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Abstract.

This study quantifies future changes in troposghe&rzone (@ using a simple parameterisation of source-recepto
relationships based on simulations from a rangeadels participating in the Task Force on HemisighEransport of Air
Pollutants (TF-HTAP) experiments. Surface and tspheric Q changes are calculated globally and across 16mediom
perturbations in precursor emissions (N@O, VOCs) and methane (@Habundance only, neglecting any impact from
climate change. A source attribution is provideddach source region along with an estimate of aicty based on the
spread of the results from the models. Tests agaiadel simulations using HadGEM2-ES confirm thnet approaches used
within the parameterisation perform well for masgions. The @response to changes in £abundance is slightly larger in
TF-HTAP Phase 2 than in the TF-HTAP Phase 1 assa#s{2010) and provides further evidence that odiimg CH, is
important for limiting future @concentrations. Different treatments of chemisimg meteorology in models remains one of
the largest uncertainties in calculating ther€sponse to perturbations in £&bundance and precursor emissions, particularly
over the Middle East and South Asian regions. Eigisshanges for the future ECLIPSE scenarios ssubaet of preliminary
Shared Socio-economic Pathways (SSPs) indicatestifsice @ concentrations will increase regionally by 1 tpgv in
2050. Source attribution analysis highlights thevgng importance of CHlin the future under current legislation. A change
in the global tropospheric adiative forcing of +0.07 W rhfrom 2010 to 2050 is predicted using the ECLIP8&harios
and SSPs, based solely on changes in @&tindance and tropospherig ecursor emissions and neglecting any influence
of climate change. Current legislation is showbédnadequate in limiting the future degradatioswfface ozone air quality
and enhancement of near-term climate warming. Mtiagent future emission controls provide a larggéuction in both
surface @ concentrations and ;Jadiative forcing. The parameterisation providesiraple tool to highlight the different
impacts and associated uncertainties of local amiligpheric emission control strategies on bothaserkir quality and the

near-term climate forcing by tropospherig. O
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1 Introduction

Tropospheric ozone @is an air pollutant at both regional and glolzlss. It is harmful to human health (Brunekreef an
Holgate, 2002; Jerrett et al., 2009; Turner et24l16; Malley et al., 2017), whilst also affectidignate (Myhre et al., 2013)
and causing damage to natural and managed ecosy§kawler et al., 2009; United Nations Economic @assion for
Europe (UNECE), 2016). Long-range transport opaifutants and their precursors can degrade alitgaalocations remote
from their source region (Fiore et al., 2009). Rty source-receptor relationships fog ® complex due to large natural
background sources, formation of ffom local emissions, non-linear chemistry anéiirtontinental transport processes (TF-
HTAP, 2010). In particular, it is uncertain how theeraction of local and regional emission corgneith global changes (e.g.
of methane and climate) could affect €@ncentrations in the near-term future (2050)qdand Winner, 2009; Fiore et al.,
2012; von Schneidemesser et al., 2015). This geatifrom the wide range of modelled @sponses in future emission and
climate scenarios (Kawase et al., 2011; Young.e8l 3; Kim et al., 2015)he setting and achieving of effective future
emission control policies is therefore difficuls a substantial proportion o©@omes from outside individual countries and

regions.

Phase 1 of the Task Force on Hemispheric Trangidkir Pollutants (TF-HTAP1) (TF-HTAP, 2010) coordited several
sets of experiments using multiple models to stirdysource-receptor relationships from the intetioental transport of ©
and its precursors. It found that at least 30%eftbtal change in surface ozone concentratioriméiparticular source region
can be attributed to emission changes of similagnitade that are external to the source region KITAP, 2010). This
highlights the importance of source contributionssae the control of local/regional air pollutgaicies, including those of
stratospheric origin, natural sources and inteinental transport. Changes in global methanesj@dncentrations are also
an important contributor to baseling Goncentrations and are shown to be as importanhasges in local source region
emissions (TF-HTAP, 2010). Improving our understagdf the impact of anthropogenic emission chararethe source-
receptor relationships arising from the intercoamital transport of tropospherig @nd its precursors will ultimately reduce

the uncertainty in the impact o©n air quality and climate, improving future pretens.

To predict how @ concentrations might respond to future changesniissions, a simple parameterisation was developed
based upon the surface f@sponse in different chemistry models contritgutim TF-HTAP1 Wild et a) (2012). The surface

Os response in these models was calculated from ationk with reductions in tropospherig firecursor emissions across
the four major northern hemisphere emission regi¢lEsrope, North America, East Asia, and South Asighe
parameterisation using these results provided tadiad simple tool to predict future surface €ncentrations for the
Intergovernmental Panel on Climate Change (IPCCpr&entative Concentration Pathways (RCPs), higtitig the
importance of future changes in emissions and &lindance for surfaces@oncentrations and quantifying the associated

uncertainty.

A second phase of model experiments, TF-HTAP2,initiated to extend the work from TF-HTAP1 and het consider the
source-receptor relationships between regionalgamngeductions and air pollutants. Major advanoes--HTAP2 include
more policy-relevant source-receptor regions aligte geo-political borders, a larger variety ofatieed 20% emission
reduction experiments, more recent (2008-2010) ®arisnventories that are consistent across allaisoahd the use of new

and updated models (Galmarini et al., 2017).

Here we improve and extend the parameterisatidilof et al, (2012) by including additional information fronFIHTAP2
to refine the source-receptor relationships ari§iogn emission changes, long range transport arfdciQ formation. The

parameterisation provides the contribution fromalpcemote and methane sources to the total suacesponse in each

2



10

15

20

25

30

35

40

emission scenario. The range of responses frormtigels contributing to the parameterisation prowide estimate of the
uncertainty involved. The parameterisation is eaézhto estimate changes in tropospherddrden and its impact onzO
radiative forcing. It is then used with the latestission scenarios from ECLIPSE V5a (Klimehtl., 2017; Klimont et al.,

in prep.) and the 8 Coupled Model Intercomparison Project (CMIP6) (Rdal., 2017) to explore how source-receptor
relationships change in the future, informing theife direction of emission control policies. Thesedictions of changes in

surface and tropospheric @re based solely on changes in precursor emissisribe parameterisation does not represent any

impact from future changes in climate. Future ctenehange is expected to alter surface concentsatib ozone through
changes to meteorological variables such as teryergrecipitation, water vapour, clouds, advettad mixing processes
(Doherty et al., 2017).

Section 2 of this paper describes the parametinisahd the updates from TF-HTAP1 to TF-HTAP2, imithg the extension
from surface @ to global tropospheric £and its radiative forcing. Section 3 outlines theting and validation of the
parameterisation. A comparison is made to resuts fTF-HTAP1, highlighting changes in the @sponse to changes in
methane abundance. In section 4, the parametensatapplied to the ECLIPSE V5a and CMIP6 emissi®narios to predict
future surface @concentrations over the period 2010 to 2050. 8ediuses the same future emission scenarios thicpre
future tropospheric ©burden and radiative forcing. We conclude by sstigg how this approach could be used to inform

future emission policy in relation tog@oncentrations.

2. Methods
2.1 Parameterisation of Ozone

The parameterisation developed in this study ietas an earlier version developed from the TF-HI &Rperiments by
Wild et al, (2012). This simple parameterisation enabledr¢iggonal response in surface €ncentrations to be estimated
based on changes in precursor emissions andaBtindance. The input for this parameterisationecénom 14 different
models that contributed to TF-HTAP1. All the modes the same emission perturbation experiment® (Buction in
emissions of oxides of nitrogen (M) carbon monoxide (CO), non-methane volatile oigarompounds (NMVOCSs)
individually and all together) over the four majmsrthern hemisphere source regions of Europe, Namtbrica, East Asia
and South Asia. Additional experiments includedoglgperturbations of emission precursdey @s well as a 20% reduction
in global CH, abundance. The multi-mode} @sponses from the 20% emission perturbation @xpeats A0,, for emissions
of NOx, CO and NMVOCs anfl0,,, for CH,) are then scaled by the fractional emission chaufydrom a given emission

scenario over each source region (Eq. 1).

AEij
= ——
U —02xE;

(1)

The monthly mean ©responseAOs) is calculated as the sum over each receptor mgg)oof the scaled @response from
each model to the individual precursor species CO, NO« and NMVOCSs) in each of the five source regignsEurope,
North America, East Asia, South Asia and rest efwlorld), including the response from the changgiabal CH, abundance
(Eq. 2, reproduced from Wild et.a012).

AO5(k) = ?:1 215'=1 fijAOSe (i), k) + finAO3m (k) 2)
fij = 1ij Linear Scaling of Osresponse 3)
fij = 0.957;; + 0.05r5 Scaling accounting for reduced 05 increases from NOy and CH, (4)
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fij = 1.057;; — 0.05r5 Scaling for titration regimes where decreasing NOy increases O (5)

A linear emission scale factor (Eq. 3) is used @n Efor each emission scenario involving the presuemissions CO and
NMVOCs and is defined as the ratio of the fractlommission change to the 20% emission reductiothenTF-HTAP1
simulations. A similar scale factor for methafig {s based on the ratio of the change in the glabahdance of CHo that
from the 20% reduced GHimulation A[CH,]/—0.2 x [CH,]). Perturbations to emissions of CO, Nsiid NMVOCs induce
a long-term (decadal) change in tropospheridr@m the change in the oxidising capacity of th@a@sphere (OH) and the
CH, lifetime (Wild and Akimoto, 2001; Collins et aP02; Stevenson et al., 2004). The long-term ingfom 20% global
emission reductions can reduce ther€@sponse by 6-14% from N@mission changes and increase thegg3ponse by 16-
21% from CO changes (West et al., 2007). This ltmmg: response is not accounted for in the simulatissed here as GH

abundances are fixed.

Wild et al, (2012) found that this simple linear scaling tielaship between emissions and surfagev@s sufficient for small
emissions perturbations, but that the relationgtgrted to exhibit larger non-linear behaviour Farger perturbations,
particularly for NQ. The linear scaling factor was found to be suffiti for the surface Oresponse from emission
perturbations of CO and NMVOCs as non-linear behavirom these precursors is small (Wu et al., @000 account for
non-linear behaviour of surface;@ NO, emission changes, a quadratic scaling factor 4f£¢s used, based on additional

simulations of surface £esponse over a larger range of emission periorsin Wild et al, (2012).

For the special case of source regions that arerutitcation regimes, where a reduction in Némissions may lead to an
increase in @ the curvature of the response is reversed for Bi@ission decreases (Eg. 5), as described in Wétl, ¢2012).
A linear scale factor is used for emission increaseder these conditions (Eq. 3). The spatial éxdézone titration is
assumed constant as the parameterisation is baséiff@erences between two model simulations arnthésefore unable to

represent any future changes in chemical regime.

The surface @response to changes in global Ghundances shows a similar degree of non-lineasityat from changes in
NOy emissions (Wild et 812012). Therefore, the non-linear scale factor. @ds also used to represent ther€ponse to

changes in ClHabundances.

In summary, the surfaces@sponse to CO and NMVOC emission perturbatiomsgsesented by the linear scale factor (Eq.
3) and to changes in NOx emissions ands@Hundances by the non-linear scale factor (EqgFd.source regions under
titration regimes, the surface; @sponse to NQemissions is limited by Eq. 5 for emission decesasut uses the linear scale
factor (Eq. 3) for emission increases. The pararisetion is represented schematically in FigureoSfhe supplementary

material.

2.2Phase2of TF-HTAP

A second phase of simulations has been undertakgara of TF-HTAP to further study the transporiaaf pollutants and
their impacts and to assess potential mitigatiaioap (Galmarini et al., 2017). Phase 2 (TF-HTAR®Rplved experiments
using new and/or updated models that conductetiseda20% perturbation simulations of @mission precursors for different
source regions and source sectors over the ye@8ta®010. A 20% emission perturbation was chés@enerate a sizeable
response, whilst still being small enough to misiennon-linear chemistry effects. To determine thae3ponse to CH
changes, simulations increasing methane to 212¢ (8%6) and decreasing to 1562 ppbv (-13%) fronasebne of 1798

ppbv were undertaken in TF-HTAP-2. This range ins@GHundances was selected to encompass the unteitai@H
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changes in 2030 from thé"&oupled Model Intercomparison Project (CMIP5) sa@s of RCP8.5 and RCP2.6 (Galmarini
et al., 2017).

The source regions were updated in TF-HTAP2 toesgmt 14 new regions (excluding the North and SPolks), aligned
on geo-political and land/sea boundaries (Figur&fjission inventories (consistent across all mo{Enssens-Maenhout et
al., 2015)) and meteorology (driving data spediiindividual models) were updated to considentbars 2008 to 2010 (the
focus of TF-HTAP1 was 2001). The Global Fire EnossDatabase version 3 (GFEDttp://globalfiredata.ord/biomass

burning (grassland and forest fires) emissions weremmended for TF-HTAP2 experiments, althoughesormadels selected

other inventories. Individual modelling groups udkedir own information for other natural emissimurces (e.g. biogenic

VOCs, lightning NQ), as many of these are based on internal modalletsibns and not externally prescribed datasets.

Priority in TF-HTAP-2 was placed on conducting adlane simulation, a simulation with increaseds@dncentrations and
seven regional simulations involving 20% reductiohall precursor emissions across the globe, Nantierica, Europe, East
Asia, South Asia, Russia Belarus and Ukraine apdMiddle East in the year 2010. A lower prioritysagiven to emission
perturbation experiments across the remaining sortegions and experiments with individual emisgi@nturbations and
perturbations to individual source sectors. Moaelsducted a consistent core set of 10-20 simulatiord then undertook
other experiments of their own choosing (see Gahmnat al., (2017) for a full list of models andpetiments), resulting in
sparse coverage for many of the experiments. Tnigasts with TF-HTAP1 where all models conductesigame set of 20%
emission perturbation experiments covering all prear emissions (individually and combined) ands@kross four source

regions.

2.3 Improvementsto the surface Ozone Parametric Model for TF-HTAP2

Differences in the experimental setup in TF-HTAR®M & F-HTAP2 means that it is not straight forwaodréplace the
simulations underpinning the parameterisation ofdvét al, (2012) with those from TF-HTAP2. The larger numioé

simulations and fewer models involved precludedbeelopment of a robust parameterisation basedysoe TF-HTAP2

simulations. We therefore extend the existing p&tansation by including additional information finche new simulations
in TF-HTAP2. To maintain a robust response ovemtiagor source regions of Europe, North America,t Ba$a and South
Asia, results from the 14 models contributing toHFAP1 over these regions were retained in therpaterisation. Results
from the models contributing to TF-HTAP2 were thecorporated, accounting for the different baselipar for emissions
(2010 rather than 2001) and the change in sizenantber of source regions. The following sectiorsedss in detail how the

results from TF-HTAP2 have been incorporated ihtogarameterisation.

2.3.1 New Basdline Year

The baseline year used in the parameterisationfwgsadjusted from 2001 (TF-HTAP1) to 2010 (TF-HF2), to reflect
changes in anthropogenic emissions between these. yeshould be noted that the emission inveesouised in TF-HTAP1
were not consistent between models, particulanyNiVVOCSs, and this partially contributed to thefdient Q responses
(Fiore et al., 2009). In TF-HTAP2, the same antbggnic emission inventory was used in all modelsr&vent uncertainty

in anthropogenic emissions dominating the varigbécross models.

The parameterisation of Wild et a[2012) was used to calculate new baselipeddcentrations in 2010 for use in this version
of the parameterisation and for comparison to theHdTT AP2 multi-model mean. To account for differ€tt, abundances the
change between TF-HTAP1 and TF-HTAP2 was used. iiéan fractional change in NOCO and NMVOC emissions

between 2000 and 2010 across the TF-HTAP1 sougien®from two different emission inventories, MABQGranier et
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al., 2011) and EDGARv4.3.1 (Crippa et al., 2016swsed (Table 1), as the use of a specific emiss$itventory was not
prescribed for the TF-HTAP1 experiments (see Fébed., 2009). The MACCity and EDGAR inventorieyide a consistent
set of emissions in 2000 and 2010, enabling thagd@ emissions between future and historica fr@riods to be explored.
Tablel shows that the emissions of )NOO and NMVOC increased in Asia and decreasedsadtarope and North America
over the period 2000 to 2010. Year 2000 was useal @msistent starting point for both emission imweies and can be

considered equivalent of 2001 in representing cbamg 2010.

The parameterised surface ozone response in 20&@abeulated using the method of Wild et al., (20B&sed on the
individual response of 14 TF-HTAP1 models using ftaetional emission changes in Table 1. The patansed ozone
response acrogie original TF-HTAP1 source/receptor regions wasigared to a multi-model ozone concentration in0(201
from the baseline simulations of seven TF-HTAP2 etsthat use the TF-HTAP2 emissions (Janssens-Ma¢ehal., 2015).
Table 2 shows that thes@oncentrations from the parameterisation (H-P)attein the spread of the individual model values
from TF-HTAP2 (H-2), represented by one standardadi®n, over most of the receptor regions. Thgdalange and standard
deviation in Table 2 highlights the large sprea@®irconcentrations over the models in both sets oéempents (H-1 and H-

2). The range in ©concentrations is much larger than the differerms/een the parameterised values and the TF-HTAP2
multi-model mean in 2010. This indicates that thege of responses over the models dominates thertaimty in Q
concentrations and is much greater than differedoesto the subset of models contributing to edntlysor from changing

emissions over the period 2000 to 2010.

2.3.2 Sour ce Region Adjustment

The original parameterisation was based on thareamtal-scale emission source regions defined HHTRP1. To continue
using these results in an improved parameterisatimnQ response fields were adjusted to represent thizadqat source
regions in TF-HTAP2. The different regional defioits used within TF-HTAP1 and TF-HTAP2 experimeats shown in
Figure 1 and are particularly large for Europe, rehilne TF-HTAPL source region covers parts of fitreHTAP2 source
regions (Europe, Ocean, North Africa, Middle Easd &ussia Belarus and Ukraine); @sponse fields from TF-HTAP1
models that formed the basis of the original patansation were adjusted to be more representafitke equivalent TF-

HTAP2 source region.

No single model contributed experiments in bothHFAP1 and TF-HTAP2 to inform the adjustment of smuregions.
Therefore, 20% emission perturbation simulationsewanducted with HadGEM2-ES (Collins et al., 20MGrtin et al.,
2011), which contributed to TF-HTAP2 experiments,the TF-HTAP1 source regions of Europe, North Aoz East Asia
and South Asia. The ratio of the; @sponses between the simulations using TF-HTAR1T&-HTAP2 source regions was
then applied to the esponse fields from each of the TF-HTAP1 modséun the parameterisation of Wild et §2012).
We assume that each model behaves in a similae&/éladGEM2-ES when the source regions are adjirstbd way. This
generates an{desponse field from emission perturbations withimequivalent TF-HTAP2 source regions of EuropaitiN
America, East Asia and South Asia. The resultiggp@ameterisation is based on a larger number defaq14 adjusted TF-
HTAP1 models) than would have been available freangi TF-HTAP2 simulations alone (7 TF-HTAP2 modeédlowing

for a larger diversity of model responses to regmeghe four major emission source regions.

2.3.3 Additionsfrom TF-HTAP2

The Q responses from emission perturbations for therattre TF-HTAP2 source regions were then used tanaug the
source region adjusteds@sponse fields from TF-HTAP-1. This extends theameterisation to cover a much larger range

of source regions (14 in total) than was previopsgsible. Here, receptor regions are defined éor@iance with those in TF-
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HTAP2 (16 in total), although it is possible toidefany required receptor regions using the gldisttibution of Q responses.
Table 3 lists the number of model simulations aldé for the TF-HTAP2 source regions over and altloedour main source
regions of Europe, North America, South Asia angtBaia, highlighting the sparseness of resultséone of the TF-HTAP2
regions.

The monthly @ response fields from the additional ten TF-HTARP@ission source regions were converted onto the same
standard grid (1x 1° in the horizontal, with 21 vertical levels basedregular pressure intervals from the surface @01Pa

to an upper level of 10 hPa) as used for the fource regions from the adjusted TF-HTAP1 modelsaddition, the fields
from the TF-HTAP1 models are based on theg3ponse to the individual emissions perturbatidméOy,, CO and NMVOCs,
whereas the regional emission perturbation simadatior TF-HTAP2 are based on all emission precarsmgether (due to
the limited availability of results from regionahdividual precursor emission simulations in TF-HTAPTo maintain
consistency with the TF-HTAP1 parameterisation, @heesponse for each TF-HTAP2 emission perturbatiowlation is
divided up to represent the response from indiidunission precursors, as Wild et,gR012) and Fiore et al., (2009)
previously showed that{@esponses from individual emission perturbatioascimed closely to that from combined emissions
changes (within 2-7%). Therefore, the fractionaitdbution from individual emissions to the tota @sponse in the multi-
model mean of TF-HTAP1 models is used to appottiencontribution from individual emissions in TF-BP2 simulations

to the total @Qresponse.

The CH, perturbation experiments in TF-HTAP2 were basedjlobal changes of -13% and +18% to reflect theeetqn
atmospheric abundance in RCP2.6 and RCP8.5, résggciThese were adjusted to the 20% reduction usél F-HTAP1
using the parameterisation, allowing f@sponses to CHrom the original 14 TF-HTAP1 models and the filie-HTAP2

models that provided sufficient results to be cambi

2.3.4 Extension to Tropospheric Ozone

The parameterisation has been extended from tf@ceuhrough the depth of the troposphere, enaltiegalculation of the
tropospheric @burden. The three-dimensional monthlyf@lds from the model simulations are interpoladetb 21 vertical
levels at regularly spaced mid-level pressure waterfrom 1000 hPa to 10 hPa. Thesefi@lds were then used with the
parameterisation to generate global and regioopbspheric @burdens for each scenario, with the tropopauseetbfis an
Os concentration of 150 ppbv (Prather et al., 208h) O radiative forcing is derived by using the tropomph O; burden
from the parameterisation and the relationship betwradiative forcing and tropospheric columycfange based on multi-
model ensemble mean results from the Atmospherien@try and Climate Model Intercomparison Proje®€CMIP)
(Stevenson et al., 2013). This relationship is jated as a two-dimensional global map, enablingamraji and global ©

radiative forcing to be calculated from the parasrisation.

3.0 Testing and Validation

The original parameterisation developed by Wildlet(2012) was based on the surfacar€sponse to 20% continental-scale
emission perturbations from TF-HTAP1 for 2001. Wavdn adopted the same approach but have made a nofmipajor
improvements: updating the base year to 2010, decliadditional models from TF-HTAP2, extending tlsenber of source
regions to 14, and generating three-dimensionak§ponses to permit calculation of troposphesib@den and @radiative
forcing for any scenario. To test and verify thgioved parameterisation, additional simulationsehbb@en conducted with
HadGEM2-ES, which are discussed in the followinctisas.
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3.1 Limitsof Linear Scaling

We conducted experiments with HadGEM2-ES wher®alhnthropogenic precursor emissions were reducesDby and
75% over Europe, to complement the existing 20%ssiomn reduction scenarios performed as part of TRPR. Figure 2
shows a comparison of the annual and monthly sei@cesponse from the 20%, 50% and 75% European emissiuction
simulations across Europe (a local receptor) andtiNé&merica (remote receptor), using HadGEM2-ES dhd
parameterisation based on ther€sponse fields from HadGEM2-ES alone (a self-stest test of the parameterisation). The
largest errors of <1 ppbv occur over the sourcemregFig. 2c¢), with smaller errors of <0.1 ppbv fbe remote receptor region
(Fig 2d). This small internal error between theagpagterisation based on HadGEM2-ES and HadGEM2-E8laiions
indicates that the parameterisation afi©working well for emission changes at least @magas 50%. This is similar to the
results of Wild et aJ (2012) where more detailed testing found thatt tive parameterisation resulted in errors of < lvdpr
emission perturbations of up to 60%. Here, montidan errors are < 1 ppbv even for a 75% emissihucton (Fig. 2). The
parameterisation is not expected to perform as feelemission perturbations of larger than +/- 6@#46 in source regions
under titration regimes. Figure S2 compares thpuwiuf HadGEM2-ES simulations with the parametéidsabased on ©
response fields from multiple models. The magnitatierror is larger at ~2.0 ppbv over Europe an@pbv over North
America for a 75% reduction. This highlights tha uncertainty in the parameterisegir@ponse is dominated by the large

spread in @responses over the different models rather thaertwys in the parameterisation itself.

3.2 Global Emission Perturbation

To further test the parameterisation, we compaestiiface @response from the parameterisation to a HadGEMZ&&e|
simulation using the ECLIPSE V5a  current legislatio scenario (CLE) in 2030 (see
http://www.iiasa.ac.at/web/home/research/reseaodrms/air/Global_emissions.htnidlimont et al., (2017) and Klimont

et al., (n prep.)). The ECLIPSE V5a emission scenarios providerugreenhouse gas and air pollutant emissions ased
assumptions of energy use, economic growth ands@mnigontrol policies for different anthropogeniission sectors from
the International Energy Authority (IEA). Three saeios from ECLIPSE V5a are used in this study:réntr Legislation
(CLE) assumes future implementation of existingiemmental legislation, Current Legislation withi@ate policies (CLIM)

is an energy and climate scenario targetit@ @f climate warming in which air pollutants and £itle reduced and Maximum
Technical Feasible Reduction (MTFR) is the intraehrcof maximum feasible available technology asisignmo economic
or technological constraints. Emissions affdecursor species and ¢Hre available at decadal increments over the gerio
2010 to 2050 for each ECLIPSE scenario (MTFR iy avkilable for 2030 and 2050). The £abundance was derived from
the CH, emissions at decadal increments by using a sibygptamodel that accounts for the sources and sihiHa and the
feedbacks on its chemical lifetime following Holmedsal., (2013). Table 4 shows changes in annualabdndances and NO
emissions from the ECLIPSE scenario, with change€® and NMVOCs shown in Table S1 and S2 respdgtivn
ECLIPSE CLE 2030 scenario was generated by scHimgnthropogenic emissions in the TF-HTAP2 BAS&nacio by the
fractional emission changes in N@O and NMVOCs in CLE. A HadGEM2-ES simulation vggsformed using the change

in emissions based on CLE for comparison to tharpaterisation.

Monthly (Fig. 3) and annual (Table 5) surface éhanges between 2010 and 2030 over the TF-HTAF®ne for the
ECLIPSE V5a CLE scenario from the HadGEM2-ES simoiteare compared to that from the parameterisgbased solely
on HadGEM2-ES model responses and based on respimoseall models). This shows that the paramedédn is able to
reproduce the magnitude and seasonality of su@gahanges over different regions when comparedeadbponses from a
full global emission perturbation simulation. Inrieular, the parameterisation is able to reprodbeeseasonality in £across
Europe and North America, indicating that the ailjuent to represent the new TF-HTAP2 sources regsoveid. Differences

between the parameterisations highlight regionsre'kladGEM2-ES model responses differ from thosthefmulti-model
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mean. This is particularly evident for the Middladt where there are differences of as much asb2 ipwever, the
parameterisation based on results of the HadGEM2nB8el alone agrees relatively well with the mosiehulation, as

expected.

For South Asia, the parameterisation based on HMIGGES and on the multi-model responses agrees buelldiffers
substantially (in sign and magnitude) from the HRMR-ES simulated ©changes. The largest difference in surfage O
concentrations of 5 ppbv between the model andptrameterisation occurs in the winter months (DdmFmJanuary,
February), with differences in summer being muclalin (0.5 to 1 ppbv). Over the South Asian rediom ECLIPSE CLE
emission scenario predicts a ~70% increase iR Bi@issions by 2030 (Table 4). The large increagarissions causes the
chemical environment in HadGEM2-ES in January tdt shom Os production to that of titration (Figure S3). The
parameterisation is not able to represent thig §Rifjlure S4) as it is based on a single ozoneorespto a 20% emission
reduction (Figure S5) and is unable to capturesthengly non-linear transition into a net ozoneatibn regime. This is a
smaller problem over North America, Europe or Hasia, as wintertime titration regimes are alreadgspnt over these
regions. This effect seen over South Asia highghtveakness in the parameterised approach inseneg strongly non-
linear chemical regimes where there are large éomisshanges, although we note that the errors wbaldorse if a linear
scaling was used he boundary layer mixing in HadGEM2-ES over Sofim (a region with challenging topography) has
been shown to be insufficient, particularly in vén{Hayman et al., 2014; O’Connor et al., 2014} amarge increase in NO
emissions could lead to a transition te tibration over this region, accounting for sometloé discrepancy in surface; O
responses. However, it is able to represent thee§ponses in the TF-HTAP2 models for a smallessimn change of 20%
over South Asia (Table 6).

As the parameterisation of Wild et.,a(2012) did not show a similar discrepancy oveutS8oAsia for large emission
perturbations, a comparison has been made betwee=mbnthly surface Oresponse from HadGEM2-ES and the
parameterisation across both the TF-HTAP1 and TR definitions of South Asia in January and Jutiggre 4). This
shows that continentals@itration in January is less evident in the HadGERS simulation over the larger TF-HTAP1 South
Asia region, as it includes a large area of oc@&e. TF-HTAP2 South Asia region is only continerdad HadGEM2-ES
shows the larger impact ofs@itration over the continental region in Janudrile parameterisation and HadGEM2-EgS O
responses agree much better over South Asia innhay there is less evidence of tiration effects. The parameterisation,
using only HadGEMZ2-ES as input, is not able toespnt the ®@response in HadGEM2-ES over TF-HTAP2 South Asi as
is based on a 20% emission reduction simulatiddaafGEM-ES, where the extent of @Gration over the continental area is
small. Additional model simulations conducted wihge emission increases over South Asia woulddbeable to further

explore this issue, although none are currentlylavia.

These results highlight that caution is needed vapglying the parameterisation with emission chargeger than 50-60%,
as noted previously in Wild et.a{2012). In particular, the shift intos@hemical titration regimes cannot be represendsdye
in a simple parameterisation. For smaller emissibanges, the parameterisation is shown to be velgtirobust at

representing monthly surface; €hanges.
3.3 Comparison to HTAP-I

3.3.1 CMIP5 Scenarios

We now use the improved parameterisation descalbede to explore how future predictions of regionaiface @ for the
RCPs used in CMIP5 have changed since TF-HTAP1fdumeRCPs assume different amounts of climategaiibn to reach
a target anthropogenic radiative forcing in 210GHR.6, RCP4.5, RCP6.0 and RCP8.5 (van Vuuren,&2Gill). Emissions
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of Oz precursor species and ¢ate available at decadal increments over the @@@d 0 to 2050 for each RCP. géissions
are converted to CHabundances in each RCP using the MAGICC modelwtakes into account feedbacks on thesCH
lifetime (Meinshausen et al., 2011). The paramsg¢ion only accounts for the impact from changesrithropogenic
emissions over the period 2010 to 2050 and doeaduatunt for changes in climate, but on this neanttimescale changes
in O; are dominated by emission changes rather tharawieffects (Fiore et al., 2012). There are laifferdnces in global

CH, abundances in the four scenarios, and this styanfjiences the @responses.

Figure 5 shows the change in surfacea@ross TF-HTAP2 regions for each of the RCPs.g8arfQ decreases across most
regions in the majority of the scenarios asp@cursor emissions are reduced. The largestdsesein surface{®ccur over
South Asia in RCP8.5 due to the expected increas®s precursor emissions from 2010 to 2050, althougmete that this
effect may be exaggerated by the large increaBinemissions here in RCP4.5 and RCP8.5. Surfac@centrations are
predicted to increase over most regions in RCP&bincreases of 2 ppbv by 2050 over the Middletiasl Southern Africa
(Table S3). The results in Fig 5. across EuropetiNamerica, South Asia, East Asia and globally sireilar to those based
on TF-HTAP1 in Wild et a) (2012) (Fig. 5 and Table 7) but differ slighttyrmagnitude due to the change in the spatial extent
of the individual source regions from TF-HTAP1 tB-HTAP2. Additionally, the parameterisation hereypdes Q changes

for other regions that were not previously ava#alhcluding the Middle East and Africa. This prda$ useful additional

information on surface §bver these important regions under future emissi@nge.

3.3.2 Sensitivity of Ozoneto M ethane

The importance of controlling CHo achieve future reductions ins ®as been highlighted in earlier studies, alondp wie
large uncertainty in the response of t0 CH: changes (Fiore et al., 2009; Wild et al., 2012)e Thclusion of new models
provides an opportunity to assess whether thetsatysof O3 to CH, identified in TF-HTAP1 remain the same. Experinsent
with both increased (CH4INC) and decreased (CH4Dg@hal abundance of GHvere conducted in TF-HTAP2. However,
these experiments used an increase of 18% andetieuof 13% to align with 2010 to 2030 changeglobal CH, abundance
under RCP8.5 and RCP2.6, in contrast to the 20%ctemh used in TF-HTAP1.

Wild et al, (2012) found that a 20% increase intbundance yielded an 11.4% smaller surfagee€ponse than that from
a 20% decrease in GHor simplicity the parameterisation used the saorelinear scaling factor as for N®@missions (Eqg.
4), which represents a 10% smaller response focessove 20% emission increases. The two TF-HTAP®&efsothat
contributed results to both CH4DEC and CH4INC satiohs allow us to check the expression used Méesfind a slightly
larger sensitivity, with both models yielding a@% smaller surface £desponse for an increase in £fHan a decrease. Since
this O; response to CHin TF-HTAP2 is comparable to that from TF-HTAP#&r simplicity and consistency we chose to
retain the same representation of non-linearitybfith NQ and CH (Eq. 4), as used in Wild et.a{2012).

To enable a direct comparison with TF-HTAP1 resuhie Q response from the CH4DEC and CH4INC experimenisHin
HTAP2 are scaled to represent the response fro@f@ar2duction in Chlabundances. An adjustment factor is calculated
based on the global mean difference between thEITAP2 O; response in each experiment and that of an eaquival0%
reduction in CHabundance, resulting in a factor of 1.557 for CIlH€Dand -1.256 for CH4INC. The global measr&sponses
from CH4DEC (-0.69 + 0.01 ppbv, 2 models) and CH2Z1(9.81 + 0.14 ppbv, 7 models) are adjusted toigea¢he equivalent
Oz responses to a 20% reduction in£&tHundance, which are used in the parameteris@tid®b + 0.12 ppbv). This response
is ~14% larger globally than that in TF-HTAP1 (080.14 ppbv, 14 models), highlighting a sligtitigreased sensitivity of
O;to CH..
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To explore the differences between TF-HTAP1 andHIMFAP2 models the CHlifetime and feedback factor for each TF-
HTAP2 model (where data is available) can be catedl in accordance with Fiore et al., (2009). Téedback factor is the
ratio of the atmospheric response (or perturbatiom to global atmospheric lifetime and describew the atmospheric GH
abundance responds to a perturbation in @idissions e.g. a feedback factor of 1.25 meansathéo increase in emissions
would ultimately generate a 1.25% increase iny Cbhcentrations (Fiore et al., 2009). The feedtfactors can be used in
conjunction with CH emission changes for a region, to relate tbeeSponse from the reduction in €abundance in TF-
HTAP scenarios to that equivalent from emissioaking into account both the long-term and shoppoase of emissions on
Os (Fiore et al., 2009). Table 8 summarises the tated CH lifetime and feedback factors for the two TF-HTARBdels
that have provided CHhemical loss rates. These two models show sjigibrter methane lifetimes and a higher feedback
factor (F) than the TF-HTAP1 mean values. This sgtgythat the sensitivity ofs@ changes in CHn the two TF-HTAP2
models is slightly larger than the TF-HTAP1 multddel mean. The increased feedback factor alsodteicthat a slightly

larger reduction in methane emissions is requineathieve a comparable reduction ind@ncentrations.

Overall, the sensitivity of ©to a change in CHabundance is slightly larger in the two TF-HTAP&duels considered here
than in TF-HTAP1 models, but still within the rangethe TF-HTAP1 multi-model ensemble. The resfitben TF-HTAP2
will not significantly change any conclusions frarR-HTAP1 but suggests that the previouscBanges estimated from TF-
HTAP1 are conservative. The;@sponse to CHemains one of the most important processes terstahd for controlling

future G concentrations.

4. Future Surface Ozone Predictions
4.1 Surface Ozone under ECLIPSEv5a Emissions

The parameterised approach is used with the ECLNB&Emission scenarios described above to detenmagional changes
in future surface @concentrations. Surfaces@oncentrations for the CLE (current legislationgrsario are predicted to
increase from 2010 to 2050 across all regions (Eig). Annual mean surfaces; ©@oncentrations increase by 4 to 8 ppbv
across the South Asia and Middle East regions altieet large increases expected in,N@issions (Table 4), although there
is substantial uncertainty in the parameterisatizar these regions. Surface @ncentrations over Europe and North America
in 2050 are similar to those in 2010, even thohgir regional NQemissions decrease by ~50%. The contributionifefent
sources to the total surface €hange has been analysed for each source redgmné€b S6 to S17). Results for Europe (Figure.
7) and South Asia (Figure. 8) are shown here, @setihegions experience contrasting changes inceu@a Across Europe,
surface @ from local and remote (mainly North American) szmg is reduced in response to emission decreasgsha
contribution from CH increases by 1.6 ppbv in 2050 (Fig. The increase in global GHabundance in the CLE scenario
increases surfaces@ver Europe, offsetting the reduction ig ffom local and remote sources. This contrastsgtyowith
South Asia where local sources dominate the totateSponse. This demonstrates how different locdl la@mispheric

emission control strategies are needed in differegibns.

For the CLIM (climate policies on current legistat) scenario, annual mean surfacedoncentrations in 2050 decrease
slightly or stay at 2010 concentrations due to ctidas in anthropogenic emissions and control of €rissions leading to
a decrease in its abundance (Table 4). The soortakution analysis for Europe (Fig. 7) and Sodtta (Fig. 8) shows that
CH. contributes much less to the total surfagel@nge under this scenario than CLE. For South,Alsére is also a reduction
in the contribution from local sources to surface Onder CLIM, remote sources start to dominate dbetribution to
European surfacef@hanges in 2050, increasing to -1.3 ppbv. Howea@gss South Asia the contribution from local sear

(+3.2 ppbv) is greater than from remote sourced @pbv) in 2050, reflecting the importance of logmissions in this region.
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The contribution of Chisources to the total surface @sponse is smaller in CLIM due to the targetih@bls for climate
mitigation purposes. The implementation of thegmate policy measures shifts the dominant factiviny future Q changes

within a receptor region towards extra-regionalrees.

The MTFR scenario (maximum technically feasibleuctibn) considers large reductions in emissionsbi@at) and
consequently predicts reductions in surfagec@nhcentrations of up to 9 ppbv by 2050. Reductwihsurface @in Europe
(Fig. 7) are dominated by changes in remote souatf®ugh changes in GHbecome increasingly important by 2050. For
South Asia, the surfaces@esponse is dominated by changes to local andteepmission sources. This highlights that
achieving decreases in surfacedoncentrations from the maximum feasible emissiedsictions depends not only on local

emission policies but on reducing emissions acotssr regions too.

4.2 Surface Ozone under CM|P6 Emissions

We provide an initial assessment of surfagekianges from a subset of the preliminary emisse@marios developed for the

CMIP6 project fttps://tntcat.iiasa.ac.at/SspPDRaoet al., 2017) based on shared socio-economic pathwayBs|SEive

baseline SSPs are defined (SSP1-5) based on diffe@mbinations of future social, economic and emvnental
development trends over centennial timescales ({’N¢ al., 2014). Different climate targets, defth in terms of
anthropogenic radiative forcing by 2100, are combimwith the baseline SSPs to develop future scehddr climate
mitigation, including additional assumptions oreimational co-operation, timing of mitigation andent of fragmentation
between low and high income economies (van Vuuteh ,e2014; Riahi et al., 2017). Scenarios ofrggranedium and weak
future air pollutant emission pathways are mapped the SSPs and represent differing targets ftmn control, the speed
at which developing countries implement strict colst and the pathways to control technologies (Raal., 2017).
Increasingly stringent air pollutant emission cotgrare assumed to occur with rising income lekelsause of the increased
focus on human health effects and the decliningsaniscontrol technology. SSP2 is a medium pollutiontrol scenario that
follows current trajectories of increasing levefsregulation. SSP1 and SSP5 are strong controlasteEnwhere pollution
targets become increasingly strict. A weak pollutontrol scenario is adopted in SSP3 and SSP4evtherimplementation

of future controls are delayed (Rao et al., 2017).

We select three preliminary SSPs to represent sosnaf business as usual (SSP3 BASE), middleefdad (SSP2 60) and
enhanced mitigation (SSP1 26). The SSP2 60 and $6RBdenarios have climate mitigation targets 0fefd 2.6 W nd in
2100 applied to them. Currently, air pollutant esitas for each SSP are available globally and adies world regions from

https://tntcat.iiasa.ac.at/SspDbhe air pollutant emissions for each region Hasen mapped onto the equivalent TF-HTAP2

source regions and the grouping of regions is shiowiable 9 along with the percentage change ibal&€H, abundance
and NQ emissions over the period 2010 to 2050. The kedathanges in CO and NMVOCS emissions are showalite S4
and S5. Gridded versions of these emission scenaiibbe made available in due course (K. Riabispnal communication,

2017), which will allow a more accurate evaluatidrihe impacts arising from these scenarios.

Surface @concentrations increase across all regions in 205he SSP3 BASE scenario (Figure 9). EuropettiNamerica
and East Asia show an increase in surfag®efCl to 3 ppbv, a larger response than in the PSIH CLE scenario. Smaller
increases in surfaces@re predicted over the Middle East (~3 ppbv) aadtl$ Asia (~5 ppbv) compared to CLE. Methane
dominates the total surface @sponse over Europe in SSP3 BASE, with smallritritons from local and remote emission
sources over the period 2010 to 2050 (Fig. 10)alLemissions are the main contribution tpoBanges over South Asia, with

a slightly larger influence from CHhan in CLE (Fig. 11).
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For SSP2 60 (middle of the road scenario), sur@ceoncentrations reduce slightly by 2050 and toeagr extent than in
ECLIPSE CLIM due to the larger reductions in Néhnissions and global Glabundances (Table 4 and 9). Over South Asia,
NOy emissions in SSP2 60 decrease by 22% from 202050, with a correspondingzs@hange of -3 ppbv, compared to
CLIM where NQ emissions increase by 66% and the correspondinch@nge is +3 ppbv. However, this difference could
arise from using preliminary SSP emissions basefivenlarge world regions, where emission changeSauth Asia and
nearby regions such as East Asia are combinedhigéior Europe and South Asia the source contoibsitfor each region
(Fig. 10 and 11) are similar to those in CLIM. Réensources are more important under this interntediamate mitigation

scenario, with local emissions sources becomingermoportant by 2050 over South Asia.

Large reductions in surface;@oncentrations are predicted across all regiotisdistrong mitigation scenario (SSP1 26) (Fig.
9). The improvements in{xoncentrations are less than predicted under @IdESE MTFR due to a smaller reduction in
NOx emissions. Northern mid-latitude regions show oidas in surface ©concentrations of up to 6 ppbv under SSP1 26,
similar to MTFR. Over South Asia, surface ©® predicted to be reduced by up to 7 ppbv, wiscless than under MTFR.
The source contributions for both Europe (Fig. 403 South Asia (Fig. 11) are similar to MTFR witte timportance of
remote sources and the increasing importance ab@R050 evident over Europe. Over South Asiajrtbeeasing importance

of local and CHl sources is clear by 2050.

This analysis of preliminary CMIP6 emission scematiighlights the large range of future regionafaste Q responses that
are possible depending on the climate and air fawitupolicies applied. The assumptions within eatkhe future SSPs,
particularly for CH, results in different sources dominating the dbntion to the total surfaces®esponse. Uncertainties in
the assumed growth rate of Ctthder the two current legislation scenarios (Ch& 8SP3 BASE) result in a 1 ppbv difference
in surface @over Europe and North America, highlighting theportance for future air quality of reducing €bh a global
scale. The CMIP6 scenarios allow a larger rangeatiiways to be explored than were available in ESH or the CMIP5
RCPs, including those of strong, medium and wedikips on air pollutants and climate change. Thepeterisation can be
used to provide a rapid assessment of the impadiffefing policy measures on surface €ncentrations across different
regions, along with a clear source attribution.sTdan ultimately inform selection of policies tha¢ most beneficial to future

air quality.

5. Future Tropospheric Ozone Burden and Radiative Forcing

As discussed in section 2.3, the parameterisatisrblen extended to generate three-dimensigdis@ibutions throughout
the troposphere, using a tropopause defined ascar@entration of 150 ppbv (Prather et al., 200i9)pospheric @column
burdens are calculated in each grid cell for eawisgon scenario. These are used to infer chamg@sriadiative forcing by
using the relationship between radiative forcind topospheric column{3w nr? DU1) and its spatial variation with latitude
and longitude from the ACCMIP multi-model ensem{i¢evenson et al., 2013). TroposphericbDrdens and ©radiative
forcings are calculated for the CMIP5 RCPs to eataluhe parameterisation against values from th€MIP multi-model
study (Stevenson et al., 2013). Additionally, fetprojections of @radiative forcing are made for the ECLIPSE and EMI
SSPs.

The change in tropospheric;@urden and @ radiative forcing for the ECLIPSE CLE scenario 2030 from the

parameterisation was evaluated against the chaogethe equivalent HadGEM2-ES simulation (Tableab3elf-consistent

test based only on emission perturbations withnfloénce from climate change. The parameterisdiable to reproduce
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the change in global tropospherig urden (-0.93 Tg) and{adiative forcing (-0.6 mW rf) simulated by HadGEM2-ES (-
0.95 Tg and -0.9 mW 1), with any slight differences due to the discregies identified over South Asia (Figure 3).

In comparison to the ACCMIP multi-model mean, thedicted changes between 2000 to 2030 in both plolaual mean
surface @and global @burden from the parameterisation are within thrgyeaof the ACCMIP multi model responses (+/- 1
standard deviation) for all the CMIP5 RCPs (Tab®.1The predictions of ©radiative forcing in 2030 from the
parameterisation across all the RCPs, when theeinfle of climate change is anticipated to be smadlalso consistent with
those from ACCMIP. The sign and magnitude of changgobal Q burden and eradiative forcing with the parameterisation
for RCP6.0 is different from the ACCMIP results lmustill within the range of model responses, witigthe largest for this
scenario. The comparison with ACCMIP results shtlved the parameterisation is able to reproduce gémin global @

burden and @radiative forcing on near-term timescales, whenitifluence of climate change is small.

A global G radiative forcing of +0.05 to +0.08 Whin 2050, relative to 2010, is estimated undeldlaemitigation scenarios
(RCP8.5, CLE and SSP3 BASE) (Figure 12). The inéeliate mitigation scenarios of RCP4.5, RCP6.0 812360 show an
O; radiative forcing of 0 to -0.04 W #in 2050, with almost no change under CLIM. The enstringent mitigation scenarios
(RCP2.6, MTFR and SSP1 26) exhibit agr&diative forcing of between -0.07 and -0.15 Winy 2050. The parameterisation
is able to predict the wide range of impacts thiatate and air quality policies could have on sherim climate forcing from
Os. It can be used as a rapid screening tool to s#lecmost appropriate climate scenarios to expiartder in full model
simulations that can provide more detailed preoliti The current business-as-usual scenarios fdPEMECLIPSE and
CMIP6 increase the climate forcing of By approximately 0.06 W ¥in 2050, whereas the strong mitigation scenarieh

a larger effect in reducing the near-term climateihg of Q by about 0.10 W r

The parameterisation generates gridded changd®itrdpospheric ©column burden and radiative forcing, which can be
used to calculate changes over different regioiggires 13 and 14 show that the largest relativegbain Q burden for the
ECLIPSE scenarios occur over the Middle East, SAsth and South East Asia (> 10%), with a corresjpanlarger impact
on G; radiative forcing (-0.3 W rhin MTFR). Smaller relative changes in the tropasphQ; burden are found for CLE over
Europe and North America. For MTFR a 15% reductin®; burden is predicted over Europe and North Amesaaijlar to
that over South Asia, but the change inr@diative forcing is not as large (-0.2 WPreompared to -0.3 W fover South
Asia). The parameterisation allows the regionat+#ean climate implications (in terms of;@adiative forcing) from future
emissions changes to be explored under differemjuality and climate policy scenarios. It alsohtights the wide range of

near-term climate forcing that is possible ovetipalar regions from future emission policies.

6. Conclusions

In this study, we describe improvements and exteissio a simple parameterisation of regional serfagresponses to
changes in precursor emissions ands @blundances based on multiple models. We incompaoesults from phase 2 of the
Hemispheric Transport of Air Pollutants projectcteate an enhanced parameterisation that inclugl@smodels from TF-
HTAP2, a greater number of source regions (14 tal}toa new base year of 2010 and an extensiohrée tdimensions to
represent @changes throughout the troposphere. These imprensnallow impacts on surface; @oncentrations and the
near-term @ radiative forcing to be calculated from differarhission scenarios. Model simulations using HadGHE®2
confirm the validity of the parameterisation anguatinents made here. However, larger errors mayragicen using emission
changes of greater than +/- 60% and when consglésimg term future scenarios where there may higrafisant influence

from climate change. In addition, the parametensainay not perform well over regions where cheirtitiaation is expected
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to become dominant in the future under large emissicreases e.g. South Asia, as it is based oozihee responses in 2010.
There is a slight increase in the responseoQCH, for the TF-HTAP2 models, resulting in a slightiigher sensitivity of
Os to CH; changes. The extent of the difference varies mgnal basis, but is within the range of modspmnses in TF-
HTAP1.

Emission changes from the RCPs are used with thanpderisation and it predicts similar changes unfage Q
concentrations to those from the original paranmdé&on (Wild et al., 2012), although now acrodarger number of source
regions. Tropospheric {burden and @radiative forcing calculated using the parame#tios are within the spread of the
response from the ACCMIP models for all of the CBIRCPs in 2030, where the influence from climatengfe is anticipated
to be small. The parameterised approach permiid egsessment of the impact of future emission gésiover 14 source
regions and associated uncertainties on both sudad tropospheric {concentrations, and allows identification of the
differing contributions of local, remote and ¢sburces to the £desponse. This enables quantification of the irtgeffuture

air quality and climate emission policies on suefa@ quality and near-term climate forcing by O

Applying future emissions from ECLIPSEV5 and thelipninary SSPs, we show that annual mean surfaam@entrations
are likely to increase across most world region2@B0 under current legislation scenarios, witgdancreases of 4 to 8 ppbv
over the Middle East and South Asia. These chaimy@s concentrations are driven mainly by local emissiand changes
in global CH, abundance. This demonstrates that current leigislat inadequate in preventing future increasesuiface @
concentrations across the world. Implementing gnestated climate policies on top of current legiin maintains future
surface @ concentrations at or slightly below 2010 conceitres, counteracting the increases that occur uonderent
legislation. This is achieved mainly through reduts in CH, highlighting the importance of controlling Glh limiting
future changes in £concentrations, as shown in Wild e, #2012). Policies that have stringent emissiontrods lead to
substantial reductions in surface €@ncentrations across all world regions of up ppBv and could potentially provide large

beneficial impacts.

A global G; radiative forcing of +0.07 W this predicted by 2050 (relative to 2010) underdheent legislation scenarios of
the SSPs and ECLIPSE. There is a large and divegienal response ins®adiative forcing with some regions e.g. Middle
East and South Asia more sensitive to changes issems than others, and these show a large po€tivadiative forcing
under current legislation. However, applicationagfjressive emission mitigation measures leadsrge leeductions in ©

radiative forcing (-0.10 W rf), lessening the near-term impact on climate.

The new parameterisation provides a valuable assggstool to evaluate the impact of future emisgioficies on both
surface air quality and near-term climate forciranf Os. It also provides a full source attribution alomigh a simple measure
of uncertainty, given by the spread of the multidmoresponses that reflect different transport eimeimistry processes in
models. Whilst not replacing full chemistry simidets it provides a quick way of assessing wheitarget future modelling
efforts. However, these {0esponses are based on changes to anthropogeissiam only, with no account taken of the
impact on Q and/or its natural precursor emissions due taréuthanges in chemistry or climate. The parameitiwis could
be extended further by including a feedback fattotake some account of the impact of future clenabange on ©
Additional improvements could include coupling theput to an offline radiation model to enable imprd calculation of ©
radiative forcing, using ©fields from the parameterisation within a landface model to assess the impacts afdd

vegetation and the carbon cycle or withddse-response functions to calculate impacts amahthealth.
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Table 1. Summary of annual mean NOx, CO and NMVOC emissions changes (%) between 2000 and 2010 over TF-HTAP-1 source
regions (values are mean differences from the M ACCity and EDGARV4.3.1 emission inventories)

Annual total relative (%) emission change between 2000 and 2010
Global Europe North America South Asa East Asa Rest of World

NO 9.5 -8.4 -25.0 49.8 42.1 13.0
CO -1.2 -27.1 -47.1 18.8 15.6 9.0
NMVOCs 5.2 -9.7 -31.2 32.1 24.8 10.0
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Table2. Summary of multi-model annual mean surface ozonevaluesfrom all TF-HTAP1 modelsin 2001 (H-1), the parameterisation
of TF-HTAP1 models scaled for emissionsin 2010 (H-P) and all TF-HTAP2 modelsin 2010 (H-2) (seven models contributing).

Ozone Concentrations (ppbv)
Global Europe North America South Asia East Asia
H-1 H-P H-2 H-1 H-P H-2 H-1 H-P H-2 H-1 H-P H-2 H-1 H-P H-2

Min 212 215 230 302 301 299 294 283 297 35263353 289 308 317
Mean 274 272 264 374 369 358 358 349 351 40244407 355 372 355
Max 320 30.0 323 428 424 420 408 39.7 412 448.0450.7 389 40.7 413

Standard Deviation 2 94 271 333 3.84 379 445 356 354 385 37803335 292 291 527

5 NB-The TF-HTAP2 models used to provide the 201@hezconcentrations are CAMchem, Chaser_rel, Chasér GlIFS, GEOS-Chem
adjoint, HadGEM2-ES, Oslo-CTM
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Table3. Modelscontributing to each of the TF-HTAP2 emission pertur bation experiments, in addition tothosefor the sourceregions
of Europe, North America, South Asiaand East Asia

TF-HTAP2 Experiment
TF-HTAP2 Model CH4INC CH4DEC MDE RBU NAF SAF MCA SAM SEA CAS PAN OCN
GFDL-AM3
(Lin et al., 2012)
C-IFS
(Flemming et al., 2015)
CAM-Chem
(Tilmes et al., 2016)
CHASER_rel
(Sudo et al., 2002)
CHASER_t106
(Sudo et al., 2002)

X

EMEP_rv4.8
) X X X X
(Simpson et al., 2012)
GEOS-Chem
X X
(Henze et al., 2007).
HadGEM2-ES
. X X X X X X X X X X
(Collins et al., 2011)
OsloCTM3_v2
X X X X X
(Sgvde et al., 2012)
Total Number of Models 7 2 6 6 2 1 2 2 1 1 1 1

MDE - Middle East, RBU — Russia Belarus Ukraine, NARefth Africa, SAF — Southern (Sub-Saharan/SaheficAf MCA — Mexico
5 and Central America, SAM — South America, SEA — Bdtdst Asia, CAS — Central Asia, PAN — Pacific Ausrand New Zealand, OCN
— Ocean (for region definitions see Koffi et, 2016)
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Table 4. Percentage changein global CH4 abundance and global and regional annual NOx emissionsrelative to 2010 over each TF-
HTAP2region for thedifferent ECLIPSE V5aemission scenarios (CLE, CLIM and MTFR). MTFR scenariosareonly available for
2030 and 2050.

Annual total emission change (%) from 2010
CLE CLIM MTFR
TF-HTAP2 Region 2020 2030 2040 2050 2020 2030 2040 2050 2030 2050
Global CH, Abundance 4 12 21 32 3 8 11 13 -9 -21

Global NG -7 -6 6 19 -7 27 26 -24 -88 -86
Regional NOx Emissions
Central America 13 11 21 30 1 -6  -16 -11  -46  -79
Central Asia 10 15 18 26 -5 -16 -26  -32 -57 -80
East Asia -14  -16 -8 -3 -6 -27 25 24 50 -61
Europe -31 46 50 50 -33 51 57 58 67 72
Middle East 18 31 51 72 -16 -19 -20 -23 -37 -76
North Africa -9 3 24 53 24 25 -16 -2 56 -71
North America 28 51 51 51 31 55 59 64 -7378-
North Pole 1 -1 -5 -13 -15 22 -19 -23 -61 -78
Ocean -6 -0.2 11 25 14 22 29 27 51 -64
Pacific Aus NZ 20 -31 -32 -33 -28 53 -58 -63 -72-84
Russia Bel Ukr -1 -4 -9 -8 -18 28 -29 -35 -62 -74
Southern Africa 10 13 30 49 -2 21 -18 12  -41 50
South America -6 1 15 28 -9 -11 -6 -2 -46 -66
South Asia 19 67 139 199 -1 12 41 66 -29  -48
South East Asia 24 45 71 101 -1 -7 -5 1 35 -59
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Table5. Parameterised responses based only on HadGEM 2-ESinput for annual mean surface ozone, global ozone burden and ozone
radiative forcing using the ECLIPSE CLE emission scenariosin 2030, with changes calculated relative to the year 2010.

Surface Ozone (ppbv) Ozone Burden (Tg) Ozone Radiative Forcing (mW m)
Scenario Param! HadGEM2-ES Param? HadGEM2-ES Param? HadGEM 2-ES*
ECL 2030 -0.21 -0.20 -0.93 -0.95 -0.6 -0.9

1 parameterisation based only on HadGEM2-ES input
* Ozone radiative forcing is calculated by applythg same methodology as in the parameterisatsingthe relationship between radiative
forcing and tropospheric columrs©hange based on multi-model ensemble mean résuitsACCMIP
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Table 6. Monthly and annual mean surface O3z changes (ppbv) from the TF-HTAP2 multi-model mean and the parameterisation
over South Asiadueto a 20% reduction in anthropogenic precur sor emissions over thisregion. M ulti-model mean values are shown
with +/- 1 standard deviation for the available TF-HTAP2 models and the parameterised approach is based on multiple models.

Surface Oz response (ppbv +/- one standard deviation)
TF-HTAP2 South Asia Experiment January April July October Annual Mean
TF-HTAP2 Multi-model M odelNB -1.67+0.73 -1.48+0.29 -1.22+0.21 -1.72+0.44 -1.51 £0.35
Par ameterisation mean (multi-models) -1.58+054 -148+0.39 -1.09+0.33 -1.89+0.55-1.50+0.29

NB _ Models contributing to the multi-model mean &dFSv2, CAMchem, CHASER rel, CHASER_t106, GEOSCHEM-adjoi
HadGEM2-ES, OslsoCTM3.v2.
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Table 7. Annual mean surface O3z change (ppbv plus one standard deviation) in 2030 and 2050 (relative to 2000) for each RCP
scenario derived from the parameterisation in this study and that of Wild et al., (2012).

Global Surface Os response from 2000 to 2050 (ppbv)

This Study Wild et al., (2012)
CMIP5RCP 2030 2050 2030 2050
RCP2.6 -1.1+4/-01 -19+/-03 -1.1+/-0.3 -2/005
RCP4.5 -0.1+/-01 -08+/-0.2 -02+/-0.2 -8/80.4
RCP6.0 -04+/-01 -04+/-01 -04+/-0.1 -8/40.2
RCP8.5 +1.0+/-0.2 +15+/-05 +1.0+/-0.2 +#50.5
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Table 8. Methane lifetime (r) and feedback factor in TF-HTAP2 models that

concentrations).

provided appropriate data (OH and CHg4

M odel TF-HTAP2 Experiment Ton! Ttotal® F3
CHASER rel BASE 7.19 6.51

CH4INC 7.62 6.86 1.46
HadGEM2-ES BASE 8.8 7.8

CHA4INC 9.29 8.17 1.40

CH4DEC 8.43 7.51 1.37

TF-HTAP1 Mean

10.19 +/-1.72 8.84 +/-1.33 1.330:06

1 CHs lifetime for loss by tropospheric OH (years) definas atmospheric burden in each experiment disigettie tropospheric CHoss

rate with OH with a tropopause of 150 ppb afiGed.

2 Total atmospheric CHifetime (years) defined as the reciprocal mearoafand assuming a lifetime in the stratosphere and ebil20

years and 160 years respectively (Prather etG01 )R

3 The feedback factor is the ratio of the atmosghexsponse (or perturbation) time to the globaloaheric lifetime. It is defined gs=
1/(1 — S) where S is determined from the BASE ands@#rturbation simulations and definedSas (é‘ ln(‘r))/(&ln[CHzl]) and CH4
abundances for TF-HTAP2 are 1798 ppbv in BASE, 1ffi#/ in CH4DEC and 2121 ppbv for CH4INC (Prather gt24101).
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Table 9. Percentage change in global CH4 abundance and global and regional NOx emissionsrelative to 2010 over each TF-HTAP2
world region for the different CM1P6 emission scenarios (SSP1 26, SSP2 60 and SSP3 BASE)

Annual total emission change (%) from 2010

SSP1 26 SSP2 60 SSP3 BASE
TF-HTAP2 Region 2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050
Global CH 1 -7 -6 -23 4 6 7 5 8 18 28 37
Global NG& -8 -25 35  -48 -7 -9 -6 -21 10 14 15 16

Regional NOx Emissions

Central America,

South America -2 22 27 34 -10 -11 -15 -24 13 2230 36
Central Asia,

Rus Bel Ukr 14  -32 -40 -49 1 2 -5 -14 -1 -5 -5 -12
East Asia, South Asia, South

East Asia 4 -8 22 -35 -3 -1 -2 -22 26 45 54 54
Europe, North  America,

Pacific Aus NZ -31 -62 -68 -74 31 -43 51 -57 -8 22- -30 -32
Middle East, North Africa,

Southern Africa 4 -3 -4 -2 3 11 13 12 7 14 26 33
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Table 10. Multi-mean parameterised responses in annual mean surface, global ozone burden and ozone radiative forcing in 1980
and for the CM I P5 emission scenarios in 2030, with changes calculated relative to the year 2000 for comparison with values from
ACCMIP (+/- 1 standard deviation of multi-model responses).

Surface Ozone (ppbv) OzoneBurden (TQ) Ozone Radiative Forcing (mW m?)
Y ear Param  ACCMIP* Param ACCMIP* Param ACCMIP*
1980 -1.3 -1.3+/-0.4 -17 -15+/-6 -67 -59 +/- 21
2000 0 0 0 0 0 0
RCP2.6 2030 -1.1 -1.5 +/- 0.6 -12 -12 +/- 8 -45 -4530
RCP4.5 2030 -0.1 +0.2 +/-0.5 +4 +7 +/-5 +14 +2419/-
RCP6.0 2030 -04 -0.8 +/-1.0 +0.3 -2 +-11 +2 -1:339
RCP8.5 2030 +1.0 +1.5+4/-0.7 +20 +23 +-7 +80 +B8126

5 *- Mean change in the tropospheric Ozone burdehradiative forcing between 2030 and 2000s fromABEMIP models that provided
results for each year of each scenario, as preseanfeable 5 of Young et al., (2013) and Table 1 3tevenson et al., (2013).
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Figure 1: Source/Receptor regionsused in TF-HTAP2 (coloured regions) and TF-HTAPL (solid grey line boxes) experiments.
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Figure2: Sensitivity of monthly surface Os changesin HadGEM 2-ES (solid lines) and that of the par ameterised response using solely
HadGEM-ES asinput (dashed lines) to 20%, 50% and 75% reduction in all precursor emissions over the European sour ce region
(a) and the remote receptor region of North America (b). The difference between HadGEM 2-ES and the par ameterised responseis
shown over Europe (c) and North America (d). Annual mean values arein black with monthly responsesin grey and the highest and
lowest months are highlighted in red and blue.

31



North Pole North America Europe Rus Bel Ukr Central Asia East Asia

>
a ]
ol - 4 F 4 E 4 F -
2. o 1 F 1 F 1 E 3
e [ 1 F 1 F 1 F .
2 L
H - 4 F -
= L
[¥]
$
@
o 2 p 3
£ [ T s 1 F ]
3_4’||l|||||||ll‘ AR NEEE AN EANEE NN Ly 111 L1104
o E Ocean Central America  North Africa Middle East South Asia South East Asia
>
e 4
e 3f
P L

2
g 1f
S ok
S -1}
g -2
e -3k 4 F 4 E 3 kY% 1 E 3 E 4-3
3_4'“11111:1“1' o] bosvsvarard Oefiaasaaaaad MERTETEEREE L1

J FMAM) JASOND

= South Pole South America  South Africa  Pacific Aus NZ Global 5 Month of the Year
>
| af 1 F 1 F 1 F 1 L 14
s 3r 4 E 1 F d L 4 L 13
v 2L 1 F 1 F 1 F 1 E 12
g 1f 1E 1t 1t 1t 11
£ 0 0 — HadGEM2-ES
i T ey W_l Param (HadGEM2-ES)
bt u 1 r 1 F 1 F 1 F ] Param (multi-model)
g 2 41 F 1 F 1L 1 E 15
& 3t 1t 1t 1 1L 1-3
A il sl Ll AN EEEN NN 11l

JFMAM ) JASOND JFMAM) JASOND JFMAM) JASOND JFMAM) JASOND JFMAM)]ASOND
Month of the Year Month of the Year Month of the Year Month of the Year Month of the Year

Figure 3: Monthly mean regional surface Os changes between 2010 and 2030 for the ECLIPSE V5a CLE scenarioin HadGEM 2-ES
(red) and the parameterised response based on only HadGEM 2-ES inputs (red dashed) and multiple model inputs (blue dashed).
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Figure 4: January (&) and July (b) monthly mean surface Oz changes over South Asia between 2010 and the ECLIPSE V5a CLE
emission scenario in 2030 for HadGEM 2-ES and the parameterised response based only on HadGEM 2-ES and on multiple models.
Os responses are calculated over the South Asian region as defined in both TF-HTAPL1 and TF-HTAP2 (Fig. 1). Grey shading
represents the spatial distribution of Os changes across all grid boxes, coloured boxes show the range of the 25" to 75™ percentile
values and the solid line shows the median value over the South Asian region
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Figure 5: Annual mean regional surface Os changes between 2010 and 2050 from the parameterisation for the CMIP5 emissions
scenarios of RCP8.5 (red), RCP6.0 (orange), RCP4.5 (light blue) and RCP2.6 (blue). The global surface Os response from the
parameterisation of Wild et al., (2012) for each scenario is represented as circles, but due to differences in regional definitions a
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Figure 6: Annual mean change in regional surface Os concentrations between 2010 and 2050 from the parameterisation for the
ECLIPSEv5a emissions under the CLE (blue), CLIM (gold) and MTFR (red) scenarios.
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Figure7: Total annual mean changein regional surface Oz concentrations over Europe and the contribution of local (blue), remote
(red) and methane (gold) sour ces between 2010 and 2050 from the parameterisation for the ECL | PSEv5a emissions under the CLE
(@), CLIM (b) and MTFR (c) scenarios. Grey lines on the local and methane panels represent individual model estimates of O3
changes, showing the spread in modd responses; Solid lines show the multi-model mean. Error bars represent one standard
deviation over the model range. Thelast row of panels showsthe Os response from individual sour ces plotted together for each year.
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Figure 8: SameasFig 7. but for the South Asian region.
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Figure 9: Annual mean change in regional surface Os concentrations between 2010 and 2050 from the parameterisation for the
CMIP6 emissions scenarios of SSP3 basdline (red), SSP2 with a radiative forcing target of 6.0 W m2 (purple) and SSP1 with a
5 radiativeforcing target of 2.6 W m (green).
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Figure 10: Total annual mean changein regional surface Os concentrationsover Europe and the contribution of local (blue), remote
(red) or methane (gold) sour ces between 2010 and 2050 from the par ameterisation for the CM | P6 emissions scenarios of SSP3 BASE
(a), SSP2 6.0 (b) and SSP1 2.6 (c). Grey lines on the local and methane panels represent individual model estimates of Oz changes,
showing the spread in model responses; solid lines show the multi-model mean. Error bars represent one standard deviation over
the model range. Thelast row of panels showsthe Oz response from individual sources plotted together for each year.
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Figure 11: SameasFig. 10 but for the South Asian region.
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Figure 12. Parameterised responsein the global annual mean ozoneradiative forcing relativeto 2010 for the different CM I P5 RCPs
(circles), ECLIPSE (diamonds) and CM I P6 SSPs (sguar es).
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Figure 13: Annual mean percentage change in the regional and global tropospheric Os burden over the period 2010 to 2050 from

the parameterisation for the ECLIPSEv5a emissions under CLE (blue), CLIM (gold) and MTFR (red) scenarios.
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Figure 14: Annual mean regional Os radiative forcing relative to 2010 from the parameterisation for the ECLIPSEv5a emissions
under the CLE (blue), CLIM (gold) and MTFR (red) scenarios.
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