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Abstract we have carried out monthly flask sampling using aircraft, in the altitude range of 0-7 km, over
the boreal wetlands in Surgut (61°N, 73°E; since 1993) and a pine forest near Novosibirsk (55°N, 83°E; since
1997), both located in the West Siberian Lowland (WSL). The temporal variation of methane (CH,)
concentrations at all altitudes at both sites exhibited an increasing trend with stagnation during 2000-2006
as observed globally from ground-based networks. In addition to a winter maximum as seen at other remote
sites in northern middle to high latitudes, another seasonal maximum was also observed in summer,
particularly in the lower altitudes over the WSL, which could be attributed to emissions from the wetlands.
Our measurements suggest that the vertical gradient at Surgut has been decreasing; the mean CH,
difference between 5.5 km and 1.0 km changed from 64 + 5 ppb during 1995-1999 to 37 + 3 ppb during
2009-2013 (mean = standard error). No clear decline in the CH, vertical gradient appeared at Novosibirsk.
Simulations using an atmospheric chemistry-transport model captured the observed decrease in the vertical
CH,4 gradient at Surgut when CH, emissions from Europe decreased but increased from the regions south of
Siberia, for example, East and South Asia. At Novosibirsk, the influence of the European emissions was
relatively small. Our results also suggest that the regional emissions around the WSL did not change
significantly over the period of our observations.

1. Introduction

Similar to carbon dioxide (CO;), concentrations of other trace gases of anthropogenic origin have risen
significantly since the industrial revolution. Atmospheric CH, showed an increasing trend with stagnation
from 2000 to 2006, whose causes have frequently been debated in recent years (Dlugokencky et al., 2003;
Kirschke et al., 2013; McNorton, Chipperfield, et al., 2016; McNorton, Gloor et al., 2016; Patra et al., 2016;
Rigby et al., 2008; Saunois et al., 2016). Methane concentration in the troposphere is principally determined
by a balance of surface emissions, atmospheric transport, and destruction by hydroxyl (OH) radicals (Patra
et al,, 2011). Emission sources comprise anthropogenic activities such as agriculture and waste, fossil fuels,
and biomass burning, and natural sources such as wetlands, fresh water ecosystems, wild animals, and
geological and oceanic sources (Saunois et al., 2016). The stagnation and the subsequent regrowth of
globally observed CH,4 concentration could be attributed to the temporal variation in the strength of the
primary source (agriculture and waste, fossil fuels, and wetlands). The role of sink processes is less explored
due to poor quantification of the interannual and interdecadal variations in OH (McNorton, Chipperfield et al.,
2016; Naik et al., 2013).

Interestingly, the carbon isotopic signature of CH,4 clearly changed after the regrowth, which implies that
biogenic emissions considerably increased after the stagnation (Nisbet et al., 2016; Schaefer et al,, 2016).
Using regional emissions inversion, Patra et al. (2016) estimated that the CH, emissions from the tropical
and Southern Hemisphere regions increased by ~10 Tg yr™' from 2004 to 2012. Based on the statistics of
cattle stocks and the carbon isotopic signature, the authors concluded that the increase was due to enteric
fermentation. This increased amount is incidentally similar to the emissions from the East Asian region
(mainly China) due to the coal industry. Schaefer et al. (2016) rejected the hypothesis that wetland emissions
had been the primary cause of CH, regrowth and suggested that regrowth had been driven by agricultural
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emissions. On the contrary, Nisbet et al. (2016) proposed that tropical wetlands, as well as tropical agricultural
emissions, were likely the dominant contributors to recent growth. Using a land surface model, which included
an improved representation of topography, McNorton, Gloor et al. (2016) estimated wetland CH, emissions
from 1993 to 2014 and showed that global wetland emissions made only a small contribution to the pause
in CH4 growth from 1999 to 2006. Their study further suggested that the increased growth after 2006 was
caused partly by increased wetland emissions mainly from Tropical Asia, Southern Africa, and Australia.

Using column data of ethane (C;He) and CH, at two observatories in the Northern and Southern Hemispheres
during 1999-2014, Hausmann et al., (2016) estimated that the contribution of fossil fuel emissions to the
renewed CH, increase was 39% at a minimum. With C,He data from a large number of monitoring sites,
Helmig et al. (2016) also found that the steady decline in the C;Hg mole fraction halted between 2005 and
2010 in most of the Northern Hemisphere and had since reversed, which suggested the significant increase
in associated CH,4 emissions from fossil fuel. As shown above, however, the increase in fossil fuel emissions is
inconsistent with the changed carbon isotopic signature.

Recently, a manuscript to focus on quasi-decadal and interannual variability in CH, emissions using the
Global Carbon Project data set (Saunois et al, 2016) has been reviewed (Saunois et al, 2017). In this
manuscript, the ensemble of top-down studies provided by eight global inverse systems suggested a
dominant contribution to the global emission increase from agriculture and waste (+10 [7-12] Tg CH, yr_1),
wetlands (+6 [—4-16] Tg CH, yr™"), and fossil fuel-related emissions (+7 [—2-16] Tg CH4 yr~") from
2000-2006 to 2008-2012. Saunois et al. (2017) also showed that the decrease of biomass burning
emissions (—3 [—7-0] Tg CH, yr~") could be consistent with the carbon isotopic signature. The uncertainties
of these mean emission changes are, however, very significant as shown by the range inferred by eight
inversions. In summary, the cause of the stagnation and subsequent regrowth of atmospheric CH,4 and its
attribution to different sources are still not fully resolved.

The role of Siberia in the global CH4 budget is essential because it contains vast areas of natural wetland and
numerous oil and gas fields that release significant amounts of natural gas as a result of leakage during fossil
fuel production and transportation. Studies of CH, behavior and attempts to identify sources of variation
have been conducted over Siberia by means of observations from aircraft (Levin et al., 2002; Lloyd et al.,
2002; Nakazawa et al, 1997; Sugawara et al, 1996; Tohjima et al., 1996, 1997; Umezawa et al.,, 2012;
Yamada et al., 2005), the Trans-Siberian Railway (Bergamaschi et al., 1998; Tarasova et al., 2006), and tower
sites (Dlugokencky et al., 2016; Kozlova et al., 2008; Sasakawa et al., 2010, 2012; Winderlich et al., 2010).
However, most of these observations were limited to short periods or a specific season.

To capture the seasonal cycles, vertical profiles, and long-term trends of greenhouse gases, the Center for
Global Environmental Research (CGER) of the National Institute for Environmental Studies (NIES) of Japan, in
cooperation with The Federal Service for Hydrometeorology and Environmental Monitoring of Russia
(ROSHYDROMET) and the Russian Academy of Sciences, began periodic flask sampling using aircraft over
Surgut (61°N, 73°E) in 1993, over Yakutsk (62°N, 129°E) in 1996, and over Novosibirsk (55°N, 83°E) in 1997. A part
of the observed data for CO, (Saeki et al., 2013), CH, (Saito et al., 2013), and N,O (Ishijima et al., 2010) was
used for inversion analysis or validation of an atmospheric chemistry transport model. The observed CH,
concentration also validated the column-averaged dry air mole fractions of CH, obtained by the Greenhouse
gases Observing Satellite (Ono et al.,, 2015) and was used for bias correction of satellite retrieval (Tan et al.,
2016). The present paper is the first paper to present a comprehensive description of the aircraft observations
of CH4 concentrations during 1993-2015 over Surgut and 1997-2015 over Novosibirsk in the West Siberian
Lowland (WSL), where long-term continuous observations were conducted in the same manner. The objective
of this paper is to (1) describe the observational method for further use of the data sets; (2) provide analyses
of the CH, time series for seasonal cycle, interannual variations, and long-term trends; and (3) offer an
interpretation of the observations using simulations by means of an atmospheric chemistry transport model.

2. Method

2.1. Sample Area Description

Research flights for flask sampling in the Surgut region have been undertaken within 130 km of Surgut, which
is one of the most important centers of oil and gas production in West Siberia. It is located in Khanty-Mansi
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Autonomous Area — Yugra, in the central part of the WSL. The landscape zone is a middle taiga transiting to
northern taiga. Vast areas of the region under study are covered by the peatland system “Surgutskoe Polesye”
that consists of numerous peatland-lake complexes parted by river valleys (Terentieva et al., 2016). The cli-
mate is continental subarctic. The mean annual air temperature is about —2.5°C. Average seasonal tempera-
tures are —20°C (December-January-February), —3°C (March-April-May), +15°C (June-July-August), and —2°C
(September-October-November). Prevailing winds blow from the southwest.

Air sampling in the Novosibirsk region has been performed over the National Karakan Pine Forest located on
the right bank of Novosibirsk Reservoir (Ob River). The area under study is situated in the southeast of the
West Siberian Plain. The typical landscape is a forest-steppe. Numerous lakes, marshes, floodplains are also
important elements of the region. The type of climate is humid continental. Prevailing winds are from the
south and southwest. The mean annual air temperature over the study period (1997-2015) was +2.1°C with
interannual anomalies ranging from +1.4°C to —1.5°C that were caused predominantly by winter tempera-
tures (Figure S1 in the supporting information). The growing season lasts for about 160 days.

2.2. Air Sample Collection

Air sampling has been carried out approximately once per month using a chartered aircraft (Antonov An-24)
at the altitudes of 7.0, 5.5, 4.0, 3.0, 2.0, 1.5, 1.0, and 0.5 km within 130 km distance from Surgut since 23 July
1993. Air was sampled upwind of Surgut to avoid direct contamination from the city. Two samples were
collected at each altitude during the level flight, and the sampling interval was 2-3 min. It took 40-50 min
to collect all samples from 7.0 to 0.5 km. Flights were performed around noon or in the afternoon of local
time. The air sample was introduced into the cockpit through an inlet placed in front of the engine exhaust
and pressurized into a Pyrex glass flask at about +0.2 MPa over cabin pressure by using an electric diaphragm
pump (MOA-P101-JH or DOA-P501, GAST Manufacturing Inc.). The flask sizes have varied from 550 mL until
22 February 2005 to 500 mL and 750 mL until 26 April 2012 and are recently maintained at 750 mL. Before
use, the flasks were washed using an ultrasonic cleaner filled with purified water and then dried for at least
6 h at 100°C temperature. The stopcocks of the glass flasks and the diaphragm pump were
operated manually.

Until February 2005, the air samples from Surgut were sent to Tohoku University and analyzed for CH,
concentration using a gas chromatograph equipped with flame ionization detector (GC-FID). The GC systems
used were a GC-9A (Shimadzu Corp.) in earlier years and then an Agilent 6890 (Agilent Technologies, Inc.)
since November 2002. Each gas sample was analyzed once or twice. Repetitive calibrations using multiple
CH, standard gas mixtures indicated that repeatability of our measurements was 3 ppb for the GC-9A and
2 ppb for the Agilent 6890 system (Umezawa et al., 2014). The CH, concentration was determined against
the TU scale (Aoki et al., 1992), which is ~3.2 ppb higher than the WMO-CH4-X2004 scale in the concentration
range of 1755.5-1820.2 ppb (Round Robin Comparison Experiment; http://www.esrl.noaa.gov/gmd/ccgg/
wmortr/).

After March 2005, the air samples were sent to NIES and analyzed for CH4 concentration using GC-FID as well.
The system used was HP5890 (Hewlett-Packard Comp.) until April 2014, followed by Agilent 7890A (Agilent
Technologies, Inc.) for the samples collected after 24 April 2014. Each gas sample was analyzed three times.
The precision was 1.7 ppb in both systems. The concentration was determined against NIES 94 CH, scale,
which is ~3.7 ppb higher than the WMO-CH4-X2004 scale in the concentration range of
1755.5-1820.2 ppb (Round Robin Comparison Experiment). Both the TU and NIES scales showed good agree-
ment in their precision.

Air sampling over the pine forest area about 150 km southwest of Novosibirsk had been conducted approxi-
mately once per month since 23 July 1997, using a research plane (Antonov An-30) operated by the Institute
of Atmospheric Optics (Antokhin et al., 2012). We have used a chartered aircraft (Tupolev Tu-134) since 25
March 2011. The air samples had been collected in 500 mL Pyrex glass flasks and sent to NIES for analysis
of CH,4 concentration using GC-FID. We started to use 750 mL flasks on 30 June 1999 and used them together
with 500 mL flasks until March 2004. Since 17 March 2004 we have used only 750 mL flasks. The system used
was first HP5890 (Hewlett-Packard Comp.), followed by Agilent 7890A (Agilent Technologies, Inc.) from the
samples obtained on 18 March 2014. Other sampling procedures and conditions were almost the same as
those conducted over Surgut (Table 1).
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Table 1
Sampling Information and Experiment Setup
Site name Sampling date Flask size (mL) Instrument type Scale Precision (ppb) Institution
Surgut 23 Jul 23 1993 to 28 Sep 2002 550 GC-9A TU scale 3 Tohoku University
31 Oct 2002 to 22 Feb 2005 550 Agilent 6890 TU scale 2 Tohoku University
23 Mar 2005 to 26 Apr 2012 500, 750 HP5890 NIES 94 CH4 scale 1.7 NIES
24 May 2012 to 28 Jan 2014 750 HP5890 NIES 94 CH4 scale 17 NIES
24 Apr 2014- 750 Agilent 7890A NIES 94 CH4 scale 1.7 NIES
Novosibirsk 23 Jul 1997 to 28 May 1999 500 HP5890 NIES 94 CH4 scale 17 NIES
30 Jun 1999 to 18 Feb 2004 500, 750 HP5890 NIES 94 CH4 scale 17 NIES
17 Mar 2004 to 30 Jan 2014 750 HP5890 NIES 94 CH4 scale 1.7 NIES
18 Mar 2014- 750 Agilent 7890A NIES 94 CH4 scale 1.7 NIES

Latitude

-60 +

-90

90

2.3. Tagged Tracer Simulations

To specify which source regions affected CH, concentrations at different altitudes of our air sampling, tagged
tracer experiments were performed using the Japan Agency for Marine-Earth Science and Technology's
Atmospheric Chemistry Transport Model JAMSTEC's ACTM) (Patra et al., 2009, 2016) in the same manner
as in Umezawa et al. (2012). We have used the CHjags case of the surface emissions based on a 53-region
time-dependent inverse model using the ACTM as the forward model (Patra et al., 2016). The ACTM is run
at a horizontal resolution of T42 spectral truncations (~2.8 x 2.8°) and 67 sigma-pressure vertical levels.
The surface flux field was divided into 18 regions of the globe (Figure 1), and each CH, tracer was simulated
separately with the region’s flux field. The model was spun-up by repeating the simulation of the year 2000
about 20 times until no more changes in the regional tracer concentrations occurred. In this process, the
simulated values at the end of 2000 were used as the initial values on 1 January 2000 for the next simulation,
and the sum of the global mean surface concentrations of all the regional tracers was every time scaled to the
observed global mean on 1 January 2000 by applying a single-scaling factor to all tracers. We confirmed that
the sum of the 18 tracers and the simulated concentration with the total global flux field agreed with each
other within 0.1%. The ACTM assumes that CH, is removed from the atmosphere by reaction with OH, Cl,
and O('D) and transported globally. The concentrations of the reactants were prescribed by independent
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Figure 1. Map showing the 18 source regions in the tagged tracer experiments. Triangles in white and black indicate the location of Surgut and Novosibirsk, respec-
tively. Colors show annual CH4 emissions for 2009.
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Figure 2. Temporal variation in CH4 concentrations (black dots) observed over Surgut and their long-term trend lines. Green, blue, and red lines were calculated
with the cutoff frequencies of 667, 1,095, 1,460 days, respectively (section 2.4). Dotted curves indicate the range of estimated errors by the bootstrap method. Blue
crosses denote STE-influenced samples that we did not use for the trend calculation.

modeling results at monthly time intervals (Spivakovsky et al., 2000; Takigawa et al., 1999). The OH and Cl
concentrations varied seasonally, but the seasonality was repeated every year. Global CH,; emissions for
the observation period (2001-2013) varied from 503 to 526 Tg yr’1. The model’s meteorological field was
nudged to Japanese 25 year Reanalysis (JRA25) (Onogi et al., 2007) and was, thus, interannually variable.
Patra et al. (2016) showed that the 53-region inverted emission and the ACTM simulations successfully simu-
lated the independent CH, observations by Tohoku University over Japan within 5 ppb and the HIAPER
Pole-to-Pole Observations measurements over the central Pacific Ocean within 3 ppb, which are close to
the measurement uncertainty. We also confirmed that the variations in CH,; concentrations observed at
surface baseline sites around the world were reproduced well by using this model (Figures S2 and S3). We
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Figure 2. Gray shades indicate the range of estimated errors by the bootstrap
method (section 2.4). Step lines and error bars indicate annual increases in globally
averaged CH,4 and its one SD, obtained from the network by NOAA (https://www.
esrl.noaa.gov/gmd/ccgg/trends_ch4/).

interpolated temporally, horizontally, and vertically the hourly model
outputs to match the collection time of each flask over Surgut and
Novosibirsk to compare the model results with the observational
results.

2.4, Data Analysis

For the samples measured repeatedly, we set a criterion that the
standard deviation (SD) of repeated measurements of less than 2
times of the precision was valid (dependent on the GC systems); that
is, we did not use the samples whose SD was bigger than 6 ppb
(July 1993 to October 2002), 4 ppb (November 2002 to February
2005), and 3.4 ppb (March 2005 to the present). We thus analyzed
3,686 samples for Surgut and 2,943 samples for Novosibirsk. The data
are available from the Global Environmental Database, hosted by
CGER, NIES (http://db.cger.nies.go.jp/portal/geds/index).

Stratosphere-troposphere exchange (STE) is one of the important
factors controlling the CH, concentrations in the upper troposphere
(Umezawa et al.,, 2014). It is known that the N,O concentration has a
sharp gradient around the tropopause, allowing us to detect STE
events by looking for low N,O concentrations (Assonov et al.,, 2013;
Ishijima et al.,, 2010). As shown in Umezawa et al. (2014), we also

sorted STE-influenced data based on low N,O concentrations measured concurrently. Detection of STE-
influenced samples was made as follows. The temporal variation in N,O concentrations from each sample
at the respective altitudes was detrended using curve fitting methods that consist of a function fit to the data
and digital filtering of the residuals from the fit, developed by NOAA-ESRL (http://www.esrl.noaa.gov/gmd/
ccgg/mbl/crvfit/crvfithtml). The filtering method is used to transform the data into the frequency domain
using a Fast Fourier Transform (FFT), apply a low-pass filter function to the frequency data, and then trans-
form the filtered data to the real domain using an inverse FFT. We applied a Python code for computing
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the filtering method, which is available at ftp://ftp.cmdl.noaa.gov/user/thoning/ccgcrv/. Histograms of the
detrended N,O at lower altitudes could be approximated by the normal distribution with a width (sigma)
of up to 1.1 ppb during the measurement at Tohoku University and 0.5 ppb during the measurement at
NIES (Figures S4, S5, and S6). Histograms at higher altitudes were skewed to the lower concentration side
due to some STE-influenced samples. Some data in the lowest altitude of 0.5 km distributed in the higher
concentration side were likely due to local sources from the surface. The N,O concentration data lower than
the long-term trend by more than 3.3 ppb (1.4 ppb), that is, 3 sigma at lower altitudes, were defined as STE-
influenced samples measured at Tohoku University (NIES). Our N,O criterion was close to that in Assonov
et al. (2013) (1.0 ppb) and that in Umezawa et al. (2014) (2.7 ppb). We iterated the same method for the
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over Surgut. All data have applied the offset at the first data of 2001. The lines

were calculated by the curve fitting method (section 2.4). Gray shades indicate the

range of estimated errors by the bootstrap method (section 2.4).

residual data and further defined STE-influenced samples (Figures S7
and S8). After three iterations, no STE-influenced sample remained.
To describe CH,4 characteristics under normal conditions of the
troposphere, we did not use the corresponding CH, data of the
STE-influenced samples (48 samples at Surgut; 35 samples at
Novosibirsk) for the calculation of curve fitting and thus excluded
the data from subsequent discussions. The average of CH, concentra-
tions from residual samples (3,638 samples at Surgut; 2,908 samples at
Novosibirsk) obtained at the same altitude on a certain date was
regarded as representative data of the altitude on that date. The num-
ber of average data was 1,933 for Surgut and 1,498 for Novosibirsk.

Although air sampling was carried out approximately once per
month, the timing was not exactly periodical, and occasionally there
was no sample taken in a month. Thus, to estimate the error in the cal-
culated long-term trend, we used a bootstrap method in which 100
data sets with equal sizes to the original data sets (220-247 for
Surgut and 185-189 for Novosibirsk at each altitude) were prepared
by random resampling. Note that there were overlapped data in each
bootstrap data set. We calculated the long-term trend for each of the
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100 data sets at each altitude by the same method and determined
the error as the SD of the 100 values.

3. Results and Discussion

3.1. Long-Term Variation and Seasonality

The temporal variation in CH4 concentrations at the observed alti-
tudes over Surgut and Novosibirsk is shown in Figures 2 and S9,

140 (b)
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Difference [ppb]

40

20

respectively. Just as Ishijima et al. (2010) reported that stratospheric
= o I\ America air contributed to the variation of tropospheric N,O in the 0.5-7 km
£ Europe altitude range at Surgut, some of our samples, particularly at 7.0 km
in altitude, were affected by stratospheric intrusion (Figures S7
and S8). Most of them showed notably lower CH, values. Tropospheric
CH,4 concentrations were higher with larger variability at lower alti-
tudes due to strong CH,4 emissions from the ground surface. During
our observation periods, the long-term trend in globally averaged

CH, concentrations observed at a globally distributed network by

Figure 7. (a) Temporal variation in the monthly means of contribution from
Europe (red) and the WSL (blue) of the tagged simulation to the concentration

0
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 NOAA  (www.esrl.noaa.gov/gmd/ccgg/trends_ch4/) showed an

increase in the period of 1994-1999 (2.17 + 052 to
11.99 + 0.68 ppb yr~"), stagnation of growth rate in the period of

-1 .

at 1 km (solid line) and 5.5 km (dotted line) over Surgut. The monthly means 2000-2006 (—4.55 + 0.43 to 4.60 + 0.68 ppb yr™ '), and regrowth in
were produced from the fitting method (section 2.4) and offset by the first value ~ the period of 2007-2015 (4.63 + 0.46 to 12.60 + 0.47 ppb yr71). We
of 5.5 km from each region. (b) Temporal variation in the vertical difference showed the long-term trends in CH, concentrations with the cutoff

between 1 km and 5.5 km of the monthly mean values produced from the fitting
method over Surgut. Horizontal dashed lines indicate the mean values during

frequencies of 667, 1,095, and 1,460 days in the low-pass filter

1995-1999, 2002-2006, and 2009-2013. Area chart shows the vertical gradient (7 19Ures 2 and S9). Regardless of the cutoff frequencies in the low-

calculated for emissions from Europe (pink), the WSL (light blue), and Boreal pass filter, the general long-term trends in the higher altitudes
North America (gray). Horizontal red and blue lines indicate the mean values for ~ observed over Surgut and Novosibirsk were roughly consistent with
Europe and the WSL, respectively, during 2002-2006 and 2009-2013. those of globally averaged CH,. At Surgut, significant growth rates

appeared in the period of 1997-1998 followed by a negative trend
around 1999-2001 (Figure 3). A positive trend then appeared even in the period of 2000-2006, which con-
tinued after the year of 2007. At Novosibirsk, small or negative trends in the growth rates appeared in the
period of 2000-2005 followed by regrowth since 2006. These variations in the long-term trends at both sites
suggest a dominant influence of the global CH4 budget on the observed long-term CH, trend because emis-
sion signals even from the Southern Hemisphere take only about 1 year to reach the Northern Hemisphere, as
defined by the interhemispheric exchange time of approximately 1.4 years (Patra et al., 2011). On the other
hand, the growth rates observed in the lower altitudes at both sites sometimes showed a different tendency
with great variability from those obtained at the network by NOAA. This is due to the larger variability in CH,4
concentrations induced by influence from ground emissions around Surgut and Novosibirsk compared to the
weak CH, variability at the remote stations considered in the NOAA global mean calculation. Note that the
variability in growth rate could be enhanced if a shorter cutoff frequency was applied; the cutoff frequency
of 1,460 days was applied in Figure 3.

A slight seasonality with a summer minimum was observed in the altitudes of 5.5 km and 4 km over Surgut as
similar to those observed at global background sites (e.g., Nisbet et al., 2016) (Figure 4). On the other hand, a
distinctive seasonality with two maxima, one in winter (January at 1 km and 0.5 km, and March at 3 km, 2 km,
and 1.5 km) and one in summer (July or August), appeared below 3 km as observed at tower sites in the WSL
(Sasakawa et al., 2010). Generally, CH, emissions from the wetlands in the WSL increase during summer at the
same time as the height of planetary boundary layer (PBL) develops well. The PBL height in the WSL some-
times exceeded 3 km in altitude during summer (Sasakawa et al., 2013). Thonat et al. (2017) showed increased
CH,4 concentration at the East Siberian site (Tiksi) during summer and found that CH, from Arctic wetlands
contributed by 36 ppb on average to the CH,4 concentration estimated by a chemistry-transport model, which
also revealed that CHy4 loss by oxidation with OH radicals could be 11 ppb at maximum in July. In Surgut, simi-
larly, large CH,4 emissions from the wetlands in the WSL likely have exceeded the zonal mean CH, loss by reac-
tion with OH radicals, inducing the summer maximum below 3 km. From observations at altitudes of 2 km
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Figure 8. (a) Temporal variation in the monthly means of contribution from
Europe (red) and the WSL (blue) of the tagged simulation to the concentra-
tion at 1 km (solid line) and 5.5 km (dotted line) over Novosibirsk. The
monthly means were produced from the fitting method (section 2.4) and
offset by the first value of 5.5 km from each region. (b) Temporal variation in
the vertical difference between 1 km and 5.5 km of the monthly mean values
produced from the fitting method over Novosibirsk. Horizontal dashed lines
indicate the mean values during 2002-2006 and 2009-2013. Area chart
shows the vertical gradient calculated for emissions from Europe (pink), the
WSL (light blue), and Boreal North America (gray). Horizontal red and blue
lines indicate the mean values for Europe and the WSL, respectively, during

and 1 km over Surgut for the period of 2004-2009, Umezawa et al. (2012)
could not catch any clear seasonal cycle in CH4 concentrations, probably
due to the limited amount of data of year-round observations (4 years)
and the high variability at lower altitudes. At the highest altitude (7 km),
seasonality was not clear because the direct influence of emissions from
the ground was relatively small and unremoved STE influence probably
remained. In Novosibirsk, a summer maximum was observed below
2 km (Figure S10). However, the scatter in summer months was smaller
than that in Surgut likely because Novosibirsk was relatively far from the
wetlands situated in the northern part of the WSL. No clear seasonality
appeared at higher altitudes.

Lloyd et al. (2002) observed the vertical profile of CH4 below the altitude of
3 km over a tower in central Siberia during 1998-2000 and found a higher
level and greater variability of the concentrations in the PBL than those in
the free troposphere. Furthermore, a clear seasonality with a summer mini-
mum appeared in the free troposphere above an estimated maximum PBL
height of 2.8 km during summer. However, they did not observe any
distinct seasonal pattern in the PBL, which might be the result of the char-
acteristics of the place (taiga in central Siberia) or just the shorter observa-
tion period (<3 years). The present manuscript is probably the first one to
report the summer maximum in CH4 concentrations at as high as 3 km in
altitude over the WSL.

3.2. Regional Contribution to the Observed CH,

The simulation results combining all emissions from the 18 regions are
generally in agreement with the observed CH, concentrations within
one SD on a monthly basis at each altitude over Surgut (Figure S11) and
Novosibirsk (Figure S12), although the simulation results showed slightly

2002-2006 and 2009-2013.

lower values during summer (June-August). At both sites, the contribu-

tions from all the regions in which significant CH, sources are distributed
(Europe, Africa, WSL, India, East Asia, Southeast Asia, Boreal North America, Temperate North America, and
South America in Figure 1) were dominant for the observation periods (Figures 5 and S13). However, the
primary factor for seasonal and short-term variations in CH, concentrations at 1 km over Surgut and
Novosibirsk was CH, originating from Europe (Region 2) and the WSL (Region 5) (Figures S14 and S15). For
Surgut, the SDs of the detrended seasonal and short-term variation of each contribution at 1 km, revealed
by the curve fitting methods (section 2.4), demonstrated much higher values for the contributions from
Europe (19 ppb) and the WSL (25 ppb) than from other regions (<5 ppb) for the simulation period.
Similarly, the SDs for Novosibirsk showed higher values for the contributions from Europe (11 ppb) and
the WSL (14 ppb) than from other regions (<4 ppb). Although the SDs at 5.5 km decreased, the SDs of the
contributions from Europe (7 ppb for Surgut and 6 ppb for Novosibirsk) and from the WSL (5 ppb for
Surgut and 4 ppb for Novosibirsk) were still the largest in all regions.

As to the long-term trend, an apparent increasing trend in the contributions from India (Region 7), East Asia
(Region 9), and Southeast Asia (Region 12) was pronounced (Figures 6 and S16), causing an increasing trend
for the combined CH,4 concentration for Surgut and Novosibirsk. On the other hand, a decreasing trend
appeared only in the contribution from Europe for both sites. It rarely happens that a transport pattern only
from Europe changes dramatically in the decadal span. The annual cumulative value of used emissions from
Europe was 62.81 Tg in 2001, which decreased by 0.50 + 0.15 Tg yr~' until 2013, suggesting that the decline
in the emissions from Europe primarily produced the decrease in contribution from Europe instead of a
change in transport pattern. The total CH,; emissions from 38 European countries listed in the Emissions
Database for Global Atmospheric Research showed a decreasing trend of —0.29 + 0.02 Tgyr~" for the period
of 2001-2012 (EDGAR42FT, 2014). Recently, inversion results by Tsuruta et al. (2017) reported a reduction in
anthropogenic CH, emissions from Europe by 0-3 Tg CH4 yr~' between 2000-2006 and 2008-2012. Thus,
anthropogenic emissions from Europe seemed to be reduced for the period of 2001-2013 as well. The annual
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Figure 9. (a) Mean vertical profile of CH, concentrations over Surgut for the periods of 1995-1999, 2002-2006, and 2009-2013. The data were offset by the mean
values of 5.5 km in each period. Error bars indicate standard errors. Closed and open symbols indicate observed and total simulated data, respectively. Contribution
from (b) Europe, the (c) WSL, and (d) Boreal North America are shown for the periods of 2002-2006 and 2009-2013.

cumulative value of used emissions from the WSL showed a positive anomaly in 2007, but there was no
apparent long-term trend in the period of 2001-2013.

3.3. Vertical Gradient

The vertical gradient in CH4 concentrations over Surgut decreased in 20 years (Figure 7b). For example, the
mean vertical gradients, defined here by the difference in monthly mean values produced from the fitting
method (section 2.4), between 1 km and 5.5 km were 64 + 5 ppb, 46 + 3 ppb, and 37 £ 3 ppb in the period
of 1995-1999, 2002-2006, and 2009-2013, respectively. The results of the tagged tracer simulation showed
that the difference between 1 km and 5.5 km was seen in Surgut only for emissions from Europe (Region 2),
the WSL (Region 5), and the Boreal North America (Region 15), which include significant CH4 sources and lie in
the same latitudinal zone as Surgut (Figure S14). Other regions did not produce any vertical gradient, indicat-
ing that CH,4 emitted from other latitudinal zones was relatively well mixed toward a vertical direction during
long-range transport. Although there was no discernible long-term trend in the vertical gradient of CH, in
Surgut from the WSL and the Boreal North America, the gradient from Europe exhibited a decreasing trend
in recent years due to the declined emissions from Europe as mentioned above (Figure 7a). The sum of the
mean vertical gradients between 1 km and 5.5 km in the contribution from Europe (22 + 2 and 16 + 2 ppb in
2002-2006 and 2009-2013, respectively) and the WSL (25 + 3 and 22 + 2 ppb in 2002-2006 and 2009-2013,
respectively) can explain the observed gradients for the respective periods of 2002-2006 (46 + 3 ppb) and
2009-2013 (37 % 3 ppb) (Figure 7b).

There was no apparent tendency in the difference between the monthly means produced from the fitting
method at 1 km and those at 5.5 km over Novosibirsk in 18 years (Figure 8b). The differences between the
mean concentrations of the monthly means were 35 + 2 ppb and 39 + 3 ppb for the period of 2002-2006
and 2009-2013, respectively. As mentioned in section 3.2, a major characteristic of the contribution from
18 regions at Novosibirsk was similar to that at Surgut (Figures S15 and S16); the seasonal and short-term
variations from Europe and the WSL were larger than those from other regions, and the contribution from
Europe decreased in all altitudes. The mean vertical gradient between 1 km and 5.5 km in the contribution
from Europe was, however, smaller (15 + 1 ppb) than that at Surgut (22 + 2 ppb) in 2002-2006.
Consequently, the vertical gradient in Novosibirsk might exhibit less sensitivity to the reduction in CH,
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emissions from Europe. Bruhwiler et al. (2017) reported that a trend in emissions would impact the vertical
gradient at a site depending on its proximity to the emissions. No discernible weakening vertical gradient
in the observed CH,4 over Novosibirsk was found because Novosibirsk is situated relatively far from Europe.

4. Conclusions

We have measured the vertical profiles of CH, over boreal wetlands and taiga in West Siberia (Surgut and
Novosibirsk) for several decades. We found a positive trend of the concentrations with a period of stagnation
during 2000-2006 as observed globally. However, the increasing rate of the concentrations was somewhat
different depending on the altitude, inducing a negative trend in the vertical gradient of the concentration
over Surgut. The mean vertical gradient in the early period (1995-1999) was clearly steeper than that in
the subsequent periods (Figure 9). The negative trend remained, and hence, the mean CH,; concentrations
at the lower altitudes, particularly below 1.5 km altitude, got closer to the mean concentrations at higher
altitudes from the period of 2002-2006 to 2009-2013. The simulation results combining our tagged tracer
simulations from 18 partitions of the global emission map reproduced the decline in the vertical gradient.
However, most of the contributions from the divided regions showed flat vertical profiles except for
Europe, the WSL, and the Boreal North America. A significant difference appeared in the variations in the
concentrations between higher and lower altitudes from the WSL and Europe, which produced the vertical
gradient (Figure 9). The mean contribution below 1 km altitude influenced by the contribution from the
WSL decreased from the period of 2002-2006 to 2009-2013, but the difference was in the range of errors
because the contributions from the WSL demonstrated a significant variability in the lower altitudes. On
the other hand, the mean vertical gradient below 2.0 km altitude from Europe became noticeable gentle
from the period of 2002-2006 to 2009-2013. The contribution from the emissions from Europe has decreased
since the start of the simulation (2001). It is reported that CH4 emissions from Europe have decreased since
the late 1980s (EDGAR42FT, 2014; Worthy et al.,, 2009). We thus concluded that the observed decreasing trend
in the vertical gradient over Surgut was attributed mainly to the decreasing CH, emissions from Europe.

Over Novosibirsk, there was no apparent decreasing trend in the gradient (Figure S17). On the contrary, the
vertical gradient became slightly significant below 3 km altitude from the period of 2002-2006 to 2009-2013.
There was no obvious difference in the contribution from the WSL between the periods although the contri-
bution increased only at 0.5 km altitude. Furthermore, the reduction in CH, emissions from Europe did not
appear in the contribution over Novosibirsk. The vertical gradients produced by the contribution from
Europe over Novosibirsk were relatively weak compared to those at Surgut in the corresponding period,
which suggests less sensitivity to the emission change from Europe at Novosibirsk. Similar to Surgut, the
contributions from other regions exhibited flat vertical profiles in both periods. No clear explanation could
thus be obtained for the variation in the vertical gradient observed over Novosibirsk.

Although there has been no clear description up to date of the emission trend limited to the WSL, a reduction
of 2 Tg in the period of 1988-2005 in Siberia (Worthy et al, 2009) and an increasing trend of 0.30 to
0.72 Tg yr2 in the period of 2005-2013 in Russia (Thompson et al,, 2017) were reported. It is beyond the
scope of this paper to determine the exact amount or tendency in emissions from the WSL. It should be
mentioned, however, that the simulation results combined with all emissions from 18 regions, including
the emissions from the WSL with no clear trend, reproduced the observed concentrations over Surgut and
Novosibirsk in the period of 2001-2013.

Unfortunately, we could not produce any simulations before the year of 2000 when a drastic reduction in the
vertical gradient was observed over Surgut because of lack of reliable emission map for interannual varia-
tions. In the early years, sporadic leakage from old facilities for gas and oil pipelines around Surgut might
have been significant and likely have influenced the CH,4 concentrations, particularly in the lower altitudes.
The facilities of pipelines have been gradually updated in recent years, and thus the leakage might be
relatively small and steady (Reshetnikov et al., 2000). Monitoring the vertical profile of CH, over Siberia for
a decadal span can help us detect the long-term variations in the emissions from northern Eurasia. Our
findings also suggest the possibility that other vertical profile observations may capture the change in vertical
gradient and validate the changing emissions at downwind of any region where a substantial change in
emissions is thought to be taking place, for example, China, India, and South East Asia.

SASAKAWA ET AL.

METHANE IN THE WEST SIBERIAN LOWLAND 11,271



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD026836

Acknowledgments

We thank Sergey Mitin (Institute of
Microbiology, Russian Academy of
Sciences) for administrative support.
The authors thank the staff of the Zuev
Institute of Atmospheric Optics, Russia
and the Winogradsky Institute of
Microbiology, Russia for supporting the
air sampling over Siberia. This research
was supported by a fund for global
environmental monitoring by CGER,
NIES. The used data are available from
the Global Environmental Database,
hosted by CGER, NIES (http://db.cger.
nies.go.jp/portal/geds/index).

References

Antokhin, P. N., Arshinov, M. Y., Belan, B. D., Davydov, D. K., Zhidovkin, E. V., Ivlev, G. A,, ... Shmargunov, V. P. (2012). Optik-E AN-30 aircraft
laboratory for studies of the atmospheric composition. Journal of Atmospheric and Oceanic Technology, 29(1), 64-75. https://doi.org/
10.1175/2011JTECHA1427.1

Aoki, S., Nakazawa, T., Murayama, S., & Kawaguchi, S. (1992). Measurements of atmospheric methane at the Japanese Antarctic Station,
Syowa. Tellus B, 44(4), 273-281. https://doi.org/10.1034/j.1600-0889.1992.t01-3-00005.x

Assonov, S. S., Brenninkmeijer, C. A. M., Schuck, T., & Umezawa, T. (2013). N,O as a tracer of mixing stratospheric and tropospheric air based
on CARIBIC data with applications for CO,. Atmospheric Environment, 79, 769-779. https://doi.org/10.1016/j.atmosenv.2013.07.035

Bergamaschi, P, Brenninkmeijer, C. A. M., Hahn, M., Réckmann, T., Scharffe, D. H., Crutzen, P. J,, ... Worthy, D. E. J. (1998). Isotope analysis
based source identification for atmospheric CH4 and CO sampled across Russia using the trans-Siberian railroad. Journal of Geophysical
Research, 103, 8227-8235. https://doi.org/10.1029/97JD03738

Bruhwiler, L. M., Basu, S., Bergamaschi, P., Bousquet, P., Dlugokencky, E., Houweling, S., ... Weatherhead, E. C. (2017). U.S. CH, emissions from
oil and gas production: Have recent large increases been detected?. Journal of Geophysical Research: Atmospheres, 122, 4070-4083.
https://doi.org/10.1002/2016JD026157

Dlugokencky, E. J., Houweling, S., Bruhwiler, L., Masarie, K. A,, Lang, P. M., Miller, J. B., & Tans, P. P. (2003). Atmospheric methane levels off:
Temporary pause or a new steady-state? Geophysical Research Letters, 30(19), 1992. https://doi.org/10.1029/2003GL018126.

Dlugokencky, E. J,, Lang, P. M., Crotwell, A. M., Mund, J. W., Crotwell, M. J., & Thoning, K. W. (2016). Atmospheric methane dry air mole
fractions from the NOAA ESRL carbon cycle cooperative global air sampling network, 1983-2015, Version: 2016-07-07. Retrieved from
ftp://aftp.cmdl.noaa.gov/data/trace_gases/ch4/flask/surface/

EDGAR42FT (2014). European Commission, Joint Research Centre (JRC)/Netherlands Environmental Assessment Agency (PBL). Emission
Database for Global Atmospheric Research (EDGAR), release EDGARv4.2 FT2012. Retrieved from http://edgar.jrc.ec.europa.eu

Hausmann, P., Sussmann, R., & Smale, D. (2016). Contribution of oil and natural gas production to renewed increase in atmospheric methane
(2007-2014): Top-down estimate from ethane and methane column observations. Atmospheric Chemistry and Physics, 16(5), 3227-3244.
https://doi.org/10.5194/acp-16-3227-2016

Helmig, D., Rossabi, S., Hueber, J., Tans, P., Montzka, S. A, Masarie, K., ... Pozzer, A. (2016). Reversal of global atmospheric ethane and propane
trends largely due to US oil and natural gas production. Nature Geoscience, 9(7), 490-495. https://doi.org/10.1038/nge02721

Ishijima, K., Patra, P. K., Takigawa, M., Machida, T., Matsueda, H., Sawa, Y., ... Nakazawa, T. (2010). Stratospheric influence on the seasonal cycle
of nitrous oxide in the troposphere as deduced from aircraft observations and model simulations. Journal of Geophysical Research, 115,
D20308. https://doi.org/10.1029/2009JD013322

Kirschke, S., Bousquet, P., Ciais, P., Saunois, M., Canadell, J. G, Dlugokencky, E. J., ... Zeng, G. (2013). Three decades of global methane sources
and sinks. Nature Geoscience, 6(10), 813-823. https://doi.org/10.1038/ngeo1955

Kozlova, E. A., Manning, A. C, Kisilyakhov, Y., Seifert, T., & Heimann, M. (2008). Seasonal, synoptic, and diurnal-scale variability of biogeo-
chemical trace gases and O, from a 300-m tall tower in central Siberia. Global Biogeochemical Cycles, 22, GB4020. https://doi.org/10.1029/
2008GB003209

Levin, I, Ciais, P., Langenfelds, R., Schmidt, M., Ramonet, M., Sidorov, K, ... Lloyd, J. (2002). Three years of trace gas observations over the
EuroSiberian domain derived from aircraft sampling—A concerted action. Tellus B, 54, 696-712.

Lloyd, J., Langenfelds, R. L., Francey, R. J., Gloor, M., Tchebakova, N. M., Zolotoukhine, D., ... Schulze, E. D. (2002). A trace-gas climatology
above Zotino, central Siberia. Tellus B, 54(5), 749-767. https://doi.org/10.3402/tellusb.v54i5.16726

McNorton, J., Chipperfield, M. P., Gloor, M., Wilson, C,, Feng, W., Hayman, G. D., ... Montzka, S. A. (2016). Role of OH variability in the stalling of
the global atmospheric CH, growth rate from 1999 to 2006. Atmospheric Chemistry and Physics, 16(12), 7943-7956. https://doi.org/
10.5194/acp-16-7943-2016

McNorton, J,, Gloor, E.,, Wilson, C., Hayman, G. D, Gedney, N., Comyn-Platt, E., ... Chipperfield, M. P. (2016). Role of regional wetland emissions
in atmospheric methane variability. Geophysical Research Letters, 43, 11,433-11,444. https://doi.org/10.1002/2016GL070649

Naik, V., Voulgarakis, A., Fiore, A. M., Horowitz, L. W., Lamarque, J,, Lin, M,, ... Zeng, G. (2013). Preindustrial to present-day changes in tro-
pospheric hydroxyl radical and methane lifetime from the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP).
Atmospheric Chemistry and Physics, 13(10), 5277-5298. https://doi.org/10.5194/acp-13-5277-2013

Nakazawa, T., Sugawara, S., Inoue, G., Machida, T., Makshyutov, S., & Mukai, H. (1997). Aircraft measurements of the concentrations of CO,,
CHy, N0, and CO and the carbon and oxygen isotopic ratios of CO, in the troposphere over Russia. Journal of Geophysical Research, 102,
3843-3859. https://doi.org/10.1029/96JD03131

Nisbet, E. G., Dlugokencky, E. J., Manning, M. R., Lowry, D,, Fisher, R. E,, France, J. L., ... Ganesan, A. L. (2016). Rising atmospheric methane:
2007-2014 growth and isotopic shift. Global Biogeochemical Cycles, 30, 1356-1370. https://doi.org/10.1002/2016GB005406

Ono, A, Hayashida, S., Sugita, T., Machida, T, Sasakawa, M., & Arshinov, M. (2015). Comparison of GOSAT SWIR and aircraft measurements of
XCH,4 over West Siberia. SOLA, 11(0), 160-164. https://doi.org/10.2151/s0la.2015-036

Onogi, K., Tslttsui, J., Koide, H., Sakamoto, M., Kobayashi, S., Hatsushika, H., ... Taira, R. (2007). The JRA-25 reanalysis. Journal of the
Meteorological Society of Japan, 85(3), 369-432. https://doi.org/10.2151/jms;j.85.369

Patra, P. K., Houweling, S., Krol, M., Bousquet, P., Belikov, D., Bergmann, D., ... Wilson, C. (2011). TransCom model simulations of CH, and
related species: Linking transport, surface flux and chemical loss with CH, variability in the troposphere and lower stratosphere.
Atmospheric Chemistry and Physics, 11(24), 12813-12837. https://doi.org/10.5194/acp-11-12813-2011

Patra, P. K., Saeki, T., Dlugokencky, E. J., Ishijima, K., Umezawa, T, Ito, A, ... Crotwell, A. (2016). Regional methane emission estimation based
on observed atmospheric concentrations (2002-2012). Journal of the Meteorological Society of Japan, 94(1), 91-113. https://doi.org/
10.2151/jms}.2016-006

Patra, P. K., Takigawa, M., Ishijima, K., Choi, B. -C., Cunnold, D., Dlugokencky, E. J., ... Langenfelds, R. (2009). Growth rate, seasonal, synoptic,
diurnal variations and budget of methane in the lower atmosphere. Journal of the Meteorological Society of Japan, 87(4), 635-663. https://
doi.org/10.2151/jms}.87.635

Reshetnikov, A. I, Paramonova, N. N., & Shashkov, A. A. (2000). An evaluation of historical methane emissions from the soviet gas industry.
Journal of Geophysical Research, 105, 3517-3529. https://doi.org/10.1029/1999JD900761

Rigby, M., Prinn, R. G,, Fraser, P. J,, Simmonds, P. G., Langenfelds, R. L., Huang, J., ... Porter, L. W. (2008). Renewed growth of atmospheric
methane. Geophysical Research Letters, 35, L22805. https://doi.org/10.1029/2008GL036037

Saeki, T., Maksyutov, S., Sasakawa, M., Machida, T., Arshinov, M., Tans, P., ... Belikov, D. (2013). Carbon flux estimation for Siberia by inverse
modeling constrained by aircraft and tower CO, measurements. Journal of Geophysical Research: Atmospheres, 118, 1100-1122. https://
doi.org/10.1002/jgrd.50127

SASAKAWA ET AL.

METHANE IN THE WEST SIBERIAN LOWLAND 11,272


https://doi.org/10.1175/2011JTECHA1427.1
https://doi.org/10.1175/2011JTECHA1427.1
https://doi.org/10.1034/j.1600-0889.1992.t01-3-00005.x
https://doi.org/10.1016/j.atmosenv.2013.07.035
https://doi.org/10.1029/97JD03738
https://doi.org/10.1002/2016JD026157
https://doi.org/10.1029/2003GL018126
ftp://aftp.cmdl.noaa.gov/data/trace_gases/ch4/flask/surface/
http://edgar.jrc.ec.europa.eu
https://doi.org/10.5194/acp-16-3227-2016
https://doi.org/10.1038/ngeo2721
https://doi.org/10.1029/2009JD013322
https://doi.org/10.1038/ngeo1955
https://doi.org/10.1029/2008GB003209
https://doi.org/10.1029/2008GB003209
https://doi.org/10.3402/tellusb.v54i5.16726
https://doi.org/10.5194/acp-16-7943-2016
https://doi.org/10.5194/acp-16-7943-2016
https://doi.org/10.1002/2016GL070649
https://doi.org/10.5194/acp-13-5277-2013
https://doi.org/10.1029/96JD03131
https://doi.org/10.1002/2016GB005406
https://doi.org/10.2151/sola.2015-036
https://doi.org/10.2151/jmsj.85.369
https://doi.org/10.5194/acp-11-12813-2011
https://doi.org/10.2151/jmsj.2016-006
https://doi.org/10.2151/jmsj.2016-006
https://doi.org/10.2151/jmsj.87.635
https://doi.org/10.2151/jmsj.87.635
https://doi.org/10.1029/1999JD900761
https://doi.org/10.1029/2008GL036037
https://doi.org/10.1002/jgrd.50127
https://doi.org/10.1002/jgrd.50127
http://db.cger.nies.go.jp/portal/geds/index
http://db.cger.nies.go.jp/portal/geds/index

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD026836

Saito, R., Patra, P. K., Sweeney, C,, Machida, T., Krol, M., Houweling, S., ... Wilson, C. (2013). TransCom model simulations of methane:
Comparison of vertical profiles with aircraft measurements. Journal of Geophysical Research: Atmospheres, 118, 3891-3904. https://doi.org/
10.1002/jgrd.50380

Sasakawa, M., Ito, A, Machida, T, Tsuda, N., Niwa, Y., Davydov, D., ... Arshinov, M. (2012). Annual variation of CH,4 emissions from the middle
taiga in West Siberian Lowland (2005-2009): A case of high CH,4 flux and precipitation rate in the summer of 2007. Tellus B,

64(1). https://doi.org/10.3402/tellusb.v64i0.17514

Sasakawa, M., Machida, T., Tsuda, N., Arshinov, M., Davydov, D., Fofonov, A., & Krasnov, O. (2013). Aircraft and tower measurements of CO,
concentration in the planetary boundary layer and the lower free troposphere over southern taiga in West Siberia: Long-term records
from 2002 to 2011. Journal of Geophysical Research: Atmospheres, 118, 9489-9498. https://doi.org/10.1002/jgrd.50755

Sasakawa, M., Shimoyama, K., Machida, T., Tsuda, N., Suto, H., Arshinov, M., ... Maksyutov, S. (2010). Continuous measurements of methane
from a tower network over Siberia. Tellus B, 62(5), 403-416. https://doi.org/10.1111/j.1600-0889.2010.00494.x

Saunois, M., Bousquet, P., Poulter, B., Peregon, A,, Ciais, P., Canadell, J. G,, ... Zhu, Q. (2016). The global methane budget 2000-2012. Earth
System Science Data, 8(2), 697-751. https://doi.org/10.5194/essd-8-697-2016

Saunois, M., Bousquet, P., Poulter, B., Peregon, A., Ciais, P., Canadell, J. G,, ... Zhu, Q. (2017). Variability and quasi-decadal changes in the
methane budget over the period 2000-2012. Atmospheric Chemistry and Physics Discussions, 1-39. https://doi.org/10.5194/acp-2017-296

Schaefer, H., Fletcher, S. E. M,, Veidt, C,, Lassey, K. R., Brailsford, G. W., Bromley, T. M., ... White, J. W. C. (2016). A 21st-century shift from fossil-
fuel to biogenic methane emissions indicated by 13CH4. Science, 352(6281), 80-84. https://doi.org/10.1126/science.aad2705

Spivakovsky, C. M., Logan, J. A, Montzka, S. A., Balkanski, Y. J., Foreman-Fowler, M., Jones, D. B. A,, ... McElroy, M. B. (2000). Three-dimensional
climatological distribution of tropospheric OH: Update and evaluation. Journal of Geophysical Research, 105, 8931-8980. https://doi.org/
10.1029/1999JD901006

Sugawara, S., Nakazawa, T., Inoue, G., Machida, T., Mukai, H., Vinnichenko, N. K., & Khattatov, V. U. (1996). Aircraft measurements of the stable
carbon isotopic ratio of atmospheric methane over Siberia. Global Biogeochemical Cycles, 10, 223-231. https://doi.org/10.1029/96GB00038

Takigawa, M., Takahashi, M., & Akiyoshi, H. (1999). Simulation of ozone and other chemical species using a Center for Climate System
Research/National Institute for Environmental Studies atmospheric GCM with coupled stratospheric chemistry. Journal of Geophysical
Research, 104, 14,003-14,018. https://doi.org/10.1029/1998JD100105

Tan, Z,, Zhuang, Q., Henze, D. K,, Frankenberg, C., Dlugokencky, E., Sweeney, C,, ... Machida, T. (2016). Inverse modeling of pan-Arctic
methane emissions at high spatial resolution: What can we learn from assimilating satellite retrievals and using different process-based
wetland and lake biogeochemical models?. Atmospheric Chemistry and Physics, 16(19), 12,649-12,666. https://doi.org/10.5194/acp-16-
12649-2016

Tarasova, O. A, Brenninkmeijer, C. A. M., Assono, S. S., Elansky, N. F., Rockmann, T., & BraB3, M. (2006). Atmospheric CH, along the trans-
Siberian railroad (TROICA) and river Ob: Source identification using stable isotope analysis. Atmospheric Environment, 40(29), 5617-5628.
https://doi.org/10.1016/j.atmosenv.2006.04.065

Terentieva, I. E,, Glagolev, M. V., Lapshina, E. D., Sabrekov, A. F., & Maksyutov, S. (2016). Mapping of west Siberian taiga wetland complexes
using Landsat imagery: Implications for methane emissions. Biogeosciences, 13(16), 4615-4626. https://doi.org/10.5194/bg-13-4615-2016

Thompson, R. L., Sasakawa, M., Machida, T., Aalto, T., Worthy, D., Lavric, J. V., ... Stohl, A. (2017). Methane fluxes in the high northern latitudes
for 2005-2013 estimated using a Bayesian atmospheric inversion. Atmospheric Chemistry and Physics, 17(5), 3553-3572. https://doi.org/
10.5194/acp-17-3553-2017

Thonat, T., Saunois, M., Bousquet, P., Pison, |., Tan, Z., Zhuang, Q., ... Worthy, D. E. J. (2017). Detectability of Arctic methane sources at six sites
performing continuous atmospheric measurements. Atmospheric Chemistry and Physics, 17(13), 8371-8394. https://doi.org/10.5194/acp-
17-8371-2017

Tohjima, Y., Maksyutov, S., Machida, T., & Inoue, G. (1996). Airborne measurements of atmospheric methane over oil fields in western Siberia.
Geophysical Research Letters, 23, 1621-1624. https://doi.org/10.1029/96GL01027

Tohjima, Y., Wakita, H., Maksyutov, S., Machida, T., Inoue, G, Vinnichenko, N., & Khattatov, V. (1997). Distribution of tropospheric methane
over Siberia in July 1993. Journal of Geophysical Research, 102, 25,371-25,382. https://doi.org/10.1029/97JD02244

Tsuruta, A., Aalto, T., Backman, L., Hakkarainen, J., van der Laan-Luijkx, I. T., Krol, M. C,, ... Peters, W. (2017). Global methane emission esti-
mates for 2000-2012 from CarbonTracker Europe-CH4 v1.0. Geoscientific Model Development, 10(3), 1261-1289. https://doi.org/10.5194/
gmd-10-1261-2017

Umezawa, T., Goto, D., Aoki, S., Ishijima, K., Patra, P. K, Sugawara, S., ... Nakazawa, T. (2014). Variations of tropospheric methane over Japan
during 1988-2010. Tellus B, 66(1). https://doi.org/10.3402/tellusb.v66.23837

Umezawa, T., Machida, T., Aoki, S., & Nakazawa, T. (2012). Contributions of natural and anthropogenic sources to atmospheric methane
variations over western Siberia estimated from its carbon and hydrogen isotopes. Global Biogeochemical Cycles, 26, GB4009. https://doi.
org/10.1029/2011GB004232

Winderlich, J.,, Chen, H., Gerbig, C,, Seifert, T., Kolle, O., Lavric, J. V., ... Heimann, M. (2010). Continuous low-maintenance CO,/CH,/H,0
measurements at the Zotino Tall Tower Observatory (ZOTTO) in Central Siberia. Atmospheric Measurement Techniques, 3(4), 1113-1128.
https://doi.org/10.5194/amt-3-1113-2010

Worthy, D. E. J,, Chan, E,, Ishizawa, M., Chan, D., Poss, C,, Dlugokencky, E. J,, ... Levin, . (2009). Decreasing anthropogenic methane emissions
in Europe and Siberia inferred from continuous carbon dioxide and methane observations at Alert, Canada. Journal of Geophysical
Research, 114, D10301. https://doi.org/10.1029/2008JD011239

Yamada, K., Yoshida, N., Nakagawa, F., & Inoue, G. (2005). Source evaluation of atmospheric methane over western Siberia using double
stable isotopic signatures. Organic Geochemistry, 36(5), 717-726. https://doi.org/10.1016/j.orggeochem.2005.01.016

SASAKAWA ET AL.

METHANE IN THE WEST SIBERIAN LOWLAND 11,273


https://doi.org/10.1002/jgrd.50380
https://doi.org/10.1002/jgrd.50380
https://doi.org/10.3402/tellusb.v64i0.17514
https://doi.org/10.1002/jgrd.50755
https://doi.org/10.1111/j.1600-0889.2010.00494.x
https://doi.org/10.5194/essd-8-697-2016
https://doi.org/10.5194/acp-2017-296
https://doi.org/10.1126/science.aad2705
https://doi.org/10.1029/1999JD901006
https://doi.org/10.1029/1999JD901006
https://doi.org/10.1029/96GB00038
https://doi.org/10.1029/1998JD100105
https://doi.org/10.5194/acp-16-12649-2016
https://doi.org/10.5194/acp-16-12649-2016
https://doi.org/10.1016/j.atmosenv.2006.04.065
https://doi.org/10.5194/bg-13-4615-2016
https://doi.org/10.5194/acp-17-3553-2017
https://doi.org/10.5194/acp-17-3553-2017
https://doi.org/10.5194/acp-17-8371-2017
https://doi.org/10.5194/acp-17-8371-2017
https://doi.org/10.1029/96GL01027
https://doi.org/10.1029/97JD02244
https://doi.org/10.5194/gmd-10-1261-2017
https://doi.org/10.5194/gmd-10-1261-2017
https://doi.org/10.3402/tellusb.v66.23837
https://doi.org/10.1029/2011GB004232
https://doi.org/10.1029/2011GB004232
https://doi.org/10.5194/amt-3-1113-2010
https://doi.org/10.1029/2008JD011239
https://doi.org/10.1016/j.orggeochem.2005.01.016


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


