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Abstract. Accurate prediction of future methane abundancesl Introduction

following a climate scenario requires understanding the life-

time changes driven by anthropogenic emissions, meteo-

rological factors, and chemistry-climate feedbacks. Uncer-Rising atmospheric concentrations of greenhouse gases are
tainty in any of these influences or the underlying processe$h€ main cause of current and future climate change (In-
implies uncertainty in future abundance and radiative forc-tergovernmental Panel on Climate Change, hereafter IPCC,
ing. We simulate methane lifetime in three chemical trans-2007). Uncertainty in mapping an emission scenario onto
port models (CTMs) — UCI CTM, GEOS-Chem, and Oslo future abundance of greenhouse gases (GHGSs) thus trans-
CTM3 — over the period 1997-2009 and compare the modJates almost directly into uncertainty in our ability to project
els’ year-to-year variability against constraints from global climate change and its impact on nature and society. To
methy! chloroform observations. Using sensitivity tests, wedate, IPCC has generally adopted a single trajectory for the
find that temperature, water vapor, stratospheric ozone colgrowth of greenhouse gases in each of several different socio-
umn, biomass burning and lightning N@re the dominant economic scenarios, thus neglecting uncertainty in those fu-
sources of interannual changes in methane lifetime in alfuré abundances. For methane, the second most important
three models. We also evaluate each model's response f@nthropogenic GHG, these trajectories are based on sim-
forcings that have impacts on decadal time scales, such Ale parametric formulas for methane lifetime. In the IPCC
methane feedback, and anthropogenic emissions. In generalhird Assessment Report (TAR), 4 parameters accounted for
these different CTMs show similar sensitivities to the driving €hanges in the largest atmospheric methane sink, oxidation
variables. We construct a parametric model that reproducebY tropospheric OH: anthropogenic emissions of CO, nitro-
most of the interannual variability of each CTM and use it 9N oxides (N), and volatile organic compounds (VOCs)

to predict methane lifetime from 1980 through 2100 follow- @nd the negative feedback between methane abundance and
ing a specified emissions and climate scenario (RCP 8.5)t.ropospheric OH (Prather et al., 2001). Other sinks, which in-
The parametric model propagates uncertainties through afflude oxidation in the stratosphere, oxidation by tropospheric
steps and provides a foundation for predicting methane aburchlorine, and uptake into soil, were assessed but assumed not
dances in any climate scenario. Our sensitivity tests also ent0 change during the 21st century projections. For the upcom-
able a new estimate of the methane global warming potentialnd IPCC 5th Assessment Report (ARS5) the Representative
(GWP), accounting for stratospheric ozone effects, includingConcentration Pathway (RCP) scenarios adopt methane tra-
those mediated by water vapor. We estimate the 100-yr Gwpectories calculated in the MAGICC model, which augments

to be 32, which is 25 % larger than past assessments. the TAR parametric formula with a temperature term (Mein-
shausen et al., 2011a).

On small spatial scales, OH concentrations and methane
oxidation depend on temperature, pressure, sun elevation,
clouds, surface albedo, UV attenuation by stratospheric
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ozone, and local concentrations of water vapor, ozone2 Model descriptions
CHg4, CO, NQ, VOCs, and aerosols (e.g. Duncan et al.,
2000; Olson et al., 2006). Integrated globally and annu-We diagnose methane lifetime due to tropospheric OH,
ally, some of these influences are small, but numerous studech,xon, from multi-year simulations in 3 different CTMs:
ies have found that temperature, circulation, water vaporUniversity of Oslo CTM3, University of California, Irvine
stratospheric ozone, clouds and natural and anthropogeni@gJCl) CTM, and GEOS-Chem. All of these models are
emissions are important (Lelieveld and Crutzen, 1994; Spi-driven by assimilated meteorological data and configured to
vakovsky et al., 2000; Dentener et al., 2003; Stevenson etise the same emissions from anthropogenic, biogenic and
al., 2005; Dalsoren et al., 2006; Fiore et al., 2006; Hess andbiomass burning sources. We use year-specific meteorol-
Mahowald, 2009; Voulgarakis et al., 2010). Uncertainties inogy spanning 1997-2009 for each model, except GEOS-
these factors and in the present-day methane budget medhem simulations with GEOS-5 meteorology, which are
that each socioeconomic emission scenario could producenly 2004—2009. Sections 2.1-2.3 and Table S1 summarize
a range of future methane abundances (Prather et al., 2012features of each model and Sect. 2.4 describes the emissions.
Global climate model (GCM) simulations with atmo-  Monthly chemistry diagnostics from each model enable
spheric chemistry provide another method for predicting fu-us to calculaterch,<oH, defined as the total atmospheric
ture methane and other chemically reactive GHGs. An en-CH4 burden divided by its loss through reactions with tro-
semble of such models can provide a range of future methanpospheric OH. All 3 models use fixed methane abundances
abundances for a single scenario (e.g. Atmospheric Chem760 ppb for UCI CTM and Oslo CTM3, 1775ppb for
istry and Climate Model Intercomparison Project (ACCMIP) GEOS-Chem), so variations itcH,xoH are due solely to
Lamarque et al., 2012), spanning some, but likely not all, fu-changes in the OH sink. Different tropopause definitions in
ture uncertainties. This approach is computationally expenthe models have minimal effect agn,<oH since CH, oxi-
sive, however, which restricts the number of socioeconomicdation between 200 hPa and the tropopause is 1.5 % of tropo-
scenarios and ensemble members that can be explored.  spheric methane loss, or less. We calculate the total methane
In this work we develop a new parametric model for global lifetime, tcH,, using tch,xoH values from this work and
methane lifetime that accounts for climate-chemistry interac-recently estimated lifetimes for other methane sinks: tro-
tions that were neglected in previous parametric approacheqospheric chlorine (200yr), stratosphere (120yr), and soll
We derive the parametric factors from perturbation tests in(150 yr) (Prather et al., 2012).
a suite of 3 chemical transport models (CTMs), since CTMs
with detailed tropospheric chemistry provide the best mech2.1 Oslo CTM3
anistic representation of methane loss from tropospheric OH.
We focus on the tropospheric OH sink because other methan®slo CTM3 is a stratospheric and tropospheric CTM, re-
sinks are smaller and their intrinsic variability has a smallercently described by Sgvde et al. (2012). Transport is driven
impact on the total methane lifetime. The parametric modelby pieced-forecast meteorology from the European Cen-
includes climate and emission factors that control the interanter for Medium-range Weather Forecasting (ECMWF) In-
nual variability of methane lifetime in the CTMs. These fac- tegrated Forecast System (cycle 36http://www.ecmwif.
tors are likely important on decadal time scales as well. Theint/research/ifsdocs/CY36rl/index.hdmThe original T359
parametric model also includes anthropogenic emissions thgt~ 0.55° x 0.55°) horizontal resolution and 60 layer ver-
can drive decadal trends in methane lifetime, but contributetical resolution of the forecast model is degraded to T42
little to interannual variability. Uncertainties in atmospheric (~ 2.8° x 2.8) resolution, while preserving the 3h tempo-
chemistry are included in the parametric factors based on theal resolution for all meteorological fields. Advection uses
range of perturbation responses across the CTMs. We evaluhe second-order moments scheme (Prather, 1986; Prather et
ate the parametric model against 13-yr CTM simulations ofal., 2008) and convection follows Tiedtke (1989).
methane lifetime, and against observed variability in tropo- The Oslo CTM3 chemical mechanism includes a full
spheric OH, as measured by the decay of methyl chloroformstratospheric chemical mechanism in addition to tropo-
Assuming that the same climate and emission processes wiipheric reactions. The tropospheric module contains 105 re-
remain dominant drivers of methane lifetime throughout theactions and 51 gas-phase species, including sulfate, nitrate,
21st century, we use this parametric model to make new proand sea-salt aerosols. Nitrate aerosols influence gas-phase
jections of methane abundance and its uncertainty througlehemistry through HN@ uptake, which is a sink for reac-
2100. Finally, the perturbation tests also enable a new estitive nitrogen through subsequent wet scavenging. Photolysis
mate of the ozone contribution to methane radiative forcingrates required in the chemistry mechanism are calculated on-
and global warming potential. line using the Fast-JX method (Neu et al., 2007), with cloud
distributions from ECMWF meteorology and ozone concen-
trations calculated in the CTM. Aerosol effects on photoly-
sis are neglected except for a small contribution from black
carbon (Sgvde et al., 2012), which increases OH and biases
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Table 1.Emissions.

Source (Inventorf) NOx, Tg(N)yr1  CO, Tgyr! Isoprene, Tgyr!
Anthropogenic (RCP year 2000) Y] 609 -

Biomass burning (GFED3) 56 360° -

Biogenic (MEGAN) - 76 523

Lightning 5 - -

Total 42 1047 523

2 nventory references: RCP, Lamarque et al. (2010); van Vuuren et al. (2011), GFED3 (van der Werf et al. (2010),
MEGAN Guenther et al. (2006).

b Land, ship, and aviation components are 26, 5.4, andTyB%) yr—1, respectively.

¢ Average biomass burning for 1997-2009. Emissions for individual years are 3RyBljtyr—1 and

263-605Tg(CO) yr—1.

d Average for 1997-2009 in UCI CTM and Oslo CTM3. Emissions for individual years are 4.Bg@\|4yr‘1.
GEOS-Chem has 5.7-61(N) yr—1 (average @g(N) yr—1) over 2004—2009.

TcH,xoH low by about 10% (Bian et al., 2003; Martin et rology, which has been degraded t©>22.5° and 47 layers
al., 2003). Oslo CTM3 shares the same chemical mechanisrfor the CTM. GEOS-5 data are available only after 2004,
and some other physical process algorithms with the oldehowever, so we also simulate 1997-2009 using MERRA
Oslo CTM2, which has been extensively used for studies ofmeteorology at 4x 5° and 47 layers. Temporal resolution
present and future tropospheric composition (Isaksen et alin GEOS-5 (MERRA) is 6 h (3 h) for most meteorological

2005; Hoor et al., 2009; Dalsoren et al., 2010). quantities and 3h (1h) for surface quantities and mixing
depth.
2.2 UCICTM The tropospheric chemistry mechanism in GEOS-Chem,

as recently updated by Mao et al. (2010), consists of 104
The UCI CTM is a tropospheric CTM, using the same mete-species and 236 chemical reactions that simulate aerosols
orology, transport algorithms, and Fast-JX photolysis as Osldn addition to the HQ-NOx-VOC-ozone system. Photol-
CTM3. Like Oslo CTM3, the UCI CTM uses T42 horizontal ysis rates are calculated with the Fast-JX method, using
resolution, but the vertical resolution in the boundary layeraerosol optical depths that are simulated internally, and
is reduced, so there are 57 layers total. Tropospheric chemezone columns from the TOMS and SBUV satellites (until
istry of the major gas-phase species involved indH8Ox, ~ 2008) or GEOS-5 assimilation of satellite data (after 2008).
Oz, and VOC reactions is simulated with the ASAD pack- For purposes of stratosphere-troposphere exchange, strato-
age (Carver et al., 1997), with updates to the mechanism angpheric ozone is simulated with Linoz.
kinetics (Tang and Prather, 2010). This mechanism includes
84 reactions involving 33 species, making it simpler than the2.4 Emissions
Oslo CTM3 chemical mechanism. As in Oslo CTMS3, clouds
from ECMWF meteorology are used for photolysis. Simpli- Emissions used in this work are representative of 1997-2010,
fied stratospheric @chemistry is simulated with Linoz (ver- but do not resolve trends or interannual variability in anthro-
sion 2, Hsu and Prather, 2009) and used for photolysis calcupogenic or biogenic emissions. To the extent possible, we
lations and stratosphere-troposphere exchange. Aerosol efise identical emissions across all models. Anthropogenic,
fects on chemistry are neglected, which biaggs, «on low biogenic, and biomass burning emissions of /NGO, and
by up to 5% in addition to the aerosol-induced photolysisisoprene are fully consistent in all models. Some differences
bias described above for Oslo CTM3 (Martin et al., 2003;in VOC emissions arise because of the different lumping

Macintyre and Evans, 2010). schemes used in the various chemical mechanisms and be-
cause some VOC species are not simulated in all models.
2.3 GEOS-Chem Lightning NG, emissions also differ between models be-

cause they are calculated from underlying meteorology, as
GEOS-Chem is a tropospheric CTM, driven by assimilateddescribed below.
meteorological data from the NASA Goddard Earth Observ- Table 1 summarizes emissions of key species. We use
ing System (GEOS-5) or MERRA reanalysis (Rienecker etthe RCP inventory for anthropogenic emissions for year
al., 2008, 2011). Both GEOS-5 and MERRA are produced2000, repeating in each simulated year (Lamarque et al.,
from closely related assimilation systems, using the same&010; van Vuuren et al., 2011). This inventory provides
spatial resolution of 055x 0.66° and 72 vertical layers. We monthly gridded emissions of NQCO and speciated VOCs
use GEOS-Chem version 9-01-02 here. Most results, includfrom 11 emission activities. Aviation and shipping emissions
ing all sensitivity simulations, are based on GEOS-5 meteo-change each month, while other anthropogenic emissions are
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constant throughout the year. Biomass burning emissions are [ ' ' T '
specified for each year and month by the GFED inventory 4l
(version 3, van der Werf et al., 2010). We use this instead
of the climatological biomass burning emissions provided in
the RCP inventory because fires are a major cause of year> 9.5
to-year variability in tropospheric OH (Duncan et al., 2003;
Manning et al., 2005; Dalsoren et al., 2006). Biogenic emis-
sions of isoprene, CO, and other VOCs are from a MEGAN
climatology for the 2000s decade (Guenther et al., 2006).
Anthropogenic, biogenic, and biomass burning emission data g5
are provided at 05x 0.5 resolution. GEOS-Chem includes
additional oceanic emissions of acetone (13 Tglydacob et

al., 2002) and acetaldehyde (57 Tg¥r Millet et al., 2010), Fig. 1. Methane lifetime due to oxidation by tropospheric OH
which are not included in other models. All emissions except(TCH4><OH) simulated by each CTM (solid lines) and reconstructed
aviation, biomass burning and lightning occur in the lowestfrom the 5-parameter model (dashed lines). The parameters are air
model layer and are quickly mixed vertically through bound- temperature, water vapor, ozone column, lightningxNsbnission,

ary layer convection and turbulence. Biomass burning is asand biomass burning emission. Parameter values for each CTM are
sumed to occur at the surface in the UCI CTM and GEOQS-given in Table 2 and the corresponding variables are in Fig. 3.
Chem. In Oslo CTM3, however, biomass burning emissionsR2 values show correlation between each CTM and its own 5-

follow the RETRO vertical distribution (Schultz et al., 2008), Parameter model. GEOS-Chem simulations use either MERRA or

which injects 35 % of equatorial emissions and 45 % of bo_GEOS-5 meteorology. All lifetimes are smoothed with a 12-month

S - running mean.
real emissions above the boundary layer. In a sensitivity test g

we inject all biomass burning into the lowest model layer in

Oslo CTM3. o __ _ La Nina, smaller peaks in 2004 and 2008, and general de-
Lightning NO; emissions are calculated with similar cjine after 2005. These features appear robust against the
methods in all 3 CTMs, with UCI CTM and Oslo CTM3 us- yarious choices of chemical mechanism, meteorology, and
ing identical algorithms. In all models, these emissions areqgo|ution used in these CTMs. In independent work, the
derived from cloud-top heights in the underlying meteorol- caM model also simulates the same features, using dif-
ogy (Price and Rind, 1994) and scaled to match satelliteferent chemistry and emissions that include biogenic vari-
observed lightning flash rates (Christian et al., 2003). In thegiions (Montzka et al., 2011). Oslo CTM3 has the least
UCI CTM and Oslo CTM3, 2 scale factors are calculated 1Oyariability (0.65% foro/mean), while GEOS-Chem with

match observed multi-year mean flash rates over land anfjerra meteorology has the most (1.1%). The common
ocean. In GEOS-Chem scale factors are calculated for ®Vteatures, as well as differences in their magnitude, are ex-

ery grid column and month (Sauvage et al., 2007). Withinyjained below by a small number of processes (Sect. 3.3).
the convective column, lightning NQOis distributed verti-
cally based on NQ observations near thunderstorms (Ott 3.1 Methyl chloroform comparison
et al., 2010). Sgvde et al. (2012) provide a full description
of lightning emissions in UCI CTM and Oslo CTM3, and Two global measurement networks have recorded the growth
Murray et al. (2012) do the same for GEOS-Chem. Light- and decline of atmospheric methyl chloroform (MCF) since
ning NO, emissions average 6 Tg(N)V¥ in GEOS-Chem  the 1970s (ALE/GAGE/AGAGE, Prinn et al., 2005), with ex-
and 5 Tg(N) yrlin UCI CTM and Oslo CTM3. panded coverage since the 1990s (NOAA, Montzka et al.,
2000). Like methane, atmospheric MCF is oxidized mainly
by tropospheric OH, with small additional sinks in the strato-
3 Recent (1997-2009) variability of CH lifetime sphere, oceans, and soil (Volk et al., 1997; Wennberg et
al., 2004; Wang et al., 2008). Because MCF has no natu-
Figure 1 showstch,xon for 1997-2009, as simulated by ral sources and the anthropogenic production is well known
the 3 CTMs. The tropospheric OH lifetimes range from 8.5 (McCulloch et al., 1999), MCF provides the best available
to 10.1yr. The longest of these lifetimes (GEOS-Chem) isconstraint on global OH levels and methane lifetime. The
consistent with the constraint provided by methyl chloro- analysis here uses observations since 1998, when anthro-
form observations, 12 4 1.3 yr (Prather et al., 2012), but all pogenic MCF emissions became small compared to atmo-
are within the range of contemporary tropospheric chemistryspheric oxidation of the residual atmospheric burden. Con-
models (e.g. ¥ &+ 1.5yr from ACCMIP, Naik et al., 2012).  sequently, MCF atmospheric lifetimes can be inferred from
These simulations show similar variability efn,xoH in observed decay rates without detailed accounting for emis-
all CTMs. Common features include a sharp dip in 1998sions and transport (Montzka et al., 2011).
and peak in 2000, coincident with a strong ElfiNiand
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s a0 the observational uncertainty for both the AGAGE and
5 = NOAA networks (shaded region of Fig. 2), the year-to-
year changes in the models generally do not correlate with
the MCF data. Residual anthropogenic or ocean emissions
could account for some MCF decay anomalies, but only if
] these emissions change abruptly from year to year. Emission
‘ ‘ ‘ _ ‘ ‘ 310 anomalies of about 4 Ggyt would be required to cause the
1998 2000 2002 2004 2008 2008 2010 observed decay rate swings during 2002—-2004. Meanwhile,
Fig. 2. Interannual variability ofrcp, xoH in CTMs and observed total anthropogenic and ocean emissions for those years are
global-mean methy! chloroform (MCF) decay rate. Observationsestimated to be 6 and 4 Ggyk, respectively, and decreasing
are derived from atmospheric MCF abundances at NOAA andsmoothly (Wennberg et al., 2004; Prinn et al., 2005; Montzka
AGAGE surface stations (Montzka et al., 2000; Prinn et al., 2005),et al., 2011). Therefore, abrupt emission changes might ex-
with an uncertainty (shaded) given by the 16th to 84th percentileplain part, perhaps half, of the decay anomalies, but cannot
range .G:lcr) of decay rates across statio.ns within each network, 3ccount for the full discrepancy between simulateg, x o+
s S et e oo o e bssrvtors,
(2004-2008 for NOAA data). Models, observations, and uncertain- Collocated measurement s_ltes in the NOAA and AGAG.E
ties are smoothed with a 12-month running average. Note anomaliers]e'[\’vor.kS provide an altgrnatlve means to favaluate possible
in 7ch, ot @nd decay rate have opposite sign. errors in decay ratels. Wlth MCF concentrations about 30 ppt
(A ppt=1pmolmof+) in 2003 and decaying at a rate of
6 pptyr1, quantifying TcH,xOH anomalies of 1% requires
For each network, we calculate decay rates of McEMmeasurement accuracy of 0.06 ppt or better for the monthly
from monthly average concentrations provided by eachM&an concentration._At all 4 collocated sites (Cape Gri_m,
network (NOAA: ftp://ftp.cmdl.noaa.gov/hats/solvents/ American Samoa, Trinidad Head, and Mace Head) we find
CH3CCI3/flasks/GCMS/CH3CCLECMS flask.txt  last ~ differences between the networks as large as 244 to
access: 6 August 2012; AGAGHttp://agage.eas.gatech. 0-5Pmolmot~) in the monthly means. (See Fig. S2) While
edu/dataarchive/agage/gc-md/monthyast access: 4 April  Small in absolute terms, these differences exceed the stan-
2012). For site and monthr the observed decay rate (¥4 dard error in monthly means and persist for several consecu-

Models (left axis)
=—UCICT™ = GEOS-Chem/GEOS-5
= GEOS-Chem/MERRA

9
TCH,_xOH anomaly, %

MCF decay rate anomaly, %

is tive months; thus they are likely not caused by synoptic vari-
ability and differences in sampling frequency. Because the
iy = —IN(ci.+6)/Ci.1—6)) 1) biases change over time, they lead to differences of up to

4% in MCF decay rates at a single site. As can be seen in
wherec; ; is the concentration at sitén montht. The global  Fig. 2, both networks find similar magnitude of OH variabil-
MCF decay rate is the averagef across sites within anet- ity, but they differ in sign and magnitude of the anomaly at
work. We calculate uncertainty in the global decay rate asmany times. These differences in observed MCF decay rates
the 16th—84th percentile range (i£.10) of k; , across sites  between the two networks are as large as the discrepancy be-
within a network. No filling is used for months with missing tween CTMtcH,xon anomalies and either set of observa-
data. (See Supplement for additional method details.) Avertions. Therefore, we conclude that better understanding of
aged over 1998-2007, the global MCF decay rates from thesystematic differences between the observation networks is
2 networks differ by less than 1% (0.181Iyrfor NOAA, required before MCF can be used to constrajp, xoH and
0.1796 yr1 for AGAGE), providing a strong constraint on OH anomalies in specific years at the precision required (1-
the long-term global-mean OH and methane lifetime. This2 %) to test CTM interannual variability.
analysis, however, focuses on anomalies in the global de-
cay rate, relative to each network’s own mean. Because th8.2 Methane lifetime sensitivity to chemistry-climate
anomalies are attributed solely to tropospheric OH loss (see factors
below) and for comparison taH, o, the decay anomalies
are divided byr = 0.87 to account for the tropospheric OH Having identified consistent variations itH,~oH across
fraction of total MCF loss (Prather et al., 2012). multiple CTMs, we examine their causes with explicit per-

Figure 2 compares the interannual variability of simu- turbation tests. In these tests, we perturb a single climate or
lated rcH,xoH in the CTMs against the MCF decay rate. emission variable, simulate 3 or more years, discard the first
In all CTMs, simulatedrcH,xon variations (0.7-1.1% for year as spinup, and analyze the difference from the unper-
o/mean) are smaller than the upper limit imposed by theturbed simulation in the remaining years. Perturbations are
MCF constraint (2.3 %, Montzka et al., 2011). Adding vari- applied to 1997-1999 for Oslo CTM3 and the UCI CTM,
able isoprene emissions to the GEOS-Chem simulation inand, because of meteorological data availability, to 2004—
creases the simulated variability by only 0.1 % (not shown).2006 for GEOS-Chem with GEOS-5. The sensitivity,of
While the CTM tcH,xoHn anomalies are consistently within  tch,xon t0 a climate or emission variabld;, is always
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Table 2. Sensitivity oftch, xoH to climate variables and emissiéns

VariableP UCICTM OsloCTM3 GEOS-Chem Literatufe Adoptedd
Chemistry-climate interactions
Air temperature® -39 -2.8 -22 -30+08
Water vapor® —-0.32 —-0.29 —-0.34 —0.32+0.03
Ozone column40® S-40 N +0.66 +0.43 +0.61 +0.28—0.769 [1] +0.55+ 0.11
+0.28"[2]
+0.279 [3]
Lightning NOx emissions —0.14 —0.11 —0.24 -0.08-0.16 [4] —0.16 + 0.06
Biomass burning emissions  +0.021 +0.013 +0.017 -+0.020+ 0.015
+0.00d
CH,4 abundancek +0.363  40.307 +0.274 +0.32 [5] +0.31+ 0.04
+0.28 + 0.03 [6] (f =1.34+0.06)
Convective mass flux —0.036 N
Optical depth, ice clouds +0.013 N
Optical depth, water clouds  —0.025 +0.024 [2] N
—0.075[3]

Anthropogenic emissions

Land NOx™ —0.15 —0.10 —0.16 —0.137[5] —0.14+003
~0.1214+0.055 [7]

Ship NOx 0045  —0.048 —0.017 —0.04124+001[8] —0.03+ 0.015
—0.0374 0.005 [9]
—0.047 [10]

Aviation NOx —0.014+ 0.003[11] —0.014+ 0.003

co +0.066  +0.050 +0.065 +0.11[5] +0.06 + 0.02
+0.074 £ 0.004[7]

Vole +0.047 [5] +0.04+0.01

+0.033+ 0.01[7)

@ Sensitivities are reported asn(rc, xoH)/dIn(F) for each variable”, based on perturbation tests described in Sect. 3.2.

b Jtalic variables are major causes of interanm@l,MOH changes (based on sensitivity and interannual changes in the variable) that are included the 1997-2009
reconstruction of CTMcH, xOH in Sect. 3.3. Bold variables can drive decadal trends and are included in 1980-2100 predit‘@'ngQﬁH in Sects. 4 and 5.

€ [1] Karlsdottir and Isaksen (2000), [2] Krol and van Weele (1997), [3] Voulgarakis et al. (2009), [4] Labrador et al. (2004),[5] Prather et al. (2001), [6] Fiore et

al. (2009), [7] Fry et al. (2012), [8] Hoor et al. (2009), [9] Myhre et al. (2011), [10] Dalsoren et al. (2010), [11] Holmes et al. (2011)

d Adopted values are the mean of CTMs, except for VOC, and aviaiidg which come from literature. Uncertainties are Jxalues based on CTM spread and

expert assessment of literature. Terms marked N have negligible impact on interaml&y@(lm variability and are not used in the parametric model.

€ Tropospheric perturbation only.

fIn Oslo CTM3 stratospheric chemistry and stratosphere-troposphere exchange respond to the perturbation, whereas UCI CTM and GEOS-Chem responses are due
solely to tropospheric photolysis rates. Oslo CTM3 results are rescaled to the same ozone column change as the other models.

9 Response to global ozone column perturbation.

h Response to extra-tropical 0zone column perturbation (poleward®df 30

I Sensitivities assume fire emissions are contained in the boundary layer, except where noted for Oslo CTM3. The UCI CTM value is the emission-weighted average
sensitivity for 1997—-2009 (Fig. 4). Values for other models are calculated from 3-yr perturbation tests and scaled to 1997—-2009 means, assuming the same
interannual variability as the UCI CTM. Adopted uncertainty accounts for uncertainty in emission altitude and year-to-year variability.

I calculated with the RETRO altitude distribution, which injects 35 % of equatorial (45 % of boreal) biomass burning emissions above 2 km. Net sensitivity is lower
because NO is longer lived at high altitudes and more effectively cancels the CO sink for OH.

kSensitivity toCH,4 abundance calculated from perturbations applied over 1997—-2009 in UCI CTM and Oslo CTM3 and 2004-2009 in GEOS-Chem.

I f is the methane feedback factor, defined as the ratio of methane perturbation lifetime to total budget lifetime (Prather et al., 2001). W§¢ ualngla¢eent

estimates of all methane sinks, Prather et al. (2012). Using IPCC TAR lifetimes increages03.

M All anthropogenidNOx emission occurring on land, including combustion, agriculture, and waste.

defined as perturbed over 40S—-40 N, where tropospheric OH produc-
tion from UV photolysis of tropospheric4bccurs. The con-
a =dIn(tch,xonH)/dIn(F). (2) sequences of averaging region choice are discussed further

in Sect. 3.3. Temperature and water vapor perturbations are

As such,a can be interpreted as the percent change inrestricted to the troposphere in Oslo CTM3, which includes
TCH, xOH resulting from a 1% increase iR. full stratospheric chemistry, to avoid confounding changes in

Table 2 reports sensitivities for the evaluated climate andstratospheric ozone columns.
emission variables. These variables include most of those Only variables with large sensitivity, large interannual
identified in the literature as important influences on tropo-changes, or both can explain the year-to-y&a, «on vari-
spheric OH andcn,xon Vvariability: temperature, water va- ations identified in Fig. 1. Figure 3 shows the interannual
por, stratospheric ozone column, convective fluxes, cloud opehanges of 5 key variables for 1997-2009. Water vapor,
tical depth, biomass burning emissions, and anthropogenitiaving about 3% variation andch,xoH Sensitivity near
emissions. Perturbation magnitudes are chosen to be similar0.3, could account for about 1% interannual variability
to the interannual variability or decadal trend of each vari-in tcH,xon. Temperature, ozone column, lightning NO
able (exact magnitudes in Table S2). Perturbations are apand biomass burning also have sufficient sensitivity and
plied globally, except for stratospheric ozone, which is only variability to account for about 1% variation #tH,xoH.
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Fig. 3. Climate and emission variables controlling the interannual variatioreaf xon in CTMs. Emissions are global totals and other
variables are global averages, except ozone columns, which are averaged“dsed@N. Colors show which inputs are used by each
CTM.

These 5 climate and emission variables that we identify as g 0.05 — 205 3100
important influences oech,xon have been recognized pre- = 0.04F T Coameson | 1452 dg0 £
viously, but their sensitivities have typically not been quan- .§§ 0.03F —— CO/NO emission ratio g E
tified in a comparable way (e.g. Spivakovsky et al., 2000; & iooz- ,,,,,,, AU 103 480
Dentener et al., 2003; Labrador et al., 2004; Stevenson etal.§ & 1o sg 370 £
2005; Fiore et al., 2006; Hess and Mahowald, 2009). £ 001¢ o 8
 0.00 00° 360

Convective fluxes and cloud optical depths for water and
ice clouds, as diagnosed in ECMWF meteorology, vary an-
nually by 2% and have small sensitivity-0.03 to +0.01), Fig. 4. Sensitivity of rcp,xoH to biomass burning emissions,
so these factors have very little impact @i, <o+ (<K 1%). in the UCI CTM. Biomass burning CO emissions and the CO/NO
Due to the small impact in the UCI CTM, these perturba- emission ratio from the GFED3 inventory are also shown. Peak
tion tests are not repeated in the other CTMs. Our results aré@missions and peak CO/NO ratio occur during Ehdlevents, due
consistent with the known decrease in mass-weighted globdpP tropical peat fires.

OH concentrations due to clouds (Moulgarakis et al., 2010)

because mass-weighted averaging emphasizes below-clou .

OH concentrations and we find compensating increases irrfegree Of, consistency among models. These adopted values
methane loss above clouds. In addition, past analyses of corft'® use_d in the para\_metnc model described below.

vective fluxes have found both positive and negative influ-. For biomass burning, the CTMs show moderate agreement

ences orrcH,xoH depending on the convection scheme and"; thg me;m S‘Tns't'v'tz \g%el'; f|reosogrle a%s]umed to emit into
perturbation used (Lawrence and Salzmann, 2008). the boundary layero(= 0.013 to )- Thetch,xon re-

Methane abundance and anthropogenic,NOO, and sponse to biomass burning depends strongly on the emission

o Ititude, however, since the net sensitivity results from off-
VOC emissions vary smoothly between years, but change(f’fl S ’ -
by 1-2% over the 2000-2010 (Dlugokencky et al., 2011;S€tting CO and N@effects and the Nplifetime depends
y 0 (Dlug ky strongly on altitude. When using the RETRO vertical distri-

Granier et al., 2011). Therefore, these factors have little im->" "~ o - ) . .
bution for wildfire emissions in Oslo CTM3, in which 35—

pact ontch,xoH Variability during the 13-yr CTM simu- L
lation, but are important on multi-decadal time scales and*>7¢ Of emissions enter the free troposphere, 4§ <o
longer sensitivity is 4 times smallety(= 0.003). This vertical distri-
| e . . bution explains why Oslo CTM3 exhibits t he leasty, «on
Many of the sensitivity terms in Table 2 — specifically, wa- SO : ) ) axn
y Y b y variability in the 1997-2009 simulations (Fig. 1). Sensitiv-

ter vapor, CH abundance, and anthropogenic land,N@d ) . .
CO —are consistent among the CTMs and with past estimategy to fires also changes dramatically between years, shown

(Prather et al., 2001; Fiore et al., 2006; Hoor et al., 2009:N Fig. 4 for the UCI CTM. The sensitivity is greatest during

Myhre et al., 2011), suggesting a good understanding of how/©ars with high bjomass burning emissions, and high CO/NQ
these variables impact tropospheric methane loss. Adopte fio in those emissions, both of which suppress tropospheric

L . H (Duncan et al., 2003; Dalsoren et al., 2006; Voulgarakis
values for each sensitivity (Table 2, right column) reflect the . . .
v ( g ) et al., 2010) and peak during El i years due to tropical

1998 2000 2002 2004 2006 2008 2010
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peat fires. Future El Nio activity cannot be predicted ro- 3.3 A parametric model for TcH,xoH
bustly (Collins et al., 2010) and injection altitude distribu-
tions remain uncertain so, despite some CTM consensus ohhe sensitivity parameters in Table 2, together with the time
present-day biomass burning sensitivity, we adopt a broaderies of corresponding climate and emission variables in
uncertainty range for this sensitivity factor. Flg 3, enable us to build a parametric model for methane
Other sensitivities, chiefly air temperature and ship,NO lifetime representing each CTM. We combine terms linearly,
differ by 50 % or more across the models. These difference$0 thatrch,xoH is approximated by
sstmptions. For ship N0 CTMS and UCI CTM are. THEGHo<0H(D) = IN((retxon) + Ziar AINCE 0, (@)
nearly 3 times more sensitive than GEOS-Chem. In the UCIwhereF; (¢) is the time series of forcing variable; is the
CTM and Oslo CTM3, ship NQis emitted as NO, diluted sensitivity of rcH,xonH to that forcing variable (Eqg. 2), and
into the grid volume, and the subsequent production f O (zcH,xon) is the mean lifetime in the CTM. Figure 1 shows
and HNQ; are calculated by the grid-resolved chemistry. In- the parametric model reconstruction of each CTM, along-
stantaneous dilution overestimates the,Nifetime and Q side the actual calculate@n,<oH. We find that 5 variables
production from ships (Chen et al., 2005), however. To com-— temperature, water vapor, column ozone, biomass burning
pensate, GEOS-Chem instantaneously converts all ship NOemissions, and lightning NQOemissions — explain 90 % of
emissions to @ and HNGQ;, following observed production the interannual variation ifch,xon in all 3 CTMs over the
ratios. As a result, GEOS-Chem underestimates the largesimulated period 1997-2009. Even though the GEOS-Chem
scale impact of shipping, since, in reality, 20-50 % of NO sensitivity parameters were derived from>22.5° simula-
remains after 5h following emission (Vinken et al., 2011). tions driven by GEOS-5, the 5-parameter model performs
Although previous estimates of ship N@re close to the equally well compared to the°4 5° GEOS-Chem simula-
high values in this work (Hoor et al., 2009; Myhre et al., tion driven by MERRA. The sensitivity parameters are thus
2011), the actual atmospheric sensitivity to ship\lixely robust across changes in model resolution and meteorology.
lies somewhere between the GEOS-Chem and UCI CTM re- We find that 85% of methane oxidation by tropospheric
sults. OH occurs between 4@ and 40 N and that this region also
Ship NG, emissions also explain the divergence of GEOS-controls the interannual variability @gn,xon in the CTMs.
Chem and the UCI CTM in their temperature sensitivities. The same latitudes also dominate the variability of global-
Over land, both models predict similar reductiorrgy, xoH mean temperature, water vapor, lightning NOx and biomass
in response to warming. Over the oceans, however, GEOSburning, so the parametric model performs nearly as well if
Chem predicts longefcH, xon at higher temperatures while these input variables are averaged ovet Qo 40 N in-
the UCI CTM predicts the opposite. In the presence of shipstead of globally. Stratospheric ozone exerts the greatest in-
NOy in the UCI CTM, higher temperatures increase both thefluence onrch,xon Over the same tropical and subtropical,
production and loss of §) with net excess production; OH where UV photolysis of tropospheric ozone is an important
rises in turn. In GEOS-Chem, by contrast, higher temperafprimary source of tropospheric OH and where the quasi-
tures increase $destruction over the ocean with less op- biennial oscillation is the dominant source of stratospheric
portunity for enhanced production; OH thus decreases oveozone variability. However, global-mean ozone columns are
oceans. strongly influenced by variability in the springtime polar re-
The sensitivity of r.ch,xon to methane abundance is gions, so using global-average ozone columns significantly
closely related to the methane feedback factgrwhich is degrades the parametric model correlation with the CTMs
the ratio of methane perturbation lifetime to total budget life- (R2 ~ 0.75).
time (Prather et al., 2001). We calculate these terms from The atmospheric chemistry of tropospheric OH and
a 5% perturbation to methane abundance for 1997—2009 imethane involves nonlinear chemistry that could, in princi-
the CTMs. Our multi-model mean sensitivity,30 4+ 0.04, ple, undermine the additivity of terms in Eq. (3). We test the
is similar to past estimates (Prather et al., 2001; Fiore elinearity of the system with a final perturbation test in the
al., 2009), but we derive a smaller feedback facjor UCI CTM in which all 5 factors are perturbed simultane-
1.34£ 0.06 than has been recommended by IPGC=(  ously. The resulting change ittH,xon differs by about 1
1.4, Prather et al., 2001) because we use updated estimatgart in 10 from the linear addition of factors.
of methane lifetime (Prather et al., 2012). Reducing the The CTM simulations in this work make several assump-
feedback factor, which was already suggested by Fiore etions to simplify the perturbation analysis and enable com-
al. (2009), lowers the methane radiative forcing and globalparisons between CTMs, but these could altef,«oH.
warming potential, as discussed in Sect. 6. In particular, the simulations neglect variability in biogenic
VOC emissions (Guenther et al., 2006), trends in anthro-
pogenic emissions and their location, and trends in atmo-
spheric methane. We compare our GEOS-Chem/MERRA
simulation to an available GEOS-Chem simulation (M. Mu,
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Table 3. Datasets used to calculate historical and futidig, . oH-

Dataset

Variable Historical Sourée  Future Sourcd

(1980-2005) (2010-2100)
Air temperature MERRA [1] CMIPS 5]
Water vapor MERRA [1] CMIPB [5]
Ozone column TOMS/SBUV  [2] SPARC [6]
Lightning NOx 0+ 10% Assumed +10+20%  Assumed
Biomass burning CMIP5 [3] RCP 8.5 [7]
Anthropogenic emissions CMIP5 [3] RCP 8.5 [7]
(NOy, CO, VOC)
CH,4 abundance CMIP5 [4] this wofk

2[1] Bosilovich et al. (2011), [2] Stolarski and Frith (2006), [3] Schultz et al. (2008); Eyring et al. (2010b);
Lamarque et al. (2010); Lee et al. (2010), [4] CMIP5 historical GHG recommendations, Meinshausen et

al. (2011b) [5] Ensemble of 35 CMIP5 models (Climate Explonép://climexp.knmi.nl/accessed 18

December 2012) [6] CCM-Val2 multimodel mean for SRES A1B greenhouses gases and A2 ozone depleting
substances (Austin and Scinocca, 2010; Eyring et al., 2010a), uncertainties assumeddBi#le 2100. [7]

Riahi et al. (2007); van Vuuren et al. (2011).

b Future air temperature, water vapor and their uncertainties are calculated from global-mean surface
temperatures in the CMIP5 model ensemble. See Supplement for details.

¢ Calculated from the parametric model, as explained in Sect. 5.

personal communication, 2012) that includes these trendsons provide ozone column data (Stolarski and Frith, 2006).
and variability in emissions, uses identical meteorology As with the 5-parameter model, ozone columns are averaged
and resolution, and has minor other changes (version 9-Olever the 40 S to 40 N and other data are global averages.
01). The two model configurations simulate very similar Historical CH; abundance and anthopogenic and biomass
TCH,xOH (R? = 0.98) over 1999-2009, meaning that year-to- burning emissions follow CMIP5 recommendations (Lamar-
year changes in biogenic and anthropogenic emissions corgue et al., 2010; Meinshausen et al., 2011b). Global annual
tribute little additionalrch,xon variability and do not alter  lightning flash rates have varied by up to 20 % since 1998, but
the key parametric factors. multi-decadal trends are not apparent (Murray et al., 2012),
so we assume no change since 1980, with 10 % Gaussian un-
certainty in the trend.
4 Historical (1980-2005) changes in Chllifetime Figure 5 shows the reconstructed historical changes in
TcH,xoH and the contribution to those changes from each
Having established the ability of Eq. (3) to reconstruct climate and emission variable. We assess uncertainty in
TCH,»OH OVer 1997-2009 in CTMs, we now use it to ex- TcH;<oH by generating 10 monte carlo realizations of
trapolate methane lifetime over several decades for which th&d. (3), allowing all parameters;, and lightning to vary
CTMs have not been run. We begin with the historical periodindependently within their uncertainties. This does not ac-
1980-2005, during which time the key atmospheric forcingcount for possible errors in emissions, ozone observations,
variables have been relatively well observed by satellites an®r meteorological assimilation that are difficult to quantify.
ground stations. (See Fig. S6 for uncertainties ii¢H, <on due to each com-
In addition to the 5 climate and emission variables iden-ponent.)
tified in Sect. 3.2 and 3.3 as important influences on inter- Our reconstructedch,xon has annual variability of 1—
annual variability, we include CHabundance and anthro- 2% over the 1980-2005 period. Reductionstith,xoH
pogenic NQ, CO and VOC emissions for the historical re- occur during El Niio years (1982-1983, 1987-1988, and
construction. NQ emissions are divided into land, ship and 1997-1998) driven mainly by water vapor and reinforced
aviation sectors because their sensitivities differ significantly.by a smaller effect from temperaturesi,~on is also de-
In total, the expanded parametric model includes 11 vari-pressed through much of the 1990s when stratospheric ozone
ables. For the 11 sensitivity parametes,in Eq. (3), we  was low, due to the solar cycle and Mt. Pinatubo, enhanc-
adopt values from the average and spread of sensitivities ifng UV penetration and photolysis in the troposphere. The
the 3 CTMs (Table 2, last column). largest spikes incH,xon 0ccur when the solar cycle max-
Table 3 summarizes the data sources for historical climatémum and La Niia are synchronous, as in 1989 and 1999-
and emission variables in the expanded parametric modeR000. Overall, the parametric model simulates a decrease in
NASA MERRA reanalysis provides temperature and waterzcH,xoH Since 1980, which has also been found in numer-
vapor data (Bosilovich et al., 2011) and satellite observa-ous CTM and GCM studies (Duncan et al., 2000; Karlsdottir
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Fig. 5. Recent historicatch, o variation (left) and its component causes (right). Lifetime reconstructed in this work from Eqg. (3), with
components shown at right. Shaded region shewssuncertainty propagated from adopted parameter ranges in Table 2, but not including

possible errors in reanalysis meteorology, ozone column observations, or emission inputs. All data are anomalies with respect to their 2000-

2005 means. The anthropogenic (anthro)d@mponent combines the separate effects of land, ship, and aircraft emissions. See Fig. S6 for
uncertainties in each component.

and Isaksen, 2000; Dentener et al., 2003; Stevenson et al.,
2005; Hess and Mahowald, 2009; John et al., 2012; Naik et

al., 2012). This is an improvement over previous paramet- 5 2(‘)00‘-20‘05‘ch‘ang‘;e from 1980-1985
ric approaches, which are shown in Fig. 5, that produce zero
or positive trends over the same period (Prather et al., 2001; I

Meinshausen et al., 2011a).

Figure 6 identifies the contribution of each variable to the
total change incH,xon. Rising atmospheric methane has the
largest influence omch, xoH, but the positive methane feed-
back effect (3.5%) is more than compensated by negative
climate and emission terms. Temperature and water vapor,
which have increased due to GHGs, decreasgoH by
2 %, collectively, although the water vapor effect is about 3

o,
A TeH, x OH’ 7o
o
——
H

times larger. Halogen-driven decreases in stratospheric ozone -5

also shortened the lifetime about 1 %. Increases in ship and 40—
. L 2100 change from 2010

land anthropogenic NPemissions both decreasen, xoH 30!

by 1.5%, despite the ship source having much smaller to-

tal magnitude. Lightning NQcould also have an important R ol

impact onzch, xoH, but the lightning trends are not known.

I
The totaltcH, xon change from 1980-1985 to 2000-2005 3 10 I

is —2.2 + 1.8% in our model, 0—0.12%yr ! from a lin- g
ear fit. Dentener et al. (2003), simulated a larger decrease, : 0 %fT -y
—0.2%yr 1, in the 1980s that they attributed mainly to wa- 1
ter vapor. Meteorological inputs may contribute to the dif- =107 I
ference, since water vapor trends are known to vary amongst 00
reanalysis products (Trenberth et al., 2011). In addition, the - @ & S S atat O & Total
shift of anthropogenic emissions to SE Asia, which alters the d\fi‘\\'@‘ﬁoo\“’ffzfiﬁ?\fosﬁo © “OQ)&’Q’

o .. . . Q° <@ & @ @
sensitivity oftch,xon to emissions is not treated in the para- S 0 & A RN X
metric model (e.g. Fuglestvedt et al., 1999; Karlsdottir and anthro emissions ©

Isaksen, 2000). Methyl chloroform analyses generally sug-
gest large decreases ian,xon during the 1980s followed Fig. 6. Contribution of emissions and chemistry-climate interac-
by increases during the 1990s, which conflicts with the CTMtions to changes incy,xon from 1980 to 2005 (top) and from
results (Bousquet et al., 2005; Prinn et al., 2005). Assum-2010 to 2100 (bottom). Components and their uncertainties are de-
ing uncertainty of about 20% in methyl chloroform emis- rived from adoptgd.parame'ters in Table 2 and forcing yariables in
sions. however. reconciles the observations with the smalgable 3. Uncertainties (vertical bars) are standard deviations from
’ C . . 0° monte carlo integrations. Changes are averaged over the 5 years
trends found in CTMs and in our parametric model (Krol at the beginning and end of the historical reconstruction due to in-

and Lelieveld, 2003; Prinn et al., 2005). terannual variability. Note the different vertical scales.
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Fig. 7. Projected future methane abundance (left) and total lifetime (right) for RCP 8.5. Projected uncertainty (shaded) is the standard
deviation from 18 monte carlo integrations, accounting for uncertainty in the present-day budget, emissions, and climate-chemistry effects

on tcH, xoH- Our projections are compared to MAGICC model (Meinshausen et al., 2011a) and the IPCC TAR formula (Prather et al.,
2001).

Table 4.Changes (21002010) in climate, emissions, and
TCH,xOH for RCP 8.5.

We now apply the parametric model to predict methane and
methane lifetime, with their uncertainties, for a future so- Variable

5 Future (2010-2100) CH and CHy lifetime

Variable change tcH,xoH

cioeconomic scenario. We make predictions for RCP 8.5 (Ri- change, %
ahi et al., 2007), a scenario with rapid climate warming, but  Ajr temperature +36+ 09K _42+15
these methods apply to other scenarios as well. The pre- Water vapor +432+95% -129+31
diction begins with the best estimate of present-day (2010) Ozone column, 40S-40N  +0.7+30%  +04+17
methane budget, including natural (28235 Tgyr1) and Lightning NG, emissions  +10+20%  -12+33
Biomass burning emissions —34.8% +0.5+0.3

anthropogenic (352 45 Tgyr 1) emissions and lifetimes
for loss by tropospheric OH (12 + 1.3yr), tropospheric
CI (2004100 yr), stratospheric reactions (12024 yr), and

CH4 abundance +782+84% +289+74

Anthropogenic emissions

soil uptake (15Qt 50yr) (Prather et al., 2012). The scenario | and NO, _753% +112 4+ 25
specifies future anthropogenic methane emissions and we as- Ship NG, ~7.2% +02+0.1
sume natural emissions could chang€0 % (1o') by 2100 Aircraft NOx +123% -17+04
due to climate feedbacks, which is about twice the change €O —440% —26+09
in wetland emissions since the preindustrial era (Houweling VOC —111% —04+01
et al., 2000). We use the parametric model to predict future Total (this work) +1294 108

7cH, xoH and assume other loss rates are constant. For future IPCC TAR Total, Prather et al. (2001) +29.2

predictions we use the same expanded set of 11 parameters MAGICC Total, Meinshausen et al. (2011a) ~ +12.6

as were used in the hiStoriCallH4xOH reconstruction (Ta' * Variable changes from data sources in Table 3, exCétabundance, which is

ble 2, last column). Table 3 lists data sources for the futurecalculated parametric model, as described in Seet)5, xon component changes

climate and emission variables. We then generafeninte. 07 fon e vrate anges 1 e sersties e ncuang

carlo realizations of future methane abundance in RCP 8.5ealizations.

sampling over the uncertainties in all parametric factors and

forcing variables in Eg. (3), as well as uncertainties in the

present-day methane budget. tween annual-mean surface temperature, air temperature and
Table 4 summarizes the predicted changes in climate anevater vapor that we derive from historical reanalysis data

emissions in RCP 8.5. In this scenario most anthropogenisince 1979 (See Supplement for details). We use global-mean

emissions of ozone precursors decrease by 2100 (7-75 %3urface temperatures to drive the parametric model because

although aircraft NQ emissions rise 123 %. Biomass burn- these data are more easily available and because this sim-

ing emissions, also specified by the scenario, decrease 35 %lifies future applications of the parametric model to other

which we assume applies uniformly to all gases and aerosolslimate scenarios. The range of future surface temperatures

from fires. The parametric model requires future global-in the CMIP5 ensemble is propagated to uncertainty in fu-

mean air temperature and water vapor inputs consistent withure air temperature and water vapor using regression fit-

the scenario. We calculate these from global-mean surfacéing errors from the historical reanalysis. In 2100, we cal-

temperature in CMIP5 models that have simulated RCP 8.%ulate air temperature and water vapor to b& 80.9K

(Climate Explorerhttp://climexp.knmi.nl/ accessed 18 De- and 432 + 9.5% larger than 2010, respectively. For trop-

cember 2012) using the strong regression relationship beical stratospheric ozone, multiple models predict recovery
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to 1980 levels around 2045 due to the decrease of long- Figure 6 and Table 4 decompose the nig{, «on changes
lived halogenated gases (Newman et al., 2007; Austin andn 2100 into components due to each climate and emission
Scinocca, 2010; Eyring et al., 2010a), followed by GHG- variable. For emission terms, all uncertainty comes from the
driven ozone decreases through 2100 (Eyring et al., 2010a)kensitivity parameter since the scenario emissions are taken
We adopt this projection, adding uncertainty that grows toas given, while uncertainty in other terms is a combina-
3% of the total column in 2100. Lightning NGemissions  tion of possible errors in the forcing variable and sensitiv-
have been estimated in past work to grow 5-50% by theity. Methane feedback has the largest influence, with an indi-
late 21st century (Wu et al., 2008), but these predictions arevidual contribution of+28.9 + 7.4 %. NG, emission reduc-
highly speculative due to poor mechanistic understanding otions over land also force-y, xon upwards ¢-11.2+ 2.5 %),
present-day global flash rates. GHG-driven climate warmingwhich is opposite to NQinfluence in recent decades. Other
tends to reduce convection globally (Held and Soden, 2006)¢limate and emission components are zero or negative, with
but could intensify convection in some regions (Del Genio water vapor having the largest effeet]2.94 3.1 %). Strato-
et al., 2007), so the total effect on lightning is unclear. In spheric ozone and lightning N@ontribute little torch, xoH
this work we assume 10 % increase by 2100, but allow broadtchanges, but they make a significant contribution to the un-
Gaussian uncertainty of 20 %. certainty. MAGICC predicts similatch,xon Changes to the
Figure 7 shows future methane and its uncertainty. Proparametric model because its temperature response is simi-
jected abundances reach 32930 ppb in 2100, which is lar to the combined effects of temperature and water vapor
about 400 ppb lower than our previous work (Prather et al.,in our work, and sensitivities to the other dominant terms —
2012), which did not account for emissions and climateland NG and methane feedback — have changed little since
controls ontch,xon. MAGICC predicts lower concentra- the IPCC TAR, on which MAGICC is based. The parametric
tions, 3750 ppb, due mainly to the strong negative sensitivimodel and MAGICC will differ in socioeconomic and cli-
ity of TcH,xoHn to temperature in that model, but the MAG- mate scenarios where other emissions, ozone, or lightning
ICC values lie within our estimated uncertainties through-drive tcH,xoH changes.
out the 21st century. Statistical uncertainties in methane
predictions are 8% in 2100, based on the assessed pro-
cesses in the parametric model. Neglected processes — i Methane global warming potential
cluding shifting emission locations, biogenic VOC emis-
sions, stratosphere-troposphere exchange, and cloud, du&obal Warming Potentials (GWP) are useful for compar-
and aerosol interactions with photolysis and chemistry —ing the radiative forcing (RF) caused by emissions of var-
might cause additional systematic prediction errors, but weous GHGs having different absorbances and atmospheric
have found that including these processes in one modeéiifetimes. The methane GWP customarily accounts for the
(GEOS-Chem/MERRA) has little impact on present-day direct RF from the emitted gas, as well as indirect RF caused
TcH, xoH Variability (Sect. 3.3). by methane-induced increases in ozone, stratospheric water
The parametric model predictscH,xon Will increase  vapor, and feedback on the methane lifetime (Forster et al.,
+129 4+ 10.8% by 2100 (Fig. 7). MAGICC gives similar 2007). Here we evaluate the methane GWP implied by the
results +12.6 %), but the IPCC TAR formula yields a larger perturbation experiments. Radiative forcing of methane and
result ¢-29.7 %), consistent with their respective historical ozone are calculated for the control simulation and a simula-
performances in Sect. 4. The ACCMIP model ensemble pretion with 5% more methane, using the University of Oslo ra-
dicts+8.5 £+ 10.4 % for RCP 8.5 (Voulgarakis et al., 2012). diative transfer model (Myhre et al., 2011). A small perturba-
Lightning NO, emissions likely explain thech, xon differ- tion is used to satisfy the linearity assumption in the methane
ence, since ACCMIP models calculate 2429 % increase feedback factor derivation. In addition, we test the effect of
in 2100 (Voulgarakis et al., 2012), compared to our assumedanethane-induced water vapor on stratospheric ozone, with an
increase of 1@ 20 %. Although we do not think future light- additional Oslo CTM3 simulation in which stratospheric wa-
ning estimates from GCMs are robust (see above), assumintgr vapor was increased to maintain equilibrium with thesCH
an equally large lightning change in the parametric modelperturbation. To our knowledge, this indirecb®Gtmediated
would lower tch,xoH in 2100 by about 5%, after includ- effect on ozone has not been included in prior assessments of
ing the methane feedback. The similar central estimates anthethane GWP.
ranges ofrch,xoH change in this work and ACCMIP, af- Table 5 summarizes ozone changes and RF results for all
ter accounting for different lightning assumptions, demon-simulations, normalized to 1 ppb GHberturbations. Tropo-
strates that our simple parametric model represents the mapheric ozone changes in GEOS-Chem and the UCI CTM
jor chemistry-climate interactions and uncertainties affecting(2.9 and 4.0 DU ppm(Cl) %, respectively) are within the
methane in current GCMs. This supports using the parametrange of previous multi-model studies (Holmes et al., 2011;
ric model for climate scenarios where a large ensemble oBoucher, 2012; Fry et al.,, 2012). Oslo CTM3, however,
GCMs with chemistry is not available and too costly to gen- exhibits larger tropospheric changes (5.1 DU ppm{LCH),
erate. likely due to the effects of stratospheric chemistry on the
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Table 5. Present-day, steady-state methane impact on ozone and radiativeorcing

UCICTM OsloCTM3 GEOS-Chem Literature Adopted
Ozone chemistry, DU(§) ppm(CI—b,)_1
d[O3]/d[CH4] 4.03(T) 5.08(T) 2.90(T) B+1.0(T)°
10.39(S) D+0.8(T)°
d[O3]/d[H20] (from CHy) —0.41(T)
—4.28(S)
Radiative forcing, mW m?2 ppm(CHy) 1
CHy 367 367 367 37a 279 370
O3 from CHy 141(T) 202(T) 123(T) 126= 45(TP  150(T)
82(S) 82(S)
O3 from CHjy via H,O =17(T) =17(T)
—20(S) —20(S)
H,0 from CH, 55¢ 55
Total radiative forcing 620
100-yr GWP 28 31.7
242 +4.2¢
253+ 2.8

2 Troposphere (T) and stratosphere (S) values given separately, wherever possible. All CTM results are for 2009.
b Review by Holmes et al. (2011).

¢ Fry etal. (2012).

d Forster et al. (2007).

€ 15 9% of CH, direct RF, Myhre et al. (2007).

f Boucher (2012), excludinGO, production.

upper troposphere. Stratospheric ozone increases twice asAccounting for both direct and indirect effects, the
much as tropospheric ozone (10.4 DU ppm(@H), butthe  methane RF efficiencyFe, is 620 mW nT2ppm(CHy) 1
change is small compared to the total stratospheric columnin steady-state. A 1 Tg pulse emission of methane raises
We find that stratospheric water vapor produced by oxi-the atmospheric abundance By=0.364 ppb, which de-
dation of methane causes small decreases in stratosphemays at a ratef rch,, where f = 1.34 is the methane feed-
ozone (4.3 DU ppm(CHy)~1). Although these stratospheric  back on its lifetime. We usecn, = 9.14yr (Prather et al.,
effects have greater uncertainty because they are assessgdl2). Neglecting delays between emission time and strato-
from a single model, the stratospheric chemistry mechanisnspheric impacts, the 100-yr absolute GWPS jscH, Fe =
in Oslo CTM3 is able to reproduce recent stratospheric 0zon®.76 mW yr nT2, compared to 0.087 mW yrnf for CO,.
variability (Isaksen et al., 2012). Thus, the methane GWh is 31.8. Our result is higher than
Ozone generally has greater radiative forcing efficiencyseveral previous reports, generally near 25 (Forster et al.,
in the troposphere than in the stratosphere (Forster an@007; Fry et al., 2012), mainly because we include strato-
Shine, 1997), so tropospheric ozone changes tend to domspheric ozone effects, but also because the updated and
nate the ozone RF components. In our 3 models, the metharlenger methane lifetime used here (Prather et al., 2012).
RF through tropospheric ozone is 30-50% of the directlPCC TAR recommended = 1.4 (Prather et al., 2001),
methane RF. After including stratospheric changes, ozonevhich would imply an even larger GWP, but sinfelepends
contributes up to 65 % of the direct RF. Previous IPCC as-on tcH, the two must be chosen consistently. Uncertainty in
sessments have assumed 25 % for purposes of calculatinpe GWP is difficult to assess without further modeling and
GWP (Shine et al., 1995; Forster et al., 2007), similar toanalysis of stratospheric impacts, but it is likely20% or
a recent estimate of 21% based on tropospheric changdarger.
alone (Fry et al., 2012). Methane perturbation data from
the TAR (3.67 DU(Q) ppm(CH,)~1) (Prather et al., 2001), _
however, suggest that tropospheric ozone RF is about 409 Conclusions

-1 .
of _the methane RF (154 mWh%_;zpm(CHq)  ASSUMING 5 o 1997-2009, the three CTMs in this work exhibit com-
efficiency of 42mw m<DU(O3)~*) (Ramaswamy et al., S e .

mon variability in methane lifetime, which is also shared

2001). by other published model studies. The simulated,xoH
anomalies generally lie within the constraints provided by
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global methyl chloroform observations, but correlate poorly spheric chemistry (Oslo CTM3), we calculate the strato-
with year-to-year changes inferred from the NOAA and spheric chemical effects of methane, including those medi-
AGAGE networks. However, while both networks provide ated by water vapor. Combining the troposphere and strato-
strong and mutually consistent estimates of the long-termsphere results, the total methane-induced ozone RF is 50 %
meantcH,xoH, their year-to-year anomalies differ from each of the direct methane RF. Based on these data, the 100-yr
other by as much as they differ from the CTMs. These dif- methane GWP is 32, which is higher than several previous
ferences in globatch, xon anomalies between networks can estimates around 25.
partially be explained by small discrepanciesQ.1 ppt) in
the monthly mean methyl chloroform concentrations at col-
located measurement sites. Supplementary material related to this article is

We quantitatively explaintcy,<on Vvariability in the available online at: http://www.atmos-chem-phys.net/13/
CTMs with 5 climate and emission variables: air temper- 285/2013/acp-13-285-2013-supplement.pdf
ature, water vapor, ozone column, biomass burning emis-
sions, and lightning NQ emissions. A parametric model
built on these 5 factors reproduces 90 % of the variability AcknowledgementsMingquan Mu (UC Irvine) provided GEOS-
in methane lifetime during 1997—2009. For projections overChem data that we compare to our simulations. This research
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The ensemble of 3 models provides a measure of uncertamg\éanh System Science.
in each parametric factor, which we use to project past an
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