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Abstract

The Paris Agreement establishes a transparency framework for anthropogenic carbon dioxide
(CO;) emissions. It’s core component are inventory-based national greenhouse gas emission
reports, which are complemented by independent estimates derived from atmospheric CO,
measurements combined with inverse modelling. It is, however, not known whether such a
Monitoring and Verification Support (MVS) capacity is capable of constraining estimates of
fossil-fuel emissions to an extent that is sufficient to provide valuable additional information. The
CO; Monitoring Mission (CO2M), planned as a constellation of satellites measuring
column-integrated atmospheric CO, concentration (XCO,), is expected to become a key
component of such an MVS capacity. Here we provide a novel assessment of the potential of a
comprehensive data assimilation system using simulated XCO, and other observations to constrain
fossil fuel CO, emission estimates for an exemplary 1-week period in 2008. We find that CO2M
enables useful weekly estimates of country-scale fossil fuel emissions independent of national
inventories. When extrapolated from the weekly to the annual scale, uncertainties in emissions are
comparable to uncertainties in inventories, so that estimates from inventories and from the MVS
capacity can be used for mutual verification. We further demonstrate an alternative, synergistic
mode of operation, with the purpose of delivering a best fossil fuel emission estimate. In this mode,
the assimilation system uses not only XCO, and the other data streams of the previous
(verification) mode, but also the inventory information. Finally, we identify further steps towards

an operational MVS capacity.

1. Introduction

The Parties to the 2015 Paris Agreement (UNFCCC
2015) have agreed to reduce global emissions of
greenhouse gases and implement a transparency
framework building on regular national greenhouse
gas inventories. As part of the 2019 refinement (Calvo
Buendia et al 2019) of their guidelines for national
greenhouse gas inventories (IPCC 2006), the Inter-
governmental Panel on Climate Change recommends

© 2022 The Author(s). Published by IOP Publishing Ltd

the implementation of systems for additional sci-
entific validation that support emission inventories
by an independent approach based on atmospheric
observations and inverse modelling. A first attempt
to derive CO, fluxes for the period 1990-2018 from
both anthropogenic and the natural sources and sinks
has recently been performed for the European Union
and UK by Petrescu et al (2021). The study uses a
combination of state-of-the-art process-based mod-
els and inventories (so-called bottom-up estimates)
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Figure 1. Modelling framework with forward flow of information in CCFFDAS. Boxes represent calculation steps by models, blue
ovals observables, and the yellow oval the control vector (model parameters and initial condition).

and inverse modelling approaches (also called top-
down methods). They concluded that independent
approaches based on currently available data are con-
sistent with the inventory data, however, their uncer-
tainty is too large to allow a verification.

The European Commission’s Copernicus pro-
gramme is preparing an operational Monitoring
and Verification Support (MVS) with CO2M as an
essential component (Janssens-Maenhout ef al 2020).
CO2M is planned as a constellation of multiple polar
orbiting satellites with imaging capability sampling
XCO, at a resolution of 4 km? (ESA 2018). The MVS
capacity’s goal is to derive fluxes both at the national
scale as well as the scale of megacities and certain
emission hot spots (Pinty et al 2017). The attribu-
tion of such atmospheric concentration data to spe-
cific emission sources requires comprehensive inverse
modelling systems, which ideally include modules
that accurately represent the processes behind fossil
and biogenic fluxes (Ciais et al 2015).

The potential performance of CO2M to quantify
CO; emissions from cities and power plants glob-
ally lumped into so-called emission clumps has been
assessed by Wang et al (2020). Using a plume mon-
itoring inversion framework based on a Gaussian
plume model they estimated that future CO2M
observations can constrain, ten times within the 1
year study period, large clumps with annual emis-
sions larger than 2 MtC yr~! with a relative pos-
terior uncertainty of less than 20%. In another study
focussing on large point sources Kuhlmann et al
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(2021) used a plume detection algorithm combined
with a mass-balance approach to assess the poten-
tial performance of CO2M to quantify CO, emis-
sions of large point sources, for which they used 15
large power plants in the border region of the Czech
Republic, Germany and Poland. For constraining the
shape of the CO, emission plume, CO2M’s capabil-
ity of also observing NO, was essential and emissions
could be estimated with 39%-150% uncertainty from
a single CO2M overpass. However, they concluded
that the development of advanced inversion systems
is required to further reduce the uncertainties.

Here, we have implemented a comprehensive pro-
totype of a global Carbon Cycle Fossil Fuel Data
Assimilation System (CCFFDAS) from existing com-
ponents (see figure 1) for assessing the added value
of CO2M observations in constraining national scale
emissions. These components are the Fossil Fuel Data
Assimilation System (FFDAS) from Asefi-Najafabady
et al (2014), which includes two fossil fuel emission
models, one for the electricity generation sector (at
point scale of the plants) and one for all other fossil
fuel emission sectors combined (termed ‘other sec-
tor’), and the Carbon Cycle Data Assimilation System
from Kaminski et al (2017), which includes a model
of the terrestrial carbon cycle, land use change fluxes,
and exchange fluxes with the ocean. To link simulated
surface fluxes to atmospheric CO, concentrations we
use the atmospheric transport model TM3 (Heimann
and Korner 2003). The components of the modelling
chain are described in more detail in section 2.
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Our aim is to provide, for the first time, an
estimate of the expected uncertainty range of fossil
fuel emissions estimates of a future fully opera-
tional MVS capacity targeting the national scale emis-
sions. For this purpose, we employ the quantitat-
ive network design technique (QND) (Kaminski and
Rayner 2017), which assesses the benefit of a set of
(real or hypothetical) observations by propagating
uncertainties through a modelling chain (see section
1 of the supplementary text (available online at
stacks.iop.org/ERL/17/014015/mmedia)). The results
of the assessment are posterior uncertainties on selec-
ted target quantities, in our case national sectorial
fossil fuel emissions for five countries (see table 1).
These countries were selected to cover both hemi-
spheres and the corresponding seasons, varying levels
of industrialisation and of uncertainties in inventor-
ies (see section 2 of the supplementary text). They
also needed to be large enough to encompass sev-
eral TM3 grid cells. We first target the weekly scale,
at which typically no information from inventories is
available. More specifically, we use estimates of the
uncertainty of atmospheric CO, concentration data
over the first week of June 2008 to constrain emis-
sions over that week. This falls during the northern
growing season when biogenic fluxes impact strongly
atmospheric concentrations. In addition, we compare
the impact of XCO, data as provided by CO2M to the
impact of in-situ CO, data as provided by the surface
network.

2. Methodology

Our CCFFDAS is based on a modelling chain
(figure 1) that includes models of fossil fuel emissions
and terrestrial natural fluxes and dedicated observa-
tion operators (Kaminski and Mathieu 2017) linking
the state of the model to each of the data streams it can
assimilate. The fossil fuel CO, emissions model fol-
lows Asefi-Najafabady et al (2014) and distinguishes
fossil fuel emissions from two sectors: an electricity
generation sector and a sector for all other fossil fuel
emissions denoted as the ‘other’ sector. Details on
the fossil fuel CO, emissions model, the underlying
data sets and the corresponding observation operat-
ors are provided in section 2 of the supplementary
text. The terrestrial biosphere model is conceptionally
similar to the one used by Kaminski et al (2002) and
based on Knorr and Heimann (1995). It was previ-
ously employed for assimilation of XCO, (Kaminski
et al 2017) and is described in section 3 of the sup-
plementary text. The atmospheric component of our
modelling chain is the global atmospheric transport
model TM3 (Heimann and Korner 2003). Its setup
its presented in section 4 of the supplementary text,
together with the estimates of the uncertainty in the
atmospheric CO, measurements following Buchwitz
etal (2013).

T Kaminski et al

The assessments of the observational scenarios
within the prototype assimilation system apply the
QND technique. QND performs a formal uncertainty
propagation through the modelling chain and relies
on sensitivity information of our modelling chain,
which is efficiently provided by the automatic dif-
ferentiation tool TAPENADE (Hascoét and Pascual
2013). For details we refer to section 1 of the supple-
mentary text.

Ideally the assimilation system would be set up to
assimilate XCO, over a longer period (at least a year)
to infer fossil fuel emissions in weekly (or shorter)
temporal resolution. In such an ideal setup, atmo-
spheric observations made in one week could help
to constrain (potentially remote) emissions from the
preceding weeks, and after a sufficiently long spinup
the spatial structures in the initial atmospheric CO,
concentration would be negligible. For this initial
analysis, however, we use a computationally prag-
matic setup which restricts the analysis period to a
single week, for which we assume constant emissions.
As in the above ideal setup we neglect the sensitiv-
ity of the XCO, observations to the initial concen-
tration structure. While this ignores an important
uncertainty for our experimental setup, this uncer-
tainty diminishes rapidly for longer assimilation peri-
ods (Peylin et al 2005). This is compensated by
the fact that in the present setup, constraints from
observations that would arise from subsequent weeks
are being ignored. This second effect is probably
stronger meaning our simplified setup would tend
to underestimate the constraint available in a real
case.

3. Results and discussions

The prototype can simultaneously assimilate the fol-
lowing data streams (see figure 1): XCO,, in-situ
atmospheric CO,, nightlight intensity, and sectorial
national emission totals (typically derived by invent-
ories). There are two principal modes of operating the
system. The first is the verification mode, in which the
sectorial national emission totals are excluded from
the list of data streams to be assimilated. In the veri-
fication mode the system delivers an estimate of the
sectorial national emissions that is independent of the
inventory-derived national emission totals. This inde-
pendence would be limited, if the system’s sectoral
emission models relied on information that was also
used in the compilation of the inventories. While our
model of the other sector is clearly independent, it is
more difficult to rule out potential overlaps between
our data base for the power plant emissions and the
data entering the inventories. The second mode of
operating the prototype is the synergistic mode, in
which the inventory-derived sectorial national emis-
sion totals are assimilated into the system. In the
synergistic mode the system delivers a best estimate
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Figure 2. Upper four panels: random (first row) and systematic (second row) errors in XCO, retrieval (ppm) for one day (1 June
2008) for the single satellite (left) and the constellation of 4 satellites (right). Note that random errors in some grid cells can reach
0.78 ppm and systematic errors 0.87 ppm. Panels in row three: number of days over the study period (1-7 June 2008) with
successful retrievals (dimensionless). Bottom panels: sampling site locations for 15 site (left) and 141 site (right) surface networks.
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of the sectorial national emissions that combines
the information in the inventory-derived national
emission totals with the information provided by
the atmospheric and other observations and by the
model.

For our analysis we define ten observational scen-
arios (table 1), each of which uses subsets of these
observations to produce posterior (after data assim-
ilation) uncertainties for country-scale sectorial fossil
fuel emission rates during the first week of June 2008.
For scenarios 1-7 we operate the system in veri-
fication mode and for scenarios 8 and 9 we oper-
ate it in synergistic mode. The 2008 annual average
weekly fossil fuel emission rate based on inventories

(International Energy Agency 2011) is provided for
comparison (see section 2 of the supplementary
text).

The first two scenarios assume the assimila-
tion of continuous observations of atmospheric CO,
from global surface networks. Scenario 1 uses a
network of 15 in-situ measurement sites (figure 2,
bottom row, left hand panel) and leads to pos-
terior uncertainties of the other sector emissions
that amount to between five (Germany, Poland)
and ten times the annual average weekly emission
rate. We explain the somewhat better performance
for the two countries in Europe by strategically
well positioned sites in and around that continent.
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Figure 3. Representation of posterior uncertainty of fossil fuel emission rates during first week of June 2008 for Australia (AUS)
and China (CHN) by ellipses (Lavergne et al 2006) indicating the respective sets of points with equal probability in the plane
spanned by national electricity generation and other sector emissions for scenario 3 (one CO2M satellite, left panel) and scenario
2 (larger surface network, right panel). The direction of the sum over both sectors is indicated by a dotted line. The (1 sigma)
uncertainty range of the emissions from China’s electricity generation (other) sector given in table 1 is half the horizontal
(vertical) side length of the dashdotted rectangle enclosing the ellipse for China.

Indeed, for a reference scenario without any atmo-
spheric observations (scenario 10), the constraint on
fossil fuel emissions from the two European coun-
tries is at the level of the other three countries.
Scenario 2 is based on an existing large network
(141 sites, www.esrl.noaa.gov/gmd/ccgg/flask.php),
but with the additional assumption that all sites
provide continuous observations of atmospheric
CO;. In reality, the vast majority of these sites (many
of them points on ship tracks) currently provide
only approximately weekly flask samples. But even
for this much larger network, posterior uncertainties
of fossil fuel emission rates are above the inventory-
derived annual average weekly emission rate (other
sector), with the exception of China. But even the
posterior uncertainty of China (=50% of inventory-
based emissions) is still too large to be relevant for
verification purposes.

The results are markedly different for scenario
3 (default satellite scenario) using a single CO2M
satellite (figure 2, second and third rows, left hand
panels) providing observations only over land (nadir
viewing mode), and using our standard CO2M data
uncertainty (see section 4 of the supplementary text).
The posterior uncertainties for the other sector are
all well below the inventory based average rate. This
gives a first indication that CCFFDAS in combin-
ation with XCO, data has the potential to provide
useful information for the purpose of cross valida-
tion with national inventories, as opposed to a sys-
tem using surface stations only. Note, however, that
the situation is different for the electricity genera-
tion sector, for which more prior information is avail-
able to constrain emission estimates, even though our
prior uncertainty on power plant emissions is not

6

particularly tight (see section 2 of the supplementary
text). Hence atmospheric observations have a larger
impact on the other sector. Our finding regarding
the electricity generation sector illustrates an import-
ant aspect of how CCFFDAS gains information about
separate sectors. Let us assume that we identify a sub-
sector (with a suitable sectorial emission model) of
what is currently called the ‘other sector’ that can
be constrained by additional independent observa-
tions, while we retain our current emission model and
observations for the remainder of the ‘other sector’
Because satellite observations capture the sum over
all sectors, the additional observations will result in
reduced uncertainties not only for the new subsector,
but also for the remainder of the ‘other sector’. Fur-
thermore, after splitting off the new subsector, both
the emissions of the remainder, i.e. the new and rel-
atively uncertain ‘other sector), and their posterior
uncertainty will be reduced via recalibration of the
sectorial model within the CCFFDAS.

A single CO2M satellite achieves a strong uncer-
tainty reduction for the other sector of all countries
compared to the surface network, and a slight uncer-
tainty reduction for the electricity generation sec-
tors of the larger countries China and Australia. We
also note a strong negative uncertainty correlation
between the two sectors of a given country (e.g. —0.66
for China or —0.44 for Australia). As illustrated by
the rotation of the respective ellipses in the left hand
panel of figure 3, such negative uncertainty correl-
ation means that the sum of the sectors (direction
indicated by dotted line) is better constrained than
the difference of the sectors, a result of atmospheric
mixing of the sectorial emissions. In other words: if
we underestimate one target quantity we are likely to
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overestimate the other. This aspect of the problem
is useful for the MVS capacity, because it offers the
opportunity to reduce uncertainty in one sector by
constraining the remaining sector(s) through addi-
tional observations. The impact of the atmospheric
constraint on the negative correlations between the
uncertainties of the emission rates from the two sec-
tors is illustrated by the right hand panel of figure 3.
The weaker atmospheric constraint afforded by the
surface network (scenario 2) results in much smal-
ler uncertainty correlations (e.g. —0.36 for China and
—0.03 for Australia).

Increasing the number of satellites in the constel-
lation will yield a significant increase in spatiotem-
poral coverage (third row of figure 2) which in turn
will lead to an improved MVS capacity. This added
value of the extra satellites is more pronounced for
the other sector, where the uncertainty over Brazil
and China is reduced by about 30% when going
from a single satellite to the four-satellite constella-
tion (scenarios 3 and 4). We note that the exact per-
formance gain for each additional satellite depends on
the individual orbits in the week we analyse. This is
because atmospheric transport and aspects that influ-
ence the retrieval (including the quality filtering),
such as cloud cover or aerosol load vary in time (see
section 4 of the supplementary text for construction
of XCO, data sets). The glint mode provides XCO,
over the oceans and coastal land regions in addition to
land areas, constituting an important area for a MVS
capacity, because many power plants and cities are
located along the coast. Adding those to the observa-
tions over land (scenario 5) results in some gain in
performance, especially for the other sector of China,
which is only partially covered by observations over
land (figure 2, third row).

Our standard assumptions for XCO, data uncer-
tainty (see section 4 of the supplementary text) have
deliberately ignored the effect of model error and
in particular of the error we make when compar-
ing the average of potentially inhomogeneously dis-
tributed small-scale observations with the XCO, in
our grid cell (representation error (Heimann and
Kaminski 1999, Pillai et al 2010)). Scenario 6 explores
the effect of including an estimate of representation
error (based on a high-resolution transport simula-
tion (Agusti-Panareda et al 2019), see section 4 of
the supplementary text) in the uncertainty specific-
ation of our XCO, product. As the representation
error will decrease when resolution of the transport
model is increased, this assessment cannot be gen-
eralised to a CCFFDAS that uses a transport model
with finer resolution (resolving in the ideal case the
scales of the XCO, observations, i.e. 4 km?). The
effect of representation error varies between coun-
tries and depends on aspects that vary in time such as
atmospheric transport, small-scale variability in the
high-resolution XCO, simulation, and factors that

T Kaminski et al

determine the systematic retrieval errors and qual-
ity filters, such as clouds or aerosol load. We there-
fore find that representation error will be important
in a CCFFDAS, but also acknowledge the potential to
decrease it using higher resolution transport models
and better characterisation of observation conditions.

Our next scenario (# 7) addresses the quantific-
ation of changes in the long-term emission trends
based on the default scenario, i.e. with one CO2M
satellite. For this purpose, we define a second analysis
period in the following year, i.e. the first seven days
of June 2009. Between this and the current analysis
period, we would expect no or little changes in several
factors that determine systematic sampling errors in
CO; observations (see section 4 of the supplementary
text), and therefore systematic errors should be very
similar between the two periods. As for our default
scenario (# 3), we assume no model error. For our
emission change scenario we also neglect the system-
atic component of the retrieval error and only use
the random component of the retrieval error to com-
pute the random error in the difference of the CO,
observations between the two periods (see section 4
of the supplementary text). This is certainly an over-
optimistic choice. For the other sectors of Australia,
China, or Germany the system yields posterior uncer-
tainties in emission changes that are between 15%
and 25% lower than the posterior uncertainties in
absolute emissions (scenario 3). For the other sec-
tors of Brazil and Poland the posterior uncertainties
in emission changes are slightly larger (between 2%
and 6%) than the posterior uncertainties in absolute
emissions.

Our next scenario (scenario 8) is intended to
demonstrate and quantify the potential for simultan-
eous use of inventories and CO2M in a CCFFDAS. As
the prototype is not yet set up for the annual scale (see
section 2), where inventory information is routinely
available, we construct a hypothetical scenario on the
weekly time scale, in which we assume availability
of weekly inventories with the same relative uncer-
tainty than on the annual scale (see section 2 of
the supplementary text). We note, however, ongoing
work on sub-annual inventories (Andres et al 2011,
2016, Oda et al 2018). The addition of this inventory
information as a further observational data stream to
the default scenario would result in a strong reduc-
tion in posterior uncertainty (scenario 8) for both
sectors, which indicates a strong potential for syn-
ergy or complementarity between atmospheric (and
other) observations and the inventories in a CCFF-
DAS. Combining the hypothetical inventory inform-
ation with the larger of the two surface networks
(scenario 9), instead of a single CO2M satellite (scen-
ario 8), reduces the performance for the other sectors
of Brazil (~10%) and China (~20%) and the elec-
tricity generation sector of China (/10%). The spe-
cification of larger uncertainties on the hypothetical



10P Publishing

Environ. Res. Lett. 17 (2022) 014015

T Kaminski et al

175

1501

125

501

[MtC/yr]
- b=
T <
]

Il national total
I no temporal correlation
Il full temporal correlation

25
0-
AUS BRA CHN DEU POL
Il national total
175 1 EEE no temporal correlation

150 1

1251

[MtC/yr]

~
u
.

501

251

0_
AUS BRA

=
o
o
L

Il full temporal correlation

CHN DEU POL

Figure 4. Uncertainty (1 sigma) in annual fossil fuel emission rates for five countries indicated by their ISO codes assuming
uncertainties of weekly fossil fuel emission rates are either uncorrelated in time (red bars), or fully correlated (blue bars). Top:
other sector. Bottom: aggregated over both sectors (both in MtCyr—1). Black bars show the uncertainties of the respective annual

national total fossil fuel emissions from inventories for reference.

weekly inventories would have resulted in larger pos-
terior uncertainty. It would have also resulted in lar-
ger differences in posterior uncertainty between the
two scenarios that use the inventories (scenarios 8 and
9). The larger the assumed uncertainty of the hypo-
thetical weekly inventories the more we approach the
respective posterior uncertainties of the scenarios that
do not make use of the sectoral national totals derived
by inventories (scenarios 2 and 3).

An operational CCFFDAS would obtain fossil fuel
emission estimates for all 52 weeks of a given year,

allowing the generation of annual fossil fuel emis-
sions data. We estimate the uncertainty of annual
fossil fuel emissions assuming all weekly emissions
uncertainties to be equal and uncorrelated. Results
for the default scenario are shown in figure 4, and
compared to the uncertainties of the corresponding
inventories (see section 2 of the supplementary text).
For the other sector, the resulting posterior uncer-
tainty is similar to the uncertainty in the national total
for Australia and Poland, somewhat higher for Ger-
many, and considerably lower for Brazil and China.
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The assumption of uncorrelated weekly uncer-
tainties is certainly optimistic, as there may be sys-
tematic errors in the prior or the retrievals that persist
for longer than a week. To explore the effect of tem-
poral uncertainty correlation we repeated the calcu-
lation for a case where the uncertainty of the weekly
estimates has a temporal correlation coefficient of
1. We stress that this is an extreme and unrealistic
case, as it assumes all errors are systematic and that
repeated XCO, measurements throughout the year
will provide no additional information. The results
should thus be regarded as an upper bound. Over-
all the CCFFDAS can provide an estimate of the
national totals that is independent from the invent-
ories and exhibits uncertainties of the same order
of magnitude. We also computed the uncertainty in
annual national emission rates aggregated over both
sectors. As expected from the existence of a negat-
ive cross-sector uncertainty correlation in particular
for Australia and China, the CCFFDAS generally per-
forms better for aggregated totals.

4. Conclusions

We have analysed two modes of operation of a CCFF-
DAS using observations from the CO2M mission. The
first mode of operation is independent of national
inventories (verification mode). Our analysis shows
that, at country and annual scales, this mode can
provide uncertainty ranges in sectorial fossil fuel
emission rates of the same order of magnitude as
the uncertainties in the national inventories. Con-
sequently, comparison of inventories with CCFF-
DAS estimates has the potential to detect and resolve
inconsistencies between the two data sources.

The second mode of operation is the direct inclu-
sion of sectoral national totals derived by invent-
ories as a further ‘observational’ data stream to
be assimilated into the CCFFDAS. Compared to
the verification mode, this synergistic mode results
in a considerable reduction of uncertainty ranges
in estimated emission rates through the inventory
information. Or, taking the inventory perspective,
the inventory-derived national emission totals are
improved through assimilation of atmospheric (and
other) observations and their uncertainty reduced.
Due to limitations imposed on the current prototype
by the resolution of its atmospheric transport com-
ponent, our analysis focused on large countries. This
approach is, however, equally applicable to smaller
countries and at the sub-country level when using
a high-resolution transport model. In the ideal case,
the transport model would have the same resolu-
tion as the sensor, i.e. 4 km?, and the system could
take full advantage of the CO2M XCO, imaging
capabilities. This will allow us to obtain inform-
ation of localised emission sources such as power
plants via observed emission plumes. Kuhlmann et al
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(2021) have demonstrated the potential of using the
CO2M observations at sensor resolution in a simpli-
fied mass-balance approach. Furthermore, our ana-
lysis indicates scope for improving the performance
of an MVS capacity, by increasing the number of
satellites in the CO2M constellation and the use of
XCO, observations over the ocean. Each of these
additional observational data streams contributes to a
further reduction of the posterior uncertainty ranges
in sectorial fossil fuel emission rates. This holds for
the synergistic mode of operation as well as for the
validation mode. CO2M is just one of several constel-
lations of satellites either flying or planned. Combin-
ations of CO2M with other CO2 missions Crisp et al
(2018), virtual constellation, see, e.g. could, provided
good calibration was maintained, further reduce this
uncertainty. We expect the effect of increased spatial
coverage to be more pronounced in a system with a
high-resolution transport component.

On the basis of our analysis, we expect that the
MVS will quantify emission changes more accur-
ately than absolute emissions, owing to recurrence
of several sources of systematic errors. Planned aero-
sol and cloud measurements from the same platform
will further reduce the magnitude of such systematic
errors (ESA 2018). We have deliberately ignored the
effect of potential errors in our modelling chain, to
allow generalisation of our results beyond our pro-
totype CCFFDAS. As such model errors will degrade
the performance of an MVS capacity, the develop-
ment and validation of high-quality process repres-
entations of biogenic and fossil fuel emissions and
atmospheric transport is of paramount importance
for an operational MVS capacity. Residual model
errors can be systematically assessed in comparisons
of component models or comparisons with altern-
ative inversion approaches. Equally important are
additional observational data streams (both in-situ
and remotely sensed), which can be assimilated into
the MVS component models as further constraints.
Any observation that can further constrain a fossil
emission sector or a natural flux component will,
through the atmospheric constraint on the integrated
signal, also reduce uncertainties on the other com-
ponents. Potential for improvement of the fossil fuel
emission models lies in further sectorial differenti-
ation, e.g. residential (McNorton et al 2021) or trans-
port, where sector specific information (e.g. local cli-
mate or national and local scale socioeconomic data)
and atmospheric measurements of NO, (Reuter et al
2014, 2019, Konovalov et al 2016), CO (Rayner et al
2014, Konovalov et al 2016) or radiocarbon (Levin
et al 2003, Rayner et al 2010) can be utilised as addi-
tional constraints. Examples of data streams suitable
for further constraining biogenic fluxes in a CCFF-
DAS (and thus indirectly the fossil fuel emissions)
are additional remotely sensed variables (Scholze et al
2017) such as Sun-induced fluorescence (Norton et al
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2018) or biomass (Thum et al 2017, Quegan et al
2019), or in-situ observations such as eddy covariance
measurements (Williams et al 2005).

Here we have investigated the constraint provided
by XCO, observations over a week on emissions over
that week. Provided that the required input data
streams are available, (preliminary) emission estim-
ates could in principle be provided shortly after the
end of each analysis period, e.g. to monitor progress
towards local reduction targets. We expect, however, a
performance gain from an extended data assimilation
setup that uses observations for a considerably longer
assimilation window to infer the temporal variations
in the fossil fuel emissions within this assimilation
window. Such a setup would be capable of exploiting
the sensitivity of atmospheric observations made in
one week to emissions in the preceeding weeks to bet-
ter constrain such emissions by also including longer-
range constraints.
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