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ABSTRACT
We have conducted systematic observations of the CH

4
 mole fraction and its carbon isotope ratio (δ13C) at Ny-Ålesund, 

Svalbard (78°55′N, 11°56′E) using air samples collected weekly since 1991 and 1996, respectively. The CH
4
 mole 

fraction showed long-term increase until 1999, stagnation between 2000 and 2006, followed by an increase after 
2006. On the other hand, δ13C showed monotonous increase until 2006 and decrease after 2006. By comparing the 
rates of change in the CH

4
 mole fraction and δ13C under the assumption that the atmospheric CH

4
 lifetime is constant, 

it is suggested that the temporal pause of the CH
4
 mole fraction observed at Ny-Ålesund is attributed to reductions 

of CH
4
 release from the microbial and fossil fuel sectors. On the other hand, the increase in CH

4
 after 2006 could be 

ascribed to an increase in microbial CH
4
 release. The CH

4
 and δ13C data presented in this paper would be useful for 

clarifying their temporal variations in the Arctic atmosphere, as well as providing additional constraints on the global 
CH

4
 budget.

Keywords: atmospheric methane, stable carbon isotope, greenhouse gas, Arctic

1.  Introduction

Atmospheric CH
4
 is one of the most important gases for the 

atmospheric greenhouse effect and the atmospheric chemistry 
(Saunois et al., 2016). To predict future climate change more 
precisely, characterizing variations in the CH

4
 sources and sinks 

and their response to climate variability is indispensable. Sys-
tematic observations of the atmospheric CH

4
 mole fractions 

since the 1980s revealed that the mole fraction significantly in-
creased in the 1980s and the 1990s, stabilized globally around 
2000 and then increased again from 2006 to the present (Rigby 
et al., 2008; Dlugokencky et al., 2009). However, since many 
CH

4
 sources are distributed inhomogeneously throughout the 

globe and their respective contributions to atmospheric CH
4
 

are difficult to distinguish using observations of the atmospher-
ic CH

4
 mole fraction alone, the source(s) responsible for the 

long-term CH
4
 variations have not been clearly identified yet 

(Saunois et al., 2016). In addition, the temporal change in the 
CH

4
 removal rate, which occurs mainly through reaction with 

the OH radical, is not quantitatively well understood (Dalsøren 
et al., 2016).

The stable carbon isotope of atmospheric CH
4
 (δ13C relative 

to V-PDB) provides us with additional information for under-
standing the CH

4
 cycle, as each source category, microbial, fos-

sil fuel and biomass burning, has a characteristic δ13C value of 
~−60, ~−40 and ~−25‰, respectively (Whiticar and Schaefer, 
2007). Recently, Schaefer et al. (2016) compiled global δ13C 
data observed by five institutions and analysed them using a 
box model. They found that the behaviour of CH

4
, which sta-

bilized after 1999 and increased again after 2006, could be a 
result of a reduced fossil fuel source and enhanced microbial 
source, respectively. Nisbet et al. (2016) also analysed their own 
δ13C data together with those from the National Oceanic and 
Atmospheric Administration and Institute of Arctic and Alpine 
Research, University of Colorado (NOAA/INSTAAR) (White 
et al., 2015), which indicated that the increase in the release 
of CH

4
 from wetlands was responsible for the CH

4
 regrowth 

after 2006. However, the institutions conducting systematic 
δ13C observations are still limited and the δ13C data are sparse. 
For more detailed investigation of the variations in atmospheric 
CH

4
, additional and independent δ13C data are required.

Tellus B: 2017. © 2017 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The data presented in this paper are downloadable from the website (http://caos.sakura.ne.jp/tgr/data/en).

Citation: Tellus B: 2017, 69, 1380497, https://doi.org/10.1080/16000889.2017.1380497

1

  *Corresponding author. e-mail: mon@m.tohoku.ac.jp

http://creativecommons.org/licenses/by/4.0/
http://caos.sakura.ne.jp/tgr/data/en
mailto:mon@m.tohoku.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1080/16000889.2017.1380497&domain=pdf


2 S. Morimoto et al.

gases, the repeatability of our CH
4
 mole fraction measurement 

was estimated to be within 1.0 ppb (one standard deviation [1 
s.d.]). In this paper, the CH

4
 mole fraction is expressed as ‘ppb’, 

which has the same meaning as ‘nmol mol−1’. δ13C of CH
4
 was 

determined by using a GC-Combustion-Isotope Ratio Mass 
Spectrometer (IRMS) based on MAT-252 (Thermo Fischer). 
The repeatability of our δ13C analysis was determined to be 
within 0.13‰ (1 s.d.) by replicate analyses of our CH

4
-in-air 

‘test gas’ between June 2000 and September 2001, and then 
improved to 0.08‰ in September 2001 and further to 0.06‰ in 
August 2002 (Morimoto et al., 2006). The air samples collected 
before June 2000 were analysed when the repeatability was 
0.08‰. An intercomparison of the δ13C scale with the National 
Institute of Water and Atmosphere (NIWA), New Zealand, 
conducted in 2004, showed that our scale was heavier than 
the NIWA scale by 0.33  ±  0.04‰. This number is different 
from that reported by Morimoto et al. (2006), since the data 
conversion from our internal scale to the V-PDB scale was 
updated. The internal consistency of our δ13C analyses over a 
long period of time was confirmed by analysing ‘check gas’ 
with the known δ13C value every analysis day. In addition, we 
have maintained five CH

4
-in-air standard gases of which δ13C 

values were determined against V-PDB. By comparing them 
periodically, we confirmed that their mutual relationship was 
invariant during the period covered by this observation.

We have continued systematic observations of the CH
4
 

mole fraction and δ13C of CH
4
 using air samples collected 

at Ny-Ålesund, Svalbard since 1991 and 1996, respectively 
(Morimoto et al., 2006). In this paper, we present long-term 
variations of the CH

4
 mole fraction and δ13C at Ny-Ålesund 

until the end of 2013 and discuss the causes of the atmospheric 
CH

4
 variations based on the δ13C data.

2.  Experimental procedures

Weekly air sampling began at the Japanese observatory at  
Ny-Ålesund, Svalbard in 1991 in cooperation with the 
Norwegian Polar Institute, and sample analyses of the CH

4
 

mole fraction and δ13C have been conducted at our laboratory 
in Japan since 1991 and 1996, respectively. The sampling site is 
40 m above sea level and about 2.6 km north of Zeppelin station 
where air samples have been collected for the NOAA/Global 
Monitoring Division (NOAA/GMD). Since details of our air 
sampling and analysis procedures for the CH

4
 mole fraction and 

δ13C have already been given (Aoki et al., 1992; Morimoto et 
al., 2006, 2009), only a brief explanation is presented here.

The CH
4
 mole fraction was determined against our standard gas 

scale maintained at Tohoku University using a gas chromatograph 
(GC) equipped with a flame ionization detector (Aoki et al., 
1992). From repetitive calibration of the CH

4
-in-air standard  
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Fig. 1. Temporal variations of the CH
4
 mole fraction (a) and δ13C of CH

4
 (b) observed at Ny-Ålesund, Svalbard. Also shown are their best-fit curves 

(solid lines) and long-term trends (broken lines).
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3.  Results and discussion

Figure 1a and b show the CH
4
 mole fractions and δ13C values 

observed at Ny-Ålesund, respectively, along with their best-
fit curves and long-term trends, obtained by using a digital- 
filtering technique (Nakazawa et al., 1997). In the curve fitting 
procedure, the cut-off period of the low-pass filter was set to 
four months to derive the best-fit curves to the data and to five 
years to extract the long-term trends. As described in Nakazawa 
et al. (1997) in detail, the digital-filtering method employed in 
this study never causes the phase shift in finally obtained output 
signals, since the output from the filter is reversed and then 
passed through the filter again to compensate for the phase shift.

As seen in the figures, the CH
4
 mole fraction and δ13C showed 

clear seasonal cycles superimposed on the long-term trends. 
Average peak-to-peak amplitudes of the CH

4
 and δ13C seasonal 

cycles are 45 ppb and 0.44‰, respectively. The amplitudes and 
seasonal phase are similar to those previously reported (Morimoto 
et al., 2006). The CH

4
 mole fraction increased from 1991 to 

2000, stagnated until around 2006, and then resumed increasing 
at a similar rate as the 1990s after 2006. Such a stepwise CH

4
 

increase has also been observed around the world (Rigby et al., 
2008; Dlugokencky et al., 2009). The CH

4
 variations observed at 

Ny-Ålesund are similar to those at Alert and Barrow by NOAA/
GMD (Dlugokencky et al., 2016). On the other hand, δ13C 
observed at Ny-Ålesund shows a continuous increase from 1996 

to around 2006 and a decrease afterwards, with smaller temporal 
variability than at Alert (White et al., 2015).

For a close examination of the CH
4
 trend changes around 

2000 and 2006, a stepwise line fitting (Reinsel et al., 2002), as-
suming slope change at two points, was applied to the long-term 
component of CH

4
 derived by the digital filtering. We selected 

2000.8 and 2005.8 (decimal year; hereinafter the same expres-
sion is used) as the points where the slope changed to minimize 
the sum of squared residuals of the stepwise fitting. To evaluate 
the standard error of the average rate of increase due to short-
term CH

4
 variations and/or measurement error, we conducted 

a residual bootstrap analysis with 5000 pseudo time series of 
the CH

4
 mole fraction. The stepwise linear fitting and bootstrap 

analysis were also applied to the δ13C data with the same set-up 
as above. Figure 2 shows the long-term components of the ob-
served CH

4
 mole fraction and δ13C, along with the lines derived 

by the stepwise fitting. The average rates of increase in the CH
4
 

mole fraction and δ13C for each segment are listed in Table 1, 
along with their standard errors and 95% confidence intervals. 
The average rate of increase depends on where the points of 
slope change are set, as well as on how the cut-off period of 
the digital filter is chosen to extract the long-term component 
from the observed time series. To examine the sensitivity of the 
rate of increase on the given points, we calculated the rate of 
increase by shifting the two points by ±0.5 years around 2000.8 
and 2005.8, respectively. The result indicated that the changes 
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Fig. 2. Long-term components of the CH
4
 mole fraction (a) and δ13C (b) at Ny-Ålesund, Svalbard obtained by using the digital filtering technique in 

which the cut-off period was set to 5 years. Also shown are the regression lines for each segment obtained by the stepwise fitting, given the points of 
slope change at 2000.8 and 2005.8 (decimal year).
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Such a stepwise change in the rate of increase was observed 
globally (Dlugokencky et al., 2009), and the global average rate 
of increase calculated from the NOAA/GMD global data from 
2000 to 2006 was 0.4 ± 3.1 ppb yr−1 (1 s.d.). On the other hand, 
the rate of increase in δ13C observed at Ny-Ålesund showed a 
small value of 0.006 ± 0.003‰ yr−1 (1 s.e.) for 1996.0–2000.8 
and 0.012  ±  0.002‰ yr−1 for 2000.8–2005.8. Schaefer et al. 
(2016) reported that the global average δ13C constructed from 
the data at 17 sites by 5 institutions increased until 1999 and 
then levelled off until the end of 2006. The δ13C data at the 
northern mid-latitudes used by Rice et al. (2016) showed a 
long-term increase at an average rate of +0.022 ± 0.027‰ yr−1 
in the 1990s and a stabilization to a rate of –0.01 ± 0.027‰ yr−1 
in 2000–2010. The difference between the rates of change in 
δ13C obtained at Ny-Ålesund and by Rice et al. (2016) could 
be partly due to the different periods in the respective slope 
calculations.

Dlugokencky et al. (2003) reported that the annual increase 
rate of the globally-averaged CH

4
 mole fraction decreased with 

time from the beginning of their observation in 1984 until 2002, 
suggesting that the CH

4
 budget is heading toward steady state, 

if the lifetime of atmospheric CH
4
 is constant. On the other 

hand, Schaefer et al. (2016) showed from their box-model sim-
ulations that the CH

4
 increase rate gradually decreased when a 

constant CH
4
 emission (steady state) is assumed after 1992 and 

that the CH
4
 emission should be reduced temporally to repro-

duce the observed CH
4
 variations by the model. Considering 

that our observation period is close to that in Schaefer et al. 
(2016), we assume in the following discussion that the decline 
in the rate of increase in the CH

4
 mole fraction around 2000.8 

is due to changes in the CH
4
 budget, rather than due to an ap-

proach to steady state.
To evaluate the aggregated δ13C value of the CH

4
 sources that 

caused the CH
4
 slope change at Ny-Ålesund at 2000.8, we em-

ployed the formulation presented by Lassey et al. (2000) and 
simplified it as:

 

where δ
source

 is the average δ13C of contributing CH
4
 sources, 

Δ𝛿̇ and ΔĊ are the rates of change in the δ13C and CH
4
 slopes 

before and after 2000.8, respectively, and C and δ
a
 denote the 

observed atmospheric CH
4
 mole fraction and δ13C at 2000.8, 

respectively. By substituting the numbers given in Table 1 into 
Equation (1), we obtained –50.2 ± 2.4‰ for δ

source
. With this 

value CH
4
 is isotopically heavier than biogenic CH

4
 (–58 to 

–62‰) and lighter than CH
4
 from fossil fuel (–37 to –44‰) and 

biomass burning (–7 to –27‰) (Whiticar and Schaefer, 2007). 
Recently, Schwietzke et al. (2016) estimated globally averaged 
δ13C of CH

4
 from fossil fuel sources to be –44.0 ± 0.7‰. Their 

value is still higher than the δ
source

 obtained in this study. We did 
not find any significant trend in the CH

4
 release from biomass 

burning for 1999–2014, by inspecting an updated version of 

(1)𝛿
source

=
Δ𝛿̇

ΔĊ
C + 𝛿

a
,

in the rate of increase were within the standard errors, obtained 
by the bootstrap analysis, shown in Table 1. We further calcu-
lated the average rates of increase in the CH

4
 mole fraction and 

δ13C from the long-term component extracted with the cut-off 
period of 2 years. As a result, we confirmed that the stiffness 
of the digital filter does not affect the conclusion of this study.

The atmospheric CH
4
 mole fraction is determined by a bal-

ance between the CH
4
 released from sources and CH

4
 removal, 

mainly through reaction with the OH radical. In previous stud-
ies, the CH

4
 removal rate was estimated by atmospheric chem-

istry models and forward/inversion calculations, with proxies 
such as methyl chloroform (CH

3
CCl

3
) (e.g. Spivakovsky et al., 

2000; Montzka et al., 2011; Voulgarakis et al., 2013; Patra et 
al., 2014). Recently, McNorton et al. (2016) derived temporal 
variations of the atmospheric OH by analysing CH

3
CCl

3
 data 

with a box model, and proposed that small variations in OH 
played an important role in the stagnation of the CH

4
 mole frac-

tion between 1999 and 2006. Rigby et al. (2017) and Turner  
et al. (2017) also suggested, from their inversion calculations 
of CH

3
CCl

3
, CH

4
 and δ13C of CH

4
, that fluctuations in the CH

4
 

removal rate, as well as an increase in CH
4
 emissions from the 

2000s, are responsible for the CH
4
 stagnation in the early 2000s 

and the regrowth after 2007. In spite of these studies, we ana-
lysed our observed CH

4
 trend in terms of CH

4
 sources, consid-

ering that there still remain uncertainties in the long-term trend 
and interannual variations of the CH

4
 removal rate (Dalsøren et 

al., 2016). If the assumption that the atmospheric OH is invar-
iant is not the case, the results obtained in this analysis would 
be modified to some extent. To include potential effects arisen 
from the OH radical, further observations and modelling stud-
ies on quantification of its temporal variations are required.

3.1.  CH
4
 levelling off from 2000 to 2006

As shown in Table 1, the average rate of increase in the 
CH

4
 mole fraction observed at Ny-Ålesund decreased from 

4.5 ± 0.2 ppb yr−1 (one standard error, [1 s.e.]) in the period of 
1991.0–2000.8 to 0.3 ± 0.2 ppb yr−1 in 2000.8–2005.8, the rate 
of increase differing by 4.2 ppb yr−1 between the two periods. 

Table 1. The average rate of increase in CH
4
 (ppb yr−1) (a) and δ13C (‰ 

yr−1) (b) for given periods, together with their respective standard errors 
(s.e.) and 95% confidence intervals (C.I.) obtained using the bootstrap 
analysis.

Period Increase rate s.e. 95% C.I.

(a)

1991.0–2000.8 4.5 0.2 [4.2, 4.8]
2000.8–2005.8 0.3 0.2 [–0.1, 0.8]
2005.8–2014.0 5.5 0.2 [5.1, 5.8]

(b)

1996.0–2000.8 0.006 0.003 [0.000, 0.012]
2000.8–2005.8 0.012 0.002 [0.008, 0.017]
2005.8–2014.0 −0.014 0.005 [–0.024, −0.004]
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et al. (2006) using CH
4
 data and by Rice et al. (2016) using CH

4
 

and δ13C data showed an increase in fossil fuel CH
4
 emission 

after 2000, coincident with a reduction in wetland emission. To 
balance the 13CH

4
 budget in the atmosphere, they also required 

a reduction in the release of CH
4
 from biomass burning during 

1984–2009.

3.2.  Regrowth of CH
4
 after 2006

The average rate of increase in CH
4
 observed at Ny-Ålesund 

increased from 0.3  ±  0.2  ppb  yr−1 for 2000.8–2005.8 to 
5.5 ± 0.2 ppb yr−1 for 2005.8–2014.0, as shown in Table 1, with 
a slope change of 5.1 ± 0.4 ppb yr−1 at 2005.8. Our rate of in-
crease after 2005.8 approximates the result of Rice et al. (2016) 
in which the average rate of increase of CH

4
 at the northern 

mid-latitudes (35–48 °N) for 2006–2010 was 4.6 ± 1.3 ppb yr−1 
(95% confidence interval). On the other hand, the rate of increase 
of δ13C at Ny-Ålesund decreased from 0.012  ±  0.002‰ yr−1  
for 2000.8–2005.8 to –0.014  ±  0.005‰ yr−1 for 2005.8–
2014.0, with a slope change between the two periods of 
–0.027 ± 0.005‰ yr−1. The δ13C rate of increase after 2005.8 
is smaller than the globally averaged rate of –0.027‰ yr−1 for 
2006–2014, which was calculated from the data-set presented 
by Schaefer et al. (2016). This discrepancy would be due to 
latitudinally dependent rate of increase in δ13C, since δ13C had 
a more gentle temporal decrease in the northern high latitudes 
than in the southern hemisphere after 2006 (Schaefer et al., 
2016). In fact, the δ13C rate of increase at Barrow and Alert for 
2006–2014 were –0.019  ±  0.006 and –0.018  ±  0.009‰ yr−1, 
respectively, which were calculated using the data tabulated in 
the supplemental information of Schaefer et al. (2016).

By using Equation (1) and the related rates of change shown 
in Table 1, the average δ13C value of CH

4
 sources that enhanced 

the CH
4
 increase at 2005.8 was estimated to be –56.9 ± 4.1‰. 

(van der Werf et al., 2010) based on the Global Fire Emissions 
Database version 4 (GFED4s) (Giglio et al., 2013). Therefore, 
the flattening of the CH

4
 increase observed at Ny-Ålesund after 

2000.8 could be attributable to a simultaneous reduction in CH
4
 

release from biogenic and fossil fuel sources.
Figure 3 shows precipitation and soil moisture anomalies 

calculated at wetland and rice paddy regions in the tropics 
(24°N–24°S) and northern high latitudes (44–90°N) (Matthews 
and Fung, 2003), using CMAP Precipitation Data and CPC Soil 
Moisture Data (available from the websites given in References). 
In this calculation, possible inflow of precipitation in mountain 
areas to the two regions was assumed to be a small effect. As 
can be seen from this figure, precipitation and soil moisture in 
the tropics decreased in the first half of the 2000s. Considering 
that biogenic CH

4
 production is enhanced with increasing water 

table depth (e.g. Wania et al., 2013), these decreasing trends are 
qualitatively consistent with a reduction in CH

4
 emissions from 

wetlands and/or rice paddies, which are the dominant biogen-
ic CH

4
 sources. The intercomparison project of process-based 

models for wetland CH
4
 emissions (WETCHIMP) gave widely 

variant results on the interannual variations in CH
4
 release from 

wetlands (Wania et al., 2013). On the other hand, Zhu et al. 
(2015) showed that the CH

4
 release from wetlands was reduced 

in 2000–2006 by using their process-based model.
Our observation data of CH

4
 and δ13C at Ny-Ålesund indicate 

that the fossil fuel CH
4
 source became weak at the beginning of 

the 2000s, in addition to the biogenic source, while Schaefer 
et al. (2016) suggested that the fossil fuel sector was a main 
contributor to the levelling off of CH

4
 from 1993 to 2006. The 

different results between the two studies are arisen from the 
different temporal behaviours of δ13C. The global average trend 
of δ13C found by Schaefer et al. (2016) stagnated between 2000 
and 2006; however, our data show a rather monotonous increase 
during the period. Atmospheric inversion studies by Bousquet 
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well as providing additional constraints on the estimation of the 
global CH

4
 budget. In addition to the δ13C and CH

4
 observa-

tions, it is also important for constraining the CH
4
 budget to 

measure the hydrogen isotope of CH
4
 (δD–CH

4
) and 14C–CH

4
.
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2016; Schaefer et al., 2016). However, it is difficult to under-
stand only from the δ13C data which microbial source, wetland 
(Nisbet et al., 2016) or ruminant (Schaefer et al., 2016), contrib-
uted to what extent of the CH

4
 regrowth. Since the precipitation 

shows large positive anomalies in 2006–2007 globally and trop-
ical soil moisture was restored to pre-2000s levels after 2006, 
as shown in Fig. 3, the tropical wetlands and/or rice paddies 
are responsible for the CH

4
 regrowth after 2006 to some extent.

There still exists disagreement about the cause of the CH
4
 

regrowth after 2006. Several studies claimed that CH
4
 from fos-

sil fuels increased continuously after 2007 (Bergamaschi et al., 
2013; Helmig et al., 2016; Hausmann et al., 2016; Kirschke 
et al., 2013). As already suggested by Schaefer et al. (2016), 
additional CH

4
 input to the atmosphere from fossil fuel sources 

requires a concurrent reduction in the CH
4
 release from iso-

topically heavier sources, such as biomass burning, to balance 
the 13CH

4
 budget in the atmosphere. To understand the CH

4
 

regrowth after 2006 in more detail, further studies including 
inventory, process-based modelling and top-down approaches 
are required.

4.  Concluding remarks

We have conducted systematic observations of the CH
4
 mole 

fraction and δ13C of CH
4
 at Ny-Ålesund, Svalbard (78°55′N, 

11°56′E) since 1991 and 1996, respectively. The temporal var-
iations of the CH

4
 mole fraction at Ny-Ålesund were similar 

to the global average variations reported by previous studies, 
showing a long-term increase until 1999, a flattening between 
2000 and 2006 and an increase after 2006. On the other hand, 
δ13C increased until 2006 and then decreased. By conducting 
simple analysis of the observed CH

4
 and δ13C data under the 

assumption of constant CH
4
 removal rate, an aggregated δ13C 

value of –50‰ was found for the CH
4
 sources that caused the 

CH
4
 flattening at Ny-Ålesund, suggesting that a simultaneous 

decline in biogenic and fossil fuel CH
4
 sources could have oc-

curred between 2000 and 2006. The data analysis also found the 
source δ13C to be –57‰ for the CH

4
 regrowth after 2006, which 

means that the cause is due to biogenic sources.
Although our data analysis is still qualitative, the CH

4
 and 

δ13C data presented in this paper would be useful for clarifying 
their short-term and long-term variations in the atmosphere, as 
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