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1. Executive summary

Thisreportdescribesthe 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 CO, and CH, column retrievals (XCO, and XCH,) from current satellite

instruments:

- €O2_0C2_FOCA: XCO, from NASA’s OCO-2satelliteretrieved by University of Bremen using
the FOCAL algorithm (global, 2015-2018, v08)

- CH4_S5P_WFMD: XCH, from the European Sentinel-5-Precursor (S5P) satellite retrieved by
University of Bremen usingthe WFM-DOAS algorithm (global, Nov. 2017 — Dec. 2018, v1.2)

- CO2_TAN_OCFP: XCO, from China’s TanSat satellite retrieved by University of Leicester
usingthe UoL-FP (or OCFP) algorithm (at TCCON sites, approx. 1year, v1)

The global products CO2_0C2_FOCA and CH4 _S5P_WFMD are (orwill soon be) available (see status
published at http://cci.esa.int/ghg) viathe CCl Open Data Portal ( http://cci.esa.int/data). In
preparation are also the following products, which will be part of CRDP#6:

- XCO,and XCH, from Japan’s GOSAT-2satellite (products CO2_GO2_SRFP, CH4_GO2_SRFP,
CH4_GO2_SRPR)

Climate researchers may find interestin these products forvarious reasons like evaluating climate
models, estimating the uncertain parameters of these climate models, studying the variability of CO,
and CH, inthe atmosphere, studying wildfire or fossil fuel emission plumes, or quantifying the
surface fluxes of these gases.

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

Previous datasets, i.e., CRDP#1— CRDP#4, have been generated and released by the GHG-CCl pre-
cursor project (2010 - 2018). These products are CO, and CH, products from SCIAMACHY/ENVISAT,
MIPAS/ENVISAT, GOSAT, AIRS and IASI. The XCO2 and XCH4 and IASI products are now generated
operationally viathe Copernicus Climate Change Service (C3S, https://climate.copernicus.eu/) and
are available viathe Copernicus Climate Data Store (CDS, https://cds.climate.copernicus.eu/).

By producingretrievals of the CO, and CH, columns forthese 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 anthropogenicorigin.
This length opens the possibility to characterize emission trends, as was already demonstrated by a
series of CRDP-based studies for CH, (Bergamaschi etal. 2013) and for CO, (Ross et al. 2013,
Schneisingetal.2013a, 2013b, Reuteretal. 2014b, Detmersetal. 2015).
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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 multipleretrieval 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. Reuteret al. (2013, 2014a, 2020) wellillustrated 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 etal. 2013, Fraseret al. 2013,
Monteil etal. 2013, Cressotetal. 2013) and more specifically (for CO,) Canada and Siberian forests
(Schneisingetal.2011), Eurasia (Guerletetal. 2013a), Tropical Asia (Basu et al. 2014), Amazonia
(Parazooetal. 2013) and Europe (Reuteretal.2014a). However, for CO,, there remain considerable
discrepancies with bottom up estimates or flux inversions based on atmosphericin-situ observations
(Chevallieretal. 2014a, 2019, Fenget al. 2016a, Reuteretal.2016c). These discrepancies were also
highlighted in the first four releases of the CAR (Chevallieretal. 2013, 2015, 2016, 2017). For CH, it
has been clearly demonstrated that the SCIAMACHY retrievals and the GOSAT retrievals provide
importantinformation on regionalmethaneemissions (e.g., Bergamaschi et al. 2013, Fraser etal.
2013, Alexe etal. 2015).

Each application of the CRDP has specificuserrequirements andit is not possible to exhaustively
coverthemin the CRG. Instead, the CRG has focussed on global source-sink inversion from several
viewpoints.

For CO,, the study has beenrestricted to the productin CRDP#5 that covers the whole globe and
several years: CO2_0C2_FOCA which hasbeen retrieved from OCO-2overboth land and ocean. The
starting point of this report isthe comparison between this product with the independent CAMS
v18r3 transport model simulation (with surface fluxes inferred through inversion of high precision
measurements of atmospheric CO, in situ samples). The satelliteretrievals fit the independent CAMS
simulation overland and ocean within 1.9 ppm RMS. By comparison and as expected, the ensemble
product EMMA betterfits the independent CAMS simulation, eve n when restricting the statistics to
the 4 years of CO2_0C2_FOCA. However, furtherimproved statistics are obtained when comparing
NASA’s ACOS OCO-2retrievals, version 9, with the CAMS simulation overland as overocean. This
suggeststhatthe individual ACOS retrievals have better precision thanthe CO2_0C2_FOCA ones.

The assimilation of the CO2_0C2_FOCA productinthe LSCE global inversion systeminfers CO,
surface fluxesthat are very different from those obtained by the assimilation of surface air-sample
measurements. The CO2_0C2_FOCA-driven CO, surface fluxes appearto be less credible because (i)
the inferred spatial distribution of the ocean outgassing regionsisinconsistent with current
knowledge of the marine biogeochemistry obtained from seasurface CO, partial pressure
measurements, (ii) the inferred atmosphericgrowth rate foryear 2017 is notably different from the
one seen at marine background stations, and (iii) the biases with aircraft datain the free troposphere
are largerthan when assimilation surface air-sample measurements. In contrast, the ACOS-driven
CO, surface fluxes (ACOS beingrestricted to land retrievals here) seem to perform better than the
CO2_0C2_FOCA-driven fluxes and even show comparable difference statistics to aircraft
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measurementsinthe free troposphere in outputto the transport model compared to surface -air-
sample-driven fluxes. This result demonstrates that there is no fundamental limitation to
atmosphericinverse modelling (e.g., inthe realism of the transport model orinthe modelled error
statistics) when assimilating satellite XCO, retrievals. It has also motivated the distribution of the
ACOS-driven CO, surface fluxes as part of the official CAMS inversion products (thisis 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.
C0O2_0C2_FOCA inour system:eitherthe datadensity, the data precision, the datatrueness, the
accuracy of the auxiliary data (averaging kernels) ora combination of these qualities at once.
Detailed sensitivity tests could be performed forthis. CO2_0C2_FOCA’s distinct advantage compared
to ACOSisits representation of multiple scattering effects in the radiative transferina formthatis
not costlierthan absorption. In preparation forthe Copernicus CO2 Monitoring Mission that will
provide evenlargeramount of datathan OCO-2,CO2_0C2_FOCArepresentsanimportant
achievement. In this context and resources permitting, it would be importantto documentits
performance with more detail in orderto help prioritize future developments.

The sectionfor CH, is in preparation but has been delayed because of Covid-19relatedissues
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2. Userrelated aspects discussed in the peer-reviewed literature

The GHG-CCI project primarilyaims at bringing new knowledge about the sources and sinksof CO, and
CH, 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
summarisedinthe following. Theyusefully provide the background for the newstudiesthat have been
performed specifically for this reportand 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 CO, fluxes.

Using global GOSATXCO, retrievals, Basu et al. (2013) presented first global CO, surface flux inverse
modelling results forvarious regions. Theiranalysis suggested areduced global land sink and a shift
of the carbon uptake from the tropics to the extra-tropics. In particular, theirresults 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
XCO, retrieval products. Theyfound hemisphericand regional differences in posterior flux estimates
that are beyond 1 sigma uncertainties. They too found asignificantly 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
experimenton 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.

Reuteretal. (2014a) investigated the European carbon sinkfurther with another ensemble of GOSAT
XCO, products, a SCIAMACHY XCO, product and a new inversion method which is less sensitive to
some of the issues discussed inChevallieretal. (2014a). Reuteretal. (2014a) only used satellite XCO,
retrievals over Europeto rule outthat non-Europeansatellite dataadverselyinfluence 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 atmosphericmeasurements) of 0.235 + 0.05 GtC/yearfor2001-2004 (Schulze etal, 2009).
The findings of Reuteretal. (2014a) stimulated additional research (Fengetal. 2016a, Reuteret al.
2016c).

Detmers et al. (2015) analyzed GOSAT XCO, retrievals to detect and quantify anomalously large
carbon uptake in Australiaduring astrong La Nifia episode.

For flux inversions not only the retrieved greenhouse gas values are relevant but also their error
statistics, in particularthe reported uncertainties. Chevallierand O’Dell (2013) analyzed this aspect
inthe context of CO, flux inversions using GOSAT XCO, retrievals. For CH,, Cressot etal. (2013, 2016)
studied the uncertainty of flux inversions assimilating SCIAMACHY, GOSAT or IASI XCH, retrievals.
Focussing on Canadian and Siberian boreal forests, Schneising et al. (2011) computed longitudinal
XCO, gradients from SCIAMACHY XCO, retrievals during the vegetation growing season over
Canadian and Siberian boreal forests and compared the gradients with outputs from NOAA’s CO,
assimilation system CarbonTracker (Peters et al. 2007). They found good agreement for the total
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boreal region and for inter-annual variations. For the individual regions, however, they found

systematicdifferences suggesting astronger Canadian boreal forest growing season CO, 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 XCO, to study aspects related to the terrestrial carbon sink by looking at co-variations

of XCO, growth rates and seasonal cycleamplitudes with near-surface temperature. Theyfound XCO,

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 Northem

Hemisphere in good agreement with CarbonTracker.

e Reuter et al. (2013) computed CO, seasonal cycle amplitudes using various satellite XCO, data
products (using GHG-CCl products but also GOSAT XCO, products generated inJapan at NIES (Yoshida
et al. 2013, Oshchepkov etal. 2013) and the NASA ACOS product (O’Dell etal. 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
CarbonTrackerunderestimates the CO, seasonal cycle amplitude by approx. 1.5+ 0.5 ppm (see also
Buchwitzetal., 2015, fora discussion of these findings).

e Lindquist et al. (2015) compared satellite XCO, retrievals, surface XCO, retrievals and atmospheric
model simulationsinterms of XCO, seasonalcycle. They foundthat 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 XCO, seasonal cycle depends
onlongitude especially at the mid-latitudes, whichwas only partiallyshownby the models. They also
found that model-to-model differences could be largerthan GOSAT-to-model differences.

Guerlet et al. (2013a) analyzed GOSAT XCO, retrievals focusing on the Northern Hemisphere. They

identified areduced carbon uptake in the summer of 2010 and found that this is mostlikely due to

the heatwave in Eurasia driving biospheric fluxes and fire emissions. Using ajointinversion 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 XCO, inter-annual variability (IAV) and underestimate emission

IAV over Eurasia. They highlighted the value of GOSAT XCO, in constraining the response of land-

atmosphere exchange of CO, to climate events.

Basu etal. (2014) studied seasonal variation of CO, fluxes during 2009-2011 over Tropical Asia using

GOSAT, CONTRAILand IASI data. They found an enhanced source for 2010 and concluded that this is

likely dueto biosphere response to above-average temperaturesin 2010and unlikelydue to biomass

burningemissions.

e Parazoo et al. (2013) used GOSATXCO, and solarinduced chlorophyllfluorescence (SIF) retrievals to
better understand the carbon balance of southern Amazonia.

e Ross etal. (2013) used GOSAT data to obtaininformation on wildfire CH,:CO, emission ratios.

Despite the fact that none of the existing satellite missions has been optimized to obtaininformation
on anthropogenic CO, emissions, this important aspect has been addressed in several recent
publications using existing satellite XCO, products.

e Schneisingetal.(2013) presented an assessment of the satellite data over majoranthropogenic CO,
source regions. They used a multi-year SCIAMACHY XCO, data setand compared the regional XCO,
enhancements and trends with the emission inventory EDGARvVA4.2 (Olivieretal. 2012). They found
no significanttrend forthe Rhine-Ruhrareain central Europe and the US East Coast but a significant
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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 XCO, and NO, retrievals over major
anthropogenicsource regions. For East Asia they found increasing emissions of NO, (+5.8%/year) and
CO, (+9.8%/year), i.e., decreasing emissions of NO, relative to CO, indicating that the recently
installed and renewed technologyin East Asia, such as power plants and transportation,is cleanerin
terms of NO, emissions thanthe old infrastructure, and roughly matches relative emission levelsin
North Americaand Europe.

A series of studies also addressed methane emissions.

SCIAMACHY data have already been extensively used to improve our knowledge on regional
methane emissions priorto the start of the GHG-CCI project (e.g., Bergamaschi et al. 2009). A more
recentresearch focus was to shedlighton 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, Sussmannet al. 2012, Crevoisieretal. 2013). Based on an analysis of SCCAMACHY year 2003-
2009 retrievals anincrease 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 etal. 2011) but a particularregion 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 emissionsin the Tropics
and the mid-latitudes of the northern hemisphere, while no significant trend was derived for Arctic
latitudes. The increaseis 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 shownin, e.g., Fraser et al. (2013, 2014), Monteil et al. (2013), Cressot et al. (2014), Alexe et al.
(2015), Turneretal. (2015) and Pandey etal. (2016). Note thatfor these studies often CH, retrievals
from several satellites have been used (as well as NOAA data), e.g., Monteil etal. (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 spatialfluxadjustment patterns, particularly across equatorial Africaand North
America. Over North America, the satellite inversions result in a significant redistribution of
emissions from North-East to South-Central USA, most likelydue 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. Fortwo of the fastest growing production regions
in the US, the Bakken and Eagle Ford formations, they estimated that e missionsincreased by 990 +
650 ktCH,/yearand 530 * 330 ktCH,/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 localizedanthropogenic methane emission sources (Kort et al. 2014, Wecht et al. 2014).
Last, Turneret al. (2015) used GOSAT retrievals within a meso-scale inversion system forthe US.
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The SCIAMACHY XCH, 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 XCO, products

3.1. Introduction

Givennearlyadecade (since Basu etal., 2013, see Section 2) of global inverse modelling studies
assimilatingreal XCO, retrievals, extended to 1.5 decades (Chevallier et al., 2005) in the case of
partial column CO, retrievals, the currentinterestin XCO, products for global inverse modellingis
about multi-yearglobal products. This has not been always the case (Chevallieretal, 2011). The first
four GHG-CCI Climate Research Data Packages fulfilled this ambition with SCIAMACHY and TANSO
retrievals.

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

- C02_0C2_FOCA: retrieved from OCO-2 using University of Bremen’s FOCALalgorithm

- 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_0C2_FOCA, fulfils this criterion. Itis evaluated in this
section. We have also looked at the latest version of the ensemble median algorithm EMMA for a
shorterevaluation. EMMA was initially co-developed by GHG-CCl and is now distributed by C3S
(https://cds.climate.copernicus.eu/cdsappt!/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 Reference | Period Evaluators
provider available | (sections)
C02_0C2_FOCA | OCO-2 FOCAL,v8 | IUP, Univ. | Reuteret | 01/2015- LSCE (3.2,
Bremen al.,2017a, | 12/2018 3.3)
2017b
XCO2_EMMA SCIAMACHY | EMMA, IUP, Univ. | Reuteret | 01/2003- LSCE (3.2)
+ TANSO vd.l Bremen al., 2020 12/2018
+ 0CO0-2

Table 1. XCO, products evaluated in this report.
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3.2. Comparisons with model simulations
3.2.1. Method

In this section, we compare CO2_0C2_FOCA and XCO2_EMMA with a forward simulation of the
LMDZ transport model (Hourdin etal. 2006) nudged to the ERAS reanalysis and using surface fluxes
froma classical atmosphericinversion that assimilated surface air-sample measurements. The
simulation accounts forthe prior profiles and the averaging kernels of each individual retrieval.
Chevallierand O’Dell (2013) showed that the uncertainty of such simulated XCO, field is small
(standard deviationislessthan 0.85 ppm) compared to XCO, 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 inversionis also confirmed by comparison to TCCON
retrievals (Chevallier, 2019). Computing the departures therefore allows evaluating the realism of the
productretrieval errors thatare an integral part of the L2 retrieval process. We referto Chevallier
and O’Dell (2013) for more background about the underlying principles. We add a third XCO,
retrieval productin the comparison: version 9of the Atmospheric CO, Observations from Space
(ACOS) retrievals of O’Dell et al. (2018) from OCO-2. We use itbecauseitis currently the main 0CO-2
retrieval productinuseinthe science community.

The CO2_0C2_FOCA and XCO2_EMMA date files do not make the distinction betweenland and
oceanretrievalsand we do not attempt at getting thisinformation from some othersource usingthe
latitude and longitude coordinates. Since the fraction of land in the soundingis reported in the ACOS
product, we stratify the results pergeotype:landis defined by aland fraction larger than 80%.

Our forward simulation comes from the CAMS CO, inversion product driven by surface air-sample
measurements (version 18r3, http://www.copernicus-atmosphere.eu/), an earlierversion of which

was described by Chevallieretal. (2010a). It uses the LMDZ transport model with arecent
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 thislocally-high density, we follow Crowell et al. (2019) by aggregatingthe OCO-2retrievalsfrom
C0O2_0C2_FOCA and ACOS in 10-second intervals, that roughly correspond to boxes of 67x10 km?, a
surface area whichisstill much smallerthan the individual model grid boxes of 3.75° x 1.9°.
XCO2_EMMA appliesadifferentstrategy in which large datasets likethe OCO-2are thinned
randomly ratherthan aggregated at coarser resolution (Reuteretal., 2020). We therefore do not
apply the 10-second binningalgorithmtoit.
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3.2.2. Results

Multiyear-results are summarized in Figure 1. Distinction is made between the latitudes north of
25°N, the latitudes south of 25°S and the latitudes between 25°S and 25°N. Since we have no way to
distinguish betweenrandom errors and systematicones in the retrieval productsandinthe 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, ratherthan
the standard deviation.

The number of data feeding the statistics (the pink barsin Figure 1) varies with the product type
(much more datain the hybrid 16-year-long XCO2_EMMA than in the two OCO-2 products) and with
the screening performed inthe corresponding retrieval algorithm (much more datain ACOSthan in
C0O2_0C2_FOCA).The RMS departures (the orange disksin Figure 1) are between 1.2and 1.9 ppm
for CO2_0C2_FOCA.Theyare betterfor XCO2_EMMA North of 25°N and similarinthe two other
bands. The better statistics North of 25°N also hold when restrictingthemtothe CO2_0C2_FOCA
period. Thisis explained by the better statistics of ACOS, even overland only (bottom left plot), and,
likely, by the selection algorithm of XCO2_EMMA that damps retrieval noise.

The precision and bias of CO2_0C2_FOCA has been assessed independently (Table 5in Product
Validation and Intercomparison Report, PVIR, Buchwitz et al. 2020) based on TCCON observations
(Wunch et al. 2011). The scatter of the retrieval misfitsto TCCON is overall similarto 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 XCO, products indicatedin the plottitles and the reference CAMS surface-driven simulation
for the full period covered by each retrieval product. The blue squares representthe 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 statisticsis reported as vertical pink

bars.

We now look at the retrieval error statistics provided by each product (the blue squaresin Figure 1).
In the study by Chevallierand 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 overthe mid-latitude and Tropical
lands and overthe Tropical oceans. The retrieval uncertainty reportedinthe datafiles of
XCO2_EMMA appearsto be fairly estimated, but the one in CO2_0C2_FOCA shows more difference
with the actual departure statistics. In the case of ACOS, a good fit of the statisticsis seenoverland,
lesssooverthe ocean.
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3.3. Inversion experiments with the LSCE system
3.3.1. Method

In thissection, we go one step furtherinthe evaluation of CO2_0C2_FOCA with the LSCE system by
interpreting the model-data misfits shownin Section 3.2in terms of surface fluxes. We donotdo the
same for XCO2_EMMA by lack of resources to process this 16-year-long product within areasonable
timescale forthe project. The satellite data are assimilated alone, without combining them with
other observations, in orderto focus ontheirownsignals. We use CO2_0C2_FOCA candidly, i.e.
without modifying the retrieval values and their associated uncertainty ininputto the 10-s binning
algorithm described in Section 3.2.1. However, if several 10-s-binned retrievals of a same orbit fall
withinthe same model grid box, we inflate the variance of the retrieval errors by the number of
concerned 10-s-binned retrievals, in orderto avoid likely local error correlations (at least fromthe
transport model). Asin the previous section, we use the retrieval averaging kernels and prior profiles
when assimilatingthem. Processing the full multi-year series of CO2_0C2_FOCA within the inverse
system required about one month of computation on 10 parallel CPUcores.

January 2016, FOCAL all July 2016, FOCAL all

I T T T R Y I N N N S|

T
180° 120°W 60°W o 60°E 120°€ 180°
ppm

Figure 2. Average of the retrievals (as they are assimilated here) in each model grid box for January
and July 2016. CO2_0C2_FOCA (both lands and oceans) and ACOS (land only) are shown in the top
and bottom rows, respectively.

The fluxesinferred from CO2_0C2_FOCA are compared to two benchmarkinversion: 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-2retrievals overland. Oceanglint
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retrievals were notassimilated in FT81r1 because of likely systematicerrors (Chevallieretal., 2019),
but sucha selectionisnotdone for CO2_0C2_FOCA here inthe absence of similarevidence. Still,
many more ACOS retrievals are assimilated than CO2_0C2_FOCA onesinthe respective inversions
(see Figure 1) due to much stricterfilter criteriathatleave large regions unobserved or poorly
observed during full monthsinthe latter (Figure 2).

The inversion system works at the grid-point weekly scale and generates alarge volume of data. The
present comparison focuses on afew key quantities: (i) the global annual growth rate thatis well
known from the NOAA marine surface data (Conway etal. 1994,
http://www.esrl.noaa.gov/gmd/ccgg/trends/global.html), (ii) the grid-point annual-total fluxes, (iii)
the regional annual CO, budgets.

3.3.2. Global annual atmospheric growth rates

Figure 3 showsthe time series of the global annual growth rates from NOAA, from the CAMS
inversions and from CO2_0C2_FOCA. We use a conversion factor of 2.086 GtC-ppmfrom Prather
(2012). Note thatthe NOAA estimate and the surface-driven CAMS one are notindependentsince
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 forthe OCO-2-driven CAMSinversionis of 0.00+0.12 ppm (the estimate is based
on 4 annual values). The difference between the growth rate from the CO2_0C2_FOCA inversion and
the NOAA estimate is larger: abias of -0.13 ppm and a standard deviation of 0.22 ppm (based on 4
values). Thisis driven by year2017 for which the CO2_0C2_FOCA inversion diagnoses a much smaller
growth rate than NOAA. Note that the quality of the growth rate of the CO2_0C2_FOCA retrievals
themselves may be much better, butsince they do not coverthe full globe all the time, the inversion
system, informed by the transport model (hard constraint), may generate very different XCO,
between the retrievals, forinstance to fit small spurious retrieval signals.

NOAA ——— CAMS OCO-2
FOCAL —— CAMS SURF ——
3.2
3 L
_ 28}
d
é 26 |
[
T 24f
o
=
£ 22f
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(V] 2L
18}
16 : :
2015 2016 2017 2018

Figure 3. Global annual atmosphericgrowth rate from NOAA
(ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2 gr gl.txt, accessed 26 February 2020)
betweenyears 2015 and 2018, from the 2 CAMS inversions and from CO2_0OC2_FOCA.
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3.3.3. Maps of annual budgets

Figure 4 displaysthe maps of the inferred annual budgets of natural CO, forthe year 2015. As shown
already by Chevallieretal. (2019), the two CAMS inversions show rather similar patternsin the
northern extra-Tropics, butthe ACOS-driven inversion has more spatial gradients than the surface-
drivenoneinthe Tropical lands where the surface measurement network is particularly sparse. The
C02_0C2_FOCA inversionhaseven largergradients there (Australia excepted), butalsoin the
northern extra-Tropics. The colour bar has actually not been adapted to theirvariability. Surprisingly,
the spatial patterns (irrespective of theiramplitude) are similar between the two satellite-driven
inversions overland. Overthe ocean, the two CAMS inversions are close to each other, but
C0O2_0C2_FOCA dramatically extends the outgassing regions much.
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Figure 4. Grid-pointbudget of the natural CO, fluxes for the year 2016 and for the two CAMS
inversions and for the CO2_0C2_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 atthe global or zonal scale are
synthesisedin Figure 7. The time series of the annual natural carbon budgets at several very broad
scales are displayed in Figure 5forthe period between 2004 and 2018: the globe, the northernor
southern extra-Tropics, and the Tropics with lands and oceans eitherseparated orcombined. At the
global scale (top row), the curves reflect the growth rate curves of Figure 3, but without the fossil
fuel and cementflux component. The three inversionslocatethe land sink mostly inthe northern
extra-Tropics, eventhough alarge variability isfound in the Tropics. The southern extra-Tropical lands
(thatrepresentarelatively small surface area) are close to neutral each year. Compared to the two
otherinversions,the CO2_0C2 FOCA inversion shows largersinksinthe extra-Tropical lands of both
hemispheres. Overthe oceans, the two CAMS inversions are close to each other North of 25°S, but
the Southern Oceansink reduces when assimilating the ACOS retrievals vs. the surface
measurements. With CO2_0C2_FOCA, the northern extra-Tropical uptake and the Tropical
outgassingare both enhanced, whilethe Southern Ocean sink reduces even more than with ACOS.

Detailed results at the scale of the 22 regions of the TransCom 3 experiment (Gurney etal., 2002,
Figure 6) are shownin Figure 7 (11 regions overland) and Figure 8 (11 regions overthe ocean). The
22 regions togethertile the whole globe, apart fromthe polarice caps. The two figures show results
consistent with the above results, withthe CAMS inversions close to each otherin mostregionsand
the CO2_0C2_FOCA inversion furtheraway in terms of 4-yearvalue (less soin terms of variability).
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Figure 5. Inferred natural CO, annual flux (without fossil fuel emissions) averaged overthe 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 25°N), Tropics (within 25° of the Equator), and southern
extra-Tropics (south of 25°S). 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.
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Figure 6. Transcom regions from Gurney etal. (2002).
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Figure 7. Inferred natural CO, annual flux (without fossil fuel emissions) averaged overthe
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

Followingthe approach defined in Chevallieretal. (2019), we use continuous and flask dry air mole

fraction measurements made by aircraftin the free troposphere to evaluate the three inversions
overthe CO2_0C2_FOCA period. The free troposphereis simply defined here as the atmospheric

layerbetween2and 7 km above sealevel (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. Afew outliers forwhich the difference between modeland observationislarger

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 overthe
C0O2_0C2_FOCA period per measurement program for the CAMS ACOS-based inversion (orange
line), the CAMS surface-based inversion (green line) and the CO2_0C2_FOCA-basedinversion (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 (Northis on the right),
irrespective of their latitudinal coverage (whichis 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 lessthan 1.1 ppm. They are usually even lessthan 0.4 ppm
for the two CAMS inversions, while many values are larger with CO2_0C2_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 etal., 2007). Standard deviations vary with the fraction
of land massesina given latitude, as expected. They are about 1.5 ppmin the northern hemisphere
for the three inversions, withthe CO2_0C2_FOCA-driven numbers largerthan the ACOS-driven
numbers by~ 0.2 ppm. Whentakingall free troposphericaircraft data together, the posterior
simulation deviates from the measurements by -0.1+1.4 ppm (mean bias + Vmean variance across
the aircraft programs, irrespective of theirnumber of data), -0.4+1.6 ppm and -0.2+1.4 ppm for the
ACOS-driveninversion, forthe CO2_0C2_FOCA-driveninversion and forthe surface-driven inversion,
respectively.

3.3.6. Conclusions

The assimilation of the CO2_0C2_FOCA productinthe LSCE global inversion system infers CO2
surface fluxesthatare very different fromthose obtained by the assimilation of surface air-sample
measurements. The CO2_0C2_FOCA-driven CO, surface fluxes appearto be less credible because (i)
the inferred spatial distribution of the ocean outgassingregionsisinconsistent with current
knowledge of the marine biogeochemistry obtained from seasurface CO2 partial pressure
measurements (see the Global ocean surface carbon product of the Copernicus Marine Environment
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Monitoring Service?!, (ii)the inferred atmosphericgrowth rate foryear 2017 is notably differentfrom
the one seen at marine background stations, (iii) the biases with aircraft datain the free troposphere
are largerthan when assimilating the surface measurements. In contrast, the ACOS-driven CO,
surface fluxes (ACOS beingrestricted to land retrievals here) seemto perform better than the
C02_0C2_FOCA-driven fluxes and even show comparable difference statistics to aircraft
measurementsin 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
atmosphericinverse modelling (e.g., inthe realism of the transport model orinthe modelled error
statistics) when assimilating satellite XCO2 retrievals. The ACOS-driven CO, 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.
C02_0C2_FOCA inour system: eitherthe datadensity (much larger for ACOS overland), the data
precision (thatseemto be betterfor 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_0OC2_FOCA-driveninversion represented a large computational effort that
lasted fourweeks on a parallel cluster.

About computational effort, CO2_0C2_FOCA’s distinct advantage compared to ACOS isits
representation of multiple scattering effects inthe radiative transferinaformthat is not costlier
than absorption. In preparation forthe Copernicus CO2 Monitoring Mission that will provide even
largeramount of data than OCO-2(Pintyetal.,2017), CO2_0C2_FOCA representsanimportant
achievement. Inthis contextand resources permitting,itwould be importantto documentits
performance in more detail in orderto help prioritize future developments.

4. Assessment of satellite-derived XCH, data products

Thissectionisin preparation.Ithas been delayed because of COVID-19related 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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