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Reviewer comment (RC): In their manuscript Smith et al. describe an analysis in which
they separate the contri- bution of varying tropical tropopause temperatures and vary-
ing transport on the amount of water vapour entering the stratosphere. They apply the
concept of Lagrangian Dry Point along trajectories using ERA-interim data for the time
period 1999-2009 and gen- erated model data from the chemistry-climate model UM-
UKCA. To distinguish be- tween the effect of TTL temperatures and transport on the
amount of water vapour entering the stratosphere, they time-shift either the tempera-
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tures (keeping the trajecto- ries for transport as they would be for the specific years)
or time-shift the trajectories for transport (keeping the respective temperature cycles
fixed). Smith et al. found out that the variation in tropopause temperature contributes
to 70% of the observed inter- annual lower stratospheric water vapour variability and
is the dominant driver for the annual cycle as well. Despite the important role of sea-
sonal variations in tropopause temperature for the water vapour variability, transport
contributes with 30 % in reducing the seasonal cycle maximum.

General comments: The paper is a very interesting and important contribution to the
field of stratospheric water vapour. However, the text is sometimes difficult to follow
and | don’t understand what the text is aiming at in some parts. Moreover, | would sug-
gest to shorten the text, focus on major results and omit results that do not contribute
to the major findings. To understand the results, it is most important to understand
the methods of time-temperature shift and time-transport shift. Here, however | had
problems to reconcile the description in the text and Figure 1c. To understand your
results, it is indispensable to understand the concept of time-shift methods, and this
should be improved for the final paper. You divided your results chapter into the results
of ERA-interim and model results. | suggest merging these chapters into one results
section. This shortens the text and makes an inter-comparison easier. Moreover, the
figures can be presented together.

Author comment (AC): We thank the reviewer for providing thorough and constructive
comments. We agree it is crucial to introduce the methodology as clearly as possible.
Therefore, we have rephrased the abstract as well as section 2.1. This has lead to
the removal of figure 1. To simplify the terminology, we have replaced ‘time-shifted
temperatures’ and ‘time-shifted transport’ with ‘replaced-temperatures’ and ‘replaced-
transport’ throughout the text. Small changes have been made to the text throughout.

We have considered carefully the reviewer’s suggestion to merge the results sections
for ERA-Interim and for the chemistry-climate model. We have decided against that for
two reasons. The first is that the figures are already busy and attempting to combine
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figures will increase the density of information still further. The second is that the ERA-
Interim and chemistry-climate models are not intended to be directly compared. The
model has significant biases which have been clearly noted and the model simulation
has not been designed to capture any aspect of actual historical interannual variabil-
ity. The intention of including both ERA-Interim and model results in the paper is to
demonstrate that the techniques we introduce can be usefully applied to each (and
clearly in future investigations such techniques could be used for careful reanalysis-
model comparisons, where those were appropriate). Given that the methods section is
now clearer and shorter, we believe this suitably addresses the reviewer’'s key overall
concern of clarity.

Responses to specific comments are below. Following the removal of figure 1, all
other figures have been renumbered accordingly. The responses below will refer to the
original figure numbers (where there are a total of 13 figures).

RC: The paper is suitable for publication in ACP after major revision. Specific com-
ments:

Page 2, line 26: Please cite Stenke and Grewe (2005) here. Stenke, A. and Grewe,
V.: Simulation of stratospheric water vapor trends: im- pact on stratospheric ozone
chemistry, Atmos. Chem. Phys., 5, 1257—-1272, https://doi.org/10.5194/acp-5-1257-
2005, 2005.

AC: Thanks for pointing out this valuable reference. It is included in the revised version
of the paper.

RC: Chapter 2.1 and 2.2: Please include all aspects necessary for the description of
the trajectory analysis in chapter 2.1. For instance: you say on page 5, line 131 (section
2.2), that you release the trajectories at the 83 hPa level. This information should be
already available on page 4, line 96ff. It would also be nice to have an overview (table)
over the important differences (period simulated, resolution of the data, release level
of the trajectories.) between the trajectory analysis for ERA and the model.
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AC: After careful consideration, taking into account that direct intercomparison between
model and re-analysis is not the intended aim of the paper we have kept the original
structure and not include an intercomparison table. Section 2.1 is intended to describe
the commonalities and the remaining details in section 2.2 and 2.3 are already referred
to on page 4 line 96 ff. The paper is less interested in directly comparing LDPs re-
sulting from ERA-Interim and UM-UKCA and more interested in whether the exhibited
sensitivity is present in both.

RC: Page 4, line 97: Using 5580 trajectories for each initializing date means you use
about 2 trajectories per grid point. Did you make a sensitivity test to show that your
results are insensitive to that number? Please comment.

AC: We conducted a sensitivity test of the number of trajectories initialised at a sin-
gle date, ranging from around 1000 to 44000. Results were insensitive for trajectory
numbers spanning 5580 to 44000. A comment is made to reflect this in the text.

RC: Page 4, line 106: Please highlight the formulae as an equation with a number.
AC: The formula is now a humbered equation.
RC: Figure 3 b and d: | see the purple lines displayed as blue ones.

AC: Thanks for pointing out the ambiguity in this colour scheme. The orange and purple
colours have been made more consistent between figures 3 and 4.

RC: In figure 4, you switched the colours for the time-shifted transport from orange to
blue (vice versa for the time-shifted temperature). This is a little confusing after reading
figure 3.

AC: P7L193-198 highlight the relationship that means the individual curves in figure 4
can be determined from either the orange or the blue lines of figure 3. Nevertheless,
following the clarification of the method, those lines have been removed, so the colours
in figure 4 have been switched and the legend rephrased accordingly.
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RC: Page 5, line 146: What do you mean by “pattern”? | would also suggest that there
is a difference in the timing of the maxima in figure 2 between the SWOOSH data and
the LDP calculation. Please comment.

AC: Firstly, the word ‘pattern’ has been replaced with ‘variability’. Secondly, there is
a difference in the timing of the seasonal maxima for SWOOSH and SMR_LDP with
ERA-I. A partial explanation is due to an error in generating the figure, in the timing of
monthly datapoints. SWOOSH data is averaged monthly and displayed in the centre
of the month, whereas trajectory results represent the first day of the month, but are
incorrectly positioned in the centre of each month. For example, Figure 5 has the
correct positioning. The horizontal positioning of the ERA-I SMR_LDP timeseries in
Figure 2 has been corrected to reflect this. The vertical scale has also been changed
to reduce the amount of white space at the top of the figure.

The difference in timing is therefore half a month, which is shorter than the frequency of
trajectory initialisation. Further investigation would require a more frequent initialisation
of trajectories.

Fueglistaler et al 2013 find good correlation between the same trajectories, with a
slightly different LDP calculation, and the combination of satellite datasets HALOE and
MLS/Aura. The main difference in the LDP calculation is a slightly different definition
of troposphere-to-stratospheric transport. SWOOSH, the homogenised satellite obser-
vations of stratospheric water vapour used here, uses a different method to combine
several satellite datasets including HALOE and MLS/Aura (Davis et al. 2016). The dif-
ference in seasonality here must be due to small differences in the methods of calculat-
ing LDPs and homogenising the satellite observations. We think that it is unneccesary
to add this level of detail in the main text and is therefore not included in the revision.

RC: Page 7, line 218: Please explain the term “generic” transport.

AC: The unclear term ‘generic transport’ has been replaced with ‘transport of alterna-
tive years’.
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RC: Page 8, line 250: Does “corresponding” mean that the coloured lines end at the
month with the respective diamonds at 83 hPa? Please describe this more clearly.

AC: This has been clarified in the text. Instead of : Figure 5b shows the seasonal
variation of SMR_LDP, with each coloured line corresponding to a coloured diamond
in Fig. 5a. It is now: Figure 5b shows the seasonal variation of SMR_LDP in the 12
month history from each initialisation date, with each coloured line corresponding to a
coloured diamond in Fig. 5a.

RC: Page 10, line 305: Please explain why the combination of initializing transport in
August with temperatures in autumn leads to lower average SMR_LDP? From the text
passage before, this is not clear to me.

AC: This paragraph has been rephrased in an attempt to be clearer.

RC: Page 10, line 313 to 317: “For this temperature initialization date. . .SMR_LDF
has a marked minimum, which appears consistent with the behavior of the time-shifted
transport calculations discussed above.” Please describe explicitly what is meant by
“consistent with the behavior of the time-shifted transport calculations above.”

AC: This sentence has been rephrased to: For this temperature initialisation date, the
SMR_LDP has a marked minimum in July-October, with a similar explanation to the
replaced-transport calculations discussed above. The following sentences provide ex-
plicit explanation.

RC: Figure 7c: There is no structure visible in the figure. Please change selected range
of the colour bar.

AC: The ranges of the colour bars in Figure 7b and 7c have been narrowed, and the
number of ticks has been increased. So as not to crowd their colour ranges, they now
have different value ranges.

RC: Page 11, line 347: Please specify what you mean by “any of the other features”.
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AC: This sentenced has been rephrased to: The relative importance of temperature
variability at different timescales for stratospheric water vapour depends on the effects
on $\mathrm{SMR_{LDP}}$.

RC: Page 11, line 358: Please specify what you mean by “cases”.
AC: ‘Cases’ has been replaced by ‘T_LDP’

RC: Page 12, line 372: “which implies that cold points corresponding to LDPs will be
coldrelative. . ”. | would suggest to write: “which implies that cold points corresponding
to LDPs will be of very low temperatures relative..”

AC: Rewritten accordingly.

RC: Page 12, line 393: “halving any arbitrarily chosen timescale results in an equivalent
change in T_LDP and SMR_LDP”. Please describe what is meant by “equivalent.

AC: ‘Equivalent change’ has been replaced by ‘equivalent reduction’.

RC: Page 13, line 403: Do you really mean that there is NO major change of LDPs
over tropical America in figure 10? At least the change seems to be larger than over
Africa.

AC: The black contour lines in Figure 10 suggest a change in the more confined area
to the north of South America, but the intention of the sentence is to describe the
redistribution of LDPs on the global tropical scale. The sentence has been rewritten to
refer to the percentages in the dashed boxes. The dashed boxes suggest that LDPs
redistribution to the West Pacific and SE Asia is not at the expense of the LDPs over
Africa and America.

RC: Page 13, lines 404-405: You describe that the light blue symbols in Fig 9b are
NOT re-evaluated from the original 6 hourly temperature calculations. This is, as far as
| understand, in contradiction to what is stated on page 11, lines 359-360.

AC: Apologies, the sentence on lines 359-360 was confusing, it has been rephrased to
Cc7
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make clear that what is not re-evaluated is the location.

RC: Page 13, line 405: “the difference between figure 10a and figure 10b is ignored”?
Please explain in other words, what you wanted to say.

AC: Thanks for pointing out this unclear statement, it is now described more explicitly.

RC: Page 13, line 405-415: It was hard to follow this text passage and there remain
some questions: line 406: “.. does not require every trajectory to be search..”. Why?
What is meant by using “fixed LDPs”. | looked through the text, but did not find a
definition.

AC: The first sentences of this paragraph have been rewritten to introduce the term
‘fixed-location LDPs’.

RC: Page 13, line 419: How do you calculate backward trajectories when using zonally
averaged temperatures?

AC: Back-trajectories are calculated as before, their location in space and time is
recorded according to the velocity field they encounter. Zonally averaged tempera-
ture is recorded as a passive variable. SMR is then calculated along the trajectory’s
record of pressure and averaged temperature, and the minimum SMR value defines
the LDP in this case. The sentence has been rephrased to make this clearer.

RC: Page 14, line 451: You state that vertical advection MAY be weaker in the model
than in ERA-interim data. Why don’t you look into the data and check if this is actually
the case?

AC: Various measures not considered in this paper indicate that vertical transport is
weaker in the model than in ERA-Interim. These measures include transport time from
troposphere to stratosphere, and Transformed Eulerian Mean vertical velocity. The
residual vertical velocity at 70hPa and averaged across 30 N-S and averaged across
the years analysed in the paper: - UM-UKCA is 2.1 mm/s - ERA-I is 2.3 mm/s which
suggests a weaker vertical upwelling in the climate model. The text has been revised
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accordingly.

RC: Page 14, line 460: You describe that the differences in saturation mixing ratios
between model and reanalysis are difficult to explain. In line 455, however, you argue
that the model trajectories probably do not sample the coldest regions of the TTL effi-
ciently (as the ERA-interim trajectories do). As far as | understand, the last sentence
is already an explanation for the differences between ERA-data and model. Please
comment.

AC: The difficulty is related to a subtlety in the temperature sampling: What is hap-
pening to cause trajectories to bypass the lower temperatures in the TTL? For the
climate model, it occurs less often but experiences a more extreme SMR. Is the cause
some difference in vigorous vertical transport due to the choice of kinematic advection
scheme, or some model-related representation of advection near the tropopause, ei-
ther numerical or physical, such as vertical interpolation or deep convection? As your
major point is to focus the text, this sentence has been removed.

RC: Page 15, line 480: Do you mean “the seasonal variation in the fractional distribu-
tions” as indicated in figure 5 and 11 (lower panel i.e. 5¢c and 11¢)?

AC: Thanks, this has been clarified.

RC: Page 15, line 482: To which amplitude to you refer? This sentence is too long to
understand, so please split it into 2 sentences of it and rephrase it

AC: This has been rephrased accordingly.

RC: Page 16, line 518: What is meant by “without re-calculation the space-time posi-
tions of LDPs”?

AC: This has been clarified.

RC: Page 17, line 531: Please refer to the results section in which the importance of
con- vective injection or particle formation or sedimentation were an outcome of your
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results.

. . . . ACPD
AC: This has been rephrased. Our argument is that the results of this paper contribute
to the overall problem of understanding the relative importance of the several differ-
ent processes that are needed to explain swv variability. But certainly not all such .
C L \ ) \ Interactive
processes, which include convective injection and particle formation, have been inves- comment

tigated here.
RC: Page 17, line 544: Please replace “cold temperatures” by “low temperatures”.
AC: Thanks, this has been replaced.

RC: Page 18, line 562: “The generally stronger. . ”. The first part of the sentence is
clear, but what does ”.. consistent with the seasonal variation noted previously of the
amount of interannual variability . . ” mean? Please rephrase the text.

AC: This has been clarified.

Interactive comment on Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2020-934,
2020.
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