Author’s Response to Report #1

1. The main objective(s) of the study are still not clearly declared. A phrase has been added as a
response to my first comment “... with the aim to understand the effects of SF6 sinks on tracer
derived AoA and its long-term trends. Specifically, we calculate for the first time the effect of the
sinks on the long-term trend of AoA.”

This phrase is by no means sufficient. The latter sentence should have and "apparent AoA" (or "SF6
apparent AoA") rather than AoA. SF6 sinks, probably, have a minor effect on AoA via radiative forcing
and circulations, but it is well beyond the accuracies of current models.

| would be expecting formulation of the objectives in a way they can be clearly shown as achieved in
the conclusions, and streamlining of the whole narrative to meet the objectives.

Response. The main objectives of the study are stated in the last paragraph of the Introduction, and
we extended the sentences to emphasize the specifics of the study even more. In the newest version
of the manuscript:

e Line 70 ff. “[...] we apply the chemistry climate model [...] with the aim to understand the
effects of SF6 sinks on tracer-derived AoA and its long-term trends.”

e Line 72 ff. “Specifically, we calculate for the first time the effect of the sinks on the long-term
trend of SF6-derived AoA, and quantify how this effect is modulated by circulation changes,
or by changes in the abundance of relevant species for SF6 chemistry.”

e Line 79 ff. “We apply a correction for the non-linear growth of SF6 in the calculation
of AoA, based on Fritsch et al. (2019), which allows for the quantification of the effect of SF6
sinks on SF6-based AoA in isolation.

We re-state our objectives in the Conclusion:

e Lines 481- ff. “We investigate for the first time how longer-term trends are affected in a
consistent manner and investigate the different contributions from circulation changes,
changes in abundance of reaction partners, and trends induced by constant destruction
rates.”

And state the corresponding achievements in the paragraphs that follow:

e Refer to Lines 500-505 ff for result on quantification of AoA climatology.

e Refer to Lines 506-517 ff for results on quantification on AoA trends.

e Lines 518 ff. “Our sensitivity studies quantified that the positive AoA trends are neither a
result of climate change, nor of changes in the substances involved in SF6 depletion. The SF6
sinks themselves are the reason for the increase in apparent AoA.”

e Lines 523 ff. “[...] we can conclude that SF6 sinks have the potential to explain the long-
lasting AoA trend discrepancies between models and observations.”

We continue in the Conclusion with the final objective, namely:

e Line 524 ff. “[...] we put forward a first approach towards a method for SF6 loss correction”

e Lines 525 ff. “[...] we can conclude that a linear correction [...] can likely be applied to AoA
values up to 4 years.”

To ensure clarity for the reader, the aforementioned objectives have been clarified in the
Introduction. This paragraph now reads as follows (starting on Line 70 ff in the newest version), with
the new additions highlighted in bold:

“In the present study, we apply the chemistry climate model EMAC (ECHAM MESSy Atmospheric
Chemistry, Jéckel et al.,2010; Jéckel et al., 2016) with the aim to understand the effects of SF6 sinks
on tracer-derived AoA and its long-term trends. Specifically, we calculate for the first time the effect
of the sinks on the long-term trend of SF6-derived AoA, and quantify how this effect is modulated by
circulation changes (recent climate change), specified model dynamics, or by changes in the
abundance of relevant species for SF6 chemistry. Furthermore, we analyse the contribution of the



SF6 sinks themselves on the long-term trend of SF6-based AoA. As an outlook, we thereupon
provide first thoughts on how to apply an AoA correction to observations taking SF6 sinks into
account. The chemistry climate model uses the second version of the Modular Earth Submodel
System (MESSy2) to link multi-institutional computer codes. In our simulations, we employed the
MESSy submodul “SF6” which explicitly calculates SF6 sinks based on physical processes (based on
Reddmann et al., 2001), rather than on crude parameterisations. We apply a correction for the non-
linear growth of SF6 in the calculation of AoA, based on Fritsch et al. (2019), which allows for the
quantification of the effect of SF6 sinks on SF6-based AoA in isolation.

In Sect. 2 we describe the EMAC model and the SF6 submodel as well as the observational data we
use for comparison. Sect. 3 contains a comparison of the EMAC climatologies with MIPAS data, a
comparison of the EMAC trends with MIPAS and balloon borne measurements and an analysis of the
results of two sensitivity simulations. The model results are discussed in the following using
theoretical considerations of the effects of sinks on AoA trends (Sect. 4), including first thoughts on
possible correction methods for the sinks, that are highly desirable for the use of observational
data. In Sect. 5, we discuss the results and provide some concluding remarks.”

The way SF6 sinks affect apparent AoA and its trends have been shown earlier in several studies
(though with theoretical considerations and somewhat shorter simulations), and the conclusions
made are quite unequivocal: "The apparent over-ageing introduced by the sink is large and variable
in space and time. Moreover, the over-ageing due to the sink increases as the atmospheric burden of
SF6 grows."

The need for longer-time simulation has to be justified, and research questions to be addressed with
the simulations have to be formulated.

Response. It is correct that the above quote from Kouznetsov et al. (2020) shows the effect of SF6
sinks on apparent AoA. However, their calculation of the apparent AoA trend runs over a short time
period of only 11 years. There has been a long-standing discrepancy between observations and
model simulations of AoA, and in particular, of the AoA trend over several decades. The study of
Engel et al. (2009) presents a multi-decadal time series of observational data and analyses the trend
of observation-based AoA spanning 30 years. While it has been previously shown that SF6 sinks lead
to an over-aging of apparent AoA, the long-term effect of it has not yet been investigated. We thus
investigate the long-term effects of the SF6 sinks and present these in relation to the observational
data spanning several decades in Engel et al. (2009). These explanations have been detailed in the
introduction of the paper. Moreover, our study quantifies the modulation of the long-term SF6 effect
on the AoA calculation by changes in the reactant species, circulation changes and different
representations of large-scale dynamics (via specified dynamics; see above), and as such, goes clearly
beyond the mere conclusion that the over-ageing due to the sinks increases with growing SF6
concentrations.

2. The new version of the manuscript states that "a comprehensive understanding of what
contribution the individual effects have on the AoA trend depending on altitude and latitude is still
missing”. A comprehensive understanding is a subjective and poorly defined matter, and thus does
not qualify for an objective. One could put as an objective to check if the conclusions of earlier
studies are reproducible with longer simulations and more sophisticated model. A valid aim would be
to quantify influence of the individual effects on the apparent AoA trend, or evaluate their relative
importance. However, explicit list of the individual effects that are under consideration is mandatory
in this case. The paragraph above the phrase lists them: acceleration of the BDC, concave growth rate
of tropospheric SF6, sparse sampling of in-situ observations, differences in the changes between the
deep and the shallow BDC branch, integrated effect of mixing, SF6 sink. However, of all those, the
paper considers only SF6 sink (WS vs NS cases, CSS case) and acceleration of the BDC (REF vs TS2000).
The correction for the concave growth rate of tropospheric SF6 has been just applied, and the
parameters of the correction were chosen to get the ages from (SF6,NS) case matching those from



(lin,NS), essentially making one of these tracers redundant, and leaving the effect of concave growth
rate beyond the consideration. The effect of the changes in the reactant species has been considered
in the paper, but not listed here. Besides those, a gravitational separation (Kovacs 2017, Kouznetsov
2020) has been considered earlier and shown to have an effect, though much smaller than one of the
mesospheric sink.

Response. The sentence referred to by the Reviewer concludes a paragraph on the different
processes that influence (SF6-derived) AoA trends, and it is not claimed here that this sentence
summarizes our objectives. Rather, the aim of our study is stated in the last paragraph of the
Introduction (Line 70- ff). Clearly, we are not claiming that our paper will achieve a comprehensive
understanding of the entire topic, only that it will contribute another puzzle piece for the overall
picture. In this paper we are particularly seeking to quantify the effects of the SF6 sinks on SF6-
derived AoA climatologies and (long-term) trends, thereby analysing the modulation of those effects
through circulation changes or changes in reactant species (see our answer to point 1). Moreover,
with our developments, we pave the way for more in-depth studies that can tackle the other issues
the Reviewer lists and are also listed in our introduction.

Further, we strongly disagree with the critical comment that through the correction for the non-
linear (concave) growth of SF6 we make the non-linear passive SF6 tracer (“(SF6,NS) “) redundant
and “ leave the effect of concave growth rate beyond the consideration” — indeed this correction is a
prerequisite to study the effects of SF6 sinks on SF6-derived AoA.

An ideal Age tracer should satisfy two conditions: a) growing linearly over time, b) being passive.
When deriving AoA from SF6, both assumptions are violated. Thus, the effects of SF6 sinks on SF6-
derived AoA can only be quantified in isolation, if the first violated assumption is taken care off. In an
earlier publication by our group, we extensively studied and tested the methods to correct for the
non-linear growth in detail (Fritsch et al., 2020), building on the exact same method that is used in
many observational studies (Engel et al. (2009)). This implementation of the correction for non-linear
growth is the prerequisite for the exclusive analysis of the effect of the SF6 sinks, thereby extending
our work beyond other recent work.

3. The conclusions now admit that a major effect of sinks on the apparent SF6 AoA and its trends was
shown earlier. The minor missing part now is the statement that the current study
confirms/disproves those findings.

Response. What was shown earlier in Kouznetsov et al. (2020) is that SF6 sinks have an effect on
apparent AoA and its trend calculated over 11 years. For this, a CTM was used.

What was not discussed in the previous study is what effect SF6 sinks have on long-term trends (i.e.
over several decades) of apparent AoA. It is precisely the latter effect that we investigate in this study
using a GCM. We have amended the sentence starting in Line 480 ff to read as: “In agreement with
our results, previous studies (see e.g. Kouznetsov et al. 2020) showed that the chemical sinks strongly
influence SF6-derived AoA in terms of absolute values and decadal changes. We investigate the ...”

4. The new text states "previous studies ... showed that the chemical sinks can strongly influence SF6-
derived AoA in terms of absolute values and decadal changes". Indeed it has been earlier shown that
the chemical sinks do strongly influence SF6-derived AoA terms of absolute values and trends, not
not just that that they can.

Response. The ‘can’ has now been removed.

5. The only major change in the manuscript since the previous revision is re-writing and changing of
the scope for the section 4. The section is now called "Theoretical considerations and concept for
sink correction methods", and formulates a correction procedure for over-aging that (as Conclusions
state) "can likely be applied to AoA values up to 4 years".



The section is weakly linked to the rest of the paper. The formulations there rely on obviously
violated unrealistic assumptions (delta-function age spectrum and existence of the "effective
lifetime" as a function of true AoA), the experimental evidence provided only for a linearly-growing
SF6 and only for 30-50N latitude belt. The resulting conclusions are vague.

The feasibility of such a correction has been challenged (Kouznetsov 2020, see also notes about the
1D-model behind the correction for non-linear growth by Waugh and Hall, 2002). If one decides to
propose such a correction, it deserves a separate paper with a consistent formulations and strong
evidence. The applicability limits, uncertainties, and error-propagation through the correction have
to be carefully considered there.

Therefore | repeat the request from the previous-stage review to discard this section from the
present paper.

Response. The addition of the concept for a sink correction method to Section 4 was included in
response to a comment in the first review by Eric Ray, who stated that “this paper is an important
step forward in our understanding of mean ages derived from observations and how models can be
used to help put them in context. My main comments described below revolve around how best to
use this information to help us make the observationally derived SF6 mean ages more accurate.”
Further, he commented: “As a corollary to your findings, couldn’t a correction to SF6 mixing ratios be
made in the calculation of mean age to account for loss?”.

This prompted us to explore first concepts of how, and under which circumstances, such a correction
could be applied. We linked the theoretical considerations to the data we obtained from our
simulations. In the theoretical considerations, we state that under the - hypothetical - assumptions of
a delta-function age spectrum and an “effective lifetime” that is independent of AoA, we would have
a linear relation of the ideal mean AoA and the SF6-derived mean AoA. As stated by the Reviewer,
those assumptions are obviously unrealistic. However, with this thought experiment, we can see
under which assumptions we would have a strictly linear relation, and thereafter test how strongly
the violation of the assumptions lead to deviations of the linear relation.

We now clarified that the assumptions are rather hypothetical in the text:

Line 427 ff: “As a thought experiment, and with the aim to derive an analytical concept for the
correction of mean AoA for the sinks, we make the hypothetical assumption that the age spectrum is
represented by a single, average path, [...].”

Line 439 ff: "However, if the effective lifetime were constant, the apparent mean age I would be
linearly related to the actual mean AoA."

Line 445 ff: “While the assumptions will clearly be violated in the model, we investigate, based on
data from our model simulations, whether the violations might effectively be small enough so that
the linear relation still holds.”

We fully agree with the Reviewer in that this topic does deserve a separate paper, in which the
applicability limits (for example with respect to the non-linear increasing tracer, and different regions
of the atmosphere) are explored. This had already been clearly stated in the last paragraph of this
section, where we also propose a way forward to constrain the SF6 sinks from observational data.
However, we are convinced that those first considerations explored here will be useful for a much
needed follow up study, and might indeed prompt work in this direction.

The last paragraph (see Lines 464-475 ff) has been amended to make the above points clearer:



“Overall, the results derived in this section indicate that a correction of observational SF6-derived
mean AoA for the effects of chemical sinks is likely possible by applying a time-dependent linear
correction function. This linear relation between AoA from the ideal and from the chemically depleted
SF6 tracer holds for mean ages below about 4 years. Here, we show this relation for the linearly
increasing tracer in northern mid-latitudes. However, further analysis indicates that this linear
relation also holds for the realistic SF6 tracer with non-linear growth over time (not shown).
Furthermore, the linear relation seems to be nearly identical for different latitude bands (not shown),
which is a very promising property for future applications of a correction method.

We emphasize that the strength of the SF6 sink in our model simulations is not well enough
constrained to properly establish such a correction function. Deriving suitable values for the linear
relation between I"and T (and thus the effective lifetime teff) should be obtained by means of
observational data. This could be achieved by using simultaneous measurements of SF6 and other age
tracers, as previously shown by Leedham Elvidge et al. (2018) and Adcock et al. (2021). Furthermore,
the concept needs to be evaluated vigorously on model data to assess its errors and limitations.”

Further comments:

Sec 2.2: Now the implemented depletion mechanism is more clear. If | got it right, the model
dynamics in the present study is not affected by any of the simulated tracers. Moreover, the reactant
species and photon flux are prescribed and are not coupled to the rest of the model dynamics. This
essentially means prescribed loss rate as a function of time and location. Is there any principal
difference between an online CCM and an offline CTM driven by a climate model in this case?

Response. You would be correct if we only considered the nudged simulation. The SF6 sinks are not
fully interactive, but this would be a negligible effect. However free-running simulations, future
projection simulations, and time-slice simulations can only be run in a general circulation model.
These experiments are not possible in a CTM.

For our purposes it was enough to have all the species prescribed. With our CCM we could, in
principle, run the species interactively. This work sets the basis for further studies in this direction,
which would not be possible with a CTM.

Sec 2.3: The SF6 emissions (prescribed lower BC for SF6 concentrations) should be described here
rather than in sec 2.5. Does "linear emission" mean linear growth of prescribed SF6 mixing ratio at
the lower BC? | would note that it does not correspond to a constant or linearly-growing emission
rate, which one might think of when reading "linear emission". How exactly the lower BC was
prescribed? Was it just a uniform mixing ratio over the surface as a given function of time? A
reference to the origin of the data for that function would be needed. How the lower BC were
specified for the PROJ run?

Response. The SF6 emissions you are referring to are the surface boundary conditions prescribed as
mixing ratios. We state clearly in Line 181 ff of the newest version: “Technically, these ‘emissions’ are
realized via lower boundary conditions in our simulations”. For clarity we amended the sentence to:
“Technically, in our simulations these "emissions" are realised via lower boundary conditions, which
are based on surface observations, as in Joeckel et al. (2016)”.

As these boundary conditions come hand in hand with the tracers we use in our analysis, we feel that
this information belongs to Section 2.5: Analysis method.



Fig.1a. (Not fully addressed in reply #10 from previous review) Completeness of the dataset is a valid
criterion. The request to justify the use of a specific latitude belt (comment 12 from previous review)
has not been addressed.

Response. We choose the mid-latitude region as we compare our results with the timeseries
between 30-50N provided by Engel et al. (2009), see Fig. 4. Adding to this, as pointed out in the
paper, we do not focus on an in-depth comparison of SF6 profiles. The text clearly states this in Lines
195-198 ff: “This study does not perform a detailed comparison of SF6 profiles, as the major aim is
not an in-depth comparison of the SF6 submodel, but rather a quantification of the potential effects
of the SF6 sinks on AoA and its long-term trends. However, to ensure that SF6 values in EMAC are
within the range of observational estimates, we perform selected comparisons to data from...”

The contribution of the noise error into the error of zonal-mean profile averaged over several years is
negligible, contrary to errors arising from averaging kernel and systematic measurement errors.
Looks like the terms "standard deviation of profiles over the averaging range" and "standard error of
the mean profile" are confused. The latter is the right measure of the mean-profile uncertainty which
should appear as the error bar.

Response. The vertical resolution for the MIPAS SF6 profiles is relatively coarse, however, since the
zonal mean profiles are rather smooth and do not show pronounced vertical structure, the impact of
the limited vertical resolution can be neglected. Regarding the sampling, it is correct that the average
profile differs for a sampling on a regular model grid versus sampling on MIPAS geolocations;
however, our aim is to demonstrate that the model profiles come closer to the MIPAS profiles by
consideration of a more realistic source evolution and the accounting of the mesospheric sink, and a
guantitative agreement is not our primary aim (this would require knowledge about the ionization
state of the mesosphere along the SF6 trajectory, which we do not have).

We have amended Figure 1a. to show both the systematic error as well as the standard deviation
due to month-to-month variability. Thus, the standard deviation is now comparable between MIPAS
and the EMAC model data, both depicting the standard deviation of monthly mean, zonal mean SF6
averaged over 30N-50N for the time period 2007-2010. As such, the caption of Figure 1 has been
changed to include the following:

“Black error bars depict the standard deviation of MIPAS SF6, pink error bars the systematic error of
MIPAS. The systematic error comprises of errors in the spectroscopic data and uncertainty in the
instrumental lineshape, which results in a systematic error of 2% for the lower (10 km) and 11% for
the upper (60 km) stratosphere. See Stiller et al. (2020) for details.”



Author’s Response to Report #2

We thank the Reviewer for his positive and constructive assessment of our work. Our changes to
both text and figures in response to the Reviewer’'s comments are summarized

below. These changes include modifying Figure 5 to provide the Reader with a more intuitive and
clearer picture to convey the sink-impacts versus variability of the trend from

SF6-derived AoA. Furthermore, we corrected an error in the calculation of the variability of the
trends in Table 3.

Reply to #1 and Figure 3: The addition of Figures 3g and h are great. | don’t necessarily agree with
your interpretation of Figure 3h though. The first issue is | actually don’t see the text you have in the
author response in the revised paper. It’s not at line 229 and | couldn’t find it later in the paper.
Assuming that text does go in the paper, the differences in the early period look to be negligible, less
than 0.2 years, for ages less than 5.5 years and although the differences are larger in the later period,
they still appear to be quite small for ages less than 5 years. You mention differences greater than
20% for ages greater than 3 years but | don’t see that. There would have to be differences of 0.6
years or more for this to be true and | don’t see those red contour values except in the polar regions
at ages older than 5 years. So something isn’t consistent with the figure and your description of it.
Also, since you talk about the figure in percentage differences then you should really plot those
rather than absolute differences to make it easier for the reader to follow.

Response. First, we apologize for referring to the wrong line number in our previous reply. The text
we added in the previously revised paper was at line 261. Now, in the newest version, the text is at
line 268 ff.

Furthermore, the deviating interpretation of Fig. 3g and h appear to be a result of a
misunderstanding, caused by an erronous labeling of the colorbar in the previous version of the
figure. Indeed, Figures 3g and h show the relative difference between SF6-derived AoA with sinks and
without sinks for the two time periods. We have corrected the labels in Figures 3g and h and have
amended the caption to include the equation used to calculate the relative difference in SF6-based
AoA. We hope that with this clarification the misunderstanding is removed, and the Reviewer agrees
with our interpretation.

Figure 5 caption: This figure is a bit confusing. The use of both dotted lines for negative trend values
and dotted regions for not significant trends really threw me for a while. Is the only dotted region at
the bottom of Figure 5b? Also, what are the units of the shaded contours in Figure 5? Percent? It
should be labeled. Is this AoA(WS,SF6) - AoA(NS,SF6)? Because if so the values should be positive for
both plots shouldn’t they? How can the differences in the trends flip sign from trends over the whole
period to trends over the later period? Looking at Table 3, the trend differences at that location
should be 0.25 years/decade for the whole period and 0.29 years/decade for the later period.

Lines 334-339: This added paragraph is not clear to me, maybe because I’'m not clear about Figure 5.
The phrase ‘deviates beyond 100% (i.e. by a reversal of sign)’ should be rephrased. If the actual AoA
trend were small and negative and the trend with sinks was small and positive, they could still be in
good agreement within uncertainties. The sign reversal does not automatically make the agreement
poor. When | look at the trend numbers in Table 3 it appears that the AoA(WS,SF6) trend from 1965-
2011 and 30-50N and 30 km is 0.19+/-0.26 and for AoA(NS,SF6) it is -0.06+/-0.09. The value of
AoA(NS,SF6) should be what is plotted in Figure 5a but it appears to be -0.006 in the plot. Is the
plotted value in years/year rather than years/decade? If so, that should be changed so the numbers
agree between the figure and the table. Then looking at the uncertainties on these trends they
appear to be in agreement within the uncertainties. The uncertainty range on both trends span
positive and negative values.



Response. Again, we apologize for unclear labeling of the figure. Indeed, the figure in the previous
version did show the relative deviation. The motivation for this figure was to find out up to which
altitude the SF6-based AoA trends can be trusted without considering sinks. For this, we examined
from which region (i.e. altitude) upwards the trends are more strongly influenced by the SF6 sinks
than by uncertainty due to variability. To answer this, we initially (in the previously revised paper)
showed the relative trend differences between REF(WS, SF6) and REF(NS, SF6) for different time
periods in Figure 5. As we now understand that this figure was not very clear for the reasons stated
by the Reviewer, we changed it to the vertical profile of the AoA Trends (30°-50°N). This new version
of the figure more directly conveys the sink-effects versus variability of the trend for different time
periods. In other words, Figure 5 now shows profiles of the absolute trend and its uncertainty (20) of
SF6-derived AoA (with and without sinks) over 30°-50°N for different time periods, so that it can be
directly extracted from the figure for which altitude range the trends differ significantly. Therewith,
the figure provides additional information on the variability of the trend for the 10-50 km altitude
range, as opposed to only at 30km in Table 3.
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This figure indicates that the trend for the period from 1965-2011 is largely unaffected by the SF6
sinks until about 20 km altitude. For the trend in the shorter time period of 2000-2011, effects from
the SF6 sinks become visible at about 22 km altitude and higher, which is mainly due to the larger
uncertainty stemming from a shorter time period. This means that in the mid-latitudes, the SF6-
based AoA trends with and without sinks are not distinguishable from each other up to 20 km and 22
km altitude, depending on the period.

The uncertainty in the trend calculated from SF6-based AoA with sinks increases with increasing
altitude — this is to be expected, as the effect of the SF6 sinks increases with increasing altitude.
Furthermore, the trend of AoA(NS, SF6) over the years 2000-2011 is significantly positive at 25 km
and higher, as opposed to a negative trend over the longer period 1965-2011. This is the reason for
the reversed sign in the previous version of the figure, which was indeed confusing. This trend
calculation is based on a very short time period of approx. 1 decade, so that inter-annual variability
strongly influences the trends (see e.g. Dietmdiller et al., 2021). This also causes the apparent
discrepancy between the positive trends shown in the new Figure 5 (which were calculated with a
simple linear fit) and the trends listed in Table 3 for a similar time period. The latter were calculated
with a regression model taking other variability modes into account to enable a comparison with
MIPAS.

The text in the manuscript has been updated to include these details. Now, in the newest version,
the text to Figure 5 can be seen from line 337 ff. onwards.




Line 430: switch ‘two latter’ to ‘latter two’
Response. This has been corrected.



