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Abstract Using the multiyear archive of the two Orbiting Carbon Observatories (OCO) of NASA, we have
retrieved large fossil fuel CO, emissions (larger than 1.0 ktCO, h~! per 1072 square degree grid cell) over the
globe with a simple plume cross-sectional inversion approach. We have compared our results with a global
gridded and hourly inventory. The corresponding OCO emission retrievals explain more than one third of the
inventory variance at the corresponding cells and hours. We have binned the data at diverse time scales from
the year (with OCO-2) to the average morning and afternoon (with OCO-3). We see consistent variations of
the median emissions, indicating that the retrieval-inventory differences (with standard deviations of a few
tens of percent) are mostly random and that trends can be calculated robustly in areas of favorable observing
conditions, when the future satellite CO, imagers provide an order of magnitude more data.

Plain Language Summary In the wake of the Paris Climate Agreement, there is an increasing need
to monitor emissions from fossil fuel combustion around the world. For CO, in particular, satellite imagers

are being designed to observe the emission plumes from large point sources and intense urban area sources. In
order to assess their potential, we have tested a simple emission retrieval scheme on the multi-year archive of
the two NASA Orbiting Carbon Observatories which provide dense observations along the orbit line, but with
a narrow swath. We have compared our results with a global gridded and hourly inventory. The corresponding
emission retrievals explain a large part of the inventory variability, despite uncertainty in both datasets. We also
see consistent variations in the middle emission values at different time scales. These results suggest that the
differences between retrievals and inventory are mostly random and that the trends can be calculated robustly
in areas of favorable observation conditions, when future satellite CO, imagers provide an order of magnitude
more data.

1. Introduction

With Article 4 of the 2015 Paris Climate Agreement, signatories (called Parties) aim to reach the peak of global
greenhouse gas (GHG) emissions as quickly as possible, and then rapidly undertake their reduction. This ambi-
tion is not legally binding, but the Parties commit their public notoriety within the Enhanced Transparency
Framework (ETF): from 2024 onwards, they will report every two years, under international peer review, on
their progress in implementing their Nationally Determined Contributions (NDCs). Any evidence of a change in
emission or removal of GHGs will be used either upstream to help Parties prepare accurate biennial transparency
reports (BTRs) or downstream to facilitate peer review and public scrutiny.

By observing most of the Earth in a coherent manner, satellites offer solid advantages for this purpose, supported
by new or improving spectral imaging capabilities for the surfaces or the atmosphere (e.g., Janssens-Maenhout
et al., 2020). Carbon dioxide (CO,), being the main GHG emitted by human activities, is a major target for obser-
vation in the atmosphere, but it requires exceptionally fine detection capabilities and processing quality, which
have only recently emerged (see, e.g., Chevallier et al., 2019, and references therein). Within the ETF, observa-
tions of CO, can inform about anthropogenic CO, emissions from the “slow carbon cycle” (emissions from the
burning of fossil fuels or the production of cement, called FF hereafter) and from the “fast carbon cycle” (CO,
emissions or removals from agriculture, forestry and other land use activities over managed lands). We refer to
Chevallier (2021) and Deng et al. (2021) for a discussion about the latter. Here, we discuss the current capability
to estimate the former with satellite retrievals of the column-average CO, dry air-mole fraction (XCO,).
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We are studying the case of XCO, observations from NASA's second and third Orbiting Carbon Observato-
ries (OCO-2 and -3). Our motivation here vis-a-vis these two spectrometers is twofold. First, their continuous
sampling of the Earth along their orbit line with a resolution of 3 km?, makes them the closest existing instru-
ments to a CO, imager like the future Copernicus CO, Monitoring Mission (CO2M; ESA, 2019): they would only
need a wide swath to correspond to such an imager, because theirs is narrow (between 2 and 10 km). Second, the
XCO, retrievals based on their measurements achieve exceptional accuracy by today's standards with root-mean-
squared difference to the reference data from the Total Carbon Column Observing Network (TCCON, Wunch
et al., 2011) close to 1 pmol mol~!' (micromole per mole, abbreviated as ppm, for parts per million, in what
follows). OCO-2 started its science measurements in September 2014 and is still operated at the time of writing,
which extends its data record to more than seven years. OCO-3 science measurements started in August 2019,
but in a different orbital configuration that allows sampling diverse local daytime hours, while OCO-2 science
data are all close to local midday.

We retrieve FF CO, emissions from the transects of XCO, provided by OCO-2, closely following the approach
of Zheng et al. (2020): after Nassar et al. (2017) or Reuter et al. (2019), these authors detected the isolated XCO,
enhancements along the OCO-2 orbits that could correspond to transects of plumes from nearby upwind sources,
estimated the corresponding XCO, line densities and multiplied them by the wind speed in the direction normal
to the OCO-2 tracks to estimate the corresponding FF CO, emissions. Zheng et al. (2020) tested the approach for
all orbits over or around China between September 2014 and August 2019. They identified 60 good cases of FF
plume transects and found good consistency of their emission retrieval with a detailed gridded regional inventory
(with a coefficient of determination r*> = 0.5 after wind direction adjustment). Chevallier et al. (2020) automa-
tized the processing to extend it to the whole globe, with a focus on the first months of the coronavirus recession
in 2020, compared to the rest of the archive: they found that the main FF CO, emission anomalies between
February and May 2020 were obscured by frequent or persistent cloud conditions in the regions where they
occurred. Here, we further extend this work to seven years of OCO-2 data (September 2014-September 2021)
and, for the first time, to OCO-3 data (August 2019-September 2021). We return to the question of temporal
variability, which we did not address in Zheng et al. (2020) and that we left on a failure (concerning the detection
of the anomaly corresponding to the coronavirus recession) in Chevallier et al. (2020). For that, we compare the
corresponding emission retrievals to the Emissions Database for Global Atmospheric Research (EDGAR) v6.0,
a global bottom-up emission inventory that is available at resolution 0.1° X 0.1° globally and down to the hourly
scale for the whole globe until December 2018. We look for the interannual, seasonal, weekly and daily FF CO,
emission signals from large CO, emitters, that are defined here as 0.1° X 0.1° inventory cells where an emission
greater than or equal to 1.0 ktCO, h~! is reported.

The comparison is presented in Section 3, after the description of our data and of our retrieval technique in
Section 2. General conclusions are drawn in Section 4.

2. Retrievals and Inventories
2.1. XCO, Retrievals

The name “OCO-2” designates both a specific spacecraft in sun-synchronous polar orbit and the single sound-
ing instrument it carries. This instrument incorporates three boresighted spectrometers. “OCO-3" designates a
similar instrument to that of OCO-2, but is installed as an external payload on the International Space Station
(ISS). OCO-3 is therefore not autonomous, and follows viewing and operation constraints from the ISS. This
disadvantage is offset by a new pointing mirror assembly which allows for much more agile vision than OCO-2.
The ISS has an orbital inclination of 51.6° and does not cross the Equator at a fixed local solar time (LST), while
the ascending node of OCO-2 crosses it systematically at around 1:30 p.m. LST. The LST of the measurement
is important because the two OCO instruments measure reflected sunlight, but also because XCO, varies during
the day mostly due to changes in natural emissions and absorptions, and in FF emissions. The ISS also has a
12% faster ground-track velocity than OCO-2 (7.667 km s~! vs. 6.75 km~!; see Eldering et al., 2019, and Baker
et al., 2021), resulting in slightly less spatially dense retrievals, except when a specific scanning mode is enabled
to perform side-by-side scans and provide snapshot area maps (SAMs) of ~80 x 80 km?. The soundings of the
two OCOs are therefore distributed differently in space and time, but their footprint and precision are similar
(~3 km? and better than 1 ppm, respectively).
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For the two OCO instruments, we use all operational quality-controlled bias-corrected XCO, retrievals with asso-
ciated uncertainty over both land and ocean made by the Atmospheric CO, Observations from Space (ACOS)
algorithm of NASA, version 10, described by Osterman et al. (2020). We neglect the impact of the deviation
of the column averaging kernel from an ideal vector of ones. When computing the XCO, line densities (see
Section 2.2), our emission retrieval also uses the a priori surface pressure and the a posteriori total column water
vapor of the ACOS data.

2.2. FF CO, Emission Retrievals

Our approach to retrieve the CO, emissions from the anthropogenic plume transects seen by the OCO instruments
closely follows the detailed description made in Zheng et al. (2020) and Chevallier et al. (2020). We therefore
briefly summarize it and explain the few refinements that we have brought to it since then. We process data from
both instruments in exactly the same way.

Each OCO orbit is analyzed with a 200 km moving window successively centered on each of the validated
retrieval. The width of the moving window defines the maximum size of enhancements allowed. If a retrieval
value stands out of the variability of the retrievals in the window, the procedure attempts to fit a function that
represents a bell curve on top of a linear background, on the soundings located over the dominant surface type
in the window. For the SAM observation mode of OCO-3, we exclude from the fit the retrievals that are not in
the same scan line, in order to stay within a cross-sectional vision. The soundings are represented by their XCO,
retrievals and by their position x along the satellite track: their across-track position is ignored, the satellite
narrow swath being used only to damp retrieval noise. The restriction to the soundings of the dominant surface
type (land or water) mainly skips the artificial discontinuities in the retrievals linked to the corresponding changes

in the surface albedo. The adjustable parameters are the standard deviation o and the height A of the Gaussian

(A- e[z“_z]), and the slope m and offset b of the line (m - x + b). The center of the peak is positioned in the middle
of the 200 km moving window and is not adjusted. The choice of the Gaussian form is linked to its neutrality
(in the sense of the principle of maximum entropy) rather than to a hypothesis on the exact shape of the plume.
In particular, a visual inspection of the orbits reveals that many XCO, enhancements take the form of Gaussian

mixtures that can still be well adjusted by a single Gaussian: these ones are retained by the automatic process.

The quality of the fit is evaluated by the following criterions (numerical values given only when they differ from
Chevallier et al., 2020): (a) its coefficient of determination 2 (it has to be larger than 0.72), (b) the density of the
retrievals within 1o of the Gaussian center, and between 2o and 3o of it, (c) the value of ¢ (it must be between 2
and 200/6 km, except for the 80 x 80 km? SAM observation mode of OCO-3, for which the maximum acceptable
o is reduced to 20 km), (d) the value of the Gaussian height relative to the retrieval variability in the window.
A validated fit is interpreted as reflecting the potential crossing of a CO, plume from an emitting area or point
source. If several validated fitting functions, centered on different retrievals, overlap, only the one with the largest
r? is kept. Such an overlap can happen for instance between estimates made from different scan lines of a SAM.

By definition, the area under the Gaussian is the XCO, line density (in ppm m, then converted to kg m~'), which
reflects the distribution of CO, abundance in the CO, plume. We multiply it with the wind speed in the direction
normal to the OCO track to retrieve the corresponding emission under the assumption of a steady wind. The
wind speed is taken from the fifth generation of ECMWF atmospheric reanalyzes of the global climate (ERAS,
Hersbach et al., 2020) in the model ninth level from the surface, that corresponds to a geometric altitude of about
250 m (after Brunner et al., 2019). The few cases with retrieved emissions less than 0.5 ktCO, h~! are judged
as unreliable and are left out. This detection threshold is comparable to the one found by Lespinas et al. (2020).

This set of emission retrievals is then filtered to keep only the fresh plumes, defined here as plumes which are
mostly less than 3 hr old, because older ones have a more complex transport history. In Chevallier et al. (2020),
we used a loose criterion based on satellite retrievals of the nitrogen dioxide column. Here we use a stricter
criterion, in which only OCO-observed plume transects that are either downwind of, or less than 30 km from, a
0.1° x 0.1° cell of EDGAR where an emission of at least 1.0 ktCO, h~! is reported (see Section 2.4 below for a
definition of “downwind” and for an explanation of the 30 km criterion). Note that we do not attempt to optimize
the wind direction given the uncertainty in the emitter location in EDGAR and given the relatively large area of
the cells of this inventory (102 square degree). Other sources of information would be needed to do it properly.
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2.3. FF CO, Emission Inventory

EDGAR is a scientific emission inventory for air pollutants, aecrosols and GHGs over the globe, that synthesizes
international and national activity data and combines them with emission factors. Version 6.0 provides, among
other data, monthly FF CO, emission values in 16 sectors (plus others for ship and aviation that are ignored here)
and gridded globally at resolution 0.1° X 0.1° from 2000 until 2018 (https://edgar.jrc.ec.europa.eu/index.php/
dataset_ghg60, accessed 17 December 2021, Crippa et al., 2021). The seasonal variations in FF CO, emissions
are mostly for residential heating, with smaller variations for the road-transport and power-industry sectors. The
subnational spatial distribution of the emissions corresponds as much as possible to the places where the corre-
sponding activity is likely located, as defined from various auxiliary databases (Janssens-Maenhout et al., 2019).

We further downscale the monthly emission maps at the hourly level using typical daily and weekly temporal
profiles in each country and sector provided by Crippa et al. (2020). For the years 2019, 2020 and 2021, we
simply take the EDGAR values valid for the year 2018. This neglects the large 2020 anomaly of FF emissions,
but OCO-2 barely saw it in the total column XCO, (see Section 1).

2.4. Definition of the Footprint of the FF CO, Emission Retrievals

The uncertainty in the wind field and the lack of information on the vertical distribution of the plume leaves a
large margin for attribution of the plume to specific emitters, beyond the large nearby one that allows selecting
the emission retrievals, as explained in Section 2b. We define the plume footprint ad hoc as follows. First, we
only consider EDGAR cells whose emission plumes could reach the orbit within less than 7 hr in a straight line,
given the wind at the peak (as defined in Section 2.2). Older plumes are assumed to be too diffused to contribute
to the observed enhancement (Broquet et al., 2018). Second, we exclude the cells whose emission would pass
through the orbit in a straight line (given the wind at the peak) more than 5S¢ from the Gaussian center. The loose
So criterion accounts for the uncertainty in the wind direction. For the same reason, we reintegrate EDGAR-esti-
mated emissions from the cells that are “downwind” of the orbit but less than 30 km from it. In the following, we
compare the emission retrievals for a given date and time with the sum of the emissions from the selected cells at
the time in the past consistent with the wind and the distance to the orbit.

3. Results

The automatic algorithm of Section 2.2 selected 313 XCO, enhancements in the OCO-2 seven-year record and 38
in the two-year OCO-3 record. The resulting high computational cost (about 100,000 hr Central Processing Unit
time on AMD Rome compute nodes at 2.6 GHz with 256 GB memory per node) limited us to a one-off analysis of
the OCO archive. The quality of the Gaussian fits is overall similar in both cases with median r? of 0.59 and 0.55,
respectively for the OCO-2 collection and the OCO-3 collection. With 38 emission retrievals, the average OCO-3
yield of emission retrievals is 40% of its twin. It is related to the many interruptions of data collection for OCO-3
further to the ramp-up of the mission during its first months and to the operation constraints aboard the ISS Taylor
et al. (2020). It is also linked to the acquisition of ~20 SAMs usually per day on land, that target the same areas
as our method while reducing the data density on both sides along the orbit (in transition observation mode).

As seen in Figure 1, the XCO, enhancements selected for OCO-2 are mostly located in China (144 cases), the
USA (40), India (35), South Africa (20), South Korea (10), Japan (10), Turkey (7), and Germany (5). The 313
OCO-2 enhancements are attributed to 329 large-emission cells of EDGAR, that is, one third of the 1050 cells
the emission of which exceeds 1.0 ktCO, h~! at some stage during the period September 2014 — December 2018
(note that the total of the maximum values on these 1050 cells is 2.5 MtCO, h~!, but the sum of their annual-mean
emission corresponds to 1.6 MtCO, h~! only). On average, most assigned cells are visited twice during the period,
but the cell of the Dalate coal-fired power station in Inner Mongolia, China, is seen 13 times and the one of the
Ningxia Lingwu coal-fired power station in Ningxia, China, is seen 11 times. Also noticeable are the 10 attribu-
tions to each of the three cells of the Tutuka, Kendal and Kriel coal-fired power plants, southeast of Johannesburg,
South Africa. More generally, according to the inventory (see the inset of the map in Figure 1), emissions in
the assigned cells are mostly from large emitters in the power-industry sector (ENE) and, to a smaller extent, in
the combustion-for-manufacturing sector (IND); the other sectors, like road transport, have a smaller share. We
note that few coastal cells are selected regardless of the geographical orientation of the coast, likely because of
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Figure 1. In the maps on the left, the blue dots represent the EDGARV6.0 cells the emission of which exceeds 1.0 ktCO, h~! at some stage during the period September
2014-December 2018. Red impulses on these maps illustrate the number of times when retrieved emissions are attributed to these cells for OCO-2 (top) and OCO-3
(bottom). The maximum height corresponds to 13 times and 3 times, respectively for OCO-2 and OCO-3. A jitter plot on a vertical logarithmic scale is superimposed

in the eastern Pacific part of each map. It shows the distribution of the emissions per sector in the assigned cells: power industry (ENE), combustion for manufacturing
(IND), oil refineries (REF), production for iron and steel (IRO), production of non-metallic minerals (NMM), production of non-ferrous metals (NFE), production of
chemicals (CHE), residential (RCO), road transport (TRO) and fuel production/transmission (PRO). The scatter plots on the right are for the retrieved emission values
versus the inventory values for OCO-2 (top) and OCO-3 (bottom), with colors reflecting the geographical location. The orange line is the regression line in base 10
logarithm. The black dots form the bisector.

the specific surface albedo, wind and cloud configurations in these areas in addition to taking into account only
soundings over the dominant type of surface in the orbit segment.

A majority (22) of the OCO-3 enhancements correspond to the nominal observation modes (nadir or glint), for
which the inversion method is the most suitable. The other 16 cases correspond to the SAM observation mode.
The OCO-3 enhancements follow the same distribution in space and sectors as OCO-2 (Figure 1 bottom), but no
enhancement is selected in Western countries.

The scatter plot on the top right of Figure 1 displays the collection of 313 OCO-2 emission retrievals as a function
of the EDGAR values at emission time (rather than enhancement time), given the wind speed. The fact that the
cases have been selected on the condition that there is an emission hot spot in EDGAR greater than or equal to
1.0 ktCO, h~" in the vicinity of the XCO, enhancement (in order to select fresh plumes, see Section 2.2) makes
the cloud of points asymmetric for small emission values. Still, the cloud of points overall stretches along the
bisector, with an r2 of 0.37 (p = 3-10~** for a hypothesis test whose null hypothesis is that the slope is zero). The
standard deviation of the relative differences correspondingly decreases with increasing retrieval values: 80% for
the retrieval values less than 2 ktCO, h™! (including the artifact caused by the threshold on the inventory data),
68% for 2-5 ktCO, h~!, down to 38% for 30-80 ktCO, h~'. Figure 1 displays the cloud of points with both axes
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Figure 2. Retrieved emission values and inventory values as a function of the year, the month of the year (+6 in the southern hemisphere) averaged 2 by 2, the day of
the week and the time of the day (of the plume, not of the emissions). In each graph, the number of cases per bin is reported in violet (right axis). The median in each
bin is also reported as a curve. Note that the graphs are for OCO-2, except the one in the bottom right quarter which is for OCO-3.

on logarithmic scales because the retrieval values are distributed heterogeneously over three orders of magnitude.
If we take the logarithm of the emissions, as is done in practice in the figure, r? increases up to 0.44. The slope
is then 0.78 + 0.10 (95% confidence interval) and the power law deduced from the regression line is y = 2.08
x%78, There is usually more than one large emitter in the plume footprint and the agreement is for the total, not
for one specifically. The point in the upper right corner is for an enhancement West of Anshan, China. In this
case, the agreement between retrieval and inventory is better than 2%, but we note that the spatial and sectoral
distribution of the corresponding emissions in EDGAR is very different from the recent Global Carbon Grid v1.0
from Tsinghua University which benefits from detailed information about Chinese emitters (http://gidmodel.org.
cn/, accessed 17 December 2021).

The statistics for the 38 OCO-3 enhancements show similar linear correlation: 2 is 0.41, either without or with
logarithm. Given their lesser representativity, we will focus our analysis of the OCO-3 emission collection on the
issue of local time dependency, that OCO-2 cannot address.

Figure 2 shows the emission retrievals and the corresponding inventory values as a function of (for OCO-2 only)
the year, the month of the year, the day of the week and (for OCO-3 only) the time of the day.

The number of enhancements per year for OCO-2 varies from single to double even when excluding incomplete
annual time series (2014, 2021 or year 2017 when the instrument was down for 1.5 months). The interannual
variability of EDGAR in the enhancement footprint is relatively small with median values oscillating between 3.7
and 5.3 ktCO, h~! (remember that the EDGAR maps after 2018 are those of 2018). The retrieval variation has a
slightly larger amplitude (4.3-8.4 ktCO, h=! in 2015-2021) and a simpler V shape with 2018 at the minimum. As
noted above, we do not expect the large emission reduction that occurred at the start of the Covid-19 pandemic to
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be reflected in the emission retrievals because this anomaly mostly occurred in the presence of clouds (in China,
the USA or India) or too high in the north during that time of the year for OCO-2 (Europe).

The median seasonal cycle shows rather consistent amplitude (3.9-8.6 ktCO, h~! for the retrieval median vs.
2.2-7.7 ktCO, h~! for the inventory) with a minimum around August and a maximum in February (after a
correction of 6 months in the southern hemisphere). The summer minimum is also seen in the number of cases.
The two cycles may be related indeed: less emissions in summer mechanically reduce the number of detected
enhancements; a similar feature is seen for Saturday cases below. The two cycles could be accidently correlated
as well due to more cloudiness in the summer at the time of the day when OCO-2 passes.

During the week, the retrievals and the inventory describe relatively small variations from Monday to Friday
(5.7-8.6 and 3.6-5.4 ktCO, h~! for the retrievals and the inventory medians, respectively). A reduction is seen on
Saturday (4.5 and 2.5 ktCO, h~!, respectively). The number of enhancements is also small on that day. Sunday
only stands out by the low number of cases: the two medians are similar to the other days of the week because the
detected cases on Sunday are much less distributed over the globe, even compared to Saturday: nearly all emission
retrievals on Sunday are in China and South Africa (not shown), which drives both averages upward.

To study the diurnal cycle of the inferred emissions, we try to take advantage of the small number of OCO-3
enhancements. By dividing the day around 10:30 a.m. LST, we get 19 cases on both sides. The time is of the
enhancement, not of the emissions: emissions are spread within the few hours before data acquisition (consistent
with our processing of the inventory for the comparison, see Section 2.4). The inventory and the retrievals agree
on an increase of the median emission from the first time slot to the second one (+11% and +24%, respectively).
There are too few points to draw a general conclusion about the emission diurnal cycle in general, and we only
retain here the agreement on the hierarchy between the two groups.

4. Summary and Discussion

We have systematically looked for the imprint of large neighboring emitters in OCO-2 and OCO-3 retrievals with
a plume cross-sectional inversion method and we have compared the results with the corresponding values of the
EDGAR 6.0 global inventory disaggregated at hourly scale. We find a large correlation between the two, with
more than one third of the inventory variance explained by the OCO retrievals. We interpret the similar statis-
tics for OCO-2 and OCO-3 differences with the inventory as a sign of robustness. The standard deviation of the
differences decreases with increasing retrieval values from 80% to 40%, likely because the signal-to-noise ratio
for the retrieval increases with the emission level, and because larger emitters are usually better represented in the
inventories than smaller ones. Interannual variations are marginal in both the OCO-2 retrievals and the inventory
(in terms of median values and in log scale), but the seasonal cycle is marked in both, with a summer minimum. A
Saturday minimum is consistently inferred from both, while the rest of the week shows less variations, including
Sunday when significantly fewer large emitters are detected outside of China and South Africa. Finally, the few
OCO-3 cases display a consistent increase in emissions from morning plumes to afternoon plumes.

These results indicate that the retrievals and the inventory distinguish the emission levels in a consistent manner.
The retrievals and the inventory agree on the order of magnitude of the emissions, a feature which is highlighted
by the better correlation in logscale for the 313 OCO-2 plumes. Much of their difference is random, so averaging
can reveal consistent variations over time. However, the systematic differences, whether from the retrievals or
from the inventory, are different for different emission levels, the retrievals being usually larger (smaller) than the
inventory for values less (more) than 40 ktCO, h~'.

The difference between retrievals and inventory (with a 40%-80% standard deviation depending on the order
of magnitude of the retrieval) provides an upper bound for the statistical uncertainty of the emission retrievals.

We expect a large contribution from the emission retrievals in these differences. Indeed, in addition to the uncer-
tainty in the input XCO, retrievals, our cross-sectional inversion approach smooths the XCO, transect with four
parameters only, neglects any vertical heterogeneity in the plume or in the XCO, averaging kernel, and relies on
uncertain wind information without any adjutsment of the wind direction.

The uncertainty in the 3D wind field also affects the way we relate the emission retrievals to the inventory.
Further, we base our definition of a large emitter on a threshold on the value of the EDGAR v6.0 inventory in the
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neighboring cells and in the hours preceding the passage of the satellite. The selection therefore relies heavily on
the quality of the spatial and temporal disaggregation of national totals used in EDGAR. To give a simple example
of the challenge, the Matimba coal-fired power plant in South Africa does not correspond to an emission hotspot
in EDGAR for the years of study, while its plume is clearly visible in some OCO-2 orbits (Nassar et al., 2021). In
the iron-and-steel-production sector, the Anshan Baode factory in Anshan, China, appears to be out of place by
a few tens of kilometers, and nearby large sources of industrial emissions appearing in the recent Global Carbon
Grid v1.0 are missing. With more precise spatial proxies, we would most likely select a larger number of plumes
in the OCO-2 and OCO-3 records. In addition, if we knew the location of all large point sources well, it would be
possible to optimize the effective wind direction (Nassar et al., 2017), even though uncertainty in the wind speed
would remain problematic for the emission estimation.

The uncertainty in the spatial and temporal proxies of the inventory affects our emission attribution but should
also explain another important share of the differences with the retrievals. In addition, we had to rely on inventory
values for the year 2018 when comparing with observations from later years.

Given these three uncertainty terms (the retrievals, the inventory and the way we relate them together), actual
differences with standard deviations of a few tens of percent are encouraging.

1050 EDGAR cells pass the emission floor value of “large emitters” at some time during the study period and
one third of them are identified as contributing to an XCO, enhancement in the OCO-2 orbits: on average, each
of these is identified twice in the seven-year record. The yield is therefore relatively small (it could perhaps be
increased by reducing the size of the analysis window), but considering the narrow swath of the instrument
that only allows for a small portion of the globe to be sampled each day in the absence of cloud, it gives factual
evidence based on several hundreds of real cases over the globe, of the capacity of future CO, imagers like CO2M
that has been documented mostly based on simulations (e.g., Lespinas et al., 2020) or a few tens of real cases
(e.g., Zheng et al., 2020; Nassar et al., 2021). An implicit assumption is that future CO, imagers will allow retriev-
ing XCO, with comparable quality to OCO-2, which is not necessarily granted considering different mission
tradeoffs (Sierk et al., 2019). Restrictions on insolation (that affect observation in the high latitudes of the north-
ern hemisphere and exclude it long before dusk and well after dawn), on cloud and aerosol loading (that affected,
e.g., the detection of Covid-19-related patterns) with passive measurements in the near infrared/short-wave infra-
red spectral regions will stay. Also we note that very few emitters along the coasts could be identified in our study.
Similarly, related to our analysis of the hourly version of EDGAR v6.0, some large emitters are not “large” all
the time and may go under the detection threshold for a few hours every day or a few months every year. Last,
the origin of some of the CO, within observed plumes will remain ambiguous, with a possible contribution from
biofuels, the managed urban biosphere and human respiration over cities (Ciais et al., 2020; Miller et al., 2020).

Our method targets isolated plumes within a 200 km-wide orbit segment, but visual examination of the selected
enhancement transects suggests that many of them are made of several plumes. This is confirmed by the fact that
half of the enhancements correspond to more than one large emitter in EDGAR within a few hours windward of
the enhancements. Our emission retrievals therefore correspond to values aggregated in space (typically over a
few thousand km?) and along sectors, with a composition that varies with the wind. There is temporal aggregation
as well, but limited to a few hours (because of the rapid dispersion of anthropogenic emission plumes; see, e.g.,
Broquet et al., 2018). The product uncertainty is large, but appears to be mostly random, so that trends can be
robustly calculated if enough data is available. At this stage, this emerging asset is guiding the evolution of such
a computationally light XCO,-driven emission product toward a transparent indicator of trends in large FF emis-
sions for well-observed administrative regions of the size of Kuwait or larger (>10* km?) and for an appropriate
range of hours in the day. It will not fit the reporting to the United Nations Framework Convention on Climate
Change (UNFCCC) directly, but can serve both the scientific debate and the general public.

Data Availability Statement

OCO-2 and OCO-3 retrievals were obtained from the data archive maintained at the NASA Goddard Earth Science
Data and Information Services Center (https://oco2.gesdisc.eosdis.nasa.gov/data/OCO2_DATA/OCO2_L2_Lite_
FP.10r/ and https://oco2.gesdisc.eosdis.nasa.gov/data/OCO3_DATA/OCO3_L2_Lite_FP.10r/). Wind data on
ERAS model levels is available from https://confluence.ecmwf.int/display/CKB/How+to+download+ERAS. The
EDGAR inventory can be downloaded from http://data.europa.eu/89h/97a67d67-c62e-4826-b873-9d972c4{670b.
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