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1. Executive summary 

 
This roadmap provides an overview of the atmospheric monitoring needs for the 
greenhouse gas methane in support of international climate policy, the current capacity 
of satellite remote sensing to address those needs and opportunities and priorities for 
the near future. The monitoring needs concern the need for an improved understanding 
of the drivers of the global methane increase, including impacts of carbon-cycle climate 
feedbacks, as well as the need to provide independent verification of national reports 
of greenhouse gas emissions. 
Satellite remote sensing provides useful information on scales ranging from single 
emitters to the entire globe, using techniques that differ in the trade-offs that are made 
on coverage, resolution, and measurement accuracy. To translate satellite 
measurements into emission estimates, (inverse) modelling techniques are developed 
with requirements that vary between the application areas also. The diversity of 
methods is critical not only to optimize the approach for each application but also to 
assess the robustness of emission estimates that are derived. The latter is critical 
because of the difficulty to reliably quantify uncertainties, notably systematic 
uncertainties in retrieval techniques and atmospheric inverse models. Rapid progress 
is made in the detection and quantification of large single emitters. To connect that 
information to regional emission budgets and the attribution of anthropogenic and 
natural emission processes remains a challenge.   
Several new satellite missions are planned for launch in the coming years, providing 
rich datasets in terms of coverage and resolution. An important research priority is to 
develop the methodology needed to make efficient use of that information in a timely 
manner, and to combine observational constraints that address different scales and 
parameters. The Methane+ project takes important steps in this direction, which will 
need to be followed up on in future projects, such as the recently funded ESA projects 
MethaneCamp and Ampac-Net for improved quantification of methane emissions from 
Northern latitudes.               
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2. Context and objectives of CH4 monitoring from space  
 

2.1. The global growth rate of CH4  
 
To improve our understanding the main drivers of the observed global increase of 
methane requires a more accurate quantification of its global sources and sink. The 
most important natural and anthropogenic processes emitting methane and removing 
it from the atmosphere are believed to have been identified. However, to constrain the 
estimates for each of these processes well enough to explain the observed growth-
rate variations poses a great challenge [Saunois et al, 2020]. Measurements from the 
NOAA-ESRL surface monitoring network indicate that the global growth of methane 
has varied between -5 and 16 ppb/yr (-0.3 to 0.9 %/yr) since the 1980’s, with the largest 
increase in the year 2020. The year 2021 is on track of setting a record again of close 
to 17 ppb/yr.  
According to the EDGARv6 emission inventory [Crippa et al, 2021], anthropogenic 
methane emissions have increased by about 100 Tg/yr from 1985 to 2018. Assuming 
a mean emission in this period of 550 Tg/yr (anthropogenic + natural) and a mean 
mixing ratio of 1750 ppb, this would lead to a 315 ppb increase in the global 
background during this period. If natural sources and sinks remained constant, this is 
about 50% more than observed. Important differences between inventories and 
atmospheric data are also seen on shorter time scales, most notably between 2000 
and 2007 when the background mixing ratio remained about constant, whereas 
EDGARv6 reports a 30 Tg/yr increase. Numerous attempts have been made to 
reconcile emission and concentration increases in this period, with limited consensus 
so far [Saunois et al, 2020] likely explained by various influences on the growth rate 
acting in parallel [Lan et al, 2019; Lunt et al, 2019; Zhang et al. 2021; Scarpelli et al, 
2022]. 
The limited understanding of the observed growth rate is problematic in the light of 
climate projections and the emission reductions needed to reach the goals of the Paris 
agreement. To resolve this issue, improved regional scale monitoring capacity will be 
needed world-wide, to which satellite remote sensing can make an important 
contribution. 
 
                    

2.2. Anthropogenic CH4 and emission mitigation 
 
For the Paris agreement and its 5 yearly global stock take to be successful in limiting 
climate change, it is important that national emission reports are consistent with the 
observed atmospheric increase of CO2 and non-CO2 greenhouse gases. The 
methane-emission pledge at the recent COP26 requires a 30% reduction in methane 
by 2030 compared with 2020, aiming to take advantage of the short-term climate 
benefit of reducing methane emissions (UNEP-CCAC, 2021). Atmospheric 
greenhouse gas monitoring can most effectively support these emission reduction 
efforts if it allows evaluation of the national and annual emissions of the national 
inventory reports that are submitted to the UNFCCC. In some countries, including UK, 
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CH, and NZ [Henne et al, 2016; Lunt et al, 2021; https://niwa.co.nz/climate/research-
projects/carbon-watch-nz], this is done already using national measurement facilities 
on ground. Other western European countries will follow in the coming years (e.g. 
Germany), supported o.a. by the ongoing measurements from the Integrated Carbon 
Observing System (ICOS).  
In many other countries, lacking the required measurement infrastructure, this is much 
more difficult. Non-Annex 1 countries are not required to report their annual emissions. 
Nevertheless, for the Global Stock Take to provide effective guidance on the global 
progress towards the Paris goals, it is important that emissions from these countries 
are monitored also. Without the global coverage of Earth Observing satellites that will 
be difficult, if not impossible, to achieve within the time frame of the global methane 
pledge.  
Emission changes of only a few % per year will be difficult to resolve, calling for multi-
year time series with stringent requirements on the continuity and stability of the 
measurement system as well as the accuracy of inverse modelling systems that are 
used to translate atmospheric measurements into fluxes. Besides estimates of national 
scale emissions, emission mitigation efforts will benefit from the detection and 
quantification of the most important local sources of greenhouse gas emissions. In the 
case of methane, these include unknown natural gas leaks that are attractive to repair 
for economic and safety reasons. Here high-resolution satellite remote sensing can 
play an important supporting role [e.g. Sadavarte et al, 2021; Lauvaux et al, 2021; 
Varon et al, 2019].                              
 

2.3. Climate feedbacks on natural emissions and the role of 
CH4 sinks  

 
About 40% of global methane emissions are from natural sources, with the largest 
contribution from natural wetlands [Houweling et al, 2017]. These emissions arise from 
an intricate balance between biological production and oxidation of methane by soil 
microbes, which is sensitive to environmental conditions and therefore to climate 
change. Climate feedbacks on natural methane emissions are expected to be 
important in particular for high-latitude boreal and arctic peatlands, that experience 
rapid warming due to arctic amplification and the associated disproportional warming 
of the high northern latitudes. Indeed, the zone of continuous permafrost is showing 
significant thawing in response to climate warming, with important changes in seasonal 
landscape dynamics.  
The transition from perennially frozen to seasonally thawed top soils that are rich in 
organic carbon is expected to have major consequences for methane emissions. So 
far, however, the evidence from atmospheric data for an increase in the pan arctic 
methane emission inventory is limited [Bruwhiler et al, 2021]. The observed depletion 
in 𝛿13C of methane in background air suggests a shift from fossil to microbial sources 
of methane, which could point to increasing emissions from natural wetlands in 
response to climate change. However, except for some regional studies confirming this 
hypothesis, the evidence for a large-scale increase in wetland emissions due to climate 
warming remains insufficient.  
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Besides changing natural emission, recent studies have highlighted the potential 
importance of temporary or longer-term changes in the hydroxyl sink [Stevenson et al, 
2021; Laughner et al, 2021]. For example, the temporary pause in the methane growth 
rate at the beginning of this millennium and the rapid methane increase in 2020, when 
the COVID-19 pandemic is expected to have reduced emissions, have been attributed 
to variations in OH. Climate change could influence OH, although changes in the 
chemical composition of the troposphere, notably NOx emissions and tropospheric O3 
formation, seem more important. 
The surface monitoring network does not provide sufficient information to 
independently constrain emission and sink changes. Measurements of vertical 
methane gradients could provide the required information, but uncertainties in vertical 
tracer transport will complicate its use. The gradient between source and background 
regions (land-ocean contrast for example) could provide sufficient information, for 
which instruments that provide high-accuracy measurements at full global coverage 
are useful. For this reason, the Methane+ project explored the combined use of 
SWIR and TIR satellite instrumentation.  
 
3. Status of available satellite datasets and their use  
 

3.1. CH4 emission on regional / global scale  
 

3.1.1. L2 Datasets  
 
Satellite measurements of atmospheric methane have been generated in past years 
from several satellite instruments (e.g., SCIAMACHY/ENVISAT, GOSAT/GOSAT-2, 
TROPOMI on Sentinel-5-Precursor (S5P), IASI on the Metop series, AIRS/Aqua, 
TES/Aura and CrIS/Suomi-NPP) and using several different operational and scientific 
retrieval algorithms. These data sets have been used to enhance our knowledge of the 
various methane sources and sinks as shown in, for example, the review of Jacob et 
al. (2016), and in several other publications as listed on the ESA GHG-CCI project 
website.  
 
The key quantity retrieved from satellite sensors covering the Short-Wave-Infrared 
(SWIR) spectral region measuring reflected solar radiation in nadir mode is XCH4, the 
total column-averaged dry-air mole fraction (or mixing ratio) of atmospheric methane, 
typically reported in ppb (parts per billion).  
 
For an overview of XCH4 products as retrieved from SCIAMACHY and GOSAT see, 
for example, Reuter et al. (2020), and references given therein. Latest versions of the 
SCIAMACHY XCH4 data products are available via the Copernicus Climate Data Store 
(CDS). This is also true for latest versions of the GOSAT XCH4 products generated 
using European retrieval algorithms operationally via the Copernicus Climate Change 
Service (C3S). The operational GOSAT XCH4 product is available from the National 
Institute for Environmental Studies (NIES) in Japan. This is also true for the operational 
GOSAT-2 XCH4 product. For an overview about GOSAT-2 scientific XCH4 retrievals 
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see Noël et al. (2022). The operational S5P XCH4 product (Hu et al., 2016) is available 
via the Copernicus Open Access Hub with additional information given on relevant 
Copernicus websites. Scientific S5P XCH4 products are generated by SRON (Hu et 
al., 2018; Lorente et al., 2021) and Univ. Bremen (Schneising et al., 2019, 2020).  
 
Satellite sensors covering the Thermal Infrared (TIR) spectral region in nadir mode 
provide either mid / upper tropospheric columns (e.g., Crevoisier et al., 2013; TIR 
sounders AIRS) or  vertical profiles with two distinct layers (eg Siddans et al., 2020; 
Wecht et al 2012). The “LMD/CNRS products” described in Crevoisier et al. (2013) and 
selected as the official IASI Level2 product are currently generated operationally in the 
Copernicus Climate Change Service (C3S) and are available along with detailed 
documentation via the Copernicus Climate Data Store (CDS) for Metop-A (2007-2021), 
Metop-B (2013-2021 and Metop-C (2018-2021). “RAL products” from the Version 2 
scheme applied to Metop-A (2007-17) and –B (2018-21) are available via the UK 
Centre for Environmental Data Analysis Dataset Record: STFC RAL methane 
retrievals from IASI on board MetOp-A, version 2.0 (ceda.ac.uk) Dataset Record: 
STFC RAL methane retrievals from IASI on board MetOp-B, version 2.0 (ceda.ac.uk). 
The Version 2 scheme derives from that described by Siddans et al. (2017).  There are 
also links to methane data from US TIR sounders AIRS and TES. 
 
 
Atmospheric methane is an important Greenhouse Gas (GHG) and therefore also an 
“Essential Climate Variable” (ECV). The ECV GHG as formulated by GCOS (Global 
Climate Observing System; GCOS-154, GCOS-195, GCOS-200) is defined as 
“retrievals of greenhouse gases, such as CO2 and CH4, of sufficient quality to estimate 
regional sources and sinks”. The definition contains the main application of the 
atmospheric methane data products, namely to use them (in combination with 
appropriate (inverse) modelling) to obtain (improved) information on their (primarily 
surface) sources and sinks. Updated requirements for this product are given in GCOS-
200 (Table 3). Note however, that essentially all past, present and planned future 
satellite SWIR sounders dedicated to obtaining information on regional sources and 
sinks of CO2 and CH4 are optimized to deliver XCO2 and XCH4. However, no 
requirements for these quantities are given in GCOS-200. This means that the GCOS-
200 requirements cannot be used directly but need “interpretation” to apply the GCOS 
requirements on “tropospheric CH4 column” for XCH4. More specific requirements for 
satellite-derived XCH4 and height-resolved methane products are provided in the 
corresponding C3S “Target Requirements and Gap Analysis Document” available 
along with the corresponding data product via the CDS. 
 
Via the C3S CDS individual sensor Level 2 (L2) methane products are available from 
SCIAMACHY, GOSAT and IASI but also a merged multi-sensor/multi-algorithm 
product generated with the Ensemble Median Algorithm (EMMA, see Reuter et al., 
2020) currently covering the time period 2003 to mid of 2020.  
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Detailed assessments of these products are shown, for example, in the latest version 
of the C3S Product Quality Assessment Report (PQAR) for the satellite-derived 
Greenhouse Gas (GHG) data products. As shown in that document, the question “Do 
the products meet the user requirements for systematic errors?” cannot simply be 
answered with yes or no. A reason for this is that the demanding requirements 
especially on systematic errors are on the same order as the Total Carbon Column 
Observing Network (TCCON) reference data. To deal with this, probabilities that the 
requirements are met are reported in the PQAR document. The assessments also 
indicate that all products show similar performance when compared to sparse 
reference data such as TCCON but they often differ significantly, for example, in terms 
of their spatio-temporal coverage but also to some extent in terms of their XCH4 spatial 
pattern. In any case, a clear “winner” has not been identified and this is to some extent 
also true for “strengths and weaknesses” although this is mentioned for “Proxy (PR) 
versus Full Physics (FP)” XCH4 products, with PR product having much better (i.e., 
quality filtered) data but FP products not requiring “XCO2 correction”.  
 
Because of this and because even small differences matter when using Level 2 data 
to derive source / sink information, it has been decided for C3S to make an ensemble 
of XCH4 (and XCO2) data products available for the users (e.g., the inverse modelling 
community). It is recommended that users take advantage of the availability of an 
ensemble of products in order to find out if their main findings are robust or if key results 
critically depend on which product has been used to derive it. 
 
The same is recommended for products from other sensors currently not used for C3S. 
This includes the S5P XCH4 products presented and analyzed in this Methane+ project 
(see, for example, Lorente et al., 2022). As shown in Lorente et al., 2021 and 2022, 
the operational S5P XCH4 product has several issues, e.g., albedo dependent biases, 
whereas the scientific products generated by Univ. Bremen (Schneising et al., 2019, 
2020) and SRON (Lorente et al., 2021) suffer less from biases and are therefore 
superior (but still not perfect) with respect to data quality. Despite suffering less from 
biases these two scientific products also show significant differences (see Lorente et 
al., 2022) and it is recommended to use the latest versions of both products for 
challenging applications such as those aiming at improving our knowledge of the 
various anthropogenic and natural methane sources and sinks. 
 
Potential to exploit height-resolved methane information from TIR jointly with co-
located XCH4 soundings, and thereby leverage information on lower tropospheric 
methane in either the retrieval or data assimilation domain, depends critically on the 
accuracies of both and particularly on systematic biases between the two. Schneider 
et al. (2021) evaluated a scheme to combine MUSICA IASI and SRON S5P XCH4 
(version 14_14) soundings in the retrieval domain at locations of ground-based 
measurements.  
 
In the Methane+ project, RAL IASI (Version 2) and SRON S5P XCH4 (Version 
v18_17) soundings have been combined in the retrieval domain and evaluated on a 
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global basis for the period January 2018 to March 2021. To fully exploit the potential 
of combined wavelength approaches, further improvements will be needed to the 
accuracies of both TIR and SWIR schemes or more sophisticated approaches to 
characterize systematic biases between the two, e.g., a machine learning approach 
as is employed for IUP SWIR methane. 
 

3.1.2. Data use  
 
Satellite data have been used in several inverse modelling studies of global methane 
emissions starting with SCIAMACHY [Meirink et al, 2008; Bergamaschi et al, 2009]. 
An important interest in the use of satellite data has been the extended coverage over 
land compared with the surface network, particularly over Tropical continents, where 
the surface network is sparse. First results indicated grossly underestimated emissions 
from tropical rainforests, which were later corrected with improved versions of the 
retrieval. The improved accuracy of the GOSAT instrument allowed an important step 
forward, with seasonal cycles in total column methane that were consistent with 
TCCON and inversions using surface measurements. A difference in the north-south 
gradient between GOSAT retrievals and surface data optimized inverse models was 
identified as a bias in stratospheric tracer transport [Monteil et al, 2013], found 
consistently in several models [Locatelli et al, 2015]. When correcting for this bias, 
inverse modeling studies generally report a satisfactory agreement between results 
obtained using GOSAT and surface measurements.  
The added value of GOSAT is mostly in the tropics and increased with the length of 
the observational record. An important variation of methane emissions with the ENSO 
cycle was found [Pandey et al, 2017], driven most likely by tropical wetlands and 
biomass burning. Some studies have found evidence of increasing emissions over 
Tropical Africa [Parker et al, 2020] and Eastern Amazonia [Wilson et al, 2021] linked, 
most likely, to tropical wetlands and suggesting impacts of climate change. Global 
studies have been complemented with regional studies for the US, Canada, and South-
East Asia exploring the constraints of GOSAT satellite on regional emissions [Lu et al, 
2022; Baray et al, 2021; Wang et al, 2021]. The results indicate underestimated 
emissions from fossil fuel production over the US and Canada, and overestimated 
anthropogenic emissions from China. The first was confirmed using TROPOMI data, 
focusing on the Permian basin in the USA, suggesting that methane emission were 
underestimated by a factor of 2 [Zhang et al, 2020]. Similar underestimates in methane 
emissions from oil and gas production were found over Mexico [Shen et al, 2021].  
 
The improved coverage of TROPOMI compared with GOSAT facilitates studies 
focusing on specific source regions. However, so far TROPOMI data has only been 
used in few global inverse modelling studies (Qu et al., 2021). In part because the data 
product is still being improved on critical issues like systematic errors related to (low) 
surface albedo, but also because inversion systems need to be adjusted to this new 
dataset with higher spatial resolution, more data, but also more varying spatial 
coverage when for example comparing to the proxy GOSAT product (see also 
suggestions in Qu et al., 2021). This is critical in particular because of the greatly 
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enhanced coverage of TROPOMI, increasing the constraints of the data on the fluxes 
but also amplifying the adverse impact of remaining systematic errors in the data.  
So far, only a few inverse modelling studies made use of methane retrievals from IASI 
[e.g. Cressot et al, 2014], owing most likely to the reduced sensitivity of TIR sensors to 
the planetary boundary layer compared with SWIR instruments.  
 
 

3.2. Detection and quantification of local sources  
 

3.2.1. High resolution datasets  
 
In 2016, GHGSat.Inc launched the first satellite instrument dedicated to measuring 
methane at high spatial ‘facility’ scale (~50 m x 50 m) resolution. GHGSat is a Canadian 
private company, and this first satellite was a demonstration satellite often referred to 
as GHGSat-D (or ‘Claire’). This first satellite was a successful proof-of-concept 
illustrating the potential of these high spatial resolution space based measurements in 
detecting methane from individual coal mine shafts, as well as persistent gas vent from 
a pipeline near a compressor station (Varon et al., 2019; Varon et al., 2020). The 
instrument is a Fabry-Perot imaging spectrometer operating around 1.6 um on a small 
satellite (15 kg) and the detection limit of this first demonstrator was around 1000 kg 
CH4/hr depending on observation conditions like the surface albedo and the wind-
speed. GHGSat is a targeting instrument that can observe one area of 12x12 km2 each 
orbit, which translates in very limited coverage so it needs to know where to look. 
Another important drawback is that this data is not publicly available, apart from a small 
fraction being made available through ESA’s Third Party Mission AO. 
 
Another important recent development in this field is the use of global Earth land 
mapping hyperspectral and band satellite imagers (e.g., PRISMA, Sentinel-2, LandSat, 
WV-3, EnMap) for the purpose of detecting methane super-emitters at very high spatial 
resolution (~30 m). Although these instruments were not developed for methane 
detection, it turns out they can detect large signals from localised methane super-
emitters if they have one or two SWIR (Short Wave Infra Red) channels covering 
methane absorption bands. These satellites do not provide methane data products, so 
these are currently being developed by the atmospheric satellite remote sensing 
community itself using the publicly available L1B data.  
 
There are currently two satellites in the public domain that have been shown to provide 
useful data for this effort, namely the hyperspectral imager PRecursore IperSpettrale 
della Missione Applicativa (PRISMA) [Cusworth et al., 2021b] and the band imager 
Sentinel-2 [Varon et al., 2021]. PRISMA is again a targeting satellite, where Sentinel-
2 (A&B) has global coverage in 5 days albeit the lower spectral resolution lowers its 
methane detection limit compared to PRISMA. The highest spatial resolution methane 
detections from space have been shown for the commercial WorldView-3 (Sanchez-
Garcia et al., 2022) satellite with up to 3.7 m resolution. As these land surface imagers 
have rather low spectral resolution, they are limited to detecting methane point sources 
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in homogeneous surroundings, and, so far, detections have been mostly limited to e.g. 
desert areas. 
 

3.2.2 Emission detection and quantification  
 
GHGsat detections include emissions from various methane point sources ranging 
from Oil & Gas facilities, coal mines and landfills (Varon et al., 2019, 2020; Maasakkers 
et al., 2022).  
 
Emissions detected from PRISMA and Sentinel-2 have been limited to coal mines and 
Oil & Gas facilities in homogeneous high surface albedo areas such as deserts.  
 
Various techniques can be used to quantify the emissions as measured by GHGsat, 
PRISMA and Sentinel-2. So far mass balance methods such as Integrated Mass 
Balance (IME) and Cross sectional Flux methods (CSF) (Varon et al., 2018) have been 
used.   
 
Although TROPOMI is capable of detecting highly emitting localised point sources of 
methane (e.g. Pandey et al., 2019; Maasakkers et al., 2021; Sadavarte et al., 2021; 
Schneising et al., 2020), with its spatial resolution of 5.5 x 7 km2 in nadir it is hard -in 
most cases- to identify the exact source(s) responsible for the observed localised 
emissions. 
 
At the same time the high spatial resolution instruments like GHGsat, PRISMA and 
Sentinel-2 need prior information for their targeted observation or data analysis. By 
combining the daily global coverage of TROPOMI with these high spatial resolution 
instruments we have a very powerful tool in space to detect and identify methane super 
emitters from space. This Tip-and-Cue approach has been applied to detect and 
identify emissions from landfills from space by combining TROPOMI and GHGSat, 
revealing huge emissions from unlit flares in West Turkmenistan, and anomalous 
emissions from Oil & Gas facilities and coal mines (e.g. Maasakkers et al., 2022; 
Irakulis et al., 2022). 
 
Different techniques can be used to detect localised methane hot spots in TROPOMI 
data. This can either be conventional analysis to find hot spots in the spatial data, or 
methods based on Machine learning approaches. The challenge is to do this efficiently 
and accurately given this huge dataset. 
 
 

3.3. International organization and programs  
 

3.3.1. Retrieval development and L2 Processing  
 
In Europe retrieval algorithm development for the generation of improved atmospheric 
methane Level 2 data products has primarily been funded in previous years by ESA 



 
ESA Project 

 
METHANE+ 

  

Scientific roadmap for 
satellite remote sensing 

of CH4  

Version: 3  
 

Doc ID:  
SR-D9-CH4PLUS 

 
Date: 11-July-2022 

 

 
14 

 

via ESA’s Climate Change Initiative (CCI) GHG-CCI project, especially during 2010-
2018 with focus on SCIAMACHY, MIPAS, GOSAT and IASI. The development of the 
latter has also been supported by CNES and EUMETSAT. The follow-on project GHG-
CCI+ which started in March 2019, performed Research and Development (R&D) 
needed to generate new ECV carbon dioxide (CO2) and methane (CH4) satellite-
derived products, which have not been generated in the GHG-CCI pre-cursor project 
(note that products generated in that pre-cursor project are now generated 
operationally via C3S). In the past ESA provided via the GHG-CCI+ project funding to 
further improve European GOSAT XCO2 and XCH4 retrievals. These products are 
now generated operationally within C3S and this R&D activity is currently not continued 
in CCI. In the ongoing GHG-CCI+ project focus is on R&D to improve new retrieval 
algorithms for new sensors such as GOSAT-2 and S5P. For IASI retrievals at high 
latitudes support is provided through the ESA funded project MethaneCamp.    
 
Development of RAL’s IASI scheme has been funded largely through the UK’s National 
Centre for Earth Observation (NCEO) with some initial funding of Version 2 from 
Eumetsat, and from ESA Methane+ for application to Metop-B and combination with 
S5P.  
 
Via C3S (reanalysis) and CAMS (NRT) satellite-derived methane data products from 
GOSAT, GOSAT-2 and the LMD IASI scheme are generated operationally using 
existing algorithms. C3S funds data processing, documentation, user support etc., but 
not R&D to significantly further improve the retrieval algorithms. 
 
ESA plans to continue the GHG-CCI+ R&D activities for a period of 2 years (approx. 
mid 2022 to mid 2024) with some funding to further improve scientific GOSAT-2 and 
S5P XCH4 retrievals plus potentially some additional activities focusing on new 
aspects. Additional R&D support through the Climate Space program is desirable.    
 
As shown in scientific studies (e.g., Lorente et al., 2021; Barré et al., 2021) and by the 
additional analysis carried out in this project (e.g., Lorente et al., 2022) the operational 
S5P XCH4 product suffers from significant biases but also the scientific products – 
despite being much better – also need to be further improved in order to meet the 
demanding requirements for the source/sink applications and for combination with TIR. 
These retrieval algorithm developments for S5P are also relevant for Sentinel 5 (S5) 
which will continue the S5P XCH4 time series. S5P is a game changer in atmospheric 
methane SWIR observations but much more work is needed to fully exploit the 
information content which S5P (and in the future S5 and CO2M) can deliver. Likewise, 
further development is needed to improve the accuracy of IASI and combined IASI-
S5P retrievals to leverage height-resolved information. This will benefit not only the 
Metop series but also Metop-SG through to 2040, which will exploit the substantially 
improved sensitivity to methane of IASI-NG (Crevoisier et al, 2014) alongside S5. It 
would benefit also co-retrieval of 𝛿13C, whose potential value has yet to be assessed. 
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Retrieval algorithm improvements followed by re-processing and detailed data analysis 
needs to continue via regular (e.g., annual or bi-annual) cycles in order to iteratively 
achieve the best possible data quality of the satellite-derived atmospheric methane 
data products. Best possible data quality is mandatory in order to use the data for 
challenging applications related to enhancing our knowledge on the various methane 
sources and sinks. 
 

3.3.2. Inverse modelling development  
 
Several groups world-wide are actively developing inverse modelling systems 
exploring the use of satellite retrieved methane [Bergamaschi et al, 2018]. International 
cooperation was greatly stimulated by the GOSAT Research Announcement (RA) 
projects. However, the GOSAT-RA and the OCO science team inverse model 
intercomparisons focused primarily on CO2. Inversion intercomparisons for methane 
using surface and/or satellite data were coordinated by GCP-CH4 [Saunois et al, 
2020]. Regional inverse modelling studies in made use of the ICOS tall tower network 
in Europe [InGOS, VERIFY]. With support of IG3IS and COCO2 the VERIFY 
intercomparison for Europe is being extended with the use of TROPOMI data and 
allows any interested research group to participate. The international TRANSCOM 
initiative brings the global inverse modelling community together to discuss recent 
progress in global and regional inverse modelling, including the use of satellites. ESA’s 
recently launched WorldEmission initiative (https://eo4society.esa.int/projects/world-
emission/), the Copernicus Emission Monitoring Service, and recently funded H-
Europe projects (EYE-CLIMA, PARIS, AVENGERS) are important programs 
supporting the development of inverse modelling systems in the coming years. 
An important objective of recently launched initiatives is to operationalize the scientific 
tools that have become available in the past years, for near real-time monitoring and 
evaluation of national emission inventory reports by international organizations and 
countries. The development of operational systems is important but should remain in 
balance with the scientific development of inverse modelling methods. In many 
applications of inverse modelling, improvements in emission estimation accuracy are 
still needed to reach the level that is required for the operational applications that are 
being setup.      
  

 
4. Gap analysis & opportunities  
 

4.1. Application to regional / global sources and sinks  
 

4.1.1. L2 Datasets  
 
In recent years, significant progress has been made in the area of satellite remote 
sensing of atmospheric methane, at least in terms of enhanced availability of satellite 
sensors and their exploitation with respect to atmospheric methane and related 
source/sink information. Nevertheless, more work is needed to address the challenging 
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application of enhancing our knowledge on the various anthropogenic and natural 
methane sources. This is particularly important because of the expected changes in 
the coming years. See, for example, the “Global Methane Pledge”, signed by more 
than 100 countries, which aims to reduce methane emissions by 30% by 2030, as 
agreed upon during the COP26 at Glasgow in 2021. 
 
Initially from 2002 onwards only SCIAMACHY on ENVISAT was available but in 2006 
the first IASI instrument was launched on Metop-A and GOSAT in 2009. Currently there 
are (in addition to GOSAT/GOSAT-2 and the IASI-series) S5P/TROPOMI, AIRS, CrIS, 
and the GHGSat series operating at high spatial resolution (<50m). Other high-
resolution satellite sensors are available (WV3, S-2, S-3, Landsat, PRISMA) that were 
primarily designed for land surface remote sensing but can detect local methane 
plumes over homogeneous terrain if leakage rates are high enough (~10 th-1, Varon et 
al, 2021). High-resolution sensors that provide global coverage may also support the 
analyses of large-scale methane, although methods that can bring information together 
representing largely difference scales are not available yet.  
More satellites will be launched in the near future, which will deliver high-quality XCH4 
e.g., MethaneSat, Sentinel 5 (S5), Merlin, and IASI-NG on Metop-SG, and the 
Anthropogenic CO2 Monitoring (CO2M) mission constellation, the high spatial 
resolution CarbonMapper constellation, as well as lower-accuracy but high-resolution 
land imagers (e.g. EnMap, see Cusworth et al., 2019). Because of the extended future 
capabilities, it is expected that the community will be in a good position also in the 
future thanks to the planned satellite series and the continuation and further 
improvements. 
 
The application of satellite products to estimate regional and global sources and sinks 
requires satellite observations with good spatio-temporal coverage such as 
SCIAMACHY in the past and S5P now. However, also high spatial resolution is 
required together with high signal-to-noise ratio to have sufficient sensitivity. In this 
context, S5P is a significant improvement compared to SCIAMACHY. Nevertheless, 
higher spatial resolution is required to further enhance sensitivity especially for more 
localized emission sources and for this aspect CO2M will be an improvement 
compared to S5P and S5, but more in terms of complementarity as the CO2M swath 
width will be much smaller compared to S5P and S5. Despite the work that has been 
done in the past and large datasets that are available, the current observational 
capabilities are not yet sufficient to address important “large scale aspects” such as 
identification of the reasons for the high methane growth rate observed since 2020 
(e.g.,  Copernicus Press Release).  This has to do, at least in part, with a non-optimal 
analysis of existing satellite data (starting from the quality of Level 2 products). 
Important improvements have been achieved in the Methane+ project to bring the S5p 
retrieval quality to the level needed to take advantage of the improved spatial coverage 
that the instrument provides compared with GOSAT.     
 
With substantially higher spectral resolution and photometric signal to noise, IASI-NG 
will have better vertical resolution than IASI. In combination with precisely co-incident 
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S5 measurements, Metop-SG therefore provides an excellent opportunity to leverage 
methane information in the lower troposphere. CO2M will also include a Multi Angle 
Polarimeter (MAP) instrument which allows for much better aerosol scattering 
correction and thereby more accurate and less systematically biased CH4 (and CO2) 
product(s). The spaceborne Lidar Merlin has intrinsic advantages in controlling the light 
path that is sampled, offering so far unexplored opportunities for improving retrieval 
accuracy. The use of a laser also offers the opportunity to extend the coverage of SWIR 
retrievals to latitudes and seasons that cannot be covered by passive instrumentation 
for lack of solar illumination and the limited surface reflection of snow covered regions 
in the SWIR. All these methane observing satellite sensors have different advantages 
and disadvantages, as each satellite represents a different choice in terms of coverage, 
resolution, revisit time, precision, and accuracy. No single satellite is the optimum in 
terms of all these critical parameters for all relevant applications. 
 
There is a need for very detailed methane emission information and this requires to 
use as many information sources as possible including also future non-European 
satellites such as GOSAT-2, GOSAT-3 and the planned US and Chinese satellites 
possibly also combined with high spatial resolution imagers (despite their typically poor 
spatio-temporal coverage) [Crisp et al, 2018].  
 
This shows that potentially a lot of detailed information on the various methane sources 
will be available in the future. But there is a large step / gap between a potential and 
its realization. 
 
In order to obtain reliable emission information by exploiting the data these satellites 
will deliver it is important to carefully address all three major processing steps: 

1. Level 0 to 1 processing: Needed to convert the raw data to accurately 
calibrated geolocated radiances (= Level 1 product) 

2. Level 1 to 2 processing: Interpretation of the radiances in terms of atmospheric 
methane information (= Level 2 product) using appropriate retrieval methods  

3. Level 2 to Level 4 processing: Interpretation of the retrieved atmospheric 
methane products in terms of methane fluxes / emissions 

 
The results of the “interpretation” steps 2 and 3 depend on many choices to be made 
when implementing a corresponding algorithm and the result, i.e., the resulting data 
product, depends on these choices. And because even small differences in the 
atmospheric concentration often results in large differences of the inferred emissions, 
even small differences matter. Therefore, there is not a single method that will provide 
reliable results for all situations and even reliable error analysis is hardly possible 
because of unknown systematic errors and unknown error correlations.  
 
To address this, it is recommended to use an ensemble approach and to take the 
results from this ensemble analysis into account when reporting emissions.  
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Using an ensemble is considered mandatory - especially for politically sensitive 
information such as methane emission information - as it is hardly possible to simply 
use a single Level 2 product and a single Level 2 to Level 4 algorithm to get reliable 
emission information.  
 
It is important to establish an ensemble analysis for the Level 1 to 2 processing using 
more than one retrieval method and to combine the resulting Level 2 products with 
different Level 2 to Level 4 inversion methods to obtain robust emission estimates per 
sensor. The final step comprises comparisons of the results from the different sensors 
per emission target (i.e., for each region of interest such as an oil and gas field, an 
industrial area, an entire country, etc.).  
Currently only very first steps in this direction have been made, e.g., as part of the 
ensemble activities of the past GHG-CCI project (2010-2018) and via the comparisons 
of the operational and scientific S5P XCH4 products in this Methane+ project (see 
Lorente et al., 2022).  
 
A general need for Level1 to Level2 processing concerns the improvement of the 
spectroscopy of methane on which relies radiative transfer simulations and retrieval 
procedures. Improvement in the knowledge of spectroscopic parameters, line shapes 
(more advanced than the classic Voight shape) and large-scale feature (continua) 
requires ad-hoc spectroscopic chamber experiments, line models, enhanced 
spectroscopic databases (such as GEISA or HITRAN) and radiative transfer models 
able to use them. 
 
It is also essential to be able to evaluate the quality of the retrievals and detect, or even 
correct, features stemming from methodological choices or unknown errors. Support 
for observation networks such as TCCON, COCOON or vertical profile observations 
(aircraft, AirCore) is mandatory. 
 
Much more needs to be done in these directions in order to meet the demanding 
requirements related to methane emission monitoring as required by the Paris 
Agreement and its follow on agreements. This refers to emission information on all 
scales including more local sources as discussed in more detail below (see Sect. 4.2). 
 

4.1.2. Data use  
 
The flux inversion method and the atmospheric transport model it uses have been 
developed originally to exploit the information delivered by highly accurate surface 
measurements from sparse sampling networks. Since satellite measurements became 
available, the same techniques have been applied to large but less accurate datasets. 
This change has important implications for the design of models and optimization 
methods. The methods have evolved in response to this change, but important hurdles 
remain to be taken.  
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The lifetime of methane is long compared with the time scale of its transport in the 
atmosphere. As a consequence, the observed variability in the methane mixing ratio, 
which inverse models make use of to constrain surface emissions, is determined 
largely by the complex dynamical flow and mixing in the atmosphere acting on a large 
range of spatiotemporal scales. These processes disperse mixing ratio gradients 
arising not only from recent local emissions, but also from older emissions advected 
from elsewhere, all adding up to the complex varying signal that is observed.                 
 
Inversions most effectively constrain sources or sinks of methane that cause prominent 
and systematic features in the observed mixing ratio pattern, that are observable 
regardless of the actual weather conditions. For this reason, inversions using data from 
surface networks are effective in quantifying year-to-year changes in the source/sink 
balance, changes in the north to south mixing ratio gradient or the mean seasonal 
variation in each hemisphere. Since these observed mixing ratios variations are 
caused by large-scale variations in sources and sinks, the spatio-temporal resolution 
of flux inversions is generally low.  
Note that large-scale mixing ratio gradients constrain the source/sink balance rather 
than the contributions of sources and sinks separately. Emission estimates can be 
obtained given an assumption on the sink. However, variations in the sink strength are 
very likely to be important also but difficult to constrain independently using the 
available data.       
 
Satellite measurements can improve inverse modelling estimates by providing 
coverage in regions that are poorly observed by the surface network. For methane this 
has been most important over tropical land, with large and highly uncertain emissions 
primarily from tropical wetlands. Satellites could play a similar gap filling role at high 
northern latitudes, however, the quality and year-around availability of data is more 
difficult there.  
The difficulty of estimating methane sources and sinks independently plays a role in 
the tropics as well as the high northern latitudes. To address this challenge, the 
strategy of the Methane+ project has been to collect information on the 3D structure of 
methane, rather than 2D total columns, by combining measurements from TIR and 
SWIR sensors.            
At the regional scale, satellites are important for major source regions that are not well 
observed from the ground. Inversions using surface measurements show large 
emissions adjustments over China and India that become smaller using satellite data. 
The surface network may be too sparse for the inversion to arrive at the correct spatial 
allocation of emissions (possibly in combination with transport model errors). Satellites, 
however, show clear enhancements in total column methane over South East Asia 
delivering the missing spatial information.               
 
To move beyond the main large-scale mixing ratio gradients and the most prominent 
signals of regional emissions is a challenge. If the goal is to support the monitoring of 
national greenhouse gas emissions, then models and measurements should allow a 
correct attribution of emission signals that are small compared with the variability due 
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to atmospheric dynamics (‘methane weather’). The improved measurement coverage 
of TROPOMI is essential to make this work. However, subtle albedo dependent biases 
in the data may quickly dominate the emission signal that the inversion should be able 
to rely on to deliver useful estimates. If data accuracy and coverage do not improve in 
the right balance, then inversion results will deteriorate because of a strengthened 
constraint of wrong information on the inversion-optimized emissions. Here the need 
for high accuracy poses demanding requirements on the data as well as atmospheric 
transport models. 
To make use of the regional scale variability that is resolved by high-resolution sensors 
the resolution of the transport model will have to increase also. Simulations would 
preferably be performed at resolutions that are higher than the data that are used. To 
ease the computational requirements, this calls for the use of limited domain meso 
scale models. Meanwhile, several of these systems have been developed, e.g. within 
the framework of the VERIFY, CHE, and COCO2 projects. However, their application 
to satellite data requires further investigation. The consistent treatment of lateral 
boundaries is known to be important in the application of limited-domain inverse 
models to data from regional surface networks. For satellite-observed total column 
data, lateral boundary conditions are expected to be even more important.       
 

4.2. Application to local sources  
 

4.2.1. L2 Datasets  
 
Upcoming missions: 
 
Based on the experience with its demonstrator satellite, GHGSat.inc improved the 
performance of their instrument and launched GHGSat-C1 (‘Iris’) and GHGSat-C2 
(‘Hugo’) in 2020 and 2021 respectively. Meanwhile, the company launched three more 
satellites in 2022 (C3 - C5), followed by what should become a constellation of ten 
satellites in 2023. The detection limit of Iris and Hugo is ~ 100 kg CH4/hr, with a spatial 
resolution of 25x25 m2. But as mentioned, GHGSat is a commercial company and the 
data is not publicly available.  
 
There is an obvious need for this high spatial ‘facility’ level resolution data of methane 
in the public domain. As such there are two missions being prepared in the US, 
CarbonMapper and MethaneSat.  
 
CarbonMapper.Inc is a US non-profit entity that will launch small satellites to measure 
super emitters of CH4 (and CO2) at high spatial resolution (~30 m) with a predicted 
50-150 kg CH4/hr detection limit. It will mostly use targeting observation mode, but will 
have much larger coverage compared to GHGsat satellites. Moreover, the data will be 
made publicly available. The CarbonMapper-team have extensive experience 
detecting methane super emitters through their airborne campaigns using AVIRIS-NG 
(e.g. Duren et al., 2019; Cusworth et al., 2021a). First launch of satellites is planned 
for Q3 2023, followed by others to form a large constellation. CarbonMapper -if 
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successful- will be a giant leap forward wrt detecting super emitters globally at ‘facility’ 
scale resolution.  
 
MethaneSat is a philantropic initiave led by EDF and aims at measuring CH4 emissions 
at spatial resolution of ~130-400 m2 (swath 260 km) aiming in particular at Oil&Gas 
fields through target observations. So not so much aiming for the localised super 
emitters but more at estimating emissions from entire source-fields. Data will be made 
publicly available, and expected launch is in 2023. 
 
In Europe we are preparing for the CO2M mission (2025) focusing on CO2 but also 
measuring methane at intermediate spatial resolution scales (2x2km2).  
 
Given the importance of reducing methane emissions on the short term as also 
expressed at COP26 through the methane pledge, more space-based high resolution 
‘facility’-scale mapping capacity -e.g. through a European space program contribution- 
would be most useful. Further improved detection sensitivity could further push the 
detection towards smaller (and thus more) sources.  
 
In addition to the methane dedicated missions mentioned above, also new 
hyperspectral imagers such as EnMap, CHIME, S2 NG will be launched but these 
should be considered a nice bonus to detect the largest super emitters over 
homogeneous terrain on top of the dedicated missions optimised for measuring 
methane.  
 
Remaining gaps for measuring methane point sources also include methane emissions 
from off-shore. Because of low surface reflectivity over water CH4 can only be 
measured SWIR in sun glint geometry which significantly limits the opportunities. TIR 
observations are made over ocean but have yet to be assessed in this regard.  
 

4.2.2. Data use  
 
To exploit the high spatial resolution methane observations there are still quite some 
challenges to deal with. Automated detection methods are being developed, accurate 
and fast emission quantification methods are needed to adequately deal with big data 
streams. Machine learning is expected to significantly contribute here. Better bottom-
up information on the location of large methane point sources would help to efficiently 
detect possible super emitters. Also, development of methane data products from the 
land imagers (band and hyperspectral imagers) would be useful.  
At present the detection limit of high-resolution instruments is at a level where each 
detected leak is relevant and should urgently be fixed regardless of the accuracy at 
which emissions can be estimated. With improved future instrumentation, detecting 
many more smaller leaks, the emission quantification accuracy will become more 
important. Currently, we are lacking a reference dataset of accurately known and 
satellite detectable emissions needed to evaluate the methods that are being 
developed. More research is needed to investigate the potential impact of simplifying 



 
ESA Project 

 
METHANE+ 

  

Scientific roadmap for 
satellite remote sensing 

of CH4  

Version: 3  
 

Doc ID:  
SR-D9-CH4PLUS 

 
Date: 11-July-2022 

 

 
22 

 

assumptions that are being made, such as the use of a priori vertical profiles in the 
retrieval that represent background conditions, and the performance of high-resolution 
atmospheric transport models. The development of high-resolution remote sensing 
and the translation of satellite observed plumes into emissions would benefit from in 
situ measurements in emission plumes extended from the surface to the top of the 
planetary boundary layer.         
 
 
5. Recommendations  
 

5.1. Use of existing and upcoming missions  
 
The main recommendations for activities on the short-term using existing data or 
preparing for the use of new data based on section 4 are: 
 

• With TROPOMI an important step has been achieved in improving the SWIR 
XCH4 measurement coverage. To make use of this capability to extend the 
quantification of methane emissions an additional step in retrieval accuracy is 
needed. In particular, the remaining dependencies on surface albedo need to 
be minimized.  

 
• More realistic retrieval uncertainties are needed. To deal with the difficulty to 

quantify spatiotemporal uncertainty correlations, it is strongly recommended to 
use ensembles of retrievals methods developed by different research teams 
where available. 
 

• Accuracy of the RAL TIR scheme was improved substantially at low latitudes in 
the Methane+ project, however, further work is needed to reduce positive bias 
at high latitudes, where surface temperature low, and other anomalies.  
 

• The TIR and joint SWIR-TIR retrieval methods need to be developed further to 
improve their accuracy and vertical resolution, including use of new 
spectroscopic data when available and evaluation with ground-based 
measurements of the methane vertical profile as well as column average, and 
in preparation for MetOp-SG S5/IASI-NG.  

 
• The optimization of CH4 sinks developed in Methane+ should be improved 

further and tested using independent data. 
 

• More effort is needed on global (and regional) inversion modelling to take 
optimal advantage of the new SWIR, TIR and joint SWIR-TIR datasets that 
have been developed in Methane+. Global inverse modeling frameworks need 
to be adjusted to deal with the higher spatial resolution, larger data volumes, 
and different sampling characteristics of the TROPOMI XCH4 and IASI data 
products. 
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• Further research is needed to assess the benefits of using data from joint 

SWIR-TIR retrievals in comparison to joint use of data from the SWIR and TIR 
retrievals in inverse modelling.  
 

• Further research is needed to identify the cause of the biases that are currently 
accounted for in an ad-hoc manner in inversions using SWIR and TIR satellite 
data. The evidence collected so far suggests that it is a model problem, 
originating in the stratosphere. A dedicated research effort is needed focused 
on methane in the stratosphere, in cooperation with experts in stratospheric 
chemistry and dynamics.    
 

• Further explore the use of existing satellites for detecting methane emissions 
from single facilities.  
 

• Develop automated methods for efficient processing of large data archives on 
local methane emissions.   
 
 

5.2. Requirements on future missions 
 
Priorities for the development of future missions based on section 4 are as follows: 
 

• Improved year around measurement coverage, with sensitivity to the planetary 
boundary layer, is needed at high northern latitudes, to support the monitoring 
of methane emissions from wetlands and thawing permafrost and their 
response to climate warming.  

 
• The detection limit of high-resolution methane sensors to natural gas leaks has 

to be improved to be able to detect not only the largest emitters, but the leaks 
responsible for the main fraction of global emissions from leaks in the fossil fuel 
mining industry (on and off-shore), as well as the main local sources in other 
sectors (e.g. waste management and agriculture).  

 
• Support the ground-based validation network to help improve the accuracy of 

future satellite missions. 
 

• Support the improvement of spectroscopy of methane and related radiative 
transfer modeling. 
 

• Europe does not have a high (~20-200 m) spatial resolution methane satellite 
planned. Currently there is only a commercial satellite-constellation (GHGSat) 
in space that measures methane at facility-scale resolution. CarbonMapper is a 
US-initiative to provide similar measurements for both CH4 and CO2. Europe 
does not have anything planned yet with similar capabilities. 
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• Support the development of atmospheric transport models operating at global, 

regional and local scales and inverse modelling methods that are used to 
translate satellite measurements into methane emissions and to disaggregate 
into different sectors. 
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