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Abstract. The global methane (CHl growth rate showed ment with observed changes in the £growth rate. Fur-
large variations after the eruption of Mount Pinatubo in Junether analysis, taking into account changes in the dynamics of
1991. Both sources and sinks of tropospheric,®¥¢re al-  the atmosphere, variations in emissions from biomass burn-
tered following the eruption, by feedback processes betweelng, and in biogenic emissions of non-methane volatile or-
climate and tropospheric photochemistry. Such processes irganic compounds (NMVOC), requires the use of a full three-
clude Ultra Violet (UV) radiative changes due to the pres- dimensional model.

ence of volcanic sulfur dioxide (Spand sulphate aerosols
in the stratosphere, and due to stratospheric ozone deple-

tion. Changes in temperature and water vapour in the fol- )
lowing years caused changes in tropospheric chemistry, a§ Introduction

well as in natural emissions. We present a sensitivity study ) .
that investigates the relative effects that these processes h&d4 is the second most abundant anthropogenic greenhouse

on tropospheric Cil concentrations, using a simple one- 928 in the atmosphere after €Qts concentration in the at-
dimensional chemistry model representative for the globaM0Sphere has increased since preindustrial times by a fac-
tropospheric column. To infer the changes in UV radiative t©OF 0f 2.5 Dlugokencky et al.201]). A good understanding
fluxes, the chemistry model is coupled to a radiative trans-Of the processes responsible for variations in the; €éh-

fer model. We find that the overall effect of natural processescentration is needed for making future predictions and de-
after the eruption on the CHgrowth rate is dominated by veloping mitigation strategies. However, the evolution of the
the reduction in CHf lifetime due to stratospheric ozone de- CHa concentrations observed in the background atmosphere
pletion. However, all the other processes are found to havd" the past three decades is not fully understodoritzka
non-negligible effects, and should therefore be taken into ac€t @l 20113. The growth rate of Ciwas generally posi-
count in order to obtain a good estimate of Stbncentra- tive and showed a decreasing trend during the 80s and 90s,
tions after Pinatubo. We find that the overall effect was aWith year to year fluctuationsbjugokencky et al.2003.
small initial increase in the CHgrowth rate after the erup- As shown in Fig.7, particularly large fluctuations were ob-
tion, followed by a decrease of about 7 ppbYyrby mid- served in the years following the eruption of Mount Pinatubo
1993. When changes in anthropogenic emissions are enfD 1991 Olugokencky et a].1994 1996 Bekki and Law
ployed according to emission inventories, an additional de-1997% Butler etal, 21004 Bousquet et al2009. After a peak
crease of about 5 ppbt in the CH, growth rate is obtained ~ ©f about 16 ppb yr= near the time of the eruption, the glob-

l .
between the years 1991 and 1993. The results using the sinflly averaged Chl growth rate dropped te-2 ppbyr = in
plified single column model are in good qualitative agree- late 1992, remaining negative for the second half of the year

1992 Plugokencky et a.2003. A subsequent recovery of
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the growth rate to 7 ppby* was observed by the end of to a further reduction of photolysis frequencies in the tropo-
1993. sphere, thus to a longer GHifetime. Particles of ash emit-
Changes in the global GHconcentration are determined ted directly by the eruption would also absorb and scatter
by either changes in CHemissions or by changes in the solar radiation, determining a similar effect on £lHetime.
CH, lifetime. CH, is emitted from both natural sources (e.g. However, because of their lifetime of only a few days, they
wetlands, oceans and geological seeps) and anthropogen&re considered to have a negligible global imp&iuid et al,
sources (e.g. agriculture, fossil fuel exploitation, waste treat2004h Niemeier et al. 2009 and are not included in our
ment and biomass burning). The lifetime of ¢hh the at-  study.
mosphere is determined by the reaction ofGiith the hy- Another secondary effect on the @Hifetime is trig-
droxyl radical (OH) in the troposphere, by the uptake of4CH gered by the destruction of stratospheric ozone on sulphate
by soils and by the destruction of GHh the stratosphere. aerosols. A maximum global ozone depletion of 5% was ob-
The main sink is, however, the reaction with OH, the otherserved by TOMS about two years after the eruptiGhip-
processes contributing by only 10-15 % to the ,Cldss  perfield et al. 2003. Changes of similar magnitude have
(Prather et @).200%; Spahni et al.2011). Atmospheric levels  been obtained in modelling studieKiinison et al, 1994
of OH are determined by tropospheric photolysis reactionsBekki and Pyle 1994, and were attributed to enhanced het-
driven by the incident solar UV radiation, by water vapour erogeneous ozone-depleting reactions on sulphate aerosols
levels, and by non-linear tropospheric chemistry. Becauseind changes in circulation due to stratospheric aerosol heat-
OH reacts with these species, its abundance is sensitive timg. Stratospheric ozone loss would lead to an increase of UV
atmospheric concentrations of gHitrogen oxides (N¢Q), radiation in the troposphere, and thus to a higher OH abun-
carbon monoxide (CO) and NMVO®lontzka et al(20115 dance and a shorter GHifetime.
showed by inversions of methyl chloroform that global tro-  The eventual fate of the volcanic sulfur is deposition to the
pospheric OH is relatively stable to perturbations, having ansurface. The modelling results Gfauci et al(2008 indicate
interannual variability of 2.31.5% for the period 1998 to that deposition of 122 Tg SCemitted by the Laki eruption
2007. Such a small variability was shown to be consistented to a decrease of 8.8 Tgyrin CH; emissions from wet-
with the small interannual variability in CAtoncentrations.  lands in the two years following the eruption. As a rough es-
In a previous studyPrinn et al.(2009 found an interannual timate assuming linearity, the Pinatubo eruption would lead
variability in tropospheric OH of 7 to 9 % for the period 1978 to 1.3 Tg decrease in the emissions. We consider this effect
to 2004. On a decadal timescale, a possible small positiveéo be small and do not investigate it further here.
trend in OH of the order of 0.2 %yt for the period 1985 Other effects of the eruption on GHoncentrations have
to 2000, and higher after the year 2000, has been suggestextcurred because of temperature changes after the eruption
by inversions of ClJ and §13C-CH,; (Monteil et al, 2011,  (Bekki and Law1997). The scattering of shortwave radiation
scenario P2). by aerosols led to an increase in the reflected solar radiation
The eruption of Mount Pinatubo triggered a multitude of up to 10 W nT2 at the top of the atmospherBénder et aJ.
of photochemical effectdcCormick et al, 1995, includ- 2010. This affected tropospheric temperatures, leading to an
ing feedbacks between climate and atmospheric photochenebserved global cooling of up to 0.45K in the two years fol-
istry, which contributed to the observed evolution of the lowing the eruption Eree and Angell2002. Bender et al.
CH4 concentrations. The different processes had both posf2010 show that ten general circulation models give a max-
itive and negative impacts on the ¢kgrowth rate, affect- imum decrease of 0.5K in response to the observed changes
ing CH; emissions and the CHifetime. From satellite ob- in the shortwave radiative flux after the eruption. They at-
servations it is estimated that the eruption emitted aboutribute the 0.05K difference between models and observa-
18+ 4Tg SO (Guo et al, 20043. Volcanic SQ absorbs UV tions to the coinciding El Nio event.
radiation between 290nm and 330 nm, thus its presence in Temperature perturbations trigger changes in the chem-
the stratosphere would lead to a decrease in ozone photolyeal composition of the atmosphere, as well as in natural
sis in the tropospheré{ugokencky et al.1996. Since OH  sources related to biogenic activity. A decrease in temper-
formation in the troposphere depends on the photolysis ofature would generally slow down photochemical transforma-
ozone to OfD), the UV absorption by SPwould lead to a  tions. In particular, the slowdown of the reaction between
longer CH, lifetime. SQ stayed in the stratosphere for a few CHy and OH would lead to higher tropospheric £¢bncen-
months, forming sulphate aerosols with an e-folding time oftrations Bekki and Law 1997. Soden et al(2002 found
23-25 daysGuo et al, 20043. Enhanced sulphate aerosols that the cooling after the eruption is associated to a maxi-
were observed by the SAGE Il satellite instrument for up tomum global decrease of 3% in the water vapour column in
4yr after the eruption at heights between 15 and 30 km withboth observations and model simulations. Less water vapour
a maximum globally averaged aerosol optical depth (AOD)in the troposphere would imply less OH formation by photol-
at 550 nm of approximately =0.15 about 7 months after ysis of 0zone, because the reaction betweédPénd water
the eruption Russell et al.1996 Thomason et al.1997). becomes less likely. This would increase theGifetime,
Scattering of solar radiation by sulphate aerosols would leadeading to CH build-up in the atmosphere.
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Natural emissions from wetlands, accounting for about(2004 postulate an increase in OH due to reduced strato-
30% of the total emissions in the year 2008p&hni  spheric ozone. Using a two-dimensional modakki et al.
et al, 2011, are sensitive to temperature and soil mois- (1994 also conclude that half of the GHyrowth rate reduc-
ture changes. Furthermore, natural emissions of NMVOC ardion in 1992 can be attributed to the effect of decreased strato-
known to be temperature dependeBuénther et al.1993. spheric ozone. In the modelling studyT#lford et al.(2010
A decrease in the surface temperature would result in reitis found that natural isoprene emissions have a minimum in
ductions in both Clj emissions from wetlands and biogenic early 1993, yielding an increase in the g$ink of 5 Tgyr L.
NMVOC emissions. Biogenic emissions of NMVOC are also Telford et al.(2010 also show that variations in meteorology
dependent on the amount of photosynthetically active radiatead to a decrease in the gbink of up to 14 Tgyr®, mainly
tion (PAR) reaching the surfac&(enther et al.1993. De- due to changes in temperature and water vapour following
crease in PAR fluxes because of enhanced aerosol scatteritige eruption. To our knowledge, no complete study has been
would further decrease these emissions. While a reductiomade to include all competing effects of the Pinatubo erup-
in CH4 emissions directly impacts GHoncentrations, a de- tion and to analyse the processes responsible for OH and CH
crease in NMVOC emissions may affect OH, and thus im-growth rate variations. Quantifying these processes may help
pose an indirect impact on the GlHifetime. us gain a better understanding of the fiidget and, conse-

The eruption of Pinatubo also changed the dynamics ofguently, to make better predictions of the future atmospheric
the atmosphere, which might have influenced OH and CH burdens.
concentrations. It was inferred in the 4-box modelling study In this sensitivity study we will use a simplified tropo-
of Schauffler and Danig|1994 that heating of the strato- spheric column chemistry model as a first step to assess the
sphere may increase the exchange between the stratosphereanges in the CiHgrowth rate after the Pinatubo eruption
and the troposphere, leading to a decrease in tropospher@nd the relative contributions of the various processes. First,
CH4 concentrationsLowe et al.(1997) suggest that a large we will analyse how the equilibrium state of the chemical
effect of enhanced stratosphere-troposphere exchange woukystem changes when varying individual conditions (emis-
be inconsistent with the decrease in obsers&L in this sions, photolysis frequencies, water vapor). The impact on
period. However, other isotope data from this period do notthe tropospheric steady state gives us an idea about the
support a strong decrease dt°C between 1991 and 1992 drivers of CH, and OH concentrations, and about the rel-
(Quay et al,1999. ative magnitude of different processes. Next, we allow the

Although the processes presented above are known to haw&/stem to respond to transient perturbations. The response of
contributed to the evolution of the GHyrowth rate after = CHj concentrations to natural changes after the eruption will
the Pinatubo eruption, their relative magnitudes are not yebe contrasted to their response to changes in anthropogenic
totally resolved. CH observations show the net outcome emissions. Due to obvious limitations of a single column
of these processes and other processes not related to tineodel, the effect of changes in the dynamics of the atmo-
eruption, such as changes in anthropogenic emissions. Thephere cannot be studied here. Additionally, because of the
growth rate changes after the eruption have been attributetligh sensitivity of OH to isoprene emissions in our model
in other studies to changes in either sources or sibks- (see Sect. 3.1.1), we do not include the effect of changes in
gokencky et al(1996 show that the evolution of CHand NMVOC emissions.
CO in 1991 and early 1992 is consistent with a decrease in A detailed description of the column chemistry model
OH for up to one year after the eruption. They relate thisis presented in Sect. 2. In Sect. 3.1 we show sensitivities
decrease in OH to an attenuation of the UV flux due to theof the model, and evaluate its performance in representing
presence of S@and sulphate in the stratosphere. Addition- the global atmosphere in the period 1890-2005. We show
ally, Dlugokencky et al(1994) relate the decrease in GH our results on steady-state and transienty €Hanges after
growth rate in 1992 to a decrease in anthropogenic emissionBinatubo in Sect. 3.2, and conclusions are drawn in Sect. 4.
due to the collapse of the Soviet Union. The modelling study
of Bekki and Law(1997 shows that temperature-related ef-
fects had a significant impact on the growth rate of,Gil
1991-1992. They find that reduced emissions from wetland
may partly or fully explain the reduced growth rate in 1992.
The inverse modelling study d@utler et al.(2004 reveals
a global source-sink imbalance 27 Tg CH, for the year

2 Model setup

Yhe model used in this study is a one-dimensional col-
umn chemistry model, coupled to the radiation model TUV
(Madronich(1993, http://cprm.acd.ucar.edu/Models/TYV/
The chemistry model can be used both in steady-state and

1991 and—19Tg for the year 1992. In their inverse mod- : . : .
: . transient versions. The effects of atmospheric perturbations
elling studiesBousquet et al(200§ andWang et al(2004) . : . -

; : o on photolysis frequencies are calculated with the radiative
both find a decrease in wetland emissions of 20-25Tg beiransfer model TUV. and then emploved in the chemistr
tween 1991 and 199Bousquet et al2006 also find reduc- model ' ploy y
tions in the biomass burning and anthropogenic emissions, as '

well as in the OH sink for this period. In contragfang et al.
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Table 1.Reactions included in the model. Reaction rate coefficientsRO, production. For computational reasons, we use a global
are the ones describedttuijnen et al(2010, except for photolysis  yield determined from a steady-state assumption. The rate of

rates, which are computed using TUV. production of CHO, from CH, oxidation is equal to the rate
of loss of CH in this reaction. Assuming steady state, this is
Reactants Products equal to the emission rate of GKIEcy,). Similarly, the rate
O3 +hv 2 % OH of RO, production from NMVOC is equal to the emission
NO, + hv 03+ NO rate of NMVOC (Ern). Therefore the H@yield y from the
O3 +NO NG, reaction of RQ and NO is taken a%%.

O3 + OH HO,

05 + HO, OH Dry deposition of ozone and NCare included with a de-

position velocity of 10 x 10-3ms™1. An additional loss of

HO, + HO, ; ; . .
NO; through heterogeneous reactions is considered, with a

HO, + OH o : PP

HO,+NO  OH+ NG deposition velocity of B x 10~*m s+ throughout the col-

NO, + OH umn.

CO + OH HO A time-dependent version of the chemistry model per-

CH;+OH 0.9x CO+RO forms transient simulations using the Euler Backward lter-

RH + OH 0.35x CO + RG ative scheme with a time step of one hour.

RO, +NO  NO, +y x HO»

RO, + HO, 2.2 Photolysis frequencies

RO, + RO,

The TUV model version 4.1 is used to calculate the effects
of SO, aerosols and ozone column on tropospheric photol-
ysis frequencies. Yearly averaged photolysis frequencies are
2.1 The column chemistry model calculated by averaging daily mean photolysis frequencies at
3C°N for the 15th of the months of March, June, Septem-

In this exploratory study we use a strongly simplified model ber and December. This latitude band is used because pho-
that represents the troposphere in 10 vertical layers of 1.5 kniochemistry is most active in the tropics, and is chosen such
thickness each. The chemical scheme employs 8 chemicahat CH, concentrations and lifetime are realistically repro-
species, of which 5 are transported between adjacent layerguced.
(O3, NOy, CHy, CO, RH). OH, HQ and RQ are not trans- For the base scenario, the climatological aerosol profile
ported, but calculated in steady state with the longer-livedof Elterman(1968 is used, with an aerosol single scattering
transported species. Here RH stands for NMVOC, and RO albedo of 0.99.
for peroxy-radicals formed from NMVOC and GlHbxida-
tion. 2.3 Emissions and atmospheric parameters

Vertical transport is defined by vertical diffusion coeffi-
cients of 10 s~1 between the first two layers (at 1.5km), Global anthropogenic emissions for NOCO, CH; and
5m?sL between the second and 3rd layers (at 3km) andNMVOCs are taken from EDGAR 4.1 yearly values for
22 s~1 higher up. No flux to the stratosphere is consideredthe years 1970-200%&@ropean Commission and Joint Re-
except for ozone and CH For ozone, we fix the concen- S€arch Centre (JRC)/Netherlands Environmental Assessment
tration in the upper layer (at 13.5km) at 148 ppb. A flux of Agency (PBL) 2010, and EDGAR-HYDE decadal emis-
40 Tgyr ! to the stratosphere is considered for Cfollow- ~ Sions for the years 1890-1970an Aardenne et 312000.
ing Prather et al(2001). Natural emissions used are describeHuijnen et al(2010),

The chemical reactions included are presented in Tble €xceptfor CH emissions, which are taken frogpahni et al.
We run the model with all-day all-year averaged reaction rate(2013) posterior values for the year 2004. The evolution of
coefficients and photolysis frequencies. The 0.9 CO yieldCHa4 emissions implemented in the model is shown in Rig.
from CHs oxidation is comparable to that found by com- Inaddition to surface NQemissions, we add yearly 6.3 Tg N
plex 3-D global chemistry modelStindell et al,2006. The ~ ©f NOx from lightning Huijnen et al, 2010, evenly dis-
yield of CO from the oxidation of NMVOC varies strongly tributed throughout the column in terms of mixing ratios.
between specieGfant et al. 2010. We use here a global Profiles of temperature, water vapour, ozone, and air den-
CO yield from NMVOC of 0.35. CH oxidation produces Sity for 30° N were derived from the global 3-D chemistry
CH30,, which may react with NO, yielding at least one transport model TM5Huijnen et al, 2010 driven by ERA-
molecule of HQ through all the reaction pathways. @B Interim meteorological fieldsiee et al. 2011) for the year
is included in the model as RQtogether with other com- 2005. These are applied both in TUV and in the column
pounds produced from NMVOC oxidation. Thus we consider chemistry model. The ozone columns for the four months
an HQ yield y from the reaction of R@and NO, equal tothe ~ Used here are respectively 302, 294, 283 and 270 Dobson
ratio between the C#D; production from CH and the total ~ Units (DU).
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Table 2. Setup of the Pinatubo simulations. AOD = aerosol optical depth; DU = Dobson Unit.

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

SO 2.54 DU of SGQ between 15 and 30 km altitude Changes in photolysis frequencies from TUV

Aerosol 0.15 AOD due to Pinatubo between 15 and 30 km altitude  Changes in photolysis frequencies from TUV

Ozone 5% ozone column decrease Changes in photolysis frequencies from TUV

Temp Rates Changed reaction rate coefficients due to temperature

H,O Changes in water vapour profile due to changed temperature profile
CH4 Emis Changes in Cldemissions from wetlands due to temperature

Temp All Changes in reaction rate coefficients, water vapour angl CH

emissions due to temperature

3.0 - - - .
0.16 = ® GISS monthly averaged data ||
251 1w
o
2012
—~ 2.0f 150 1
>
2 s
~ 15 : 1% o008 |
Q i
v 10t - - A
: o 0.04 E
0.5} - : e
0 0 ; ‘ ; | 000 N : . : : - .‘. . .‘ ..... |
: 0 2 4 6 8 10 0 2 4 6 8 10
v time after Pinatubo (years) time after Pinatubo (years)
= 02 . . . . 0.0 : ' :
g\ | = = GISS monthly averaged data ‘ =
= ; . L -0s} 1
£ &
[ S-‘i -16} 4
| 8 -1
=1 4 o
© o]
B % =2.4F q
= 4 @
E c -32¢ 1
=i [ ] ag
] = ¥ 8
O —0.6 e | =40 [k Nt : : : 4
il ]
= 0 2 4 6 8 10 0 2 4 6 8 10
time after Pinatubo (years) time after Pinatubo (years)

Fig. 1. Time evolution of the forcings, as implemented in the model. Squares represent monthly averaged GlBSndata ¢t al.2005
2010.

2.4 Implementation of Pinatubo perturbations To compute the perturbations in photolysis frequencies af-
ter Pinatubo in TUV, we implement single forcings of 5%
We define two sets of simulations. First, we evaluate thedecrease in ozone C0|umn, 2.54 DU increase i@,SﬂUiV-
change in the model state due to individual natural pertur-glent to 18.5 Tg SQ and 0.15 increase in AOD. SGnd
bations after the eruption, in order to distinguish the mostaerosols are considered to be evenly distributed in our atmo-
important drivers of Cld concentrations. In the second set of spheric column between 15 and 30 km altitude. In the column
simulations we also include variations in anthropogenia CH chemistry model, the perturbations in photolysis frequencies
sources, with the aim to reproduce the evolution of the globalare then scaled with the magnitudes of the forcings, thus as-
CHa concentration in the early 1990s. suming that the effects of these processes are linear. In ad-
In the first set of simulations, we define the base simula-dition, we assume additivity between the different processes
tion as the 1990 equilibrium situation. Next, the Change in th6by adding the perturbations in photolysis frequencies when
model state due to the natural perturbations after Pinatubo ifnore than one process is considered. We tested the effect
evaluated as a steady-state and as a transient response. Tdfahis assumption on our results by performing two simula-
perturbations implemented in TUV and the column chem-tions: one in which we used photolysis rates calculated with
iStry model are summarised in Take In these sensitivity TUV by imp|ementing all the forcings at the same time, and
experiments, we assume constant anthropogenic and biomagse in which we implemented each forcing separately and
burning emissions. assumed additivity. The difference in the gkteady-state
concentration between the two simulations is 0.5 ppb, which
is small compared to the magnitude of the perturbations re-
lated to the eruption.

www.atmos-chem-phys.net/13/2267/2013/ Atmos. Chem. Phys., 13, 22&84, 2013
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The time evolution of the forcings assumed in the columnTable 3. Yearly emissions for 1890 and 1990 implemented in the
chemistry model is based on observed values, and is showmodel. Emission units are given in parentheses.
in Fig. 1. For SQ, an exponential decay with an e-folding
time of 24 days is considered, as found®yo et al (20043, Species (unit) 1890 1990

and a starting global mean concentration of 2.54 DU directly CHq (Tgyrh) 278 512
after the eruption. For the aerosol optical thickness, we use NOx (Tg Nyr-1) 227 476
the Goddard Institute for Space Studies (GISS) monthly av- co (Tgyrl) 460 1177
eraged valueHansen et a| 2005, based on SAGE Il satel- NMVOC (Tg Cyrl) 707 808

lite data. Surface temperature is taken from GISS analysis
data Hansen et al.2010. The global mean GISS data for

AOD and temperature are interpolated in the 4.5 and 3.5yr . . .
b P y(the first simulation of the second set), and a temperature-

following the eruption, respectively. The resulting evolutions . . .
9 P P y 9 dependent reaction rate as given in JPL 2084n(der et a).

have a peak at approximately 7 and 15 months after the erup: . ; . .
tion, respectively, and then a smooth decay, which is extrapo—201]) ' Adqmo_nal stratospheric and ocean sinks are cons@—
red with lifetimes of 38 and 80 yr, respectively. These are in

| for10yr. T 5K t th f :
ated for 10 yr. To a 0.5 K temperature decrease at the surfac he range of values found Brol and Lelieveld(2003.

we associate a tropospheric temperature change of 0.5K d g o
crease below 214.4hPa, and a 1K increase at 87.7 hPa, fol- We use an initial condition in 1988 of 115 ppt throughout

lowing the observations frorRree and Angel(2002, and the column.

interpolate between these values. These profile changes are

then scaled with the magnitude of the surface temperaturg Results and discussion
change. For ozone decrease, we use an evolution that has a

peak of 4.5% 2yr after the eruption and then decays to 03.1 Model evaluation
following the results oRandel et al(1995.

The water vapour profile as a function of temperature Even though the model presented above contains many sim-
change is evaluated using the Clausius-Clapeyron equatiomlifications, we will show that it performs reasonably well in
assuming constant relative humidity. Variations in emissionsrepresenting the global state of the troposphere.
of CH,4 from wetlands due to temperature are calculated us- Figure 2 presents the steady-state profiles for Cs,
ing the Qo temperature dependence relatiBufield et al, NOy, and CO obtained by the column chemistry model for
1993, with a Qo value of 2. For a temperature decrease ofthe years 1890 and 1990. The yearly emission values used
0.5K, we find that Clj wetland emissions decrease from are shown in Tabl&. CH, decreases with altitude by about
171.8Tgyrlto 165.9 Tgyrl. 100 ppb throughout the troposphere in the year 1990. CO

The second set contains two additional transient simula-mixing ratios for the same year decrease with altitude from
tions, which enable us to compare the magnitude of natus125ppb at the surface to 30 ppb near the tropopause. The
ral effects after the eruption to that of variations in anthro- NOy profile has the typical C-shape due to the production of
pogenic sources. In both simulations we employ yearly an-NOy by lightning throughout the column and the longer life-
thropogenic emissions from EDGAR 4.1, while keeping the time of NO in the upper troposphere. Ozone mixing ratios
biomass burning emissions constant at 1990 values. In thdecrease with altitude in the first few kilometers, and then
first simulation, natural emissions and atmospheric parameincrease towards the stratosphere.
ters are kept constant. In the second one we also include the Between the years 1890 and 1990, we find increases in
natural forcings after the eruption. These simulations are perezone, CO and ClJj which are more pronounced near the
formed starting from the steady state in the year 1890, usingurface due to increases in emissions of ozone precursors,
EDGAR-HYDE and EDGAR 4.1 emissions for the spin-up CO and CH. For NO, we find increases both near the sur-

period between 1890 and 1990. face, because of increased emissions, as well as near the
tropopause, due to an increase in theyNifetime at this
2.5 Methyl chloroform model altitude. This is consistent with a decrease in OH in the up-

per troposphere due to higher gldoncentrations. In the
For validating the transient OH concentrations obtained withstudy of Wang and Jacol§1998, zonal averaged profiles
our column chemistry model, we perform an offline simu- for ozone, OH, NQ and CO are computed using a three-
lation of methyl chloroform (MCF) for the period 1988 to dimensional model of tropospheric chemistry for preindus-
2005. We use the same column model, with only one chemitrial and year 1990 conditions. Concentrations of ozone and
cal tracer, MCF. NOx near the surface are somewhat higher in our model,
The MCF emissions used are the same as described ipossibly due to the fact that no differentiation is made be-
Montzka et al(20118. The main sink of MCF is the reaction tween land and ocean in our simplified single column model.
with OH in the troposphere. We use OH fields from each timeOur model finds a higher CO variability throughout the col-
step of the transient simulation for the period 1890 to 2005umn, which may be caused by the fact that we did not

Atmos. Chem. Phys., 13, 22622281, 2013 www.atmos-chem-phys.net/13/2267/2013/
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Fig. 2. Vertical profiles of ozone, NQ CO, and CH obtained with the one dimensional model for the years 1890 and 1990.

Table 4. Comparison of trace gas budgets for the global troposphere obtained with our one-dimensional model, with the results from other
models. Numbers in Tgyit, unless otherwise specified.

Stevenson et al. (2006), Shindellet  Williams et One-dimensional

S1 scenario al. (2006) al. (2012) model
Ozone chemical production 5110606 4729 6117
Ozone chemical loss 4668727 5009
Ozone deposition 10Q8 200 863 1349
Ozone stratospheric exchange 55268 274 241
Ozone burden (Tg) 344 39 320 448
Ozone lifetime (days) 22382 23.4 25.7
OH (molec cnv3) 11.3£1.7 9.5
OH production from photolysis 1663 2061
OH chemical production 3522 3519
CO chemical production 1565236 1314 1400
CO burden (Tg) 322 368
CO lifetime (days) 48.3 52.1
CHy lifetime (yrs) 8.76+1.32 9.7+1.7 8.35 8.2

formulate a convective redistribution of the column. In terms found by several 3-dimensional chemistry transport models
of changes in concentrations between the preindustrial setupresented itWilliams et al.(2012; Stevenson et a(2006);
and the year 1990, our model finds generally lower relativeShindell et al(2006. Overall, our model falls within the un-
changes than the study of Wang and Jacob fgrNiDy and certainties of these models in terms of OH and CO burdens
CO, possibly due to the different emission sets that are usecand budgets. CO and GHifetimes are also modeled realis-
However, the 30 % increase in OH that we find in the lowesttically, certainly when one considers the huge simplifications
1.5 km of the model, and about 20 % decrease between 6 anaf the chemical system and the simplified representation of
12 km altitude compare well with their study. the global atmosphere. Ozone burden, production, and depo-
In Table 4, we compare the ozone, OH and CO budgetssition are high compared to full 3-D models. These are more
given by our model for the year 1990 to global budgetsrepresentative of tropical values than global ones, likely due
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to the choice of tropical conditions to represent the global 160 —

. . b odelled surface
troposphere. For the same reason, ozone stratospheric inflow 140 — Modelled trop mean
is quite low. This is because most ozone inflow occurs in the s2l -3 OFeapieTel e
extratropics Gettelman et a).2011), while our model col- T2t o ]
umn is in the tropics. __100f

&
P o 8or
3.1.1 Model sensitivities g
60_ SRR
We further evaluate the sensitivity of the model to parameters a0}

involved in this study, i.e. to CiHand isoprene emissions,
ozone column, temperature and water vapour (Tapl&Ve
compare the sensitivities of our model to sensitivities of 2-D 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006
and 3-D models present in literature. Except for the sensitiv- year
ity to CH, emissions, these studies evaluate other sensitivifig. 3. Observed and modeled evolution of methyl chloroform sur-
ties while keeping Chl concentrations fixed, or by looking face and tropospheric mean mixing ratios between 1988 and 2006.
at timescales of a few years. Because of the Gidtime of
about 8yr, the feedback of GHoncentrations on its own
lifetime is ineffective on such a short period. Therefore we
also calculate these sensitivities while keepings@Bincen-  changes in stratospheric ozone, and the effect of temperature
trations fixed. on ozone concentrations is included in the observations. The
The effect of CH emission changes on the Gldoncen-  two models used infoulgarakis et al(2012 that also do
trations is enhanced by the feedback via the;Qif¢time. not include this feedback give higher sensitivities to temper-
To describe this process, a feedback factds defined as  ature, of—0.4 and—0.57 yr K-, Therefore we consider our
a= 1/(1—d—,dn'[‘:—ﬁ|4), following Voulgarakis et al(2012. Here  model to respond to temperature changes in a similar manner
t stands for the Chllifetime, and the small offsetéln CH,4 as global chemistry models.
anddInt are determined by a small perturbation in £H Telford et al.(2010 found a maximum decrease in iso-
emissions. We find that has a value of 1.45 for the year prene emissions of 9% due to lower temperature and lower
1990, which compares well with the best estimate of thePAR fluxes in the year 1992 due to the presence of aerosols
Third Assessment Report of the IPCEréther et a).2001), in the stratosphere. They find a corresponding 1% increase
and falls well in the range found in the model intercompari- in OH tropospheric burden. We test the sensitivity of our
son study ofoulgarakis et al(2012. model to such a perturbation in isoprene emissions, and find
Another sensitivity that is important to our study is the that our model is two times more sensitive. We attribute this
sensitivity of CH, to changes in the ozone column. In the again to our one-column approach, in which we cannot ac-
two-dimensional modelling study &ekki and Pylg(1994), count for horizontal transport. Isoprene reacts rapidly with
a 6% increase in OH is found due to a 6 % decrease in strato®H, and regions with large and small isoprene emissions are
spheric ozone between the years 1991 and 1993. We find thawresent in the true atmosphere. Furthermore, our simplified
a 6% decrease in ozone column leads to a 6.4 % enhancehemistry scheme is not well suited to explore the sensitivity
ment in OH, which compares well to their results. Other to changing NMVOC emissions. A more recent study shows
studies that assess the sensitivity of {Zhdhd OH to ozone that the effect of aerosols on isoprene emissions is smaller
column changes find lower sensitivitieSagmp et al.200%; if diffuse and direct radiation is treated separatalil{on
Fuglestvedt et al.1994. However, the ozone perturbations et al, 2011). We conclude therefore that the calculated feed-
in these studies are dominated by the middle and high latback of NMVOC emissions on OH is highly uncertain, and
itudes, where ozone photolysis and £ékidation are less we decide not to include it in further simulations. We simply
important. After the Pinatubo eruption, both low and high note that decreases (increases) in NMVOC emissions proba-
latitude ozone columns were affecte@hfpperfield et al.  bly lead to more (less) OH and a shorter (higher)Qifé-
2003. Therefore we consider it more appropriate to comparetime.
our results tdBekki and Pylg1994).
To test the sensitivity of our model to climate, we used 3.1.2 Evaluation of CH; and methyl chloroform
a temperature increase of 1K throughout the column, and concentrations
computed the corresponding change in humidity using the
Clausius-Clapeyron equation. The ghifetime change of  The results on MCF surface and tropospheric mean mixing
—0.49yrK=1 in our model is somewhat larger than the ratios are shown in Fig. We compare our simulation results
multimodel mean 0f-0.31+0.14 yr K-! found inVoulgar-  to the observations-based global mean mixing ratios, com-
akis et al.(2012. However, we do not include changes in puted by averaging the GAGE/AGAGE data at the stations
stratospheric ozone related to temperature. We use observédace Head, California, Barbados, Samoa, and Cape Grim.

20+

Atmos. Chem. Phys., 13, 22622281, 2013 www.atmos-chem-phys.net/13/2267/2013/



N. Banda et al.: Global methane changes after Pinatubo 2275

Table 5. Sensitivities and feedback factors of our column chemistry model and comparison to literature.

Sensitivity 1-D model  Value in literature Study

Feedback factor between Glemissions and Cid 1.45 14 IPCC TAR,Prather et al(200))
concentrations 1.23-1.69 Voulgarakis et al(2012
Change in tropospheric OH due to a 6 % increase 6.4 6 Bekki and Pylg1994)

in ozone column (%)

Change in CH lifetime due to a 1 K increase in  —0.49 —0.31+0.14 Voulgarakis et al(2012
global temperature (yrK1)

Change in tropospheric OH due to a 9% decrease 1.9 1. Telford et al.(2010

in isoprene emissions (%)

[=))
[=]
(=)

The modelled total lifetime of MCF is 4.6 yr and the lifetime ‘

T T
— Etheridge et al. global means

with respect to OH is 5.7 yr, in agreement with other studies ~ 1800f| o bal means noaa | o
(Krol and Lelieveld 2003 Prinn et al, 2005. When we sam- — modelled trop mean, transient , e
ple the model at the surface in the period in which MCF emis- 1600 -~ CHi emissions o oy P
sions were significant (1988-1998), the model is seen to over- : yina é
estimate the observed mixing ratios. This is related to differ- g 14001 laso &
ences in the sampling of the model and the observations. Ob-% 5
servations are generally taken in remote areas, away from the5 1200t 1400 é
emissions, in order to be representative for the global burden. wl
In our one-dimensional model, the sampling is done in the 1000} Pz

surface grid box, where the emissions are also put in. There-

fore a tropospheric mean sampling of the model is in better  soo :
correspondence with the observations. This is confirmed by 55— 1o 50— 55— 5553555 250
the fact that our modelled tropospheric mean MCF mixing year

ratios are in very good agreement with GAGE/AGAGE ob- Fig. 4. Observed and modeled evolution of ghhixing ratios be-

Servatlons. A tropospheric mean sampling of the model W'"tween 1890 and 2005. Observation-based global means are calcu-

be used in the rest of the paper. lated byEtheridge et al(1998 based on ice-core data (green line),
The results for Cll concentrations from the first simu-  and more recent global means are calculated using measurements

lation of the second set, as defined in Sect. 2.4, are showat South Pole and Alert NOAA stations (green crosses), Eidis-

in Fig. 4. They are compared to global means for the pe-sions implemented in the model are also shown (red dotted line,

riod 1890 to 1990, calculated from ice core measurementsvith scale on the right axis)an Aardenne et 32001 Spahni

in Etheridge et al(1999. Following the same procedure as etal, 2011).

used inEtheridge et al(1999, we estimate global mean mix-

ing ratios for the period 1985 to 2005 based on the monthly e i

means from th&sLOBALVIEW-CH4 (2009 data from the  °F of the CH; lifetime in this period. These results are only

stations Alert and South Pole. The global mean is thereforé)aseOI on changing _anthropogen?c emissions(MID, CH;,
computed as the mixing ratio at South Pole plus 37 % of the \MVOC) for the simulated period, and there are several

interpolar difference. Modelled CHnixing ratios generally possible explanations for the differences between modelled
follow the decadal trends in GHemissions, with a delay of and observed concentrations. Firstly, processes not included
about 10yr due to the CHifetime. The stabilization of the ~N€re: such as changes in stratospheric ozone, temperatures

concentrations towards the end of the simulation period is £nd Possible trends in natural and biomass burning emis-

phenomenon that is also present in the observatibhgp- sions can have a significant impact on L£¢bncentrations.
kencky et al, 2003 Secondly, we are not able to represent high and lovy KO

Compared to the observations, our model follows quite9ionS in our column chemistry model. For this reason, our
well the trends in Clj mixing ratios, but generally overes- model might misrepresent the sensitivity of £ebncentra-

timates CH mixing ratios by up to 50 ppb. We expect this tions to NQ and NMVOC emissions. Finally, we use a fixed

to happen in the first decades of the simulation, becaus&© Yi€ld from NMVOC oxidation for the simulated period.

the starting point represents a steady state, while the sys-[hIS yield varies among species and among,iollution

tem might not have been in equilibrium in the year 1890‘environments, therefore we would expect it to change on

The concentration continues to be overestimated until 1990? centennial scale. However, the chosen model setup cap-
pointing either to an overestimation of the idmissions tures the observed range of gebncentrations in the period
1990-2005, which is the period we are interested in.

[W]
o
o
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Fig. 5.CH, and OH steady-state changes due to various Pinatubo forcings.

We conclude that our model properly represents the globaB.2.2 Evolution of transient concentrations and
budgets and lifetimes of the different species, and is able to growth rate
reproduce the mean state of the atmosphere in the 1990s.
The sensitivities relevant for this study are reasonably repreThe modelled transient evolution of Glrhixing ratios due to
sented. However, the model is too simplified to capture vari-individual natural perturbations following the eruption, and
ations of CH on a centennial scale, or vertical profiles of including their overall effect, are shown in Figa. When
different species present in the model. Our sensitivity test&ll natural effects are included, the tropospheric mean CH
also show that the sensitivity of the model to NMVOC emis- mixing ratio slightly increases for 9 months after the erup-

sions is overestimated. tion. Afterwards it decreases, reaching a maximum decrease
of 13 ppb about 6yr after the eruption. The magnitudes of

3.2 The Pinatubo eruption the perturbations in transient concentrations are smaller than
the effects on the steady states, occurring at different mo-

3.2.1 Steady-state perturbations ments in time after the eruption and on different timescales.

, . ) Because the CHlifetime is about 8 yr, the concentration at
We first examine the effect of each of the forcings of the ye moment in time shows an integrated effect of its source-
F_’lnatubo erupthn desc;nbed N Tat_ﬂeon the CH,' equilib- sink imbalance in the previous years. Therefore not only the
rium concentration, using the maximum magnitude of eachy,,qnityde, but also the duration of the perturbation plays an
forcing. The dlffere_nces n tropﬂosphe,,:n(_: G;Hn_d OH be- important role in determining its effect on GHoncentra-
tween each simulation and the “base” simulation are shownj,ng The recovery time to the initial concentration is much
in Fig. 5 L longer compared to the recovery time of the perturbations
We find that the 5% reductlon_m ozone cqum_n has theapplied. The SQ effect is hardly observed in the transient
largest effect on the tropospheric mean Lefilibrium . enirations, because of its short duration. All the other

mixing ratio, decreasing it by 125ppb. 50aerosol and o asses affect the GHoncentration for up to 40yr after
water vapour changes all increase the,Giteady-state by the eruption

48 to 55ppb. The effects of temperature decrease 0B CH  \ye cajculate the Cigrowth rate by differentiating the

emissions and reaction rates have smaller impacts on thﬁansientmixing ratios. The overall effect of the natural forc-

simulated steady-state mixing ratios, of 27 and 17 ppb re—Ings after Pinatubo on the tropospheric CHrowth rate

spectively. The temperature-related processes, that is “TemH:ig_ 6b) is a positive jump of 3ppbyr due to UV ab-
Rates_", HZO and CH4 Emis”, partly cancel each other, sorption by S@ immediately after the eruption. The effect
resulting in an overall increase of 40 ppb. . decreases, but remains positive for about 9 months after the
Except for t.he effects of changed GHemissions and eruption, due to the presence of £@nd sulphate aerosols
changed reaction rates, the effects on4@ir.b S”O“Q'Y €O in the stratosphere. After that, the effect on the,@jrowth
related to effects on OH of the same relative magnitude and e j5 dominated by the forcing exerted by ozone depletion,
of opposite sign. The OH response to decreasing @His- oy counteracted by decreased water vapour. The overall

sions reflects the effectiveness of the feedback factor 'ntro'effect of natural forcings on CHgrowth rate experiences a

duced in the previous section. Changed reaction rates due Winimum of —5 ppbyr! about 2 yr after the eruption. The

trfo;;osplherlc CO‘?"“Q lead to af‘ small increase in OH, becaus%rowth rate increases afterwards, reaching zero about 6 yr af-
of the slower oxidation rate of CH ter the eruption, when the effect on the transient,@tixing
ratios is at a minimum (Figéa). The slow recovery of the
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Fig. 6. Effect of the different Pinatubo forcings on the temporal evolution of the tropospheric meam@Hg ratio and growth rate.

concentrations to the steady state is marked by a small poszhanges in wetland extent were also shown to have a large
itive growth rate of less than 1 ppbyr. The shape of the impact on the interannual variability in GHemissions from
growth rate evolution reflects the annual imbalance betweenvetlands Ringeval et al.2010, which is also not taken into
CHg sources and sinks. accountin the study @pahni et al(20117) for the years 1991

We find a positive Cll growth rate for about 9 months and 1992. In addition, we consider a globalg@actor of 2,
after the eruption. The effect of temperature on the reactiorwhile this factor was shown to be dependent on ecosystem
rates is small in this period, and the temperature effect ortype, with a range of measured values between 1.6 and 16
emissions leads to a negative growth rate. Therefore we ca(Dunfield et al, 1993 Valentine et al.1994).
only relate this positive growth rate to a decrease in OH, as The results show that stratospheric ozone changes had a
also suggested blugokencky et al(1996. The large ef- large impact on Chl growth rate after the eruption. The
fect of ozone depletion which follows compares well with WMO 2003 report Chipperfield et al. 2003 shows that
the results oBekki et al.(1994. They report a 7 ppb yr* the total ozone in the atmosphere decreased between the
decrease in growth rate from spring 1991 to autumn 1992ears 1991 and 1993 by about 5%. Similar nhumbers are
due to ozone depletion. The drop in ggrowth rate due to  found when excluding the high latitudes (for°@g®-60 N),
ozone depletion in our model is associated with a 5% in-or when looking only at the tropical region (25-25 N).
crease in OH. This is consistent with the findings\ding  This change was caused partly by natural variability, includ-
et al. (2004 of a global drop in OH of 19 moleccnt?3, ing an increase in the solar activity in this period, and partly
equivalent to 7%, between the end of 1991 and beginning oby processes related to the eruption. Therefore, after remov-
1994. Using the same parametric model, but keeping stratoing the effects of the solar cycle and QBO, a decrease of 2%
spheric ozone constant, they find much smaller variability into 3% is found in the measured total ozone between 1991
OH in this period, on the order of 1-2 %. Similar to our re- and 1993. ChH measurements are affected by changes in the
sults,Bousquet et al(2006 find an increase in the OH sink o0zone column, irrespective of their cause. For this reason, we
until the beginning of 1992, and then a subsequent decreasased here a maximum decrease of 4.5 % in the ozone column,
in 1992 and 1993. However, they find different magnitudesrepresentative for 6506—60 N, which includes solar variabil-
of these changes compared to our study, leading to an overally. To distinguish the change in GHoncentrations due to
increase in the OH sink between 1991 and 1993. The magniehanges in ozone related to the eruption, a smaller perturba-
tude of the temperature-related effects that we find compareson should be considered.
well with the estimate from iBekki and Law(1997). We The modelled ChH growth rate from the second set of
find a maximum of 6 Tgyr! change in wetland emissions simulations, when varying anthropogenic emissions of,CH
after the eruption. This is similar to the bottom up estimateCO, NQ;, and NMVOC, is shown in Fig7. These sim-
of about 5Tgyr! shown inSpahni et al(2011) Fig. 8a, ulations have a starting point in 1890, producing a more
but a few times lower than the maximum anomaly of aboutrealistic growth rate at the moment of the eruption of
40 Tgyr ! found in the inverse modelling study Bbusquet 10 ppbyr!. Results for the full length of the simulation,
et al. (2006. Our lower estimate might be partly due to the withoutincluding the post-Pinatubo perturbations, are shown
fact that we considered changes in £¢inissions solely due in Fig. 4. We compare our results with the observations-
to temperature. ClHemissions also depend on spatial and based global mean growth rate, obtained by globally aver-
temporal changes in soil moisture and precipitation, whichaging the CH reference marine boundary layer matrix from
have been observed after the erupti®pdhni et al.2011). GLOBALVIEW-CH4 (2009, and deseazonalising it using
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‘ e By comparing the sum of the “Pinatubo all” and “An-
Ao Rl Aiithitop i throp” curves to the growth rate evolution when including
: - :ni;::z?;and anthrop both Pinatubo forcings and changes in anthropogenic emis-
. - T s S S sions, we find that the effect of nonlinearity on growth rates
L : is less than 10 %.

Since our study is an idealised sensitivity study, there are
many possible reasons for differences between the modelled
and the observed growth rate. Firstly, many processes known
to determine Clj variability are not included here. These in-
clude changes in biomass burning emissi@musquet et a.

i 2006, isoprene emissiond¢lford et al, 2010 and variabil-
S i [ . ity in wetland emissions due to atmospheric changes related
1961 1965 1963 1964 1995 1996 to the El Nfio Southern Oscillation (ENSO) cyclel¢dson
year et al, 2011). Secondly, differences may result from the dif-

Fig. 7. Modelled growth rate evolution after the Pinatubo eruption férentsampling of the model and the observations, as already
including variations due to anthropogenic emissions, and the commentioned in Sect. 3.1.2. The interpolation procedure used
bined signal from natural and anthropogenic changes. The blacko obtain the observed global Gldrowth rate curve can also
dotted line shows the growth rate evolution obtained in the firstsmoothen out some sudden variations in the Gidwth rate,
set of simulations, including all natural forcings (the same as thesuch as the jump due to the $@jected by the eruption. Fi-
black line in Fig.6b). Also shown is the measured globally av- nally, there are uncertainties related to our model setup, on
eraged growth rate obtained using the reference marine boundaryhich we elaborate further below.
layer matrix fromGLOBALVIEW-CH4 (2009. In order to show that our results are robust with respect
to the parameters used in the model, a series of sensitivity
tests was performed. We tested different temperature and wa-
ter vapour profiles, a higher value for the CO yield from the
oxidation of NMVOC, including NMVOC recycling, and in-
creased vertical mixing. Although the effect on the modelled

4 concentrations in the last century may be on the or-
. o o . der of 100 ppb (results not shown), the effect on the growth
a decrease in CHiifetime, when only variations in anthro- rate evolution after the eruption is less than 10%. Chang-

pogenic emissions are taken into account. . .
When both variations in anthropogenic emissions and nat 9 the temperature by-2.5K to +1K and simultaneously

ural forcings are included in the model, a similar range changing the water vapour profile according to the Clausius-

of values is found for the modelled and observed growthClaloeyron equation lead to changes in thes@rbwth rate

rates in the years 1991 to 1996. These values vary betweerfﬁasu'ts of less than 0.1 ppbt. Similar results are obtained

1 . . when changing the CO yield from NMVOC to 0.5 instead of
more than 10 ppb yr and slightly negative values of up to ; : . L
1 : o 0.35, or when doubling the vertical mixing coefficients. In-
—2ppbyr-. Decreased anthropogenic gldmissions be-

tween the years 1991 and 1993 are found to contribute b)?:r:ut(:]'gg ?egéznié/'ilfd’\l(gggdf;otrg ;hﬁi Oé(:e(jratlr%r\]/v(t)r: ';la'\t/lglgﬁi_
an additional 5ppbyr to the drop in CH growth rate P gnherg

in this period, in agreement with previous studi€dugo- mum after the eruption by 0.3 ppbyk. We estimate there-

. o

kencky et al.1994 Bousquet et aj2006. The timing of the fore a maximum error of 10% in the modelled growth rate
S K due to uncertainties in the model parameters.

minimum growth rate after the eruption is modelled about Horizontal distributions of the modelled forcings can pla

15 months later than that observed. This minimum is found 9 play

. . . _an important role for the overall effect on the gigrowth
by a complex balance between the different forcings, bemgr : : .
- . N ; ate, and cannot be simulated in our column model. This
later than the minimum in any of the individual forcings ap-

: . - may cause additional uncertainties in our results. For exam-
plied. Therefore the discrepancy between the timing of the . :
o : ple, we expect to overestimate the effect of ,.S0y infer-
modelled minimum and of the observed one might be re-'. : o s .
L . ring an instant homogenisation of the emissions. In reality,
lated to the simplified evolution of the temperature and ozone . : o .
igh concentrations were found close to the emission point

changes applied, or the fagt that some sou.rces.of Vanab”'tyafter the eruption, and the short lifetime of Slimited this
(see below) are not taken into account. This might also ex- ) .
. . . . effect to low latitudes@uo et al, 20049. Changes in strato-
plain the fact that the increased growth rate in 1994 is not .
. S : . spheric aerosol, ozone and temperature have been observed
captured in our simplified simulations.

globally, but with different magnitudes at different latitudes.
Since CH oxidation is more important in the tropics, pro-
cesses that are relatively stronger in the tropics will have a
higher impact on the CHlifetime.

CH, growth rate (ppb yr')

the software provided by NOAA (based dhoning and Tans
(1989). CH,4 anthropogenic emissions were relatively stable
in the years 1990 to 2000, while anthropogenic,\&nis-
sions increased and CO emissions decreased. Therefore
find a generally decreasing trend in £hrowth rate due to
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