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Abstract

The global methane growth rate showed large variations after the eruption of Mount
Pinatubo in June 1991. Both sources and sinks of tropospheric methane were altered
following the eruption, by feedback processes between climate and photo-chemistry.
Such processes include Ultra Violet (UV) radiative changes due to the presence of vol-5

canic sulfur dioxide (SO2) and sulphate aerosols in the stratosphere, and due to strato-
spheric ozone depletion. Changes in temperature and water vapour in the following
years caused changes in the tropospheric chemistry, as well as in natural emissions.
We quantify the effects that these processes had on methane concentrations using a
one-dimensional chemistry model representative for the global tropospheric column.10

To infer the changes in UV radiative fluxes, we couple the chemistry model to a ra-
diative transfer model. We find that the overall effect of the eruption on the methane
growth rate is dominated by the effect of stratospheric ozone depletion. However, all
the other processes are found to have non-negligible effects, and should therefore be
taken into account in order to obtain a good estimate of methane concentrations after15

the eruption. We find that the overall effect was a small initial increase in the methane
growth rate after the eruption, then a decrease by about 8 ppbyr−1 by mid-1993. When
changes in anthropogenic emissions are employed according to emission inventories,
an additional decrease of about 5 ppbyr−1 in the methane growth rate is obtained be-
tween the years 1991 and 1993.20

1 Introduction

Methane is the second most abundant anthropogenic greenhouse gas in the atmo-
sphere after CO2. Its concentration in the atmosphere has increased since preindus-
trial times by a factor of 2.5 (Dlugokencky et al., 2011). A good understanding of the
processes responsible for variations in the methane concentration is needed for mak-25

ing future predictions and developing mitigation strategies. However, the evolution of
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the methane concentration in the atmosphere in the past two decades is not fully un-
derstood (Montzka et al., 2011a). The growth rate of methane was generally positive
and showed a decreasing trend during the 80s and 90s, with year to year fluctuations
(Dlugokencky et al., 2003). As shown in Fig. 6b, particularly large fluctuations were
observed in the years following the eruption of Mount Pinatubo in 1991 (Dlugokencky5

et al., 1994, 1996; Bekki and Law, 1997; Butler et al., 2004; Bousquet et al., 2006).
After a peak of about 16 ppbyr−1 near the time of the eruption, the globally averaged
methane growth rate dropped to –2 ppbyr−1 in late 1992, remaining negative for the
second half of the year 1992 (Dlugokencky et al., 2003). A subsequent recovery of the
growth rate to 7 ppbyr−1 was observed by the end of 1993.10

Changes in the global methane concentration are determined by either changes
in methane emissions or by changes in the methane lifetime. Methane is emitted from
both natural sources (wetlands, oceans and termites) and anthropogenic sources (agri-
culture, fossil fuel exploitation, waste treatment and biomass burning). The lifetime of
methane in the atmosphere is determined by the reaction of methane with the hydroxyl15

radical (OH) in the troposphere, by the uptake of methane by soils and by the destruc-
tion of methane in the stratosphere. The main sink is, however, the reaction with OH,
and the other processes contribute by only 10–15 % to the methane loss (Prather et al.,
2001; Spahni et al., 2011). Levels of OH are determined by tropospheric photolysis re-
actions driven by UV radiation, by water vapour levels, and by non-linear tropospheric20

chemistry. Because OH reacts with these species, its abundance is sensitive to at-
mospheric concentrations of methane (CH4), nitrogen oxides (NOx), carbon monoxide
(CO) and non-methane volatile organic compounds (NMVOC). Montzka et al. (2011b)
showed by inversions of methyl chloroform that global tropospheric OH is relatively sta-
ble to perturbations, having an interannual variability of 2.3±1.5% for the period 199825

to 2007. Such a small variability was shown to be consistent with the small interannual
variability in methane concentrations. In a previous study, Prinn et al. (2005) found an
interannual variability in tropospheric OH of 7 to 9 %.
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The eruption of Mount Pinatubo triggered a multitude of photochemical effects (Mc-
Cormick et al., 1995), including feedbacks between climate and atmospheric photo-
chemistry, which contributed to the observed evolution of the methane concentrations.
The different processes had both positive and negative impacts on the methane growth
rate, affecting methane emissions and the methane lifetime. From satellite observa-5

tions it is estimated that the eruption emitted about 18±4Tg (Guo et al., 2004). Vol-
canic SO2 absorbs UV radiation between 290 nm and 330 nm, thus its presence in the
stratosphere would lead to a decrease in tropospheric photolysis (Dlugokencky et al.,
1996). Since OH formation in the troposphere depends on the photolysis of ozone to
O(1D), the UV absorption by SO2 would lead to a longer methane lifetime. SO2 stayed10

in the stratosphere for a few months, forming sulphate aerosols with an e-folding time
of 23–25 days (Guo et al., 2004). Sulphate aerosols have been observed by the SAGE
II satellite instrument for up to 4 yr after the eruption at heights between 15 and 30 km
with a maximum aerosol optical depth (AOD) at 550 nm of approximately τ = 0.15 about
7 months after the eruption (Russell et al., 1996; Thomason et al., 1997). Scattering15

of solar radiation by sulphate aerosols would lead to a further reduction of photolysis
frequencies in the troposphere, thus to a longer methane lifetime. Another secondary
effect on the methane lifetime is triggered by the destruction of stratospheric ozone on
sulphate aerosols. A maximum global ozone depletion of 5 % has been observed by
TOMS about two years after the eruption after removing the effect of the quasi-biennial20

oscillation (QBO) (Randel et al., 1995). Changes of similar magnitude have been ob-
tained in modelling studies (Kinnison et al., 1994; Bekki and Pyle, 1994), and were
attributed to enhanced heterogeneous ozone-depleting reactions on sulphate aerosols
and changes in circulation due to stratospheric aerosol heating. Stratospheric ozone
loss would lead to an increase of UV radiation in the troposphere, and thus to a higher25

OH abundance and a shorter methane lifetime.
The eventual fate of the volcanic sulfur is deposition to the surface. The modelling

results of Gauci et al. (2008) indicate that deposition of 122 Tg SO2 emitted by the Laki
eruption lead to a decrease of 8.8 Tgyr−1 in methane emissions from wetlands in the
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two years following the eruption. As a rough estimate assuming linearity, the Pinatubo
eruption would lead to 1.3 Tg decrease in the emissions. We consider this effect to be
small and do not investigate it further here.

Other effects of the eruption on methane have occurred because of temperature
changes after the eruption (Bekki and Law, 1997). The scattering of shortwave radia-5

tion by aerosols led to an increase in the reflected solar radiation of up to 10 Wm−2 at
the top of the atmosphere (Bender et al., 2010). This affected tropospheric tempera-
tures, leading to an observed global cooling by up to 0.45 ◦C in the two years following
the eruption (Free and Angell, 2002). Bender et al. (2010) show that ten general circu-
lation models give a maximum decrease of 0.5 ◦C in response to the observed changes10

in the shortwave radiative flux after the eruption. They attribute the 0.05 ◦C difference
between models and observations to the coinciding El Niño event.

Temperature changes trigger changes in the chemical composition of the atmo-
sphere, as well as in natural sources related to biogenic activity. A decrease in tem-
perature would generally slow down photochemical transformations. In particular, the15

slowdown of the reaction between methane and OH would lead to higher tropospheric
methane concentrations (Bekki and Law, 1997). In the study of Soden et al. (2002) it is
found that the cooling after the eruption is associated to a maximum global decrease of
3 % in the water vapour column in both observations and model simulations. Less water
vapour in the troposphere would imply less OH formation from ozone, because of the20

intermediate reaction of O(1D) with water. This would increase the methane lifetime,
leading to methane build-up in the atmosphere. Natural emissions from wetlands, ac-
counting for about 30 % of the total emissions in the year 2004 (Spahni et al., 2011), are
sensitive to temperature and soil moisture changes. Furthermore, natural emissions of
NMVOC are known to be temperature dependent (Guenther et al., 1993). A decrease25

of the surface temperature would result in a reduction of both methane emissions from
wetlands and biogenic NMVOC emissions. Biogenic emissions of NMVOC are also
dependent on the amount of photosynthetically active radiation (PAR) reaching the
surface (Guenther et al., 1993). Decrease in PAR fluxes because of enhanced aerosol
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scattering would further decrease these emissions. While a reduction in methane emis-
sions directly impacts methane concentrations, a decrease in NMVOC emissions may
have an effect on OH, and thus impose an indirect impact on the methane lifetime.

The eruption of Pinatubo also had impacts on the dynamics of the atmosphere,
which might have influenced OH and methane concentrations. It was inferred in the5

4-box modelling study of Schauffler and Daniel (1994) that heating of the stratosphere
may increase the exchange between the stratosphere and the troposphere, leading
to a decrease in tropospheric methane concentrations. However, Lowe et al. (1997)
suggest that a large effect of enhanced stratosphere-troposphere exchange would be
inconsistent with the decrease in δ13C observations in this period.10

Although the processes presented above are known to have contributed to the evo-
lution of the methane growth rate after the Pinatubo eruption, their relative magnitudes
are still unclear. Methane observations show the net outcome of these processes and
other processes not related to the eruption, such as changes in anthropogenic emis-
sions. The growth rate changes after the eruption have been attributed in other studies15

to changes in either sources or sinks. Dlugokencky et al. (1994) relate the decrease in
methane growth rate in 1992 to a decrease in anthropogenic emissions. Dlugokencky
et al. (1996) show that the methane and CO evolution in 1991 and early 1992 is con-
sistent with a decrease in OH for up to a year after the eruption. The modelling study
of Bekki and Law (1997) shows that the growth rate of methane in 1991/1992 can be20

explained by reduced emissions from wetlands. The inverse modelling study of Butler
et al. (2004) reveals a global source-sink imbalance of 27 Tg methane for the year 1991
and –19 Tg for the year 1992. In their inverse modelling studies, Bousquet et al. (2006)
and Wang et al. (2004) both find a decrease in wetland emissions of 20–25 Tg. between
1991 and 1993. Bousquet et al. (2006) also find reductions in the biomass burning and25

anthropogenic emissions, as well as in the OH sink for this period. In contrast, Wang
et al. (2004) postulate an increase in OH due to reduced stratospheric ozone. Using
a two-dimensional model, Bekki et al. (1994) conclude that half of the methane growth
rate reduction in 1992 can be attributed to the effect of decreased stratospheric ozone.
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In the modelling study of Telford et al. (2010) it is found that natural isoprene emissions
have a minimum in early 1993, yielding an increase in the methane sink of 5 Tgyr−1.
Telford et al. (2010) also show that variations in meteorology lead to a decrease in
the methane sink of up to 14 Tgyr−1, mainly due to changes in temperature and water
vapour following the eruption. To our knowledge, no complete study has been made5

to include all competing effects of the Pinatubo eruption and to analyze the processes
responsible for OH and methane growth rate variations. Quantifying these processes
may help us gain a better understanding of the methane budget and, consequently, to
make better predictions of the future atmospheric burdens.

In this study we will use a simplified tropospheric column chemistry model to assess10

the changes in the methane growth rate after the Pinatubo eruption and the relative
contributions of the various processes. First, we will analyse how the steady state of
the chemical system changes when varying individual conditions (emissions, photoly-
sis frequencies, water vapor). The impact on the equilibrium state of the tropospheric
column gives us an idea about the drivers of methane and OH concentrations, and15

about the relative magnitude of different processes. Next, this evolution is contrasted
to a transient simulation, in which the system is not allowed to reach a steady state,
but responds to transient perturbations. This will show that not only the magnitude of
the perturbation plays a role, but also the duration. Due to limitations of the model,
the effect of changes in the dynamics of the atmosphere are not studied here. Since20

isoprene constitutes more than 80 % of the biogenic NMVOC emissions, only changes
in isoprene emissions will be included in the steady-state perturbations.

A detailed description of the column chemistry model is presented in Sect. 2. In
Sect. 3.1 we show sensitivities of the model, and evaluate its performance in rep-
resenting the global atmosphere in the period 1890–2005. We show our results on25

steady-state and transient methane changes after Pinatubo in Sect. 3.2, and conclu-
sions are drawn in Sect. 4.
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2 Model setup

The model used in this study is a one-dimensional column chemistry model, coupled
to the radiation model TUV (Madronich, 1993, http://cprm.acd.ucar.edu/Models/TUV/).
The chemistry model can be used both in steady-state and transient versions. The
effects of atmospheric perturbations on photolysis frequencies are calculated with the5

radiative transfer model TUV, and then employed in the chemistry model.

2.1 The column chemistry model

In this exploratory study we use a strongly simplified model that represents the tropo-
sphere in 10 vertical layers of 1.5 km thickness each. The chemical scheme employs
8 chemical species, of which 5 are transported between adjacent layers (O3, NOx,10

CH4, CO, RH). OH, HO2 and RO2 are not transported, but calculated in steady state
with the longer-lived transported species. Here RH stands for NMVOC, and RO2 for
peroxy-radicals formed from NMVOC and methane oxidation.

Vertical transport is defined by vertical diffusivity factors of 5 m2 s−1 between the
first two layers (at 1.5 km), 2 m2 s−1 between the second and 3rd layers (at 3 km) and15

1 m2 s−1 higher up. No flux to the stratosphere is considered except for ozone and
methane. For ozone, we fix the concentration in the upper layer (at 13.5 km) at 81 ppb.
A flux of 40 Tgyr−1 to the stratosphere is considered for methane, following Prather
et al. (2001).

The chemical reactions included are presented in Table 1. We run our model with all-20

day all-year averaged reaction rates and photolysis frequencies. The 0.9 CO yield from
methane oxidation is comparable to that found by complex 3-D global chemistry models
(Shindell et al., 2006). The yield of CO from the oxidation of NMVOC varies greatly
between species (Grant et al., 2010). We use here a global CO yield from NMVOC of
0.5. Methane oxidation produces CH3O2, which may react with NO, producing at least25

one molecule of HO2 through all the reaction pathways. CH3O2 is included in the model
as RO2, together with other compounds produced from NMVOC oxidation. Thus an
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HO2 yield y from the reaction of RO2 and NO is considered, equal to the ratio between
the CH3O2 production from methane and the total RO2 production. For computational
reasons, we use a global yield determined using a steady-state assumption. The rate
of production of CH3O2 from methane oxidation is equal to the rate of loss of methane
in this reaction. Assuming steady state, this is equal to the emission rate of methane5

(ECH4). Similarly, the rate of RO2 production from NMVOC is equal to the emission rate
of NMVOC (ERH). Therefore y is taken as ECH4

ECH4+ERH
.

Dry deposition of ozone and NO2 are included with a deposition velocity of 1.0×
10−3 ms−1, and an additional loss of NO2 through heterogeneous reactions is consid-
ered, with a velocity of 1.5×10−4 ms−1 throughout the column.10

We track the steady state under changing conditions by implementing the model in
the AUTO software for continuation and bifurcation (Doedel et al., 2001). This soft-
ware tracks the steady state of a system of ordinary differential equations as a function
of a certain parameter, such as emissions or photolysis frequencies. Our system of
8 chemical species and 10 vertical layers leads to 80 coupled equations with 80 un-15

knowns to be solved by AUTO.
A time-dependent version of the chemistry model performs transient simulations us-

ing the Euler Backward Iterative scheme with a time step of one hour.

2.2 Photolysis frequencies

The TUV model version 4.1 is used to calculate the effects of SO2, aerosols and ozone20

column on tropospheric photolysis frequencies. Yearly averaged photolysis frequencies
are calculated by averaging daily averaged photolysis frequencies at 20◦ N for the 15th
of the months of March, June, September and December. This latitude band is used
because photochemistry is most active in the tropics, and in order to have a good
representation of the four seasons.25

For the base scenario, the climatological aerosol profile of Elterman (1968) is used,
with an aerosol single scattering albedo of 0.99.
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2.3 Emissions and atmospheric parameters

Global anthropogenic emissions for NOx, CO, methane and NMVOCs are taken from
EDGAR 4.1 yearly values for the years 1970–2005 (European Commission and Joint
Research Centre (JRC)/Netherlands Environmental Assessment Agency (PBL), 2010),
and EDGAR-HYDE decadal emissions for the years 1890–1970 (Van Aardenne et al.,5

2001). Natural emissions used are described in Huijnen et al. (2010), except for
methane emissions, which are taken from Spahni et al. (2011) posterior values. To
obtain a smooth variation in emissions, we interpolate the NOx and CO emission data
by a 6th degree polynomial, and the methane and NMVOC emissions by a 7th degree
polynomial. The evolution of methane emissions implemented in the model is shown in10

Fig. 3.
In addition to surface NOx emissions, we add yearly 5 Tg N of NOx from lightning,

evenly distributed throughout the column.
Profiles of temperature, water vapour, ozone, and air density for 20◦ N were derived

from the global 3-D chemistry transport model TM5 (Huijnen et al., 2010) driven by ERA15

Interim meteorological fields (Dee et al., 2011) for the year 2005. These are applied
both in TUV and in the column chemistry model. The ozone columns for the four months
used here are respectively 325, 328, 330 and 295 Dobson Units (DU).

2.4 Implementation of Pinatubo perturbations

The perturbations implemented in TUV and the column chemistry model are sum-20

marised in Table 2. To compute the perturbations in photolysis frequencies and PAR
flux after Pinatubo in TUV, we implement single forcings of 5 % decrease in ozone col-
umn, 2.54 DU increase in SO2, equivalent to 18.5 Tg SO2, and 0.15 increase in AOD.
SO2 and aerosols are considered to be evenly distributed around the world and be-
tween 15 and 30 km altitude. In the column chemistry model, the perturbations in pho-25

tolysis frequencies and PAR flux are then scaled with the magnitudes of the forcing,
thus assuming that the effects of these processes are linear. In addition, we assume
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additivity between the different processes by adding the perturbations in photolysis
frequencies and PAR flux when more than one process is considered. We tested the
effect of this assumption on our results, by performing two simulations: one in which we
used photolysis rates calculated with TUV by implementing all the forcings at the same
time, and one in which we implemented each forcing separately and assumed additiv-5

ity. The difference in the surface methane steady-state concentration between the two
simulations is 0.5 ppb, which is small compared to the magnitude of the perturbations
related to the eruption.

The time evolution of the forcings assumed in the column chemistry model is based
on observed values, and is shown in Fig. 1. For SO2, we consider an exponential de-10

cay with an e-folding time of 24 days and a starting global mean concentration of 2.54
DU directly after the eruption. For the aerosol optical thickness and surface tempera-
ture changes, we interpolate the GISS monthly averaged data (Hansen et al., 2010;
Thomason et al., 1997) in the 4.5 and 3.5 yr following the eruption, respectively. The
resulting evolution has a peak at approximately 7 and 15 months after the eruption,15

respectively, and then a smooth decay, which is extended for 10 yr. To a 0.5 ◦C tem-
perature decrease at the surface, we associate a tropospheric temperature change of
0.5 ◦C decrease below 214.4 mbar, and a 1 ◦C increase at 87.7 mbar, following the ob-
servations from Free and Angell (2002), and interpolate between these values. These
profile changes are then scaled with the magnitude of the surface temperature change.20

For ozone decrease, we also use an evolution that has a peak of 4.5 % two years after
the eruption and then decays to 0, following the results of Randel et al. (1995).

The water vapour profile as a function of temperature change is evaluated using
the Clausius Clapeyron equation, assuming constant relative humidity. Variations in
emissions of methane from wetlands due to temperature are calculated using the Q1025

temperature dependence relation (Dunfield et al., 1993), with a Q10 value of 2. For
a temperature decrease of 0.5 ◦C, we find that methane wetland emissions decrease
from 171.8 Tgyr−1 to 165.9 Tgyr−1. The isoprene emission changes are computed by
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using the MEGAN-like dependence on temperature and PAR flux emission as in Guen-
ther et al. (1993).

All the perturbations are implemented both in the steady-state and transient ver-
sions of the model, starting with 1990 steady-state concentrations. We compare the
effect of the eruption to the effect of variations in anthropogenic sources by performing5

two additional transient simulations. In the first one we employ variable yearly anthro-
pogenic emissions from EDGAR 4.1, while keeping the biomass burning emissions
constant to 1990 values. In the second one we include variable anthropogenic emis-
sions, fixed biomass burning emissions, as well as the forcing of the eruption. These
later two simulations are performed starting from the steady state in the year 1890,10

using EDGAR-HYDE emissions for the spin-up period between 1890 and 1970.

3 Results and discussion

3.1 Model sensitivities

Even though the model presented above contains many simplifications, we will show
below that the model performs reasonably well in representing the global state of the15

troposphere. In this respect, we present a series of sensitivities and make comparisons
with values found in the literature.

Figure 2 shows the steady-state profiles for methane, O3, NOx, and CO obtained
by the steady-state model for the years 1890 and 1990. The yearly emission values
used are shown in Table 3. Surface concentrations found by our model fall well within20

the range of observations. Methane in the year 1990 decreases with altitude by about
200 ppb throughout the troposphere. CO concentrations for the same year decrease
with altitude from 160 ppb at the surface to 20 ppb near the tropopause. The NOx profile
has the typical C-shape due to the emissions by lightning and the longer lifetime of
NOx in the upper troposphere. Ozone in the boundary layer is produced from NOx and25

hydrocarbons, while higher up it is mostly determined by the stratospheric boundary
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condition. This leads to a decrease with respect to altitude in the first few kilometers,
and then an increase towards the stratosphere.

Between the years 1890 and 1990, we find increases in ozone, CO and methane,
which are more pronounced near the surface due to increases in emissions. For NOx
we find increases both near the surface, because of increased emissions, as well as5

near the tropopause, due to an increase in the NOx lifetime at this altitude. This is
consistent with a decrease in OH at this altitude due to higher methane. In the study
of Wang and Jacob (1998), zonal averaged profiles for ozone, OH, NOx and CO are
computed using a three-dimensional model of tropospheric chemistry for the preindus-
trial and year 1990 conditions. Concentrations of ozone and NOx near the surface are10

somewhat higher in our model, possibly due to the fact that no differentiation is made
between land and ocean in our simplified single column model. Their values for CO
show also much less variability throughout the column, possibly due to the fact that we
did not formulate a convective redistribution of the column. In terms of changes in con-
centrations between preindustrial setup and the year 1990, our model finds generally15

lower relative changes than the study of Wang and Jacob for O3, NOx and CO, possibly
be due to the different emission sets that are used. However, the 38 % increase in OH
that we find in the first layer, and about 20 % decrease between 6 and 12 km altitude
compare well with their study.

In Table 4, we compare the ozone, OH and CO budgets given by our model for the20

year 1990 to global budgets found by several 3-dimensional chemistry transport models
presented in the papers of Williams et al. (2012); Stevenson et al. (2006); Shindell et al.
(2006). Overall, our model falls within the uncertainties of these models in terms of OH
and CO burdens and budgets. CO and methane lifetimes are also modeled realistically,
certainly when one considers the huge simplifications of the chemical system and the25

simplified representation of the global atmosphere. Ozone production and deposition
are quite high, likely due to the choice of tropical conditions to represent the global
troposphere.
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We further verify the sensitivity of the model to changes in the methane emissions.
The effect of methane emission changes on the methane concentration is enhanced
by the feedback via the methane lifetime. To describe this process, a feedback fac-
tor a can be defined as dCH4

CH4
= adECH4

ECH4
, where dCH4 stands for the small perturbation

in the methane concentration determined by a small perturbation dECH4 in methane5

emissions. We find that a has a value of 1.37 for the year 1990, which falls within the
range of 1.2–1.6 found in the Second Assessment Report of the IPCC (Prather et al.,
1996). Isaksen et al. (2011) also finds a feedback factor of 1.5 for an increase of 100 Tg
in methane emissions. Furthermore, the recycling probability of OH, defined by differ-
entiating between the OH primary production from ozone photolysis and secondary10

production from recycling processes (Lelieveld et al., 2002), is 0.41. This is slightly
lower than the global mean value of 0.5 found by Lelieveld et al. (2002), likely due to
the relatively high water vapour concentrations in the tropospheric profiles used here.

Another sensitivity that is important to our study is the sensitivity of methane to
changes in the ozone column. Our model gives a sensitivity factor of tropospheric15

methane to changes in ozone column of –1.57. This means that a 1 % increase in
the ozone column leads to a 1.57 % decrease in tropospheric methane. This sensitivity
is found to be –0.98 in the study of Camp et al. (2001), using observations of methane
from Cape Grimm station, and ozone columns from TOMS between 40–45◦ S. Using
a two-dimensional model Fuglestvedt et al. (1994) estimate this factor to be –0.79.20

Similarly, our model calculates a sensitivity factor of tropospheric OH to changes in
ozone column of 1.69, compared to other studies that find values between 0.7 and
0.99 (Camp et al., 2001). The differences are most likely caused by the relatively high
temperature and water vapour used in our model. We selected an atmospheric column
close to the tropics, because the photochemical activity, important for the methane25

budget, is high in the tropics. Our compromise leads to a relatively large sensitivity of
methane to stratospheric ozone compared to full 3-D models. Given these sensitivities,
results should be interpreted with care.
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Evolution of methane in the last century

We test the performance of the model in simulating methane concentrations in the
period 1890–2005. Both steady-state and transient results for surface methane are
compared in Fig. 3 to global means for the period 1890 to 1990 calculated from ice
core measurements in Etheridge et al. (1998). Following the same procedure as used5

in this study, we estimate global mean concentrations for the period 1985 to 2005
based on the monthly mean data from the NOAA stations at Alert and South Pole. The
global mean is therefore computed as the concentration at South Pole plus 37 % of
the interpolar difference. The evolution of the steady state generally follows the evolu-
tion of methane emissions up to the year 1980. After 1980 we find a decrease in the10

steady state, and a subsequent recovery after the year 2000. This is probably due to
a stabilization in the sources of methane while NOx emissions continue to increase.
The transient results follow the steady states with a delay of about 8 yr, due to the
methane lifetime. The temporary decrease in the steady state coincides with a sta-
bilization of the transient concentrations, a phenomenon that has been observed in15

the atmospheric methane concentrations (Dlugokencky et al., 2003). Compared to the
observations, our model generally overestimates methane concentrations. We expect
this to happen in the first decades of the simulation, because the starting point rep-
resents a steady state, while the system might not have been in a steady state in the
year 1890. The concentration continues to be overestimated until 1990, pointing either20

to an overestimation of the methane emissions or an underestimation of the methane
lifetime in this period. However, the modelled transient concentration becomes close to
the observed values in 1990–2005, which is the period we are interested in.
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3.2 The Pinatubo Eruption

3.2.1 Steady-state perturbations

We test the effect of each of the forcings of the Pinatubo eruption described in Table 2
on the methane steady-state, using the maximum magnitude of each forcing. The dif-
ferences in surface methane and tropospheric OH between each simulation and the5

“base” simulation are shown in Fig. 4.
We find that the 5 % reduction in ozone column has the largest effect on the sur-

face methane equilibrium concentration, decreasing it by 125 ppb. SO2, aerosol, water
vapour and isoprene changes all increase the methane steady-state by 40 to 60 ppb.
The effects of temperature decrease on methane emissions and reaction rates have10

smaller impacts on the simulated steady-state concentrations, of 27 and 15 ppb repec-
tively. The temperature-related processes, that is “Temp Rates”, “H2O”, “Methane Emis”
and “Isoprene Emis”, mostly cancel each other out, resulting in an overall decrease of
10 ppb.

Except for the effects of changed methane emissions and changed reaction rates,15

the effects on methane are strongly correlated to effects on OH of the same relative
magnitude and of opposite sign. The OH response to decreasing methane emissions
reflects the effectiveness of the feedback factor introduced in the previous section.
Changed reaction rates due to tropospheric cooling lead to a small increase in OH,
because of slower oxidation rates of methane, CO, and NMVOC.20

We find a maximum decrease in isoprene emissions of 9 %. This compares well with
the findings by Telford et al. (2010). However, the change in OH found by our column
chemistry model is 3 %, much larger than the 1 % change in OH found by the afore-
mentioned study. A more recent study shows that the effect of aerosols on isoprene
emissions is smaller if diffuse and direct radiation is treated separately (Wilton et al.,25

2011). The overestimation of our model might be due to the fact that we are not able
to represent horizontal transport mechanisms. Isoprene reacts rapidly with OH and
regions with large and small isoprene emissions are present in the true atmosphere.
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Furthermore, the CO yield from NMVOC of 0.5 used in our model might be high com-
pared to the isoprene yield, leading to high OH sensitivity. We conclude therefore that
the calculated feedback of NMVOC emissions on OH is overestimated by our column
model, and we do not include it in further simulations. We simply note that decreases
in NMVOC emissions probably lead to more OH and a smaller methane lifetime.5

Concerning the effect of temperature and water vapour, Telford et al. (2010) also find
that they reduce OH by maximum 2.5 %, in good agreement with the 3 % found here.

3.2.2 Evolution of steady-state and transient concentrations

The forcings presented above not only have different effects on the methane steady-
state concentrations, but acted at different moments in time after the eruption and at10

different timescales. The evolution of the steady-state methane concentrations (Fig. 5a)
reflects the change in the balance between methane sources and sinks. The overall ef-
fect obtained is a positive jump in the steady-state concentrations immediately after the
eruption, because of the injection of SO2. The effect on the steady state remains re-
mains positive, reflecting a decrease in the methane sink because of sulphate aerosols15

for up to 6 months after the eruption. After that, the ozone effect starts to dominate.
Partly counteracted by other effects, it determines a maximum steady-state decrease
of 70 ppb two years after the eruption.

While the steady state reacts instantaneously to perturbations in sources or sinks,
the effect on transient concentrations also depend on the methane lifetime. Because20

the methane lifetime is about 8 yr, the concentration at one moment in time shows an
integrated effect of perturbations to its steady state in the previous years. Therefore not
only the magnitude, but also the duration of the perturbation plays an important role in
determining the result.

The modelled transient concentration of surface methane (Fig. 5b) slightly increases25

for 1–2 months after the eruption, then decreases, reaching a maximum decrease of
15 ppb about 5 yr after the eruption. The maximum effect on methane concentrations
occurs later, and is smaller than the effect on the steady state. Also the recovery time to

18045

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

initial concentrations is much longer compared to the recovery time of the perturbations
applied. The SO2 effect is hardly observed in the transient concentrations, because of
its short duration. All the other processes are seen to affect the methane concentration
for up to 40 yr after the eruption. The difference between the results for the steady-state
and transient methane concentrations, in both Figs. 5 and 3, show that a steady-state5

assumption for methane does not hold on yearly and decadal timescales.

3.2.3 Growth rate evolution

The overall effect of the Pinatubo forcings on the surface methane growth rate (Fig. 6a)
is a positive jump of 6 ppbyr−1 due to UV absorption by SO2 immediately after the
eruption. The effect decreases, but remains positive for about half a year after the10

eruption due to the presence of SO2 and sulphate aerosols in the stratosphere. After
that, the effect on the methane growth rate is dominated by the forcing exerted by ozone
depletion, partly counteracted by decreased water vapour. We find that the effect of the
eruption on methane growth rate experiences a minimum of –6 ppbyr−1 about 2 yr after
the eruption. The growth rate increases afterwards, reaching zero about 5 yr after the15

eruption, at the moment when the effect on the transient methane concentrations is at
a minimum (Fig. 5b). The slow recovery of the concentrations to the steady state is
marked by a small positive growth rate of less than 1 ppbyr−1. The shape of the growth
rate evolution is somewhat similar to the shape of the steady-state evolution, because
they both reflect the annual balance between methane sources and sinks.20

We find a possitive methane growth rate due to decreased OH for about one year
after the eruption, in agreement with Dlugokencky et al. (1996). The large effect of
ozone depletion which follows compares well with the results of Bekki et al. (1994).
They report a 7 ppbyr−1 decrease in growth rate from spring 1991 to autumn 1992
due to ozone depletion. Similar to our results, Bousquet et al. (2006) find an increase25

in the OH sink until the beginning of 1992, and then a subsequent decrease in 1992
and 1993. However, they find different magnitudes of these changes than us, leading
to an overall increase in the OH sink between 1991 and 1993. The magnitude of the
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temperature-related effects that we find compares well with the ones shown in Bekki
and Law (1997). We find a maximum of 6 Tgyr−1 change in wetland emissions after
the eruption. This is similar to the bottom up estimate of about 5 Tgyr−1 in Spahni
et al. (2011), but a few times lower than the maximum anomaly of about 40 Tgyr−1

found in the inverse modelling study of Bousquet et al. (2006). Our lower estimate5

might be partly due to the fact that we considered here changes in methane emissions
solely due to temperature. Methane emission changes also depend on spatial and
temporal changes in soil moisture and precipitation, which have also been observed
after the eruption (Spahni et al., 2011). Changes in wetland extent were also shown to
have a large impact on the interannual variability in methane emissions from wetlands10

(Ringeval et al., 2010), which is also not taken into account in the study of Spahni et al.
(2011) for the years following the eruption. In addition, we consider a global Q10 factor
of 2, while this factor was shown to be dependent on ecosystem type, with a range of
measured values between 1.6 and 16 (Dunfield et al., 1993; Valentine et al., 1994).

The modelled growth rate with varying anthropogenic emissions of methane, CO,15

NOx and NMVOC, and the comparison of our results with NOAA observations are
shown in Fig. 6b. Methane anthropogenic emissions are relatively stable in the years
1990 and 2000, while anthropogenic NOx emissions increase and CO emissions de-
crease. Therefore when only variations in anthropogenic emissions are taken into ac-
count, we find a generally decreasing trend in methane growth rate due to a decrease20

in methane lifetime. The growth rate found with our column chemistry model is gener-
ally lower than the observed one, possibly due to an underestimation of the methane
lifetime in this period or an overestimation of the methane emissions. The fact that
changes in anthropogenic emissions partly contributed to the observed decrease in
methane growth rate between 1991 and 1993 and the increase in 1997–1998 is in25

agreement with previous studies (Dlugokencky et al., 1994; Bousquet et al., 2006).
When both anthropogenic emissions and the Pinatubo forcings are included, we

find a general correspondence between the modelled growth rate and the observed
one in the years 1991 to 1996. However, the increased growth rate in 1994 is not
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captured in our results. Decreased methane emissions between the years 1991 and
1993 are found to contribute by an additional 5 ppbyr−1 to the drop in methane growth
rate in this period. The timing of the minimum growth rate after the eruption is modelled
about 9 months later than that observed. The difference between the modelled and
the observed growth rate are most likely due to other processes not included here,5

that are known to determine methane variability. Such processes include changes in
biomass burning emissions (Bousquet et al., 2006) and variability in wetland emissions
due to atmospheric changes related to the El Niño Southern Oscillation (ENSO) cycle
(Hodson et al., 2011). Differences between the modelled and observed growth rate
curves may arise also from the interpolation procedure used to obtain the observed10

global methane growth rate curve.
By comparing the sum of the “Pinatubo all” and “Anthrop” curves to the growth rate

evolution when including both Pinatubo forcings and changes in anthropogenic emis-
sions, we can find the role of second order effects. Generally, we find that the effect of
nonlinearity on growth rates is less then 10 %.15

In order to show that our results are robust with respect to the model setup, we per-
formed a series of sensitivity tests. We tested different temperature and water vapour
profiles, a lower value for the CO yield from the oxidation of NMVOC, including NMVOC
recycling, and increased vertical mixing. Although the effect on the modelled methane
concentrations in the last century may be in the order of 100 ppb (results not shown),20

the effect on the growth rate evolution after the eruption is less than 10 %. Changing the
temperature by –2.5 ◦C to +1 ◦C and simultaneously changing the water vapour profile
according to the Clausius-Clapeyron equation lead to changes in the methane growth
rate results of less than 0.1 ppbyr−1. Similar results are obtained when changing the
CO yield from NMVOC to 0.3 instead of 0.5. Including a 0.25 yield of HO2 from the25

oxidation of NMVOC in the presence of NOx, and doubling the vertical mixing coeffi-
cients lead to a higher growth rate minimum after the eruption by respectively 0.3 and
0.6 ppbyr−1. We estimate therefore a maximum error of 15 % in the modelled growth
rate due to the model setup.
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Horizontal distributions of the modelled forcings can play an important role in the
effect on the methane growth rate, and cannot be simulated in our column model. We
expect that the effect of SO2 is overestimated in our results, by inferring an instant ho-
mogenisation of the emissions. In reality, high concentrations were found close to the
emission point after the eruption, and afterwards the short lifetime caused the disper-5

sion of SO2 only at low latitudes with a nonuniform horizontal distribution (Guo et al.,
2004). Changes in stratospheric aerosol, ozone and temperature have been observed
globally, but with different magnitudes at different latitudes. Since photolysis is more
important in the tropics, processes that are larger in the tropics will have a higher im-
pact.10

Nonetheless, we quantified for the first time the combined effect of radiation and
temperature-related effects of the Pinatubo eruption on the methane growth rate in-
cluding feedbacks on the methane lifetime.

4 Conclusions

We have implemented a column chemistry model, and tested its performance in repre-15

senting the mean state of the atmosphere. Using this model, we are able to investigate
the sensitivities of methane steady-state and transient concentrations to atmospheric
and emission perturbations following the volcanic eruption of Pinatubo. We find that full
recovery of transient methane concentrations takes about 40 yr.

The modelled evolution of the methane growth rate shows a remarkable comparison20

with the observations, considering the simplicity of our model. We conclude that a mul-
titude of emission and lifetime effects contributed to the observed growth rate variations
following the eruption. The dominating effects are those through tropospheric photoly-
sis rates, with ozone depletion having the largest effect. This shows the importance of
stratospheric-tropospheric couplings, and that a good representation of stratospheric25

chemistry is needed in order to model accurately methane concentrations. We also find
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that the decrease in anthropogenic emissions between 1991 and 1993 contributed to
the decreased methane growth rate in 1993.

Our model has the advantage of simplicity, however there are processes that cannot
be represented, such as horizontal transport and changes in the dynamics of the at-
mosphere. Also, we did not consider spatial distributions of methane emissions. Using5

a global vegetation model would give better estimates of the the response of natural
emissions to changes in temperature, precipitation and radiation. Therefore, a three
dimensional chemistry transport model coupled with a climate model will be used to
perform future experiments.
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Table 1. Reactions included in the model. Reaction rates are the ones described in Huijnen
et al. (2010), except from photolysis rates, which are computed using TUV.

Reactants Products

O3 + hν 2×OH
NO2 + hν O3 + NO
O3 + NO NO2
O3 + OH HO2
O3 + HO2 OH
HO2 + HO2
HO2 + OH
HO2 + NO OH + NO2
NO2 + OH
CO + OH HO2
CH4 + OH 0.9×CO+RO2
RH + OH 0.5×CO+RO2
RO2 + NO NO2 + y ×HO2
RO2 + HO2
RO2 + RO2
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Table 2. Setup of the Pinatubo simulations.

Simulation name Changes implemented in TUV Changes implemented in the
column chemistry model

SO2 2.54 DU of SO2 between 15 and
30 km altitude

Changes in photolysis frequen-
cies from TUV

Aerosol 0.15 AOD due to Pinatubo be-
tween 15 and 30 km altitude

Changes in photolysis frequen-
cies from TUV

Ozone 5 % ozone column decrease Changes in photolysis frequen-
cies from TUV

Temp Rates Changed reaction rates due to
temperature

H2O Changes in water vapour pro-
file due to changed temperature
profile

Methane Emis Changes in methane emissions
from wetlands due to tempera-
ture

Isoprene Emis Changes in isoprene emissions
due to temperature and PAR flux

Temp All Changes in reaction rates, wa-
ter vapour and emissions due to
temperature
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Table 3. Yearly emissions implemented in the model. Emission units are given in paranthesis.

Species (unit) 1890 1990

Methane (Tgyr−1) 278 500
NOx (TgNyr−1) 21.3 45.3
CO (Tgyr−1) 459 1081
NMVOC (TgCyr−1) 707 800
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Table 4. Comparison of the budgets for the global troposphere obtained with our one-
dimensional model, with the ones of other models. Numbers in Tgyr−1, unless otherwise spec-
ified.

Stevenson Shindell Williams One-dimensional
et al. (2006), et al. (2006) et al. (2012) model
S1 scenario

Ozone chemical production 5110±606 4729 6167
Ozone chemical loss 4668±727 4870
Ozone deposition 1003±200 863 1323
Ozone stratospheric exchange 552±168 274 27
Ozone burden (Tg) 344±39 320 342
Ozone lifetime (days) 22.3±2 23.4 20.2
OH (moleccm−3) 11.3±1.7 9.0
OH production from photolysis 1663 2097
OH chemical production 3522 3557
CO chemical production 1505±236 1314 1656
CO burden (Tg) 322 386
CO lifetime (days) 48.3 51.4
CH4 lifetime (yrs) 8.76±1.32 9.7±1.7 8.35 7.9
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Fig. 1. Time evolution of the forcings, as implemented in the model. Squares represent monthly
averaged GISS data.
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Fig. 2. Vertical profiles of ozone, NOx, CO, and methane obtained with the one dimensional
model for the years 1890 and 1990.
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Fig. 3. Observed and modeled steady-state and transient evolution of methane surface concen-
trations between 1890 and 2005. Observation-based global means are calculated by Etheridge
et al. (1998) based on ice-core data (green line), and more recent global means are calculated
using measurements at South Pole and Alert NOAA stations (green crosses). Also methane
emissions implemented in the model are shown (red dotted line, with scale on the right axis).
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Fig. 4. Methane and OH steady-state changes due to Pinatubo forcings.
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Fig. 5. Effect of the different Pinatubo forcings on surface methane (a) steady-state and (b) tran-
sient evolution.
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Fig. 6. Growth rate evolution after Pinatubo including (a) natural effects due to the eruption
and (b) both natural effects due to the eruption and variation in anthropogenic emissions. Also
shown in (b) is the global averaged growth rate obtained using the marine reference boundary
matrix from GLOBALVIEW-CH4 (2009).
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