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1.  Introduction

The monitoring of atmospheric greenhouse gases 
(GHGs), such as carbon dioxide (CO2), methane 
(CH4), and nitrous oxide (N2O), over Asia has become 
an increasingly important scientific activity because 
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Abstract

Seasonal variations of carbon dioxide (CO2), methane (CH4), carbon monoxide (CO), and nitrous oxide (N2O), 
in the mid-troposphere over the western North Pacific, are investigated using air samples collected onboard a 
C-130H aircraft. These samples were obtained between Atsugi Base (35.45°N, 139.45°E) and Minamitorishima 
(MNM; 24.28°N, 153.98°E), once a month, from September 2010 to September 2012. Increasing trends of 
CO2 and N2O and large variability of CH4 and CO (at approximately 6 km) have been found. During summer, 
concentrations of CH4 and CO were found to increase with height over MNM. High concentrations of CH4 were 
persistently observed in the mid-troposphere throughout the observation period. The average enhancement ratios 
of CH4 to CO above background levels (∆CH4/∆CO) were 0.47 and 1.2 ppb/ppb for winter–spring and summer–
fall, respectively. The results suggested that the high CH4 concentrations originated primarily from fossil fuel 
combustions in winter–spring, while there could be an additional contribution from increased biogenic sources 
during summer–fall. Because a surface station in MNM rarely observed the summer–fall high CH4 concentration 
values in the mid-troposphere, the aircraft measurements could provide a powerful constraint on the CH4 emission 
estimates for Asia, in addition to that provided by the surface measurements. This aircraft measurement program 
is regularly conducted for the long-term monitoring of the greenhouse gases in the mid-troposphere, and it has a 
significant role for filling the data gap of the existing measurement network.
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of rapidly growing anthropogenic emissions of these 
gases by economically growing Asian countries. In 
recent years, for example, China has turned out to be 
the largest anthropogenic CO2 emitter in the world, 
surpassing the United States (Gregg et al. 2008;  
Peters et al. 2012). In addition to fossil fuel emissions, 
there also exist other strong anthropogenic GHG emis-
sion sources, such as CH4 from livestock and rice 
cultivation and N2O from agricultural land (Streets 
et al. 2003; Ohara et al. 2007; Huang et al. 2008). Asia 
also emits large amounts of natural GHGs such as 
CH4 from wetlands and/or biomass burning (Ito and 
Inatomi 2012; van der Werf et al. 2010). Many of these 
sources are quite sensitive to climate change and so are 
strong driving forces of seasonal and interannual vari-
ations of atmospheric GHGs. Thus, there is a strong 
need to obtain better emission estimates of these gases 
by reducing uncertainties; to achieve this, spatially and 
temporally dense observational networks are required.

Over the East Asian continent, there still exist only 
a few GHG monitoring sites (e.g., Zhou et al. 2003, 
2004). However, on the downwind side of the East 
Asian continent, i.e., around the Far East Asia and the 
western Pacific regions, there are several surface moni-
toring sites that continuously monitor atmospheric 
concentrations of GHGs and other trace gases (Sawa 
et al. 2007; Tanimoto et al. 2008; Tohjima et al. 2002, 
2010; Wada et al. 2007, 2011; Turnbull et al. 2011; Zhu 
et al. 2012). In addition to these, there are shipboard 
measurements in the western Pacific areas (Tohjima 
et al. 2005; Yashiro et al. 2009; Terao et al. 2011; Nara 
et al. 2011), as well as measurements in the free tropo-
sphere using passenger aircraft (Nakazawa et al. 1991, 
1993; Matsueda et al. 2002). Some of these data have 
been widely used to estimate GHG emissions in various 
inverse modeling studies (e.g., Gurney et al. 2002; 
Patra et al. 2005). Recently, a major aircraft measure-
ment project named Comprehensive Observation 
Network for Trace gases by Airliner (CONTRAIL) has 
provided many CO2 concentration profiles in the hori-
zontal in the upper troposphere and in the vertical over 
tens of airports (Machida et al. 2008; Matsueda et al. 
2008; Sawa et al. 2008, 2012; Shirai et al. 2012). In 
forward and inverse modeling studies, the CONTRAIL 
CO2 data were found to provide additional constraints 
on flux estimation to those obtained by employing just 
the surface measurements (Patra et al. 2011; Niwa et al. 
2011, 2012).

There is, however, a significant lack of long-term 
monitoring (spatially and temporally) of GHG concen-
trations in the mid-troposphere over the western 
Pacific region. In the past, several intensive observa-

tion campaigns using research aircraft revealed strong 
outflow of Asian pollutants in the mid-troposphere 
(e.g., Machida et al. 2002; Jacob et al. 2003; Sawa 
et al. 2004), and their long-range transport processes 
were investigated by three-dimensional model simula-
tions (e.g., Liang et al. 2004). These campaign-style 
measurements were conducted for only short time 
periods, with focus on the winter–spring. However, 
during summer–fall, high CH4 concentration events 
associated with Asian outflows are often captured by 
CONTRAIL in the upper troposphere over the western 
North Pacific (Matsueda and Inoue 1996; Umezawa 
et al. 2012; Schuck et al. 2012). It is suggested that 
we are missing some important transport and chem-
ical transformation processes in the mid-troposphere 
because of very few observations over the region.

Since the mid of 2010, the Japan Meteorolog-
ical Agency (JMA) has been conducting regular 
GHG observations in the mid-troposphere over the 
western North Pacific region by sampling air in flasks 
onboard a C-130H cargo aircraft (Tsuboi et al. 2013). 
In this paper, we present seasonal variations of CO2, 
CH4, N2O, and carbon monoxide (CO) by analyzing 
measurements of the JMA aircraft observation. The 
length of the measurement record used in this study 
was two years. Results in the mid-troposphere are 
compared with those obtained at a JMA surface station 
as well as with those observed in the upper troposphere 
by the CONTRAIL project.

2.  Methods

2.1  Aircraft sampling and sample analysis
Since the technical details are given by Tsuboi 

et al. (2013), a short description of the C-130H aircraft 
observation and its measurement system is provided 
here. The mid-tropospheric observation program is 
conducted by JMA in cooperation with the Japan 
Ministry of Defense for the aircraft operation and 
with the Meteorological Research Institute (MRI) for 
measurement techniques. The C-130H cargo aircraft 
flies once a month to bring supplies from Atsugi Base 
(35.45°N, 139.45°E), located in Kanagawa Prefecture 
close to Tokyo, to Minamitorishima (MNM; 24.28°N, 
153.98°E), a small and isolated coral island located 
1,848 km southeast of Tokyo (Fig. 1). The flight alti-
tude is approximately 6 km, and the flight time is 
approximately 4 h. During the flight from Atsugi Base 
to MNM, air samples are collected in approximately 24 
flasks, of which 17–20 are made during the level flight, 
and the other 4–7 samples are made during descent 
toward MNM (Fig. 2). Therefore, from one flight, we 
obtain a highly resolved horizontal profile (approx-
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imately 100 km interval) in the mid-troposphere and 
a vertical profile of approximately 1–2 km resolution 
over MNM. As shown in Fig. 2, the sampling points 
do not have regular intervals. This is because flask 
sampling is manually conducted by JMA staff using 
a hand-driven pump because of limited space and lack 
of electric power supply. Routine operation started in 
February 2011 after an 8-month period of test flights 
from June 2010. In this study, we analyzed observa-
tional data from September 2010 to September 2012, a 
25-month period that includes measurements from the 
initial 5 months of the test flights and 20 months of the 
operational flights.

Air samples from the operational flights were 
analyzed for concentrations of CO2, CH4, N2O, and 
CO at the JMA, and those from the test flights were 
analyzed for CO2, CH4, and CO at the MRI. The JMA 
measurement system and its measurement uncertainties 
for each species have been described in detail by Tsuboi 
et al. (2013). The measurement system comprises laser-
based instruments of a wavelength-scanned cavity 
ring-down spectroscopy analyzer (Picarro, G2301) for 
CO2 and CH4 (Crosson 2008), and an off-axis inte-

grated cavity output spectroscopy analyzer (Los Gatos, 
DLT100) for N2O and CO (Baer et al. 2002). Using 
the analyzers installed in the JMA system, measuring 
concentrations of a same gas in different flasks has 
reproducibility with an overall precision of less than 
0.06 ppm for CO2, 0.68 ppb for CH4, 0.03 ppb for N2O, 
and 0.36 ppb for CO (Tsuboi et al. 2013). The MRI 
measurement system is composed of a nondispersive 
infrared gas analyzer for CO2 and a gas chromato-
graph with a flame ionization detector for CH4 and CO 
(Matsueda and Inoue 1996; Matsueda et al. 1998).

Concentrations measured by the JMA system are 
determined by the JMA standard gases that are trace-
able to the World Meteorological Organization (WMO) 
mole fraction scales at the Global Monitoring Divi-
sion of National Oceanic and Atmospheric Adminis-
tration/Earth System Research Laboratory (Zhao and 
Tans 2006; Dlugokencky et al. 2005; Novelli et al. 
2003; Hall et al. 2007). The test flight data obtained 
by the MRI system were calculated to form a consis-
tent dataset based on the WMO mole fraction scales 
(Tsuboi et al. 2013).

Fig. 1. Flask sampling points of the C-130H aircraft observation (closed circles) and CONTRAIL (closed squares 
represent for the Tokyo–Sydney line and open ones represent for the Tokyo–Guam and Tokyo–Honolulu lines). 
Open triangle denotes the location of Minamitorishima (MNM; 24.28°N, 153.98°E).
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2.2  Surface and upper tropospheric data
We used the surface station data in MNM, which 

has been operated and maintained by JMA for approx-
imately 20 years. For CO2, CH4, and CO, we used 
hourly mean data obtained from the in-situ continuous 
measurement (Wada et al. 2011 and references therein). 
For N2O, we used data from ground-based flask air 
sampling, which is conducted when the C-130H arrives 
at MNM (Tsuboi et al. 2013). These JMA monitoring 
data are based on the WMO mole fraction scales, so 
that they can be directly compared with the C-130H 
measurements.

For upper tropospheric observations, we used data 
from CONTRAIL (http://www.cger.nies.go.jp/contrail/) 
(Machida et al. 2008). Here, we used data obtained by 
the automatic air sampling equipment (ASE) onboard 
a passenger aircraft of Japan Airlines (Matsueda 
and Inoue 1996; Matsueda et al. 1998, 2008). The 
CONTRAIL-ASE observation has been conducted 
on route between Japan and Australia since 1993 

(Matsueda et al. 2002). The aircraft usually flies two 
times a month, collecting 12 air samples at an altitude 
of approximately 11 km between 30°S and 35°N. From 
April 2009 to September 2010, these data have been 
supplemented with measurements from other ASE 
flights to Guam and Honolulu. For comparison with 
the C-130H data, we used those data limited to a region 
20–35°N and 140–160°E (Fig. 1). More than 1100 
measurements (obtained from April 1993 to September 
2012) were used to characterize a climatological 
feature of the data (Section 3.4). All the measurements 
have been calibrated by the NIES-94 and NIES-09 
scales for CH4 and CO2, respectively. The NIES stan-
dard scales are slightly different from those of the 
WMO (approximately 4 ppb for CH4 (http://ds.data.
jma.go.jp/gmd/wcc/ch4/com_annex2.html), and less 
than 0.1 ppm for CO2 (Machida et al. 2011)), but those 
differences are negligible for our comparison with the 
C-130H measurements.

Fig. 2. Latitudinal and vertical locations of the C-130H aircraft sampling points. Sampling locations for horizontal 
cruising and descending sections are represented by closed and open circles respectively.
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3.  Results and discussion

3.1  Temporal variations in the mid-troposphere
Figure 3 shows temporal variations of CO2, CO, 

CH4, and N2O observed in the mid-troposphere (at 
approximately 6 km) during the C-130H cruising 
flights between Atsugi Base and MNM. In this figure, 
all the measurements obtained from 25 flights (from 
September 2010 to September 2012) are plotted 
together with the MNM ground-based station data.

The CO2 concentration in the mid-troposphere 
shows a distinct seasonal cycle superimposed on an 
increasing trend of approximately 2 ppm yr−1, features 
similar to those observed at MNM (Fig. 3a). More-
over, large horizontal CO2 variations (approximately 6 
ppm) were observed during winter–spring. This corre-
sponded to the period when large temporal variations 
were also observed at the surface. For other seasons, 
the horizontal CO2 variations were mostly in the range 
of approximately 3 ppm. In summer, relatively low 
concentrations were occasionally observed with values 
of approximately 6–8 ppm lower than the baseline in 
September 2010 and July 2012. It is likely that these 
low values were caused by strong biosphere uptake 
over the Asian continent (Wada et al. 2007).

The CH4 and CO concentrations in the mid-tro-
posphere show similar seasonal cycles with a slight 
increase in winter and a decrease in summer. However, 
because of large variations observed during even one 
flight (up to approximately 120 and 150 ppb for CH4 
and CO, respectively), determination of the seasonal 
maximum and minimum was difficult. Such large vari-
ations were observed not only in winter–spring but also 
in summer. In general, high concentration values of 
CH4 and CO were observed concurrently. In contrast, 
distinct seasonal variations of CH4 and CO were 
observed at MNM. It could be attributed to increased 
chemical destruction by hydroxyl radical (OH) in 
summer, as these patterns are commonly observed at 
background surface monitoring sites.

The N2O concentration observed in the mid-tropo-
sphere shows a comparable increasing trend to that 
observed at MNM. The observed seasonal cycles 
in the mid-troposphere and at MNM were not well 
defined, because the data records were short, and they 
were compounded by the large horizontal variations 
of approximately 1–3 ppb, which were much larger 
than the analytical precision (0.03 ppb). As reported 
by Ishijima et al. (2010), very low N2O concentra-
tions (approximately 300–320 ppb) were occasionally 
observed by CONTRAIL in the upper troposphere; 
they were caused by the intrusion of air from the 

stratosphere where chemical loss of N2O is signifi-
cantly large. Figure 3d shows that N2O observed in the 
mid-troposphere did not have such low concentrations, 
indicating that the air masses observed by C-130H 
were not influenced by the stratospheric air.

3.2  Vertical profiles over MNM
Figure 4 shows the vertical profiles of CO2, CH4, 

CO, and N2O from the surface to approximately 7 
km observed over MNM from September 2010 to 
September 2012. To highlight seasonal changes, the 
profiles in Fig. 4 were classified into four seasons, 
namely, December–January–February (DJF), March–
April–May (MAM), June–July–August (JJA), and 
September–October–November (SON). Here, the 
concentrations of CO2 and N2O, both of which have 
increasing trends, were detrended a priori using linear 
trends at 5–7 km. However, CH4 and CO concentra-
tions were not detrended because the observed year-
to-year changes in their vertical profiles were much 
smaller than the seasonal variations.

During DJF and MAM, the CO2 profiles showed 
negative vertical gradients, that is, the concentration 
decreased as the altitude increased. Maximum vertical 
difference in MAM was approximately 5 ppm between 
the surface and the mid-troposphere. No significant 
vertical gradients were found in other seasons.

The most prominent feature of the seasonal varia-
tion in the vertical profiles was found in CH4 and CO. 
During JJA, the CH4 as well as the CO profiles showed 
positive gradients with height in contrast to the nega-
tive gradient of CO2. The vertical differences between 
the surface and the mid-troposphere were observed to 
be 30–40 ppb for CH4 as well as for CO. These CH4 
and CO positive gradients become negative during 
DJF, MAM, and SON, showing similar decrease with 
height as CO2. For DJF, when the negative gradient 
was the steepest, the vertical differences were up to 
approximately 60 ppb and 120 ppb for CH4 and CO, 
respectively. During MAM, high CO concentrations 
of approximately 170 ppb were often observed at the 
mid-altitude range from 2 to 4 km.

For the N2O vertical profiles, there did not exist 
any significant vertical gradient throughout the year. 
Vertical variations of N2O were mostly within a range 
of 2 ppb.

3.3  CO2 seasonal cycle
Figure 5a shows time series of CO2 concentrations 

observed at the MNM station. Also shown in the figure 
are the CO2 values at altitudes of 2–4 and 5–7 km over 
MNM observed by C-130H as well as those in the 
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upper troposphere (approximately 11 km) observed by 
CONTRAIL in the latitude range from 20°N to 25.5°N. 
The concentrations were fitted with a smooth curve by 
the digital filtering technique of Nakazawa et al. (1997). 
Figure 5b shows average seasonal cycles obtained by 
the digital filtering with three Fourier harmonics and 
smoothed by the Butterworth filter, which attenuates 
the third-order component of the Fourier harmonics by 
50%.

For the average seasonal cycles shown in Fig. 5b, CO2 
concentrations in the mid-troposphere have a seasonal 
maximum in May and a minimum in September, 
similar to those observed at MNM and in the upper 
troposphere. The seasonal amplitude in the mid-tropo-
sphere is approximately 6–7 ppm, slightly smaller than 
that at MNM. Between the mid- and upper-troposphere, 
there exists almost no difference in the seasonal cycle 
(in magnitude and phase). In contrast, using monthly 

Fig. 3. Time series of observed concentrations of CO2 (a), CH4 (b), CO (c) and N2O (d). Blue, cyan, green and 
orange symbols denote observations obtained by the level flights (5–7 km) of C-130H between Atsugi and MNM, 
respectively for 25–27.5°N, 27.5–30°N, 30–32.5°N and 32.5–35°N. Gray lines and diamonds respectively denote 
observations by continuous measurements of CO2, CH4 and CO and flask measurements of N2O at the MNM 
ground-based station. 
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vertical aircraft measurements over the northeastern 
coast of Japan (50 km off the coast of Sendai), just off 
the Asian continent, Nakazawa et al. (1993) showed 
that the CO2 seasonal amplitude in the upper portion 
of the free troposphere was approximately 3 ppm 
lower and lagged by approximately 1 month compared 
to the seasonal cycle observed in the boundary layer. 
This suggests that there is a significant vertical mixing 

before air reaches MNM.

3.4  High CH4 concentrations in the mid-troposphere
High concentration events of CH4 in the mid-tropo-

sphere were found, as shown in Fig. 3. In this section, 
we present some results from our analysis of these 
high CH4 concentration events, as well as of CO and 
CO2, and compare them to the CONTRAIL and MNM 

Fig. 4. Vertical profiles of observed concentrations, obtained over MNM (in the latitudinal range of 24–25.5°N), 
for CO2 (top panels), CH4 (upper-middle panels), CO (lower-middle panels) and N2O (bottom panels). Gray 
circles represent individual observations and black solid line represents averaged vertical profile for each season: 
December–January–February (DJF), March–April–May (MAM), June–July–August (JJA) and September–
October–November (SON). Concentrations of CO2 and N2O were detrended using the linear trends at 5–7 km. 



Journal of the Meteorological Society of Japan Vol. 92, No. 162

observations.
Figure 6 shows seasonal variations of CH4 and 

CO concentrations observed during the level flights 
of C-130H (5–7 km), along with those observed at 
MNM and by CONTRAIL. In the figure, the MNM 
and CONTRAIL data are depicted as monthly normal-
ized frequencies derived from the two-decade-long 
data (April 1993–September 2012). The CONTRAIL 
data are spatially limited to the latitude zone 20°N–
35°N. For comparison with the C-130H measurements 
obtained mainly during 2011, the CH4 concentration 
values from MNM and CONTRAIL were normalized 
to the reference year of 2011 (CH4

2011) as follows.

  CH4
2011(t – int(t) + 2011) = CH4(t) – CH4

trend(t)
    + CH4

trend(t – int(t) + 2011), (1)

where CH4(t) and CH4
trend(t) are the measured CH4 

concentration and its long-term trend, respectively, at 
time t (expressed as fractional year). This procedure 
was employed because atmospheric concentrations 

have significantly large long-term variations (Dlugo-
kencky et al. 2009). The long-term trend component 
CH4

trend was derived by the same method used by Terao 
et al. (2011). The method employs the digital filtering 
technique of Nakazawa et al. (1997), and the long-term 
trend is obtained from a 36-month low-pass filter. For 
the CH4 measurements by C-130H, we did not perform 
such correction because the measurement period was 
relatively short.

Figures 6a and 6c show that high CH4 concentra-
tions appear specifically during winter–spring and 
summer–fall in the mid-troposphere. In the next two 
subsections, we discuss these high CH4 concentrations.

a.  Winter–spring
From winter to spring (December–March), high-con-

centration events were observed in the mid-troposphere 
for CH4 as well as for CO at the same time. Higher 
end values for each flight were observed to be approxi-
mately 1870 ppb and 180 ppb for CH4 and CO, respec-

Fig. 5. Time series of CO2 concentrations at MNM (red), 2–4 km (green) and 5–7 km (blue) from C-130H, and in 
the upper-troposphere from CONTRAIL (gray), with their best fit curves (a) and their average seasonal cycles 
calculated by the digital curve fitting method (b). The measurements by C-130H and CONTRAIL are spatially 
limited to the latitude range of 20–25.5°N.
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tively, and are nearly comparable to those observed at 
the MNM surface station (Figs. 6c and 6d). At MNM, 
32% and 22% of the data measured during the winter–
spring period of 1993–2012 were larger than 1870 ppb 
and 180 ppb for CH4 and CO, respectively. (Note that 
the CH4 data were normalized for 2011) Conversely, 
CONTRAIL rarely observed high-concentration events 
in the upper troposphere during January–February 
though it is obsereved that some high CH4 and CO 
events start to appear at the beginning of March (Figs. 
6a and 6b). These low occurrences of the high-concen-
tration event in the upper troposphere during winter 
were probably because of the fact that a strong atmo-
spheric stratification suppressed vertical transport to 
the upper troposphere.

Simultaneously, high concentrations of CH4 and CO 
were observed in the mid-troposphere. For instance, 
Fig. 7a shows horizontal concentration profiles of CH4 
and CO observed on 16 January 2012. During this 
flight, a CH4 concentration peak was observed with 
concomitant CO and CO2 peaks. The concomitant high 

CO and CO2 suggest that the observed high CH4 air 
masses originated from China, where there are a large 
amount of combustion sources (i.e., fossil fuel use and 
burning of biomass/biofuels). These high concentra-
tions of GHGs and CO in the mid-troposphere were 
probably the result of updraft of polluted air from the 
boundary layer to the free-troposphere over China, 
followed by a fast westerly advective transport. Such 
a transport mechanism of Asian outflow was reported 
by Oshima et al. (2012) during campaign-style aircraft 
measurements of CO and black carbon. This transport 
feature is typical for winter and is important for long-
range transport of Asian polluted air, which occasion-
ally reaches even the western regions of North America 
(Liang et al. 2004).

Figures 8a and 8b show concentration relationships 
of CO–CH4 and CO2–CO, respectively, observed 
in the mid-troposphere. For December–March, the 
average enhancement ratio of CH4/CO (the slope of 
the regression line; ∆CH4/∆CO) observed was 0.47 
ppb/ppb (Fig. 8a). This number is comparable to those 

C-130H – CONTRAIL

C-130H – MNM

C-130H – CONTRAIL

C-130H – MNM

Fig. 6. Monthly normalized frequencies of CH4 (left panels) and CO (right panels) concentrations from the obser-
vations at MNM (bottom panels) and from CONTRAIL (upper panels) superimposed on the C-130H measure-
ments (crosses). The CH4 concentrations from MNM and CONTRAIL are modified to the reference year of 2011 
(see the main text for detail). The normalized frequency is derived from the number of measurements in each 
fixed bin (the intervals are 10 and 20 ppb for CH4 and CO respectively) divided by the total number of measure-
ments for each month.
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obtained by other aircraft measurements in the mid- 
and upper-troposphere over the western North Pacific 
and at MNM. Based on the campaign-style aircraft 
measurements of the Transport and Chemical Evolu-
tion Over the Pacific (TRACE-P) program, Xiao et al. 
(2004) reported ∆CH4/∆CO values of 0.38–0.65 ppb/
ppb. From the passenger aircraft measurements of the 
Civil Aircraft for the Regular Investigation of the atmo-
sphere Based on an Instrument Container (CARIBIC) 
program in the upper troposphere between South 
China and Philippines during April, Lai et al. (2010) 
reported ratios of 0.3–0.8 ppb/ppb. In addition, Wada 
et al. (2011) reported ratios of approximately 0.5–0.8 
ppb/ppb for the same season using the MNM measure-
ments. Thus, values of the ∆CH4/∆CO ratio appear to 
be height independent over the western North Pacific.  
However, it should be noted that the frequency of 

high-concentration events are quite different between 
the mid- and upper-tropospheric regions. For the 
enhancement ratio of CO/CO2 (∆CO/∆CO2), the 
C-130H aircraft observed 16.2 ppb/ppm on average 
(Fig. 8b). This number is slightly smaller than the range 
reported by TRACE-P (20–33 ppb/ppm; Suntharal-
ingam et al. 2004), CARIBIC (15.6–29.3 ppb/ppm; Lai 
et al. 2010), and at MNM (approximately 30 ppb/ppm; 
Wada et al. 2011).

The ratios of ∆CH4/∆CO and ∆CO/∆CO2 observed 
in the mid-troposphere were much larger than those 
produced by biomass burning (both numbers were 
generally less than 0.1 in our study) (Andreae and 
Merlet 2001). Therefore, for winter–spring, it is prob-
able that the observed high concentrations of CH4, as 
well as of CO and CO2, were caused mostly by indus-
trial fossil fuel burning. Similar implications have been 

Fig. 7. Latitudinal profiles of CO2 (black), CH4 (blue), and CO (red) observed by the C-130H aircraft on 16 
January 2012 (a) and 12 September 2011 (b).
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identified by the observations of TRACE-P, CARIBIC, 
and MNM.

b.  Summer–fall
Although previous campaign-style aircraft measure-

ments focused on high concentrations of GHGs and 
CO during winter–spring, we have also found notably 
high CH4 concentrations in the mid-troposphere during 
summer–fall (July–October), as shown in Figs. 6a and 
6c. A CH4 concentration value, as large as 1935 ppb, 
was observed on 12 September 2011. The C-130H 
flights in other years also observed CH4 concentra-
tions higher than 1860 ppb for this season. These high 
concentrations observed in the mid-troposphere were 
above the seasonal baseline values in the upper tropo-
sphere and at the surface observed by CONTRAIL 
and the MNM station, respectively. (The seasonal 
baseline values are derived from most frequently 
observed values, i.e., darker shaded areas in Figs. 6a 
and 6c) These features are consistent with the positive 
vertical gradients of CH4 over MNM, as shown in Fig. 
4. Approximately 24% of the upper troposphere CH4 
data obtained by CONTRAIL for July–October were 
larger than 1860 ppb (note again the data corrected for 
2011). However, at the surface, only 4% of the data 
from MNM were larger than 1860 ppb. Also during 
this period, high concentrations of CO were observed 
in the mid-troposphere, and they were higher than the 
seasonal baseline values in the upper troposphere and 
at the surface (Figs. 6b and 6d).

Figure 7b shows horizontal concentration profiles 
observed on 12 September 2011. During this flight,  
CH4 variation with extremely high concentrations 
correlated well with that of CO. Thus, during July–
October, an average ∆CH4/∆CO is 1.2 ppb/ppb  notably 
larger than 0.47 ppb/ppb observed during winter–
spring (Fig. 8a). In contrast to the winter–spring flights, 
however, the September flight did not observe any high 
CO2 concentrations. This was probably because of the 
balancing of fossil fuel emitted CO2 and the terrestrial 
biospheric net uptake.

The significant correlation of CH4 with CO in the 
mid-troposphere indicates that the observed air masses 
originated from combustion sources in Asia, as was the 
case during winter–spring. However, compared to CO, 
larger values of CH4 were observed in summer–fall 
than in winter–spring, resulting in higher ∆CH4/∆CO 
ratios as indicated in the previous paragraph. These 
higher CH4 contributions probably came from an 
increase in biogenic emissions during summer. 
However, the seasonal variation in the OH concen-
tration could also contribute to the observed seasonal 
changes in ∆CH4/∆CO with the greatest OH destruc-
tion occurring in the summer. However, Wada et al. 
(2011) inferred that the OH destruction contribution 
to the observed ∆CH4/∆CO ratio at MNM is less than 
15% during the summer. This leads us to conclude that 
the larger ∆CH4/∆CO in summer–fall than in winter–
spring observed by C-130H is mostly attributable to 
increased CH4 emissions.

Fig. 8. Correlation plots for CO–CH4 (a) and CO2–CO (b) observed by the C-130H flights for July–October (black) 
and for December–March (gray). Solid lines denote the regression lines.
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Figure 6a shows that the CONTRAIL aircraft 
measurements in the upper troposphere also showed 
similar high CH4 concentrations during the same 
seasonal period. Using CH4 isotopic ratios, Umezawa 
et al. (2012) suggested that the high CH4 concentration 
in the upper troposphere contained significant contri-
bution from the biogenic sources (e.g., rice paddies 
and livestock) in Asia. Moreover, from the CARIBIC 
measurements, Schuck et al. (2010) and Baker et al. 
(2012) also found high CH4 concentrations in the upper 
troposphere over South Asia during the Indian summer 
monsoon season. Baker et al. (2012) suggested a signif-
icant contribution of biogenic sources to the observed 
high CH4 by calculating relationships with concomi-
tantly observed ethane (C2H6) and CO concentrations.

These high CH4 concentrations over South Asia 
observed by CARIBIC are probably transported 
to the western North Pacific region where they are 
subsequently observed by C-130H and CONTRAIL. 
In fact, Umezawa et al. (2012) performed a region-
ally-tagged CH4 transport simulation and found that 
the main contributing source region to the high CH4 
they observed is South Asia with East Asia being the 
second most important. Moreover, Niwa et al. (2012) 
demonstrated that the active summer convection over 
South Asia causes a significant uplifting of surface 
flux signals to the upper troposphere. Over South Asia, 
Baker et al. (2012) observed a ∆CH4/∆CO ratio of 
1.9–4.4 ppb/ppb for July–September. Therefore, the 
ratio of 1.2 ppb/ppb, we observed in the mid-tropo-
sphere, suggests that the strong biogenic CH4 signal 
from South Asia was slightly diluted by signals from 
combustion sources in East Asia before reaching the 
western North Pacific. This should be further verified 
by forward and inverse model simulations, but left as 
a future work.

At the inland monitoring station of Waliguan in 
China, summer high CH4 concentrations are also being 
observed (Zhou et al. 2004). This fact gives additional 
support to claim that the aircraft measurements in the 
mid- and upper-troposphere over the western North 
Pacific are able to capture CH4 emission signals from 
the Asian continent. In contrast, the surface MNM 
station does not observe such high CH4 concentrations 
during summer probably because Pacific anticyclones 
prevent any strong atmospheric transport from the 
Asian continent to MNM during this season. There-
fore, to capture CH4 emission signals from the conti-
nent, measurements in the mid- and upper-troposphere 
are indispensable.

4.  Conclusions

Using the C-130H aircraft observation operated by 
JMA, we characterized the seasonal variations of GHGs 
and CO in the mid-troposphere over the western North 
Pacific. The C-130H observations showed increasing 
trends of CO2 and N2O concentrations in the mid-tro-
posphere. These observations also showed large vari-
ability in CH4 and CO thorough the year. The result of 
not observing low N2O concentration indicated that the 
air masses observed by C-130H were not influenced by 
the stratospheric air. From vertical profile observations 
over MNM, we found higher concentrations of CH4 
and CO at higher altitude during summer. For CO2, the 
timing of seasonal maximum and minimum was shown 
to be height independent from the surface to the upper 
troposphere.

A notable finding from the C-130H aircraft obser-
vation was the high CH4 concentration events in the 
mid-troposphere during summer–fall. The C-130H 
observed high CH4 concentrations concomitantly 
with high CO concentrations for winter–spring as 
well as for summer–fall. For the high concentrations 
events observed during winter–spring, an average 
ratio ∆CH4/∆CO of 0.47 ppb/ppb is consistent with 
those observed by previous studies and is suggestive 
of the air masses originating from industrial fossil fuel 
combustion. For the high concentration events during 
summer–fall, the average ratio ∆CH4/∆CO increased to 
1.2 ppb/ppb, which is attributable to increased biogenic 
sources of CH4 during this period. Comparing with the 
results of the previous studies, air masses observed by 
C-130H during summer–fall might be a mixture of air 
masses from East and South Asia. It should be noted 
that the surface station rarely observes such high CH4 
concentrations during this season giving added value 
to the mid-tropospheric C-130H measurements in 
reducing uncertainties in the CH4 emission estimates.

Using transport models with the C-130H measure-
ments will greatly improve our understanding of the 
Asian outflow of GHGs and CO over the western 
North Pacific. Furthermore, by combining the mid-tro-
pospheric C-130H measurements with those by the 
surface MNM station and by CONTRAIL in the upper 
troposphere, they would constitute a good reference 
data set for validating satellite CO2 and CH4 data 
retrieved from thermal infrared spectra that have 
concentration information mainly from the mid- to 
upper-troposphere (Chahine et al. 2008; Saitoh et al. 
2009, 2012; Crevoisier et al. 2009, 2013; Kulawik 
et al. 2013).

The dataset of the GHGs and CO concentrations 
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obtained by C-130H are available on the WMO World 
Data Centre for Greenhouse Gases (http://ds.data.jma.
go.jp/gmd/wdcgg/wdcgg.html). Continuation of this 
aircraft measurement program for many years would 
promote our understanding of the spatial variations of 
the GHG fluxes in Asia and of those long-term varia-
tions induced by the rapidly growing human activities 
and climate change.
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