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We would like to thank the reviewers for their helpful and constructive comments on the 
manuscript. 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 Reviewer 1 

General Comment: 

This paper argues that increases in NOx emissions and CH4 concentrations have played a major 
role in the historical changes in surface ozone concentrations. Although many previous studies 
have already shown that these factors have a significant impact on the historical changes in 
surface ozone, there have been few studies that have analyzed the latest CMIP6 (AerChemMIP) 
data from this perspective, so to some extent this result is novel. In addition, the authors analyze 
the health effects of surface ozone changes. Although these results appear to be novel in the 
same sense, the interpretation of the results is very simplistic and further analysis and discussion 
of the results are desirable for publication in the journal. I would like the authors to refer to the 
following comments for revisions. 

Major Comment: 

The contribution of each driver to historical changes in OSDMA8 is quantitatively estimated in 
Section 3.2.1. Is it possible to quantitatively estimate the contribution of each driver to health 
impact in a similar way? With the current descriptions in the manuscript, it is difficult to 
consistently compare the contribution of each driver to OSDMA8 and its contribution to health 
impact. If such a comparison could be made, the difference between the impact of each driver 
on ozone concentration changes and the health impact would be visualized, the factors behind 
these differences could be discussed further, and suggestions for future countermeasures would 
become even more meaningful. 

We thank the Reviewer for raising up this point. The ideal approach would be to fully decompose 
ozone (OSDMA8) changes into the contributions of different drivers and subsequently determine 
each driver’s impact on the ozone health effects. Unfortunately, this is not feasible due to 
conceptual limitations in the design of the CMIP6 simulations (as concepts like tagging e.g., 
Grewe et al., (2017); Butler et al., (2018), are not used), the methodology used for the health risk 
calculations, and the non-linearities present in the contribution of the drivers. First, we should 
clarify that in this study estimating the effect of different drivers is only possible within a 
conceptual framework, such as determining what ozone levels in 2010-2014 would have been if 
NOx emissions had remained at pre-industrial levels. With this approach, we can roughly and 
primarily qualitatively quantify the contribution of each driver to ozone changes (Section 3.2.1). 
Nevertheless, we cannot assess the actual percentage contribution of each driver to the total 



ozone change over the historical period due to non-linearities in ozone chemical formation 
processes and other feedbacks. Indicatively, the sum of the individual drivers’ contribution is 20% 
larger than the total ozone change derived from the histSST simulation alone (also referred to the 
manuscript and directly in the response to specific comments from both reviewer 1 and 2 below). 
Secondly, the contribution of each driver to the health impact cannot be assessed by simply 
taking the difference of the attributable fraction (AF) between the histSST and the respective 
sensitivity calculation, for the following reason. The relative risk calculation (see equation 2 in the 
manuscript) depends on the exceedance of the OSDMA8 metric above the TMREL threshold of 
32.4 ppb. For example, in the near-present period 2010-2014, if OSDMA8 concentrations for the 
histSST experiment are 60 ppb and for the histSST-piNOx are 32.4 ppb, one could attribute 27.6 
ppb (~46%) to NOx emissions. Calculating the AF for the above experiments will result in an RR 
of 1, thus an AF of 0 for the histSST-piNOx experiment, and a non-zero AF for the histSST 
experiment. This would erroneously conclude that all health effects in the histSST experiment is 
due to NOx, which, of course, is not the case. To decompose the AF into individual drivers, one 
should assume that the percentage contribution of each driver to the OSDMA8 exceedance of 
TMREL is the same as its contribution to OSDMA8 levels and apply this to the AF. However, this is 
not feasible, as the actual percentage contribution of each driver cannot be determined for the 
reason explained earlier. Nevertheless, one should consider the AF for each experiment as a 
concept, essentially, what the AF would be if NOx emissions were set to pre-industrial levels, to 
obtain qualitative insights on the AF from individual drivers, like we have done here.  

To provide further clarification on the methods we have included the following paragraph in the 
Subsection 2.3 at line 229 of the original manuscript:  

“Attribution of ozone health effects (AF) to different drivers by taking the difference between the 
reference and sensitivity simulations is not valid, as AF is not directly proportional to OSDMA8 
concentrations but rather depends on whether ozone exceeds the TMREL and by how much. This 
type of decomposition would be feasible if the actual percentage contribution of each driver to 
the total OSDMA8 change could be estimated, which is not possible in the current approach due 
to the non-linearities in ozone chemistry. Therefore, only qualitative insights can be made on the 
relative contributions of each driver to ozone health effects. Thus, AF in a sensitivity simulation 
should be viewed as a conceptual indicator, reflecting the potential health impacts under a 
specific scenario (e.g., pre-industrial NOx emissions in near present-day conditions), without 
providing a direct attribution of the health effects of ozone to individual drivers in the real-world 
context.” 

According to the previous and considering that the regional average of AF in Figure 7 does not 
represent exactly the fraction of COPD mortality due to ozone exposure (OSDMA8 is not 
population-weighted here when used in the calculation of AF) we have modified the paragraph in 
Subsection 3.2.2 lines 382-393 of original manuscript as follows: 

“Figure 7 presents the global and regional mean Afs attributable fraction for the histSST and the 
sensitivity experiments isolating the different drivers of ozone formation in the near present-day 
period 2015-2014. A high health risk from COPD attributable to ozone pollution (histSST) is found 
in South Asia and East Asia with a regional average AF of 13% and 12%, respectively; while values 
in other regions are: Ozone pollution in histSST is responsible for more than 10% of COPD deaths 
in South and East Asia; while percentages in other regions are North Africa and Middle East (9%), 
High-income Asia Pacific (9%), Central Europe (7%), Western Europe (6%) and High-income 
North America (5%). Regarding the drivers of ozone changes, fixing NOx emissions to pre-
industrial levels (histSST-piNOx) eliminates the risk for human health from ozone exposure for the 



2005-2014 period in most regions. As for the drivers of ozone health effects, NOx emissions in the 
historical period are found to be the main contributor to ozone-related mortality for the 2005-2014 
period, as fixing them to pre-industrial levels (histSST-piNOx) eliminates the risk for human health 
from ozone exposure in the majority of regions.  Historical increases in methane concentrations 
also appear to imply a risk for human health in near present-day both globally and regionally, as 
setting methane concentrations to pre-industrial levels results in a lower risk for health in the 
highly populated regions of South Asia, East Asia, and Western Europe with AF values of 9%, 7%, 
and 2%, respectively. Historical increases in methane concentrations also appear to be a 
significant contributor to near present-day AF both globally and regionally. Setting methane 
concentrations to pre-industrial levels reduces ozone-related mortality in the highly populated 
regions of South Asia, East Asia and Western Europe by ~4% and that of High-income North 
America by ~3%. Historical changes in climate, aerosol precursor emissions and stratospheric 
ozone have relatively small impacts on historical OSDMA8 changes and consequently on regional 
mean near present-day AF regional mean near present-day AF. Isolating these drivers at 1850 
levels (or 1950 for stratospheric ozone) shows only small changes in AF values and therefore in 
ozone-related health risk a small (≈1%) increase in the risk to ozone-related mortality.” 

 

Specific Comments: 

 - Table1: It would be better to more clearly explain what is fixed in each sensitivity scenario. 
Methane is well described in the caption already, but the other drivers are not clearly explained 
in the table caption. 

Thanks for the comment and we have included additional descriptions of the other drivers within 
caption of Table 1.  

- L128: Do all UKESM1 sensitivity experiments use the same initial data? 

Yes, the histSST and all the sensitivity experiments use the same initial conditions file.  

- L129: heath -> health 

Corrected 

- L145-147: The bias correction method for the baseline period should be explained in more detail 
here. Which was used for the correction: the difference or ratio between RAMP and each model? 
Did the method correct the 1-hour values and then calculate OSDMA8 or correct the OSDMA8 
values directly, etc.? 

The RAMP dataset directly provides OSDMA8 as the metric for ozone concentrations. Therefore, 
we have bias corrected the models after calculating this metric and not the “raw” hourly surface 
ozone concentrations output from the models. We have corrected the model baseline period by 
the absolute difference between the individual CMIP6 model and the RAMP dataset. We have 
provided additional details on these points in the methods section as below: 

A new line has been included on line 145: 

“The RAMP dataset directly provides ozone concentrations as OSDMA8 values, which are used 
to correct the corresponding OSDMA8 values simulated by each CMIP6 model.” 

The sentence on line 145 to 147 has been amended to: 



“We then use OSDMA8 values over the last 10 year mean period (2005-2014) from the RAMP 
dataset to bias correct against for the absolute difference in values simulated in same time period 
of the historical experiments from by the CMIP6 models to bias correct against the same time 
period in the RAMP dataset,. Using the most recent 10-year mean period of 2005-2014 from the 
historical experiments which maximises the availability of ground-based observations in the 
RAMP dataset for correction.” 

The Sentence on line 147 to 149 has been amended to: 

“Figure 1 shows the 10-year mean (2005 to 2014) simulated OSDMA8 values from each CMIP6 
model in the histSST experiment and also the absolute difference versus compared to the RAMP 
dataset in the same time period (i.e. the correction applied to each CMIP6 model).” 

Further clarifications on the methodology has also been made in the response to some of the 
specific comments of reviewer 2 below. 

- L175-177: A brief description is desirable here on the ozone response derived with the method 
of Wild et al. (2012) using the difference between the equilibrium and prescribed CH4 
concentration. Whether the ozone increase or decrease? Are there any regional or temporal 
characteristics? 

Thanks to the reviewer for this point and we have tried to provide a more detailed description of 
the adjustment process in the response to the reviewer below. To avoid confusion and the 
repetition of unnecessary details in the manuscript we have tried to keep the amount of detail 
included in the methods section to a minimum.  

The ozone response to the difference between the equilibrium and prescribed global CH4 
concentrations is calculated by using the relationship derived in Wild et al., (2012) and Turnock 
et al., (2018) using the results from methane perturbation experiments as part of the HTAP 
(Hemispheric Transport of Air Pollutants) project. In the HTAP project an experiment was 
conducted where global methane concentrations were reduced by 20%. The ozone response to 
such a perturbation in methane was calculated across multiple chemistry models. The results 
from this multi-model study found that ozone exhibited non-linear responses to changes in 
methane. From this a relationship was derived to calculate ozone responses to methane 
perturbations.  

The method for adjusting ozone concentrations due to a change in global methane 
concentrations (such as difference between prescribed and equilibrium concentrations) can be 
summarised as follows (based on that in Wild et al., 2012 and Turnock et al., 2018). 

Firstly, a scale factor for the CH4 response, fm, is calculated as the ratio of the global abundance 
change, ΔCH4 (in this study the different between equilibrium and prescribed concentrations), 
relative to the 20% abundance change in the original HTAP experiments: 

𝑓𝑙𝑖𝑛 =
∆𝐶𝐻4

0.2 × [𝐶𝐻4]
 

A non-linear scaling is then applied to the linear factor calculated above to account for reduced 
ozone response due to changes from CH4 

𝑓𝑛𝑜𝑛−𝑙𝑖𝑛 = 0.95𝑓𝑙𝑖𝑛 + 0.05𝑓𝑙𝑖𝑛
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The ozone response to the change in methane is then calculated by using the non-linear scaling 
factor (fnon-lin) to scale the original ozone response from the 20% perturbation HTAP experiment 
by: 

∆𝑂3 = 𝑓𝑛𝑜𝑛−𝑙𝑖𝑛∆𝑂3 

This now allows for us to adjust the ozone response in each sensitivity experiment for the change 
in methane concentrations due to the methane lifetime effect. 

The different sensitivity experiments induce a different impact on methane and therefore also 
ozone. To summarise, four experiments piSST, 1950HC, piNOx and piO3 all result in an increase 
in methane concentrations and therefore an increase in ozone. Whereas, the remaining three 
experiments piAer, piCH4 and piVOC all result in a decrease in methane concentration and also 
ozone concentrations. The sign of adjustment in ozone occurs in the same direction across all 
regions as the experiments conducted by UKESM1 in this study and those conducted in HTAP to 
inform the relationship used perturbations in global concentrations of methane. However, there 
are regional variations in the magnitude of the ozone response, which can be attributed to the 
differing ozone production sensitivities in the models that form the basis of the relationship 
derived in Wild et al., (2012).  

To include some additional details on the above methods we have amended the manuscript text 
as follows: 

We have inserted the following additional text, which includes a new sentence on line 176, an 
amended the sentence on line 177 to 179: 

“This relationship was obtained by analysing the ozone response of multiple chemistry transport 
models in an experiment where the global CH4 concentrations was reduced by 20%; conducted 
as part of phase 1 and 2 of the Hemispheric Transport of Air Pollutant (HTAP) project.  A non-linear 
relationship is then used to scale this ozone response (calculated from the HTAP 20% global CH4 
reduction experiment) by the ratio of the global CH4 abundance change in this study (the different 
between equilibrium and prescribed concentrations) relative to the 20% abundance change used 
in the original HTAP experiments. Using this relationship, weFrom this we now calculate for each 
sensitivity experiment the response in surface ozone concentrations that occurs due to the 
change in CH4 concentrations resulting from the adjustment of CH4 lifetime.” 

The following new sentences included on line 180:  

“Four of the sensitivity experiments (piSST, 1950HC, piNOx and piO3) result in an increase in CH4 
concentrations and subsequently a relatively small increase in ozone. Whereas, in the other three 
sensitivity experiments (piAer, piCH4 and piVOC) there is a small reduction in CH4 and ozone 
concentrations. The magnitude of adjustment to the ozone response slightly varies across 
regions in each sensitivity experiment, although the sign of change is the same.”  

- L227: concentration -> remove 

Removed 

- L240-L242: It would be an overstatement that the CMIP6 models have an ability to simulate 
long-term change in surface ozone based on a comparison at only five remote locations. 

Whilst we agree with the reviewer that representing trends at only five monitoring locations is 
overstating the ability of models to simulate long-term changes in surface ozone, there is a lack 



of available continuous multidecadal observations of surface ozone concentrations with which 
to compare to model simulations. In Griffiths et al., (2021) the five remote ground-based 
monitoring locations selected for comparison represent the longest continuous surface ozone 
observation datasets (>40 years) with which to test the ability of global chemistry climate models 
to reproduce multi-decadal trends. This provides one of the few comparisons of long-term (multi-
decadal) trends in both models and observations. We have slightly changed the emphasis of the 
sentence on line 204 to 242 to reflect the spatial limitations of this comparison. 

“Previously, CMIP6 models were shown to be able to represent the multi-decadal changes in 
surface ozone concentrations since 1960 at five remote long-term monitoring remote locations 
around the world (Griffiths et al., 2021),. Even though this comparison is spatially limited, due to 
the availability of monitoring locations with multi-decadal observational records, it does provide 
a degree of providing confidence in the ability of models to simulate long-term changes at specific 
remote locations, representative of background conditions.” 

- L292: The AF value in Greenland exceeds 10%. Why does it happen where the AF value is quite 
low at other high latitude regions in the Northern Hemisphere? 

The AF values in Greenland exceed 10% because the OSDMA8 values across Greenland are also 
large in the 2005-2010 period (see first panel on Figure 6). This is due to the nature of the 
topography of the Greenland ice sheet and its representation in global climate models at coarse 
resolution. Here the altitude of the lowest model level i.e. representative of the surface, is quite 
elevated in height, i.e. ~2000m above sea level. Therefore, the ozone concentrations here are not 
representative of typical surface values for this latitude but can be considered more like free-
tropospheric ozone concentrations. As such they will be higher in concentration and produce a 
larger AF than we would expect. However, due to the low population density of Greenland, 
especially at this elevation on the ice sheet we would expect a minimal impact to human health 
here.  

An additional sentence has been included on line 287 to explain this as follows: 

“High AF values of >8% also occur over Greenland in 2005-2014, which can be attributed to the 
presence of the high-altitude ice sheet (~2000m above sea level), meaning that the ozone 
concentrations are not representative of typical surface values for this latitude but can be 
considered more like elevated free-tropospheric ozone concentrations.”    

- Figure3: Since the average of the three models is mainly discussed in the manuscript, so the 
average value should also be included in the figure. 

Thank you for the suggestion to improve the Figure. However, as Figure 3 shows ozone changes 
over different regions in multiple panels then it is difficult to add another line showing the multi-
model mean whilst not obscuring another one of the individual model lines. We think that 
showing the diversity of model response in Figure 3 is of more value than a single multi-model 
mean line so have decided to keep the lines on the plot the same. Hopefully the reader is able to 
interpretate the multi-model mean easily from the individual model responses. To aid in this we 
have included values of the multi-model mean for each region for the start and end of the time 
period on a revised Figure 3. 

- L299: The number in brackets (e.g. 37%) needs an explanation. 

The explanation for this number is provided earlier in the sentence on line 297 to 298. The 9.6 ppb 
(37%) increase in global mean OSDMA8 concentrations is the O3 response attributed to the 



change in O3 precursors (histSST minus histSST-piO3 = NOx, CO and non-CH4 VOCs) in the 2005-
14 mean period. 

- L312-L313: In this experiment, the CH4 concentration is set uniformly within the model domain, 
but the actual CH4 concentration has a relatively clear difference between the Northern and 
Southern Hemispheres. How do you think setting the uniform CH4 concentration affects the 
change in ground-level ozone concentration? 

We agree with the reviewer that using a global CH4 concentration as a surface boundary condition 
is a limitation, but this approach is common to the majority of global chemistry climate models 
used in CMIP6. This does provide a global distribution of CH4, constrained to the boundary 
condition, allowing it to effect chemistry across each grid cell within the model but lacks the 
spatial heterogeneity of a model with a fully interactive CH4 cycle (driven by CH4 emissions). In a 
recent CH4 emission driven configuration of UKESM1 Folberth et al., (2022) showed that a CH4 
concentration forced simulation would underestimate surface CH4 concentrations in the 
Northern Hemisphere and overestimate them in the Southern Hemisphere. Therefore, the results 
presented for the impact of CH4 could also result in a similar underestimation of surface ozone 
response in the northern hemisphere overestimation in the southern hemisphere.  

We have included the following sentence on this limitation at line 312. 

“This means that the impact of changes in CH4 on surface ozone in this study are spatially limited 
by the absence of a hemispheric gradient in CH4 concentrations (higher in the northern 
hemisphere and lower in the southern hemisphere), something that would be provided if using a 
model with a fully interactive CH4 cycle, including CH4 emissions instead of concentrations 
(Folberth et al., 2022).” 

- L348: including -> remove 

Removed 

- L352: Do all models include online calculation of BVOC emissions? 

No, not all models include interactive BVOC emission scheme. However, this section is 
specifically referring to the sensitivity simulations run only by UKESM1, which does have 
interactive BVOC emissions included. A sentence on line 353 has been amended to: 

“This suggests a small climate impact on natural sources of ozone precursor emissions is 
simulated by the interactive BVOC emission scheme included within UKESM1-0-LL.” 

In response to reviewer 2 we have also included a new table in the appendix (Table A1) showing 
the differences between models, which also highlights their treatment of BVOCs.  

- L354-L355: The UKESM1-0-LL has a smaller ozone sensitivity per unit temperature change 
(ppb/K) than other models (Zanis et al. 2022), so I guess it is possible that the impact of climate 
change on OSDMA8 is underestimated in UKESM1-0-LL model. Further discussion on it is 
desirable here. 

The reviewer is correct that in the study by Zanis et al., (2022), UKESM1 had the smallest ozone 
sensitivity per unit temperature changes on a global mean basis of -0.79 ppbv °C-1. This is 
compared to -0.85 and -0.94 ppbv °C-1 for GFDL-ESM4 and EC-Earth3-AerChem respectively. 
Therefore, this would suggest that UKESM1 underestimates the climate change impact on global 
mean surface ozone compared to other models. However, this is a global estimation, which is 



dominated by the strength of the remote oceanic ozone response to increasing temperatures. 
This global number does not show important regional differences in the ozone temperature 
sensitivity of different models, particularly across populated continental areas which are more 
important for the consideration of health impacts in this study. In the supplementary material of 
Zanis et al. (2022). Figure S3 shows the spatial distribution of the regression coefficient 
representing surface ozone sensitivity to temperatures. It is shown that a robust decline in ozone 
over remote regions is simulated by all models but that also a spatial diversity of individual 
models is present for ozone sensitivity to temperature over continental areas due to a number of 
competing processes (e.g. BVOCs, lightning NOx). Compared to the other 4 models presented in 
Figure S3, UKESM1 shows on average a more positive sensitivity over North America, Europe, 
Sub-Saharan Africa and South America, with an approximate average positive sensitivity over 
Asia. Therefore, there is still considerable differences in the simulated magnitude and sign of the 
changes in surface ozone due to climate change from global chemistry-climate models.  

We have included some additional points of discussions on this topic in the paragraph on lines 
343 to 355. 

Sentence on line 343 has been modified to: 

“The climate change signal over the historical period has resulted in an approximate 1K increase 
in global mean surface temperatures simulated by UKESM1-0-LL by the 2005 to 2014 period (Fig. 
2), which has resulted in a small reduction in global mean OSDMA8 concentrations of 0.8 ppb 
(2%) that is consistent with the surface ozone temperature sensitivity of -0.79 ppbv °C-1 from Zanis 
et al., (2022).” 

New sentences have been added after line 355: 

“In addition, Zanis et al., (2022) showed that UKESM1-0-LL had a lower ozone sensitivity per unit 
temperature change on a global mean basis (-0.79 ppbv °C-1) than other CMIP6 models (multi-
model mean of -0.93 ppbv °C-1), which could mean that climate change impacts on surface ozone 
are underestimated in this study. However, this global sensitivity number obscures the spatial 
variation in the sensitivity of surface ozone to temperature (both positive and negative) across 
different models (Zanis et al., 2022). The model diversity highlights that the surface ozone 
response to climate change is still uncertain in global chemistry climate models and that both a 
stronger and weaker response is possible across different regions.”      

- L363: According to the manuscript the sum of individual driver impact on historical OSDMA8 
change is 20.4 ppb (8.6+1.5+5.9+0.8+0.8+2.8), and the historical change in OSDMA8 in histSST 
experiment is 12 ppb (described in L236). I couldn't understand how this number (20% larger) 
was calculated from these values. 

Thanks for raising this issue and hopefully we can provide some clarification. When calculating 
the sum of the individual drivers, some of the contributions to surface ozone response over the 
historical period are actually negative and act to reduce the overall change in surface ozone, 
calculated in the histSST experiment. The change in ozone from these drivers therefore cannot be 
combined as positive response values as the reviewer has done in the comment, as they act to 
reduce the surface ozone over the historical period. For example, the impact of climate change 
(piSST), halocarbons (1950HC) and aerosols (piAer) on surface ozone in the 2005 to 2014 mean 
period is -0.8 ppb, -2.8 ppb and -0.8ppb respectively. These reductions can then be combined 
with the increase in surface ozone from changes in methane (piCH4) of +5.9 ppb, NOx (piNOx) of 
+8.6 ppb and CO/VOCs (piVOC) of +1.5 ppb. This results in a total summed change from the 



individual drivers of +11.6 ppb over the historical period. The overall change in global mean 
surface ozone concentrations simulated by only UKESM1-0-LL is +9.2 ppb over the entire 
historical period. The 12 ppb change in surface ozone referred to on line 236 is the multi-model 
mean change in surface ozone simulated by the 3 CMIP6 models. Therefore, the difference 
between the overall change simulated by UKESM1-0-LL in histSST change and the sum of the 
changes from the individual drivers is about 20%.  

We have added signs to the numbers on the surface ozone reductions to make this clearer in the 
text and avoid the confusion highlighted by the reviewer. 

We have also included the individual historical change in surface ozone concentrations just from 
the histSST simulation conducted by UKESM1-0-LL for a direct comparison to the changes from 
individual drivers on line 296. 

“Figure 6 shows the change in OSDMA8 concentrations simulated by UKESM1-0-LL in the 
present-day time period (2005 to 2014) due to the historical changes in all drivers together 
(histSST) and due to the individual drivers of ozone formation i.e. histSST minus sensitivity 
experiment. The overall change in global mean OSDMA8 concentrations simulated by UKESM1-
0-LL over the historical period in histSST is 9.2 ppb.” 

Line 361 to 363 has been amended to: 

“However, the linear combination of the historical change in global mean OSDMA8 
concentrations, calculated from the individual driver experiments by UKESM1-0-LL (+11.6 ppb), 
is found to be about 20% larger than that calculated when all drivers are varied simultaneously 
(+9.2 ppb from histSST).” 

We have also included additional points on this section in response to reviewer 2 below. 

- L377: concs? 

Replaced with “concentrations” 

- Figure A1: Southern Sub-Saharan Africa is in the wrong colour on the map. 

Thanks for spotting this error. We have now changed colour of the region on Figure A1 and 
replaced with a new version in the revised manuscript. 

 

  



Response to Reviewer 2 

General Comment: 

This study provides a valuable analysis of historical surface ozone trends and their health impacts 
using CMIP6 data, which is particularly significant given the limited number of studies attributing 
global ozone trends to various drivers using this dataset. Notably, the results align well with 
findings from previous studies, supporting the potential applicability of CMIP6 models for ozone 
trend attribution. This consistency reinforces confidence in using CMIP6 data for understanding 
long-term changes in ozone and their underlying drivers. 

Overall, the manuscript topic is highly relevant for ACP, and the results provide novel and 
insightful contributions. However, the paper could benefit from more in-depth analysis and 
discussion in many areas. A more detailed exploration of the methodological uncertainties and 
limitations would strengthen the robustness of the conclusions. Additionally, the discussion 
could expand on how these findings compare quantitatively to previous studies and how CMIP6 
models might improve upon or differ from prior modeling frameworks. 

We would like to thank the reviewer for this general comment and also the specific comments 
below on the manuscript. 

In replying to the comments from reviewer 1 and those below from reviewer 2 we have made 
corrections to the manuscript to improve the description of the methods, and in particular where 
any uncertainties or limitations exist. We have provided further clarification on the methods used 
for bias correction and how the model sensitivity experiments have been compared to isolate the 
contribution of the different drivers to surface ozone. In addition, we have included more 
information on the differences between models in the form of a new Table in the appendix to show 
how such processes could impact ozone formation e.g. BVOCs. Furthermore, we have clarified 
how changes in CH4 are treated in the models and the contribution of this precursor to ozone 
formation. We have also provided additional comments on the ozone temperature sensitivity of 
the model and how this might impact the magnitude of the change in surface ozone simulated.  

In the revised manuscript, we have also included a comparison of the historical change in surface 
ozone simulated in this study to observations (where available) and to other global chemistry 
climate model intercomparison projects, including CMIP5, CMIP6 and the 1st phase of the 
tropospheric ozone assessment report (TOAR-1). Inclusions have been made in response to the 
community comment and also in the points to reviewer two below to show that at the large scale 
our simulated change in surface ozone is consistent with observations and other studies. We 
have amended the manuscript to also include comparison with other studies that attribute more 
recent changes in surface ozone primarily to changes in anthropogenic ozone precursors 
emissions; a similar result to this study. However, quantitative comparison to other such 
attribution studies are not straight forward due to differences in surface ozone metric and the 
more recent time period (1980 to 2010) used, compared to the full historical time period (1850 to 
2014) used in this study. 

This study differs from previous ones as it is the first time that hourly surface ozone data has been 
made available from global chemistry climate models for simulations cover the entire 165-year 
historical period (1850 to 2014) with which to calculate ozone exposure metrics (OSDMA8) that 
are relevant to human health. Coupling this with the inclusion of numerous sensitivity 
experiments related to ozone formation within the AerChemMIP protocol (Collins et al., 2017), 
then allows this study to link the historical change in surface ozone, and its drivers, to human 



health outcomes. In particular the sensitivity studies conducted with the global chemistry 
climate model UKESM1 allow for the attribution of many different drivers together including 
ozone precursors, aerosols, ozone depleting substances and climate change. We have tried to 
outline how this study adds values to previous global model intercomparison studies in the last 
paragraph of the introduction and have also now put statements on this in the conclusions 
section by modifying the lines 399 to 400 as follows. 

“For the first time, Wwe use hourly surface ozone output from three different CMIP6 models, over 
the 165-year historical period (1850 to 2014), to calculate changes in the peak season ozone 
metric (OSDMA8), that can relate risks to human health from long-term exposure to surface 
ozone.” 

Line 420 is amended as follows: 

“An analysis of the drivers of historical changes in OSDMA8 concentrations and risks to human 
health is provided from hourly surface ozone outputs of sensitivity experiments conducted using 
a single CMIP6 model that isolate the historical changes in ozone precursors (NOx, CO, non-CH4 
VOCs and CH4), anthropogenic aerosols, ozone depleting substances and climate change.” 

Line 449 is amended as follows: 

“The results from these experiments provide a unique opportunity to quantify the long-term 
changes, and attribution to multiple drivers behind the changes, of an ozone exposure metric 
relevant to health impacts over a 165-year period from 1850 to 2014.” 

Specific Comments: 

• L147: Figure 1 provides a comprehensive visualization of the model-simulated OSDMA8 
values and their differences from the RAMP dataset. However, I would suggest including 
an additional subfigure to explicitly illustrate the spatial distribution of the RAMP dataset. 
This would provide a clearer and more intuitive comparison between the model results 
and the observed dataset, helping readers better understand the spatial discrepancies. 

Thanks for the comment. We have included an additional sub figure on Figure 1 of the 
revised manuscript to show the RAMP observations in addition to the model simulations.  

• L155: As mentioned, four different bias correction techniques are available: mean bias, 
relative bias, delta correction, and quantile mapping. The study chose to apply only the 
delta correction method. It would strengthen the paper to clarify why delta correction was 
preferred. Were the other three methods unsuitable for this study’s context? Did the 
correction results from the other methods perform less effectively compared to delta 
correction? Clarifying this methodological choice would improve the transparency and 
robustness of the study. 

The selection of the relevant bias correction for this study was based upon the work done 
in the technical note by Staehle et al., (2024), which assessed the performance of 
different techniques for the correction of surface ozone in global chemistry-climate 
models. They evaluated the performance of four different correction techniques for bias 
correcting model projections of surface ozone that included: mean bias (MB), relative 
bias (RB), delta correction (DC) and quantile mapping (QM). They found that both the QM 
and DC methods showed less errors when correcting future projections of ozone in global 
chemistry climate models than the MB an RB techniques. In addition, the evaluation of 



techniques found little difference in the performance of the DC and QM for bias 
correction of future projection. However, because of the much simpler mathematical 
formulation of DC compared to QM, Staehle et al., (2024) recommended the use of the 
DC bias correction method. Given that we are also using projections of surface ozone 
obtained from global chemistry climate models, we chose to use the DC method based 
on the recommendations of the evaluation in Staehle et al., (2024). This is also consistent 
with other recent studies that use the DC method Akritidis et al., (2024) and Pozzer et al., 
(2024). 

We have amended the sentences on lines 155 to 157 to include additional details on the 
selection of the bias correction methods as follows: 

“Staehle et al., (2024) discuss evaluated the merits performance of four different bias 
correction techniques for bias correcting surface ozone in global chemistry-climate 
models. The techniques assessed includeding: mean bias, relative bias, delta correction 
and quantile mapping,. Staehle et al., (2024) recommended using finding that using of the 
delta correction method for correcting future projections of surface ozone is favourable 
due to its performance lower errors compared to mean and relative bias, and numerical 
simplicity compared to quantile mapping. Delta correction has also been used as a 
method in other recent air pollution health studies (Akritidis et al., 2024; Pozzer et al., 
2024). Therefore, based on the recommendations of Staehle et al., (2024) and other 
recent studies, we use the delta correction method to calculate the change in historical 
ozone concentrations by applying the ratio of change between each decadal mean and 
the present day (2005-2014) on top of the bias corrected baseline for each model.” 

• L163: After applying bias correction to the histSST experiment, how were the results 
quantitatively compared with other sensitivity experiments to isolate and measure the 
specific contributions of individual drivers? A more detailed explanation of the 
comparison process would be needed. 

As explained in the text (lines 159-163), the contribution of each individual driver has been 
obtained by directly comparing pairs of bias corrected model experiments i.e. a control 
experiment with a perturbation experiment. Here the control experiment is the historical 
experiment where all drivers are changing simultaneously (histSST) and the perturbation 
experiment is an individual sensitivity experiment where an individual driver is fixed (e.g. 
piO3). The contribution of the individual driver is obtained by taking the difference 
between surface ozone concentrations in the same 10-year mean time period between 
each of these paired experiments. For example, to quantify the contribution of NOx 
emissions to OSDMA8 concentrations in the 2005 to 2014 time period we would subtract 
the simulated OSDMA8 values from this time period in piNOx (when NOx emissions are 
fixed at 1850) from histSST in the same time period (when NOx emissions have changed). 
This would represent the change in OSDMA8 concentrations in the 2005 to 2014 time 
periods if NOx emissions had increased from 1850 to 2014 (i.e. histSST minus piNOx).  

We have expanded the information provided on lines 162 to 163 to clarify how the impact 
from each driver is calculated, as detailed below:  

“Whereas, The impact contribution of the each individual historical drivers is obtained 
through a comparison of different pairs of bias corrected model experiments i.e. a control 
experiment (histSST) with an individual (sensitivity experiments where an individual driver 



is fixed (e.g. piNOx). The contribution of each individual driver is assessed calculated by 
comparing taking the difference between OSDMA8 concentrations in the same 10-year 
mean time period between each of these paired experiments. For example, to quantify 
the contribution of NOx emissions to OSDMA8 concentrations in the 2005 to 2014 time 
period, the 10-year mean OSDMA8 values in this time period from the piNOx experiment 
(where NOx emissions are fixed at 1850 values) are subtracted from the values in the 
same time period of the histSST experiment (where NOx emissions have changed) i.e. 
histSST minus piNOx. This example quantifies the change in OSDMA8 concentrations in 
the 2005 to 2014 time period to NOx emissions if they had increased from 1850 to 2014 
values. This method is then repeated for each individual driver using the relevant control 
and sensitivity experiment pairs. to the same time period in each of the sensitivity 
simulations.” 

• L164: UKESM1-0-LL processes CH4 inputs differently from the other models. A more 
detailed comparison of the differences among these models would greatly enhance the 
analysis. 

I am unsure what the reviewer means here as all the models used in this study (including 
UKESM1-0-LL) use prescribed global CH4 concentrations as input to all the CMIP6 
experiments. The paragraph on lines 164 to 182 specifically describe how in the post 
processing of ozone output from the sensitivity experiments, only conducted by UKESM1-
0-LL, we have attempted to correct for the impact of using prescribed global CH4 
concentrations as input to the model on ozone from changes in other chemical species 
i.e. feedback on CH4. 

A description of the configuration used by each model related to the use of global 
methane concentrations is provided in the caption to Table 1. It has also now been 
included for clarity as an additional sentence on Line 114 as below. We have also 
included a reference to the new Table A1 in the appendix of the paper highlighting some 
of the differences between the models (see response to the reviewer comment below). 

“All models used in this study prescribe long-lived greenhouse gases and methane as 
global annual concentrations. Table A1 shows a brief description of the relevant 
chemistry and aerosols processes in the three different CMIP6 models.”  

• L187: The stated global increase factors for NOx (>11 times), NMVOCs, CO, and CH4 (>2) 
since 1850 appear inconsistent with the trends shown in Figure 2. Further clarification is 
required to reconcile this discrepancy. 

The inconsistency arrives because Figure 2 shows fractional change (i.e. Y-X / X) in 
historical emissions relative to 1850 values but not the ratio of change in historical 
emissions (i.e. Y / X) as described in the text of the manuscript. We thought that using a 
ratio of change (or factor) would be easier to communicate the magnitude of emission 
change in the text. However, we also recognise how using different values in the text and 
figure might be confusing to the reader. Therefore, we have made the numbers described 
in the text consistent with those on Figure 2 (i.e. relative change). The following changes 
have been made to the manuscript to reflect this. 

Line 186 to 189 have been amended to: 



“Global anthropogenic emissions of NOx have seen the largest increase of the ozone 
precursor emissions, a factor fractional increase of >101 increase globally since 1850. 
Global emissions of non-CH4 VOCs and CO, along with global CH4 concentrations have 
all increased globally by a factor fractional change of >12  (i.e. more than doubled) since 
1850.” 

Line 308 has been changed to: 

“Historically, global CH4 concentrations, the other major precursor gas to ozone 
formation, have more than doubled increased by a factor of ~2 since 1850 (Fig. 2), which 
has increased global mean OSDMA8 concentrations by 5.9 ppb (20%) in the 2005 to 2014 
period.” 

• L235: Were changes in OSDMA8 concentrations calculated as the absolute difference 
between 2010 and 1855, or as a trend over 1855–2010 (e.g., 12 ± 2.6 ppb per decade (50% 
per decade))? 

These differences do not represent a trend but are the absolute change between 10-year 
mean values centred on 1855 and 10 year mean values centred on 2010 (consistent with 
first and last point shown on Figure 3). 

We have amended the sentence on Line 235 to make this clearer 

“Globally, the 10-year multi-model mean (+/- 1 S.D. of 3 model values) OSDMA8 
concentrations are simulated to have increased by 12 +/- 2.6 ppb (50% increase) from 
between 10-year mean values centred on1855 and 2010, which is of similar magnitude to 
annual mean changes simulated by 6 CMIP6 models (Turnock et al., 2020).” 

The above sentence has been further modified in response to another point below. 

• L261: Further details are needed on the differences between the models, particularly in 
areas where these differences significantly impact ozone formation. 

We have now included a new table in the appendix (Table A1) of the revised manuscript 
and included in this response below for clarity. This shows a summary of the relevant 
aerosol and chemistry processes within each of the three CMIP6 models. Reference to 
this table has been included on the revision to line 114 (see response to reviewer point 
above). The information presented in Table A1 highlights that there are differences 
between the models in terms of resolution (both horizontal and vertical), chemical 
mechanisms and interactive components, all of which could have important implication 
for surface ozone formation. 

A new sentence has been included here on line 261 to include a brief mention of 
difference between models, as well as changes to the existing sentences on line 261 to 
262. 

“This diversity between models can be attributed to differences in how they represent 
chemical processes (see Table A1), particularly relevant for the pre-industrial period are 
differences in the representation of meteorology/climate, as well as the 
interactive/natural components such as emissions from biogenic sources (BVOCs), 
lightning NOx and wetland CH4 (Rowlinson et al., 2020; Wild et al., 2020). In addition, 
differences in resolution (both horizontal and vertical) and chemical mechanisms 
between each of the models can also contribute to the highlighted diversity in simulated 



ozone concentrations (Wild and Prather 2006; Wild et al., 2020). These structural 
differences between models also impacts This diversity, along with differences in the 
chemical sensitivity of ozone formation in each model, resultings in the different 
simulated historical changes in OSDMA8 across the models Turnock et al., (2020).” 

We have also included references to interactive BVOC emissions on line 350 in response 
to a point by reviewer 1.  

 

  



Table A1 – Brief description of Aerosol and Chemistry relevant Processes in the models used in 
this study 

Model 
Name 

Resolution Aerosol scheme  Chemistry 
Scheme 

Interactive Elements References 

EC-Earth3-
AerChem 

Approximately 
3° x 2° in 
horizontal 
(250km) 
And L34 
(0.1hPa) in the 
vertical. 

M7 modal 
aerosol 
microphysical 
scheme for SO4, 
BC, OA, sea salt, 
and mineral dust 
in 4 soluble and 
3 insoluble 
modes. NH4, 
NO3, MSA using 
Equilibrium 
Simplified 
Aerosol Model 
(EQSAM) 

TM5 chemistry 
scheme 
accounts for 
gas-phase, 
aqueous-phase, 
and 
heterogeneous 
chemistry based 
on modified 
version of the 
CB05 carbon 
bond 
mechanism. 

Biogenic emissions of VOCs 
and CO are prescribed using 
monthly estimates from the 
MEGAN-MACC data set for the 
year 2000. Online emissions of 
mineral dust, sea salt, the 
oceanic source of DMS, and the 
production of nitrogen oxides 
(NOx) by lightning. terrestrial 
DMS emissions from soils and 
vegetation, biogenic emissions 
of NOx and NH3 from soils, 
oceanic emissions of CO, 
NMVOCs and NH3, and SO2 
fluxes from continuously 
emitting volcanoes. 

van Noije, et 
al. 2021 

GFDL-ESM4 

cubed-sphere 
(c96) grid, with 
~100 km native 
resolution, 
regridded to 
1.0° x 1.25° and 
L49 (0.01 hPa) 
in vertical 

Bulk mass-
based scheme 
for NH4, SO4, 
NO3, BC, OM, 
sea salt and 
dust. 5 size bins 
are used for sea 
salt and dust. 

Interactive 
stratosphere-
troposphere. 43 
photolysis 
reactions, 190 
gas-phase 
kinetic reactions 
and 15 
heterogeneous 
reactions. NOx-
HOx-Ox- 
chemical cycles 
and CO, CH4 and 
NMVOC 
oxidation 
reactions 

DMS and sea salt emissions 
calculated online as a function 
of wind speed (and a prescribed 
DMS seawater climatology). 
Dust emissions coupled to 
interactive vegetation. Lightning 
NOx calculated online as a 
function of convection. Online 
emissions of BVOCs (isoprene 
and monoterpenes) calculated 
from a prescribed vegetation 
cover using MEGAN2.1 
algorithm, which has 
dependence on light and 
temperature but also inhibits 
isoprene emissions based on 
CO2. 

(Horowitz et 
al., 2019; 
Dunne et al., 
2020) 

UKESM1-0-LL 

1.25° x 1.875° in 
horizontal 
(150km) 
 L85 (85km) in 
vertical 

GLOMAP-Mode. 
(Modal scheme, 
mass and 
number) for SO4, 
BC, OM, sea salt. 
Mass based bin 
scheme used for 
mineral dust.  

UKCA coupled 
stratosphere-
troposphere. 
Interactive 
photolysis. 84 
chemical 
tracers. 
Simulates 
chemical cycles 
of Ox, HOx and 
NOx, as well as 
oxidation 
reactions of CO, 
CH4 and 
NMVOCs. In 
addition, 
heterogeneous 
processes, Cl 
and Br chemistry 
are included. 

Online emissions of DMS, sea-
salt and dust aerosols, as well 
as emissions of primary marine 
organics and biogenic organic 
compounds. Online NOx 
calculated from lightning, 
Interactive emissions of 
Isoprene (linked to chemistry) 
and monoterpenes (linked to 
secondary aerosols) using light 
and temperature, but isoprene 
emissions are inhibited based 
on CO2. 

(Archibald et 
al., 2020; 
Mulcahy et 
al., 2020) 

 

• L304: Many studies have reported significant ozone changes in these areas due to 
anthropogenic emissions (Wang et al., 2022; Zhang et al., 2016;…). It would be valuable 
to include a comparison with these existing findings. 

Thank you for the suggestions, although we notice that the two studies reference here are 
more concerned with trends in tropospheric ozone than surface ozone, which is the focus 
of this study. They do also include small references to changes in surface ozone but only 



over the last few decades. Whereas our results are specifically comparing changes over 
the 1850 to 2014 time period. Therefore, direct comparison with these studies is not 
possible. However, we have included some additional text in the manuscript at this point 
referencing general qualitative comparisons with these and other studies. 

New sentences has been included at the end of the paragraph on line 306: 

“Changes in anthropogenic emissions of ozone precursors, particularly over recent 
decades have also been shown, as in this study, to be the most important driver behind 
changes in regional surface ozone concentrations (Parrish et al., 2014; Zhang et al., 2016; 
Lin et al., 2017; Yan et al., 2018; Wang et al., 2022).”  

A new sentence has also been included at line 361 as: 

“This attribution of drivers is in agreement with other studies that showed the reductions 
in peak season surface ozone over North America and Europe and increases over east 
and south Asia between 1980 and 2010 were primarily driven by changes in 
anthropogenic ozone precursor emissions, with much smaller contribution from other 
factors including changes in CH4 concentrations and climate (Zhang et al., 2016; Yan et 
al., 2018; Wang et al., 2022 ).”   

We have also included some additional references to the change in surface ozone 
simulated by other global chemistry climate model intercomparison studies. Lines 234 to 
236 have been further amended (on top of what occurred in the early response) as 
follows: 

“Globally, the 10-year multi-model mean (+/- 1 S.D. of 3 model values) OSDMA8 
concentrations are simulated to have increased by 12 +/- 2.6 ppb (50% increase) from 
between 10-year mean values centred on1855 and 2010, which is of similar magnitude to 
annual mean changes simulated by 6 CMIP6 models (Turnock et al., 2020) and also other 
previous global chemistry climate model intercomparison studies (Young et al., 2013).” 

• L310: CH4 is also classified as a VOC, but its longer chemical lifetime allows it to 
contribute more significantly to ozone formation over larger spatial and temporal scales 
compared to other VOCs. Could you clarify why it leads to a stronger ozone enhancement 
effect than other VOCs? 

The main reason that the historical change in CH4 leads to a stronger ozone response than 
that for NMVOCs in these experiments is because CH4 has a larger abundance and is well 
mixed in the atmosphere. In addition, it has also undergone a larger historical change 
(1850 to 2014) than NMVOCs. Global CH4 concentrations have increased from 808 ppb in 
1850 to 1832 ppb in 2014 in the CMIP6 historical experiments, representing a factor of >2 
increase in its global abundance. A fairer comparison of the historical change in CH4 and 
NMVOCs can be made between changes in global emission totals. Table R1 below 
compares the change in global total (anthropogenic and biomass burning) emissions of 
CH4 versus NMVOCs over the 1850 to 2014 time period from the historical emission data 
used in CMIP6 (van Marle et al., 2017; Hoesly et al., 2018). This shows that global CH4 
emissions have increased by a much larger amount over the historical period than 
NMVOCs. Given this additional emission of CH4 coupled with its longer lifetime in the 
atmosphere means that it contributes to a larger and more homogeneous increase in 
ozone formation over the historical period than NMVOCs. This result is also consistent 



with the sensitivity of surface ozone response to the perturbation in different ozone 
precursors including emissions of NOx, CO, NMVOCs and global CH4 concentrations by 
Wild et al., (2012). Furthermore, it is also consistent with other studies where the 
contribution of CH4 to changes in tropospheric ozone burden and ozone radiative forcing 
over the historical period has been found to be larger than from NMVOCs (Stevenson et 
al., 2013; O’Connor et al., 2021). The impact of NMVOCs on surface ozone could be larger 
on a more local scale e.g. over East Asia, which could be restricted in our results by the 
horizontal resolution and limited VOC chemistry included within UKESM1 (Archibald et 
al., 2020). 

Table R1 – Global total (anthropogenic and biomass burning) emissions between 1850 
and 2014 (original dataset from van Marle et al., 2017 and Hoesly et al., 2018) 

Emission 1850 (Tg yr-1) 2014 (Tg yr-1) 
CH4 44 377 (x8.6 increase) 
NMVOCs 67 234 (x3.5 increase) 

 

Base on the above we have amended the sentence on line 310 to 312 to include more 
information, as follows: 

“The impact of changes in CH4 on surface ozone concentrations tends to be larger than 
other non-methane VOCs and more globally uniform due to its larger change, in 
emissions and abundance, over the historical period, the longer chemical lifetime of CH4, 
its larger abundance in the atmosphere, and that it is input to these model experiments 
as a global annual mean concentration, rather than gridded emissions.” 

• L321: After the signing of the Montreal Protocol, indicating a leveling off of stratospheric 
ozone decline, Figure 2 shows a significant increase in total column ozone since 2000. 
How was it determined that stratospheric ozone continued to decline during 2005–2014? 

Thank you to the reviewer for bringing this to our attention. Here, we have not been clear 
about what is being compared. The comparison should be more clearly identified as 
being between the 10- year mean period of OSDMA8 concentrations in histSST and the 
same 10-year mean period in the 1950HC experiments. This comparison shows the 
impact on surface ozone in the 10-year mean period (2005 to 2014) due the changes in 
ozone depleting substances. It is not meant to refer to changes over the period 2005 to 
2014 but rather the 10-year mean of this period. Further clarification on the comparison 
methodology has been outlined in the response to the third point of the reviewer 2 
specific comments. 

We have also made the following changes in this section to make the comparisons over 
the different time periods clearer.  

 The sentence on line 324 to 325 has been changed to: 

“Global mean OSDMA8 concentrations reduced by -2.8 ppb (-7%) in the 10-year mean 
period of 2005 to 2014 period due to the smaller amounts of stratospheric ozone from the 
increased ODS in the histSST experiment compared to the 1950HC experiment in this 
most recent period.” 

• L345/L332: Please specify whether the percentage change is positive (+) or negative (-). 



The percentage change in global mean ozone is negative and the sign of change has 
been added to this value in the text. 

• L357: Why are only the attribution results from UKESM1-0-LL presented here? Are the 
results from the other two models consistent? Please provide an explanation. 
Additionally, since these models are all online-coupled, this approach does not eliminate 
feedback effects between various factors and meteorology. How should the influence of 
these feedback effects be accounted for in the interpretation of the results? 

The reason why the results of the sensitivity study is only focussed on UKESM1-0-LL is 
that the other two models did not conduct all of the same additional AerChemMIP 
experiments that UKESM1-0-LL did (see line 116 to 199 for further information on this). 
Additionally, for some of those these additional experiments that were performed, hourly 
surface ozone was not provided as an output, and it is not possible to make a comparison 
across these sensitivity experiments between models, as the OSDMA8 metric cannot be 
estimated. Therefore, we decided to focus analysis on a multi-model comparison for the 
histSST experiment and a single model comparison of sensitivity experiments. 

On the second point of the reviewers comment about these models being online-
coupled, all of the experiments analysed in this study used prescribed sea surface 
temperatures and sea ice concentrations which make them “atmosphere only” in nature 
(e.g. histSST). This acts to minimise any temperature feedbacks that might occur from 
changes in the model experiment. However, as the atmosphere is free to respond to any 
changes in the different experiments then there is likely to be differences in the 
meteorology and also impacts on ozone chemistry between experiments (e.g. 
temperature, clouds, photolysis). We have tried to constrain the impact of any individual 
meteorological year on the results by comparing results over a 10 year mean period in 
each experiment. However, it is inevitable that there will be impacts from these changes 
on the results when comparing the histSST experiment to any of the sensitivity 
experiments as the atmosphere responds. In addition, because the chemical formation 
of ozone is non-linear (Wu et al., 2009; Wild et al., 2012), then any changes in the 
individual experiments will also have non-linear impacts on ozone formation, which will 
be hard to separate out from any meteorological feedbacks. This was highlighted in the 
summary paragraph on lines 361 to 364 by the fact that the combination of the change in 
OSDMA8 from the individual sensitivity experiments is 20% larger than the experiment 
(histSST) when all drivers are changed in combination. This shows that there are different 
feedbacks and interactions occurring in each of the individual experiments that come 
together in a non-linear way in the combined histSST experiment. It also indicates that at 
a global scale the calculated OSDMA8 responses from each individual driver might be 
slightly overestimated due to the non-linear combination of the effects from simulated 
feedbacks and interactions.   

We have tried to expand this discussion on this by amending the sentence on line 364-
365. 

“This indicates at a global scale that there are important feedbacks and interactions (e.g., 
clouds or aerosols influencing photolysis rates) influencing ozone formation in each of the 
individual experiments due to the changes from that particular driver (Gao et al., 2020; Qu 
et al., 2021). These feedbacks/interactions then have a non-linearities effect on in the 
formation of ozone, reducing the magnitude of change in OSDMA8 at the global scale 



when the drivers are changed in combination in single experiment (histSST) from the 
interactions between the different drivers. At the global scale, the impact on ozone 
concentrations due to each individual driver can be considered overestimated as change 
in the combined driver experiment (histSST) is smaller than those from the linear addition 
of the individual driver experiments.” 
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