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Abstract 23 

We have carried out monthly flask sampling using aircraft, in the altitude range of 0-7 km, over 24 
the boreal wetlands in Surgut (61ºN, 73ºE; since 1993) and a pine forest near Novosibirsk (55ºN, 25 
83ºE; since 1997), both located in the West Siberian Lowland (WSL). The temporal variation of 26 
methane (CH4) concentrations at all altitudes at both sites exhibited an increasing trend with 27 
stagnation during 2000-2006 as observed globally from ground-based networks. In addition to a 28 
winter maximum as seen at other remote sites in northern mid to high latitudes, another seasonal 29 
maximum was also observed in summer, particularly in the lower altitudes over the WSL, which 30 
could be attributed to emissions from the wetlands. Our measurements suggest that the vertical 31 
gradient at Surgut has been decreasing; the mean CH4 difference between 5.5 km and 1.0 km 32 
changed from 64±5 ppb during 1995-1999 to 37±3 ppb during 2009-2013 (mean ± standard 33 
error). No clear decline in the CH4 vertical gradient appeared at Novosibirsk. Simulations using 34 
an atmospheric chemistry-transport model captured the observed decrease in the vertical CH4 35 
gradient at Surgut when CH4 emissions from Europe decreased but increased from the regions 36 
south of Siberia, e.g., East and South Asia. At Novosibirsk, the influence of the European 37 
emissions was relatively small. Our results also suggest that the regional emissions around the 38 
WSL did not change significantly over the period of our observations. 39 

 40 
1. Introduction 41 

Similarly to carbon dioxide (CO2), concentrations of other trace gasses of anthropogenic 42 
origin have risen significantly since the industrial revolution. Atmospheric CH4 showed an 43 
increasing trend with stagnation from 2000 to 2006, whose causes have frequently been debated 44 
in recent years [Dlugokencky et al., 2003; Rigby et al., 2008; Kirschke et al., 2013; Patra et al., 45 
2016; McNorton et al., 2016a, 2016b; Saunois et al., 2016]. Methane concentration in the 46 
troposphere is principally determined by a balance of surface emissions, atmospheric transport, 47 
and destruction by hydroxyl (OH) radicals [Patra et al., 2011]. Emission sources comprise 48 
anthropogenic activities such as agriculture and waste, fossil fuels, and biomass burning, and 49 
natural sources such as wetlands, fresh water ecosystems, wild animals, and geological and 50 
oceanic sources [Saunois et al., 2016]. The stagnation and the subsequent regrowth of globally 51 
observed CH4 concentration could be attributed to the temporal variation in the strength of the 52 
primary source (agriculture and waste, fossil fuels, and wetlands). The role of sink processes is 53 
less explored due to poor quantification of the interannual and inter-decadal variations in OH 54 
[Naik et al., 2013; McNorton et al., 2016a]. 55 

Interestingly, the carbon isotopic signature of CH4 clearly changed after the regrowth, 56 
which implies that biogenic emissions considerably increased after the stagnation [Schaefer et 57 
al., 2016; Nisbet et al., 2016]. Using regional emissions inversion, Patra et al. [2016] estimated 58 
that the CH4 emissions from the tropical and Southern Hemisphere regions increased by ~10 Tg 59 
yr-1 from 2004 to 2012. Based on the statistics of cattle stocks and the carbon isotopic signature, 60 
the authors concluded that the increase was due to enteric fermentation. This increased amount is 61 
incidentally similar to the emissions from the East Asian region (mainly China) due to the coal 62 
industry. Schaefer et al. [2016] rejected the hypothesis that wetland emissions had been the 63 
primary cause of CH4 regrowth and suggested that regrowth had been driven by agricultural 64 
emissions. On the contrary, Nisbet et al. [2016] proposed that tropical wetlands, as well as 65 
tropical agricultural emissions, were likely the dominant contributors to recent growth. Using a 66 
land surface model which included an improved representation of topography, McNorton et al. 67 
[2016b] estimated wetland CH4 emissions from 1993 to 2014 and showed that global wetland 68 
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emissions made only a small contribution to the pause in CH4 growth from 1999 to 2006. Their 69 
study further suggested that the increased growth after 2006 was caused partly by increased 70 
wetland emissions mainly from Tropical Asia, Southern Africa, and Australia. 71 

Using column data of ethane (C2H6) and CH4 at two observatories in the northern and 72 
Southern Hemispheres during 1999-2014, Hausmann et al. [2016] estimated that the contribution 73 
of fossil fuel emissions to the renewed CH4 increase was 39 % at a minimum. With C2H6 data 74 
from a large number of monitoring sites, Helmig et al. [2016] also found that the steady decline 75 
in the C2H6 mole fraction halted between 2005 and 2010 in most of the northern hemisphere and 76 
had since reversed, which suggested the significant increase in associated CH4 emissions from 77 
fossil fuel. As shown above, however, the increase in fossil fuel emissions is inconsistent with 78 
the changed carbon isotopic signature. 79 

Recently, a manuscript to focus on quasi-decadal and inter-annual variability in CH4 80 
emissions using the Global Carbon Project (GCP) dataset [Saunois et al., 2016] has been 81 
reviewed [Saunois et al., 2017]. In this manuscript, the ensemble of top-down studies provided 82 
by eight global inverse systems suggested a dominant contribution to the global emission 83 
increase from agriculture and waste (+10 [7-12] Tg CH4 yr-1), wetlands (+6 [-4-16] Tg CH4 yr-1), 84 
and fossil fuel-related emissions (+7 [-2-16] Tg CH4 yr-1) from 2000-2006 to 2008-2012. 85 
Saunois et al. [2017] also showed that the decrease of biomass burning emissions (-3 [-7-0] Tg 86 
CH4 yr-1) could be consistent with the carbon isotopic signature. The uncertainties of these mean 87 
emission changes are, however, very significant as shown by the range inferred by eight 88 
inversions. In summary, the cause of the stagnation and subsequent regrowth of atmospheric CH4 89 
and its attribution to different sources are still not fully resolved. 90 

The role of Siberia in the global CH4 budget is essential because it contains vast areas of 91 
natural wetland and numerous oil and gas fields that release significant amounts of natural gas as 92 
a result of leakage during fossil fuel production and transportation. Studies of CH4 behaviour and 93 
attempts to identify sources of variation have been conducted over Siberia by means of 94 
observations from aircraft [Sugawara et al., 1996; Tohjima et al., 1996, 1997; Nakazawa et al., 95 
1997; Levin et al., 2002; Lloyd et al., 2002; Yamada et al., 2005; Umezawa et al., 2012], the 96 
Trans-Siberian Railway [Bergamaschi et al., 1998; Tarasova et al., 2006], tower sites [Kozlova 97 
et al., 2008; Winderlich et al., 2010; Sasakawa et al., 2010, 2012; Dlugokencky et al., 2016]. 98 
However, most of these observations were limited to short periods or a specific season. 99 

  To capture the seasonal cycles, vertical profiles, and long-term trends of greenhouse 100 
gases, the Center for Global Environmental Research (CGER) of the National Institute for 101 
Environmental Studies (NIES) of Japan, in cooperation with ROSHYDROMET and the Russian 102 
Academy of Sciences (RAS), began periodic flask sampling using aircraft over Surgut (61°N, 103 
73°E) in 1993, over Yakutsk (62°N, 129°E) in 1996, and over Novosibirsk (55°N, 83°E) in 1997. 104 
A part of the observed data for CO2 [Saeki et al., 2013], CH4 [Saito et al., 2013], and N2O 105 
[Ishijima et al., 2010] was used for inversion analysis or validation of an atmospheric chemistry 106 
transport model. The observed CH4 concentration also validated the column-averaged dry air 107 
mole fractions of CH4 obtained by the Greenhouse gases Observing SATellite (GOSAT) [Ono et 108 
al., 2015] and was used for bias correction of satellite retrieval [Tan et al., 2016]. The present 109 
paper is the first paper to present a comprehensive description of the aircraft observations of CH4 110 
concentrations during 1993-2015 over Surgut and 1997-2015 over Novosibirsk in the WSL, 111 
where long-term continuous observations were conducted in the same manner. The objective of 112 
this paper is to (1) describe the observational method for further use of the datasets, (2) provide 113 
analyses of the CH4 time series for seasonal cycle, interannual variations, and long-term trends, 114 
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and (3) offer an interpretation of the observations using simulations by means of an atmospheric 115 
chemistry transport model. 116 

 117 
2. Method 118 

2.1 Sample area description 119 
Research flights for flask sampling in the Surgut region have been undertaken within 130 120 

km of Surgut which is one of the most important centers of oil and gas production in West 121 
Siberia. It is located in Khanty-Mansi Autonomous Area - Yugra, in the central part of the WSL. 122 
The landscape zone is a middle taiga transiting to northern taiga. Vast areas of the region under 123 
study are covered by the peatland system “Surgutskoe Polesye” which consists of numerous 124 
peatland-lake complexes parted by river valleys [Terentieva et al., 2016]. The climate is 125 
continental subarctic. The mean annual air temperature is about minus 2.5°C. Average seasonal 126 
temperatures are: -20 °C (DJF), -3°C (MAM), +15°C (JJA), and -2°C (SON). Prevailing winds 127 
blow from the southwest. 128 

Air sampling in the Novosibirsk region has been performed over the National Karakan 129 
Pine Forest located on the right bank of Novosibirsk Reservoir (Ob River). The area under study 130 
is situated in the southeast of the West Siberian Plain. The typical landscape is a forest-steppe. 131 
Numerous lakes, marshes, floodplains are also important elements of the region. The type of 132 
climate is humid continental. Prevailing winds are from the south and southwest. The mean 133 
annual air temperature over the study period (1997-2015) was +2.1 °C with inter-annual 134 
anomalies ranging from +1.4°C to -1.5°C which were caused predominantly by winter 135 
temperatures (Figure S1). The growing season lasts for about 160 days. 136 

 137 
2.2 Air sample collection 138 
Air sampling has been carried out approximately once per month using a chartered aircraft 139 

(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 140 
distance from Surgut since July 23, 1993. Air was sampled upwind of Surgut to avoid direct 141 
contamination from the city. Two samples were collected at each altitude during the level flight, 142 
and the sampling interval was 2-3 minutes. It took 40-50 minutes to collect all samples from 7.0 143 
to 0.5 km. Flights were performed around noon or in the afternoon of local time. The air sample 144 
was introduced into the cockpit through an inlet placed in front of the engine exhaust and 145 
pressurized into a Pyrex glass flask at about +0.2 MPa over cabin pressure by using an electric 146 
diaphragm pump (MOA-P101-JH or DOA-P501, GAST Manufacturing Inc.). The flask sizes 147 
have varied from 550 mL until 22 February 2005, to 500 mL and 750 mL until 26 April 2012, 148 
and are recently maintained at 750 mL. Before use, the flasks were washed using an ultrasonic 149 
cleaner filled with purified water and then dried for at least 6 hours at 100°C temperature. The 150 
stopcocks of the glass flasks and the diaphragm pump were operated manually. 151 

Until 2005 February, the air samples from Surgut were sent to Tohoku University and 152 
analyzed for CH4 concentration using a gas chromatograph equipped with flame ionization 153 
detector (GC-FID). The GC systems used were a GC-9A (Shimadzu Corp.) in earlier years and 154 
then an Agilent 6890 (Agilent Technologies, Inc.) since November 2002. Each gas sample was 155 
analyzed once or twice. Repetitive calibrations using multiple CH4 standard gas mixtures 156 
indicated that repeatability of our measurements was 3 ppb for the GC-9A and 2 ppb for the 157 
Agilent 6890 system [Umezawa et al., 2014]. The CH4 concentration was determined against the 158 
TU scale [Aoki et al., 1992], which is ~3.2 ppb higher than the WMO-CH4-X2004 scale in the 159 
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concentration range of 1755.5-1820.2 ppb (Round Robin Comparison Experiment; 160 
http://www.esrl.noaa.gov/gmd/ccgg/wmorr/). 161 

After March 2005, the air samples were sent to NIES and analyzed for CH4 concentration 162 
using GC-FID as well. The system used was HP5890 (Hewlett-Packard Comp.) until April 2014, 163 
followed by Agilent 7890A (Agilent Technologies, Inc.) for the samples collected after 24 April 164 
2014. Each gas sample was analyzed three times. The precision was 1.7 ppb in both systems. The 165 
concentration was determined against NIES 94 CH4 scale, which is ~3.7 ppb higher than the 166 
WMO-CH4-X2004 scale in the concentration range of 1755.5-1820.2 ppb (Round Robin 167 
Comparison Experiment). Both the TU and NIES scales showed good agreement in their 168 
precision. 169 

Air sampling over the pine forest area about 150 km southwest of Novosibirsk, had been 170 
conducted approximately once per month since July 23, 1997, using a research plane (Antonov 171 
An-30) operated by the Institute of Atmospheric Optics [Antokhin et al., 2012]. We have used a 172 
chartered aircraft (Tupolev Tu-134) since March 25, 2011. The air samples had been collected in 173 
500-mL Pyrex glass flasks and sent to NIES for analysis of CH4 concentration using GC-FID. 174 
We started to use 750-mL flasks on June 30, 1999, and used them together with 500-mL flasks 175 
until March 2004. Since March 17, 2004 we have used only 750-mL flasks. The system used was 176 
first HP5890 (Hewlett-Packard Comp.), followed by Agilent 7890A (Agilent Technologies, Inc.) 177 
from the samples obtained on March 18, 2014. Other sampling procedures and conditions were 178 
almost the same as those conducted over Surgut (Table 1). 179 

 180 
2.3 Tagged tracer simulations 181 
To specify which source regions affected CH4 concentrations at different altitudes of our 182 

air sampling, tagged tracer experiments were performed using the Japan Agency for Marine-183 
Earth Science and Technology’s Atmospheric Chemistry Transport Model (JAMSTEC's ACTM) 184 
[Patra et al., 2009, 2016] in the same manner as in Umezawa et al., [2012]. We have used the 185 
CH4ags case of the surface emissions based on a 53-region time-dependent inverse model using 186 
the ACTM as the forward model [Patra et al., 2016]. The ACTM is run at a horizontal resolution 187 
of T42 spectral truncations (~2.8 x 2.8º), and 67 sigma-pressure vertical levels. The surface flux 188 
field was divided into 18 regions of the globe (Figure 1), and each CH4 tracer was simulated 189 
separately with the region's flux field. The model was spun-up by repeating the simulation of the 190 
year 2000 about 20 times until no more changes in the regional tracer concentrations occurred. In 191 
this process, the simulated values at the end of 2000 were used as the initial values on 1 Jan 2000 192 
for the next simulation, and the sum of the global mean surface concentrations of all the regional 193 
tracers was every time scaled to the observed global mean on 1 Jan 2000 by applying a single 194 
scaling factor to all tracers. We confirmed that the sum of the 18 tracers and the simulated 195 
concentration with the total global flux field agreed with each other within 0.1 %. The ACTM 196 
assumes that CH4 is removed from the atmosphere by reaction with OH, Cl and O(1D) and 197 
transported globally. The concentrations of the reactants were prescribed by independent 198 
modeling results at monthly time intervals [Spivakovsky et al., 2000; Takigawa et al., 1999]. The 199 
OH and Cl concentrations varied seasonally, but the seasonality was repeated every year. Global 200 
CH4 emissions for the observation period (2001-2013) varied from 503 to 526 Tg yr−1. The 201 
model's meteorological field was nudged to Japanese 25-year Re-Analysis (JRA25) [Onogi et 202 
al., 2007] and was, thus, inter-annually variable. Patra et al., [2016] showed that the 53-region 203 
inverted emission and the ACTM simulations successfully simulated the independent CH4 204 
observations by Tohoku University over Japan within 5 ppb and the HIPPO measurements over 205 
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the central Pacific Ocean within 3 ppb, which are close to the measurement uncertainty. We also 206 
confirmed that the variations in CH4 concentrations observed at surface baseline sites around the 207 
world were reproduced well by using this model (Figure S2, S3). We interpolated temporally, 208 
horizontally, and vertically the hourly model outputs to match the collection time of each flask 209 
over Surgut and Novosibirsk to compare the model results with the observational results. 210 

 211 
2.4 Data analysis 212 
For the samples measured repeatedly, we set a criterion that the standard deviation (SD) 213 

of repeated measurements of less than two times of the precision was valid (dependent on the GC 214 
systems); i.e. we did not use the samples whose SD was bigger than 6 ppb (~Oct. 2002), 4 ppb 215 
(Nov. 2002~Feb. 2005), and 3.4 ppb (Mar. 2005~). We thus analyzed 3686 samples for Surgut 216 
and 2943 samples for Novosibirsk. The data are available from the Global Environmental 217 
Database, hosted by CGER, NIES (http://db.cger.nies.go.jp/portal/geds/index). 218 

Stratosphere-troposphere exchange (STE) is one of the important factors controlling the 219 
CH4 concentrations in the upper troposphere [Umezawa et al., 2014]. It is known that the N2O 220 
concentration has a sharp gradient around the tropopause, allowing us to detect STE events by 221 
looking for low N2O concentrations [Ishijima et al., 2010; Assonov et al., 2013]. As shown in 222 
Umezawa et al. [2014], we also sorted STE-influenced data based on low N2O concentrations 223 
measured concurrently. Detection of STE-influenced samples was made as follows. The 224 
temporal variation in N2O concentrations from each sample at the respective altitudes was 225 
detrended using curve fitting methods which consist of a function fit to the data, and digital 226 
filtering of the residuals from the fit, developed by NOAA-ESRL 227 
(http://www.esrl.noaa.gov/gmd/ccgg/mbl/crvfit/crvfit.html). The filtering method is used to 228 
transform the data into the frequency domain using a Fast Fourier Transform (FFT), apply a low 229 
pass filter function to the frequency data, then transform the filtered data to the real domain using 230 
an inverse FFT. We applied a Python code for computing the filtering method, which is available 231 
at ftp://ftp.cmdl.noaa.gov/user/thoning/ccgcrv/. Histograms of the detrended N2O at lower 232 
altitudes could be approximated by the normal distribution with a width (sigma) of up to 1.1 ppb 233 
during the measurement at Tohoku University and 0.5 ppb during the measurement at NIES 234 
(Figure S4, S5, S6). Histograms at higher altitudes were skewed to the lower concentration side 235 
due to some STE-influenced samples. Some data in the lowest altitude of 0.5 km distributed in 236 
the higher concentration side were likely due to local sources from the surface. The N2O 237 
concentration data lower than the long-term trend by more than 3.3 ppb (1.4 ppb), i.e. 3-sigma at 238 
lower altitudes, were defined as STE-influenced samples measured at Tohoku University 239 
(NIES). Our N2O criterion was close to that in Assonov et al., [2013] (1.0 ppb) and that in 240 
Umezawa et al. [2014] (2.7 ppb). We iterated the same method for the residual data and further 241 
defined STE-influenced samples (Figure S7, S8). After three iterations, no STE-influenced 242 
sample remained. To describe CH4 characteristics under normal conditions of the troposphere, 243 
we did not use the corresponding CH4 data of the STE-influenced samples (48 samples at Surgut; 244 
35 samples at Novosibirsk) for the calculation of curve fitting, and thus, excluded the data from 245 
subsequent discussions. The average of CH4 concentrations from residual samples (3638 samples 246 
at Surgut; 2908 samples at Novosibirsk) obtained at the same altitude on a certain date was 247 
regarded as representative data of the altitude on that date. The number of average data was 1933 248 
for Surgut and 1498 for Novosibirsk. 249 

Although air sampling was carried out approximately once per month, the timing was not 250 
exactly periodical, and occasionally there was no sample taken in a month. Thus, to estimate the 251 
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error in the calculated long-term trend, we used a bootstrap method in which 100 data sets with 252 
equal sizes to the original data sets (220-247 for Surgut and 185-189 for Novosibirsk at each 253 
altitude) were prepared by random resampling. Note that there were overlapped data in each 254 
bootstrap data set. We calculated the long-term trend for each of the 100 datasets at each altitude 255 
by the same method and determined the error as the SD of the 100 values. 256 

 257 
3. Results and Discussion 258 

3.1 Long-term variation and seasonality 259 
The temporal variation in CH4 concentrations at the observed altitudes over Surgut and 260 

Novosibirsk is shown in Figure 2 and Figure S9, respectively. Just as Ishijima et al. [2010] 261 
reported that stratospheric air contributed to the variation of tropospheric N2O in the 0.5-7 km 262 
altitude range at Surgut, some of our samples, particularly at 7.0 km in altitude, were affected by 263 
stratospheric intrusion (Fig. S7, S8). Most of them showed notably lower CH4 values. 264 
Tropospheric CH4 concentrations were higher with larger variability at lower altitudes due to 265 
strong CH4 emissions from the ground surface. During our observation periods, the long-term 266 
trend in globally-averaged CH4 concentrations observed at a globally distributed network by 267 
NOAA (www.esrl.noaa.gov/gmd/ccgg/trends_ch4/) showed an increase in the period of 1994-268 
1999 (2.17 ± 0.52 to 11.99 ± 0.68 ppb yr-1), stagnation of growth rate in the period of 2000-2006 269 
(-4.55 ± 0.43 to 4.60 ± 0.68 ppb yr-1), and regrowth in the period of 2007-2015 (4.63 ± 0.46 to 270 
12.60 ± 0.47 ppb yr-1). We showed the long-term trends in CH4 concentrations with the cutoff 271 
frequencies of 667, 1095, 1460 days in the low pass filter (Figure 2, Figure S9). Regardless of 272 
the cutoff frequencies in the low pass filter, the general long-term trends in the higher altitudes 273 
observed over Surgut and Novosibirsk were roughly consistent with those of globally-averaged 274 
CH4. At Surgut, significant growth rates appeared in the period of 1997-1998 followed by a 275 
negative trend around 1999-2001 (Figure 3). A positive trend then appeared even in the period of 276 
2000-2006, which continued after the year of 2007. At Novosibirsk, small or negative trends in 277 
the growth rates appeared in the period of 2000-2005 followed by regrowth since 2006. These 278 
variations in the long-term trends at both sites suggest a dominant influence of the global CH4 279 
budget on the observed long-term CH4 trend because emission signals even from the Southern 280 
Hemisphere take only about one year to reach the northern hemisphere, as defined by the inter-281 
hemispheric exchange time of ~1.4 yr [Patra et al., 2011]. On the other hand, the growth rates 282 
observed in the lower altitudes at both sites sometimes showed a different tendency with great 283 
variability from those obtained at the network by NOAA. This is due to the larger variability in 284 
CH4 concentrations induced by influence from ground emissions around Surgut and Novosibirsk 285 
compared to the weak CH4 variability at the remote stations considered in the NOAA global 286 
mean calculation. Note that the variability in growth rate could be enhanced if a shorter cutoff 287 
frequency was applied; the cutoff frequency of 1460 days was applied in Figure 3. 288 

A slight seasonality with a summer minimum was observed in the altitudes of 5.5 km and 289 
4 km over Surgut as similar to those observed at global background sites [e.g. Nisbet et al., 2016] 290 
(Figure 4). On the other hand, a distinctive seasonality with two maxima, one in winter (January 291 
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), 292 
appeared below 3 km as observed at tower sites in the WSL [Sasakawa et al., 2010]. Generally, 293 
CH4 emissions from the wetlands in the WSL increase during summer at the same time as the 294 
height of planetary boundary layer (PBL) develops well. The PBL height in the WSL sometimes 295 
exceeded 3 km in altitude during summer [Sasakawa et al., 2013]. Thonat et al. [2017] showed 296 
increased CH4 concentration at the East Siberian site (Tiksi) during summer and found that CH4 297 
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from Arctic wetlands contributed by 36 ppb on average to the CH4 concentration estimated by a 298 
chemistry-transport model, which also revealed that CH4 loss by oxidation with OH radicals 299 
could be 11 ppb at maximum in July. In Surgut, similarly, large CH4 emissions from the 300 
wetlands in the WSL likely have exceeded the zonal-mean CH4 loss by reaction with OH 301 
radicals, inducing the summer maximum below 3 km. From observations at altitudes of 2 km and 302 
1 km over Surgut for the period of 2004-2009, Umezawa et al. [2012] could not catch any clear 303 
seasonal cycle in CH4 concentrations, probably due to the limited amount of data of year-round 304 
observations (4 yr) and the high variability at lower altitudes. At the highest altitude (7 km), 305 
seasonality was not clear because the direct influence of emissions from the ground was 306 
relatively small and not-removed STE influence probably remained. In Novosibirsk, a summer 307 
maximum was observed below 2 km (Figure S10). However, the scatter in summer months was 308 
smaller than that in Surgut likely because Novosibirsk was relatively far from the wetlands 309 
situated in the northern part of the WSL. No clear seasonality appeared at higher altitudes. 310 

Lloyd et al., [2002] observed the vertical profile of CH4 below the altitude of 3 km over a 311 
tower in central Siberia during 1998-2000, and found a higher level and greater variability of the 312 
concentrations in the PBL than those in the free troposphere. Furthermore, a clear seasonality 313 
with a summer minimum appeared in the free troposphere above an estimated maximum PBL 314 
height of 2.8 km during summer. However, they did not observe any distinct seasonal pattern in 315 
the PBL, which might be the result of the characteristics of the place (taiga in central Siberia) or 316 
just the shorter observation period (<3 yr). The present manuscript is probably the first one to 317 
report the summer maximum in CH4 concentrations at as high as 3 km in altitude over the WSL. 318 

 319 
3.2 Regional contribution to the observed CH4 320 
The simulation results combining all emissions from the 18 regions are generally in 321 

agreement with the observed CH4 concentrations within one SD on a monthly basis at each 322 
altitude over Surgut (Figure S11) and Novosibirsk (Figure S12), although the simulation results 323 
showed slightly lower values during summer (June-August). At both sites, the contributions from 324 
all the regions in which significant CH4 sources are distributed (Europe, Africa, WSL, India, East 325 
Asia, Southeast Asia, Boreal North America, Temperate North America, South America in 326 
Figure 1) were dominant for the observation periods (Figure 5, S13). However, the primary 327 
factor for seasonal and short-term variations in CH4 concentrations at 1 km over Surgut and 328 
Novosibirsk was CH4 originating from Europe (Region 2) and the WSL (Region 5) (Figure S14, 329 
S15). For Surgut, the SDs of the detrended seasonal and short-term variation of each contribution 330 
at 1 km, revealed by the curve fitting methods (Section 2.4), demonstrated much higher values 331 
for the contributions from Europe (19 ppb) and the WSL (25 ppb) than from other regions (<5 332 
ppb) for the simulation period. Similarly, the SDs for Novosibirsk showed higher values for the 333 
contributions from Europe (11 ppb) and the WSL (14 ppb) than from other regions (<4 ppb). 334 
Although the SDs at 5.5 km decreased, the SDs of the contributions from Europe (7 ppb for 335 
Surgut and 6 ppb for Novosibirsk) and from the WSL (5 ppb for Surgut and 4 ppb for 336 
Novosibirsk) were still the largest in all regions. 337 

As to the long-term trend, an apparent increasing trend in the contributions from India 338 
(Region 7), East Asia (Region 9), and Southeast Asia (Region 12) was pronounced (Figure 6, 339 
S16), causing an increasing trend for the combined CH4 concentration for Surgut and 340 
Novosibirsk. On the other hand, a decreasing trend appeared only in the contribution from 341 
Europe for both sites. It rarely happens that a transport pattern only from Europe changes 342 
dramatically in the decadal span. The annual cumulative value of used emissions from Europe 343 
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was 62.81 Tg in 2001 which decreased by 0.50±0.15 Tg yr-1 until 2013, suggesting that the 344 
decline in the emissions from Europe primarily produced the decrease in contribution from 345 
Europe instead of a change in transport pattern. The total CH4 emissions from 38 European 346 
countries listed in the Emissions Database for Global Atmospheric Research showed a 347 
decreasing trend of -0.29±0.02 Tg yr-1 for the period of 2001-2012 [EDGAR42FT, 2014]. 348 
Recently, inversion results by Tsuruta et al. [2017] reported a reduction in anthropogenic CH4 349 
emissions from Europe by 0-3 Tg CH4 yr-1 between 2000-2006 and 2008-2012. Thus, 350 
anthropogenic emissions from Europe seemed to be reduced for the period of 2001-2013 as well. 351 
The annual cumulative value of used emissions from the WSL showed a positive anomaly in 352 
2007, but there was no apparent long-term trend in the period of 2001-2013. 353 

 354 
3.3 Vertical gradient 355 
The vertical gradient in CH4 concentrations over Surgut decreased in 20 years (Figure 7b). 356 

For example, the mean vertical gradients, defined here by the difference in monthly mean values 357 
produced from the fitting method (Section 2.4), between 1 km and 5.5 km were 64 ± 5 ppb, 46 ± 358 
3 ppb, and 37 ± 3 ppb in the period of 1995-1999, 2002-2006, and 2009-2013, respectively. The 359 
results of the tagged tracer simulation showed that the difference between 1 km and 5.5 km was 360 
seen in Surgut only for emissions from Europe (Region 2), the WSL (Region 5), and the Boreal 361 
North America (Region 15) which include significant CH4 sources and lie in the same latitudinal 362 
zone as Surgut (Figure S14). Other regions did not produce any vertical gradient, indicating that 363 
CH4 emitted from other latitudinal zones was relatively well mixed toward a vertical direction 364 
during long-range transport. Although there was no discernible long-term trend in the vertical 365 
gradient of CH4 in Surgut from the WSL and the Boreal North America, the gradient from 366 
Europe exhibited a decreasing trend in recent years due to the declined emissions from Europe as 367 
mentioned above (Figure 7a). The sum of the mean vertical gradients between 1 km and 5.5 km 368 
in the contribution from Europe (22 ± 2 and 16 ± 2 ppb in 2002-2006 and 2009-2013, 369 
respectively) and the WSL (25 ± 3 and 22 ± 2 ppb in 2002-2006 and 2009-2013, respectively) 370 
can explain the observed gradients for the respective periods of 2002-2006 (46 ± 3 ppb) and 371 
2009-2013 (37 ± 3 ppb) (Figure 7b). 372 

There was no apparent tendency in the difference between the monthly means produced 373 
from the fitting method at 1 km and those at 5.5 km over Novosibirsk in 18 years (Figure 8b). 374 
The differences between the mean concentrations of the monthly means were 35 ± 2 ppb and 39 375 
± 3 ppb for the period of 2002-2006 and 2009-2013, respectively. As mentioned in Section 3.2, a 376 
major characteristic of the contribution from 18 regions at Novosibirsk was similar to that at 377 
Surgut (Figure S15, S16); the seasonal and short-term variations from Europe and the WSL were 378 
larger than those from other regions, and the contribution from Europe decreased in all altitudes. 379 
The mean vertical gradient between 1 km and 5.5 km in the contribution from Europe was, 380 
however, smaller (15 ± 1 ppb) than that at Surgut (22 ± 2 ppb) in 2002-2006. Consequently, the 381 
vertical gradient in Novosibirsk might exhibit less sensitivity to the reduction in CH4 emissions 382 
from Europe. Bruhwiler et al. [2017] reported that a trend in emissions would impact the vertical 383 
gradient at a site depending on its proximity to the emissions. No discernible weakening vertical 384 
gradient in the observed CH4 over Novosibirsk was found because Novosibirsk is situated 385 
relatively far from Europe. 386 

 387 
4. Conclusions 388 
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We have measured the vertical profiles of CH4 over boreal wetlands and taiga in West 389 
Siberia (Surgut and Novosibirsk) for several decades. We found a positive trend of the 390 
concentrations with a period of stagnation during 2000-2006 as observed globally. However, the 391 
increasing rate of the concentrations was somewhat different depending on the altitude, inducing 392 
a negative trend in the vertical gradient of the concentration over Surgut. The mean vertical 393 
gradient in the early period (1995-1999) was clearly steeper than that in the subsequent periods 394 
(Figure 9). The negative trend remained, and hence the mean CH4 concentrations at the lower 395 
altitudes, particularly below 1.5 km altitude, got closer to the mean concentrations at higher 396 
altitudes from the period of 2002-2006 to 2009-2013. The simulation results combining our 397 
tagged tracer simulations from 18 partitions of the global emission map reproduced the decline in 398 
the vertical gradient. However, most of the contributions from the divided regions showed flat 399 
vertical profiles except for Europe, the WSL, and the Boreal North America. A significant 400 
difference appeared in the variations in the concentrations between higher and lower altitudes 401 
from the WSL and Europe, which produced the vertical gradient (Figure 9). The mean 402 
contribution below 1 km altitude influenced by the contribution from the WSL decreased from 403 
the period of 2002-2006 to 2009-2013, but the difference was in the range of errors because the 404 
contributions from the WSL demonstrated a significant variability in the lower altitudes. On the 405 
other hand, the mean vertical gradient below 2.0 km altitude from Europe became noticeable 406 
gentle from the period of 2002-2006 to 2009-2013. The contribution from the emissions from 407 
Europe has decreased since the start of the simulation (2001). It is reported that CH4 emissions 408 
from Europe have decreased since the late 1980s [Worthy et al., 2009, EDGAR42FT, 2014]. We 409 
thus concluded that the observed decreasing trend in the vertical gradient over Surgut was 410 
attributed mainly to the decreasing CH4 emissions from Europe. 411 

Over Novosibirsk, there was no apparent decreasing trend in the gradient (Figure S17). 412 
On the contrary, the vertical gradient became slightly significant below 3 km altitude from the 413 
period of 2002-2006 to 2009-2013. There was no obvious difference in the contribution from the 414 
WSL between the periods although the contribution increased only at 0.5 km altitude. 415 
Furthermore, the reduction in CH4 emissions from Europe did not appear in the contribution over 416 
Novosibirsk. The vertical gradients produced by the contribution from Europe over Novosibirsk 417 
were relatively weak compared to those at Surgut in the corresponding period, which suggests 418 
less sensitivity to the emission change from Europe at Novosibirsk. Similarly to Surgut, the 419 
contributions from other regions exhibited flat vertical profiles in both periods. No clear 420 
explanation could thus be obtained for the variation in the vertical gradient observed over 421 
Novosibirsk. 422 

Although there has been no clear description up to date of the emission trend limited to 423 
the WSL, a reduction of 2 Tg in the period of 1988-2005 in Siberia [Worthy et al., 2009] and an 424 
increasing trend of 0.30 to 0.72 Tg yr-2 in the period of 2005-2013 in Russia [Thompson et al., 425 
2017] were reported. It is beyond the scope of this paper to determine the exact amount or 426 
tendency in emissions from the WSL. It should be mentioned, however, that the simulation 427 
results combined with all emissions from 18 regions, including the emissions from the WSL with 428 
no clear trend, reproduced the observed concentrations over Surgut and Novosibirsk in the period 429 
of 2001-2013. 430 

Unfortunately, we could not produce any simulations before the year of 2000 when a 431 
drastic reduction in the vertical gradient was observed over Surgut because of lack of reliable 432 
emission map for inter-annual variations. In the early years, sporadic leakage from old facilities 433 
for gas and oil pipelines around Surgut might have been significant and likely have influenced 434 



Confidential manuscript submitted to Journal of Geophysical Research 

 

the CH4 concentrations, particularly in the lower altitudes. The facilities of pipelines have been 435 
gradually updated in recent years, and thus the leakage might be relatively small and steady 436 
[Reshetnikov et al., 2000]. Monitoring the vertical profile of CH4 over Siberia for a decadal span 437 
can help us detect the long-term variations in the emissions from northern Eurasia. Our findings 438 
also suggest the possibility that other vertical profile observations may capture the change in 439 
vertical gradient and validate the changing emissions at downwind of any region where a 440 
substantial change in emissions is thought to be taking place, e.g. China, India, and South East 441 
Asia. 442 
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 679 
Figure 1. Map showing the 18 source regions in the tagged tracer experiments. Triangles in 680 
white and black indicate the location of Surgut and Novosibirsk, respectively. Colors show 681 
annual CH4 emissions for 2009. 682 
 683 
Figure 2. Temporal variation in CH4 concentrations (black dots) observed over Surgut and their 684 
long-term trend lines. Green, blue, and red lines were calculated with the cutoff frequencies of 685 
667, 1095, 1460 days, respectively (Section 2.4). Dotted curves indicate the range of estimated 686 
errors by the bootstrap method. Blue crosses denote STE-influenced samples that we did not use 687 
for the trend calculation. 688 
 689 
Figure 3. Temporal variations in the growth rate (ppb yr-1) of CH4 concentrations for each 690 
altitude (m ASL) over Surgut and Novosibirsk. These lines were derivatives of the long-term 691 
trend lines with the cutoff frequency of 1460 days in Figure 2. Gray shades indicate the range of 692 
estimated errors by the bootstrap method (Section 2.4). Step lines and error bars indicate annual 693 
increases in globally-averaged CH4 and its one SD, obtained from the network by NOAA 694 
(https://www.esrl.noaa.gov/gmd/ccgg/trends_ch4/). 695 
 696 
Figure 4. Box and whisker plot of monthly variations in CH4 concentrations relative to the long-697 
term trend line calculated with the cutoff frequency of 1460 days over Surgut. The whiskers 698 
extend to the most extreme data point which is no more than 1.5 times the interquartile range 699 
from the box. Individual outliers are shown as crosses outside the whiskers. 700 
 701 
Figure 5. Stacked chart for temporal variation of the contributions from 18 regions at four 702 
altitudes over Surgut. 703 
 704 
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Figure 6. Long-term trend in the contribution of 18 regions at 5.0 km and 1.0 km over Surgut. 705 
All data have applied the offset at the first data of 2001. The lines were calculated by the curve 706 
fitting method (Section 2.4). Gray shades indicate the range of estimated errors by the bootstrap 707 
method (Section 2.4). 708 
 709 
Figure 7. (a) Temporal variation in the monthly means of contribution from Europe (red) and the 710 
WSL (blue) of the tagged simulation to the concentration at 1 km (solid line) and 5.5 km (dotted 711 
line) over Surgut. The monthly means were produced from the fitting method (Section 2.4) and 712 
offset by the first value of 5.5 km from each region. (b) Temporal variation in the vertical 713 
difference between 1 km and 5.5 km of the monthly mean values produced from the fitting 714 
method over Surgut. Horizontal dashed lines indicate the mean values during 1995-1999, 2002-715 
2006, and 2009-2013. Area chart shows the vertical gradient calculated for emissions from 716 
Europe (pink), the WSL (light blue), and Boreal North America (gray). Horizontal red and blue 717 
lines indicate the mean values for Europe and the WSL, respectively, during 2002-2006 and 718 
2009-2013. 719 
 720 
Figure 8. (a) Temporal variation in the monthly means of contribution from Europe (red) and the 721 
WSL (blue) of the tagged simulation to the concentration at 1 km (solid line) and 5.5 km (dotted 722 
line) over Novosibirsk. The monthly means were produced from the fitting method (Section 2.4) 723 
and offset by the first value of 5.5 km from each region. (b) Temporal variation in the vertical 724 
difference between 1 km and 5.5 km of the monthly mean values produced from the fitting 725 
method over Novosibirsk. Horizontal dashed lines indicate the mean values during 2002-2006 726 
and 2009-2013. Area chart shows the vertical gradient calculated for emissions from Europe 727 
(pink), the WSL (light blue), and Boreal North America (gray). Horizontal red and blue lines 728 
indicate the mean values for Europe and the WSL, respectively, during 2002-2006 and 2009-729 
2013. 730 
 731 
Figure 9. (a) Mean vertical profile of CH4 concentrations over Surgut for the periods of 1995-732 
1999, 2002-2006, and 2009-2013. The data were offset by the mean values of 5.5 km in each 733 
period. Error bars indicate standard errors. Closed and open symbols indicate observed and total 734 
simulated data, respectively. Contribution from (b) Europe, the (c) WSL, and (d) Boreal North 735 
America are shown for the periods of 2002-2006 and 2009-2013. 736 
 737 
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