Response to Review by Michelle Santee

We thank Michelle Santee for her careful, comprehensive and constructive review of our paper, which helped us
to clarify many points that were ambiguously presented, and to greatly improve the analysis and the manuscript.

Below, we go through Michelle Santee’s review point by point, using normal font for her original remarks and blue
italics for our replies.

Airborne in situ measurements of CO, Oz, and N,O collected in the Asian summer monsoon (ASM) anticyclone
and surrounding regions during the 2016 and 2017 StratoClim field campaigns are analyzed to elucidate tropo-
sphere-stratosphere transport pathways and mechanisms. The manuscript is well written, the figures are general-
ly well done, and the supplementary information is helpful and appropriate. | do, however, have a number of
comments on both the analysis and the description thereof that | feel should be addressed before the manuscript
is accepted for publication. Specific comments and questions (major substantive issues and minor points of clari-
fication, wording suggestions, and grammar / typo corrections are listed together for each Section in sequential
order through the manuscript):

General (throughout the manuscript)

¢ In many (perhaps most) cases, acronyms are not spelled out the first time they are used.

We have carefully checked this and spell out acronyms the first time they are used in the revised version.
¢ In several places (e.g., L103, L116, L171), “dynamic” should be “dynamical’”.

This has been changed as suggested.

¢ In several places (e.g., L288-289,L354,L374), “incidences” should be “occurrences”.

This has been changed as suggested.

Abstract

o | 22-25: Are all of the values (both mixing ratios and potential temperatures) quoted in these lines fully con-
sistent with those given in the main text? The tropospheric abundance of N,O in particular departs from that
stated in Section 3.2.

Numbers given for CO and N,O in the abstract were indeed incorrect. They had not been updated from an early
manuscript version written around figures based on uncalibrated data. This is a clear mistake (that should not
have occurred) and will be corrected.

For Oz, “30 — 50 ppb” in line 22 and “did not exceed 100 ppb” in line 281 (Section 3.2) are both true and not con-
tradictory. But we agree that the statements go into slightly different directions and will add a notion that the bulk
tropospheric O; falls into the 30 — 50 ppb range in Section 3.2.

e 1 31-33: | find the wording of this sentence awkward. One suggestion would be to rewrite along these lines:
“For the key tracers (CO, Oz, and N,0) in our study, none of which are subject to microphysical processes,
neither the lapse rate tropopause (LRT) around 380 K nor the cold point tropopause (CPT) around 390 K
marks a strong discontinuity in their profiles.”

We adopt the suggested sentence.



e L33: It seems a bit odd to focus on the CPT here, when most of the results in the paper are described relative
to the LRT (and H,O is not one of the measurements discussed).

This was also inherited from an early manuscript version, where we had a stronger focus on the CPT rather than
the LRT (we obviously should have been more careful when finalizing the abstract just prior to submission).

We replace “up to about 10 to 20 K above the CPT” by “up to about 20 to 35 K above the LRT”.
Introduction

e L73: “uprising”(which means “revolt "or “rebellion”) is not the right word here; | suggest “lofting”
We change this as suggested.

Section 2

e Figure 1: | find the description of this figure and its relation to Fig. S4 confusing and the related discussion in
the text (one sentence, L113-114) inadequate.

We expand the discussion of this Figure in the text.

o Although the color bar label indicates that the contour plots show PV at 380 K, that information should be
stated in the figure caption itself. That 380 K is the only isentropic surface on which the method of Ploeger
et al. [2015] can be applied is acknowledged later in the manuscript (L206-207), but many readers may not
appreciate that limitation when Fig. 1 is introduced.

We make these additions to the revised Figure caption.

o The 380 K level is difficult to distinguish in the theta color bar used for the flight tracks. The color palette
should be constructed to facilitate identification of the portions of the flights at or near 380 K (for which the
defined anticyclone boundary is pertinent).Much of the flight time in both deployments took place at levels
well above or below 380 K.

The theta color scale is adjusted so that levels close to 380 K can be identified by very pale colors. Further
apart from 380 K, colors get deeper, with red for the troposphere and blue for the stratosphere.

o The overlaid yellow lines in Fig.1 do not closely resemble the cyan contours in Fig. S4 (especially for the
2016 period), nor do the average PV values quoted in their respective captions match. Is that because Fig.
1 shows the averages over the specific campaign phases, whereas Fig. S4 shows seasonal averages?
This point should be clarified.

Fig. S4 shows averages for the period 1 July — 31 August, Fig. 1 averages everything (PV contours and
Ploeger criterion boundaries) only over the campaign periods. We make this clear in the revised Fig. 1 cap-
tion.

e 1 138: Add a comma after “flight”.

We add a comma as suggested.

e L139: The semicolons in this line should be commas.
We replace the semicolons by commas as suggested.

e L141: of ozone --> of an ozone

We change this as suggested.



e L146: instrument operated by the University of Wuppertal comprises--> instrument, operated by the University
of Wuppertal, comprises

We change this as suggested.

o L151: Delete the comma after “Kalamata”.

We delete the comma as suggested.

e L154: Dlugokendky--> Dlugokencky

We correct as suggested.

e L157:a N,O -->an N,O

We correct as suggested.

e L167: Add “and” before the last item in the lists of both pressure and altitude levels.
We add “and” as suggested.

e L178: the reanalysis grid points around--> the surrounding reanalysis grid points
We change this as suggested.

e L181: material that --> material, which

We change this as suggested.

e 1192-193: Quite a number of authors (beyond the short list given here) have used GPH to define the ASM
anticyclone boundary; a similar comment can be made about the use of PV, and more than one paper has
used MSF as well. Thus, it would be best to add “e.g.” in all of these cases.

We add “e.g.” to these references as suggested.

e L210-211: The discussion of the limitations of the approach used in this study to segregate measurements
made inside and outside the anticyclone should explicitly note that the anticyclone varies in size at different
levels, and also that it tilts northward with altitude. So while it may be the best that the authors can do, | feel
that they are a little too cavalier in dismissing the impact that their approach might have on the interpretation
of their results. They state that the focus of this analysis is on the tropopause level near 380 K, but that is not
an entirely true statement — in particular, Fig. 4 (based on inside-anticyclone points) spans the domain 310—
480 K, and quite a bit of discussion is devoted to the stratosphere above the 400 K level. | do not share their
optimism that the inherent ambiguity introduced by their PV-based approach to identifying the anticyclone
boundary necessarily has little impact.

We phrase this more carefully and point out the potentially larger impact at higher levels.

o 1 225-229: | feel that more should be said about the ability of CESM2/WACCM®6-SD to faithfully reproduce the
observed confinement of trace gases within the ASM anticyclone. Two recent papers [Orbe et al., GRL 2017,
ACP, 2020] show the sensitivity of both convection and large-scale circulation to the details of how nudging is
implemented. My understanding is that CESM2 includes substantial changes to the nudging scheme and con-
vective parameterizations from CESM1. Has any previously published study demonstrated the fidelity of the
model’s depiction of the ASM anticyclone for the specific configuration used here? If so, it should be cited. If
not, then it would be appropriate to elaborate further on that issue in this paper.
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This is an excellent suggestion. We include a new paragraph elaborating on the performance of the 110 level run
in the region of ASM UTLS based on some initial evaluations.

Section 3

e L239-240: Since the Stroh et al. StratoClim overview manuscript is still in preparation, it might be good to add
a reference to Bucci et al. [2020] for the point that convection strengthened in the latter part of the Katmandu
deployment. The paper by Bucci et al., which has been accepted for publication in ACP, is already being cited
elsewhere.

We include this reference here as suggested.
e Fig.2 and associated discussion in L247-248:

o Fig. 2 nicely conveys a lot of information in a compact form that facilitates comparison of the two data sets.
However, the labels on the CO color bar are too small to easily read without substantial enlargement, and
the color palette makes it difficult to distinguish between different abundances.

We do not want to change the color palette, because it was chosen to be exactly the same as the one used in
Figure 3. We make it larger and increase the size of the labels.

o ltis stated that “small CO mixing ratios in the 10 to 20 ppb range” were measured during the Kalamata
flights. Although it is hard to judge, | do not really see any indication of CO values below about 35—40 ppb,
and certainly none as low as 10-20 ppb.

While the color bar is the same as in Figure 3, the actual 3D plot was accidentally done using a different color
palette. This is corrected and the CO abundances should now (i) be easier to distinguish and (ii) match num-
bers in the text and in Figures 3 and S1.

e L248: These air masses --> Such air masses

We change this as suggested.

e L252:in the latitude --> in latitude

We change this as suggested.

e L 253: Just to be really clear, | suggest adding “(higher-latitude)”’in front of “Kalamata”.
We add this as suggested.

e L255: as new --> as the new

We change this as suggested.

e L258: Section 2.4.2 --> Section 2.3.2

We correct this.

e 1 264-266: This sentence states that at and just above the LRT, O; decreases and N,O increases with increas-
ing MeqLat (i.e., “toward the centre of the ASMA”). But to my eye, both appear to change little; if anything,03
actually increases slightly with MegLat, whereas N,O shows only a very slight increase that is barely percepti-
ble in the color scheme used.

The observation is correct. The sentence was originally written with reference to the CPT (i.e. looking at Figure
S6) because CPT was used as the “main tropopause” in an early version of the manuscript. Obviously, the LRT
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tilts differently with MegLat, so the observation does not apply to the LRT space shown in Figure 3. Because the
statement is not central to our conclusions, we choose to delete it altogether.

e Fig. 3 and its caption:
o The x-axis labels should be “MegLat” to match the text.
The x-axis labels are changed as suggested.

o The dotted line marking 65° MegLat is not defined in the caption. Moreover, this line is barely visible; a sol-
id (or even a dashed) line would show up better.

We make this line thicker and mention it in the caption.

o L711: To ensure clarity, | suggest adding “from both deployments” or something similar in front of “aver-
aged”.

We add this as suggested.
o L716: Section 2.4.2 --> Section 2.3.2
We correct this.

e Fig. 4 and its caption:

o Obviously, monitors vary, but on my screen the color of green used for the expected range information is
too bright to show up well, making these lines hard to read.

We change this color to purple.

Note that we also change the range for CO lifetimes (in response to the comment below) and the range for
ascent rates (we noticed that the 0.3 — 0.8 K/day™ do not actually reflect the available literature, and this origi-
nal choice was actually based to some extent on a misinterpretation of heating rate q in terms of isentropic
upwelling rate dé&/dt, which is obviously higher). The rationalization for both ranges is extended and therefore
moved from the figure caption to the main text.

o The x-axis ranges for the panels showing the # of data points lie too close to the mixing ratio panels for
both the same species to their left and those of their neighbors to the right, so the individual scales are
hard to differentiate in some cases.

We remove the “0” at each # panel x-axis and state in the caption that this axis minimum is always zero.

o lassume that the mean, max, and min values of the LRT and CPT vary slightly between the columns be-
cause, as explained in the Fig. 3 caption, the bins with valid measurements are different for each instru-
ment, but it would be good to clarify that explicitly in this caption.

We add an explicit statement in this respect as suggested.

o Is there an explanation for the cluster of samples below 350 K (below —30K in AB) with much lower CO
values (~40-70 ppb)? Some of those bins contain a fair number of points.

All these were observed during the Kalamata campaign (cf. Figure S1), mostly below the local LRT and thus
reflect the free troposphere over the Mediterranean. This appears to illustrate the problem with defining
MegLat at 380 K fixed, and here it obviously doesn’t work at 350 K.

We add a sentence in this respect in Section 3.2.



o L721: Since the number of observations is partly obscured by the LRT/CPT ranges, it might be good to add
something along the lines of “as the grey histogram” after “plotted”.

We add this as suggested.
o L724: There is no Ploeger et al. [2010] reference —perhaps 2017 is meant?

There is a Ploeger et al. (2010) reference that was missing from the reference list. But this reference has been
removed from the new extended discussion of ascent rates, and new references have been added.

o L725: The applied maximum lifetime of UTLS CO of 90 days seems somewhat on the long side to me.
Based not only on Xiao et al. [2007], but also Duncan et al. [JGR, 2007] and Holloway et al. [JGR, 2000], |
think that the total atmospheric lifetime of CO over Asian continental regions in summer is more like 1-2
months, not 2—3 months. So it is possible that the expected range for CO in this figure should be adjusted.

We agree that the tropospheric lifetime of CO over Asia in summer is probably lower than two months, in
agreement with the references that focus on surface and 500 hPa conditions (looking at Fig. 4 in Duncan et al.
and Fig. 2 in Holloway et al.) where OH abundances are ~ 2 x 10° molecules cm™ (Fig. 1 in Duncan et al.). At
altitudes above the 200 hPa pressure level, i.e. where we observe the CO decline with altitude, OH tends to
be significantly lower (below 1 x 10° molecules cm™ in the abovementioned Fig. 1 by Duncan et al.; the verti-
cal gradient in OH is roughly consistent with more recent studies by Naik et al., ACP 2013, and Leliefeld et al.,
Science, 2018). 1 x 10° molecules cm™ OH corresponds to roughly 70 days CO lifetime, so we believe it likely
for the lifetime in the tropopause region is 2-3 months rather than 1-2 months. Nevertheless, we expanded the
shaded range to 1 — 3 months and add a small discussion including the suggested references in the main text.

L277: Since the fact that no CO mixing ratios exceeding 100 ppb are observed above the LRT is an important
point, it might be helpful to add a vertical line on the CO panels in Fig. 4 marking that value.

We add gridlines to Figures 4 and S7 to make it easier to verify in these Figures all statements with respect to
mixing ratios and potential temperature levels.

L284: In addition to the point that not all O; mixing ratios fall in the expected concentration range, it is also
worth noting that much of the expected range is unpopulated in the data.

L286: It is suggested that more rapid ascent may account for the apparently tropospheric character of some of
the air masses observed to fall outside of the expected range for O3, but wouldn’t stronger ascent also affect
the CO in those parcels, leading their measured CO concentrations to extend beyond the expected range
(which is not seen)?

The picture has changed with the new choice of ascent rates, and the discussion is entirely rewritten. This should
address both the above comments.

L289: Delete “anymore”.

We delete this as suggested.

L298: For the reasons mentioned above, | think that this line should be amended to note that 3 months repre-
sents the upper end of the range for CO lifetime in the summertime UTLS.

We delete the “3 months” and now state that we define the lower age limit by the CO lifetime.

L301: For clarity, | think it would be good to start this sentence “Considering the upper end of the N,O range
and allowing for a 1 ppb increase between 2016 and 2017, ...".
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We change the sentence as suggested.
e Fig.5 and its caption:

o Although I have no objection if the authors prefer to leave Fig. S8 in the supplementary material, | note that
there is plenty of room in the observational panel of Fig. 5 for a sizeable inset showing the O3-CO relation-
ship color-coded by N,O. The theta color bar could be moved to the model panel or to the space above the
two panels (which would also underscore that it pertains to both). In any case, it would help orient the
reader to add the magenta box on the correlation plot in Fig. S8.

We move Fig S8 to an inset in the left panel of Figure 5.

o The grey dashed line in Fig. 5 representing the tropospheric regime is too pale to be easily seen. | think it
would be better to make this a black dashed line as well and then add “vertical” and “horizontal” in the cap-
tion to distinguish the two black dashed lines.

We make both dashed lines black as suggested.
e L315: campaigns --> flights (or campaigns --> campaign)
We change this as suggested.

o 1 325-326: It would be appropriate to add tildes in front of all of these ranges, as is done in each panel of Fig.
6.

We do this as suggested.

e Fig. 7: It seems odd to me that the colors used to represent the LRT and CPT have suddenly changed in this
figure. It would provide more continuity for the reader to draw the LRT histogram in red and outline the CPT
one in blue, in accordance with Figs. 2 and 4. (Of course, the zero line would also need to be colored differ-
ently in that case.)

Colors in the figure are changed as suggested.

e 1 328-330: As the authors note, some points lie as much as 45 K above the LRT, thus it is necessary to add
“mainly” or some similar qualifier to “are found”; a similar comment can be made regarding the statement
about the CPT.

We add “mainly” twice as suggested.

e L331-333: The sentence “The points circled ...NO,.” feels out of place, tacked on at the end of the paragraph.
It might flow better at the end of the previous paragraph. Alternatively, although it is plausible that these points
are related to lightning NO,, the authors could do more to back up that statement (e.g., through references to
previous studies), in which case this discussion could make up its own short paragraph, probably at the end of
the section.

We move this sentence to the end of the previous paragraph, and we add a more precise localization (the flight
on 31 July extended far South, and if the points had been observed at the southern end of the flight track, mixing
processes at the anticyclone edge could potentially play a more significant role).

In terms of recent convection with enhanced O3 due to fresh lightning NO,, we replace “likely” by “speculatively”.
Unfortunately, no NOx measurements are available for this flight. A similar incidence of high Os/high CO (togeth-
er with high NO and low HCI) was observed by Gottschaldt et al. (ACP, 2017, their Figure 6), but they don’t ex-
plicitly make an attribution in their text.
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L341-345: It is a bit of an understatement to say that the modeled correlation is “somewhat” more compact than
that observed—-it is considerably more compact, not only in the transition region but also throughout the strato-
spheric regime. Couldn’t the measurement uncertainties (e.g., precision of 20 ppb for CO, 8% for O3) account for
some of this scatter?

We agree that measurement precision is likely to contribute to the spread of the observational data. We rewrite
the last two sentences of this paragraph to reflect this.

e 1 344: of model’s --> of the model’s
We add ‘the” as suggested.
Section 4

e L351-353: | find this discussion confusing. The authors state that their results provide clear evidence of verti-
cal transport “to the tropopause”, but then they go on to note that the data show transport “up to at least 360
and often 370 K”, whereas they have shown that the mean LRT is at 380 K. Moreover, on L374 in the next
section, it is stated that convective signatures are occasionally observed up to 380 K. This should be recon-
ciled / clarified.

We meant to say that 360 K is kind of the lower limit of the convective outflow layer. We changed the statement
to “consistently up to 360 K, often 370 K, and occasionally 380 K”, which will hopefully clarify this.

e L354: The wording in this line is awkward. If | have understood it correctly, then rather than “immediate con-
vective outflow” it would be better to say something along the lines of: “convective outflow above the tropo-
pause immediately prior to the measurement time”.

The suggested wording is indeed clearer, so we adopt it.

e L355: Here too I think the wording is a bit awkward and unclear. | suggest instead: “mixing with the local
background following transport to this level, signatures of deep convection”.

We adopt the suggested wording.
e L 358-359: It would be better to add commas after “correlations” and “(Section 3.3)".
We add commas as suggested.

e L361-365: | would like to see more discussion here placing these conclusions into the context of other recent
studies touching on this issue, including Ploeger et al. [2017], Vogel et al. [2019], Yan et al. [2019], and
Legras & Bucci [2020] (and possibly others).

In this place, we add the Ueyama et al. (2018) reference for the significance of overshooting convection for mois-
tening, and also a reference to Legras and Bucci. For the suggested alternative pathway of slow upwelling, we
cross-reference the next Section, where this is discussed in detail and put into context of other work.

e L371: The year for the Bucci et al. reference should be [2020].

We change this as suggested.

e L 373: It would be more appropriate to say “the top of the *main*convective outflow layer”.
We change this as suggested.

e Fig. 8 and its caption:



o Again, it would be nice if the colors of the LRT and CPT overlays matched those in previous figures, even
though that would mean choosing a new color palette for the contour plots.

Colors are adjusted as suggested.
o L758: 30°E --> 30°N

We correct this as suggested.

o L760: CRT -->CPT

We correct this as suggested.

o The caption should explain the shading. One possibility would be to begin the sentence about how the
zonal and meridional averages are calculated with “As demarcated by the vertical grey lines and bolder
colors on the respective panels, ...".

We include this in the revised caption.
e L382: Delete the comma after “(2020)".
We delete this comma as suggested.
e 1.387-388: It would be appropriate to include a reference for the speed of the BDC.
We add a reference to Wright and Fueglistaler, 2013, here.

e 1 388-391: It took me a couple of minutes to figure out that the statement that the observed CO decline and O3
production point to upwelling that is somewhat slower than the ERA-I vertical velocities is based on the fact
that the green lines in Fig. 4 were derived assuming an ascent rate of 0.3 K day'1< de/dt<0.8K day'l. Since
this information appears only in the caption and on the figure itself (not in the main text), it would be good to
remind readers of these values here. Moreover, it seems to me that this would also be an appropriate place to
remind readers of the uncertainties associated with using PV at 380 K to identify inside-anticyclone points,
which is another reason that these upwelling estimates are not “quantitatively conclusive”, as noted in L390.

As stated above, we have changed the 0.3 - 0.8 K day"l range to 0.6 — 1.5 K day'l, and the new range is again
mentioned here. We also add a statement on the possible impact of the 380 PV criterion.

e 1398-399: As noted in L330-331, Fig. 7 shows the distance above the CPT to be 30 K.
We change the number from 25 to 30.

o 1399-403: That the tropopause over the ASM region does not represent a vertical transport barrier has been
noted in previous studies, e.g., Vogel et al. [2019].

We add a reference to this study here.

e L405-409: I find this whole paragraph confusing. For one thing, it's not clear whether the first sentence is
meant to be a general statement or an expression of the findings of this study, but in any case it should be
made clear that this picture has been described in many previous papers. In addition, I'm not sure why the
WACCM simulations reported by Pan et al. [2016] are being discussed here, when simulations with a new
(presumably improved) version of the model have been run specifically for this study. Can’t these points be
made with reference to the simulations shown in Fig. 5 and the animation in the supplement?



The whole paragraph is rewritten. A reference to Section 3.2 and selected references are added, and reference is
made to the new WACCM simulations.

e L410: Since the analysis here sheds light only on in-mixing of stratospheric air into the anticyclone, whereas
most previous studies quantifying the isolation of the anticyclone have focused on parcels escaping from it
(and Legras & Bucci [2020] argue that the latter occurs more easily than the former), it might be better to enti-
tle this subsection “In-mixing of stratospheric air”.

We change the Section title as suggested.

e 1413-417: It would be relevant to note here that the analysis of Vogel et al. [2019] showed transport of young
air masses in the ASM circulation up to as high as ~460 K.

We add this reference and modify the discussion accordingly.

e L417-420: The study of Randel & Park [2006] (already cited elsewhere) should probably also be mentioned
here, as they performed a trajectory-based quantification of confinement inside the anticyclone over the range
50-70 hPa.

We add this reference here as suggested.

Conclusions

e L427:LRT --> LRT around 380 K

We add this as suggested.

e L430: times scales consistent with --> times scales largely consistent with

We add “largely” as suggested.

e L434: The term “tropospheric bubble” was not italicized in L403; usage should be consistent.
We consistently use italics in the revised version.

e L 438-440: These lines are somewhat redundant with the two previous bullet points. In addition, the fact that
the degree of mixing with surrounding stratospheric air increases at higher levels was noted by Vogel et al.
[2019] as well. Finally, the other bullets point to the specific relevant figures, and it would be good if this one
did too.

We want to keep these lines dealing with specifically what happens above 400 K as a separate bullet. But we add
a reference to Vogel et al. and also to Figures 4 and 6.

o L443-444: Unlike Ploeger et al. [2017], Legras & Bucci [2020] found that the “blower” mechanism operates at
and above ~360 K, not just above the tropopause. (The studies of Vogel et al. [2019] and Yan et al. [2019] al-
so found substantial horizontal flow out of the anticyclone between 340 and 380 K.) Legras & Bucci further
found that localized “chimney”-like behavior ends at the cloud tops, above which ascent follows a broad spiral
over the entire anticyclone domain, as shown by Vogel et al. | think it would be beneficial for the authors to put
their results into the context of other recent studies in a more detailed and nuanced manner, rather than simp-
ly stating that they are “largely consistent”.

This discussion is expanded and made more specific in the revised version.
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o L445-449: The importance of extreme deep convective clouds in moistening the ASM region is also empha-
sized by Ueyama et al. [2018], and Legras & Bucci [2020] also found that penetrative convection may have a
significant impact.

These references are added to the discussion of deep convection.
References

e L490: The paper by Bucci et al. has now been accepted and is in press.
e L570: The paper by Legras & Bucci has now been published.

We update all references upon resubmission and also expect to get a final update with copy-editing
e L670: the Comission--> the Commission

We correct this as suggested.

Supplementary Material

e L771:CRT -->CPT

We correct this as suggested.

e L789:0n-->in

We correct this as suggested.

e L803: Figure 3 --> Figure 4

We correct this as suggested.
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Response to Review by Anonymous Reviewer #2

We thank the reviewer for the constructive criticism and suggestions that significantly improve the paper. Below,
we go through them point by point, using normal font for original remarks and blue italics for our replies.

The manuscript endeavors to comprehend the field measurements of CO, N,O & O3 from the AS-
MA region during the StratoClim field campaigns and elucidate its different transport pathways.
Quite a lot of quantification and new insights are offered in this manuscript. Hence the manuscript
can be accepted for publication after addressing the following points.

Recommendation: Minor revision

Comments/suggestions

1. 3D Map of averaged CO from figure 2, looks nice but hard to get information easily. The The-
ta_e labels are not visible and difficult to understanding CO mixing ratios difference as they men-
tioned in the manuscript.

Figure 2 is completely refurbished, and the use of an incorrect color pallete in the displayed data is
corrected (cf. reply to Michelle Santee’s comment).

2. Many unconventional acronyms used in the manuscript, which make it difficult to read the man-
uscript, and some of them are not expanded where it first appeared. It will be better to minimize
the same in running text.

We have carefully checked this and spell out acronyms the first time they are used in the revised manuscript.

3. Hope that AM Eq latitude in the figure 3 label is a typo instead of M Eq Lat. Or AsianMonsoon
Equalent latitude is also a better terminology.

The use of AM EgLat in Figure 3 was unintentional and is corrected to MeqgLat.

4. In case if not much required the supplementary materials can be limited in the manuscript. For
eg Figure S4, which is not providing any new insights and besides which creating confusion with
the discussion later in the text and main figures.

We prefer to keep all supplementary figures. They are in the supplement, because they are not
strictly necessary to understand the paper or for the line of arguments. But they provide additional
information that some may find interesting. For example, the rational for a PV based boundary of
the ASM anticyclone and the derivation of MegLat as a new coordinate was described by Ploeger
et al. (2015) for the monsoon season in one particular year (2011), and the two analogous (to Fig
13 in Ploeger et al., 2015) plots for 2016 and 2017 shown in Figure S4 to give a better feeling for
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what the same analysis looks like in the StratoClim years when looking at the entire monsoon
season. And it may help to understand why slightly different PV threshold numbers are being used
for these years.

5. The statements in lines 245’s are very difficult to digest from the figure and considering the pos-
sibilities of multiple other influencing factors.

We see the strong change of LRT altitude with latitude in the reanalysis data, consistent with the
strongly changing difference between CPT and LRT at these latitudes seen in Figure S3 and with
the strong PV gradient at 380 K seen in Figure 1. We add this information in the revised version.

6. Why there is a high value of CO even below 340K at designated latitudes (from figure 3 & 4). It
will be nice if the authors can provide some details/explanations in this regard.

We are not sure what observation exactly this comment addresses.

In Kathmandu, tropospheric CO is consistently high (~100 ppb with some higher values especially
at low altitude), which is expected and discussed. In Kalamata, tropospheric CO is generally lower,
but some high values related to local pollution at Kathmandu airport show up at the lowest alti-
tudes (especially in figure 2).

7. In the discussion section how suddenly authors restricted the transport till 370K. Till this point,
the authors were mentioning that the LRT is at 380K. Better to clarify this.

We separate the terms “troposphere” and the potential temperature layers into two separate statements, which
will hopefully clarify this. Also see our response to a similar comment by Michelle Santee.
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Abstract. Every year during the Asian summer monsoon season from about mid-June to early September, a stable anticy-
clonic circulation system forms over the Himalayans. This Asian summer monsoon (ASM) anticyclone has been shown to
promote transport of air into the stratosphere from the Asian troposphere, which contains large amounts of anthropogenic
pollutants. Essential details of Asian monsoon transport, such as the exact time scales of vertical transport, the role of con-
vection in cross-tropopause exchange, and the main location and level of export from the confined anticyclone to the strato-
sphere are still not fully resolved. Recent airborne observations from campaigns near the ASM anticyclone edge and centre
in 2016 and 2017 respectively show a steady decrease in carbon monoxide (CO) and increase in ozone (O3) with height start-
ing from tropospheric values of 80—around 100 ppb CO and 30-50 ppb O; at about 365 K potential temperature. CO mixing

ratios reach stratospheric background values belowef ~256 ppb at about 420 K and do not show a significant vertical gradi-
ent at higher levels, while ozone continues to increase throughout the altitude range of the aircraft measurements. Nitrous
oxide (N,O) remains at or only marginally below its 2017 tropospheric mixing ratio of 33326 ppb up to about 400 K, which
is above the local tropopause. A decline in N,O mixing ratios that indicates a significant contribution of stratospheric air is
only visible above this level. Based on our observations, we draw the following picture of vertical transport and confinement
in the ASM anticyclone: rapid convective uplift transports air to near 16 km in altitude, corresponding to potential tempera-

tures up to about 370 K. Although this main convective outflow layer extends above the level of zero radiative heating

14



35

40

45

50

55

(LZRH), our observations of CO concentration show little to no evidence of convection actually penetrating the tropopause.

Rather, further ascent occurs more slowly, consistent with isentropic vertical velocities of 0.73 - 81.58 K day™. For gasesret

{CPP)-around-390-K—marks-the-strong-discontinuity-of-the key tracers (CO, O3, and N,O)_in our study, none of which are

subject to microphysical processes, neither the lapse rate tropopause (LRT) around 380 K nor the cold point tropopause
(CPT) around 390 K marks a strong discontinuity in their profiles. Up to about 120 to 3520 K above the CPLRT, isolation of

air inside the ASM anticyclone prevents significant in-mixing of stratospheric air. The observed changes in CO and Og likely
result from in-situ chemical processing. Above about 420 K, mixing processes become more significant and the air inside the

anticyclone is exported vertically and horizontally into the surrounding stratosphere.

1 Introduction

The Asian summer monsoon (ASM) anticyclone is the dominant large-scale circulation system in the northern hemisphere

(NH) summertime upper troposphere and lower stratosphere (UTLS) (e.g. Hoskins and Rodwell, 1995). Deep ASM convec-
tion drives vertical transport of boundary layer air to the UTLS, where the confinement of anticyclonic flow facilitates a per-
sistent chemical signature that has been detected by multiple satellite sensors (Filipiak et al., 2005; Park et al., 2008; Park et
al., 2007; Randel and Park, 2006; Randel et al., 2010; Santee et al., 2017; Thomason and Vernier, 2013; Vernier et al., 2011).
Randel et al. (2010) illustrated this troposphere-to-stratosphere transport using hydrogen cyanide (HCN), a tracer of anthro-

pogenic pollution and biomass burning measured by ACE-FTS_(Atmospheric Chemistry Experiment — Fourier Transform

Spectrometer, installed on the Canadian satellite SCISAT), and described the ASM anticyclone as a gateway for boundary

layer air from one of the most polluted areas on Earth to enter the global stratosphere while bypassing the tropical tropo-

pause.

These satellite observations, although effective in demonstrating the seasonal-average signature, do not have sufficient space-
time resolution to clarify some of the key characteristics of this transport pathway. There are a number of outstanding ques-
tions regarding the role of ASM transport in connecting Asian boundary layer emissions and regional pollution to global
tropospheric and stratospheric chemistry, and to the ensuing perturbations in regional and global climate. These questions
include the most efficient vertical transport locations and time scales, the dynamical processes driving these transport pat-
terns, the respective roles of deep convection and large-scale radiatively-balanced ascent, the dominant source regions for air
masses that feed into the anticyclone, the extent of dynamical confinement within the anticyclone, the vertical and horizontal
transport pathways of air masses exiting the anticyclone, and the quantitative impact of the ASM on stratospheric water va-

pour, ozone, and aerosols. These questions have been the focus of a large number of studies using chemical transport models,
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Lagrangian trajectory models, reanalysis products, and observational data (e.g. Bergman et al., 2013; Fu et al., 2006; Lau et al.,
2018; Li et al., 2005; Li et al., 2020; Pan et al., 2016; Park et al., 2009; Ploeger et al., 2015; Ploeger et al., 2017; Vogel et al.,
2015; Vogel et al., 2019; Yan et al., 2019; Yu et al., 2017; Niitzel et al., 2019).

Of particular interest to this study is a characteristic description of the ASM transport structure that has emerged from recent

modelling studies (Bergman et al., 2013; Pan et al., 2016):

I. Although the chemical signature of uplifted tropospheric species fills the entire anticyclone in the seasonal-
average view, deep vertical transport to the anticyclone level occurs primarily in a region in the southeastern quad-
rant of the anticyclone (consistent with the linearized model for off-equatorial convective forcing of tropical waves
presented by Gill, 1980), centred near the southern flank of the Tibetan Plateau and including the southern slope of

the Himalayas, northeast India and Nepal, and the northern portion of the Bay of Bengal.

I1. In this preferred uplift region, transport from the boundary layer to the tropopause level behaves like a “chimney”,

dominated by rapid ascent.

I1l. This behaviour changes at the upper troposphere (UT)-UF level, where sub-seasonal dynamics drive east-west 0s-

cillations of the anticyclone. These 10-to—20-day oscillations mix the uplifted boundary layer air within the large-scale anticy-
clone, and contribute to mixing of anticyclone air with the background, thus providing a pathway for this air to enter the global strat-

osphere.

The transport behaviour described in Il has been supported by an analysis using Modern-Era Retrospective analysis for Re-

search and Applications, Version 2 (MERRA-2) assimilated trace gases and aerosols (Lau et al., 2018), where the peak mon-

soon-season aerosol transport is described as a “double-stem-chimney cloud” structure that extends from the boundary layer
to around 16 km, near the tropopause level. The “double-stem” rapid convective uprislofting is identified over two localized

areas: the Himalayas-Gangetic Plain and the Sichuan Basin in southwestern China.

This rapid uplift is of special interest for ASM research because the relatively short transport time scale makes this pathway
an effective route for very-short-lived (VSL) ozone depleting substances (ODS) to reach the stratosphere. The level at which
convectively-driven transport transitions to wave-driven slow ascent is among the outstanding issues that must be addressed
to further characterize this transport pathway and its effective time scale. Earlier studies often put this level at approximately
360 K potential temperature (e.g. Park et al., 2009) based on average tropical conditions. New satellite observations over the
last decade indicate that the ASM region contains significantly deeper convection, indicated by higher frequencies of con-

vective cloud tops above 380 K potential temperature (Ueyama et al., 2018).
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Verification of the chimney-like behaviour suggested by model results requires detailed analysis of high-resolution airborne
measurements. The StratoClim campaign using the stratospheric research aircraft M55-Geophysica is the first airborne
campaign to provide data suitable for such verification. Based out of Kathmandu, Nepal, StratoClim conducted eight re-

search flights in the central region of the ASM anticyclone in summer 2017.

In this work, we use airborne in-situ measurements of carbon monoxide (CO), ozone (Os), and nitrous oxide (N,O) collected

both inoutside and eutinside the ASM anticyclone, and here particularly in the vicinity of the “chimney” regions. We focus

on these three trace gases because they provide complementary information on transport, mixing, and processing. CO is a
tropospheric tracer that is enhanced in polluted air and experiences photochemical removal in the UTLS with a lifetime
around 2 to 3 months, and is thus a suitable tracer to investigate the vertical reach of deep convection. O; is photochemically
produced in the UTLS and above at rates as large as a few ppb per day. Concentrations of O; can reach ppm levels in the
stratosphere but do not typically exceed a few tens of ppb in the troposphere, making it useful for examining the transition
from tropospheric air to stratospheric air. N,O is a tropospheric tracer with a significantly longer photochemical lifetime than
CO, so that the two tracers can be used together to infer transport time scales. N,O is removed only after substantial resi-
dence time within the stratosphere. Significant reductions in N,O mixing ratios thus indicate in-mixing of aged stratospheric

air.
Using these three trace gases together with dynamical variables, we address the following questions:

Q1 Does the vertical distribution of CO and O support the occurrence of rapid convective transport up to the tropopause

level?

Q2 At what potential temperature level does the time scale of transport change based on observed vertical gradients in the

trace gas profiles?
Q3  Where is this transition region located relative to the tropopause?
Q4  Atwhat level do we begin to see significant signatures of mixing with stratospheric air?

The flights and measurements are described in Section 2, which also introduces model tools and specific dynamical coordi-
nates used in the analysis. Statistical analysis of the observations in terms of different horizontal and vertical coordinates and
a comparison of observed and simulated O3 vs. CO tracer correlations are presented in Section 3, followed by detailed dis-
cussion of the results in the context of the four questions listed above in Section 4. In the concluding Section 5, we draw a

summary picture of vertical transport and confinement inside the ASM anticyclone and compare this to other recent studies.

17



115

120

125

130

135

140

2 Methods
2.1 Field campaigns

Two airborne field campaigns utilizing the high-altitude aircraft M55 Geophysica were carried out under the umbrella of the
EU project StratoClim. Three flights were conducted from Kalamata, Greece, between 30 August and 6 September 2016,
and eight flights were conducted from Kathmandu, Nepal, between 27 July and 10 August 2017. Our study mainly adopts a
statistical approach to analyse the entire observational data set comprising measurements from all flights. Figure 1 shows
Aall flight tracks and their positions relative to the typical ASM anticyclone area_for the two respective years determined
using the criterion defined below in Seciton 2.3.2.-are-shewn-in-Figure-L. The Kalamata base in 2016 was located outside the

ASM anticyclone and air inside or exported from the ASM anticyclone was only probed sporadically. The Kathmandu base

in 2017 was located inside the ASM anticyclone region and according to the criterion used (Section 2.3.2.), the bulk of the

observations were made within the ASM anticyclone. A comprehensive campaign overview and descriptions of the purpose

and specific meteorological situation for each flight are given by Stroh et al. (2020).

2.2 Measurements, dynamical coordinates and analysis tools
2.2.1 Carbon Monoxide (CO)

Carbon monoxide was measured by the new AMICA (Airborne Mid Infrared Cavity enhanced Absorption spectrometer)
instrument deployed for the first time during StratoClim. AMICA consists of a power module and a pressurized enclosure
containing all major optical components and data acquisition hardware. The instrument is placed underneath a dome-shaped
structure on top of the Geophysica aircraft, drawing air from a rear facing inlet through a 2-m length of SilcoNert® coated
stainless steel tubing. It employs the- ICOS (Integrated Cavity Output Spectroscopy, O'Keefe et al., 1999) technique to
measure the trace gases Carbonyl Sulfide (OCS), Carbon Dioxide (CO,), water vapour (H,O) and CO in the wavenumber

range 2050.25 — 2051.1 cm™. Full instrumental details will be given in a forthcoming paper (Kloss et al., 2020).

CO mixing ratios were retrieved from observed infrared spectra using a transition at 2050.90 cm™ with line parameters taken
from the HITRAN 2012 database (Rothman et al., 2013) and no further calibration parameters. The accuracy was cross-
checked for a range of mixing ratios (30 — 5000 ppb) prepared from a 5 + 0.05 ppm CO standard (AirProducts) by dilution
with nitrogen or argon (argon was used at the lowest mixing ratios because the nitrogen gas bottle contained a CO impurity

at a concentration of ~30 ppb). Taking into account uncertainty in the standard and uncertainties in the mass flow controller

(MFC) flows used to dilute it, the overall accuracy is estimated to be better than 5%. For our analysis, we use AMICA CO
data at 10-second time resolution. These data have a 1-sigma precision of ~20 ppb, determined mainly by electrical noise in

the observed spectra. Individual CO profiles from all flights are provided in Figure S1 in the supplementary material.
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2.2.2 Ozone (O3)

05 was measured with 8 % precision at 1 Hz time resolution by the FOZAN-II (Fast OZzone ANnalyzer) instrument devel-
oped and operated by the Central Aerological Observatory, Russia, and Institute of Atmospheric Science and Climate,
Italy (Ulanovsky et al., 2001; Yushkov et al., 1999). FOZAN-II is a two-channel solid state chemiluminescent instrument
featuring a sensor based on Coumarin 307 dye on a cellulose-acetate-based substrate, and is equipped with a high accuracy
ozone generator for periodic calibration of each channel every 15 minutes during the flight, ensuring an accuracy better than
10 ppb in the observations. The measured concentration range is 10 — 500 pg m™:, operating temperature range is -95 to
+40°C;, and the operating pressure range is 1100 — 30 mbar (about 0 — 22 km). The instrument was calibrated at the ground
before and after each flight by means of an ozone generator and reference ultraviolet (UV)-absorption Oz monitor (Dasibi
1008-PC).

Ozone data are available from two of the three Kalamata flights in 2016 and from six of the eight Kathmandu flights in 2017.

Individual O3 profiles from all flights are provided in Figure S2 in the supplement.

2.2.3 Nitrous Oxide (N,O)

N,O was measured at 90 s time resolution with an average precision of 0.5% and average accuracy of about 0.6% by the
High Altitude Gas Analyzer (HAGAR). The instrument, operated by the University of Wuppertal, comprises a 2-channel gas
chromatograph with electron capture detection (ECD) measuring a suite of long-lived tracers (N,O, CFC-11, CFC-12, Hal-
on-1211, CH,, SFs, H,) and a non-dispersive IR absorption sensor for fast CO, measurements (Homan et al., 2010). The in-
strument is calibrated every 7.5 min during flight with either of two standard gases, which are inter-calibrated in the labora-
tory with standards provided by NOAA/GML (National Oceanic and Atmospheric Administration/Global Monitoring La-
boratory)B. N,O data are available for all flights of the campaign (note that the first flight on August 30, 2016 in Kalamata;

suffers from comparatively poor N,O precision of ~2%).

N,O is fairly well-mixed in the troposphere with a global mean surface mole fraction in 2017 of 329.8 ppb; its tropospheric
distribution exhibits a steady growth of 0.9 ppb a™, as well as seasonal variation, interhemispheric difference and other geo-
graphic variations (on the order of 1 ppb) due to surface sources (Dlugokenceky et al., 2018;

https://www.esrl.noaa.gov/gmd/hats/combined/N20.html). N,O is destroyed in the mid stratosphere mainly above 25 km by

UV light and reaction with O(*D), with slow vertical transport to this sink region resulting in a long atmospheric lifetime of
123 (104-152) years (SPARC, 2013). For an air parcel in the lower stratosphere, an N,O mixing ratio below the tropospher-
ic value thus indicates the presence of a fraction of photochemically aged air that has passed the sink region above.
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2.2.4 Geolocation and meteorological data

Temperature was measured at 10 Hz resolution with an accuracy of 0.5 K and a precision of 0.1 K by the commercial Rose-
mount probe instrument TDC. Pressure and geolocation data were obtained at 1 Hz resolution from the Geophysica’s avionic
system. Potential temperature along the flight track was calculated from these data. Physical properties on larger scales were
derived from ECMWF ERA-Interim data (Dee et al., 2011), including wind speed and direction, potential vorticity (PV),
vertical velocities and radiative heating, and local temperature profiles to determine the heights of the lapse rate tropopause
(LRT) and cold point tropopause (CPT).

The vertical resolution of ERA-Interim data in the tropopause region is about 1 km, with relevant levels at 132.76, 113.42,
95.98, 80.40, and 66.62 hPa (corresponding to about 14.23, 15.33, 16.50, 17.74, and 19.05 km). Related to this vertical reso-
lution is an uncertainty in the determination of the tropopause level. The space-time variability of the tropopause over the

campaign region and period will be assessed from its standard deviation in the following.

2.3 Dynamical Coordinates
2.3.1 Potential temperature relative to the tropopause

Key question Q3 (Section 1) addresses how the ASM vertical transport relates to the tropopause. Based on the temperature
profile (note that the tropopause is sometimes also defined in terms of other parameters such as PV or chemical tracers), the
tropopause in the ASM region can be defined either as the CPT, i.e. the altitude of the coldest temperature, or as the LRT,
i.e. “the lowest level at which the lapse rate decreases to 2 K/km or less, provided also the average lapse rate between this
level and all higher levels within 2 km does not exceed 2 K/km” (WMO, 1957). LRT and CPT were linearly interpolated to
each point along a given flight track from the surrounding reanalysis grid points-areund. Under tropical conditions, in the
majority of the cases the LRT and CPT are found at the same level, i.e., the LRT is also CPT. When they are not co-located,
by definition the CPT is always higher than the LRT, and their separation typically increases with latitude (Munchak and
Pan, 2014, see also Figure S3 in the supplementary material, which-that shows the LRT — CPT separation along the Strato-

Clim flight tracks as a function of latitude).

Because both the LRT and the CPT can vary substantially in altitude, potential temperature, and PV, we determine the re-
spective difference in potential temperature units for our observations and introduce this difference as a new vertical coordi-
nate (e.g. Hoor et al., 2004; Ploeger et al., 2017). Pan et al. (2018) have shown that the LRT better identifies the transition
from the troposphere to the stratosphere in the tropics, and relative coordinates with respect to the LRT are used in the main
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figures and discussions below. Corresponding figures with respect to the CPT are provided in the supplementary material to
facilitate comparison with studies having a stronger focus on the CPT. For example, Brunamonti et al. (2018) used the CPT

to mark the top of an “Asian tropopause transition layer (ATTL)”.

2.3.2 Monsoon equivalent latitude

Different meteorological variables have been proposed in the literature to identify the core of the ASM circulation, including
geopotential height (e.g. Bergman et al., 2013; Randel and Park, 2006), Montgomery stream function (e.g. Santee et al.,
2017) and P\/_(e.g. Garny and Randel, 2013; Ploeger et al., 2015). All of these approaches give meaningful (and similar)
results when applied to monthly mean fields. Here, we follow the approach of Ploeger et al. (2015) based on the maximum
PV gradient on an isentropic surface with respect to a monsoon-centred equivalent latitude (see below). As PV is an approx-
imately conserved quantity it correlates better with tracer distributions that involve small-scale structures, an advantageous

quality when applied to high-resolution in-situ measurements.

Monsoon equivalent latitude (MegLat) was introduced by Ploeger et al. (2015, please refer to this reference for a compre-
hensive description of the MegLat concept and its derivation) as a means of describing the position of an air mass relative to
the centre of the ASM anticyclone. On the 380 K potential temperature surface, the location of the absolute PV minimum is
defined as the ASM centre corresponding to 90° MeqLat. As one moves away from this “ASM pole”, MeqLat decreases as
PV increases. The area enclosed by a given PV contour determines the corresponding MeqgLat value, analogous to the de-
crease in latitude when moving away from the Earth’s north or south pole in the definition of equivalent latitude as proposed
by Nash et al. (1996). The anticyclone border (i.e. the transport barrier separating air masses inside and outside) is character-
ized by a maximum of the PV-gradient with respect to MegLat and typically lies around 65° MeqgLat, so that MeglLat > 65°
can be considered as an indicator of air inside the ASM anticyclone (Ploeger et al., 2015). This boundary identification based
on the PV gradient only works well in a shallow layer around 380 K. Therefore we use the 380 K MegLat value at the hori-
zontal location of each measurement to determine whether it was made inside or outside the ASM anticyclone. By definition,
this criterion is exact only for observations at 380 K and becomes increasingly uncertain with vertical distance above or be-

low this level- because the anticyclone varies in size at different levels it often tilts northward with altitude. However, it is

the best we can do based on PV. This uncertainty in the correct identification of ASM anticyclone air masses has probably

little effect on our analyses of observations around;-and-as-the-focus-of-our-analysis-is-on the tropopause level (i.e. around

380 K), but the impact_could be more significant at higher levels where more observations unrelated to the ASM may poten-

tially be included in our analyses-ef-this-uneertaintyare-untikelyto-be-large. Figure S4 in the supplementary material shows
maps of ASM anticyclone frequency for 2016 and 2017 analogous to that shown for 2011 by Ploeger et al. (2015).
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2.4 Whole Atmosphere Community Climate Model (WACCM)

The Whole-Atmosphere Community Climate Model, version 6 (WACCMB®6, Gettelman et al., 2019) is used in this study to
provide large-scale dynamical and chemical background for the StratoClim campaign period. WACCMS6 is the atmospheric
component of the Community Earth System Model Version 2 (CESM2, Danabasoglu et al., 2020; Emmons et al., 2020). The
WACCM6 domain extends from the Earth’s surface to the lower thermosphere. For the simulation used in this study, the
model uses a 0.9° x 1.2° longitude-latitude grid, with 110 vertical levels on a hybrid-pressure vertical grid with a top at about
150 km (Garcia and Richter, 2019). For pressures < 100 hPa, the vertical coordinate is isobaric; at higher pressures the coor-
dinate is hybrid, transitioning to pure terrain following at the surface. The vertical resolution in the UTLS is ~ 0.5 km.
WACCMBG6 uses comprehensive troposphere, stratosphere, mesosphere and lower thermosphere chemistry (TSMLT, Gettel-
man et al., 2019). Anthropogenic emissions are from the global CAMS (Copernicus Atmosphere Monitoring Service) emis-
sion data set version 4, downloaded from the ECCARD data page: www.igacproject.org/sites/default/files/2018-
03/lssue_61_FebMar_2018.pdf. Fire emissions are based on the FINN inventory Version 1.5 (Wiedinmeyer et al., 2011).

The WACCMS6 simulation used in this study has been performed with observed sea-surface temperature and sea-ice condi-
tions. Atmospheric winds and temperatures are nudged towards NASA GMAO GEOS5.12 meteorological analysis with a
Newtonian relaxation of 50 hours below 50 km using a smooth transition to no nudging at higher model levels from 50 to 60
km. The main effect of nudging is to provide meteorological conditions that are consistent with analysed winds and tempera-

ture, allowing comparisons between WACCM®6 and observed chemical distributions.

As the first application of this 110 level configuration in observational studies, we find that the representation of the UTLS

dynamical structure of the ASM anticyclone and the region of active convective uplifting are both qualitatively consistent

with the result of the previous 88 level configuration, which was extensively analyzed in Pan et al. (2016). The representa-

tion of enhanced CO in the anticyclone is also found qualitatively consistent with the MLS satellite data. There is a clear

improvement in this run compared to the previous 88 level configuration in a much better representation of the vertical

chemical gradient in the UTLS (see Figure 5 in Section 3.3.) The overall performance of this run in representing various

process is still under evaluation, especially the possible weaker convective uplifting introduced by the change in nudging.

3 Observations
3.1 General overview

Figure 2 gives a full 3-dimensional view of the AMICA CO observations made during both StratoClim campaigns. The data

have been averaged into 1°x1°x1 km longitude/latitude/altitude grid cells, and then meridional and zonal averages have
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been projected into longitude-altitude and latitude-altitude space. In the Kalamata region, CO mixing ratios in the free tropo-
sphere were typically between 50 and 80 ppb and only reached 100 ppb in the lowermost 3 km, with the latter likely due to
upward mixing of local boundary layer air. By contrast, measurements in the free troposphere over Nepal and surrounding
regions indicate elevated levels of CO around 100 ppb at altitudes up to about 16 km, in some cases 17 km, i.e. throughout
most of the free troposphere. These relatively large CO mixing ratios indicate fast and efficient transport — most likely by
convection — from the boundary layer up to this level (see discussion below). Note that the convective activity was weak to
moderate during the first half of the 2017 Kathmandu campaign phase and strongly increased in the second half, coinciding

with a cooling of the ASM anticyclone and a corresponding rise of 8 isentropes in terms of altitude (Bucci et al., 2020; Stroh

et al., 2020, and references therein). For a large-scale perspective of the ASM region during the Kathmandu 2017 campaign,
animations of WACCM-simulated CO distributions are provided as a supplement (https://doi.org/10.5446/48163).

ERA-Interim reanalysis data show that, Aat the time of the 2016 campaign, Kalamata was located almost exactly at the bor-

der between the tropics and extratropics, defined here as the latitude where the LRT drops sharply from 16 — 18 km in the

tropics to 10 — 13 km at higher latitudes_(this also shows itself by the sharp PV gradient on the 380 K isentrope in the cam-

paign area displayed in the top panel of Figure 1, and in the strong increase of potential temperature difference between LRT

and cold point displayed in Figure S3). As a conseguence, air masses in the tropical UTLS and in the extratropical strato-

sphere were probed in the same altitude range (15 — 20 km), often during the same flight. Air masses sampled in the extra-
tropical stratosphere show a clear signature of aged stratospheric air, with small CO mixing ratios in the 10 to 250 ppb range.
FheseSuch air masses were not sampled in the Kathmandu area, where the LRT was always located above 16 km altitude

and 369 K potential temperature.

3.2 Trace gas distributions

In Figure 3, campaign-averaged CO, O3 and N,O mixing ratios are shown against different horizontal and vertical coordi-
nates. In the top row, where data are shown in-the latitude — potential temperature space, average LRT and CPT levels are
also shown for different latitudes. Both levels are highly variable, especially in the (higher latitude) Kalamata region. To
account for this variability when separating mixing ratio data into tropospheric and stratospheric regimes, the middle row of
Figure 3 adopts 6 units relative to the LRT as the new vertical coordinate (defined in Section 2.3.1). A similar figure using
the difference in theta relative to the CPT is provided in the supplement (Figure S6). The clear separation between the Kala-
mata and Kathmandu flights in latitude space becomes less pronounced in the bottom row, where the latitude coordinate is
replaced by MeqLat (see Section 2.43.2) to better represent measurement locations relative to the ASM (with MegLat = 90°
being, by definition, at the centre of the ASM anticyclone). Nevertheless, observations obtained during the Kathmandu

flights represent most of the data at larger MeqLat values.
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Based on Ploeger et al. (2015), we use 65° MegLat as the boundary between inside the ASMA and outside the ASMA. This
must be regarded as an approximation, because this boundary is not always sharp and readily located and can also vary over
time (Ploeger et al., 2015). Moreover, defining the boundary on the 380 K isentropic surface introduces ambiguities for

measurements collected at significantly higher or lower levels (see Section 2.3.2). An illustration of this problem is the clus-

ter of samples with 40 — 70 ppb CO just below 350 K in Figure 4 that were observed in the free troposphere over the Medi-
terranean during the Kalamata campaign (cf. Figure S1).-Inside-the-ASM-anticyclone—we-find-some-apparent-variability-in

dhesegientreunconddine oo the LT e O docioncns and PO nereosse tovened ihn copiio o e A0 Tihe

To further investigate the vertical structure inside the ASM anticyclone, layer-normalized frequency distributions of the three
trace gases for all observations collected inside the anticyclone (i.e. with MegLat > 65 °) are shown in Figure 4 for the verti-
cal coordinates 6 (top panels) and A6 relative to the LRT (bottom panels; a version with potential temperature relative to the
CPT is provided in Supplementary Figure S7). Tropospheric CO mixing ratios of around 100 ppb, a clear signature of pol-
luted air, stretch upward from the PBL through the lower troposphere up to about 370 K potential temperature corresponding
to about 10 — 20 K below the LRT. The mean LRT during the campaign period is located at about 380 K, with maximum
values up to 396 K and minimum values down to 369 K (see Fig. 4). The mean CPT level is located about 10 K higher. Note
that potential temperature is highly perturbed in this active convective region and that there is a particularly sharp vertical
gradient in theta around the LRT, with a 10 K theta difference corresponding to only a few hundred meters in altitude.
Above the LRT, CO mixing ratios > 100 ppb were not observed in these measurements. Above the 360 — 370 K level, CO
gradually decreases with altitude until reaching stratospheric equilibrium values of 25 ppb or lower between 420 and 435 K.
The observed CO decrease with increasing theta is consistent with the expected local photochemical removal during slow

ascent: almost all observations fall into the {greenpurple shaded regioning in the top left panel of Figure 4}, which marks

realistic combinations of ascent rate and CO lifetime. Isentropic ascent rates between 1.0 and 1.5 K day™ are consistent with

ERA-interim based analyses in recent studies (e.q. Garny and Randel, 2016; Legras and Bucci, 2020; Vogel et al., 2019).

The reduction of the lower limit to 0.7 K day™ is based on the assumption that ERA interim ascent rates in the monsoon re-

gion could be similarly high biased as has been suggested for the TTL (e.qg., Ploeger et al., 2012; Schoeberl et al., 2012). The

range of 30 — 90 days for the CO photochemical lifetime is conservatively chosen to encompass a wide range of mainly

tropospheric lifetime estimates (e.g. Holloway et al., 2000, Xiao et al., 2007, Duncan et al., 2007) and account for the fact
that OH concentration decreases with altitude. Note that the WACCM simulation (Section 2.4) predicts CO lifetimes of ~ 1
month at 150 hPa and 1 — 2 months at 100 hPa.
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Ozone, as a stratospheric tracer, behaves opposite to CO. Below about 365 K, O3 mixing ratios mostly fall into the 30 — 50

ppb range and neverdid-net exceed 100 ppb, consistent with expectations for tropospheric air. A significant increase in O3

with increasing altitude was observed above this level. As with the decrease in CO, this increase in Os is largely consistent

with local photochemical production during slow ascent.;altheugh-not-al-Os-mixingratiesstricthy-fal-into-the-expected-con-
centrationrange{green-_The purple shaded region in the top middle panel of Figure 4} is based on the same vertical ascent
rates described for CO above O production rates of about 4 ppb day™ based on Fig. 8 in Gottschaldt et al. (2017). Above

about 420 K, observed Os is higher, probably due to significant in-mixing of stratospheric air above this level, consistent

with significant reductions in N,O mixing ratios (cf. below).

—A noteworthy feature in Figure 4 is that the gradual

decrease in CO and the gradual increase in O3 show no obvious discontinuities, on average, at the LRT or CPT. However,

during the StratoClim campaign the LRT marked the vertical limit above which even individual neideoccurrences of CO >

100 ppb were not observed anymere-(Figure 4, bottom left panel).

N,O measurements are used to assess the role of in-mixing of stratospheric air at different levels. The local tropospheric N,O
mixing ratio is determined by averaging all observations below 360 K potential temperature, which yields a value of 332.7 +
1.7 ppb. We then examine the decrease in N,O with increasing altitude above this level (Figures 3 and 4). Significant reduc-
tions in N,O mixing ratios (unambiguously indicating significant stratospheric in-mixing) were observed only above about
395 K potential temperature and for A6 more than 15 K above the mean LRT. Between 400 and 410 K, these reductions be-
come more substantial and a clear decline with increasing potential temperature is visible above this level. From the N,O
measurements, we can estimate the fraction of aged extratropical air entrained into the anticyclone at 400 K, following the
approach of Homan et al. (2010; there estimating the extratropical fraction of tropical transition layer, TTL, air). Defining
‘aged’ here as residing in the stratosphere longer than 3-menths-{appreximately-the lifetime of CO), we select as ‘aged’ par-
cels those with CO < 37 ppb (~1/e times the tropospheric CO value of 100 ppb) from the 2016 Kalamata campaign outside

the anticyclone, which exhibit a mean N,O mixing ratio of 320 + 3.7 ppb (1 standard deviation) in the potential temperature

range 390 to 400K. Considering the upper end of the N,O range and Aallowing for_a 1 ppb increase between 2016 and

2017, we thus estimate N,O,geq < 324.7 ppb, i.e. at least 8 ppb below the mean tropospheric value in the Kathmandu region
(332.7 ppb). Inside the anticyclone at 400K potential temperature, the average N,O decreased by only 2.4 ppb from this

tropospheric value, consistent with an average fraction of in-mixed aged air of at most 30% (i.e. 2.4 ppb / 8ppb).
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3.3 CO — Og tracer correlations

Mixing is an important physical process impacting the transport of chemical constituents and a key mechanism for irreversi-
ble stratosphere-troposphere exchange (Gettelman et al., 2011). Signatures of mixing in the tropopause region are frequently
observed as “mixing lines” in (non-linear) correlations between tropospheric (like CO) and stratospheric (like O3) tracers
(e.g. Marcy et al., 2004; Hoor et al., 2002; Fischer et al., 2000; Hintsa et al., 1998). Thus, mixing layers separating the tropo-
sphere from the overlying stratosphere are marked by relatively high concentrations of both CO and Oz. This mixing itself
manifests in the CO-O; phase space as deviations from the pure tropospheric and pure stratospheric branches, which in the
absence of mixing tend to form an L-shaped distribution (Pan et al., 2010; Pan et al., 2007). Such idealized L-shaped CO-0O3
correlations have been used many times to illustrate near-perfect segregation of the troposphere and stratosphere without any

mixing layer in between (e.g. Konopka and Pan, 2012).

Figure 5 shows CO-O; correlation plots of all coincident CO and O; observations from the Kathmandu 2017 eampaigh-
flights (left) and from WACCM (right; CO-O3 mixing ratios in the WACCM distributions are the model outputs from the
grid locations closest to the observations in both time and space). Observed CO-Oj; correlations show neither an ideal L-
shape nor distinct mixing lines between the tropospheric and stratospheric branches. Rather, there is a smooth curved transi-
tion from the tropospheric CO branch to the stratospheric O3 branch with increasing theta, consistent with a transition layer
in which the ascending air undergoes photochemical processing. This interpretation is supported by quasi-coincident N,O
observations largely showing near-tropospheric values in the transition zone between the high-CO tropospheric branch and
the high-O; stratospheric branch (see-SupplementaryFigure 5 inset-Figure-S8)._The points circled in red in Figure 5 (from

observed during both ascent and descent near Kathmandu during a flight on 31 July) are speculatively likely-associated with
fresh convective outflow, for which O mixing ratios are somewhat elevated due to lightning NO,.

The spatial distribution of the CO-O; pairs in the transition layer (dashed magenta rectangle in Figure 5) is shown in Figure
6 by using altitude, pressure and potential temperature as the vertical coordinate (from left to right, respectively). From these
distributions, we deduce a vertical extent of the transition layer (Figure 6) with respect to these coordinates of ~16 — 19 km,
~70 — 115 hPa and ~365 — 415 K. Figure 5 also shows that the lower tropospheric end of the transition layer is clearly locat-
ed below the LRT and the higher stratospheric end is located above the LRT. A more detailed analysis of LRT and CPT lo-
cations within the transition layer is given in Figure 7. Observed CO-0Os pairs with transition layer characteristics are found
mainly between 15 K below and 35 K above the local LRT (a few very rare outliers are even found up to 45 K above the
LRT), with roughly one third of the pairs found below and two thirds above the LRT. Transition layer CO-Oj; pairs are ob-
served mainly between 30 K below and 30 K above the CPT, with roughly two thirds below and one third above the CPT.
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Compact CO-O3 correlations were also observed during the START08 campaign, during which air masses originating from

the tropical tropopause layer (TTL) were sampled in the extratropical UTLS region (Vogel et al., 2011, their Fig. 3). Similar
to our observations within the anticyclone, photochemical processing within the observed air masses outweighed mixing
effects. They attributed this result to the long transit times associated with air mass transport from tropical convective out-
flow to the upper part of the TTL, well above the LZRH, which allows time for gradual changes in the CO-0O; correlation.
The relatively fast isentropic transport from the upper part of the TTL to the extra-tropics where the STARTO8 flights took

place is less crucial.

Overall, WACCM represents the measured correlations well. The curved part of the correlation representing the transition
layer is clearly visible, and the simulation closely matches observations with respect to CO-O; coordinates as well as corre-
sponding potential temperature levels. The overall correlation is somewhat more compact in the model compared to the ob-
servations. -
ing-from-gravity-wavesThe spread of stratospheric CO measurements from AMICA is about 20 ppbv, which is consistent
with the reported measurement precision (see Section 2.2.1); by contrast, WACCM CO shows hardly any spread. In addition

to the effect of the relatively coarse model grid size, this compactness might reflect the fact the model does not represent all

sources of natural variability (e.q., it does not calculate explicitly the local effects of small-scale gravity waves).-

4 Discussion

We now address questions Q1 — Q4 formulated in Section 1 based on the results presented in Section 3. In each subsection
below, we discuss one question individually. A refined overall picture of vertical transport in the ASMA region near the

tropopause is then given in Section 5.

4.1 Rapid convective transport

Our results provide clear evidence of chimney-like vertical transport from the boundary layer to the tropopause over Nepal

and northern India, where almost the entire troposphere {up-te-at-least-360-and-often-370-K)-shows CO mixing ratios similar
to those in the polluted boundary layer. Such high CO mixing ratios are consistently observed up to 360 K, often up to 370 K

and occasionally up to 380 K. The absence of observed CO mixing ratios close to or above 100 ppb at higher-levels above

380 K indicates that we did not observe any ineidoccurrences of immediate-convective outflow above the tropopause_imme-

diately prior to the measurement time. However, after mixing with the local background_following transport to this level,
27




405

410

415

420

425

430

signatures of higherreachingdeep convection in CO and Osare expected to be small and may therefore not be apparent, so
we cannot exclude the occurrence of rapid convective uplift reaching up to or even above the tropopause based on our obser-
vations. Nevertheless, the absence of significant N,O reductions below 400 K (Section 3.2) and the shape of the CO-0; cor-
relations, with little indication for direct mixing between the tropospheric and stratospheric branches (Section 3.3), reveal
that the chemical composition in the 370 — 400 K region cannot be explained by very deep convection mixing with aged
stratospheric air. Rather, overshoots penetrating the tropopause mix into the tropospheric air slowly rising out of the 360 —

370 K main convective outflow layer. Our observations provide clear evidence that this slow upwelling (discussed in Section

4.2) and not overshooting convection is the major pathway for air crossing the tropopause in the ASM anticyclone and that
the fast chimney-like transport related to convection does indeed stop below the tropopause as suggested by Pan et al.
(2016), at least on a synoptic scale. It should be noted that this result does not contradict the petential-significance of over-

shooting convection for species such as H,O that are subject to microphysical removal at the CPT _(e.g. Ueyama et al., 2018),

and that evidence for overshooting convection occurring in the StratoClim year has been shown (Legras and bucci, 2020).

Although our observations support the hypothesis of significant input into the anticyclone from a chimney region centred
near the southern flank of the Tibetan Plateau, the campaign did not cover a wide enough region to characterize the relative
contributions of convection from other sources based solely on the observations. Recent studies have demonstrated horizon-
tal transport of convective outflow from locations over China into the ASM anticyclone (Lee et al., 2019; Yuan et al., 2019)
as well as injections into the ASM anticyclone from tropical typhoons (Li et al., 2017; Li et al., 2020). Evidence for such

import into the air masses probed in 2017 has been shown in trajectory studies (Bucci et al., 202049; Lee et al., 2020).

4.2 Transition to slow upwelling

From our observations, we constrain the top of the main convective outflow layer to about 16 km altitude or 370 K potential
temperature, although a few incidoccurrences of convective signatures are observed up to 380 K. Above this level, the grad-
ual decline in CO and gradual increase in O3 suggest continued slow ascent on timescales comparable to those on which CO
is photochemically destroyed and O is photochemically produced (Figure 4-). This dynamically driven slow upwelling is
radiatively balanced and is less geographically confined than the convective uplift. Pure trajectory models show an "upward

spiralling motion of air" extending over large parts of the ASM anticyclone (Vogel et al., 2019; Legras and Bucci, 2020).

This picture is consistent with mean diabatic heating rates from the ERA-Interim reanalysis in July and August (Figure 8).
Relatively strong total diabatic tendencies exceeding 1 K day™ extend upward into the upper troposphere in the tropical part
of the monsoon region, south of ~30°N and east of ~70°E. This diabatic “chimney” results from frequent deep convective

activity up to around 370 K, although single convective events may reach higher. Legras and Bucci (2020); show high clouds
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in 2017 to be mostly distributed between 340 and 370 K, with some rare convective events reaching up to 400 K This is

very similar to the cloud top height distribution over the ASM region that was shown for 2007 by Ueyama et al. (2018).

It can be seen in the right panels in Figure 8 that the convective activity extends clearly above the level of zero radiative
heating (LZRH). Thus, radiatively-balanced upwelling (Figure 8, middle panels) leads to continued upward motion of the air
masses. In ERA-Interim, positive isentropic vertical velocities between-0-5-andup to 1.5 K day™ (comparable with upwelling

in the “shallow branch” of the Brewer-Dobson Circulation in the tropics, e.g. Wright and Fueglistaler, 2013) are present well

above the 380 K level. These rates are consistent with the range used for the purple shading in Figure 4 and thus with the
observed CO decline and O; production with increasing potential temperature (Figure 4).—peint-to—semewhat-slower
upwelling;-but- Note that this is not quantitatively conclusive because the respective photochemical processing rates are only

rough estimates. In addition, precise conclusions on upwelling rates may be affected by uncertainties associated with using

PV at 380 K to identify inside-anticyclone points (cf. Section 2.3.2). It should also be noted that other reanalysis data sets

may yield quantitatively different results (e.g. Wright and Fueglistaler, 2013; Tao et al., 2019).

4.3 Relationship of the transition region with respect to the tropopause

As stated in Section 4.1, our observations show no evidence of convection crossing the tropopause. At respective mean po-
tential temperature levels of 380 K (minimum: 369 K, maximum: 396 K) and 390 K (min: 370 K, max: 411 K), both the
LRT and the CPT are located within the radiative upwelling regime described in Section 4.2. CO mixing ratios in the ASM
anticyclone do not drop any more sharply at the LRT or CPT than in the regions immediately above or below these levels,
and they remain greater than stratospheric background concentrations up to about 40 K above the LRT and 25-30 K above
the CPT. The absence of any sharp transition implies that neither the LRT nor the CPT represents a vertical transport barrier
for these species (neglecting, for the present discussion, microphysical processes and constituents affected by them), con-
sistent with earlier studies (e.g.VVogel et al., 2019). That the LRT and CPT are located well below the level of significant

stratospheric in-mixing (see Section 4.4) implies that these levels do not represent separation between the troposphere and
the stratosphere in the ASM anticyclone in either a dynamical or chemical sense. Thus the “tropospheric bubble” (Pan et al.,

2016) not only extends to an exceptionally high tropopause but even above that tropopause.

In the transition layer (~ 365 — 415 K), the air appears to be largely isolated within the ASM anticyclone, which is visible in

the N,O observations in this study (Section 3.2). The isolation of air has also been reported in other StratoClim studies (e.g.

Brunamonti et al., 2018; Legras and Bucci, 2020) and in previous puiblications (e.g. Randel and Park, 2006; Park et al.,

2007). The higher-than-stratospheric-background CO values in the transition layer, therefore, indicate that vertical cross-

tropopause transport occurred within the ASM region. This type of evidence of vertical transport has also been seen from
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previous in situ measurements of water vapor (Bian et al., 2012) and particle profiles (Yu et a., 2017) over the Tibetan plat-

eau. As shown by the CO-O; correlations (Fig. 5), WACCM reproduces the smooth transition from tropospheric to strato-

spheric character over a potential temperature range comparable to the observations, encompassing the range of LRT and

4.4 In-Mmixing ofwith-the stratospheric aire

Taking N,O mixing ratios significantly below the current tropospheric value as an indicator for the contribution of strato-
spheric air (Section 3.2), mixing of the rising ASM air with older stratospheric air starts to become clearly visible at about

400 K potential temperature. Further indication of stratospheric_in-mixing are O; mixing ratios exceeding the range ex-

plained by local photochemical production above 420 K (Figure 4). CO mixing ratios at 415 K and above largely match the

stratospheric background value (Figure 4 and Section 3.3), indicating that the tropospheric character of the ASM anticyclone
ceases at or below this level. Individual observations of slightly elevated CO are found up to 435 K where, based on the radi-

ative upwelling rates and CO lifetimes_discussed in Section 3.2, CO photochemical decay to equilibrium values is expected

to be complete. A contribution of ASM anticyclone air at-even-higherpotential temperature levels up to 460 K had been
demonstrated by Vogel et al. (2019) using a longer lives tracer than COcannot-beruled-out-based-on-our-observations. The

significant isolation of the ASM anticyclone air up to 400 K and the rapid weakening of this isolation in the range between

400 and 435 K shown by our observations is roughly consistent with recent-previous analyses of ASM confinement using
trajectory analyses (Randel and Park, 2006; Brunamonti et al., 2018; Legras and Bucci, 2020).

5 Conclusions

In situ observations of CO, O3 and N,O were collected during two aircraft campaigns near the edge and near the centre of the
ASM anticyclone. CO and N,O are tropospheric tracers with short and long photochemical lifetimes, respectively, while Os
is a mainly stratospheric tracer. Analysis of these observations helps us to further fill in the emerging picture of vertical

transport in the ASM anticyclone, confirming and extending earlier studies:
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e A “fast convective chimney” lifts polluted boundary layer air to the ASM upper troposphere, with the main outflow be-
low 370 K. Evidence of this “chimney” occasionally reaches up to the local LRT around 380 K but was not observed

above this level (Figures 2, 3, 4 and 6).

o Inside the ASM anticyclone, above the level of main convective outflow, upward transport of air continues at slower
rates roughly consistent with vertical velocities and heating rates from reanalysis data and on time scales largely con-
sistent with photochemical removal and production of CO and Oj; respectively (Figures 4 and 5). Our results are con-

sistent with the idea of air “spiralling” upward inside the ASMA, as recently described by Vogel et al. (2019).

e Air crosses the tropopause vertically during this radiatively-balanced ascent, with neither the LRT nor the CPT marking
sharp discontinuities for gases not affected by microphysics: the “tropospheric bubble” (Pan et al., 2016) extends above

the tropopause (Figures 4 and 7).

e Below about 400 K, air is to a large extent horizontally isolated within the ASM anticyclone and in-mixing of strato-

spheric air from outside is not a dominant factor (N,O in Figure 4).

e There is no evidence for a sharp vertical boundary marking the top of the ASM anticyclone. The isolation starts to weak-
en at 400 K and the degree of mixing with surrounding stratospheric air smoothly increases towards higher levels_(de-
creasing N,O in Figure 4), consistent with what was shown by Vogel et al. (2019). Clear signatures of tropospheric air
undergoing slow chemical processing are retained up to at least 415 K_(Figures 4 and 6).

This picture corresponds well to that proposed in a study by Ploeger et al. (2017) who postulated that vertical cross-
tropopause transport dominates inside the ASM anticyclone, followed by quasi-horizontal transport along isentropes above

the tropopause into the tropics and into the NH extratropical stratosphere._It should be noted, however, that while our obser-

vations clearly show cross-tropopause transport within the ASM anticyclone, they do not necessarily contradict horizontal

export of air at lower levels, which has, in fact, been shown to occur by others (e.g. Legras and Bucci, 2020; Vogel et al.,

2019; Yan et al., 2019). His-alseThe suggested “two-stage” vertical transport regime with fast convective uplift followed by

slow radiative upwelling is-targely consistent with-the recent trajectory analysies presented by Legras and Bucci (2020) and

Vogel et al. (2019), who both show that this upwelling is not localized but rather follows a braod spiral over the entire ASM

anticyclone domain. Our results are also consistent with the ATTL picture proposed by Brunamonti et al. (2018). As stated

in Section 4.1, our picture of slow upwelling dominating vertical transport across the tropopause does not exclude the occur-

rence of overshooting events_(the significance of which has been emphasized by Ueyama et al., 2018, and Legras & Bucci,

2020), so Brunamonti et al.’s- interpretation of a shallow layer of enhanced H,O mixing ratios above the CPT as an indica-

tion of overshooting convection crossing the CPT is not in conflict with this picture. Given the ~5 K temperature drop in the
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ASM anticyclone at the beginning of August described by Brunamonti et al. (2018), the enhanced H,O could also result
from earlier ascent through a warmer CPT. The concept of the Lagrangian cold point rather than the local CPT being the
relevant feature in limiting H,O transport has been described for the TTL by Pan et al. (2019), and it will be interesting to

investigate this further with H,O observations from the two airborne campaigns.

Data availability. All data will soon be accessible via the HALO database at https://halo-db.pa.op.dlr.de/mission/101 . In the

meantime, they can be provided by the Pls upon request.
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Figure 1 Maps showing tracks of all Geophysica flights conducted during the StratoClim campaign phases in 2016 (top) and 2017
(bottom) for the larger ASM area (left) and zoomed to the respective campaign area (right). PV contours (grey shadings),-are-aver-
aged between 29 Aug and 7 Sep 2016 and between 26 Jul and 11 Aug 2017 respectively, are shown for the 380 K potential tempera-
ture level, on which the Ploeger et al. (2015) criterion is applied to determine the average ASM anticyclone boundaries for the two

campaign periods (—¥yellow lines; PV thresholds were determined to be -represent-the-average-anticyclone-boundaries-according-to
the-Ploegeretal—{2015)-¢criterion-6£-3.5 PVU for 2016 and 3.7 PVU for 2017; {maps of the average ASM anticyclone position for the

full monsoon season, i.e. 1 July — 31 August,-aceerding-to-the-Ploegeretal—eriterion are shown in Supplementary Figure S4).
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Figure 2 3D Map of averaged CO mixing ratios observed during all StratoClim flights (raw CO profiles for all individual flights are
shown in supplementary Figure S1). Values in 3D space represent averages in 1° x 1° x 1 km longitude — latitude — altitude bins.
Longitude-altitude averages over all latitudes and latitude-altitude averages over all longitudes are projected onto the x-z and y-z
planes respectively. Grey contour lines in the x-z and y-z planes show potential temperature levels averaged meridionally and zonally
over the areas marked on the map by the thick black lines; red and blue lines show LRT and CPT heights averaged over the same
areas (based on ERA-Interim reanalysis products during the respective campaign phases).
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Figure 3 Top panels show CO (left), O; (middle) and N,O (right) mixing ratios averaged_from both deployments into 1° latitude x 5
K potential temperature bins. Black and grey bars show average and minimum/maximum LRT and CPT heights respectively for all
measurements made in each 1° latitude bin. Note that the bins with valid data for CO, O; and N,O do not exactly match due to differ-
ent data coverage for the AMICA, FOZAN and HAGAR instruments. The middle panels show the same data with potential tempera-
ture relative to the LRT (see Section 2.3.1) as the vertical coordinate. In the bottom panels, the horizontal coordinate is transformed
to MeqLat with the vertical dotted line marking the 65° ASM anticyclone boundary (see Section 2.43.2). The number of samples and
standard deviation in each bin are given in Figure S5 in the supplementary material.
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Figure 4 Layer-normalized relative frequency distributions of CO (left), O3 (middle) and N,O (right) inside the ASM anticyclone
(MegLat > 65 °) for vertical coordinates of potential temperature (top) and potential temperature difference relative to the local LRT
810| (bottom). The number of observations on each vertical level is plotted as the grey histogram along the right side of each panel_(scal-
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815

ing from O to the number at the right end of the axis). The mean (with standard deviation), minimum and maximum LRT and CPT
levels are also shown in red and blue, respectively (values vary slightly between the columns because, as explained in the Fig. 3 cap-
tion, the bins with valid measurements are different for each instrument). Areas marked in green-purple in the CO and O3 panels indi-
cate the range of concentrations consistent with photochemical removal/production durlng slow ascent (see text for the rationale be-

hind the chosen ranqesassummg—usemremeaseem—rates—beweew%—and—&&&day —based—en—llleeger—e{—al—z%e—aﬂd-eamy—ané
: , production-rates-of about 4

o ;
ppl&day*—based—en—ﬁg—&m—@eﬁsehald@t—al—zou) In the NZO panel the greengurpl Ilne denote the average HAGAR N0 in the
troposphere (below 360 K potential temperature) during the 2017 campaign.
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Figure 5 O3 vs CO relationships in tracer-tracer space based on observations (left) and WACCM simulations (right) for the 2017
Kathmandu flights. The data points are coloured according to their potential temperature level (with grey indicating 6 < 330 K) and
they are shown by two types of symbols for above (circle) and below (dots) the LRT. WACCM grid points are selected to match the
flight dates and are sampled in grid points nearest to the flight track (within + 1° in latitude and longitude) to minimize space-time
offsets. Dashed lines indicate three “regimes” identified by the O3-CO relationship, corresponding to the troposphere (grey-horizontal
dashed line), the stratosphere (verticalblack dashed line) and the transition layer (magenta rectangle). We chose criteria of 30 ppb <
CO < 100 ppb and 80 ppb < O3 < 300 ppb to assign measurements to the transition layer (i.e. both gases having neither tropospheric
nor stratospheric values). The points marked by the red oval are likely produced by convective transport and O; production from
lightning NOXx (see text)._The inset in the left panel shows the observed O; vs. CO relationship coloured according to quasi-
simultaneous N,O observations (points are only displayed if the time of measurement is within 30 seconds of a HAGAR N,O

meaurement, and if the difference in theta at the times of CO/O5 and N,O measurements is less than 2.5 K).
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Figure 6 Relative frequency distributions of transition-layer measurements in altitude, pressure, and 6 coordinates.
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Figure 7 Transition layer in tropopause-relative potential temperature coordinates. Histograms show normalized relative frequency
distributions of transition layer measurements as defined in the text. The distribution relative to the LRT (CPT) is shown in erange
845| red (bluegrey). The mean and the range of the LRT and CPT in potential temperature coordinates (as shown in Figure 4) are given in
matching colours above the zero line.
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Figure 8 Zonally (top) and meridionally (bottom) averaged total (left), radiative (centre) and non-radiative (right) diabatic potential
temperature tendencies (d6/dt)qi,n based on the ERA-Interim reanalysis for July-August 2017. As demarcated by the vertical grey
lines and bolder colors on the respective panels, Zzonal averages are calculated over 70 — 150°E and meridional averages over 10 —
30°E-N_with area weights applied. Black contours show potential temperature. Purple contours show the vertical location of the
LZRH based on the zero contour in time-mean radiative heating rates under all-sky (solid) and clear-sky (dashed) conditions. LRT
and CPRT are shown in green-red and blue respectively. Averaging ranges for 6 contours, LZRH, LRT and CPT are the same as
those for (d0/dt)giap-
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Figure S1. AMICA CO profiles for individual flights against geometric altitude (left) and potential temperature (right).
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Figure S2. FOZAN O; profiles for individual flights against geometric altitude (left) and potential temperature (right).
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Figure S3. Difference in A6 between CRT and LRT along (i.e. above or below) each flight path deduced from ERA-Interim reanalysis
data as a function of latitude. The change to large differences with A6 > 20 K over a small latitude range observed during the Kalamata
flights denotes the transition from the tropical to the extratropical regime. Note that outside of the tropics, the cold point is not normally
used as a representation of the tropopause.
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Figure S4. Occurrence frequency of the ASM anticyclone for the periods between 1 July and 31 August in 2016 (left) and 2017 (right)
according to the PV-based criteria proposed by Ploeger et al. (2015). Red contours show selected percentage values (20, 40, 60, 80 %), the
thick cyan contour shows the average PV value of the barrier in the average PV field over the periods considered (3.7 PVU in 2016 and
4.1 PVU in 2017). The StratoClim campaign bases Kalamata and Kathmandu are marked by the green dots. Bottom panels show the pro-

jections of anticyclone occurrence frequency onto the longitude axis (bin size 2.5°). The figure is analogous to Figure 13a in Ploeger et al.
(2015).
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Figure S5 Number of observations (top 6 panels) and standard deviations (bottom 6 panels) on different coordinates for each bin corre-
sponding to the averaged CO, O3 and N,O mixing ratios shown in Figure 3.
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895 Figure S6. Analogous to Figure 3, middle and bottom row, but with the vertical coordinate designated as potential temperature differ-
ences relative to the CPT rather than the LRT.
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Figure S7. Analogous to Figure 3, bottom row, but with the vertical coordinate designated as potential temperature differences relative to
the CPT rather than the LRT.

65



600F ©  tn . N,0

200 300 310 320 330
500

400

910

66



