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Achieving the goals of the Paris Agreement to limit global
warming to no more than 2 °C above pre-industrial levels re-
quires drastic cuts to CO, emissions, mainly from fossil fuel
use. The wide-ranging impacts of the war in the Ukraine on
shortages in gas supply, fuel prices and the economy across
Europe made us aware of our continuing dependence on
fossil fuels and the challenges of radically transforming our
energy supply system to renewable sources. Yet, there is
no time to lose to tackle this enormous challenge as climate
change is progressing fast with increasingly devastating im-
pacts on our environment and society (IPCC, 2022). The
197 signatory parties of the Paris Agreement commit to re-
duce emissions to levels compliant with the 2 °C target, but
current pledges are not sufficient [RoGeLs ET AL., 2016] and
the even more ambitious goal of a 1.5 °C increase seems
already out of reach [GEeiGes ET AL., 2020].

The Enhanced Transparency Framework of the Paris
Agreement requires from all countries to provide transpar-
ent information on the implementation and achievement of
their national objectives. A central element of this framework
is a biennial submission of emission inventories derived bot-
tom-up from statistical data and emission factors to quantify
the activity of all sources in a country and the correspond-
ing emissions. The generation of these National Inventory
Reports (NIR) is labor-intensive and subject to significant
uncertainties depending on the type of source. Developed
countries already have the infrastructure in place, but de-
veloping countries face many challenges when compiling
the necessary information due to a lack of resources and
reliable statistical data.

The atmospheric science community has developed over
many years an alternative top-down approach, which es-
timates emissions directly from atmospheric concentration
measurements from ground-based networks and satellites.
The link between atmospheric concentrations at a given lo-
cation and emissions upstream is thereby established by
an atmospheric transport model. The method provides fully
independent information to verify the bottom-up invento-
ries [NisBeT aND WEIss, 2010], which is increasingly recog-
nized by inventory builders and policy-makers as a critical
element of quality control [PEruGINI ET AL., 2021]. As one of
the first countries worldwide, Switzerland started publishing
top-down emission estimates in an Annex of the official NIR
already in 2016.

Europe's Copernicus Anthropogenic Carbon Dioxide
Monitoring satellite mission CO2M

Since the general increase in atmospheric carbon dioxide
(CO,) concentrations is the main driver of climate change,
significant investments are made into the expansion of
the current CO, measurement capability and especially
into the development of new satellites [CrisP ET AL., 2018;
JaNssens-MAeNHOUT ET AL., 2020]. CO, is not only of inter-
est due to the role of anthropogenic emissions but also in

the context of the natural carbon cycle. Land vegetation and
oceans have absorbed more than 50 % of the CO, released
into the atmosphere by human activities since pre-industrial
times, but their storage capacity is increasingly threatened
by climate change [CanaDELL ET AL., 2007]. Until recently,
these processes have been investigated primarily using
ground-based in-situ observations, but since the launch of
the Japanese satellite GOSAT in 2009 [Kuze ET AL., 2009]
and the U.S. satellite OCO-2 in 2014 [CrispP ET AL., 2015],
they are increasingly studied also from space. These satel-
lites have provided invaluable insights into the distribution
of CO, and the global carbon cycle, but their potential to
quantify anthropogenic emissions is limited due to their poor
global coverage preventing frequent observations of individ-
ual sources.

The European Space Agency in collaboration with the Euro-
pean Commission and EUMETSAT is therefore developing
in the Copernicus Earth Observation Programme an Anthro-
pogenic Carbon Dioxide Monitoring (CO2M) mission [JANs-
SENS-MAENHOUT ET AL. 2020; ESA 2020; Sierk ET AL. 2021], a
constellation of possibly three polar orbiting, sun-synchro-
nous satellites to be launched from 2025. CO2M will car-
ry an imaging spectrometer for measuring CO,, methane
(CH,) and nitrogen dioxide (NO,), as well as a multi-angle
polarimeter and a three-band cloud imager. Different from
GOSAT and OCO-2, it will provide images of column mean
dry mole fractions of CO, (denoted XCO,) over a compar-
atively wide swath of 250 km and will offer global coverage
within three days (Fig. 1). The imaging capability and the
small ground-pixel size of 2 km x 2 km will allow CO2M to
map plumes of strong localized sources, like power plants
and cities. This was demonstrated in studies using synthetic
XCO, observations generated by sampling the output of a
high-resolution atmospheric transport model along simulat-
ed satellite orbits and adding realistic measurement noise

(Fig. 2).
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Figure 1: Comparison of the sampling patterns of GOSAT, OCO-2
and the planned CO2M satellites (adapted from ESA 2015, credit
O. Schneising, IUP-Bremen)
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Figure 2: Simulated CO2M observations over eastern Germany and Poland
showing the CO, plumes of individual power plants and the city of Berlin. The
CO, simulations were performed with the atmospheric transport model COS-
MO-GHG. The two grey lines denote the border of the satellite swath. Realistic
measurement noise was added to the synthetic observations (adapted from

Kuhlmann et al., 2019).

Accurately measuring CO, from space

Variations in XCO, caused by anthropogenic emissions and
biospheric activity are very small, mostly well below 1 %
compared to its atmospheric background of more than 400
ppm, as such the measurements need to have extremely
high precision and accuracy. Furthermore, they need to be
sensitive to CO, near the surface to capture the signals from
human emissions and exchange with the biosphere at the
surface. To meet these demanding requirements, CO2M will
leverage on the concepts developed for OCO-2. It will meas-
ure top-of-the-atmosphere radiances with a pushbroom im-
aging spectrometer in three spectral bands in the near in-
frared (NIR) and short-wave infrared (SWIR) with medium
to high spectral resolution [SiErk ET AL. 2021] (Fig. 3). The
radiance in these bands is dominated by sunlight reflected
at the Earth's surface into the line of sight of the instrument.
XCO, is derived from the ratio between the total column of
CO, retrieved in bands SWIR-1 (weak CO, absorption) and
SWIR-2 (strong CO, absorption) and the total column of air
represented by O, retrieved in NIR. However, photons may
have also been scattered by aerosol and clouds in the at-

NIR band
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mosphere. This scattering introduces uncertain-
ties in the length of the atmospheric path traveled
by photons, which, in turn, introduces uncertain-
ties in the abundance of CO, since the amount
of sunlight absorbed depends on the product of
CO, number density and atmospheric path length.
Scattering also affects the sensitivity to CO, near
the surface where most sources and sinks are
located. The width and resolution of the spectral
bands were chosen carefully to quantify the CO,
and O, number densities and the various effects
on atmospheric path length as accurately as
possible. Nevertheless, measurement uncertain-
ties generally increase with a higher number of
scattering particles (aerosol, ice cloud particles)
and with lower surface reflectance. Optically thick
clouds also preclude measurements over much of
the Earth’s surface. Only about 10 % of all meas-
urements of OCO-2 pass the strict cloud screen-
ing and other quality criteria. Measurements over
dark ocean surfaces can only be made while col-
lecting data in the direction of the sun-glint, where
the sunlight can be highly polarized. To further im-
prove the accuracy and overall data yield, CO2M
will therefore carry an additional multi-angle pola-
rimeter and cloud imager to better account for the
impact of aerosol and clouds.
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Monitoring anthropogenic CO, emissions

The ability to quantify emissions from strong localized sourc-
es has already been demonstrated in numerous studies
based on real or simulated satellite observations. However,
Europe's ambition is to develop a system that allows quanti-
fication and regular monitoring of CO, sources at all scales,
which also requires the ability to distinguish between an-
thropogenic emissions and the natural carbon cycle [Jans-
SENS-MAENHOUT ET AL., 2020]. This will not be possible with
spaceborne observations alone but will require a holistic ap-
proach integrating observations from satellites and ground-
based networks with bottom-up CO, emission maps and im-
proved modeling of the natural carbon cycle. The integration
of all available top-down and bottom-up information will be
accomplished with an operational data-assimilation system
that is currently developed by the European Centre for Me-
dium Range Weather Forecast (ECMWF) in collaboration
with many research partners in the framework of Coperni-
cus [BaLsamo ET AL., 2021]. An important near-term goal is

SWIR-2 band
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Figure 3: Simulated CO2M measurements of top-of-the-atmosphere radiances in three spectral bands in the near-infrared (NIR) and in
two short-wave infrared bands with weak (SWIR-1) and strong (SWIR-2) CO, absorption bands, respectively. Parameters retrieved in the
respective spectral ranges are shown in dark blue letters (adapted from Sierk et al., 2021).
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to support the second Global Stocktake of the Paris Agree-
ment in 2028, which will assess the collective effort of all
countries to reduce greenhouse gas emissions against the
2 °C target based on data collected prior to the end of 2026.
Europe is therefore pushing hard to launch the first CO2M
satellites already in 2025.
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