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The authors would like to thank both reviewers for taking the time to review the manuscript, and for 
their favourable and helpful comments. In particular, the comments that improve the structure of 
the complex uncertainty analysis performed in this manuscript are welcomed. Our responses to the 
reviewer comments are given below.  
 
Reviewer comments in blue. 
Our responses in black. 
A track changes version of the manuscript is available. 
 
Response to Anonymous Referee #1 
 
l4-5: ‘proxy for the rate of the stratospheric mean meridional circulation’ ‘proxy for’ and ‘rate of’ 
seem odd (second more than first). ‘measure’ or ‘indicator’ ‘of the strength of’ would be more usual. 
We have changed this sentence to: 
 

 
 
L21: ‘The reduction in SF6 lifetime’ should surely be ‘The evidence for reduction in SF6 lifetime’. 
We have changed this sentence to: 
 

 
 
l41: [1] ‘it must therefore be reliable ... throughout the stratosphere’ actually by ‘reliable’ you mean 
‘largely chemically inert’ (the term you have used on l14), so I suggest you use the latter term. [2] 
Actually ‘largely chemically inert’ could surely be more precisely stated as something like ‘rate of 
chemical change in stratosphere (and mesosphere) is much smaller than rate of chemical change in 
troposphere’? 
[2] We believe that ‘largely chemically inert’ (on l14) succinctly sums up our requirements without 
being overly wordy, and would like to leave this sentence as it is.  
 
[1] We have updated line 41 to reflect the changes suggested above: 
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l71: ‘We believe the lifetime…’ you should give at least a very brief indication of WHY you believe 
this. 
We have updated this section to: 
 

 
 
l81: ‘all compounds’ > ‘all of the seven compounds to be considered’ 
We have changed this sentence to: 
 

 
 
l100: ‘agrees very well with Advanced Global Atmospheric Gases Experiment’ give a reference for 
this experiment or the data that comes from it. 
The AGAGE dataset had been referenced earlier, but we realise this might not have been clear for 
people unfamiliar with the AGAGE set up. Hopefully this re-wording will clarify: 
 

 
 
Figure 1: The black vertical lines are very small. 
This has been improved for the final version of the manuscript. 
 
l134: To be clear, are you saying that the CF4, C2F6 and SF6 data from AGAGE was NOT used? 
AGAGE data were used, but just their raw data and not a fit (unlike the UEA data). The sentence has 
been re-written to clarify this: 
 

 
l136: ‘in this manuscript’ > ‘used in this manuscript’ 
Done. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



l169: [1] ‘Mean ages were calculated using the parametrisation described in (Bönisch et al., 
2009)Boenisch et al (2009).’ actually Boenisch et al (2009) say ‘This two step method that we applied 
here for stratospheric mean age of air calculation from SF6 observation is explained in detail by 
Engel et al. (2006b).’ so you should surely give the Engel et al (2006b) as the reference for the 
method used? But the way in which you provide information on the method used is generally rather 
confusing and needs to be improved. [2] In the following paragraph you give some further 
comments on the method and refer to another paper by Engel et al (2002). [3] Then you give further 
details in section 3c which to some 
extent repeats what has already been said in the paragraph l195-202. I think that it is very important 
to give these sorts of details of the method (including testing the sensitivity to the value of the ratio 
widthˆ2/mean age). But at present the way that these details is disjointed and, as noted previously, 
the references to previous work, where the reader might find more detail are not very clear. 
Organising the discussion of the range of methodological tests in this manuscript was tricky and we 
agree with the reviewer comments here. We have made several changes to hopefully improve these 
sections.  
To answer [1] and [2] we have re-worded the following part of Section 2: 
 

 
 
To answer point [3] we changed Section 3c to: 
 

 
 
We also checked the rest of the manuscript, namely Sections 3a, b and d, to ensure they provided a 
consistent message as to the methodology used in this manuscript. The following changes were 
made to Section 3d: 



 
 
l176: ‘using values’ > ‘using values of the above ratio’ 
This sentence was removed as part of the changes addressing the previous point. 
 
l260: I’ve already noted that this text repeats to some extent what was said in l189-202. 
It is not necessarily a bad thing to repeat important points, but as noted earlier, I think 
that the whole presentation of methods could be clearer. Perhaps, for example, it would 
be more effective to combine the description of each part of the baseline method with 
the method(s) for the corresponding uncertainty test in Section 2, and then discuss the 
results of the uncertainty tests and make further comments in Section 3. 
This has been answered in our response to the point raised about line l169. 
 
l297: ‘We use CFC-11 as a vertical coordinate because it is an inherent property of the measured air 
parcel and will be similarly influenced by transport and mixing’ ‘similarly’ to what I guess that you 
mean ‘similarly to the other six tracers’ but please clarify. In any case I don’t really follow the logic 
here aren’t the other six tracers also ‘inherent properties of the measured air parcel’ so why is CFC-
11 special? (I don’t see a problem with the use of CFC-11, I just don’t follow the logic. 
We hope these changes will address this point: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



l393: It would be helpful if you included a brief comment on the information that was used to 
generate the WMO (2014) recommended values of [1] lifetimes, [2] FRFs and [3] ODPs. Was this a 
combination of model and observational information? How did it differ from the information used to 
generate the values in Laube et al (2013) 
Firstly, we amended the introductory part of Section 5 help address this point: 
 

 
 
Secondly, we addressed [1] by adding the following to the section on stratospheric lifetimes (5a): 
 

 
 
Thirdly, we addressed [2] by adding the following to the section on FRFs (5b): 
 

 
 
Finally, we believe that [3] was already addressed in detail in Section 3c, but hope our changes to the 
introduction, outlined above, clarify this. 
 
Response to Anonymous Referee #3 (there is no #2) 

1. The authors point out that the potential troubles using CO2 as a “mean age of the 
stratospheric air mass” tracer, because of its strong seasonal cycle and hydrocarbon source. 
But, there is also a small mesospheric sink for CO2 that produces CO. What is the best 
literature estimate for the lifetime of CO2? Infinite? Cannot these potential effects be easily 
estimated or considered small? It seems that CO2 is still the best estimate of mean age of 
air, because it has an infinite atmospheric lifetime. 

Firstly, we do not provide a detailed comparison or try to discredit CO2 as an age tracer in this paper 
as we do not have CO2 measurements. CO2 is mentioned in the introduction as it is one of the two 
age tracers (alongside SF6) people will be most aware of. We felt that an introduction to the topic 
would not be complete without introducing it. Yes, there is a mesospheric sink for CO2 that produces 
CO, although this may be considered reversible in the stratosphere where CO2 is reproduced by the 
reaction of CO with OH radicals (Engel et al., 2006). However, loss processes are not the only factor 
affecting suitability as an age tracer. When we discuss the fact that no current age tracer is perfect 
our points regarding CO2 are that one needs to be careful because of its complicated tropospheric 
trend and its stratospheric source (lines 17-19). This has been stated succinctly in the recent paper 
by Diallo et al. (2017): “With the influences of steady growth and seasonal variation, CO2 



concentrations in the atmosphere contain both monotonically increasing and periodic signals that 
represent stringent tests of stratospheric transport and stratosphere–troposphere exchange (STE) in 
models…”. We were very clear in our manuscript not to wholly discredit SF6, and we do not discredit 
CO2 at all. Note line 26: “These limitations do not preclude the use of CO2 and SF6 as age tracers”, and 
later sections (e.g. lines 315-338) discuss only the potential lifetime reduction (already discussed by 
Ray et al., 2017) of SF6.  
 
Our main aim with respect to the introduction of new age tracers is outlined in the paragraph 
beginning on line 448: “The new tracers identified here are not meant to replace SF6 and CO2, which 
are established age tracers with well-defined tropospheric trends and a wealth of stratospheric 
measurements, in particular as they are measurable by satellite (Stiller et al., 2008). […] As future 
changes to the BDC are likely to be complex, a suite of tracers may be better suited than SF6 or CO2 
alone in diagnosing long term changes.”. We believe that the more options we have for potential 
age tracers the better placed we are. For example, we would like to hope that, one day, the annual 
increase in atmospheric CO2 may change.  
 
We would also like to draw attention to the 5th paragraph in our introduction that highlights the link 
between our potential use of ‘new’ age tracers and the increasing number of methods available for 
collecting stratospheric air samples, such as AirCores and bag samplers.  
 
We have added a sentence to the above paragraph to stress the long stratospheric lifetime of CO2. 
 

2. The trace gas, SF6, still is an excellent mean age of air in regions outside the influence of 
polar air masses and fine for polar air during periods without vertical descent. The 
qualitative evidence to suggest potential SF6 outside the polar vortex is weak, unless you 
model the transport. I would recommend dropping it. 

We make no conclusions about this, only saying: “This raises the question as to whether the sink of 
SF6 is indeed exclusively located in the mesosphere, although admittedly our non-polar dataset is 
limited and we cannot rule out mixing of polar vortex air (or vortex remnants) being observed in mid-
latitudes outside of the winter polar vortex (Strunk et al., 2000).”. We would argue that this is a 
question, and a valid one to be raised to prompt future people to model the transport, and would 
ask to keep it. 
 

3. What are the sinks for these seven gases? Mesospheric sink? Can the Ray et al. (2017) 
technique be used to calculate their lifetimes too? 

The PFCs (CF4, C2F6 and C3F8 are primarily removed in the mesosphere (above 65 km), mainly by 
Lyman- α photolysis (WMO, 2014). For HFCs, tropospheric loss via OH is dominant, but losses in the 
stratosphere come from photolysis and O(1D) reactions (Naik et al., 2000; Oram et al., 1998; 
Schmoltner et al., 1993). SF6 lifetimes are discussed in our manuscript lines 21-26 and in Ray et al. 
(2017). The current, widely-used lifetime of 3200 years is based primarily on loss due to Lyman- α 
photolysis, but this is now being revised based on our growing understanding of the importance of 
loss via free electron association in the mesosphere. The method in Ray et al. (2017) – balloon-borne 
sampler measurements in the polar vortex combined with model outputs – could be used to better 
quantify mesospheric losses for other compounds that are broken down in this region, if suitable 
stratospheric datasets exist for these compounds. However, that was not the aim of this study, 
which uses a mix of polar and non-polar stratospheric data to evaluate potential new age tracers 
(see our previous responses where we outline the reasons why we believe the addition of new age 
tracers is important). We hope that the introduction of our combined stratospheric dataset and 
tropospheric time series, including the uncertainty analysis conducted in Section 3, which highlights 
the quality of these data, will encourage further exploration of the stratospheric distribution, 
lifetimes, etc. of these gases.  



4. If the recommended lifetime of HFC-125 is questioned by this work, could the recommended 
lifetime of HFC-227ea also be wrong. Perhaps the HFCs are not the best lifetime standard 
after all to compare to SF6.  

We hope this has partly been answered in our response to reviewer#1. Lifetimes of other HFCs may 
be incorrect, most are based on model studies (see SPARC, 2013). However, our point was not to 
correct HFC lifetimes. We have improved our introduction to the HFC-125 lifetime issue in our 
response to reviewer#1, see above, which explains that preliminary mean age analysis had led us to 
believe that there may be an underestimation of the HFC-125 lifetime, which we then investigated. 
As and when further evidence for changing lifetimes of other gases arises we may pursue these 
avenues as well. 
 

5. I don’t agree with the sentence in the text, how does qualitative evidence go to substantial 
evidence. I suggest the following “However, we do provide additional new evidence for the 
need of caution when using SF6 to derive mean ages, particularly in regions influenced by 
polar vortex descent (Ray et al., 2017).  

The reviewer did not state which sentence they were referring to, but we assume they referred to 
line 449 which included the word ‘substantial’. The original sentence here: “However, we do provide 
substantial new evidence for the need of caution when using SF6 to derive mean ages, especially 
above the lowermost stratosphere.” 
 
Our results showed that SF6 lifetime does seem to be overestimated, as in Ray et al. (2017). We 
believe we have substantial evidence to support this, as several new age tracers all show the same 
result. In the first paragraph of the conclusion the word ‘qualitative’ refers only to our discussions 
around why SF6 mean ages show a high bias.  The reviewer’s suggestions of linking our findings to 
Ray et al. (2017) were already made in the previous paragraph (line 440). We hope the following 
sentence is a suitable compromise: 
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