aircraft measurements may help identify situations where near-surface Gaussian ap-
proaches are unlikely to produce reliable estimates due to plume decoupling from the
surface layer

6.4. Interpretation of Large Reported Emissions

Although this study focuses on offshore methane emissions, the underlying frame-
work is not specific to methane. The principal mechanisms identified here arise from the
interaction between plume transport, atmospheric structure, and sampling geometry, ra-
ther than from the properties of methane itself. Similar limitations may therefore affect
the atmospheric inference of emissions from other offshore or coastal sources whenever
measured concentrations are combined with transport assumptions to estimate emissions.
More generally, any concentration-based atmospheric inversion method may become sen-
sitive to structural uncertainty when plume behaviour deviates from the assumptions
used to interpret observations. In this sense, the results presented here may be viewed as
illustrating a broader challenge in atmospheric inference, rather than one unique to off-
shore methane quantification.

A key result of this work is that errors introduced by atmospheric structure are not
symmetric. Across all three approaches, departures from idealised transport assumptions
tend to reduce inferred emissions rather than increase them. Gaussian methods may miss
the plume entirely if it is laterally displaced, aircraft mass balance returns very small val-
ues when the plume is not intercepted, and satellite approaches systematically underesti-
mate emissions when plume transport is not aligned with the assumed wind speed.

This has implications for how large reported emissions may be interpreted. If atmos-
pheric structure tends to reduce inferred emissions through incomplete sampling or in-
correct transport assumptions, then large observed values are unlikely to arise from these
effects alone. In practice, the same processes that lead to non-detection or underestima-
tion—stratification, vertical confinement, and wind—-plume decoupling —generally make
emissions harder to detect, rather than easier to exaggerate.

One potential source of positive bias is incorrect representation of wind speed, par-
ticularly where the plume is transported in a layer with different velocity from that meas-
ured. This is most relevant for satellite approaches, and to a lesser extent for mass balance
methods. However, realistic offshore wind profiles typically vary by factors of order two
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to three over the vertical range relevant to plume transport. As a result, wind mismatch
alone is unlikely to generate large (order-of-magnitude) overestimates, although it may
contribute to more moderate errors.

For substantial overestimation to occur within these methods, additional factors are
required. These include double counting of plume mass, incorrect assumptions about
plume extent, or errors in background subtraction. In aircraft mass balance, for example,
overestimation may occur if a vertically confined plume is assumed to occupy a much
larger portion of the boundary layer than it actually does. Even in these cases, the results
presented here suggest that large positive bias is constrained and is unlikely to arise from
atmospheric structure alone without significant methodological issues.

This does not mean that all large emission estimates are correct, but it does limit how
they can be explained. Within the framework represented by these simulations, large val-
ues are more readily interpreted as either genuine high emissions or the result of specific
methodological or operational artefacts, rather than arising naturally from atmospheric
transport processes.

A related point is that the absence of a detectable plume does not imply low emis-
sions. Under stratified conditions, plumes may be displaced vertically or laterally so that
they are not sampled, even when emissions are substantial. This creates an asymmetry in
interpretation: missed detections are common, but large overestimates are harder to pro-
duce through atmospheric effects alone.

Taken together, these results show that offshore emission estimates need to be inter-
preted within the limits set by atmospheric conditions. Atmospheric structure tends to
introduce structural uncertainty that reduces or obscures emissions, while errors associ-
ated with reducible uncertainty can increase estimates or create overconfidence in them.
As a result, variability in offshore methane estimates is not symmetric, and estimates are
more likely to be biased toward underestimation.

7. Conclusions

This study has examined how atmospheric structure constrains the inference of off-
shore methane emissions from atmospheric measurements, with a focus on the marine
boundary layer. Although a range of observational approaches are used, they all rely on
assumptions about how methane is transported and dispersed. The results here show that
these assumptions are often not satisfied under typical offshore conditions.

As a result, differences between emission estimates cannot be explained solely by
methodological differences or measurement uncertainty. Instead, they may reflect how at-
mospheric structure influences plume behaviour. Processes such as stratification, vertical
decoupling, and layered flow change how plumes are transported, dispersed, and sampled.
This directly affects what is measured and how those measurements are interpreted. Diver-
gence between estimates can therefore occur even when methods are applied correctly.

These results show that offshore methane quantification is influenced by both reduc-
ible and structural uncertainty, and that structural uncertainty may dominate when
transport assumptions are not satisfied. Part of the uncertainty is structural, arising from
the interaction between plume behaviour and atmospheric conditions. In these cases, in-
creasing the number of measurements may reduce noise but does not necessarily improve
the accuracy of the inferred emission. Instead, it may reproduce the same variability under
different atmospheric conditions.

This means that emission estimates derived from atmospheric measurements are
only valid when the underlying transport assumptions are satisfied. Assessing these con-
ditions is therefore essential for interpreting results. Without this, estimates may appear
precise but still be incorrect.

https://doi.org/10.3390/atmos17080720



Atmosphere 2026, 17, 720 19 of 21

Overall, this work shows that the limits of offshore methane inference are set not only
by measurement capability, but also by atmospheric structure. Future observational stud-
ies should therefore incorporate atmospheric regime classification when planning cam-
paigns and interpreting results. Doing so may help identify when transport assumptions
are likely to be satisfied and when structural uncertainty is expected to dominate. Until
such effects are routinely accounted for, convergence between methods cannot be univer-
sally assumed.
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