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1. Executive summary 

This report describes the assessment of the Essential Climate Variable (ECV) data products of the 

fifth release of the GHG-CCI Climate Research Data Package (CRDP#5) by the Climate Research 

Group (CRG) of the GHG-CCI+ project (Buchwitz et al. 2015, 2017b; see also http://cci.esa.int/ghg). 

These products are CO2 and CH4 column retrievals (XCO2 and XCH4) from current satellite 

instruments: 

- CO2_OC2_FOCA: XCO2 from NASA’s OCO-2 satellite retrieved by University of Bremen using 

the FOCAL algorithm (global, 2015-2018, v08) 

- CH4_S5P_WFMD: XCH4 from the European Sentinel-5-Precursor (S5P) satellite retrieved by 

University of Bremen using the WFM-DOAS algorithm (global, Nov. 2017 – Dec. 2018, v1.2) 

- CO2_TAN_OCFP: XCO2 from China’s TanSat satellite retrieved by University of Leicester 

using the UoL-FP (or OCFP) algorithm (at TCCON sites, approx. 1 year, v1) 

The global products CO2_OC2_FOCA and CH4_S5P_WFMD are (or will soon be) available (see status 

published at http://cci.esa.int/ghg) via the CCI Open Data Portal (http://cci.esa.int/data). In 

preparation are also the following products, which will be part of CRDP#6: 

- XCO2 and XCH4 from Japan’s GOSAT-2 satellite (products CO2_GO2_SRFP, CH4_GO2_SRFP, 

CH4_GO2_SRPR) 

Climate researchers may find interest in these products for various reasons like evaluating climate 

models, estimating the uncertain parameters of these climate models, studying the variability of CO2 

and CH4 in the atmosphere, studying wildfire or fossil fuel emission plumes, or quantifying the 

surface fluxes of these gases.  

CRDP#5 is the first release of products from the GHG-CCI+ project, which started in March 2020.  

Previous data sets, i.e., CRDP#1 – CRDP#4, have been generated and released by the GHG-CCI pre-

cursor project (2010 - 2018). These products are CO2 and CH4 products from SCIAMACHY/ENVISAT, 

MIPAS/ENVISAT, GOSAT, AIRS and IASI. The XCO2 and XCH4 and IASI products are now generated 

operationally via the Copernicus Climate Change Service (C3S, https://climate.copernicus.eu/) and 

are available via the Copernicus Climate Data Store (CDS, https://cds.climate.copernicus.eu/). 

By producing retrievals of the CO2 and CH4 columns for these satellites and others (ENVISAT and 

GOSAT in CRDP#1-4), CRDP has given a unique, though heterogeneous, climate record from space 

covering now more than fifteen years of the two major greenhouse gases of anthropogenic origin. 

This length opens the possibility to characterize emission trends, as was already demonstrated by a 

series of CRDP-based studies for CH4 (Bergamaschi et al. 2013) and for CO2 (Ross et al. 2013, 

Schneising et al. 2013a, 2013b, Reuter et al. 2014b, Detmers et al. 2015).    

  

http://cci.esa.int/ghg
http://cci.esa.int/ghg
http://cci.esa.int/data
https://climate.copernicus.eu/
https://cds.climate.copernicus.eu/
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The pioneering character of these new climate records is deliberately acknowledged through the use 

of an ensemble of retrieval product covering several sensors and multiple retrieval algorithms 

(EMMA). This ensemble approach allows a more comprehensive assessment of the product 

uncertainty than just the typical uncertainty characterisation of each product through internal 

uncertainty propagation. Reuter et al. (2013, 2014a, 2020) well illustrated this capability. 

The CRDP data sets, together with satellite retrievals made outside Europe, has already served to 

quantify regional carbon budgets (e.g., Basu et al. 2013, Bergamaschi et al. 2013, Fraser et al. 2013, 

Monteil et al. 2013, Cressot et al. 2013) and more specifically (for CO2) Canada and Siberian forests 

(Schneising et al. 2011), Eurasia (Guerlet et al. 2013a), Tropical Asia (Basu et al. 2014), Amazonia 

(Parazoo et al. 2013) and Europe (Reuter et al. 2014a). However, for CO2, there remain considerable 

discrepancies with bottom up estimates or flux inversions based on atmospheric in-situ observations 

(Chevallier et al. 2014a, 2019, Feng et al. 2016a, Reuter et al. 2016c). These discrepancies were also 

highlighted in the first four releases of the CAR (Chevallier et al. 2013, 2015, 2016, 2017). For CH4 it 

has been clearly demonstrated that the SCIAMACHY retrievals and the GOSAT retrievals provide 

important information on regional methane emissions (e.g., Bergamaschi et al. 2013, Fraser et al. 

2013, Alexe et al. 2015). 

Each application of the CRDP has specific user requirements and it is not possible to exhaustively 

cover them in the CRG. Instead, the CRG has focussed on global source-sink inversion from several 

viewpoints.  

For CO2, the study has been restricted to the product in CRDP#5 that covers the whole globe and 

several years: CO2_OC2_FOCA which has been retrieved from OCO-2 over both land and ocean. The 

starting point of this report is the comparison between this product with the independent CAMS 

v18r3 transport model simulation (with surface fluxes inferred through inversion of high precision 

measurements of atmospheric CO2 in situ samples). The satellite retrievals fit the independent CAMS 

simulation over land and ocean within 1.9 ppm RMS. By comparison and as expected, the ensemble 

product EMMA better fits the independent CAMS simulation, even when restricting the statistics to 

the 4 years of CO2_OC2_FOCA. However, further improved statistics are obtained when comparing 

NASA’s ACOS OCO-2 retrievals, version 9, with the CAMS simulation over land as over ocean. This 

suggests that the individual ACOS retrievals have better precision than the CO2_OC2_FOCA ones. 

The assimilation of the CO2_OC2_FOCA product in the LSCE global inversion system infers CO2 

surface fluxes that are very different from those obtained by the assimilation of surface air-sample 

measurements. The CO2_OC2_FOCA-driven CO2 surface fluxes appear to be less credible because (i) 

the inferred spatial distribution of the ocean outgassing regions is inconsistent with current 

knowledge of the marine biogeochemistry obtained from sea surface CO2 partial pressure 

measurements, (ii) the inferred atmospheric growth rate for year 2017 is notably different from the 

one seen at marine background stations, and (iii) the biases with aircraft data in the free troposphere 

are larger than when assimilation surface air-sample measurements. In contrast, the ACOS-driven 

CO2 surface fluxes (ACOS being restricted to land retrievals here) seem to perform better than the 

CO2_OC2_FOCA-driven fluxes and even show comparable difference statistics to aircraft 
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measurements in the free troposphere in output to the transport model compared to surface -air-

sample-driven fluxes. This result demonstrates that there is no fundamental limitation to 

atmospheric inverse modelling (e.g., in the realism of the transport model  or in the modelled error 

statistics) when assimilating satellite XCO2 retrievals. It has also motivated the distribution of the 

ACOS-driven CO2 surface fluxes as part of the official CAMS inversion products (this is version FT18r1 

available from http://www.copernicus-atmosphere.eu/). 

The various tests performed do not allow us to identify the distinctive asset of ACOS vs. 

CO2_OC2_FOCA in our system: either the data density, the data precision, the data trueness, the 

accuracy of the auxiliary data (averaging kernels) or a combination of these qualities at once. 

Detailed sensitivity tests could be performed for this. CO2_OC2_FOCA’s distinct advantage compared 

to ACOS is its representation of multiple scattering effects in the radiative transfer in a form that is 

not costlier than absorption. In preparation for the Copernicus CO2 Monitoring Mission that will 

provide even larger amount of data than OCO-2, CO2_OC2_FOCA represents an important 

achievement. In this context and resources permitting, it would be important to document its 

performance with more detail in order to help prioritize future developments.  

The section for CH4 is in preparation but has been delayed because of Covid-19 related issues 

  

http://www.copernicus-atmosphere.eu/
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2. User related aspects discussed in the peer-reviewed literature 

The GHG-CCI project primarily aims at bringing new knowledge about the sources and sinks of CO 2 and 

CH4 based on satellite-derived data products. Since the start of Phase 1 of the GHG-CCI pre-cursor 

project in 2010, this aspect has been addressed in a series of publications, which are shortly 

summarised in the following. They usefully provide the background for the new studies that have been 

performed specifically for this report and that will be described next. For a full list of publications see 

“Project publications” on http://cci.esa.int/ghg. 

We start with the publications related to natural CO2 fluxes. 

 Using global GOSAT XCO2 retrievals, Basu et al. (2013) presented first global CO2 surface flux inverse 
modelling results for various regions. Their analysis suggested a reduced global land sink and a shift 
of the carbon uptake from the tropics to the extra-tropics. In particular, their results suggested that 
Europe is a stronger carbon sink than expected, but this feature was not further discussed in this 
paper. 

 Chevallier et al. (2014a) analysed an ensemble of global inversion results assimilating two GOSAT 
XCO2 retrieval products. They found hemispheric and regional differences in posterior flux estimates 
that are beyond 1 sigma uncertainties. They too found a significantly larger European carbon sink or 
a larger North African emission than expected. They concluded to the existence of significant flaws 
in all main components of the inversions: the transport model, the prior error statistics and the 
retrievals.  

 Houweling et al. (2015) presented the outcome of a large  inverse modelling intercomparison 
experiment on the use of GOSAT retrievals. The ensemble of results confirmed the large latitudinal 
shift in carbon uptake, but they showed that the reduced gradient degrades the agreement with 
background aircraft and surface measurements. 

 Reuter et al. (2014a) investigated the European carbon sink further with another ensemble of GOSAT 
XCO2 products, a SCIAMACHY XCO2 product and a new inversion method which is less sensitive to 
some of the issues discussed in Chevallier et al. (2014a). Reuter et al. (2014a) only used satellite XCO2 
retrievals over Europe to rule out that non-European satellite data adversely influence the European 
results and they also only used short-term (days) transport modelling to avoid long-range transport 
errors. Based on an extensive analysis they concluded: “We show that the satellite-derived European 
terrestrial carbon sink is indeed much larger (1.02 ± 0.30 GtC/year in 2010) than previously 
expected”. The value they derived is significantly larger compared to bottom-up estimates (not 
based on atmospheric measurements) of 0.235 ± 0.05 GtC/year for 2001-2004 (Schulze et al, 2009).   

 The findings of Reuter et al. (2014a) stimulated additional research (Feng et al. 2016a, Reuter et al. 
2016c). 

 Detmers et al. (2015) analyzed GOSAT XCO2 retrievals to detect and quantify anomalously large 
carbon uptake in Australia during a strong La Niña episode.  

 For flux inversions not only the retrieved greenhouse gas values are relevant but also their error 
statistics, in particular the reported uncertainties.  Chevallier and O’Dell (2013) analyzed this aspect 
in the context of CO2 flux inversions using GOSAT XCO2 retrievals. For CH4, Cressot et al. (2013, 2016) 
studied the uncertainty of flux inversions assimilating SCIAMACHY, GOSAT or IASI XCH4 retrievals.   

 Focussing on Canadian and Siberian boreal forests, Schneising et al. (2011) computed longitudinal 
XCO2 gradients from SCIAMACHY XCO2 retrievals during the vegetation growing season over 
Canadian and Siberian boreal forests and compared the gradients with outputs from NOAA’s CO2 
assimilation system CarbonTracker (Peters et al. 2007). They found good agreement for the total 

http://cci.esa.int/ghg
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boreal region and for inter-annual variations. For the individual regions, however, they found 
systematic differences suggesting a stronger Canadian boreal forest growing season CO2 uptake and 
a weaker Siberian forest uptake compared to CarbonTracker. 

 Focussing on hemispheric data and on carbon-climate feedbacks, Schneising et al. (2014a) used 
SCIAMACHY XCO2 to study aspects related to the terrestrial carbon sink by looking at co-variations 
of XCO2 growth rates and seasonal cycle amplitudes with near-surface temperature. They found XCO2 
growth rate changes of 1.25 ± 0.32 ppm/year/K (approximately 2.7 ± 0.7 GtC/year/K; indicating less 
carbon uptake in warmer years, i.e., a positive carbon-climate feedback) for the Northern 
Hemisphere in good agreement with CarbonTracker.  

 Reuter et al. (2013) computed CO2 seasonal cycle amplitudes using various satellite XCO2 data 
products (using GHG-CCI products but also GOSAT XCO2 products generated in Japan at NIES (Yoshida 
et al. 2013, Oshchepkov et al. 2013) and the NASA ACOS product (O’Dell et al. 2012) and compared 
the amplitudes with TCCON and CarbonTracker. They found that the satellite products typically agree 
well with TCCON but they found significantly lower amplitudes for CarbonTracker suggesting that 
CarbonTracker underestimates the CO2 seasonal cycle amplitude by approx. 1.5 ± 0.5 ppm (see also 
Buchwitz et al., 2015, for a discussion of these findings). 

 Lindquist et al. (2015) compared satellite XCO2 retrievals, surface XCO2 retrievals and atmospheric 
model simulations in terms of XCO2 seasonal cycle. They found that the satellite retrieval algorithms 
performed qualitatively similarly but showed notable scatter at most validation sites. None of the 
tested algorithm clearly outperformed another. They showed that the XCO2 seasonal cycle depends 
on longitude especially at the mid-latitudes, which was only partially shown by the models. They also 
found that model-to-model differences could be larger than GOSAT-to-model differences.  

 Guerlet et al. (2013a) analyzed GOSAT XCO2 retrievals focusing on the Northern Hemisphere. They 
identified a reduced carbon uptake in the summer of 2010 and found that this is most likely due to  
the heat wave in Eurasia driving biospheric fluxes and fire emissions. Using a joint inversion of GOSAT 
and surface data, they estimated an integrated biospheric and fire emission anomaly in April –
September of 0.89 ± 0.20 PgC over Eurasia. They found that inversions of surface measurements 
alone fail to replicate the observed XCO2 inter-annual variability (IAV) and underestimate emission 
IAV over Eurasia. They highlighted the value of GOSAT XCO2 in constraining the response of land-
atmosphere exchange of CO2 to climate events. 

 Basu et al. (2014) studied seasonal variation of CO2 fluxes during 2009-2011 over Tropical Asia using 
GOSAT, CONTRAIL and IASI data. They found an enhanced source for 2010 and concluded that this is 
likely due to biosphere response to above-average temperatures in 2010 and unlikely due to biomass 
burning emissions. 

 Parazoo et al. (2013) used GOSAT XCO2 and solar induced chlorophyll fluorescence (SIF) retrievals to 
better understand the carbon balance of southern Amazonia.  

 Ross et al. (2013) used GOSAT data to obtain information on wildfire CH4:CO2 emission ratios.  
 

Despite the fact that none of the existing satellite missions has been optimized to obtain information 

on anthropogenic CO2 emissions, this important aspect has been addressed in several recent 

publications using existing satellite XCO2 products. 

 Schneising et al. (2013) presented an assessment of the satellite data over major anthropogenic CO2 
source regions. They used a multi-year SCIAMACHY XCO2 data set and compared the regional XCO2 
enhancements and trends with the emission inventory EDGAR v4.2 (Olivier et al. 2012). They found 
no significant trend for the Rhine-Ruhr area in central Europe and the US East Coast but a significant 



 

 

ESA Climate Change Initiative “Plus” (CCI+) 
 

Climate Assessment Report (CAR) 
 

for the Essential Climate Variable (ECV)  

Greenhouse Gases (GHG) 

Page 9 
 

Version 1.2 
 

20 March 2020 

 
increasing trend for the Yangtze River Delta in China of about 13 ± 8%/year, in agreement with 
EDGAR (10 ± 1%/year). 

 Reuter et al. (2014b) studied co-located SCIAMACHY XCO2 and NO2 retrievals over major 
anthropogenic source regions. For East Asia they found increasing emissions of NOx (+5.8%/year) and 
CO2 (+9.8%/year), i.e., decreasing emissions of NOx relative to CO2 indicating that the recently 
installed and renewed technology in East Asia, such as power plants and transportation, is cleaner in 
terms of NOx emissions than the old infrastructure, and roughly matches relative emission levels in 
North America and Europe.  

 
A series of studies also addressed methane emissions. 

 SCIAMACHY data have already been extensively used to improve our knowledge on regional 
methane emissions prior to the start of the GHG-CCI project (e.g., Bergamaschi et al. 2009). A more 
recent research focus was to shed light on the unexpected renewed atmospheric methane increase 
during 2007 and later years using ground-based and satellite data (e.g., Rigby et al. 2008, 
Dlugokencky et al. 2009, Bergamaschi et al. 2009, 2013, Schneising et al. 2011, Frankenberg et  al. 
2011, Sussmann et al. 2012, Crevoisier et al. 2013). Based on an analysis of SCIAMACHY year 2003-
2009 retrievals an increase of 7-9 ppb/year (0.4-0.5%/year) has been found with the largest increases 
in the tropics and northern mid latitudes (Schneising et al. 2011) but a particular region responsible 
for the increase has not been identified (Schneising et al. 2011; Frankenberg et al. 2011). 
Bergamaschi et al. (2013) used SCIAMACHY retrievals and NOAA surface data for 2003-2010 and 
inverse modelling in order to attribute the observed increase of atmospheric concentrations to 
changes in emissions. They concluded that most of this increase is due to emissions in the Tropics 
and the mid-latitudes of the northern hemisphere, while no significant trend was derived for Arctic 
latitudes. The increase is mainly attributed to anthropogenic sources, superimposed with significant 
inter-annual variations of emissions from wetlands and biomass burning. 

 Methane emissions have also been obtained from GOSAT, as presented in a number of publications 
as shown in, e.g., Fraser et al. (2013, 2014), Monteil et al. (2013), Cressot et al. (2014), Alexe et al. 
(2015), Turner et al. (2015) and Pandey et al. (2016). Note that for these studies often CH4 retrievals 
from several satellites have been used (as well as NOAA data), e.g., Monteil et al. (2013), and Alexe 
et al. (2015) used SCIAMACHY and GOSAT retrievals and Cressot el al. (2014, 2016) used GOSAT, 
SCIAMACHY and IASI.  Alexe et al. (2015) showed that the different satellite products resulted in 
relatively consistent spatial flux adjustment patterns, particularly across equatorial Africa and North 
America. Over North America, the satellite inversions result in a significant redistribution of 
emissions from North-East to South-Central USA, most likely due to natural gas production facilities.  

 Several publications focused on (relatively localized) methane sources in the United States: For 
example, Schneising et al. (2014b) analyzed SCIAMACHY data over major US “fracking” areas and 
quantified methane emissions and leakage rates. For two of the fastest growing production regions 
in the US, the Bakken and Eagle Ford formations, they estimated that emissions increased by 990 ± 
650 ktCH4/year and 530 ± 330 ktCH4/year between the periods 2006–2008 and 2009–2011. Relative 
to the respective increases in oil and gas production, these emission estimates correspond to 
leakages of 10.1% ± 7.3% and 9.1% ± 6.2% in terms of energy content, calling immediate climate 
benefit into question and indicating that current inventories likely underestimate the fugitive 
emissions from Bakken and Eagle Ford. Others also used SCIAMACHY data over the US to identify 
and quantify localized anthropogenic methane emission sources (Kort et al. 2014, Wecht et al. 2014).  
Last, Turner et al. (2015) used GOSAT retrievals within a meso-scale inversion system for the US. 
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The SCIAMACHY XCH4 retrievals have also been used to improve chemistry-climate models (Shindell 

et al. 2013, Hayman et al. 2014). 
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3. Assessment of satellite-derived XCO2 products 
 

3.1. Introduction 

Given nearly a decade (since Basu et al., 2013, see Section 2) of global inverse modelling studies 

assimilating real XCO2 retrievals, extended to 1.5 decades (Chevallier et al., 2005) in the case of 

partial column CO2 retrievals, the current interest in XCO2 products for global inverse modelling is 

about multi-year global products. This has not been always the case (Chevallier et al, 2011). The first 

four GHG-CCI Climate Research Data Packages fulfilled this ambition with SCIAMACHY and TANSO 

retrievals.  

The 5th GHG-CCI+ Climate Research Data Package (CRDP#5, http://cci.esa.int/ghg#data) includes 

three products: 

- CO2_OC2_FOCA: retrieved from OCO-2 using University of Bremen’s FOCAL algorithm 

- CO2_TAN_OCFP: retrieved from TanSat using University of Leicester’s UoL-FP (or OCFP) 

algorithm 

- CO2_GO2_SRFP: retrieved from GOSAT-2 using SRON’s RemoTeC (or SRFP) algorithm 

At the scale of the GHG-CCI+ project, the goal for all three is to make multi-year global products 

available, but currently only the first one, CO2_OC2_FOCA, fulfils this criterion. It is evaluated in this 

section. We have also looked at the latest version of the ensemble median algorithm EMMA for a 

shorter evaluation. EMMA was initially co-developed by GHG-CCI and is now distributed by C3S 

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-carbon-dioxide).  

The two evaluated products are summarized in Table 1 below. The official bias-corrected products 

have been processed by LSCE. 

 

Product ID Instrument Algorithm Data 
provider 

Reference Period 
available 

Evaluators 
(sections) 

CO2_OC2_FOCA OCO-2 FOCAL, v8 IUP, Univ. 
Bremen 

Reuter et 
al., 2017a, 
2017b 

01/2015-
12/2018 

LSCE (3.2, 
3.3) 

XCO2_EMMA SCIAMACHY 
+ TANSO 
+ OCO-2 

EMMA, 
v4.1 

IUP, Univ. 
Bremen 

Reuter et 
al., 2020 

01/2003-
12/2018 

LSCE (3.2) 

Table 1. XCO2 products evaluated in this report. 

  

 

 

http://cci.esa.int/ghg#data
https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-carbon-dioxide
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3.2. Comparisons with model simulations 

3.2.1. Method 

In this section, we compare CO2_OC2_FOCA and XCO2_EMMA with a forward simulation of the 

LMDZ transport model (Hourdin et al. 2006) nudged to the ERA5 reanalysis and using surface fluxes 

from a classical atmospheric inversion that assimilated surface air-sample measurements. The 

simulation accounts for the prior profiles and the averaging kernels of each individual retrieval. 

Chevallier and O’Dell (2013) showed that the uncertainty of such simulated XCO2 field is small 

(standard deviation is less than 0.85 ppm) compared to XCO2 retrieval errors from GOSAT, even over 

Tropical lands, so that the model-minus-retrieval departures are dominated by the retrieval errors. 

The accuracy of the surface air-sample-driven inversion is also confirmed by comparison to TCCON 

retrievals (Chevallier, 2019). Computing the departures therefore allows evaluating the realism of the 

product retrieval errors that are an integral part of the L2 retrieval process. We refer to Chevallier 

and O’Dell (2013) for more background about the underlying principles. We add a third XCO2 

retrieval product in the comparison: version 9 of the Atmospheric CO2 Observations from Space 

(ACOS) retrievals of O’Dell et al. (2018) from OCO-2. We use it because it is currently the main OCO-2 

retrieval product in use in the science community. 

The CO2_OC2_FOCA and XCO2_EMMA date files do not make the distinction between land and 

ocean retrievals and we do not attempt at getting this information from some other source  using the 

latitude and longitude coordinates. Since the fraction of land in the sounding is reported in the ACOS 

product, we stratify the results per geotype: land is defined by a land fraction larger than 80%.  

Our forward simulation comes from the CAMS CO2 inversion product driven by surface air-sample 

measurements (version 18r3, http://www.copernicus-atmosphere.eu/), an earlier version of which 

was described by Chevallier et al. (2010a). It uses the LMDZ transport model with a recent 

configuration of the model physics (Remaud et al., 2018). In space, the model is discretized into 39 

vertical layers, 3.75 longitude degrees and 1.9 latitude degrees.  

The OCO-2 retrievals have much higher spatial resolution than the global LMDZ model, by several 

orders of magnitude. The locations of successive footprints are also close to each other. To account 

for this locally-high density, we follow Crowell et al. (2019) by aggregating the OCO-2 retrievals from 

CO2_OC2_FOCA and ACOS in 10-second intervals, that roughly correspond to boxes of 67×10 km2, a 

surface area which is still much smaller than the individual model grid boxes of 3.75o × 1.9 o. 

XCO2_EMMA applies a different strategy in which large datasets like the OCO-2 are thinned 

randomly rather than aggregated at coarser resolution (Reuter et al., 2020). We therefore do not 

apply the 10-second binning algorithm to it. 

  

http://www.copernicus-atmosphere.eu/
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3.2.2. Results 

Multiyear-results are summarized in Figure 1. Distinction is made between the latitudes north of 

25oN, the latitudes south of 25oS and the latitudes between 25oS and 25oN. Since we have no way to 

distinguish between random errors and systematic ones in the retrieval products and in the forward 

simulation, and following the usual practice (e.g., Desroziers et al. 2005), we use the root mean 

square (RMS) to characterize the statistics of the model-minus-observation departures, rather than 

the standard deviation. 

The number of data feeding the statistics (the pink bars in Figure 1) varies with the product type 

(much more data in the hybrid 16-year-long XCO2_EMMA than in the two OCO-2 products) and with 

the screening performed in the corresponding retrieval algorithm (much more data in ACOS than in 

CO2_OC2_FOCA). The RMS departures (the orange disks in Figure 1) are between 1.2 and 1.9 ppm 

for CO2_OC2_FOCA. They are better for XCO2_EMMA North of 25oN and similar in the two other 

bands. The better statistics North of 25oN also hold when restricting them to the CO2_OC2_FOCA 

period. This is explained by the better statistics of ACOS, even over land only (bottom left plot), and, 

likely, by the selection algorithm of XCO2_EMMA that damps retrieval noise.  

The precision and bias of CO2_OC2_FOCA has been assessed independently (Table 5 in Product 

Validation and Intercomparison Report, PVIR, Buchwitz et al. 2020) based on TCCON observations 

(Wunch et al. 2011). The scatter of the retrieval misfits to TCCON is overall similar to the scatter of 

the retrieval misfits to the model. 
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Figure 1. The orange disks show the Root Mean Squared values (RMS) of the misfits between the 
three XCO2 products indicated in the plot titles and the reference CAMS surface-driven simulation 
for the full period covered by each retrieval product. The blue squares represent the root mean 
square of the sum of the CAMS simulation error variances and of the retrieval error variances. The 
globe is divided into three latitude bands. For ACOS only, as in the corresponding data files, land 
and ocean are separated. The number of data included in the statistics is reported as vertical pink 

bars. 

We now look at the retrieval error statistics provided by each product (the blue squares in Figure 1). 

In the study by Chevallier and O’Dell (2013), the model-data misfits with GOSAT retrievals showed 

good consistency with the documented retrieval errors, to the point that the theoretical error 

reduction brought by the surface measurements on the simulation of the GOSAT total column 

measurements (15%) corresponded to the actual reduction seen over the mid-latitude and Tropical 

lands and over the Tropical oceans.  The retrieval uncertainty reported in the data files of 

XCO2_EMMA appears to be fairly estimated, but the one in CO2_OC2_FOCA shows more difference 

with the actual departure statistics. In the case of ACOS, a good fit of the statistics is seen over land, 

less so over the ocean. 
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3.3. Inversion experiments with the LSCE system  

3.3.1. Method 

In this section, we go one step further in the evaluation of CO2_OC2_FOCA  with the LSCE system by 

interpreting the model-data misfits shown in Section 3.2 in terms of surface fluxes. We do not do the 

same for XCO2_EMMA by lack of resources to process this 16-year-long product within a reasonable 

timescale for the project. The satellite data are assimilated alone, without combining them with 

other observations, in order to focus on their own signals. We use CO2_OC2_FOCA  candidly, i.e. 

without modifying the retrieval values and their associated uncertainty in input to the 10-s binning 

algorithm described in Section 3.2.1. However, if several 10-s-binned retrievals of a same orbit fall 

within the same model grid box, we inflate the variance of the retrieval errors by the number of 

concerned 10-s-binned retrievals, in order to avoid likely local error correlations (at least from the 

transport model). As in the previous section, we use the retrieval averaging kernels and prior profiles 

when assimilating them. Processing the full multi-year series of CO2_OC2_FOCA within the inverse 

system required about one month of computation on 10 parallel CPU cores. 

 

Figure 2. Average of the retrievals (as they are assimilated here) in each model grid box for January 
and July 2016. CO2_OC2_FOCA (both lands and oceans) and ACOS (land only) are shown in the top 
and bottom rows, respectively. 

The fluxes inferred from CO2_OC2_FOCA are compared to two benchmark inversion: the CAMS 

official inversion products v18r3 that exclusively assimilated about 130 sites of surface air-sample 

measurements from the Global Atmosphere Watch programme and the CAMS official inversion 

product FT18r1 that exclusively assimilated the ACOS OCO-2 retrievals over land. Ocean glint 
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retrievals were not assimilated in FT81r1 because of likely systematic errors (Chevallier et al., 2019), 

but such a selection is not done for CO2_OC2_FOCA here in the absence of similar evidence. Still, 

many more ACOS retrievals are assimilated than CO2_OC2_FOCA ones in the respective inversions 

(see Figure 1) due to much stricter filter criteria that leave large regions unobserved or poorly 

observed during full months in the latter (Figure 2).  

The inversion system works at the grid-point weekly scale and generates a large volume of data. The 

present comparison focuses on a few key quantities: (i) the global annual growth rate that is well 

known from the NOAA marine surface data (Conway et al. 1994, 

http://www.esrl.noaa.gov/gmd/ccgg/trends/global.html), (ii) the grid-point annual-total fluxes, (iii) 

the regional annual CO2 budgets. 

3.3.2. Global annual atmospheric growth rates 

Figure 3 shows the time series of the global annual growth rates from NOAA, from the CAMS 

inversions and from CO2_OC2_FOCA. We use a conversion factor of 2.086 GtC·ppm-1 from Prather 

(2012). Note that the NOAA estimate and the surface-driven CAMS one are not independent since 

the surface-driven CAMS inversion assimilates the individual NOAA measurements. Their difference 

has a standard deviation of 0.16 ppm and a bias of -0.02 ppm (based on 40 yearly values). The 

statistics estimate for the OCO-2-driven CAMS inversion is of 0.00±0.12 ppm (the estimate is based 

on 4 annual values). The difference between the growth rate from the CO2_OC2_FOCA inversion and 

the NOAA estimate is larger: a bias of -0.13 ppm and a standard deviation of 0.22 ppm (based on 4 

values). This is driven by year 2017 for which the CO2_OC2_FOCA inversion diagnoses a much smaller 

growth rate than NOAA. Note that the quality of the growth rate of the CO2_OC2_FOCA retrievals 

themselves may be much better, but since they do not cover the full globe all the time, the inversion 

system, informed by the transport model (hard constraint) , may generate very different XCO2 

between the retrievals, for instance to fit small spurious retrieval signals.  

 

Figure 3. Global annual atmospheric growth rate from NOAA 
(ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2_gr_gl.txt, accessed 26 February 2020) 

between years 2015 and 2018, from the 2 CAMS inversions and from CO2_OC2_FOCA.  

http://www.esrl.noaa.gov/gmd/ccgg/trends/global.html
ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2_gr_gl.txt
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3.3.3. Maps of annual budgets 

Figure 4 displays the maps of the inferred annual budgets of natural CO2 for the year 2015. As shown 

already by Chevallier et al. (2019), the two CAMS inversions show rather similar patterns in the 

northern extra-Tropics, but the ACOS-driven inversion has more spatial gradients than the surface-

driven one in the Tropical lands where the surface measurement network is particularly sparse. The 

CO2_OC2_FOCA inversion has even larger gradients there (Australia excepted), but also in the 

northern extra-Tropics. The colour bar has actually not been adapted to their variability. Surprisingly, 

the spatial patterns (irrespective of their amplitude) are similar between the two satellite-driven 

inversions over land. Over the ocean, the two CAMS inversions are close to each other, but 

CO2_OC2_FOCA dramatically extends the outgassing regions much. 

 

Figure 4.  Grid-point budget of the natural CO2 fluxes for the year 2016 and for the two CAMS 
inversions and for the CO2_OC2_FOCA product. In the sign convention, positive fluxes correspond 

to a net carbon source into the atmosphere. 
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3.3.4. Annual budget time series 

The time series of the annual budgets of the inferred natural fluxes at the global or zonal scale  are 

synthesised in Figure 7. The time series of the annual natural carbon budgets at several very broad 

scales are displayed in Figure 5for the period between 2004 and 2018: the globe, the northern or 

southern extra-Tropics, and the Tropics with lands and oceans either separated or combined. At the 

global scale (top row), the curves reflect the growth rate curves of Figure 3, but without the fossil 

fuel and cement flux component.  The three inversions locate the land sink mostly in the northern 

extra-Tropics, eventhough a large variability is found in the Tropics. The southern extra-Tropical lands 

(that represent a relatively small surface area) are close to neutral each year. Compared to the two 

other inversions, the CO2_OC2_FOCA inversion shows larger sinks in the extra-Tropical lands of both 

hemispheres. Over the oceans, the two CAMS inversions are close to each other North of 25oS, but 

the Southern Ocean sink reduces when assimilating the ACOS retrievals vs. the surface  

measurements. With CO2_OC2_FOCA, the northern extra-Tropical uptake and the Tropical 

outgassing are both enhanced, while the Southern Ocean sink reduces even more than with ACOS. 

Detailed results at the scale of the 22 regions of the TransCom 3 experiment (Gurney et al., 2002, 

Figure 6) are shown in Figure 7 (11 regions over land) and Figure 8 (11 regions over the ocean). The 

22 regions together tile the whole globe, apart from the polar ice caps. The two figures show results 

consistent with the above results, with the CAMS inversions close to each other in most regions and 

the CO2_OC2_FOCA inversion further away in terms of 4-year value (less so in terms of variability).  

 

Figure 5. Inferred natural CO2 annual flux (without fossil fuel emissions) averaged over the globe or 

over all lands or oceans. In the case of lands and oceans, three broad latitude bands are also 
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defined: northern extra-Tropics (north of 25oN), Tropics (within 25o of the Equator), and southern 

extra-Tropics (south of 25oS). The blue curve corresponds to the surface-driven CAMS product with 

its 1-sigma Bayesian uncertainty. In the sign convention, positive fluxes correspond to a net carbon 

source into the atmosphere. 

  

 

Figure 6. Transcom regions from Gurney et al. (2002). 

 

  

Figure 7. Inferred natural CO2 annual flux (without fossil fuel emissions) averaged over the 
TransCom3 land regions. In the sign convention, positive fluxes correspond to a net carbon source 
into the atmosphere. 
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Figure 8. Same as Figure 7, but for the ocean basins. 

 

3.3.5. Differences with aircraft measurements 

Following the approach defined in Chevallier et al. (2019), we use continuous and flask dry air mole 

fraction measurements made by aircraft in the free troposphere  to evaluate the three inversions 

over the CO2_OC2_FOCA period. The free troposphere is simply defined here as the atmospheric 

layer between 2 and 7 km above sea level (asl). The measurements are all from ObsPack Globalview+ 

v4.2.1 and NRT v4.4.1 for the period 2015-2018 (Cooperative Global Atmospheric Data Integration 

Project, 2019, and NOAA Carbon Cycle Group Obspack Team, 2019). We note that no aircraft data is 

assimilated here. A few outliers for which the difference between model and observation is larger 

than 40 ppm are rejected: they likely represent very local pollution plumes. 
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Figure 9. Model-minus-observation absolute differences and standard deviations over the 

CO2_OC2_FOCA period per measurement program for the CAMS ACOS-based inversion (orange 

line), the CAMS surface-based inversion (green line) and the CO2_OC2_FOCA-based inversion (blue 

line). The number of measurement per site, campaign or program varies between 7 (MRC) and 

290,361 (ACT). The programs are ranked by increasing mean latitude (North is on the right), 

irrespective of their latitudinal coverage (which is large of several tens of degrees for ORC, TOM 

and CON). These mean latitudes are shown in the middle of the panel. 

The absolute biases (Figure 9, top) are all less than 1.1 ppm. They are usually even less than 0.4 ppm 

for the two CAMS inversions, while many values are larger with CO2_OC2_FOCA. There is no obvious 

latitudinal trend (even when adding the sign of the bias, result not shown), and therefore no obvious 

flaw of the model vertical mixing (Stephens et al., 2007). Standard deviations vary with the fraction 

of land masses in a given latitude, as expected. They are about 1.5 ppm in the northern hemisphere 

for the three inversions, with the CO2_OC2_FOCA-driven numbers larger than the ACOS-driven 

numbers by ~ 0.2 ppm. When taking all free tropospheric aircraft data together, the posterior 

simulation deviates from the measurements by -0.1±1.4 ppm (mean bias ± √mean variance across 

the aircraft programs, irrespective of their number of data), -0.4±1.6 ppm and -0.2±1.4 ppm for the 

ACOS-driven inversion, for the CO2_OC2_FOCA-driven inversion and for the surface-driven inversion, 

respectively. 

3.3.6. Conclusions 

The assimilation of the CO2_OC2_FOCA product in the LSCE global inversion system infers CO2 

surface fluxes that are very different from those obtained by the assimilation of surface air-sample 

measurements. The CO2_OC2_FOCA-driven CO2 surface fluxes appear to be less credible because (i) 

the inferred spatial distribution of the ocean outgassing regions is inconsistent with current 

knowledge of the marine biogeochemistry obtained from sea surface CO2 partial pressure 

measurements (see the Global ocean surface carbon product of the Copernicus Marine Environment 
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Monitoring Service1,  (ii) the inferred atmospheric growth rate for year 2017 is notably different from 

the one seen at marine background stations, (iii) the biases with aircraft data in the free troposphere 

are larger than when assimilating the surface measurements. In contrast, the ACOS-driven CO2 

surface fluxes (ACOS being restricted to land retrievals here) seem to perform better than the 

CO2_OC2_FOCA-driven fluxes and even show comparable difference statistics to aircraft 

measurements in the free troposphere in output to the transport model  compared to surface-air-

sample-driven fluxes. This result demonstrates that there is no fundamental limitation to 

atmospheric inverse modelling (e.g., in the realism of the transport model or in the modelled error 

statistics) when assimilating satellite XCO2 retrievals. The ACOS-driven CO2 surface fluxes are actually 

now part of the official CAMS data portfolio. 

The various tests performed do not allow us to identify the distinctive asset of ACOS vs. 

CO2_OC2_FOCA in our system: either the data density (much larger for ACOS over land), the data 

precision (that seem to be better for ACOS, see 3.2.2), the data trueness (linked both to the quality of 

the physical retrieval scheme and to its empirical bias-correction), the accuracy of the averaging 

kernels (see Chevallier, 2015, for a discussion on potential issues with the averaging kernel profiles),  

or a combination of these qualities at once. Detailed sensitivity tests could be performed for this, but 

note that our single CO2_OC2_FOCA-driven inversion represented a large computational effort that 

lasted four weeks on a parallel cluster.  

About computational effort, CO2_OC2_FOCA’s distinct advantage compared to ACOS is its 

representation of multiple scattering effects in the radiative transfer in a form that is not costlier 

than absorption. In preparation for the Copernicus CO2 Monitoring Mission that will provide even 

larger amount of data than OCO-2 (Pinty et al., 2017), CO2_OC2_FOCA represents an important 

achievement. In this context and resources permitting, it would be important to document its 

performance in more detail in order to help prioritize future developments. 

 

4. Assessment of satellite-derived XCH4 data products 

 

This section is in preparation. It has been delayed because of COVID-19 related issues  

 

 

  

                                                                 
1 http://marine.copernicus.eu/services -portfolio/access-to-
products/?option=com_csw&view=details&product_id=MULTIOBS_GLO_BIO_REP_015_005  

http://marine.copernicus.eu/services-portfolio/access-to-products/?option=com_csw&view=details&product_id=MULTIOBS_GLO_BIO_REP_015_005
http://marine.copernicus.eu/services-portfolio/access-to-products/?option=com_csw&view=details&product_id=MULTIOBS_GLO_BIO_REP_015_005
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