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Abstract. We use the estimated lifetime of methane (CH4),
the current methane concentration, and its annual growth
rate to calculate the global methane emission rate. The up-
per and lower limits of the annual global methane emission
rate, depending on loss of CH4 into the stratosphere and
methane consuming bacteria, amounts to 648.0 Mt a−1 and
608.0 Mt a−1. These values are in reasonable agreement with
satellite and with much more accurate in situ measurements
of methane. We estimate a mean tropospheric and mass-
weighted temperature related to the reaction rate and em-
ploy a mean OH-concentration to calculate a mean methane
lifetime. The estimated atmospheric lifetime of methane
amounts to 8.28 years and 8.84 years, respectively. In order
to improve the analysis a realistic 3D-calculations should be
performed.

Keywords. Atmospheric composition and structure (geo-
chemical cycles, middle atmosphere – composition and
chemistry, troposphere composition and chemistry)

1 Introduction

Methane (CH4) is an important greenhouse gas and has a
warming potential 25 times per molecule larger than that
of carbon dioxide (CO2). Its atmospheric concentration has
more than doubled by anthropogenic impact since the prein-
dustrial time (e.g. Etheridge et al., 1998; Forster et al., 2007;
Allan et al., 2007; Kirschke et al., 2013). A large body of
publications dealt with the preindustrial methane level (e.g.
Rasmussen and Khalil, 1984; Chappellaz et al., 1990; Brook
et al., 1996; Etheridge et al., 1998, 2002). The preindustrial
level of methane according to Chappellaz et al. (1990), lay

at 0.650 ppmv, Etheridge et al. (1998) derived 0.695 ppmv,
and later Etheridge et al. (2002) increased this value to
0.823 ppmv. Kirschke et al. (2013) stated a mixing ratio of
0.830 ppmv close to that value of Etheridge et al. (2002).
Natural variations (increasing for wet and warm periods) also
influenced the methane level in the past, so that no constant
concentration occurred in the preindustrial time (Rasmussen
and Khalil, 1984), but the mixing ratio varied around a mean
value. The increase of the methane concentration did stag-
nate, or it increased very slowly, since the nineties of the past
century (e.g. Dlugokencky et al., 2003; Simpson et al., 2006).
It increases slightly in present time (e.g. Khalil et al., 2007;
Frankenberg et al., 2011). Bergamaschi et al. (2013) found
a significant rise of methane and its emission again since
2006 which is, however, essentially smaller than the strong
increase in the 20th century. The greatest part of the recent
increase is contributed to the tropics and mid-latitude of the
Northern Hemisphere (Bergamashi et al., 2013).

The current tropospheric mixing ratio lies between 1.75
and 1.8 ppmv (Krol et al., 1998; Dlugokencky et al., 2003;
Frankenberg et al., 2005; Khalil et al., 2007; Frankenberg
et al., 2011; Kirschke et al., 2013), after Climate Change
2007: Working Group I: The Physical Science Basis, IPCC
Fourth Assessment Report: Climate Change 2007 in 2005
1774.62±1.22 ppbv. A surface-based monitoring by four net-
works exhibits very consistent observations. In these net-
works are involved NOAA (National Oceanic and Atmo-
spheric Administration, Dlugokencky et al., 2011), AGAGE
(Advanced Global Atmospheric Gases Experiment, Rigby et
al., 2008), CSIRO (Commonwealth Scientific and Industrial
Organization, Francey et al., 1999), and UCR (University of
California Irvin, Simpson et al., 2012). According to their
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accurate observations the mixing ratio in 2010 amounted to
1799± 2 ppbv.

There are numerous natural and anthropogenic sources of
methane. In the past, various groups try to estimate the con-
tribution of different individual sources. If the lifetime of
methane and its concentration in the atmosphere are known
then one can calculate the global emission rate.

The lifetime of methane was estimated to range between 8
and 12 years: 10± 2 years according to Krol et al. (1998);
7.9 years increasing to 8.4 years in 2050 according to
Lelieveld et al. (1998); 8.7±1.3 years according to the fourth
IPCC assessment report (2007); and 9.2 years in the 5th
Assessment Report (2011). Prinn et al. (2005) published
9.3 (+0.7, −0.6) years and Prather et al. (2012) estimated
9.1±0.9 years. John et al. (2012) list a survey of estimations
about the change in methane lifetime since the preindustrial
time. The lifetime can be estimated if the mean hydroxyl
(OH) concentration, the tropospheric temperature, and some
additional methane sinks are known. The main of additional
(secondary) sinks are losses by methane consuming bacteria
(5 %) and loss into the stratosphere (7 %) (Reay et al., 2007).
Lawrence et al. (2001) used smaller values (1 %) for the loss
into the stratosphere. A possible methane sink due to oxi-
dation by atomic chlorine in the marine boundary layer was
introduced by Allan et al. (2001, 2007), but its real share in
the methane destruction is still under discussion. Other minor
sinks are the reactions with other constituents such as O(1D),
etc.

Prather et al. (2012) estimated forτCH4-OH = 11.2±

1.3 years, for τCH4-bacteria= 120 years, for τCH4-strat=

150 years, and for a possible oxidation by atomic chlorine
in the marine atmospheric boundary layer 200 years (accord-
ing to Allan et al., 2007). For the period 1979–1993 Dentener
et al. (2003) calculated forτCH4-OH = 9.0±1.3 years. For the
period 1978–2004 Prinn et al. (2005) estimated a lifetime of
10.2 (+0.9,−0.7) years. A similar value of 10.2± 1.7 years
found Fiore et al. (2009). Other estimations range in the same
order: 9.8± 1.6 years (Vougarakis et al., 2013), 9.9 (+1.66,
−1.76) years (Stevenson et al., 2006).

The main loss of CH4 in the troposphere is the reac-
tion with OH. OH reacts with CH3CCl3 (methyl chloroform
MCF). The reaction of OH with methyl chloroform as an
efficient radical sink modulating the long-term tropospheric
OH concentration was widely discussed in the literature (e.g.
Prinn et al., 1995, 2001; Houweling et al., 1999; Dentener et
al., 2003; Krol et al., 2003; Bousquet et al., 2005, 2006; John
et al., 2012). In this paper we do not calculate the balance of
OH but use published estimations of OH.

2 Calculations and results

The methane lifetime can be estimated via the reaction
with OH by using a globally averaged OH concentra-
tion and considering additional sinks (e.g. Prinn et al.,

2005; Prather et al., 2012; John et al., 2012). The re-
action rate of OH with methane amounts tor1 = 2.45×

10−12exp(−1775/T ) cm−3 s−1 (Sanders et al., 2006), and
rises with increasing temperature. The expression

τCH4 = 1/(r1 · [OH]mean+ S) (1)

is the inverse reduced loss term of methane and stands for its
lifetime or also called residence-time, whereS represents ad-
ditional sinks. We employ forS values only sinks by bacteria
and loss into the stratosphere, published by Reay et al. (2007)
and Lawrence et al. (2001) as upper (5 % + 7 %) and lower
(5 % + 1 %) limit cases, respectively. Note, we take into ac-
count only globally averaged values and neglect minor re-
actions such as a possible reaction with chlorine (Prather et
al., 2012). Although the lifetime amounts to approximately
a decade, the mixing processes are not fast enough to dis-
tribute methane evenly over the whole troposphere. We use
a mean temperature (Tmean) related to the temperature acting
in the reaction rate. The mass-weighted temperature, with re-
spect to the reaction rate, is somewhat larger than the mass-
weighted tropospheric mean temperature (Ttrop). Taking into
account additional sourcesS in a coefficientβ, the mean life-
time is then

τCH4 = 1/(β · r1(Tmean) · [OH]mean) (2)

in case where [OH]mean is known. The factorβ amounts to
1.136 and 1.0638 for the additional sinks of 12 % (5 % + 7 %)
and 6 % (5 % + 1 %), respectively.Tmeanis essentially smaller
than the global mean surface temperature becauseT de-
creases with increasing height.

The mean concentration of OH derived from several
groups listed in Table 1 by Lawrence et al. (2001) is about
[OH]mean= 106 cm−3. We use a value of 1.16× 106 cm−3,
according to Spivakovsky et al. (2000). For instance, an
OH-concentration close to 1×106 cm−3 (0.973×106 cm−3)

follows with a mean reaction related temperature from
τCH4−OH = 11.2 years (Prather et al., 2012). In the tropics,
the OH-concentration is essentially larger than outside of it
(Lawrence et al., 2001; Labrador et al., 2004; Kirschke et
al., 2013). The non-uniform latitudinal distribution of OH is
one problem in all budget calculations. Equation (2) has a
remarkable temperature sensitivity which lies in the order of
2–3 % per 1 K (2.5 % per K forT = 263.5 K, the mean re-
action related temperature of the troposphere) and increases
with decreasing temperature. The mean mass-weighted tro-
pospheric temperature can be calculated by using the expres-
sion

Ttrop =

12 km∫
0

T (z)m(z)dz

/ 12 km∫
0

m(z)dz (3)

integrated in the borders of 0 to 12 km, averaged over the
whole troposphere. Herem(z) is the mean mass of air per
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cubic centimeter at the heightz. The mean height of the
troposphere ranges coarsely in the order of 12 km. 50 % of
the atmospheric mass lies below 5.5 km, approximately. The
mean surface temperature amounts toTsurf = 287.76 K, and
the mean lapse rate isγmean= 6.5 K km−1. About 1T =

33 K in the atmosphere corresponds to 1 km scale height.

Ttrop =

∫
(Tsurf− γmean· z)exp

(
−

z · 1T

Tsurf− γmean· z

)
dz

/
∫

exp

(
−

z · 1T

Tsurf− γmean· z

)
dz (4)

exp

(
−

1775

Tmean

)
=

∫
exp

(
−1775

Tsurf− γmean· z

)
(5)

exp

(
−

z · 1T

Tsurf− γmean· z

)
dz

/
∫

exp

(
−

z · 1T

Tsurf− γmean· z

)
dz

It follows that

Tmean= −
1775

ln

( ∫
exp

(
−

1775
Tsurf−γmean·z

)
exp

(
−

z·1T
Tsurf−γmean·z

)
dz∫

exp
(
−

z·1T
Tsurf−γmean·z

)
dz

) . (6)

Using these coarse values, the mean mass-weighted
temperature of the troposphere amounts toTtrop =

−13.32◦C = 259.83 K, and the mean reaction rate related
temperature isTmean= −9.65◦C = 263.5 K, and correspond
to the heightsz(Ttrop) = 4.3 km and z(Tmean) = 3.58 km,
respectively.

We employ the lifetime of methane, the current methane
concentration and its growth rate to derive the global
methane emission rateECH4. The balance equation for
methane (analogously for other minor constituents) resolved
to the emission rate can be written as (e.g. Kirschke et al.,
2013; Sonnemann and Grygalashvyly, 2013):

ECH4 =
d[CH4]

dt
+

[CH4]

τCH4

. (7)

In case of equilibrium (d[CH4]/dt = 0) the annual emission
rate is

ECH4 = α[CH4]mixHeffSEarth/τCH4, (8)

whereECH4 stands for the global emission rate of methane,
[CH4]mix represents the globally averaged tropospheric mix-
ing ratio of methane at about 1.8 ppmv,Heff means the effec-
tive (or mean) density scale height of about 8 km (1.033 kg
air in a beam of 1 cm2 at surface area), andSEarth consid-
ers the Earth’s surface area of 5.1× 1018 cm2, and finallyα

is a factor which converts the mixing ratio given in ppmv
into mass in Mt a−1. Using the mol volume and the molar

mass of methane of 16.04 g mol−1 the factorα = 16.04×

10−6/22 414.
Figure 1 shows the global methane emission rate for

a current atmospheric methane concentration of 1.8 ppmv,
depending on lifetime including an annual growth rate of
methane of 5 ppbv a−1 and corresponding to an increas-
ing emission of 1.457 Mt a−1. (A methane increase due to
a growth rate of 5 ppbv a−1 corresponds to an increase of
the warming potential of 0.005× 25= 0.125 ppmv CO2,
coarsely 5 % of the increase due to the annual CO2 growth
rate.)

From these values, there follows an annual methane
emission rate ofECH4 = 446.66 Mt a−1 for a lifetime of
12 years, or 538.39 Mt a−1 for τCH4 = 10 years and for
τCH4 = 8 years 672.99 Mt a−1. Presently there is no equilib-
rium (d[CH4]/dt > 0), thus, a correction must be considered.
For an annual increase of 10 ppbv, according to Eq. (7), the
correction amounts to 0.01× 524.568/1.8 = 2.914 Mt a−1,
ergo the annual emission amounts to 541.3 Mt a−1 for the
10 year lifetime case.

With the mean tropospheric OH concentration of
Spivakovsky et al. (2000) we get an annual global methane
emission rate of 648.0 Mt a−1 for the first estimation of
methane loss (7 %) into the stratosphere and 608.0 Mt a−1

for the second (1 %) case. The last value agrees fairly well
with model calculations by Lelieveld et al. (1998) who es-
timated about 600 Mt a−1. These values are in reasonable
(≈ 10 %) agreement with satellite measurements of methane.
The estimated atmospheric lifetime of methane then amounts
to 8.28 years and 8.84 years, respectively.

3 Discussion

The growth rate varied at around 14 ppbv a−1 before 1990
(Blake and Rowland, 1988; Dlugokencky et al., 1998; Simp-
son et al., 2002), and it amounts presently to few ppbv a−1

(van Weele, 2010; Bergamaschi et al., 2013). After a pe-
riod of decreasing growth rate (partly even negative), the
growth rate increased again in 2007 to 8.3± 0.6 ppbv a−1

(Dlugokencky et al., 2009). But 2007 was an exceptional
year, marked among other peculiarities by a strong decrease
of the Arctic ice covering and a very warm year over the
Siberian wetland. In 2008, the global average increase of
methane amounted to 4.4± 0.6 ppbv a−1 (Dlugokencky et
al., 2009) and remained coarsely on this level after this
time (Bergamaschi et al., 2013). According to Kirschke et
al. (2013) the growth rate amounted to 11.3–12.3 ppbv a−1

in the 1980s, 4.9–6.5 ppbv a−1 in the 1990s, and 2.3–
3.6 ppbv a−1 in the 2000s indicating the slow down of the
growth rate. The increase came mainly from the tropical wet-
land. Obviously, the varying methane growth rates are also
connected with global climatic variations. Events such as El
Niño, La Niña, or the eruptions of volcano like Mt. Pinatubo
and others considerably influence the growth rate. Therefore
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Fig. 1.Global methane emission rate versus lifetime of methane for
a current atmospheric methane concentration of 1.8 ppmv. This in-
cludes an annual growth rate of methane of 5 ppbv a−1 correspond-
ing to an increasing emission of 1.457 Mt a−1. The lifetime depends
inversely on the mean OH concentration and the tropospheric tem-
perature.

it is not meaningful for the assessment of the methane trend
to consider the growth rate of isolated years.

OH is called the atmosphere cleaner, as it quickly reacts
with a large number of environmental pollutants. It deter-
mines the atmospheric oxidizing efficiency. OH is produced
by the reaction O(1D) + H2O→ 2OH, and O(1D) results
from the photolysis of ozone (O3). Both methane and ozone
are greenhouse gases. An increase of tropospheric ozone re-
duces the methane concentration. Among other reactions,
such as OH with CH3CCl3, a sink of OH is the reaction with
CO. The last reaction is included in the smog formation cycle
of ozone but in the smog formation cycle itself no hydrogen
radical loss takes place. The reactions CO+OH→CO2 + H
and H+O2 + M → HO2 + M are followed by the reaction
NO + HO2 → NO2 + OH, which forms back OH, so that the
balance of OH is more intricate as inferred from the pure OH
loss reaction with CO only. A real loss results from the re-
action NO2 + OH + M→ HNO3 + M forming highly soluble
nitric acid (HNO3). In the past, the lifetime of methane prob-
ably shortened due to an increase of tropospheric ozone and
consequently of OH as well as a slight temperature growth.
A small increase in the methane growth rate can be compen-
sated by an adequate decrease of its lifetime.

If using the preindustrial value as the natural level (caused
by wetland, termites, methane hydrates, phytoplankton in
the ocean (e.g. Sieburth and Donaghay, 1993; Zindler et
al., 2013), permafrost soil, and wild animals), the difference
should have anthropogenic sources such as livestock, rice
cultivation, coaling mining, oil and gas, landfills, biomass
burning, waste water, and others. However, natural sources
have also been influenced by anthropogenic activities like the

reduction of the area of natural wetlands or the impact on the
permafrost soil. According to Stern and Kaufmann (1996),
a considerable decrease of the natural emission occurred
between 1860 and 1990. The decline amounts to roughly
a third of its preindustrial value. Van Weele (2010) pub-
lished values for anthropogenic and natural sources derived
from SCIAMACHY onboard the ENVISAT satellite of 395
and 198 Mt a−1 (total 593 Mt a−1), respectively. Lelieveld et
al. (1998) estimated about 600 Mt a−1, with an anthropogenic
share of 70 %. Etheridge et al. (1998) derived a value of
the global emission rate of 560 Mt a−1, which tended to sta-
bilize at this level. The budget calculations for the years
after 2000 result in a minimum-maximum range of 526–
569 (mean 548) Mt a−1 (Kirschke et al., 2013). If summing
up all bottom-up emissions they get a value of 678 Mt a−1

20 % larger which possibly overestimates individual sources.
Lelieveld et al. (1998) estimated a relatively small life-

time of 7.9 years. A survey of estimated lifetimes of methane
due to reactions with OH can be found in the paper by John
et al. (2012). The values range between 9 to 11.2 years.
The consideration of other methane sinks yields according
to Prather et al. (2012) a lifetime of 9.1± 0.9 years. The
emission rate would agree with satellite measurements for
a somewhat smaller mean tropospheric OH-concentration, a
cooler mean temperature, or a larger loss by bacteria, by reac-
tion with chlorine and transport into the stratosphere, respec-
tively. However, due to the unequal latitudinal and vertical
distribution of methane, hydroxyl and chlorine as well as the
transport into the stratosphere a more realistic 3D-calculation
could also change the computed emission rate and the life-
times in certain borders.

The value of the anthropogenic methane emission also
agrees fairly well with that value inferred by Stern and
Kaufmann (1996), taking into consideration that methane
has increased slightly since that time. The SCIAMACHY-
value would agree with our calculations for a lifetime of
methane of 9.1 years (close to Prather et al., 2012) and, con-
sequently, with somewhat smaller mean OH-concentrations
of [OH]mean= 1.055× 106 cm−3 or alternatively enhanced
secondary methane sinks. Denman et al. (2007) published
total emission rates of 582± 87 Mt a−1 with 60 % anthro-
pogenic share. This value also points to a somewhat larger
lifetime.

A small decline of the methane lifetime should result,
as previously mentioned, from the increase of tropospheric
ozone. An increase of the atmospheric humidity points in
the direction of increased OH formation. A possible increase
certainly has different causes than CO, NOx, H2, and MCF,
and many other sinks for OH have also changed in the past.
In particular, the increasing CH4 concentration is a sink of
OH resulting in a cumulative feedback (John et al., 2012).
Krol et al. (1998) derived a positive OH trend of most likely
0.46 % a−1. Also John et al. (2012) reported about a small in-
crease of OH of 3 % a−1. The lifetime of methane decreased
due to OH destruction, according to Krol et al. (1998), from
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9.2 to 8.6 years from 1978 to 1993. Lelieveld et al. (1998)
reported that the lifetime of methane increased by 25–30 %
during the past 150 years to the current value of 7.9 years,
and will further increase by about 6 % until 2050, then reach-
ing 8.4 years. Note that both the production and the sinks
have changed in the past, so it is not justified to extrapolate a
trend found for a limited interval.

4 Conclusions

A precise knowledge of the lifetime and the mixing ratio of
methane are the preconditions to calculate its annual emis-
sion rate. The published range of uncertainty amounts to
±20 %. If the emission rate is known, one can split the sum
into the partial emission rates of the individual natural and
anthropogenic sources. The reason for a slowdown (or stop)
of the methane increase can result from a reduced growth
rate of methane and/or from a reduction of the methane life-
time due to an increase of [OH] and/or warming of the at-
mosphere, compensating the growth rate of emission and/or
other impacts on the loss term.

The estimations are, of course, relatively coarse. A 3D-
calculation taking into account the real global distribution
of the temperature and the estimated OH-concentration
depending on latitude, height and local time could improve
the accuracy of this estimation. Due to the high temperature
sensitivity of the OH-CH4-reaction rate the consideration
of the real temperature decreasing with altitude is rather
important. A global methane emission rate of 648.0 Mt a−1

and 608.0 Mt a−1 (7 % and 1 % methane loss into the
stratosphere, respectively) and a mean methane lifetime of
∼ 8.28 and 8.84 years result from our analysis of the present
atmospheric concentrations of methane, mean tropospheric
OH, and the percentage share of the secondary methane
sinks.hack
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