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Progress in Understanding the Natural Carbon Cycle 
with Remote Sensing CO2 Observations



Steady Improvement in XCO2 Retrievals 

• Natural Carbon Sink has Offset more than 50% of Anthropogenic 
Emissions so far;

• How much progress have been made in understanding 
the terrestrial biosphere carbon cycle with remote 
sensing CO2 observations?

• What are the challenges and opportunities ahead ? 
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Table B3. This table presents the results of three comparisons between Northern Hemisphere TCCON XCO2 and the ACOS-GOSAT XCO2
for the v2.9 ACOS-GOSAT data. Coincidence between the two datasets are determined either by the T700 constraint (ACOS-GOSAT
soundings within±2K,±10° latitude by±30° longitude and 10 days of a TCCON measurement), or a geographic constraint (±0.5° latitude
by ±1.5° longitude). Biases are computed by subtracting the TCCON XCO2 from the ACOS-GOSAT XCO2 . The “No Modification” fields
have not had the v2.9 regression applied. The “Modified” fields have had the v2.9 regression applied. The “ACOS �” field lists the mean
standard deviation of the ACOS-GOSAT data for a particular location. The column labeled “Nmed” is the median number of ACOS-GOSAT
spectra involved in a single coincidence for a particular site. The columns labeled “Ntot” are the total numbers of ACOS-GOSAT spectra
involved with the comparison for all times at that site. The averages in parentheses are weighted by Ntot. There are no ACOS-GOSAT data
coincident with the Eureka site using the geographic constraint.

T700 Coincidence Geographic Coincidence
No Modification Modified Modified

Bias ACOS � Bias ACOS � Nmed Ntot Bias ACOS � Ntot
ppm ppm ppm ppm ppm ppm

Bialystok 0.08 3.08 �0.49 2.90 12 869 �1.67 3.93 27
Eureka 0.97 3.35 1.88 3.41 10 60 – – 0
Garmisch 0.06 2.50 �0.40 2.44 15 1004 3.44 4.23 16
Lamont �0.81 1.97 �0.98 1.88 38 2668 �0.86 1.92 251
Orleans 0.41 2.18 �0.21 1.95 14 430 0.18 2.19 13
ParkFalls 0.15 3.00 �0.36 2.69 18 1018 �0.03 3.21 120
Sodankyla 2.35 3.19 1.58 3.17 7 254 0.34 4.23 16
Tsukuba 0.72 1.70 0.57 1.70 3 46 1.03 2.65 59

Average 0.49 (�0.16) 2.62 (2.45) 0.20 (�0.53) 2.52 (2.31) 14.6 793.6 0.35 (�0.28) 3.19 (2.58) 62.8
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Fig. B1. The left two panels show the regression between TCCON and ACOS-GOSAT v2.9 data using the T700 coincidence criterion. The
left panel shows the unmodified data. The middle panel shows the regression after applying Eq. (4) but with the coefficients described in
Appendix B. The right-hand panel shows the regression after applying Eq. (4) with the coefficients described in Appendix B, but using
coincidence criteria that restricts latitudes to within ±0.5�, longitudes to within ±1.5�, and interpolates the TCCON data onto the ACOS-
GOSAT measurement times. Note that there are no coincident data over Eureka when using the geographic coincidence criteria (right-hand
panel). The solid lines show the best fit to the data (with equations and ±2 standard errors shown on the plot), and the one-to-one line
is plotted as a dashed line. The vertical bars represent the ±2� variability of the ACOS-GOSAT data, illustrating the dependence of the
variability of the ACOS-GOSAT data at each TCCON value (i.e., var(y | x)) in the regression. Similarly, the horizontal bars represent the
±2� variability of the TCCON data.
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ACOS-GOSAT v2.9

R2=0.84 R2=0.96 Figure Courtesy: M. Kiel and C. O’Dell
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Friedlingstein et al., 2020



Hemispheric Flux Estimation

Houweling et al., 2013

• ~1GtC difference in NH Extra 
Trop and Tropical fluxes 
between flask and GOSAT 
inversions;

• Uncertainty is more than 1.0 
GtC;  

V7 (2 years) V9 (4 years)

Byrne et al., 2022 
• △C includes lateral C 

transport; 
• Difference between IS and 

LNLGIS is less than 0.5GtC in 
NH Ext land, ~0.5 GtC in 
tropical latitude bands; 

V10 (6 years)

-1.4GtC

Peiro et al., 2022 

• Difference between IS and OCO-2 v9 is ~0.5 GtC over tropics;
• Uncertainty becomes smaller from V7 to V9;  



Regional Flux Estimation

V7 (2015-2016) V9 (2015-2018)

• The flux estimation over Europe becomes more consistent with IS-based 
inversions from v7 to v9 OCO-MIP inversions, different from results based on 
early GOSAT retrievals. North Asia shows weaker sink based on satellite XCO2. 

V10

• Statistically different flux estimates over small countries over the tropics and 
high latitudes in V9 OCO-MIP inversions. 

Peiro et al., 2022

M. Reuter et al.: Satellite-inferred European carbon sink larger than expected 13741
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Figure 1. European biospheric surface fluxes (land excluding fossil and fire) from CarbonTracker and an ensemble of five satellite inversions
(BESD, ACOS, UoL-FP, RemoTeC, and NIES) and five different inversion set-ups. The baseline uses CT2011_oi as background model,
modelled vertical wind speeds as convection, NCEP/NCAR reanalysis meteorology, and an aggregation area which equals the European
TRANSCOM region (Appendix A); each other inversion set-up differs by one of these properties (Appendix B). (top) Annual averages and
1� uncertainties (a posteriori and additional uncertainties, see Appendix B) as well as the ensemble median and its uncertainty (dotted area,
see Appendix B). (middle) Monthly averages of the baseline inversions; (bottom) monthly uncertainties of the baseline inversion (1� , as
derived from the inversion scheme not including additional error components). Note that CarbonTracker uncertainties have been scaled (see
Appendix A).

of annual fluxes within this paper include this additional un-
certainty; monthly uncertainty estimates correspond to un-
modified a posteriori error estimates. More details about the
error analysis and the specific error components can be found
in Appendix B.

4 Results

Figure 1 (top) shows the annual European biospheric sur-
face fluxes (land excluding fossil and fire) of CarbonTracker
and five satellite data inversions. Note that all uncertainties
within this publication correspond to 1� and that Carbon-
Tracker uncertainties have been scaled (see Appendix A).
CarbonTracker fluxes, here representing current knowledge,
imply that the European carbon sink is 0.41± 0.36GtCa�1
(multi-year average, Fig. 1, top). For some of the years (es-
pecially 2003–2005) it cannot be concluded with high confi-
dence whether Europe is a sink or a source. The flux inver-
sion with BESD using SCIAMACHY data indicates that Eu-
rope’s biosphere is indeed likely a sink in all analysed years
(2003–2010) and very likely in the period 2004–2010. The
satellite-derived multi-year average of the European sink is
0.95± 0.33GtCa�1.

The year-to-year variations are somewhat larger for BESD
than for CarbonTracker, which may imply a larger ecosys-
tem sensitivity. In this context, note that Schneising et al.
(2014) found that the seasonal cycle amplitude tends to have
a larger temperature sensitivity on the Northern Hemisphere
compared with CarbonTracker, even though the difference is
not statistically significant. The smallest sink is being found
in 2003 (due to the European heat wave and drought; Ciais
et al., 2005) and the largest sink in 2006.
It is interesting to note that the results reported by Nas-

sar et al. (2011) support a strong European sink in 2006,
which they derived from global inversions of TES (Tropo-
spheric Emission Spectrometer) satellite measurements. The
TES CO2 retrieval conceptually differs from SCIAMACHY
or GOSAT XCO2 retrievals because the instrument measures
thermal infrared radiation and averaging kernels for CO2
peak in the mid-troposphere. In the study, solely soundings
above oceans between 40� S and 40� N were used. Remap-
ping their results yields for the European TRANSCOM re-
gion 1.33± 0.20GtCa�1 (Nassar et al., 2014), which agrees
well with our result for 2006 (1.33± 0.33GtCa�1).
From the perspective of the European carbon sink, 2010

was an average year (CarbonTracker: 0.38± 0.35GtCa�1)

www.atmos-chem-phys.net/14/13739/2014/ Atmos. Chem. Phys., 14, 13739–13753, 2014

Reuter et al., 2014



Evaluation against Independent Observations

Peiro et al., 2022

• From V7  to V9 inversions, the posterior CO2 biases become much 
smaller over NH mid to high latitudes; 

Crowell et al., 2019

Byrne et al., 2022• From v9 to v10 inversions, the posterior CO2 biases are comparable 
between IS and LNLG experiments. 

V7 V9 V10



Interannual Variability

• Large hemispheric variability => regional => process understanding
Sellers et al., 2018 Byrne et al., 2021 

Chen et al., 2022 



Impact of  Extreme Climate Events

• In combination with data from other sources, satellite XCO2 are used to quantify carbon 
flux anomaly due to the impact of extreme events over small region; 

Yin et al., 2020

Byrne et al., 2021



Remaining Carbon Budget Depends on Changes of  Natural 
Carbon Sink with Climate as well as Anthropogenic Emissions

• More fraction of emitted CO2 remains in the atmosphere with high cumulative CO2
emissions;

• Understanding spatiotemporal distributions of the natural carbon sources and sinks and its 
changes with climate are as important as monitoring anthropogenic emissions to achieve 
climate goals. 

IPCC AR6



Increasing Independent observations  

• Regions with no independent observations collocate with large flux differences between LNLG-based and IS-based 
results. 



Atmospheric inverse 
model

CO2 frm OCO-2 
and GOSAT

Simulated CO2 
concentration

CO2 observations 
(flask, GOSAT, OCO-2)
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Bottom-up models and 
uncertainties

Atmosphere Transport Model

Posterior fluxes and uncertainties
Science analysis 
and applications

Continue Improving Atmosphere Transport and Flux Inversion Infrastructure

Schuh et al., 2019

Terrestrial biosphere carbon flux 
(GtC/year)


