Reply to Reviewer 1

We thank the Reviewer for the positive evaluation of the manuscript and the good comments. In the follow-
ing, we address all comments and questions raised (Reviewer's comments in italics). Text changes in the
manuscript are highlighted in color (except minor wording changes).

General comments:

1 think that the apparent step-change extratropical in age around the early-mid 1990s is an interesting result and one of the
clearer differences between ERAS and ERA-Interim. The fact that this does not appear clearly in observational data (e.g.
Fig. 10) may bring into question the reliability of ERAS trends. Its also interesting that this step-change is not apparent in
the tropical upwelling (Diallo et al. 2020, their Fig 12). I might encourage the authors to elaborate a little more on this
in the paper as the result is not very prominent. In particular, do any TEM diagnostics of the circulation show this step
change, or is this only seen in age calculations? Is so, could the authors speculate as to why? If this step-change is not
thought to be real, do the authors have any suggestions for what change in the assimilation scheme may be responsible?

This is indeed a very good question - and not easy to answer. At first glance, the change in age of air in
the mid-nineties appears as a sudden step-change, but a closer look shows that the change occurs over a
few years, between about 1991-1995. This change is clearly evident in ERA5 age, and to a weaker degree
also seen in ERA-Interim. The age time series in Fig. 9 show that the clearer step change in ERA5 in the
mid-nineties is mainly a result of the positive age trend in the eighties and the age increase around 1991 which
is likely related to the Pinatubo aerosol. The main difference to ERA-Interim is the trend over the eighties.

As suggested by the Reviewer, we further investigated basic meteorological variables for similar changes, and
we considered both the residual circulation vertical velocity and the diabatic heating rate (new Fig. 12 in the
revised manuscript). At upper stratospheric levels the heating rates show abrupt changes related to changes
in the assimilation system (e.g., in 1998), as discussed for ERA-Interim e.g. by Abalos et al. (2015). However,
in the lower stratosphere none of the two variables shows a step-like change in the mid-nineties which could
be related to the age of air change. On the other hand, the heating rates show a decrease after the Pinatubo
eruption (1991) in both reanalysis, related to the age increase during the same period. The difference in the
strength of this effect between the two reanalysis, and also between heating rates and residual circulation
velocity, are not clear to us.

We agree with the Reviewer that a more thorough discussion of these issues clearly improves the paper and
we included a new figure (Fig. 12) showing the vertical velocity and heating rate changes and extended the
discussion section 6 in this regard.

Minor and Technical comments:

L7: Above: it wasnt clear to me what this was referring to as being above. Maybe in the mid-upper stratosphere would
be clearer?

Indeed, our wording here was not precise. We actually meant that ERA5 age appears somewhat high-biased
outside the TTL at all locations where we compared to observations. However, we compared only at 20km
(aircraft data, Fig. 10a), in NH middle latitudes above 24km (balloon data, Fig. 10b), and in the NH lower
stratosphere between about 350-480K (aircraft and balloon data, Fig. 11). Hence, this statement should not
be considered as too strong. To be more precise, we changed the wording to: “At 20 km and in the NH strato-
sphere, ERAS age values are at the upper edge of the uncertainty range from tracer observations, indicating
a comparatively slow BDC.” Note that we also changed parts of the comparison to observations in Sect. 5, as
suggested by Reviewer 2 (we replaced the age-F11 correlation analysis with an analysis of the age difference
distributions between model and observations).

L94: theta (potential temperature) should be defined.
Sentence has been changed accordingly.

L105: along — along with?
We just deleted “along”.

Fig. 2: I think this would benefit if a difference plot were also shown (ERA-Int minus ERAS) to aid with comparison of
the two reanalyses and with Fig 1 e-g. It is quite difficult to pick out the differences without such a plot.

Thanks for this suggestion, which eases the comparison! We just added difference plots to all cases (ERA5
and ERA-Interim, DJF and JJA) in Figs. 1 and 2.



Fig. 3: This is a minor point, but I would encourage the authors to consider using a perceptually uniform color scale
for the age plots (a,b,d,e), such as grayscale, viridis etc. The rainbow scheme used here can introduce the appearance of
false boundaries (where the yellow color are) in the date. The same goes for Figs 4 and 5.

We agree that the used color scheme could probably be improved. However, most publications we are aware

of show age of air usig a similar blue—green—red color scheme. As readers therefore are mostly used to that
we would stay with it here.

L391: strongly overly. Im not sure what this means? Perhaps decadal variations are significant compared to potential
long-term trends?

We changed the sentence as suggested.

L427: steplike change around the year 2000: To me it looks like the main steplike change in ERAS is over 1992-1997
rather than around 2000.

This is totally correct, and the “2000” was just wrong - Thanks for pointing this out! We changed the text to “in
the mid-nineties”.



Reply to Reviewer 2

We thank the Reviewer Simon Chabrillat for the very careful review, the many detailed comments, and the gen-
erally positive evaluation of the manuscript. In the following, we address all comments and questions raised
(Reviewer’'s comments in italics). Text changes in the manuscript are highlighted in color (except minor wording
changes).

General comments:

The representation of the BDC and its time variations in reanalyses is an important topic for modellers of atmospheric
composition in the middle atmosphere, and ERA-5 is set to become as broadly used as ERA-Interim has been for the
twelve last years. Hence this study is of high interest and very timely for ACP. The modelling tools are very well tailored
for these aims, and the modelling experiments are well designed. The manuscript is well structured and well written. All
my comments deal with the description of the methods and observations, and the interpretation of the results. Hence |
recommend publication of the paper after a minor revision (i.e. no additional calculations should be necessary).

In my opinion the manuscript comes short in the comparisons with trace gas observations (section 5). These suggest that
the diabatic Age of Air (AoA) is overestimated in ERA-5, at least in the lower stratosphere at most latitudes (for some
unspecified time period; Fig. 10a) and also in the middle-latitudes during the first half of the 1990s (Fig. 10b). It is repeat-
edly stated that the ERA-5 results are at the upper margin of the observational uncertainty range but these observational
uncertainties are not clearly described in Figures 10 and 11, preventing a serious assessment of the significance of the
apparent high bias using ERA-5. The AoA overestimation is confirmed by correlations between AoA and CFC-11, using
as reference a campaign of aircraft observations (Fig. 11) but here also there is no indication of the observational uncer-
tainties. These comparisons are briefly discussed in section 6 (lines 355-360) but mainly to tone down their importance
and to avoid overinterpretation. The authors seem so unsure about these comparisons that they completely overlooked
section 5 in the abstract.

It is well understood that these comparisons are not certain and that the same team is preparing a deeper investigation.
Yet the results already shown in this manuscript are clearly of high interest for all readers and should be treated with due
care. I recommend to better explain the observational uncertainties (see specific comments SC25 and SC26 below) and
spend more effort to assess the significance of the overestimations of AoA by ERA-5 (see specific comment SC29 below).
The abstract should highlight the results of section 5, and of course mention the discussion about their significance.

We agree that the submitted manuscript did not present a too detailed comparison between model and obser-
vations and that this part could be further improved. However, as the Reviewer already recognized, we can
not give too strong conclusions due to the scarcity of available observational data and their uncertainty. In the
revised manuscript, we follow the Reviewer’s suggestions and included (1) a more detailed description and
discussion of the observational uncertainties, and (2) a clearer comparison of model age of air to Geophysica
in-situ observations, as explained in detail in the following:

(1) Section 5 now includes more details on the observations by Engel et al. (2017), Laube et al. (2020), and
those compiled by Waugh and Hall (2002). As the Waugh and Hall (2002) data set represents a standard
benchmark for model evaluation, and has been used by many other authors before (e.g., Diallo et al., 2012;
Chabrillat et a., 2018; Ploeger et al., 2019) we just added a few more details, like the period (1992—-1997) and
data type (ER-2 aircraft observations), and refer clearly to the Waugh and Hall publication. Furthermore, we
used this data set as a benchmark for the model climatology, although the data are only from the nineties.
However, similar comparisons to model climatologies have been made in many other studies (e.g., Diallo et
al., 2012; Chabrillat et a., 2018; Ploeger et al., 2019). We included a short note on these issues in Sect. 5.
Also the data by Engel et al. (2017) have been well described in the literature (Engel et al., 2009, 2017). We
mainly added a short description on the uncertainty, which is related to the sampling (representativeness),
tropospheric mixing ratios, the used age spectrum parameterization and the absolute measurement error.
The data by Laube et al. (2020) is the newest data set and we added more details here, although also these
data are already well described in the above mentioned paper. We now emphasize that these data are from
5 aircraft measurement campaigns with the Geophysica high-altitude research aircraft during 2009-2017. In
particular, we added an analysis and description of the observational uncertainty, leading to an overall uncer-
tainty range of +0.78 years (see Sect. 5).

(2) We agree that the comparison in terms of correlations was somewhat complicated and not clear regarding
the uncertainty ranges. We entirely changed this part of the paper. Instead of the correlations, in the revised
version we just compare mean age of air. The new Fig. 11 presents the mean age model bias in terms of
distributions of the differences model minus observations. The estimated overall uncertainty range for the ob-



servations (see point 1, above) allows assessing what fraction of data points are outside this uncertainty range.
The fraction outside the uncertainty range is 21% for ERA—Interim and 56% for ERA5. Hence, ERA5 indeed
appears somewhat high-biased. However, the 1-o ranges of the mean model bias and the observational uncer-
tainty overlap (see Fig. 11), such that the bias is not significant at 66% confidence level. The related discussion
in Sect. 5 and in the discussion is entirely rewritten and improved. Thanks for this very good suggestion which
clearly improves and clarifies the paper!

Major comments:

MCA1. The introduction and the discussion draw an often-stated parallel between the decreasing AoA found by some
reanalyses in some hemispheres during some periods (maximum 30 years) and the decreasing AoA robustly found by most
climate models over 100 years due to increasing greenhouse gases. The validity of this parallel is doubtful, as correctly
noted in the discussion (lines 392-393): The 30-40 years time series is presumably still too short for computing long-term
trends in reanalysis, where stratospheric variability might be larger compared to climate models. Fortunately this parallel
is not necessary because AoA variations in the actual world over timescales of 1 to 3 decades are worth studying on their
own. On this topic see also SC24 and SC31 below.

We fully agree with the Reviewer that studying AoA variations over shorter than centennial time scales is inter-
esting and important. But it is also of strong interest whether the climate model predicted trend can be seen
already in the reanalysis over the last decades. We added some explanatory text in the discussion Sect. 6.

MC2. Section 2.1 explains two changes in methodology with respect to the previous age of air studies by this team: the
mean age is now computed from a separate clock-tracer (rather than as the first moment of the AoA spectra); and the
vertical velocity is not corrected any more for missing balance in the cross-isentropic mass flux. While the impacts of
these changes are briefly described in that section and mentioned in section 4, they are not shown in the paper. In view
of the long and successful series of AoA studies relying on ClaMS, it is important to show the impact of these changes on
mean AoA. The impact of the first change especially could easily be shown on some existing figures, e.g. adding dashed
black lines on Fig. 4 and 5 to show mean AoA from clock-tracer calculations.

It would be even more interesting to add a figure showing the Age spectrum for a given latitude and potential temperature.
Ploeger et al. (2019) did precisely this in their Fig. 12a, showing clearly the importance of the spectrum tail in MERRA-
2. In view of the apparent similarities between ERA-5 and MERRA-2 (when compared with ERA-I), this could be highly
relevant here as well. Of course the mean AoA from the spectrum would also be compared with the mean AoA from the
clock tracer.

We agree that it is important to quantify the uncertainties in the methodology. However, the difference between
mean age calculated from the age spectrum and from a clock-tracer has been analysed in detail and presented
for the same model set-up already by Ploeger and Birner (2016), their Figs. 4 and A1. We included a reference
to this paper at the appropriate place in the methods section. Regarding the age spectrum comparison at a
given latitude and potential temperature, we think that Figs. 4 and 5 already present exactly this information,
even for all latitudes at 400 and 600 K. As the paper includes already 12 figures we refrain from adding an
additional line plot, which would just double already existing information.

MGC3. Section 2 lacks a (short) description of the linear regression approach used for section 4: when de-seasonalized
time series are regressed, do the linear regressions use climate proxies such as QBO, ENSO, volcanic forcings? If yes,
what are the proxies actually used? The regression method also provides standard deviations that are used to assess the
significance of the regressed trends (fig. 6). While this is standard, it remains important to explain how these standard
deviations are ovtained (in a few words and with a reference).

We used just a simple linear regression of deseasonalized time series (after subtracting the mean annual
cycle), hence without subtraction of variability related to e.g. QBO or ENSO. This information was already
provided in the submitted manuscript at the beginning of Sect. 4, where the trends are presented and dis-
cussed. We tried to further clarify the wording of this paragraph and added information on the significance of
the calculated trends in the revised version.

MC4. Section 2.2 states (lines 139-140): However, we maintain the full vertical resolution. Hence, the ERA5 data to drive
the ClaMS model in this study has 137 hybrid ECMWF model levels, to compare with the ERAlnterim 60 levels. How is
it possible to maintain vertical resolution while going from sigma-pressure to sigma-theta? What is the actual vertical
resolution in both simulations? The reader must get a sense that the ERAS simulation makes full use of its increased
vertical resolution. This is important as it certainly plays a role in the diabatic heating gap that is found at 350K (Fig.
le) and repeatedly mentioned in the manuscript.

As CLaMS is a Lagrangian transport model, the grid points are provided by air parcels which are irregularly dis-
tributed in space. Hence, meteorological data (e.g., winds) need to be interpolated onto the air parcel positions.



To maintain full reanalysis vertical resolution, this interpolation is done from fields on native model levels. In that
sense, the input reanalysis data for CLaMS has the original reanalysis vertical resolution (137 levels for ERA5,
60 levels for ERA—Interim). We added information and tried to clarify the respective text in the methods section.

MCS5. According to Diallo et al. (2020), the vertical coordinate that is used for derivation of the residual vertical velocity
w* is log-pressure height, i.e. a constant-pressure grid assuming a scale height of 7 km. Yet Fig. 2 uses Altitude for the
Y-axis. This is confusing and prevents matching the levels of Fig. 2 with the iso-pressure levels explicitly drawn of Fig.
1, 3, 6, 8. If the actual Y-axis for Fig. 2 is log-pressure height, I recommend to re-draw Fig. 2 with pressures on the
(logarithmic) Y- axes.

Sorry for not having been clear here! The vertical coordinate used for calculating residual circulation velocity
here is indeed log-pressure altitude, as is the standard framework for Transformed Eulerian Mean computa-
tions. In the revised Fig. 2 we clearly state this in the caption.

MCS6. Fig. 8 compares the RCTT in ERA-5 and ERA-I, and the accompanying text states that Differences between mean
age and RCTT are related to mixing effects. Yet the corresponding paragraph discusses only the changes in RCTT and
does not attempt to disentangle the contributions of mixing and residual circulation to AoA and its time variations. In
practice it is not possible to visually compare AoA (Fig. 3) and RCTT (Fig.8) because AoA is shown sparately for DJF
and JJA while RCTT is shown as an annual mean (also the color maps differ).

The goal with presenting the RCTTs is to discuss the pure residual circulation effect on stratospheric transit
times. Indeed, these RCTTs can not be directly compared to mean age, therefore by purpose we chose differ-
ent plotting styles and averaging periods. We added explanation and tried to clarify the paragraph explaining
the differences between RCTTs and mean age in Sect. 4.

Specific comments:

SC1. Line 10: ...changes in the assimilation system : reanalyses avoid any change in the assimilation system (i.e. the
model and assimilation software); they suffer instead from changes in the observing system that is assimilated into the
reanalysis. This formulation should be corrected throughout the manuscript.

The formulation “assimilation system” was meant to also included the observational data. Nevertheless, to
enhance clarity we changed the wording as suggested to “observations included in the assimilation system”
throughout the manuscript.

SC2. Lines 16 and 20 : The Brewer-Dobson circulation (BDC) is the global transport circulation in the stratosphere and
The BDC is characterized by upwelling motion in the tropics, poleward transport in the stratosphere and downwelling
above middle and high latitudes. While these characterizations are very common, they overlook the important branch of
the BDC that extends into the mesosphere where it goes all the way from the summer pole to the winter pole (e.g. Fig.1,
in Bnisch et al., 2011).

A note on the mesospheric circulation branch is added.

SC3. Lines 40-43: On the one hand, climate models show predict a robust strengthening and acceleration of the BDC
with climate change (e.g., Butchart et al., 2010), manifesting in an increase in tropical upwelling and a decrease in global
mean age of air. On the other hand... On what timescale does the climate model prediction appear? See MCI: the oppo-
sition between long-term AoA changes in climate models and multi-decadal AoA changes in reanalyses is misleading and
not necessary.

See our reply to MC1 above.

SCA4. Line 53: ...while inter-annual BDC variability seems to be well represented in reanalyses.... This statement should
be more specific and have specific references because it is really not obvious to me, e.g. Chabrillat et al. (2018, Fig.10)
found that the amplitude of the QBO impact on AoA can vary by a factor of 2 depending on the input reanalysis.

The formulation has been specified, by removing the statement on “inter-annual variability” and focussing just
on “decadal changes”.

SC5. First paragraph of page 3: consider inserting here a reference to Fujiwara et al. (2017) as it is a general introduc-
tion of the reanalyses and their diversity, with a comprehensive description of the observing systems that they assimilate.
A short note on S-RIP and the Fujiwara et al. (2017) paper is added.

SCB6. Lines 91-94: this paragraph should be expanded to introduce more smoothly diabatic transport and its advantages
in the stratosphere (with references). It is espeecially important to define 6 before it is used.
We expanded the respective paragraph a bit (e.g., properly introducing 6, adding a reference), but not too



much, as we think the advantages of a diabatic transport formulation for the stratosphere are well-known. Too
much discussion of these aspects here would rather distract the reader from the main points of the paper.

SC7. Line 131: please provide a web link or reference to the ECMWF technical documentation for IFS CY41R2. The
horizontal resolution is about 30km (T639): explain (in a few words) the spherical harmonics number.

We just added another reference to the Hersbach et al. (2020) paper here, although it was already referenced
at the end of the paragraph.

SC8. Line 133: Simmons et al. (2020) describe the need for the ERAS.1 update and its differences with ERAS.0. It is
really necessary to cite that reference here.
Reference to Simmons et al. (2020) has been added.

SC9. Line 138: what is the spectral truncature (wavenumber) corresponding to this 1x1 resolution? This is important to
compare with the T639 number provided above.

We did a transformation on-the-fly during the download as provided by the ECMWF MARS system, which is a
direct transformation from T1279 to 1.0/1.0 degree, with an automatic truncation to T213. This is detailed now
in the revised manuscript.

SC10. Lines 141-146: For clarity, it is necessary to first explain in a few words what is the temperature tendency. Is the
total diabatic heating rate Qtot the same quantity as the 5th temperature tendency provided by ERA, i.e. the mean temper-
ature tendency due to [both? all?] parameterizations? Is Qtot nothing else than the sum of the temperature tendencies
due to short-wave and long-wave parameterizations in all-sky conditions? Please clarify.

Yes, the total diabatic heating rate (used here for driving CLaMS transport) is the 5th temperature tendency
due to all parametrisations, including the mentioned radiative contributions, latent heat release, turbulent and
sensitive heating. We added this information and clarified the text.

SC11. db/dt is variously described in the text as the cross-isentropic vertical velocity (e.g. lines 145 and 163) or as the
total diabatic heating rate (e.g. caption of Fig. 1). In view of Eq (3), I think that the second formulation is not rigorous.
In any case the same formulation should be used consistently throughout the manuscript.

Yes, the Reviewer is totally right with this comment that the vertical cross-isentropic velocity df/d¢ used for
driving CLaMS transport is not exactly the reanalysis diabatic heating rate, but is calculated from the heating
rate using Eq. 3. Actually, we already tried to use the wording carefully in the submitted manuscript, but as the
comment shows with limited success. We went through the paper again and tried to further clarify the wording,
such that when it is referred to the reanalysis quantity (or the driving quantity) we use “diabatic heating rate”,
when it is referred to the velocity used in CLaMS we use “diabatic (or cross-isentropic) vertical velocity”. We
hope this point is much clearer now.

SC12. Line 166: Cross-isentropic tropical upwelling maximizes in boreal winter. But the equinox seasons are not shown
or discussed anywhere, and it is problematic to write about tropical upwelling in boreal winter. Consider instead: Cross-
isentropic tropical upwelling is larger in DJF than in JJA. This comment applies throughout the manuscript.

We think it is frequently used wording in the literature to link “tropical upwelling maximum” to “boreal winter”,
as the upwelling seasonality is controlled by the hemispheric asymmetry in wave driving (stronger in the NH).
Hence, we leave the formulations largely as they are, but checked again for consistency, and also included a
short addition at first usage “boreal winter (December—February, DJF)”.

SC13. Line 170: ...at lowest TTL levels around the level of zero radiative heating in ERA-5 (about 350K)... This is
important since there is no such level in ERA-I. But maybe I did not understand correctly (see SC27 below) in such case
the text should be clarified.

The text here refers to the general location of the level of zero radiative heating, not to a specific ERAS level.
We slightly modified the text to “in the lowest TTL around the level of zero radiative heating” to avoid mentioning
specific TTL levels, and hope this is clearer now.

SC14. Line 175: for clarity I suggest to insert here a preview of the Discussion, inserting few words e.g. This much
weaker upwelling in the TTL and tropical lower stratosphere causes stronger restrictions on large-scale advective up-
ward transport in ERAS and appears to correct an overestimation in ERA-I (see section 6).

Done.

SC15. Lines 178-179: The upward velocities in ERAS in that region are more consistent with the residual circulation
vertical velocity (see next paragraph and Fig. 2). This transition does not work see next paragraph should be avoided. 1



suggest to move that sentence to the end of the next paragraph.
Wording has been modified.

SC16. Lines 188 and 189: upwelling and downwelling are stronger but not strongest and tropical upwelling is stronger
in DJF not in boreal winter (see SC12).
Changed. However, we kept the wording “boreal winter” (see reply to SC12).

SCA17. Lines 196-197: up to 30-40%, see Fig. 1: normalized differences can not be seen on Fig.1 Above about 20 km...:
what is the corresponding theta? See MCS5. A proper comparison would actually require a figure that overlays the two
vertical profiles of tropical dO/dt as function of 0 with the two vertical profiles of tropical W™ as a function of p.

As w* is the vertical velocity in log-pressure coordinates, while dé/dt is the vertical velocity in isentropic coor-
dinates, we think it is better to show each variable in the respective coordinate system. However, we added
difference plots to all cases in Figs. 1 and 2 (as also suggested by Reviewer 1) to ease comparison and eval-
uation of the differences.

SC18. Figure 3c and 3d are difficult to read due to lack of contrast between the blue colors that are also obscured by
the black contour lines. Consider removing these black color lines (pressure levels and zonal wind contours are well
sufficient) and/or changing the color map.

We agree that the contrast in Fig. 3 is not optimal. However, we think it is better to keep the black contour
lines of climatological mean age to ease evaluation of the relative differences. Also, we prefer to have a bipolar
blue—red color map for difference plots, although the differences in that case are all negative.

SC19. Line 223: the differences are not so clear since closer inspection is required. In the tropics the differences are
definitely not clearly visible and would require actual lineplots of the spectra (which could be worth adding; see MC2).
Although probably not optimal, we think the clarity of the differences is still good. As explained in the reply
to MC2 we don’t want to include more figures to have the paper not too lengthy. Hence, we just modified the
wording here slightly, saying now “Closer inspection reveals differences...”.

SC20. Line 226: the words against exchange with middle latitudes are superfluous
Changed accordingly.

SC21. Line 237: ...faster transport of young air towards the pole in ERAlInterim than in ERAS. This is not true every-
where: the northernmost latitudes in Fig. 5¢ show older modal age in ERA-I than in ERA-5.

This statement concerned poleward transport in the summer hemisphere, as said at the beginning of the
sentence. To make this clearer, we added a remark on the DJF case where poleward transport is faster in
ERA-Interim in the SH (Fig. 5c). We hope this is clearer now.

SC22. Lines 244-252: the negative age trend with ERA-5 is significant in (nearly) the whole stratosphere for the period
1989-2018. Similarly, the trends found with ERA-I for 1989-2018 are either negative either positive but significant nearly
everywhere. These significances should be highlighted. Line 252: In the lowest tropical and sub-tropical stratosphere
ERAS5 shows significantly increasing age, although non-significant changes in some regions, compared to decreasing age
or insignificant trends in ERAlInterim in this region.

Changed accordingly.

SC23. Lines 265-271: 1 find this paragraph quite confusing. Here is a suggestion for a clarified version (assuming I un-
derstood correctly): The clearest difference to ERAInterim regarding structural age spectrum changes emerges at middle
and high latitudes at upper levels (here 600K, Fig. 7b and d). ERAS, on the one hand, shows a shift of the spectrum to
younger ages, although not as clear as in the tropics and in the SH. ; ERA Interim, on the other hand, shows a decrease
in the fraction of air younger than about 4 years and an increase of the fraction of older air. This increasing fraction of
air older than about 4 years in ERA Interim indicates that ERA-5 has a strengthening in the deep branch of the residual
circulation. The different spectrum changes in ERA5 and ERAlInterim cause the opposite mean age changes in the two
reanalyses (Fig. 6)., and are related to different trends in the deep BDC branch (see next paragraph). The end of this
paragraph aims to introduce the follwing one: this transition should be re-worded (see also MC6).

We tried to further clarify this text, taking into account these comments and also a comment from Reviewer 1.

SC24. Lines 299-304: please re-write for clarity and elaborate on the interpration. Here is a suggestion: ...mean age
appears to increase before about 1991 in both hemispheres and after about the year 2000 (except in the SH) in the NH and
decreases in between. These steplike changes are evident in both reanalyses. In the beginning of the 1990s they and could
be related to the Pinatubo eruption (i.e. true atmospheric variability) while in the end of the 1990s they could be related



to changes in the observing system assimilated by the reanalyses. In particular... Chabrillat et al. (2018) discussed the
obscuring impact of the observing system change that happened less than a decade after Pinatubo (their section 3.2) so
this reference may be used again here.

The text has been modified accordingly, and the Chabrillat et al. reference added here.

SC25. Figure 10a: It seems to me that these AoA use as source region the tropical 100 hPa levels (rather than the surface
in all your other plots). Please check and (if correct) state this fact in the figure caption. What time period covered in the
ClaMS simulations is used for this figure? Does it match the observational values taken from Waugh (2009)? What is the
exact uncertainty range indicated by the error bars, i.e. do they show 1-c (66% confidence level) or 2-0 (95% confidence
level) on each side of the observation? Better explanations about this figure will allow improving the corresponding dis-
cussion and go a long way in addressing the general comment.

See mainly our reply to the general comment. Regarding the additional specific points here: The CLaMS age
shown in Fig. 10a is consistent with the other data shown in the paper, hence with respect to the surface. The
time periods in observational age and model age are, indeed, not the same (see general comment reply). This
is stated now explicitly, with a more detailed description of observational uncertainties, in Sect. 5.

SC26. SC26. Section 5 needs to be substantively improved (see General Comments). Here are some questions and
superficial suggestions:

Lines 310-311: ...ERAS5 mean age values are just at outside the upper margin of the uncertainty range of the in-situ SFg
-based observations. This apparent overestimation of mean age in ERAS may be even larger in reality because Leedham
Elvidge et al. (2018) have recently shown that...

Lines 315-316: ..ERAS age is at or above the upper margin of the observational uncertainty range before about 1997,
while ERAlnterim is at in the lower margin part of the range (Fig. 10b).

Line 317: ...the more gradual increase in ERAInterim mean age... : over what period?

Line 320: ...we note the trend values from a simple linear regression...: over what period?

Line 328 and caption of Fig.11: ...(for a detailed measurement data description, see Laube et al., 2020). What tracer
was used to derive this observational AoA? This should be stated in the text, along with an estimate of the associated
uncertainty and also the uncertainty of the CFC-11 observations. It would be even better to show these uncertainties
graphically in Fig. 11 if possible).

We modified and rewrote substantial parts of Sect. 5 as suggested and exchanged the correlation figure with
a figure showing the difference between model and observation age (new Fig. 11), as already explained in the
reply to the general comments above.

SC27. Line 347: ...the minimum in tropical upwelling around the level of zero radiative heating (around 350K) is much
lower for ERAS than for ERAlnterim.... I do not understand this formulation: is there a level of zero radiative heating in
ERA-I as well? Do you mean something else than the minimum value itself? This is related to SC13 above.

See our reply to SC13 above.

SC28. Lines 353-354: it would be good to remind the reader about the corresponding pressure ranges i.e. ...while in
the tropical lower stratosphere (50-150hPa) the representation of tropical upwelling seems to beimproved in ERAS, it is
unclear whether the very weak total diabatic heating rates in the lower TTL (150-300hPa) are realistic.

Approximate pressure ranges have been added to the text, as suggested.

SC29. Lines 355-360: this paragraph should be revised (see general comment). More specifically: Line 355: ...age
of air in ERAS is slightly high-biased... but according to Fig. 10a this bias is significant and still 1 year older, i.e. as
large as the difference between MERRA-2 and ERA-I in Chabrillat et al. (2018) or Ploeger et al. (2019). Hence slightly
seems rather subjective to me... Line 358: It should be noted that these differences are small... with respect to what?
Line 359: ...when taking all uncertainties into account. This is a quite vague formulation, especially considering that the
uncertainties were not sufficiently described (see SC25 and SC26).

This paragraph has been modified substantially, taking into account the Reviewer’s suggestions and the im-
proved comparison to in-situ observation-based age of air (see also reply to the general comment above).

SC30. Line 362: ..which was argued by Stiller et al. (2017) to agree qualitatively with the structural circulation
change observed by MIPAS. These MIPAS observations of structural circulation changes were first reported by Stiller et
al. (2012). The agreement between AoA trends in observations and in ERA-Interim was first reported by Mahieu et al.
(2014) using observations of HCL

The sentence here refers to the agreement between ERA—Interim and MIPAS age trends, not to the MIPAS age
trends themselves. Therefore, we think the given reference to Stiller et al. (2017) is appropriate. The MIPAS
trends are introduced already in the abstract, with proper referencing to the earlier paper by Stiller et al. (2012).



SC31. Line 369: The globally negative age of air trend in ERAS over 19892018 agrees with results from climate model
simulations, showing an accelerating BDC and decreasing age over multi- decadal time scales in response to increasing
greenhouse gas concentrations. This agreement may very well be for different reasons than increasing GHG concentra-
tions because in ERA-5 NH the decreasing age is entirely due to the decrease in the 1990s ( 1993-2003) i.e. a timescale
much shorter than in the CCM simulations (and probably related to Pinatubo eruption). See also MC1 and SC24 above.
We agree that the age decrease in ERAS5 is likely due to the age decrease in the mid-nineties. We discuss this
aspect in the following paragraphs. We tried to further clarify the wording here and at other relevant places in
the manuscript. (See also our replies to MC1 and SC24).

SC32. Line 395: ...also before 1979 (as available from an extended ERAS data product to be released soon). We can ex-
pect this backward extension to bring its own artifacts as the BDC will be much less constrained by satellite observations,
with results more akin to those by climate models. In such a case the differences between CCM and ERAS5 would most
probably be related to shortcomings in the underlying model of ERAS (i.e. IFS is an NWP model and not yet a climate
model).

This is a very valid remark, and we agree with this view. But still it will be very interesting to investigate the
extended time period before 1979 in ERAS5. Hence, we keep the formulation in the manuscript as is.

SC33. Line 404: ...raises the question whether the remaining steplike change could be related to an incomplete bias
correction in ERAS. Or maybe to a bias correction that started too late? A cursory look at the ECMWEF report on ERAS. 1
(Simmons et al., 2020) would help in this part of the discussion.

We agree, and the suggested subsentence has been added.

SC34. Line 421: ...and in the TTL ... According to your own discussion, it is not clear that the upwelling changes in the
TTL are a correction.

Thanks for pointing this inconsistency in our formulation out! We meant “upper TTL’ here, and changed the
text accordingly.

SC35. Line 427: ...largely related to a steplike change around the year 2000. See above: your figures rather show two
steplinke changes, one around 1993 and the other one around 2000.

Again, thanks for pointing to that! “year 2000” here was just wrong. We meant “in the mid-nineties”, and
changed the text accordingly.

SC36. Line 435: what is the availability of the observational data shown in Fig. 10 and 11?

There is no new observational data set compiled for this paper. All observational data shown here has already
been published elsewhere, with related data availability statements (e.g., the data in Fig. 10a was compiled by
Waugh and Hall (2002), the data in Fig. 10b published by Engel et al. (2017), and the data in Fig. 11 by Laube
et al. (2020)).

Typos, wording, etc.:

L4: Line 4: ERA5-based results are compared to those using the preceding ERAInterim reanalysis.
Changed to “based on the preceding...”

L34: Line 34: Waugh and Hall (2002) is a review paper on this diagnostic, hence the e.g. is not necessary.
Changed.

L101: Line 101: ...a pulse period of 2 months.
We think “frequency” is more appropriate here, as this text refers to the frequency that a pulse occurs and not
to the period of one specific pulse (which would be 10 years).

L153: Line 153: For instance, the forecast data starting at 6UTC and on the 5th hour forecast step.... Same for line 161.
As the text refers to “forecast data” as a data set provided by the ECMWF at a specific time and not to the
“forecast” itself, we think the formulation is more appropriate as is.

L157: Line 157: Here the hourly ERA5 data is not used to drive model transport but data sub- sampled in time is used
instead, hence the temperature tendencies...

Changed accordingly.



L178: Line 178: where ERAS shows upward velocities whereas they are downward in ERA Interim.
Changed as suggested.

L205: Line 205: ...apparent in both reanalyses.
Corrected.

L207: Line 207: ...critically...
Corrected.

L220: Line 220: abbreviation NH not yet defined.
NH is defined now in the introduction.

L231: Line 231: clear detailed differences occur in the details of the spectrum shape
Having “details” twice sounds somewhat complicated to us, hence we keep the formulation as is.

L246: Line 246: However above about 500 K and in particular in the NH, the signs of the trends...
As the trends are only opposite in the NH we think the existing formulation is more appropriate.

L286: Line 286: ...shows increasing RCTTs, clearest with strongest positive trends in the NH.
As the text should say that “increasing RCTTs are clearest in the NH” we think it is more appropriate as is.

L290: Line 290: ...(compare with Fig.6).
Changed as suggested.

L293: Line 293: ...the variability periodicity is similar at all locations... or maybe the timing of the variability is similar
at alo locations

Here, we only want to do a qualitative comparison (sentence starts already with “From a qualitative point of
view...”), and we don not want to have the formulation too specific to suggest more.

L309: Line 309: The latitudinal distribution in ERA-Interim (Fig. 10a) agrees well with...
Changed as suggested.

L372: Line 372: ... this accelaration of the residual circulation...

Changed.
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Abstract. This paper investigates the global stratospheric Brewer-Dobson circulation (BDC) in the ERAS meteorological
reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF). The analysis is based on simulations
of stratospheric mean age of air, including the full age spectrum, with the Lagrangian transport model CLaMS, driven by
reanalysis winds and total diabatic heating ratesfrom-thereanatysis. ERAS5-based results are compared to these-efresults based
on the preceding ERA-Interim reanalysis. Our results show a significantly slower BDC for ERAS than for ERA-Interim,
manifesting in weaker diabatic heating rates and larger age of air. In the tropical lower stratosphere, heating rates are 30—40%
weaker in ERAS, likely correcting a krews-bias in ERA-Interim. AbeveAt 20km and in the NH stratosphere, ERAS age of-air
appe ightly-high-biased-and-the BDC-slightly slow-compared-to-tracer-observationsvalues are at the upper margin of the
uncertainty range from tracer observations, indicating a comparatively slow BDC. The age trend in ERA5 over 1989-2018 is
negative throughout the stratosphere, as climate models predict in response to global warming. However, the age decrease is
but steplike. potentially caused

by multi-annual variability or changes in the assimilation-system—Over-the-observations included in the assimilation. Durin,
2002-2012period, ERAS age shows a similar hemispheric dipole trend pattern as ERA-Interim, with age increasing in the

not linear eve

NH and decreasing in the SH. Shifts in the age spectrum peak and residual circulation transit times indicate that reanalysis
differences in age are likely caused by differences in the residual circulation. In particular, the shallow BDC branch accelerates

similarly-in both reanalyses while the deep branch accelerates in ERAS and decelerates in ERA-Interim.

1 Introduction

The Brewer-Dobson circulation (BDC) is the global transport circulation in the stratosphere, controlling the transport of chem-
ical species and aerosol (e.g., Holton et al., 1995; Butchart, 2014). Changes in the BDC induce changes in radiatively active
trace gas species and hence may cause radiative effects on climate. Therefore, BDC changes need to be reliably represented in

atmospheric models.
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The BDC is characterized by upwelling motion in the tropics, poleward transport in the stratosphere and downwelling above
middle and high latitudes. In addition, a mesospheric circulation branch transports air masses from the summer to the winter
pole. As pointed out by Haynes et al. (1991), this-eirentation-the BDC is mechanically driven by atmospheric waves propagating
upwards from the troposphere and breaking at upper levels in the stratosphere where they deposit their momentum and cause
the driving force. From a conceptual point of view, the BDC can be divided into a residual mean mass circulation and additional
two-way eddy mixing (e.g., Neu and Plumb, 1999; Garny et al., 2014), which are both related to the breaking of atmospheric
waves. The residual circulation and eddy mixing both affect trace gas distributions in a complex manner (e.g., Minganti et al.,
2020). The climatological structure of the BDC shows two main circulation branches: a shallow branch at lower levels (below
about 20 km) which causes rapid transport to high latitudes (transport time scales of months), and a deep branch above with
much longer transport time scales of a few years (e.g., Plumb, 2002; Birner and Bonisch, 2011; Lin and Fu, 2013).

Diagnosing the BDC and estimating its strength is a challenging task due to the fact that the BDC is a zonal mean circulation
and that the mean vertical velocities are very slow (less than 1 mm/s). In models, these slow velocities can be computed (e.g.,
within the Transformed Eulerian Mean (TEM) framework, Andrews et al., 1987), but are likely affected by model numerics.
For observations, the circulation strength needs to be deduced from trace gas measurements. A common diagnostic for the
speed of the BDC is the stratospheric age of air te-g-Waugh-andHahl,-2602)(Waugh and Hall, 2002). Due to atmospheric
mixing processes, a given air parcel in the stratosphere is characterized by a multitude of different transit times through the
stratosphere, defining the age spectrum (Hall and Plumb, 1994). The first moment of the age spectrum defines the mean age of
air. Due to its definition of being an average transit time, mean age may give ambiguous results, while the age spectrum is able
to resolve the information ef-different-processes{e-gWatgh-and-Hal;-2662)on different processes (Waugh and Hall, 2002).

Despite its crucial effects on atmospheric composition and climate no common understanding of long-term changes of the
BDC with increasing greenhouse gas levels has been reached yet. On the one hand, climate models show a robust strengthening
and acceleration of the BDC with climate change (e.g., Butchart et al., 2010), manifesting in an increase in tropical upwelling
and a decrease in global mean age of air. On the other hand, atmospheric trace gas measurements from balloon soundings
at NH-Northern hemisphere (NH) mid latitudes show a non-significant long-term BDC trend over the last decades (Engel
etal., 2009, 2017; Fritsch et al., 2020). Also satellite measurement from the Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) show no globally homogeneous mean age change over the 2002-2012 period but a more detailed pattern
with increasing age in the Nerthern-hemisphere-(NH--NH and decreasing age in the Southern hemisphere (SH) (Stiller et al.,
2012; Haenel et al., 2015).

Coming along with improvements in model physics and data assimilation systems, meteorological reanalyses have been
used more intensively for trend investigations during recent years. With transport driven by ECMWF ERA-Interim reanalysis
modelling studies have shown a weak increase of mean age in the NH middle stratosphere, qualitatively consistent with balloon
observations (e.g., Diallo et al., 2012; Monge-Sanz et al., 2012). However, more recent efforts combining different newest
generation reanalysis data sets have shown a large dependency of BDC trend estimates on the reanalysis used, for both residual
circulation (Abalos et al., 2015; Miyazaki et al., 2016) and age of air diagnostics (Chabrillat et al., 2018; Ploeger et al.,

2019). Henee-while inter-annual BDC variability-seems-to-be-well represented-in-reanalyses; regarding decadal changes-an
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trends-In_particular concerning decadal age of air and BDC changes no consensus has been reached amongst reanalyses,
including ERA-Interim reanalysis from the European Centre for Medium-Range Weather Forecasts (Dee et al., 2011), JRA—
55 from the Japanese Meteorological Agency (Kobayashi et al., 2015), and MERRA-2 from the National Aeronautics and
Space Administration (Gelaro et al., 2017).

Very recently, the ECMWEF has released its newest generation reanalysis product ERAS (Hersbach et al., 2020). Compared
to its predecessor ERA-Interim, ERAS is based on an improved forecast model version and improved data assimilation system
(see Sect. 2.2 for further details). Case studies on stratospheric and tropospheric transport indicate improvements in the repre-
sentation of physical processes, like convection, in ERAS (e.g., Li et al., 2020). Recently, Diallo et al. (2020) have analyzed
the ERAS residual mean mass circulation of the BDC, its variability and trend, based on Transformed Eulerian mean (TEM)
calculations. The present paper can be viewed complementary as it investigates the representation of the BDC in ERAS in terms
of stratospheric age of air from transport model simulations, and compares results to the previous ERA-Interim reanalysis. For
that reason, we carry out simulations of stratospheric age of air with the Lagrangian CLaMS model (Chemical Lagrangian
Model of the Stratosphere) over the period 1979—-2018 driven with either ERAS or ERA-Interim reanalysis meteorology. Sim-
ulation of the stratospheric age spectrum with CLaMS allows pinpointing differences between the reanalyses to processes. The
main research questions are: (i) How strong and fast is BDC transport in ERAS compared to ERA-Interim? (ii) How has the

BDC (and age of air) been—changing-changed over recent decades? (iii) How good is the agreement with age of air derived

from trace gas observations? The analysis presented here contributes to the Processes And their Role in Climate (SPARC

Reanalysis Intercomparison Project S-RIP (Fujiwara et al., 2017) and can be regarded as a follow-up of the analyses presented
by Chabrillat et al. (2018) and Ploeger et al. (2019), where the BDC in ERA-Interim, JRA-55 and MERRA-2 reanalysis

was compared in terms of age of air;-and-, Here, we discuss the ERAS results within the context of the other reanalyses. For
better comparability, we also present ERA-Interim results from Ploeger et al. (2019)here, although for an extended period, and
juxtapose them with the new ERAS results.

In a first step in Sect. 2 the CLaMS model and age spectrum calculation is-are described, as well as ERAS reanalysis data.
A particular focus is laid on the ERAS diabatic heating rate which is used to drive CLaMS model transport. Thereafter, Sect.
3 presents the results related to the climatological structure of the BDC, showing that ERAS has a substantially slower BDC
than ERA-Interim. Section 4 presents BDC and age of air trends, showing a globally negative long-term trend for ERAS and a
stronger variability compared to ERA—Interim. A comparison to age of air observations is presented in Sect. 5. The results are

placed into context of previous studies in the discussion in Sect. 6, and final conclusions are summarized in Sect. 7.

2 Data and method

In this study, the BDC is investigated based on age of air calculated with the CLaMS model driven with ERAS and ERA—
Interim reanalysis data. In the following, Sect. 2.1 describes the CLaMS model and age of air calculation while Sect. 2.2

briefly describes the ERAS reanalysis with focus on the used variables.
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2.1 Age of air simulations with the Chemical Lagrangian Model of the Stratosphere (CLaMS)

The CLaMS model is a Lagrangian chemistry transport model, with the transport scheme based on the calculation of three-
dimensional air parcel trajectories (which represent the model grid points) and a parameterization of small-scale atmospheric
mixing (McKenna et al., 2002; Konopka et al., 2004). This mixing parameterization is controlled by the shear in the large-scale
flow (via a critical Lyapunov exponent), such that in regions of large flow deformations strong mixing occurs. The forward
trajectory calculation is driven with offline meteorological data. In this paper, we will use ERAS and ERA-Interim reanalysis
data which are further described in Sect. 2.2.

In the vertical direction CLaMS uses an isentropic vertical coordinate which makes the model particularly well-suited for
the stratosphere, where diabatic transport is generally weaker than adiabatic transport (e.g., McKenna et al., 2002). Strictly
speaking, the vertical coordinate in CLaMS is a hybrid potential temperature which is orography-following at the surface
and transforming smoothly into potential temperature abeve-f above, such that it equals 8 in-above the o = 0.3 surface (with
0 = p/Psucf), hence throughout the stratosphere (e.g., Mahowald et al., 2002; Pommrich et al., 2014). The cross-isentropic
vertical velocity (also termed diabatic vertical velocity, in the following) is calculated from the reanalysis total diabatic heating
rate (see Sect. 2.2 for further details).

A calculation of the fully time-dependent stratospheric age of air spectra has been implemented in CLaMS, based on multiple
tracer pulses, as described by Ploeger et al. (2019), and references therein. The age spectrum G(r,¢,7) at a point r in the
stratosphere and time ¢ is the distribution of transit times 7 from the surface (or from the tropopause in some studies) to r. For
the age spectrum calculation in CLaMS, chemically inert model tracers are pulsed in the orography-following lowest model
layer (approximately the boundary layer) in the tropics (30°S—30°N) with unit mixing ratio, a pulse duration of 1 month and a
pulse frequency of 2 months. The value of the age spectrum at transit time 7; is then related to the mixing ratio y; of the tracer

pulsed at ¢ — 7; and sampled at r (e.g., Li et al., 2012)
G(’f‘,t,Ti) =Xi - (l)

Therefore, the use of 60 pulse tracers in the model with pulse frequency 2 months allows calculation of the age spectrum over
10 years along-transit time (e.g., Ploeger et al., 2019). Mean age I' is the average stratospheric transit time and is defined as the

first moment of the age spectrum

oo

L(r,t) = /dTTG(r,t,T) . 2)

0
The two model simulations driven with either ERAS or ERA-Interim cover the period 1979-2018. Preceding 10 year spin-
up simulations have been carried out by repeating the meteorology of 1979. To eliminate influence of this spin-up on the age
spectra we analyze-focus on the period 1989-2018, in-the-followingfor most parts of the paper, when all memory of the spin-up
in the 10 year long age spectra is lost. As the model age spectrum is truncated at 10 years the respective mean age will be low
biased if no correction for the spectrum tail is taken into account. Therefore, throughout this paper we consider mean age

calculated from an additional “clock-tracer” in CLaMS, a chemically inert tracer with linearly increasing mixing ratios at the



surface (e.g., Hall and Plumb, 1994). This clock-tracer mean age had experienced a longer spin-up (minimum 20 years, at the

beginning of the considered period in 1989), and is therefore larger compared to the spectrum-based mean age.

125
compared to Ploeger et al. (2019) small quantitative differences can occur due to different periods considered, and also due

to the use of different mean age calculation methods (eloek-tracer—versus-speetrum-based),and-also-due-to-different periods
eonstdered(clock-tracer versus spectrum-based, for a quantification of these differences see Ploeger and Birner, 2016, Figs. 4 and Al

. Another difference to the simulations by Ploeger et al. (2019) concerns the cross-isentropic vertical velocities. Ploeger et al.
130 (2019) added a constant correction term to the vertical velocity to correct for missing balance in the annual mean cross-
isentropic mass flux on a given #-level, as suggested by Rosenlof (1995) and implemented in CLaMS by Konopka et al.
(2010). Here, we do not include this mass correction and use the “raw” reanalysis heating rate to simplify interpretation and re-
producibility with other studies. For most of the results including this annual mean mass balance causes no significant change.

Only for mean age trends after about 2002 it causes a clearer age decrease in the SH (see Sect. 4).
135 2.2 ERAS reanalysis

The newest generation ERAS reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF) is the
successor of the previous ERA—Interim reanalysis (Dee et al., 2011). ERAS is now available from 1979-2020 with production
lagging real time by about 2 months. For the production of ERAS, 4D—Var data assimilation of the ECMWF Integrated Forecast
System (in cycle CY41R2) was used (Hersbach et al., 2020). The horizontal resolution is about 30 km (T639). In the vertical,
140 the pressure range from the surface to 0.01 hPa is covered with 137 hybrid levels. The output frequency for ERAS data is hourly.
Due to a cold bias in the lower stratosphere, the reanalysis data has been replaced for the period 2000-2006 with the updated
data named ERAS.1 (Simmons et al., 2020). For the present paper, we carried out CLaMS simulations driven with both the
previous (termed ERAS.O in the following) and the corrected ERAS.1 data (for simplicity, termed ERAS in this paper), and
discuss effects of the bias correction on the stratospheric BDC (Sect. 6). Further details on ERAS can be found in Hersbach

145 et al. (2020).
For better comparability between the ERA5 and ERA-Interim driven model simulations as well as for practicability reasons
(storage and memory space) we use 6-hourly (0, 6, 12, 18 UTC) ERAS data with truncated 1x 1 degree horizontal resolution,

downscaled using direct transformation from T1279 to 1x1 degree with automatic truncation to T213 as provided by the
ECMWF MARS processing system. However, we maintain the full vertical resolution, as the necessary meteorological data

150  is interpolated from the reanalysis fields on native ECMWE model levels onto the Lagrangian CLaMS air parcels. Hence, the
ERAS data to drive the CLaMS model in this study has 137 hybrid ECMWF model levels, for ERA-Interim 60 levels.

Of particular importance for the CLaMS model calculations is the reanalysis temperature tendency variable (diabatic heating

rate) which is used for deducing diabatic vertical velocity{diabatic-heatingrates). Both ERAS and ERA-Interim provide 5 tem-

perature tendencies: The mean temperature tendencies due to short-wave and long-wave radiation for both clear-sky and all-sky
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conditions, as well as the mean temperature tendency due to parametrisationsall parametrisations (including the mentioned
radiative contributions, latent heat release, turbulent and sensitive heating). From the temperature tendency due to parametrisa-

tions (the total diabatic heating rate Q) the cross-isentropic vertical velocity df/dt for driving CLaMS transport is calculated

as

dé 0

_——=— 3
dt CpT Qlota ( )

with T" temperature, ¢ potential temperature, and ¢, the specific heat capacity at constant pressure. The calculation of cross-
isentropic vertical velocity for ERA—Interim was described by Ploeger et al. (2010). In the following, we illustrate the similar
(but not identical) procedure for ERAS.

Temperature tendencies are only available from the ERAS forecast data, which is stored twice per day (6, 18 UTC) with
forecast steps ranging between 1 and 18 hours (1 hour increments). These temperature tendencies have to be interpreted
differently compared to ERA-Interim, as they are “mean rates”, representative for the interval between the actual time and
the previous post processing time. For instance, the forecast data at 6 UTC and 5 hour forecast step is the mean tendency
between 10 and 11 UTC. Temperature tendencies are provided in K/s (Kelvin per second). The CLaMS pre-processor assigns
the forecast variables to the reanalysis data set at the later time (here 11 UTC). This induces a time uncertainty of 0.5 hours,
which is negligible for the purpose of this paper.

In-eases-where-not-Here we did not use the hourly ERAS5 data is-used-to drive model transport but data sub-sampled in time
is used instead. Therefore, the temperature tendencies have to be averaged appropriately, as they represent accumulations since
the previous post processing time and not since the last forecast date. Otherwise, sampling errors will occur. Hence, for the
present case of using only 0, 6, 12, 18 UTC data we average all tendency data sets within 6 hour windows around each date.
For instance, the mean tendency averaged over 10-15 UTC (from forecast data at 6 UTC with 4-9 hour steps, see above) is

assigned to the reanalysis data at 12 UTC.

3 Climatological view on the stratospheric circulation

As described in Sect. 2, CLaMS uses diabatic heating rates for driving vertical transport in the model. The climatological
cross-isentropic (or diabatic) vertical velocity df/dt calculated from the diabatic heating rate for winter and summer seasons
from ERAS and ERA-Interimis-, and the respective differences, are shown in Fig. 1 a—da—{f. Overall, both reanalyses show
very similar distributions and seasonality for df/dt. €ress-isentrepie-Diabatic tropical upwelling maximizes in boreal winter
(December—February, DJF), somewhat shifted into the summer subtropics, and the extratropical downwelling maximizes in
the respective winter hemisphere. Further, heating rates show a double-peak structure above the tropical tropopause with a
minimum above the equator. However, elear-quantitative-quantitatively also clear differences occur between the two reanalyses-

The-, showing larger diabatic velocities (heating rates) in the lower stratosphere (positive differences below about 600 K, Fig.

1 ¢, f) in ERA-Interim and smaller heating rates above. In particular, the zoomed view in Fig. 1 e—g-g—i reveals that in the
layer 400-430 K (30°N/S) ERA-Interim shows about 40% larger total diabatic heating rates than ERAS. Furthermore, atlowest
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Figure 1. Total-diabatie-heatingrate-Diabatic vertical velocity df/dt climatology (1979-2018), calculated from (a)-ERAS-during-the total
diabatic heating rate, for boreal winter (December-February, DJF) and-from (ba) duringsummer-ERAS, (Fune—Aungustb) ERA-Interim,
HAand (0) the difference ERA-Tnterim minus ERAS. (-dd-f) Same but from ERA—nterim-for boreal summer (eJune-August, £1JA). (g-i)
Zoomed view into the tropical lower stratosphere on annual mean heating rates:-and-(g)-. Note the respeetive-difference ERA—Interim-mints
ERAS(thin-black-eountourin-different color scale for the difference ptotshews-the-zero-contourfromERA—Interirmplots. Heating rate
contours are highlighted in black (dashed for negative values). The thin black countour in the difference plot shows the zero contour from

ERA-Interim. White contours show zonal wind (in =10 m/s steps; easterly wind dashed), thin dashed black lines pressure levels, the thick

black line the (WMO lapse rate) tropopause.

TFEJevels-in the lowest TTL around the level of zero radiative heating (about 350 K) total diabatic heating rates are much

weaker in ERAS5 than ERA-Interim, with even no continuous upwelling in the annual mean in a shallow layer around 350 K
(Fig. 1gi). It should however be noted, that seasonal ERAS heating rate averages show very weak zonal mean upwelling from

the troposphere into the stratosphere in small latitude bands, which vanishes in the annual mean due to seasonal shifts. This
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Figure 2. Residual circulation vertical velocity W™ climatology (1979-2018) from-(a)-ERAS-during-for boreal winter (December—February,
DIF) and-from (ba) during-summer-ERAS, (une—Augustb) ERAInterim, ¥Aand (©) the difference ERA-Interim minus ERAS. (e-dd-1)
Same but frem—ERA—Interimfor boreal summer (June—August, JJA). Note the different color scale for the difference plots. Circulation

contours are highlighted in black (dashed for negative values). White contours show zonal wind (in =10 m/s steps; easterly wind dashed),

thin dashed black lines potential temperature levels, the thick black line the (WMO lapse rate) tropopause. The y-axis is log-pressure altitude.

much weaker upwelling in the TTL and tropical lower stratosphere causes stronger restrictions on large-scale advective upward
transport in ERAS and appears to correct an overestimation in ERA-Interim (see Sect. 6. The heating rate difference below
the tropopause will also affect the simulations of mean age, which is defined with respect to the surface in this study. Another
difference between the two reanalyses concerns heating rates in the summertime stratosphere above about 866700 K (about
20 hPa), where ERAS shows upward velocities whereas ERA-Interim shows downward velocities. The upward velocities in
ERAS in that region are more consistent with the residual circulation vertical velocity (see-next-paragraph-and-Fig. 2), which
is further discussed below.

Diallo et al. (2020) analyzed the ERA5 BDC based on the TEM residual circulation vertical velocity, a common measure
for the strength of the BDC (e.g., Andrews et al., 1987, Eq. 3.5.1b),

1 v’
w'=w+ ——20 — ], 4
w w+acos¢> ¢(COS¢829) “)
where the overline denotes the zonal mean and primes fluctuations therefrom (due to eddies), w is the vertical velocity in log-

pressure z coordinates, a is the Earth’s radius, ¢ latitude, and v is the latitudinal wind component. Here, we briefly recapitulate

a few findings from that paper for ease of comparison to the heating rate based results.
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Figure 3. Mean age climatology (1989-2018) for boreal winter (December—February, DJF) from ERAS5 (a), ERA-Interim (b), and the
difference (c). (d, e, f) Same, but for boreal summer (June—August, JJA). White contours show zonal wind (in =10 m/s steps; easterly wind

dashed), thin dashed black lines pressure levels, the thick black line the (WMO lapse rate) tropopause.

Figure 2 shows w* calculated from ERAS5 and ERA-Interim during boreal winter (December—February, DJF) and summer

205 (June—August, JJA) and the respective reanalysis differences, for comparison with the diabatic heating-ratesvertical velocity,
calculated from the reanalysis diabatic heating rate. Overall, the w™* distributions and seasonal differences for both reanalyses

are very similar. Also for W™, both reanalyses show strengest-stronger tropical upwelling in boreal winter, somewhat shifted

into the summer subtropics, and strongeststronger downwelling in the respective winter hemisphere. In particular in the winter
hemisphere, contours of negative w* representing downwelling are very close for both reanalyses. Also in the deep tropics

210 close to the equator around the 18 km level (about 420 K potential temperature, 70 hPa pressure), a minimum in upwelling
(even downwelling in JJA) occurs similarly in both data sets. Minor differences between ERAS5 and ERA-Interim concern
downward velocities in the summer hemisphere and a stronger upwelling in the tropical lower stratosphere in ERA-Interim.
Diallo et al. (2020) showed in their Fig. 2 that tropical upwelling differences in w* in the tropical lower stratosphere amount to
about 40% at around 15 km and decrease above (zero difference at about 22 km). Hence, in the trepicalHowerstratesphere TTL.

215 the reanalysis differences in upwelling as diagnosed from w™* are qualitatively similar to those diagnosed from heating rates
(up to 30-40%, see Fig. 1). Above about 20 km, however, upwelling from heating rates shows larger differences than upwelling

from w*. Downwelling differences are larger in the summer than winter hemisphere, similar to the case of df/dt.
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Figure 4. Age spectra at 400 K (1989-2018 climatology) from ERAS for boreal winter (a) and summer (b). (c, d) Same, but for age spectra
from ERA-Interim. Black contour shows mean age (calculated as first moment of spectra), white diamonds show modal age (peak of the

spectrum).

The integrated effect of BDC transport in the two reanalyses is shown from climatological mean age of air for winter and
summer in Fig. 3. The general characteristics of the stratospheric mean age distribution are evident for both reanalyses, with age
increasing with both altitude and latitude, low age in the tropical upwelling region and high age in extratropical downwelling
regions. Oldest air is always-found in the winter hemisphere, even older in the SH during JJA compared to NH during DJF.
The summertime lowest stratosphere (below about 450 K) is characterized by a “flushing” with young air (e.g., Hegglin and
Shepherd, 2007; Bonisch et al., 2009), strongest in the NH during JJA. A particular feature in this region is an age inversion
in the summertime NH with younger air (around 400 K) located above older air (around 350 K), which is also apparent in
both reanalysisreanalyses. This “eave structure” (i.e., younger air above older air) in the summertime lower stratosphere age
distribution has been recently discussed by Charlesworth et al. (2020) and has been shown to depend eritiatty—critically on the
numerics of the model transport scheme.

Clear quantitative differences between ERAS and ERA-Interim age are evident in Fig. 3c and f, with significantly older air
for ERAS. Largest differences of up to about 2 years (equivalent to about 50-75%) occur in the lower stratespherie-stratosphere
regions where the climatological age distribution (black contours) shows strongest gradients. These differences indicate a

downward shift of the regions-locations of strongest age gradients and stronger gradients in ERAS5 compared to ERA-Interim.

10
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Figure 5. Same as Fig. 4 but at 600 K.

To gain deeper insight into transport processes and their differences in the two reanalyses, we consider stratospheric age
spectra at 400 K and 600 K potential temperature levels, representative for the shallow and the deep BDC branch, respectively
(see Fig. 2 for a relation between potential temperature and altitude levels). Figure 4 shows the CLaMS model age spectra
at 400 K versus latitude for ERAS and ERA-Interim for winter and summer. The spectra from both reanalyses show similar
overall characteristics and seasonality, caused by known characteristics of BDC transport. The multi-modal spectrum shape,
arising from the seasonality in upward transport into the stratosphere and in the strength of transport barriers, clearly emerges
for both cases and appears strongest for middle latitude and high latitude spectra, consistent with previous studies (e.g., Reith-
meier et al., 2007; Li et al., 2012). In the tropics, age spectra are narrower and with a younger peak in boreal winter, indicating
faster upwelling during that season. Weaker latitudinal gradients in the summer hemisphere, especially in the NH during JJA,
are a sign of stronger mixing in summer. The flushing of the summertime lower stratosphere with young air can be seen from
the extent of the young air peak to high latitudes in the summer hemisphere (e.g., Fig. 4b, d).

Closer inspection reveals alse-elear-differences between ERA5 and ERA-Interim age spectra. In the tropics, the main spec-
trum peak is broader and shifted to larger transit times for ERAS, related to slower tropical upwelling compared to ERA-
Interim. At high latitudes this shift of ERAS age spectra towards older transit times is even clearer, indicating slower transport

along the BDC and a stronger confinement of polar regions againstexchange-with-middleJatitudes-in ERAS. Clearest differ-
ences occur in the SH polar vortex during winter (JJA) where the modal age (transit time of the largest spectrum peak) for

11
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Figure 6. Mean age trends for the period 1989-2018 from ERAS (a) and ERA-Interim (b). (c—d) Same, but for the 2002-2012 period. Black
contours (solid) show climatological mean age, thin dashed black lines pressure levels, white contours zonal wind (in 210 m/s steps; easterly
wind dashed), and the thick black line the tropopause. The significance of the linear trend, measured in multiples of the standard deviation

o, is shown as gray contours (2 o contour as thick, then decreasing with 0.2 step as thin lines).

ERAS is at about 4 years, while for ERA-Interim modal age occurs at 1.4 years. Hence, there is a significantly higher fraction
of young air at high latitudes for ERA—Interim than for ERAS.

Similar conclusions hold for the age spectrum comparison at 600 K (Fig. 5). While the general spectrum characteristics are
similar for ERAS and ERA-Interim, clear detailed differences occur in the spectrum shape. ERAS spectra are shifted towards
older transit times and show an older peak compared to ERA—Interim, as found similarly at the lower 400 K level. In the tropics,
these differences are particularly clear with the shift of the spectrum peak to older ages in ERAS5 compared to ERA—Interim in-
dicating slower residual circulation upwelling te-gti-etal; 2642 Ploegeretal;2649)(e.g., Li et al., 2012; Ploeger and Birner, 2016)
. This slower residual circulation upwelling is consistent with the weaker diabatic heating rates in the TTL and lower tropical
stratosphere in Fig. 1. Moreover, the larger extent of the youngest spectrum peak towards high latitudes in the summer hemi-

sphere (e.g., in the NH during JJA +in Fig. 5b, and in the SH during DJF in Fig. 5c) shows faster transport of young air towards
the pole in ERA-Interim than in ERAS.

12
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Figure 7. Age spectrum trend for the period 1989-2018 from ERAS at 400K (a), and 600K (c). (c, d) Same, but for ERA-Interim. Thin
black contours show annual mean age spectra, thick black contour shows mean age (calculated as first moment of spectra), white diamonds

show modal age (peak of the spectrum). Note the different x-axis scales for the two levels.

4 Circulation and age changes over (multi-)decadal time scales

Trends in mean age over the entire 30 year period 1989-2018 and over 2002-2012 are shown in Fig. 6. The trends are calculated
from linear regression of the deseasonalized time series (after subtracting the mean annual cycle at each grid point). The
standard deviation from the regression provides a I-o range for assessing the significance of the calculated trends. Even over
30 years trends-trend values are still affected by decadal variability, as will be discussed at the end of this section. Nevertheless,
for simplicity we use the term “trend” in this paper but note that our results concern changes over 30 years and not over
centennial time scales, as is often the case for climate model experiments.

Evidently, ERAS shows a negative age trend throughout the stratosphere over the longer period, with strongest decreases of
up to —0.5 years per decade (yr/dec) in the SH sub-tropics and mid latitudes. In the SH and in the lowest stratosphere (below
about 450 K) this negative age trend qualitatively agrees with the trend from ERA-Interim. In particular in the NH above about
500 K, however, the signs of the trends in the two reanalyses are opposite, with ERA-Interim showing increasing age. These

differences will be further discussed in Sect. 6.
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Figure 8. Residual circulation transit times (RCTT) from ERAS5 (a) and ERA-Interim (b), and their trends over 1989-2018 (c, d). Thin black
lines in ¢ and d show climatological RCTT contours (in 0.3 yr steps). White contours show zonal wind (in £10m/s steps; easterly wind
dashed), thin dashed black lines potential temperature levels, the thick black line the (WMO lapse rate) tropopause. The significance of the
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as thin lines).

For the shorter period 2002-2012 both reanalyses show qualitatively similar mean age changes, with increasing age in the
NH and decreasing age in the SH (Fig. 6¢c—d). Detailed differences concern a weaker NH age increase and a stronger SH age
decrease in ERAS5 compared to ERA-Interim. In the lowest tropical and sub-tropical stratosphere ERAS shows significantly
increasing age, although non-significant changes in some regions, compared to decreasing age or insignificant trends in ERA—
Interim in this region. Hence, changes in the shallow BDC branch over this short period are not consistent between the two
reanalyses. The small quantitative differences for the 2002-2012 ERA—Interim age trends compared to recent publications of
CLaMS simulated mean age (e.g., Stiller et al., 2017) are related to the use of clock-tracer versus age spectrum based mean
age and to the updates in the model configuration (e.g., exclusion of annual mean cross-isentropic mass balance here)and-the
use-ofcloek-tracer-versus-age-speetrum-based-mean-age, as explained in Sect. 2.1.

Trends in the age spectrum provide more detailed information about changes in transport processes and are presented in

Fig. 7 for the period 1989-2018 (for the two levels 400 and 600 K). ERAS age spectra show a shift of the spectrum peak
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towards younger age for most regions, as indicated by relatively-strenger-comparatively strong positive spectrum trends at
transit times shorter than the modal age (indicating an increase in the mass fraction of young air). Such a decrease of modal age

can be interpreted as an acceleration of the residual circulation, at least in the tropics and in the winter hemisphere extratropics
te-gEietal; 2012 Ploegeretal;2649)(e.g., Li et al,, 2012; Ploeger and Birner, 2016). In the tropics and SH this modal age
shift and residual circulation acceleration is clearest. In the NH in a shallow layer around the 400 K level between 0-50°N the
age changes are different, with a decrease of the young air fraction (transit times shorter than modal age) causing weak positive
mean age changes (compare Fig. 7a and Fig. 6a).

The clearest difference to ERA—Interim regarding structural age spectrum changes emerges at middle and high latitudes at
upper levels (here 600 K, Fig. 7b and d). ERAS, on the one hand, shows a shift of the spectrum to younger ages, although not
as clear as in the tropics and in the SH. ERA-Interim, on the other hand, shows a decrease in the fraction of air younger than
about 4 years and an increase of the fraction of older air. This increased fraction of air older than about 4 years in ERA-Interim
indicates a strengtheningin-deceleration of the deep branch of the residual circulation. The different spectrum changes in ERAS
and ERA-Interim cause the opposite mean age changes in the two reanalyses (Fig. 6), and are related to different trends in the
deep BDC branchsee-nextparagraph, as evident from further analysis of the residual circulation (see below).

Changes in the structure of the residual circulation are further investigated by using residual circulation transit times
(RCTTs), the pure transit time for (hypothetical) air parcels in the 2D residual circulation flow (e.g., Birner and Bonisch,
2011). Here, the RCTTs have been calculated in isentropic coordinates using the same reanalysis diabatic heating rates as
in the full CLaMS simulation for calculating vertical motion (e.g., Ploeger et al., 2019). Differences-between—mean—-ageand
REFFRCTTs can not be easily compared to mean age, as differences between both quantities are related to mixing effects
(e.g., Garny et al., 2014; Dietmiiller et al., 2017). Figure 8 shows the climatology and percentage trend in RCTT for the pe-
riod 1989-2018 for ERAS and ERA-Interim. Comparison of climatological RCTTs shows substantially longer transit times
for ERAS than ERA-Interim (up to 40% longer in the lower stratosphere), consistent with the slower circulation in ERAS as
already diagnosed from heating rates, w™* and age of air. The trends in RCTTs in Fig. 8c—d indicate differences between the
reanalyses regarding changes in the structure of the BDC. In the lower stratosphere below about 600 K both reanalyses show
consistent changes, with decreasing RCTT indicating a strengthening of the shallow residual circulation branch. In the tropical
lower stratosphere the residual circulation accelerates by about 2.4 %/decade in ERAS and 2.2 %/decade in ERA-Interim, as
diagnosed from the RCTT trend (20°N/S, 450K average, approximately 70 hPa). Clear differences emerge at higher levels
and also at higher latitudes, hence in atmospheric regions of the deep circulation branch. In these regions, ERAS still shows
decreasing RCTTs, turning into insignificant changes at high latitudes. ERA-Interim, on the other hand, shows increasing
RCTTs, clearest in the NH. Hence, changes in the deep branch of the residual circulation clearly differ between the reanalyses,
with a weakly strengthening deep branch in ERAS and a weakening deep branch in ERA-Interim.

Figure 9 provides further insights into the temporal evolution of mean age at three different locations in the stratosphere.
The three locations have been chosen to be representative for the tropical lower stratosphere, and the NH and SH subtropical
stratosphere regions of strong mean age trends (compare with Fig. 6). In the tropical lower stratosphere (450 K and 10°S/N;

Fig. 9a), the relative difference between ERAS and ERA-Interim is large and the variability in ERAS5 mean age is significantly
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stronger than in ERA—-Interim. At the higher levels, the variability in mean age in the two reanalyses is more comparable in
magnitude. From a qualitative point of view, the variability is similar at all locations, with coinciding ups and downs in the

age time series, e.g. caused by modulations in the BDC related to the Quasi-Biennial Oscillation (QBO) or El Nifio Southern

320 Oscillation ENSO (e.g., Calvo et al., 2010; Konopka et al., 2016). A particularly striking feature is the anomalously high mean
age following the year 1991, even higher for ERAS than ERA-Interim. This significant increase in stratospheric mean age in
reanalyses has been related to the Mt. Pinatubo eruption in June 1991 (Diallo et al., 2017). A-mere-detatled-analysis-of-mean
While Fig. 6 suggests a clear decrease in ERAS mean age throughout the global stratosphere, the time series in Fig. 9

325 show that this decrease is not a simple linear trend over the 30 years considered. In fact, outside the tropics mean age appears
to increase before about 1991 and-in both hemispheres, and in the NH also after about the year 2000(exeeptin—the-SH);
and-deereasestnbetween2000. During the nineties mean age decreases in ERAS. These steplike changes are evident in both
reanalyses%%ﬁmmwmmwm&tm
atmospheric variabilityer-) while at the end of the nineties they could be related to changes in the

330  observing system assimilated by the reanalyses (see Sect. 6, and also Chabrillat et al., 2018). In particular in the NH (Fig. 9¢),

the negative age trend in ERAS during 1989-2018 appears to be related to the strongly increased age values at the beginning
of the period. Further discussion of these steplike changes in the age of air time series is presented in Sect. 6.

5 Comparison to trace gas observations

Climatological reanalysis mean age at 20 km altitude is compared to mean age from CO- and SFg trace gas measurements in
335 Fig. 10. Comparison is made to data from in-situ observations onboard the NASA ER-2 aircraft (as compiled by Waugh and
Hall, 2002, for a detailed data description see the references therein). It should be noted that we consider this data set as an

observational climatological benchmark here, as similarly done in other model comparisons (e.g., Chabrillat et al., 2018; Diallo et al., 2012

although the ER-2 flights have been carried out during 1992—-1997 while the model data in Fig. 10a is a climatology over
1989-2018. In general, uncertainties in observational mean age estimates are related to non-linearities and imperfect knowledge
340 in tropospheric growth rates, sampling issues, chemistry effects, and measurement errors (Waugh and Hall, 2002). Mean age

deduced from observed SFg is higher than mean age deduced from CO;, consistent with the existence of a significant SFg

chemical sink in the mesosphere (Ray et al., 2017). The latitudinal age distribution in ERA-Interim agrees well with the in-situ
data (best for COy-based mean age) while the higher ERAS mean age values are just at the upper margin of the uncertainty
range of the in-situ SFg-based observations. Recently, Leedham Elvidge et al. (2018) have shown that SFg based mean age
345 may be biased high even outside of the polar vortex. On the other hand, the ERAS age data shows a steeper latitudinal gradient

in the subtropics which agrees slightly better with the steep gradient in in-situ observed age compared to ERA-Interim.

Figure 10b presents a comparison of mean age
time series in the NH middle stratosphere (model data averaged over 40-50°N, 30-5 hPa) with the balloon-borne observations
of Engel et al. (2017). The observational uncertainty range includes uncertainty related to the sampling (representativeness)
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Figure 9. Mean age time series from ERAS and ERA-Interim in the (a) tropics at 450 K and 10°S—10°N, in the (b) SH subtropics at 500 K
and 30-50°S, and in the (c) SH subtropics at 600 K and 30-50°N. The blue dotted line shows mean age from the sensitivity model simulation

driven with the uncorrected ERAS.0 data (see text). Data has been deseasonalized by applying a 12 month running mean.

350  tropospheric mixing ratios, the used age spectrum parameterization and the absolute measurement error (for details see Engel et al., 2009)
. The comparison shows again that before about 1997 ERAS age is at the upper margin-edge of the observational uncertainty
rangebefore-abeut1+997, while ERA-Interim is at the lower margin—edge (Fig. 10b). Regarding the trend, the more gradual
increase in ERA-Interim mean age appears to compare better to the observed data than the temporal evolution of ERAS mean
age. In particular the strong decrease in ERAS age in the mid-nineties is not present in the observations. Although comput-

355 ing a linear trend for a time series with a step-steplike change (like for ERAS) is questionable, for completeness we note the
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Figure 10. (a) Mean age of air at 20 km at different latitudes from in situ observations (black symbols, from Waugh, 2009), from ERAS (blue)
and ERA-Interim (red) driven CLaMS simulations. (b) Mean age time series in NH middle latitudes (40-50°N and 30-5 hPa, approximately
600-1200 K for reanalyses). Coloured lines show the mean age from reanalyses (smoothed with a 12-month running mean), black symbols

show the mean age from the balloon observations of Engel et al. (2017), with error bars representing the uncertainty of the observations.

trend values from a simple linear regression over the period 1989-2018 for ERA5 (—0.13 4= 0.01 years/decade, the error being
the 1-o standard deviation range from the regression) and for ERA-Interim (0.15 & 0.01 years/decade). The trend value for
ERA-Interim agrees with the value stated by Engel et al. (2017), although the observational trend is non-significant. Further-
more, Fritsch et al. (2020) showed recently that the calculated value for the observed mean age trend depends critically on

the estimated age spectrum shape, and approaches zero for more recent parameter settings suggested by (Hauck et al., 2019).
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(ereyred) and from-ERA-Interim (ablack)ERAS-. Shown are frequency distributions of the mean age differences (buebin size 0.1 year) and
taken in the extratropical lower stratosphere, about 350-480 K (for details on the measurements see Laube et al., 2020). The grey shadin,
shows the mean uncertainty range of the observations (b£0.78 years)ERA—tnterim-<, the red and black symbols show the mean differences
uncertainty range.

Hence, the comparison between the ERA—Interim and the observed trend value should not be over-interpreted, also given the
differences between the single data points of the two time series in Fig. 10b.
Figure 2211 further compares the reanalysis mean age to in-situ observations from Geophysica high-altitude aircraft

flights in the NH lower stratosphere (for a detailed measurement data description, see Laube et al., 2020). The comparison

upper stratospherie fevels- Closer inspeetion-shows that the-observations have been taken during five measurement campaigns
over 2009-2017 in the NH lower stratosphere (about 350-480 K potential temperature). Mean age has been calculated from
measured mixing ratios of CFy, CoFg, C3Fs, CHF3 and HFC-125. The observational uncertainty range has been estimated
into account uncertainties related to non-linearities in tropospheric mixing ratios, age
spectrum parameterization and measurement errors, summing up to an overall uncertainty range of -£0.78 years (to be interpreted.
as 1-o range). The model output has been sampled along the measurement flight coordinates such that no representativeness

errors need to be included. Figure 11 shows the distribution of differences between model and observational mean age for
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Figure 12. Tropical average monthly mean anomaly time series of total diabatic vertical velocities from ERAS (a) and ERA-Interim (b),
and residual circulation vertical velocity w™* from ERA5 (¢) and ERA-Interim (d). Data has been averaged over 30°N/S, deseasonalized b
subtracting the mean annual cycle, and percentage values have been calculated with respect to the climatological mean. Thin black dashed

lines show pressure (a, b) and potential temperature (c, d) levels. Note the scaled potential temperature y-axis above 1000 K (in a, b), to

emphasize the lower stratosphere.

375 mean ages larger than 1 year (to exclude the tropopause region, where the uncertainty in both observational and model mean
age is large, related to air entering across the extratropical tropopause). The figure shows that for ERA-Interim the model
bias distribution, estimated as the difference between simulated and observed mean age, is lareely within the observational
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uncertainty range (shown as grey shading in Fig. 11, only 21% of data outside this range). For ERA5ecorrelation-is—slightly

».on the other hand, the

bias distribution is shifted to mean age differences around 1 year and skewed towards even larger values, such that 56% of the
data are outside the observational 1-¢ range. Hence, ERAS i with-ai i
MWW@%WMWWWM
mean ERAS 4 o :
WW%W&WM%@QWWERA —Interimthe-CFC—H+
~) and the observational uncertainty overlap (see
Fig. 11) and the mean ERAS bias in age here is not significant at 66% confidence level. Moreover, the considered Geophysica
observations are just from five campaigns localized in time and space and it is unclear whether the difference can be considered
as a global bias.

6 Discussion

Recent studies have stated a substantial uncertainty in the climatological strength and trends of the stratospheric BDC and
age of air in current generation reanalyses (e.g., Abalos et al., 2015; Miyazaki et al., 2016; Chabrillat et al., 2018; Ploeger
et al., 2019). Among the considered reanalyses, JRA-55 was shown to have the fastest and MERRA-2 the slowest BDC, with
ERA-Interim-based results in between. In the present study, we find the BDC in ERAS to be significantly slower and age of
air significantly higher than in ERA-Interim (e.g., Figs. 1 and 3).

It is so far unclear whether the representation of the BDC in ERAS is improved compared to the older reanalyses. In the
tropical lower stratosphere, the weaker heating rates in ERAS are consistent with slower residual circulation upwelling found
by Diallo et al. (2020) and appear to correct the 30-40% high bias in ERA-Interim heating rates in the tropical tropopause
layer (TTL) found in previous studies (e.g., Ploeger et al., 2012; Schoeberl et al., 2012). On the other hand, the minimum in
tropical upwelling around the level of zero radiative heating (around 350 K) is much lewer-more pronounced for ERAS than
for ERA-Interim with heating rates even showing a gap in annual mean upwelling in a shallow layer, similar to the case in
MERRA-2 reanalysis (e.g., compare Fig. 1 with Fig. 5 of Ploeger et al., 2019). In a recent paper, Wright et al. (2020) linked
differences in reanalysis diabatic heating rates to differences in the representation of clouds. They argued that the upwelling gap
in ERAS and MERRA-2 is likely caused by higher cloud water content in these two reanalyses and related radiative effects.
Indeed, seasonal means of ERAS heating rates show upwelling also at the lower TTL levels, but very confined regionally and
much weaker than for ERA-Interim. Hence, while in the tropical lower stratosphere and upper TTL (about 100-50 hPa) the
representation of tropical upwelling seems to be improved in ERAS, it is unclear whether the very weak total diabatic heating
rates in the lewerTFE-upper troposphere and lower TTL (200100 hPa) are realistic.

At-higherlevels-in-the-stratosphere;-however-Above the TTL and in the NH stratosphere, age of air in ERAS is slightly
h@%m%weﬁ&a@mg(m&wmwﬂm situ observations (Fig. 10a). {ﬂ—fhe—}ewer—%fafe%phefe
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stratosphere, comparison to Geophysica aircraft in-situ observations furtherindicates-that-the BBC-infrom Laube et al. (2020)
shows that ERAS is-s tonrs-mean age is somewhat high-biased and the ERAS BDC

somewhat too slow (Fig. 27)-

D

11). Hence, all comparisons to observational data presented here indicate that the slow ERAS BDC is elearty-at the upper
margin of the observational uncertainty range. However, these differences are not significant due to the large observational
uncertainty range and due to the fact that the considered observations are highly localized in time and space. Hence, it is
unclear whether the high age and slow BDC in ERAS represents a global bias.

Comparison of age of air trends shows a similar hemispheric dipole pattern over the 2002-2012 period for ERAS as for
ERA-Interim, which was argued by Stiller et al. (2017) to agree qualitatively with the structural circulation change observed
by MIPAS. This observed increase of age in the NH and decrease of age in the SH has so far not been found for “non-ECMWF”
reanalyses (Chabrillat et al., 2018; Ploeger et al., 2019). Regarding the long-term trend in the NH, ERAS and ERA-Interim
show differences. While ERA—Interim shows weakly increasing age of air, more consistent with non-significant trend vaues
values from balloon-borne in-situ observations (Engel et al., 2017; Fritsch et al., 2020), ERAS shows decreasing age. Henee;

overatt-Overall, the agreement to stratospheric age of air observations appears slightly better for ERA—Interim compared to

ERAS, but with both reanalyses within the observational uncertainty range.
The globally negative age of air trend in ERAS over 19892018 agrees qualitatively with results from climate model sim-

ulations, showing an accelerating BDC and decreasing mean age over multi-decadal time scales in response to increasing
greenhouse gas eon—eentrationsconcentrations. In the tropical lower stratosphere, the residual circulation upwelling increase
of 2.4 %/dec in ERAS, as inferred from RCTTs, agrees even quantitatively with climate model predictions of 2-3 %/dec (e.g.,
Butchart, 2014). In the lower tropical stratosphere the residual circulation acceleration in ERA-Interim is similar (see Sect.
4). However, in ERAS this residual-cireulation-aceeleration-acceleration of the residual circulation reaches substantially higher
whereas in ERA-Interim the deep BDC branch decelerates (Fig. 8).

In a recent study, Diallo et al. (2020) compared the residual circulation in ERAS and ERA-Interim based on residual circu-
lation vertical velocity w* and stream function. They showed, using these standard circulation metrics, that the BDC in ERAS
is significantly slower than in ERA-Interim, consistent with the findings here based on age of air and the diabatic circulation
(heating rate based). Furthermore, they related the weaker residual circulation to weaker gravity wave drag at the upper flanks
of the subtropical jets in ERAS compared to ERA-Interim. Also differences in trends in w* were shown to be likely caused by
differences in gravity wave drag. Given the qualitatively similar results between age of air and residual circulation regarding
both the weaker climatological BDC and more negative trends in ERAS, it seems likely that reanalysis differences between
ERAS and ERA-Interim in age of air are mainly caused by the differences in residual circulation and that mixing differences
play only an amplifying role (as suggested for different data by Garny et al., 2014). The clear differences in the age spectrum
peaks (modal ages, compare Figs. 4, 5, 7) corroborate the idea that residual circulation differences cause the mean age dif-

ferences. An investigation of mixing in ERAS based on computation of effective diffusivity (e.g., Haynes and Shuckburgh,
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2000), as has been realized for other reanalyses recently (e.g., Abalos et al., 2017), could shed more light on the role of mixing
processes for age of air differences between the reanalyses.

A closer look shows that the decrease of mean age in ERAS is not simply linear, particularly in the NH. Mean age time series
show even weak increases before about 1991 and after about 2000 and a decrease in between. Although these steplike changes
are also visible in ERA-Interim, to some degree, they are much more distinct in ERAS. WhetherIt is unclear whether these
changes in mean age can be explained by known factors of multi-annual to decadal variabily-or-variability or whether they
are related to changes in the observations included in the reanalysis assimilation systemneeds—to-be-shown-infutare-stadies

. To investigate potential discontinuities in the reanalysis, Fig. 12 presents tropical mean (30°N/S) anomaly time series for

total diabatic vertical velocity and residual circulation vertical velocity w*. Above about 1000 K potential temperature (about

7hPa), a clear discontinuity in heating rates in 1998 is evident for both reanalysis, as related for ERA-Interim to the change
from TOVS to ATOVS radiance data already by Abalos et al. (2015). For ERAS, this discontinuity appears less pronounced,
but is still observable. In the lower stratosphere (below about 1000 K or 10 hPa), however, the heating rate time series indicate
no discontinuities. The w” time series show now discontinuities over the entire vertical range and the 1979-2018 period. Hence,

we find no indication for sudden changes in the assimilation to cause the steplike change in lower stratospheric age of air in

1991-1992, following the Pinatubo eruption (and similarly in 1982—1983 after the El Chichon eruption). This weakening of

tropical upwelling heating rates is even stronger for ERAS compared to ERA—Interim and is related to the positive mean age
anomaly during that period (Fi

. 9, and see also Diallo et al., 2017). Hence, the apparent steplike age change in the mid-nineties

appears related to the significant age increase (BDC slow-down) after the Pinatubo eruption, in addition to a positive age trend
over the eighties in ERAS. Likely, differences between the reanalyses are partly related to differences in the representation
of the effect of volcanic aerosol on the BDC. Notably, the response of w” to volcanic eruptions (here Pinatubo, El Chichon)
shows positive anomalies (increased tropical upwelling) and is opposite to the heating rate response (see Fig. 12), as already
., Abalos et al., 2015; Diallo et al., 2017). This difference in the
volcanic response in heating rates and residual circulation velocity w” is an important issue for future research, particularly in
view of its impact on decadal age of air (and BDC) trends.

If indeed related to real variability, these decadal variations strongly-overly-in the BDC are significant compared to the
potential long-term trend, with even stronger impact in ERAS in-the-extratropical-stratespherethan ERA-Interim. The 30-40

years time series is presumably still too short for computing long-term trends in reanalysis, where stratospheric variability

might be larger compared to climate models. But studying variability on shorter time scales (e.g., inter-annual, decadal) in
reanalysis is of value in itself. Whether the long-term mean age trend in ERAS reanalysis is indeed negative needs to be further

noted for the older reanalysis products in previous studies (e.

analyzed in the future by including more years after 2018, and also before 1979 (as available from an extended ERAS5 data
product to be released soon).
As mentioned already in Sect. 2.2, we carried out CLaMS model simulations also with the preceding data set with an existing

bias in stratospheric temperatures (termed ERAS5.0 here). Mean age time series from this sensitivity simulation are included
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in Figs. 9 and 10 (dotted blue lines). The comparison between ERAS5 and ERAS5.0 shows that the bias correction indeed has a
significant effect on the stratospheric BDC. Without the correction, mean age values suddenly decrease around the year 2000
and remain lower during the following years compared to the corrected ERAS data. Therefore, in ERAS.0 the steplike age
change is even stronger than in the corrected data. Consequently, trends over periods beginning during 2000-2010 (depending
on the region under consideration) are more strongly positive for ERAS5.0 compared to the corrected ERAS data. Furthermore,
the reduction of the steplike change in age due to the temperature bias correction raises the question whether the remaining
steplike change could, at least partly, be related to an incomplete bias correction in ERAS or to the bias correction starting too
late.

As explained in Sect. 2 the CLaMS model simulations are based on the diabatic circulation in the reanalysis as driven by the
reanalysis diabatic heating rate. For ERA—Interim it has been shown that the choice of a diabatic versus kinematic transport
representation could indeed change the simulated BDC to some degree, in particular regarding trends over decadal periods
(Chabrillat et al., 2018; Ploeger et al., 2019). Hence, comparison of the diabatic results here to a similar model study focussing
on the ERA5 BDC using a kinematic transport model would be particularly interesting. Furthermore, the present study is based
on ERAS5 data with full vertical but truncated 1x1 degree horizontal resolution, as provided by ECMWF (see Sect. 2.2). We
assume that differences in the global scale BDC patterns caused by the truncation of horizontal resolution, and hence small-
scale mixing processes, will be minor. However, at this stage this is just an assumption and can not be proved as full CLaMS
simulations with full ERAS resolution over the entire ERAS period are so far not feasible due to the excessive amount of

reanalysis data needed and necessary further model developments regarding the data handling.

7 Conclusions

We investigated the global stratospheric Brewer-Dobson circulation in the ECMWF ERAS reanalysis based on age of air
simulations with the Lagrangian chemistry transport model CLaMS driven by reanalysis winds and diabatic heating rates.
The simulations include both mean age as well as the age of air spectrum. Results are compared against results based on the
predecessor reanalysis ERA-Interim.

We find that the global structure and seasonality in both reanalyses is very similar. However, the BDC is substantially slower
and age of air larger in ERAS5 than in ERA—Interim. In the tropical lower stratosphere and in the upper TTL the 30-40% weaker
heating rates in ERAS appear to correct the too-strong vertical upwelling in ERA-Interim found in previous studies. At higher
stratospheric levels above the TTL and in the NH, on the other hand, ERAS5 mean age is found to be at the upper margin of the
observational uncertainty range.

The mean age trend over the 1989-2018 period in ERAS is globally negative, as expected from climate model simulations as
response to increasing greenhouse gas concentrations. However, outside the tropics the ERAS mean age decrease is not linear
over the entire period but largely related to a steplike change around-the-year2000—in the mid-nineties. Hence, it is unclear
whether the negative age trend in the reanalysis can be interpreted as response to climate change or is related to decadal

variability or changes in the observations included in the data assimilation system. From the absence of sudden changes in
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heating rate and residual circulation velocity time series the relation to variability, in particular caused by volcanic aerosol

seems more likely, but effects from the assimilation can not be ruled out. Due to the slowness of the circulation and the existence
of a negative age trend in the NH the discrepancy with balloon-borne observations-is-greater-and aircraft in-situ observations is

larger for ERAS than ERA-Interim. The mean age change over 2002-2012 in ERAS shows a similar hemispheric asymmetry
pattern as found for ERA-Interim.

Overall, the new ERAS reanalysis appears promising for transport studies of the BDC. It is certainly important for such
studies to use the bias-corrected data set (termed ERAS.1 in ECMWF’s documentation). However, whether the representation

of stratospheric transport is indeed improved compared to ERA-Interim reanalysis is, so far, unclear.
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