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Abstract

It is evident that evaluating the measurement of greenhouse gases (GHGs) obtained from multi-platform instruments against
accurate and precise instrument such as aircraft in-situ is very essential when using remote sensing GHGs results for source/sink
estimations with inverse modeling. The results of the inverse models are very sensitive even to small biases in the data (Rayner
and O’Brien 2001). In this work, we have evaluated ground-based high resolution Fourier Transform Spectrometer (g-b FTS) and
the Greenhouse gases Observing SATellite (GOSAT) column-averaged dry air mole fraction of methane (XCH,) through aircraft
in-situ observations over Anmyeondo station (36.538° N, 126.331° E, 30 m above sea level). The impact of the spatial coinci-
dence criteria was assessed by comparing GOSAT data against g-b FTS. We noticed there was no any systematic difference based
on the given coincidence criteria. GOSAT exhibited a bias ranging from 0.10 to 3.37 ppb, with the standard deviation from 4.92 to
12.54 ppb, against g-b FTS with the spatial coincidence criteria of =1, £3, £5 degrees of latitude and longitude and £+ 1 h time
window. Data observed during ascent and descent of the aircraft is considered as vertical profiles within an altitude range of 0.2 to
a maximum of 9.0 km so that some assumptions were applied for the construction of the profiles below 0.2 and above 9.0 km. In
addition, the suitability of aircraft data for evaluation of remote sensing instruments was confirmed based on the assessment of
uncertainties. The spatial coincidence criteria is +1° latitude and + 2° longitude and for temporal difference is +1 h of the satellite
observation overpass time were applied, whereas g-b FTS data are the mean values measured within £30 min of the aircraft
observation time. Furthermore, the sensitivity differences of the instruments were taken into account. With respect to aircraft, the
g-b FTS data were biased by —0.19 £ 0.69%, while GOSAT data were biased by —0.42 + 0.84%. These results confirm that both
g-b FTS and GOSAT are consistent aircraft observations and assure the reliability of the datasets for inverse estimate of CHy.

Keywords Aircraft in-situ - G-b FTS - GOSAT - XCH,4

1 Introduction

Next to CO,, atmospheric methane (CHy) is one of the potent
greenhouse gases. Its concentrations have been increasing
since pre-industrial era as a result of intense human activities
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such as burning of fossil fuel and changes in land use. CHy
plays a major role in the chemistry of the Earth’s atmosphere
through the decomposition process; its increase is considered
to change the balance of related chemical species (Cicerone
and Oremland, 1998). Therefore, accurate and precise mea-
surements of CH4 play a substantial role for better compre-
hension in global carbon cycle as well as its contribution to the
global warming (Jain et al. 2000). Even though CHy is the
dominant anthropogenic greenhouse gas, there are still high
uncertainties in CH,4 sources and sinks at a global scale
(Frankenberg et al. 2008). A number of instruments deployed
onboard at various platforms (ground-based, airborne, and
space-borne) have been involved in measuring of atmospheric
concentrations of CHy. Aircraft in-situ measurements are
highly accurate and precise and, therefore, capable to validate
the ground-based instruments such as g-b FTS, as well as
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evaluate satellites instruments such as GOSAT. However, air-
craft observations are very sparse; this gap needs to be filled
by highly accurate and precise measurements from satellite.
Several studies on validation of remote sensing products of
greenhouse gases such as CO, and CH, were conducted based
on aircraft in-situ measurements at various sites (Araki et al.
2010; Messerschmidt et al. 2011; Geibel et al. 2012; Tanaka
et al. 2012; Miyamoto et al. 2013; Inoue et al. 2013, 2014).
The satellite products of CHy4 should attain a demanding pre-
cision of <2% (< 34 ppb), in order to improve the precision of
inversion models. In addition, achieving high relative accura-
cy (< 10 ppb for XCHy) is more crucial and demanding than
precision to derive reliable surface fluxes via inverse model-
ling (Buchwitz et al. 2016).

In this study, we have addressed two major issues. First,
observations of XCH, and comparison between GOSAT and
g-b FTS XCH,4 observations over the Anmyeondo station are
discussed. Second, we assessed the suitability of aircraft in-
situ observations for validating other datasets and then evalu-
ate the correlative remote sensing measurements (g-b FTS and
GOSAT) against aircraft. Here, the aircraft in-situ XCH, was
computed based on the approach suggested by Inoue et al.
(2013) and Ohyama et al. (2015). In fact, our g-b FTS was
calibrated with respect to TCCON (Total Carbon Column
Observing Network) common scale factor which is basically
derived from the aircraft data made at the other TCCON sites,
therefore, our study will be useful for the scale factor exami-
nation for Anmyeondo station by increasing the number of
sample size. This paper is organized as follow: Section 2 gives
short descriptions about the Anmyeondo station. A brief over-
view of data and method is provided in Section 3. Section 4
presents results and discussion and followed by conclusions in
Section 5.

2 The Anmyeondo Station

The Anmyeondo station is located at 36.538 °N, 126.331 °E,
and 30 m above sea level. The topographic feature of the
Anmyeondo station is a complex terrain which consists of
hills and valley within a few hundred meters. The climatic
condition of the site is categorized as: winter is the coldest
season (a minimum temperature is about 2.7 °C) while sum-
mer is the warmest season (a maximum temperature is about
25.6 °C), (the Anmyeondo station description is also given in
Oh et al. (2018) paper). In other aspects, industries are avail-
able within 100 km of the station. This area consists of agri-
culture, forests, and urban areas. Several instruments are being
operated at the Anmyeondo station which makes this site is
important for validating remote sensing products from differ-
ent platforms such as GOSAT. Figure 1 depicts all TCCON
sites (including operational, future, and previous sites)
globally.
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3 Data and Methods
3.1 Aircraft Measurements

To provide in-situ measurements of atmospheric CO,, CHy,
CO, and H,O concentrations, the aircraft was equipped with a
Wavelength-Scanned Cavity Ring Down Spectrometer
(CRDS; Picarro, G2401-mc) providing mixing ratio data re-
corded at ~0.3 Hz intervals. The position (latitude, longitude,
and height) of the aircraft was monitored by GPS, and infor-
mation on the outside temperature, static pressure, and ground
speed was provided by the aircraft’s instruments. Figure 2
displays schematic views of the CRDS instruments. Data col-
lected during ascent and descent of the aircraft is considered as
vertical profiles of CH4 over the Anmyeondo station. Typical
durations are in the range of 0.5-3 h. The temperature and
pressure of the gas sample have to be tightly controlled at 45
°C and 140 Torr in the CRDS (variations of less than 20 mK
and 0.1 Torr, respectively), which leads to highly stable spec-
troscopic features (Chen et al. 2010). Any deviations from
these values cause a reduction of the instrument’s precision.
Data recorded beyond these range of variations in cavity pres-
sure and temperature were discarded in this analysis. Variance
of the cavity pressure and temperature during flight results in
noise in the CH, mixing ratios. The Picarro CRDS instrument
has been regularly calibrated with respect to the standard gases
within the error range recommend by WMO.

3.2 In-Situ Observation Data

As for complementary information below the lower boundary
of the aircraft observation, we utilized the CH,4 concentration
data measured by the meteorological tower in the Anmyeondo
site (36.53 °N, 126.32 °E, and 47 m above sea level), in close
vicinity to the TCCON station. Atmospheric concentrations of
CH, at 86 m above sea level were continuously measured with
a precision <2 ppb using CRDS and provided as hourly aver-
aged data. Sensors for detection of wind speed and direction,
air temperature, barometric pressure, and humidity have been
also installed at this height. The in-situ data closest to the
aircraft measurement time were selected to complement CH,
profiles. These data can be obtained from the WMO World
Data Center for Greenhouse Gases (WDCGG) (http://ds.data.
jma.go.jp/gmd/wdcgg/catalogue.cgi).

3.3 Ground-Based FTS

The g-b FTS has been operating at Anmyeondo station within
the network of TCCON since 2014; and detailed information
about g-b FTS at this station was recently reported in Oh et al.
(2018). The TCCON is a worldwide network of ground-based
FTSs that was founded in 2004. It has been widely used as a
calibration and validation resource for satellite measurements
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Fig. 1 Global distributions of the TCCON sites. (https:/tccondata.org/)

(e.g. Morino et al. 2011), but it is also offered for better un-
derstanding of the carbon cycle (e.g. Yang et al. 2007). The g-
b FTS provides spectra in the near infrared spectrum with a
high spectral resolution of 0.02 cm ' and a temporal resolu-
tion of ~2 min. From the recorded spectra, the target species
(XCHy) was retrieved with the GFIT nonlinear least-squares
fitting algorithm, which verifies a vertical scale factor (y) of
an a priori vertical profile based on the best spectral fit of the
solar absorption signal. The scaled profile is then vertically
integrated, and the resulting column abundance is divided by
the vertical column of dry air, calculated using the retrieved
column of oxygen (O,) (Wunch et al. 2011).

3.4 Greenhouse Gases Observing SATellite (GOSAT)

GOSAT was launched into a sun-synchronous orbit on 23
January 2009 by H-IIA launch vehicle. It was placed in a
sun-synchronous orbit at a 666-km altitude and has a 3-day
revisit orbit cycle and a 12-day operation cycle. It carries two

sensors: the TANSO-FTS (Thermal And Near-infrared Sensor
for carbon Observation Fourier Transform Spectrometer) and
TANSO-CAI (TANSO Cloud and Aecrosol Imager) with the
IFOV of 10.5 km and 0.5-1.5 km, respectively. The TANSO-
FTS onboard GOSAT makes global observations both at nadir
and off-nadir modes; and makes use of four spectral bands for
deriving CO, and CH,4 (Kuze et al. 2009) accurately. The
TANSO-FTS records the solar radiation reflected from the
surface at three Short Wavelength InfraRed (SWIR) bands at
the respective wavelength of 0.76, 1.6, and 2.0 um and the
Earth’s radiation from the surface and atmosphere at the wide
Thermal InfraRed (TIR) band which is in the range between
5.5 and 14.3 um with a resolution of 0.2 cm '. The retrieval
algorithm is a non-linear maximum a posteriori method with
linear mapping based on Rodgers (2000). In this work, we
have used column-averaged dry air mole fractions of CH,
(XCHy4) V022 derived from the NIES retrieval algorithm
(Yoshida et al. 2011, 2013). The achieved single measurement
precision (random error) of the GOSAT XCH, is

Fig. 2 Left panel is CRDS instrument and right panel depicts the CRDS laboratory including gas cylinders for calibration purposes and computer
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approximately 16 ppb (1.0%) while systematic errors (relative
accuracy or relative bias) are approximately 6 ppb (0.3%)
(Buchwitz et al. 2016). We accessed the GOSAT data through
website (https://data2.gosat.nies.go.jp).

3.5 Methods

The vertical profiles of CH4 mixing ratio are obtained
during ascent and descent of the aircraft in spiral path
(see Fig. 3) over Anmyeondo station. Since the altitude
range of the aircraft measurements were limited to ap-
proximately 0.2-5.0 km from 2012 to 2016 aircraft
campaign and the maximum flight altitude was 9.0 km
in 2017, the in-situ data were utilized near the surface
to complement the CH, profiles of aircraft-based data,
while above the aircraft ceiling, the highest altitude of
the aircraft observation data were extended up to the
tropopause level to construct the complete CH,4 profiles
in a similar way as proposed by Miyamoto et al.
(2013); Ohyama et al. (2015). We have used the in-
situ data at the surface level to complement the aircraft
profile. Local planetary boundary layer (PBL) heights
were obtained from National Centers for
Environmental Prediction (NCEP) NOAA (National
Oceanic and Atmospheric Administration) reanalysis da-
ta. The mole fractions between the uppermost aircraft
measurement and the tropopause are assumed to be
maintained constant as the highest aircraft measurements
because at these higher altitudes the air is well mixed.
For this analysis, the tropopause height was determined
from European Center for Medium range Weather
Forecasting (ECMWF) ERA-Interim reanalysis data, a
horizontal resolution of 0.75 % 0.75 degrees. Above the
tropopause height, GFIT a priori profiles were fixed to
the aircraft data as shown by black dashed line in the
left panel of Fig. 4. The dry air number density profiles

derived from radiosonde observation and ERA-Interim
reanalysis data were utilized for the calculation of the
total column amounts of CH,. The total column
amounts of CH, were numerically integrated from the
in-situ aircraft profiles weighted by dry air density from
the surface up to the altitude of 70 km using the fol-
lowing equation (e.g., Tanaka et al. 2012):

dry (1_
g.m

where P, is surface pressure, f 1,0 - mole fraction of
H,0, fcy, - mole fraction of CHy, m — molecular mass
of air, and g - gravitational acceleration. The column
averaged dry-air mole fractions of CH, are calculated
from the integrated column amounts using the equation
given below:

column CH4

XCH4 = (2)

column air
where XCH, is the column-averaged dry-air mole frac-
tion of CH4. We set the coincidence criteria for compar-
ison between satellite data (GOSAT) and aircraft data as
follows: GOSAT data are considered within +1 degree
latitude and+2 degree longitude boxes centered at the
Anmyeondo station and the aircraft data temporally
nearest to the GOSAT overpass time were selected, a
maximum of 1 h difference. While the g-b FTS data
were averaged within 30 min of the aircraft overpass,
which reduce the random error. During validation of
remote sensing vertical profiles, it is reasonable to con-
sider the effect of vertical resolution and sensitivity of
the data (Rodgers and Connor 2003). In this analysis,
vertically highly resolved aircraft CHy profiles were de-
graded by applying the column averaging kernels (a;) of
low resolution of vertical profiles derived from the

Altitude (km)

36.54

36.5
36.48

36.46

Lon. 1262 36.44 Lat.

Fig. 3 Typical flights path of the aircraft taken on May 09, 10, and 16, 2015 from left to right panels, respectively, are depicted. The right panel depicts

vertical spiral flight path over Anmyeondo
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Fig. 4 The left and right panels display the complete CH,4 profile and
aircraft profile appended with surface measurements, respectively,
October 05, 2014. The red and blue broken lines represent the

remote sensing instruments based on the following
equation:

XCH ™™ = XCH{ + Y jhjaj(tin-sinta) 3)
where XCHY ™™ is the column-averaged dry-air mole

fraction of CH,; from the aircraft in-situ measurement,
XCHY and t, are a priori column-averaged dry-air mole
fraction and profile of CHy, respectively (from g-b FTS
or GOSAT), #; is the pressure weighting function, and
tin—sine 18 the in-situ profile from aircraft measurement.
The averaging kernel for the column retrieval is a vec-
tor representing the sensitivity of the retrieved total
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tropopause and planetary boundary heights, respectively, and green
broken line shows the maximum aircraft observation altitude

column to perturbations of the partial columns at the
various atmospheric levels. The typical column-
averaging kernels for the g-b FTS and GOSAT at the
Anmyeondo station are shown in Fig. 5. The differences
of XCH4 between the aircraft and the remote sensing
instruments or between g-b FTS and GOSAT are
expressed in terms of absolute and relative differences
and the following mathematical expressions are:

Abso.diff. = XinsiXin—situ/FTS (4)

(XinsiX[lrsitu/FTS)

in=situ/FTS

Rel.diff. = 100% (5)

where X, — insrrs and X,, are XCH, of the aircraft and the
correlative remote sensing instruments (g-b FTS and GOSAT)
or g-b FTS and GOSAT (which is used for the comparison be-
tween g-b FTS and GOSAT), respectively. We examined the
weather conditions at the measurement station during all obser-
vation periods. For this period, we showed meteorological pa-
rameters such as relative humidity, temperature, wind speed, and
wind direction from radiosonde data in Fig. 6 in order to specu-
late the weather conditions at the Anmyeondo station.
Approximately above 3 km, the amount of atmospheric moisture
was very low which was depicted by the relative humidity (RH)
of below 40% in Fig. 6(a). As shown in panels ¢ and d of Fig. 6,
the northerly and north easterly winds was blowing with a mag-
nitude of lower than 8 m s~ below 2 km, whereas between 2 and
6 km, the westerly and north westerly winds advected at a max-
imum speed of 20 m s~ over the measurement station.
Therefore, this could bring a continental air mass from the
Northern Hemisphere to the Anmyeondo station.
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Fig. 6 Radiosonde measurements of (a) relative humidity, (b) temperature, (¢) wind speed, and (d) wind direction, taken on October 05-07, 2014

4 Results and Discussion 4.1 Observations of XCH, and Comparisons
between g-b FTS and GOSAT
In the following subsections, we have discussed obser-
vations and comparison of XCH, between g-b FTS and  Here, the time series of XCH, comparison between g-b
GOSAT, and then evaluated them based on the aircraft  FTS and GOSAT was performed in the period between

in-situ observations. 2014 and 2016 (see Fig. 7). We assessed to what extent
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Fig. 7 Time series of XCH, obtained from the g-b FTS and the GOSAT at the spatial coincidence criteria of £1, 3, +5 degrees latitude/longitude
(left top panel) and GOSAT versus g-b FTS (right panel) in the period of green, blue, and red colors, respectively, and error bars indicate the
2014 to 2016 with a one-to-one dashed line, green circle denotes hourly standard deviations of the coincident datasets. Bottom left panel shows
mean values of the g-b FTS, while the asterisks represent single day the time series of XCH,4 on monthly mean basis and bottom right panel
observations of the GOSAT. Right top panel shows g-b FTS vs GOSAT depicts annual cycle 20142016
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Table 1

Statistical results for the XCH, difference between GOSAT and g-b FTS (bias = GOSAT - g-b FTS) data based on coincidence criteria of £1,

+3, and + 5 degrees of lat/lon and + 1 h. N =number of coincident data, R = correlation coefficient

Lat./ N R RMSE (ppb) bias + std. (ppb) Rel. diff. + std. (%)
lon.(deg)

+1 9 0.86 5.73 3.37+4.92 0.18+£0.27

+3 16 0.96 6.01 1.68 + 6.00 0.09 £0.33

+5 27 0.76 12.31 0.10 £ 12.54 0.01 £0.68

the impact of spatial coincidence criteria affects the com-
parison results. To match up the GOSAT data against g-b
FTS, we chose geometric coincidence criteria of +1, £3,
and+5 degrees of latitude/longitude centered at the
Anmyeondo station within the temporal window of
+1 h. Following the match-ups, all g-b FTS data coin-
ciding with one satellite observation which were within
1 h time window are averaged, minimizing the g-b FTS
random error. As a result of those coincidence criteria,
we obtained different sample size that might also affect
the statistics to have robust conclusion. As can be seen
in the top left panel of Fig. 7, the overall results sug-
gested that both instruments agreed in capturing the sea-
sonal variability of XCH4 over the Anmyeondo station.
Relatively large discrepancies were detected in peak
methane season, summer which might reflect the high
spatial heterogeneity of methane source and sink strength
(details are beyond the scope of this paper). The seasonal
and annual cycles of XCH4 derived from the GOSAT
were compared with in g-b FTS observations over the
Anmyeondo station, which are provided in the bottom
panels of Fig. 7. Because of sample size, we used
GOSAT data that extracted within £5 degrees latitude/
longitude coincidence criteria. As can be seen in Fig. 7
bottom panels, the overall patterns of seasonal and annu-
al cycle of the g-b FTS XCH, are reproduced by GOSAT
XCH4. The maximum and minimum amounts of methane
were observed during summer and winter seasons, re-
spectively. However, the seasonal cycle of CHy in the
Northern Hemisphere is more complex (Dlugokencky
et al. 1994). While the destruction of CH, due to reac-
tion with OH is expected to be stronger in summer,
source strengths also strongly vary with the seasons.
East Asia is one of the largest source regions of methane,

and enhanced concentrations over this region are predict-
ed by model studies (Houweling et al. 2000).
Dlugokencky et al. (1993) reported that significantly el-
evated CH; mixing ratio was observed at Tae-ahn
Peninsula, Korea (36° 44’ N, 126° 08’ E) during summer
correlated with northwesterly airflow from northeast
China and east Siberia. In fact, taking a coarse colloca-
tion criteria can induce collocation errors, but consider-
ing a very strict criterion leads to a small sample set
(which affects statistics) due to the sparseness of
GOSAT soundings. Buchwitz et al. (2017) described the
spatial variability in the bias of XCH, termed as “relative
bias”. It can arise from different surface reflectivity, aero-
sol interference, and sloping terrain. They estimated
10 ppb relative bias for solar backscatter satellite obser-
vations. Correlations, root mean square error (RMSE),
bias, and relative differences for these comparisons are
detailed in Tables 1 and 2 for varying collocation
criteria. As RMSE values increases from 5.73 to
12.31 ppb with increasing the spatial window +1 to +5
degrees, which cover land and ocean parts since the
Anmyeondo station is located at the coastal area. In gen-
eral, there was no systematic difference noticed by
changing the collocation space. It was found low bias
(x0) in GOSAT XCH, against g-b FTS, which is about
3.37+4.92 ppb, with a corresponding relative difference
of 0.18+0.27%, when applying the strict collocation
criteria within a time window of +1 h and+ 1 degree of
latitude/longitude (see Table 1). Since we set the same
time window but changing the spatial window by +3 and
+5 degrees that resulted in the mean bias of 1.68+6.0
and 0.10£12.54 ppb, respectively. The standard devia-
tions of the differences are progressively increasing as
increasing the collocation space, but those values are

Table 2 The same as Table 1, but

for daily mean basis. (bias = Lat./lon.(deg) N R RMSE (ppb) bias =+ std. (ppb) Rel. diff. + std. (%)
GOSAT minus g-b FTS)

+1 12 0.80 6.10 0.77 £ 6.30 0.04 £0.34

+3 20 0.90 8.30 1.68 +8.34 0.09 + 0.45

+5 35 0.79 10.90 0.36 +10.98 0.04 +0.60

\3‘ Korean Meteorological Society @ Springer



422

S. T. Kenea et al.

1880 T T T T T
”
P4
’
1870 = §
= #
’
~ & 1860} L7 '
2 Q0 -
Q ”,
o 2 L0
~ A 1850 » g-b FTS vs. Aircraft 1
> = ’
g E
% © 18401 s §
o)) » GOSAT vs. Aircraft
~ ”
1830 1% E
- Ld
»
1820 | 1 L 1 1
1820 1830 1840 1850 1860 1870 1880

Aircraft XCH, (ppb)

Fig.8 The comparisons of XCH,4 between the aircraft observation versus
g-b FTS data (represented by blue square) and GOSAT (denoted by red
square) over Anmyeondo station are shown. The dashed line shows one-
to-one line

compatible with the combined measurement errors of the
instruments. Similarly, we investigated the impact of the
coincidence criteria by setting the time window on daily
mean basis of g-b FTS measurements of XCH, with
varying the spatial coincidence +1, +3, and+5 degrees
of latitude/longitude, and the bias was estimated to be
less than 1.68 ppb. For a case of +1 degree latitude/lon-
gitude, GOSAT was biased by 0.78 £6.3 ppb with re-
spect to g-b FTS. Those values are within the range of
validation results reported in previous findings (e.g.
Yoshida et al. 2013; Gavrilov et al. 2014; Ohyama
et al. 2015) but with slightly smaller biases. Yoshida
et al. (2013) performed a validation of GOSAT XCH,4
(V02.xx) using the 723 measurements provided by
TCCON and showed that bias was —5.90+12.6 ppb.
Gavrilov et al. (2014) compared GOSAT XCH,4
(V02.xx) with 256 ground-based FTS measurements ob-

Table 3 Summary for the
statistics of XCH,4 difference

between remote sensing and
aircraft in-situ data is given. The
statistical estimators are
expressed in terms of bias and
relative differences with respect to
aircraft

Instruments N Date (KST) Bias = std. (ppb) Rel. diff. + std. (%)

Aircraft vs. g-b FTS 2014-10-05
10:29:03-10:45:01 —14.60 —0.78
10:46:10-11:00:01 —15.50 —0.83
11:45:19-12:01:05 —13.00 -0.70
13:23:10-13:38:21 —16.40 —0.88
13:39:30-13:53:33 —13.70 —-0.74
14:23:46-14:48:23 —13.70 -0.74
14:49:40-15:04:30 -10.30 -0.56
2014-10-07
13:39:32-13:54:00 —8.00 -0.43
13:54:15-14:09:07 —4.50 -0.24
14:39:38-14:54:00 -8.70 -0.47
15:55:32-15:10:00 -0.30 -0.56
15:39:47-15:54:21 -6.50 -0.35
15:39:40-15:54:00 —11.60 —0.63
15:55:32-16:09:00 —11.00 -0.59
2017-10-29
09:59:16-10:31:08 0.90 0.05
10:31:09-11:03:24 4.90 0.26
12:58:58-13:37:07 15.10 0.82
13:37:07-14:19:40 -2.70 -0.14
2017-11-12
11:12:20-11:38:01 14.40 0.78
11:38:02-12:13:00 15.10 0.82
14:14:46-14:45:55 16.50 0.89
14:45:56-15:23:47 13.00 0.70
4 -3.66+11.50 -0.19+0.61

Aircraft vs. GOSAT (NIES V0221) Date
2012-10-17 4.53 0.25
2012-10-18 2.40 0.13
2014-10-05 —20.90 -1.13
3 —4.65+14.11 -0.42+0.84
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Fig. 9 The XCHy, total errors are shown for GOSAT (left panel) and for g-b FTS (right panel). (It was displayed only for the coincident days)

tained near St. Petersburg, Russia and reported that the
mean difference was —1.9+14.5 ppb. Ohyama et al.
(2015) reported that the average differences XCH, be-
tween TANSO-FTS and g-b FTS data (TANSO-FTS mi-
nus g-b FTS) is —7.6+13.7 ppb. Right panel of Fig. 7
demonstrates the results of XCH,; comparisons between
the GOSAT and g-b FTS at the spatial coincidence
criteria of +1, +3, +5 degrees latitude/longitude green,
blue, and red colors, respectively, and error bars indicate
the standard deviations of the coincident datasets. This
depicts that the GOSAT data is well consistent with the
g-b FTS that lie on the best line. Therefore, we can infer
that the impact the coincidence criteria (at least, up to
+5) for performing the comparison of XCH, over the
Anmyeondo station is insignificant.

4.2 Aircraft XCH, Comparison with g-b FTS

Several aircraft observation campaigns over Anmyeondo
site were carried out in the period between 2012 and
2017. However, a few numbers of aircraft data matched
with the remote sensing instruments were available during
this observation period. The g-b FTS XCH,4 was compared
with the aircraft measurements. Here, g-b FTS data were
averaged over a time window of +30 min with respect to
the aircraft measurement time. In addition, the averaging
kernel of the g-b FTS was applied to the aircraft data to
equalize the sensitivities of CH4 mole fraction at each alti-
tude for the total column. Wunch et al. (2010) reported that
the airmass-dependent artifacts in XCH4 due to spectro-
scopic inadequacies (e.g. line widths, inconsistencies in
the relative strengths of weak and strong lines) in
TCCON instruments were not seen. Here, a total number
of the aircraft measurements that matched with g-b FTS
were only four during the observation period of 2014 to
2017. The diurnal range of g-b FTS data reflects not only
variability of airmass transport but source also sink process-
es and the effect of measurement errors as well (Keppel-

Aleks et al. 2011). The overall results indicated that g-b
FTS estimated slightly lower than aircraft. The statistical
results for XCH, comparisons between aircraft and g-b
FTS are shown in Fig. 8 and summarized in Table 3, (cor-
relation coefficient was not computed because of small
sample numbers). The mean absolute difference of XCH,4
between aircraft and g-b FTS is —3.66+11.50 ppb, with a
corresponding mean relative difference of —0.19 +0.69%.
Previous findings have revealed that the unsampled part
of the atmosphere above the aircraft ceiling contributes to
the largest uncertainty in the total column calculated from
the aircraft profiles (Wunch et al. 2010). We estimated the
error contributions on aircraft-based XCHy. The error com-
ponents below the aircraft ceiling were derived by adding
twice the precision of the aircraft data to the profile, and
then re-integrated the profile (Wunch et al. 2010; Ohyama
et al. 2015), the amount of error resulted in 3.03 ppb. The
tropopause height variation induced an error of 0.40 ppb on
averaged in estimating aircraft XCH,4 and the stratospheric
error contribution were estimated by vertical shifting of the
a priori by 1.0 km. That resulted in 6.30 ppb change on the
aircraft XCH,4 values. The total errors were estimated to be
7.0 ppb (Table 4).

Table 4  Error budget for the estimated aircraft measurement of XCHy.
The total error is the sum, in quadrature, of the three errors. The aircraft
error was estimated by adding the precision of the aircraft measurements
to the profile and re-integrated the profile. Tropopause error was
determined by varying 1.0 km, while stratospheric error was estimated
by shifting the stratospheric apriori profile of CH4 by 1.0 km. The fourth
row on the given table shows the average value of the total retrieval errors
from individual sounding of XCH,4 from g-b FTS and GOSAT

Aircraft error Tropopause error Stratospheric error Total
3.03 ppb 0.40 ppb 6.30 ppb 7.00 ppb
g-b FTS total retrieval error GOSAT total retrieval error
3.60 ppb 7.70 ppb
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4.3 Aircraft XCH, Comparison with GOSAT

In this section, the comparison of the GOSAT retrieval product
(V02.xx) of XCH,4 against the aircraft observations over the
Anmyeondo station was analyzed. Based on the coincidence
criteria, we obtained only three coincident days of observa-
tions. We took the mean values when obtaining more than one
GOSAT measurements. As noted the aircraft data was
smoothed by GOSAT column averaging kernels. The compar-
ison results of XCH, between aircraft and GOSAT revealed a
better agreement. The mean absolute difference of XCH,4 was
about —4.65 + 14.11 ppb, also shown in Table 3. The absolute
value of XCH, difference on 5 October, 2014 was 20.9 ppb,
which is larger than the other two coincident dates despite the
fact that the matching data were observed on the closest time
window. The discrepancy occurred at this particular date sig-
nificantly affected the mean of difference and standard devia-
tions. The difference could be attributable to the CH, variabil-
ity in the lower atmosphere, the effect of aerosols/cirrus
(Ohyama et al. 2015), or the large interval between air sam-
pling levels, which is not sufficient to be captured the thin-
layered structure of CH,4 profiles by GOSAT. We tried to look
at atmospheric condition and aerosols during 5th October,
2015 using the information obtained from COMIS.4 (http://
uis.comis4.kma.go.kr/comis4/uis/common/index.do#),
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO), and Aerosol Robotic Network
(AERONET) (see Appendix Figs. 10, 11, and 12). However,
we noticed tropospheric aerosols that might be suggesting that
it tends to cause an underestimation of XCHj, retrievals. Still
further investigation is required in the future. However, the
overall mean bias shown here is consistent with the previous
results reported by Inoue et al. (2014, 2016). Inoue et al.
(2014) made a comparison of GOSAT XCH,4 (V02.00) with
3 aircraft measurements from Yakutsk, Siberia and reported
that the bias was 9.2+ 15.2 ppb (3.7£16.7 ppb) within £2°
(£5°). When considering 2 days average excluding a date of
October 05, 2014, we obtained a bias 3.47 = 1.51 ppb, which
is agreed with Inoue et al. (2016) who showed a 4.5+ 15.
20 ppb over land. Fig. 4 shows the total retrieval errors (the
room sum of the squares of smoothing error, retrieval noise,
and interference error components) of XCH, obtained from
GOSAT and g-b FTS. The standard deviation of the differ-
ences that we obtained here is slightly larger than the total
estimated error of GOSAT (see Fig. 9 and Table 4) and the
aircraft XCHy. Further work is still required to have more
robust conclusion by increasing the sample numbers.

5 Conclusions

Evaluating measurement of GHGs derived from multi-
platform instruments against accurate and precise instrument
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such as aircraft in-situ is very essential when utilizing re-
mote sensing GHGs results for source/sink estimations with
inverse modeling. The results of the inverse models are very
sensitive even to small biases in the data (Rayner and
O’Brien 2001). In this work, we carried out the comparison
of XCH, between g-b FTS and GOSAT over the
Anmyeondo station. Based on the comparison results be-
tween g-b FTS and GOSAT, both instruments are generally
well captured the seasonal variability of XCH,, the maxi-
mum and minimum amount of methane was observed dur-
ing summer and winter seasons, respectively. The overall
results indicate that a relatively high variability was exhibit-
ed during a peak methane season. In addition, the impact the
coincidence criteria was assessed and there was no system-
atic difference was observed. The bias was estimated to be
from 0.1 to 3.37 ppb, and standard deviation was from 4.92
to 12.54 ppb. Column-averaged dry air mole fraction of CH,
from 2012 to 2017 over the Anmyeondo station were de-
rived by using CH, profiles measured by aircraft. Aircraft
measurements have good accuracy, but are limited in alti-
tude floor and ceiling, and so we have to use additional
information for surface and the stratosphere. As to my
knowledge, this is the first report on evaluation of remote
sensing observations based on aircraft in-situ measurements
of XCH,4 over this station. The uncertainty analysis of the
aircraft measurements of XCH,4 confirmed the suitability of
data for evaluating the remote sensing products. These in-
situ observations of the target species were compared against
g-b FTS, and GOSAT over there. It is noted that the aver-
aging kernels of the remote sensing instruments were ap-
plied into the aircraft measurements. The retrieved XCH,
values from the g-b FTS and GOSAT measurements showed
a better agreement with the aircraft in-situ observations.
Both instruments revealed a negative bias against aircraft.
The relative differences of XCH,4 were found to be —0.19
+0.69% and —0.42+0.84% with respect to g-b FTS and
GOSAT, respectively. The small number of coincidences
considered here hinders more robust conclusions, so we rec-
ommend to carry out further works on validation by taking
more coincident data using in-situ and remote sensing instru-
ments, as well as combining the model simulations in the
future. This will allow us to improve clear identification of
all the potential sources of uncertainties, as well as to under-
stand the role of local source/sink and dynamics.
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Fig. 10 Atmospheric sky conditions for 17th, 18th Oct. 2012, and 5th Oct. 2014, left to right panels, respectively, from COMIS.4. Red star shows
Anmyeondo site. (http://uis.comis4.kma.go.kr/comis4/uis/common/index.do#)
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