N
N

N

HAL

open science

Analysis of present day and future OH and methane
lifetime in the ACCMIP simulations

A. Voulgarakis, V. Naik, J.-F. Lamarque, D. Shindell, P. Young, M. Prather,

O. Wild, R. Field, D. Bergmann, P. Cameron-Smith, et al.

» To cite this version:

A. Voulgarakis, V. Naik, J.-F. Lamarque, D. Shindell, P. Young, et al.. Analysis of present day and
future OH and methane lifetime in the ACCMIP simulations. Atmospheric Chemistry and Physics,

2013, 13 (5), pp.2563-2587. 10.5194/ACP-13-2563-2013 . hal-03048411

HAL Id: hal-03048411
https://hal.science/hal-03048411
Submitted on 10 Dec 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03048411
https://hal.archives-ouvertes.fr

Atmos. Chem. Phys., 13, 2563587, 2013 Atmospheric S

°
[©]

www.atmos-chem-phys.net/13/2563/2013/ Ch ist £
doi:10.5194/acp-13-2563-2013 emistry »
© Author(s) 2013. CC Attribution 3.0 License. and Physics &

Analysis of present day and future OH and methane lifetime in the
ACCMIP simulations

A. Voulgarakis!?, V. Naik3, J.-F. Lamarque®, D. T. Shindell, P. J. Young®®’, M. J. Prather®, O. Wild’, R. D. Field®,
D. Bergmannt®, P. Cameron-Smitht?, I. Cionnill, W. J. Collins'?13 S. B. Dalsgref® R. M. Doherty15, V. Eyring?,
G. Faluvegit, G. A. Folberth®2, L. W. Horowitz 17, B. Jossé®, I. A. MacKenziel®, T. Nagashimd?, D. A. Plummer°,
M. Righi6, S. T. Rumbold'?, D. S. Stevensot?, S. A. Strodeé!, K. Sudo'®, S. Szopé?, and G. Zeng®

INASA Goddard Institute for Space Studies and Columbia Earth Institute, New York, NY, USA
2Department of Physics, Imperial College, London, UK

SUCAR/NOAA Geophysical Fluid Dynamics Laboratory, Princeton, NJ, USA

4National Center for Atmospheric Research (NCAR), Boulder, CO, USA

SCooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, CO, USA
6NOAA Earth System Research Laboratory, Boulder, CO, USA

"Lancaster Environment Centre, Lancaster University, Lancaster, UK

8University of California at Irvine, CA, USA

9Department of Applied Physics and Applied Mathematics, Columbia University, USA

10_awrence Livermore National Laboratory, CA, USA

1agenzia nazionale per le nuove tecnologie, I'energia e lo sviluppo economico sostenibile (ENEA), Bologna, Italy
12\jet Office Hadley Centre, Exeter, UK

13pepartment of Meteorology, University of Reading, UK

14CICERO, Center for International Climate and Environmental Research Oslo, Oslo, Norway
Syniversity of Edinburgh, Edinburgh, UK

16Deutsches Zentruniif Luft- und Raumfahrt (DLR), Germany

1’NOAA Geophysical Fluid Dynamics Laboratory, Princeton, NJ, USA

18GAME/CNRM, Méteo-France, CNRS — Centre National de Recherchedfologiques, Toulouse, France
9National Institute for Environmental Studies, Tsukuba-shi, Ibaraki, Japan

20Environment Canada, Victoria, BC, Canada

2INASA Goddard Space Flight Center and Universities Space Research Association, Greenbelt, MD, USA
22| aboratoire des Sciences du Climat et de 'Environnement, LSCE/CEA/CNRS/UVSQ/IPSL, France
23National Institute of Water and Atmospheric Research, Lauder, New Zealand

Correspondence toA. Voulgarakis (a.voulgarakis@imperial.ac.uk)

Received: 31 July 2012 — Published in Atmos. Chem. Phys. Discuss.: 5 September 2012
Revised: 1 February 2013 — Accepted: 12 February 2013 — Published: 5 March 2013

Abstract. Results from simulations performed for the At- observationally-based estimate, but with a similar range to
mospheric Chemistry and Climate Modeling Intercompari- previous multi-model estimates. Future model projections
son Project (ACCMIP) are analysed to examine how OH andare based on the four Representative Concentration Path-
methane lifetime may change from present day to the futureyways (RCPs), and the results also exhibit a large range. De-
under different climate and emissions scenarios. Present dagreases in global methane lifetime of 49.1 % are simu-
(2000) mean tropospheric chemical lifetime derived from lated for the scenario with lowest radiative forcing by 2100
the ACCMIP multi-model mean is 981.6yr (9.3:0.9yr (RCP 2.6), while increases of 8t510.4 % are simulated for
when only including selected models), lower than a recenthe scenario with highest radiative forcing (RCP 8.5). In this
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scenario, the key driver of the evolution of OH and methane OH production in the atmosphere is initiated by the pho-
lifetime is methane itself, since its concentration more thantolysis of ozone at wavelengths smaller than 330 nm:
doubles by 2100 and it consumes much of the OH that ex-

ists in the troposphere. Stratospheric ozone recovery, whicPs + v — O2+O(*D) (i < 320nm) (R1)

_d_rlve_s tropospheric OH dec_reases through photolysis mOd:I'he product of this temperature-dependent (Atkinson et al.,
ifications, also plays a partial role. In the other scenarios

where methane changes are less drastic, the interplay b2004) interaction with sunlight is an excited oxygen atom

p 1 . . . _
tween various competing drivers leads to smaller and morzO D), which can then combine with water vapour to pro

diverse OH and methane lifetime responses, which are di1‘fi-duce two molecules of OH:

cult to attribute. For all scenarios, regional OH changes arey(1p) 4+ H,0 — OH+ OH (R2)
even more variable, with the most robust feature being the
large decreases over the remote oceans in RCP8.5. Througdgrhus, high levels of ozone, shortwave radiation and humid-
a regression analysis, we suggest that differences in emisty favour the production of OH, and lead to a reduction in
sions of non-methane volatile organic compounds and in thehe methane lifetime (Logan et al., 1981; Lelieveld et al.,
simulation of photolysis rates may be the main factors caus2002). In turn, ozone depends on emissions of its precursors
ing the differences in simulated present day OH and methanand on climatic conditions; shortwave radiation is modified
lifetime. Diversity in predicted changes between present dayby overhead absorption by ozone, scattering and absorption
and future OH was found to be associated more strongly withby clouds and aerosols, and reflection from the Earth’s sur-
differences in modelled temperature and stratospheric ozonface (Madronich, 1987; Voulgarakis et al., 2009a); and water
changes. Finally, through perturbation experiments we calvapour abundances are largely determined by temperature.
culated an OH feedback factaF) of 1.24 from present day Since all these factors depend on a variety of physical and
conditions (1.50 from 2100 RCP8.5 conditions) and a cli- chemical processes, understanding of OH on global and re-
mate feedback on methane lifetime of 0:88.13yrK-1, gional scales is challenging.
on average. Models that did not include interactive strato- OH has a very short lifetime, on the order of a few seconds
spheric ozone effects on photolysis showed a stronger ser(Lelieveld et al., 2004 and reference therein) making mea-
sitivity to climate, as they did not account for negative ef- surements particularly challenging. Even with in-situ mea-
fects of climate-driven stratospheric 0zone recovery on tro-surements, its spatial variability makes it difficult to constrain
pospheric OH, which would have partly offset the overall OH abundances at larger spatial scales. For this reason, mod-
OH/methane lifetime response to climate change. elling becomes an essential tool to probe the spatial variabil-
ity of OH and its drivers, as well as its effects on methane
and other species, at different timescales. Globally, the main
1 Introduction observational constraint available for the OH abundance and
methane lifetime is via methyl chloroform (GBCls, also
Oxidation processes remove a range of environmentally imseferred to as MCF) measurements (e.g. Prinn et al., 1995;
portant species from the atmosphere. Tropospheric oxidaMontzka et al., 2011). Methyl chloroform has fairly well
tion heavily depends on the levels of the hydroxyl radical known sources (now almost zero) and very well-known con-
(OH) and its geographical distribution (Levy, 1971). Oxi- centrations, which means that the global OH mean concen-
dation by OH is the primary loss mechanism for methanetration can be estimated from the methyl chloroform loss
(CHa), the second most important anthropogenic greenhouséate.
gas in the climate system (Forster et al., 2007; Shindell et Past studies have examined the evolution of global OH and
al., 2009), and an important precursor of tropospheric ozondgnethane lifetime since preindustrial times (e.g. Wang and Ja-
(O3) (Logan et al., 1981). Thus, OH abundance and methan€ob, 1998; Lelieveld et al., 2002), or their recent trends and
lifetime are commonly investigated simultaneously. Besidesinterannual variability, using either observations (Bousquet
its role in methane oxidation, OH is also involved in re- etal., 2005; Manning et al., 2005; Prinn et al., 2005) or mod-
moving trace gases from the atmosphere, through oxidatio®ls (Dentener et al., 2003; Dalsgren et al., 2006; Fiore et al.,
of atmospheric pollutants such as nitrogen oxides (NNO 2006). There have also been several model studies examin-
carbon monoxide (CO) and non-methane volatile organicing the potential future evolution of OH and methane life-
compounds (NMVOCSs), and removes ozone-depleting subtime (Thompson, 1992; Lelieveld et al., 1998; Stevenson et
stances such as hydrofluorocarbons (HFCs) from the atmoal., 2000; Johnson et al., 2001; Prather et al., 2001; Shin-
sphere (DeMore et al., 1996). Furthermore, OH participateglell et al., 2006a, b; Stevenson et al., 2006; Wild and Palmer,
in the formation of atmospheric aerosols such as sulfate, ni2008; Zeng et al., 2010), although the results are not all
trate and secondary organics (e.g. Koch et al., 2006). in agreement. Several of these studies have been performed
with chemistry-transport models (CTMs), and often consid-
ered only ozone precursor emission effects, without account-
ing for simultaneous climate changes. Typically, these CTM

Atmos. Chem. Phys., 13, 25632587, 2013 www.atmos-chem-phys.net/13/2563/2013/



A. Voulgarakis et al.: Analysis of present day and future OH and methane lifetime 2565

studies predicted OH decreases and methane lifetime inHPCC Fifth Assessment Report (AR5), to investigate changes
creases in the future. For example, Lelieveld et al. (1998)in OH and methane lifetime between 2000 and 2100. This is
found a 6 % increase in methane lifetime from 1992 to 2050the first study that uses the RCP scenarios in a multi-model
due to increases in CO and methane emissions, both of whiciramework to study this topic. ACCMIP includes a variety
consume OH and prolong methane lifetime. However, an earof CCMs, which were run for the historical period (1850
lier study by Thompson (1992) suggested that future changeto present day, with present day defined as year 2000) and
in OH would most likely be small, due to cancelling effects for the future (present day to 2100) following the different
of methane/CO increases and tropospheric ozone increaseRCPs. A wide range of chemical output from these simula-
Wild and Palmer (2008), using the SRES A2 emissions scetions is expected to contribute to a deeper understanding of
nario (IPCC, 2000), found methane lifetime increases ofchemistry-climate interactions in long-term climate simula-
13% in 2100 compared to 2000, with a strong shift in OH tions (e.g. for the Coupled Model Intercomparison Project
abundances from oceanic to tropical continental regions, du®hase 5, or CMIP5). This study complements work that is
to the differing effects of methane and ozone (methane conbeing done under ACCMIP on historical OH and methane
sumes OH while ozone generates it). The model experimenthfetime (Naik et al., 2012a), historical and future ozone
performed in support of the Intergovernmental Panel for Cli- (Young et al., 2013), and ozone radiative forcing (Steven-
mate Change (IPCC) Third Assessment Report (TAR) fallson et al., 2012; Bowman et al., 2012; Shindell et al., 2012a).
into this same category of experiments that did not accounAn overview of ACCMIP with an evaluation of present day
for climate change effects (Prather et al., 2001). All modelssimulated climate is provided in Lamarque et al. (2013).
calculated global mean OH decreases (and thus methane life- In Sect. 2, we will briefly describe the participating mod-
time increases) between 2000 and 2100, ranging from 6 % tels and the simulations performed. Section 3 describes the
25%. evolution of OH and methane lifetime between present day
Global modelling studies that took both emissions and cli-and future, while Sect. 4 presents the evolution of potential
mate changes into account were first performed around thdrivers affecting these quantities. Section 5 analyses model
time of the publication of IPCC TAR, and, contrary to the sensitivity experiments that were performed to isolate indi-
studies that only included emission changes, found that fuvidual drivers of change, while Sect. 6 describes OH changes
ture methane lifetime either remained unaffected or signif-on regional scales. Finally, Sect. 7 explores the reasons for
icantly decreased. This was attributed to increases in temmodel diversity in simulating the quantities of interest and
perature, which drive a faster GHOH reaction as well as  Sect. 8 summarizes the conclusions of the study.
higher water vapour concentrations, increasing the rate of the
O!D + H,0 reaction (Stevenson et al., 2000; Johnson et al.,
2001). More recently, Zeng et al. (2010) found methane life-2 Description of models and experiments
time decreases of 11 % by 2100, using a projection based
on the SRES A1B scenario. This supported the earlier find2.1 Models
ings by Shindell et al. (2006a), whose simulations with a
chemistry-climate model (CCM) showed a 10 % decrease irWe have used data from 14 models, which performed the
the lifetime, though using the SRES A2 emissions scenariduture ACCMIP simulations (see Appendix A). Most of
for 2100. Results published around the time of the IPCCthe models are CCMs, with the exception of CICERO-
Fourth Assessment Report (AR4) projected relatively minorOsloCTM2, MOCAGE and STOC-HadAM3. The two for-
changes in global OH between 2000 and 2030 (Shindell emer are chemistry-transport models (CTMs), while STOC-
al., 2006b; Stevenson et al., 2006). Finally, John et al. (2012HadAM3 produces its own meteorology, but without any
found decreasing methane lifetimes between 2000 and 210Mteractions with climate. The CCMs were run with an
in three out of the four Representative Concentration Pathatmosphere-only configuration, with sea-surface tempera-
way (RCP) scenarios used (Meinshausen et al., 2001; vature and sea-ice data coming either from coupled ocean-
Vuuren et al., 2011), with methane lifetimes increasing only atmosphere model simulations or from observations. The
in the extreme RCP8.5 scenario where methane abundancesodels that are linked to coupled climate models that par-
more than double from 2000 to 2100. ticipate in CMIP5 (either because they share the same at-
Despite the number of studies examining the topic of mospheric component, or because they use SSTs/SICE gen-
OH and methane lifetime, there is still no clear consen-erated by CMIP5 models, or both) are: (1) CESM-CAM-
sus on the main issues related to it, not least because themperfast (atmosphere-only version of CESM-CAM, using
have not been systematic studies focusing on results fronsea surface temperatures (SSTs) and sea-ice (Sl) from the
multiple composition-climate models, which include many latter's CMIP5 simulations), (2) CMAM (based on the pre-
of the processes affecting oxidant changes. Here, we anakeding generation GCM, but using SSTs/SI from CanESM2
yse simulations performed for the Atmospheric Chemistry CMIP5 simulations), (3) EMAC (used SSTs/SI from a
and Climate Modeling Intercomparison Project (ACCMIP, CMIP5 simulation with the CMCC model, which is, like
http://lwww.giss.nasa.gov/projects/accn)jjd supportofthe  EMAC, based on ECHAMS5, but with differences in the
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resolution and shortwave radiation code (Cagnazzo et alsions of 5TgNyr!, and CICERO-OsloCTM2 in which the
2007)), (4) GEOSCCM (atmosphere-only version of the distribution of lightning emissions depends on modelled con-
GEOS-5 model used for CMIP5, using SSTs/SICE from vection, but with a scaling applied to produce globally con-
the CCSM4 model RCP6.0 simulation), (5) GFDL-AM3 stant emissions of 5 Tg N yt. Specifically, all models used
(atmosphere-only version of GFDL-CM3, using SSTs/SICEthe cloud top height in order to determine lightning flash
from the latter's CMIP5 simulations), (6) GISS-E2-R (the rates and hence lightning N@missions, except for CMAM,
same runs were used both for CMIP5 and for ACCMIP), which used the convective updraft mass flux (Allen and Pick-
(7) HadGEM2 (atmosphere-only version of the model usedering, 2002). Note that there were some inconsistencies in the
for CMIP5, but using SSTs/SICE from CMIP3, with the implementation of lightning N emissions in HadGEM2
best possible correspondence between RCPs and SRES s@d MIROC-CHEM for this project, which led to those mod-
narios), (8) LMDzORINCA (uses SSTs/SI from IPSL-CM4 els being outliers in terms of global total lightning Némis-
AR4 simulations), (9) MIROC-CHEM (atmosphere-only sions (1.3 TgNyr!and 9.7 TgNyr?, respectively).
version of MIROC-ESM-CHEM, using SSTs/SICE fromthe Isoprene emissions are climate-sensitive in EMAC,
latter's CMIP5 simulations), (10) MOCAGE (uses meteo- GEOSCCM, GISS-E2-R, and STOC-HadAM3, while the
rology produced from ARPEGE-Climate atmosphere-onlyrest of the models use different kinds of estimates, ex-
simulations using CNRM-CM5 SSTs/SI from CMIP5 runs), cept CMAM and HadGEM2 in which 250 Tgyt and
(11) NCAR-CAMS3.5 (atmosphere-only version of the model 475 Tgyr 1 of CO, respectively, are emitted as proxy for iso-
used for CMIP5, but using SSTs/SICE from CMIP3, with the prene oxidation. Interactive emissions of other NMVOCs are
best possible correspondence between RCPs and SRES s@dso included in some models: GISS-E2-R includes climate-
narios), (12) STOC-HadAM3 and 13) UM-CAM (both us- sensitive terpene emissions, while in GEOSCCM there are
ing SSTs/SI from HadGEM2 coupled CMIP5 simulations). propene and CO emissions as a proxy for terpenes/methanol.
CICERO-0OsloCTM2 used ECMWEF IFS model forecast dataEMAC and GEOSCCM include climate-sensitive soil NO
for 2006 for all simulations. Detailed model descriptions are emissions, while in the rest of the models this source is
provided in the ACCMIP overview paper of Lamarque et fixed. Constant fluxes are also assumed for oceanic CO in
al. (2013). Below we present some of the main features ofall models except GEOSCCM and GISS-E2-R. The spread
the models, with an emphasis on those that are important foin past, present day and future emissions in the models is
OH and methane lifetime. shown in Fig. 1 of Young et al. (2013), while more details
Surface methane concentrations were prescribed in alfor the present day spread can be found in Table S1 of Naik
models (but then methane is allowed to undergo loss proet al. (2012a).
cesses in the rest of the atmosphere, thus methane burdensGas-phase chemistry schemes ranged in terms of com-
will not be exactly identical), except for (a) LMDzORINCA, plexity. The models with more than 100 gaseous species
in which specified emission fluxes were used (see Szopa éhcluded are EMAC, GEOSCCM, MOCAGE, and NCAR-
al., 2012), and (b) GISS-E2-R, in which interactive emis- CAM3.5, while CESM-CAM-superfast had the lowest num-
sions for wetlands and prescribed emissions from other sedser of species (16). VOCs other than methane are either not
tors were used (see Shindell et al., 2004, 2012b). For preincluded (CMAM) or included in several different ways in
scribing methane concentrations at the surface, most modelsiodels, with lumping often applied to group NMVOCSs in
used data from the database of Meinshausen et al. (2011), ekroad categories. Stratospheric ozone in HadGEM2, STOC-
cept for CICERO-OsloCTM2 and EMAC that used presentHadAM3, and UM-CAM was prescribed following Cionni et
day methane values from IPCC TAR and from AGAGE al. (2011; in support of CMIP5), while in LMDzORINCA the
(Prinn et al., 2000), respectively, scaled to match the evo<climatology of Li and Shine (1995) was used. In CICERO-
lution in Meinshausen et al. (2011) in the future. UM-CAM OsloCTM2, monthly model climatological values of ozone
and STOC-HadAM3 are the only models having a globally and nitrogen species are used, except in the 3 lowermost lay-
constant concentration of methane. Note that methane corers in the stratosphere (approximately 2.5 km) where the tro-
centrations vary between different time periods in all models.pospheric chemistry scheme is applied to account for pho-
Anthropogenic and biomass burning emissions ofyNO tochemical ozone production (Skeie et al., 2011). A simpli-
CO, and aerosols used in the simulations were identical in alfied scheme was used in CESM-CAM-superfast (McLinden
models (Lamarque et al., 2010; 2012a). NMVOC emissionset al., 2000). In the rest of the models, there was a full simu-
from such sources differ, as the models use a wide range dftion of stratospheric ozone.
NMVOC oxidation mechanisms. Also, emissions from nat- Photolysis treatment in some models broadly follows
ural sources varied widely between the models (Lamarquehe approach of using pre-calculated photolysis rates and
et al., 2013). The distribution and magnitude of lightning correcting for real-time atmospheric conditions (clouds,
NOyx emissions depend on the model's convection (mostlyoverhead ozone, and, in some cases, surface albedo). On
based on Price and Rind (1992, 1994) and Price et al. (1997the other hand, CICERO-OsloCTM2, GISS-E2-R, EMAC,
Grewe et al. (2001) was used for EMAC), in all models ex- GEOSCCM, and MIROC-CHEM used state-of-the-art, fully
cept GEOSCCM, which used constant global lightning emis-interactive photolysis schemes (Wild et al. (2000) for the
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Table 1. Present day (2000) tropospheric mean (air mass weighted) OH concentration, tropospheric chemical methanedifgtiared(

total methane lifetimex() for the 14 participating models. Multi-model means and standard deviations, as well as mean OH concentrations
under different tropopause definitions, are also shown. If not indicated otherwise, we integrated the tropospheric OH loss from 200 hPa to
the surface. The last row shows the means and standard deviations using a subset of models, excluding HadGEM2 and UM-CAM.

Models Mean OH toH(chemical) z(total)
(10°molec.cnt3)  (yr) (yr)2
CESM-CAM-superfast 12.9 8.4 7.5
CICERO-OsloCTM2 104 10.0 8.7
CMAM 10.8 9.5 8.3
EMAC 11.8 9.2 8.1
GEOSCCM 11.4 9.7 8.5
GFDL-AM3 11.7 9.4 8.3
GISS-E2-R 10.6 10.6 9.2
HadGEM2 8.1 11.4 9.8
LMDzORINCA 10.3 10.4 9.1
MIROC-CHEM 12.5 8.8 7.8
MOCAGE 13.4 7.1 6.4
NCAR-CAM3.5 12.1 9.3 8.5
STOC-HadAM3 12.2 9.0 8.0
UM-CAM 6.5 13.9 11.6
Mean =+ stand. dev. 11.21.8 9.8+1.6 8.6+1.2
Mean:t stand. dev. (with trop?) 11.1+1.7 9.7+1.6 -
Meanz stand. dev. (with trod) 11.0+1.8 9.8+1.6 -
Mean =+ stand. dev. (selected models) 1%7.0 9.3+ 0.9 8.2+ 0.8

a For the total lifetime, we add to the tropospheric chemical loss a 30 Tyyrethane sink in soils and a 40 Tgyr sink

to the stratosphere (Stevenson et al., 2006).

b For tropl, we integrated the tropospheric OH loss from the @50 pply surface to the Earth’s surface, e.g. Stevenson et
al. (2006).

¢ For trop2, we integrated the tropospheric OH loss from the surface defined by 300—215>&b§éat) the Earth’s

surface, e.g. Shindell et al. (2006b).

former two; Landgraf and Crutzen (1998) for the latter three),as well. The proposed simulation length for each timeslice
while HadGEM2 and UM-CAM used offline rates (Law and was 4-10yr (after spin-up) using prescribed monthly SSTs
Pyle 1993). These are the only two models where prognosti¢no interannual variations), valid for each timeslice and av-
clouds and overhead ozone column did not affect the photoleraged over 10yr (see number of simulated years for each

ysis calculations. model in Lamarque et al., 2013). There are certain gaps in

For more information on model characteristics, see Lamarthe data provided (e.g. missing variables for some models),
que et al. (2013). but overall the dataset is fairly consistent.

In addition to the above-mentioned simulations, sensitiv-

2.2 Experiments ity experiments were conducted by some modelling teams:

a) simulations with present day emissions but climatic con-
The model experiments that are mainly analysed here are theitions set to 2030 or 2100 levels, and b) simulations with
present day and future simulations performed by the AC-perturbed methane concentrations. While these experiments
CMIP models. The models are configured as described irwere only performed by a sub-set of the ACCMIP models, in
Sect. 2.1. Short-lived precursor emissions (Lamarque et al.gombination with some further tests performed solely with
2013) and long-lived species concentrations (Meinshausefs1SS-E2-R they provide further valuable insight into the pro-
et al., 2011) follow the RCPs. There are four RCP emis-cesses controlling OH and methane lifetime (see Sect. 5.3).
sions/concentrations scenarios, RCP2.6, RCP4.5, RCP6.0
and RCP8.5, with RCP2.6 featuring the least radiative forc-
ing, while RCP8.5 featuring the most. The percentage changg Present day and future OH and methane lifetime
in global NG, CO and NMVOC emissions between 2000
and 2100 for these scenarios can be seen in Tables 2, S1, 321  Global changes
and S3. The models were run for different “timeslices”, rep-
resentative of conditions around 2000, 2030 and 2100. In &able 1 shows present day (2000) global tropospheric mean
few cases, simulations were performed for 2010 and 205@H concentrations, tropospheric chemical methane lifetime
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16 T T ™) A large spread of values for these variables is evident.
[ ] For example, the simulated chemical methane lifetime ranges
_1ar ] from ~7 yr (MOCAGE) to~14 yr (UM-CAM). This spread
g\ [ 1 is of similar magnitude to the ACCENT (Atmospheric Com-
=121 : ° position Change: the European Network of excellence) stud-
qg’ 103_ : A A _ ies (Shindell et al., 2006b; Stevenson et al., 2006), con-
< e l\. ] ducted around the time of IPCC AR4. The range does not
= sl d ? become smaller than in ACCENT even when we select a
- : A, subset of models following exactly the method of of Steven-
o 6L 1 son et al. (2006), i.e. all models falling withitt1lo (not
i shown). Furthermore, when excluding HadGEM2 and UM-
4l ) ) ) CAM (which are the two models that did not include in-
1850 1900 1950 2000 teractive photolysis) we get a range that is less broad, but
year not smaller than that calculated using a subset of models in
Stevenson et al. (2006). Present day diversity in results will
b’}ﬁgggfgf& : j be discussed further in Sect. 7.
CMAM A MOCAGE N Before presenting and analyzing the future evolution of
EMAC ° NCAR—CAM3.5 ° OH and methane lifetime, we briefly discuss the historical
evolution of methane lifetime in Fig. 1 (three timeslices).
GISS—E2-R . ACCMIP_mean Multi-model mean methane lifetime increases by 2.3 % from

HadGEM?2 P 1850 to 1980, however there is large inter-model diversity in
. the magnitude and sign of change across the models. Of the
Fig. 1. Evolution of global tropospheric chemical methane lifetime 14 models included here, six simulate decreases in methane
in the ACCMIP models, for the hl_stoncgl p_erlod. Multi-model mean lifetime with the largest reduction simulated by MOCAGE
v.alues. (bIacI§ dots connected with solid line) were only plotted for (—8 %) while the rest simulate increases in methane lifetime
timeslices with data from at least 7 models, after removing results® . . .
from HadGEM2 and UM-CAM. with the largest increase simulated by GEOSCCM (14 %)
over the 1850 to 1980 time period. From 1980 to 2000,
all models simulate decreases in methane lifetime with a
due to reaction with OH (hereafter referred to as “chemicalmean lifetime reduction of 4 %. Evolution of factors driv-
lifetime”), and total methane lifetime, calculated from all the ing changes in methane lifetime and OH over the historical
ACCMIP models. The chemical lifetime is calculated by di- period is discussed in further detail in Naik et al. (2012a).
viding the global atmospheric methane burden by the global Figure 2 shows the evolution of modelled global chemi-
tropospheric chemical loss by OH, while the total lifetime cal methane lifetime between present day and 2100, for the
includes the soil and stratospheric sinks in the denominafour different RCPs. All the timeslices for which a model
tor, following Stevenson et al. (2006). We integrated the tro-performed simulations have been included. The evolution of
pospheric OH loss from 200 hPa to the surface. No inter-methane lifetime between different timeslices shows some
polation from the model's native grid has been applied foragreement between different models, in terms of sign. More
the calculation of any global quantity. Present day (2000)specifically, in RCP2.6, 7 of the 10 models that provided
mean tropospheric chemical lifetime derived from the AC- data show decreases between the beginning and the middle
CMIP multi-model mean is 9.& 1.6 yr (9.30.9yr when  of the 21st century, and a slow increase or stabilization later
only including selected models). A recent observation-basean. Notable exceptions are the MOCAGE and the NCAR-
analysis (Prather et al., 2012) estimated chemical methan€AM3.5 models, which mostly show increases throughout
lifetime to be 11.2+1.3yr, underestimated by most of the the period of study. We note that NCAR-CAMS3.5 uses the
ACCMIP models, except CICERO-OsloCTM2, GISS-E2-R, results from a CCSM3 Commitment simulation as an equiv-
HadGEM2, and LMDzORINCA. Differences between this alent for RCP2.6, which leads to an underestimate of the cli-
estimate and the model results is unlikely due to differencesnate effect (see Lamarque et al., 2013) on methane lifetime.
in the tropopause used, as Holmes et al. (2013) found thathe overall change between 2000 and 2100 for RCP2.6 is
methane oxidation between 200 hPa and the tropopause wasinimal though 4.5 % on average). For RCP4.5, for which
less than 1.5 % of total tropospheric oxidation by OH. We data from fewer models (7) are available, there is generally
also find here that our global tropospheric metrics do not dea tendency for methane lifetime decreases, especially after
pend on the definition of the tropopause (Table 1), becaus030. The exception is the GISS-E2-R model, where we find
most OH and methane chemical loss are in the tropical lowethe opposite trend, although with smaller increases than for
troposphere, well away from the tropopause. RCP2.6. Overall, RCP4.5 reveals the largest negative change
in global methane lifetime levels relative to 20069.4 % on
average). In RCP6.0 (6 models), there is a mix of positive
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Fig. 2. Evolution of global tropospheric chemical methane lifetime in the ACCMIP models, for the four future RCP scenarios. Multi-model
mean values (black dots connected with solid line) were only plotted for timeslices with data from at least 7 models, after removing results
from CICERO-OsloCTM2, HadGEM2 and UM-CAM. For comparison, the dotted black line with square points shows the lifetimes used

in the MAGICC integrated assessment model. Also, in the upper left panel, the red cross for present day shows the mean chemical lifetime
from the ACCENT models (Shindell et al., 2006b), and the black cross is the observationally-based estimate made by Prather et al. (2012).

(2 models) and negative (4 models) trends. Positive trendsluctions (not shown; see Lamarque et al., 2013), which could

occur for models that also showed positive trends throughoube the driving factor behind the 2030-2050 feature (e.g. see

the RCP2.6 simulation, though in RCP6.0 the changes ar¢elieveld et al., 2002). In general, since OH drives most of

more rapid. the methane loss in the atmosphere, OH changes correspond
The scenario with the highest level of agreement betweerwell to methane lifetime changes seen in the models (see Ta-

models, in terms of sign, is RCP8.5 (Fig. S1 also shows theble 2, and Tables S1, S2 and S3 for other RCPs). The models

evolution of global tropospheric mean OH and of Northern that have an opposite trend for 2000—2100 are HadGEM2 and

Hemisphere to Southern Hemisphere OH ratio in this scelUM-CAM. These are also the models with the largest abso-

nario). Nine of the 12 models that simulated this scenariolute methane lifetimes for present day. Potential reasons for

show a methane lifetime increase between 2000 and 210Qhese distinct features will be discussed in Sect. 5.

From the models that simulated both the 2030 and the 2050

timeslice (5), it is evident that the period with the sharpest in-

crease is 2030-50. This is a period of rapid N€bnission re-
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(2]
Table 2. Percentage (%) changes in important model metrics, between 2100 and 2000 (RCP8.5). Variables examined (from left to right) are: global tropospheric air Bmwm.@m_@:”mq
mean OH concentration, global tropospheric chemical methane lifetime, totaEN@sions (including lightning), total lightning NGmissions, total CO emissions, total NMVOC
emissions, global atmospheric methane burden, global tropospheric ozone burden, global mean stratospheric ozone column, global volume-weighted tropd$pH&)c anelan
global tropospheric mean temperature and humidity. Same tables for the other scenarios are shown in Tables S1, S2 and S3. The last row shows the means and standard Qmmmzo:w usit
a subset of models, excluding CICERO-OsloCTM2, HadGEM2 and UM-CAM.

Models (RCP8.5) OH TOH NOx Emis.  LiNOx Emis. CO Emis. NMVOC Emis. CHiBurd. Oz Burd. Strat. @ J(O'D) T Q
CESM-CAM-superfast —-17.4 +215 —-33.0 +29.7 —-30.1 0.0 +1121 +251 +5.3 - 0.9 16.1
CICERO-OsloCTM2 —20.6 +26.9 —29.3 0.0 —27.3 -5.8 +1084 +104 +0.3 - -
CMAM —15.5 +9.1 —27.2 —45.4 —25.7 - +1142 +139 +6.4 -4.3 +2.3 +45.3
EMAC —-12.0 +5.6 —22.1 +8.9 —31.5 +17.6 +1153 +16.2 +6.4 —4.4 +2.2 +375
GEOSCCM - - - - - - - - - - - -
GFDL-AM3 —6.7 —-1.4 —224 +38.2 —30.3 -1.9 +1161 +27.8 +8.4 -7.2 +25 +45.0
GISS-E2-R —18.6 +15.9 —20.0 +26.2 —-35.1 +19.8 +1527 +27.6 +15.1 —15.0 +1.6 +28.9
HadGEM2 +14 —-7.11 —25.8 +74.1 —24.0 —22.5 +1147 +29.0 +10.8 - +1.9 +35.8
LMDzORINCA -5.8 +0.9 -31.6 +43.3 —34.7 —-4.3 +1058 +9.6 +0.1 - +1.9 -
MIROC-CHEM —6.4 —-1.4 -6.9 +38.0 —-354 -3.4 +1160 +10.7 +4.2 -0.8 +2.8 +522
MOCAGE -20.1 +20.1 -22.9 +19.9 —-32.3 -2.8 +1134 +280 +23.6 - +14 +223
NCAR-CAM3.5 —-14.1 +137 —26.6 +35.2 —30.3 —-2.6 +1139 +14.6 +6.2 -3.6 +1.6 +26.8
STOC-HadAM3 —13.0 +6.7 —20.8 +232 —-324 +25.2 +1142 +121 +5.6 —-4.1 +2.3 +381
UM-CAM +2.4 +0.5 -17.2 +43.6 -32.0 —4.2 +1121 +232 +7.4 +0.3 +2.3 +39.0
Meanz stand. dev. —11.3+7.7 +85+104 —-235+6.8 +243+28.7 -309+35 +13+13.2 +1161+11.4 +191+7.7 +47.7+6.2 —-49+47 +20+05 +352+10.8
Mean:t stand. dev. —13.0+£5.2 +9.1+85 —-23.4+7.3 +21.A425.7 -31.8+29 +5.3+£11.9 +117.4-12.8 +18.6t7.6 +8.1+6.6 -56+45 +2.0+0.6 +34.7+11.9

(selected models)
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Fig. 3. Evolution of global atmospheric methane burden in the ACCMIP models, for the four different future RCP scenarios. Multi-model
mean values (black dots connected with solid line) were only plotted for timeslices with data from at least 8 models.

which lightning emissions generally decrease with time. This
leads to a faster decline of total N@®missions in this model
Here we provide information on important variables influ- compared to the rest. CMAM uses a lightning parameteriza-
encing OH and methane lifetime. We consider the evolutiontion based on the convective updraft mass flux from a fixed
of these variables in the 21st century, and especially theipressure level (modified version of the method presented in
2100 levels. More details on present day emissions and othetllen and Pickering, 2002), and the particular trends are due
model metrics are provided by Naik et al. (2012a) and Youngto the changing distribution of the updraft mass flux at that
etal. (2013). level. The response of the convective updraft mass flux to
climate change will likely vary with height and depend on
the particular convective parameterization, so trends in light-
ning NO derived from convective mass flux fields will vary
Global emissions of N@decline in all the simulations in  with the details of the implementation. Note that, despite the
the 21st century (Tables 2, S1, S2 and S3; Lamarque et alfact that this model is an outlier in terms of lightning NO
2013). In RCP2.6, RCP4.5 and RCP6.0, the evolution is sim4in the current study, decreasing lightning Némissions in a
ilar, while in RCP8.5 the trend is less pronounced. Lightningwarmer climate were also reported in another study (Jacob-
NOx emissions, which can be a strong driver of OH changesson and Streets, 2009).

(Labrador et al., 2004; Fiore et al., 2006) are highly uncer- CO emissions also drastically drop between 2000 and
tain, though they consistently show stronger trends in sce2100, with RCP2.6 and RCP4.5 showing the most rapid de-
narios with more rapid warming (RPC8.5), since these scecreases (Lamarque et al., 2013). The good agreement be-
narios often feature greater convective and lightning activitytween the trends in different models is due to the fact that
(e.g. Del Genio et al., 2007). A clear exception is CMAM, in

4 Evolution of potential drivers of OH abundances

4.1 Emissions
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all models used identical anthropogenic and biomass burnspheric humidity. There are several other direct and indirect
ing emissions, which dominate the totals. Large differenceswvays in which temperature and humidity can impact OH
between models within timeslices arise from the fact thatand methane lifetime (through effects on other chemicals,
some of the models (CMAM, HadGEM?2) include proxy aerosols, and feedbacks into the circulation), but they are
emissions (as CO) for NMVOCs. Also, the GISS model generally expected to be smaller than those described above.
does not include oceanic CO sources, which likely explains Clouds, which impact photolysis, and thus affect OH lev-
why it is the model with the lowest total CO emissions. els, should have relatively small effects on a global scale (e.g.
NMVOC emissions have a large spread, but several modVoulgarakis et al., 2009b), and more significant effects on re-
els show small trends due to static isoprene emissions in aljional scales. However, since we do not currently have cloud
timeslices. In models that include climate-sensitive isoprenedata from a sufficient number of ACCMIP models, we intend
emissions (EMAC, GISS-E2-R, STOC-HadAM3), there areto examine this driver of OH variability further in a future
detectable positive trends, especially in RCP8.5, which feastudy. The same is true for surface albedo, another factor that
tures the largest warming. HadGEM2 NMVOC emissions can strongly affect regional OH (Voulgarakis et al., 2009c¢)
decrease, but this is only associated with less anthropogenic Apart from CICERO-OsloCTM2, which used fixed mete-
and biomass burning sources of NMVOCs in 2100, as thisorological fields for every simulation, global mean temper-
model does not include natural hydrocarbon emissions (onlhature changes are positive in all scenarios (Tables 2, S1, S2

proxy CO). and S3), due to the increases in greenhouse gas concentra-
tions. The smallest temperature changes.8 K on average)
4.2 Methane concentrations are found in RCP2.6 and the largest onegl 6K on aver-

age) in RCP8.5. There is a sizeable spread in the modelled
The future evolution of methane burden is shown in Fig. 3,temperature changes projected for 2100 (90 % spread
while 2000-2100 changes can be seen in Tables 2, S1, S&round the mean change for RCP8.5). This is particularly im-
and S3. As mentioned above, methane concentrations are inportant, as temperature can be rather effective in driving OH
posed in the models and there are no sources included, withnd methane lifetime changes (Wild, 2007). There is a strong
the exception of the LMDzORINCA (past/future) and the relationship between the GH OH reaction rate constarit)(
GISS-E2-R model (future). There are clear differences be-and temperature (see Appendix A), which implies that small
tween the resulting methane burdens in the different timesehanges in temperature can drive relatively large changes in
lices. In RCP2.6, methane decreases steadily throughout th@ethane loss.
century, in RCP4.5 it remains steady until 2050 and then Regarding humidity, the main features of change are sim-
decreases, in RCP6.0 it increases until 2050 and then delar to those of temperature, but with larger relative differ-
creases, and in RCP8.5 it rapidly increases throughout thences between timeslices. The models with the highest global
century and is double in 2100 compared to 2000. Most mod-mean temperature also have the highest global mean humid-
els agree fairly well in the methane burden, with the excep-ity (also see Naik et al., 2012a). For more details on ACCMIP
tion of the GISS-E2-R model which, especially in RCP8.5, simulated climate, see Lamarque et al. (2013).
shows a faster methane increase and significantly higher bur-
den by the end of the century. This is due to the fact that4.4 Ozone and ozone photolysis
in future GISS-E2-R simulations (in which surface methane
emissions rather than concentrations are prescribed), chang@&sopospheric ozone can affect OH and methane lifetime di-
in methane emissions affect OH concentration, and thus feedrectly due to the fact that its photolysis provides th&DO
back to methane’s own lifetime (see Fig. 2), which meansatoms that react with water vapour to produce OH. Thus, in-
that methane increases amplify themselves during the 21streases in ozone precursors can increase the OH levels in the
century. For more discussion on GISS-E2-R methane behawroposphere. Stratospheric ozone affects tropospheric OH in-

ior, see Shindell et al. (2012b). directly. First of all, changes of the amounts of stratospheric
ozone entering the troposphere will affect the levels of tro-
4.3 Meteorological factors pospheric ozone available for OH production. Perhaps more

importantly, stratospheric ozone changes affect shortwave ra-
The most important meteorological factor affecting OH and diation reaching the troposphere to drive photolysis.
methane lifetime is tropospheric humidity (Spivakovsky et Tropospheric ozone changes in the ACCMIP simulations
al., 2000). Higher water vapour concentrations in the tro-are shown in Tables 2, S1, S2 and S3, and documented thor-
posphere, mean that more OH is produced through reactiooughly by Young et al. (2013). Briefly, tropospheric ozone
with singlet oxygen atoms (). Temperature can be di- burden declines throughout the 21st centurt4.1+ 6.5 %
rectly and indirectly linked to OH and methane lifetime by in 2100, using all models) in RCP2.6, due to decreas-
(a) affecting the ClH-OH reaction rate and the absorption ing precursor emissions and decreasing methane concen-
cross section of ozone (which is important for photolysis totrations. RCP4.5 and RCP6.0 have minor differences be-
produce GD), and (b) through its positive effect on tropo- tween 2000 and 2100, while RCP8.5 features large increases
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(+19.14+ 7.7 %), due to the impact of the dramatic methane ever, we will demonstrate in Sect. 5.2 that N€hanges are
increases and possibly due to enhanced stratospheric influxot the main driver of the global OH trends.
(see also Kawase et al. 2011; Young et al. 2013). Emissions of CO, which consumes OH, also generally
All the scenarios show a recovery of stratospheric ozonedrop during the 21st century. We speculate that they most
abundances in the future, as they all take into account thdikely do not play a central role in driving OH and methane
measures for continued controlling emissions of ozone delifetime changes, since (a) the latter show fairly diverse
pleting substances. This recovery is faster in RCP8.5, due ttrends in RCP2.6, RCP4.5 and RCP6.0, despite the large
CO»-induced cooling of the stratosphere and enhanced cirCO emissions decreases, and (b) in RCP8.5, global mean
culation leading to a faster recovery of stratospheric ozone irOH decreases, which could have been explained by increas-
this scenario (e.g. Eyring et al., 2010). Of the models thating CO emissions, while CO emissions decrease in this sce-
simulate stratospheric ozone, those with the fastest ozonaario. Emissions of NMVOCs change significantly only in
recovery are GISS-E2-R, HadGEM2 and MOCAGE. LMD- GISS-E2-R, EMAC and STOC-HadAM3 (and most promi-
ZORINCA shows no stratospheric ozone changes, due to thaently in RCP8.5), since these are the only models that in-
fact that an offline ozone climatology was used (Li and Shineclude climate-sensitive isoprene emission. However, these
1995). relatively small increases cannot be the main driver of the
Data for photolysis rates of ozone to yield (JO'D) sizeable OH and methane lifetime changes, which are found
were only provided by a fraction of the models. In most casesn most models in RCP8.5 (See Fig. 2).
there is a detectable decreaseJifO'D), and it relates to Methane burden changes (Fig. 3) do not appear to be the
the increase of overhead ozone. However, only one modetain driver of the evolution of OH and methane lifetime for
(GISS-E2-R) shows global (O'D) decreases that are size- RCP2.6. In the latter part of the 21st century the methane
able (6—15 %) in all RCPs. The GISS-E2-R results on strato-burden slowly decreases, which would drive less OH con-
spheric ozone and(O'D) may partly be an overestimate, as sumption; however, OH and methane lifetime remain fairly
this model has been found to have an ozone hole that extendsaffected. In RCP8.5, it is likely that methane changes are a
slightly too far equatorward in September-October and permajor driver of OH and methane lifetime changes, something
sists about one month too long in the polar region (Shindell ethat is examined in more detail in Sect. 5.2.
al., 2012b). Note though, that the other two models in which
we found more rapid stratospheric ozone recovery did notin-2.2  Sensitivity experiments

clude ozone changes in photolysis calculations (HadGEMZ)W ) . .
or did not provide/ (O'D) data (MOCAGE). e have performed a variety of sensitivity experiments based

on RCP8.5, and a few based on RCP6.0, in order to under-
stand the methane lifetime trends in these simulations (see
Table 3). RCP8.5 has been selected as the focus, as it is a
5 Discussion on the drivers of OH and methane lifetime ~ scenario with a somewhat better agreement between mod-

changes els in terms of the sign of the changes, with an increase in
methane lifetime in most of the models.
51 Emissions Some of the sensitivity simulations were specifically re-

guested by ACCMIP, and were performed by more than
¢ one model. This includes (a) a simulation with ozone pre-

with more OH generation, for two reasons: (a) Ngznerally ~ CUrSor emissions set to 2000 values, but with climate set
leads to ozone production (except under highNonditions  © 2100 RCP8.5 conditions (C12100); (b) a simulation with
typically not represented in global models), which is the mainPresent day conditions but methane concentrations increased

primary source of OH, and (b) N@ich environments favour Y 100 ppb, with this perturbation affecting the modelled
more efficient secondary OH production through,Hecy- ~ chemistry only (CH42008100); and (c) a simulation with
cling processes (e.g. conversion of @ OH) and, thus 2100 RCP8.5 conditions, but with methane concentrations

increase OH abundances in the troposphere (e.g. Lelieveld &erturbed by 100 ppb. In addition, we performed some extra
al., 2002). However, despite the fact that global ;Ngnis- simulations with the GISS-E2-R model, in order to examine
sions decrease substantially in all scenarios and models b&°Me other potential driving factors: (d) ODS2100, in which

tween 2000 and 2100, the trends in global mean OH and"® used present day conditions, but set ozone depleting sqb—
methane lifetime have diverse signs in different models inStance (ODS, namely chlorofluorocarbons (CFCs) and ni-

RCP2.6, RCP4.5 and RCP6.0 (Fig. 2). Furthermore, thes&0US 0xide (NO)) to 2100 levels following the projections

trends are rather small, supporting the idea that global OHN RCP8.5, (€) CH421004a, in which we used present day con-
may be a relatively stable quantity, despite the large fluctyditions but methane concentratlon_s cor_respondlng to 2100
ations on regional scales (Lelieveld et al., 2002). RCP8.5 RCP8.5 levels, and (f) CH42100b, in which we used present

the only scenario in which NQemissions and global OH are day conditions but methane concentrations corresponding to

related in terms of sign of change (both decreasing). How-2100 RCP6.0 levels.

Generally, increases in N@missions have been associate
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Table 3. List of sensitivity experiments.

CI2100 ODS2100 CH42000+100 CH42100a CH42100 + 100 CH42100b
SSTs/SICE 2100 RCP8.5 2000 2000 2000 2100 RCP8.5 2000
CO 2100 RCP8.5 2000 2000 2000 2100 RCP8.5 2000
CHgy 2000 2000 2006-100ppb 2100 RCP8.5 2100 RCP3BO0ppb 2100 RCP6.0
CFCs/NO 2000 2100 RCP8.5 2000 2000 2100 RCP8.5 2000
NOx/CO/NMVOCs 2000 2000 2000 2000 2100 RCP8.5 2000

* Only for chemistry. For climate it follows the rest of the simulation.
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Experiments would have most likely been offset had there been climate

changes included in the simulation.
Fig. 4_. Tropospheric chemical methane lifetime in the sensitivity However, for RCP6.0 (red bars in Fig. 4), we find that
experiments performed with the GISS-E2-R model. methane burden changes cannot explain the 2000-2100 in-
creases in methane lifetime. Despite substantial increase in
RCP6.0 methane concentrations in the GISS model (see
Fig. 3), the results from CH42100b are almost identical
By comparing results for 2000 and CI2100 (Fig. 4 and Ta-to the 2000 simulation. Thus, when methane changes are
ble 4), we find that climate changes lead to methane life-not as dramatic as in RCP8.5, the influence of other fac-
time decreases in the future, in agreement with previous studtors becomes more prominent. In this case, a combination
ies (e.g. Stevenson et al., 2006). Warmer temperatures angf NO, emission decline and stratospheric ozone recovery
higher humidity levels drive increases in atmospheric OH|eading to lower J(@D) are the most likely drivers. Particu-
and faster CiH-OH reaction, thus resulting in a shorter life- |arly J(O'D) shows a strong correlation with both the strato-
time. Furthermore, drastic increases in STE in a warmer cli-spheric ozone column and with tropospheric OH throughout
mate (Kawase et al., 2011; Young et al., 2013) lead to morehe 21st century (Fig. 5).
ozone and, thus, more OH in the troposphere. However, the
2100 simulation shows increases in methane lifetime durings.3 Climate penalty and OH feedback factors
the 21st century. Thus, climate alone would have opposite
effects to those found in our future simulations, in which The CI2100 simulation, as well as a similar one (CI2030)
the climate effects have probably only contributed to off- with climatic conditions set to 2030 (Cl2030), were per-
setting some of the positive changes (b{.6yr, in 2100 formed by several ACCMIP models. Such simulations are
for RCP8.5; see Table 4). By comparing 2000, 2100 anduseful in order to determine the “climate penalty fac-
ODS2100, it is evident that ODSs have a sizeable effect ortor” (defined in earlier studies as the relationship between
methane lifetime. However, this is not enough to explain theozone and temperature; e.g. Wu et al., 2009) for methane
changes between 2000 and 2100. We conclude it is methandetime, i.e. the lifetime perturbation by a unit change
abundance itself that actually drives the largest part of theof global temperature. We get a multi-model mean value
2000-2100 changes in RCP8.5: in the CH42100a simulationpf —0.31+0.14yrK=! from the CI2030 simulation and
methane lifetime exceeds the levels of 2100. The consump—0.34+0.12 yr K-1 from CI2100 (Table 4). For most mod-
tion of OH radicals by increasing methane abundances leadsls, the estimate from the different timeslices is similar,
to a drastic decrease of methane loss rates, and thus a prtrough in the GISS-E2-R model the differences are more
longed lifetime. The further increase above the 2100 levelssubstantial. The models with the strongest methane lifetime
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Table 4. Global tropospheric chemical methane lifetime change in the climate change sensitivity simulations, and lifetime change per unit
change of global temperature (or “climate penalty factor”), for the different ACCMIP models. The multi-model mean and standard deviation
are also shown. The last row shows the means and standard deviations using a subset of models, excluding HadGEM2 and UM-CAM.

AtoH (yr) Atop (y)  Aton/AT (yrK™1)  Aron/AT (yrK™)

CI2030-2000 Cl2100-2000 Cl2030-2000 CI2100-2000
CESM-CAM-superfast —0.30 -0.72 —-0.29 —-0.32
CICERO-OsloCTM2 - - - -
CMAM - - - -
EMAC - - - -
GEOSCCM - - - -
GFDL-AM3 —0.54 -1.82 —0.32 —0.29
GISS-E2-R —0.08 —0.88 —0.12 —0.22
HadGEM2 - —2.40 - —0.50
LMDzORINCA - - - -
MIROC-CHEM —0.59 —2.08 —0.36 —0.30
MOCAGE —0.09 —0.86 -0.21 -0.25
NCAR-CAM3.5 —-0.34 —1.48 —0.40 —0.40
STOC-HadAM3 -0.31 -1.21 —0.22 -0.21
UM-CAM -0.81 —3.08 —0.57 —0.54
Mean+ stand. dev. —0.38+£0.25 -1.61+0.80 —0.31+0.14 —0.34+0.12
Mean =+ stand. dev. (selected models)—0.32+0.20 —1.29+0.52 —0.27£0.10 —0.28+0.07

response and the strongest response per unit temperatus(zon))/(sIn [CH4]) which is often used in a similar con-
change are HadGEM2 and UM-CAM. This may be ex- text.
plained by the fact that those two models are the only ones The F values that we get from the four simulations range
that do not include the effect of modelled overhead ozonefrom 1.19 to 1.53 (Table 5). The values obtained from the
column on photolysis, which would have driven an offset- 2000CH4plus100 simulation are somewhat closer than those
ting of the negative climate effect on methane lifetime, sinceobtained from 2100CH4plus100 to the estimates of Fiore et
stratospheric ozone is expected to increase in a warmer clial. (2009), which were also based on perturbed present day
mate (Eyring et al., 2010). Note that HadGEM2 and UM- conditions. However, note that our results are only based
CAM are also the models with the highest present dayon two models, and that our present day estimates, though
methane lifetimes (Table 1), however even in relative termscloser to Fiore et al. (2009), are still significantly lower than
these models are among the three with the strongest methame their study. The differences between the present day and
lifetime response in the Em2000CI2100 simulation. the future perturbation simulations in our study are larger
In addition to the above sensitivities, two models also per-than the differences between the two models’ estimates for
formed runs in which methane concentrations were perturbethe same perturbation. An atmosphere with very high abun-
by a small amount (100 pph in order to detect the sensitiv- dances of methane and very low abundances of,NOch
ity of oxidants and methane lifetime to changing methaneas in the RCP8.5 scenario, would feature less OH recycling
abundances. 2000CH4plus100 is a simulation identical tqLelieveld et al., 2002), and so a stronger effect of methane
baseline 2000, but with methane increased by 100 ppbvon its own lifetime. Note that in Prather et al. (200F),
while 2100CH4plus100 is the equivalent for 2100 RCP8.5did not change drastically when evaluated in a high methane
conditions. The “feedback factor{” (Table 5) is defined (4300 ppb; see their Table 4.3) atmosphere. However, in that
as the ratio of the atmospheric response time (timescale of aase, NQ emissions followed the A2 scenario, afdwas

perturbation) to the global atmospheric lifetime, not evaluated under low NCronditions, as done here.
F=1/1—y) 1)

where 6 Regional OH changes

s = (8In(z))/(8IN[CHa)) ) While global tropospheric OH is important in determining

the lifetimes of various climate-relevant species, it is also
using values for the methane lifetime)(and concentra- crucial to understand the distribution and evolution of OH
tion [CHy4] determined from the simulations (as per Fiore et in the boundary layer, as it reflects the characteristics of the
al., 2009; Prather et al., 2001). In Table 5, we also providelocal photochemistry in different areas. A detailed analysis
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Table 5. Feedback factorK)* and related quantities from two of the ACCMIP models and two different simulations (one for present day
conditions (2000) and one for future (2100y)refers to the global total methane lifetime argy for the global tropospheric chemical
lifetime.

Experiment An(z)/AIN(CHg) Aln(zoy)/AIN(CHg) F
2000CH4plus100 GISS-E2-R  0.16 0.19 1.19
2100CH4plus100 GISS-E2-R  0.35 0.41 1.53
2000CH4plus100 UM-CAM  0.22 0.26 1.28
2100CH4plus100 UM-CAM  0.32 0.38 1.46

* Fis used in order to calculate the perturbation lifetimyyt= tF. This perturbation lifetime accurately
describes the lifetime of a perturbation in the current atmosphere, For methane and other well-mixed greenhouse
gases, the decay of a perturbation is closely approximated by an e-fold tirpgrof

of the regional features of OH and its future changes in dif-
ferent models would require investigation of the distribution
of emissions and of each model’s regional climate response.
Such a detailed analysis is not within the scope of the cur-
rent study, which mainly aims to discuss the evolution of OH
and methane lifetime on a global scale. However, below we
present the main features of the regional behavior of OH, and
we aim for further regional analysis in a future study.

Figure 6 shows the multi-model mean change in surface
(model level 1) OH concentration between 2100 and 2000 _—— —
for RCP2.6 and RCP8.5 (the equivalent plots for individual longitude
models are shown in Figs. S2 and S3). We focus on those twa, e 050 1o00 .
simulations because they represent the extreme cases from (100 x pptv)

a cIi_mate point o_f_view. In RCP_2.6, the modgl mean shows b) RCP2.6 2100 - 2000
a mixture of positive and negative changes in the Southern o
Hemisphere. Negative differences are largely found in the
Northern Hemisphere, especially in RCP2.6, attributable to
the methane increases and to reductions ir, H@issions.
There are notable strong OH increases in both scenarios over :
western Europe. These may be associated with a more domi- I BN A
nant role of CO reductions, which drive OH increases, rather -
than NQ, effects. However, note that this effect is not seen :
in all models (Figs. S2 and S3). For example, in HadGEM2, T T ongitude
positive changes over Europe are dramatic, whereas in GISS—C RCP8.5 2100 - 2000
E2-R there are solely negative changes. Another prominent ‘ e
feature is the reduction along ship tracks in RCP2.6, due to s
the reduction in shipping N©emissions in this scenario (Fig |
6b). Overall, there is a rough tendency for a redistribution of
OH from the northern midlatitudes to the tropics, as was also
discussed in previous studies (e.g., Gupta et al., 1998; Wild
and Palmer, 2008). o
OH abundance mostly decreases in the Southern Hemi- :

a)

)
°
2
=
K

50 -30 o 30

)
k-]
2
£
8

latitude

sphere in the RCP8.5 with decreases up to 50 % in the South- longitude

. ; [ | E—— |
ern Ocean. Over the oceans, despite the increases of watelko -4 -36  -24 e R T
vapour in RCP8.5, the dominant factor driving OH changes (%)

most likely is methane, since it has a long-enough lifetime

. . - Fig. 6. Multi-model mean surface annual mean OH concentration
to travel away from its source regions and be relatively weII. for present day(a), and its change between 2000 and 2100 in

mixed in the tro_posphere. This is cpnsi_stent with t_he “biq“"chz.e(b) and RCP8.5c). The bottom model layer results have
tous OH reductions in RCP8.5 (which is a scenario that feapeen ysed as representative for the surface. Please see Figs. S2 and
tures very large methane increases) over oceanic regions, i§3 for surface OH changes in individual models.

gualitative agreement with Wild and Palmer (2008). Negative
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changes are even larger at high southern latitudes (Fig. 6C)a) RCP2.6 2100 - 2000 % difference ~ b) RCP8.5 2100 - 2000 % difference

possibly due to the additional effect of stratospheric ozone 200 hPa
depletion: ozone recovery leads to less radiation reaching the | -0s:109  +101294 19113 10113 +39+133 +10.6+12.2
troposphere, slower photolysis and, thus, less OH being pro- 500 hPa
duced. Models that do not include the effects of simulated |+08+119  +100:85 26117 -203%11.0 | 109489 | -106+10.1
ozone in photolysis calculations (HadGEM2, UM-CAM), do 750 hPa
not have this high_|atitude feature. -3.7£115 | +2383 | -16.149.2 283473 | 220446 | -21.6+7.2 e

The agreement with Wild and Palmer (2008) is not as ev- os 305 30N 90N 90°5 30° 30°N 90°N
ident over land as it is over oceans. Their work, which was ] ) )
based on the SRES A2 scenario, found OH increases Ové:rlg. 7.Changes in regional mean OH concentration between 2100
all continental areas in 2100. In our case features are morsnd 2000 in various tropospheric subdomains. The range represents
mixed, with parts of continental areas actually experiencing'mer‘moOIteE 1o spread of the change.
negative OH changes, most likely occurring due to thgiNO
emission decreases in all RCP scenarios and models (see Ta- (%)
ble 2 and S1). On the contrary, SRES A2 used in Wild and
Palmer (2008) featured dramatic fossil fuel Né€mission in-
creases of 77 Tgy#, globally, between 2000 and 2100. Re- 500 hPa
gional climate changes will also play a role (predominately 32 255 58
increasing OH through higher water vapour), and the way in
which NMVOC chemistry is included in each model will cer-
tainly have large effects in the boundary layer. For example, 45 376 85
in CMAM and HadGEM2, which do not include NMVOC:s, 00 o on QOOSN“““‘*
there is less structure in tropical OH changes (Fig. S3), im-
plying that differences in NMVOCs and their chemistry is a Fig. 8. The percentage of global methane that is oxidised in various
major contributor to regional oxidant trends in such regions. subdomains of the atmosphere in present day (year 2000).

To further examine regional changes in oxidizing capac-
ity, we also show changes in OH in various tropospheric )
subdomains (divided in a way similar to Lawrence at al., smaller. For the present day, the multi-model mean shows the

2001). Figure 7 shows large OH decreases in RCP8.5 (du[éargest amount of methane chemical loss in the lower tropical
to methane increases) in all regions except for the tropicafoPosPhere (Fig. 8), in excellent quantitative agreement with
and northern extratropical upper troposphere. Especially i-aWrence et al. (2001). It is notable that in this important

the latter, increased stratosphere-troposphere exchange (dffeg'or?’ for th_e RCP2.6 scenario, there is little model_ agree-
to a strong climate impact on the Brewer-Dobson circulationMeNt in predicted OH changes in the 21st century, with pos-

in this scenario: see Kawase et al., 2011 and Young et altiVé @nd negative changes being aimost equally likely. Un-

2013) s likely a driver of positive changes, through increasesc€"ainty in modelled future NMVOC emissions could be the

of ozone available to generate OH. Also, increases in updriver of this feature.

per tropospheric humidity and lightning N@missions in a

warmer climate could partly explain this feature, which may Discussing diversity in model results

be masked in the southern extratropics due to stratospheric

ozone recovery leading to sizeable OH decreases. This maXs mentioned earlier, an obvious conclusion of this multi-

also yield larger OH decreases in the southern extratropicanodel intercomparison is the diversity in present day OH

lower troposphere<28 %) than in the Northern Hemisphere and methane lifetime. Methane tropospheric chemical life-

(—=22%). In RCP2.6, there is a mixture of regions with pos- time in our study in year 2000 is equal to 8.6 yr (see

itive and negative OH changes. The lower northern extrat-Table 1), with a spread of almost 7 yr, an almost identical

ropics show large OH decreases, presumably due tg NOvalue to that obtained from the ACCENT multi-model study,

emission decreases affecting this area heavily. This effect beand with the same level of diversity (%471.7 yr; Shindell

comes smaller with altitude (middle troposphere), presum-t al., 2006b). More recently, Fiore et al. (2009) reported a

ably due to the short lifetime of NO somewhat higher mean lifetime, but with a similar model
The uncertainty in these projections is large, and in somespread (10.2 1.7 yr). Note that in the IPCC TAR, the av-

cases it exceeds the signal of changes (for individual moderage tropospheric methane lifetime that was reported was

els, see Fig. S4). The upper troposphere tends to yield morg 6 yr, though it was obtained from a smaller set of models

uncertain results. In the lower troposphere, in RCP8.5, thgPrather et al., 2001).

strong impact of changing methane abundances results in

a fairly strong and certain OH response. In RCP2.6, where

no driver changes as dramatically, the signal-to-noise ratio is

200 hPa
15 114 2.3

750 hPa
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Fig. 9. Linear relationship between present day (2000) global mean tropospheric Ql)@habal NMVOC emissions, an@) global mean
J(O!D), across all models. The same relationship is shown after excluding the two models that did not have interactive photolysis, namely
HadGEM2 and UM-CAM(b, d). Dashed lines show the prediction intervals at a 95 % confidence level.

The models use a variety of inputs and include many in-photolysis data). There were no apparent relationships for the
teractions that are still fairly uncertain. This includes both remaining variables.
chemical and climate variables. Here, we examine the degree The positive association of global OH levels wit(O'D)
to which variation across models in present day tropospheriés shown in Fig. 9, with the UM-CAM and GISS-E2-R falling
OH and methane lifetime could be explained by the varia-outside of the main cluster of points. UM-CAM uses of-
tion in emissions, tropospheric CO and ozone burden, atmofline photolysis rates calculated in the Cambridge 2-D model,
spheric methane burden, stratospheric ozone column, globand in the past it has been shown with another mogel (
mean temperature, global mean specific humidity, and thefOMCAT) that when moving from this photolysis code to a
global meanJ(OD). Analysis was performed over global state-of-the-art oneJ(O'D) and OH levels increase signifi-
mean values for the 2000 timeslice. Linear regression cocantly (Voulgarakis et al., 2009a). The outlying GISS-E2-R
efficients were estimated using iteratively re-weighted leastcase can in part be explained by the fact that it has the high-
squares (IRLS) regression, which is more robust than ordi-est CO burden among all the models, which means that the
nary least squares (OLS) against outliers and therefore welbhotolysis effect is masked by the consumption of OH radi-
suited to the small sample size. The full set of regressioncals by CO. Note though that when excluding the two models
statistics for global tropospheric OH and global chemicalthat did not include interactive photolysis (HadGEM2 and
lifetime is shown in Table S4. UM-CAM), the relationship becomes stronger but less sig-

Through our regression analysis we find that present dayificant.
tropospheric OH spread in the models shows some associ- NMVOC emissions, which are more uncertain than,NO
ation with NMVOC emissions and thé(OD) photolysis  and CO emissions, appear to have a positive association with
rate. The association withi(O'D) (p =0.03) is more signif- OH (Fig. 9), meaning that on a global scale, their role in
icant than with NMVOC emissionsp(=0.06), though it is  OH recycling is more important than their role in OH con-
based on results from fewer models (only 8 models providedsumption (which can be large regionally). This contrasts the
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Fig. 10. Linear relationship between 2000-2100 changes in global mean tropospheric OH and 2000-2100 chi@)ggekal mean
temperature, an¢t) global mean stratospheric ozone column, across all models. The same relationship is shown after excluding the two
models that did not have interactive photolysis, namely HadGEM2 and UM-CAM, and the model that did not take into account meteorology
changes between 2000 and 2100, namely CICERO-OsloQbivif). Dashed lines show the prediction intervals at a 95 % confidence level.

findings of e.g. Poisson et al. (2000) and Wang et al. (1998)2012a). When we exclude HadGEM2 and UM-CAM, the re-
who generally found that NMVOCs contribute to lower OH lationship becomes weaker and less significant.

in the models. Generally, the reasons why NMVOC emis- To examine what drives the inter-model differences in
sions are so diverse are that (a) modellers were free t®H in the future, we performed a similar analysis, using
choose their own biogenic sources, and (b) a wide range ofhe difference between 2100 and 2000 values of the vari-
NMVOC oxidation mechanisms were used in the models.ables as quantities of interest. For 2100, we used data from
The models with the lowest NMVOC emissions are CMAM the RCP8.5 scenario, due to the fact that it is expected to
(no emissions) and HadGEM2 (no vegetation emissions)have the strongest signals. From our analysis, the strongest
HadGEM2 has the second lowest OH in ACCMIP, while relationship is with changes in temperature and humidity
CMAM is closer to the average, probably because the extrgsee Fig. 10a for temperature), two factors that strongly
CO amount that it includes as a proxy for NMVOC oxidation depend on each other. For methane lifetime (not shown)
is rather low (250 Tgyr'), and certainly lower than that in and temperature/humidity the associations are very strong
HadGEM2 (475 Tgyrl). UM-CAM does not have excep- (p< 0.01). Thisimplies, that the differences among the mod-
tionally low or high NMVOC emissions, but the fact that its els in projecting 21st century climate changes are the key
photolysis is too slow makes it an outlier in terms of OH. driver of the differences in trends in oxidizing capacity. It
The model with the highest abundance of OH is MOCAGE, is notable that the slope of the relationship that we calculate
and we speculate that this is likely explained by the fact thatbetween methane lifetime and temperature char@eAl) is

its NMVOC emissions are the highest of all models. Also, not too different from the value of the climate penalty factor
low stratospheric 0zone columns in this model may be causpresented in Table 4 (0.340.12 yr K1),

ing higher UV radiation resulting in greater tropospheric OH CICERO-OsloCTM2, which did not take any climate
production, although it is difficult to diagnose this as pho- changes into account, shows one of the largest changes
tolysis rates are not available from MOCAGE (Naik et al., in OH, and CESM-CAM-superfast, which has the 2nd
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highest OH change, also has the second smallest temper- For the future evolution of OH and methane lifetime,
ature/humidity changes. The rest of the models also fol-mixed trends are found in the different models for each of
low this relationship, but two of them (HadGEM2 and UM- the RCPs. In particular, diagnosing coherent changes for dif-
CAM) are outliers, since they are the only ones with a neg-ferent regions is very challenging, due to local idiosyncrasies
ative methane lifetime change, though their temperature anevhich are not necessarily taken into account in all mod-
humidity responses are not exceptional. The unique behavels. RCP8.5 produces the largest changes in global OH and
ior of these two models was discussed in Sect. 5.3, wherenethane lifetime. Methane lifetime increases in most of the
we found that their methane lifetime response per unit tem-models for this scenario, driven by the large methane bur-
perature change is particularly strong, when compared to thelen increase (doubles in 2100 compared to 2000), coupled
other models. with a smaller contribution from the effects of stratospheric
Note that when we remove these two models from theozone recovery (leading to slower photolysis and less OH in
analysis (Fig. 10b) the relationship between OH and temperthe troposphere). In the other RCP scenarios, where no such
ature becomes even stronger and more significant. Also, ilarge methane perturbation is applied, the interplay between
this subset of models, stratospheric ozone column becomedifferent factors leads to small changes, and a fairly stable
a significant driver of diversity, with models having stronger OH and methane lifetime for these projections. Even though
stratospheric ozone recovery also tending to have a strongehe model spread of results for RCP8.5 is the most coher-
global OH reduction (Fig. 10c, d). ent in terms of the sign of the change, the amount of change
The fact that emissions, especially of N@nd CO, and relative to 2000 differs among the models. We suggest that
methane abundances, do not appear to be as important #sese differences mostly arise from the diversity in modelled
NMVOC emissions and climate in driving inter-model dif- climate changes (temperature, humidity), and possibly from
ferences in OH and methane lifetime, does not necessadifferences in simulating the extent of stratospheric ozone re-
ily imply that emissions of such species are actually well- covery.
constrained. Rather, it means that, in terms of emissions, we To elucidate the role of individual driving factors further,
performed well-constrained experiments, in order to underfuture experiments should focus on sensitivity simulations,
stand what atmospheric factors can drive chemical changehanging one factor at a time in a manner similar to Wild
and diversity. This approach has been valuable, but it alsq2007) (but focusing on OH), and performed by a range of
has limitations, because real uncertainty in anthropogenianodels. The use of Gaussian process emulation, as e.g. in
and natural emissions is not accounted for. Furthermore, alLee et al. (2012), would also contribute to further understand-
the RCP scenarios that are available assume that global NGng processes that drive the uncertainty in global oxidation
and CO emissions from anthropogenic sources will rapidlysimulations. Additionally, the chemical schemes need to be
decrease in the 21st century, which is an assumption that reassessed in more detail, since their rate coefficients and re-
stricts us from examining the evolution of tropospheric com- actions remains an unknown source of uncertainty. In partic-
position under a less optimistic scenario for short-lived pol- ular, the representation of NMVVOCs and their reactions un-
lutants. der low-NGQ conditions are highly uncertain, which can lead
to variations in future OH and methane lifetime projections
. (e.g. Archibald et al., 2011). NMVOC emissions in ACCMIP
8 Conclusions and future work were highly variable in the different models resulting from
(gliversity in chemical mechanisms and the biogenic source

We have analysed and discussed the evolution of OH an . : .
methane lifetime between present day and projected 2105nplementeq in the modelg. FL.Jt.UI’e mode_l mtercompanspns
would benefit from the availability of detailed NMVOC di-

conditions for different RCP scenarios, as simulated by the

models participating in ACCMIP. For the present day (2000),agnost|c§, such as emissions from specific sources, and OH
fdlagnostlcs such as production and loss fluxes for a better un-

using the 14 mod_els, we calcul_ate a methane I|fet_|me 0derstanding of the model-to-model diversity in OH. Clouds,
9.6+ 1.8yr. There is a sizeable inter-model spread in both . : . .
a factor on which we did not focus in this study, could be

OH and methane lifetime, which has remained almost un-_ " : . ) .
. . . . an important driver of regional changes in OH (Voulgarakis
changed in magnitude compared to previous multi-model

studies (Shindell et al., 2006b; Fiore et al., 2009). CompareciEt al., 2009b), but these effects remain to be examined sys-

to their mean values, OH levels range by 62 % and methaneemanca"y in a multi-model framework. Gas-aerosql Inter-
actions in future atmospheres should also be studied more

. 0 .
lifetime ranges by 6.9 % across models in 2000, |_3ased on oroughly, using the knowledge on oxidants that is obtained
a regression analysis, we suggest that part of this presen rough our analysis. The fact that global climate models

day variability could be explained by model differences in are now being develoned to include a range of Drocesses
NMVOC emissions and the treatment of photolysis. Models_ " g >10P : g P .
R o . which were not available until recently provides the possi-
with high emissions of NMVOCs and high global mean pho- | . . . "
bility to understand atmospheric composition from a broader

tolysis rates (which are both fairly uncertain variables) tend L : : : . ;
to have higher global mean OH levels perspective, in which atmospheric chemistry is an integral
' part of the Earth system.
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Table Al. Continued.

Model Scenarios with Lightning NG Stratospheric Ozone Photolysis scheme Methane cH,KoH
simulations (10-5cm®*molects71)
HadGEM2 RCP2.6, RCP4.5, Interactive, based on Offline stratospheric & Look-up table, Law and Prescribed surface concen-2.45x 10~ 12g-1779T

(Collins et al., 2011) RCP8.5

LMDzORINCA
Szopa et al. (2012)

RCP2.6, RCP4.5,
RCP6.0, RCP8.5

MIROC-CHEM
Sudo et al. (2002);
Watanabe et al. (2011)

RCP2.6, RCP6.0,
RCP8.5

MOCAGE
Josse et al. (2004);
Teys®dre et al. (2007)

RCP2.6, RCP6.0,
RCP8.5

NCAR-CAM3.5
Lamarque et al.
(2011, 2012);

RCP2.6, RCP4.5,
RCP6.0, RCP8.5

STOC-HadAM3
Stevenson et al. (2004)

RCP2.6, RCP8.5

UM-CAM RCP2.6, RCP4.5,
Zeng et al. (2008, 2010) RCP8.5

model’s convection, Price from CMIP5 dataset
and Rind (1993) (PD: 1.3)

Interactive, based on Offline stratospheric @
model’s convection, Price et (climatology from Li and
al. (1997) (PD: 6.0) Shine (1995))

Interactive, based on
model’s convection, Price
and Rind (1992, 1994) (PD:
9.7)

Interactive, based on Price Full stratospheric chemistry

and Rind (1992) and Ridley
etal. (2005) (PD: 5.2)

Interactive, based on
model’s convection Price
et al. (1997); Ridley et
al. (2005), scaled to~3—
5TgNyr1(PD: 4.1)
Interactive, based on Offline stratospheric @
model’s convection, Price from CMIP5 dataset
and Rind (1992); Price et
al. (1997). Scaled to give
~7TgNyr1(PD:7.2)
Interactive, based on Offline stratospheric
model’s convection, Price from CMIP5 dataset
and Rind (1992, 1994) (PD:
5.2)

Full stratospheric chemistry

Pyle (1993); no correction trations following CMIP5,

for modelled fields different in each timeslice.

Look-up table with correc- Anthropogenic emis- 2.45x 1012 g-1775T
tion for modelled clouds, sions from Lamarque et

strat. @ and surf. albedo, al. (2010). Fixed present

not aerosols, Madronich day natural emissions, see

and Flocke (1998) Szopaetal. (2012).

Full stratospheric chemistry ~ Look-up table with correcPrescribed surface concen-2.45x 10-12g=1779T

tion for modelled clouds, trations following CMIPS5,
strat. @, surf. albedo and different in each timeslice.
aerosols, Landgraf and
Crutzen (1998)

Look-up table with correcPrescribed surface concen-2.45x 1
tion for modelled clouds, trations following CMIP5,
strat. G and surf. albedo, different in each timeslice.
not aerosols, Madronich
and Flock (1998)

Look-up table with correcPrescribed surface concen-2.45x 10~ 12g-1779T
tion for modelled clouds, trations following CMIP5,
strat. @ and surf. albedo, differentin each timeslice.
not aerosols (Madronich
and Flocke 1998)
1-D, two-stream model, Prescribed globally uniform 2.45x 10-12e=1775T
Hough (1988). Uses cli- concentrations, different for
matological @ above each timeslice following
tropopause and modelled CMIP5 dataset
O3 below.
Look-up table Law and Prescribed globally uniform 1.85x 10-12g-1699'T
Pyle (1993); no correction atmospheric concentration
for modelled fields with no spatial variation;

different for each timeslice

0-12-1779T

* Value in the last parenthesis represents global total present day emissions in T N yr
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