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Abstract: Since pre-industrial times, anthropogenic methane emissions have increased and are partly 

responsible for a changing global climate. Natural gas and oil extraction activities are one significant 

source of anthropogenic methane. While methods have been developed and refined to quantify 

onshore methane emissions, the ability of methods to directly quantify emissions from offshore 

production facilities remains largely unknown. Here, we review recent studies that have directly 

measured emissions from offshore production facilities and critically evaluate the suitability of these 

measurement strategies for emission quantification in a marine environment. The average methane 

emission from production platforms measured using downwind dispersion methods were 32 kg h-1 

from 188 platforms; 118 kg h-1 from 104 platforms using mass balance methods; 284 kg h-1 from 151 

platforms using aircraft remote sensing; and 19,088 kg h-1 from 10 platforms using satellite remote 

sensing. Upon review of the methods, we suggest the unusually large emissions, or zero emissions 

observed could be caused by the effects of a decoupling of the marine boundary layer (MBL). 

Decoupling can happen when the MBL becomes too deep or when there is cloud cover and results in 

a stratified MBL with air layers of different depth moving at different speeds. Decoupling could 

cause: some aircraft remote sensing observations to be biased high (lower wind speed at the height 

of the plume); the mass balance measurements to be biased high (narrow plume being extrapolated 

too far vertically) or low (transects miss the plume); and the downwind dispersion measurements 

much lower than the other methods or zero (plume lofting in a decoupled section of the boundary 

layer). To date, there has been little research on the marine boundary layer, and guidance on when 

decoupling happens is not currently available. We suggest an offshore controlled release program 

could provide a better understanding of these results by explaining how and when stratification 

happens in the MBL and how this affects quantifications methodologies. 

Keywords: methane; quantification; methodology; review; offshore; oil and gas; production. 

 

1. Introduction 

Globally, it is reported that 29% of all crude oil is produced offshore while 28% of natural gas is 

produced offshore with an average of 27 million barrels oil per day and 17.5 million barrels per day 

equivalent of natural gas (1.05 trillion cubic meters per year or 37 Tcf NG) [1–3]. Saudia Arabia and 

Brazil are the largest offshore producers, extracting 13% and 12% of the total offshore crude oil 

globally, respectively, and combined with Mexico, Norway and the USA collectively extract 43% of 

the global offshore crude oil. The largest production regions are the Persian Gulf, the Gulf of Mexico, 

West Coast of Africa, and the North Sea. 

Offshore platforms or rigs are used to extract oil and gas from beneath the seabed and typically 

comprise of a large working deck at a safe distance above the ocean surface that is supported by either 

legs reaching to the seafloor or a buoyant vessel tethered to the sea floor. Rigs are primarily used for 
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drilling and temporary extraction while platforms are designed for long-term extraction and 

production operations. Platform types include Fixed, Spar, Semi-submersible, Tension leg, 

Compliant tower, or Floating Production, Storage and Offloading (FPSO) facilities with most 

measurements occurring in the Gulf of Mexico [4–8]. 

Fixed platforms, including fixed leg, well protector and caisson types, are generally held up by 

legs fixed into the ocean floor [9]. Fixed leg and well protector facilities typically use tubular steel 

while caissons have submersible oil storage tanks running to the seabed. For all types, the subsurface 

infrastructure supports the deck where processing occurs. Fixed platforms have long life cycles, 

designed to last at least 25 years, and deployed in water depths up to 1,700 ft [9]. From the Bureau of 

Safety and Environmental Enforcement (BSEE) data, fixed platforms in the Gulf of Mexico are 

typically unmanned and in near-shore (< 150 nm), relatively shallow (< 6,000 ft) waters. These 

facilities are typically older, lower-producing platforms with less processing equipment (typically 

separators only), and produced oil and gas is piped to shore [10]. In the Gulf of Mexico, 95% of the 

operating platforms are fixed platforms. 

The remaining 5% of platforms in the Gulf of Mexico are newer, work farther offshore in deeper 

water, have higher production rates, more processing equipment, can store oil, and have power 

generation capabilities. Spar platforms are fixed on a large vertical cylinder which is used for storing 

produced liquids and tether to the seabed [9]. The deck of a semi-submersible platform is attached to 

the top of submersible pontoons which are kept in place by seabed anchors and are used to keep the 

platform on station. Tension leg platforms use four air-filled pillars connected by a square pontoon 

structure that is fastened to the ocean floor, which allows the platform to resist both vertical and 

rotational forces. Compliant tower platforms are connected to slender supports fixed to the seabed 

which allows the structure to sway with the motion of the ocean making them more stable in the 

stronger currents found in deeper water. The FPSOs are fitted with all equipment needed to process 

and store oil until it is offloaded by a tanker and comprise a vessel that is moored to the seabed while 

receiving oil and gas from subsea wells. On average the newer facilities produce 3,500 kg CH4 facility-

1 h-1 while fixed leg facilities produce an average of 480 kg CH4 facility-1 h-1 [10]. Fixed platforms are 

much less complex, with fewer pieces of processing equipment, most facilities having no oil storage 

on site, no gas compression or electricity generation. 

Even though there has been a great deal of recent activity quantifying methane emissions from 

onshore oil and gas production activities [11–17], there has been less attention given to quantifying 

methane emissions from similar endeavors offshore despite contributing nearly one third of global 

oil and gas production [1]. Methane is a potent greenhouse gas (global warming potential 25 times 

higher than carbon dioxide over 100-years), has been linked with a changing global climate, and has 

been identified as a key gas for mitigation for short-term climate benefits [18–21]. In recent years, 

many methods have been developed and tuned to quantify methane emissions from onshore oil and 

gas production facilities. These include component-level measurements [22–24], downwind 

dispersion approaches [17,25–27], tracer-flux methods [28], mass balance [29] and using remote 

sensing from aircraft [30–32] and satellite [33,34] platforms. Each of these methods and associated 

advantages, shortcomings and assumptions are described in Section 2 below. In most cases it is 

assumed that methods can be directly applied to measure offshore emissions, however, it is currently 

unclear if this is correct. 

One key question is whether it can be adapted to account for differences between the terrestrial 

and marine environment. The most obvious methodological adaptation for offshore has been for 

remote sensing platforms that measure the absorbance of solar infra-red (IR) radiation as it passes 

through a methane plume. On land, flat surface and the absence of other IR absorbent chemicals make 

this relatively straight-forward. In the marine environment, waves obfuscate reflectance and water 

absorbs IR meaning that a sun-glint method was developed to measure the absorption of IR at large 

angles of specular reflection [4,35–38]. Despite being used to quantify offshore methane emissions, 

the sun-glint approach has never been validated in a controlled release experiment. 
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Another consideration of method applicability is whether it accounts for any differences in the 

boundary layer, i.e. the layer of the atmosphere closest to the surface of the Earth [39]. While the 

terrestrial boundary layer is relatively deep, dry and convective by day and shallow, dry and 

stratified at night, the marine boundary layer is typically always shallow, cool and moist (typical near 

surface RH of 75-100%) [40,41]. Also, when the marine boundary layer depth is less than one 

kilometer it is generally well-mixed and capped by a strong temperature inversion [42], but when it 

deepens or there is enough radiative heating of the cloud layer, the cloudy layer can decouple from 

the oceanic moisture source which reduces the mixing of air (partial or total) through the full depth 

leading to stratification [43]. Stratification could affect any method that assumes that the plume 

disperses in a uniformly conical shape or that the wind speed at a given height can be derived from 

a logarithmic wind profile. 

To investigate if the methods currently used to measure methane emissions from offshore oil 

and gas production facilities generate realistic values, we will conduct a review of these methods and 

discuss any possible sources in measurement bias. Specifically, we will: 1. Describe all methods that 

could be used to quantify offshore emissions; 2. review all published studies that have reported the 

size of emissions from offshore; 3. Generate average emissions for methods that have measured a 

significant number of facilities; and 4. Suggest any possible causes of bias or uncertainty in the 

methodologies. 

2. Materials and Methods 

Measurement methodologies 

Several methods have been used to quantify emissions from offshore facilities. Typically, 

methods use measured methane concentrations and meteorology to infer the emission rate. Below 

are five method descriptions that have been used and include: component-level measurements; 

downwind dispersion approaches; tracer-flux; mass balance; and remote sensing approaches. For 

each method a description of the approach is given along with any assumptions made. 

2.1. Component Level Measurements 

Total site emission is inferred from the sum of emissions from individual sources measured at 

the component level. This method has been used in the past to report total facility fugitive emission 

as part of a leak detection and repair program as part of the Gulf-wide Emission Inventory Study 

published by the US Bureau of Ocean Energy Management (BOEM) [44]. In most cases, optical gas 

imaging (OGI) cameras are used to locate the leak and a Hi-Flow sampler is used to measure the 

emission rates [45,46]. These instruments are commercially available and comprise a bag fixed over 

the source, the gas is then carried in a flow of air at a high flow rate to a methane sensor [46]. Hi-Flow 

samplers are typically used to quantify emissions between 50 g CH4 h-1 and 9 kg CH4 h-1 to an accuracy 

of ±10% [47]. Hi-Flow samplers are often used with OGI cameras which are first used to find the leak 

and then used to ensure all the gas is drawn into the sampler bag. 

The advantages of this method are that it is relatively inexpensive as instrumentation is lower 

cost, relatively little training is required to make adequate measurements, and the direct 

measurements mean the emission estimate of the sources has a relatively small uncertainty. However, 

this method is very time-consuming, and sources may be missing if they are hard to reach or the 

emissions are intermittent. Component-level emission estimates are typically biased low and likely 

an underestimate or a lower-bound of the actual emissions. The major assumption is that all emission 

sources have been accounted for and measured. 

2.2. Downwind Dispersion Approach - Gaussian Plume Inverse Approach 

Gaussian plume based approaches use methane concentration measurements coupled with 

meteorological data to infer the emission rate from the facility [48–50]. The emission rate of the gas 

(Q, g s-1) can be calculated from a methane concentration (Χ, g m-3) measured at a distance downwind 

of the source (x, m), the lateral distance from the center of the plume (y, m), the measurement height 
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(z, m), wind speed (u, m s-1), height of the source (hs, m), height of the boundary layer (h, m) and the 

Pasquill Gifford Stability Class (Equation 1). The Pasquill Gifford Stability Class is used to determine 

the standard deviations of the lateral (σy, m) and vertical (σz, m) mixing ratio distributions [48] using 

a look up table [51]. Site-specific dispersion coefficients can also be generated by measuring 

turbulence using a high frequency sonic anemometer. 

𝑋(𝑥, 𝑦, 𝑧) =
𝑄

2𝜋𝑢𝜎𝑦𝜎𝑧
𝑒

−𝑦2

2𝜎𝑦2
(𝑒

−(𝑧−ℎ𝑠)2

2𝜎𝑧2 + 𝑒
−(𝑧+ℎ𝑠)2

2𝜎𝑧2 + 𝑒
−(𝑧−2ℎ+ℎ𝑠)2

2𝜎𝑧2 + 𝑒
−(𝑧+2ℎ−ℎ𝑠)2

2𝜎𝑧2 + 𝑒
−(𝑧−2ℎ−ℎ𝑠)2

2𝜎𝑧2 ) (1) 

The assumptions made by the Gaussian plume inverse method are: 1. the source is emitting CH4 

at a constant rate; 2. the mass of methane is conserved when reflected at the surface of the ground or 

the top of the boundary layer; 3. wind speed and vertical eddy diffusivity are constant with time; 4. 

there is uniform vertical mixing; 5. the terrain is relatively flat between source and detector; 6. the 

distance between the source and detector is more than 100 m; 7. the emission is a point source; and 8. 

all emissions are detectable from the measurement location. In a stratified atmosphere, it is likely that 

assumptions 2, 3, 4, and 8 are violated. 

The advantages of this method are that the implementation of the equation is relatively straight 

forward, the equation always gives an answer even when an assumption is violated, and emissions 

can be calculated in real-time. This is the only method that has been validated by measurements made 

in a marine environment and is in good agreement with tracer flux [52,53]. The disadvantages are 

that all micrometeorology (particularly roughness length) cannot be fully accounted for in the 

equation and this approach does not account for air movement in complex aerodynamic 

environments. 

2.3. Tracer Flux 

The tracer flux method assumes that a tracer gas released next to a methane source will behave 

similarly as it encounters aerodynamic obstructions, therefore, the ratio of tracer to methane 

measured downwind can be used to infer the methane release rate [28,54]. The tracer gas with known 

emission rate (Qt, g m-2 s-1) is released next to an unknown methane source. Methane (Xm, g m-3) and 

tracer gas concentrations (Xt, g m-3) are measured downwind and the methane emission rate of the 

unknown source (Q, g m-2 s-1) is calculated from the ratio of concentrations (Equation 2) [55]. To 

improve accuracy and ensure the correct plume is being observed, two tracer gas emissions can be 

used either side of the unknown methane emission source [56]. Nitrous oxide and acetylene are often 

used as tracers for oil and gas operations. The uncertainty of quantification varies with wind 

conditions but estimated at ±25% [55,57,58]. 

𝑄 = 𝑄𝑡 .
∫ [𝛸𝑝𝑙𝑢𝑚𝑒(𝑝)−𝛸𝑏𝑔𝑛𝑑(𝑝)] 𝑑𝑦𝑝

𝑦𝑚𝑎𝑥(𝑝)
𝑦𝑚𝑖𝑛(𝑝)

∫ [𝛸𝑝𝑙𝑢𝑚𝑒(𝑡)−𝛸𝑏𝑔𝑛𝑑(𝑡)] 𝑑𝑦𝑡
𝑦𝑚𝑎𝑥(𝑡)

𝑦𝑚𝑖𝑛(𝑡)

        (2) 

The main assumptions of this method are that the tracer and methane have the same dispersion 

properties, the tracer and methane have attained the same dilution factor at a distance downwind, 

and the source does not emit any of the tracer gas. The advantages are it does not require 

meteorological measurements or dispersion assumptions, but it does require at least two mobile ppb-

level gas analyzers which increases the level of operational complexity and the cost. The tracer gas 

has to be collocated with the methane source, and this can be a challenge when the source cannot be 

reached or in case of multiple emitting point sources. Tracer gas cylinders are also required, which 

can be difficult in controlled areas. 

2.4. Mass Balance Approaches 

Emissions from a source (Q, g s-1; Equation 3) are calculated from the difference in upwind (Xb, 

g m-3) and downwind (Xe, g m-3) methane concentrations multiplied by the wind speed at that height 

(u, m s-1) integrated over the plume width (y, m) and height (z, m) upwind (Xb, g m-3) [59]. Mass 

balance measurements can be conducted using a point sensor or using line averaged sensors [59,60]. 

Transects of the plume must be measured from below to above the plume, as should the wind speed. 

𝑄 =  ∫ ∫ 𝑢𝑧(𝑋𝑒,𝑦,𝑧 − 𝑋𝑏,𝑦,𝑧) 𝑑𝑦 𝑑𝑧
𝑦

−𝑦

𝑧

0
       (3) 
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The major assumptions of the mass balance are that: 1. 2D downwind measurement transects 

extending above, below and beyond the lateral extent of the plume from sea level to the top of the 

boundary layer; 2. horizontal scans are close enough together to detail size and shape of the plume, 

i.e. not too far apart; 3. the plume between horizontal scans is similar enough to extrapolate between 

transects; 4. the wind speed is known at each measurement height; and 5. consecutive horizontal 

scans are done fast enough to account for any vertical movement of the plume. The major advantage 

about the method is that the plume can be visualized, however, this method requires an analyzer to 

measure above and below the plume (aircraft or drone) and there are assumptions about the shape 

of the plume when interpolating between horizontal observations. 

2.5. Remote Sensing: Aircraft and Satellite-Based Methods 

Aircraft and satellite-based use infrared spectrometers to detect methane plumes down to ~5 kg 

CH4 h-1 for aircraft mounted systems [61] and satellite-based platforms to ~100 kg CH4 h-1 [62]. 

Emission rates (Q, g s-1) are calculated (Equation 4) from the total plume column mass (M, g), the 

length of the observed plume (L, m) and wind speed (u, m s-1) [62–64]. Aircraft measurements use 

context cameras to identify and quantify emissions from individual pieces of equipment while 

satellite images can be used to quantify total facility emissions [65]. The two main satellite types are 

earth observation satellites that scan broad areas, e.g. Sentinel [66,67], and site-specific targeting 

systems, e.g. GHGSat [34]. The limit of detection for wide-area satellites is ~1,400 kg CH4 h-1 ± 50% 

and targeted systems estimated at ~200 kg CH4 h-1 ± 13% [68]. Quantifying offshore methane 

emissions presents a significant challenge for these systems because of the high absorption of infrared 

radiation by water. This has in part been overcome by measuring solar radiation reflected by the 

surface of the water surface in the sun-glint mode [69]. 

𝑄 =  
𝑀

𝐿
𝑢          (4) 

The assumptions of the remote sensing method are: 1. the wind speed at the emission point can 

be generated from the re-analysis dataset; 2. the mass of gas observed in the plume physically moves 

at the same speed as the speed of the wind, which may not be the case as gas may pool on the leeside 

of a large aerodynamic obstruction; 3. the mass of gas measured in the plume is only methane and 

not any other IR absorbing gases in the plume; and 4. the methane in the plume does not physically 

or chemically change over length of the plume. Satellite quantification of methane emissions is 

relatively low effort with hardware and analysis conducted by the satellite operator. However, it does 

have a relatively high detection threshold, and smaller emissions are likely undetectable. 

3. Results 

3.1. Published Emission Estimates from Offshore Facilities 

Riddick et al. (2019) 

This was a boat-based survey that used an ABB ultra-portable greenhouse gas analyzer to 

measure methane concentrations at distances between 600 m and 1 km downwind of eight platforms 

in the North Sea [70]. All platforms were observed to emit methane (4 to 80.3 kg CH4 h-1) with 

emissions calculated using a Gaussian plume inverse approach. The most influential assumption on 

the calculated emission was the assumption of homogeneous vertical mixing. If the vertical mixing 

is heterogeneous, i.e. stratification, this may mean that emissions higher on the platform, i.e. the flare, 

may not have been detected and the quantification accounts for emissions lower on the platform, i.e. 

process emissions from the working deck or emissions from produced water. Even though emissions 

were detected from all platforms, some emissions sources may not have been observed. 

Yacovitch et al. (2020) 

Another boat-based survey that used an Aerodyne TILDAS methane analyzer to quantify 

methane concentrations downwind of 103 offshore sites. Emissions were calculated using a Gaussian 

plume approach [8] with average emission from the 103 sites of 17.3 kg CH4 h-1 (standard deviation 

31.8) and a maximum facility emission of 185 kg CH4 h-1. 28 of the facilities had no associated 

emission. Of the 29 caisson facilities measured, average emission was 9.5 kg CH4 h-1 with a maximum 
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of 94 kg CH4 h-1. The average emission from fixed leg facilities was 25.4 kg CH4 h-1 with a maximum 

of 185 kg CH4 h-1. As with the study of Riddick et al. (2019), the major uncertainty in quantification 

was assuming homogenous vertical mixing and the high number of zero emitters may suggest that 

stratification was encountered as emissions from higher on the platform may not have been observed 

as they were entrained above an inversion layer. 

Nara et al. (2014) 

This method used boat-based methane concentration measurements, at 50 m above sea-level, to 

calculate emissions from platforms on undefined distance upwind using a mass-balance approach 

[71]. The calculation assumes a vertically homogeneous plume in the atmosphere, i.e. with a constant 

horizontal maximum methane concentration extending between sea-level to the boundary layer at 

677 m. This is very unlikely as plume dynamics suggest that a plume would take some conical form 

(uniform vertical and lateral dispersion) in neutral, unstratified conditions, or with a constant 

horizontal maximum methane concentration extending only a short vertical distance (i.e. a plume 

compressed in the vertical) in neutral but stratified conditions. When emissions are calculated using 

the method of Nara et al. (2014), it is very likely that the estimates are significantly overestimated. As 

such average emissions from 8 Malaysian and 6 Bornean facilities were 449 kg CH4 h-1 (max 1,536, 

min 14.0) and 61 kg CH4 h-1 (max 167, min 7) 

Zang et al., 2020 

Methane emissions were calculated from boat-based methane concentrations measured using a 

drying sampling inlet at 10 m above sea level and connected to a Picarro CRDS [72]. Emissions were 

calculated using the method of Nara et al. (2014) and likely encountered the same issues with 

dispersion assumptions. Only region emission estimates are presented and there are no platform 

specific emissions data calculated using this method. 

Hensen et al. (2019) 

This study used boat-based measurements to quantify methane emission from 37 facilities in the 

North Sea using the EPA Offshore and Coastal Dispersion (OCD) model and five facilities using an 

N2O tracer flux method [73]. The main takeaway from this study is that even though it was meant as 

a comparison study (i.e. downwind dispersion vs tracer flux), the individual facility emission 

estimates did not agree between methods. It was suggested this was as result of plume dynamics as 

some of the controlled release N2O or facility CH4 emissions interacted with hot exhaust plumes from 

combustion sources. This principally violated the tracer flux assumption that both gases disperse in 

the same way. The OCD model is effectively a Gaussian plume dispersion model with parameters 

tuned to offshore by the EPA, again, the study reported issues with stratification for making boat-

based surveys in a boundary layer which may have become decoupled. Average emissions from 37 

fixed leg facilities in the North Sea calculated using the downwind dispersion model were estimated 

at 70 kg CH4 h-1 (max 126, min 10). Average emissions from 5 fixed leg facilities in the North Sea 

calculated using the tracer flux method were estimated at 122 kg CH4 h-1 (max 194, min 18). 

Khaleghi et al. (2024) 

Emissions were quantified using aircraft-based methane concentrations measured by a Picarro 

CRDS. The manuscript does not state if the air was dried before measurement. However, this does 

not appear to be the main uncertainty in the measurements. Two approaches were used to quantify 

emissions, a downwind dispersion (Gaussian plume-based) method and a mass balance approach 

[74]. 

For the downwind dispersion-based measurements, between 3 and 6 transects were flown 

between 1.5 and 15 km downwind of the platform. Several assumptions were made including: 1. the 

wind speed measured at 10 m was the same as the wind speed used at 160 m ASL; 2. the height of 

the emission was at the flare tip. As a result, the uncertainty range was determined to be between 

+350%, -83%. Emissions using this approach for three type 2 facilities were 260, 115 and 93 kg CH4 h-

1. 

For the mass balance approach, 6 to 10 loops (up to 1 km in radius) were flown around each 

platform in 100 m vertical gaps. The key assumption with this method is that the plume is measured 
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to encompass the total vertical and horizontal extent. Figure 4a(left) shows the largest concentrations 

in the bottom spiral of the measurement, while 4a(right) shows that the top of the plume has not been 

captured in the measurement. 4a(left) corresponds to the MB measurement of the “Hibernia” facility 

at 23 kg CH4 h-1 and 4a(right) the MB measurement of the “Hebron” facility” at 232 kg CH4 h-1. The 

figures, emission estimates and the uncertainty (±96 %) generate concern over the measurements. It 

is conceivable that the methane emitted from the Hibernia was entrained below the bottom spiral 

measurement and the plume was not completely measured, resulting in an underestimate. 

Fiehn et al. (2024) 

Emissions were quantified using an aircraft-based mass balance approach [75]. Emissions were 

only presented qualitatively and described as either low, medium or high. No details were given 

about the facilities other than their general locations. 

Pühl et al. (2024) 

Emission were quantified using an aircraft-based mass balance approach [76]. Five afternoon 

flights were conducted at distances of 2 to 7 km from seven offshore facilities at altitudes between 45 

m and 1,300 m above sea level. A limit of detection for this approach was stated as 0.3 kg CH4 h-1. 

Emissions ranged from below the detection limit of the method to 1,258 kg CH4 h-1 with an average 

emission of 213 kg CH4 h-1. 

We suggest that there are several uncertainties in the method that could have caused an 

over/underestimation of emissions. These include: 1. The flights do not extend all the way to an 

altitude of 0 and do not necessarily sample all the way to the boundary layer; 2. There is relatively 

sparse vertical sampling. Figure 1A suggests vertical measurement of 350 meters in 7 transects. The 

assumption here is the plume is well-mixed enough and won’t vary between 50-meter vertical scales. 

It is unclear from the data if this assumption is correct; and 3. Only a single average wind vector is 

used for all transects. However, wind has a predictable nonlinear behavior as a function of height 

which could cause some bias depending on the height sampling/wind profile. 

 

Figure 1. Distribution and relative sizes of the 294 platforms measured in the Gulf of Mexico [4,6,8]. 

Measurements are split into subsets of those 1. likely violated method assumptions, 2. are super emitters 

following the EPA definition of a facility emitting more than 100 kg CH4 h-1, 3. Emission are less than the bottom-

up calculated emissions from process and combustion emission of 5.3 kg CH4 h-1 and 4. are not either subset 1, 2 

or 3. 
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From the results presented (i.e. 3 facilities emitting < 0.3 kg CH4 h-1 and one emitting 1,258 kg CH4 h-

1), it is possible that in some smaller emission observations the plume was missing while the 

abnormally large emission could have been caused by double counting or as a result of an 

extrapolation error. There is insufficient data presented in this paper to determine if the emission 

estimate is correct and what may have caused an over/underestimate. 

Zavala-Araiza et al (2021)  

As this study used an aircraft-based mass balance approach to quantify regional emissions from 

an offshore production area in the Gulf of Mexico, the results are not analogous to others that have 

been presented in this report [77]. As with other aircraft-based studies [78,79], methane 

concentrations were measured in concentric loops from 150 m ASL to above the plume. It is likely 

that these estimates (mean regional emissions of 2800 kg CH4 h-1) could be biased high or depending 

on the observations where the aircraft could have missed the plume, extrapolated a greater depth of 

plume or double counted the plume due to unstable winds. There are not enough data presented in 

the paper to comment on this. 

Gorchov Negron et al. (2023) 

Again, this study used an aircraft-based mass balance approach to quantify emissions from 52 

offshore oil and gas platforms by measuring methane concentrations in concentric loops from 50 m 

ASL to above the plume [6]. As with the study of Pühl et al. (2024) [78], there are some very large 

emissions observed while an even larger percentage undetected. 11% of emission were greater than 

500 kg CH4 h-1, 20% were less than 1 kg CH4 h-1 and 11% less than 0 kg CH4 h-1. This suggests emissions 

are over/underestimated through plume dynamics or shortcomings of the methodology. However, 

of note here is the study asserts shallow water platforms emit more than deeper water platforms. This 

could indicate decoupling of the marine boundary layer caused by near shore clouds forming 

through either sea breeze convergence or coastal frictional convergence [80]. As the boundary layer 

decouples, more gas is trapped near the ocean’s surface and more likely to result in larger 

concentrations observed on the lowest measured loop. Again, this could result in an overestimation 

when this is used to extrapolate concentrations between the lower loop and ocean’s surface. This may 

also explain why many of the emissions were small or negative as emitted gas could have been 

trapped below the lowest height measured by the aircraft. High emissions of shallow water 

production platforms are explained in Gorchov Negron et al. (2023) as the result of gas flashing from 

liquid tanks on the facility but few of these facilities have liquid tanks because condensate is piped 

directly to shore from the platform (Table 3). 

Gorchov Negron et al. (2020) 

This study uses the same methods as Gorchov Negron et al. (2023), but the minimum spiral 

height of the aircraft is stated at between 3 and 40 m above sea level [7]. Based on the method 

description, the smallest vertical distance between loops was 11 m and largest 55 m. Even though 

only 7 production platforms were measured, emissions ranged between 0 and 96 kg CH4 h-1 with an 

average of 53 kg CH4 h-1. This could suggest that a method that extends spirals as close as possible to 

the surface and with smaller vertical separation between spirals can generate emissions more in 

agreement with in-situ methods and does not result in calculated emissions far greater than the mean 

of the observations. 

Foulds et al. (2022) 

This study reports the emissions from 20 individual facilities in the North Sea using an aircraft-

based mass balance approach [81]. Concentrations were measured on two platforms, a Los Gatos 

optical cavity instrument on the FAAM BAe-146 aircraft and a Picarro CRDS on Scientific Aviation’s 

(SA) Mooney propeller aircraft. FAAM flights flew between 7 and 14 linear transects perpendicular 

to the wind direction at heights between 100 m and 600 m above sea level. Average emissions from 

the 3 platforms identified and quantified using the FAAM aircraft were 73 kg CH4 h-1 and results 

presented (Figure B2) suggest observation observed the bottom of the plume but interpolation 

between transects 100 m apart could have resulted in an overestimation. SA flew 20 concentric circles 

around each facility between heights of “less than 100 m” to “more than 500 m” above sea level 
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resulting in average facility emissions of 11 kg CH4 h-1 (which is more in line with our expectation 

calculated in Tables 5 and 6). An example showing data (Figure B3), indicates that the plume was 

fully captured within the spiral observations, however, at a distance of ~10 km from the platform the 

plume was shown to vertically disperse between 100 m and 500 m above sea level and laterally ~ 1 

km (i.e. lateral dispersion is twice vertical) indicating stratification has caused resistance to vertical 

dispersion. 

Lee et al. (2018) 

This study reports the emission rate from an unset condition on the Elgin facility in the North 

Sea using an aircraft-based mass balance approach [82]. Concentrations were measured using a Los 

Gatos optical cavity instrument on the FAAM BAe-146 aircraft. The measurements were taken to 

quantify the emission from a leaking well at 5.5 km below the surface. This study did not quantify 

emissions from the platform. Emission was estimated at 4,680 kg CH4 h-1 using a Gaussian plume 

approach and accounting for inversion height caused by stratification. 

Cain et al., 2017 

Methane emissions were calculated from aircraft-based methane concentrations. Concentrations 

were measured using a Los Gatos optical cavity instrument on the FAAM BAe-146 aircraft [83]. 

Emissions were calculated from the Leman field using a mass balance approach. Only region 

emission estimates are presented and no platform-specific emissions data were calculated using this 

method. 

Purvis et al (2024) 

A description is given of initial results of quantifying methane emissions from offshore oil 

unloading [84]. No quantitative data are presented. 

France et al. (2021) 

Methane emissions were calculated from aircraft-based methane concentrations. Concentrations 

were measured using a Los Gatos optical cavity instrument on the British Antarctic Survey DHC6 

twin otter research aircraft [85]. In regions with no minimum altitude limit, the aircraft could be flown 

at the practical limit of 15 m above sea level. This paper describes a method but does not present 

emission data. 

Biener et al. (2024) 

This study leveraged the data from an aircraft-based mass balance approach [6] to investigate 

the persistence of emissions from oil and gas production platforms in the Gulf of Mexico [5]. No 

additional methodologies/analyses were presented. 

Valverde et al. (2024) 

This study uses sun-glint methods on Sentinel-2 and PRISMA satellite data to estimate methane 

emissions from the same facility in Malaysia at 23,000 and 5,000 kg CH4 h-1 at different times [37]. 

Meteorological data used in the calculation comes from the NASA GEOS-FP meteorological 

reanalysis product. 

Irakulis-Loitxate et al. (2022) 

This study uses sun-glint methods on WorldView3 satellite data to estimate methane emissions 

from the same facility in the Gulf of Mexico at 99,000 kg CH4 h-1 over a two-week period while flaring 

at the facility was on hiatus [36]. Meteorological data used in the calculation comes from the 1-hour 

average at 10 m wind data from the NASA GEOS-FP meteorological reanalysis product. Satellite 

retrievals in the SWIR are corrected for water in the plume. 

Dahan et al. (2022) 

This study uses sun-glint methods on Sentinel-2 and Landsat 9 OLI-2 satellite data to estimate 

methane emissions from three facilities in the Gulf of Mexico at 24,710, 9,630 and 27,569 kg CH4 h-1. 

The 100-meter modeled wind speed was taken from Ventusky.com and scaled to account for plume 

dispersion. 

MacLean et al (2024) 

This study uses sun-glint methods on GHGSat satellite data to estimate methane emissions from 

three facilities in the Gulf of Mexico at 180, 250 and 390 kg CH4 h-1 and a platform in East Africa 
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emitting at 1,160 kg CH4 h-1. Meteorological data used in the calculation comes from the 1-hour 

average at 10 m wind data from the NASA GEOS-FP meteorological reanalysis product [35]. 

Ayasse et al. (2022) 

This study used a shortwave infrared imaging spectrometer mounted on an aircraft to conduct 

sun-glint observations of 151 platforms in the Gulf of Mexico [4]. Of the 107 facilities with emissions 

that could be observed (i.e. emission greater than the stated limit of detection of 10 kg CH4 h-1), the 

average emission was 1,028 kg CH4 h-1 with a maximum observation of 4,930 kg CH4 h-1 and minimum 

of 29.5 kg CH4 h-1. The average uncertainty in quantification was stated as ±26%. For all 388 

observations including repeat observations and facilities emitting less than the lower detection limit, 

the average emission was 289 kg CH4 h-1. 

3.2. Measurement Methods’ Average Emissions 

Taking all the data from all studies that have reported methane emissions from offshore oil and 

gas production facilities (Table 1), we find the average methane emissions that used each of the 

methods were: 

• Downwind dispersion: 32 kg h-1 from 188 facilities. 

• Mass balance: 118 kg h-1 from 104 platforms. 

• Tracer flux: 122 kg h-1 from 5 platforms. 

• Aircraft remote sensing: 284 kg h-1 from 151 platforms. 

• Satellite remote sensing: 19,088 kg h-1 from 10 platforms. 

Table 1. Summary of studies measuring methane emissions from offshore platforms. For methods, D - 

Downwind dispersion, MB - Mass Balance, TF - Tracer Flux, RSA - aircraft remote sensing and RSS - Satellite 

Remote Sensing. All emissions in kg CH4 h-1. GoM denote the Gulf of Mexico. 

Lead author Region of 

study 

Method  Type of platforms 

sampled 

# 

Platforms 

sampled 

Av. 

emission 

Max. 

emissio

n 

Min. 

emission 

Yacovitch GoM D Caisson 29 9.5 94.2 0.0 

Yacovitch GoM D Compliant tower 1 2.7 2.7 2.7 

Yacovitch GoM D Drillship 3 0.0 0.0 0.0 

Yacovitch GoM D Fixed Leg 54 25.4 185 0.0 

Yacovitch GoM D Mini Tension Leg 1 5.8 5.8 5.8 

Yacovitch GoM D Semi-Sub 2 0.2 0.3 0.0 

Yacovitch GoM D SPAR 2 2.1 4.1 0.0 

Yacovitch GoM D Tension leg 3 0.0 0.0 0.0 

Yacovitch GoM D Well Protector 3 34.8 63.2 0.0 

Yacovitch GoM D Unidentified 5 4.5 18.2 0.0 

Riddick North Sea D Fixed Leg 7 22.8 65.2 4.0 

Riddick North Sea D FPSO 1 80.3 80.3 80.3 

Nara Malaysia MB Unidentified 8 449 1,536 14.0 

Nara Borneo MB Unidentified 6 60.8 165.6 6.5 

Hensen North Sea D Fixed leg 37 23 151.2 0.04 

Hensen North Sea TF Fixed leg 5 122 194.4 18.4 

Hensen North Sea D Fixed leg 37 70 126 10.4 

Khaleghi Canada D Fixed Leg 2 187.5 260.1 114.9 

Khaleghi Canada D FPSO 1 93.1 93.1 93.1 

Khaleghi Canada MB Fixed Leg 2 128.1 232.7 23.5 

Khaleghi Canada MB FPSO 1 79.4 79.4 79.4 

Pühl  North Sea MB Fixed Leg 7 213.2 1258.7 12.1 

Gorchov Negron GoM MB Fixed Leg 56 103 901 -41 
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Gorchov Negron GoM MB Caisson 0 0 0 0 

Gorchov Negron GoM MB Fixed Leg 2 58.5 86 31 

Gorchov Negron GoM MB Tension Leg 2 66 92 40 

Gorchov Negron GoM MB SPAR 2 59.5 96 23 

Foulds North Sea MB Unspecified 3 73.1 136.9 26.2 

Foulds North Sea MB Unspecified 15 11.2 61.6 -0.1 

Valverde Malaysia  RSS Unspecified 1 23,000   

Valverde Malaysia  RSS Unspecified 1 5,000   

Irakulis-Loitxate GoM RSS Unspecified 1 99,000   

Dahan GoM RSS Unspecified 1 24,710   

Dahan GoM RSS Unspecified 1 9,630   

Dahan GoM RSS Unspecified 1 27,569   

MacLean GoM RSS Unspecified 3 273 390 180 

MacLean East Africa RSS Unspecified 1 1,160   

Ayasse GoM RSA Mixed 151 284 4,930 30 

3.3. Potential Measurement Uncertainty and Bias – Case Study Gulf of Mexico 

Taking 294 platforms in the Gulf of Mexico measured by downwind methods [8], mass balance 

[6] and aircraft remote sensing [4], we generated sub-sets for measurements that 1. likely violated 

method assumptions; 2. are super emitters following the EPA definition of a facility emitting more 

than 100 kg CH4 h-1; 3. Emission are less than the bottom-up calculated emissions from process and 

combustion emission of 5.3 kg CH4 h-1 [86] and 4. are not either subset 1, 2 or 3. Measurements that 

likely violated method assumptions are those that: 1. were conducted in low wind conditions (< 2 m 

s-1); 2. measurement distances of more than 10 km downwind of the facility; 3. Where the horizontal 

mass balance transects were made more than 50 m apart vertically; 4. the uncertainties equal to -

100%; and 5. there were zero or negative emissions from individual facilities. 

Nearly half of the facilities measured (45%) fall into subset 1 and the average emission is 98 kg 

h-1 as these include very large and very small emissions, (Table 2). For the aircraft remote sensing 

method, 28 observations did not detect an emission, and the other four emissions had an uncertainty 

greater than ±100%. For the mass balance method, 22 measurements comprised of less than 10 

transects, 11 measurements were zero emission or less, and 8 measurements were conducted in low 

wind conditions. For the downwind dispersion, observations were filtered out for those that were 

not sure which facility was being measured or were more than 10 km from the facility. 

Subset 2 includes all very large measurements mostly generated from the aircraft remote sensing 

approach (95 measurements) with an average emission of 1012 hg CH4 h-1. We have no 

methodological reasoning as to suggest why subset 2 measurements are not correct, these have been 

separated to indicate any commonality in spatial distribution. All smaller, non-zero emissions (subset 

3) were calculated using the downwind dispersion method. For the 43 measurements in subset, the 

average emission is 33 kg h-1 and these are distributed across the three measurement approaches. The 

largest emissions are generally confined to the near shore and all of these in either subset 1 or 2 (Figure 

1). 

Table 2. Classification of the 294 platforms measured in the Gulf of Mexico [4,6,8] into subsets that 1. likely 

violated method assumptions 2. are super emitters following the EPA definition of a facility emitting more 

than 100 kg CH4 h-1 and 3. are not either subset 1 or 2. 

Classification Subset 1 Subset 2 Subset 3 Subset 4 

Total     

Platforms measured  131 102 18 43 

Average emission (kg h-1) 98 1012 2 33 

Max emission (kg h-1) 4127 4930 5 94 
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Min emission (kg h-1) -41 104 0.1 6 

Aircraft RS     

Platforms Measured 32 95 - 8 

Average emission (kg h-1) 277 1060 - 50 

Mass balance     

Platforms Measured 41 7 - 8 

Average emission (kg h-1) 70 360 - 46 

Downwind methods     

Platforms Measured 58 - 18 27 

Average emission (kg h-1) 19 - 2 24 

4. Discussion 

4.1. Review of Methods 

This study describes six methods/platforms that could be used to quantify methane emissions 

from offshore oil and gas production facilities. These include component-level measurements; 

downwind dispersion approaches; tracer-flux; mass balance; and remote sensing approaches (aircraft 

and satellite). Each of these has been used to quantify methane emissions from onshore facilities and 

are now being implemented for offshore quantification. 

Downwind dispersion methods have measured 188 offshore facilities globally with an average 

emission of 32 kg CH4 h-1 ranging from 0 to 260 kg CH4 h-1. The advantages of the downwind 

dispersion methods are that it is relatively simple to do (i.e. position a trace methane analyzer 

downwind of the source). However, this approach makes many assumptions about the size and 

shape of the plume which may affect quantification in a stratified marine boundary layer and there 

is the potential for the plume to loft overhead resulting in the non-detection of the plume. During a 

downwind dispersion campaign in the Gulf of Mexico over half of the facilities were observed to 

have zero emissions [8]. The downwind dispersion model is the only approach to have been validated 

by controlled release experiments in a marine environment [87,88]. 

The mass balance approach has been used to measure emissions from 104 facilities with an 

average measured emission of 118 kg CH4 h-1 and maximum and minimum of 1536 and -41 kg CH4 

h-1, respectively. The main advantage of the mass balance approach is that it can be easily visualized 

and output are visually compelling. The key assumptions associated with the method, as described 

in Section 2.4, that could affect the quantification are 1. The plume does not move vertically between 

transect measurements as this could result in double counting the plume (overestimating the 

emission) or missing the plume altogether (zero emission); and 2. Assuming the plume can be 

interpolated between horizontal measurements. Upon review of the recently published 

measurements, it does not appear that either of these assumptions has been completely addressed by 

any of the studies and the average facility emission estimate is almost a factor of four higher than the 

downwind dispersion method average emission. The most compelling evidence would be the 

presentation of the vertical methane enhancement profile downwind of the facility from sea-level to 

the top of the marine boundary layer at relatively small vertical separations (possibly as small as 20 

m apart). Most published emissions were derived from mass balance measurements starting at 50 m 

up to an unreported height with vertical distances as large as 50 m apart, some emission estimates 

have been generated from as few as three transects. 

The average facility methane emission rates for the remote sensing approaches are 284 kg CH4 

h-1 (max 4930 kg CH4 h-1 and min 30 kg CH4 h-1) from 151 facilities and 19,089 kg CH4 h-1 (max 99,000 

kg CH4 h-1 and min 180 kg CH4 h-1) from 10 facilities for the aircraft and satellite measurement 

platforms, respectively. The key assumption for both these methods is that there is a good 

understanding of the wind speed at the height that the methane has been released. An attempt was 

made to compare modelled to measured wind speeds at 10 m [4], however, these measurement were 
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made from a buoy in open water and it is unclear if this is analogous to the wind speed on an offshore 

production facility where there is a bluff body. 

4.2. Possible Causes of Bias or Uncertainty in the Methodologies 

All methods of quantification described above have been developed, tuned and evaluated to 

quantify methane emissions from oil and gas infrastructure. However, these measurements were 

almost all land-based and there are reservations about deploying these approaches to quantify 

emissions from offshore production facilities. Some of the uncertainty is caused by the physical 

structure within the marine boundary layer and how the wind profile changes when conditions 

become overcast, which is common especially in coastal areas. 

Stratification, resulting from deep marine boundary layers or solar heating of clouds, could affect 

methods. The downwind dispersion approach assumes that gas disperses in a uniformly conical 

shape, however, with stratification the gas may be entrained in laminar flow or could be reflected at 

a mid-layer boundary. This could result in either an overestimation in emission, where reflection has 

not been accounted for, or underestimation, where the plume has not been observed as it is carried 

away in an upper stratified layer. The mass balance approach relies on observing the lateral and 

vertical dispersion of plume and interpolating between measurement transects. Stratification could 

affect mass balance methods by: 

1. In most mass balance surveys, the size and shape of the downwind plume is generated by 

extrapolating between measurements made at different altitudes. If observations do not extend 

from 0 m above sea level to the top of the boundary layer, then an extrapolation could be made 

from the lowest/highest transect height to either sea level or the boundary layer height. A 

scenario could feasibly exist where a large concentration measurement is observed at the 

top/bottom transect which is then used to extrapolate a large vertical distance. This would likely 

result in an overestimation of the vertical size of the plume and overall emission. Care must be 

taken to ensure that transects bound the top and bottom of the plume. 

2. If transect measurements are made at relatively sparse vertical sampling heights between sea 

level and the boundary layer, the plume could be missed and result in zero emissions being 

observed. This could affect laminar plumes in a stratified MBL as these are likely to be less 

vertically dispersed than in a well-mixed atmosphere. 

3. If the winds move the plume vertically on a timescale faster than the time of repeat observations 

at different heights, plume dynamics could cause you a “double count” if the plume, i.e. the 

centerline of the plume shifts upwards while the flight is going from low to high, in this way, the 

calculated emission rate would likely end up with an overestimate.  

Remote sensing methods rely on an understanding of wind speed at the emission height. As 

these data are typically taken from reanalysis data products, it is not currently well understood how 

accurate the data are. Of note here are the measurements of the aircraft-based remote sensing, where 

many of the very large emissions were observed at the relatively smaller production coastal facilities 

in the Gulf of Mexico (Figure 1). In these coastal areas, it is common that near-shore clouds form 

through either sea breeze convergence or coastal frictional convergence [89], which could result a 

decoupling of the marine boundary layer. 

To test method accuracy, controlled emissions of methane that simulate actual emission events 

could be released from a structure representative of a production facility in the open ocean. 

Experiments could be conducted to test how methods’ emission detection thresholds and 

quantification uncertainty changes with emission type (diffuse, point source, combustion, vented or 

fugitive), relative location of emission source (e.g. height above ocean, distance from shore, depth of 

water), and environmental conditions (e.g. stratification, cloud cover, wave height, atmospheric 

stability). Transparent and comprehensive measurement data sets collected following best-practice 

protocol could be used to improve reliability and credibility of emission estimates from offshore 

facilities. Currently, the suitability of methods used to quantify emissions from offshore facilities is 
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unknown but with a testing program best practice protocols could be developed and uncertainty 

bounds of quantitation methods would be better understood. 
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