Response to Reviewers

April 17, 2025

We thank the editor and referees for the precious time to review the manuscript and provide
valuable comments. Reviewer comments are in bold, while our responses are in normal text.

Response to Reviewer 1

In section 3.1, the authors compared the model TKE with the turbulence diagnos-
tic TI1 using the grid-scale wind data. Where does this grid-scale wind data come
from? Is it data produced by COSMO? And if so, why do not the authors use
ERA-5 data to evaluate the ability of COSMO to represent turbulence? Besides,
the authors say that the differences between TI1 and TKE “might be caused by
the neglected mechanism of the Ellrod index or sub-grid scale processes that could
potentially lead to the formation of turbulence in the UTLS, e.g., scale-resolved
gravity waves” (lines 137-138). First sub-grid scale processes are mentioned as a
possible source of discrepancies and then an example is presented talking about
scale-resolved gravity waves. Please, check and clarify this.

Yes, the grid-scale wind data is produced by COSMO. Using the COSMO wind data is because
we would like to see whether the model grid scale wind field is consistent with the results of the
sub-grid scale turbulent scheme, and considering the simulation is initialized and nudged by the
ERA-I data, and the similarity between ERA-5 and ERA-I, therefore we did not choose to use
ERA-5 wind field data to evaluate the turbulence. For lines 137-138, we have corrected in the
manuscript from ”e.g., scale-resolved gravity waves.” to e.g., sub-grid scale gravity waves.”

Throughout the paper, the authors used different dates and times to analyze tur-
bulence and the distribution of passive tracers for three different cases but did
not explain the reasons behind that selection. Could the authors justify why they
chose these dates and times? Are they based on aircraft measurements, soundings?
Please, explain. The clarity and quality of the paper will improve if information
about the synoptic situation is included.

The reason for choosing the selected time for turbulence analysis is that the selected time shows
the features consistent with TI1 and features that are potentially caused by the sub-grid scale
processes. The three cases are selected to show mixing under different situations. Therefore,
they were chosen case by case and did not intend to match with the time of the turbulence
analysis. Section 3.3.1 is added to the manuscript to describe the synoptic situation.

In Table 1, the different mixing ratios of the two passive tracers are presented with-
out further explanation about the selection of these values and gradients. Could
the authors provide an explanation for these ranges of the mixing values for each of



the tracers? Why the different types of gradients for O3 (steep) and N20O(gentle)
initialization?

The reasons for the selection of the tracers value and the reason for with different gradients is
that we would like to investigate how the gradient could affect the strength of vertical mixing
by using passive tracers which have relatively realistic values (which is similar to O3 and N20)
considering the constitutive equation in section 2.3. The values were chosen related to typical
atmospheric mixing ratios for future comparisons with real atmospheric data. We have added in
the manuscript ” An Ogs-like tracer with a relatively steep linear gradient and a NoO-like tracer
with a relatively gentle gradient are initialised to investigate the effect of the tracer gradient on
the strength of mixing under a relatively realistic scenario.”

Figures 5 and 6 show the distribution of tracers and the tracer-tracer correlation
for a particular cross-section as mentioned in line 154. Where is this cross-section
located on the map? Please, include it either in Figure 3 or Figure 4 or explain it
in the text. This way the reader knows which section of the map is being analyzed.
On a related note, no reference to the location where the three different study cases
are performed is indicated in the text. Is it the same location as Figure 5 and 67
Please, clarify.

All 3 cases are located at different parts of the domain, Figure 7 is added in the manuscript to
describe the synoptic situation and indicate the location of all 3 cases.

Line258: here the authors say that the mixing can be irreversible when “the ex-
change of tracers happens along a diagonal of a delta tracer-tracer correlation”
while in the beginning of section 3.3.3 they say that scattered values from the di-
agonal are an indication of irreversible mixing. Please, clarify.

The scattered value should be related to the advection as well as the tropopause, we have
rewrote in the manuscript but more to entries of tropospheric tracers into regions of typically
stratospherically dominated regimes in—an—irreversible—way. The scatter away from the diag-
onal unlike the other 2 cases is most likely due to the advection, considering the completely
different wind field in Figure 8 and tropopause in Figure S17, the strong horizontal advection
in the region of strong horizontal gradients changes the background ratios in addition to the
vertical mixing and thus introduces additional mixing during each time step compared to the
other cases. The wider the scatter is, the more, e.g., tropospheric tracer depletion is found at

similar stratospheric tracer values —which-does—notrepresent—a—movement—of-an—-air—mass—but

Line 85: could the authors explain why the focus is on the Scandinavian region
instead of on the eastern Mediterranean (line 45: the authors say it is an area with
strong STE)?

Scandinavian region was selected because it was planned to study gravity waves effects as well
in the later stage, which was not included in this manuscript.

Line 88: delete “tbc”.

Deleted.



Line 129: “...this section analyses, ” delete the comma.

Deleted.

Line 131: what do the authors mean by “grid-scale wind data”?

Added in the manuscript ”grid-scale wind data from COSMO

Line 154: replace “ooff” by “off”.

Corrected.

Figure 5: please include in the caption a description of what the black line repre-
sents. It is not explicitly mentioned here or in the text.

Included, the black line represents the PV-tropopause.

Line 187: after “vertical wind shear” please include “(VWS)” so that it is easier
for the reader to follow the text while looking at the Figures.

Included

Line 189: please, include a description of N2 as it is the first time that it appears
in the text.

Added in the manuscript “the Brunt-Viisila frequency (N?) shows no distinct behavior”

Line 195: add a comma after “Besides the diffusion coefficient”.

Added

Please, include the units used in each subplot in Figures 7, 9 and 10.

Included

Line 210: “spheric air could attributed”. Change for “could be attributed”.

Changed

Line 214: put “the N2 is distinctly higher in this region” inside parenthesis.
Changed

Line 241: delete the comma after “new”. Too long sentence. Please, split.

Deleted, Changed from ”a new, enhanced vertical resolution model setup ( 200m vertical res-
olution in the UTLS) for the regional model COSMO nested within the multi-scale climate
chemistry model MECO(n) is presented, which performs similar to ...... ” to a new enhanced
vertical resolution model setup ( 200m vertical resolution in the UTLS) for the regional model
COSMO, which is nested within the multi-scale climate chemistry model MECO(n) is presented.
It performs similar to ...... 7

Line 250. Change the comma after “real world” for a full stop.

Changed



(13

Line 260, replace “.e.g.” by “,e.g.”

Replaced

Response to Reviewer 2

The passive-tracer test in Section 3.2 relies only on one turbulence indicator (Ell-
rod and Knapp’s TI1), whereas there are many other indicators available (e.g.,
Richardson number as an indicator for Kelvin-Helmholtz instability, KHI). Hence,
the ‘validation’ against this turbulence indicator must be considered with some
caution. Furthermore, the turbulence indicators (TI1, TI2, Richardson number,...)
are also not the truth, but may fail in recognizing turbulence and/or indicate tur-
bulence where actually there is none. I suggest that the authors more carefully
discuss the limitations (and potential) of the turbulence indicators in the passive-
tracer test.

We agree with the reviewer that the TI1 has its limitations and it might neglect or fail to
recognize turbulence at some point. The reason for choosing TI1 as an indicator is because
Sharman et al. (2006) provides a reference threshold on turbulence strength for TI1 which is
not available for some other indicators like TI2 or the improved version of TT1 with a divergence
trend term. We agree that including more turbulence indices could provide a more comprehen-
sive validation. Still, it is not the focus of this manuscript so we decided to use one of the well
established turbulence diagnostic TI1 in this manuscript. In the ongoing work, we prepared to
include a turbulence diagnostic that considers static stability and divergence. We have added
in the manuscript in section 3.2 to discuss the limitation of TI1: It is also important to note
that the Ellrod index does not fully represent the turbulence in the atmosphere since it does
not account for all producing mechanism. For example TI1 might neglect or underestimate the
shear related to anticyclonic flow.

The three case studies, particularly the discussing of the delta tracer-tracer cor-
relations are very interesting and inspiring! There are two aspects that might be
improved, however. First, Subsection 3.3.1 comes with a short introduction on this
type of diagram, which is nice. I think that the reader can even be more clearly be
introduced on how to read these diagrams. A few additional sentences might be
helpful. For instance, why is an L-shape indicative for asymmetric mixing, whereas
a diagonal one is clearly pointing to symmetric mixing; where in these diagrams
do we see mixing from stratosphere to the troposphere and vice versa. See also
the specific comments below. Second, the three cases in Section 3.3 discuss in de-
tail the mixing and tracer-tracer correlations, which is the key topic of the study.
Still, it would also be interesting (at least to me) to learn somewhat more about
the dynamical and thermodynamical ‘setting’ of the cases. For example, how does
the wind field look like? How is the vertical stratification? Or, why do we see in
Figure 5 mixing at a very distinct location (blue/red dipole) but not at neighboring
locations. I fully understand that these aspects are not the key topic of the paper,
still some mesoscale context would be interesting.

A few more sentences is added to explain the delta-tracer-tracer correlation. See the response
in the specific comment below. A section describing the synoptic condition of the cases is added
to the manuscript. The reason for the blue/red dipole is the location of the jet stream and the



tropopause, therefore it experiences strong vertical wind shear and tracer gradients.

A minor point on structure: I wonder whether Section 3.3.4 is actually needed,
or whether the aspect of mixing normalization (to determine the importance of
gradient vs. dynamically forced mixing) would better integrated in the three case
studies. In short, the discussion of this effect is interesting, but maybe not neces-
sarily in an own subsection. In line with this, I wonder whether Figures 11 and
12 are needed in the main text, or could become part of some supplementary ma-
terial? I have not a very strong opinion on that, but the authors might consider
it. Furthermore, the statements in Section 4 (Conclusions) are rather general and
vague. Some examples: L245 (“with different characteristics” — which?); L249
(“However, individual mixing events depend on the particular weather situation”
— what weather situation? Which ones have been studied in this paper?); L55
(“Both, the vertical tracer gradient and the dynamic and thermodynamic forcing,
i.e. the stability and stratification, play important roles in the strength of vertical
species exchange” — Maybe, that what we already would have expected! So, can
you make a more nuanced statement about the relative importance?).

We added some statements in the manuscript:

L1245 “with different characteristics” — including balanced and imbalanced bi-direction mixing
induced by turbulence and strong vertical tracer gradient

L.249; ”on the particular weather situation” — , for example, the vicinity of a jet stream which
located near the tropopause (case 1) experiencing the strongest mixing considering the high
vertical wind shear and tracer gradient

L255 “Both, the vertical tracer gradient and the dynamic and thermodynamic forcing,i.e. the
stability and stratification, play important roles in the strength of vertical species exchange” —
, especially when the vertical wind shear is strong enough to overcome the stable atmosphere

L17: aka PV tropopause; introduce ‘potential vorticiy’ before referring to it as PV

Corrected

L19: ‘PV-tropopause is conserved’ — I understand what the authors mean: that
PV is conserved under adiabatic, frictionless flow conditions, and that thus the
PV-tropopause behaves as a material surface under the these assumptions. The
authors might rephrase, as ‘tropopause is conserved’ sounds a little strange.

Rephased in the manuscript from Since the PV-tropopause is conserved under isentropic condi-
tions to Since the PV-tropopause is a quasi-impermeable surface for adiabatic frictionless flow,
i.e., on isentropes.

L27: affecting — affects
reply

Figure 1: Are really both panels needed?

For the first panel, we would like to show the location of the domain on the globe considering
not every reader is familiar with the Scandinavian geography. The second panel we would like
to emphasize the irregular shape of the domain with respect to the parallels and meridians.

L88: COSMO(tbc) — What does ‘tbc’ mean?



Typo. Deleted

L95-98: Here, first the default setup of the 1D closure is described, whereas in
the following text the actually used TKE-based scheme is described. Is it really
necessary to describe the default scheme when it is not used? I see the authors’
point to highlight in which way the default setup has been improved, but still
wonder whether it is needed. ..

We try to let the reader know what is the difference between a default setup and the setup that
we have chosen and also to show the limitation of the default scheme and it is the reason that
we chose the other one.

L103-106: As before, do we need such a detailed description of the default setting?
Or would be sufficient to just highlight in the text the improved setup?

We tried to point out that the default setup is insufficient for UTLS research which motivates
the implementation of the enhanced vertical grid.

L116: Very minor detail: I think it should be ERAS5 instead of ERA-5; and possibly
start a new paragraph after ‘EX-60 setup’?

Corrected and started a new paragraph.

Section 3.1 (as discussed above): To which degree does this analysis depend on
the specific section of the TI1 turbulence indicator? To which degree can the
TI1 threshold to be assumed independent from the model resolution? Would you
expect different results if TI2 and/or Richardson number is used instead of TI1?
No detailed analysis is needed in my opinion, but a more critical discussion of the
comparison betweem TI1 and the model TKE.

We would expect the TI2 shows a similar results as the TI1 with minor discrepancy since both
TI are based on deformation and vertical wind shear, but we would expect discrepancy arise
from the convergence term of TI2, We have added in the manuscript in section 3.2 to discuss
the limitation of TI1: It is also important to note that the Ellrod index does not fully represent
the turbulence in the atmosphere since it do not account for all producing mechanism. For
example, TT1 might neglect the shear related to anticyclonic flow [Ellrod and Knox, [2010].

Figure 5 (and corresponding text): I like the discussion on the tracer and inverted-
tracer mixing, but wonder as a dynamic meteorologist why the mixing only oc-
cur where it does and not at the other locations. Some meteorological back-
ground/context for the mixing events would be interesting, possibly supported
by figures in the supplementary material?

Section 3.3.1 describing the synoptic situation is added in the manuscript. The mixing region
occurs in the vicinity of the jet stream with strong tracer gradient.

Figure 6 (panels ¢ an d): Whereas panels a) and b) show straight diagonals, panels
c) and d) exhibit some off-diagonal deviations. I wonder whether I correctly un-
derstand these. As an example, in panel c) in the lower-left quarter O3 with vdiff
corresponds to somewhat belowdiagonal O3 without vdiff. Does this mean that
mixing (with vdiff) lowers the O3 values?

No, It should be the other way around. O3 below the diagonal means there are more O3 with



vidff and above the diagonal mean less O3 with vidff. Take the lower left quarter as an example.
the O3 with vdiff have a value larger than le-6 while the O3 without vdiff have a value smaller
le-6, indicating mixing with vdiff increase the O3 value. Note that in the upper right quarter,
the relation is opposite. This is due to the background gradient. Increased mixing redistributes
the tracer and tends to homogenize gradients, leading to a dipole effect (See Fig. 5).

Introductory paragraph to Section 3.3.1: Possibly, introduce the reader even more
carefully how to read the delta tracer-tracer plots (as explained above). Why does
an L-shale indicate asymmetric mixing? Where in the plots do we see mixing from
the stratosphere into the troposphere, where in the opposite direction? Somewhat
refelcting on it, it becomes obvious? But why not helping the reader not familiar
with tracer-tracer plots with 1-2 explaining sentences to get it at first reading?!

We have add some sentences in the manuscript from (1) Concentrated distribution at the center
[0,0] if no vertical mixing takes place at all;(2) L-shape distribution for singledirectional mix-
ing; and (3) Diagonal distribution for bi-directional mixing to (1) Concentrated distribution
at the center [0,0] if no vertical mixing takes place at all; (2) Diagonal distribution for bi-
directional mixing, where both tracers changes in a similar rates causing the data point spread
along the diagonal. The upper left indicates the downward mixing of stratospheric air into
the troposphere since at the same grid, there are increasing stratospheric tracer and decreasing
tropospheric tracer. And the lower right indicates the opposite, with decreasing stratospheric
air and increasing tropospheric air i.e. upward mixing of the tropospheric air.

L181: Minor detail; maybe start new paragraph
Changed

L 185: ‘by dynamic instability’ — The term ‘dynamic instability’ is somewhat
vague/unclear? I suggest that the authors introduce at some point in the manuscript
very clearly what they mean with ‘dynamic instability’, and also set into contrast
to other instabilities? Hence, if it is not a dynamic instability, what is it then?
I assume that ‘dynamic’ refers essentially to the ones where wind (horizontal and
vertical shear/deformation) is important, whereas a ‘static instability’ refers to one
where a vertical profile becomes (thermo-dynamically) becomes unstable (e.g., if
squared BruntVaiisilla frequency becomes negative)? In essence, I suggest to care-
fully introduce these terms. ..

Introduced in the manuscript from caused by dynamic instability to caused by vertical wind
shear or/and deformation

L199: I get the basic idea, but what does |mixing| and |mixing| / |gradient| exactly
stand for?

They are the absolute value of the difference with and without vdiff for the O3-like passive
tracer, reworte in the manuscript from tracer-tracer plot but color-coded with |mixing| (left)
and |mixing| / |gradient| (right). to tracer-tracer plot but color-coded with absolute value of
the difference of the stratospheic O3-like tracer (left, |[dO3ST|) and absolute value normalized
with the tracer gradient (right,|/dO3ST| / |gradient|).

L206-207: “This is a consequence of asymmetric strength and extension of the
dynamical forcing, i.e., the stable layering of the stratosphere prevents deeper
mixing into the stratosphere, whereas the lower static stability in the troposphere



allows for deeper penetration of stratospheric tracers into the troposphere” — 1
am not sure whether I fully understand this argument. First, what exactly is
‘dynamical forcing’ referring to? The discussion in the ‘i.e.” sentence is more
about stability than on dynamics. Second, the asymmetry argument would also
be true in case 17! Hence, also there the stably stratified stratosphere inhibits a
deeper mixing than the more weakly stratified troposphere? Maybe, the solution
to this is in the comparison of Figure 9d) with Figure 10d), which shows squared
N and clearly differs between the two? In short, some further explanations might
help (1-2sentences).

The dynamical forcing is referring to the vertical wind shear and deformation. We are trying
to point out that the differences (Case 1 have a similar spread from zero to the higher mixing
value on both ends, while Case 2, the lower right quarter is significantly shorter than the upper
left quarter.) between Case 1 and 2 is because of the N2 (the lower right of Case 2 are the
region with high N2 value). We have changed in the manuscript from This is a consequence
of asymmetric strength and extension of the dynamical forcing to This is a consequence of
asymmetric stability and flow conditions and added The lower right have a significantly shorter
range than the upper left (unlike Case 1, which has a similar range on both ends). and (where
in figure 9d, the lower right with high N? have a shorter range than the upper left with low
N2, while figure 7d of case 1 have a similar N2 on both ends)

L218-221: Please explain in greater detail how the scatter from the diagonal relates
to irreversible mixing. I think I kind of get the basic idea, but some further details
could be helpful.

The scatter from the diagonal is related to the unusual wind field and tropopause. We have
modified in the manuscript but more to entries of tropospheric tracers into regions of typically
stratospherically dominated regimes in—an-irreversible-way. The scatter away from the diagonal
unlike the other 2 cases is most likely due to the advection, considering the completely different
wind field in Figure 8 and tropopause in Figure S17, the strong horizontal advection in the
region of strong horizontal gradients changes the background ratios in addition to the vertical
mixing and thus introduces additional mixing during each time step compared to the other
cases. The wider the scatter is, the more, e.g., tropospheric tracer depletion is found at similar
stratospheric values —which—dees—net—represent—a—mevement—ofan—air-mass—but—irreversible

Section 3.3.4: As discussed above, consider including into the three case study
sections. L234-236 remains somewhat vague, and would — with some more specific
conclusions — fit nicely into Section 4 (Conclusions).

We have added in Section 3.3.4, The tracer gradient plays the most important role since mixing
will be meaningless if there is no tracer gradient. Strong dynamical forcing like vertical wind
shear could lead to mixing even in the stable atmosphere with a typical stratospheric N2 value.

L240: Have TSE and STE already been introduced? Has STE been used in the
sense ‘stratosphereto-troposphere exchange’, or did it refer to cross-tropopause
transport in both directions‘?

We thank the reviewer for this point, TSE is not defined. It refers to cross-tropopause transport
in both directions in the introduction. We clarified the sentence from quantification of TSE and
STE with implications on the Earth’s radiation budget. to quantification of the bi-directional
cross-tropopause transport with implications on the Earth’s radiation budget.



Section 4 (Conclusions): As discussed before, try to bring more specific statements
into conclusions.

Added in the conclusion including balanced and imbalanced bi-direction mixing induced by
turbulence and strong vertical tracer gradient and , for example, the vicinity of a jet stream
which located near the tropopause (case 1) experiencing the strongest mixing considering the
high vertical wind shear and tracer gradient

Response to Reviewer 3

Model Validation: The authors utilize a multi-scale model framework with in-
creased vertical resolution to represent mixing events due to Clear-Air Turbulence
(CAT). However, I do not find any validation of this approach that ensures its
suitability for studying CAT effects on mixing. True, the authors compare the
Turbulent Kinetic Energy (TKE) produced by the turbulence scheme with a tur-
bulence index, but this index is computed from the same model data and contains
terms (such as the shear term) that enter the TKE equation itself. How does the
predicted TKE compare with observations? Why should the proposed resolution
(horizontal and vertical) be sufficient to study turbulent exchange in the UTLS?
To address this question to some extent, the authors can compare the simulated
TKE in the CM10 and CM40 models. The limitations of the present approach
should be stated clearly in the introduction and conclusions, especially considering
the stated objective (line 55) of analyzing the representation and efficiency of tur-
bulent tracer mixing in the UTLS.

The reason for comparing the TKE with TI1 is to see whether the highly parametrized sub-
grid scale turbulence scheme is consistent with the grid-scale wind. A sensitivity study was
conducted on the supplement to show the necessity for higher vertical and horizontal resolu-
tion. Figure S9 shows the relative frequency distribution of the model TKE between EH84
and EX60, and the occurrence of high TKE values is more frequent in EH84 than in EX60.
The difference caused by vdiff is also an order of magnitude stronger between EH84(figure 5
in manuscript) and EX60 (figure S11). For CM10 and CM40, they show similar tke frequency
distribution (figure S10), but the difference caused by vdiff is still significantly stronger between
CM10 (figure 5 in manuscript) and CM40 (figure S12). we have included some more discussion
in the section of turbulence analysis (section 3.1) It is also important to note that the Ellrod
index does not fully represent the turbulence in the atmosphere since it do not account for all
producing mechanisms. For example, TI1 might neglect the shear related to anticyclonic flow.

Sponge Layer Depth: Another critical point in this study is the tiny depth of the
sponge layer (5 km), which is significantly less than the 11 km used in the CM40
and CM10 configurations. Typically, the sponge layer accounts for about half of
the vertical domain extent. The authors should comment or provide a reference
explaining why 5 km is a reasonable choice for the high-top model configuration.
Additionally, how do they ensure that wave reflections from the model top do not
affect the UTLS region?

The 5 km sponge layer is chosen according to [Eckstein et al., [2015], which validates a setup
extending the COSMO vertical grid reaching the lower stratosphere. They also tested a sponge
layer with 11 km, and the differences were marginally small. We also see similar results between



an 11 km and 5 km damping layer when we test the enhanced grid (EH-84). Therefore, we stick
with the 5 km sponge layer. On the other hand, the analysis carried out in this manuscript is
far below the damping layer, at below 15 km, with 20 model levels until it reaches the model
top. The potential reflections from the model top should be negligible.

Simulation Setup: Any motivation for the choice of the selected geographic and
temporal window for the simulation is missing. What is the large-scale configura-
tion of meteorological fields, and why is it expected to be favorable for Stratosphere-
Troposphere Exchange (STE)? The authors show a high turbulence index over the
selected region (Fig. 3), but they do not discuss a possible underlying cause. Is the
elevated turbulence index due to shear in the jet stream, is it caused by gravity
waves or something else?

Large-scale climate models also use the TKE equation, but the simulated shear
is often too low. If the authors comment on the processes responsible for the in-
creased shear in their high-resolution simulation, it would be valuable for readers
working on improving large-scale climate models.

The choice of the selected geographic and temporal window is based on a previous airborne
measurement campaign that took place at Kiruna. However, the measurement data had not
been used in this manuscript and therefore was not mentioned in the manuscript. A section
is added in the manuscript to show the synoptic condition and explain the choice briefly. We
expected that the high-level trough ridge system would be favorable for CAT, which has a po-
tential impact on STE. Yes, the elevated turbulence index is due to the jet stream, as shown
in Figure 1 which shows the horizontal wind speed at 200 hPa. The increased shear could be
attributed to the higher vertical and horizontal resolution, as in Figure 2, the CM10 shows more
fine structures and hence more shear.

windspeed in 200 hPa at 2016-02-07 20:00:00

Figure 1: Horizontal wind speed at 200 hPa for CM10
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Figure 2: Cross section for horizontal wind speed for CM10 and EMAC

Missing Simulation Details: Important details regarding the simulation from Sec.
3 are missing: What are the initial conditions used for the tracer? It is stated that
the tracer gradients are initially linear, but the gradients in Fig. 5 are far from
linear. How long does it take to reach the state shown in Fig. 57 When was vertical
diffusion switched off—at the very beginning of the simulation, or only just before
the particular event.

The vertical diffusion was switched off at the very beginning, the submodel PTRAC of MESSy
allows the user to switch on and off certain processes for certain tracers. For each tracer
two versions with identical initialization exist, one with vertical diffusin (vdiff) active and one
without, the detail is listed in Table 1. The below figure shows the initial condition of one of
the tracers, all passive tracers were initialized similarly except for the range of the mixing ratio.
In general, it takes only a few days for the tracer to reach a similar state as figure 5, since we
initialized the tracer with a transition layer near the tropopause.
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Figure 3: Initial condition of the N20O-like tracer
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Analysis of Mixing and Exchange: Tracer-tracer correlations are used to discuss the
direction of troposphere-stratosphere exchange. While this is a valuable diagnostic
in observational studies, given the model data, is it not possible to diagnose the
diffusive fluxes directly (using the equation on page 4) and confirm the findings
from the tracer-tracer correlations?

Additionally, it is not immediately clear to the reader how the mixing direction
can be inferred from a delta tracer-tracer correlation. For example, at line 209,
stronger downward mixing is concluded from Fig. 9. A more extensive explanation
of the interpretation of the novel delta tracer-tracer correlation would be helpful
here.

Yes, the fluxes of the tracer by vertical diffusion could be derived by the model, we do see fluxes
locally near the mixing region of e.g. figure 5, but what we see in figure 5 is an accumulation of
the fluxes. However, the fluxes would be difficult to compare with the tracer-tracer correlation
since it also shows an accumulation of tracer due to advection of mixed air from other events.
For the delta tracer-tracer correlation, we have added some more explanation in Section 3.3.2
in the introduction of the delta tracer-tracer correlation.

Fig. 5: What is the longitude of this cross-section? Can you indicate it in Fig. 47
It would be better to present in Fig. 3 and Fig. 4. results corresponding to the
event from Fig. 5

The longitude of the cross-section is at 18°. The cross-section is now indicated in figure X in
the new section describing the synoptic conditions.

Figures 8, 11, and 12: How is mixing defined in these figures? What are the units
[dO3ST]?

They are the absolute value of the difference with and without vdiff for the O3-like passive
tracer,reworte in the manuscript from tracer-tracer plot but color-coded with |mixing| (left)
and |mixing| / |gradient| (right). to tracer-tracer plot but color-coded with absolute value of
the difference of the stratospheic O3-like tracer (left, |[dO3ST|) and absolute value normalized
with the tracer gradient (right,|dO3ST| / |gradient|). The units of dO3ST is (kg™ kg~ '), added
in the manuscript.

Figures 9 and 10: These figures show different mixing regimes compared with the
balanced bi-directional mixing from case 1. It would be informative to show the
corresponding vertical cross-sections of the tracer and tracer difference (vdiff on-
off) as in Fig. 5.

Cross section is now included in the supplement (Figure S16 and S17).

Section 3.3.3: The introduction states that turbulence provides irreversible mixing,
but here only the scatter in Fig. 10 is associated with irreversible mixing. This
section should be rewritten for clarity, and the discussion and conclusions from Fig.
10 should be more precise.

All the cases are associated with irreversible mixing, considering the composition of the air
masses is substantially modified, and the tracer is mixed irreversibly into the grid. We have
clarified it in the manuscript to but more to entries of tropospheric tracers into regions of
typically stratospherically dominated regimes in-an-irreversible-way. The scatter away from the
diagonal unlike the other 2 cases is most likely due to the advection, considering the completely
different wind field in Figure 8 and tropopause in Figure S17. The wider the scatter is, the
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more, e.g., tropospheric tracer depletion is found at similar stratospheric values —whieh—dees

net-represent-a-movement-of-an—air-mass;-but-irreversible-mixing.

Figure 9: Is the correct time 05:00 or 04:00 as stated in the text?

Corrected. The correct time should be 0500.

Line 154: Change ”vdiff oof” to ”vdiff off.”

Corrected
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