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We thank the reviewer for the helpful comments to our manuscript. Below
we repeat the reviewer’s comments in bold font and subsequently provide
our responses.

General comments:

The manuscript presents a study of a potential hypothetical coarse
spectral resolution satellite sensor for measuring XCO2 with a
ground resolution on the order of 50 x 50 m2. The sensor should be
able to discriminate plumes from background concentration fields
on the scale of hundreds of meters to a few kilometers. The au-
thors made sensitivity tests with GOSAT cloud free measurements
for two SWIR bands and drew conclusions based on the compar-
isons to the native GOSAT resolution and ground-based reference
measurements from the TCCON.

In this study the GOSAT spectra were degraded to lower spec-
tral resolution without further noise being added. As the authors
stated, it is important to be aware that their results are only rep-
resentative under circumstances where the noise can be assumed
to be smaller compared to other sources of error. Due to spectral
downgrading, the SNR of the coarse resolution spectra is higher
as compared to the native GOSAT spectra. However, the effect
of measuring at a coarser ILS will also influence the noise and re-
sult in lower SNR and this is relevant as the current study is done
with significantly higher SNR. The precision calculation shown in
this study is valid for the special case where the SNR is very high.
Therefore, this has to be clearly mentioned in the conclusions sec-
tion of the paper. E.g. on page 17 line 1: it would be useful to add
— “without further addition of noise to the spectra” for the years
2009 to 2016.

We agree and have adopted this clarification.

Page 1 line 10: please also include the information that no fur-
ther noise was added while degrading the spectra.
We included this information in the abstract in the sentence: “To this

end, we degrade GOSAT SWIR spectra of the COy bands at 1.6 (SWIR-1)
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and 2.0 um (SWIR-2) to coarse spectral resolution, without a further addi-
tion of noise, and we evaluate single-band retrievals of the column-averaged
dry-air mole-fractions of COy (XCOz) by comparison to...”

Page 2 line 2: Resolving power of SWIR-1 and SWIR-2 bands
are interchanged here — typo?

Indeed, the resolving powers of the two bands were interchanged in the
abstract. Thank you for pointing this out.

Page 5 line 17: Please rephrase the sentence “Since we want...”
highlighting the fact that you do not compensate the degradation
of the spectral resolution with the addition of the corresponding
noise to the spectra but rather keep the same level of noise as in
the native high resolution spectra.

We rephrased the sentence
“Since we want to isolate the effects of spectral resolution and spectral band
selection, we do not add extra noise to the convolved spectra.” to
“Since we want to isolate the effects of spectral resolution and spectral band
selection, we do not add extra noise to the convolved spectra i.e. the level
of noise is determined by the convolution of the noise of the native GOSAT
spectra with the coarse resolution Gaussian line shape function.”

Page 10 line 6: Further information on large biases for some
TCCON stations would be useful e.g. Sodankyla, Bremen, Lamont,
Edwards

We do not find the biases for the above TCCON stations to be clearly
or systematically increased for the different retrieval configurations that we
tested. The station Edwards may be an exception, where a larger bias is ob-
served in all retrievals. However, we cannot really explain this observation.
The underlying details and mechanisms that drive the TCCON biases remain
inconclusive. Yet, it is worth pointing out that retrieval error sources that
depend on spectral resolution, such as spectroscopic uncertainties or aerosol
effects, could generally manifest themselves differently in our FP, SWIR-1
and SWIR-2 retrievals as these retrievals all operate at different spectral re-
solving powers. This may partially explain why biases of certain TCCON
stations vary between our FP, SWIR-1 and SWIR-2 setups.

Page 12 line 7: mean difference (“bias”) of 0.59 ppm for SWIR-
1 and -0.29 ppm for SWIR-2 -> note that the bias values for the
SWIR-1 and SWIR-2 are mentioned differently in Fig 9 and 10 —
please check or explain why they are different.



Thank you for pointing out this discrepancy. The biases cited on page
12 refer to global biases, which include both land and ocean glint scenes. As
we focus on observations over land in this study, we later only subtract the
relevant global biases for all land scenes. These are mentioned in Figs. 9 and
10. We have changed the text on page 12 and in the captions of the figures
to reflect this.

Specific comments:
Page 2 line 5: please switch TCCON-GOSAT by GOSAT-TCCON

as the latter is the reference.
Done.

Page 2 line 21: please include the full form of SCTAMACHY
Done.

Page 4 line 11: an -> and
Done.

Page 18 line 6: “from the two SWIR-2 bands? — why not use
the third SWIR-2 band as well?

The third SWIR-2 band near 1.96 um overlaps with strong water vapor
absorption lines and therefore it is not well suited for XCO, retrievals.



List of Relevant Changes

Page 1, line 11 — 12:
added “, without a further addition of noise, ’

Page 2, line 2:
changed “1,600 (SWIR-1) and 1,200 (SWIR-2)” to “1,200 (SWIR-1) and 1,600
(SWIR-2)”

Page 2, line 5:
changed “TCCON-GOSAT” to “GOSAT-TCCON”

Page 2, line 9:
corrected resolving powers

Page 2, line 21:
Spelled out SCIAMACHY

Page 5, line 18-19:

changed “Since we want to isolate the effects of spectral resolution and spectral
band selection, we do not add extra noise to the convolved spectra.” to
“Since we want to isolate the effects of spectral resolution and spectral band selec-
tion, we do not add extra noise to the convolved spectra, i.e. the level of noise is
determined by the convolution of the noise of the native GOSAT spectra with the
coarse resolution Gaussian line shape function.”

Page 6, Fig. 2:
corrected unit of radiance from W/sr/cm?/cm to W /sr/cm?/em ™!

Page 12, line 9:
added “and even glint spectra”

Page 15, Figs. 9,10:
Added “The global mean difference over land ... was subtracted...”

Page 17, line 4:

changed “Performance was evaluated by mimicking the SWIR-1 and SWIR-2 sen-
sors using spectrally degraded GOSAT observations for the years 2009 to 2016...” to
“Performance was evaluated by mimicking the SWIR-1 and SWIR-2 sensors using



spectrally degraded GOSAT observations without further addition of noise to the
spectra for the years 2009 to 2016...”
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Abstract.

Verifying anthropogenic carbon dioxide (CO2) emissions globally is essential to inform about the progress of institutional
efforts to mitigate man-made climate forcing. To monitor localized emission sources, spectroscopic satellite sensors have been
proposed that operate on the CO» absorption bands in the shortwave-infrared (SWIR) spectral range with ground resolution
as fine as a few tens to about a hundred meters. When designing such sensors, fine ground resolution requires a trade-off
towards coarse spectral resolution in order to achieve sufficient noise performance. Since fine ground resolution also implies
limited ground coverage, such sensors are envisioned to fly in fleets of satellites, requiring low-cost and simple design, e.g. by
restricting the spectrometer to a single spectral band.

Here, we use measurements of the Greenhouse Gases Observing Satellite (GOSAT) to evaluate the spectral resolution and
spectral band selection of a prospective satellite sensor with fine ground resolution. To this end, we degrade GOSAT SWIR
spectra of the CO, bands at 1.6 (SWIR-1) and 2.0 um (SWIR-2) to coarse spectral resolution, without a further addition of
noise, and we evaluate single-band retrievals of the column-averaged dry-air mole-fractions of CO2 (XCO3) by comparison

to ground-truth provided by the Total Carbon Column Observing Network (TCCON) and by comparison to global “native”

GOSAT retrievals with native spectral resolution and spectral band selection. Coarsening spectral resolution from GOSAT’s na-
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tive resolving power of >20,000 to the range of 700 to a few thousand makes the scatter of differences between the SWIR-1 and
SWIR-2 retrievals and TCCON increase moderately. For resolving powers of 1,600-200 (SWIR-1) and 1,200-600 (SWIR-2),
the scatter increases from 2.4 ppm (native) to 3.0 ppm for SWIR-1 and 3.3 ppm for SWIR-2. Coarser spectral resolution yields
only marginally worse performance than the native GOSAT configuration in terms of station-to-station variability and geo-
physical parameter correlations for the FECON-GOSAT-GOSAT-TCCON differences. Comparing the SWIR-1 and SWIR-2
configurations to native GOSAT retrievals on the global scale, however, reveals that the coarse resolution SWIR-1 and SWIR-2
configurations suffer from some spurious correlations with geophysical parameters that characterize the light-scattering prop-
erties of the scene such as particle amount, size, height and surface albedo. Overall, the SWIR-1 and SWIR-2 configurations
with resolving powers of 1,600-200 and 1,266-600 show promising performance for future sensor design in terms of random
error sources while residual errors induced by light-scattering along the lightpath need to be investigated further. Due to the
stronger COy absorption bands in SWIR-2 than in SWIR-1, the former has the advantage that measurement noise propagates

less into the retrieved XCO, and that some retrieval information on particle scattering properties is accessible.

Copyright statement. To be included by Copernicus

1 Introduction

Accurate and spatiotemporally densely resolved information on localized carbon dioxide (CO2) emission sources such as
power plants is crucial to inform about CO5 emission reduction targets that national, regional, and municipal administrations
worldwide have committed to through their climate action plans. Satellite remote sensing of the column-averaged dry-air mole
fractions of CO5 (XCOs) could contribute to providing such crucial information if satellite design succeeds in combining fine
ground resolution with sufficient precision and if satellite concepts are simple enough to allow for a fleet of sensors enabling

broad coverage of the globe.

Global XCO- concentration measurements from space were pioneered by the SCIAMACHY-misston(e-g-Burrows-et-al;1995; Reuteref
1995; Reuter et al., 2010; .

Imaging Absorption SpectroMeter for Atmospheric CHartographY mission, SCIAMACHY (e.g. Burrows et al.

with ground resolution of ~60x30 km? (Bovensmann et al., 1999). Finer ground resolution (with sparse sampling, though)
was subsequently achieved by the Greenhouse Gases Observing Satellite (GOSAT, 10.5 km diameter ground footprint) (Kuze
et al., 2009, 2016) and the Orbiting Carbon Observatory (OCO-2, 1.3x2.3 km?2 ground footprint) (Crisp et al., 2008, 2017).
The Chinese TanSat mission has also embarked on this strategy (Yang et al., 2018). GOSAT and OCO-2 offer insights into the
natural processes of the carbon cycle (Guerlet et al., 2013a; Parazoo et al., 2013; Liu et al., 2017; Chatterjee et al., 2017) as
well as into anthropogenic emission patterns (Hakkarainen et al., 2016). Urban carbon dioxide signals have been detected by
these instruments, for example in the Los Angeles basin (Kort et al., 2012; Eldering et al., 2017; Schwandner et al., 2017). Nas-
sar et al. (2017) have demonstrated the ability of OCO-2 to observe anthropogenic CO- emissions from individual, coal-fired

power plants showcasing the added value of imaging information. A similar concept has been put forward by the CarbonSat
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mission (Bovensmann et al., 2010), which has evolved into a candidate for a future European carbon monitoring mission (e.g.
Pillai et al., 2016; Broquet et al., 2018; Reuter et al., 2019). The CO2M mission currently under investigation at the European
Space Agency aims at ground resolution of 4 km? (Sierk et al., 2019; Wu et al., 2019a). All these satellite missions and con-
cepts rely on a multi-band spectral configuration that covers the oxygen (O3) A-band at roughly 0.76 um (NIR), and the CO2
bands at 1.6 (SWIR-1) and 2.0 um (SWIR-2). The spectral resolution ranges from resolving powers ﬁ > 20,000 (with A the
wavelength and A\ the full-width-half-maximum of the instrument spectral response function) for GOSAT, OCO-2, and Tansat
to AAA > 6,000 for CO2M’s SWIR-2 band and Ai/\ > 4,000 for CarbonSat’s SWIR-2 band. The typical XCO4 native GOSAT
retrievals attempt to make use of these bands by retrieving XCO4 simultaneously with atmospheric scattering properties.

For methane (CHy), which poses similar remote sensing challenges as CO-, it has been demonstrated that a satellite spec-
trometer operating at coarse spectral resolution (ﬁ of a few hundred) on a single absorption band (around 2.35 wum) can
achieve successful CHy hot-spot detection with a ground resolution of 30 m (Thompson et al., 2016). Similar results for CH,4
have been reported from aircraft sensors that reach ground pixel sizes on the order of 1-10 m (Dennison et al., 2013; Thorpe
etal., 2016a, b; Krings et al., 2018). Dennison et al. (2013) suggested that measuring the 2.0 um CO5 bands with a spectral res-
olution of 10 nm (ﬁ ~ 200) enables a space-borne spectrometer design that results in ground resolutions as fine as 60x 60 m?.
Thorpe et al. (2016a) have shown that their airborne AVIRIS-NG instrument exploiting the CO absorption bands at 2.0 ym at
a spectral resolution of roughly 5 nm (ﬁ ~ 400) enables quantitative retrievals of COz in localized emission plumes. Thorpe
et al. (2016b) suggested that, for CHy, a spectrometer design with a spectral resolution of 1 nm (ﬁ ~ 2,000) could provide
an optimal trade-off that allows for accurate CH, quantification while supporting small ground pixels.

This study is motivated by the margins that coarse spectral resolution offers with respect to improving ground resolution
and that single-band configurations offer with respect to deploying a fleet of several low-cost satellites. Fig. 1 schematically
illustrates the key advantage of an assumed 50x50 m? ground resolution spectrometer over an instrument with km-scale
resolution for point-source observation. If the localized source plume does not fill the satellite’s entire ground pixel, the XCOq
enhancement averages with the background concentration field over the satellite pixel. For the example in Fig. 1, this leads to
a maximum of 3 ppm enhancement for a satellite sensor with 2x2 km? ground resolution. Shrinking the ground pixels leads
to larger enhancements in the vicinity of the source, simply because the plume fills a larger portion of the (smaller) pixels. In
Fig. 1, 50x50 m? ground resolution delivers 12 ppm enhancement at 2 km downwind distance, plus a sampling of the plume
cross-section by more than 10 pixels. Further downwind, where the plume has laterally spread to the km-scale, enhancements
per pixel are similar for fine and coarse ground resolution, but the fine ground resolution sensor would still sample the plume by
multiple ground pixels. Thus, a sensor with fine ground resolution allows for less stringent precision requirements (per ground
pixel), and it could potentially resolve plume shapes at some detail. Since small ground pixels imply less backscattered photons,
sensor design for fine ground resolution typically needs to compensate by enhancing light throughput of the spectrometer and
by collecting more photons in the spectral domain, e.g. by coarsening spectral resolution. Since finer ground resolution implies
narrower ground coverage for the same detector size, global monitoring with fine ground resolution almost certainly implies
the need for a fleet of sensors which would be easier to realize if the sensors had a simple, single-band configuration instead of

full spectral coverage from the NIR into SWIR-2.






