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Author’s response to referee comments on “The Impac t of Future Emission Policies on
Tropospheric Ozone using a Parameterised Approach”

S. T. Turnock et al.
Correspondence to: S. T. Turnock
(steven.turnock@metoffice.gov.uk)

We would like to thank all of the reviewers for their helpful and constructive comments. Below we have responded
to each comment in turn and made alterations to the manuscript where appropriate (shown enclosed in “speech
marks and italic font” and any deletions from the manuscript shown with a strikethrough “example”). The referee
comments are shown first in grey shading and the author’s response is shown below in normal font.

Response to Referee 1

Overall, | think this will be an important and useful paper detailing the impact of a great many future emission
scenarios on surface ozone and radiative forcing. In general, the paper is well written with lots of detailed tables
and clear figures. | would recommend publication following the changes detailed below.

Major Comments

1. Overall, | found the explanation for the parameterization rather confusing and not straightforward. Please
think about how to make the explanation more precise. Some details...P4, L5: "the scale factor, f, is replaced by
g". This is a rather confusing way to put it. Why don’t you write out the full parameterization from the beginning
by defining the various terms in equation (2) dependent on the constituent and not explain the parameterization
by first defining f, then replacing f with g? Once could easily expand equation (2) to include the definitions for the
various constituents. In addition, equation (2) is written as one might write out a computer code, but does not
make sense from a mathematical viewpoint. Where does the factor (2f-g) come from. The factor g is evidently
different for both CH4 and NOx from that given in equation 2? (equation 3). This should be discussed at the
beginning and not mid-way through the paper. Where exactly is the ozone adjustment factor used (page 10)?
Section 2.1 is titled "Original Ozone Parameterization", but as far as | understand it is also the parameterization
used in the present paper.

We would like to thank the reviewer for their useful comments on the initial description of the parameterisation
and appreciate some of the confusion in the description. The parameterisation used in this study is fully consistent
with that of Wild et al., (2012) but we have updated the notation to make it easier to follow.

Section 2.1. has been renamed as “Parameterisation of Ozone”.

To avoid some of the confusion with equation 2 in the manuscript a new fractional emission change factor (r) is
defined as below and becomes equation (1):

AEL']'
Y, == ——
U —02+Ej

(1)

Equation (2) in the original manuscript has been replaced with the following three equations (which now become
equations 3, 4 and 5) to clearly identify the different emission scaling factors and when they are used in the
parameterisation.

fij =1 Linear Scaling of Osresponse (3)
fij = 0.957;; + 0.05r5- Scaling accounting for reduced O; increases from NOy and CH, (4)

fij = 1.057;; — 0.05r5- Scaling for titration regimes where decreasing NOy increases O (5)
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In addition, a schematic (shown below) has now been included in the supplementary as Figure S1 to show the
various steps to the parameterisation and when to use the different scaling factors.

1. Calculate fractional emission change (r)
AE;;

T 02 % E;

2. Generate scaling factors (f)

2.2. Non-linear scaling accounting for
reduced O; increases from NOx and CH,

f,‘j = 0957’,] + 0057’5

Y

3. Apply different scaling factors to precursors and source regions under
different chemical regimes

-

2.3. Non-linear scaling for titration regimes
where decreasing NOx increases O;

fij = 1057’11 - 0057'13

2.1. Linear scaling of
O; response
fij =1
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Figure S1 — Schematic showing the different steps used in the parameterisation from calculating a fractional emission change
(1), to generating an emission scaling factor (2) and applying this to the appropriate precursor in a particular chemical regime
(3). The figures at the bottom illustrate the effect of applying the quadratic function compared to the linear one in the
different chemical regimes.

We have amended Section 2.1 to make it clearer and easier to read and reflect the changes above. For the
convenience of the reviewer we present the entire revised section 2.1 below.

“ 2.1 Parameterisation of Ozone

The parameterisation developed in this study is based on an earlier version developed from the TF-HTAP1
experiments by Wild et al., (2012). This simple parameterisation enabled the regional response in surface Os
concentrations to be estimated based on changes in precursor emissions and CH, abundance. The input for this
parameterisation came from 14 different models that contributed to TF-HTAP1. All the models ran the same
emission perturbation experiments (20% reduction in emissions of oxides of nitrogen (NOx), carbon monoxide (CO),
non-methane volatile organic compounds (NMVOCs) individually and all together) over the four major northern
hemisphere source regions of Europe, North America, East Asia and South Asia. Additional experiments included
global perturbations of emission precursors (E), as well as a 20% reduction in global CHs abundance. The multi-
model Os responses from the 20% emission perturbation experiments (AO5, for emissions of NOx, CO and NMVOCs
and AO5,, for CH,) are then scaled by the fractional emission changes (r) from a given emission scenario over each
source region (Eq. 1).
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The monthly mean Os response (AOs) is calculated as the sum over each receptor region (k) of the scaled O;
response from each model to the individual precursor species (i - CO, NOx and NMVOCs) in each of the five source
regions (j - Europe, North America, East Asia, South Asia and rest of the world), including the response from the
change in global CH, abundance (Eq. 2, reproduced from Wild et al., 2012).

A03(k) = ¥i-1 X5-1 fijAOse (i,), k) + frnAO3p (k) (2)
fij =i Linear Scaling of Osresponse (3)
fij = 0.957;; + 0.05r5 Scaling accounting for reduced O; increases from NOy and CH, (4)
fij = 1.057;; — 0.05r5 Scaling for titration regimes where decreasing NOy increases O (5)

A linear emission scale factor (Eq. 3) is used in Eq. 2 for each emission scenario involving the precursor emissions
CO and NMVOCs and is defined as the ratio of the fractional emission change to the 20% emission reduction in the
TF-HTAP1 simulations. A similar scale factor for methane (fm) is based on the ratio of the change in the global
abundance of CHa to that from the 20% reduced CH, simulation (A[CH,]/—0.2 X [CH,]). Perturbations to
emissions of CO, NOx and NMVOCs induce a long-term (decadal) change in tropospheric Os from the change in the
oxidising capacity of the atmosphere (OH) and the CH, lifetime (Wild and Akimoto, 2001; Collins et al., 2002;
Stevenson et al., 2004). The long-term impacts from 20% global emission reductions can reduce the Os response
by 6-14% from NOx emission changes and increase the Os; response by 16-21% from CO changes (West et al., 2007).
This long-term response is not accounted for in the simulations used here as CH, abundances are fixed.

Wild et al., (2012) found that this simple linear scaling relationship between emissions and surface O3 was
sufficient for small emissions perturbations, but that the relationship started to exhibit larger non-linear behaviour
for larger perturbations, particularly for NO. The linear scaling factor was found to be sufficient for the surface
Os response from emission perturbations of CO and NMVOCs as non-linear behaviour from these precursors is
small (Wu et al., (2009). To account for non-linear behaviour of surface Os to NOx emission changes, a quadratic
scaling factor (Eq. 4) is used, based on additional simulations of surface Os; response over a larger range of emission
perturbations in Wild et al., (2012).

For the special case of source regions that are under titration regimes, where a reduction in NOx emissions may
lead to an increase in O3, the curvature of the response is reversed for NOx emission decreases (Eq. 5), as described
in Wild et al., (2012). A linear scale factor is used for emission increases under these conditions (Eq. 3). The spatial
extent of ozone titration is assumed constant as the parameterisation is based on differences between two model
simulations and is therefore unable to represent any future changes in chemical regime.

The surface O; response to changes in global CH, abundances shows a similar degree of non-linearity as that
from changes in NO, emissions (Wild et al., 2012). Therefore, the non-linear scale factor (Eq. 4) is also used to
represent the Oz response to changes in CH, abundances.

In summary, the surface Os response to CO and NMVOC emission perturbations is represented by the linear scale
factor (Eq. 3) and to changes in NOx emissions and CH4; abundances by the non-linear scale factor (Eq. 4). For
source regions under titration regimes, the surface Os response to NOx emissions is limited by Eq. 5 for emission
decreases but uses the linear scale factor (Eq. 3) for emission increases. The parameterisation is represented
schematically in Figure S1 of the supplementary material.”

Equation 3 was generated from TF-HTAP2 models to test whether the non-linear representation from Wild et al.,
(2012) was still valid. Since the response in this equation is comparable to that in Wild et al., (2012) it was decided
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for consistency to retain the same non-linear scaling factor and as such is presented in Section 3.3 as a comparison
to TF-HTAP1. The adjustment factor on page 10 was only used to compare the O; response from CH, between TF-
HTAP1 and TF-HTAP2 models. The incorporation of O; response to CH, within the parameterisation are described
within Section 2.3.3 (Additions from TF-HTAP2) on Page 7 Lines 1 to 4.

2. | think the paper could do a better job of emphasizing which results should be believed and which should be
treated with skepticism. There are a number of emission scenarios where the emission change is over 50% (either
with a positive or a negative change). To what extent should the results from these scenarios be believed? Results
that should be treated with caution could be clearly indicated in the tables.

The radiative forcing calculation does not seem particularly accurate. The authors claim that the parameterization
reproduces the ACCMIP changes fairly well (p13, 123), but if | understand correctly the parameterized radiative
forcing should be 20 to 30 MW m-2 larger than the ACCMIP results (as it does not account for the climate
feedbacks which represent a large part of the ACCMIP signal). Thus, it looks like in most cases the future mean
radiative forcing is dramatically underestimated (although, perhaps with the extremely large error bars in ACCMIP
it is difficult to really say anything meaningful). Unless | missed it, the authors compared the change in the ozone
burden between the parameterization and HadGEM2-ES but not the overall radiative forcing. Without some more
evidence, and in a context that does not assume changes in climate, it is somewhat difficult to see what the
parameterized radiative forcing calculation adds. | am willing to be convinced otherwise, but do need some
convincing.

The paper often makes somewhat vague statements about the comparison of the parameterization to explicit
results (e.g., it states that the parameterization is valid, or compares well : : :). It would be nice to see in the
conclusion a somewhat more explicit discussion of when and under what scenarios the parameterization should
be believed: e.g., should it be believed under scenarios with large changes (e.g., +/- 50%), over regions where
decreasing NOx increases ozone, over southeast Asia even with small emission changes, for the radiative forcing
in 2100 given the strong climate influence etc? In other words, the certainty bounds should be discussed and
quantified in more detail with an overall summary given in the conclusions.

In section 3.1 we evaluate the parameterisation for emission reductions of 20%, 50% and 75% over Europe, a
region where deviation from linear behaviour can be large. Detailed testing and evaluation of the limitations of
the parameterisation was carried out in Wild et al., (2012), where emission perturbations ranging from a doubling
of emissions to a complete removal were undertaken. Wild et al., (2012) found that errors remained below 1
ppbv for emission changes of less than +/- 60% and we find very similar results, with regional monthly mean
errors below this level even with a 75% emission reduction (Fig. 2). We do not expect the parameterisation to
work as well for large emission perturbations of greater than 75% or for source regions under a titration regime.
The limitations of the parameterisation are further discussed in Section 3.2 and summarised on P9 Lines 13 to 16
where the parameterisation is compared and evaluated against global model simulations. But based on the
reviewers comments we have attempted to make the limitations of the parameterisation clearer in the
manuscript by including the following changes.

P7 line 30 has been amended to:

“This small internal error between the parameterisation based on HadGEM2-ES and HadGEM2-ES simulations
indicates that the parameterisation of Oz is working well for emission changes at least as great as 50%. This is
similar to the results of Wild et al., (2012) where more detailed testing found that that the parameterisation
resulted in errors of < 1 ppbv for emission perturbations of up to +/- 60%. Here, monthly mean errors are < 1 ppbv
for a 75% emission reduction (Fig. 2). The parameterisation is not expected to perform as well for emission
perturbations of larger than +/- 60% and in source regions under titration regimes.”
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Discussion of the limitations of the parameterisation have also been added to the conclusion section as described
below:

P14 Lines 19 to 20 have been removed

New text has been inserted at P14 Line 18 of the conclusions to provide a discussion of the limitations:

“However, larger errors may occur when using emission changes of greater than +/- 60% and when considering
long term future scenarios where there may be a significant influence from climate change. In addition, the
parameterisation may not perform well over regions where chemical titration is expected to become dominant in
the future under large emission increases e.g. South Asia, as it is based on the ozone responses in 2010.”

Thank you to the reviewer for their useful comments on the comparison to the ACCMIP models. We have
completely revisited this section in the manuscript. Results in the APCD manuscript for the comparison to ACCMIP
were based on an adjustment to O3z responses from emissions perturbations over the period 2010 to 2030 to
correct them to the baseline year of 2000. To provide a more direct comparison with the ACCMIP models and
the results from Wild et al., (2012) we have re-calculated the responses using the baseline year from the TF-
HTAP1 models (2001) and the fractional changes in total emissions based on the period 2000 to 2030.

The results from this more consistent comparison are presented below as an amendment to Table 6, Table 9 and
Figure 5 in the original manuscript. The global annual mean surface Os response for the CMIP5 scenarios in 2030
and 2050 now shows a very close agreement between the parameterisation in this study and that of Wild et al.,
(2012). Similarly, the prediction of the change in global surface O3 response by the parameterisation is within the
spread of the ACCMIP multi-model mean response for the CMIP5 RCPs in 2030. The calculated change in global
05 burden and Os radiative forcing for each of the CMIP5 RCPs is now within 1 standard deviation of the ACCMIP
multi-model mean response. Differences between the parameterisation and the ACCMIP models are expected as
the latter contain the influence of climate change and stratospheric sources on tropospheric ozone. The climate
change signal for the ACCMIP models reported in Stevenson et al., (2013) was -24 +/- 27 mW m over the period
1850 to 2000 and -25 +/- 25 mW m for RCP8.5 for the period 1850 to 2030. Therefore, as expected, there is only
a relatively small influence of climate change over the period of 2000 to 2030s.

An additional test was performed for emission perturbations under the ECLIPSEv5a current legislation scenario in
2030 comparing the parameterisation based only on HadGEM2-ES input with HadGEMZ2-ES simulations. The
results (new Table 5 below) show that the parameterisation is able to reproduce the changes seen in the
HadGEM2-ES model simulations based only on emission perturbations.

The following amendments have been made to the manuscript figures, tables and text to reflect the above results.

Table 6 has been replaced in the manuscript by the following, now identified as Table 7:



Table 7. Annual mean surface @ change (ppbv plus one standard deviation) in 203@nd 2050 (relative to 2000) for each RCP
scenario derived from the parameterisation in thisstudy and that of Wild et al,, (2012).

Global Surface G response from 2000 to 2050 (ppbv)

CMIP5 RCP This Study Wild et al., (2012)
2030 2050 2030 2050
RCP2.6 -1.1+/-01 -19+/-0.3 -1.1+/-0.3 -2/005
RCP4.5 -0.1+/-0.1 -0.8+/-0.2 -0.2+/-0.2 -8/80.4
RCP6.0 -04 +/-0.1 -04+/-0.1 -04+/-0.1 -8/40.2
RCP8.5 +1.0+/-0.2 +15+4/-05 +1.0+/-0.2 +#/50.5

Table 9 has been replaced in the manuscript by the following, now identified as Table 10:

5 Table 10. Multi-mean parameterised responses in anallmean surface ozone, global ozone burden and ozoradiative forcing in
1980 and for the CMIP5 emission scenarios in 203@;th changes calculated relative to the year 200®if comparison with values
from ACCMIP (+/- 1 standard deviation of multi-model responses).

Surface Ozone (ppbv) Ozone Burden (Tg) Ozone Radig Forcing (mW nt?)
Year Param  ACCMIP* Param ACCMIP* Param ACCMIP*
1980 -1.3 -1.3+-04 -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 -0.4 -0.8+/-1.0 +0.3 -2+/-11 +2 -1339
RCP8.5 2030 +1.0 +1.5+/-0.7 +20 +23 +/-7 +80 +BR6

* - Mean change in the tropospheric Ozone burdehradiative forcing between 2030 and 2000s fromABEMIP models that provided
results for each year of each scenario, as pratenfeable 5 of Young et al., (2013) and Table 1 3t@venson et al., (2013).

10 The numbers from Wild et al., (2012) on Figure 5 have been slightly amended as shown below.
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Figure 5. Annual mean regional surface; ©hanges between 2010 and 2050 from the paransiensfor the CMIP5
emissions scenarios of RCP8.5 (red), RCP6.0 (ojaRg&P4.5 (light blue) and RCP2.6 (blue). The glabaface Qresponse
from the parameterisation of Wild et,g2012) for each scenario is represented as sirbig due to differences in regional
definitions a straightforward comparison with TF-MH1 regions (Europe, North America, South Asia Badt Asia) is not
possible.

The following new table (Table 5) has been included in the manuscript now to show the comparison of the
parameterisation against HadGEM?2-ES simulations for the ECLIPSE CLE scenario in 2030, neglecting any influence
from climate change occurs.

Table 5. Parameterised responses based only on HadGRNES input for annual mean surface ozone, global ome burden and ozone
radiative forcing using the ECLIPSE CLE emission scendos in 2030, with changes calculated relative tde year 2010.

Surface Ozone (ppbv) Ozone Burden (Tg) Ozone Radia# Forcing (mW n1?)
Scenario Param! HadGEMZ2-ES Param' HadGEM2-ES Param' HadGEM2-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 parameterisatgingthe relationship between radiative
forcing and tropospheric columrs©hange based on multi-model ensemble mean réguitsACCMIP

P8, Line 20 to 22 the sentence is amended to:

“Monthly (Fig. 3) and annual (Table 5) surface Os changes between 2010 and 2030 over the TF-HTAP2 regions for
the ECLIPSE V5a CLE scenario from the HadGEMZ2-ES simulation are compared to that from the parameterisation
(based solely on HadGEM2-ES model responses and based on responses from all models).”

P13, Line 19 to 31 has been amended to:

“The change in tropospheric Os burden and Os radiative forcing for the ECLIPSE CLE scenario in 2030 from the
parameterisation was evaluated against the change from the equivalent HadGEM2-ES simulation (Table 5), a self-
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consistent test based only on emission perturbations with no influence from climate change. The parameterisation
is able to reproduce the change in global tropospheric Os burden (-0.93 Tg) and O3 radiative forcing (-0.6 mW m"
2) simulated by HadGEM2-ES (-0.95 Tg and -0.9 mW m), with any slight differences due to the discrepancies
identified over South Asia (Figure 3).”

P13 Lines 22 to 30 have been amended to:

“In comparison to the ACCMIP multi-model mean, the predicted changes between 2000 to 2030 in both global
annual mean surface Os and global Os burden from the parameterisation are within the range of the ACCMIP multi
model responses (+/- 1 standard deviation) for all the CMIP5 RCPs (Table 10). The predictions of Os radiative
forcing in 2030 from the parameterisation across all the RCPs, when the influence of climate change is anticipated
to be small, are also consistent with those from ACCMIP. The sign and magnitude of change in global O3 burden
and Os radiative forcing with the parameterisation for RCP6.0 is different from the ACCMIP results but is still within
the range of model responses, which is the largest for this scenario. The comparison with ACCMIP results shows
that the parameterisation is able to reproduce changes in global O3 burden and Os radiative forcing on near-term
timescales, when the influence of climate change is small.”

P14 Lines 24 to 27 have been amended as follows:

“Tropospheric Os burden and Os radiative forcing calculated using the parameterisation are within the spread of
the response from the ACCMIP models for all of the CMIP5 RCPs in 2030, where the influence from climate change
is anticipated to be small.”

Minor Comments:
Page 1:

L26 "are valid". This is really rather strong language as the accuracy of the parameterization differs depending on
the region. It would be better to quantify this a bit more, saying instead something like "are reasonably accurate
for most regions" or "are within the model spread for most regions". Once you say they are valid, it is difficult to
quantify how valid are they?

Line 26 has been changed to the following:

“Tests against model simulations using HadGEM2-ES confirm that the approaches used within the
parameterisation perform well for most regions”

L24. The neglect of climate change is mentioned in regards to radiative forcing but not to changes in surface ozone
concentration. It would be important to emphasize that changes in climate and associated changes in climate
dependent precursor emissions are neglected at the outset (e.g., in L24).

The following sentence has been amended at line 23 to 24:

“Surface and tropospheric O3 changes are calculated globally and across 16 regions from perturbations in
precursor emissions (NOx, CO, VOCs) and methane (CH4) abundance only, neglecting any impact from climate
change.”

L32 "across different regions". This is a bit confusing. It might be better to say: "will regionally increase by 1 to 8
ppbv".

Line 32 has been changed to the following:
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“Emission changes for the future ECLIPSE scenarios and a subset of preliminary Shared Socio-economic Pathways
(SSPs) indicate that surface Os; concentrations will increase regionally by 1 to 8 ppbv in 2050”

L33 | wander if it would be clearer to say "change in radiative forcing from 2010 to 2050"?
The sentence on Line 33 has been amended to:

“A change in the global tropospheric O3 radiative forcing of +0.07 W m? from 2010 to 2050 ...”
Page 4

L31: which regions are not sources?

The Polar regions are not considered as sources as they were not included in the TF-HTAP2 experiments. Line 31
has been altered to include mention of these regions:

“The source regions were updated in TF-HTAP2 to represent 14 new regions (excluding the North and South Poles),
aligned on geo-political and land/sea boundaries (Figure 1).”

Page 5:
L3. "Models covered". Rather awkward English usage. Models don’t cover ...
The word covered on Line 3 has been replaced with “conducted”.

L15-16. It would be worthwhile to add a line that the paper discusses in detail how the results TF-HTAP2 are
incorporated below.

The following has been added after line 16.

“The following sections discuss in detail how the results from TF-HTAP2 have been incorporated into the
parameterisation.”

L25. It is not clear how the parameterization has been improved.
The sentence on Line 25 has been changed to:

“The parameterisation of Wild et al., (2012) was used to calculate new baseline O3 concentrations in 2010 for use
in this version of the parameterisation and for comparison to the TF-HTAP2 multi-model mean.”

L24-34. In Table 1 the emission differences are averaged for both the MACCity and EDGAR inventories? It is not
clear why the authors did not average the emission differences as used in the TF-HTAP2 models versus those in
the TF-HTAP1 models. It is unclear how or why internal consistency (whatever that means) should be relevant
here. The actual difference in emissions would seem to be more relevant in comparing the change in O3.

The TF-HTAP1 models each used their own emissions as input for experiments (Fiore et al., 2009) and therefore
there is no consistent baseline to compare to the prescribed TF-HTAP2 emissions. This is mentioned in the
manuscript on P5 Line 19 and Line 29. Therefore the EDGAR and MACCity emission inventories were chosen to
provide an emission change between year 2000 and 2010 using consistent datasets in both time periods. The
change in precursor emissions between 2000 and 2010 was then used to provide new baseline ozone
concentrations in 2010 for use in the parameterisation (see point below). The following text on P5 Line 26 to 30
has been amended to make this clearer.

“The mean fractional change in NOx, CO and NMVOC emissions between 2000 and 2010 across the TF-HTAP1
source regions from two different emission inventories, MACCity (Granier et al., 2011) and EDGARv4.3.1 (Crippa
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et al., 2016), was used (Table 1), as the use of a specific emission inventory was not prescribed for TF-HTAP1
experiments (See — Fiore et al., 2009).”

“The MACCity and EDGAR inventories provide a consistent set of emissions in 2000 and 2010, enabling the change
in emissions between future and historical time periods to be explored.”

L35 - how many models contributed to the parameterized ozone response? -In general it is not really clear what
was done here. Were the emission differences in table 1 used to compute the parameterized change in ozone in
table 2? Was the parameterized response from each model computed separately to give the standard deviation
in the parameterized response?

The parameterisation of Wild et al., (2012) was used to calculate new baseline O3 concentrations in 2010 (Table
2) using the emission differences in Table 1 (see lines 24 to 34.) This version of the parameterisation used 14
models from the TF-HTAP1 experiments and computed responses individually which were then averaged to give
the multi-model mean response and standard deviation from the parameterisation. Line 35 has been amended
to make these points clearer.

“The parameterised surface ozone response in 2010 was calculated using the method of Wild et al., (2012), based
on the individual response of 14 TF-HTAP1 models using the fractional emission changes in Table 1. The
parameterised ozone response across the ....”

L37-38. "similar to the TF-HTAP2 multi-model mean values". This seems a little misleading as the parameterized
responses are also similar to the TF-HTAP1 values. It would be more insightful to quantify the extent to which the
parameterization quantifies the changes between TF-HTAP1 and TF-HTAP2.

The reviewer makes a valid point that the TF-HTAP1 and TF-HTAP2 results are similar and the remaining part of
this paragraph goes onto make the point that the larger range in ozone responses for both TF-HTAP1 and TF-
HTAP2 dominates the uncertainty in ozone concentrations and is much larger than any response from changing
emissions between 2000 and 2010. Therefore any predictions using the parameterisation for ozone response
between 2000 and 2010 will still have an uncertainty associated with it mainly due to the large spread in model
responses.

Changed Line 27 to 38 to the following:

“Table 2 shows that the O3 concentrations from the parameterisation (H-P) are within the spread of the
individual model values from TF-HTAP2 (H-2), represented by one standard deviation, over most of the receptor
regions.”

Page 6
L5. "adjusted". | assume the authors explain how the emissions are adjusted below.

The emissions were not adjusted here. The O3 response fields from the European, North American, East Asian
and South Asian source regions of TF-HTAP1 models were reapportioned so that a larger number of models (14
in total) than available from TF-HTAP2 are able to represent the equivalent TF-HTAP2 source regions. P6 Lines 8
to 10 specifically mentions the adjustment of O; response fields with the rest of section 2.3.2 explaining in more
detail how this source region adjustment of TF-HTAP1 models was performed.

L11-21. Both the source and receptor regions are changed between HTAP1 and HTAP2. It is unclear from the
description here how you discretize the response in the HTAP1 models into both smaller source regions and
smaller receptor regions. The discussion in 2.3.2 seems to only concern the source region adjustment. Sections
2.3.2 and 2.3.3 should be clarified as to the exact procedure used.
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The source region adjustment has been described here as this is the only part of the parameterisation that
requires adjusting. Additional simulations were performed with HadGEM2-ES (which participated in TF-HTAP2)
using the TF-HTAP1 source regions (Europe, North America, East Asia, South Asia) to inform and evaluate this
source region adjustment. The methodology for this is described in section 2.3.2.

No specific adjustment is required for the receptor regions, as these can be defined arbitrarily based on the global
distribution of ozone responses generated in both TF-HTAP1 and TF-HTAP2 studies. Here we have defined the
receptor regions to match the source regions used in TF-HTAP2 for consistency. This is referred to on P7 Line 19
which notes ‘Output is provided on a standard grid to facilitate the calculation of Oz responses over any selected
receptor regions.” An additional comment referring to the definition of receptor regions has been included on P6
Line 25.

“Here, receptor regions are defined in accordance with those in TF-HTAP2 (16 in total), although it is possible to
define any required receptor regions using the global distribution of O3 responses.”

Page 7
-L16-23. This seems to be largely a repeat of what is said above.
See changes made to relevant text in next response.

-L17 "significant improvements". In what way? Are more models are used, or are the source-receptor regions are
better defined, or do the authors feel the parameterization itself has been improved in some fundamental way?
The improved parameterization is again mentioned on page 9, line 19 (and probably elsewhere). Please be explicit
on how exactly the parameterization is improved.

The underlying approach used in the parameterisation remains the same as Wild et al., (2012) but improvements
have been made to the input and output. These improvements are described in the remaining lines of the
paragraph. The text on P7 lines 16 to 22 have been replaced with the following to try and make the improvements
clearer.

“The original parameterisation developed by Wild et al., (2012) was based on the surface Os response to 20%
continental-scale emission perturbations from TF-HTAP1 for 2001. We have adopted the same approach but have
made a number of major improvements: updating the base year to 2010, included additional models from TF-
HTAP2, extending the number of source regions to 14, and generating three-dimensional Os responses to permit
calculation of tropospheric Os burden and Os radiative forcing for any scenario. To test and verify the improved
parameterisation, additional simulations have been conducted with HadGEM2-ES, which are discussed in the
following sections.”

-L31 "is working well". This is a little hard to tell from the figures. It would be valuable to show the percentage
error as a function of month for the two responses.

We have chosen to present absolute changes as this is the measure that matters most, and is also easiest for the
reader to interpret. Percentage errors exaggerate differences where the underlying Os responses are very small.
Therefore we think it is best to focus on absolute errors (ppb) as that is discussed throughout the manuscript. For
the reviewers convenience we have also computed the relative errors in the table below from the data used to
plot Figure 2. The relative errors are largest, in transitioning from the winter titration regime to the
spring/summer ozone production season. Generally errors are below 20% apart from a few select months (March,
April, September and October).
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Emission Reduction Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

20%  Param 0.700 0.598 0.279 -0.192 -0.571 -0.743 -0.771 -0.600 -0.211 0.190 0.519 0.635
HG 0.597 0.642 0234 -0.071 -0.542 -0.734 -0.724 -0.570 -0.265 0.225 0453 0.584
Error -0.103 0.045 -0.046 0.121 0.029 0.009 0.047 0.030 -0.054 0035 -0.067 -0.051
% err -17% 7% -20%  -169%  -5% 1% 7% 5% 20%  16%  -15%  -9%
50% Param 1574 1342 0608 -0.553 -1.520 -1.964 -2.038 -1.601 -0.611 0.382 1.158  1.427
HG 1.563 1.617 0.451 -0.396 -1.653 -2.124 -2.096 -1.689 -0.952 0.415 1.114 1.515
Error 0011 0275 -0.156 0.157 -0.133 -0.160 -0.058 -0.088 -0.341 0.033 -0.043 0.089
% err 1%  17%  -35%  -40% 8% 8% 3% 5% 36% 8% -4% 6%
75%  Param 2.141 1.824 0798 -0.922 -2.395 -3.080 -3.195 -2.528 -1.021 0457 1561  1.940
HG 2402 2351 0388 -1.011 -2.996 -3.673 -3.632 -2.987 -1.998 0.278 1.569  2.309
Error 0.261 0.526 -0.410 -0.090 -0.601 -0.594 -0.438 -0.459 -0.977 -0.179 0.008  0.369
% err 11%  22%  -106% 9% 20%  16%  12%  15%  49%  -64% 1% 16%
Page 8.

-The results over South Asia are really quite strange as the parameterization based on HadGEM2 fits the multi-
model parameterization. The authors seem to be arguing on page 8 and 9 that this is a difficult region to simulate
and that perhaps it is not surprising that the parameterization based on HadGEM with the large titration might
not be able to simulate this region accurately. However, this seems to be only half of the story.... Why does the
parameterization based specifically on HadGEM match the multi-model parameterization? And does the multi-
model parameterization capture the multi-model response in this region?

The reviewer is correct to point out that the results over South Asia are different from that over other regions
and highlights a particular limitation in the parameterised approach. The parameterisation is based on ozone
response fields from 20% emission reduction experiments, but in the ECLIPSE CLE scenario there is a ~70%
increase in NOx emissions over South Asia. The ozone responses generated by a 20% emission reduction show
ozone reductions over clean, marine regions, but are close to zero over the continent (see Figure R1 below). Table
5 shows the parameterisation matches the TF-HTAP2 multi-model mean response well over South Asia for a 20%
emission reduction.

For the 70% increase in NOx emissions over South Asia the parameterisation generates an increase in ozone over
South Asia in January (Figure R2), scaled from the 20% emission change (Figure R1), whereas the HadGEM2-ES
modelled response is a decrease in ozone (Figure R3). The simple scaling within the parameterisation is not able
to simulate the shift in chemical environment over South Asia from production to loss that is associated with this
large increase in emissions. This is because it is based on ozone distributions from only two model runs, and is
thus not able to represent the strong non-linearities that may arise from large emission changes over regions
which are close to maximum ozone production in current conditions. We note that the errors would be greater if
we used a linear assumption. Future developments could attempt to address this problem by including additional
simulations that would allow a full characterisation of the ozone response over a much wider range of emission
changes.
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Figure R1 — January ozone response in HadGEM2-ES to a 20% emission reduction over South Asia of all
anthropogenic precursor emissions (NOx, CO, NMVOCs)
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5 Figure R2 — January ozone response from the parameterisation to the emission changes in the ECLIPSE CLE 2030
scenario, relative to 2010
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Figure R3 — January ozone response from HadGEM2-ES to the emission changes within the ECLIPSE CLE 2030
scenario, relative to 2010

The HadGEM2-ES simulation using emission changes from the ECLIPSE CLE scenario in 2030 was conducted to
evaluate the parameterisation against a global emission perturbation and did not form part of the TF-HTAP2 set
of experiments. No other model results are available using this scenario to identify if the results over South Asia
are specific to HadGEM2-ES. Discussion of this occurs on Page 9, line 10.

The following sections of the text on P8 Lines 31 to 40 have been amended to improve the description of the
result over South Asia, with the above figures included in the supplementary material:

“The large increase in emissions causes the chemical environment in HadGEM2-ES in January to shift from O3
production to that of titration (Figure S3). The parameterisation is not able to represent this shift (Figure S4) as it
is based on a single ozone response to a 20% emission reduction (Figure S5) and is unable to capture the strongly
non-linear transition into a net ozone titration regime. This is a smaller problem over North America, Europe or
East Asia, as wintertime titration regimes are already present over these regions. This effect seen over South Asia
highlights a weakness in the parameterised approach in representing strongly non-linear chemical regimes where
there are large emission changes, although we note that the errors would be worse if a linear scaling was used.”

Page 14

-L25-26: "compare well with ACCMIP multi-model means for intermediate emission scenarios..." What about
RCP4.5? Isn’t this a intermediate emission scenario? The comparison from RCP4.5 does not look that good.

See response to Point 2 above where a revised comparison with ACCMIP models is presented.
Response to Referee 2

The manuscript by Turnock et al. presents an updated version of earlier work done by Wild et al. (2012), who
constructed a parameterisation for calculating the response of tropospheric ozone to changes in precursor
emissions (and methane abundances). The parameterisation reduces the need to run an ensemble of
computationally expensive global models of atmospheric chemistry in order to explore the effects of different
emission scenarios on the abundance of tropospheric ozone, and the need to run multiple model experiments to
determine the influences of emissions from multiple source regions on individual receptor regions. As such, this
is a tool for rapid assessment of alternative emission control policies, but does not replace global atmospheric
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chemistry models, since it does not represent the nonlinearities of tropospheric ozone chemistry, or the influence
of future climate changes on tropospheric ozone. As an update to Wild et al. (2012), | expect that this paper will
be widely used.

Unfortunately | found much of the description of the method to be vague and confusing. This should be improved
before the paper is published. Also, the authors could do more to compare the predictions of their parameterised
ozone with actual simulations from global atmospheric chemistry models. More details are given below:

The description of parameterisation has been improved by changes made to Section 2.1. Please see the response
to point 1 for reviewer 1 above for the full text with the relevant sections included again in response to the specific
points below.

Page 3, lines 5-7: Ignoring changes in future ozone due to climate change is an important limitation of this study.
Here it would be appropriate to give a short summary of the expected changes in surface ozone due to climate
change, to provide the reader with more information about this limitation.

The following text on the impact of climate change on surface ozone has been added on page 3 to the end of line
7:

“Future climate change is expected to alter surface concentrations of ozone through changes to meteorological
variables such as temperature, precipitation, water vapour, clouds, advection and mixing processes (Doherty et
al., 2017).”

Page 3, line 13: There appears to be a typo in the last sentence of this paragraph.
Removed extra Oz from sentence so it becomes the following:
“Section 5 uses the same future emission scenarios to predict future tropospheric Oz burden and radiative forcing.”

Page 4, line 5: Why is f replaced with g? Is this just a difference in terminology between Wild et al. (2012) and this
study? Or something else?

As the parameterisation is based on that in Wild et al., (2012) the same terminology was used for consistency
purposes. Wild et al., (2012) defined the linear scale factor as f for CO and NMVOC emission perturbations
whereas the non-linear scale factor is represented by g for perturbations to NOx emissions and CH, abundances.
Equation 2 has been replaced with Equations 1 to 5, shown in the response to point 1 of reviewer 1, to make the
notation clearer. The revised equation 4 is shown below (for more details see the response to point 1 in reviewer).

fij = 0.957;; + 0.05r5 Scaling accounting for reduced O; increases from NOy and CH, (4)
P4, Line 4 - 6 has been replaced with the following:

“To account for non-linear behaviour of surface Os to NOx emission changes, a quadratic scaling factor (Eq. 4) is
used, based on additional simulations of surface Oz response over a larger range of emission perturbations in Wild
etal., (2012).”

Page 3, line 9: Where does "2f -g" come from? This appears to come out of nowhere.

This expression represents a reversal in curvature for NOx emission reductions in titration regimes (where
increased emissions lead to reduced ozone) and is described in more detail in Wild et al., 2012. However, we have
revised the notation used here in response to the comments from both reviewers (see new Equations 1 to 5 in
response to point 1 of reviewer 1). The revised equation 5 is shown below.

fij = 1.057;; — 0.05r5 Scaling for titration regimes where decreasing NOy increases O (5)
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P4 Lines 8 to 11 have been amended as follows:

“For the special case of source regions that are under titration regimes, where a reduction in NOx emissions may
lead to an increase in O3 the curvature of the response is reversed for NOx emission decreases (Eq. 5), as described
in Wild et al., (2012). A linear scale factor is used for emission increases under these conditions (Eq. 3).”

Page 3, line 10: Much more explanation is needed here. Which model simulations? Which year? Why is the spatial
extent of the titration regimes important? How is the magnitude defined? A lot of very important information
appears to have simply been left out.

P4 Line 10 has been altered to the reflect the fact that the parameterisation is based on the difference between
two model simulations and is unable to calculate future changes to chemical regimes.

“The spatial extent of ozone titration is assumed constant as the parameterisation is based on differences between
two model simulations and is therefore unable to represent any future changes in chemical regime.”

Page 3, line 14: It’s fascinating to read that the response of surface ozone to methane, a well-mixed gas with a
lifetime measured in years, could be similar to the response to NOx, which has a lifetime on the order of hours.
In what way is the response "similar"? More explanation is needed here.

As we state in the manuscript, the non-linear behaviour of the ozone response to CH, is similar to that of NOx
emissions but not the magnitude of the response. The same quadratic function is therefore used within the
parameterisation to scale Oz responses from changes in CHs abundances and NOx emissions. However, we
appreciate the confusion here so have re-written line 14 to make this clearer.

“The surface Os response to changes in global CH, abundance shows a similar degree of non-linearity as that from
changes in NOx emissions (Wild et al., 2012). Therefore, the non-linear scale factor (Eq. 4) is also used to represent
the Os response to changes in CH, abundances.”

Equation 2: How are the coefficients in the calculation of g determined?

The coefficients for g are those previously determined by additional simulations in (Wild et al., 2012). Page 4 Line
4 has been amended to the following (see point 1 for reviewer 1):

“To account for non-linear behaviour of surface Os to NOx emission changes, a quadratic scaling factor (Eq. 4) is
used, based on additional simulations of surface Os response over a larger range of emission perturbations in Wild
etal, (2012).”

Page 8, line 40: There is no need to mention titration a second time.

We state here that the ozone response over South Asia from HadGEM2-ES simulations could be due to a shift to
an ozone titration regime in the model which is not represented in the parameterisation, and thus explains some
of the discrepancy between them. The important part here is the shift in regime, which has not been discussed
previously and we feel is important to keep in the manuscript.

Section 3.3.1: Can you compare the predictions of the parameterisation using the RCP scenarios with the actual
global model runs done in the ACCMIP exercise? See Young et al. (2013) for some examples. This comparison
would really help the reader to understand more about how well the parameterisation is doing in comparison
with the global models. Perhaps this comparison could be added to Fig. 5. Also, why isn’t this part of Section 4?
("Future Surface Ozone Predictions")

The comparison with the RCPs provides an evaluation of future predictions of the parameterisation as ozone
projections for these scenarios have already been made previously using the parameterisation of Wild et al.,
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(2012). The parameterised predictions of global surface ozone, global tropospheric burden and ozone radiative
forcing in 2030 from each of the RCPs have now been compared to that from the ACCMIP models in the new
version of Table 9 (see response to point 2 of reviewer 1). However, it should be noted that changes to ozone
concentrations in the ACCMIP models will have additional contributions from climate change and stratospheric
ozone recovery, which are not represented in the parameterisation.

Table 9 has been amended as described in the response to point 2 for reviewer 1 above (Table 10 in revised
manuscript) and now includes a comparison to surface ozone from the ACCMIP models.

The following text has been included to discuss the comparison to ACCMIP models (see response to point 2 for
reviewer 1 for more details).

P13 Lines 22 to 30 have been amended to:

“In comparison to the ACCMIP multi-model mean, the predicted changes between 2000 to 2030 in both global
annual mean surface Os and global Os burden from the parameterisation are within the range of the ACCMIP multi
model responses (+/- 1 standard deviation) for all the CMIP5 RCPs (Table 10). The predictions of Os radiative
forcing in 2030 from the parameterisation across all the RCPs, when the influence of climate change is anticipated
to be small, are also consistent with those from ACCMIP. The sign and magnitude of change in global O3 burden
and Os radiative forcing with the parameterisation for RCP6.0 is different from the ACCMIP results but is still within
the range of model responses, which is the largest for this scenario. The comparison with ACCMIP results shows
that the parameterisation is able to reproduce changes in global O3 burden and Os radiative forcing on near-term
timescales, when the influence of climate change is small.”

Page 10, line 8: "successive emission increases" of what magnitude? In what succession?

Each additional increment in emissions (an amount corresponding to 20% of current emissions) gives a 10%
smaller ozone response than the previous one. This reflects the nonlinearity described by the quadratic
expression that is given. Line 8 has been re-worded to the following:

“For simplicity the parameterisation used the same non-linear scaling factor as for NOx emissions (Eq. 4 e—g—=
0:.95£ +0.05f2), which represents a 10% smaller response for successive 20% emission increases.”

Equation 3: The coefficients appear to have changed since Equation 2. Why? How are they calculated? This seems
like something for Section 2.

This section uses results from the models in TF-HTAP2 that conducted methane perturbation experiments to see
if the coefficients derived for the quadratic function in Wild et al., (2012) are still valid (P10, line 8). This used the
same method as in Wild et al., (2012) to derive the coefficients for the TF-HTAP2 models, shown in equation 3.
Since equation 3 and 2 are similar and within the level of uncertainty it was decided for consistency purposes to
retain the same coefficients of the quadratic function used in Wild et al., (2012) (stated on P10 Lines 11 to 12). As
this was a comparison of TF-HTAP2 results to TF-HTAP1 and evaluation of the existing parameterisation it was
decided to put this discussion into Section 3 — Testing and Validation. To avoid further confusion we have removed
equation 3 from the manuscript.

“q0—0N0QA7F 1L N NARLZ (2)”
G bSsH—+0065 3}

P10 Line 11 has been amended as follows to reflect this change:

“We find a slightly larger sensitivity, with both models yielding a 12.6% smaller surface Oz response for an increase
in CH4 than a decrease {Eg—3}.”

Reference to equation 3 is also removed from P10 L17-19:
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“To enable a direct comparison with TF-HTAP1 results, the O3 response from the CH4DEC and CH4INC experiments
in TF-HTAP2 are scaled to represent the response from a 20% reduction in CHs abundances—using—Eg—3. An
adjustment factor is calculated based on the global mean difference between the TF-HTAP2 O3 response in each
experiment and that of an equivalent 20% reduction in CH, abundance {eedetHated-using-£g-3}, resulting in a factor
of 1.557 for CH4DEC and -1.256 for CH4INC.”

Page 10, line 33: What are the "appropriate fields"?
P10, line 33 have been modified to include the appropriate fields.

“Table 8 summarises the calculated CH, lifetime and feedback factors for the two TF-HTAP2 models that provided
CH4 chemical loss rates.”

Section 4.1: Can you compare the predictions of the parameterisation using the ECLIPSE scenarios with the actual
global model runs done in the ECLIPSE exercise? See Stohl et al. (2015, DOI: 10.5194/acp-15-10529-2015) and
work citing that paper for examples.

A different version of the ECLIPSE emissions inventory has been used as input to the models for the ECLIPSE
project (Version 4 and 5) than was used with the parameterisation here (Version 5a). Different future emissions
pathways exist in these versions of the emission inventory and this hinders a direct comparison between the
models and the parameterisation. Therefore, we think it is not feasible to provide a direct comparison between
the ECLIPSE models and the parameterisation here. Whereas output from the ACCMIP models was available for
the same set of CMIP5 future RCPs, making a direct comparison between these models and the parameterisation
more appropriate.

However, the percentage change difference in surface ozone concentrations between the mitigation and current
legislation scenario in 2050 is presented in Table 4 of Stohl et al., (2015). This shows a multi-model reduction of
surface ozone concentrations over Europe, China, India and the United States of between 13 to 20% for the
mitigation scenario. Whilst not directly comparable to our study in terms of scenarios used or receptor regions
we calculate a similar reduction in future surface ozone concentrations of approximately 20% over Europe, North
America and East Asia for the ECLIPSE MTFR scenario in 2050 (relative to CLE) and ~30% for South Asia.

Response to Short Comment by R. Van Dingenen
In general this is a well-written and very useful paper that addresses relevant policy issues.

As a possible user of the ozone precursor source-receptor relations, | would like to make some suggestions that
would improve the readability of the paper and create the possibility for the scientific community to replicate the
results.

Eg. 1: the same variable symbol (deltaO3) is used at left and right-hand side of the equation, while they have
different meanings. The same observation can be made for Eq. 2 where e.g is written fij = 2fij - gij; suggest to use
a different symbol at the left hand side.

We appreciate the possible confusion here, and have adjusted equation 1 by adding the subscripts e (for
emissions) and m (for methane) to the delta-O3 terms on the right-hand side to distinguish the delta-O3 terms
from each other. We have left the overall form of the equation as it is, for consistency with Wild et al., (2012).
We have revised the notation in Eq.2 to clarify the expressions in response to the comments of the reviewers (see
the response to point 1 for reviewer 1).

Eg. 1 expresses deltaO3 as response to the sum of an emission change (for NOx, CO and NMVOCs), and an
abundance change in CH4. For the user, using emission changes for all precursors would make more sense. Isn’t
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it possible, from the box model mentioned in section 3.2, and using a feedback factor, to relate a change in
abundance to a change in emissions? Why not normalise the source-receptor responses by the emission strength?
It would be useful to emphasise the time scale of the CH4 responses and how to deal with this in such a
parametrised approach.

The parameterisation is based on simulations from HTAP1 and HTAP2 that used a change in global methane
abundance to simulate an O3 response and so the parameterisation is based on methane abundance. It would be
possible to extract a CHs emission response based on the prescribed CHs abundance change (e.g. Meinshausen
etal.,, 2011; Holmes et al., 2013), but this would be different for each model, and including this adds an additional
layer of complexity to the parameterisation.

Future developments could include some sort of emissions to abundance conversion as a post processing step.
It’s not clear why paragraph 3.1 is named ‘Scaling Factors’
Change section title to “Limits of Linear Scaling”.

Page 10, line 12: ‘the same scaling factor’, is not clear if ‘same’ refers to using the same as in HTAP1, or using the
same (new) factor for CH4 and NOx. So, Eq. 3: is this now the scaling factor replacing the 0.95f+0.05f"2 from
HTAP1 both for NOx and CH4?

Changed Line 12 to:
“... same representation of non-linearity for both NOx and CH, (Eq. 4), as used in Wild et al., (2012)”

Figures 7 and 8 (and similar in Sl): does the ozone trend from CH4 include the transient effect of the 12y
perturbation response time? How can Eq. 3 be applied (for CH4) to obtain this trend? The figures show the change
in ozone relative to year 2010; does it include the time-lagged impact of CH4 emissions before that date? | would
appreciate having the box model for CH4 better documented.

The contribution to the ozone trend from changes in methane reflects the effects of the change in methane
abundance alone, and is the equilibrium response (short and long term). No transient effects are considered in
the parameterisation, and this is another argument for the simplicity of basing it on abundance rather than
emissions. The abundance is calculated using the methods and expressions given in Meinshausen et al., (2011)
and Holmes et al., (2013) and no new aspects have been introduced for the purposes of this study.
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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 (GQHabundancenly-. neglecting any impact from

climate changeA source attribution is provided for each souregion along with an estimate of uncertainty basedhe
spread of the results from the models. Tests agaiadel simulations using HadGEM2-ES confirm thnet approaches used
within the parameterisaticmre-valid. perform well for most regioriBhe Q response to changes in £abundance is slightly
larger in TF-HTAP Phase 2 than in the TF-HTAP Phhsssessment (2010) and provides further eviddratecontrolling

CHjs is important for limiting future @concentrations. Different treatments of chemisimg meteorology in models remains

one of the largest uncertainties in calculating @aeresponse to perturbations in £bbundance and precursor emissions,
particularly over the Middle East and South Asiagions. Emission changes for the future ECLIPSBa&tes and a subset
of preliminary Shared Socio-economic Pathways ($Bflécate that surface{&oncentrations will increagegionallyby 1

to 8 ppbv in 205&¢ross-differentregionSource attribution analysis highlights the gragamportance of Chlin the future
under current legislation. Ahange in theglobal tropospheric ©radiative forcing of +0.07 W rhfrom 2010 to 2050 is
predicted using the ECLIPSE scenarios and SSPsdlsadely on changes in Gldbundance and tropospherig ecursor
emissions and neglecting any influence of climdi@nge. Current legislation is shown to be inadegumlimiting the future
degradation of surface ozone air quality and endiment of near-term climate warming. More stringentire emission
controls provide a large reduction in both surf@e&oncentrations ands®@adiative forcing. The parameterisation provides a
simple tool to highlight the different impacts aasbociated uncertainties of local and hemisphanisson control strategies

on both surface air quality and the near-term dinfarcing by troposphericO
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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 et24116; 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 contributionss@e 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
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emission scenario. The range of responses frormtgels contributing to the parameterisation provide estimate of the
uncertainty involved. The parameterisation is eaéehto 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 climateuture climate change is expected to alter suréaceentrations of ozone through

changes to meteorological variables such as terperarecipitation, water vapour, clouds, advetaod 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. 8e&O; 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

future emission policy in relation tog@oncentrations.

2. Methods

2.1 originalOzeneParameterisation of Ozone

The parameterisation developed in this study iedas an earlier version developedoin the TF-HTAPL experiments 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 precurs(ies as well as a 20% reduction
in global CH, abundance. The multi-mod@} responses from the 20% emission perturbation @xpets(A0,,_for emissions

of NOx, CO and NMVOCs anfl0,,,, for CHs) are then scaled by the fractional emission chafrgésom a given emission

scenario over each source reg(&u. 1)

_ AEij
Tij = Tozx Eij (1)

The monthly mean ©responseAOs) is calculated ashe sum over each receptor regith ¢f the scaled @response from
each model to the individual precursor species CO, NO« and NMVOCSs) in each of the five source regionsEurope,
North America, East Asia, South Asia and rest efwlorld), including the response from the changgiabal CH, abundance
(Eq.22, reproduced from Wild et al2012):

AO05(k) = ?:1 215‘=1 fijA03e (), k) + fmAO3, (k) €2
fij = 1ij Linear Scaling of Osresponse (3)
fij = 0.957;; + 0.05r5- Scaling accounting for reduced O; 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 Fheemission scale factgEq. F;) -is used in Eq. for each emission scenaiiovolving the precursor emissions CO
and NMVOCs ands defined as the ratio of the fractional emissbangeA£;/0-2-<E)-to the 20% emission reduction in

the TF-HTAP1 simulation$=g-—2) A similar scale factor for methang,)is based on the ratio of the change in the global
abundance of CHo that from the 20% reduced ¢kimulation A[CH,]/—0.2 X [CH,]). Perturbations to emissions of CO,
NOyx and NMVOCs induce a long-term (decadal) chandgeoipospheric @from the change in the oxidising capacity of the
atmosphere (OH) and the CHhfetime (Wild and Akimoto, 2001; Collins et aD02; Stevenson et al., 2004). The long-term
impacts from 20% global emission reductions camcedhe @Qresponse by 6-14% from N@mission changes and increase
the Q response by 16-21% from CO changes (West et @07)2 This long-term response is not accountedirfathe

simulations used here as Cabundances 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 factomas found to besufficient 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 changeshe a quadratiscalnge factor-f-isreplaced-withy (Eq. 4) is

used;;-which-has-a-gquadratic-dependencly.fg—2)and-ibased on additional simulations of surfacer€ponsever ato
largerrange ofemission perturbationsadertakerin Wild et al, (2012).

For the special case of source regions that are uitcetion regimes, where a reduction in N®missions may lead to an

increase in @) the-surface-@the curvature of theesponseés reversed for NOx emission decreases (Eq. S)easribed in
Wild et al, (2012). A linear scale factor is used for emissiwreases under these conditions (Eg—3)-—iddirfby-a-factorof

R = =t on—reductions—and for-emission-incredbedinea alingfacto used{Eq. Bhe-spatial-extent-and

spatial extent of ozone titration is assumed conség the parameterisation is based on differebeéseen two model

simulations and is therefore unable to represenfuatnre changes in chemical regime.

The surface @response to changes in global £Hbundances-also shows a similar degree rain-lineaity and-showed
similar-behaviourto athatdue-tofrom changes RO, emissiongWild et al, 2012) Thereforethe non-linear scale factog (
ir-Eqg.42)is also used to represent ther@sponse tenereases-and-decreaseschang&H, abundances.

In summary, the surfaces@sponse to CO and NMVOC emission perturbatiomsgsesented bihe linear scale factor (Eq.

3) i and to changes iINOx emissions an@€H, abundances bthe non-linear scale factor (Eq. ¢i)-(Eg—2)_For source

regions under titration regimes, the surfagg&3ponse to NQemissions is limited by Eq. 5 for emission decesasut uses

the linear scale factor (Eq. 3) for emission inse=a The parameterisation is represented scheithatic&igure S1 of the

supplementary materiak—TFhe-representation-ofsthiface-Qresponse-to-NQemissions-is-determined-by-the-conditions
fiod i 5

2 £ a I£AOD (5 4 1 O and AE 0
for S HFAQ L) L @
( G5 otherwise-(whereg-=0.95f+0.05(%)
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2.2 Phase 2 of 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 conductediséd®20% 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,
changes in 2030 from thé" & oupled Model Intercomparison Project (CMIP5) sa@s of RCP8.5 and RCP2.6 (Galmarini
et al., 2017).

The sourcexnd-receptoregions were updated TF-HTAP2to representd4 newreceptoregions £4-efwhichexcluding the
North and South Poles-are-alse-sodrcaligned on geo-political and land/sea boundaffiégure 1). Emission inventories

(consistent across all models (Janssens-Maenhailif 2015)) and meteorology (driving data spediiéndividual models)
were updated to consider the years 2008 to 20E0f¢itus of TF-HTAP1 was 2001). The Global Fire Esits Database

version 3 (GFED3 -ttp://globalfiredata.org/biomass burning (grassland and forest fires) sions were recommended for

TF-HTAP2 experiments, although some models seleotldr inventories. Individual modelling groups diseir own
information for other natural emission sources.(biggenic VOCs, lightning N&), as many of these are based on internal

model calculations and not externally prescribe@dskzs.

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. Modmisductedvereda consistent core set of 10-20 simulations and the
undertookeenductedther experiments of their own choosing (see Gaimat al., (2017) for a full list of models and
experiments), resulting in sparse coverage for n@nyhe experiments. This contrasts with TF-HTAPHeve all models
conducted the same set of 20% emission perturbatiqeriments covering all precursor emissions Yiddially and

combined) and Cldacross four source regions.

2.3 Improvements to the surface Ozone Parametric Miel for TF-HTAP2

Differences in the experimental setup in TF-HTARM & 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 thematarisation. 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 sizenamber of sourdesceptoregions.The following sections discuss in detail

how the results from TF-HTAP2 have been incorparatiéo the parameterisation.
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2.3.1 New Baseline Year

The baseline year used in the parameterisationfiwgsadjusted from 2001 (TF-HTAP1) to 2010 (TF-HF2), to reflect
changes in anthropogenic emissions between these. yeshould be noted that the emission inveasouised 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 antbhggnic emission inventory was used in all modelgravent uncertainty

in anthropogenic emissions dominating the varigbécross models.

The parameterisation of Wild et a[2012) was used to calculate new baselipeddcentrations in 2010 for usethis version

of the—the-improveparameterisation and for comparison to the TF-HZ ARulti-model mean. To account for different £H
abundances the change between TF-HTAP1 and TF-HTWRB2i1sed. The mean fractional change in,NGD and NMVOC
emissions between 2000 and 2010 across the TF-HBARTe regions from two different emission inveiet® {MACCity
(Granier et al., 2011) and EDGARv4.3.1 (CrippaletZz916)) was usedTable 1)due-to-the-inconsistencies, as theofifeea
specificemissions invent@ies was not prescribed ferin tHEF-HTAP1experiments (see Fiore et al., 2009)-and-F=-HTAP2
{Fable-1) The MACCity and EDGAR inventoriesre-internally provide @onsistentset of emissions in 2000 and 2010

enablingthe change in emissionder-beth betweerfuture and historical time periods to be explordblel shows that the

emissions of NQ CO and NMVOC increased in Asia and decreasedsadtarope and North America over the period 2000
to 2010. Year 2000 was used as a consistent gtgotimt for both emission inventories and can besmered equivalent of

2001 in representing changes to 2010.

The parameterised surface ozone response in 208calaulated using the method of Wild et al., (90tased on the

individual response of 14 TF-HTAP1 models using fitetional emission changes in Table 1. The patansed ozone

response acroghe
compared to a multi-model ozone concentration ib02fBom the baseline simulations of seven TF-HT AR&lels that use

original TF-HTAP1 source/receptor regions was

the TF-HTAP2 emissions (Janssens-Maenhout et &15)2 Table 2 shows that thes; @oncentrations from the
parameterisation (H-P) asgnilarte-the within the spread of the individuaddel values fronTF-HTAP2 multi-medelmean

vatlues(H-2), represented by one standard deviatarer most of the receptor regiomsd-within-the-spread-of-individual
model-values{represented-by-one-standard-devjalitwe large range and standard deviation in Talilglights the large

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

larger than the differences between the parameterialues and the TF-HTAP2 multi-model mean in 2010s indicates
that the range of responses over the models doesitia¢ uncertainty ind&oncentrations and is much greater than difference

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

2.3.2 Source Region Adjustment

The original parameterisation was based on thdreamtal-scale emission source regions defined #'HTRP1. To continue

using these results in an improved parameterisatienQ response fields were adjusted to represent thvadgot 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, rehine 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 simulationsewsonducted with HadGEM2-ES (Collins et al., 20i5rtin et al.,
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2011), which contributed to TF-HTAP2 experiments,the TF-HTAP1 source regions of Europe, North Ao 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 modséiun the parameterisation of Wild et §2012).
We assume that each model behaves in a similaawéladGEM2-ES when the source regions are adjusthis way. This
generates an{desponse field from emission perturbations withim equivalent 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 fr@ngi TF-HTAP2 simulations alone (7 TF-HTAP2 modetdlowing

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

2.3.3 Additions from 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 previopsgsibleHere, receptor regions are defined in accordariitethose in TF-

HTAP2 (16 in total), although it is possible toidefany required receptor regions using the gldisatibution of Q responses.

Table 3 lists the number of model simulations aldé for the TF-HTAP2 source regions over and atlogdour main source
regions of Europe, North America, South Asia anstBaia, 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 simariatior TF-HTAP2 are based on all emission precargmether (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 perturbatiomlgtion 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 perturbatioasctmed closely to that from combined emissions
changes (within 2-7%). Therefore, the fractionaitdbution from individual emissions to the totad @sponse in the multi-
model mean of TF-HTAP1 models is used to appottiencontribution from individual emissions in TF-BF2 simulations

to the total Qresponse.

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

models that provided sufficient results to be caradi

2.3.4 Extension to Tropospheric Ozone

The parameterisation has been extended from tifeceuthrough the depth of the troposphere, enaltiegalculation of the
tropospheric @burden. The three-dimensional monthlyfiélds from the model simulations are interpoladeto 21 vertical
levels at regularly spaced mid-level pressure vatisrfrom 1000 hPa to 10 hPa. Thesefields were then used with the
parameterisation to generate global and regioopbspheric @burdens for each scenario, with the tropopauseettfis an
Os concentration of 150 ppbv (Prather et al., 2080) Os radiative forcing is derived by using the tropospd O; burden

from the parameterisation and the relationship betwradiative forcing and tropospheric columyr@ange based on multi-
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model ensemble mean results from the Atmospherien@try and Climate Model Intercomparison Proje®€CMIP)
(Stevenson et al., 2013). This relationship is jaed as a two-dimensional global map, enablingarai and global ©

radiative forcing to be calculated from the paraarisation.

3.0 Testing and Validation

The original parameterisation developed by Wildaket(2012) was based on the surfacer@ponse to 20%ontinental-

made a number of major improvements: updating #ee byear to 2010, included additional models fromHITAP2,

extending the number of source regions to 14, aki@gting three-dimensional; @esponses to permit calculation of

tropospheric @burden and @radiative forcing for any scenaribo test and verify the improved parameterisatiaidittonal

simulations have been conducted with HadGEM2-ESchware discussed in the following sections

3.1Secaling-Factors Limits of 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) andtiNémerica (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-ESlaiions
indicates that the parameterisation afi©working well for emission changes at least @agas 50%. This is similar to the
results of Wild et aJ (2012)where more detailed testing found that that theipaterisation resulted in errors of < 1 ppbv for

emission perturbations of up to 60%-and-indicgiasthe-parameterisationperforms-welére, monthly mean errors are <1

ppbv _even for a 75% emission reduction (Fig. 2)e Tarameterisation is not expected to perform db faeemission

perturbations of larger than +/- 60% and in souwegions under titration regimeEigure 21 compares the output of

HadGEM2-ES simulations with the parameterisatioseblaon @ response fields from multiple models. The magrétod
error is larger at ~2.0 ppbv over Europe and ~@Bvpover North America for a 75% reduction. Thighiights that the
uncertainty in the parameterised i®sponse is dominated by the large spread ire§ponses over the different models rather

than by errors in the parameterisatitzelf.

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/reseaodr®ms/air/Global_emissions.htnilimont 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)
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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 sibuptanodel that accounts for the sources and sihicdHa 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 vgesformed using the change

in emissions based on CLE for comparison to tharpaterisation.

Fig-3—presents-a-comparison_of-ldnthly (Fig. 3) and annual (Table Surface @ changes between 2010 and 2030 over the
TF-HTAP2 regions for the ECLIPSE V5a CLE scenaranf the HadGEM2-ES simulatiGmdare compared to thiadbm the

parameterisation (based solely on HadGEM2-ES m@dplonses and based on responses from all modkis)shows that

the parameterisation is able to reproduce the rmadmiand seasonality of surface éhanges over different regions when
compared to the responses from a full global emispierturbation simulation. In particular, the paeterisation is able to
reproduce the seasonality in @cross Europe and North America, indicating thatddjustment to represent the new TF-
HTAP2 sources regions is valid. Differences betwienparameterisations highlight regions where Had@-ES model
responses differ from those of the multi-model megnis is particularly evident for the Middle Easthere there are
differences of as much as 2 ppb. However, the petensation based on results of the HadGEM2-ES imaldee agrees

relatively well with the model simulation, as exfest

For South Asia, the parameterisation based on HMIGGES and on the multi-model responses agrees bulidiffers
substantially (in sign and magnitude) from the HRMZ-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 muclaltan (0.5 to 1 ppbv). Over the South Asian rediom ECLIPSE CLE

emission scenario predicts a ~70% increase ir Bi@issions by 2030 (Table &his-targe-increase-could-lead-to-errors in

represent-well. The large increase in emissionsesathe chemical environment in HadGEM2-ES in Janiesshift from Q

production to that of titration (Figure S3). Theamaeterisation is not able to represent this $Riffjure S4) as it is based on

a single ozone response to a 20% emission redu@ignre S5) and is unable to capture the strongly-linear transition

into a net ozone titration regime. This is a smal®blem over North America, Europe or East Aagwintertime titration

regimes are already present over these regions.€eFfgict seen over South Asia highlights a weakitefise parameterised

approach in representing strongly non-linear chahregimes where there are large emission chaatibeugh we note that

the errors would be worse if a linear scaling wasd

South Asia (a region with challenging topographg¥ been shown to be insufficient, particularly imter (Hayman et al.,
2014; O’'Connor et al., 2014), and a large incréa$¢O, emissions could lead to a transition tetifration over this region,
accounting fosome ofthe discrepancy in surface; @sponsesdowever, it is able to represent the I@sponses in the TF-
HTAP2 models for a smaller emission change of 2@ South Asia (Tabl6s).

As the parameterisation of Wild et.,a(2012) did not show a similar discrepancy oveutS8oAsia for large emission

perturbations, a comparison has been made betwes=mbnthly surface Oresponse from HadGEM2-ES and the
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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 Asii as
is based on a 20% emission reduction simulatidia@fGEM-ES, where the extent of Giration over the continental area is
small. Additional model simulations conducted watge emission increases over South Asia woulslievaluable 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 represenasdye
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
of Oz precursor species and Gate available at decadal increments over the ¢@Gd.0 to 2050 for each RCP. géhissions
are converted to CHabundances in each RCP using the MAGICC modelwtakes into account feedbacks on the;CH
lifetime (Meinshausen et al., 2011). The params#ion only accounts for the impact from changesrnthropogenic
emissions over the period 2010 to 2050 and doeaduatunt for changes in climate, but on this neanttimescale 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.g8arfQ decreases across most
regions in the majority of the scenarios asp@cursor emissions are reduced. The largestasesein surface{®ccur over
South Asia in RCP8.5 due to the expected increias®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&lbincreases 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 Tablég) but differ slightly in magnitude due to the charig the spatial
extent of the individual source regions from TF-HHAto TF-HTAP2. Additionally, thémprovedparameterisatiofere
provides @ changes for other regions that were not previoaghjlable, including the Middle East and Africaid provides

useful additional information on surface @ver these important regions under future emissi@ange.

3.3.2 Sensitivity of Ozone to Methane

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 thetbétysof Oz to CH, identified in TF-HTAP1 remain the same. Experinsent
with both increased (CH4INC) and decreased (CH4D#ah)al abundance of GHvere conducted in TF-HTAP2. However,

10



10

15

20

25

30

35

40

these experiments used an increase of 18% andieti@uof 13% to align with 2010 to 2030 changeglabal CH abundance
under RCP8.5 and RCP2.6, in contrast to the 20%cteh used in TF-HTAP1.

Wild et al, (2012) found that a 20% increase inGiundance yielded an 11.4% smaller surfagee€ponse than that from
a 20% decrease in GH-or simplicity the parameterisation used the saarelinearscaling factor as for NCemissions (Eq.
42 e-g=0.95f 4+ 0.05£2), which represents a 10% smaller response foresisoee20% emission increases. The two TF-
HTAP2 models that contributed results to both CHE€D#ad CH4INC simulations allow us to check the expion used here.
We find a slightly larger sensitivity, with both whels yielding a 12.6% smaller surface 1®sponse for an increase in £H
than a decreag&g-—3) Since this @response to CHn TF-HTAP2 is comparable to that from TF-HTAPAr, §implicity and
consistency we chose to retain the sap@ingfactorrepresentation of non-lineafity both NQ and CH (Eq.42), as used
in Wild et al, (2012)

§=0937f + 00632 i)

To enable a direct comparison with TF-HTAP1 results Q response from the CH4DEC and CH4INC experimenigin
HTAP2 are scaled to represent the response fro@%@ar2duction in Chlabundancesssing-Eg—3An adjustment factor is
calculated based on the global mean difference dmivthe TF-HTAP2 ©response in each experiment and that of an
equivalent 20% reduction in GHbundancéealculated-using-Eg-3desulting in a factor of 1.557 for CH4DEC and?86

for CH4INC. The global mean{®esponses from CH4DEC (-0.69 * 0.01 ppbv, 2 mQaeid CH4INC (0.81 £ 0.14 ppbv, 7
models) are adjusted to generate the equivalemes§ponses to a 20% reduction in CHbundance, which are used in the
parameterisation (-1.05 + 0.12 ppbv). This respasisel4% larger globally than that in TF-HTAP1 80.+ 0.14 ppbv, 14
models), highlighting a slightly increased senéifiof O; to CH,.

To explore the differences between TF-HTAP1 andHIFAP2 models the CHIifetime and feedback factor for each TF-
HTAP2 model (where data is available) can be catedl in accordance with Fiore et al., (2009). T¢etback 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 @iissions e.g. a feedback factor of 1.25 meansatthéo increase in emissions
would ultimately generate a 1.25% increase i, €bhcentrations (Fiore et al., 2009). The feedlfactors can be used in
conjunction with CH emission changes for a region, to relate tbeeSponse from the reduction in gabundance in TF-
HTAP scenarios to that equivalent from emissioaking into account both the long-term and shoppoese of emissions on
Os; (Fiore et al., 2009). TabkZ summarises the calculated £lHetime and feedback factors for the two TF-HTARBdels
that have providethe-appropriate-fieldsCHhemical loss rateThese two models show slightly shorter methaietines
and a higher feedback factor (F) than the TF-HTAfhn values. This suggests that the sensitivit9:ab changes in CH

in the two TF-HTAP2 models is slightly larger thtére TF-HTAP1 multi-model mean. The increased feekliactor also
indicates that a slightly larger reduction in mehaemissions is required to achieve a comparaldecten in Q

concentrations.

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.
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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 parameterisaticar these regions. Surface @ncentrations over Europe and North America
in 2050 are similar to those in 2010, even thobhgir regional NQemissions decrease by ~50%. The contribution#fefent
sources to the total surface €hange has been analysed for each source regigur€s £6 to SI73). Results for Europe
(Figure. 7) and South Asia (Figure. 8) are showm has these regions experience contrasting chamgesface @ Across
Europe, surface £from local and remote (mainly North American) sy is reduced in response to emission decreagks, a
the contribution from Cklincreases by 1.6 ppbv in 2050 (Fig. The increase in global GHbundance 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 totategSponse. This demonstrates how different locdl lremispheric

emission control strategies are needed in differegibns.

For the CLIM (climate policies on current legistat) scenario, annual mean surfaceddoncentrations in 2050 decrease
slightly or stay at 2010 concentrations due to cdduas in anthropogenic emissions and control of, Eiissions leading to
a decrease in its abundance (Table 4). The sooraelwution analysis for Europe (Fig. 7) and SoAsiia (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@nss South Asia the contribution from local sesr
(+3.2 ppbv) is greater than from remote sourced (pbv) 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 targetih@bl 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 emissionsbl@at) and
consequently predicts reductions in surfagec@nhcentrations of up to 9 ppbv by 2050. Reductwhsurface @in Europe
(Fig. 7) are dominated by changes in remote souat®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 acotissr regions too.

4.2 Surface Ozone under CMIP6 Emissions

We provide an initial assessment of surfagelanges from a subset of the preliminary emissgemarios 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@nbinations 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 corabimwith the baseline SSPs to develop future saehdar 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
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future air pollutant emission pathways are mapped the SSPs and represent differing targets ftgmn control, the speed
at which developing countries implement strict colst and the pathways to control technologies (Raal., 2017).
Increasingly stringent air pollutant emission colgrare assumed to occur with rising income lebelsause of the increased
focus on human health effects and the decliningsanfscontrol technology. SSP2 is a medium pollutiontrol scenario that
follows current trajectories of increasing levefsregulation. SSP1 and SSP5 are strong controlastenwhere pollution
targets become increasingly strict. A weak pollutiontrol 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 36Bg&enarios have climate mitigation targets 0feid 2.6 W ni in
2100 applied to them. Currently, air pollutant esiuas 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 shiovlrable98 along with the percentage change in global @blundance
and NQ emissions over the period 2010 to 2050. The ka&lathanges in CO and NMVOCS emissions are showalite S4
and S5. Gridded versions of these emission scenaiibbe made available in due course (K. Riabrspnal communication,

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

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

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

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 Glbundances (Table 4 and 9). Over South Asia,
NOx emissions in SSP2 60 decrease by 22% from 2020%6, 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 combinedhigéior Europe and South Asia the source contoibsitfor each region
(Fig. 10 and 11) are similar to those in CLIM. Reensources are more important under this internediamate 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{Toncentrations are less than predicted under @dEESE 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. 4031 South Asia (Fig. 11) are similar to MTFR witte timportance of
remote sources and the increasing importance ab@E050 evident over Europe. Over South Asiairtbeeasing 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,
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particularly for CH, results in different sources dominating the dbaotion to the total surfaces®esponse. Uncertainties in
the assumed growth rate of €ithder 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 €béh a global
scale. The CMIP6 scenarios allow a larger rangeattfiways to be explored than were available in BSH or the CMIP5
RCPs, including those of strong, medium and wedikips on air pollutants and climate change. Theipeterisation 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 Brcing

As discussed in section 2.3, the parameterisa@igrbken extended to generate three-dimensigndis@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 eawsissgion scenario. These are used to infer chamg@sriadiative forcing by
using the relationship between radiative forcind stopospheric column{3w nmr? DU1) and its spatial variation with latitude
and longitude from the ACCMIP multi-model ensem{@¢evenson et al., 2013). TroposphericbDrdens and ©radiative
forcings are calculated for the CMIP5 RCPs to eatalithe parameterisation against values from th€MIP multi-model
study (Stevenson et al., 2013). Additionally, fetprojections of @radiative forcing are made for the ECLIPSE and E#MI
SSPs.

The change in-tropospheric @ burdenand Q_radiative forcingfor the ECLIPSE CLE scenario in 2030 from the

parameterisation was evaluated against the chaagethe equivalent HadGEM2-ES simulatifreble 5) a self-consistent
testbased only on emission perturbations with no grilte from climate chang@&@he parameterisatian able to rproducel
the-achange in global tropospherig Gurden(-0.93 Tq) and @radaitive forcing (-0.6 mW 1) of-0-9-Fg-which-compares
well with-the—-1.0 Tg-change simulated-byfrdtadGEM2-E Ssimulations(-0.95 Tg and -0.9 mW-3n with any slight
differences due to the discrepancies identified @aith Asia (Figure 3)

mean, the predicted changes between 2000 to 20B6tinglobal annual mean surface &d global @ burden from the

parameterisation are within the range of the ACCMI#ti model responses (+/- 1 standard deviation)all the CMIP5

RCPs (Table 10). The predictions of @diative forcing in 2030 from the parameterisatazross all the RCPs, when the

influence of climate change is anticipated to balsmre also consistent with those from ACCMIPeH®ign and magnitude

of change in global ©burden and @radiative forcing with the parameterisation for R8X0 is different from the ACCMIP

results but is still within the range of model resges, which is the largest for this scenario. ddmparison with ACCMIP
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results shows that the parameterisation is ablegmduce changes in global Rurden and @radiative forcing on near-term

timescales, when the influence of climate changenall.

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 ingeliate mitigation scenarios of RCP4.5, RCP6.0 &#2350 show an
Oz 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 sheri 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 scenarin&h

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

The parameterisation generates gridded changd®itrdpospheric ©column burden and radiative forcing, which can be
used to calculate changes over different regioigsires 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 corresjpamlarger 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% reductio®; burden is predicted over Europe and North Amestaijlar to
that over South Asia, but the change inr@diative forcing is not as large (-0.2 W?rmompared to -0.3 W thover South
Asia). The parameterisation allows the regionar+#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 ovettipalar 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@smodelsfrom TF-
HTAP2, a greater number of source regighé in total) a new basgearlineof 2010 and an extension to three dimensions to
represent @changes throughout the troposphere. These imprenisnallow 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 anguatments made heridowever, larger errors may occur when using eimissi

changes of greater than +/- 60% and when consmgléoimy term future scenarios where there may hgrafisant influence

from climate change. In addition, the parameteosainay not perform well over regions where chefrit@tion is expected

to become dominant in the future under large emissicreases e.9. South Asia, as it is based oozihee responses in 2010.

There is a slight increase in the responseoQH, 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 modspmses in TF-
HTAP1.

&mission changes from the RCPs are used
with the parameterisation and it predicts simildramges in surface sOconcentrations to those from the original

parameterisation (Wild et al., 2012), although ramnoss a larger number of soureeeptoregions. Tropospheric{®urden

15



10

15

20

25

30

35

40

and Q radiative forcing calculated using the paramedtiosicompare-wellwith-theare within the spread of #gponse from
the ACCMIP mutti-medel-mean—valdesmodeiar_all of the -intermediate CMIP5 RCPs-emission-scenarios—gR&BAd

RCP6-0)in 203Q where the influence from climate change is apéitgd to be small-but-underestimate-the-large-asng

isatiomhe parameterised approach permits rapid

assessment of the impact of future emission chaoggis14 source regions and associated uncer&iotidboth surface and
tropospheric @concentrations, and allows identification of thigeting contributions of local, remote and ¢kburces to the
Osresponse. This enables quantification of the irtgoatfuture air quality and climate emission pi@gon surface air quality

and near-term climate forcing by.O

Applying future emissions from ECLIPSEvV5 and thelipninary SSPs, we show that annual mean surfaa@rentrations
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 legigin maintains future
surface @ concentrations at or slightly below 2010 conceitres, counteracting the increases that occur uonderent
legislation. This is achieved mainly through redtuts 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
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 rhis 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 iss@ms than others, and these show a large pestivadiative forcing
under current legislation. However, applicationagfressive 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 asssgstool to evaluate the impact of future emisgioficies on both
surface air quality and near-term climate forcirapf 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 ememistry processes in
models. Whilst not replacing full chemistry simidets it provides a quick way of assessing wheitarget future modelling
efforts. However, these s;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 parameitéois could
be extended further by including a feedback fatbotake some account of the impact of future clamettange on ©
Additional improvements could include coupling theput to an offline radiation model to enable impd 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 amahuhealth.
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Table 1. Summary of annual mean N@ CO and NMVOC emissions changes (%) between 2008ck2010 over TF-HTAP-1 source
regions (values are mean differences from the MAC@i and EDGARv4.3.1 emission inventories)

Annual total relative (%) emission change between@O0 and 2010
Global Europe North America South Asia East Asia Rst 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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Table 2. Summary of multi-model annual mean surfacezone values from all TF-HTAP1 models in 2001 (H-1)he parameterisation
of TF-HTAP1 models scaled for emissions in 2010 (H-Rnhd all TF-HTAP2 models in 2010 (H-2) (seven modet®ntributing).

Ozone Concentrations (ppbv)
Global Europe North America South Asia East Asia
H1 HP H2 H1 HP H2 H1 HP H2 H1 HP H2 H1 HP 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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Table 3. Models contributing to each of the TF-HTAP2 mission perturbation experiments, in addition to those for the source regions
of Europe, North America, South Asia and 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 change in global CHabundance and global and regional annual N©@emissions relative to 2010 over each TF-
HTAP2 region for the different ECLIPSE V5a emission scearios (CLE, CLIM and MTFR). MTFR scenarios are only 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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Table 5. Parameterised responses based only on HadGRNES input for annual mean surface ozone, global ome burden and ozone
radiative forcing using the ECLIPSE CLE emission scenaos in 2030, with changes calculated relative tde year 2010.

Surface Ozone (ppbv) Ozone Burden (Tq) Ozone Radiative Forcing (mW n?)
Scenario Param'! HadGEM2-ES Param! HadGEM2-ES Param! HadGEM2-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 columns©hange based on multi-model ensemble mean réguttisACCMIP
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Table 65. Monthly and annual mean surface @ changes (ppbv) from the TF-HTAP2 multi-model mean ad the parameterisation
over South Asia due to a 20% reduction in anthropognic precursor emissions over this region. Multi-mdel mean values are shown
with +/- 1 standard deviation for the available TF-HTAP2 models and the parameterised approach is based multiple models.

Surface s response (ppbv +/- one standard deviation)
TF-HTAP2 South Asia Experiment January April July October Annual Mean

TF-HTAP2 Multi-model Model N8 -1.67 £0.73 -1.48 £0.29 -1.22+0.21 -1.72 +£0.44 -1.51 £0.35
Parameterisation mean (multi-models) -1.58+0.54 -1.48+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 76. Annual mean surface Q change (ppbv plus one standard deviation) in 203@nhd 2050 (relative to 2@00) for each RCP
scenario derived from the parameterisation in thisstudy and that of Wild et al,, (2012).

Global Surface G response from 2@00 to 2050 (ppbv)

This Study Wild et al., (2012)
CMIP5 RCP 2030 2050 2030 2050
RCP2.6 -151+/-0.1 -21.94+4/-0.3 -121+/-0.3 -2.0+/-0.5
RCP4.5 -0.1+/-0.1  1081+/-0.2 -02+/-02 -0.8+/-04
RCP6.0 -4 +/-0.1  -047+/-0.1 -04+/-0.1 -04+/-0.2
RCP8.5 9170+/-0.2 +150+/-0.5 +1.0+4/-0.2 +1.5+/-0.5
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Table 8% Methane lifetime &) and feedback factor in TF-HTAP2 models that provide appropriate data (OH and CHs

concentrations).
Model TF-HTAP2 Experiment ToH! Ttotal® Fe
CHASER_rel BASE 7.19 6.51
CHA4INC 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 afiBed.

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 98. Percentage change in global CHabundance and global and regional N@emissions relative to 2010 over each TF-HTAP2
world region for the different CMIP6 emission scen&os (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 20320 22050
Global CH 1 -7 -16  -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 109 Multi-mean parameterised responses in annual measurface, global ozone burden and ozone radiative forcing ii980
and for the CMIP5 emission scenarios in 2030, witbhanges calculated relative to the year 2000 for oparison with values from
ACCMIP (+/- 1 standard deviation of multi-model reponses).

5 5 T9) ; — . .

Change from-2000 2000-(mwW-nT%)

Surface Ozone (ppbv)

Ozone Burden (Tq) Ozone Radiative Forcing (mW n?)

Year 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 -45 +/- 30
RCP4.52030 -0.1 +0.2 +/- 0.5 +4 +7 +/-5 +14 +24 +/- 19
RCP6.0 2030 -0.4 -0.8+/-1.0 +0.3 -2+/-11 +2 -13 +/- 39
RCP8.52030 +1.0 +1.5 +/-0.7 +20 +23 +/-7 80 +81 +/- 26

* - Mean change in the tropospheric Ozone burdehradiative forcing between 2030 and 2000s fromABEMIP models that provided

results for each year of each scenario, as presenfable 5 of Young et al., (2013) and Table f 3tevenson et al., (2013).
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Figure 1: Source/Receptor regions used in TF-HTAP2 ¢toured regions) and TF-HTAPL1 (solid grey line box@sexperiments.
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Figure 2: Sensitivity of monthly surface Q changes in HadGEM2-ES (solid lines) and that of thearameterised response using solely
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Figure 7: Total annual mean change in regional surfee G concentrations over Europe and the contribution ofocal (blue), remote
(red) and methane (gold) sources between 2010 an@5D from the parameterisation for the ECLIPSEv5a emidsens under the CLE
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deviation over the model range. The last row of parte shows the @response from individual sources plotted togethefior each year.
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Figure 8: Same as Fig 7. but for the South Asian ggon.
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Figure 9: Annual mean change in regional surface ©concentrations between 2010 and 2050 from the pareeterisation for the
CMIP6 emissions scenarios of SSP3 baseline (red)SF2 with a radiative forcing target of 6.0 W n? (purple) and SSP1 with a
5 radiative forcing target of 2.6 W n1? (green).
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Figure 10: Total annual mean change in regional sugice & concentrations over Europe and the contribution ofocal (blue), remote
(red) or methane (gold) sources between 2010 and3ffrom the parameterisation for the CMIP6 emissios scenarios of SSP3 BASE
(a), SSP2 6.0 (b) and SSP1 2.6 (c). Grey lines tve focal and methane panels represent individual natel estimates of @ changes,
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the model range. The last row of panels shows thes@sponse from individual sources plotted togethefor each year.
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Figure 11: Same as Fig. 10 but for the South Asiaregion.
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Figure 12. Parameterised response in the global anal mean ozone radiative forcing relative to 2010of the different CMIP5 RCPs
(circles), ECLIPSE (diamonds) and CMIP6 SSPs (squares)
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Figure 13: Annual mean percentage change in the reapal and global tropospheric @ burden over the period 2010 to 2050 from
the parameterisation for the ECLIPSEv5a emissions unet CLE (blue), CLIM (gold) and MTFR (red) scenarios.
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Figure 14: Annual mean regional Q radiative forcing relative to 2010 from the paraméerisation for the ECLIPSEv5a emissions
under the CLE (blue), CLIM (gold) and MTFR (red) scenaios.
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