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Abstract

Extremely high levels of column-averaged dry-air mole fractions of atmospheric
methane (XCH,) were detected in August and September 2013 over Northeast Asia
(~ 20 ppb above the averaged summertime XCH, over 2009—-2012, after removing a
long-term trend), as being retrieved from the Short-Wavelength InfraRed (SWIR) spec-
tral data observed with the Thermal And Near-infrared Sensor for carbon Observation-
Fourier Transform Spectrometer (TANSO-FTS) onboard Greenhouse Gases Observing
Satellite (GOSAT). Similar enhancements of XCH, were also observed by the ground-
based measurements at two Total Carbon Column Observing Network (TCCON) sites
in Japan.

The analysis of surface CH, concentrations observed at three monitoring sites
around the Japan islands suggest that the extreme increase of XCH, has occurred
in a limited area. The model analysis was conducted to investigate this anomalously
high XCH, event, using an atmospheric transport model. The results indicate that the
extreme increase of XCH, is attributed to the anomalous atmospheric pressure pattern
over East Asia during the summer of 2013, which effectively transported the CH,-rich
air to Japan from the strong CH, source areas in East China. The two Japanese TC-
CON sites, ~ 1000 km east-west apart each other, coincidentally located along the
substantially CH,-rich air flow from East China. The GOSAT orbiting with three-day
recurrence successfully observed the synoptic-scale XCH, enhancement in the com-
parable accuracy to the TCCON data. This analysis demonstrates the capability of
GOSAT to monitor an XCH, event on a synoptic scale.

1 Introduction

Atmospheric methane (CH,) is the second important anthropogenic greenhouse gas
after carbon dioxide (CO,), contributing about 20 % of the total radiative forcing from
the major well-mixed greenhouse gases (Forster et al., 2007). Methane has multiple
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natural and anthropogenic sources in the Earth’s surface while being mainly removed
through reaction with hydroxyl radical (OH) in the troposphere and by photolysis in the
stratosphere. The atmospheric CH, level has more than doubled since the onset of
the industrial revolution in the 18th century (Etheridge et al., 1998). Its growth rate has
been considerably variable over the past few decades (Dlugokencky et al., 2009). On
a global scale, the causes of recent changes in the CH, growth rate remain unknown
(e.g. Kirschke et al., 2013; Dlugokencky et al., 2009), and on a regional scale, sig-
nificant discrepancies have been found in the emission estimates between bottom-up
and top-down approaches (e.g. Miller et al., 2013). On the other hand, given the larger
radiative forcing than carbon dioxide, it has been argued that reducing anthropogenic
CH, emission might be a mitigation of possible severe impact of global warming (e.g.
Hansen and Sato, 2004). Therefore, to elucidate the drivers of changes in atmospheric
CH, concentrations and to quantify the regional source distributions are challenging
tasks.

The temporal variations of observed atmospheric CH, are complicated due to vari-
ous sources on the Earth surface, interactions between the emission sources and the
atmospheric transport, and removal in the atmosphere. To improve the regional CH,
flux estimates on the Earth surface, it is needed to better understand the relative con-
tribution of atmospheric transport to the observed variations of atmospheric CH,.

In the past decades, the investigations of the spatiotemporal variability in atmo-
spheric CH, concentrations and the inverse modeling of surface CH, flux estimates
had been mainly based on the ground-based measurements (e.g. Bousquet et al.,
2006; Bergamaschi et al., 2010; Miller et al., 2013). However, the current ground-
based measurements of CH, are still sparse. In the recent years, the measurements
from the satellites have been providing the large spatial and temporal coverage to help
better understand the variations of atmospheric CH,. Since 2009, Greenhouse gases
Observing SATellite (GOSAT) has been provided column-averaged dry-air mole frac-
tions of atmospheric CH, (XCH,) that are retrieved from Short-Wavelength InfraRed
(SWIR) solar spectra observed onboard Thermal And Near infrared Sensor for carbon
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Observation-Fourier Transform Spectrometer (TANSO-FTS) instrument (Yokota et al.,
2009; Yoshida et al., 2013). GOSAT XCH, is preceded by the several previous and
on-going satellite projects, for example, the Infrared Atmospheric Sounding Interfer-
ometer (IASI, Crevoisier et al., 2009), and the Tropospheric Emission Spectrometer
(TES, Wecht et al., 2012) and the SCanning Imaging Absorption spectroMeter for At-
mospheric CHartographY (SCIAMACHY, Schneising et al., 2011). Among them, XCH,
retrievals from SCIAMACHY instrument onboard ENVISAT launched in 2003 was pi-
oneering, but the communication with ENVISAT was lost in April 2012. The GOSAT
TANSO-FTS aims at providing measurements of atmospheric CH, concentrations in
three-month averages with an accuracy of higher than 2 % at 100—-1000 km spatial res-
olution (Kuze et al., 2009).

Here, we report the extremely high XCH, event observed by GOSAT in August and
September 2013 over Northeast Asia. Similar high XCH, event were also detected by
the ground-based measurements at the two Japanese Total Carbon Column Observ-
ing Network (TCCON) sites in Tsukuba and Saga. Given the spacing and temporal fre-
quency (three-day recurrence) of GOSAT sampling, along with possible retrieval biases
of XCHy, retrievals, it is interesting that the GOSAT detected the synoptic-scale variation
of XCH, that is coherent with the ground-based measurements. This GOSAT-detected
XCH, event suggests the potential of GOSAT XCH, analysis in higher temporal and
spatial resolution. In this study, we analyse the observed extremely high GOSAT XCH,
in the summer of 2013 to investigate the attributions of such a significant increase
of XCH,. As charactering the observed extreme event of atmospheric CH, in terms
of spatial extent and temporal duration, we also discuss how capable GOSAT XCH,
monitors synoptic-scale XCH, variations.
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2 Observations
2.1 GOSAT XCH,4

GOSAT is a joint project of the Japanese Ministry of the Environment (MOE), the
National Institute for Environmental Studies (NIES) and the Japan Aerospace Ex-
ploration Agency (JAXA) to monitor the global distribution of atmospheric CO, and
CH, from space (Yokota et al., 2009). The retrieved XCH,, as a part of NIES GOSAT
Level 2 (L2) product (v02.xx), has been reported to have a mean bias of —5.9 ppb
and mean standard deviation of 12.6 ppb against the XCH, at selected TCCON sites
(Yoshida et al., 2013). In this study, we analysed NIES GOSAT L2 XCH, (v02.21)
without any bias correction. The description of the latest updated retrieval proce-
dures and the auxiliary information can be found at GOSAT User Interface Gateway
(https://data.gosat.nies.go.jp).

We analysed GOSAT XCH, over two regions in Northeast Asia separately (Fig. 1).
One is over northeastern China-Korea (115—-130° E, 30—40° N), and the other is over
Japan (130-145°E, 30-40°N). The northeastern China-Korea region covers highly
populated and industrialized areas with large anthropogenic CH, sources in the Eura-
sia continent. The Japan region has small CH, sources, but located downwind of
the continental CH, emissions. Time-series of all the XCH, data from June 2009 to
March 2014 over the two regions with monthly means are shown in Fig. 2. It is noted
that we used only the XCH, over land to minimize possible errors depending on sound-
ing observation mode. In fact, since a few soundings over ocean around East Asia
were retrieved, removed XCH, data through this criterion are less than 5 % of the total.
A long-term trend component in each XCH, dataset derived through a digital filtering
of two-year cutoff period (Nakazawa et al., 1997) is also plotted in Fig. 2. To focus the
seasonal variations, the trend components were removed, and the detrended XCH,
time-series are further analysed.

The GOSAT XCH, retrievals over Northeastern China-Korea have clear seasonality
with high peaks in summer and low peaks in winter. The summertime high XCH, must
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be partially attributed to the seasonal biogenic CH, emissions from rice paddies and
natural wetlands underneath in East China and Korea. The summer peak in 2013 was
more prominent than the preceding two years, 2011 and 2012. Also, the summertime
XCH, retrievals over Northeastern China-Korea in 2009 and 2010 were relatively high
while no significantly high XCH, was observed over Japan. Since there is a limited
number of retrieval available over Japan for the first two years of the GOSAT operation,
it is difficult to discuss the XCH, difference over the two regions for 2009 and 2010. We
thus leave this topic for a future investigation.

The seasonality of the GOSAT XCH, retrieval over Japan is overall similar to North-
eastern China-Korea. Although the seasonal cycle varies largely year-to-year, XCH,
retrievals of August and September in 2013 were outstandingly high. Japan is located
downwind of strong anthropogenic and natural biogenic CH, emissions in the conti-
nent, and then the signals of the continental CH, emissions are lowered as the air is
transported. However, it is noticeable that, in the summer of 2013, the XCH, retrievals
over both Japan and Northeastern China-Korea regions reached the almost same high
levels. This comparable XCH, levels in the two regions indicates there was a mech-
anism of fast atmospheric transport in 2013 to bring CH,-rich air to Japan with less
diffusion than the preceding years.

2.2 TCCON XCH,

Inside the Japan region of this study, ground-based XCH, measurements have been
conducted at two TCCON sites, Saga (33.24° N, 130.29° E) and Tsukuba (36.05° N,
140.12° E) as shown in Fig. 1. TCCON is a worldwide network of ground-based high-
resolution FTSs, which record spectra of the direct sunlight in the near-infrared, and
provides accurate and precise column-averaged dry-mole fractions of atmospheric
constituents including CO,, CH,4, N,O, HF, CO, H,O, and HDO retrieved from these
spectra absorbed by them (Wunch et al., 2011). The TCCON XCH, measurements
have an estimated uncertainty of 7 ppb (20) (Wunch et al., 2010). TCCON data play
a critical role in the validation of space-based measurements. The Saga TCCON site
25000
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is in Kyushu Island, operated by JAXA since June 2011. The Tsukuba TCCON site is
located ~ 50 km north of Tokyo in the Japan main island, operated by NIES since 2009.
These two Japanese TCCON sites are apart ~ 1000 km longitudinally.

Figure 3 shows XCH, retrievals at Saga and Tsukuba TCCON sites during the period
for 2011 to 2014. We processed the both TCCON XCH, time-series in the same man-
ner with the GOSAT XCH, to obtain the long-term trends that are shown in blue lines in
Fig. 3. It is interesting that, before the summer 2013, XCH, retrievals at Tsukuba over-
all are lower than at Saga. Since Saga is located closer to the continent than Tsukuba,
Saga is considered to be influenced by the continental anthropogenic CH, emissions
more strongly than Tsukuba. In the summer of 2013, extremely high XCH, retrievals
both at Saga and Tsukuba were observed, reaching almost a same level. This XCH,
enhancement observed at the ground-based TCCON sites is coincident with the high
XCH, observed by GOSAT, and strongly supports our speculation that the CH, rich air
was transported quickly from the continent to Japan for this period.

To focus on the seasonal and synoptic variations, we compared the detrended XCH,
time-series from GOSAT over Japan and the two Japanese TCCON sites. Figure 4
shows that all the detrended XCH, data agree overall with each other in the timing of
seasonal cycle. Compared with TCCON XCH,, GOSAT XCH, shows large short-term
variability, but has small seasonal amplitude of ~ 10ppb. In 2012, both GOSAT XCH,
and TCCON XCH, were highly variable, but not clear tendency in August. In Septem-
ber 2012, TCCON XCH, at the two sites increased together by ~ 10 ppb while the in-
crease of GOSAT XCH, was not clearly seen. In 2013, both GOSAT and TCCON XCH,
together rapidly increased in August and remained high in September. The averages
of all detrended XCH, for August and September 2013 are higher by ~ 20 ppb than
the XCH, levels for 2012. This enhancement of GOSAT XCH, over Japan is roughly
double of its average seasonal amplitude.
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2.3 Ground-based surface CH; concentrations

In order to see the relationship between the surface CH, concentration and the en-
hancement of GOSAT XCH, over Japan, we analyzed the surface CH, concentra-
tions observed at three ground-based monitoring stations in Japan, Cape Ochi-ishi
(COl, 43.16° N, 145.49° E), Ryori (RYO, 39.03°N, 141.82° E), and Yonagunijima (YON,
24.47° N, 123.02° E). These site locations are shown in Fig. 1. At all the stations, con-
tinuous measurements of atmospheric CH, are conducted. Cape Ochi-ishi (COI) is
a station operated by NIES, which is located at the east tip of Hokkaido island (To-
hjima et al., 2002). Ryori (RYO) is located inside the Japan region defined in this study,
where the monitoring of surface greenhouse gas concentrations has been conducted
by the Japan Meteorological Agency (JMA) as a part of the Global Atmospheric Watch
(GAW) program of the World Meteorological Observation (WMO). RYO is on the west
coast of the Japan main island, about 300 km north of Tsukuba and far away from
direct influences of residential and industrial pollutants. Yonagunijima (YON) is also
one of JMA-operated GAW stations, which is located far south of the Japan main is-
land and east of ~ 110km of Taiwan. The details on RYO and YON are provided on
the web page of WMO GAW World Data Centre for Greenhouse Gases (WDCGG)
(http://ds.data.jma.go.jp/gmd/wdcgg/introduction.html).

The time-series of surface CH, concentrations at the three ground-based stations
are shown in Fig. 5, with their monthly means and long-term trends. Here we analyzed
the afternoon mean CH, (averaged hourly CH, over 12:00-15:00 LT) from the respec-
tive data sets, assuming that the afternoon values are large-scale representative. The
observed CH, concentrations at all the sites show similar seasonal cycles in timing.
Seasonally the CH, values are low in July and August, and high in winter to spring. In
the winter, the westerly wind prevails and transports the CH,-rich air from the continent
(mainly anthropogenic CH, emitted in East China) to Japan, causing the rise of CH,
concentrations. In the summer, the southeasterly wind is dominant, bringing clean air
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to Japan from the Pacific Ocean, where is no major CH, source, so that the surface
CH, concentrations become low.

In the summer of 2013, unseasonably high CH, concentrations were observed at
RYO with a sharp increase in the middle of August. The CH, concentrations at COI
started increasing earlier from its summer minimum than the previous year, 2012. At
YON, no significant CH, enhancement was seen in 2013 compared with the previous
years. Since no similar CH, change to RYO and COIl was observed at YON, the far-
thest southwestern island of Japan, this significant CH, enhancement event appears
to be spatially limited in the area around Japan main island and Hokkaido island. To
further examine the summer increase of surface CH, concentrations, we compared the
detrended CH, at RYO and COlI for the two years of 2012 and 2013 (Fig. 6). The timing
and amplitude of seasonal cycles at RYO and COI overall agree well with each other,
except for the summer of 2013. In August and September 2013, the temporal varia-
tions of CH, at RYO and COlI are different from those in the previous year 2012 when
the CH, concentrations were low over the summertime and started rising at the end
of September. In August 2013, the abrupt CH, increase by ~ 100 ppb was observed at
RYO, followed by COI with ~ 1 week delay. In September, the CH, at both sites lowered
but stayed in the higher level than 2012. Given that the fact the major CH, sources in
East China, the sudden large increase of CH, in August 2013 is probably caused by
unseasonal transport of CH,-rich air from the continent to Japan though normally in
August the wind with CH,4-low air from the Pacific Ocean is prevailing over Japan.

3 Model analysis

The observational data analysis suggested that the atmospheric transport would be
a key factor of the extreme enhancement event of XCH, and surface CH, concentra-
tions in the summer of 2013 over Japan. To investigate how the inter-annually varying
atmospheric transport plays the role in the enhancement of XCH, and surface CH,, we
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conducted a forward model simulation using the global atmospheric transport model of
National Institute for Environmental Studies (NIES-TM) version 8.1i.

The NIES-TM has a horizontal resolution of 2.5° x 2.5° with 32 vertical layers (Be-
likov et al., 2013). The global wind fields used in this study were obtained from the
JMA Climate Data Assimilation System (JCDAS) (Onogi et al., 2007). The planetary
boundary layer height data are obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Interim Reanalysis dataset (Dee et al., 2011). In order
to examine the impact of time-varying atmospheric transport on the seasonal cycles of
atmospheric CH, and XCHj, fields, the CH, emissions averaged over 2009-2010 were
repeatedly used during the entire model simulation period for 2009—2013. The CH,
emissions comprise anthropogenic fluxes and natural fluxes. The anthropogenic fluxes
are from the Emissions Database for Global Atmospheric Research (EDGAR) inven-
tory, v4.2 FT2010 (http:/edgar.jrc.ec.europa.eu/). The natural CH, fluxes are biomass
burning from Global Fire Emissions Database (GFED) v3.1 (van der Werf et al., 2010),
wetland, rice paddy emissions and soil sinks from the Vegetation Integrative Simulator
for Trace gases (VISIT) (Ito and Inatomi, 2012), and termites (Fung et al., 1991). Ex-
cept the termites CH, emission, all the natural fluxes are seasonal. We used the mod-
eled methane loss and climatological OH fields provided for a model inter-comparison
project “TransCom-CH,” (Patra et al., 2011).

Figure 7 shows the simulated surface CH, concentration and XCHj, fields for August
and September in 2012 and 2013. Both fields are plotted with respect to the surface
CH, concentration and XCH, at the South Pole to examine the inter-annual variations,
removing the long-term trends in the model simulations. As a common feature, the
high levels of XCH, and surface CH, are found over East China, reflecting the spatial
distribution of the strong anthropogenic emissions around Beijing and Shanghai and
biogenic CH, sources from rice cultivation in the southeastern China.

Different patterns are found in the XCH, and surface CH, fields between 2012 and
2013. In August 2012, both levels of XCH, and surface CH, over Japan are as low as
those over the Pacific oceans. In August 2013, higher concentrations of surface CH,
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extended from the northeastern China and the Korean peninsula to the Japan islands.
The surface CH, concentration level in 2013 over Japan is increased by 40-60 ppb from
the level in 2012. The XCH, values over Japan are also enhanced by ~ 30 ppb while
the XCH, values over East China coast are lowered compared to the 2012 level. These
simulated enhancements of XCH, and CH, concentration over Japan are comparable
to the observations (Figs. 4 and 6). The lower concentrations in August 2013 over East
China than 2012 indicate that the wind was so fast that CH, was not much accumulated
over the CH, source area, but transported away. In September 2013, XCH, level over
East China became higher than August, but still lower than the level of September of
2012. Also the XCH, over Japan remains higher level than that of 2012. The surface
CH, concentration pattern in September 2013 is almost similar to the one in 2012, but
slightly higher values are found over Japan. This model exercise indicates the inter-
annual variation of atmospheric transport would be the key to the large anomalies of
XCH, and CH, concentrations over Japan in the summer of 2013.

4 Discussions
4.1 Characteristics of atmospheric circulation in the summer of 2013

Forward modeling gives us insights into the contribution of atmospheric transport on
the enhancement of XCH, and surface CH, concentration in the summer of 2013 over
Japan. Here we examine the 2013 summertime atmospheric transport over the north-
eastern Asia.

Japan’s summer climate is governed by the Pacific High (a lower-level high-pressure
system) and the Tibetan High (an upper-level high-pressure system). These pressure
systems were reported to have been enhanced during July and August 2013 (Tokyo
Climate Center News No.34 Autumn 2013, available at http://ds.data.jma.go.jp/tcc/tcc/
news). The Pacific High continued to expand westward and largely developed over the
western part of Japanese islands including Okinawa. The Tibetan High expanded to the
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Japan main island in line with the northward meandering of upper-level westerly winds
(the subtropical jet stream). The enhanced atmospheric transport from East China to
Japan was probably attributed to those anomalously developed high-pressure systems.

To see how the 2013 summertime atmospheric transport differs from the mean trans-
port pattern, Fig. 8 shows the wind fields at the surface and at 850 hPa pressure level,
from the JCDAS wind fields of August and September in 2013 over East Asia, com-
pared with those of the mean wind fields for the five years of 2009-2013.

At the surface level (Fig. 8a), the mean wind field clearly shows that, in August the
southeasterly wind from the Pacific Ocean prevails as a result of the development of
the Pacific High. In September the wind from the continent to Japan start blowing as
the Pacific High is retiring. In August 2013, as the Pacific High expanded westward, the
air moved northward along the coast of China, turned around the Korean Peninsula,
and flowed to Japan. This wind pattern suggests that the CH,-rich air was transported
from East China to Japan in 2013, while the clean air is normally transported from the
Pacific Ocean. In September 2013, over the Pacific Ocean, south of the Japan main
island, easterly wind was still stronger than the normal, but the wind pattern over Japan
was almost back to the normal, which can be characterized as a weak convergence of
westerly wind from the continent and easterly wind from the Pacific Ocean. This nearly
normal wind pattern over northern Japan would lower the CH, concentrations at the
surface level as observed at RYO and COI.

At the 850 hPa level (Fig. 8b), it is notable that, in August 2013 the air moved over
the East China along the coast and turned around the Korean peninsula sharply to the
Japan islands. The anomalous westerly winds were stronger in the upper levels than
near the surface. Given the major CH, source distributions in East Asia, the strong
northward air flow along the coast could reduce local CH, accumulation, but transport
the CH,-rich air effectively to the north and then to Japan as turning around the Ko-
rean peninsula. In September 2013, the wind speed over Japan was much lower than
August, but wind still blows westerly from the continent to Japan. This westerly air flow
could maintain the higher level of XCH, over Japan during the September of 2013.
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4.2 Other possible factors

Although we suggest that the atmospheric transport field probably attributes to the
enhancement of XCH, and CH, concentration observed in the summer of 2013, we
cannot entirely rule out other possible factors. CH, emissions from rice cultivations
and wetland in Southern China might be enhanced under the hot summer condition in
2013. East Asia around China experienced a hotter summer monsoon season (June—
September) by more than 1°C than the season normal (Tokyo Climate Center News
No.34 Autumn 2013), while less than 60 % of the normal precipitation in eastern China
was reported. A hot weather condition increases the CH, emissions through the en-
hancement of photosynthesis and methanogenic activity in inundated grounds such
as wetlands and rice paddies; while a dry condition reduces the CH, emissions from
wetlands as the water table levels in the ground become low. Thus, the hot and dry
weather conditions have opposite effects on the CH, emissions from wetlands. The
time delay in the correlation between CH, emissions and climate anomalies should
be considered as the groundwater plays an important role in wetland CH, emissions.
Furthermore, since rice cultivation is human-managed, multiple controlling factors on
CH, emissions from rice paddies should be considered. A further investigation of wet-
land and rice CH, emission changes responding to the climate anomaly in East Asia
is needed.

5 Conclusions

In this study, we have examined the synoptic-scale extremely high XCH, event over
Northeast Asia observed by GOSAT in August and September 2013. Similar XCH,
enhancements in amplitude and timing were observed at the two Japanese TCCON
sites, Tsukuba and Saga. Furthermore, during the same period, the ground-based at-
mospheric CH, monitoring sites of Ryori and Ochi-ishi located in the northern part of
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Japan observed the higher levels of surface CH,. In particular, surface CH, concentra-
tions at Ryori showed the rapid increase in the middle of August 2013.

Our model analysis indicates that the large enhancement of XCH, and surface CH,
are mainly attributed to the anomalous atmospheric pressure patterns of Pacific High
and Tibetan High over East Asia during the summer of 2013. The CH,-rich air effec-
tively was transported to Japan from the major CH, source area in East China. The
model analysis also indicates that the XCH, enhancement occurred in a limited area
of North China to the Japan main island. The two Japanese TCCON sites, ~ 1000 km
apart from each other, happened to be located along the anomalously CH,-rich air
flow from the Eurasian continent, and coincidentally observed the extreme increase
of XCH,. The GOSAT orbiting with three-day recurrence successfully observed the
large XCH, anomaly event. This data analysis study demonstrates the capability of
space-based observation by GOSAT to monitor an XCH, event on a synoptic scale
in the association with the high-pressure system anomalies in the comparable accu-
racy with ground-based observations. This GOSAT capability regarding synoptic-scale
variations could be helpful to quantify the relative contribution of atmospheric transport
toward better estimates of regional CH, fluxes.

Acknowledgements. Surface CH, data observed at Ryori and Yonagunijima are got from the
WDCGG (http://ds.data.jma.go.jp/gmd/wdcgg/). CCON data were obtained from the TCCON
Data Archive, operated by the California Institute of Technology from the website at tccon.ipac.
caltech.edu.
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Figure 1. Two regions considered in this study: Northeastern China-Korea (115-130°E, 30—
40° N, gray-shaded) and Japan (130-145° E, 30—-40° N, blue-shaded). The locations of the Saga
and Tsukuba TCCON stations are marked by closed circles. The open circles are indicated the
locations of the surface monitoring stations around Japan, Cape Ochi-ishi (COI), Ryori (RYO),
and Yonagunijima (YON).
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Figure 2. Temporal variations of GOSAT XCH, over the two regions of Northeast Asia: 7§ — —
(a) Northeastern China-Korea (115-130° E, 30—40° N), and (b) Japan (130-145°E, 30-40°N).
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and line, whereas monthly means in open circles indicate less than two retrievals available per o
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Figure 3. Temporal variations of TCCON XCH, at (a) Saga (130.29°E, 33.24°N) and
(b) Tsukuba (140.12°E, 36.05° N), Japan. TCCON XCH, data are shown in grey dot, daily
means in green dots. The monthly means are plotted in red solid circle and line, whereas
monthly means in open circles indicate less than two retrievals available per month. Blue lines
indicate the long-term trends. The histograms at the bottom show the number of observation
day per month.
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Figure 4. Detrended XCH, for 2012 to 2013 at Saga and Tsukuba, Japan and GOSAT over
Japan. Long-term components in individual XCH, time series are removed by low pass digi-
tal filter of cutoff frequency of two years. August and September of both 2012 and 2013 are
highlighted.
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Figure 5. Temporal variations of atmospheric CH, concentrations observed at the ground-
based monitoring sites around Japan, (a) Cape Ochi-ishi (COI, 43.16° N, 145.49° E), (b) Ryori
(RYO, 39.03° N, 141.82° E), and (c) Yonagunijima (YON, 24.47° N, 123.02° E). The site locations
are shown in Fig. 1. Afternoon means of hourly CH, concentrations are shown in grey lines.
The monthly means are plotted in red solid circle and line. Blue lines indicate the long-term
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Figure 6. Detrended CH, for 2012 to 2013 at Ryori (RYO) and Cape Ochi-ishi (COl) in Japan.
Long-term components in individual CH, time series are removed by low pass digital filter of
cutoff frequency of two years. August and September of both 2012 and 2013 are highlighted.
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Figure 7. Spatial distribution of monthly mean modelled (a) CH, and (b) XCH, in August and

September of 2012 and 2013, with respect to surface CH, and XCH, at South Pole, respec-
tively.
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Figure 8. Monthly mean wind fields of August and September at (a) surface and (b) 850 hPa.
The left panels are the wind fields averaged over the five years of 2009-2013, and the right
panels are the monthly mean wind fields of the year 2013.
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