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Abstract The northern land biosphere is believed to be the main global sink of CO,, but the
contribution of Europe is uncertain. While bottom-up estimates and inverse atmospheric transport studies
based on atmospheric CO, observed in situ or from space by OCO-2 point to a moderate rate of uptake,
some other inversions based on remotely sensed atmospheric CO, 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 CO, 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 CO, or OCO-2 observations
pointing to potential data problems when using observations from GOSAT or SCTAMACHY to estimate the
European CO, sink.

1. Introduction

CO, is arguably the most important greenhouse gas contributing to global warming. Anthropogenic emis-
sions of CO, 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 CO, 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 CO, 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 CO, 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 CO, 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
etal. (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) CO, 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 CO, 2001-2007
Peylin et al. (2013) 0.40 + 0.42 in situ CO, 2001-2004
Reuter et al. (2014) 0.95+0.33 XCO02, SCIAMACHY 2003-2010
Houweling et al. (2015) 1.03 + 0.47 XCO02, GOSAT and in situ CO, 2009-2010
Feng et al. (2016) 1.40 +0.19 XCO2, GOSAT 2010

Feng et al. (2016) 0.58 + 0.14 in situ CO, 2010

Kaminski et al. (2017) 1.08 (+ 0.18) XCO2, GOSAT 2010

Crowell et al. (2019) 0.25 + 0.46 XC02, 0OCO-2 2015-2016
Crowell et al. (2019) 0.33 £ 0.40 in situ CO, 2015-2016
Liu et al. (2015) 0.88 + 0.31 C-VOD 2003-2010
This study 0.30 + 0.08 in situ CO,, SM, and L-VOD 2010-2015

2Note 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 CO,, 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 CO, 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 (Hascoét & 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 CO,)
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 CO, flux
based on the Surface Ocean CO, Atlas data set (Rodenbeck 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 CO, uptake by the terrestrial vegetation) close to 0 (quasi-neutral biosphere).

Observational operators are included for atmospheric CO, concentration at remote monitoring stations,
surface soil moisture and SMOS L-VOD. The atmospheric transport model TM3 (Heimann & K&rner, 2003)
with approximately 4° by 5° horizontal resolution on 19 vertical levels is used to link carbon fluxes at the
Earth surface to atmospheric CO, measurements. TM3 here takes monthly mean values of surface CO,
fluxes to compute monthly mean CO, concentrations collected at a global station network (see SI). To max-
imize consistency with the measurements, the observation operator for CO, also includes a station-specific
sampling schedule. Matching observations are taken from several institutions based on the Jena Carboscope
(Rodenbeck, 2005). Within each month, we use the standard deviation of measured CO, concentrations
with a floor value of 0.5 ppm as the combined model and observational uncertainty for CO, 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° x 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 x 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 CO, 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 \/ﬁ means that we can represent it by a set of independent observations with a sample size
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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 CO, (A) CO, (V) SM L-VOD CO, (A) CO, (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 CO, 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 CO, observations for an additional
validation year 2016 outside the assimilation period (2010-2015). Note that CO, (A) refers to assimilated atmospheric
CO, observations and CO, (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 \/ﬁ (fully
independent samples at 5° X 5°). Furthermore, for the daily soil moisture product we take uncertainty cor-
relation in time into account through an extra multiplier of \/% 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 CO,
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 CO,
» CO2+SMOS: simultaneous assimilation of in situ observations of atmospheric CO, 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 CO,
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 CO, 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 CO, observations. But the
agreement of shape and timing of interannual and intra-annual CO, fluctuations has also improved, and
the agreement with CO, stations excluded from assimilation (validation stations) is improved to the same
degree. Figure 1 shows the fit against the CO, 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 SCTAMACHY.
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 SCTAMACHY.

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).
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Figure 2. Annual CO, fluxes averaged over the period 2010 to 2015 from the CO24+-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 CO, 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 SCTAMACHY 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;
Rodriguez-Fernandez 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 CO, 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 CO, 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 CO, and microwave data assimilation was considerably smaller than
for CO, only.

SCHOLZE ET AL.

13,801

5UB017 SUOWILIOD BAII.D 3[ed| jdde auy Aq pousenoB 9. SO YO ‘88N J0'S9IN1 0} A1 8UIUO AS]IM UO (SUORIPUCO-PUE-SLLIBHLIOD" A1 ARG 1[BUI|UO//ST1Y) SUOIPUOD PU. S | 84} a8 *[7202/90/90] Lo A1iqI 8UIlUO AB]IM ‘80uBIS BLURIL00D AQ §22580TD6TOZ/620T OT/I0p/w00 Ao |ImAReiqjeu1juo'sandnBe//sdiy wioiy papeojumod ‘€2 ‘6TO ‘20087v6T



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2019GL085725

Acknowledgments

This study was funded by the
European Space Agency's Support to
Science Element under Contract
4000117645/16/NL/SW. M. S., W. K.,
and M. W. acknowledge additional
support from the Swedish National
Space Agency (Dnr 102/14) and the
EU VERIFY project (Grant Agreement
(GA): 776810). The resulting data from
this study is available at the ICOS
Carbon Portal (under https://doi.org/
10.18160/yd1g-4trq).

We evaluate our results by assessing the fit against the assimilated data sets as well as independent data. The
evaluation against atmospheric CO, 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 CO, or OCO-2 XCO2 data. This is contrasted with an
equally close agreement among studies that use GOSAT or SCTAMACHY 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; Rodriguez-Fernandez et al., 2018).

As a way to further address if indeed GOSAT and SCTAMACHY XCO?2 are responsible for reports of a large
European sink we propose to assimilate CO, data obtained from either in situ measurements, GOSAT and
SCIAMACHY XCO02, 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.

References

Boden, T., Marland, G., & Andres, R. (2016). Global, regional, and national fossil-fuel CO, emissions. Oak Ridge, Tenn, U.S.A: Carbon Diox-
ide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy. https://doi.org/10.3334/CDIAC/00001
V2016

Brandt, M., Wigneron, J. P., Chave, J., Tagesson, T., Penuelas, J., Ciais, P., et al. (2018). Satellite passive microwaves reveal recent
climate-induced carbon losses in African drylands. Nature Ecology & Evolution, 2(5), 827-835. https://doi.org/10.1038/s41559-018-0530-6

Brenkert, A. L. (1998). Carbon dioxide emission estimates from fossil-fuel burning, hydraulic cement production, and gas flaring for 1995
on a one degree grid cell basis. Retrieved from http://cdiac.esd.ornl.gov/ndps/ndp058a.html

Cooperative Global Atmospheric Data Integration Project (2017). Multi-laboratory compilation of atmospheric carbon dioxide data for the
period 1957-2016. NOAA Earth System Research Laboratory, Global Monitoring Division https://doi.org/10.15138/G3704H

Cressie, A. C. (1960). Statistics for spatial data. New York: Wiley.

Crowell, S., Baker, D., Schuh, A., Basu, S., Jacobson, A. R., Chevallier, F., et al. (2019). The 2015-2016 carbon cycle as seen from OCO-2
and the global in situ network. Atmospheric Chemistry and Physics Discussions, 2019, 1-79. https://doi.org/10.5194/acp-2019-87

Feng, L., Palmer, P. I, Parker, R. J., Deutscher, N. M., Feist, D. G., Kivi, R., et al. (2016). Estimates of European uptake of CO, inferred
from GOSAT XCO, retrievals: Sensitivity to measurement bias inside and outside Europe. Atmospheric Chemistry and Physics, 16(3),
1289-1302. https://doi.org/10.5194/acp-16-1289-2016

Fernandez-Moran, R., Al-Yaari, A., Mialon, A., Mahmoodi, A., Al Bitar, A., De Lannoy, G., et al. (2017). SMOS-IC: An alternative SMOS
soil moisture and vegetation optical depth product. Remote Sensing, 9(5). https://doi.org/10.3390/rs9050457

Gurney, K. R., Law, R. M., Denning, A. S., Rayner, P. J., Baker, D., Bousquet, P., et al. (2002). Towards robust regional estimates of CO,
sources and sinks using atmospheric transport models. Nature, 415, 626-630.

Hascoét, L., & Pascual, V. (2013). The tapenade automatic differentiation tool: Principles, model, and specification. ACM Transactions On
Mathematical Software, 39(3), 20:1-20:43. https://doi.org/10.1145/2450153.2450158

Heimann, M., & Korner, S. (2003). The global atmospheric tracer model TM3 (5). Jena, Germany: Max-Planck-Institut fiir Biogeochemie.

Houghton, R. A. (2003). Revised estimates of the annual net flux of carbon to the atmosphere from changes in land use and land
management 1850-2000. Tellus B, 55(2), 378-390.

Houweling, S., Baker, D., Basu, S., Boesch, H., Butz, A., Chevallier, F., et al. (2015). An intercomparison of inverse models for estimating
sources and sinks of CO, using GOSAT measurements. Journal of Geophysical Research: Atmospheres, 120, 5253-5266. https://doi.org/
10.1002/2014JD022962

Kaminski, T., Knorr, W., Schiirmann, G., Scholze, M., Rayner, P. J., Zaehle, S., et al. (2013). The BETHY/JSBACH carbon cycle data assim-
ilation system: Experiences and challenges. Journal of Geophysical Research: Biogeosciences, 118, 1414-1426. https://doi.org/10.1002/
jgrg.20118

Kaminski, T., & Mathieu, P. P. (2017). Reviews and syntheses: Flying the satellite into your model: On the role of observation operators in
constraining models of the Earth system and the carbon cycle. Biogeosciences, 14(9), 2343-2357. https://doi.org/10.5194/bg-14-2343-2017

SCHOLZE ET AL.

13,802

5UB017 SUOWILIOD BAII.D 3[ed| jdde auy Aq pousenoB 9. SO YO ‘88N J0'S9IN1 0} A1 8UIUO AS]IM UO (SUORIPUCO-PUE-SLLIBHLIOD" A1 ARG 1[BUI|UO//ST1Y) SUOIPUOD PU. S | 84} a8 *[7202/90/90] Lo A1iqI 8UIlUO AB]IM ‘80uBIS BLURIL00D AQ §22580TD6TOZ/620T OT/I0p/w00 Ao |ImAReiqjeu1juo'sandnBe//sdiy wioiy papeojumod ‘€2 ‘6TO ‘20087v6T


https://doi.org/10.3334/CDIAC/00001_V2016
https://doi.org/10.3334/CDIAC/00001_V2016
https://doi.org/10.1038/s41559-018-0530-6
http://cdiac.esd.ornl.gov/ndps/ndp058a.html
https://doi.org/10.15138/G3704H
https://doi.org/10.5194/acp-2019-87
https://doi.org/10.5194/acp-16-1289-2016
https://doi.org/10.3390/rs9050457
https://doi.org/10.1145/2450153.2450158
https://doi.org/10.1002/2014JD022962
https://doi.org/10.1002/2014JD022962
https://doi.org/10.1002/jgrg.20118
https://doi.org/10.1002/jgrg.20118
https://doi.org/10.5194/bg-14-2343-2017
https://doi.org/10.18160/yd1g-4trq
https://doi.org/10.18160/yd1g-4trq

~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2019GL085725

Kaminski, T., Scholze, M., Knorr, W., Vossbeck, M., Wu, M., Ferrazzoli, P., et al. (2018). Constraining terrestrial carbon fluxes through
assimilation of SMOS products, IGARSS 2018 - 2018 IEEE International Geoscience and Remote Sensing Symposium, pp. 1455-1458.
https://doi.org/10.1109/IGARSS.2018.8518724

Kaminski, T., Scholze, M., Vossbeck, M., Knorr, W., Buchwitz, M., & Reuter, M. (2017). Constraining a terrestrial biosphere model with
remotely sensed atmospheric carbon dioxide. Remote Sensing of Environment, 203, 109-124. https://doi.org/10.1016/j.rse.2017.08.017

Kerr, Y., Waldteufel, P., Wigneron, J. P., Delwart, S., Cabot, F., Boutin, J., et al. (2010). The SMOS mission: New tool for monitoring key
elements of the global water cycle. Proceedings of the IEEE, 98(5), 666—-687. https://doi.org/10.1109/JPROC.2010.2043032

Knorr, W. (2000). Annual And interannual CO, exchanges of the terrestrial biosphere: Process-based simulations and uncertainties. Global
Ecology and Biogeography, 9(3), 225-252.

Kountouris, P., Gerbig, C., Rédenbeck, C., Karstens, U., Koch, T. F., & Heimann, M. (2018). Atmospheric CO, inversions on the mesoscale
using data-driven prior uncertainties: Quantification of the European terrestrial CO, fluxes. Atmospheric Chemistry and Physics, 18(4),
3047-3064. https://doi.org/10.5194/acp-18-3047-2018

Le Quéré, C., Andrew, R. M., Friedlingstein, P., Sitch, S., Pongratz, J., Manning, A. C., et al. (2018). Global carbon budget 2017. Earth System
Science Data, 10(1), 405-448. https://doi.org/10.5194/essd-10-405-2018

Liu, Y. Y., van Dijk, A. I. J. M., de Jeu, R. A. M., Canadell, J. G., McCabe, M. F., Evans, J. P., & Wang, G. (2015). Recent reversal in loss of
global terrestrial biomass. Nature Climate Change, 5, 470-474. https://doi.org/10.1038/nclimate2581

Peters, W., Krol, M. C., van der Werf, G. R., Houweling, S., Jones, C. D., Hughes, J., et al. (2010). Seven years of recent European net
terrestrial carbon dioxide exchange constrained by atmospheric observations. Global Change Biology, 16(4), 1317-1337. https://doi.org/
10.1111/§.1365-2486.2009.02078.x

Peylin, P, Law, R. M., Gurney, K. R., Chevallier, F., Jacobson, A. R., Maki, T., et al. (2013). Global atmospheric carbon budget: Results from
an ensemble of atmospheric CO, inversions. Biogeosciences, 10(10), 6699-6720. https://doi.org/10.5194/bg-10-6699-2013

Reuter, M., Buchwitz, M., Hilker, M., Heymann, J., Bovensmann, H., Burrows, J. P,, et al. (2017). How much CO, is taken up by the
European terrestrial biosphere? Bulletin of the American Meteorological Society, 98(4), 665-671. https://doi.org/10.1175/BAMS-D-15-
00310.1

Reuter, M., Buchwitz, M., Hilker, M., Heymann, J., Schneising, O., Pillai, D., et al. (2014). Satellite-inferred European carbon sink larger
than expected. Atmospheric Chemistry and Physics, 14(24), 13,739-13,753. https://doi.org/10.5194/acp-14-13739-2014

Rodenbeck, C. (2005). Estimating CO,2 sources and sinks from atmospheric mixing ratio measurements using a global inversion of
atmospheric transport (06). Jena, Germany: Max-Planck-Institut fiir Biogeochemie.

Rédenbeck, C., Keeling, R. F., Bakker, D. C. E., Metzl, N., Olsen, A., Sabine, C., & Heimann, M. (2013). Global surface-ocean pCO, and
sea-air CO, flux variability from an observation-driven ocean mixed-layer scheme. Ocean Science, 9(2), 193-216. https://doi.org/10.5194/
0s-9-193-2013

Rodriguez-Fernandez, N. J., Mialon, A., Mermoz, S., Bouvet, A., Richaume, P., Al Bitar, A., et al. (2018). An evaluation of SMOS L-band veg-
etation optical depth (L-VOD) data sets: High sensitivity of L-VOD to above-ground biomass in Africa. Biogeosciences, 15(14), 4627-4645.
https://doi.org/10.5194/bg-15-4627-2018

Rodriguez-Fernandez, N., Mialon, A., Mermoz, S., Bouvet, A., Richaume, P., Bitar, A. A, et al. (2018). SMOS L-band vegetation optical
depth is highly sensitive to aboveground biomass. In 2018 IEEE International Geoscience and Remote Sensing Symposium (IGARSS).

SMOS+Veg Study Team (2019). BETHY global Net Ecosystem Production (NEP) maps at 0.25 degree resolution for the period 2010-2015.
https://doi.org/10.18160/yd1g-4trq

Schulze, E. D., Luyssaert, S., Ciais, P., Freibauer, A., Janssens, I. A., Soussana, J. F., et al. the CarboEurope Team (2009). Importance
of methane and nitrous oxide for Europe’s terrestrial greenhouse-gas balance. Nature Geoscience, 2, 842-850. https://doi.org/10.1038/
ngeo686

Wigneron, J. P., Kerr, Y., Waldteufel, P., Saleh, K., Escorihuela, M. J., Richaume, P, et al. (2007). L-band Microwave Emission of the Bio-
sphere (L-MEB) model: Description and calibration against experimental data sets over crop fields. Remote Sensing of Environment,
107(4), 639-655. https://doi.org/10.1016/.rse.2006.10.014

Wood, E., Lettenmaier, D., & Zartarian, V. (1992). A land-surface hydrology parameterization with subgrid variability for general circulation
models. Journal of Geophysical Research, 97, 2717-2728.

SCHOLZE ET AL.

13,803

5UB017 SUOWILIOD BAII.D 3[ed| jdde auy Aq pousenoB 9. SO YO ‘88N J0'S9IN1 0} A1 8UIUO AS]IM UO (SUORIPUCO-PUE-SLLIBHLIOD" A1 ARG 1[BUI|UO//ST1Y) SUOIPUOD PU. S | 84} a8 *[7202/90/90] Lo A1iqI 8UIlUO AB]IM ‘80uBIS BLURIL00D AQ §22580TD6TOZ/620T OT/I0p/w00 Ao |ImAReiqjeu1juo'sandnBe//sdiy wioiy papeojumod ‘€2 ‘6TO ‘20087v6T


https://doi.org/10.1109/IGARSS.2018.8518724
https://doi.org/10.1016/j.rse.2017.08.017
https://doi.org/10.1109/JPROC.2010.2043032
https://doi.org/10.5194/acp-18-3047-2018
https://doi.org/10.5194/essd-10-405-2018
https://doi.org/10.1038/nclimate2581
https://doi.org/10.1111/j.1365-2486.2009.02078.x
https://doi.org/10.1111/j.1365-2486.2009.02078.x
https://doi.org/10.5194/bg-10-6699-2013
https://doi.org/10.1175/BAMS-D-15-00310.1
https://doi.org/10.1175/BAMS-D-15-00310.1
https://doi.org/10.5194/acp-14-13739-2014
https://doi.org/10.5194/os-9-193-2013
https://doi.org/10.5194/os-9-193-2013
https://doi.org/10.5194/bg-15-4627-2018
https://doi.org/10.18160/yd1g-4trq
https://doi.org/10.1038/ngeo686
https://doi.org/10.1038/ngeo686
https://doi.org/10.1016/j.rse.2006.10.014

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


