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Fig. 12. (a) Map of all ACOS GOSAT B2.8 XCO2 soundings
over land for July 2009 that passed all pre- and post-screening fil-
ters. (b) The ACOS GOSAT B2.8 XCO2 estimates shown in Fig. 1
have been divided by 0.982 to remove the global component of
the bias and improve their agreement with contemporaneous TC-
CON retrievals.

over the full range of latitudes sampled by TCCON stations
(80◦ N to 45◦ S).

Here, we have used this regression formula to correct the
XCO2 soundings collected over land in July 2009 (Fig. 13).
The fit to the TCCON results from the Lauder and Wollon-
gong stations is not quite as good as that achieved in Wunch
et al. (2011b) because the data set used here includes the Gain
M soundings over central Australia, which were excluded in
their analysis. Even with this additional source of bias, this
correction reduces the scatter slightly at most latitudes.

The impact of these empirical corrections on the spatial
variations in XCO2 is shown in Fig. 13b and c. At most lati-
tudes, the global, 7 ppm bias (light brown shades in Fig. 13c)
dominates the differences. Superimposed on this correction,
the empirical regression relation reduces the XCO2 estimates
in the Amazon and in upper mid-latitudes (Russia, Mongolia,
and Canada) by up to 3 ppm. The largest increases in XCO2

are seen in Patagonia, where the large solar zenith angles and
the presence of snow and ice on the ground during this sea-
son contribute large, positive air mass and “blended albedo”
corrections.

(a)

(c)

(b)

Crisp Fig. 13
Fig. 13. ACOS GOSAT 2.8 retrievals from July 2009, corrected
using the empirical regression formula developed by Wunch et
al. (2011b). (a) Corrected B2.8 soundings that pass the nominal
B2.8 screens (green triangles) and their averages in 10◦ zonal bins
(blue triangles) are compared to TCCON measurements (red dia-
monds). (b) Spatial map of corrected B2.8 soundings.(c) Differ-
ences between the XCO2 retrievals shown in Fig. 13b and the raw
B2.8 retrievals shown in Fig. 1. After removing a∼7 ppm global
offset, the empirical correction yields reduced XCO2 over the trop-
ics and northern mid-latitudes and higher values elsewhere. The
combination of relatively large solar zenith angles and the presence
of snow and ice cover in Patagonia contribute to the large positive
air mass and blended albedo corrections there.

One limitation of empirical corrections like those devel-
oped by Wunch et al. (2011b) is that their validity can only
be established in regions that are well sampled by other mea-
surement techniques. While the reduced XCO2 amounts in
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9 

Fig. 14. Histogram of differences between the retrieved pres-
sure and the ECMWF prior,1Psurf for sounding retrieved using
scaled ABO2 absorption coefficients. The data set used here in-
cludes all soundings over land collected in 23–25 April 2009, 1–
31 July 2009; 18–20 September, and 14–16 January 2010 that pass
the 85◦ solar zenith angle and cloud screening tests. Rescaling the
O2 absorption coefficients largely eliminates the global bias and
yields a standard deviation comparable to that assumed in the a pri-
ori covariance matrix (±4 hPa).

the northern mid-latitudes agree well with TCCON results
collected at the Park Falls and Bialystok stations (see Fig. 10
of Wunch et al., 2011b), Patagonia is poorly sampled by
TCCON stations or other measurements, precluding direct
validation of the positive XCO2 adjustment in this region.

A substantial amount of progress has been made in iden-
tifying the root causes of many of the spurious correlations
identified by Wunch et al. (2011b). For example, as noted
above, about half of the 7 ppm global bias in XCO2 has been
attributed to an underestimate of the O2 A-band absorption
cross sections. This problem can be resolved as soon as we
have new estimates of the O2 absorption cross sections that
provide a self-consistent treatment of line parameters and
line mixing coupling matrices for collision-narrowed lines.
Meanwhile, we have begun to assess the impact of the ap-
proach proposed by Butz et al. (2011), which simply scales
the O2 A-band absorption coefficients to account for this air
mass bias. We found that multiplying the existing O2 A-
band coefficients by 1.025, reduces the global surface pres-
sure bias to near zero (Fig. 14). As expected, this change
increases the retrieved XCO2 values by∼4 ppm, eliminat-
ing about half of the bias between the ACOS GOSAT and
TCCON results.

Much of the remaining global bias can be attributed to a re-
cently discovered error in the ACOS implementation of the
TANSO-FTS instrument model. The instrument line shape
(ILS) in each spectral band is defined at several wavelengths
throughout its spectral range. The ACOS/OCO-2 B2.8 al-
gorithm included an option for interpolating the ILS linearly
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Fig. 15. Increase in XCO2 produced by correcting the ILS interpo-
lation error recently identified in the B2.8.

between these points, but this option was inadvertently dis-
abled, such that the ILS varied as a step function at each point
where it was specified. Recent tests indicate that this ILS
interpolation error contributes a∼0.7 % (2.8 ppm) underes-
timate of the XCO2 in the B2.8 ACOS GOSAT data product
(Fig. 15). This error has been corrected in B2.9.

Other tests have provided insight into many of the spa-
tially varying biases identified by Wunch et al. (2011b).
O’Dell et al. (2012) find that the spurious correlations with
the “blended albedo” result from a fundamental limitation of
the ACOS GOSAT algorithm’s ability to discriminate optical
path length contributions from thin, low clouds and aerosols,
especially over ice-covered surfaces, which are quite dark
at the wavelengths sampled by the CO2 bands. Currently,
the only option is to screen out all soundings with very low
retrieved albedos in the SCO2 band. This approach is not
ideal because it substantially reduces the yield, especially at
high latitudes in the winter hemisphere, and may introduce
additional sampling bias in the XCO2 product.

Some of the scatter in the XCO2 values may be associ-
ated with the recently discovered non-linear response of the
Band 1 of the TANSO-FTS (Suto et al., 2011). This cali-
bration artifact was discovered during the course of a par-
allel investigation of chlorophyll fluorescence (Frankenberg
et al., 2011a, b), which revealed an intensity dependence in
the depth of solar Fraunhofer lines over Antarctica, where
no fluorescence was expected. The JAXA GOSAT instru-
ment team has since used the TANSO-FTS engineering mod-
els to investigate this issue and has recently traced its root
cause to specific components in the detector signal chain and
analog-to-digital converters (H. Suto, personal communica-
tion, 2011). These components apparently produce a non-
linear response to the incident radiance at both low and high
signal levels. Once the interferograms are Fourier trans-
formed to produce spectra, these nonlinearities are mani-
fested as a wavelength- and intensity-dependent zero level
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Fig. 16. Same as Fig. 1, but for ACOS GOSAT B2.9. This version
of the algorithm incorporates scaled O2 A-band absorption cross-
sections, improved WCO2 cross-sections, corrected ILS interpola-
tion, a zero-level-offset retrieval, and other improvements to yield a
much better fit to the TCCON results at all latitudes.

offset as well as more subtle changes in the instrument line
shape. The GOSAT instrument team is currently collaborat-
ing with the ACOS and NIES algorithm teams to develop and
validate a correction for these effects on the flight instrument.
A revised version of GOSAT Level 1B product that corrects
this problem is expected in the near future.

Butz et al. (2011) found that retrieving an intensity-
dependent, wavelength-independent, zero-level offset for
each sounding could substantially reduce the impact of in-
strument nonlinearity. This approach has been incorporated
into B2.9 of the ACOS GOSAT algorithm along with the
scaled O2 A-band absorption coefficients and the ILS im-
plementation correction described above. Comparisons of
preliminary B2.9 products and TCCON results for July 2009
are shown in Fig. 16. These changes eliminate the global bias
and reduce scatter at all latitudes.

Spatial variations in preliminary B2.9 XCO2 products for
July 2009 are shown in Fig. 17a. The B2.8 post-processing
filters were used here to facilitate comparisons with the B2.8
results. The post-processing filters for B2.9 are currently
being re-optimized to improve the quality and yield of this
product. Differences between the B2.9 product and two dif-
ferent versions of the B2.8 product are shown in Fig. 17b
and c. In Fig. 17b, the “B2.8offset” product was created
by dividing the raw B2.8 product by 0.982 to remove the
∼7 ppm XCO2 bias. This B2.8offset product was then sub-
tracted from the B2.9 product. In Fig. 17c, the B2.8corrected
product was produced by correcting the raw B2.8 prod-
uct with the empirical approach developed by Wunch et
al. (2011b; “B2.8corrected”). This product was then sub-
tracted from the B2.9 product. In general, differences be-
tween the B2.9 product and the B2.8corrected product are
smaller than those with the B2.8offset product everywhere,

(a)

(b)

(c)

(d)

Crisp Fig. 17
Fig. 17. Comparison of the preliminary B2.9 product with rescaled
and corrected versions of the B2.8 product.(a) Map of the B2.9
product for July 2009, using the same post-processing filters used
for the B2.8 results.(b) Difference between the B2.9 product and
the B2.8 product, offset by∼7 ppm to remove the global XCO2
bias. (c) Difference between the raw B2.9 product and the B2.8
results corrected for bias with the empirical approach developed by
Wunch et al. (2011b).(d) Differences between the B2.9 results cor-
rected for bias with the empirical approach developed by Wunch et
al. (2011) and raw B2.9 product.
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suggesting that the overall bias has been reduced slightly. To
quantify these changes, the empirical bias correction meth-
ods described by Wunch et al. (2011b) have also been applied
to preliminary versions of the B2.9 product. Comparisons of
differences between raw and bias-corrected values for B2.8
(Fig. 13c) and B2.9 (Fig. 17d) show that spatial distribution
of bias has not changed substantially, but the amplitude of
the bias has been reduced by up to a factor of two in the
B2.9 product.

Some of the largest differences between the B2.9 and both
of the modified B2.8 products are seen over the bright sur-
faces of the Sahara desert and central Australia, where Gain
M was used (Fig. 17b, c). In general, the bias between
Gain-M and Gain-H soundings increased in the B2.9 prod-
uct. The cause for these differences is not yet understood.
This anomaly may require that all Gain M data be flagged as
either “bad” or “caution” in the B2.9 product.

The next largest systematic differences between the
B2.8offset and the B2.9 results are once again seen in high
northern mid-latitudes, the tropics, and in Patagonia. Inter-
estingly, B2.9 produces values that are 1–2 ppm higher than
those seen in B2.8offset, and 1–2 ppm lower than those pro-
duced by B2.8-corrected. As noted earlier, it is currently not
possible to validate the ACOS GOSAT retrievals of XCO2 for
these geographic regions due to the lack of TCCON data or
other reliable measurements.

8 Discussion

The primary objective of the GOSAT mission is to re-
turn space-based observations of atmospheric CO2 and
CH4 with relative accuracies of 1 % (∼4 ppm) at sub-
continental (1000 km by 1000 km) scales at 3-month inter-
vals (Hamazaki et al., 2005; Nakajima et al., 2010). The re-
sults presented above indicate that once corrected for a global
∼7 ppm bias, the B2.8 results yield typical standard devia-
tions less than 3 ppm in 10◦ wide latitude bands at all but the
highest latitudes. A preliminary analysis of the B2.9 product
indicates that the standard deviations have been further re-
duced by up to 30 %. The regional scale biases in these data
can be reduced further by applying empirical corrections,
like those proposed by Wunch et al. (2011b). We strongly
recommend that an empirical correction of this kind be ap-
plied to the B2.8 product before it is used in carbon source-
sink inversion studies, to minimize spurious fluxes associated
with known biases in the retrieved XCO2 estimates.

The global, 7 ppm XCO2 bias has been largely eliminated
and several other issues have been corrected in the B2.9
product. However, preliminary regression experiments like
those described by Wunch et al. (2011b) still show system-
atic, regional-scale biases similar to, but generally smaller
than those seen in the B2.8 product. Ongoing improvements
in the instrument calibration and O2 A-band and CO2 ab-
sorption coefficients are expected to reduce these biases in
future ACOS GOSAT products, perhaps eventually yielding

results with accuracies as high as 1 ppm over much of the
sunlit hemisphere.

While we have made progress in improving the accuracy
of the XCO2 retrievals at sub-continental scales, substantial
improvements in the overall yield and, more importantly, lat-
itude coverage, will be needed before these space based mea-
surements can reach their full potential. The ACOS B2.9
product addresses this objective to some extent by providing
retrievals of GOSAT glint soundings over the ocean with er-
ror characteristics similar to those of the standard products
collected over land. More significant improvements in the
retrieval algorithm and screening techniques will be needed
to increase the range of solar zenith angles, especially over
ice covered surfaces. Increasing the yields in persistently
cloudy regions over the tropics or at high latitudes in the
winter hemisphere may be even more challenging, given the
relatively large footprint of the GOSAT TANSO-FTS.

9 Conclusions

GOSAT TANSO-FTS data provide an invaluable resource
for testing the ACOS/OCO-2 XCO2 retrieval algorithm. Re-
trievals of XCO2 from simulated data can yield insight into
the information content of high resolution SWIR spectra ac-
quired from space, as well as systematic biases in XCO2 intro-
duced by the retrieval approach (Connor et al., 2008; Bösch
et al., 2011; O’Dell et al., 2012). However, even double-blind
tests that employ different forward models for simulating ob-
servations and performing XCO2 retrievals cannot account for
uncertainties that are common to both forward models, or
otherwise difficult to model. These factors include common
gas absorption coefficients, top-of-atmosphere solar spectra,
aerosol optical properties, and unidentified uncertainties in
instrument radiometric, spectroscopic, or geometric perfor-
mance. The analysis presented above has provided valuable
insights into all of these areas, as well as the impact of inter-
actions between these sources of uncertainty on XCO2. Fore-
most among these are the uncertainties in the O2 A-band
cross-sections, which account for roughly half of the global,
7 ppm bias in the ACOS GOSAT XCO2 retrievals.

The availability of GOSAT data has also provided oppor-
tunities to refine the vicarious calibration and validation ap-
proaches planned for the OCO-2 mission. The basic ap-
proach for ground-based vicarious calibration of space-based
radiometers is well established (c.f., Thome et al., 2001;
Bruegge et al., 2002), but the GOSAT Railroad Valley cam-
paigns provided an opportunity to refine these techniques for
application to a high-resolution SWIR spectrometer. Results
derived from these experiments have played a significant role
in the diagnosis and correction of the long-term drift in the
throughput of the TANSO-FTS instrument, substantially re-
ducing the associated∼1.5 ppm bias in the ACOS GOSAT
XCO2 product.
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Finally, while TCCON has become a reliable source of
high quality ground-based remote sensing measurements
of XCO2, GOSAT provided the first opportunity to run an
end-to-end test of the TCCON-based validation architecture
developed for the OCO-2 mission. Detailed comparisons
between XCO2 retrievals from GOSAT and TCCON have
helped to detect and quantify regional-scale biases in the
ACOS GOSAT XCO2 product. Comparisons of spectrally de-
pendent residuals in fits to GOSAT and TCCON observations
have also helped to diagnose the source of spectroscopic er-
rors that contribute bias and scatter in the space-based re-
trievals of XCO2. These developments, combined with the
improvements being implemented in the ACOS/OCO-2 re-
trieval algorithm, are expected to accelerate the delivery
of high quality OCO-2 data products, once that satellite is
successfully launched and inserted into orbit.
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