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Abstract

Column-averaged dry-air mole fractions of methane (XCH4), retrieved from Green-
house gases Observing SATellite (GOSAT) Short-Wavelength InfraRed (SWIR) spec-
tra, were validated by using aircraft measurement data from the National Oceanic and
Atmospheric Administration (NOAA), the US Department of Energy (DOE), the Na-5

tional Institute for Environmental Studies (NIES), the HIAPER Pole-to-Pole Observa-
tions (HIPPO) program, and the GOSAT validation aircraft observation campaign over
Japan. In the calculation of XCH4 from aircraft measurements (aircraft-based XCH4),
other satellite data were used for the CH4 profiles above the tropopause. We proposed
a data-screening scheme for aircraft-based XCH4 for reliable validation of GOSAT10

XCH4. Further, we examined the impact of GOSAT SWIR column averaging kernels
(CAK) on the aircraft-based XCH4 calculation and found that the difference between
aircraft-based XCH4 with and without the application of the GOSAT CAK was less than
±9 ppb at maximum, with an average difference of −0.5 ppb.

We compared GOSAT XCH4 Ver. 02.00 data retrieved within ±2◦ or ±5◦ lati-15

tude/longitude boxes centered at each aircraft measurement site with aircraft-based
XCH4 measured on a GOSAT overpass day. In general, GOSAT XCH4 was in good
agreement with aircraft-based XCH4. However, over land, the GOSAT data showed
a positive bias of 1.5 ppb (2.0 ppb) with a standard deviation of 14.9 ppb (16.0 ppb)
within the ±2◦ (±5◦) boxes, and over ocean, the average bias was 4.1 ppb (6.5 ppb)20

with a standard deviation of 9.4 ppb (8.8 ppb) within the ±2◦ (±5◦) boxes. In addition,
we obtained similar results when we used an aircraft-based XCH4 time series obtained
by curve fitting with temporal interpolation for comparison with GOSAT data.

1 Introduction

It is well known that atmospheric methane (CH4) is an important greenhouse gas25

(GHG) that plays a crucial role in global climate change and atmospheric chemistry.
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CH4 concentrations have been measured from various in situ platforms, including
ground-based stations, tall towers, ships, aircraft, and balloons (e.g., Cavanagh et al.,
1969; Fraser et al., 1981; Steele et al., 1987; Blake and Rowland, 1988; Aoki et al.,
1992; Dlugokencky et al., 1994; Matsueda and Inoue, 1996; Tohjima et al., 1997, 2002;
Andrews et al., 2001; Sasakawa et al., 2010; Terao et al., 2011; Wada et al., 2011).5

Although these measurements have provided extensive information on the spatial and
temporal variations of atmospheric CH4, the distribution of the CH4 sources and sinks
is still poorly understood because of the sparseness of available in situ observations
and their limited altitudinal range.

By using satellite observations, it should be possible to determine the global distri-10

bution of CH4 and, in conjunction with atmospheric inverse modeling, to estimate its
sources and sinks with improved accuracy at the sub-continental scale (e.g., Bergam-
aschi et al., 2007, 2009; Meirink et al., 2008; Fraser et al., 2013). Vertical CH4 profiles
have been retrieved from thermal infrared (TIR) spectra obtained with satellite-borne
instruments, including the Interferometric Monitor for Greenhouse gases (IMG; Cler-15

baux et al., 2003), the Atmospheric Infrared Sounder (AIRS; Aumann et al., 2003),
the Infrared Atmospheric Sounding Interferometer (IASI; Crevoisier et al., 2009), and
the Tropospheric Emission Spectrometer (TES; Wecht et al., 2012). In addition, near-
infrared (NIR) spectra obtained by the SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY (SCIAMACHY) on board Envisat, launched in March 2002,20

provide column-averaged dry-air mole fractions of CH4 (XCH4), which have been
compared to ground-based Fourier transform spectrometer (FTS) measurements and
model results (e.g., Dils et al., 2006; Schneising et al., 2009, 2012).

The Greenhouse gases Observing SATellite (GOSAT), the world’s first satellite spe-
cialized for measuring the concentrations of atmospheric carbon dioxide (CO2) and25

CH4 from space, was launched in January 2009 (Yokota et al., 2009). Observation
results include column-averaged dry-air mole fractions of CO2 (XCO2) and XCH4 re-
trieved from the Short-Wavelength InfraRed (SWIR) spectra of the Thermal And Near-
infrared Sensor for carbon Observation (TANSO)-FTS on board GOSAT (Yoshida et al.,
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2011, 2013; Morino et al., 2011; Parker et al., 2011; Schepers et al., 2012). Yoshida
et al. (2013) evaluated the mean bias of GOSAT SWIR XCH4 (Ver. 02.00, June 2009 to
July 2010) to be −6.1 ppb with a standard deviation of 12.3 ppb by using data from the
Total Carbon Column Observing Network (TCCON), a worldwide network of ground-
based FTSs (Wunch et al., 2010, 2011). Gavrilov et al. (2014) also compared GOSAT5

XCH4 data with ground-based FTS data obtained near St. Petersburg, Russia (see
Sect. 3.3.3 for details).

Along with ground-based FTS data, aircraft measurements are also useful for vali-
dation of GOSAT data. However, only a few studies have compared satellite-retrieved
XCO2 or XCH4 data with aircraft measurements. Saitoh et al. (2012) compared GOSAT10

SWIR XCH4 Ver. 01.xx data (i.e., the previous version) and XCH4 calculated from TIR
CH4 profiles with aircraft measurement data obtained over Guam in the North Pa-
cific Ocean by the Comprehensive Observation Network for TRace gases by AIrLiner
(CONTRAIL) project (Machida et al., 2008). In addition, our previous study (Inoue et al.,
2013) validated GOSAT SWIR XCO2 data with aircraft measurement data from ∼ 4015

sites.
In this study, we validated GOSAT SWIR XCH4 Ver. 02.00 data by using various

vertical measurement data obtained by aircraft. We used the same two approaches that
Inoue et al. (2013) used for XCO2 validation: the first approach uses spatiotemporally
matched data, and the second uses spatially matched but temporally interpolated data,20

obtained by curve fitting. In Sect. 2, we describe the data used in this study and the
method used to calculate XCH4 from the aircraft-measured profile data. In Sect. 3,
we examine how the use of GOSAT SWIR column averaging kernels (CAK) and the
vertical coverage of aircraft measurements affect the aircraft-based XCH4 calculations.
And then, we show the validation results by the two approaches described above. In25

Sect. 4, we summarize our findings and present our conclusions.
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2 Data and analysis methods

2.1 XCH4 retrieved from GOSAT TANSO-FTS SWIR spectra

GOSAT was launched on 23 January 2009 into a sun-synchronous orbit to monitor the
distributions of GHGs (Kuze et al., 2009). GOSAT crosses the equator at about 13:00 LT
and returns to the same point in space every three days, during which the TANSO-FTS5

makes observations of several tens of thousands of ground points globally. TANSO-
FTS has three bands in the SWIR region, centered at 0.76, 1.6, and 2.0 µm, and
a broad TIR band between 5.6 and 14.3 µm. Measurements in the SWIR and TIR bands
allow the retrieval of XCH4 and CH4 concentration profiles, respectively, in cloud-free
regions (Yoshida et al., 2011, 2013; Saitoh et al., 2012). In this study, we used aircraft10

measurement data to validate SWIR Ver. 02.00 XCH4 data retrieved with the latest
retrieval algorithm (Yoshida et al., 2013), which covers the period from June 2009 to
July 2010.

2.2 XCH4 calculation from aircraft measurement data

2.2.1 Aircraft measurements15

The NOAA Earth System Research Laboratory (ESRL) Global Monitoring Division
measures CH4 concentrations over North America and the Pacific Ocean from aircraft
(e.g., Xiong et al., 2008). Air samples are routinely collected in flasks at about 20 sites,
covering an altitude range of ∼ 0.5 km to 7 km with vertical resolutions of 0.3–0.7 km, at
weekly or biweekly sampling intervals. The reported analytical uncertainty of the CH420

concentration is ∼ 2 ppb.
The US Department of Energy (DOE) supports an aircraft-based observation pro-

gram over the Southern Great Plains (SGP; see Table 1 for all site codes) as part
of a joint effort between the Atmospheric Radiation Measurement (ARM) program,
NOAA/ESRL, and the Lawrence Berkeley National Laboratory ARM Carbon project25
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(Biraud et al., 2013). Flasks of air samples are collected about twice weekly by small
aircraft (initially a Cessna 172, currently a Cessna 206) during a series of horizontal
legs ranging in altitude from 0.46 to 5.5 km and analyzed by NOAA/ESRL for a suite
of GHGs and isotopes, thereby linking all flights to the global cooperative air-sampling
network.5

Over three sites in Siberia and Sagami-bay, Japan, aircraft sampling is conducted
by the National Institute for Environmental Studies (NIES) once or twice a month. Typ-
ical observing altitudes are 0.5–7 km with vertical resolutions of 0.5–1.5 km (Machida
et al., 2001). CH4 mixing ratios of the flask samples are measured with a precision of
about 2 ppb by using a gas chromatograph equipped with a flame ionization detector10

(Machida et al., 2008). The standard gases used for flask measurement were calibrated
against NIES 94 CH4 scale, which was higher than NOAA 04 scale by 3.5–4.6 ppb in
the range between 1750 and 1840 ppb (Terao et al., 2011).

Aircraft measurements obtained by the HIAPER Pole-to-Pole Observations (HIPPO)
project are also available for GOSAT validation. The HIPPO project consisted of five15

global aircraft measurement missions, covering the different seasons, during which the
atmosphere was sampled and measured from the North Pole to the coastal waters of
Antarctica in the Pacific Basin (Wofsy et al., 2011). Most HIPPO profiles extend from
altitudes of approximately 0.3 km to 8.5 km, but some extend to above 14 km. HIPPO
flights measured high CH4 concentrations near the surface over the Arctic Ocean (Kort20

et al., 2012), a finding that suggests that surface waters of the Arctic Ocean may be
an important source of CH4. Here, we utilized 10 s merged CH4 profiles based on
quantum cascade laser system (QCLS) measurements obtained during the second
and third HIPPO missions (HIPPO-2 and HIPPO-3), which took place from October
to November 2009 and from March to April 2010, respectively (Wofsy et al., 2012).25

The QCLS observations and NOAA flask sample results (QCLS CH4 minus NOAA
flask CH4) differed by 3.9 ppb (HIPPO-2) and 6.0 ppb (HIPPO-3). Therefore, we sub-
tracted the respective value from the QCLS data obtained by each mission to improve
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consistency of the HIPPO data with global NOAA network data (i.e., in this study, QCLS
data calibrated against NOAA flask data were used).

In addition, aircraft measurements are conducted over Japan by NIES and the Japan
Aerospace Exploration Agency (JAXA) once or twice a year (hereinafter NIES-JAXA
campaign) to calibrate the ground-based FTS data utilized for GOSAT validation as well5

as for direct validation of GOSAT data. In this study, we used CH4 concentrations with
an analytical precision of better than 1.7 ppb obtained by flask sampling over Tsukuba
(36.1◦ N, 140.1◦ E) in February 2010 (Tanaka et al., 2012). Because airspace controls
at two international airports restricted flights over Tsukuba to altitudes below about
2 km (Tanaka et al., 2012), samples from altitudes between 2 and 7 km were obtained10

over Kumagaya, about 70 km west of Tsukuba. In addition, measurements made at 1.5,
25, 100, and 200 ma.g.l. on a tall tower of the Meteorological Research Institute (MRI)
in Tsukuba (36.1◦ N, 140.1◦ E; Inoue and Matsueda, 1996, 2001) provide information
about CH4 concentrations below the lower boundary of the aircraft measurements.
Thus, in this study, we used CH4 profiles measured over Kumagaya along with aircraft15

and tower measurements over Tsukuba for the calculation of XCH4 over Tsukuba.
As noted above, the HIPPO missions were able to provide atmospheric measure-

ments from 0.3 km up to 14 km. On the other hand, typical observing altitudes of NOAA,
DOE, NIES and NIES-JAXA campaign were from 0.5 km up to about 6 or 7 km. Alto-
gether, we used CH4 profiles obtained at 16 NOAA sites, 1 DOE site, and 4 NIES sites20

and on 2 HIPPO missions and during 1 NIES-JAXA campaign for validation of GOSAT
SWIR XCH4 data (Fig. 1 and Table 1).

2.2.2 Tropospheric profiles and tropopause height

Because the aircraft measurements were made with a limited altitude range, we
needed additional observations from near ground and above the tropopause. For these25

observations, we made certain assumptions. We reconstructed CH4 profiles in the tro-
posphere in a manner analogous to the aircraft-based XCO2 calculations made by
Araki et al. (2010). First, we extrapolated the lowest aircraft data to the surface. Then,
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for aircraft profiles where all observations were below the tropopause, we assumed
that the CH4 concentration remained constant from that measured at highest observa-
tional altitude up to the tropopause. Next, we drew a straight line connecting the CH4
concentration at the tropopause with the lowest satellite-based climatological value
above the tropopause (see Sect. 2.2.3). The local tropopause height was derived by5

using the Global Forecast System model (http://nomads.ncdc.noaa.gov/) of the Na-
tional Centers for Environmental Prediction (NCEP), the results of which agree well
with radiosonde measurements (Pan and Munchak, 2011). We used Global Forecast
System tropopause height data supplied as reanalysis values at 00:00, 06:00, 12:00,
and 18:00 UTC and the forecast values at 03:00, 09:00, 15:00, and 21:00 UTC (3 h10

after each reanalysis time) on 1◦ ×1◦ horizontal grids. In the few cases that aircraft
measurements were made above the tropopause, a straight line was drawn connecting
the aircraft data obtained at the highest measurement altitude with the satellite-based
climatological data obtained above that altitude.

2.2.3 Stratospheric and mesospheric profiles15

The Atmospheric Chemistry Experiment (ACE)-FTS aboard the Canadian satellite
SCISAT, launched in August 2003, was designed to clarify vertical structures of over
30 chemical species, including CH4, in the upper troposphere, stratosphere, and meso-
sphere by the solar occultation technique (Bernath et al., 2005). As currently most prob-
able data to complete the stratospheric and mesospheric parts of CH4 profiles, we used20

ACE-FTS zonal mean climatological data (http://www.ace.uwaterloo.ca/), averaged on
a monthly basis over the period from February 2004 to February 2009, at 5◦ latitude
spacing and 28 pressure levels from 300 hPa to 0.1 hPa (Jones et al., 2012). The ob-
serving period of ACE-FTS data is relatively close to that of GOSAT data. The differ-
ence between ACE-FTS CH4 concentrations and balloon-borne observations is less25

than 10 % between 15 and 24 km (De Mazière et al., 2008). At certain latitudes, ACE-
FTS climatological data are not available for all months, owing to the character of the
SCISAT orbit. Therefore, we utilized climatological data based on measurements made

4737

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/4729/2014/amtd-7-4729-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/4729/2014/amtd-7-4729-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://nomads.ncdc.noaa.gov/
http://www.ace.uwaterloo.ca/


AMTD
7, 4729–4774, 2014

Validation of GOSAT
XCH4 using aircraft

measurements

M. Inoue et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

by the Halogen Occultation Experiment (HALOE) on board the Upper Atmosphere Re-
search Satellite (UARS), launched in September 1991, for months when ACE-FTS cli-
matological data were unavailable. The monthly HALOE climatological product (http://
www.atmos-chem-phys.net/5/2797/2005/acp-5-2797-2005-supplement.tar), based on
HALOE profiles between October 1991 and August 2002, is compiled for several gases,5

including CH4, at 5◦ latitude spacing and 22 pressure levels between 316 hPa and
0.1 hPa (Grooß and Russell, 2005). HALOE CH4 data and data from space shuttle
flights, balloon-borne observations, and so on generally agree within 15 % (Park et al.,
1996).

De Mazière et al. (2008), however, showed that CH4 concentrations observed by10

HALOE show a negative bias compared with ACE-FTS data, with large differences
above 35 km. This bias is attributed to the different observation period and the increase
of the atmospheric CH4 concentration between the observation periods. Figure 2
shows the percent differences of ACE-FTS and HALOE (ACE-FTS minus HALOE)
relative to the average of the two instruments. We found that below the altitude of15

40 km, HALOE CH4 concentrations were on average about 5 % lower (standard devi-
ation, SD =∼ 15 %) than ACE-FTS concentrations, and from 40 to 65 km, they were
10–15 % lower (SD =∼ 20 %), consistent with the results of De Mazière et al. (2008).
We used CH4 profiles based on ACE-FTS data for months when ACE-FTS climato-
logical data were available. In latitudinal bands where there were no ACE-FTS profiles20

for certain months, we used HALOE CH4 concentration data adjusted by a scaling
factor (blue dots in Fig. 2) (i.e., HALOE climatological profiles corrected by ACE-FTS
data). In this study, we did not use the ACE or HALOE climatological data from below
the tropopause or the maximum height of aircraft measurement for constructing CH4
profiles (Sect. 2.2.2).25

2.2.4 Dry-air number density profiles

To calculate aircraft-based XCH4, we need to know the number density profile of dry
air. We used meteorological data from the Committee on Space Research (COSPAR)
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International Reference Atmosphere (CIRA-86; Fleming et al., 1990), which provides
empirical models of atmospheric temperature and densities from the surface to 120 km.

We here compared aircraft-based XCH4 data calculated using only CIRA-86 data
(without applying CAK, see Sect. 2.2.5) with XCH4 calculated using the Grid Point
Value (GPV) dataset prepared by the Japan Meteorological Agency (see Inoue et al.,5

2013). Because the upper boundary of the GPV data was 10 hPa, we used CIRA-86
data from above 10 hPa to calculate XCH4 in this comparison. In other words, we com-
pared aircraft-based XCH4 calculated by using GPV air number densities below 10 hPa
and CIRA-86 densities above 10 hPa (GPV+CIRA XCH4) with XCH4 estimated by us-
ing vertical CIRA-86 profiles throughout the atmosphere (CIRA XCH4). The average10

±1 SD of the difference between CIRA XCH4 and GPV+CIRA XCH4 over Park Falls
(LEF) and SGP in 2009 were only 0.1±1.4 ppb (n = 22) and 0.2±1.0 ppb (n = 46),
respectively. Therefore, we calculated XCH4 by using only CIRA-86 data for the dry-air
number densities in this study.

2.2.5 Aircraft-based CH4 profiles and calculation of XCH4 with and without15

applying GOSAT column averaging kernels (CAK)

Figure 3 shows an example of aircraft-based CH4 profiles obtained over Charleston,
South Carolina (SCA), USA. Following the method used by Inoue et al. (2013) for
XCO2, we calculated XCH4 from the reconstructed CH4 profiles with and without ap-
plying the GOSAT CAK.20

CAK a is expressed as follows:

aj = (hTA)j
1
hj

, (1)

where A and h denote the averaging kernel matrix and a pressure-weighting function
calculated on the basis of the dry-air number density profile, respectively. The subscript
j is the index of the j th layer. Thus, the XCH4 values derived from the aircraft profile25
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weighted by the CH4 CAK a are calculated as follows:

X in-situ, CAK
CH4

= X a
CH4

+
∑
j

hjaj (tin-situ − ta)j = hT[A · tin-situ + (I−A)ta] (2)

where X a
CH4

is the column-averaged dry-air mole fraction of CH4 in the a priori profile
ta, and tin-situ is the aircraft-based CH4 profile. The a priori CH4 profile of GOSAT is
calculated for every observation day by an offline tracer transport model developed by5

NIES (NIES TM; Maksyutov et al., 2008; Saeki et al., 2013).
Aircraft-based XCH4 values can be calculated without applying the CH4 CAK as

follows:

X in-situ, noCAK
CH4

= hT · tin-situ (3)

We integrated Eqs. (2) and (3) over altitudes from the surface up to 85 km with a vertical10

resolution of 100 m based on the method used by Araki et al. (2010) for XCO2. As
described below (Sect. 2.2.6), our aim was to validate GOSAT XCH4 by using only
aircraft-based XCH4 data with an uncertainty of less than 1 standard deviation at each
respective site.

2.2.6 Uncertainty of aircraft-based XCH4 and data screening15

It is important for the data used to validate GOSAT SWIR XCH4 to be as reliable as
possible. To screen out aircraft-based XCH4 outliers, we defined and evaluated the “to-
tal uncertainty” for each aircraft site, excepting the HIPPO and NIES-JAXA campaign
sites, where there were few data from the same locations. To calculate the total uncer-
tainty, we first divided the atmospheric layer from the surface to the mesopause (85 km)20

into three domains: (I) below the planetary boundary layer (PBL), (II) from the PBL to
the tropopause, and (III) above the tropopause. We then attempted to fit Eq. (4), be-
low, to partial XCH4 values in each domain based on the method used by Miyamoto
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et al. (2013) and Inoue et al. (2013) for XCO2.

XCH4(t) = Intercept+Trend×t+
Amp1

2
×cos

(
2π

t−ϕ1

12

)
+

Amp2

2
×cos

(
4π

t−ϕ2

12

)
(4)

where XCH4(t) is the partial XCH4 value at time t [month], Intercept represents the
partial XCH4 on 1 January 2007 without sinusoidal variations, and Trend denotes the
monthly growth rate. Amp1 and Amp2 are the amplitudes of sinusoidal variations with5

periods of 12 and 6 months, respectively, whereas φ1 and φ2 are phases of the an-
nual and semiannual sinusoidal variations, respectively. As an example, we show the
temporal variations of the partial XCH4 in the three domains over SGP (Fig. 4). Obvi-
ously, the tropospheric CH4 concentrations (Fig. 4a and b) are lower in summer and
higher in cold seasons. This seasonality is due to CH4 oxidation by OH radicals, which10

are more abundant in summer. The standard deviations of the differences between
the partial XCH4 values and the gap-filled data in domains (I), (II), and (III) were cal-
culated and expressed as σpbl, σtrp, and σstr, respectively. Moreover, two categories of
differences, σpbl_withdata and σpbl_nodata, were also calculated in domain (I) depending on
whether the lowest aircraft data were obtained in the PBL, provided that at least seven15

measurements were available in each category. Table 2 summarizes σpbl, σpbl_withdata,
σpbl_nodata, σtrp, and σstr at all sites. For instance, at SGP (n = 243), the uncertainties of
the partial XCH4 in domains (I) with data (n = 213), (I) without data (n = 30), (II), and
(III) were 47.2 ppb, 83.3 ppb, 17.0 ppb, and 45.0 ppb, respectively. Overall, the σpbl re-
sults showed prominent regional differences, from 4.5 ppb at Rarotonga, Cook Islands20

(RTA), to 60.8 ppb at Sinton, Texas (TGC). In domain (II), the uncertainties of partial
XCH4 were only 10–15 ppb, the smallest uncertainties in all domains at most sites. In
addition, we examined whether the uncertainties of the respective partial XCH4 val-
ues were strongly seasonal. Monthly time series of σpbl, σtrp, and σstr of the partial
XCH4 data at SGP and RTA did not show a strong seasonal dependence (Fig. 5),25

and the uncertainties calculated over the entire period can be reasonably used as
threshold values for data screening. Thus, using the uncertainties in each domain,
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we estimated the total uncertainty (σtotal) at each site, following the method used by
Miyamoto et al. (2013) for XCO2:

σtotal =

√∑
j N(j )2 ×σ(j )2

N
(j = I, II, III)

=

√
N2

pbl ×σ2
pbl +N2

trp ×σ2
trp +N2

str ×σ2
str

N

(5)

where Npbl, Ntrp, and Nstr are the partial dry-air number densities in domains (I), (II), and5

(III), respectively, and N is the sum of Npbl, Ntrp, and Nstr (i.e., N = Npbl +Ntrp +Nstr).
We used either σpbl_withdata or σpbl_nodata in Eq. (5) according to whether the lowest
data were within the PBL to calculate σtotal. When the number of observations used to
determine σpbl_nodata was less than seven (denoted by a dash in Table 2), we used σpbl
instead of σpbl_nodata. Table 3 summarizes the σtotal statistics for each observation site.10

We regarded aircraft-based XCH4 data with σtotal larger than the sum of the average
and one standard deviation of σtotal at each corresponding site as outlier data and
screened them out. For example, the average plus one standard deviation of σtotal
at SGP was 15.8 ppb plus 1.2 ppb. Therefore, we regarded their sum (17.0 ppb) as
the threshold value at SGP for data screening, and removed aircraft-based XCH4 data15

with σtotal larger than 17.0 ppb from all aircraft measurements obtained at SGP. At SGP,
4.9 % of all data were screened out, and the mean removal rate at all 21 sites was about
12 % (Table 3).

2.3 Methods for validating GOSAT products with aircraft data

We set the coincidence criteria between GOSAT and aircraft data as follows: GOSAT20

data retrieved within ±2◦ or ±5◦ latitude/longitude boxes centered at each observa-
tion site and aircraft-based XCH4 on a GOSAT-overpass day after outlier removal (de-
scribed in Sect. 2.2.6) (i.e., extraction of temporally matched data for direct compar-
ison). When multiple aircraft data were associated with the particular GOSAT data,
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the aircraft data temporally nearest to the GOSAT overpass time were selected. For
this direct comparison, we used the aircraft-based XCH4 with the application of CAK
(Sect. 3.3.1).

This approach enabled us to validate GOSAT products with temporally matched ob-
servational data. However, no temporally matched data were available from several5

observation sites because no aircraft measurements were obtained on a GOSAT over-
pass day. Therefore, we also prepared temporally interpolated aircraft-based XCH4
data by curve fitting for comparison with GOSAT XCH4 (Sect. 3.3.2). In this case, we
used the aircraft-based XCH4 data for the curve fitting without applying GOSAT CAK,
because when a curve-fitting approach is used, CAK cannot be applied to aircraft-10

based XCH4 calculations in the absence of vertical information about all aircraft mea-
surements (see Inoue et al., 2013, regarding XCO2). We first evaluated the impact of
CAK on the aircraft-based XCH4 calculations to prevent misinterpretation of the valida-
tion results obtained by using the two different approaches (Sect. 3.1).

3 Results and discussion15

3.1 Impact of GOSAT SWIR CAK application on aircraft-based
XCH4 calculations

We examined how aircraft-based XCH4 values at each observation site differed when
calculated with and without application of GOSAT SWIR CAK. The aircraft-based XCH4
at a certain time of day was calculated by using the SWIR CAK of the GOSAT data20

nearest to the aircraft site from among all GOSAT data obtained within ±10◦ lati-
tude/longitude boxes centered at the observation site on the same day. XCH4 calcu-
lated using Eq. (2) with aircraft-based data weighted with the chosen GOSAT SWIR
CAK is denoted as “aircraft-based XCH4 with CAK”, and XCH4 calculated using Eq. (3)
with aircraft-based data without applying GOSAT CAK is denoted as “aircraft-based25

XCH4 without CAK”.
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Before examining the impact of GOSAT CAK on aircraft-based XCH4, we show ex-
amples of vertical profiles of CH4 concentrations and CAK over several sites (Fig. 6).
At SGP on 1 September 2009, CH4 concentrations measured by aircraft were high
in the lower troposphere and then remained constant with height in the middle tro-
posphere, similar to the GOSAT a priori profile (Fig. 6a). CAK was around unity in5

the troposphere. In this case, aircraft-based XCH4 values with and without CAK were
1810.6 ppb and 1810.0 ppb, respectively (i.e., a difference of 0.6 ppb). In the western
part of Chesterfield Islands on 15 November 2009, the CH4 profile derived from air-
craft measurements, observed by a HIPPO mission, and the corrected HALOE data
were almost coincident with the GOSAT a priori data (Fig. 6b). Here, CAK was larger10

than 0.9 in the troposphere, and the difference between aircraft-based XCH4 with and
without CAK was 0.4 ppb.

Over SGP from June 2009 to July 2010, the difference between XCH4 with and with-
out CAK was less than about ±3 ppb in most cases, and the average of all differences
(aircraft-based XCH4 with CAK minus aircraft-based XCH4 without CAK) at SGP was15

−0.6 ppb (Fig. 7a and Table 4). At LEF during the same period, the differences were
less than about ±6 ppb (Fig. 7b and Table 4). At all sites, the absolute value of the
difference between aircraft-based XCH4 with CAK and without CAK was estimated to
be less than 9 ppb at maximum, and −0.5 ppb on average with a standard deviation of
2.4 ppb (Table 4). Therefore, we concluded that the application of GOSAT SWIR CAK20

had only a minor effect on the aircraft-based XCH4 calculations.

3.2 Impact of the vertical coverage of aircraft measurements on the
aircraft-based XCH4 calculation

We here investigated the impact of the vertical coverage of aircraft measurements on
the aircraft-based XCH4 calculation by using the HIPPO profiles with higher altitude25

observation than other aircraft platforms. Specifically, we calculated the difference be-
tween “the aircraft-based XCH4 calculated using all aircraft data (All data XCH4)” and
“the aircraft-based XCH4 calculated using aircraft data over a limited altitude range
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about 0.5–7 km (Limited data XCH4)”. The former profile is indicated by blue solid with
open circles, dashed, and dashed-dotted lines in Fig. 8 (an example for HPA). The lat-
ter profile is the same as the former profile except for the altitude of 7–12.7 km which
are shown by the red line in Fig. 8. “All data XCH4” was 1763.4 ppb and “Limited data
XCH4” was 1761.6 ppb, and the difference at HPA was as small as 1.8 ppb. The av-5

erage of “All data XCH4 minus Limited data XCH4” calculated from all HIPPO profiles
was as small as 0.4 ppb with a standard deviation of 2.2 ppb (n = 6).

3.3 Comparison between GOSAT XCH4 and aircraft-based XCH4

3.3.1 Temporally matched data

We compared aircraft-based XCH4 calculated with CAK at each observation site with10

GOSAT data observed within ±2◦ or ±5◦ latitude/longitude boxes centered at each site
(Fig. 9, Table 5). Within the ±2◦ boxes, there were a total of 43 observations over land
and 3 over ocean, whereas within the ±5◦ boxes, there were a total of 102 observations
over land and 10 over ocean. Over the ocean, the mean bias of the GOSAT XCH4
data relative to aircraft measurements was 4.1 ppb (SD = 9.4 ppb) and 6.5 ppb (SD =15

8.8 ppb) within the ±2◦ and ±5◦ boxes, respectively. In Fig. 9, the regression lines are
shown only when the regressions are statistically significant at the 99 % level. The
correlation coefficients were 0.90 and 0.93 within the ±2◦ and ±5◦ boxes, respectively,
though there were few samples over ocean. Over land, the mean bias of GOSAT SWIR
XCH4 relative to aircraft measurements was 1.5 ppb (SD = 14.9 ppb) and 2.0 ppb (SD =20

16.0 ppb) within the ±2◦ and ±5◦ boxes, respectively, with correlation coefficients of
0.61 and 0.64, respectively, which were significant at the 99 % level.

3.3.2 Temporally interpolated aircraft-based XCH4 data

As explained in Sect. 2.3, at some observation sites there were no flight data on
the GOSAT overpass day, so it was not possible to compare GOSAT products with25
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temporally matched aircraft measurement data. However, it was possible to obtain
matched data at all observation sites by temporal interpolation of aircraft-based XCH4
using a curve-fitting method (used for the calculation of uncertainty in Sect. 2.2.6). We
fit Eq. (4) to aircraft-based XCH4 data in the same manner as Miyamoto et al. (2013)
and Inoue et al. (2013) did for XCO2. In other words, we used curve fitting to obtain time5

series of aircraft-based XCH4 without CAK after 2007, and then compared the interpo-
lated aircraft-based XCH4 values for the GOSAT overpass time with GOSAT XCH4 data
observed within ±2◦ and ±5◦ latitude/longitude boxes centered at the respective sites.
Here, the XCH4 data obtained by the HIPPO missions and the NIES-JAXA campaign
were not used for comparison of GOSAT products because it was almost impossible10

to obtain enough number of data in the same locations. In Fig. 10, we compare data
within the ±5◦ boxes centered at SGP and Yakutsk (YAK). At SGP, aircraft-based XCH4
varied seasonally with an amplitude of about 15 ppb, and the average growth rate of
XCH4 over the observation period (2007–2011) was 3.3 ppbyr−1. The average differ-
ence between GOSAT XCH4 over land within ±5◦ of the site and aircraft-based XCH415

was –8.4 ppb (SD = 16.0 ppb) at SGP and −0.2 ppb (SD = 14.5 ppb) at YAK. The cor-
relation coefficients between the two data sets were 0.22 and 0.20 at SGP and YAK,
respectively.

We next compared GOSAT SWIR XCH4 with estimated aircraft-based XCH4 values
at the GOSAT overpass time, obtained by curve fitting and temporal interpolation, at20

all observation sites (Fig. 11). Over land, the mean bias of GOSAT XCH4 was 1.0 ppb
(1.5 ppb) with a standard deviation of 14.1 ppb (15.3 ppb) within the ±2◦ (±5◦) boxes. In
contrast, over ocean, the GOSAT bias was 7.1 ppb (8.4 ppb) with a standard deviation
of 12.3 ppb (14.0 ppb) within the ±2◦ (±5◦) boxes. The correlations between GOSAT
XCH4 and aircraft-based XCH4 were high over both land and ocean regions: over land,25

the correlation coefficient was 0.56 (0.50), with significance at the 99 % level, and over
ocean, it was 0.88 (0.85), with significance at the 99 % level, within the ±2◦ (±5◦) boxes.

Finally, we compared the results obtained by direct comparison of spatiotemporally
matched data with those obtained using data temporally interpolated by curve fitting
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(Table 6). Over land, the average difference between GOSAT data and aircraft-based
data was 1–2 ppb (SD = 14–16 ppb) with both approaches. In contrast, over ocean, the
average difference was 4–8 ppb (SD = 8–14 ppb). The curve fitting-method is useful for
increasing the correlative data.

3.3.3 Comparison with validation by ground-based FTS data5

Finally, we compared XCH4 results derived from aircraft measurements with those from
ground-based FTS data. The average difference between GOSAT XCH4 and aircraft-
based XCH4 over land within ±2◦ boxes was 1.5 ppb (SD = 14.9 ppb) (direct compari-
son) and 1.0 ppb (SD = 14.1 ppb) (curve fitting) (Table 6). Thus, with both approaches,
the bias of the GOSAT SWIR Ver. 02.00 XCH4 product over land was markedly reduced10

compared with the bias of the previous version of the GOSAT product (Ver. 01.xx), in
which GOSAT XCH4 was approximately 20 ppb lower than TCCON data (Morino et al.,
2011). However, the aircraft measurement results reported here are not consistent with
those reported by Yoshida et al. (2013), who found that the mean bias of GOSAT SWIR
Ver. 02.00 XCH4 relative to TCCON data was −6.1 ppb (SD = 12.3 ppb). To clarify the15

cause of this difference, we compared the aircraft measurement data with TCCON data
at several sites. The results show that on average aircraft-based XCH4 is approximately
6–8 ppb (SD =∼ 10 ppb) smaller than TCCON XCH4. This means that the differences
between GOSAT XCH4, TCCON XCH4, and aircraft-based XCH4 are consistent. The
standard deviation of the GOSAT bias over land calculated using aircraft measure-20

ments (14.9 ppb in the direct comparison) was larger than the standard deviation of the
bias calculated using TCCON data (12.3 ppb). This difference may be partly because
the TCCON data utilized for comparison with GOSAT data were time-averaged data,
whereas the aircraft measurements were obtained instantaneously at each altitude
(see Inoue et al., 2013).25

Some studies have compared aircraft measurements with TCCON data in terms
of calibration of the TCCON FTS. Following Wunch et al. (2010) and Messerschmidt
et al. (2011), Geibel et al. (2012) developed a new approach to derive a calibration
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factor (TCCON-to-aircraft ratio) of XCH4 with good accuracy even the aircraft profiles
with incomplete vertical coverage. Consequently, they showed that the calibration fac-
tor 0.978 obtained by Wunch et al. (2010) was reduced to 0.974. However, it is difficult
to compare our results shown in the previous paragraph directly with those of Geibel
et al. (2012), who calculated the aircraft-based XCH4 using the GFIT a priori profile5

multiplied by the retrieval scaling factor for the stratospheric part of the column unlike
our method. Further analyses are needed to bridge the difference between the valida-
tion results by aircraft measurements and the TCCON data.

Gavrilov et al. (2014) also compared GOSAT XCH4 (Ver. 02.xx) with ground-based
FTS data measured near St. Petersburg, Russia (59.9◦ N, 29.8◦ E), which were re-10

trieved from mid-infrared (MIR) observations. Here we compare their result with our
result at YAK located around 60◦ N. The average difference between GOSAT XCH4
and aircraft-based XCH4 within the ±5◦ box around YAK was 3.7 ppb (SD = 16.7 ppb)
(Table 5), whereas the difference near St. Petersburg was −1.9 ppb (SD = 14.5 ppb).
This difference might be due to the geographical distance separating YAK and St. Pe-15

tersburg and the difference between the ground-based FTS and aircraft data as noted
above.

4 Summary and conclusions

XCH4 retrieved from GOSAT TANSO-FTS SWIR (Ver. 02.00) spectra was validated
against aircraft measurement data obtained by NOAA, DOE, NIES, HIPPO, and NIES-20

JAXA. The stratospheric and mesospheric parts of CH4 profiles used for calculating
aircraft-based XCH4 were obtained from ACE-FTS and HALOE climatologies. In addi-
tion, we estimated the total uncertainty of aircraft-based XCH4 at each respective site,
and screened out outlying data. Before comparing the aircraft data with GOSAT prod-
ucts, we investigated differences in aircraft-based XCH4 with and without application of25

GOSAT SWIR CAK and estimated them to be less than ±9 ppb at maximum, and less
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than ±1 ppb on average. Therefore, we concluded that the application of GOSAT CAK
had only a minor effect on the aircraft-based XCH4 calculation.

We compared GOSAT SWIR XCH4 data obtained within ±2◦ or ±5◦ latitude/longitude
boxes at each aircraft site with aircraft-based XCH4 with GOSAT CAK using data mea-
sured on a GOSAT overpass day. Over land, GOSAT XCH4 data were in good agree-5

ment with aircraft-based data, but they showed a positive bias of 1.5 ppb (2.0 ppb)
with a standard deviation of 14.9 ppb (16.1 ppb) within ±2◦ (±5◦) boxes. Over ocean,
GOSAT XCH4 data were consistent with aircraft-based data, although there were few
matched data. In addition, we found the curve-fitting approach to be a useful alter-
native validation method. GOSAT SWIR Ver. 02.00 products over land are markedly10

improved compared with the previous version (Ver. 01.xx), in which XCH4 data were
lower by approximately 20 ppb than reference data. However, the differences between
GOSAT XCH4 and aircraft-based XCH4 at individual sites were not as small as aver-
age differences among the sites. Future studies should examine differences between
land and ocean regions and local differences, by conducting a correlation analysis be-15

tween GOSAT SWIR XCH4 and several simultaneously retrieved parameters, including
surface pressure, aerosol optical depth, and surface albedo.
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Table 1. Basic information on the aircraft observation sites.

site latitude longitude elevation region site name
code [◦ N] [◦ E] [m]

(a) NOAA

PFA 65.1 −147.3 210 United States Poker Flat, Alaska
BRM 54.3 −105.0 507 Canada BERMS, Saskatchewan
ESP 49.6 −126.4 7 Canada Estevan Point, British Columbia
DND 48.4 −97.8 464 United States Dahlen, North Dakota
LEF 45.9 −90.3 472 United States Park Falls, Wisconsin
NHA 43.0 −70.6 0 United States Worcester, Massachusetts
WBI 41.7 −91.4 242 United States West Branch, Iowa
THD 41.1 −124.2 107 United States Trinidad Head, California
BNE 40.8 −97.2 466 United States Beaver Crossing, Nebraska
CAR 40.4 −104.3 1740 United States Briggsdale, Colorado
HIL 40.1 −87.9 202 United States Homer, Illinois
AAO 40.1 −88.6 213 United States Airborne Aerosol Observing, Illinois
CMA 38.8 −74.3 0 United States Cape May, New Jersey
SCA 32.8 −79.6 0 United States Charleston, South Carolina
TGC 27.7 −96.9 0 United States Sinton, Texas
RTA −21.3 −159.8 3 Cook Islands Rarotonga

(b) DOE

SGP 36.8 −97.5 314 United States Southern Great Plains, Oklahoma

(c) NIES

YAK 62 130 136 Russia Yakutsk
SUR 61 73 35 Russia Surgut
NOV 55 83 143 Russia Novosibirsk
SGM 35.1 139.3 0 Japan Sagami-bay

(d) HIPPO

HPA 49 −110 1040 United States northeastern part of Great Falls, Montana
HPB −23 −161 0 South Pacific Ocean southwestern part of Rarotonga
HPC −33 152 0 Australia east coast of Newcastle
HPD −20 156 0 Coral Sea western part of Chesterfield Islands
HPE −5 −167 0 Kiribati western part of Enderbury
HPF −36 179 0 New Zealand northeastern part of Bay of Plenty

(e) NIES-JAXA campaign

TKB 36.1 140.1 31 Japan Tsukuba
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Table 2. Uncertainties of partial XCH4 at each aircraft observation site for domains (I), below
the planetary layer (PBL) (σpbl); (II), from the PBL to the tropopause (σtrp); and (III), above the
tropopause (σstr). In addition, σpbl when there were aircraft data for the PBL and that when there
were no aircraft data for the PBL (σpbl_withdata and σpbl_nodata) were also evaluated separately. The
number shown in parentheses indicates that the number of measurements used to determine
σpbl_nodata was less than seven. See text for details.

site number of σpbl σtrp σstr number (with σpbl_withdata number (without σpbl_nodata
measurements [ppb] [ppb] [ppb] data in PBL) [ppb] data in PBL) [ppb]

PFA 105 14.0 10.1 44.3 42 14.5 63 12.8
BRM 87 24.6 12.1 42.3 37 11.7 50 29.8
ESP 148 10.8 12.3 53.8 109 11.0 39 9.0
DND 53 25.0 12.0 58.6 32 16.7 21 29.5
LEF 126 23.0 11.5 49.5 84 17.9 42 27.4
NHA 117 24.2 11.3 47.0 83 20.5 34 27.3
WBI 76 19.1 10.0 42.1 51 16.0 25 21.7
THD 61 25.3 12.7 50.7 42 16.7 19 33.3
BNE 67 34.7 10.3 38.7 31 30.6 36 33.2
CAR 114 18.7 12.9 49.7 9 11.7 105 18.3
HIL 83 22.6 11.7 55.9 49 19.0 34 23.9
AAO 252 28.1 12.9 51.2 196 25.2 56 36.0
CMA 131 35.2 13.0 54.4 91 26.2 40 46.6
SCA 84 36.8 12.4 51.6 77 36.7 7 25.8
TGC 84 60.8 11.4 58.0 80 57.6 (4) –
RTA 59 4.5 5.1 34.1 55 4.1 (4) –
SGP 243 56.6 17.0 45.0 213 47.2 30 83.3
YAK 15 14.7 7.4 26.1 9 8.8 (6) –
SUR 21 23.8 11.6 43.1 15 16.9 (6) –
NOV 17 32.0 12.1 43.2 10 26.9 7 29.1
SGM 22 34.6 14.5 43.8 14 34.1 8 20.7

ALL 1965 32.7 12.5 48.7 1329 30.3 616 31.8
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Table 3. Total uncertainty (σtotal) of aircraft-based XCH4 and the removal rate (data differing
from the average by more than 1 standard deviation) at each aircraft observation site.

Total uncertainty (σtotal) of XCH4 1 SD screening
Site average SD maximum number percentage

[ppb] [ppb] [ppb] screened out screened out [%]

PFA 14.5 1.9 20.5 16 15.2
BRM 14.0 1.6 21.8 9 10.3
ESP 15.5 2.0 23.6 23 15.5
DND 16.4 2.3 22.8 7 13.2
LEF 14.6 2.3 23.0 21 16.7
NHA 13.6 2.0 22.3 14 12.0
WBI 11.7 1.9 21.2 10 13.2
THD 14.0 1.1 18.5 10 16.4
BNE 11.4 1.3 16.3 6 9.0
CAR 15.1 2.0 21.5 14 12.3
HIL 14.4 2.5 22.7 9 10.8
AAO 14.0 1.8 24.1 35 13.9
CMA 14.4 1.8 24.1 13 9.9
SCA 13.0 1.5 21.7 9 10.7
TGC 12.4 1.1 17.7 11 13.1
RTA 5.7 0.3 6.4 9 15.3
SGP 15.8 1.2 29.9 12 4.9
YAK 8.2 1.1 10.3 4 26.7
SUR 14.0 1.1 15.9 3 14.3
NOV 14.0 1.5 18.2 2 11.8
SGM 13.7 1.1 16.2 4 18.2

All data – – – 241 12.3
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Table 4. Differences between aircraft-based XCH4 with and without application of GOSAT CAK
(aircraft-based XCH4 with CAK minus aircraft-based XCH4 without CAK) at each site.

Site number average SD maximum minimum
[ppb] [ppb] [ppb] [ppb]

PFA 0 – – – –
BRM 2 −0.5 0.9 0.2 −1.1
ESP 0 – – – –
DND 8 −0.5 2.2 2.3 −3.5
LEF 21 −1.1 2.9 3.4 −5.9
NHA 19 0.0 2.8 4.3 −3.5
WBI 12 −1.8 2.1 1.9 −4.2
THD 4 0.3 2.4 2.3 −3.0
BNE 5 −1.7 2.0 1.3 −3.4
CAR 20 −3.5 2.7 −0.3 −8.9
HIL 18 −0.4 2.0 2.3 −3.6
AAO 29 1.6 1.1 3.5 −0.8
CMA 1 −2.0 – −2.0 −2.0
SCA 11 −0.1 0.9 1.7 −0.8
TGC 7 0.1 1.6 2.4 −2.4
RTA 5 0.0 0.7 0.8 −0.9
SGP 27 −0.6 1.7 2.0 −3.2
YAK 5 0.3 0.9 1.3 −0.6
SUR 0 – – – –
NOV 0 – – – –
SGM 5 1.3 0.4 1.6 0.7
HPA 1 −4.1 – −4.1 −4.1
HPB 1 0.2 – 0.2 0.2
HPC 1 1.1 – 1.1 1.1
HPD 1 0.4 – 0.4 0.4
HPE 1 −0.9 – −0.9 −0.9
HPF 1 0.3 – 0.3 0.3
TKB 3 −1.6 0.0 −1.6 −1.7

All data 208 −0.5 2.4 4.3 −8.9
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Table 5. Differences between GOSAT XCH4 and aircraft-based XCH4 at each site. The GOSAT
data were retrieved over (a) land and (b) ocean regions within ±2◦ and ±5◦ latitude/longitude
boxes centered at each aircraft observation site.

(a) Land ±2◦ ±5◦

site
number average SD number average SD

[ppb] [ppb] [ppb] [ppb]

DND 1 19.3 – 2 21.2 2.7
LEF 3 −1.6 7.5 8 −1.1 10.6
NHA 1 5.2 – 8 13.8 24.6
WBI 1 −4.9 – 8 1.4 13.6
THD 1 14.7 – 1 14.7 –
BNE 0 – – 2 2.5 15.1
CAR 1 −10.1 – 9 6.3 19.3
HIL 6 2.4 16.2 10 2.6 13.9
AAO 6 −0.5 11.9 19 −1.8 14.9
SCA 4 6.4 15.1 4 7.1 14.0
TGC 1 27.5 – 4 0.6 19.2
SGP 10 −9.4 16.0 15 −6.2 15.5
YAK 3 9.2 15.2 4 3.7 16.7
SGM 2 6.5 9.7 3 2.8 9.5
HPA 0 – – 1 −11.9 –
HPF 0 – – 1 2.7 –
TKB 3 11.4 15.4 3 11.4 15.4

All data 43 1.5 14.9 102 2.0 16.0

(b) Ocean ±2◦ ±5◦

site
number average SD number average SD

[ppb] [ppb] [ppb] [ppb]

NHA 0 – – 1 −5.6 –
SCA 0 – – 2 4.4 1.1
RTA 1 14.9 – 3 16.5 6.5
HPB 1 −1.8 – 1 −1.8 –
HPC 0 – – 1 11.4 –
HPD 0 – – 1 3.9 –
HPE 1 −0.9 – 1 −0.9 –

All data 3 4.1 9.4 10 6.5 8.8
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Table 6. Differences between GOSAT XCH4 and aircraft-based XCH4 for all sites by the direct
comparison and curve-fitting approaches.

direct comparison curve-fitting method

±2◦ number average SD number average SD
[ppb] [ppb] [ppb] [ppb]

Land 43 1.5 14.9 1543 1.0 14.1
Ocean 3 4.1 9.4 23 7.1 12.3

direct comparison curve-fitting method

±5◦ number average SD number average SD
[ppb] [ppb] [ppb] [ppb]

Land 102 2.0 16.0 8060 1.5 15.3
Ocean 10 6.5 8.8 207 8.4 14.0
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 1 

 2 

Fig. 1. Global distribution of the aircraft measurement sites used for GOSAT validation. 3 
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Fig. 1. Global distribution of the aircraft measurement sites used for GOSAT validation.
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 1 

 2 

 3 

Fig. 2.  Average (solid red line) CH4 concentration difference ± 1 SD (dashed red lines) 4 

between ACE-FTS and HALOE data. At latitudes without ACE-FTS profile data, the values 5 

shown by the blue dots at the respective altitudes were used instead of ACE-FTS CH4 data for 6 

estimating stratospheric and mesospheric profiles. See text for more detail. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

Fig. 2. Average (solid red line) CH4 concentration difference ±1 SD (dashed red lines) between
ACE-FTS and HALOE data. At latitudes without ACE-FTS profile data, the values shown by
the blue dots at the respective altitudes were used instead of ACE-FTS CH4 data for estimating
stratospheric and mesospheric profiles. See text for more detail.
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 1 

(a) (b)

 2 

 3 

 4 

Fig. 3. An example of CH4 profiles constructed over Charleston, South Carolina (SCA), USA. 5 

(a) High-altitude profile. The red rectangular area is expanded in (b). The blue circles 6 

represent aircraft measurements and are connected by solid lines. The horizontal black lines 7 

indicate the tropopause. The dash-dotted lines represent the profile above the tropopause 8 

based on the ACE-FTS or HALOE climatology (ACE-FTS in this case), and the dashed lines 9 

show the part of the CH4 profile that was assumed. See Sects. 2.2.2. and 2.2.3 for more detail.  10 

 11 
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Fig. 3. An example of CH4 profiles constructed over Charleston, South Carolina (SCA), USA.
(a) High-altitude profile. The red rectangular area is expanded in (b). The blue circles represent
aircraft measurements and are connected by solid lines. The horizontal black lines indicate the
tropopause. The dash-dotted lines represent the profile above the tropopause based on the
ACE-FTS or HALOE climatology (ACE-FTS in this case), and the dashed lines show the part
of the CH4 profile that was assumed. See Sects. 2.2.2 and 2.2.3 for more detail.
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(a)

(b)

(c)

 1 

Fig. 4. Temporal variations of partial XCH4 over the Southern Great Plains (SGP), calculated 2 

(a) below the PBL (domain I), (b) from the PBL to the tropopause (domain II), and (c) above 3 

the tropopause (domain III). The dots represent partial XCH4 data, and the lines are fitted 4 

curves. See text for more detail. 5 

 6 

 7 

Fig. 4. Temporal variations of partial XCH4 over the Southern Great Plains (SGP), calculated
(a) below the PBL (domain I), (b) from the PBL to the tropopause (domain II), and (c) above the
tropopause (domain III). The dots represent partial XCH4 data, and the lines are fitted curves.
See text for more detail.
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 1 

(b)

(a)

 2 

 3 

Fig. 5. Monthly time series of the uncertainty of partial XCH4 at (a) the Southern Great Plains 4 

(SGP) and (b) Rarotonga (RTA). Red circles, blue triangles, and green squares are monthly 5 

σpbl, σtrp, and σstr, respectively.  6 

7 

Fig. 5. Monthly time series of the uncertainty of partial XCH4 at (a) the Southern Great Plains
(SGP) and (b) Rarotonga (RTA). Red circles, blue triangles, and green squares are monthly
σpbl, σtrp, and σstr, respectively.
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(a)

(b)

 1 

 2 

Fig. 6. Vertical profiles of CH4 and GOSAT SWIR CAK over (a) the Southern Great Plains 3 

(SGP) on 1 September 2009 and over (b) the western part of Chesterfield Islands (HPD) on 15 4 

November 2009. The blue circles represent aircraft measurements and are connected with 5 

solid lines. The dash-dotted lines represent profiles above the tropopause based on HALOE 6 

data corrected by ACE-FTS data, and the dashed lines show where the CH4 profiles were 7 

assumed. The red lines represent the GOSAT a priori profiles, and the black lines show 8 

GOSAT CAK.  9 

Fig. 6. Vertical profiles of CH4 and GOSAT SWIR CAK over (a) the Southern Great Plains
(SGP) on 1 September 2009 and over (b) the western part of Chesterfield Islands (HPD) on
15 November 2009. The blue circles represent aircraft measurements and are connected with
solid lines. The dash-dotted lines represent profiles above the tropopause based on HALOE
data corrected by ACE-FTS data, and the dashed lines show where the CH4 profiles were
assumed. The red lines represent the GOSAT a priori profiles, and the black lines show GOSAT
CAK.

4769

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/4729/2014/amtd-7-4729-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/4729/2014/amtd-7-4729-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 4729–4774, 2014

Validation of GOSAT
XCH4 using aircraft

measurements

M. Inoue et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 44

 1 

 2 

(a)

(b)

 3 

 4 

 5 

Fig. 7. Temporal variations of XCH4 with and without CAK at (a) the Southern Great Plains 6 

(SGP) and (b) Park Falls (LEF). Red and black dots indicate XCH4 with and without the 7 

application of CAK, respectively, and the triangles show their differences. 8 

 9 

Fig. 7. Temporal variations of XCH4 with and without CAK at (a) the Southern Great Plains
(SGP) and (b) Park Falls (LEF). Red and black dots indicate XCH4 with and without the appli-
cation of CAK, respectively, and the triangles show their differences.
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 1 

 2 

 3 

 4 

Fig. 8. Vertical profiles of CH4 over the northern part of Great Falls, Montana obtained by the 5 

HIPPO mission (HPA) on 31 October, 2009. The black horizontal line shows the tropopause. 6 

Blue dashed-dotted line indicates profile by ACE/corrected HALOE (in this case, corrected 7 

HALOE), and blue dashed lines indicate the profile assumed by linear interpolation or 8 

extrapolation. The blue solid line with blue open circles shows aircraft measurements, 9 

whereas the red line shows profile assumed when using only the aircraft measurement data 10 

over a limited altitude range below 7 km (see text). 11 

 12 

 13 
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Fig. 8. Vertical profiles of CH4 over the northern part of Great Falls, Montana obtained by the
HIPPO mission (HPA) on 31 October 2009. The black horizontal line shows the tropopause.
Blue dashed-dotted line indicates profile by ACE/corrected HALOE (in this case, corrected
HALOE), and blue dashed lines indicate the profile assumed by linear interpolation or extrap-
olation. The blue solid line with blue open circles shows aircraft measurements, whereas the
red line shows profile assumed when using only the aircraft measurement data over a limited
altitude range below 7 km (see text).
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Fig. 9. Scatter diagrams between GOSAT XCH4 observed within (a) ±2° and (b) ±5° 4 

latitude/longitude boxes centered at each aircraft observation site and aircraft-based XCH4 5 

with the application of CAK measured on a GOSAT overpass day. Green and blue dots 6 

indicate GOSAT XCH4 obtained over land and ocean regions, respectively. Red and blue 7 

lines denote the regression lines, statistically significant at the 99% level, over land and ocean 8 

regions, respectively. The black lines show one-to-one correspondence. 9 
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Fig. 9. Scatter diagrams between GOSAT XCH4 observed within (a) ±2◦ and (b) ±5◦ lati-
tude/longitude boxes centered at each aircraft observation site and aircraft-based XCH4 with
the application of CAK measured on a GOSAT overpass day. Green and blue dots indicate
GOSAT XCH4 obtained over land and ocean regions, respectively. Red and blue lines denote
the regression lines, statistically significant at the 99 % level, over land and ocean regions,
respectively. The black lines show one-to-one correspondence.
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(a) SGP (b) YAK

 1 

 2 

Fig. 10. Temporal variations of aircraft-based XCH4 and GOSAT XCH4 observed within ±5° 3 

latitude/longitude boxes centered at the (a) Southern Great Plains (SGP) and (b) Yakutsk 4 

(YAK) sites (upper panels) and their scatter diagrams (bottom panels). Green dots indicate 5 

GOSAT XCH4 data over land. Red dots and lines in the upper panels show aircraft-based 6 

XCH4 data and curves fitted to the data, respectively. Red lines in the bottom panels are 7 

regression lines statistically significant at the 99% level. The black lines show one-to-one 8 

correspondence. 9 

 10 

Fig. 10. Temporal variations of aircraft-based XCH4 and GOSAT XCH4 observed within ±5◦

latitude/longitude boxes centered at the (a) Southern Great Plains (SGP) and (b) Yakutsk (YAK)
sites (upper panels) and their scatter diagrams (bottom panels). Green dots indicate GOSAT
XCH4 data over land. Red dots and lines in the upper panels show aircraft-based XCH4 data
and curves fitted to the data, respectively. Red lines in the bottom panels are regression lines
statistically significant at the 99 % level. The black lines show one-to-one correspondence.
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Fig. 11. Scatter diagrams between GOSAT XCH4 observed within (a) ±2° and (b) ±5° 4 

latitude/longitude boxes centered at each aircraft observation site and aircraft-based XCH4 5 

obtained by curve fitting at all sites. Green and blue dots indicate XCH4 obtained over land 6 

and ocean regions, respectively. Red and blue lines denote the regression lines, statistically 7 

significant at the 99% level, over land and ocean regions, respectively. The black lines show 8 

one-to-one correspondence. 9 
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Fig. 11. Scatter diagrams between GOSAT XCH4 observed within (a) ±2◦ and (b) ±5◦ lati-
tude/longitude boxes centered at each aircraft observation site and aircraft-based XCH4 ob-
tained by curve fitting at all sites. Green and blue dots indicate XCH4 obtained over land and
ocean regions, respectively. Red and blue lines denote the regression lines, statistically sig-
nificant at the 99 % level, over land and ocean regions, respectively. The black lines show
one-to-one correspondence.
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