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20 Abstract.
This study quantifies future changes in troposgherzone (G) 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 tepberic @ changes are calculated globally and across 16mediom
perturbations in precursor emissions (N@O, VOCs) and methane (GHabundance. A source attribution is provided for

25 each source region along with an estimate of uaceyt based on the spread of the results from thdets. Tests against
model simulations using HadGEM2-ES confirm that #pproaches used within the parameterisation did. vehe G
response to changes in €abundance is slightly larger in TF-HTAP Phaseahtim the TF-HTAP Phase 1 assessment (2010)
and provides further evidence that controllingsG$dimportant for limiting future @concentrations. Different treatments of
chemistry and meteorology in models remains ontb@fargest uncertainties in calculating ther€ponse to perturbations

30 in CHs; abundance and precursor emissions, particulady the Middle East and South Asian regions. Emisst@anges for
the future ECLIPSE scenarios and a subset of pir@im Shared Socio-economic Pathways (SSPs) iredibat surface ©
concentrations will increase by 1 to 8 ppbv in 2@6fbss different regions. Source attribution asialiighlights the growing
importance of Chlin the future under current legislation. A glob@pospheric @radiative forcing of +0.07 W thfrom
2010 to 2050 is predicted using the ECLIPSE scesamd SSPs, based solely on changes ireBthdance and tropospheric

35 O3 precursor emissions and neglecting any influerfcelimate change. Current legislation is shown &ibadequate in
limiting the future degradation of surface ozonedaiality and enhancement of near-term climate vimgnMore stringent
future emission controls provide a large reductinnboth surface © concentrations and Oradiative forcing. The
parameterisation provides a simple tool to highlipl different impacts and associated uncertaimtiédocal and hemispheric
emission control strategies on both surface ailityuend the near-term climate forcing by troposphi©s.
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1 Introduction

Tropospheric ozone @is an air pollutant at both regional and gloklss. It is harmful to human health (Brunekreeaf an
Holgate, 2002; Jerrett et al., 2009; Turner et2416; Malley et al., 2017), whilst also affecticlgnate (Myhre et al., 2013)
and causing damage to natural and managed ecosyékawler et al., 2009; United Nations Economic @ussion for
5 Europe (UNECE), 2016). Long-range transport opaifutants and their precursors can degrade alityaalocations remote

from their source region (Fiore et al., 2009). Rty source-receptor relationships fog ® complex due to large natural
background sources, formation of fom local emissions, non-linear chemistry anéiisttontinental transport processes (TF-
HTAP, 2010). In particular, it is uncertain how fheeraction of local and regional emission corgnlth global changes (e.g.
of methane and climate) could affecf €@ncentrations in the near-term future (20509)ddand Winner, 2009; Fiore et al.,

10 2012; von Schneidemesser et al., 2015). This eevifrom the wide range of modelled @sponses in future emission and
climate scenarios (Kawase et al., 2011; Young.e8l3; Kim et al., 2015)The setting and achieving of effective future
emission control policies is therefore difficuls a substantial proportion o;@omes from outside individual countries and

regions.

15 Phase 1 of the Task Force on Hemispheric Trangfoktr Pollutants (TF-HTAP1) (TF-HTAP, 2010) coordited several
sets of experiments using multiple models to stih@ysource-receptor relationships from the inteticental transport of ©
and its precursors. It found that at least 30%eftotal change in surface ozone concentratiorimétiparticular 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 contributionssale the control of local/regional air pollutgmticies, including those of

20 stratospheric origin, natural sources and inteinental transport. Changes in global methanesf@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 understagf the impact of anthropogenic emission charayethe source-
receptor relationships arising from the intercoenital transport of tropospherig@nd its precursors will ultimately reduce
the uncertainty in the impact o©n air quality and climate, improving future pretebns.

25
To predict how @ concentrations might respond to future changemniissions, a simple parameterisation was developed
based upon the surface f2sponse in different chemistry models contribgtm TF-HTAP1 Wild et aJ (2012). The surface
Os response in these models was calculated from ationk with reductions in tropospherig frecursor emissions across
the four major northern hemisphere emission regi¢lBsrope, North America, East Asia, and South Asige

30 parameterisation using these results provided taafad simple tool to predict future surface €ncentrations for the
Intergovernmental Panel on Climate Change (IPCC)r&entative Concentration Pathways (RCPs), higtitig the
importance of future changes in emissions and &indance for surface; ©@oncentrations and quantifying the associated
uncertainty.

35 A second phase of model experiments, TF-HTAP2,imitiated to extend the work from TF-HTAP1 and het consider the
source-receptor relationships between regional®amngseductions and air pollutants. Major advanoeB--HTAP2 include
more policy-relevant source-receptor regions aligi® geo-political borders, a larger variety ofatised 20% emission
reduction experiments, more recent (2008-2010) ®arisnventories that are consistent across allaisoand the use of new
and updated models (Galmarini et al., 2017).

40
Here we improve and extend the parameterisatiailaf et al, (2012) by including additional information fronFIHTAP2
to refine the source-receptor relationships arisiom emission changes, long range transport arfdc1Q formation. The

parameterisation provides the contribution fromalpcemote and methane sources to the total suacesponse in each
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emission scenario. The range of responses frormtigels contributing to the parameterisation provide estimate of the

uncertainty involved. The parameterisation is edézhto estimate changes in tropospherid@den and its impact onsO

radiative forcing. It is then used with the latestission scenarios from ECLIPSE V5a (Klimehal., 2017; Klimont et al.,

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

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

impact from future changes in climate.

Section 2 of this paper describes the parametenisahd the updates from TF-HTAP1 to TF-HTAP2, uthg the extension

10 from surface @ to global tropospheric £and its radiative forcing. Section 3 outlines tksting 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 emissitenarios to predict
future surface @concentrations over the period 2010 to 2050. 8e&iQ uses the same future emission scenarios to predict
future tropospheric ©burden and radiative forcing. We conclude by sstigg how this approach could be used to inform

15 future emission policy in relation tos@oncentrations.

2. Methods
2.1 Original Ozone Parameterisation

The parameterisation developed in this study istbas an earlier version developed for the TF-HT&Rderiments by Wild
et al, (2012). This simple parameterisation enabled¢igéonal response in surface €ncentrations to be estimated based

20 on changes in precursor emissions and &tindance. The input for this parameterisatioreciom 14 different models that
contributed to TF-HTAP1. All the models ran the saemission perturbation experiments (20% redudtioemissions of
oxides of nitrogen (N&), carbon monoxide (CO), non-methane volatile oiganmpounds (NMVOCs) individually and all
together) over the four major northern hemisphengrce regions of Europe, North America, East Asid 8outh Asia.
Additional experiments included global perturbasiasf emission precursors, as well as a 20% reduétioglobal CH

25 abundance. The multi-model responses from the 2@#és@on perturbation experiments are then scalethbyfractional
emission changes from a given emission scenario @aeh source region. The monthly mearr€sponse/Os) is the sum
over each receptor regiok) ©f the scaled @response from each model to the individual premuspeciesi(- CO, NGk and
NMVOCs) in each of the five source regiopskurope, North America, East Asia, South Asia astieéthe world), including
the response from the change in globalk@blundance (Eq. 1, reproduced from Wild et2012):

30

A05(k) = Xisy X3-1 £ijA05 (i,), k) + fmA05 (k) (€

The emission scale factfyfor each emission scenario is defined as the chtioe fractional emission chang¥f; /0.2 X Ej;)

to the 20% emission reduction in the TF-HTAP1 satiohs (Eq. 2). A similar scale factor for methgfag is based on the
35 ratio of the change in the global abundance of, @Hthat from the 20% reduced @kimulation A[CH,]/0.2 X [CH,]).

Perturbations to emissions of CO, N&hd NMVOCs induce a long-term (decadal) changepospheric ®@from the change

in the oxidising capacity of the atmosphere (OH) e CH lifetime (Wild and Akimoto, 2001; Collins et a2002; Stevenson

et al., 2004). The long-term impacts from 20% gladraission reductions can reduce ther€ponse by 6-14% from NO

emission changes and increase theedponse by 16-21% from CO changes (West et@)7)2 This long-term response is

40 not accounted for in the simulations used heretdsa®undances are fixed.
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Wild et al, (2012) found that this simple linear scaling tielaship between emissions and surfagev@s sufficient for small
emissions perturbations, but that the relationdtgted to exhibit larger non-linear behaviour farger perturbations,
particularly for NQ. The linear scaling factor is sufficient for theface Q response from emission perturbations of CO and
NMVOCs as non-linear behaviour from these precursésmall (Wu et al., (2009). To account for nmeér behaviour of
surface @Qto NO, emission changes, the scale factois replaced witly, which has a quadratic dependency @&q. 2), and

is based on additional simulations of surfacg&3ponse to larger emission perturbations undemtakWild et al, (2012).

For titration regimes, where a reduction in Némnissions may lead to an increase #) tbe surface ©response is limited
(by a factor of2f — g for emission reductions and for emission incredisedinear scaling factor is used (Eq. 2). Theiapa
extent and magnitude of titration regimes is assbiomstant as it is based on model simulations fiaimgle meteorological

year.

The surface @response to changes in global tbundances is also non-linear and showed simélaaviour to that due to

NO, emissions. Thereforg, in Eq. 2 is also used to represent the&3ponse to increases and decreases iaBtthdances.

In summary, the surfaces@esponse to CO and NMVOC emission perturbatiomspsesented bf and to changes in GH
abundances by;; (Eq. 2). The representation of the surfaceré®ponse to NOemissions is determined by the conditions

specified in Eq. 2.

fij = AE;;/0.2 X Ey; if AO3(i,j, k) > 0 and AE;; > 0
fij = 2fij — gij if AO3(i,j, k) > 0 and AE;; <0 )
9ij otherwise (where g = 0.95f + 0.05f2)

2.2Phase2of TF-HTAP

A second phase of simulations has been undertak@ara of TF-HTAP to further study the transportagf pollutants and
their impacts and to assess potential mitigatioioap (Galmarini et al., 2017). Phase 2 (TF-HTAR®plved experiments
using new and/or updated models that conductetised20% perturbation simulations of @mission precursors for different
source regions and source sectors over the ye@&ta®010. A 20% emission perturbation was chés@enerate a sizeable
response, whilst still being small enough to migienhon-linear chemistry effects. To determine theeé3ponse 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@Hundances was selected to encompass the ungeitai@Hs
changes in 2030 from thé" & oupled Model Intercomparison Project (CMIP5) seés of RCP8.5 and RCP2.6 (Galmarini
etal., 2017).

The source and receptor regions were updated tesept 16 new receptor regions (14 of which are sdsirces), aligned on
geo-political and land/sea boundaries (Figure fjisgion inventories (consistent across all modklagsens-Maenhout et al.,
2015)) and meteorology (driving data specific tdiwdual models) were updated to consider the y2aa8 to 2010 (the
focus of TF-HTAP1 was 2001). The Global Fire EnussDatabase version 3 (GFEDttp://globalfiredata.org/biomass

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

other inventories. Individual modelling groups ugkeir own information for other natural emissiausces (e.g. biogenic
VOCs, lightning NQ), as many of these are based on internal modalledibns and not externally prescribed datasets.
Priority in TF-HTAP-2 was placed on conducting &élae simulation, a simulation with increaseds@Hncentrations and

seven regional simulations involving 20% reductiohall precursor emissions across the globe, Nantierica, Europe, East
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Asia, South Asia, Russia Belarus and Ukraine aedMiddle East in the year 2010. A lower prioritysagiven to emission
perturbation experiments across the remaining soreggions and experiments with individual emisgenturbations and
perturbations to individual source sectors. Modelgered a consistent core set of 10-20 simulatmasthen conducted other
experiments of their own choosing (see Galmarirgilet(2017) for a full list of models and experims, resulting in sparse
5 coverage for many of the experiments. This corgrasth TF-HTAP1 where all models conducted the saeieof 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-HTARM & F-HTAP2 means that it is not straight forwaodréplace the
10 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 basedysote TF-HTAP2
simulations. We therefore extend the existing patansation by including additional information finthe new simulations
in TF-HTAP2. To maintain a robust response ovemtiagor source regions of Europe, North AmericatRasa and South
Asia, results from the 14 models contributing toHFAP1 over these regions were retained in thempaterisation. Results
15 from the models contributing to TF-HTAP2 were thecorporated, accounting for the different baseliear for emissions

(2010 rather than 2001) and the change in sizenamber of source/receptor regions.

2.3.1 New Baseline Year

The baseline year used in the parameterisationfivesadjusted from 2001 (TF-HTAP1) to 2010 (TF-HF2), to reflect
changes in anthropogenic emissions between thess. Jeshould be noted that the emission inveesouised in TF-HTAP1

20 were not consistent between models, particulanhyNbIVOCs, and this partially contributed to thefdient Q responses
(Fiore et al., 2009). In TF-HTAP2, the same antbggmic emission inventory was used in all modelsrévent uncertainty
in anthropogenic emissions dominating the varigbécross models.

The parameterisation of Wild et.a{2012) was used to calculate new baseligec@centrations in 2010 for use in the

25 improved parameterisation and for comparison talfRédiTAP2 multi-model mean. To account for differ€@i, abundances
the change between TF-HTAP1 and TF-HTAP2 was uBke.mean fractional change in N@O and NMVOC emissions
between 2000 and 2010 across the TF-HTAP1 sougiengfrom two different emission inventories (MABC(Granier et
al., 2011) and EDGARVA4.3.1 (Crippa et al., 20163swised due to the inconsistencies of the emisgiorstories in TF-
HTAP1 and TF-HTAP2 (Table 1). The MACCity and EDGAR/entories are internally consistent, enablingrdes in

30 emissions for both future and historical time pesito be explored. Tablel shows that the emissibN&,, CO and NMVOC
increased in Asia and decreased across Europe ard America over the period 2000 to 2010. Year®@@s used as a
consistent starting point for both emission inveiet® and can be considered equivalent of 2001gresenting changes to
2010.

35 The parameterised surface ozone response in 20d€sabe original TF-HTAP1 source/receptor regiwas compared to a
multi-model ozone concentration in 2010 from theddme simulations of seven TF-HTAP2 models thatthe TF-HTAP2
emissions (Janssens-Maenhout et al., 2015). Tabl®®s that the ©concentrations from the parameterisation (H-P) are
similar to the TF-HTAP2 multi-model mean valuesZHever most of the receptor regions, and withengpread of individual
model values (represented by one standard devjafidve large range and standard deviation in Tatieghlights the large

40 spread in @concentrations over the models in both sets ogements (H-1 and H-2). The range ig@ncentrations is much

larger than the differences between the parametkeralues and the TF-HTAP2 multi-model mean in 2010s indicates
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that the range of responses over the models doesitiag¢ uncertainty in{£zoncentrations and is much greater than difference

due to the subset of models contributing to eaattysbr from changing emissions over the period 2002010.

2.3.2 Source Region Adjustment

The original parameterisation was based on thareamal-scale emission source regions defined HHTRP1. To continue
5 using these results in an improved parameterisatitnQ response fields were adjusted to represent theaquot 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, nehhe TF-HTAP1 source region covers parts of iteHTAP2 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 representafitee equivalent TF-

10 HTAP2 source region.

No single model contributed experiments in bothHFAP1 and TF-HTAP2 to inform the adjustment of smuregions.
Therefore, 20% emission perturbation simulationseweonducted with HadGEM2-ES (Collins et al., 20Mgrtin et al.,
2011), which contributed to TF-HTAP2 experiments,the TF-HTAP1 source regions of Europe, North Aoge East Asia
15 and South Asia. The ratio of they @sponses between the simulations using TF-HTARI1T&-HTAP2 source regions was
then applied to the £response fields from each of the TF-HTAP1 modséxiuin the parameterisation of Wild et §2012).
We assume that each model behaves in a similaaw#ladGEM2-ES when the source regions are adjirsths way. This
generates an{desponse field from emission perturbations withie equivalent TF-HTAP2 source regions of EuropartiN
America, East Asia and South Asia. The resultingp@ameterisation is based on a larger number deiaq14 adjusted TF-
20 HTAP1 models) than would have been available frangi TF-HTAP2 simulations alone (7 TF-HTAP2 modeéd)owing

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

2.3.3 Additionsfrom TF-HTAP2

The G responses from emission perturbations for therddre TF-HTAP2 source regions were then used toneung the

source region adjusteds@sponse fields from TF-HTAP-1. This extends theameterisation to cover a much larger range
25 of source regions (14 in total) than was previoysdgsible. Table 3 lists the number of model sitifes available for the

TF-HTAP2 source regions over and above the founmaurce regions of Europe, North America, Soutia Asd East Asia,

highlighting the sparseness of results for som@fTF-HTAP2 regions.

The monthly Q response fields from the additional ten TF-HTAP@ssion source regions were converted onto the same
30 standard grid (1x 1° in the horizontal, with 21 vertical levels basedregular pressure intervals from the surface 801Pa
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 perturbatidméO,, CO and NMVOCs,
whereas the regional emission perturbation simaratior TF-HTAP2 are based on all emission precarsmether (due to
the limited availability of results from regionahdividual precursor emission simulations in TF-HTAPTo maintain
35 consistency with the TF-HTAP1 parameterisation, @aeesponse for each TF-HTAP2 emission perturbatiowlgtion is
divided up to represent the response from individumission precursors, as Wild et,g2012) and Fiore et al., (2009)
previously showed that{desponses from individual emission perturbatioascimed closely to that from combined emissions
changes (within 2-7%). Therefore, the fractionaitdbution from individual emissions to the totad f@sponse in the multi-
model mean of TF-HTAP1 models is used to appottencontribution from individual emissions in TF-HFP2 simulations

40 to the total @response.
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The CH; perturbation experiments in TF-HTAP2 were basedjlobal changes of -13% and +18% to reflect theeetqu
atmospheric abundance in RCP2.6 and RCP8.5, résglgciThese were adjusted to the 20% reduction usd F-HTAP1
using the parameterisation, allowing @sponses to CHrom the original 14 TF-HTAP1 models and the five-HTAP2
models that provided sufficient results to be caomadi

2.3.4 Extension to Tropospheric Ozone

The parameterisation has been extended from tfi@ceuthrough the depth of the troposphere, enalitiegalculation of the
tropospheric @burden. The three-dimensional monthlyf@lds from the model simulations are interpolabetb 21 vertical
levels at regularly spaced mid-level pressure vaterfrom 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
O concentration of 150 ppbv (Prather et al., 208h) Os radiative forcing is derived by using the troposigpt O; burden
from the parameterisation and the relationship betwradiative forcing and tropospheric columyc@ange based on multi-
model ensemble mean results from the Atmospherien@try and Climate Model Intercomparison Proje®€CMIP)
(Stevenson et al., 2013). This relationship is jaled as a two-dimensional global map, enablingoraji and global ©
radiative forcing to be calculated from the paraarisation.

3.0 Testing and Validation

The original parameterisation developed by Wildlet(2012) was based on the surfaca€ponse to 20% regional emission
perturbations from TF-HTAP1 for 2001. We have updathis to reflect conditions in 2010, and have enainificant
improvements based on results from TF-HTAP2. Thampaterisation has been extended to include tleartes regions in
TF-HTAP2. Output is provided on a standard gridaailitate the calculation of Oresponses over any selected receptor
regions. The parameterisation has been extendepbrerate three-dimensionak @elds that permit the calculation of
tropospheric @burden and ©radiative forcing for any scenario. To test andfyehe improved parameterisation, additional

simulations have been conducted with HadGEM2-ES¢tware discussed in the following sections

3.1 Scaling Factors

We conducted experiments with HadGEM2-ES wher®glanthropogenic precursor emissions were reduceaDby and
75% over Europe, to complement the existing 20¥%ssion reduction scenarios performed as part of TR#PR. Figure 2
shows a comparison of the annual and monthly sei@acesponse from the 20%, 50% and 75% European emissiluction
simulations across Europe (a local receptor) andtiNémerica (remote receptor), using HadGEM2-ES dhd
parameterisation based on ther€sponse fields from HadGEM2-ES alone (a self-staist test of the parameterisation). The
largest errors of <1 ppbv occur over the sourc®mre@-ig. 2c), with smaller errors of <0.1 ppbv the remote receptor region
(Fig 2d). This small internal error between thegpagterisation based on HadGEM2-ES and HadGEM2-E8Iaiions
indicates that the parameterisation afi©working well for emission changes at least @sagas 50%. This is similar to the
results of Wild et a] (2012) and indicates that the parameterisatiafopas well. Figure S1 compares the output of
HadGEM2-ES simulations with the parameterisatioseblaon @ response fields from multiple models. The magr&tod
error is larger at ~2.0 ppbv over Europe and ~@Bvpover North America for a 75% reduction. Thighiights that the
uncertainty in the parameterised @sponse is dominated by the large spread ire§ponses over the different models rather
than by errors in the parameterisation.
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3.2 Global Emission Perturbation

To further test the parameterisation, we compaestiiface @response from the parameterisation to a HadGEM2n&del
simulation using the ECLIPSE V5a current legislatio scenario (CLE) in 2030 (see
http://www.iiasa.ac.at/web/home/research/reseamgirBms/air/Global_emissions.htnilimont et al., (2017) and Klimont

5 etal, (nprep.)). The ECLIPSE V5a emission scenarios providertuggreenhouse gas and air pollutant emissions hased
assumptions of energy use, economic growth andsémigontrol policies for different anthropogeniaission sectors from
the International Energy Authority (IEA). Three saeios from ECLIPSE V5a are used in this study:rénir 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 £ife reduced and Maximum

10 Technical Feasible Reduction (MTFR) is the intrathrcof maximum feasible available technology asisignmo economic
or technological constraints. Emissions afg@ecursor species and Chre available at decadal increments over the gerio
2010 to 2050 for each ECLIPSE scenario (MTFR iy aenkilable for 2030 and 2050). The £abundance was derived from
the CH, emissions at decadal increments by using a sibiptamodel that accounts for the sources and sihiiHg and the
feedbacks on its chemical lifetime following Holnetsal., (2013). Table 4 shows changes in annualabdndances and NO

15 emissions from the ECLIPSE scenario, with change€® and NMVOCs shown in Table S1 and S2 respdgtivan
ECLIPSE CLE 2030 scenario was generated by scHimgnthropogenic emissions in the TF-HTAP2 BAS&nhacio by the
fractional emission changes in N@O and NMVOCs in CLE. A HadGEM2-ES simulation veesformed using the change

in emissions based on CLE for comparison to tharpaterisation.

20 Fig 3. presents a comparison of monthly surfageianges between 2010 and 2030 over the TF-HTAgBre for the
ECLIPSE V5a CLE scenario from the HadGEM2-ES sitimitaand from the parameterisation (based soleliladGEM2-
ES model responses and based on responses fromdgls). This shows that the parameterisation lis @breproduce the
magnitude and seasonality of surfacecBanges over different regions when compareddadbponses from a full global
emission perturbation simulation. In particulae frerameterisation is able to reproduce the sebigoinaO3; across Europe

25 and North America, indicating that the adjustmentdpresent the new TF-HTAP2 sources regions isl.vBifferences
between the parameterisations highlight regionsreskladGEM2-ES model responses differ from thosga@fmulti-model
mean. This is particularly evident for the MiddladE where there are differences of as much asbh2 ldpwever, the
parameterisation based on results of the HadGEM2rB8el alone agrees relatively well with the mosiehulation, as
expected.

30
For South Asia, the parameterisation based on HMIGES and on the multi-model responses agrees buelidiffers
substantially (in sign and magnitude) from the HRMZ-ES simulated ©changes. The largest difference in surfage O
concentrations of 5 ppbv between the model andpdrameterisation occurs in the winter months (Ddm¥mJanuary,
February), with differences in summer being muclalten (0.5 to 1 ppbv). Over the South Asian rediom ECLIPSE CLE

35 emission scenario predicts a ~70% increase iR Bissions by 2030 (Table 4). This large increasédclead to errors in
the parameterised response due to the transit@m f; production to titration, which the parameterisatis unable to
represent well. However, it is able to represeat@responses in the TF-HTAP2 models for a smallession change of
20% over South Asia (Table 5). The boundary layeding in HadGEM2-ES over South Asia (a region witallenging
topography) has been shown to be insufficientjqaderly in winter (Hayman et al., 2014; O’Connara¢, 2014), and a large

40 increase in N@emissions could lead to a transition tetifration over this region, accounting for thealepancy in surface

Os responses.
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As the parameterisation of Wild et.,a(2012) did not show a similar discrepancy oveutBoAsia for large emission
perturbations, a comparison has been made betweermbnthly surface Oresponse from HadGEM2-ES and the
parameterisation across both the TF-HTAP1 and TRIPE definitions of South Asia in January and Jiig@re 4). This
shows that continentalGitration in January is less evident in the HadGEES simulation over the larger TF-HTAP1 South
5 Asia region, as it includes a large area of oc&&e. TF-HTAP2 South Asia region is only contineraatl HadGEM2-ES
shows the larger impact ofs@itration over the continental region in Januarfie parameterisation and HadGEM2-E$ O
responses agree much better over South Asia innhay there is less evidence of tiration effects. The parameterisation,
using only HadGEM2-ES as input, is not able to espnt the @response in HadGEM2-ES over TF-HTAP2 South Asiia as
is based on a 20% emission reduction simulatiddaafGEM-ES, where the extent of @Gtration over the continental area is
10 small. Additional model simulations conducted witge emission increases over South Asia wouldlealuable to further

explore this issue, although none are currentlylaie.

These results highlight that caution is needed vepglying 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 represerasidye
15 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
3.3.1CMIP5 Scenarios

We now use the improved parameterisation descrabede to explore how future predictions of regionaiface @ for the
20 RCPs used in CMIP5 have changed since TF-HTAP1fdureRCPs assume different amounts of climategaitbn to reach
a target anthropogenic radiative forcing in 210GHR.6, RCP4.5, RCP6.0 and RCP8.5 (van Vuuren,&@l1). Emissions
of Oz precursor species and ¢éfe available at decadal increments over the p&@3d.0 to 2050 for each RCP. g£éhmissions
are converted to CHabundances in each RCP using the MAGICC modeltwtdikes into account feedbacks on thesCH
lifetime (Meinshausen et al., 2011). The params&ion only accounts for the impact from changesrithropogenic
25 emissions over the period 2010 to 2050 and doeacuatunt for changes in climate, but on this neamttimescale changes
in Oz are dominated by emission changes rather tharatdieffects (Fiore et al., 2012). There are laifferdnces in global

CH, abundances in the four scenarios, and this styanfjlences the ©responses.

Figure 5 shows the change in surfacea€ross TF-HTAP2 regions for each of the RCPs.&8erf decreases across most

30 regions in the majority of the scenarios agp@cursor emissions are reduced. The largestasesein 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 increaBipemissions here in RCP4.5 and RCP8.5. Surfaaeficentrations are
predicted to increase over most regions in RCP&lbincreases of 2 ppbv by 2050 over the Middletasl Southern Africa
(Table S3). The results in Fig 5. across EuropetiNamerica, South Asia, East Asia and globally sireilar to those based

35 on TF-HTAP1 in Wild et a) (2012) (Fig. 5 and Table 6) but differ slighttyrnagnitude due to the change in the spatial extent
of the individual source regions from TF-HTAP1 t6-HTAP2. Additionally, the improved parameterisatiprovides @
changes for other regions that were not previoashilable, including the Middle East and Africa.igIprovides useful
additional information on surfaces©ver these important regions under future emissiamge.

3.3.2 Sensitivity of Ozoneto Methane

40 The importance of controlling CHo achieve future reductions irs@®as been highlighted in earlier studies, alond wie

large uncertainty in the response of t©6 CH, changes (Fiore et al., 2009; Wild et al., 2012)e Thclusion of new models

9
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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@@)al abundance of Ghvere conducted in TF-HTAP2. However,
these experiments used an increase of 18% andieti@uof 13% to align with 2010 to 2030 changeglobal CH, abundance
under RCP8.5 and RCP2.6, in contrast to the 20%ctexh used in TF-HTAP1.

Wild et al, (2012) found that a 20% increase inCGibundance yielded an 11.4% smaller surfagee€§ponse than that from
a 20% decrease in GH-or simplicity the parameterisation used the sacaéing factor as for NQGemissions (Eq. 2 i.g. =
0.95f + 0.05f2), which represents a 10% smaller response foressoee emission increases. The two TF-HTAP2 models
that contributed results to both CH4DEC and CHA4IdQulations allow us to check the expression us=é.NVe find a

10 slightly larger sensitivity, with both models yiéid a 12.6% smaller surface @sponse for an increase in Han a decrease
(Eqg. 3). Since this ©response to CHn TF-HTAP2 is comparable to that from TF-HTAP#&r Simplicity and consistency
we chose to retain the same scaling factor for bid®hand CH (Eq. 2).

g = 0.937f + 0.063f2 (3)
15
To enable a direct comparison with TF-HTAP1 resulie Q response from the CH4DEC and CH4INC experimeni&Hin
HTAP2 are scaled to represent the response frof%ar2duction in Chabundances, using Eg. 3. An adjustment factor is
calculated based on the global mean difference dmtvthe TF-HTAP2 ©response in each experiment and that of an
equivalent 20% reduction in Gkabundance (calculated using Eq. 3), resulting factor of 1.557 for CH4DEC and -1.256
20 for CH4INC. The global mean{@esponses from CH4DEC (-0.69 + 0.01 ppbv, 2 mgdeld CH4INC (0.81 + 0.14 ppbv, 7
models) are adjusted to generate the equivalemes§ponses to a 20% reduction in Hbundance, which are used in the
parameterisation (-1.05 + 0.12 ppbv). This respassel4% larger globally than that in TF-HTAP1 80.+ 0.14 ppbv, 14
models), highlighting a slightly increased senégyiof Oz to CH..

25 To explore the differences between TF-HTAP1 andHTAP2 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). Téedlback factor is the
ratio of the atmospheric response (or perturbatiom to global atmospheric lifetime and describew the atmospheric CH
abundance responds to a perturbation in &iissions e.g. a feedback factor of 1.25 mearisath&s increase in emissions
would ultimately generate a 1.25% increase in Cbhcentrations (Fiore et al., 2009). The feedlactors can be used in

30 conjunction with CH emission changes for a region, to relate tpeeSponse from the reduction in €abundance in TF-
HTAP scenarios to that equivalent from emissioalsing into account both the long-term and shoppoese of emissions on
O3 (Fiore et al., 2009). Table 7 summarises the taled CH lifetime and feedback factors for the two TF-HTAR2dels
that have provided the appropriate fields. These nvadels show slightly shorter methane lifetimed arhigher feedback
factor (F) than the TF-HTAP1 mean values. This sstgthat the sensitivity ofs@ changes in CHn the two TF-HTAP2

35 models is slightly larger than the TF-HTAP1 multbdel mean. The increased feedback factor alsoatetichat a slightly

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

Overall, the sensitivity of ©to a change in CHabundance is slightly larger in the two TF-HTAP&dwls considered here

than in TF-HTAP1 models, but still within the rangethe TF-HTAP1 multi-model ensemble. The resfrisn TF-HTAP2
40 will not significantly change any conclusions frafR-HTAP1 but suggests that the previouscBanges estimated from TF-

HTAP1 are conservative. The; @sponse to CHemains one of the most important processes tergtahd for controlling

future G concentrations.

10
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4, Future Surface Ozone Predictions
4.1 Surface Ozone under ECL|PSEv5a Emissions

The parameterised approach is used with the ECLNB&Emission scenarios described above to detenmragional changes
in future surface @concentrations. Surfacez@oncentrations for the CLE (current legislationgrsario are predicted to
5 increase from 2010 to 2050 across all regions Eig). Annual mean surface; ©@oncentrations increase by 4 to 8 ppbv
across the South Asia and Middle East regions altieet large increases expected in@issions (Table 4), although there
is substantial uncertainty in the parameterisaticar these regions. Surface @ncentrations over Europe and North America
in 2050 are similar to those in 2010, even tholgir regional NQemissions decrease by ~50%. The contributiongfefent
sources to the total surface €hange has been analysed for each source reggqumés S2 to S13). Results for Europe (Figure.
10 7) and South Asia (Figure. 8) are shown here, esethegions experience contrasting changes inceu@a Across Europe,
surface @ from local and remote (mainly North American) sms is reduced in response to emission decreasgsha
contribution from CH increases by 1.6 ppbv in 2050 (Fig. The increase in global GHbundance in the CLE scenario
increases surfaces@ver Europe, offsetting the reduction ig fiom local and remote sources. This contrastsigtyowith
South Asia where local sources dominate the totateSponse. This demonstrates how different locdl le@mispheric

15 emission control strategies are needed in differegibns.

For the CLIM (climate policies on current legistat) scenario, annual mean surface d®@ncentrations in 2050 decrease
slightly or stay at 2010 concentrations due to c#idas in anthropogenic emissions and control of €rissions leading to
a decrease in its abundance (Table 4). The soortelwution analysis for Europe (Fig. 7) and Sosiia (Fig. 8) shows that
20 CHjcontributes 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 abetribution to
European surfacesg@hanges in 2050, increasing to -1.3 ppbv. Howea@nss South Asia the contribution from local sesr
(+3.2 ppbv) is greater than from remote sourced ppbv) in 2050, reflecting the importance of logmissions in this region.
The contribution of Chisources to the total surface @sponse is smaller in CLIM due to the targetin@€H, for climate
25 mitigation purposes. The implementation of thes®aate policy measures shifts the dominant factvinly future Q changes

within a receptor region towards extra-regionalrses.

The MTFR scenario (maximum technically feasibleuabn) considers large reductions in emissionsbi@at) and
consequently predicts reductions in surfagec@centrations of up to 9 ppbv by 2050. Reductiminsurface @in Europe
30 (Fig. 7) are dominated by changes in remote soued®ugh changes in GHbecome increasingly important by 2050. For
South Asia, the surfaces@esponse is dominated by changes to local andteesmission 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 1P6 Emissions

35 We provide an initial assessment of surfagelanges from a subset of the preliminary emissgamarios developed for the
CMIP6 project fittps://tntcat.iiasa.ac.at/SspDBaoet al., 2017) based on shared socio-economic pathwayBsjS&ive

baseline SSPs are defined (SSP1-5) based on diffe@mbinations of future social, economic and enental
development trends over centennial timescales ({'N¢ al., 2014). Different climate targets, defth in terms of
anthropogenic radiative forcing by 2100, are coradinwith the baseline SSPs to develop future saenddr climate
40 mitigation, including additional assumptions oremmational co-operation, timing of mitigation andent of fragmentation
between low and high income economies (van Vuureh €2014; Riahi et al., 2017). Scenarios ofrsgranedium and weak

11
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future air pollutant emission pathways are mapp#d the SSPs and represent differing targets fiutm control, the speed
at which developing countries implement strict colst and the pathways to control technologies (Raal., 2017).
Increasingly stringent air pollutant emission cofsgtrare assumed to occur with rising income lebetsause of the increased
focus on human health effects and the decliningsaafscontrol technology. SSP2 is a medium pollutiontrol scenario that
follows current trajectories of increasing levefsregulation. SSP1 and SSP5 are strong controlasimEnwhere pollution
targets become increasingly strict. A weak pollutientrol scenario is adopted in SSP3 and SSP4evtherimplementation

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

We select three preliminary SSPs to represent sesnaf business as usual (SSP3 BASE), middleefdlad (SSP2 60) and
enhanced mitigation (SSP1 26). The SSP2 60 and 36Baenarios have climate mitigation targets 0fetd 2.6 W nd in
2100 applied to them. Currently, air pollutant esioas for each SSP are available globally and adies world regions from

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

source regions and the grouping of regions is shiowkeble 8 along with the percentage change ibal€H abundance
and NG emissions over the period 2010 to 2050. The redathanges in CO and NMVOCS emissions are showalite S4
and S5. Gridded versions of these emission scenaiibbe made available in due course (K. Riakispnal communication,

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

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

a slightly larger influence from CHhan in CLE (Fig. 11).

For SSP2 60 (middle of the road scenario), sur@aceoncentrations reduce slightly by 2050 and toeatgr extent than in
ECLIPSE CLIM due to the larger reductions in N&nissions and global Glbundances (Table 4 and 9). Over South Asia,
NOy emissions in SSP2 60 decrease by 22% from 202056, with a correspondings@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 combinedhegdtor Europe and South Asia the source contobsitfor each region
(Fig. 10 and 11) are similar to those in CLIM. Reéensources are more important under this internediémate mitigation

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

Large reductions in surface;@oncentrations are predicted across all regiotisarstrong mitigation scenario (SSP1 26) (Fig.
9). The improvements in{&oncentrations are less than predicted under @dESE MTFR due to a smaller reduction in
NOy emissions. Northern mid-latitude regions show o#idas 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, wiscdless than under MTFR.
The source contributions for both Europe (Fig. 40) South Asia (Fig. 11) are similar to MTFR witte timportance of
remote sources and the increasing importance ab@t2050 evident over Europe. Over South Asiajribeeasing importance

of local and CH sources is clear by 2050.

This analysis of preliminary CMIP6 emission sceostighlights the large range of future regionafaze Q responses that

are possible depending on the climate and air foitupolicies applied. The assumptions within eatkhe future SSPs,

12
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particularly for CH, results in different sources dominating the dbation to the total surfaces®esponse. Uncertainties in
the assumed growth rate of @tthder the two current legislation scenarios (Cht 8SP3 BASE) resultin a 1 ppbv difference
in surface @over Europe and North America, highlighting theportance for future air quality of reducing €béh a global
scale. The CMIP6 scenarios allow a larger rangeattiways to be explored than were available in BRSH or the CMIP5

5 RCPs, including those of strong, medium and wediipe on air pollutants and climate change. Thepeterisation can be
used to provide a rapid assessment of the impadiffefing policy measures on surface €éncentrations 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

10 Asdiscussed in section 2.3, the parameterisatisrbeen extended to generate three-dimensiardis@ibutions throughout
the troposphere, using a tropopause defined ascar@entration of 150 ppbv (Prather et al., 200i)pospheric @column
burdens are calculated in each grid cell for eawisgon scenario. These are used to infer chamg@sradiative forcing by
using the relationship between radiative forcing opospheric column{gw nm2 DU) and its spatial variation with latitude
and longitude from the ACCMIP multi-model ensem{8¢evenson et al., 2013). TropospherichOrdens and ©radiative

15 forcings are calculated for the CMIP5 RCPs to eataluhe parameterisation against values from thEMIP multi-model
study (Stevenson et al., 2013). Additionally, fetprojections of @radiative forcing are made for the ECLIPSE and EMI
SSPs.

The change in tropospherie Burden for the ECLIPSE CLE scenario in 2030 fromparameterisation was evaluated against
20 the change from the equivalent HadGEM2-ES simufatioself-consistent test. The parameterisatiodymed a change in
global tropospheric O3 burden of -0.9 Tg which canes well with the -1.0 Tg change from HadGEM2-E8utations. In
comparison to the ACCMIP multi-model mean (Stevensbal., 2013), the parameterisation producesgd®smm the global
O3 burden and ©radiative forcing from 2000 to 2030 for RCP2.6 &@P6.0 (Table 9) relatively well but underestinsate
the magnitude of change in RCP4.5 and RCP8.5 (atindt remains within the range of ACCMIP modelpesses). The
25 parameterisation also underestimates the changgsbal Q burden and radiative forcing between 1980 and 2@d@pared
to the ACCMIP multi-model mean. The parameterisexsponse compares reasonably well for smaller esnisianges but
is unable to reproduce fully the larger changefénhigh emission (low mitigation) scenario (RCP8&s it does not include
natural emissions or represent impacts @fr@n changes in climate that are contained withsWACCMIP models. The net
impact of climate change on global troposphericd@iative forcing was estimated from the ACCMIPItinmodel ensemble
30 to be between -20 to -30 mW%ia negative feedback) (Stevenson et al., 2013).

A global Q; radiative forcing of +0.05 to +0.08 Whin 2050, relative to 2010, is estimated undeldemitigation scenarios
(RCP8.5, CLE and SSP3 BASE) (Figure 12). The ingéeliate mitigation scenarios of RCP4.5, RCP6.0 8812560 show an
O; radiative forcing of 0 to -0.04 Win 2050, with almost no change under CLIM. The ensiringent mitigation scenarios
35 (RCP2.6, MTFR and SSP1 26) exhibit asr&diative forcing of between -0.07 and -0.15 Wny 2050. The parameterisation
is able to predict the wide range of impacts thiatate and air quality policies could have on sherm climate forcing from
Os. It can be used as a rapid screening tool to s#Hecmost appropriate climate scenarios to expiarther in full model
simulations that can provide more detailed preditsti The current business-as-usual scenarios fdAPEMECLIPSE and
CMIP6 increase the climate forcing of By approximately 0.06 W thin 2050, whereas the strong mitigation scenarin@h
40 alarger effect in reducing the near-term climateihg of Q by about 0.10 W ra
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The parameterisation generates gridded changé®itrapospheric ©column burden and radiative forcing, which can be
used to calculate changes over different regioigair€s 13 and 14 show that the largest relativegés in Q burden for the
ECLIPSE scenarios occur over the Middle East, S8sth and South East Asia (> 10%), with a corresjizmlarger impact
on O; radiative forcing (-0.3 W rhin MTFR). Smaller relative changes in the tropasjthQ; burden are found for CLE over
Europe and North America. For MTFR a 15% reductio®; burden is predicted over Europe and North Amesuailar to
that over South Asia, but the change inr@diative forcing is not as large (-0.2 W?raompared to -0.3 W ¥hover South
Asia). The parameterisation allows the regionaltean climate implications (in terms of;@diative forcing) from future
emissions changes to be explored under differemfuelity and climate policy scenarios. It alsotights 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 serf@gresponses to
changes in precursor emissions and; @blundances based on multiple models. We incopaeesults from phase 2 of the
Hemispheric Transport of Air Pollutants projectcieate an enhanced parameterisation that incluel@smodels, a greater
number of source regions, a new baseline of 20@0aanextension to three dimensions to represemh@nges throughout
the troposphere. These improvements allow impat&uoface @concentrations and the near-termr@diative forcing to be
calculated from different emission scenarios. Modé&hulations using HadGEM2-ES confirm the validiof the
parameterisation and adjustments made here. Tharslight increase in the response ofddCH, for the TF-HTAP2 models,
resulting in a slightly higher sensitivity ofs@ CH: changes. The extent of the difference varies meg@nal basis, but is
within the range of model responses in TF-HTAP1.

The parameterisation is shown to perform well umdest conditions, although there are larger unioits for future surface
Os responses over South Asia where changes in emssai@ particularly large. Emission changes froemRICPs are used
with the parameterisation and it predicts simildrammges in surface sOconcentrations to those from the original
parameterisation (Wild et al., 2012), although ramnoss a larger number of source/receptor regioegospheric @burden
and Q radiative forcing calculated using the parame#tias compare well with the ACCMIP multi-model meaaiues for
intermediate emission scenarios (RCP2.6 and RCR6.2)30 but underestimate the large changes in8&C8ue to the
neglect of climate induced changes within the patansation. The parameterised approach permitd egsessment of the
impact of future emission changes over 14 sourgmms and associated uncertainties on both sueaderopospheric ©
concentrations, and allows identification of théfeting contributions of local, remote and €kburces to the £response.
This enables quantification of the impacts of fatair quality and climate emission policies on acefair quality and near-

term climate forcing by ©

Applying future emissions from ECLIPSEV5 and thelipninary SSPs, we show that annual mean surfaa@rentrations
are likely to increase across most world region2@30 under current legislation scenarios, withdancreases 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 increasesifiace Q@
concentrations across the world. Implementing enestated climate policies on top of current legiin maintains future
surface @ concentrations at or slightly below 2010 conceitres, counteracting the increases that occur underent
legislation. This is achieved mainly through reéuts in CH, highlighting the importance of controlling Glh limiting

future changes in £concentrations, as shown in Wild et, 2012). Policies that have stringent emissiontrods lead to
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substantial reductions in surface éncentrations 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) underdherent legislation scenarios of
5 the SSPs and ECLIPSE. There is a large and divegsenal response inzQadiative forcing with some regions e.g. Middle

East and South Asia more sensitive to changes iss@ns than others, and these show a large pesitivadiative forcing

under current legislation. However, applicationagfressive emission mitigation measures leadsrge leeductions in ©

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

10 The new parameterisation provides a valuable assggstool to evaluate the impact of future emisgpoticies on both
surface air quality and near-term climate forcira ;. It also provides a full source attribution alomith a simple measure
of uncertainty, given by the spread of the multidmloresponses that reflect different transport ememistry processes in
models. Whilst not replacing full chemistry simideus it provides a quick way of assessing whertartget future modelling
efforts. However, these {0esponses are based on changes to anthropogeissiara only, with no account taken of the

15 impact on Qand/or its natural precursor emissions due taéuthanges in chemistry or climate. The parametiois could
be extended further by including a feedback fattotake some account of the impact of future cleneihange on ©
Additional improvements could include coupling theput to an offline radiation model to enable ioy&d calculation of ©
radiative forcing, using ©fields from the parameterisation within a landface model to assess the impacts afod
vegetation and the carbon cycle or withddse-response functions to calculate impacts amhthealth.
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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 MACCity and EDGARV4.3.1 emission inventories)

Annual total relative (%) emission change between 2000 and 2010
Global Europe North America South Asia East Asa Restof 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 ozone valuesfrom all TF-HTAP1 modelsin 2001 (H-1), the par ameterisation
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 H2 H-1 H-P H2 H1 HP H2 H1 HP H2 H1 HP H2

Min 212 215 230 302 301 299 294 283 297 35263353 289 308 317
Mean 274 272 264 374 369 358 358 349 351 40.244407 355 372 355
Max 320 300 323 428 424 420 408 39.7 412 448.0450.7 389 407 413

Standard Deviation 294 271 3.33 3.84 379 445 356 354 385 37803335 292 291 527

5 NB-The TF-HTAP2 models used to provide the 201dhezconcentrations are CAMchem, Chaser_rel, Chasér GIFS, GEOS-Chem
adjoint, HadGEM2-ES, Oslo-CTM
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Table 3. Modelscontributing to each of the TF-HTAP2 emission pertur bation experiments, in addition to thosefor 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)
EMEP_rv4.8
(Simpson et al., 2012)
GEOS-Chem
(Henze et al., 2007).
HadGEM2-ES
(Collins et al., 2011)
OsloCTM3_v2
(Sevde 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, NANefth Africa, SAF — Southern (Sub-Saharan/SaheticAf MCA — Mexico
5 and Central America, SAM — South America, SEA — 8dtast Asia, CAS — Central Asia, PAN — Pacific Ausrand New Zealand, OCN
— Ocean (for region definitions see Koffi et, 016)

X
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Table 4. Percentage changein global CH4 abundance and global and regional annual NOx emissions relative to 2010 over each TF-
HTAP2 region for the different ECLIPSE V5a emission scenarios (CLE, CLIM and MTFR). MTFR scenariosareonly availablefor
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 N& -7 -6 6 19 -17 27 -26 -24 -88 -86
Regional NOx Emissions
Central America 13 11 21 30 1 -16 -16 -11 46 -79
Central Asia 10 15 18 26 -5 -16  -26 -32 57 -80
East Asia -14 -16 -8 -3 -16 -27 -25 -24 -50 -61
Europe -31 46 50 50 -33 51 57 58 -67 -T2
Middle East 18 31 51 72 -6 -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 -73 78-
North Pole 1 -1 -15 -13 -15 -22 -19 -23 -61 -78
Ocean 6 02 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 -12 -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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Table 5. Monthly and annual mean surface Oz changes (ppbv) from the TF-HTAP2 multi-model mean and the parameterisation
over South Asiadueto a20% reduction in anthropogenic precursor emissionsover thisregion. M ulti-model mean values ar e shown
with +/- 1 standard deviation for the available TF-HTAP2 models and the parameterised approach is based on multiple models.

Surface O3 response (ppbv +/- one standard deviation)

TF-HTAP2 South Asia Experiment January April July October Annual Mean
TF-HTAP2 Multi-model M odelN8 -1.67+0.73 -1.48+0.29 -1.22+0.21 -1.72+0.44 -1.51£0.35
Parameterisation mean (multi-models) -158+0.54 -148+039 -1.09+0.33 -1.89+0.55-1.50+0.29

5 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 6. Annual mean surface Os change (ppbv plus one standard deviation) in 2030 and 2050 (relative to 2010) for each RCP
scenario derived from the parameterisation in this study and that of Wild et al., (2012).

Global Surface Os response from 2010 to 2050 (ppbv)

This Study Wild et al., (2012)
CMIPSRCP 2030 2050 2030 2050
RCP2.6 15+-01 24+-03 -12+-03 -2/005
RCP4.5 201+-01 -1.1+4/-02 -02+-02 -8/80.4
RCP6.0 05+/-01 -0.7+-0.1 -04+-01 -8/40.2
RCP8.5 +0.7+/-02 +1.0+-05 +1.0+/-02 +#50.5
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Table 7. Methane lifetime (r) and feedback factor in TF-HTAP2 models that provided appropriate data (OH and CHa
concentr ations).

Model TF-HTAP2 Experiment ToH! Trotal® F
CHASER _rel BASE 7.19 6.51

CH4INC 7.62 6.86 1.46
HadGEM2-ES BASE 8.8 7.8

CH4INC 9.29 8.17 1.40

CH4DEC 8.43 7.51 1.37
TF-HTAP1 Mean 10.19 +/-1.72 8.84 +/-1.33 1.330:0D6

1 CHa lifetime for loss by tropospheric OH (years) definas atmospheric burden in each experiment diigietie tropospheric CHoss
5 rate with OH with a tropopause of 150 ppb afuBed.
2 Total atmospheric CHifetime (years) defined as the reciprocal mearoafand assuming a lifetime in the stratosphere arld ebi.20
years and 160 years respectively (Prather et@01)2
3 The feedback factor is the ratio of the atmosghe@sponse (or perturbation) time to the globalafheric lifetime. It is defined gs=
1/(1 - S) where S is determined from the BASE ands@Hrturbation simulations and definedSas (6 ln(r))/(&ln[CH4]) and CH4
10 abundances for TF-HTAP2 are 1798 ppbv in BASE, J§#& in CH4DEC and 2121 ppbv for CH4INC (Prather t24101).
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Table 8. Percentage changein 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 -5 -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 -12 -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 9. Multi-mean parameterised responses in annual mean global ozone burden and ozone radiative forcing in 1980 and for the
CMIP5 emission scenariosin 2030, with changes calculated relativeto the year 2000 for comparison with valuesfrom ACCMIP (+/-
1 standard deviation of multi-model responses).

Ozone Burden (Tg) Ozone Radiative Forcingrelativeto
Total Change from 2000 2000 (MW m-?)

Year Parameterisation ~ACCMIP* Parameterisation ACCMIP* Parameterisation ACCMIP*
1980 322 322 +/- 22 -10 -15 -42 -59 +/- 59
2000 332 337 +/- 24 0 0 0 0
RCP2.6 2030 318 319 +/- 22 -14 -18 -49 -39 +/- 52
RCP4.5 2030 331 344 +/- 26 -1 +7 +4 +37 +/- 45
RCP6.0 2030 327 336 +/- 31 -5 -1 -17 -16 +/- 66
RCP8.5 2030 340 357 +/- 26 +8 +20 +35 +83 +/- 61

5 *- Mean tropospheric Ozone burden and radiativeifig between future year and 2000s from the ACCMIRtirmodel ensemble as
presented in Young et al., (2013) and Stevensah,g2013)
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Figure 1: Source/Receptor regionsused in TF-HTAP2 (coloured regions) and TF-HTAP1 (solid grey line boxes) experiments.
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Figure2: Sensitivity of monthly surface Oz changesin HadGEM 2-ES (solid lines) and that of the parameterised response using solely
HadGEM-ES as input (dashed lines) to 20%), 50% and 75% reduction in all precursor emissions over the European source region

5 (a) and theremote 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 valuesarein black with monthly responsesin grey and the highest and
lowest months are highlighted in red and blue.
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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 (a) 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.

5 Osresponses are calculated over the South Asian region as defined in both TF-HTAP1 and TF-HTAP2 (Fig. 1). Grey shading
represents the spatial distribution of Oz changes across all grid boxes, coloured boxes show the range of the 25t to 75" per centile
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
5 parameterisation of Wild et al., (2012) for each scenario is represented as circles, but due to differencesin regional definitions a
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straightforward comparison with TF-HTAPL regions (Europe, North America, South Asia and East Asia) isnot possible.
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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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Figure 7: Total annual mean changein regional surface Os 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 Os
changes, showing the spread in model responses; Solid lines show the multi-model mean. Error bars represent one standard
deviation over themodel range. Thelast row of panels showsthe Os response from individual sour ces plotted together for each year.
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Figure 8: Same as Fig 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 baseline (red), SSP2 with a radiative forcing target of 6.0 W m? (purple) and SSP1 with a

5 radiativeforcing target of 2.6 W m2 (green).
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Figure 10: Total annual mean changein regional surface Os concentrationsover Europeand 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 thelocal and methane panels represent individual model estimates of Os changes,
showing the spread in model responses; solid lines show the multi-model mean. Error barsrepresent one standard deviation over
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the model range. Thelast row of panels showsthe Os 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 ozoner adiative forcing relativeto 2010 for the different CM1P5 RCPs
(circles), ECLIPSE (diamonds) and CMP6 SSPs (squar 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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