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Abstract

The Greenhouse gases Observing SATellite (GOSAT) was launched on 23 Jan-
uary 2009 to monitor the global distributions of carbon dioxide and methane from
space. It has operated continuously since then. Here we describe a retrieval al-
gorithm for column abundances of these gases from the short-wavelength infrared5

spectra obtained by the Thermal And Near infrared Sensor for carbon Observation-
Fourier Transform Spectrometer (TANSO-FTS). The algorithm consists of three steps.
First, cloud-free observational scenes are selected by several cloud-detection meth-
ods. Then, column abundances of carbon dioxide and methane are retrieved based
on the optimal estimation method. Finally, the retrieval quality is examined to exclude10

low-quality and/or aerosol-contaminated results. Most of the retrieval random errors
come from the instrumental noise. The interferences by auxiliary parameters retrieved
simultaneously with gas abundances are small. The evaluated precisions of the re-
trieved column abundances for single observations are less than 1% in most cases.
The interhemispherical differences and the temporal variation patterns of the retrieved15

column abundances agree well with the current state of knowledge.

1 Introduction

Atmospheric carbon dioxide (CO2) and methane (CH4) are well-known major green-
house gases. The concentration levels of these gases have rapidly increased over the
last 250 years, most probably due to human activities (IPCC 2007). However, our cur-20

rent knowledge of the carbon cycle is still insufficient because the observations of CO2
and CH4 are spatially and temporally limited on the globe. This leads to large uncer-
tainties in future climate predictions. Satellite measurement is one of the most effective
approaches to high spatiotemporal-resolution monitoring of global greenhouse gas dis-
tributions. It is expected to improve the accuracy of source and sink estimates of these25

gases (e.g., Rayner and O’Brien, 2001; Houweling et al., 2004; Patra et al., 2003;
Chevallier et al., 2007, 2009; Kadygrov et al., 2009; Baker et al., 2010). Over the
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past decade, two types of satellite observations of atmospheric CO2 and CH4 have
been performed. The first is thermal infrared (TIR) observations, which are typified by
the Atmospheric InfraRed Sounder (AIRS) onboard the Aqua satellite (Crevoisier et al.,
2004; Chahine et al., 2005; Xiong et al., 2008). The second type is short-wavelength
infrared (SWIR) observations by the SCanning Imaging Absorption spectroMeter for5

Atmospheric CHartographY (SCIAMACHY) onboard the Envisat satellite (Frankenberg
et al., 2005; Barkley et al., 2006; Buchwitz et al., 2006; Schneising et al., 2008, 2009).
TIR observations are sensitive to CO2 and CH4 in the middle to upper troposphere,
whereas SWIR observations are sensitive to gas abundances near the surface. Be-
cause the major sources and sinks of CO2 and CH4 exist near the surface, SWIR ob-10

servations are more suitable than TIR observations from the viewpoint of carbon flux
estimation (Chevallier et al., 2005). The accuracy of the flux estimation depends signif-
icantly on the precision and accuracy of the column abundance retrieved from satellite
measurements. Obviously, the retrieved column abundances at high precision yield a
low uncertainty in the estimated flux. For spatially and temporally averaged data, a15

precision of 1% order or better in CO2 column abundances is required to improve our
current knowledge of the surface CO2 fluxes (Rayner and O’Brien, 2001; Houweling et
al., 2004; Patra et al., 2003). Random errors in the retrieved column abundance have
less influence on the estimated flux, but even a small bias in the retrieved value can
lead to significant biases (Patra et al., 2003; Houweling et al., 2005). Understanding20

the precision and accuracy of the retrieved column abundance is important not only to
improve the retrieval algorithm itself, but also for flux estimation.

SCIAMACHY is the first satellite showing the global distribution of the CO2 column
abundance from space, although its instrument was not specialized for CO2 observa-
tions. However, the precision (1 to 2%) and accuracy (−1.5%) of CO2 column abun-25

dances by SCIAMACHY (Schneising et al., 2008) are not sufficient for flux estimation.
Recently, two satellites have been developed to measure CO2 column abundances with
higher precision. The Orbiting Carbon Observatory (OCO) was developed for CO2 ob-
servations (Crisp et al., 2004). However, the satellite was lost because of a launch
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failure (Palmer and Rayner, 2009). Currently the OCO re-flight mission (OCO-2) is
aiming to launch no later than February 2013 (http://oco.jpl.nasa.gov/). The Green-
house gases Observing SATellite (GOSAT), which was launched on 23 January 2009,
is designed to monitor the global CO2 and CH4 distributions from space. GOSAT was
put in a sun-synchronous orbit at 666-km altitude with 3-day recurrence and the de-5

scending node around 12:48 local time. It is equipped with two instruments: the Ther-
mal And Near infrared Sensor for carbon Observation-Fourier Transform Spectrometer
(TANSO-FTS) and the Cloud and Aerosol Imager (TANSO-CAI) (Kuze et al., 2009).
The TANSO-FTS performs high-spectral-resolution measurements from SWIR to TIR
(0.758 to 14.3 µm). Here, we focus on the retrieval algorithms of CO2 and CH4 col-10

umn abundances from the SWIR spectra. These are used for the operational data
processing of GOSAT; the corresponding data product names and versions are Level
2 CO2/CH4 column amount (SWIR) V01.10, V01.20, and V01.30. For the TANSO-FTS
TIR band, Saitoh et al. (2009) describes the CO2 retrieval method in detail.

Many algorithms have been developed to retrieve column abundances of trace15

gases. The differential optical absorption spectroscopy (DOAS) retrieval method has
been widely used to retrieve the column abundances of trace gases (see Table 1 of
Hönninger et al., 2004). The DOAS method works well when the measured signal is
transmitted direct solar light. However, if the measured signal is surface-scattered light,
the path radiance component modifies the equivalent optical path length, leading to20

large retrieval errors. For the retrieval of SCIAMACHY data, several DOAS-based algo-
rithms have been developed (Buchwitz et al., 2000; Barkley et al., 2006; Frankenberg
et al., 2005). In those algorithms, however, aerosol scenarios and/or the surface albedo
(two key parameters for the optical path length modification) are assumed. Oshchep-
kov et al. (2008, 2009) proposed a new DOAS-based retrieval algorithm that simulta-25

neously retrieves the photon path length probability density function parameters (Bril
et al., 2007) to correct the optical path length modification effect. Connor et al. (2008)
and Reuter et al. (2010) developed retrieval algorithms for OCO and SCIAMACHY.
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In Sect. 2 of this paper, a brief introduction of GOSAT and the strategy of the SWIR
retrieval algorithm are given. The SWIR retrieval algorithm consists of three parts: data
screening suitable for the retrieval analyses, optimal estimation of gaseous column
abundances, and quality checking of the retrieved results. Details of each step are
described in Sects. 3 to 5. The basic performance of the actual GOSAT observations5

is briefly introduced in Sect. 6. The summary is given in Sect. 7. The main purpose
of this paper is to describe the retrieval algorithm. Detailed discussions of the spatial
pattern and seasonal cycle of the retrieval results will be presented in other papers. The
detailed mathematical formulations of the GOSAT operational processing, including
pre- and post-processing for the retrievals, are summarized in the algorithm theoretical10

basis document. This is available from the data distribution website of the GOSAT
project (https://data.gosat.nies.go.jp).

2 Retrieval strategy

2.1 GOSAT instruments

TANSO-FTS is the main instrument of GOSAT. It has three narrow bands in the SWIR15

region (0.76, 1.6, and 2.0 µm; TANSO-FTS Band 1, 2, and 3, respectively) and a wide
TIR band (5.5 to 14.3 µm; TANSO-FTS Band 4) at a spectral resolution (interval) of
about 0.2 cm−1. The full width at half-maximum (FWHM) of the instrument line shape
function (ILSF) is about 0.27 cm−1, which clearly identifies the absorption lines of CO2
and CH4 in the spectral measurement data (Fig. 1). For the SWIR bands, the inci-20

dent light is divided by a polarization beam splitter. It is then simultaneously recorded
as two orthogonal polarization components (hereafter called P/S components). The
TANSO-FTS instantaneous field of view (IFOV) is 15.8 mrad, which corresponds to a
nadir footprint diameter of about 10.5 km at sea level. The TANSO-FTS has a point-
ing mechanism, which makes it possible to observe the off-nadir direction within the25

pointing mirror driving angles of +/−35 degrees in the cross-track direction and +/−20
degrees in the along-track direction.
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Clouds and aerosols are major sources of disturbance in greenhouse gases ob-
servations from space because they strongly modify the equivalent optical path length
(Houweling et al., 2005; Butz et al., 2009; Boesche et al., 2009; Reuter et al., 2010). To
identify and characterize clouds and aerosols within the IFOV of TANSO-FTS, TANSO-
CAI is equipped with GOSAT. TANSO-CAI has four narrow bands in the near-ultraviolet5

to near-infrared regions at 0.38, 0.674, 0.87, and 1.6 µm (TANSO-CAI Band 1, 2, 3,
and 4), with spatial resolutions of 0.5, 0.5, 0.5, and 1.5 km, respectively.

Details on TANSO-FTS and TANSO-CAI, along with the conversion method from
raw interferograms to spectra (i.e., level 1 processing) and pre-launch calibration re-
sults, are described by Kuze et al. (2009). Although the initial geometric and radiomet-10

ric calibrations for TANSO-CAI have been performed, those for TANSO-FTS are still
underway.

2.2 Requirements for a forward model to simulate TANSO-FTS SWIR spectra

To interpret the spectral measurement data, a forward model that describes the physics
of the measurement process is necessary. Incoming solar irradiance is reflected from15

the Earth’s surface and scattered and absorbed by atmospheric molecules, aerosols,
and clouds. Only the light reflected and scattered in the satellite direction is observed
by TANSO-FTS SWIR. During reflection and scattering, the polarization state of the
light can change. Furthermore, the distributions of atmospheric composition, aerosols,
and clouds are highly variable in space and time. In addition, the spectral resolution20

of a forward model must be finer than the spectral resolution of TANSO-FTS SWIR
(0.2 cm−1) to simulate the TANSO-FTS spectrum.

A forward model that can describe the scattering process of polarized light in a three-
dimensional space at line-by-line spectral resolution is desirable for accurate retrieval,
but it is not suitable for the operational processing of GOSAT data because of the25

huge computational cost. Because TANSO-FTS measures two orthogonal polarization
components, a total intensity spectrum can be constructed from the measured spec-
tra (see Appendix A). Although the structure of the three-dimensional atmosphere is
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particularly important for cloud identification, those effects are not taken into account
for the forward model to give priority to computational efficiency. Therefore, we adopted
a one-dimensional line-by-line scalar radiative transfer model that could treat the scat-
tering process for our forward model.

Spectroscopic databases with finer spectral resolution than that of TANSO-FTS5

have been prepared. Absorption cross-sections were calculated in 0.01-cm−1 spec-
tral intervals and then used to construct a 3-dimensional look-up-table as a function
of wavenumber, pressure, and temperature. The absorption line profile of the O2 A
band was calculated based on Tran et al. (2006) and Tran and Hartmann (2008). That
of the CO2 1.6-µm band was based on Lamouroux et al. (2010), and the Voigt pro-10

file with the HITRAN 2008 database (Rothman et al., 2009) was used for CH4 and
H2O. The high resolution solar irradiance database (0.004 to 0.01 cm−1) reported by
Dr. R. Kurucz (http://kurucz.harvard.edu/sun/irradiance2008/) was used as the incident
solar spectrum.

2.3 Outline of the TANSO-FTS SWIR retrieval processing15

Here we focus only on cloud-free measurement scenes for which column abundances
are retrieved. We then evaluate the characteristics of GOSAT retrievals for those
scenes. Several cloud-detection methods were applied to identify cloud-contaminated
scenes. Further data screenings were conducted to select appropriate measurement
scenes so as to avoid significant discrepancies between the measurements and the20

forward model. Column abundances of CO2 and CH4 (hereafter referred as V CO2
and V CH4) were retrieved based on the optimal estimation method (Rodgers, 2000).
The gaseous profiles of CO2 and CH4 were retrieved first, and then V CO2 and V CH4
were obtained as the final outputs (Rodgers and Connor, 2003). The spectral re-
gion of the 1.6-µm CO2 absorption band (spectral wavenumber range from 6180 to25

6380 cm−1), the 1.67-µm CH4 absorption band (5900 to 6150 cm−1), and the 0.76-µm
O2 absorption band (12 950 to 13 200 cm−1) were used for the retrieval. To suppress
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the computational costs in the operational processing, the P and S polarization compo-
nents of the observed spectra were synthesized to produce a total intensity spectrum
(see Appendix A). This total intensity spectrum was compared as a measurement vec-
tor with the forward model based on the scalar radiative transfer code. The radiometric
sensor degradation and dispersion of the wavenumber axis of the observed spectrum5

were corrected before the polarization synthesis. The channels contaminated with
Fraunhofer lines in the solar atmosphere were removed for the retrieval to avoid pos-
sible bias errors. After the retrieval, the quality of the retrieved result was evaluated.
For the V CO2 and V CH4 that passed quality control criteria, the column-averaged dry
air mole fractions (hereafter referred as XCO2 and XCH4), which are the ratios of the10

column abundances to dry air column abundance, were calculated and also provided
as SWIR level 2 products.

Figure 2 depicts the brief flow of the retrieval procedure. The detailed description of
each retrieval process was given in Sects. 3, 4, and 5.

3 Data screening15

3.1 Cloud detection

The cloud-detection method by TANSO-CAI is based on the algorithm developed by
Ishida and Nakajima (2009). At first, several threshold tests are applied to each
TANSO-CAI pixel: single reflectance tests and reflectance ratio tests. Each test de-
fines a clear confidence level (float value between 0 and 1), and then the integrated20

clear confidence level is evaluated in a cloud-conservative approach. In the TANSO-
CAI cloud flag test, the integrated clear confidence level is treated as a bit flag (0 or
1) with a given threshold value. Consequently, all TANSO-CAI pixels are categorized
as clear or cloudy pixels. The optical path length modification due to clouds within the
TANSO-FTS IFOV brings a bias error in the retrieved column abundances. Currently, if25

more than one cloudy pixel is found within the TANSO-FTS IFOV, such a measurement
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scene is identified as a cloud-contaminated scene and rejected for the retrieval. The
magnitude of the bias error due to the cloud depends on its three-dimensional distribu-
tion within and around the TANSO-FTS IFOV, along with the cloud optical properties.
The magnitude of this bias error will be evaluated in future work.

From the actual data processing, we found that the TANSO-CAI cloud flag tended to5

categorize sub-pixel sized clouds as clear pixels over the ocean. In addition, Nakajima
et al. (2008) noted that TANSO-CAI often fails to detect optically thin cirrus clouds
because it does not have any thermal infrared channels sensitive to clouds in the upper
troposphere. To mitigate the above mentioned TANSO-CAI limitations, other cloud-
detection methods (a TANSO-CAI spatial coherence test and a TANSO-FTS 2-µm-10

band test) are applied to select cloud-free scenes.
The TANSO-CAI spatial coherence test looks for the existence of sub-pixel size

clouds over the ocean. In most cases, the ocean reflectance within the TANSO-FTS
IFOV is expected to be almost uniform. However, the magnitude of the perturbation in
TANSO-CAI radiance due to sub-pixel size clouds changes randomly for each TANSO-15

CAI pixel. Therefore, if the standard deviation of TANSO-CAI radiance within the
TANSO-FTS IFOV exceeds some threshold value, it is expected that the measurement
scene contains sub-pixel-sized clouds. The threshold value is empirically determined
to separate eye-checked clear/cloudy scenes from TANSO-CAI images. The TANSO-
CAI spatial coherence test is only applied to ocean measurement scenes because the20

spatial variability of the ground surface albedo within the TANSO-FTS IFOV is relatively
high for the land measurement scenes.

The TANSO-FTS 2-µm-band test looks for the existence of elevated scattering par-
ticles (mainly cirrus cloud) using the measurement radiance of the strong water vapor
(H2O) absorption band (5150 to 5200 cm−1) included in the TANSO-FTS 2-µm band25

(TANSO-FTS Band 3). In this test, the ten most H2O-absorptive channels are selected
to avoid contamination of the surface-reflected light. If there is no scattering, almost
no radiance in the strong H2O absorption band region is observed by TANSO-FTS.
Because the H2O mixing ratio decreases exponentially with height under standard
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atmospheric conditions, the radiation scattered by elevated particles should not be
completely absorbed by H2O and reaches the TANSO-FTS, depending on the partial
column abundance of H2O above the scattering. Therefore, if the average radiance of
the selected strong H2O absorption channels is larger than the noise-level radiance,
some scattering particles are expected to exist within the TANSO-FTS IFOV. It is obvi-5

ous that this method has less sensitivity to low-altitude clouds and aerosols, but high
sensitivity to highly elevated scattering particles.

3.2 Other screening items

Even when TANSO-FTS measurement scenes are identified as cloud free by cloud-
detection methods, some measurement scenes are not suitable for retrieval analysis10

because the quality of the spectrum is low, and the data acquisition conditions are
inconsistent with assumptions made in the retrieval analysis.

Some interferograms have signal saturations around the zero-path-difference (ZPD)
position at center burst because of strong reflection by clouds or deserts. Signal-
saturated interferograms are removed because they give incorrect absorption spectra15

and cause large retrieval errors.
In general, observations by FTS require that the incident light into the FTS be un-

changed during the acquisition of an interferogram. Nominal observation by TANSO-
FTS takes about four seconds, and the satellite moves about 28 km during this period.
Therefore, TANSO-FTS has an image-motion-compensation (IMC) mechanism to point20

at the same IFOV-area. However, the IFOV-area sometimes fluctuates due to the insta-
bility of the pointing-mirror mechanics and of the satellite attitude. Such measurement
scenes are also rejected from the retrieval.

In the retrieval analysis, we assumed a plane-parallel atmosphere. An air-mass fac-
tor for a plane-parallel atmosphere shows more than 1% error when the solar zenith25

angle is greater than 72 degrees. Therefore, the retrievals are limited to TANSO-FTS
measurement scenes with solar zenith angles less than 70 degrees. Furthermore,
ground surface undulation within and around the TANSO-FTS IFOV conflicts with the
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plane-parallel assumption. This effect on the retrieval results will be evaluated in a fu-
ture study. Consider eight lines of sight (LOSs) that are shifted by 1.3 mrad around the
center LOS of TANSO-FTS. We calculate the mean surface elevation within TANSO-
FTS IFOV for each LOS. Here, TANSO-FTS measurement scenes are removed when
the maximum difference between the mean surface elevation for the center LOS and5

those for the eight shifted LOSs is greater than 25 m. The mean surface elevation
in TANSO-FTS IFOV is estimated from the Global 30 Arc-Second Elevation Data Set
(GTOPO30). The measurement scenes removed by this criterion are limited to those
near high mountain ranges such as the Rockies, the Andes, and the Himalayas.

4 Optimal estimation10

4.1 Formulation of the MAP retrieval

The measurement vector y is expressed by a forward model F (x,b) as

y = F (x,b)+ε, (1)

where x is the state vector to be retrieved, b is a model parameter vector necessary to
describe the forward model that is not retrieved, and ε is an error vector comprising the15

measurement error and the forward model error. The optimal estimation of x for non-
linear maximum a posteriori (MAP) retrieval is obtained by minimizing the cost function,
defined as (Rodgers, 2000)

J (x)= [y−F (x,b)]T S−1
ε [y−F (x,b)]+ (x−xa)T S−1

a (x−xa), (2)

where xa is the a priori state of x, Sa is the a priori variance-covariance matrix, and20

Sε is the error covariance matrix. To obtain the optimal estimation of x stably, the
Levenberg-Marquardt method is adopted. The solution can be obtained from the fol-
lowing iterative equation:

xi+1 =xi +
(

KT
i S−1

ε Ki +S−1
a +λiD

2
)−1{

KT
i S−1

ε [y−F (xi ,b)]+S−1
a (xi −xa)

}
, (3)
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where the subscript i denotes the index of the i -th iteration; K is the Jacobian matrix,
which is the derivative of the forward model as a function of the state vector x, i.e.,
K = ∂F (x,b)

/
∂x; λ is chosen at each step to minimize the cost function; and D is

a diagonal scaling matrix. The iteration continues until changes in the normalized
chi-square χ2 = J (x)

/
m and x between iterations become sufficiently small, where m5

indicates the number of channels used in the retrieval analysis.
The error covariance matrix of the retrieval state S is expressed as the sum of mea-

surement noise Sm, smoothing error Ss, and interference error Si

Sm =GxSεGT
x, (4)

Ss = (Axx− I)Se,x (Axx− I)T , (5)10

Si =AxcSe,cAT
xc, (6)

where Se is the covariance matrix of the ensemble of status, and subscripts x and c
indicate the submatrices for target (CO2 or CH4) and auxiliary elements, respectively.
The submatrices of the averaging kernel matrix for target elements and of interference
between targets and auxiliary elements are represented by Axx and Axc, respectively,15

which are expressed using the gain matrix Gx

Axx =GxKx, (7)

Axc =GxKc, (8)

Gx =Sa,xKT
x

(
Sε+KxSa,xKT

x+KcSa,cKT
c

)−1
. (9)

Using the weighting function h, the column abundance, the column-averaged dry-air20

mole fraction and its error components, and the column averaging kernel ax are calcu-
lated as

Vtarget =hTxx, (10)
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Xtarget =
h
T
xx

hT1
, (11)

σX =

√
hTSXh

hT1
,(X =m,s,or i), (12)

(ax)l =
(
hTAxx

)
l

1
hl
, (13)

hT =
(
wdry,1 wdry,2 ··· wdry,n

)
, (14)

where the sub-script target indicates the target gaseous species (CO2 or CH4), n is5

the number of layers of the retrieval vertical grid, wdry,l is the partial dry air column
abundance of the l -th layer, and 1 is the n-form column-vector with elements of unity.

4.2 State vector

The current retrieval algorithm uses the TANSO-FTS SWIR spectra within three se-
lected wavenumber regions: 12 950 to 13 200 cm−1 (hereafter called O2 sub-band),10

6180 to 6380 cm−1 (CO2 sub-band), and 5900 to 6150 cm−1 (CH4 sub-band). In ad-
dition to the CO2 and CH4 concentration profiles, the H2O concentration profile, the
ground surface albedo for land, the surface wind speed and the radiance adjustment
factor for ocean, aerosol optical depth (AOD), surface pressure, temperature profile
bias, and the wavenumber dispersion are included in the state vector as auxiliary pa-15

rameters and retrieved simultaneously.
The atmospheric layer is divided into 15 layers from the surface to 0.1 hPa with a

constant pressure difference, and the average gas concentration for each layer is re-
trieved. The a priori profiles of CO2 and CH4 are calculated for every observed day
by an offline global atmospheric transport model developed by NIES (hereafter called20
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as NIES TM; Maksyutov et al., 2008). Eguchi et al. (2010) evaluated the realistic un-
certainties of CO2 and CH4 concentration profiles using NIES TM data of the past
few years and observation-based reference data. These are summarized as variance-
covariance matrices (VCMs) for each month and each grid box (0.5×0.5 degrees).
The global distribution pattern of the available reference data was also considered to5

evaluate the uncertainties of those gases. To avoid unexpected strong constraints on
the a priori values and to gain as much information from the observed spectra as pos-
sible, the original CO2 and CH4 VCMs were multiplied by a factor 102 and used in the
retrieval analysis. This factor is a tentative value and should be tuned in the near fu-
ture. The H2O profile of the grid point value (GPV) objective analysis data (this had a10

temporal resolution of 6 h and horizontal resolution of 0.5 degrees, with 21 vertical lev-
els) provided by the Japan Meteorological Agency (JMA) was used as an a priori. The
corresponding VCM was also prepared for each month and grid box using the GPV
data of the past few years.

The radiance level of the observed spectrum was highly variable according to the tar-15

get reflectance, the solar zenith angle, and the satellite viewing angle. Because the last
two angles are easily determined, the target reflectance should be considered as re-
trieved. In the retrieval analysis over land, the ground surface was assumed to be Lam-
bertian, and the surface albedo was adopted as an auxiliary parameter. To represent
the spectrum structure within the retrieval sub-band, the surface albedo was assumed20

to be represented by several grid-point values and to vary linearly from one grid value
to the next. The distance to the adjacent grid was set to 25 cm−1 for the CO2 and CH4

sub-bands, and 250 cm−1 for the O2 sub-band. The official Moderate Resolution Imag-
ing Spectroradiometer (MODIS) land surface albedo product (MOD43B3; Schaaf et al.,
2002) was used as the a priori data for the surface albedo. The original MODIS product25

was given as the 5-year average from 2000 to 2004 at 10 MODIS wavelengths for 23
sixteen-day periods per year, with a 1-minute spatial resolution. Thinned-out MODIS
measured surface albedos with 1-degree resolution at wavelengths of 0.858, 1.64,
and 2.13 µm were prepared for the a priori surface albedo database for TANSO-FTS
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Band 1 (O2 sub-band), 2 (CO2 and CH4 sub-bands), and 3 (not used in this paper),
respectively. The a priori variance of surface albedo was set to (1.0)2. Over ocean, the
wavenumber dependency of water reflectance is related to that of the refractive index
of water, and the surface wind speed can determine the reflectance magnitude over the
whole spectral range. However, if the relative radiometric calibration accuracy between5

TANSO-FTS Band 1 and 2 is not good enough, one surface wind speed parameter can-
not represent the reflectance levels of the whole TANSO-FTS spectrum range. We use
a factor that adjusts this difference between TANSO-FTS bands. This factor, (hereafter
the radiance adjustment factor) and the surface wind speed are adopted as auxiliary
parameters for the ocean cases. The surface wind speed of the GPV is used as an a10

priori, and its variance was calculated for each month and grid box of GPV data. An a
priori value of unity and variance of (0.05)2 are used for the radiance adjustment factor.

As stated above, aerosol scattering modifies the equivalent optical path length, which
may lead to large errors in the retrieved column amounts. To represent the equiva-
lent optical path modification, AOD and the surface pressure are included in the state15

vector. The model calculated AOD and the GPV surface pressure are used as a pri-
ori values, and the corresponding variances are set to (1.0)2 and (20 hPa)2, respec-
tively. The aerosol optical properties are calculated for every observed day by an offline
three-dimensional aerosol transport model, the Spectral Radiation-Transport Model for
Aerosol Species (SPRINTARS; Takemura et al., 2000). The SPRINTARS calculates20

the mass concentration distribution of soil dust, carbonaceous, sulfate, and sea-salt
aerosols. The optical depth, single-scattering albedo, and phase function of aerosols
are calculated taking into account the size distribution and composition. The calcu-
lated single-scattering albedo and phase function are treated as fixed model parame-
ters. The aerosols are assumed to be uniformly distributed within a 2-km layer from25

the surface. In future, we plan to use aerosol optical properties derived from TANSO-
CAI. However, we do not use them at present because the calibration accuracy of the
TANSO-CAI is still insufficient and the retrieved aerosol properties themselves need to
be validated.
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It is well known that the temperature dependency of the line parameters of the O2
A band is large. The differences between true and assumed temperature profiles may
cause some errors in the retrieved dry mole air fractions. In our retrieval analysis, tem-
perature profiles from GPV data are used. A constant bias from the GPV temperature
profile is retrieved simultaneously with the column amounts. The a priori value and5

variance are set to 0.0 and (20 K)2, respectively.
The TANSO-FTS wavenumber axis is slightly variable due to self-apodization and the

temperature dependency of the sampling laser’s wavelength. During the TANSO-FTS
SWIR retrieval, this wavenumber dispersion is corrected twice. First, the correction fac-
tors for each retrieval sub-band are determined in such a way that the cross-correlation10

between the observed and reference spectra is maximized. The corrected wavenum-
ber axis νcor is expressed in terms of a correction factor ρ times the observed spectral
wavenumber νobs, as

νcor =ρ ·νobs. (15)

The spectral channels used in the retrieval analysis are selected based on this15

wavenumber axis. Then, a very small dispersion ∆ρ to the correction factor ρ is re-
trieved with the column amounts to get the optimal solution under the best-fitted spec-
tra. The wavenumber axis for the retrieval analysis is expressed as

νret = (1+∆ρ) ·νcor =ρ · (1+∆ρ) ·νobs. (16)

The a priori value and variance for ∆ρ are set to 0.0 and (10−5)2, respectively.20

The state vector, its a priori, and the VCM are summarized in Table 1.

4.3 Jacobian

Throughout the optimal estimation process, the calculation of the forward model and
Jacobian matrix is the most time-consuming procedure. To suppress the computa-
tional cost, the fast radiative transfer model proposed by Duan et al. (2005) is used as25

the forward model. This fast radiative transfer model calculates the single-scattering
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radiance accurately and the multiple-scattering radiance approximately based on the
equivalence theorem with a double-k distribution approach. By utilizing this fast radia-
tive transfer model, we obtain the Jacobian for the absorption optical depth and that for
the surface albedo.

First, we briefly introduce this fast radiative transfer model, along with our exten-5

sions to take into account the wavenumber dependencies of surface albedo and
cloud/aerosol single-scattering properties. In the double-k approach, the multiple-
scattering components can be parameterized as (Duan et al., 2005)

Ims (k,ξ)=exp
{
g(k)−β(k)

[
lnξ− lnξ0 (k)

]}
, (17)

ξ=k′/k, (18)10

where k is the total optical depth due to the gaseous absorption, k′ is the absorption
optical depth from the TOA to a layer where substantial scattering occurs, and ξ0 (k) is
the average value of ξ for each fixed k. Values for g(k), β(k), and ξ0 (k) are tabulated
from accurately calculated multiple-scattering radiances for a small set of k values in k
space. A scalar radiative transfer code based on the discrete ordinate method (Siewert,15

2000) is used to calculate the accurate multiple-scattering radiances.
To include the wavenumber dependency of the single-scattering properties of clouds

and aerosols, two sets of g(k), β(k), and ξ0 (k) tables are prepared for the single-
scattering properties at each end of the wavenumber range of interest. Here, we
assume that the single-scattering properties change monotonically with wavenumber.20

The radiance at arbitrary wavenumber is interpolated from the radiances calculated by
each set of tables.

The wavenumber dependency of the surface albedo is treated as follows. If the
ground surface is assumed to be Lambertian, the satellite observed radiance Iα for
surface albedo of α is (Liou, 2002)25

Iα = I0+
(
Iαm

− I0
)1− r̄αm

αm

α
1− r̄α

, (19)
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where αm is the mean surface albedo within the wavenumber range of interest, Iαm
and

I0 are the satellite-observed radiances with surface albedos of αm and zero, respec-
tively, and r̄ is the spherical albedo. The multiple-scattering component of Iα can be
calculated by tabulating the multiple-scattering components of Iαm

and I0.
The Jacobians for absorption optical depth and surface albedo are given as the5

derivatives of Eqs. (17) and (19), respectively. We consider an atmosphere of n layers,
and let the gaseous absorption optical depth of the l -th layer equal τl . Because the
total absorption optical depth and its derivatives are written as

k =
n∑

l=1

τl , (20)

dk
dτl

=1, (21)10

the derivatives of Eq. (17) by τl are written as

dIms

dτl
=
Ims

k

[
dg
d lnk

−β
(

1
ξ
dk′

dτl
−1−

d lnξ0

d lnk

)]
. (22)

Here, we neglect the k-dependency of β. When the absorption optical depth from the
TOA reaches k′ at lsca-th layer, k′ can be written as

k′ =
lsca−1∑
l=1

τl +sscaτlsca
(0≤ ssca ≤1) . (23)15

It follows that

dk′

dτl
=


1 1≤ l ≤ lsca−1

ssca l = lsca
0 lsca+1≤ l ≤n

(24)
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The Jacobian for the surface albedo can be obtained from Eq. (19) as

dIα
dα

=
(
Iαm

− I0
)1− r̄αm

αm

1

(1− r̄α)2
. (25)

The Jacobians for other retrieval parameters are calculated numerically by taking the
difference between the nominal and perturbed radiances.

5 Quality control5

Finally, the quality of the retrieved state is checked. The trace of matrix Axx indicates
the degree of freedom for signals (DFS), which describes the number of independent
quantities obtainable from the observation. Therefore, the retrieved V CO2 or V CH4 are
dismissed when the DFSs of those gases are less than unity because the observed
TANSO-FTS spectrum does not have enough information to retrieve them, and hence10

the retrieved values depend on the a priori values. When the discrepancy between
the forward model and the observed spectrum is significant, the root mean squares
(RMS) of the residual spectra for each retrieval sub-band and the χ2 values are large.
The retrieved results are removed when the RMS is greater than 3 or the χ2 for the
retrieved state is greater than 5. As stated above, the equivalent optical path length15

modification due to the scattering of aerosols is evaluated by simultaneously retrieving
the surface pressure and AOD. Because some aerosol parameters are fixed in the
retrieval analysis, the evaluated equivalent optical path length cannot always represent
a physically meaningful value when the AOD is relatively large. Therefore, the retrieval
results of V CO2 and V CH4 are dismissed when the retrieved AOD is larger than 0.5.20

This threshold value is tentative and should be tuned under further investigation.
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6 Results and discussion

6.1 Availability of measurement scenes for retrieval analysis

Clouds are a major sources of disturbance for the TANSO-FTS SWIR measurements.
Before the launch of the satellite, the probability of a clear-sky occurrence was evalu-
ated from the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) cloud-layer5

product and MODIS cloud mask data (Eguchi and Yokota, 2008). Due to the high
sensitivity of CALIOP to thinner clouds, MODIS tends to overestimate the clear-sky
probability. By taking the footprint size of TANSO-FTS (approximately 10.5-km diame-
ter) into account, the annual mean clear-sky probability for 10-km aggregation CALIOP
data of the year 2007 was about 11% of the globe.10

The monthly cloud-free fraction of the TANSO-FTS SWIR, i.e., the ratio between
the numbers of measurement scenes that passed all cloud-detection algorithm de-
scribed in Sect. 3.1 and the number of total measurement scenes, was about 7% on
average. Part of this disagreement may have come from the different footprint shapes,
which were 10.5-km-diameter circles and 0.09×10-km rectangles for TANSO-FTS and15

CALIOP, respectively. If the sensitivities of the CALIOP and TANSO-FTS 2-µm-band
to thin cirrus are comparable, the clear-sky probability for TANSO-FTS is expected to
be lower than that for CALIOP due to this footprint-size difference. The occurrence
of cloud-free areas at high latitudes in the winter hemisphere is low, mainly due to
the TANSO-CAI cloud flag test (figure not shown). Further optimization of the cloud20

detection methods seems to be required.
Figure 3 shows the integrated data screening results, i.e., the TANSO-FTS mea-

surement scenes that passed all screening items described in Sect. 3 and hence were
considered suitable for the retrieval analysis. This fraction was almost the same as the
cloud-free fraction over the land. However, measurement scenes were limited around25

the sun-glint region over the ocean. As mentioned in Sect. 3.2, the IMC-fluctuated
scans should be removed. One way to detect such scans is by checking the relative
magnitude of the interferogram to the center burst. For low-reflectance regions such
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as those over the ocean, the center burst of the interferogram is hard to detect. Such
scans are tagged “IMC-fluctuated” regardless of the true IMC motion and are removed
in the data screening process.

The latitudinal range for retrieval moves north or south according to the seasonal
change of solar declination. The region where the retrieval results are obtainable5

throughout the whole year is restricted over land, with a latitudinal range of 45◦ S to
45◦ N. No region over the ocean contains year-round retrievals because of the narrow
latitudinal range of the sun-glint region for TANSO-FTS. The monthly mean fraction of
the measurement scenes suitable for retrieval analysis is about 3%.

6.2 Information obtainable from measurement10

The column averaging kernel functions corresponding to the spectra shown in Fig. 1
are plotted in Fig. 4. From the surface to the 200-hPa level, the column averaging kernel
functions were about unity for most cases. This indicates that the a priori values within
this vertical range hardly affected the retrieved values. The shaded region in Fig. 4
shows the typical range of the column averaging kernel. The column averaging kernel15

function depended on many parameters, such as solar zenith angle, satellite viewing
angle, surface reflectance, AOD, and VCM. Because the uncertainty in the a priori CO2
concentration at the stratosphere is large, whereas that of CH4 is small (Eguchi et al.,
2010), the relatively large sensitivity of CO2 concentration to the measurement noise in
the upper atmosphere led to a variability in the CO2 column averaging kernel functions20

that was larger than that of CH4.
As stated above, the DFS indicates the number of independent variables obtainable

from the observations. In other words, DFS is an index that identifies whether the
observation yields enough information. The effectiveness of the retrieval results can
be evaluated by the uncertainty reduction25

1−
σa posteriori

σa priori
, (26)
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where σa priori denotes the a priori uncertainty calculated from Sa and Eq. (12), and
σa posteriori is the a posteriori uncertainty defined as the sum of the measurement noise
and the smoothing error. Figure 5 shows the global distribution of monthly-averaged
SNR, DFS, a priori and a posteriori uncertainties, and the uncertainty reduction for sin-
gle observations of XCO2 and XCH4. To make effective observations, the measure-5

ment noise should be sufficiently smaller than the radiance response corresponding to
the a priori uncertainty of the target gas concentration. For XCO2, the SNR of South
Africa is higher than that of Siberia, but the DFSs are almost same for these regions
because the a priori uncertainty of South Africa is smaller than that of Siberia. Simi-
lar relationships can be found in comparisons between South America and Australia,10

where the SNRs are almost the same, but the differences in the a priori uncertain-
ties change the DFS. The uncertainty reductions over Siberia and South America are
large where continuous measurements are limited, which causes large uncertainties
in the source and sink estimation for those gases. Although the data availability is
limited due to the small number of cloud-free measurements around such regions, the15

GOSAT measurement is expected to improve current knowledge and reduce the large
uncertainty of carbon sources and sinks.

6.3 Retrieval results

The global distributions of retrieval results and the latitudinal distributions of zonal av-
erages are shown in Figs. 6 and 7, respectively. The retrieved XCO2 and XCH4 show20

appropriate patterns of the global distributions and seasonal variations, although the
retrieval results show relatively large variabilities. The seasonal variation of XCO2,
which is controlled mainly by photosynthesis and respiration in terrestrial ecosystems,
is clear. In the northern hemisphere, XCO2 decreases in the northern summer as
the northern terrestrial ecosystem becomes active, and it increases after November.25

Unlike XCO2, the retrieved XCH4 values in the northern hemisphere are higher than
those in the southern hemisphere throughout the whole year because the natural and
anthropogenic sources of CH4 are mainly distributed there. The zonal-averaged XCH4
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is at a maximum over the latitudinal region from 15 to 30◦ N from June to October and
0 to 15◦ N in other months. This is due to the seasonal variations of the strengths of
sources and sinks of CH4.

Table 2 summarizes the retrieval errors of XCO2 and XCH4 calculated from Eqs. (4)
to (6). These values correspond to the precision of the retrieval result. The measure-5

ment noise is the dominant error component, and the interference error arising from the
auxiliary parameters is small. Therefore, the total retrieval errors show similar patterns
to the a posteriori uncertainties shown in Fig. 5. The total retrieval errors decrease with
SNR. Because the variability of SNR over the land is larger than that over the ocean,
both maximum and minimum values appear over the land, and the standard deviations10

of each error component over land are larger than those over the ocean. The fraction
of the smoothing error to the total retrieval error in XCO2 is larger than that for XCH4
because of the difference in the relative magnitude of the a priori uncertainties in the
stratosphere (Eguchi et al., 2010). In most cases, the retrieval precisions are estimated
to be smaller than 3.5 ppm for XCO2 and 15 ppb for XCH4.15

The retrieval accuracy, i.e., the systematic error of the retrieval, is another issue. It
depends on the accuracies of the instrumental calibration, the forward model, and the
assumed model parameters. Detailed discussion of the systematic error should be
based on validation results, which are beyond the scope of this paper. The evaluation
of the systematic error will be presented in another paper (Morino et al., 2010).20

7 Summary

The retrieval algorithm for column abundances of CO2 and CH4 from GOSAT TANSO-
FTS SWIR observations in cloud-free scenes and its results have been presented.
The cloud-free scenes are identified using the TANSO-CAI cloud flag data and two
additional cloud-detection methods that compensate for weaknesses in the TANSO-25

CAI cloud flag. The retrieval algorithm is based on an optimal estimation method. To
decrease the effects of polarization, a total intensity spectrum is generated from two
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orthogonally polarized measurement spectra. A fast scalar radiative transfer code us-
ing a double-k distribution approach is used as a forward radiative transfer model to
reduce computational costs. To avoid possible bias errors, spectral channels contami-
nated with solar Fraunhofer lines are removed from the retrieval analysis. Furthermore,
other possible interference parameters are included in the state vector, to be retrieved5

simultaneously with the gas concentrations.
The interhemispherical differences and the temporal variations of retrieved XCO2

and XCH4 agree well with the current state of knowledge. The retrieval precision of
the column abundances for single observations is estimated to be within about 1%.
The major error source for the retrieval precision is the instrumental noise and the in-10

terference error due to auxiliary parameters is relatively small. Although the available
data over the ocean are limited around the sun-glint region, there is no clear gap in
the retrieval results around the coastlines, and the expected retrieval precision over the
ocean is comparable to that over land. A remarkable reduction in uncertainty is ex-
pected over Siberia and South America, where continuous measurements have been15

limited, and hence uncertainties in sources and sinks are large. However, the retrieval
algorithm has to be further refined to further improve its accuracy. Furthermore, inter-
comparison of retrieval results based on several kinds of retrieval algorithms with actual
measurement data is important to elucidate the characteristics of each algorithm.

Appendix A20

Polarization Synthesis

TANSO-FTS observes the two orthogonal polarized components of the incident light for
three SWIR bands. If the Stokes vector of the incident light is

(
I Q U V

)T
, the observed

P and S polarization components are expressed as25

SP =aP (θAT,θCT)I+bP (θAT,θCT)Q+cP (θAT,θCT)U+dP (θAT,θCT)V, (A1)
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SS =aS (θAT,θCT)I+bS (θAT,θCT)Q+cS (θAT,θCT)U+dS (θAT,θCT)V, (A2)

where the coefficients aP/S, bP/S, cP/S, and dP/S are the elements of the matrix that
denote the TANSO-FTS optics, i.e., the product of several Mueller matrices and the
spectral characteristics. Some of these are functions of the along-track angle θAT and
the cross-track angle θCT of the pointing mirror (see Kuze et al., 2009 for details).5

In general, the circular polarization V is negligibly small compared with the linear
polarizations Q and U for light reflected by the Earth’s atmosphere (Coulson, 1988).
The linear polarization can be written in terms of the total intensity I , the ellipticity
angle β, and the direction of polarization χ as

Q= I cos 2 β cos 2 χ, (A3)10

U = I cos 2 β sin 2 χ. (A4)

Several studies have shown that χ can be approximated by the Rayleigh single-
scattering value χss (Aben et al., 2003; Schutgens et al., 2004). Because χss only
depends on the Sun-Earth-satellite geometry (Aben et al., 2003), the total intensity I
can be calculated from the observed P and S polarized components as15

I =
eS (θAT,θCT)SP−eP (θAT,θCT)SS

eS (θAT,θCT)aP (θAT,θCT)−eP (θAT,θCT)aS (θAT,θCT)
, (A5)

eP/S (θAT,θCT)=bP/S (θAT,θCT)cos2χss+cP/S (θAT,θCT)sin2χss. (A6)
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Table 1. State vector, its a priori, and the VCM for the TANSO-FTS SWIR retrieval. “SR”
indicates data obtained by semi-real time processing, and “DB” indicates data prepared as
monthly databases.

x (number of elements)
xa Sa

land ocean

CO2 (15) NIES TM (SR) NIES TM (DB)
CH4 (15) NIES TM (SR) NIES TM (DB)
H2O (15) GPV (SR) GPV (DB)
AOD (1) SPRINTARS (SR) (1.0)2 (fixed)

surface pressure [hPa] (1) GPV (SR) (20)2 (fixed)
temperature profile bias [K] (1) 0.0 (fixed) (20)2 (fixed)

wavenumber dispersion (3) 0.0 (fixed) (10−5)2 (fixed)
surface albedo (22) MODIS (DB) (1.0)2 (fixed)

wind speed (1) GPV (SR) GPV (DB)
adjustment factor (2) 1.0 (fixed) (0.05)2 (fixed)
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Table 2. Statistics of the retrieval errors of XCO2 (a) and XCH4 (b). Measurement noise,
smoothing error, and interference error are calculated by Eqs. (4) to (6). The total error is the
square root of the sum of these error components.

(a)

XCO2 ERROR [ppmv]
Land Ocean

Av. Std. Max. Min. Av. Std. Max. Min.

measurement 1.27 0.28 2.59 0.74 1.36 0.17 1.70 0.89
smoothing 0.71 0.16 1.58 0.42 0.96 0.15 1.25 0.58
interference 0.22 0.18 1.26 0.01 0.33 0.07 0.51 0.16
total 1.48 0.34 3.28 0.87 1.70 0.24 2.16 1.08

(b)

XCH4 ERROR [ppbv]
Land Ocean

Av. Std. Max. Min. Av. Std. Max. Min.

measurement 5.50 1.51 12.01 2.61 6.90 1.33 9.77 3.64
smoothing 1.34 0.39 5.88 0.78 1.50 0.27 2.50 1.02
interference 1.27 1.14 8.47 0.05 1.65 0.35 2.89 0.85
total 5.86 1.75 14.93 2.80 7.26 1.39 10.26 3.87
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Fig. 1. Examples of the GOSAT TANSO-FTS SWIR spectra (P -polarization component). Hor-
izontal gray bars indicate the locations of absorption bands of major molecules in the atmo-
sphere.
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Fig. 2. Schematic diagram of the retrieval processing flow of TANSO-FTS SWIR. “DFS,” “RMS,”
and “AOD” indicate the degree of freedom for signals, root mean squares, and aerosol optical
depth, respectively.
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Fig. 3. Monthly fraction of the TANSO-FTS scenes suitable for the retrieval analysis (i.e., mea-
surement scenes that passed all data-screening items described in Sect. 3) within a 2.5×2.5-
degree grid box. A blank indicates that no valid observations were available within the grid
box. 4827
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Fig. 4. Examples of column averaging kernel functions for CO2 (a) and CH4 (b).
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Fig. 5. Global distributions of SNR (a), DFS (b and c), a priori uncertainty (d and g), a posteriori
uncertainty (e and h), and uncertainty reduction (f and i) of XCO2 and XCH4 retrievals for July
2009.
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Fig. 5. Continued.
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Fig. 5. Continued.
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Fig. 6. Monthly average of the retrieved XCO2 [ppmv] (a, c) and XCH4 [ppbv] (b, d) within a
2.5×2.5-degree grid box. A blank indicates that no valid retrieval result was available within
the grid box.
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Fig. 7. Latitudinal distributions of zonal mean of the retrieved XCO2 [ppmv] (a) and XCH4
[ppbv] (b). Colors indicate different months, from April 2009 to January 2010. The standard
deviations of zonal variation for July 2009 and January 2010 are plotted as error bars.
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