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Abstract. We present the mixing ratid!3C andsD of at-  decreases id13C andsD during 2007—2008 in the UT and
mospheric CH using commercial aircraft in the upper tro- LT over the Western Pacific, possibly due to enhanced bio-
posphere (UT) over the Western Pacific for the period De-genic emissions in the tropics and NH.

cember 2005—-September 2010. The observed results were
compared with those obtained using commercial container
ships in the lower troposphere (LT) over the same region.
In the Northern Hemisphere (NH), the UT Glhixing ra-

tio shows high values in the boreal summer—autumn, whenyethane (CH) is an important trace gas in atmospheric
the LT CH; mixing ratio reaches a seasonal minimum. From chemistry and climate. CHis emitted into the atmosphere
tagged tracer experiments made using an atmospheric chemrom natural and anthropogenic sources, and it is destroyed
istry transport model, we found that such high £¥hlues  mainly by reaction with hydroxyl radical (OH) in the tropo-
are due to rapid transport of air masses influenced by CH sphere. The global average ¢bldget is relatively well con-
sources in South Asia and East Asia. The observed isotopigtrained, for example, to be (53414) Tg a® (in CHa) of

ratio data imply that these areas haves&durces with rela- et emissions from the surface during the 2000s (Patra et al.,
tively low §1°C andsD signatures such as biogenic sources. 2011), but there are still large uncertainties in quantitative es-
Latitudinal distributions of the annual average UT and LT timation of individual strengths and distributions (e.g. Forster
CHy miXing ratio intersect each other in the tl’opiCS; the mix- et al., 2007) Ice core ana|yses revealed |OW4%‘/E|S of

ing ratio value is lower in the UT than in the LT inthe NH and  gpproximately 700 parts per billion (ppb=nmol mé} in

the situation is reversed in the Southern Hemisphere (SH)he pre-industrial/agricultural era, followed by rapid increase
due mainly to the NH air intrusion into the SH through the due to anthropogenic CHemissions (eg Nakazawa et al.,
UT. Such intersection of the latitudinal distributions is ob- 1993a; Ethendge et aL’ 1998) Systematic measurements of
servable isD but not in§*3C, implying an additional con-  the atmospheric Cimixing ratio were initiated in the late
tribution from reaction of Cld with active chlorine in the 1970s (Blake and Rowland, 1986), and they found that atmo-
marine boundary layes!3C andsD show low values in the spheric CH increased at rates of 10—20 ppban the 1980s.

NH and high values in the SH both in the UT and in the LT. This increase slowed greatly in the early 1990s until becom-
We also observed an increase in theQhixing ratio and  ing nearly zero in 1999, and then the £iiixing ratio began
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to increase again after 2007 (Dlugokencky et al., 2003, 2009Based on an Instrument Container) (Brenninkmeijer et al.,
Rigby et al., 2008; Terao et al., 2011). The globally averaged2007). This program reported an interesting phenomenon
CH4 mixing ratio is reported to have been 1794 ppb in 2009that the mixing ratios of greenhouse gases and nonmethane
(Dlugokencky et al., 2011). hydrocarbons are high in the UT (approximately 10-12 km)
The atmospheric CHmixing ratio has been observed over South Asia during the Asian summer monsoon sea-
mostly at surface baseline stations (e.g. Steele et al., 198%&on of June—September (Schuck et al., 2010; Baker et al.,
Cunnold et al., 2002), and the data obtained were used t@011). Such high Cld mixing ratios were also found by
provide a global picture of atmospheric gMariations, as  satellite measurements (Park et al., 2004; Xiong et al., 2009).
well as to constrain atmospheric chemistry transport mod-t is known that the Asian region (South Asia, East Asia
els for estimation of the global C+budget (e.g. Fung et al., and Southeast Asia) has important natural and anthropogenic
1991; Bousquet et al., 2006; Patra et al., 2009). However, itCH4 sources including rice paddies with annual emissions
has been pointed out that the present observation network aff ~20-50 Tg al, livestock with ~26-36 Tg a?, fossil
atmospheric Chlis not sufficient for describing atmospheric fuel consumption 0f~10-20 Tg al and natural wetlands of
CH, variations caused by regional sources (Fung et al., 1991~40 Tg a® (Fung et al., 1991; Olivier and Berdowski, 2001;
Chen and Prinn, 2006; Houweling et al., 2006; Bousquet efyan et al., 2003; Yamaji et al., 2003; Streets et al., 2003; Xiao
al., 2011). On the other hand, satellite observations can covegt al., 2004). However, since systematic observations of the
a spatially wide area at the cost of less precise individualCH4 mixing ratio in rapidly developing Asian countries, such
measurements relative to the high precision of laboratory-as China and India, remain sparse (Lal et al., 2004; Zhou et
based observations. In fact, the data from the Scanning Imagal., 2004; Bhattacharya et al., 2009), quantitative understand-
ing Absorption Spectrometer for Atmospheric Chartogra-ing of CHs sources in this region is insufficient.
phy (SCIAMACHY) aboard the ENVISAT satellite revealed ~ Carbon and hydrogen isotopic ratios of £d3C andsD)
the atmospheric Clvariations over such regions as Asia, are useful for distinguishing contributions of individual £H
Africa and South America where important @bBlburces ex-  sources to atmospheric GMariations, since each source has
ist but direct atmospheric C+bbservations are very sparse its own isotopic signature, the average valuesoC and
(Frankenberg et al., 2011). Data from SCIAMACHY were §D being about-60 and—300 %. for biogenic sources;40
also used for inverse modeling to improve our knowledge ofand —180%o for fossil fuel sources, and25 and—200 %o
the distributions of Cll sources (Bergamaschi et al., 2007, for biomass burning sources (Quay et al., 1999). The liter-
2009). CH, data by the Greenhouse gases Observing SATelatures give a range of values for the source type. Namely,
lite (GOSAT) are also becoming available, which are likely for biogenic sources, previous studies gi#éC andsD val-
to constrain surface emissions at weekly to monthly time in-ues ranging from-80 to —40 %. and—400 to —300 %, re-
tervals (Yoshida et al., 2011). Aircraft observations using aspectively (e.g. Whiticar and Schaefer, 2007). For fossil fuel
grab sampling technique with subsequent laboratory analysources, Schoell (1980) gives values frer80 to —30 %o
sis are also helpful for high-precision measurements of CH for §13C and —280 to —130 %o for §D. For biomass burn-
mixing ratio in the upper troposphere (UT). However, regularing sourcess3C andsD range from—30 to —16 %. and
measurements using dedicated research aircraft are exper-330 to —190 %o, respectively (e.g. Yamada et al., 2006;
sive, and the number of aircraft observations for trace gases imezawa et al., 2011). The number of isotopic observa-
limited (Nakazawa et al., 1993b; Francey et al., 1999; Miller tions of atmospheric CiHhas increased since a continuous-
etal., 2007). flow measurement technique with a gas-chromatograph iso-
Commercial airliners have also been used for measuretope ratio mass spectrometry (GC-IRMS) became available
ments of trace gases over a long distances, particularly in th€Rice et al., 2001; Miller et al., 2002; Umezawa et al., 2009).
UT. The Tohoku University group conducted trace gas ob-Measurements 08'3C are made at selected sites of the
servations on domestic and international flights by Toa Do-National Oceanic and Atmospheric Administration/Global
mestic Airlines (renamed Japan Air System later) and JapaMonitoring Division (NOAA/GMD) (Miller et al., 2002;
Airlines (JAL) (Tanaka et al., 1983, 1987a; Nakazawa et al.,Dlugokencky et al., 2009), N)§\Iesund, Svalbard (Morimoto
1991, 1993b; Ishijima et al., 2001, 2010). Observations ofet al., 2006), and two sites in the western part of the United
COy, CH4 and CO in the UT over the Western Pacific were States (Tyler et al., 2007). Tyler et al. (2007) also reported
also conducted using JAL aircraft by the Meteorological the measurement results 8b. However, their systematic
Research Institute, Japan (Matsueda and Inoue 1996; Mabbservations are still limited, and only campaign-based ob-
sueda et al., 1998, 2002). This observation program has beeservations were made f6t3C andsD variations in the free
merged into a new project named CONTRAIL (Compre- troposphere (Sugawara et al., 1996; Tyler et al., 1999; Mak
hensive Observation Network for TRace gases by AlLiner)et al., 2000; Umezawa et al., 2011).
(Machida et al., 2008). In order to understand spatial and temporal variations of
Regular measurements of trace gases using commercial®>C andsD in the UT over the Western Pacific, we ana-
aircraft are also made through the CARIBIC project (Civil lyzed the CONTRAIL air samples for these variables, in ad-
Aircraft for the Regular Investigation of the atmosphere dition to the CH mixing ratio. These data are available in
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Fig. 1. A map showing locations where air samples were collected in this study. NRT: Narita, GUM: Guam, HNL: Honolulu, SYD: Sydney,
BNE: Brisbane. The air sampling was made between NRT and SYD or BNE for December 2005-March 2009 (open circles), between NRT
and GUM for April 2009—March 2010 (open squares) and between NRT and HNL for April-September 2010 (open triangles). Also shown
are air sampling locations by container ships (closed circles). Dashed lines on the ship track represent the division of latitude bands for the
data analysis (see text). Boxes denote the two regions (Region 5 and Region 6) assigned for the tagged experiments.

the Supplement and from the World Data Center for Green{lask is cylindrical in shape with solenoid valves at both ends
house Gasedftp://ds.data.jma.go.jp/gmd/wdcygihe re-  and an inner volume of1.7 1. The sample air was collected
sults were compared with those observed in the lower tropousing the air-conditioning system of the aircraft. The air sam-
sphere (LT) using container ships that sailed between Japapling procedures at each location, assigned before each flight,
and New Zealand in the Western Pacific, of which routes arewvere automatically performed by controlling a metal bellows
less than 20in longitude distant from the CONTRAIL flight pump and the solenoid valves using a specially designed con-
tracks (Fig. 1). We also made tagged tracer experiments usingol unit which receives flight information from the naviga-
an atmospheric chemistry transport model to examine cause#on system of the aircraft. The flasks were pressurised, typ-
of the CH; variations observed in the UT. In this paper, we ically to 0.15 MPa above the surface atmospheric pressure.
present the results obtained from our observation and moddparticles in the sample air were removed by using a sintered
studies, and discuss them in terms of {&durces and atmo- inline filter.
spheric transport. Figure 1 shows typical sampling locations for this study.
The collection of air samples were made almost twice a
month between Narita (NRT), Japan and Sydney (SYD)

2 Methods or Brisbane (BNE), Australia from December 2005-March
2009 and between NRT and Guam (GUM) from April 2009—
2.1 Air sample collection March 2010, and once a month between NRT and Honolulu

(HNL) from April-September 2010. The departure airportin
As part of the CONTRAIL project, Automatic air Sampling  Australia was frequently changed to BNE instead of SYD
Equipment (ASE) was installed onboard a Boeing 747-400.after October 2007, and the sample collection &3Wvas
Since details of air sampling using ASE have been describegemporarily terminated after September 2008. Air samplings
elsewhere (Machida et al., 2008; Matsueda et al., 2008), onlpsetween NRT and SYD started again in April 2011 and are
a brief description is presented here. ASE consists of twopngoing.
packages and each package has six titanium sample flasks, so
that 12 air samples can be collected during one flight. Each
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We also analyzed the air samples collected from onboard he analytical precision was estimated to be 0.08 %58€
commercial container ships sailing between Tokyo, Japarand 2.2 %o forsD. §13C andsD values in this study are re-
and Sydney, or Auckland, New Zealand over periods of abouported relative to the international standards of the Vienna
40 days. Each air sample was collected into a 550 ml PyreXPeedee Belemnite (V-PDB) and the Vienna Standard Mean
glass flask everyHatitude, as shown in Fig. 1. Details of this Ocean Water (V-SMOW), respectively.
observation program have been described elsewhere (TanakaTo verify the long-term stability of ous'3C andsD mea-
etal., 1987b; Nakazawa et al., 1992, 1997a; Morimoto et al. surements, we analyzed an aliquot of “test gas” at least twice

2000; Ishijima et al., 2009; Yashiro et al., 2009). on every measurement day. The test gas is dry natural air in
a 471 aluminum cylinder. The CHmixing ratio, §13C and
2.2 Measurement of CH, mixing ratios 3D of the test gas were determined to be (18761) ppb,

(—47.07+0.06) %0 and {98.8+ 2.1) %0, respectively; the
The ASE was returned to the National Institute for Environ- mixing ratio was determined using the GC-FID at TU rel-
mental Studies (NIES), Tsukuba, Japan within a day of samative to the TU scale, and thé3C andsD values were deter-
pling, and the mixing ratios of various trace gases, includ-mined from replicate measurements using the GC-C/P-IRMS
ing CH4, were analyzed. The CHmixing ratio of each air  against our laboratory standards of pure,Gd H stored
sample was determined against the NIES-94,@Ehle us- in high-pressure cylinders when the system was quite stable.
ing a gas chromatograph (Agilent 5890, Agilent Technolo- The CQ and H standards were calibrated using dual-inlet
gies Inc.) equipped with a flame ionization detector (GC- mass spectrometers against the V-PDB and V-SMOW, re-
FID) (Tohjima et al,2002; Machida et al2008). Air sam-  spectively (Umezawa et al., 2009). It should be noted that our
ples collected onboard the container ships were analyzed fo313C andsD scales do not follow the “identical treatment”
the CH, mixing ratio relative to the Tohoku University (TU) principle (Werner and Brand, 2001), since its experimental
1988 scale (Aoki et al., 1992) using a GC-FID (Agilent 6890) set up is not available yet in our laboratory. Intercompar-
installed at TU (Umezawa, 2009). The analytical precisionisons of§13C andsD scales with other laboratories are also
of the GC-FID for the CH mixing ratio was estimated to needed. The measuré&°C value of the test gas was stable
be less than 2.0 ppb for both institutes. Comparisons of theo be (-47.12+ 0.10) %o from the start date of our measure-
NIES and TU scales have been made several times, and thaent until April 2008. Afterward, the measured value sud-
results show that the two scales agree with each other, thdenly shifted to {46.85+ 0.09) %0, keeping the same pre-
differences at baseline atmospheric mixing ratio levels beingcision as before. The cause is still unclear, since we had not
less than 1 ppb. We therefore applied no corrections to thehanged any measurement settings. To keep data consistency,

mixing ratio data reported by the two institutes. we added—0.27 %o to the measured values after the gap.
With regard to the stability of ousD measurements, mea-
2.3 Measurements 0813C and §D sured values determined by our GC-C/P-IRMS system are

dependent on the pyrolysis condition (Umezawa et al., 2009).

For analysis, an aliquot of each ASE air sample was transAs described by Bock et al. (2010) and Brass aidnann
ferred into two evacuated 100 ml sample flasks at NIES, and2010), the pyrolysis reactor is well conditioned when carbon
the flasks were sent to TU fét3C andsD measurements. At layer is deposited on the inner wall of the ceramic tube by
TU, the air sample in each flask was further divided in two passing a sufficient amount of Gkhrough the reactor, and
for duplicate analyses @f-3C or §D. The air samples from such a good condition continues until micro-fractures occur
the container ships were also divided by the same proceduren the tube. Using the average measured value of the test gas
as above to allow duplicate analysess6iC andsD. on each measurement day, the assigned value of standard H

Since details of ours’3C and §D analyses, using a was corrected so that tH® value of the test gas was con-
gas chromatograph combustion/pyrolysis isotope ratio masstant.
spectrometer (GC-C/P-IRMS) have been reported (Umezawa Our system shows a linear response to B38C andsD
et al., 2009), only a brief description is presented here. Theas long as an air sample with a sufficient amount of,CH
air sample in the 100 ml flask was flushed by pure helium intois analyzed (Umezawa et al., 2009), which was confirmed
a CH,; preconcentration trap containing HayeSep D main-by changing the volume of sample air with a constant;CH
tained at—130°C and then warmed te-83°C to release si- mixing ratio. Additional tests revealed that measured values
multaneously trapped gases such as Whe trapped Chl are invariable if the peak heights of the IRMS chromatogram
was transferred into a cryofocusing trap (CP-PoraBOND Q)are higher than 3.0 and 2.5V f6#3C andsD, respectively.
kept at—196°C. The concentrated CHwas released into  The respective threshold peak heights$BiC andsD corre-
a PoraPLOT Q column for separation from the residual gasspond to about 800 and 1100 ppb in sample air of 100 ml, al-
components. Then CHvas combusted into CQat 940°C though we have not made any tests in which the @Gtiking
or pyrolyzed into H at 1450°C for the subsequent continu- ratio is changed for a constant volume sample. At this mo-
ous flow mass spectrometer measurements-%¢ andsD, ment, it is difficult for us to assess the mixing ratio effect on
respectively, using ThermoQuest/Finnigan Delta Plus XP.the measured isotopic ratios, since standard air with different

Atmos. Chem. Phys., 12, 8098113 2012 www.atmos-chem-phys.net/12/8095/2012/



T. Umezawa et al.: Methane isotopes in the troposphere over the Western Pacific

8099

CH4 mixing ratios but the same isotopic value are neededTable 1.Regions assigned for tagged tracer experiments.

However, all measurements reported in this study were ob-

tained under higher CHmixing ratios (or peak heights) than No. Region

the above-mentioned thresholds, we made no corrections of 1 Europe

the mixing ratio effect on the measured isotopic ratios. > Western Siberia
Analyses of the Cll mixing ratio were made for all air 3 Eastern Siberia

samples collected from the aircraft and container ships, while 4 Middle East

813C andsD were analyzed for selected samples, since their 5 South Asia

analyses are time consuming. Although the air sampling with 6 East Asia

ASE was made twice a month between NRT and SYD or 7 Japan and Korea

BNE and between NRT and GUM, one of the two sets of 8 Southeast Asia

samples was analyzed for each month. The air samples were 9  Maritime Continent

collected onboard the container ships evetyditude, but
the isotope analysis was made on the samplesl&f lati-
tude interval.

2.4 Data analysis

To extract a long-term trend and a seasonal cycle from tem
porally discrete Cimixing ratio datag3C andsD, a digital

filtering technique (Nakazawa et al., 1997b) was applied. The

technique consists of stepwise calculation process involvin

monics and a Butterworth filter. In this study, the Butterworth
filter with a cutoff period of 24 months was used to derive
the long-term trend, and the average seasonal cycle was e

periods of 4-24 months, obtained by further applying the
Butterworth filter with a cutoff period of 4 months, were de-

fined as short-term variations. The best-fit curve to the ob-
served data was obtained by summing the long-term trend

the average seasonal cycle and the short-term variations.
Since the numbers @f*3C andsD data taken in the LT
are limited, we classified them into five latitudinal bands
of 35°-25° N, 20°—1C° N, 5°N-10° S, 15-25 S and 30—
40° S (Fig. 1) and then applied the curve fitting to the data
sets of the respective bands. Since the original air sampling
were made at intervals of Satitude and every sample was
analyzed for the Ck mixing ratio, we inspected the GH
mixing ratio data taken at individual sampling latitudes from
35° N to 40° S. After that, these latitude bands were deter-

mined by carefully inspecting the average seasonal cycles o

the CH; mixing ratio at the respective latitudes, so that the
seasonal Chifeatures are similar within each band. On the
other hand, the curve fitting method was simply applied to
individual UT data sets at the assigned sampling latitudes.

2.5 Tagged tracer simulations

To examine where the CHsources contributing to CH

10 Africa

11 Australia and New Zealand
12 Boreal North America

13  Temperate North America
14 South America

15 Others

ing ratios (Patra et al., 2009). In order to discriminate,CH
emitted from different source regions, the original surface

Glux fiel ivided into 15 regi he globe (Ta-
linear interpolation, Reinsch-type cubic splines, Fourier har- ux field was divided into 15 regions on the globe (Ta

ble 1), and each CHtracer was simulated separately with
each flux field. We confirmed that the sum of the 15 tracers
and the simulated mixing ratio with original global flux field

- X - 0 .
pressed by fundamental and its first harmonics. Signals Wit%greed with each other within 0.19%. The original surface

Ha fluxes were prepared by multiplying optimal scaling
factors to natural/biogenic emissions from the Goddard Insti-
tute for Space Studies (GISS) (Fung et al., 1991; Matthews
and Fungl1987), as well as to anthropogenic/industrial emis-
sions from the Emission Database for Global Atmospheric
Research (EDGAR, version 3.2) inventory (Olivier and
Berdowskj 2001). It was assumed that atmospheric,G$1
destroyed by reacting with OH, Cl and ¥) during trans-
port, and the mixing ratios of the reactants were prescribed
by independent modeling results (Sudo et al., 2002; Taki-
aawa etal., 1999). The natural emissions and chemical losses
of CH,4 varied seasonally but their seasonality was repeated
annually. The anthropogenic GHmissions were provided

by extrapolating the EDGAR inventories. Consequently, the
global CH, emission for the observation period (2007-2010)
was given to be constant ((5430.6) Tg al). The model
meteorological field was nudged to Japanese 25-year Re-
Analysis (JRA25) (Onogi et al., 2007) and thus interannu-
ally variable. Patra et al. (2009) showed that the,@tixing

ratio variations observed at surface baseline sites around the
world are reproduced relatively well by using this model. The
hourly model outputs were sampled for the times and loca-
tions specified by our observations, to compare directly with
the observational results.

variations in the UT are located, we made tagged tracer
experiments using the CCSR (Center for Climate Sys-
tem Research)/NIES/FRCGC (Frontier Research Center for
Global Change) Atmospheric General Circulation Model-

based Chemistry Transport Model (ACTM) for GHinix-

www.atmos-chem-phys.net/12/8095/2012/ Atmos. Chem. Phys., 12, 8133 2012
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Fig. 2. Temporal variations of the GHmixing ratio (closed circles)13C (open circles) andD (open squares) in the UT @) 32° N, (b)

26° N, (c) 21° N and(d) 15° N in the UT between Australia and Japan and between Japan and Guam. Also shown are the best-fit curves to

the observed data (solid lines).

3 Results and discussions et al., 2010). In generaf3C andsD at latitudes between
32N and 15 N show a negative correlation with the gH
3.1 Variations of atmospheric CH; and its isotopes mixing ratio; high and low values of'*C andsD are ob-
inthe UT servable in winter—spring and autumn, respectively (Fig. 3b

and c). The most compact relationships between the isotopic
Figure 2 shows time series of the Glrhixing ratio, s13C ratios and the Chimixing ratio were found at 32N with
and 5D obtained in the UT between NRT and Australia correlation coefficients of —0.75 for§!°C and—0.77 for
(SYD or BNE) and between NRT and GUM. For time se- 3D, and the corresponding coefficients ar@.61 and—0.60
ries obtained between 32ind 15 N, high CH; mixing ra- &t 26'N, —0.44 and—0.51 at 2t N, and—0.63 and-0.61
tios often appear in boreal summer—autumn, and relativelyat 13'N.

low CH, mixing ratios are found in winter—spring (Fig. 3a). | "ere are some studies that observed high summer—
Such summer—autumn GHnixing ratios are higher by as autumn CH mixing ratios in the UT in the NH mid-latitudes.

much as 30-80 ppb than the winter—spring mixing ratios. The¥iatsuéda and Inoue (1996) reported, from their4Chia-
low CHa mixing ratios observed in winter—spring may be surements in the UT between Cairns, Australia and NRT

partly attributable to an intrusion of stratospheric air with low dUring 1993-1994, that in boreal autumn, high Cirix-
CHgz mixing ratios into the troposphere (e.g. Sugawara et al./"9 ratios appear in the NH, but the feature disappears mov-

1997). A similar phenomenon was also found for theoN  INg southward. Schuck et al. (2010) also found highsCH
mixing ratio at 32 N from the same ASE samples (Ishijima mixing ratios in the UT around 2640 N in eastern South

Atmos. Chem. Phys., 12, 8098113 2012 www.atmos-chem-phys.net/12/8095/2012/
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Fig. 2. Same as Fig. 2a—d, but f¢g) 10° N, (f) 5 °N, (g) the equator an¢h) 6° S between Australia and Japan.

Asia during June—September 2008. Furthermore, the AtmoThe peak-to-peak amplitude of the seasonal,@hficle is
spheric Infrared Sounder (AIRS) instrument onboard theabout 30ppb at 10N and N and 15ppb at the equa-
EOS/Aqua satellite observed high @hhixing ratios at 150— tor and 6 S, indicating a southward reduction of the sea-
300 hPa levels over northern South Asia for July—Septembesonal cycle of CH fluxes. In the SH, the seasonal ¢Ely-
with maximum in an early September (Xiong et al., 2009). cles are much reduced, and its seasonal minimum and maxi-
Measurements over geographically wide area were made bynum appear in the austral summer (December—January) and
the Halogen Occultation Experiment (HALOE) instrument spring (September—October), respectively (Fig. 3a). The CH
onboard the Upper Atmosphere Research Satellite (UARS})easonality observed in the SH UT is generally consistent
spacecraft (Park et al., 2004), and their results revealed thatith that observed using aircraft over Cape Grim, Australia
high CH; mixing ratios appear at 136 hPa level at200° N (Francey et al., 1999), as well as with zonal-mean seasonal
during June—September, especially in South Asia. These preeycle reported from satellite observations (Park et al., 2004).
vious studies suggest that boundary layer air affected by vark should be noted that Ishijima et al. (2010) found lowN
ious CH; sources in the Asian region is transported into the mixing ratios at 30 S in the austral spring, due to an intrusion
UT and responsible for the high GHnixing ratios in sum-  of the stratospheric air into the UT, but the limited number of
mer. such stratospheric samples has an insignificant effect on the
The high CH mixing ratio values observed in the NH seasonal Chicycle at this latitude.
in boreal summer—autumn become unclear going south- While §13C and sD vary seasonally in opposite phase
ward, and in the tropics the GHmixing ratios shows with the CH; mixing ratio in the NH (32-10° N), their sea-
slightly higher and lower values in boreal winter—spring sonal cycles are rather irregular in the tropicsN5and the
and summer—autumn, respectively (Figs. 2e—h and Fig. 3aequator), resulting in even poorer negative correlations with
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Fig. 2. Same as Fig. 2a—d, but f@) 13° S, (j) 18° S, (k) 24° S and(l) 30° S beween Australia and Japan. Note that the axis ranges of the
CH4 mixing ratio are different from Fig. 2a—h.

the CH, mixing ratio for boths*C (R = —0.45) andsD the CH; mixing ratio is often higher in the UT than in the LT.
(R = —0.13) in the southern low latitude {&). It is seen = The summertime minimum CHmixing ratio is commonly
in the SH (13-30° S) thats13C andsD show negative cor- found at surface baseline sites in northern mid-latitudes, due
relations with the Cl mixing ratio in some places, but both to a CH;+ OH reaction enhanced in summer (e.g. Dlugo-
variables are independent of the gidixing ratio as awhole.  kencky et al., 1994; Patra et al., 2009). The OH density is
The respective correlation coefficients ®#°C andsD are  higher in the LT than in the UT as a whole, but its seasonal
—0.38 and-0.72 at 18S,—-0.14 and-0.48 at 18 S,—0.48  change should occur in almost the same phase throughout
and—0.77 at 24 S, and—0.13 and-0.46 at 30 S. the troposphere (e.g. Spivakovsky et al., 2000). Therefore,
the summertime high CHmixing ratios observed in the UT
3.2 Comparisons of the CH variations in the UT with suggest an overwhelming role of transport of air masses that
those in the LT are strongly influenced by some gBources.

The CHy+OH reaction leads to an enrichment AC
To interpret variations of the CHnmixing ratio,s'3C andSD  and D of atmospheric CHthrough the kinetic isotope effect
in the UT, we compare them with those observed in the LT.(KIE) (e.g. Saueressig et al., 2001). As seen in Figs43¢
The CH, mixing ratio, §*3C andsD observed in the UT at  andsD show high values in boreal summer in the NH LT,
21° N are compared in Fig. 4a with those observed in the LT corresponding to the seasonal minimum of the,@hixing
at 2010 N. As seen in this figure, the UT GHmixing ra-  ratio, due to an enhanced destruction of by OH. Simi-

tio shows high values in boreal summer when the LTsCH |ar seasonal cycles #3C andsD were observed at other
shows the seasonal minimum. It is also seen in summer that

Atmos. Chem. Phys., 12, 8098113 2012 www.atmos-chem-phys.net/12/8095/2012/



T. Umezawa et al.: Methane isotopes in the troposphere over the Western Pacific 8103

] 1900 1 L L L TR 1 L 1 . 1
1820 - _ ’ '
3 1850 (@)
g UT: 21°N
—~ £ 1800 S T 50°-10°
g 1800 = ¥ - LT:20°-10°N
= j O 1750 4.
- :
= ._ -46.6
& 1780 1700 - 468 %
1760-f 70 470 O
- q 32
—~ 80+ a2 &
1 2 ) -47.4
T T T T T T T T T T T a -904
J  F M A M J J A S O N D I
1 1 1 1 1 1 1 1 1 1 1 -100 4 )
1
1850
= (b)
=}
- g 18001 UT: EQ
2 = 17504 4 LT:5°N-10°S
[&) (&)
% 1700 46.6
-468 %
70 - 470 ©
4 32
0] 472 8
2 ) -47.4
a -9
2 ]
-100 .
1
1850 (©
)
. S 1800 UT: 24°S
3 = LT: 15°-25° S
3 T 1750+
% (&) ¥ e S
1700 X L -46.6
ol -468 %
=70+ 470 ©
4 32
~ 80 a2 &
£ ] -47.4
aQ -9+
< 4
13 -100
i 1ati iXi i T T T T T T T T T T 1
Fig. 3. Seasonal variations ¢&) the CH; mixing ratio, (b) §-°C 2006 o007 2008 2009 2010 o

and(c) éD in the NH UT over the Western Pacific. Each line rep-

resents the average seasonal cycle added by the annual averageriy 4. variations of the Cl mixing ratio, $13C andsD in the

2007. Clear seasonal cyclesJ’C andsD are not observable in T (closed circles) and LT (crosses) over the Western Pacific. Also

the SH and are not shown. shown are the best-fit curves to the UT (solid line) and LT (dotted
line) data.

NH mid-latitude sites (Quay et al., 1991, 1999; Miller et

al., 2002; Tyler et al., 2007§13C andsD also vary season- itude band 8N-10° S is composed of the SH air with low
ally in the UT, but their phases are not always the same a£H, mixing ratios. On the other hand, the ITCZ moves south
those observed in the LT; in summer 2007 and 2@38C  of the equator in boreal winter, so that NH air with high £H
andéD show seasonal minima in the UT, but high values in mixing ratios, brought from the central Pacific by the north-
the LT. Considering that the summertis®€C andsD values  east trade wind, prevails in this area.

are often lower in the UT than in the LT, GHsources with Variations of§13C andsD should also be affected by the
low 813C andsD would influence the seasonal Gldycle in seasonally different air transport mentioned above. In gen-
the UT. eral, $13C and D are low in the NH LT, increase going

Figure 4b shows temporal variations of the £Hixing southward, and are almost constant in the SH LT (Quay et
ratio, §13C andsD in the tropical UT (the equator) and LT al., 1999; Miller et al., 2002). Our latitudinal distributions of
(5° N-10° S). The UT and LT CH mixing ratios vary aimost ~ §13C andsD in the LT, which will be presented later (Fig. 5),
in phase £=0.59), showing the seasonal maximum and min-also show similar features. Therefore, it is expected that the
imum in boreal winter and summer, respectively. This would transport of the NH (SH) air through the LT deplete (enrich)
be caused by the fact that the tropical tropospheric air is ver!3C and D of atmospheric CHn the tropics. In fact, the sea-
tically well mixed due to strong convection. For the seasonalsonal cycles 0813C andsD observed in the LT of the tropics
CH, cycle observed in the tropical LT, seasonally depen-are generally interpretable in this context (Fig. 4b).
dent air transport would be particularly important, as pointed The results observed at 28 in the UT and 15-25° S
out by Nakazawa et al. (1997a) and Yashiro et al. (2009).in the LT are shown in Fig. 4c. As seen in this figure, the
The intertropical convergence zone (ITCZ) in the WesternSH CH; mixing ratio is higher in the UT than in the LT
Pacific migrates seasonally in association with Asian mon-throughout the year. Nakazawa et al. (1991) and Matsueda et
soon (Waliser and Gautier, 1993). Since the ITCZ is locatedal. (2002) found in the SH that annual-average,@@ixing
around 10N on our tracks during boreal summer, the lat- ratios are higher in the UT than in the LT, which is also shown
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! ! ! ! ! ! | ratio values from its yearly mean value are plotted against
- UT ~e- LTin 2007 the corresponding deviations of the ghhixing ratio. Due
vt0] o UT o (Tin 2009 to seasonal phase difference between the isotopic ratios and

I the CH; mixing ratio, it is known that the plot results in an
= ellipse-like diagram which is called “phase ellipse” (Allan et
al., 2001, 2005; Tyler et al., 2007). Allan et al. (2001, 2005)
- applied this analysis to th&'3C data obtained at Baring
i Head, New Zealand (4355, 175 E) and Scott Base, Antarc-
tica (78 S, 167 E) to estimate the KIE of the CHsink in
= the SH extratropics. They found the apparent carbon KIE of
about—13 %o, estimated from a slope of the observed phase
- ellipse, being much larger than3.9 %o derived from labo-
- ratory experiments for the CH OH reaction (Saueressig et
= al., 2001). Allan et al. (2001, 2005) ascribed the cause to the
contribution from the Clg+ Cl reaction, with a large KIE of
about—60 %0 (Saueressig et al., 1995; Tyler et al., 2000), in
the marine boundary layer. We also found a large apparent
i KIE of about—11 %o for the latitude band of 2525 S in
L the LT. However, a longer data record is required to better
characterize the phase ellipse, as well as to more quantita-
tively evaluate the contribution of the GH ClI reaction on
the KIE. On the other hand, the impact of the £HCI re-
action onsD would be small, since the hydrogen KIE of this
reaction is only 1.5 times larger than that of the major re-
Fig. 5. Latitudinal distributions of annual averages(aj the CHy action with OH (Saueressig et al., 1996, 2001; Tyler et al.,
mixing ratio, (b) §13C and(c) 8D in the UT (open symbols with  2000).
solid lines) and LT (closed symbols with dotted lines). Each error
bar represents one standard error of the data deviations from thg 3 | atitudinal and annual changes
best-fit curves.

1880

1800

CH, (ppb)

1760

* ™

-46.6

-46.8 -

>=e

5'3C (%o)

-47.0

-47.2
-75

-80 -

-85

8D (%o)

-90 4

-95 -

-100 T T T T T T T
40°S 30°S 20°S 10°S 0 10°N  20°N 30°N 40°N
Latitude

3.3.1 Latitudinal distribution in the UT and LT

by a large number of in-situ CQdata taken by CONTRAIL  Figure 5 shows the latitudinal distributions of annual aver-
flights (Sawa et al., 2012). Such a g€@crease with alti-  ages of the Chimixing ratio,s3C andsD in the UT and LT
tude in the SH is ascribed to the interhemispheric transporfor the period 2007-2009. The UT distributions for 2007-
through the tropical UT (Miyazaki et al., 2008; Sawa et al., 2008 and 2009 were derived from the data taken between
2012). Similar vertical distributions of the GHinixing ratio NRT and SYD or BNE and between NRT and GUM, respec-
were reported from aircraft measurements over Cape Grimively. In the LT, the CH mixing ratio is high in the NH and
(Francey et al., 1999). The GHhixing ratios obtained in this  decreases going southward until the value is almost constant
study show similar seasonal cycles in the LT and UT. In thisin the extratropical SH. The CHmixing ratio in the north-
connection, Francey et al. (1999) reported that the seasona&rnmost latitude band is about 100 ppb higher than the value
CHg4 cycles obtained at three levels between 0—-8 km proceedh the extratropical SH. Such a latitudinal distribution of the
in similar phase with that at the surface. Since no strong CH CHy mixing ratio has been reported from the global baseline
sources exist around the Western Pacific region of the SHnetwork (Dlugokencky et al., 1994), attributing the cause to
the seasonal Ckcycle could be predominantly produced by the fact that a large portion of GHsource is located in the
the seasonality of the CHOH reaction (Dlugokencky etal., NH (e.g. Fung et al., 1991). The UT GHnixing ratio is
1994) as well as seasonal change of atmospheric transport dfigher in the NH than in the SH, but the north-south gradi-
the NH air through the UT, as observed in the QO@ixing ent in the UT (about 45 ppb) is smaller than that in the LT.
ratio (Sawa et al., 2012). It is also seen from Fig. 5 that the latitudinal distributions of
Thes13C andsD values are relatively lower in the UT than the CH; mixing ratio in the UT and LT cross each other in
in the LT in the SH. As described earlier, air mass transportthe tropics; the Ch mixing ratio is lower in the UT than in
from the NH into the SH through the UT is responsible for the LT in the NH, and vice versa in the SH. Such latitudinal
this vertical difference. In this connection, the NH air has distributions are due to CHemissions from the NH surface
lower §13C andsD values than the SH air (see Fig. 5). In or- as well as to the intrusion of NH air into the SH through
der to assess the influence of £burces and sinks on the the UT. A similar distribution feature has been reported for
observed seasonal GHycle, the deviations of the isotopic the CQ mixing ratio from measurements on the same flight
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route as this study (Nakazawa et al., 1991; Matsueda et altjoned earlier, impact of the CHCI reaction onsD is also
2002), more frequent and wider coverage measurements afxpected to be small due to a relatively small difference of
the CONTRAIL project (Sawa et al., 2012) and global-scalethe hydrogen KIE between the Cl and OH reactions.
simulations (Miyazaki et al., 2008).

In the LT, 813C increases with decreasing latitude from 3.3.2 Recentincrease of atmospheric CH
the NH to the tropics and the values are almost constant in o o L
the extratropical SH. A similar distribution has been reported”S S€€n in Fig. 5, the average @Hixing ratio is increased
from surface and shipboard measurements (Quay etal., 1999y about 10ppb at 36-40° S, 15-28'S, §N-10°S and
1999; Miller et al., 2002). The observed north-south gradient2? —10 N and by 17 ppb at 35-25° N in the LT from 2007
of §13C arises from the process that a large amount of 8H _to 2008. The mixing ratllo increase between 2_0(_)8 and. 2_009
emitted in the NH from biogenic sources with I6C such IS @bout 5 ppb for all latitude bands. Such a mixing ratio in-
as wetlands, rice paddies and ruminant animals'@af at- crease is consistent with the results from baseline measure-
mospheric CHis enriched by the OH reaction during south- Ments (Dlugokencky et al., 2009; Terao et al., 2011). On the
ward transport (Miller et al., 2002). The north-south gradient °ther hand, the respective decreasef#C andsD between
of §13C is also found in the UT, but it is less pronounced than 2007 and 2008 are about 0.05 % and 0.6 %. in the SH and
that in the LT. Compared with'3C in the LT, the UT valueis  th€ tropics (36-40"S to ' N-10°S) and by about 0.10 %o

almost equal in the NH and the tropics and lower in the SH.&nd 1.2%. at NH mid-latitudes (2610° N and 3525’ N),
As a result313C does not show any clear intersection of the showing slightly more prominent decreases in the NH than

latitudinal distributions in the LT and UT. in the tropics and SH. Such temporal decreasedig and

In the LT, sD shows almost the same latitudinal distribu- 50 Suggest that the CHmixing ratio increase was caused
tions ass13C. The latitudinal distribution 06D was also  PY €nhanced emissions of isotopically light £fom bio-

measured by Quay et al. (1999) and Rice et al. (2001) usdenic sources such as wetlands and rice paddies. For the

ing ships in the Eastern Pacific, but their measurements ar@€riod 5008—2009- no significant temporal changé™fC
not systematic. The north-south gradiensbfin the LT can ~ (<0-04 %) andiD (<1 %) were observed at all latitudes in

be interpreted in terms of unevenly distributed Cédurces (€ LT covered by this study. The Glhixing ratio in the UT
in the NH and the SH, as well as the KIE by the OH reaction.ncreased by about 7 ppb in the tropics {8310 N) and by

The north-south gradient @D is also apparent in the UT. about 15 ppb in the extratropics of both hemispheres between
although it is less pronounced than in the LT. Compared with2007 @nd 2008. On the other haadf}C andsD showed sim-

sDin the LT, the UT value is lower and higher in the NH and ilar values in the two years at all latitudes, the differences for
the SH, respectively, yielding a intersection of the UT and LT the respective variables beirgd.03 and-1.2 %o. _
latitudinal D distributions, as was found in the Glhixing Rigby et al. (2008) and Sasakawa et al. (2010) found high

ratio. A possible cause of the intersection is ascribed to thdemperature anomalies in Siberia in 2007, suggesting that
intrusion of NH air into the SH through the UT. CHa emissions from boreal wetlands were enhanced. By us-
As described above, the GHnixing ratio andsD show ing a two-dimensional box model with possible changes in
the LT and UT latitudinal profiles crossing each other in the ©H: Rigby et al. (2008) indicated that the gkhcrease in
tropics, while such a crossing is not seend&tC. To inter- 2007 is attributable to CHemissions enhanced in the NH.
pret the observes'3C latitudinal profiles, some mechanism Dlugokencky etal. (2009) also suggested an enhancement of
should be considered, in addition to the NH air intrusion, by CH4 €missions from boreal wetlands, resulting in the largest
which §13C is increased in the LT or decreased in the UT CHa increase in the Arctic and low!3C values at northern
with no significant impact on the CHmixing ratio andsD. high-latitude site Alert, Canada, in late summer of 2007. On
A possible explanation is ascribed to the Bl reaction, ~ the other hand, Bousquet et al. (2011) indicated from their
which enriches3C significantly by its large KIE of about atmospherlc inversion modeling that troplc_al wetlands are
—60 %0 (Saueressig et al., 1995; Tyler et al., 2000) in the ma-2 dominant contributor to the GHncrease in 2007, also

rine boundary layer (e.g. Allan et al., 2007). Since the presenY"ith a significant but smaller contribution from boreal wet-

observations in the LT were made just above the open sea ilands. These earlier studies support our observational results
the Western Pacific, our*3C values in the LT could have thaté*°C andsD decreased in the LT of the NH in 2007-

been enriched significantly by the Cl reaction over all obser-2008. In addition, the Cldincrease in the whole troposphere
vation latitudes. If thes13C values in the LT were lowered ©OPServed in this study might be explained by tropicals,CH
by about 0.05 %, the resultant latitudinal profile would have €Missions combined with rapid vertical transport (Houwel-

intersected the UT profile in the tropics. Given that our LT N9 etal., 2006; Bousquet et al., 2011), although insignificant

513C values are increased by this amount due to the Cl reaccna@nges i84°C andsD do not allow us to identify the source

tion with a large KIE, the contribution of the reaction to the YPe-
CHgz mixing ratio is estimated to be only 2 ppb (see also for-
mulae by Allan et al., 2001). Such a small contribution could
merge into data variability of the GHmixing ratio. As men-
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3.4 Summertime elevated CH in the UT of the NH in May—October with only one exception (December). It is
obvious from Fig. 7 that air originating in South Asia and
3.4.1 Tagged tracer results East Asia has higher GHhmixing ratios and lowes'°C and

5D than those of the baseline air. The average, @tiking

To examine causes of the high @lrixing ratios observed ratios are (1819 28) and (18272 26) ppb for the South-
in the NH UT in summer, we made tagged tracer experi-Asian and East-Asian air, respectively, while the mixing ratio
ments using the ACTM. Figure 6 shows the comparison ofvalue of the baseline air is (179622) ppb, and the respec-
the observed and model-simulated £Hhixing ratios for  tive average values 6f3C andsD are (-47.08+0.11) and
the UT at 32—-15 N. As seen in this figure, the model re- (—90.3+4.1) %o for South Asia and—{47.01+0.11) and
produces the observed variations relatively well, especially(—90.5+ 3.9) %o for East Asia, while the corresponding val-
for the timing of high CH mixing ratios. The tagged trac- ues are £46.96+0.11) and ¢87.3+ 3.6) %o for the base-
ers for the respective regions are also shown in Fig. 6. Adine air. Although the differences of the GHnixing ratio
clearly seen in this figure, Region 5 (South Asia) and Regionand isotopic ratios between the South Asian or East Asian
6 (East Asia) play an important role in the gMariations  air and the baseline air are small, we attempt the following
in the NH UT (see Table 1 and Fig. 1). The contribution of analysis with these values.
South Asia is larger than that of East Asia as a whole, and If it is assumed that Cilis emitted into the atmosphere
both regions are closely related to the high QHixing ra- from a single CH source, the isotopic ratio of that source
tios in boreal summer—autumn, GHrom South Asia and can be inferred as an end-member for the baseline on a Keel-
East Asia being important for September—October and May-ing plot (e.g. Bergamaschi et al., 1998). Using our data, we
September, respectively. Such high QHixing ratios would ~ found the respective end-member signature$8€ andsD
be due to rapid upward transport of the boundary layer airrelative to the baseline to be56.5 % and—329 %. for South
by Asian summer monsoon (Jiang et al., 2007; Park et al.Asia, and—49.6 %. and—277 %. for East Asia. Although the
2009; Xiong et al., 2009; Schuck et al., 2010). A sensitivity obtained isotopic ratios include very large uncertainties, due
test, in which the model was run with and without seasonallyto small differences of the CHmixing ratio and isotopic ra-
varying sources, also indicates that enhanced vertical trangios between South Asian and East Asian air and the base-
port over these two regions predominantly drives the sumdine air, these values suggest a mix of source with substantial
mertime high CH mixing ratio peaks in the UT. It should be contributions from'3C and D depleted sources such as bio-
also noted that the CHemission from rice paddies used in genic emissions from rice paddies and livestock. The model
the model reaches a maximum around August—September i@H, flux indicates that Cklemissions from rice paddies are
South Asia and June in East Asia. enhanced in summer in both regions, which is generally con-

It is also found from Fig. 6 that the differences between sistent with the isotopic signatures estimated in this study.
the observed and simulated @hhixing ratios become larger The above assumption is usually valid for the atmosphere
after 2008. Since our model reproduces the timing of the ob-close to the source, such as in the forest canopy (e.g. Pataki
served CH peaks relatively well, the meteorological field et al., 2003) and the boundary layer (e.g. Llyod et al., 2001;
and CH, source distributions can be plausibly incorporated Umezawa et al., 2011), but our measurements were made in
into the model. Therefore, the large differences between thehe UT. Therefore, it should be noted that the sampled air
simulated and observed GHhixing ratios after 2008 could would be influenced not only by CHsources but also by
be caused by underestimated £inissions in the model. chemical destruction and mixing during transport.

3.4.2 Isotopic signatures of CH sources in South Asia 3.5 Longitudinal variations in the UT of the NH
and East Asia

Figure 8 shows longitudinal distributions of the gkhixing
Figure 7 shows plots 0§3C andsD against the recipro- ratio, $13C andsD in the UT between NRT and HNL. As
cal of the CH mixing ratio for the UT at 15-32° N. This seen in this figure, the CHmixing ratios observed in May
kind of plot is called as Keeling plot and often used to es-2010 are extremely low between £6A80 E, with the min-
timate the isotopic ratio of a source that exchanges a tracémum value of 1655 ppb around 178. Such low CH mix-
gas with the atmosphere (e.g. Pataki et al., 2003). In the lightng ratios were not observed in the UT between NRT and
of the results of the tagged tracer experiments, we categoSYD or BNE or between NRT and GUM (Fig. 2). The air
rized the observed data into three regions of South Asia, Eastamples with low ChH mixing ratios show high values of
Asia and the rest of the world (hereafter referred to as bases13C andsD. To examine the cause, we analyzed the Japan
line). The air samples categorized into the two regions haveMeteorological Agency Climate Data Assimilation System
extremely high values of the corresponding tagged tracergJCDAS) reanalysis data (Onogi et al., 2007), following the
for the respective regions, which exceed the average plusame method as used in Sawa et al. (2008), in which potential
one standard deviation calculated for the observation pevorticity (PV) in PV-units (PVU=10%Km?kg~1s1) was
riod. The South Asian and East Asian samples were foundadopted as a measure of stratospheric air. By inspecting the
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Fig. 6. Comparison of the observed (closed circles) and model-simulated (open circlganiRidg ratios for the UT afa) 32° N. (b)
26° N, (c) 21° N and(d) 15° N. In each lower panel the tagged tracers for the respective regions 1-15 (from top to bottom) are shown. Blue
and green lines represent Region 5 (South Asia) and Region 6 (East Asia), respectively, and each line is offset for easy view.

PV distribution along the flight route, we found that strato- servations in the NH UT between NRT and SYD or BNE and
spheric air £3 PVU) intruded into the UT around 169 between NRT and GUM indicate that the £Hixing ratio is
18C° E. It is known that the Ck mixing ratio decreases high in this season (Fig. 2a—d), due to £#bm South Asia
rapidly with increasing altitude in the stratosphere (e.g. Sug-and East Asia. Observed longitudinal distributions showed
awara et al., 1997). In the stratosphere, ngyGburces ex-  the eastward decrease of the L£idixing ratio and increase
ist and CH is destroyed by chemical reactions with OH, Cl of §13C andsD in the east of the Cidmaximum at 170E,
and OED). Therefore, CH is enriched in'3C and D by the  probably due to Clloutflow from South Asia and East Asia.
KIEs due to these reactions during its long residence time
in the stratosphere (Sugawara et al., 1997; Rice et al., 2003; )
Rockmann et al., 2011). Regarding the air samples collected Conclusions
around 160-180 E, the NO mixing ratios in the corre-
sponding air samples were also lower than those of the oth
samples, due to the influence of stratospheric air.

Another interesting feature is that relatively high £iix-
ing ratios, accompanied by lo843C andsD values, were
observed in September 2010. As mentioned above, the o

e-FO elucidate temporal and spatial variations of the,;@hix-
ing ratio,813C andsD in the UT over the Western Pacific, air
samples collected using the CONTAIL were analyzed. In the
NH, the CH,; mixing ratio showed high values in boreal sum-
gner, accompanied by relatively lo§¥3C andsD values. By
comparing with the LT data obtained using container ships
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the CH; mixing ratio“for the U“T at 13-32’N. Al‘l‘ data plo_tt?d Fig. 8. Longitudinal distributions ofa) the CHy mixing ratio, (b)
were categorized as “Baseline” (black crosses), “South Asia” (blueg13s and(c) 5D observed in four flights between Honolulu, Hawaii
closed circles) or “East Asia” (green closed circles) based on the,q Narita Japan.

tagged tracer experiments. Also shown are the average values of the
data for the respective categories (open circles).

The analyses af*3C andsD in combination with the Clg
mixing ratio are very useful for a better understanding of the
global CH, cycle. However, systematic measurements are

in the same region, it was found in the NH that £#ixing still quite sparse. To examine their spatiotemporal variations
ratios were higher in the UT than in the LT in summer. From in more detail, long-term measurements of these variables
the tagged tracer experiments, we found thak Gburcesin  over a geographically wide area are required. In addition
South Asia and East Asia play an important role in the sum-to conventional analyses on IRMS, it is also expected that
mertime high CH mixing ratio values in the NH UT. The high-frequency isotopic data will be obtained using quantum
observed data df'3C andsD also indicated potential contri- laser spectroscopy in the near future (e.g. Rigby et al., 2012).
butions of isotopically depleted biogenic Gldources such  Modeling studies based ai3C andsD as well as the C
as rice paddies and livestock to the high Qidixing ratios ~ mixing ratio are also necessary for quantitatively elucidating
observed in the NH UT. the CH;, cycle, as well as for estimating the GHudget.

The latitudinal distributions of the CHmixing ratio and
sDinthe LT and UT were found to intersect at low latitudes;
the CH; mixing ratio andsD were higher and lower, respec- Supplementary material related to this article is
tively, in the LT than in the UT in the NH, and the situation is available online at: http://www.atmos-chem-phys.net/12/
reversed in the SH. On the other hadtfC showed similar ~ 8095/2012/acp-12-8095-2012-supplement.zip
values in the LT and UT of the NH, but the value is higher
in the LT than in the UT in the SH. These latitudinal distri-
butions can be interpreted mainly in terms of the NH air in-

trusion into the SH through the UT, but the G+Cl reaction AcknowledgementsiVe are grateful to Japan Airlines (JAL), JAL

in the marine boundary layer may also gﬁgct&l’!& distri- foundation and JAMCO for supporting the CONTRAIL project.
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