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Abstract

Over the 2%t century changes in both tropospheric and stratospheric ozone are likely
to have important consequences for the EarthOs radiatarecé. In this studywe
investigate the radiativéorcing from future ozone changesusing he Community
Earth System Model (CESM1yith the Whole Atmosphere Community Climate
Model (WACCM), and includingfully coupled radiation and chemistry schemes.
Using year 2100 conditions from thHeepresentative Concentration Pathwa&ys
(RCP8.5)scenario, we quantiftheindividual contributions to ozone radiative forcing

of (1) climate change(2) reduced concentrations of ozone depleting substances
(ODSs), and3) methane increases. We calculate future ozone radiative f®gzidg
their standard error (associated with interannual variability of ozetet)ve to year
2000 of (1) 33 + 104 mW, (2) 163 + 109 mWi, and (3) 238 + 113 mWr due

to climate chang, ODSs and methaneespectively Our best estimate of net ozone
forcing in this set of simulations 430 + 130 mWm ? relative to year 2000, and
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760 +230 mWm? relative to year 1750, witthe 95 % confidence intervglven by

+30 %. We find that the overall lostgrm tropospheric ozone forcing fromethane
chemistryclimate feedbackselated to OH and methane lifetimereatively small

(46 mWm%. Ozone radiative forcing associated with climate change and
stratosphec ozone recovery are robust with regard to backgralinthte conditions,

even though the ozone response is sensitive to both changes in atmospheric
composition and climateChanges in tsatospherigproduced ozone account for

~ 50 % of the overd radiative forcing for the 20082100 periodin this set of
simulations highlighting the key role of the stratosphere in determining fuarene

radiative forcing

1 Introduction

Ozone is an important tragas that plays a key role in the EarthOs radiative budget,
atmospheric chemistry and air quality. As a radiatively aagag ozone interacts

with both shortwave and longwave radiation. In the troposphere, ozone is an
important regulator of the oxidisingapacity (both itself and as the main source of
hydroxyl radicals, OH), as well as being an important pollutant, with negative effects
on vegetation and human hea(t#hg. Prather et al., 2001; UNEP, 201Hpwever,
approximately 90% of ozonky massis found in the stratosphet® protecting the
biosphere from harmful ultraviolet solar radiati®MO, 2014)Pand is an important
source of ozone in the troposphere and its bu@get Collins et al., 2003; Sudo et al.,
2003; Zeng and Pyle, 2003)hereforejts future evolutior®in the troposphere and

the stratospher®is an importantconcern for climate change and air quality during
the 2Xt century. Future changes in emissions of ozone precursors (e.g. methane),
ODSs and climate are thought to be majonvdrs of ozone abundance€s.g.
Stevenson et al., 2006; Kawase et al., 2011; Young et al., 2013; Banerjee et al., 2016)

Stratospheridropospheric exchange (STE) of ozone significantly influences
the abundance and distribution of tropospheric ofergeZeng et al., 201(Banerjee
et al., 2016)The BrewerDobson circulatiofBDC) governs the meridional transport
of air and trace constituents in the stratosphere, and is characterized by upwelling in
the tropics, poleward motion in the stratosphere andirgl at middle and high

latitudes(Butchart, 2014, and references thereif)e BDC is commonly thought to
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consist of a shallow branch, controlling the lower stratosphere region, and a deep
branch controlling the middle and upper stratosphere. The [a#sents two cells
during the spring and fall seasons, and one stronger cell into the winter hemisphere
(Birner and BSnisch, 2011)Although observational estimates and climate models
suggest an acceleration of the stratospheric mean mass transport \BDGhe
associated with climate change (e.g. OberlSnder et al., 2013; Ploeger et al., 2013;
Butchart, 2014, Stiller et al., 2017), significant uncertainty still remains (Engel et al.,
2009; Hegglin et al., 2014; Ray et al., 2Q1%he tropopause is the boumgdhat
OseparatesO the troposphere and the stratosphere, two chemically and dynamically
distinct regions. Defining the tropopause is crucial to diagnose budget terms of trace
gases such as the STE of ozdeey. Prather et al., 2011although the chosen
definition may affect the resulting analygesg. Wild, 2007; Stevenson et al., 2013;
Young et al., 2013)

Stratospheric ozone is expected to recoweatdspre-industrial levels during
the 25t century due to the implementation of the Montreal Protoemld its
Amendments and Adjustmer(t/MO, 2014) as ODS concentrations slowly decrease
in the atmospherée.g. Austin and Wilson, 2006; Eyring et al., 20li@deed, the
global ozone layer has already shown the first signs of recdWwiMO, 2014;
Chipperfield et al., 2017)uture ozone recovery can affect tropospheric composition
via enhanced STE of ozone and reductions in tropospheric photolysis rates, both
associated with higher levels of ozone in the stratosphere. Previous modelling studies
tha have isolated the impacts of stratospheric ozone recovery have shown that the
increased STE is the most important driver of changes in the tropospheric ozone
burden(Zeng et al., 2010; Kawase et al.,, 2011; Banerjee et al., 2Bb®jever,
tropospheric oane is also significantly affected by the change in ultraviolet radiation
reaching the troposphere brought about by the ticker stratospheric ozone layer. In
turn, reductions in ozone photolysis result in lower @dncentrationsb i.e.
ooy ("#$%&m)!I" 1" Y1 1", D and therefore longer methane lifetimeith
consequences for lortgrm tropospheric ozone abundan¢eg. Morgenstern et al.,
2013; Zhang et al., 2014)

The broad mpacts of future climate change thre distribution ofozone are
robust across a mber of modelling studies and muftiodel activitiefKawase et al.,
2011; Young et al., 2013; Arblaster et al., 2014; Banerjee et al., 2016; l¢leseez



10

15

20

25

30

et al., 2016) Stratospheric cooling leads to further ozone loss inpthlar lower
stratospheretlirough enhanced heterogeneous ozone destruction) and ozone increases
in the upper stratosphere (througiluced N@abundanceand HQ-catalysed ozone
loss,and enhanced net oxygen chemis{taigh and Pyle, 1982; Rosenfield et al.,
2002) In addition, gorojected acceleration of the BDC leads to an enhanced STE of
ozone (e.g. Garcia and Randel, 2008; Butchart et al., 200@)ch results in (i)
decreases in tropical lower stratospheric ozone, associtieda relatively faster
ventilation and reduced ome production (Avallone and Prather, 1996)d (ii) ozone
increases in the upper troposphere, particularly in the region of the subtropical jets,
linked to the descending branch of the B[2Qy.Kawase et al., 2011; Banerjee et al.,
2016) On the other hand, a warmer and wetter climate resukslutedropospheric
ozone leveldi.e. linked to a decrease in net chemical production due to enhanced
ozone chemical lofB(e.g. Wild, 2007)

Climate feedbacks associated with future ozorenghs are surrounded by
large uncertainties. Lightning is a major natural source of nitrogen oxides,(LNO
the tropospheréGalloway et al., 2004 )with important consequences for atmospheric
composition in the midipper troposphere and the lower stsattere. The current best
estimate of annual and global mean LN@missions is 5 + 3 Tg(N) Yr with
chemistryclimate models suggesting LN®missions sensitivity to climate change of
~ 4560 % K* (Schumann and Huntrieser, 2QQshd references therginAlthough
more recent modelling studies find LN®missions climate sensitivity lying at the
lower end of the above estimd#eng et al., 2008; Banerjee et al., 2Q1d3ults from
a multtmodel activity suggest large uncertainty in the magnitude and bgesign of
future projections response due to different parameterizagiéineey et al., 2016)
Most LNQy emissions occur in the migpbper tropical troposphere over the
continents, where photochemical production of ozone is most efficient in the
troposphee Di.e. low background concentrations and longer lifetimes of, Néwer
temperatures affecting ozone loss chemistry and abundant su@ightWilliams,
2005; Dahlmann et al., 2011A small but significant fraction of lightningnduced
NOy emissions g converted into less photochemically active nitric acid (siN@

HO, + NO reaction), which can be removed through wet deposition or transported
into the lower stratosphere (acting as a reservoir of) Xgg. Jacob, 1999; S¢vde et
al., 2011) In additon, OH concentrations increase with LN®missions and the
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resultant lightningproduced ozon®i.e. via NO + HQ and O{D) + H,O respectively
Pwith a corresponding reduction in methane lifetime. This resulting climate feedback
is important because methane is a pogeeénhouse gas&SHG) and ozone precursor.

To dateozone is the third largest contributor to the tttaospherc radiative
forcing (RF)sincethe pre-industrialperiod, withoverallincreasesn its concentration
contributinga global radiative forcing over 1788011 of+0.35 Wm? (Myhre et al.,
2013) In this study, weuse the concept of radiative effect (RE)diagnose the
contributionof ozonechangeson theglobal radiative budget. The ozone RE is the
radiative flux imbalance between incoming shortwave solar radiation and outgoing
longwave infrared radiation (at the tropopause, after allowing for stratospheric
temperatures to fadjust to radiative equilibriumyvhich results from the presence of
both anthropogenic and natural ozdRap et al., 2015)Note that RF is therefore the
change in RE over timg.g. Myhre et al., 2013J0zoneshows two distinct regies
with regard to its RE, with positive (longwave radiation) and negative (shortwave
radiation) effects for increases in stratospheric ozone, and positive (for both longwave
and shortwave radiation) effects for ozone increases in the tropogpleteacis et
al., 1990; Forster and Shine, 199l addition, changes itme distributionof ozoneb
i.e. latitudinal and vertical structuf2are of a particular interest for its RE, due to
horizontally varying factors such as, surface albedo, clouds artdireal structure
of the atmospherée.g. Lacis et al., 1990; Berntsen et al., 1997; Forster and Shine,
1997; Gauss et al.,, 2003previous studies showed highest radiative efficiency of
ozone in the tropical upper troposphéeey. Worden et al., 2011;id¢se et al., 2012;

Rap et al., 2015)a region greatly influenced lmhangesn stratospheric influXe.g.
Hegglin and Shepherd, 2009; Zeng et al., 2@4#nerjee et al., 20)&nd lightning
produced ozonge.g.Banerjee et al., 2014iaskos et al., 2015h a warmer climate

Modelling experiments used in the latest Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC) followed the Representative
Concentration Pathways (RCPs) emission scenarios for-lsreattprecursorgvan
Vuuren etal., 2011)and longlived speciegMeinshausen et al., 201Tjhe RCPs are
named according to the total radiative forcing at the end of thte@itury relative to
1750. For exampleyhile the RCP8.5 emissisrscenario refers to the total 8.5 Wm
RF by 2100, future tropospheric ozone RF was projected to account for u® téo~
(0.6 + 0.2 Wm?) of the total RF(Stevensoret al., 20B8). Note that the methane
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concentration in 2100 is more than double that in the year 2000 following the RCP8.5

emissiors scenario

Previous research has investigated impacts on ozone abundances and
distributions associated to future changes in climate, ODSs and ozone precursor
emissions in a processédsed approadhi.e. imposing one single forcing at a tife
(Collins etal., 2003; Sudo et al., 2003; Zeng and Pyle, 2003; Zeng et al., 2008; Zeng
et al., 2010; Kawase et al., 2011; Banerjee et al., 20@86)er modelling studies
focused on the radiative effects of troposphéig. Gauss et al., 2003; Stevenson et
al., 2013 and stratospheric (Bekki et al., Z)Izone changes under future emission
scenarios in a non procesdeased fashion. One study has recently identified the
indirect tropospheric and stratospheric ozone RF between 2000 and 2100 due to
individual perturbtions (Banerjee et al.2018. Yet the upper limit of future ozone
RF remains poorly constrained. For example, climate models do not even necessarily
agree on the sign of the indirect ozone forcing resulting from climate change and
associated feedbacked. LNOy). Furthermore, there are uncertainties arising from
the interactions and ndmearities between different agents.d. combined forcing
may differ from the sum of individual forcings due to different background
conditions), as well as and loitgm changesd.g.methane feedback associated with
changes in lifetimes).

Here we aim to narrow this gap by assessing how key factors drive net ozone
radiative forcing, and providg an estimateof the uncertainty arising from nen
linearities and longerm feedbacks. We use the Community Earth System Model
(CESM1) in its OhighopO (up to 140 km)atmosphere versio® the Whole
AtmosphereCommunity Climate Model (WACCMP and a series of sensitivity
simulations to quantify the radiative effects of ozone a@ugl} climate change(2)
lightning-induced NQ emissions, (3ftratospheric ozone recovery, a@d methane
emissions between 2000 and 21f@llowing the RCP8.5 emissignscenario We
explore the robustness of the ozone radiative forcings associatedheithbove
drivers under different background conditions due to -lm@arities in ozone
responsesMoreover, here we use a synthetic ozone tracan&nbiguouslydentify
stratospheric and tropspherieproduced ozone forcingNote this study dae not

addess redations in anthropogenic NOx and non-methane volatile organic
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compounds emissionsjncethey play a marginal rolen future ozone RkEinderthe
RCP8.5 scenario (based on an additional simulation not presented here).

The CESMIWACCM model, sensitity simulations and ozone radiative
effect calculations are described in Sectiod Zaresentday model evaluatiorfuture
projected ozone changes and associated radiative effects are presented in Sect. 3.
Different sources of uncertainties are discussedaacounted for in Sect. Finally, a

summary and concluding remarks are presented in Sect.

2 Methodology

2.1 Model description

We use the CESNversion 1.1.) chemistryclimate modelwith a configuration that
fully couples the atmosphere and land compmeitcomprehensive description of
the model is given by Marsh et 013, and references therein)

The atmosphere componaitCESMis WACCM version 4, a higitop model
that extends from the surface to approximately 140 km in the lower thermosphere,
with a vertical resolution ranging from 1.2 km near the tropopause to ~ 2 km near the
stratopause, and horizontal resolution of 1.9% x 2.5% (latitude by longitude). The
chemical scheme is the Model for Ozone and Related Chemical Tracers (MOZART)
for the tropspherg Emmons et al., 201@&nd the stratosphe(&innison et al., 2007)
including recent updatgtamarque et al., 2012; Tilmes et al., 2Q15)ncludes 169
chemical species with detailed photolysis,-ghase and heterogeneous react(see
TablesAl and A2 in Tilmes et al., 2016Recent updates in therographic gravity
wave forcingbreducing the cold bias in Antarctic polar temperat@éSalvo et al.,
2017; Garcia et al., 2013and the polar stratospheric chemigiwyegner et al., 2013;
Soloma et al., 2015pare included in the modeConcentrations of radiatively active
gasphase compounds such as ozone, nitrous oxidg®)(Nmethane (Ck and
halogenatedODSs, are coupled to the model radiation scheme. Lightnthgced
NOy (LNOy) emissions a parameterized using the cloud top height me{fuite
and Vaughan, 1993and annual global mean LN®@missions are scaled to simulate
preseniday values of betweerEB Tg N yr .
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A stratospheric ozone tracer (O3S) is implemented to represent the ateinda
and distribution of stratosphefproduced ozone in the troposphere (Roelofs and
Lelieveld, 1997). O3S is equivalent to ozone in the stratosphere. In the troposphere it
undergoes the same chemical loss processes as ozone, but does not undergo dry
depodion, following the recommendations for the Chemigbiymate Model
Initiative (CCMI) (Eyring et al., 2013; Morgenstern et al., 20I9.account for dry
deposition of O3S, we apply an annual global correction factor based on an additional
model simulatio (not used in the main results)rhis correction factor is

approximately linear, ranging from 0.7 at the surface to 0.95 around 250 hPa

The land component is the Community Land Model versionch has the
same horizontal resolution as the atmosphemponent and interactively calculates
dry deposition for trace gases in the atmospféa#'Martin et al., 2014and biogenic
emissions using the Model of Emissions of Gases and Aerosols from Nature
(MEGAN) version 2.(Guenther et al., 2012)

2.2 Experimental setup

This modelling setup uses time slice simulations driven by sea surface temperatures
(SSTs) and sea ice climatologies from previous CESWRCCM fully coupled
simulationsperformed as part of th€ECMI (SENC28.5; see Morgenstern et al.,
2017) An aveage overl99(ER009 is usedto represent the year 2Q08ince the
existing model simulation did not cover the period AEIM9, an average over
208(ER099is usedto representonditions athe end of the &k century (nominally
2100). Note, however, that the perturbed concentrations of atmospheric gases are
taken from year 2100 in the RCP8.5 scenario, and hence these experiments are
labelled as 2100 in the manuscrifach time slice experiment is integrated for 20
years,with the lastlO yearsanalysedn this study (i.e. the spinp period covered the

first 10 years). Seasonally varying boundary conditions are specified for carbon
dioxide (CQ), N,O, CH,, and ODSs (halogetontaining compounds), as
recommended for CCM(Eyring et al.,2013) Changedn ozone precursor® other

than CH b and landuse changeare not explored here (i.these ardixed at year

2000 levelsin all experiments Volcanic eruptions are not included in the
experiments and the incoming solar radiation is fikat 1361 Wnf. The quasi

biennial oscillation is imposed by relaxation of equatorial wind€g§9tPa) with an
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approximate 28nonth period between eastward and westward gh{d4arsh et al.,
2013)

Table llists the simulations used in this study. Thetoansimulation Cnf)
had all boundary conditions set to the year 2008 en each sensitivity simulation
added one single driver (i.e. boundary condition changed to the year 2100) at a time.
For example, while the climatelated ozone RF (with fixed LNOemission) is
explored comparing thel@!Cnt simulations, the forcing associated with changes in
lightning-induced NQ emissions is quantified comparing thet!C Im simulations,
and so forth. This method providedidferent estimate of the overall net az® RF
compared to exploring the impact of the individual drivers aleng it accounts for
nonlinear effects that may be neglected by exploring each perturbation i@mhtpa
the reference simulationHowever, since the attribution of forcings to indival
drivers may be sensitive to different background conditions, we also evaluate the
robustness of the expmental design (see Sect. 3.5)

Here we provide specific detaits the boundary conditionsThe simulations can be
classified into three main gups:
1. Sensitivity simulations that explore the impacts of climate change. Here SSTs,

sea ice and main GHGi.e. CGQ andN,O) are specified to year 2100 levels
(see above for explanation of SST and sea ice fielt®) upper end emission
scenario of the RRs family is explored (RCP8.9)atural biogenic emissions
(e.g.isoprene) are calculated online, which are mainly governed by changes in
CO,, climate and land usgquire et al., 2014)The indirect ozone radiative
effect resulting from this climate feeatk is implicitly contained in the
climate signalHowever, unlike LNQ@ emissions it mainly impacts ozone in
the lower troposphere, where ozone shows relatively small radiative efficiency
(Rap et al.,, 2015)To isolate the impacts of lightniqgroduced ozoe,
additional experiments ar@erformed with year 2000 levels for LNO
emissions (fLNQ@). Fixed LNOy simulations follow theapproach oBanerjee
et al. (2014) imposing the monthly mean LN@missions climatology from
the Cnt run and switching off its interactive calculation in the modead.
justify this method, we compared temperature and tropospheric ozone fields
between th&€nt andCnt+fLNOx simulations and found negligible differences
(not shown).
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2. Stratospheric ozone recoyedue to the slow decrease of OB&centrations
(referring to the total organic chlorine and bromine specigilated under
the framework of the Montreal Protodsl investigated. Based on the CCMI
recommendations, halogen speci@SFC11, CFC12, CFC113CFC114,
CFC115, C®4, HCFC22, HCFC144, HCFC14d, CFRCIBr, CRBr, CHgBr,
CHsCCl3, CHsCl, H1202, H2402, CkBr,, and CHBr3) are specified to year
2100 levels for the halogen scenario AYMO, 2011) which includes the
early phaseut of hydrochlorofluorocarbons agreed in 200Note that two
brominated sho#ived species (CkBr, and CHB3) were included in these
experiments to accurately represent bromine loading andthiruassociated
ozonedepletion providing an additional bromine surface mixing ratio of
~ 6 ppton top of that from the longdived bromine compounds

3. Future levels of methaneand its impacts on ozone are investigated.
Concentrations of CHare imposed to year 2100 levdl®m the RCP8.5
pathwayb i.e. approximatly double concentrations compared to year 2000
Note that methane levels were kept at year 2000 levels for the sensitivity
simulations described above that explore climate change impacts

2.3 Radiative transfer calculations

To calculate the resulting adky REs of ozone we use the ozone radiative kerngl (O
RK) techniqguebased on Rap et al. (2015), updated for the whole atmosphere
(Figure 1). The @RK, defined as the derivative of the radiative flux relativertall
perturbations in ozone, was calculated using the offline version G@ERATES
radiative transfer modekith nine longwave (LW) and six shortwave (SW) bands
which is based okdwards and Slingo (1996Radiative flux calculations employed a
monthly meanclimatology of temperature, water vapour and ozone from the
European Centre for MediuRange Weather Forecast (ECMWF) EfRAerim, and

year 2000 surface albedo and clouds from the International Satellite Cloud
Climatology Project (Rossow and Schiffer, ®99Stratospherically adjusted REs of
ozone were computed using the fixed dynamical heating approximation (Fels et al.,
1980), which assumes that the atmosphere adfasts new equilibrium statgia
radiative process only i.e. without dynamical feedbaskb on a relatively short

period (~ few months)A 1 ppbperturbation in ozone is added to each layer in, turn

10
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andtemperatures above 200 h&ta adjusted iteratively until they convergeatmew
local radiativedynamicalequilibriumand the change in n8ux at the 200 hPa level

is diagnosedThe O3 RK is then constructed from the changes in net flux resulting
from the ozone perturbations applied to all atmospheric layers. The 200 hPa level is
used for the stratospheric temperature adjustment as an mpgtioxr for the level at
which the transition to local radiativéynamical equilibrium in the stratosphere
occurs.The net Q RK (Fig. 1a) illustrates the importance of the upper troposphere
and lower stratosphere, particularly at low latitudes, wheregesaim ozone are very
efficient in affecting the radiative flux of the Earth. The LW component (Fig. 1b) is
positive throughout the atmosphere and dominates the neKQalthough the SW
component (Fig. 1c) outweighs the former in the upper stratospherenégative

sensitivity).

We compared the ozone RF calculated using thd&RK technique (i.e. by
multiplying the simulated ozone change with the ngtRK interpolated to the
modelOs grid) with the corresponding RF calculated directly witlS@@RATES
radiative transfer modekée supplementary materi&ig. S1). The good agreement
between the two methodgl¢bal meardifferenceof 0.01 Wm'?) is consistent with
the Rap et al. (2015) findings, where the RK was proposed as an efficient and
accurate method to estimate ozone RFs, which is particularly well suited for multi

model intercomparison activities.

A chemical tropopause definition (Prathdrat., 2001), using the 150 ppb
ozone level of the @ simulation, is employed to differentiate ozone changes and
associated RFs occurring in the troposphere and the stratasfbenpared to the
latter, we found a negligible difference in thgartitioning of tropospherie
stratospheric forcingising a consistenthemical tropopause definition to the driver
investigated (i.e. higher tropopause associated with climate change)

3 Results

3.1 Present-day ozone radiative effects and model validation

A detailed presentlay ozone evaluation of a similar model and experimesetalp
was presented by Tilmes et €016) In summary, simulated monthly mean ozone

11
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shows good agreement with observational estimates vet®n% rangen spring and
summer Zonal and annual mean tropospheric ozone shows the best agreement with
obsevations at low and muhtitudes (x5 DU), a key region for its radiative effect
(e.g. Rap et al., 2015) ikewise, the zonal and annual mean stratospheric ozone
agrees fairly well with satellite estimates in the Southern Hemisphere (SH) and low
latitudes £30 DU), but larger deviations are found at vaad high latitudes in the
Northern Hemisphere (NH), a discrepancy also apparent in the models of the
Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP)
(IglesiasSuarez et al., 2016)The tropospheric ozone budget (production, loss, dry
deposition, stratospheric input), burden and lifetime for (et simulation

(see Table 2 and Fig.S2) are within previous muHlmodel activities estimates
(Stevenson et al., 2013; Young et @D13; Young et al., 2@)L

Figures 2a-2b show the annual mean ozone RE calculated for tBet
simulation (year 2000 or OpresdayO hereafter) and the Tropospheric Emission
Spectrometer (TES) from July 2005 until June 200&g8%. TES is the first product
providingtropospherimzone profiles suitable for RE studies and has been previously
evaluded against other observational estimgteg. Osterman et al., 2008howing
small bias in the troposphere and the stratosphere of approxim&®lp3. The
annual and global ozone RE in tBat simulation is2.26 + 0.14 Wm'? (1 standard
error associatd with interannual variability), within the TES range of
2.212.26 Wm' 2. The spatial distribution of simulated and observed ozone REs are
fairly well correlated (= 0.6, p < 0.01), although note that the noisier TES signal is
largely theresult of averaging only three years. Both the simulated and observed
preseniday ozone REs reveal a positive poleward gradient, with a minimum in
tropical regions (approximately 20°20&) that is associated with the relatively low
ozone levels found irme upper troposphere and lower stratosphege Fig.S2). A
peak is found at high latitudes in the NH, driven by transport of relatively rich
tropospheric ozone air from mldtitudes coupled with only moderate ozone
depletion in the NH stratosphere. Thasn contrast with a lower RE values within the
SH polar vortex, driven by the larger stratospheric ozone depletion over Antarctica
(Solomon et al., 2015Figure2c compares th€ntannual mean ozone RE against the
TES data set. Compared to TES, the simulated annual mean tends to overestimate the
RE in the NH and underestimate it in the SH, consistent with the bias in the ozone

12
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distribution (Tilmes et al., 2016) Significant biases ar mainly confined to the
tropical and subtropical regio8i.e. bias is defined here when the simulated RE
+1.96 standard error (95 % confidence interval) is outside the observed range.
Although tropicaland subtropical regions are of particular intefes future changes

in ozone and its resulting radiative forciige. highest radiative efficiencythere isa

large NH/SH compensation as shown by the annual and global mean folatgs

the RE is the radiative flux imbalance at a given time due tadatively active
species (e.g. with and without ozone), whereas the RF refers to the change in RE over

time.

3.2 0Ozone changes

Figure3 showsmodelledannual and zonal mean ozone changes by 2100 compared to

preserdday.We presentesults from addingne sngle perturbation at a time

Climate (Clm Cnt, Fig. 3a) showssimilar pattern of ozone response that
found previously(e.g. Kawase et al., 2011; Banerjee et al., 20ddhe troposphere,
ozone decreases primarily as a consequence of a warmer ananwisteclimate,
which drives increased ozone loss via an enhancHa) @(H,O flux (Johnson et al.,
2001) Reducedhetchemicalproduction is partidy offset by an increase in tIi&TE
(Table 3, driven by an enhanced BDOZeng and Pyle, 2003Yhe fingerprint of this
change in thd8DC can be seen in the lower stratosphere, both for decreases in the
tropics and increases at matitudes, respectively associated with the enhanced
ascending and descending regidHgegglin and Shepherd, 2009 this simulation,
the 70 hPa tropical (20{20;S) and zonal mean upwellindndrews et al., 1987)
increases bg.4 % dec' compared t€€nt (100 year trend). This trend is in agreement
with current climate models projections ©f3.2 + 0.7 % dec¢ between ROSER099
following the RCP8.5Hardiman et al., 2014)Additional ozone depletion over the
Antarctic is consistent with stratospheric cooling due to enhanced GHG levels
(Fig. $4a), driving enhanced heterogeneous ozone loss chen®ijO, 2014) In
contrast, cooling in the upper stratosphere results in ozone increases associated with a
slowdown of catalytic Qcycles(Haigh and Pyle, 1982; Rosenfield et al., 2002)

Future Ightning (Lnt!CIm ; Fig. 3b) shows arincreasan LNOy emissionsy
~ 33 % whichresults in ozone increases mainly in the tropical and subtropical upper

troposphere. However, presatay LNQ emissions have significant uncertainties and

13
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climate models do not agree even on the sign of the change due to different lightning
parameterizadns (Finney et al., 2016 Neverthelesghe simulated preserday LNQ,
emissions o#.8 + 1.6 Tg(N) yr' lies within observationallglerived estimates, and

the modelOs LNGensitivity to climate 0l.0.8 % K1 is at the upper end of the two
standard dewition climate model range (8482 % K'') (Finney et al., 2016)The net

global tropospheric ozone responses to climate will be largely determined by the
interplay betweeiinonlightning) climateinduced ozone losses and lightninguced

ozone production.

Reductions in inorganic chlorine and bromine abundar@8sll(tn; Fig. 3)
result in stratospheric ozone increases. Upper stratospheric ozone recovers largely due
to decreases in Clexatalysed ozone destruction. Due to reduced heterogeneous
ozone loss abmistry, the largest changes are found in polar regions in the lower
stratosphere, with increases-o#50 %over the Antarctic (November) and45 %
over the Arctic (April). Greater abundances of stratospheric ozone result in an
approximately 20 % increase in the STETéble 3 driving higher levels of
tropospheric ozone, particularly at mahd high latitudes in the SH (related to ozone
hole recovery) and tropical and subtropical upper troposphere (the descending region
of the BDC), which is constent with previous model estimatéBanerjee et al.,
2016) The BDGCdriven increases are somewhat offset by the larger overhead ozone
column reducing actinic fluxes and therefore ozone photochemical production
(Table 2)(Banerjee et al., 2016)

Methaneis a greenhouse gas, an ozone precursor in the troposphere and plays
various roles in the stratosphere, and these processes are difficult to isolate from the
rest. Future nethane(Mth!O3r; Fig. 3d) emissionsshow a widespread increase of
ozone in the tropsphere, with annual and global tropospheric colo@oneincrease
of 15 £ 8 % (Table $). Previousmodelling studies reported similar increases of
10E13 % (Brasseur et al., 2006; Kawase et al., 20Cgmpensation between ozone
decreases in the uppearatosphere (enhanced k@atalysed chemistry) and increases
in the lower stratosphere (smbke chemistry and the partitioning of active/inactive
chlorine) (Randeniya et al., 2002; Stenke and Grewe, 2005; Portmann and Solomon,
2007; Fleming et al., 201Revell et al., 2012)results in small changes 8f+ 5 %

for the annual and global stratospheric column ozone
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3.3 Ozone radiative forcing

Figure4 shows maps of annual mean radiative forcing between 2000 and 2100 due to
changes in ozone for the whole atmuosge, along with zonal mean forcings
associated with changes in the troposphere and the stratosphere for single perturbation
simulations. Note that zonal mean forcings amighted by latitudinal area (i.e.
cosinelatitude) allowing direct comparison witthe total forcing. Annual and global
mean forcing values and their standarcr(i.e. due to ozone changes only) are listed

in Table 3 Ozone radiative forcing shows strong dependence on the vertical
distribution of the changge.g. Lacis et al., 199®orster and Shine, 1997; Rap et al.,
2015)and to a lesser extent on the horizontal distribuf@g. Berntsen et al., 1997)
Differences can be seen in both the geographical pattern of the forcing and in the
magnitude related to the drivers.

The global forcing associated witltlimate (Clm!Cnt; Fig. 4a) of
1 70 + 102 mWm' 2 is relatively small and nohighly statisticallysignificant (errors
denotel standard error associated with the 10 year interannual variability of ozone
changeunless otherwise specifiedhe geographical pattern shows a relatively
strong and significant forcing at high latitudes in the NH, related to ozone increases in
the lower stratosphere (transport from enhanced BDC) and upper stratosphere
(reduced chemid¢doss due to cooling). However, this is outweighed by a negative
tropospheric forcing in the tropics and a negative stratospheric forcing in the SH
extratropical region. The latter is largely due to additional ozone depletion in the
lower stratosphere.@. reduction of STE; not shown).

Future lightninginduced NQ emissions I(tn! Clm; Fig. 4b) shows relatively
large though notsignificant global ozone forcing df04 +108 mWm 2, mainly the
result of simulated tropospheric ozone change®.bf+ 2.3 DU Two distinct peak
regions are evident around the subtropical belts, where large ozone changes are
coincident with relatively cloudree areas, higher temperature, and a low solar zenith
angle. The strongest positive forcing is found over the Sahara andeMigct
deserts, associated with greater surface albedo.

Ozone recovery (O3r!'Ltn; Fig. 4c) drives a significant forcing of
163 + 109 mWm 2 This forcing is largely confined to the midnd high latitudes,

particularly in the SH (due tozone hole recovery), and is mainly linked to the
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stratosphere. Extrmopical STE is especially important in the SH. This is
demonstrated by tropospheric forcing of abodi0® mWm? in this region, which is
largely the result of stratosphegpcoduced oane transported to the troposphere.

Methaneemissionsshow a large positive forcing around the subtropical belts
(Mth! O3r; Fig. 4d), which is principally confined to the troposphere, as there is a
compensation between changes in the lower and upper ptratestig. 3d). In the
tropical and subtropical troposphere, nagth is more readily oxidisegartly
associated witthigher OH levels, which results in relatiselarge ozone increases
(Fig. 39d. In addition, significant forcings at high latitudes, paitacly over the
Arctic, are linked to the stratosphere (i.e. reduced ozone loss via decreased
active/inactive chlorine partitioning).

Figure5 shows maps of annual mean normalised tropospheric ozone radiative
forcing (NRF) between 2000 and 2100 for tharfsensitivity simulations. The NRF
bdefined here as the tropospheric ozone radiative forcing divided by the tropospheric
column ozonebis a useful diagnostic to gain insight into radiative effects of ozone
changes. Very similar global NRFs of39 mWm? DU'! due to (nonlightning)
climate and methane, indicates relatively evenly distributed ozone changes in the
troposphere. In contrast, molecalised lightningproduced ozone results mgher
global NRF of46 mWm? DU'?, whereas ozone increases at higlitudes due to
ozone recovery results in smaller NRF 38 mWm? DU'". This highlights the
dependence of the resulting forcings on the vertical and horizontal distrilmftion

changesn ozone.

Previous studies have shown that the radiative forcing fropospheric and
stratospheric ozone do not have distinct driy&gvde et al., 2011; Shindell et al.,
2013) Our results support this and show that climate change, ODSs and methane
have consequences for both tropospheric and stratospheric ozone rddiaivg
(Table 3. In this set of simulations, changes in ozone occurring in the troposphere
and the stratosphere respectively contribui® %6 and30 % to the total annual and
global forcing 0f435+ 108mwWm 2.

Further insight can be gained by attribgtozone forcing based on its origin
in the stratosphere or the troposphere. In these simulations, we used a stratospheric

ozone tracergee Sect. 2to unambiguously differentiate ozone with tropospheric
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origin (O3T) from that with stratospheric origi®@3S). Table 3shows such Osource
classifiedO ozone radiative forcings, using the O03S/ozoneO and O03T/ozoneO ratios
for tropospheric and stratospheric forcings respectively. Stratosfgvedaced ozone
contributes to~ 50 % of the annual and global future ozone forcing in this set of
simulations, which strongly reinforces the importance of stratosptiegospheric

interactions.

3.4 Methane feedback and resulting ozone forcing

Future climate change and emissions of ODSs aritlane will affect the oxidising
capacity of the atmosphere (e.g., via hydroxyl radicals, OH), which influences the
methane lifetime (! "# $) and its concentration. In turn, changes in raeéth
concentrations result in 400g-termQresponse of troposphericare at decadal time
scaleqe.g. Fuglestvedt et al., 1999; Wild and Prather, 2000; Holmes et al., Z0&3)
simulations considered here neglect this feedback by imposing fixed and uniform
lower boundary conditions for methane. However, we can estintatentmethane
concentrations would have adjusted if they were free to evolve, as well as the
associated ozone response and radiative forcing. Using the method described by Fiore
et al. (2009, and refences thereinye calculateglobal meanequilibrium methane
abundance$p"#& , by

TCH! !
TCH! !r)

rr e 4] = [CH4]cnt ! <

where" )* represents the fixed boundary conditions for year 2080and /$#refer to

the perturbation and reference simulations respectively;%aadh feedback factor
which accounts for the response of methane to its own lifetime. The feedback factor is
explicitly calculated for WACCM using th@3r G,-O andMith G&-.- O simulatins, as

follows

wheresis calculated by

Hnn 1 ["ln(TCH4(b)) _ ln(‘[!" !(!)!)]IIIII I L (3)

............. O IR CRIOD
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and wherd "# s is the annual and global mean methane burden. We calculate a value
of %6f 1.43which is at the upper end of the literature range @LB3)(Prather et al.,
2001; Stevenson et al., 2018pulgarakis et al., 2013put within 7 % of the
observationally constrained best estimate of {F8¥lmes et al., 2013)

The ozone response to this methane feedback is estimated by linear
interpolation:
P

Pyl
T (b—a) ] x AO3(b —a) e

where #03 is the change in annual and global mean of tropospheric column ozone

AO3(eq ! r#)! |

(Table ). Assuming the relationships between changes in methane, ozone and
radiative forcings arelinear; the associated trompheric ozone forcings to methane
feedback are givehy the productof #03 andthe NRFdueto methane perturbation

(39 mwm? DU'Y; Fig. 5d) and are shown inTable 3 The overall longerm
tropospheric ozone forcing related to the methane feedback isethed simulations

is a moderate increase ofL5 % Climate changeGlm andLtn simulations) enhances

the oxidising capacity of the atmosphere, which results in a small negative forcing of
119 mWm'? due tothe methandéeedbackIn the Mth simulation, OH oncentrations

are strongly reduced and the associated forcir@3ahWm? outweighs the climate
forcing. This forcing is within the range 6408120 (mean value of 60) mWrnfrom

the ACCMIP ensemble (Table 8 in Stevenson et al., 204B&n considering th
same change in methane concentratignste their values have bedmearly
extrapolated)

3.5 Background conditions and forcing

Since the ozone response to a given perturbation is dependent on the background
conditions (e.g. temperature, radiative heattrage gas levs), the resulting forcing
associated to individual drivers may be sensitive to the experimental design. For
example, lightningnduced ozone forcing due to climate change may differ
significantly under presettay or doubled methane conaatibns (i.e. year 2000 or

year 2100RCP8.5 abundances). In the present study, we imposed single perturbations
successively. Therefore, the total ozone forcing calculated from this set of simulations
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includes chemistrglimate feedbacks arising from thetaractions between the
various perturbations. Yet the attribution of indirect ozone forcings to individual
drivers may be sensitive to the order considefadblg J).

We also completed an additional set of simulatiofable &) to assess the
robustnes®f the calculated RF to the order the perturbations were appladde( 3.
Lightning-induced net ozone forcing (104 #08 mWm ? from Table 3)is not
significantly different at the 95 % confidence interval (due to interannual variability
only unless otherise specified) compared to that calculated under approximately
doubled methane concentration&tn( Mth!Clm_Mth). Although the reported
lightning net ozone forcing is 50 mWrnlower relative to the latter, both lie within
the interannual uncertainty (300 mWm %). The forcing associated witbzone
recovery (B3 + 109 mWm % is calculated under climate change (i.e. including
lightning feedbacks) and presetdy methane concentrations, though it also can be
derived under presenfay climate Q3r_0Ods!Cn) or daubled methane concentrations
(MthiLtn_Mth ). We find no significant differences between the forcings associated
with these background conditions, although riéyg@ortedmean forcing resulting from
ozonerecoveryis greater by ~30 mWm 2. Finally, methanénduced net ozone
forcing due to doubling its concentrations relative to predawt under ozone
recovery conditions @ + 113 mWm ?), is not significantly different to that under
preseriday ODS concentrationsLtq_Mth!Ltn) or without lightning feedbacks
(Clm_Mth!CIm). Thereportedforcing associated witmethanelies within the latter
forcings (i.e. 50 mWnf range). Therefore, we conclude that future ozone forcings
due to lightning, ozone recovery and methane concentraipresented imTable 3D

are rolust,with regad to background conditions.

The fact that global and annual ozone forcings associated with single
perturbations are not significantly different with regard to background conditions is
perhaps somewhat surprising, given that, for instan@eoproduction is sensitive to
the relative abundances of volatile organic compounds and&@ Sillman, 1999)
However, while the globally averaged forcing is not significantly affected by the
order in which the perturbations are considered, theresignificant differences in
budget terms (e.g. ozone burden differences due to lightning can be as large as

45 £+ 1.4 Tg), as well as ozone levels in particular regions of the atmosphere.
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Therefore, the nofinear additivity of the perturbations isportant when considering
their impacts on quantities such as ozone profiles and surface air quality (not shown).

4 Uncertainties and outlook

We calculate a net ozone radiative forcingt®5+ 108 mWm 2 corresponding to the
year 2100under the RCP8.5 emiess scenariocompared to presewiay, with the
onestandarderror uncertainty arising from variability in ozone between the years of
the time slice simulations. This variabilitpdicatesa +25 % uncertainty, which is
slightly largerthanthe spread across the ACCMIP ensendflapproximatelyt20 %
(Stevenson et al., 2013)owever,additionalsources of uncertainty exist in the ozone
forcing. Previously, uncertainties arising from the tropopause defin#i8r?4), the
radiation scheme oofcing calculation£10 %), and the extent to which clouds and
stratospheric temperature adjustment influence ozone forainig% and+3 %
respectively) have been estimat{&levenson et al., 2013limate feedbacks, land
use change, natural ozone preoumsmissions, and future changes in the structure of
the tropopauséWilcox et al., 2012)may introduce at least an additiort20 %
uncertainty(Stevenson et al., 2013following Stevenson et al2@13, we assume
that the above individual uncertaintiase independent and combine them to estimate
an overall uncertainty a€30 % which represents the 95 % confidence interW
notethat Skeie et a2011)from an independent analysis estimated the same overall

uncertainty.

Figure 6 summariseshe global and annual net ozone forcing as well as the
forcings by driver and region. Overall, our annual global mean best estimate for the
net ozone radiative forcing between 2000 and 21083%+ 130 mWm? with
tropospheric and stratospheric forcirgfs300 + 90 mWn¥ and 130 + 40 mWm?,
respectively. Current estimates for tropospheric and stratospheric ozone forcings from
1750 to 2011 are 40020 mWm? and !50 + 100 mWm?, respectivelyMyhre et al.,

2013) An increase of 0.5 DU in tropospheric ozomas estimated in Skeie et al.
(2011)from 2000 to 2010, and a tropospheric ozone normalized radiative forcing of
42 mWm? DU'? calculated from the ACCMIP ensemb8tevenson et al., 2013)
Therefore, we estimate a net ozone forcing6ff + 230 mWm? from 1750 to 2100

based on our simulations, which is the result of the forcings in the troposphere and the
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stratospher¢690 + 210 mWnt and 70 + 20 mWm? respectively) Our tropospheric
forcing is within the range estimated from the ACCMIP modelg06f46120 mWm 2
(Table 12 inStevenson et al., 2013)

Previous work has shown that NRF is an appropriate tool for estimating
annual and global tropospheric forcings derived from changes in tropospheric column
ozone, which in turn reduces the muitodel uncertaity (Gauss et al., 2003)he
NRF in our analysis 043 mWm? DU'?! is similar to that from the ACCMIP models
between the 1850s and 2000st larger compared to that in Gauss ef24103) This
supports the future tropospheric ozone forcings and theartamaties during the 2t
century derived from the ACCMIP ensemble (calculated using the NRF), and may be
used as a benchmark for individual studies.

Although previous studies have examined key drivers of ozone duringshe 21
century and future changese relatively well understoo@.g. Kawase et al., 2011;
Banerjee et al., 2014; Banerjee et al., 2016 resulting forcings have been explored
in less detaille.g. Gauss et al., 200Bekki et al, 2013; Stevenson et al., 2013)
Following a procesbasd approach that includes chemistiynate feedbacks, we
calculate that climatenly, lightning, ozone recovery and methane emissions
contribute respectively16 £ 24 %, 24 + 25 %, 3 £ 25%, and B £ 26 % to the net
ozone RF between 2000 and 210@lfle 3 and Fig6). Further uncertainties arise
from the longterm ozone response to methane changes, which could increase the
overall tropospheric forcing by- 15 %. Climate change (including lightning
feedbacks) alone producesa relatively small troposperic ozone forcing of
64 + 44mWm % A subset of eight models from the ACCMIP activity shows a small
negative but not significant tropospheric forcinfj ! 33 + 42 mWm?, with few
models reporting positive forcingable12 in Stevenson atl., 2013) The impact of
climate change on ozone forcing is surrounded by large uncertainties, areich
associated with chemistgfimate feedbacks and the lack of confidence in the LNO
sensitivity to global mean surface temperature, due to different parameterizations and
the vertical distributions of the emissiofizanerjee et al., 2014; Finney et al., 2Q16)
as well as changes in the BOButchart, 2014) For example, the climate chang
induced net ozone forcing between 2BR000 D following the future emission
scenario RCP8.5 in an independent CENt of the same order of magnitude but
different sign (170 mWm? (Banerjee et al., 2@). While they found similar
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tropospheric ozone fairg of 70 mWm %, their negative stratospheric ozone forcing
outweighs the latter (1150 mWi). Methane and ODSsnduced ozone forcings
have respectively a substantial contribution from the stratospheté %9 and the
troposphere 34 9%, recently shownin modelling studiegS¢vde et al., 2011,
Shindell et al., 2013; Banerjee et a018. A striking result, however, is the
contribution of the stratosphefaroduced ozone to the net forcing-080 +£20 % and
~99 +£50 % due to methane and O@®ncentrdonsrespectivelywhich is consistent
with the findings from an independent chemistliynate model (Banerjee et alQ15,
2018. This reflects the roles that methane plays in stratospheric ozone chemistry (i.e.
particularly in the lower stratosphera@id that ozone recovery principally occurs in
the stratosphere.

5 Summary and conclusions

This study has explored future changes in ozone by the end ofgteefury and the
resulting radiative forcing following a procelased approach, imposing oneciag

at a time. We have used the RCP&aissiors scenarido represent an upper limit on
these responses. This is a different approach to previous studies, which typically have
eitherexploredfuture changes in ozone concentrations or ozone farimg methane
feedbacks (due to the changing oxidising capacity of the atmosphere, and due to the
long-term tropospheric ozone response) and its forcing have also been accounted for.
In addition, nodinearities arising from chemistiglimate interactionshave been
investigated.

The simulated preseqiay ozone radiative effe¢RE) is in good agreement
with estimates based on observed ozone from TES, particularly in terms of its spatial
distribution. However, there are systematic biases: RE is overestimatee NH and
underestimated in the SH, with significant biases in the subtropics. These RE biases
are mostly consistent with the biases in tropospheric ozone in cuylebal
chemistryclimate models(Young et al., 208), although the simulated annugbbal
preservday tropospheric column ozon&89 + 1.5 DU is within observed
interannual variabilityof 28.1884.1 DU (Young et al., 2013)The fact thatsimilar
spatial distributiorbiases are apparent in many climate models suggests a common
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deficiency and emissions data have been proposed as a likely canidatey et al.,
2013; Young et al., 2@).

Our analysis shows that timet ozone radiative forcing arising from climate
driven changes iselatively small and not significant3@ + 104 mWm' %), which is
largely the result of the interplay between lightaprgduced ozone and enhanced
ozone destruction (via increased temperatures and humidity). Higher methane
concentrations and reduced ODS levels also have consequences for ozone forcing in
the strabsphere 45 + 39 mWm?) and the troposphere4® + 47 mwWm?)
respectively. We have demonstrated both the importance of stratospbeospheric
interactions and the stratosphere as a key region controlling a large fraction of the
tropospheric ozone forain(i.e. from the source point of view compared to the more
common division by recipiefregion).

Future annual and global tropospheric and stratospheric column ozone
changes from year 2000 to 2100 in this set of simulati@r® DU and 21.3 DU
respectively are mainly driven by methane and ODS emissions, respectively
(Table Q). These changes leaddamet ozae radiative forcing 0430+ 130 mWmi 2
compared to preseqy, with an overall uncertainty of +30 % (i.e. represegntire
95 % confidencenterval). Relativeto the preindustrial period year1750), our best
estimatefor the year 210@et ozoneadiativeforcing is B0 + 230 mWmn.

This study highlights the key role of the stratosphere in determining future
ozone radiative forcing in spitaf the fact that the impacts largely take place in the
troposphere. Increasing confidence in presiayt observations of the BrewBobson
circulation and the stratosphetiopospheric exchange will therefore play a crucial
role in improvingchemistryclimate models and better constraining ozone radiative
forcing. A future study will address the importance of the stratosphere on future air

quality commitments, which may better inform emission regulations.
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Table 1 Summary of the model simulation:

Simulation Climaté' ODS CH
Cnt 2000 2000 2000
CIm 2100 (LNOX)* 2000 2000
Ltn 2100 2000 2000
O3r 2100 2100 2000
Mth 2100 2100 2100

CntHLNOx  2000(fLNOX)* 2000 2000

Climate (SSTs, sea ice, G@nd NO, if not otherwise specifiedfollows the RCP8.5 emissisn
scenario

“Relative toCnt, ODS boundarygonditions of 163.2% (2.156 ppbtotal chlorine, 135.7% (8.1 pp}
tota bromine and !67.6% (1.376 ppbtotalfluorine follow the halogen scenario Al

®Relative toCnt, CH, boundaryconditions of 214.2 % (3744 ppliollow the RCP8.5 emissien
scenario

*Offline lightning-induced NQ emissionsareimposed by applying mmonthlymean climatology of the
Cnt simulation

35



36

o) o o) o o)
i i AN AN
"uore|nwis 1g 3y} jo ABojorewrpueajyiuow e buihldde Ag pasodwsuoissiwe ON paonpul-Huiuybil sulylo ,
¢t [AA L¢c €re 66€ 8.8 6.V 69TV 8¥91 1 XONTHUD
8ET €8 G0¢ 8.¢ 999 6.6 €re 6S.S 2L09 YIN
TET 99 8°0¢ LEE 019 Ga8 1144 8509 €0€S9 1€0
8ET 99 7°'0¢ 6¢€ 119 €es ace LS0S 8/.€G uri
6TT 69 T0¢C 60¢€ 0TS T18 coge 6081 TTTS {WIO
ecT [AVA 6'¢c 81¢ 86¢ 188 €8y S6TV 8,91 ud
o o e _ _ _ _ _ _ (000z 1eak)
TT+98 <¢¢+veEC €C+.€€ L6+ ..V V9I9C+ V60T G/ZF¥8T9 GV9 F¥09¢v €G8 ¥ 1.8V dINDOY
e . o _ _ _ _ _ _ (000z 1eak)
ET+/.8 0¢+€¢c 6E+vPE 89T +299 00¢ +€00T 60€ ¥ Zvy LZ/l ¥899Y 909 ¥ OTTS
1IN3IOJV
(61) (sieaA) (s1eak)
SE0g  ¥HO €0 | Gna (KBS (MhbBa GMBDN (HMBL)T (KB d  uomenwis

ghefpor.) auozo ouaydsolrens ayl Joj uaping
2toz ‘e 18 1ayreid)Xs@afuigpuaydsorens pue (sieak 09T) axeidn |10S 1o paisnipe pue HO 01 10adsal
JUM SSO| Sapn|oul Y0:(SSO| [e10] / UBNGASSO| [B10) pue usping ayl usamiaq olel ayl si (AldAnodadsal
YH3E) ‘§0wWIa)l| aueyldw pue auozQ wud) (g) usping augez (N i d = S) swial uononpoid Ansiwayd
uonisodap Aip ayl Jo enpisal ayl SI wial (aiaydsorens ayl wody xnpul "a°1 :S) abueyoxa ousydsodol ]
Isorens ‘wuey (@) suozo jo uomsodsp Aig (7 i 4 = N) Swidl sso| pue uononpoid syl Jo [enpisal
Se paulap sl 8U0Zzo Jo uononpoid [edlwayd 18N (ON pue O ‘O ‘€0) Ajiwey s Jo salel uonoeal aseyd
ue paseq ale swial (1) sso| pue (d) uononpoid auozQ :Buipnour 18bpng auozo Jlsydsodol] zZ ajgel



Table 3 Global and annual mean ozone RF and the staredeo@ (mWm ) by
driver and regiorfior the 20082100 period

Region Source CH/°
Whole-
atmosphere  1"°P® Strat Tropa Strat Tropo.

Climate 1 70+ 102 1 40+ 42 | 30+ 35 I 20+ 21 | 50+ 57 l'g
(Clm! Cnty CIE= FavE : 30+ 120+ 1 50+ .
(Ltn! CIm)° - = z t + !
O3-recovery

+ + + + +
(o3t Lm)d 163+ 109 46+ 47 117+ 38 1+1 163 +84 2
Methane

+ + + + +
(Mth! O3rf 238+ 113 193+ 51 45+ 39 160+ 2 78+ 48 63
Total 435+ 108 303 + 48 132+ 37 220+ 13 214+ 72 46

% The annual global mean is given along with the (+) standamt (i.e. associated withiO-year
interannual variability obzone).

® Long-term ozone forcing due to methane chemistimnate feedback.

¢4 RCP8.5and halogenAl emissionscenarig by 2100 compared to year 20(0nt run) respectively
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Figure 1. Annual zonaheanwhole-atmospher@zone radiative kernel undeid-aky
conditionsfor (a) net (LWSW), (b) LW, and (c) SWeomponents
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Figure2. Comparison of the annual mean ozone radiative effect between @jtthe
simulation and (b) the Tropospheric Emission Spectrometer (TES) from July 2005
until June 2008 (D8). The annual and global mean is shown on the top right corner
(Wm'?). (c) Cntsimulation bias compared to the TES. Differences are masked for the
+1.96 standard error within the three years observed range
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a) Climate (CIm-Cnt) b) Lightning (Ltn-Cim)
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Figure3. Changes in annual and zonal mean ozone due @li(agte (b) Lightning,

(c) O3-recovery and (d)Methane Contour coloursare for statistically significant
changes at the 9% confidence interval using twiailed StudentOs t test. The black
dashedline represents the chemical tropopause based oiCihd50 b ozone
contour
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Figure4. Annual mean maps of ozone radiative forcing (whole atmosphere) due to (a)
Climate (b) Lightning, (c) O3-recovery and (d)Methane Contour coloursare for
statigically significant changes at the % confidence interval using twailed
StudentOs t test. The annual and global mean is shown on the top right corner
(mWm' ?). Right panels show zonal mean ozone forcings for the whole atmosphere
(solid black), tropsphere (dashed grey), and stratosphere (dotted grbg)zonal

mean forangs are latitudinallweighted, i.e. cosine(latitudes)

41



b) Lightning (Ltn-CIm) 46 mWm™2 DU*

a) Climate (CIm-Cnt) 39 mWm2 DU!

Latitude

0° 90°E 180°E
Longitude

. . . .
90°W 0° 90°E 180°E 180°W 90°W

Longitude

c) O3-recovery (O3r-Ltn) 35 mWm~2 DU! d) Methane (Mth-O3r) 39 mWm~2 DU!

Latitude

L
90°E 180°E

L
180°E 180°W 90°W 0°
Longitude

Longitude

<[ [ T

0 10 20 30 40 50 60 70 80
NRF (mWm~2 DU™)

Figure5. Annual mean maps of normalised tropospheric ozone radiative forcing (i.e.
divided by the tropospheric column ozone change) due tGli@pte (b) Lightning,
(c) O3-recovery and (d)Methane The annual and global mean is shown on the top

right corner (mWn¥ DU'Y).
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Figure 6. Ozone radiative forcings by drivers (2@2100; mWm?). Tropospheric
(brown), stratospheric (blue) and net (whole atmosphere, red) forcings are shown.
Associated ozone forcings to methane feedback (sdpadcbed)are shownalong

5 with the net forcingsThe overall ozone forcing (Total) is the sum of the individual
forcings (Climate, Lightning, ©@recovery and Methaneom Table 3 scaled to 1750
(starhatched). Dots and error bars indicate the mean and the 95 % confidence
intervals of the forcings respectivelyhe information on g-industrial ozone forcing
(175@ERr000) and sources of untainty are detailed in Sect. 4
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