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Abstract. Column-averaged dry-air mole fractions of We compared GOSAT XCidVer. 02.00 data retrieved

methane (XCH), retrieved from Greenhouse gases Observ-within £2° or £5° latitude—longitude boxes centered at each

ing SATellite (GOSAT) short-wavelength infrared (SWIR) aircraft measurement site with aircraft-based XCidea-

spectra, were validated by using aircraft measurement dataured on a GOSAT overpass day. In general, GOSAT XCH

from the National Oceanic and Atmospheric Administra- was in good agreement with aircraft-based XCHowever,

tion (NOAA), the US Department of Energy (DOE), the over land, the GOSAT data showed a positive bias of 1.5 ppb

National Institute for Environmental Studies (NIES), the (2.0 ppb) with a standard deviation of 14.9 ppb (16.0 ppb)

HIAPER Pole-to-Pole Observations (HIPPO) program, andwithin the+2° (+5°) boxes, and over ocean, the average bias

the GOSAT validation aircraft observation campaign overwas 4.1 ppb (6.5 ppb) with a standard deviation of 9.4 ppb

Japan. In the calculation of XCHfrom aircraft measure- (8.8 ppb) within thet+2° (4+5°) boxes. In addition, we ob-

ments (aircraft-based XCpi, other satellite data were used tained similar results when we used an aircraft-based XCH

for the CH; profiles above the tropopause. We proposed atime series obtained by curve fitting with temporal interpola-

data-screening scheme for aircraft-based %@t reliable  tion for comparison with GOSAT data.

validation of GOSAT XCH. Further, we examined the im-

pact of GOSAT SWIR column averaging kernels (CAK) on

the aircraft-based XClicalculation and found that the differ-

ence between aircraft-based Xgtith and without the ap- 1 Introduction

plication of the GOSAT CAK was less thak9 ppb at maxi-

mum, with an average difference 0.5 ppb. It is well known that atmospheric methane (QHs an
important greenhouse gas (GHG) that plays a crucial role
in global climate change and atmospheric chemistry, CH
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2988 M. Inoue et al.: Validation of GOSAT XCH4 with aircraft measurements

concentrations have been measured from various in situ platprevious version) and XCHcalculated from TIR CH pro-

forms, including ground-based stations, tall towers, shipsfiles with aircraft measurement data obtained over Guam in

aircraft, and balloons (e.g., Cavanagh et al., 1969; Frasethe North Pacific Ocean by the Comprehensive Observation

et al., 1981, Steele et al., 1987; Blake and Rowland, 1988Network for TRace gases by AlrLiner (CONTRAIL) project

Aoki et al., 1992; Dlugokencky et al., 1994; Matsueda and(Machida et al., 2008). In addition, our previous study (Inoue

Inoue, 1996; Tohjima et al., 1997, 2002; Andrews et al.,et al., 2013) validated GOSAT SWIR XCQlata with air-

2001; Sasakawa et al., 2010; Terao et al., 2011; Wada et algraft measurement data from40 sites.

2011). Although these measurements have provided exten- In this study, we validated GOSAT SWIR XGHwer.

sive information on the spatial and temporal variations of at-02.00 data by using various vertical measurement data ob-

mospheric CH, the distribution of the Chklsources and sinks tained by aircraft. We used the same two approaches that

is still poorly understood because of the sparseness of availhoue et al. (2013) used for XCOvalidation: the first ap-

able in situ observations and their limited altitudinal range. proach uses spatiotemporally matched data, and the second
By using satellite observations, it should be possible to de-uses spatially matched but temporally interpolated data ob-

termine the global distribution of CHand, in conjunction  tained by curve fitting. In Sect. 2, we describe the data used

with atmospheric inverse modeling, to estimate its sourcesn this study and the method used to calculate X@dm the

and sinks with improved accuracy at the subcontinental scalaircraft-measured profile data. In Sect. 3, we examine how

(e.g., Bergamaschi et al., 2007, 2009; Meirink et al., 2008;the use of GOSAT SWIR column averaging kernels (CAK)

Fraser et al., 2013). Vertical GHprofiles have been retrieved and the vertical coverage of aircraft measurements affect the

from thermal infrared (TIR) spectra obtained with satellite- aircraft-based XCH calculations. Thereafter, we show the

borne instruments, including the Interferometric Monitor for validation results from the two approaches described above.

Greenhouse gases (IMG; Clerbaux et al., 2003), the Atdn Sect. 4, we summarize our findings and present our con-

mospheric Infrared Sounder (AIRS; Aumann et al., 2003),clusions.

the Infrared Atmospheric Sounding Interferometer (IASI;

Crevoisier et al., 2009), and the Tropospheric Emission Spec-

trometer (TES; Wecht etal., 2012). In addition, near-infrared  pata and analysis methods

(NIR) spectra obtained by the SCanning Imaging Absorp-

tion spectroMeter for Atmospheric CHartographY (SCIA- 2.1 XCHj retrieved from GOSAT TANSO-FTS

MACHY) onboard Envisat, launched in March 2002, provide SWIR spectra

column-averaged dry-air mole fractions of €HIXCHy),

which have been compared to ground-based Fourier transsOSAT was launched on 23 January 2009 into a Sun-

form spectrometer (FTS) measurements and model resultsynchronous orbit to monitor the distributions of GHGs

(e.g., Dils et al., 2006; Schneising et al., 2009, 2012). (Kuze et al., 2009). GOSAT crosses the Equator at about
The Greenhouse gases Observing SATellite (GOSAT), the13:00 LT and returns to the same point in space every 3 days,

world’s first satellite specialized for measuring the concen-during which the TANSO-FTS makes observations of several

trations of atmospheric carbon dioxide (©@nd CH, from  tens of thousands of ground points globally. TANSO-FTS

space, was launched in January 2009 (Yokota et al., 2009has three bands in the SWIR region, centered at 0.76, 1.6,

Observation results include column-averaged dry-air moleand 2.0 um, and a broad TIR band between 5.6 and 14.3 pm.

fractions of CQ (XCOy) and XCH, retrieved from the short-  Measurements in the SWIR and TIR bands allow for the re-

wavelength infrared (SWIR) spectra of the Thermal And trieval of XCH; and CH, concentration profiles, respectively,

Near-infrared Sensor for carbon Observation (TANSO)-FTSin cloud-free regions (Yoshida et al., 2011, 2013; Saitoh et

onboard GOSAT (Yoshida et al., 2011, 2013; Morino et al., al., 2012). In this study, we used aircraft measurement data

2011; Parker et al., 2011; Schepers et al., 2012). Yoshida &b validate SWIR Ver. 02.00 XCHdata retrieved with the

al. (2013) evaluated the mean bias of GOSAT SWIR %CH |atest retrieval algorithm (Yoshida et al., 2013), which covers

(Ver. 02.00, June 2009 to July 2010) to b&.1ppb with a  the period from June 2009 to July 2010.

standard deviation of 12.3 ppb by using data from the Total

Carbon Column Observing Network (TCCON), a worldwide 2.2  XCHy calculation from aircraft measurement data

network of ground-based FTSs (Wunch et al., 2010, 2011).

Gavrilov et al. (2014) also compared GOSAT Xgldata 2.2.1 Aircraft measurements

with ground-based FTS data obtained near St. Petersburg,

Russia (see Sect. 3.3.3 for details). The NOAA Earth System Research Laboratory (ESRL)
Along with ground-based FTS data, aircraft measurementsslobal Monitoring Division measures GHconcentrations

are also useful for validation of GOSAT data. However, only over North America and the Pacific Ocean from aircraft (e.g.,

a few studies have compared satellite-retrieved X@D  Xiong et al., 2008). Air samples are routinely collected in

XCH, data with aircraft measurements. Saitoh et al. (2012)flasks at about 20 sites, covering an altitude range 6f5

compared GOSAT SWIR XCHVer. 01.xx data (i.e., the to 7 km with vertical resolutions of 0.3-0.7 km, at weekly or
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biweekly sampling intervals. The reported analytical uncer- =
tainty of the CH concentration is- 2 ppb.

The US Department of Energy (DOE) supports an aircraft-
based observation program over the Southern Great Plair -
(SGP; see Table 1 for all site codes) as part of a joint effortg ,, |
between the Atmospheric Radiation Measurement (ARM)-% ;
program, NOAA/ESRL, and the Lawrence Berkeley Na-~ |\ ¢
tional Laboratory ARM Carbon project (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° 20° 40° 60° 80° 100° 120° 140° 160° 180° 200° 220° 240° 260° 280° 300° 320° 340° 360
0.46t0 5.5 l_<m and analyzed b_y NOAA/ESRL for a suite of © NOAA © DOE © NIES Longitude
GHGs and isotopes, thereby linking all flights to the global AHIPPO A NIES-JAXA
cooperative air-sampling network.

Over three sites in Siberia and Sagami Bay, Japan’ airFigUre 1. Global distribution of the aircraft measurement sites used
craft sampling is conducted by the National Institute for En- for GOSAT validation.
vironmental Studies (NIES) once or twice a month. Typical

observing aItitude; are 0.5-7 km with v'ertical rgsolutions Ofanalytical precision of better than 1.7 ppb obtained by flask
0.5-1.5km (Machida et al., 20Q1). G,Ifthl_n_g ratios of the sampling over Tsukuba (36.N, 140.F E) in February 2010
flask samples are measured with a precision of about 2 ppPranaka et al., 2012). Because airspace controls at two in-
by using a gas chromatograph equipped with a flame ionizase ational airports restricted flights over Tsukuba to alti-
tion detector (Machida et al., 2008). The standard gases useg yes pelow about 2 km (Tanaka et al., 2012), samples from
for flask measurement were calibrated against NIES 94 CH _itudes between 2 and 7km were obtained over Kuma-
scale, which was higher than NOAA 04 scale by 3.5-4.6 ppbyaya - ahout 70 km west of Tsukuba. In addition, measure-
in the range between 1750 and 1840 ppb (Terao etal., 2011}ents made at 1.5, 25, 100, and 200 ma.g.l. on a tall tower
Aircraft measurements obtained by the HIAPER Pole-to- ¢ 16 Meteorological Research Institute (MRI) in Tsukuba
Pole Observations (HIPPO) project are also available for(36.1°N 140.F E: Inoue and Matsueda, 1996, 2001) pro-
GOSAT validation. The HIPPO project consisted of five \;je information about Cliconcentrations below the lower

global aircraft measurement missions, covering the diﬁeremboundary of the aircraft measurements. Thus, in this study.
seasons, during which the atmosphere was sampled and megz ,sed CH profiles measured over Kumagaya along with
sured from the North Pole to the coastal waters of Antarcticay;..raft and tower measurements over Tsukuba for the calcu-
in the Pacific Basin (Wofsy et al., 2011). Most HIPPO pro- |otion of XCHj over Tsukuba.

files extend from altitudes of approximately .O.3 to 8.5km,  Aq noted above, the HIPPO missions were able to provide
but some extend to above 14km. HIPPO flights measured,nqspheric measurements covering altitudes from 0.3km
high CHs concentrations near the surface over the Arctic,, 15 14km. On the other hand, typical observing altitudes
Ocean (Kort et al., 2012), a finding that suggests that surys e NOAA, DOE, NIES, and NIES-JAXA campaign were
face waters of the Arctic Ocean may be an important sourcg.,, 0.5 km up to about 6 or 7 km. Altogether, we used,CH
of CHy. Here, we utilized 10s merged Ghprofiles based 1\ qfiles obtained at 16 NOAA sites, 1 DOE site, and 4 NIES
on quantum cascade laser system (QCLS) measurements o tes, as well as on 2 HIPPO missions and during 1 NIES-

tained during the second and third HIPPO missions (HIPPO-jpy o campaign, for validation of GOSAT SWIR XCHlata
2 and HIPPO-3), which took place from October to Novem- (Fig. 1 and Tablé 1).

ber 2009 and from March to April 2010, respectively (Wofsy
et al., 2012). The QCLS observations and NOAA flask sam-2 2 2 Tropospheric prof”es and tropopause he|ght
ple results (QCLS Chki minus NOAA flask CH) differed
by 3.9 ppb (HIPPO-2) and 6.0 ppb (HIPPO-3). Therefore, weBecause the aircraft measurements were made with a lim-
subtracted the respective value from the QCLS data obtaineded altitude range, we needed additional observations from
by each mission to improve consistency of the HIPPO datanear the ground and above the tropopause. For these ob-
with global NOAA network data (i.e., in this study, QCLS servations, we made certain assumptions. We reconstructed
data calibrated against NOAA flask data were used). CH, profiles in the troposphere in a manner analogous
In addition, aircraft measurements are conducted oveto the aircraft-based XCfcalculations made by Araki et
Japan by NIES and the Japan Aerospace Exploration Agencgl. (2010). First, we extrapolated the lowest aircraft data to
(JAXA) once or twice a year (hereinafter NIES-JAXA cam- the surface. Then, for aircraft profiles where all observations
paign) to calibrate the ground-based FTS data utilized forwere below the tropopause, we assumed that thg -
GOSAT validation as well as for direct validation of GOSAT centration remained constant from that measured at high-
data. In this study, we used GHtoncentrations with an est observational altitude up to the tropopause. Next, we

60° - €oebs

-40°
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Table 1.Basic information on the aircraft observation sites.

(a) NOAA
Site code Latitude Longitude Elevation Region Site name
[deg. N] [deg. E] [m]
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 459 —-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, lowa
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, lllinois
AAO 40.1 —88.6 213 United States Airborne Aerosol Observing, lllinois
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 -975 314 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

drew a straight line connecting the gHoncentration at straight line was drawn connecting the aircraft data obtained
the tropopause with the lowest satellite-based climatologi-at the highest measurement altitude with the satellite-based
cal value above the tropopause (see Sect. 2.2.3). The localimatological data obtained above that altitude.

tropopause height was derived by using the Global Fore-

cast System modehftp:/nomads.ncdc.noaa.gpufthe Na-  2.2.3  Stratospheric and mesospheric profiles

tional Centers for Environmental Prediction (NCEP), the re- ] ) )

sults of which agree well with radiosonde measurements! "€ Atmospheric Chemistry Experiment (ACE)-FTS aboard
(Pan and Munchak, 2011). We used Global Forecast Syst_he Cangdlan satellllte SCI_SAT, launched in August 2003,
tem tropopause height data supplied as reanalysis values %S des!gneq to cI'arlfy ve'rtlcal structures of over 30 chemi-
00:00, 06:00, 12:00, and 18:00 UTC and the forecast value§2! Species, including CHin the upper troposphere, strato-
at 03:00, 09:00, 15:00, and 21:00 UTC (3 h after each reanalSPhere, and mesosphere by means of the solar occulta-
ysis time) on 1 x 1° horizontal grids. In the few cases that tion technique (Bernath et al., 2005). We used ACE-FTS

aircraft measurements were made above the tropopause,zé’na| mean climatological datdtfp://www.ace.uwaterloo.
ca) as the currently most probable data to complete the
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stratospheric and mesospheric parts of 4Qbtofiles, av- 704
eraged on a monthly basis over the period from Febru-

ary 2004 to February 2009, af %atitude spacing and 28
pressure levels from 300 to 0.1hPa (Jones et al., 2012)

The observing period of ACE-FTS data is relatively close 3
to that of GOSAT data. The difference between ACE- — 50_5
FTS CH; concentrations and balloon-borne observationsé 3
is less than 10% between 15 and 24km (De Maziere ex
al., 2008). At certain latitudes, ACE-FTS climatological @ 7
data are not available for all months, owing to the char- 3973
acter of the SCISAT orbit. Therefore, we utilized clima- E
tological data based on measurements made by the Halc 20
gen Occultation Experiment (HALOE) onboard the Up- E
per Atmosphere Research Satellite (UARS), launched ir 104 .
September 1991, for months when ACE-FTS climatologi- _éo ~10 0 10 20
cal data were unavailable. The monthly HALOE climatologi- ACE-HALOE [%]

cal product lttp://www.atmos-chem-phys.net/5/2797/2005/ Fi : : . _

igure 2. Average (solid red line) Cl concentration difference
a}cp—5—2797-2005-supplement)tabased on HALOE Pro-  11sp (dashed red lines) between ACE-FTS and HALOE data. At
files between October 1991 and August 2002, is compiled foljatirdes without ACE-FTS profile data, the values shown by the
several gases, including GHat 5 latitude spacing and 22 pjye dots at the respective altitudes were used instead of ACE-FTS
pressure levels between 316 and 0.1 hPa (Grool3 and RussetiH, data for estimating stratospheric and mesospheric profiles. See
2005). HALOE CH, data and data from space shuttle flights, text for more detail.
balloon-borne observations, and so on generally agree within
15% (Park et al., 1996). .

De Maziére et al. (2008), however, showed that,CH Ve here compared aircraft-based X£Hata calculated
concentrations observed by HALOE show a negative biad!Sing only CIRA-86 data (without applying CAK; see
compared with ACE-FTS data, with large differences aboveSect. 2.2.5) with XCH calculated using the grid pqlnt value
35km. This bias is attributed to the different observation pe-(GPV) data set prepared by the Japan Meteorological Agency
riod and the increase of the atmospheric{Giéncentration ~ (S€€ Inoue et al., 2013). Because the upper boundary of the
between the observation periods. Figure 2 shows the pelGPV data was 10hPa, we used CIRA-86 data above the
cent differences of ACE-FTS and HALOE (ACE-FTS minus 10hPa level (above 30 km) to calculate XCHhin this com-
HALOE) relative to the average of the two instruments. We P&rison. In other words, we compared aircraft-based XCH
found that, below the altitude of 40 km, HALOE GHton- calculated by using GPV air ng_mber densities below the
centrations were on average about 5 % lower (standard deviatO hPa level and CIRA-86 densities above the 10 hPa level
tion, SD= ~ 15 %) than ACE-FTS concentrations, and from (GPV+CIRA XCHa) with XCH4 estimated by using vertical
40 to 65 km, they were 10-15 % lower (SD~ 20 %), con- CIRA-86 profiles throughou_t the atmosphere (CIRA XgH
sistent with the results of De Maziére et al. (2008). We used! N averager1SD of the difference between CIRA XGH
CH; profiles based on ACE-FTS data for months when ACE-and GPVACIRA XCHj over Park Falls (LEF) and SGP
FTS climatological data were available. In latitudinal bandsn 2009 were only 0.3 1.4 ppb ¢ = 22) and 0.2+ 1.0 ppb
where there were no ACE-FTS profiles for certain months, (" = 46), respectively. Therefore, we calculated Xl us-
we used HALOE CH concentration data adjusted by a scal- "9 only CIRA-86 data for the dry-air number densities in
ing factor (blue dots in Fig. 2) (i.e., HALOE climatological this study.
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 measure-
ment for constructing Cldprofiles (Sect. 2.2.2).

40

30 40 50

2.2.5 Aircraft-based CH, profiles and calculation of
XCH 4 with and without applying GOSAT column
averaging kernels (CAK)

Figure 3 shows an example of aircraft-based,Giofiles
obtained over Charleston, South Carolina (SCA), USA. The

To calculate aircraft-based XGHwe need to know the num- vertical coordinate is.repres.ented by geometric height (left
ber density profile of dry air. We used meteorological data®XiS) and pressure (right axis). Following the method used
from the Committee on Space Research (COSPAR) InterPY Inoue et al. (2013) for XC&) we calculated XChi from

national Reference Atmosphere (CIRA-86; Fleming et al. the reconstructed Ctprofiles with and without applying the

1990), which provides empirical models of atmospheric tem-COSAT CAK.

perature and densities from the surface to 120 km.

2.2.4 Dry-air number density profiles

www.atmos-meas-tech.net/7/2987/2014/ Atmos. Meas. Tech., 7, 28005 2014
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Figure 3. An example of CH profiles constructed over Charleston, South Carolina (SCA), U&Aligh-altitude profile. The red rectan-

gular area is expanded (b). Vertical coordinate is represented by geometric height (left axis) and pressure (right axis). The blue circles
represent aircraft measurements and are connected by solid lines. The horizontal black lines indicate the tropopause. The dash-dotted line
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 Cl profile that was assumed. See Sects. 2.2.2. and 2.2.3 for more detail.

CAK a is expressed as follows: XCHg by using only aircraft-based XCHdata with an un-
1 certainty of less than 1 standard deviation at each respective
aj — (hTA)]h_s (1) Site.
J

2.2.6 Uncertainty of aircraft-based XCH,; and

where A and k denote the averaging kernel matrix and a data screening

pressure-weighting function calculated on the basis of the
dry-air number density profile, respectively. The subscfipt |t is important for the data used to validate GOSAT SWIR
is the index of thejth layer. Thus, the XClvalues derived  XCH, to be as reliable as possible. To screen out aircraft-
from the aircraft profile weighted by the Gi€AK a are cal-  pased XCH outliers, we defined and evaluated the “total
culated as follows: uncertainty” for each aircraft site, except for the HIPPO
in si and NIES-JAXA campaign sites, where there were few data
xlgsfu'CAK = Xeh, + thaf (finsitu — fa) j from the same locations. To calculate the total uncertainty,
/ we first divided the atmospheric layer from the surface to
=h"[A - tinsiu+ (1 —A)tq], (2)  the mesopause (85km) into three domains: () below the
) ) ) planetary boundary layer (PBL), (Il) from the PBL to the
Wher_e >%H4 IS the.colur.nn—averaged d_ry-alrmole fraction of tropopause, and (Ill) above the tropopause. We then at-
CHg in the a priori profilet;, andtin, sity is the aircraft-based tempted to fit Eq. (4), below, to partial XGHvalues in each

CHy profile. The a priori CH profile of GOSAT is calcu-  y4main hased on the method used by Miyamoto et al. (2013)
lated for every observation day by an offline tracer trans-,nd Inoue et al. (2013) for XCO

port model developed by NIES (NIES TM; Maksyutov et al.,

2008; Saeki et al., 2013). Amp,
' ' XCHa(t) = Intercept- Trendx ¢
Aircraft-based XCH values can be calculated without ap- 4() pE: X1
plying the CH; CAK as follows: « cosl 2 t—Pq n Amp, oS 4ﬂt — &y @
12 2 12 )’

Xin situ,noCAK_hT P 3
CH, = * Lin situ- ( . . .
where XCHy(¢) is the partial XCH value at time [month],
We integrated Egs. (2) and (3) over altitudes from the sur-Intercept represents the partial Xgln 1 January 2007
face up to 85km with a vertical resolution of 100 m based without sinusoidal variations, and Trend denotes the monthly
on the method used by Araki et al. (2010) for X&@s de-  growth rate. Amp and Amp are the amplitudes of si-

scribed below (Sect. 2.2.6), our aim was to validate GOSATnusoidal variations with periods of 12 and 6 months,
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Table 2. Uncertainties of partial XCliat each aircraft observation site for domain I, below the planetary layer (RBL){1l, from the

PBL to the tropopauserfyp); and Ill, above the tropopausesfy). In addition,opp When there were aircraft data for the PBL and when there
were no aircraft data for the PBlofh|_withdata@Ndoppl_nodatd Were also evaluated separately. The numbers shown in parentheses indicate
that the number of measurements used to determjfenodatavas less than seven. See text for details.

Site Number of  opp| otrp ostr  Number (with  opp|_withdata Number (without  opp|_nodata
measurements  [ppb] [ppb] [ppb] data in PBL) [ppb] data in PBL) [ppb]
PFA 105 140 101 443 42 145 63 12.8
BRM 87 246 121 423 37 11.7 50 29.8
ESP 148 108 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 23.0 115 495 84 17.9 42 27.4
NHA 117 24.2 11.3 47.0 83 20.5 34 27.3
WBI 76 191 100 421 51 16.0 25 21.7
THD 61 253 127 50.7 42 16.7 19 33.3
BNE 67 347 103 387 31 30.6 36 33.2
CAR 114 187 129 497 9 11.7 105 18.3
HIL 83 226 11.7 559 49 19.0 34 23.9
AAO 252 281 129 51.2 196 25.2 56 36.0
CMA 131 352 13.0 544 91 26.2 40 46.6
SCA 84 36.8 124 516 77 36.7 7 25.8
TGC 84 60.8 114 580 80 57.6 4 -
RTA 59 45 51 341 55 4.1 4 -
SGP 243 566 17.0 45.0 213 47.2 30 83.3
YAK 15 147 74 261 9 8.8 (6) -
SUR 21 238 116 431 15 16.9 (6) -
NOV 17 320 121 432 10 26.9 7 29.1
SGM 22 346 145 438 14 34.1 8 20.7
ALL 1965 32.7 125 487 1329 30.3 616 31.8

respectively, wherea®1 and ®, are phases of the annual at SGP f = 243), the uncertainties of the partial X@lh

and semiannual sinusoidal variations, respectively. Figure 4omain | with dataf = 213), | without dataf = 30), Il, and
shows the temporal variations of the partial X£Ealcu- Il were 47.2, 83.3, 17.0, and 45.0 ppb, respectively. Over-
lated in the three domains (I, Il, and Ill) over SGP. The all, the opp results showed prominent regional differences,
time series of partial XCkl were calculated from aircraft from 4.5 ppb at Rarotonga, Cook Islands (RTA), to 60.8 ppb
profiles or assumed profiles below the PBL height for do-at Sinton, Texas (TGC). In domain Il, the uncertainties of
main | (Fig. 4a), from aircraft profiles between the PBL partial XCH; were only 10-15 ppb, the smallest uncertain-
height and the tropopause for domain Il (Fig. 4b), and fromties in all domains at most sites. In addition, we examined
ACE/corrected HALOE data in the stratosphere and mesowhether the uncertainties of the respective partial % @&l-
sphere for domain Il (Fig. 4c). The trend of the partial ues were strongly seasonal at four sites (SGP, RTA, LEF, and
XCHg4 from the PBL through the tropopause was aboutSGM). Monthly time series ofppi, otrp, andogyy of the par-

0.3 ppb month?, and the fitting error caused by this constant tial XCH,4 data at SGP, RTA, and LEF did not show a strong
trend was as small as 0.06 ppb monthObviously, the tro-  seasonal dependence (Fig. 5a, b, and c), and the uncertain-
pospheric CH concentrations (Fig. 4a and b) are lower in ties calculated for the entire period can be reasonably used
summer and higher in cold seasons. This seasonality is due tas threshold values for data screening. On the other hand, it
CH4 oxidation by OH radicals, which are more abundant in was difficult to investigate seasonality of the uncertainties at
summer. The standard deviations of the differences betweegseveral sites such as SGM due to lack of data for all months
the partial XCH values and the gap-filled data in domains I, (Fig. 5d). Using the uncertainties in each domain, we esti-
I, and Il were calculated and expresseda@si, otrp, and mated the total uncertaintya) at each site, following the
ostr, respectively. Moreover, two categories of differences, method used by Miyamoto et al. (2013) for XgO
Opbl_withdata 8Nd opp|_nodata Were also calculated in domain

| depending on whether the lowest aircraft data were ob-

tained in the PBL, provided that at least seven measurements

were available in each category. Table 2 summarizss

Opbl_withdata Ipbl_nodata Otrp, aNdosy at all sites. For instance,
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Figure 4. Temporal variations of partial XCHover the South-
ern Great Plains (SGP), calculaté below the PBL (domain 1),
(b) from the PBL to the tropopause (domain Il), afw) above the
tropopause (domain Ill). The dots represent partial %lta, and
the lines are fitted curves. See text for more detail.
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JE NG xa(?
Ototal = N G =L
VB % 0+ NEp X oy + Nay x o

whereNppi, Nirp, andNgy are the partial dry-air number den-
sities in domains I, Il, and lll, respectively, and is the
sum of Nppl, Nip, and Ny (i.€., N = Nppl + Nip + Nstr)-

We used eithetrpp_withdata OF opbl_nodatain EQ. (5) accord-

ing to whether the lowest data were within the PBL to cal-
culateoiora. When the number of observations used to de-
termine opp|_nodataWas less than seven (denoted by a dash
in Table 2), we usedpy instead ofopp|_nodata Table 3 sum-
marizes thesiotg Statistics for each observation site. We re-
garded aircraft-based XCHlata withoyotg larger than the
sum of the average and 1 standard deviatios:gf at each
corresponding site as outlier data and screened them out.
For example, the average plus 1 standard deviationggf

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 XGldta withoiota)
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 air-
craft data as follows: GOSAT data retrieved withi2° or

+5° latitude—longitude boxes centered at each observation
site and aircraft-based XGHon a GOSAT overpass day af-
ter outlier removal (described in Sect. 2.2.6) (i.e., extrac-
tion of temporally matched data for direct comparison). This
means that the GOSAT data and aircraft measurement data
were obtained on the same day at each site. When multi-
ple aircraft data were associated with the particular GOSAT
data, the aircraft data temporally nearest to the GOSAT over-
pass time were selected. The maximum time difference of
matched data set was about 9h. For this direct compari-
son, we used the aircraft-based XgWith the application

of CAK (Sect. 3.3.1).

This approach enabled us to validate GOSAT products
with temporally matched observational data. However, no
temporally matched data were available from several obser-
vation sites because no aircraft measurements were obtained
on a GOSAT overpass day. Therefore, we also prepared tem-
porally interpolated aircraft-based XGHlata by curve fit-
ting for comparison with GOSAT XCH (Sect. 3.3.2). In
this case, we used the aircraft-based XCtthta for the
curve fitting without applying GOSAT CAK, because when
a curve-fitting approach is used, CAK cannot be applied to
aircraft-based XCHl calculations in the absence of vertical
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Table 3. Total uncertainty diotg)) Of aircraft-based XChland 1 standard deviation screening (data differing from the average by more than
1 standard deviation) at each aircraft observation site.

Total uncertainty dota)) Of XCHgy 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 25 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 15 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 11 10.3 4 26.7
SUR 14.0 1.1 15.9 3 14.3
NOV 14.0 15 18.2 2 11.8
SGM 13.7 1.1 16.2 4 18.2
All data - - - 241 12.3

information about all aircraft measurements (see Inoue et Before examining the impact of GOSAT CAK on aircraft-
al., 2013, regarding XCg&. We first evaluated the impact based XCH, we show examples of vertical profiles of ¢H
of CAK on the aircraft-based XCHcalculations to prevent concentrations and CAK over two sites (Fig. 6). At SGP on
misinterpretation of the validation results obtained by usingl September 2009, CHtoncentrations measured by aircraft
the two different approaches (Sect. 3.1). were high in the lower troposphere and then remained con-
stant with height in the middle troposphere, similar to the
_ . GOSAT a priori profile (Fig. 6a). CAK was around unity
3 Results and discussion in the troposphere. In this case, aircraft-based X@aues
3.1 Impact of GOSAT SWIR CAK application on v_vith an_d withom_Jt CAK were 1810.6 and 1810.0 ppb, respec-
aircraft-based XCH calculations tively (|.e_., a difference of 0.6 ppb). In the western p_art of
Chesterfield Islands on 15 November 2009, the, @kbfile

We examined how aircraft-based XGHalues at each obser- derived from aircraft measurements, observed by a HIPPO
vation site differed when calculated with and without appli- Mission, and the corrected HALOE data were almost coinci-

cation of GOSAT SWIR CAK. The aircraft-based XGHit a dent with the G.OSAT a priori data (Fig. 6b). .Here, CAK was
certain time of day was calculated by using the SWIR CAK Iqrgerthan 0.9inthe t_roposphe_zre, and the difference between
of the GOSAT data nearest to the aircraft site from among alfdircraft-based XChiwith and without CAK was 0.4 ppb.
GOSAT data obtained withiz:10° latitude—longitude boxes ~ OVver SGP from June 2009 to July 2010, the difference
centered at the observation site on the same day. X@#H between. XCH with and without CAK was less than about
culated using Eq.2) with aircraft-based data weighted with :t:,)’ ppb in most cases, and th? average of all differences
the chosen GOSAT SWIR CAK is denoted as “aircraft-based(@rcraft-based XCliwith CAK minus aircraft-based XCid
XCHg with CAK”, and XCH; calculated using Eq3jf with without CAK) at SGP was-0.6 ppb (Fig. 7a and Table 4).

aircraft-based data without applying GOSAT CAK is de- At LEF during the same period, the differences were less
noted as “aircraft-based XGHwithout CAK”. than aboutt6 ppb (Fig. 7b and Table 4). At all sites, the ab-
solute value of the difference between aircraft-based XCH

with CAK and without CAK was estimated to be less than
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Figure 5. Monthly time series of the uncertainty of partial Xgdt(a) the Southern Great Plains (SGH)) Rarotonga (RTA)(c) Park Falls
(LEF), and(d) Sagami Bay (SGM). Red circles, blue triangles, and green squares are mggpihbtrp, andostr, respectively.

9 ppb at maximum, ane-0.5 ppb on average with a standard 3.3 Comparison between GOSAT XCH and
deviation of 2.4 ppb (Table 4). Therefore, we concluded that aircraft-based XCHg4
the application of GOSAT SWIR CAK had only a minor ef-

fect on the aircraft-based XGftalculations. 3.3.1 Temporally matched data

3.2 We compared aircraft-based XGldalculated with CAK at
each observation site with GOSAT data observed witA

or £5° latitude—longitude boxes centered at each site (Fig. 9,
Table 5). Within thet2° boxes, there were a total of 43 ob-
We here investigated the impact of the vertical coverage ofservations over land and 3 over ocean, whereas, within the
aircraft measurements on the aircraft-based XCHicula-  +5° boxes, there were a total of 102 observations over land
tion by using the HIPPO profiles with higher altitude obser- and 10 over ocean. Over the ocean, the mean bias of the
vation than other aircraft platforms. Specifically, we calcu- GOSAT XCH, data relative to aircraft measurements was
lated the difference between “the aircraft-based XQ@dl- 4.1 ppb (SD=9.4ppb) and 6.5 ppb (SB8.8ppb) within
culated using all aircraft data (All data XG) and “the  the +2° and+5° boxes, respectively. In Fig. 9, the regres-
aircraft-based XCHl calculated using aircraft data over a sion lines are shown only when the regressions are statis-
limited altitude range about 0.5-7 km (Limited data XQH tically significant at the 99 % level. The correlation coeffi-
The former profile is indicated by blue solid with open cir- cients were 0.90 and 0.93 within tBe2° and+5° boxes, re-
cles, dashed, and dash-dotted lines in Fig. 8 (an example fagpectively, though there were few samples over ocean. Over
HPA). The latter profile is the same as the former profile ex-land, the mean bias of GOSAT SWIR XGHielative to air-
cept for the altitude of 7-12.7 km, which is shown by the red craft measurements was 1.5 ppb (S24.9 ppb) and 2.0 ppb
line in Fig. 8. "All data XCH,” was 1763.4 ppb and “Lim-  (SD= 16.0 ppb) within thet2° and+5° boxes, respectively,
ited data XCH” was 1761.6 ppb, and the difference at HPA with correlation coefficients of 0.61 and 0.64, respectively,
was as small as 1.8 ppb. The average of “All data »4@hi- which were significant at the 99 % level.

nus Limited data XCH’ calculated from all HIPPO profiles

was as small as 0.4 ppb with a standard deviation of 2.2 ppl8.3.2 Temporally interpolated aircraft-based

(n =6). XCH4 data

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

As explained in Sect. 2.3, at some observation sites there
were no flight data on the GOSAT overpass day, so it was
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Figure 6. Vertical profiles of CH and GOSAT SWIR CAK over  Figure 7. Temporal variations of XClwith and without CAK at
(a) the Southern Great Plains (SGP) on 1 September 2009 and ovdg) the Southern Great Plains (SGP) ghjl Park Falls (LEF). Red
(b) the western part of Chesterfield Islands (HPD) on 15 Novem-and black dots indicate XCHwith and without the application of
ber 2009. The blue circles represent aircraft measurements and af@AK, respectively, and the triangles show their differences.
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 thg (idfiles were  campaign were not used for comparison of GOSAT prod-
assumed. The red lines represent the GOSAT a priori profiles, angicts because it was almost impossible to obtain enough data
the black lines show GOSAT CAK. in the same locations. In Fig. 10, we compare data within
the£5° boxes centered at SGP and Yakutsk (YAK). At SGP,
aircraft-based XChlvaried seasonally with an amplitude of
not possible to compare GOSAT products with temporally about 15 ppb, and the average growth rate of XQiter
matched aircraft measurement data. However, it was possihe observation period (2007-2011) was 0.3 ppb niohth
ble to obtain matched data at all observation sites by temThe average difference between GOSAT XLéver land
poral interpolation of aircraft-based XGHising a curve-  within £5° of the site and aircraft-based XGMas—8.4 ppb
fitting method (used for the calculation of uncertainty in (SD=16.0 ppb) at SGP and-0.2ppb (SD=14.5ppb) at
Sect. 2.2.6). We fit Eq. (4) to aircraft-based XgHata in YAK. The correlation coefficients between the two data sets
the same manner as Miyamoto et al. (2013) and Inoue etvere 0.22 and 0.20 at SGP and YAK, respectively.
al. (2013) did for XCQ. In other words, we used curve fitting ~ We next compared GOSAT SWIR XGHvith estimated
to obtain time series of aircraft-based Xgkithout CAK aircraft-based XChlvalues at the GOSAT overpass time, ob-
after 2007, and then compared the interpolated aircraft-basethined by curve fitting and temporal interpolation, at all ob-
XCHgy values for the GOSAT overpass time with GOSAT servation sites (Fig. 11). Over land, the mean bias of GOSAT
XCH, data observed withid-2° and+5° latitude—longitude ~ XCH4 was 1.0ppb (1.5 ppb) with a standard deviation of
boxes centered at the respective sites. Here, the xXCH14.1 ppb (15.3 ppb) within the:2° (+5°) boxes. In con-
data obtained by the HIPPO missions and the NIES-JAXAtrast, over ocean, the GOSAT bias was 7.1 ppb (8.4 ppb) with
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Table 4. Differences between aircraft-based Xgith and with- Levc bec brccr e e o b bl

out application of GOSAT CAK (aircraft-based XGHvith CAK ° E M E
minus aircraft-based XClwithout CAK) at each site. E N . s 3
14 - 3 =
= N £
Site Number Average SD Maximum  Minimum E ) 5
[ppb]  [ppb] [Ppb] [ppb] 12 3 =
PFA 0 - - - - 3 E
BRM 2 -05 09 0.2 -11 103 E
ESP 0 - - - - - 7 E
DND 8 -05 22 2.3 -35 £ 3 3
LEF 21 -1.1 2.9 34 -5.9 £ 8 o5
NHA 19 0.0 2.8 4.3 -3.5 o 3 2
WBI 12 -1.8 2.1 1.9 —4.2 . E =
THD 4 0.3 2.4 2.3 -3.0 E E
BNE 5 -1.7 20 1.3 3.4 3 3
CAR 20 -35 27 -0.3 -8.9 43 =
HIL 18 -0.4 2.0 2.3 -3.6 é CH, and CAK at HPA Aircraft ;
AAO 29 1.6 11 35 -0.8 3 | on Oct 31, 2009 E
CMA 1 -2.0 - 2.0 -2.0 = 3
SCA 11 -01 09 1.7 -0.8 3 2
TGC 7 0.1 1.6 2.4 —2.4 OEHHHH”””H””‘”HHH”H:_
RTA 5 0.0 0.7 08 —09 16I00 16‘50 1 71)0 1 7I50 ISL)O 18]50 1 QIOO 1 9150 ZOIOO
SGP 27 -0.6 1.7 2.0 -3.2 CH, [ppb]
YAK 5 0.3 0.9 1.3 —-0.6
SUR iy - - - - Figure 8. Vertical profiles of CH over the northern part of Great
Nov 0 - - - . Falls, Montana, obtained by the HIPPO mission (HPA) on 31 Octo-
agx f 7}5’ Of' 74111'6 74.01'7 ber 2009. Th(_e bl_ack_ horizonta! line shows the tropopause. The b_Iue
HPB 1 0.2 B 0.2 0.2 dash-dotted line indicates profile by ACE/corrected HALOE (in this
HPC 1 11 _ 11 11 case, corrected HALOE), and blue dashed lines indicate the profile
HPD 1 04 _ 0.4 0.4 assumed by linear interpolation or extrapolation. The blue solid line
HPE 1 0.9 _ 0.9 0.9 with blue open circles shows aircraft measurements, whereas the
HPE 1 0.3 - 0.3 0.3 red line shows profile assumed when using only the aircraft mea-
TKB 3 ~-16 0.0 ~1.6 1.7 surement data over a limited altitude range below 7 km (see text).
All data 208 -0.5 2.4 4.3 -8.9

data (TCCON data). The average difference between GOSAT

XCHg4 and aircraft-based XCHover land within+2° boxes
a standard deviation of 12.3 ppb (14.0 ppb) within th2? was 1.5 ppb (SB= 14.9 ppb) (direct comparison) and 1.0 ppb
(+£5°) boxes. The correlations between GOSAT XC&hd  (SD=14.1ppb) (curve fitting) (Table 6). Thus, with both ap-
aircraft-based XChiwere high over both land and ocean re- proaches, the bias of the GOSAT SWIR Ver. 02.00 %CH
gions: over land, the correlation coefficient was 0.56 (0.50),product over land was markedly reduced compared with the
with significance at the 99 % level, and over ocean, it wasbias of the previous version of the GOSAT product (Ver.
0.88 (0.85), with significance at the 99 % level, within the 01.xx), in which GOSAT XCH was approximately 20 ppb
£2° (£5°) boxes. lower than TCCON data (GGG2009 release; Morino et al.,

Finally, we compared the results obtained by direct com-2011). However, the aircraft measurement results reported

parison of spatiotemporally matched data with those ob-here are not consistent with those reported by Yoshida et
tained using data temporally interpolated by curve fitting (Ta-al. (2013), who found that the mean bias of GOSAT SWIR
ble 6). Over land, the average difference between GOSATVer. 02.00 XCH relative to TCCON data (GGG2012 re-
data and aircraft-based data was 1-2 ppb £{SI3#-16 ppb)  lease) was-6.1ppb (SD=12.3 ppb). To clarify the cause
with both approaches. In contrast, over ocean, the averagef this difference, we compared the ground-based FTS data
difference was 4-8 ppb (SB8-14 ppb). The curve-fitting (GGG2012 release) obtained from four TCCON sites — Park

method is useful for increasing the correlative data. Falls, Lamont (USA), Tsukuba (Japan), and Wollongong
(Australia) — with aircraft measurement data at four air-
3.3.3 Comparison of validation results between craft sites (LEF, SGP, TKB, and HPC) which were obtained

aircraft-based data and ground-based FTS data within +5° boxes of each TCCON site. TCCON data are
the mean values of XCHdata obtained withint30 min of
Finally, we compared XCldvalidation results derived from GOSAT overpass time. Figure 12 and Table 7 describe the
aircraft measurements with those from ground-based FTSomparisons at four sites. The results show that, on average,
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Table 5. Differences between GOSAT XGHand aircraft-based XCiat each site. The GOSAT data were retrieved over land and ocean
regions within+2° and+5° latitude—longitude boxes centered at each aircraft observation site.

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 14 13.6
THD 1 14.7 - 1 14.7 —
BNE 0 - - 2 25 15.1
CAR 1 -10.1 - 9 6.3 19.3
HIL 6 24 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 -6.2 155
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 11.4 154 3 11.4 154
All data 43 1.5 14.9 102 2.0 16.0
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

Table 6. Differences between GOSAT XCGHand aircraft-based XCifor all sites from the direct comparison and curve-fitting approaches.

+2° Direct comparison Curve-fitting method

Number Average [ppb] SD [ppb] Number Average [ppb] SD [ppb]

Land 43 15 14.9 1543 1.0 14.1
Ocean 3 4.1 9.4 23 7.1 12.3
+5° Direct comparison Curve-fitting method

Number Average [ppb] SD [ppb] Number Average [ppb] SD [ppb]

Land 102 2.0 16.0 8060 15 15.3
Ocean 10 6.5 8.8 207 8.4 14.0
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Figure 9. Scatter diagrams between GOSAT Xgbbserved within(a) +2° and(b) £5° latitude—longitude boxes centered at each aircraft
observation site and aircraft-based Xgtiith the application of CAK measured on a GOSAT overpass day. Green and blue dots indicate
GOSAT XCH;, 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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Figure 10. Temporal variations of aircraft-based Xglnd GOSAT XCH observed withint5° latitude—longitude boxes centered at the

(a) Southern Great Plains (SGP) affid Yakutsk (YAK) sites (upper panels) and their scatter diagrams (bottom panels). Green dots indicate
GOSAT XCH, data over land. Red dots and lines in the upper panels show aircraft-baseddd@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

aircraft-based XCHhlis 8.6 ppb (SD=10.4 ppb) smaller than over land calculated using aircraft measurements (14.9 ppb in
TCCON XCH,;. This means that the differences between the direct comparison) was larger than the standard deviation
GOSAT XCH;, TCCON XCH,, and aircraft-based XCH  of the bias calculated using TCCON data (12.3 ppb). This
are consistent. The standard deviation of the GOSAT biaglifference may be partly because the TCCON data utilized
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Figure 11. Scatter diagrams between GOSAT Xgbbserved within(a) +2° and(b) +5° latitude—longitude boxes centered at each aircraft
observation site and aircraft-based Xgbbtained by curve fitting at all sites. Green and blue dots indicate X@hained over land and

ocean regions, respectively. Red and blue lines denote the regression lines, statistically significant at the 99 % level, over land and ocear
regions, respectively. The black lines show one-to-one correspondence.

1860F T T T T T T 1 factor 0.978 obtained by Wunch et al. (2010) was reduced to
[« LEF (Park Falls) 0.974. However, it is difficult to compare our results shown
18401 G {Lamont) 1 in the previous paragraph directly with those of Geibel et
1820l ° HPC Wollongong) i al. (2012), who calculated the aircraft-based XQlsing the
= L 1 GFIT a priori profile multiplied by the retrieval scaling factor
8 1800 s for the stratospheric part of the column unlike our method.
= I 1 Further analyses are needed to bridge the difference between
g 1780 7 the validation results from aircraft measurements and the TC-
£ 0 i CON data.
e L ] Gavrilov et al. (2014) also compared GOSAT XgVer.
< 17401 B 02.xx) with ground-based FTS data measured near St. Pe-
r 1 tersburg, Russia (5N, 29.8 E), which were retrieved
17201 7 from mid-infrared (MIR) observations. Here we compare
1700' ‘ , | , | | J their result with our result at YAK located around °6%.

L L n L L L | L L
1700 1720 1740 1760 1780 1800 1820 1840 1860 The average difference between GOSAT XCathd aircraft-
TCCON XCH, [ppb] based XCH within the +5° box around YAK was 3.7 ppb
_ _ _ (SD=16.7 ppb) (Table 5), whereas the difference near St.
Figure 12. Scatter diagram between aircraft-based XGidserved Petersburg was-1.9 ppb (SD=14.5ppb). This difference

within £5° latitude—longitude boxes centered at each TCCON sitemi ht be due to the geoaraphical distance separating YAK
and TCCON XCH (GGG2012 release) on the same day as aircraft 9 geograp . P 9
nd St. Petersburg and the difference between the ground-

measurement at each site. The black lines show one-to-one corré .
spondence. based FTS and aircraft data as noted above.

4 Summary and conclusions
for comparison with GOSAT data were time-averaged data,

whereas the aircraft measurements were obtained instanta«CH, retrieved from GOSAT TANSO-FTS SWIR spec-
neously at each altitude (see Inoue et al., 2013). tra (Ver. 02.00) was validated against aircraft measurement
Some studies have compared aircraft measurements wittata obtained by NOAA, DOE, NIES, HIPPO, and NIES-
TCCON data in terms of calibration of the TCCON FTS. Fol- JAXA. The stratospheric and mesospheric parts of, k-
lowing Wunch et al. (2010) and Messerschmidt et al. (2011),files used for calculating aircraft-based Xgtere obtained
Geibel et al. (2012) developed a new approach to derive a calfrom ACE-FTS and HALOE climatologies. In addition, we
ibration factor (TCCON-to-aircraft ratio) of XCHvith good  estimated the total uncertainty of aircraft-based XCdi
accuracy even for the aircraft profiles with incomplete verti- each respective site, and screened out outlying data. Be-
cal coverage. Consequently, they showed that the calibratiofore comparing the aircraft data with GOSAT products, we

www.atmos-meas-tech.net/7/2987/2014/ Atmos. Meas. Tech., 7, 28005 2014
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Table 7. The average, maximum, minimum, and 1 standard deviation of differences of TCCOIly ¢GIF52012 release) and aircraft-based

XCH, at each observation site.

LEF SGP TKB HPC All sites
(Park Falls) (Lamont) (Tsukuba) (Wollongong)
Number 21 98 3 1 123
Average [ppb] 17.4 6.8 5.7 10.8 8.6
SD [ppb] 10.3 9.6 10.2 - 10.4
Maximum [ppb] 43.2 28.2 17.2 10.8 43.2
Minimum [ppb] -3.2 —15.2 -2.0 10.8 —-15.2

investigated differences in aircraft-based XCHith and

Data Archive, operated by the California Institute of Technology

without application of GOSAT SWIR CAK and estimated (http://tccon.ipac.caltech.edu/US support for TCCON retrieval
them to be less thas-9 ppb at maximum, and less than software and the development of these data comes from NASA's
+1 ppb on average. Therefore, we concluded that the apCarbon Cycle Science Program and NASAs OCQ-Z project. We
plication of GOSAT CAK had only a minor effect on the are grateful to the DOE ARM program for technical support in

aircraft-based XChlcalculation.
We compared GOSAT SWIR XCHdata obtained within

Lamont and Jeff Ayers for technical support in Park Falls. This
research was supported in part by the Environment Research and
Technology Development Fund (2A-1102) of the Ministry of the

+2° or £5° latitude-longitude boxes at each aircraft site £\ ionment Japan,

with aircraft-based XChl with GOSAT CAK using data

measured on a GOSAT overpass day. Over land, GOSATdited by: H. Worden

XCH, data were in good agreement 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) with#2° (£5°)
boxes. Over ocean, GOSAT XGHata were consistent with
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