
HAL Id: hal-02622202
https://hal.inrae.fr/hal-02622202

Submitted on 6 Jun 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Mean European Carbon Sink Over 2010-2015 Estimated
by Simultaneous Assimilation of Atmospheric CO2, Soil

Moisture, and Vegetation Optical Depth
M. Scholze, T. Kaminski, W. Knorr, M. Vossbeck, M. Wu, P. Ferrazzoli, Yann
H. Kerr, Arnaud Mialon, Philippe Richaume, Nemesio Rodriguez-fernandez,

et al.

To cite this version:
M. Scholze, T. Kaminski, W. Knorr, M. Vossbeck, M. Wu, et al.. Mean European Carbon
Sink Over 2010-2015 Estimated by Simultaneous Assimilation of Atmospheric CO2, Soil Mois-
ture, and Vegetation Optical Depth. Geophysical Research Letters, 2019, 46 (13), pp.796-803.
�10.1029/2019GL085725�. �hal-02622202�

https://hal.inrae.fr/hal-02622202
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Mean European Carbon Sink Over 2010–2015 Estimated
by Simultaneous Assimilation of Atmospheric CO2,
Soil Moisture, and Vegetation Optical Depth

M. Scholze1 , T. Kaminski2, W. Knorr1 , M. Voßbeck2 , M. Wu1, P. Ferrazzoli3, Y. Kerr4,
A. Mialon4, P. Richaume4, N. Rodríguez-Fernández4, C. Vittucci3, J.-P. Wigneron5,
S. Mecklenburg6, and M. Drusch7

1Department of Physical Geography and Ecosystem Science, Lund University, Lund, Sweden, 2The Inversion Lab,
Hamburg, Germany, 3Università di Roma Tor Vergata, Rome, Italy, 4Centre d'Etudes Spatiales de la Biosphère
(CESBIO), Université de Toulouse, Centre National d'Etudes Spatiales (CNES), Centre National de la Recherche
Scientifique (CNRS), Institut National de Recherches Agronomiques (INRA), Institut de Recherche pour le
Dévelopement (IRD), Université Paul Sabatier, Toulouse, France, 5Interactions Sol Plante Atmosphère (ISPA), Unité
Mixte de Recherche 1391, Institut National de la Recherche Agronomique (INRA), Villenave d'Ornon, France, 6ESA,
ESRIN, Frascati, Italy, 7ESA, ESTEC, Noordwijk, The Netherlands

Abstract The northern land biosphere is believed to be the main global sink of CO2, but the
contribution of Europe is uncertain. While bottom-up estimates and inverse atmospheric transport studies
based on atmospheric CO2 observed in situ or from space by OCO-2 point to a moderate rate of uptake,
some other inversions based on remotely sensed atmospheric CO2 from GOSAT/SCIAMACHY and
biomass estimates from passive microwave satellite data point to a large sink of around 1 Gt C/yr. We
present results from combining both approaches in a data assimilation framework, inverting a biosphere
model against in situ atmospheric CO2 and passive microwave measurements. When assimilating all
observations, we estimate a European carbon sink of 0.303 ± 0.083 Gt C/yr for 2010–2015. The result
agrees with other bottom-up studies and atmospheric inversions using in situ CO2 or OCO-2 observations
pointing to potential data problems when using observations from GOSAT or SCIAMACHY to estimate the
European CO2 sink.

1. Introduction
CO2 is arguably the most important greenhouse gas contributing to global warming. Anthropogenic emis-
sions of CO2 currently amount to approximately 10.8 Gt C/yr of which about 3.2 Gt C/yr are taken up by
land and about 2.4 Gt C/yr by oceans (Le Quéré et al., 2018). However, the exact size and location of these
sinks is uncertain. Even for Europe, a region with dense networks of stations—measuring both CO2 con-
centrations and fluxes—there is a large spread in recent estimates of the region's carbon sink (see Reuter
et al., 2017, and Table 1 for an overview): 0.27 ± 0.16 Gt C/yr for 2000–2005 based on a combination of
bottom-up methods with atmospheric inversion against in situ CO2 concentrations (Schulze et al., 2009),
0.40 ± 0.42 Gt C/yr for 2001–2004 based on an ensemble of atmospheric inversions against in situ CO2 con-
centrations (Peylin et al., 2013), and 0.95 ± 0.33 Gt C/yr for 2003–2010 from an inversion against satellite
(SCIAMACHY) remotely sensed total CO2 column concentration (XCO2) (Reuter et al., 2014). Feng et al.
(2016) found a higher uptake for Europe using GOSAT XCO2 for 2010 (1.4 ± 0.19 Gt C/yr) than when using
only in situ data (0.58 ± 0.14 Gt C/yr ).

The higher sink estimates from inversion against XCO2 observations are in agreement with a recently
inferred sink based on passive microwave satellite measurements of vegetation optical depth (VOD). Liu
et al. (2015) used C-band VOD (C-VOD) observations as a proxy for above-ground biomass (AGB) and related
the trend in C-VOD to changes in AGB. Using this method they calculated an average European sink of 0.88
± 0.1 Gt C/yr over the years 2003–2010.

In a more recent study Kaminski et al. (2017) assimilated two XCO2 products (one retrieved from GOSAT
and one from SCIAMACHY) into a diagnostic biosphere model and inferred a European sink of about
0.6 Gt C in the year 2010 using either product, but for a smaller domain than the above studies. When
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Table 1
European (TRANSCOM Region) CO2 Sink Estimates in Gt C/yr From Various Studies (SM Refers to Soil
Moisture)

Carbon sink Data used Period covered
Schulze et al. (2009) 0.27 ± 0.16 various in situ 2000–2005
Peters et al. (2010) 0.17 ± 0.44 in situ CO2 2001–2007
Peylin et al. (2013) 0.40 ± 0.42 in situ CO2 2001–2004
Reuter et al. (2014) 0.95 ± 0.33 XCO2, SCIAMACHY 2003–2010
Houweling et al. (2015) 1.03 ± 0.47 XCO2, GOSAT and in situ CO2 2009–2010
Feng et al. (2016) 1.40 ± 0.19 XCO2, GOSAT 2010
Feng et al. (2016) 0.58 ± 0.14 in situ CO2 2010
Kaminski et al. (2017) 1.08 (± 0.18)a XCO2, GOSAT 2010
Crowell et al. (2019) 0.25 ± 0.46 XCO2, OCO-2 2015–2016
Crowell et al. (2019) 0.33 ± 0.40 in situ CO2 2015–2016
Liu et al. (2015) 0.88 ± 0.31 C-VOD 2003–2010
This study 0.30 ± 0.08 in situ CO2, SM, and L-VOD 2010–2015
aNote that Kaminski et al. (2017) provide fluxes and uncertainties for a smaller domain covering political
Europe (i.e., excluding Russia); here we have extracted the flux over the Transcom region but show the
uncertainty for the smaller domain with a sink of ≈0.6 Gt C/yr.

integrated over the same domain the inferred sink of about 1.1 Gt C/yr is similar to that of other studies based
on GOSAT/SCIAMACHY XCO2 observations. Most recently, Kountouris et al. (2018) used in situ measure-
ments from 16 stations in a regional European atmospheric inversion system and inferred for the year 2007
a sink ranging between 0.23 ± 0.13 and 0.38 ± 0.17 Gt C/yr depending on the assumed prior uncertainty
structure and also for a different domain.

Here we follow the approach by Kaminski et al. (2017) but assimilate a different combination of observa-
tional data into a process-based terrestrial ecosystem model, namely, in situ atmospheric CO2, soil moisture
and L-band VOD (L-VOD), the latter two derived from the Soil Moisture Ocean Salinity (SMOS) satellite
(Kerr et al., 2010). We are thus able to infer a European CO2 sink consistent with both the terrestrial bio-
sphere model and all three observational data sets. We also provide an uncertainty estimate for the sink
strength consistent with the uncertainties of all observations and the model.

2. Methods
2.1. Carbon Cycle Data Assimilation
This contribution is based on the Carbon Cycle Data Assimilation System (CCDAS), a comprehensive mod-
eling framework that combines bottom-up and top-down approaches to global carbon flux modeling. The
bottom-up components are the Biosphere-Energy-Transfer-Hydrology model (BETHY, Knorr, 2000) as well
as various background fluxes. The top-down component of CCDAS consists of a set of observational oper-
ators that map BETHY state variables onto observable quantities (Kaminski & Mathieu, 2017), and an
assimilation algorithm that is able to adjust a control vector in order to optimize agreement with observa-
tions. This optimization algorithm relies on derivative information provided by the automatic differentiation
tool TAPENADE (Hascoët & Pascual, 2013).

The data assimilation methodology of CCDAS is described in detail by Kaminski et al. (2013), and refer-
ences therein. In brief, it consists of the following steps: (1) A control vector (consisting of a set of process
parameters in the BETHY model and the observation operators for surface soil moisture, L-VOD, and CO2)
is defined with prior values and uncertainties (see supporting information, SI). Running the model with the
prior control vector yields the prior fields of surface fluxes. A linearized version of the model (Jacobian) is
used to project the control vector uncertainty to flux space. (2) In an inversion step, the control vector is
optimized in such a way that a cost function reflecting the deviation between observed and model simulated
quantities, as well as the deviation from the prior control parameters, is minimized. The cost function takes
into account uncertainties of both parameters, observations, and model results. (3) Posterior uncertainty
ranges of the (optimized) control vector are estimated such that they are consistent with the uncertainties
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in the prior, the model, and the observations. (4) The posterior control vector is projected onto carbon fluxes
and their uncertainty ranges.

BETHY (Knorr, 2000) simulates exchange fluxes between the atmosphere and the terrestrial biosphere with
an hourly time step. Computation of photosynthesis is fully embedded within the energy and water balance,
which is computed separately for bare-soil and vegetated surface fractions, enabling the inclusion of feed-
backs between canopy structure and the soil water balance. Input data sets are described in the SI. A number
of modifications were necessary to better simulate surface soil moisture as seen by microwave radiometers.
The BETHY soil water scheme was substantially revised based on the Variable Infiltration Capacity 1-layer
model by (Wood et al., 1992), with a 4-cm-thick surface and a root zone layer.

In our study, BETHY simulates carbon fluxes on a global 0.25◦ by 0.25◦ grid and is run for the period
2010–2015. In addition, background carbon fluxes are prescribed for ocean-atmosphere exchange, fossil fuel
burning and land use. We use temporally and spatially resolved estimates of the global air-sea CO2 flux
based on the Surface Ocean CO2 Atlas data set (Rödenbeck et al., 2013), fossil fuel emissions from Boden
et al. (2016) distributed with the spatial pattern of Brenkert (1998), and land use change emissions from
(Houghton, 2003) rescaled according to recent estimates from Le Quéré et al. (2018). At each grid cell, the
heterotrophic respiration is scaled to match the Net Primary Production (NPP) of a reference run. Our prior
parameter set is almost identical to that used for the reference run (see SI) resulting in a prior Net Ecosystem
Productivity (NEP, net CO2 uptake by the terrestrial vegetation) close to 0 (quasi-neutral biosphere).

Observational operators are included for atmospheric CO2 concentration at remote monitoring stations,
surface soil moisture and SMOS L-VOD. The atmospheric transport model TM3 (Heimann & Körner, 2003)
with approximately 4◦ by 5◦ horizontal resolution on 19 vertical levels is used to link carbon fluxes at the
Earth surface to atmospheric CO2 measurements. TM3 here takes monthly mean values of surface CO2
fluxes to compute monthly mean CO2 concentrations collected at a global station network (see SI). To max-
imize consistency with the measurements, the observation operator for CO2 also includes a station-specific
sampling schedule. Matching observations are taken from several institutions based on the Jena Carboscope
(Rödenbeck, 2005). Within each month, we use the standard deviation of measured CO2 concentrations
with a floor value of 0.5 ppm as the combined model and observational uncertainty for CO2 concentrations
(see SI).

Surface volumetric soil moisture and annual L-VOD are taken from the SMOS-IC product
(Fernandez-Moran et al., 2017), which provides simultaneous retrievals from measurements by a L-band
(1.4 GHz) passive microwave radiometer onboard SMOS, based on the L-band Microwave Emission of the
Biosphere model (Wigneron et al., 2007). Surface soil moisture retrievals are matched to simulated volu-
metric soil moisture of the thin surface layer of BETHY. Another observation operator describes L-VOD as
the sum of an empirically derived AGB-dependent term (Rodriguez-Fernandez et al., 2018), and a term pro-
portional to the leaf area index. AGB in turn is simulated as the product of long-term NPP and its turnover
time, which is included in the CCDAS control vector that is varied in the course of the assimilation. More
detail on the L-VOD observation operator is provided in the SI. Both SMOS observation operators were
first tested at site scale (Kaminski et al., 2018). For assimilation, both SMOS products were mapped onto
the regular 0.5◦ × 0.5◦ BETHY grid. The soil moisture product was aggregated to daily means from 1 July
2010 to 31 December 2015 and the L-VOD product to annual values for the years 2011 to 2015. When
aggregating from the original SMOS grid (25 km × 25 km) to the BETHY grid, we assume the uncertainty
of all observations within the same model grid cell to be completely correlated.

After filtering and quality control, the number of monthly atmospheric CO2 data points at our 10 sta-
tions amounts to 670, the yearly L-VOD on the BETHY grid to 272,245, and the daily soil moisture data
to 20,366,138 observations. The data uncertainty for both SMOS products is taken from the retrieval algo-
rithm following the different data processing steps as explained in the SI. We assign minimum values of 0.1
for (volumetric) soil moisture and 0.04 for L-VOD. These floor values avoid very small data uncertainties,
that is, a very high confidence level. We do expect data uncertainty to be correlated in space and time and
between the two SMOS products. It is difficult to assess such uncertainty correlation on both sides; that is,
in the observations and in the modeling chain and we are left with plausible assumptions. Technically, the
effect of data uncertainty correlation is a reduced weight in the cost function and can thus be conveniently
included into the formalism through an inflated data uncertainty. Inflating the uncertainty on our data set
by a factor of

√
n means that we can represent it by a set of independent observations with a sample size

SCHOLZE ET AL. 13,798

 19448007, 2019, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2019G

L
085725 by C

ochrane France, W
iley O

nline L
ibrary on [06/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters 10.1029/2019GL085725

Table 2
European Flux Estimates From the Different Experiments (Reference (Prior); CO2; CO2+SMOS) in Gt C/yr and the Fit
Against Different Data

Europ. flux estimate Data fit Data fit 2016
Experiment NEP NPP CO2 (A) CO2 (V) SM L-VOD CO2 (A) CO2 (V)
Prior −0.024±1.19 4.60±0.81 40061 84323 0.127 0.130 20718 38788
CO2 0.18±0.12 4.82±0.16 631 2059 0.117 0.145 101 252
CO2+SMOS 0.30±0.08 4.82±0.12 722 2264 0.113 0.103 134 257

Note. For CO2 the fit is expressed as the respective data term in the cost function, whereas for soil moisture (SM)
and L-VOD as RMSE. The last two columns (Data fit 2016) show the fit against CO2 observations for an additional
validation year 2016 outside the assimilation period (2010–2015). Note that CO2 (A) refers to assimilated atmospheric
CO2 observations and CO2 (V) to those withheld from the assimilation, hence, data used for evaluation and not in the
assimilation.

(that is, an “effective sample size", see Cressie, 1960) that is a factor of n smaller. For the uncertainty corre-
lation between the two variables and in space, we increase the data uncertainty by a factor of

√
100 (fully

independent samples at 5◦ × 5◦). Furthermore, for the daily soil moisture product we take uncertainty cor-
relation in time into account through an extra multiplier of

√
75. This procedure reduces the weight of the

L-VOD data in the cost function to that of 2,722 (1/100th) fully independent data points and the weight of the
soil moisture data to that of 2,715 (1/7500th) fully independent data points. More details on the uncertainty
specification is given in the SI.

To assess the results of our assimilation experiments we compare the results against atmospheric CO2
observations from additional monitoring stations not used during assimilation.

2.2. Experiments
We performed the following experiments at global scale (Table 2):

• CO2: assimilation of in situ observations of atmospheric CO2
• CO2+SMOS: simultaneous assimilation of in situ observations of atmospheric CO2 with the SMOS soil

moisture and L-VOD products

By performing forward simulations with BETHY using the optimal parameter values from the assimilation
experiments, we obtain gross and net carbon fluxes at a 0.25◦ spatial and monthly temporal resolution that
are consistent with the observations and their uncertainties (see SMOS+Veg Study Team, 2019, for poste-
rior NEP with uncertainty estimates from the CO2+SMOS experiment). We also perform a simulation with
the prior control vector. For all three runs we provide carbon fluxes and uncertainties integrated over the
European TRANSCOM region (Gurney et al., 2002).

3. Results and Discussion
At the global scale, the mean annual NEP is very similar between the two assimilation experiments, namely,
3.98 Gt C/yr for the CO2 and 3.96 Gt C/yr for the CO2+SMOS experiment during 2010 to 2015. This is
because the global terrestrial sink over our simulation period is determined by the global atmospheric CO2
growth rate since all the other exchange (background) fluxes are prescribed as mentioned in section 2.1.
The same does not apply when considering a region like Europe. For the CO2 experiment, we find a small
sink that is not significantly different from 0, but a moderate sink of 0.30 ± 0.08 Gt C/yr for the CO2+SMOS
experiment. At the same time, the uncertainty estimate for the European sink is greatly reduced for the
CO2 experiment compared to the prior case, and even further, by an additional 26%, for the CO2+SMOS
experiment (Table 2). We also infer a European NPP slightly higher (4.8 Gt C/yr) for CO2 and CO2+SMOS
compared to the prior simulation (4.6 Gt C/yr), and with much reduced uncertainty. The main contribution
(≈2/3) to the sink in the CO2+SMOS experiment results from the increase in NPP of ≈0.2 Gt C/yr compared
to the prior case. The remaining contribution to the sink (≈1/3) for CO2+SMOS is the result of a lower respi-
ration. The slightly smaller sink of the CO2 experiment is caused by a slightly higher respiration compared
to the CO2+SMOS experiment, because NPP is equal for both experiments.

Both experiments (CO2 and CO2+SMOS) have resulted in a considerable reduction of the cost function
as evidenced by an improved fit against the assimilated data (see Table 2). Compared to the quasi-neutral
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Figure 1. Atmospheric CO2 concentrations at two stations used in the assimilation (left column: Mauna Loa, Hawaii (top) and Alert, Canada (bottom)) and at
two stations used for validation (excluded from the assimilation; right column: Monte Cimone, Italy (top) and Assekrem, Algeria (bottom)). Note that the last
12 months show the results for the validation year 2016 outside the assimilation period (2010–2015). The posterior concentrations shown in the graphs are from
the CO2+SMOS experiment.

prior both experiments achieve a much better fit of the trend in the atmospheric CO2 observations. But the
agreement of shape and timing of interannual and intra-annual CO2 fluctuations has also improved, and
the agreement with CO2 stations excluded from assimilation (validation stations) is improved to the same
degree. Figure 1 shows the fit against the CO2 observations for the CO2+SMOS experiment for two stations
used in the assimilation (left) and for two validation stations that are located close to Europe (right) as well
as for an additional validation year (2016) beyond the assimilation period; for all cases there is a remarkably
good agreement between the simulated concentrations and the observations in terms of long-term trend but
also seasonality (more validation stations are shown in the SI).

As expected, surface soil moisture and L-VOD agree notably better for the CO2+SMOS compared to the prior
simulation. For the CO2 experiment, soil moisture agrees better compared to the prior case, even though
it was not assimilated. The improvement in L-VOD is more pronounced than that for soil moisture, with
an almost 30% reduction in the root-mean-square error for the CO2+SMOS experiment as compared to the
CO2 experiment, which achieves a slightly worse fit than in the prior case (see SI for difference maps of the
mean simulated soil moisture and L-VOD with the SMOS IC products used in the assimilation).

The inferred European sink for the CO2+SMOS experiment is close to the combined bottom-up/top-down
estimate of Schulze et al. (2009), but substantially below those of using XCO2 from GOSAT or SCIAMACHY.
It is also below the estimate from the study based on C-band VOD by Liu et al. (2015), using microwaves at
a shorter wavelength (Table 1). Our estimate is also lower than the sink inferred by Kaminski et al. (2017),
who used a CCDAS with a diagnostic terrestrial biosphere model and assimilated XCO2 observations from
both GOSAT and SCIAMACHY.

Figure 2 shows maps of the mean annual NEP (left) and NPP (right) from the CO2+SMOS experiment
over Europe. Areas of a strong carbon sink tend to be colocated with areas of high NPP, mainly the UK
and western to central Europe (parts of France, Benelux, Germany, Poland, Ukraine, and parts of Russia).

SCHOLZE ET AL. 13,800
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Figure 2. Annual CO2 fluxes averaged over the period 2010 to 2015 from the CO2+SMOS assimilation experiment for NEP (left, positive is a sink) and NPP
(right).

Most prominent is a carbon source band extending from Scandinavia eastward into Russia in contrast to
Kaminski et al. (2017) who simulated, with a different model and assimilating GOSAT XCO2 observations,
this area as a carbon sink. While in the CO2 experiment this region results in a small sink (not shown here),
it becomes a source when assimilating also the SMOS observations. The reason is a downward adjustment
of the productivity of boreal trees (PFT 5) to bring simulated L-VOD more in line with SMOS observations
(see also Figure S7 in the SI). Other studies, such as Reuter et al. (2014) and Houweling et al. (2015), that
base their results on inversions using GOSAT or SCIAMACHY XCO2 observations claim that Northeastern
Europe (50–70◦N, 30–60◦E) contributes most to their larger estimate of the European carbon sink.

According to Feng et al. (2016) the higher sink estimates from the inversion of XCO2 could either
be explained by biases in the XCO2 observations used in these studies—provided by GOSAT and
SCIAMACHY—or an overestimation of the net CO2 flux transported into the European domain from out-
side the region and thus resulting in an overstimation of the sink in the domain. A recent study based on an
ensemble of atmospheric inversion systems using OCO-2 land nadir and land glint XCO2 as well as in situ
observations resulted in only moderate sink estimates for 2015–2016 (Crowell et al., 2019), with an ensemble
mean of 0.25 Gt C/yr (range 0.46 Gt C/yr) for land nadir, 0.36 Gt C/yr (range 0.40 Gt C/yr) for land glint, and
0.33 Gt C/yr (range 0.4 Gt C/yr) for in situ observations provided by the GLOBALVIEW+ project (Cooper-
ative Global Atmospheric Data Integration Project, 2017). These estimates are in good agreement with our
estimate and also substantially lower than the ones based on SCIAMACHY and GOSAT XCO2 observations.

Apart from those, only Liu et al. (2015) report a larger European sink strength, based on trends in C-VOD
data from remotely sensed passive microwave observations as a proxy for changes in AGB. However, the
relationship between AGB and C-VOD saturates and C-VOD becomes only weakly sensitive to AGB changes
in the range ≈50 to ≈250 Mg/ha, which is a typical range for European forest ecosystems (Brandt et al., 2018;
Rodríguez-Fernández et al., 2018).

4. Conclusions
This study offers a new perspective on the land carbon cycle, because it is the first time to achieve the
simultaneous assimilation of three observational data products into a model of the terrestrial biosphere.
By assimilating both atmospheric CO2 and passive microwave observations, it combines the two main data
sources whose analysis has so far shaped the debate on the strength of the European carbon sink, but it
also adds process-based knowledge typical of bottom-up (model based) studies. Posterior fluxes reproduce
observed CO2 variability at several stations close to Europe that were not included in the assimilation. Using
all three data sets for assimilation, we estimate the European sink to be significantly larger than 0, but only
of moderate strength and well below 1 Gt C/yr as reported by some studies. The study also documents the
potential of passive microwave data in the L-band to further constrain regional carbon flux estimates, as the
posterior uncertainty of the combined CO2 and microwave data assimilation was considerably smaller than
for CO2 only.

SCHOLZE ET AL. 13,801
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We evaluate our results by assessing the fit against the assimilated data sets as well as independent data. The
evaluation against atmospheric CO2 measurements from stations withheld from the assimilation as well as
an additional simulation year outside the assimilation period shows an excellent agreement of the simulated
concentration with the observations, and in particular also at stations close to Europe indicating that our
simulated fluxes are consistent with the atmospheric observations.

What is emerging is a close agreement among our study, with a largely different approach, and both
bottom-up and inversion studies using either in situ CO2 or OCO-2 XCO2 data. This is contrasted with an
equally close agreement among studies that use GOSAT or SCIAMACHY XCO2 either in atmospheric inver-
sions, or in a CCDAS, who all report a much larger sink. This general picture is a strong indicator that there
might be an inherent bias contained in the available XCO2 data sets from those two satellites, as suspected
by Feng et al. (2016). The only independent support for a larger European sink strength comes from C-band
microwave data used to estimate changes in AGB. It therefore remains to be seen whether future studies
inferring the European strength from biomass changes based on longer-wavelength L-band data will also
estimate a moderate sink strength, similar to the present study, also using L-band microwave data. This is
relevant, because L-band microwaves penetrate considerably deeper into forest canopies than C-band, and
therefore are less prone to signal saturation (Brandt et al., 2018; Rodríguez-Fernández et al., 2018).

As a way to further address if indeed GOSAT and SCIAMACHY XCO2 are responsible for reports of a large
European sink we propose to assimilate CO2 data obtained from either in situ measurements, GOSAT and
SCIAMACHY XCO2, or OCO-2 XCO2, similar to (Crowell et al., 2019), but in a data assimiliation framework
and combined with the assimilation of L-band observations. If in such a configuration the same dichotomy
appears between in situ and OCO-2, and GOSAT and SCIAMACHY, it will appear most likely that some
bias problem is to be addressed for the latter data sets. We note here that such a data assimilation system
with a process-based model at its core constitutes an ideal platform for consistently integrating various data
sets, that is, the approach here can be extended to integrate data from a virtual carbon satellite constellation
encompassing the atmospheric (XCO2), physical land surface (soil moisture and land surface temperature),
and biogeochemical land surface (biomass, fraction of absorbed photosynthetically active radiation, FAPAR)
components.
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