
Reply to Reviewer 1
General comment:

We thank the reviewer for her/his careful consideration of the manuscript and her/his well thought-out com-
ments, which significantly helped to improve the paper. In the following, we address all comments and ques-
tions raised (Reviewer’s comments in italics). Text changes in the manuscript are highlighted in red (except mi-
nor wording changes). Main changes concern: (i) an extended discussion of the evolution of the PV-gradients
and the related transport barrier over the season and potential relations to convective activity (including ozone,
mean age, OLR and diabatic heating rates in the revised Fig. 12) in section 5, (ii) a critical discussion of the
leakiness of the diagnosed barrier (discussion), (iii) an extended discussion of MLS observations and the com-
parison between model and MLS (discussion, including a new Fig. 14), and (iv) shifts of the old section 6 to
the appendix, of the discussion of the layer where our criterion is applicable to section 4, and of the discussion
of the anticyclone location probability to the new section 6.

Issue 1: The authors have done a wonderful job of describing their analysis with examples from a particularly good case
that occurred July 6 2011. They have also performed analysisover 3 summer seasons as demonstrated by Table 1 and Fig.
11 (although this figure only shows 1 season). However, the paper relies too heavily on the July 6 analysis. This applies to
the discussion of Figs. 3, 12, and 13 that should, in my opinion, relate seasonal data and not just values from 1 day. Fig. 3
is important because it demonstrates that results from CLaMS (the transport model) agree with MLS data. The agreement
between models and satellite data can be very fickle; one might get great agreement one week and terrible the next. It is
therefore important to provide the reader with a more thorough indication of how good the agreement actually is. For the
early figures, it is appropriate to focus on July 6. The analysis afterward (Figs. 11-13) is essentially a demonstration of
how good the barrier model is and should not be restricted to July 6. However, after showing seasonal data in Fig. 11,
the authors return to the July 6 analysis for Fig. 12 and 13. I think that these figures should show seasonal results. In
addition, Fig. 11 should have two more panels: one for O3 and one for age of air.

The reason to focus on one single day (6 July 2011) for large parts of the paper was to describe the methodol-
ogy as simply and clearly as possible. However, as Reviewer 1 (and also Reviewer 3) points out, the discussion
of how “good” the diagnosed barrier is, should not be restricted to this single date. Indeed, we showed sea-
sonal data already in the draft for the PV-gradient and CO-gradient (old Fig. 11). This figure now includes
also ozone and mean age, as suggested by the Reviewer. Furthermore, we now present the ozone-gradients
from MLS for the entire summer season (new Fig. 14), and discuss the agreement with the CLaMS model and
possible shortcomings in Sect. 5. Comparison of tracer maps shows good agreement between CLaMS and
MLS ozone and CO throughout the summer, similar to the case in Fig. 2 (see also Pommrich et al., 2014).
Concerning the gradients, good agreement is only found for parts of the season (beginning and mid-end of
July). However, the disagreements in the exact location of maximum gradients (e.g., during August) are not
unexpected, due to very different resolution of the model and MLS observations (e.g., the model has a vertical
resolution of about 400m around the tropopause, whereas MLS has about 3 km). This fact demonstrates the
need for high resolution measurements in the Asian monsoon region.
The characteristic of the transport barrier to be best detectable at 380 K holds for the whole summer season.
However, we think that showing plots like Fig. 11 (old version) also for other levels than 380 K would overfill the
paper with unnecessary material. Therefore, we kept the old version of Fig. 13 (old version), but present the
respective part at an earlier place in the paper (end of section 4).

Issue 2: This issue concerns the use of the term barrier. This term is widely used in the literature and, so, I understand
why the authors might choose to use it as well. However, I think it is misleading and the maps in Fig. 9 seem to support
this contention. I would prefer it if the authors referred tothe PV gradient as a diagnostic of how strong (or weak) cross-
gradient transport is likely to be the stronger the PV gradient, the weaker cross-gradient transport is. The reason thatthe
term barrier is not appropriate is because it invokes the concept of an external restriction on the flow (e.g., a wall) and of
causality. However, PV and cross-gradient transport are both merely related properties of the circulation; they are highly
correlated but neither causes the other to occur.

We totally agree with the Reviewer’s view. However, we would keep the term “barrier”, which is indeed usually
used in the literature as Reviewer 1 also remarks, to have some simple terminology. We discuss the term
“barrier” now briefly at the end of the introduction and more extensively in the discussion (see also our reply to
Reviewer 2/Major comment 1).
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Specific and technical comments:

Page 10594, line 25: Regarding the linear response . . .. One obtains a strong anticyclone over Asia as the linear
response to low-level convective heating associated with the Asian monsoon. However, the anti-cyclone has nonlinear
components. I suggest rewording the is sentence to reflect that fact.

Sentence has been reworded!

Page 10595, line 5: Remove characterized.

Done.

Page 10595, lines 24-25: Here and throughout the text, the authors use has been where was is appropriate. Has been
should be used when something started in the past and continues into the present. In this particular case, the use of PV
gradients originated at a particular time in the past it is not continually being originated. Change has been to was.

We corrected all cases pointed out by the Reviewer and carefully checked the text again for further mistakes.

Page 10595, line 26: Change In fact, the to This

Done.

Page 10595, lines 26-27: Change relies on the characteristics of PV being an approximately conserved quantity to
relies on the fact that PV is approximately conversed

Done.

Page 10597, line 2: Change for suppressed to of suppressed

Done.

Page 10597, line 2: Change has been to was

Done.

Page 10597: Age of air should be defined here. Section 3: Why not show CO from MLS?

Age of air is defined now - Thanks for pointing this out to us. MLS CO has a worse vertical resolution (about
4.5km) compared to MLS ozone (about 3km), in the region of interest. As the transport barrier is only de-
tectable in a small vertical layer around the tropopause, MLS ozone is clearly advantageous over MLS CO for
our purpose. This is stated now at the end of Sect. 2.

Page 10599, lines 10-11: Change has been to was

Done.

Page 10599, line 16: Change has been to was

Done.

Page 10600, line 5: Change has been to was

Done.

Page 10600, line 8: Change barrier of the subtropical jet to barrier for the subtropical jet

Done.
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Page 10600, line 14: Change has been to was

Done.

Page 10600, line 16: Change change of our results to change to our results

Done.

Page 10600, line 17: Change In analogy to to Following

Sentence changed, as suggested by Reviewer 3.

Page 10600, line 18: Delete in the following (within parentheses)

Done.

Page 10601, lines 27-28: The statement that barrier is located . . . in the latitude range of decreasing circulation
seems to contradict Fig. 7, which shows that circulation increases with equivalent latitude. Please clarify.

This sentence was indeed written unclear. We meant to say that the barrier needs to be located in the region
where the circulation decreases when moving away from the anticyclone center (hence, with decreasing mon-
soon equivalent latitude). The sentence has been reworded.

Page 10604, line 19: Change has been to was

Done.
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Reply to Reviewer 2

General comment:

We thank the reviewer for her/his careful consideration of the manuscript and her/his well thought-out com-
ments, which significantly helped to improve the paper. In the following, we address all comments and ques-
tions raised (Reviewer’s comments in italics). Text changes in the manuscript are highlighted in red (except
minor wording changes). Main changes, related to all Reviewers’s comments, concern: (i) an extended dis-
cussion of the evolution of the PV-gradients and the related transport barrier over the season and potential
relations to convective activity (including ozone, mean age, OLR and diabatic heating rates in the revised Fig.
12) in section 5, (ii) a critical discussion of the leakiness of the diagnosed barrier (discussion), (iii) an extended
discussion of MLS observations and the comparison between model and MLS (discussion, including a new
Fig. 14), and (iv) shifts of the old section 6 to the appendix, of the discussion of the layer where our criterion is
applicable to section 4, and of the discussion of the anticyclone location probability to the new section 6.

Major comments:

1. As previous studies have shown, Ertels PV and long-lived tracer distributions are highly correlated in their spatial
and temporal distributions inside the Asian monsoon anticyclone. I dont necessarily think the PV as a barrier but as a
measure of confinement of the air masses within the anticyclone. This barrier is leaky and also has large variability, if
it exits. The authors also have introduced three other variables to characterize the monsoon anticyclonic boundaries in
section 2, which include, PV, circulation and stream function. With this in mind, the authors have to emphasize if it is
possible to define a barrier over the monsoon region. Maybe there is no barrier? Why using PV gradients defining the
transport barrier following Nash et al. (1996) over the monsoon region is applicable and what that means physically.
Also, as the magnitude of PV is highly dependent on altitude,it will be useful to use MPV (modified PV) instead of PV
and show how the results will change.

We agree with the Reviewer’s view that there is some transport across PV-contours and that the enhanced
PV gradient in the monsoon region is better interpreted as a measure of confinement than as a rigid barrier
to transport. We note and discuss this now more critically at several places in the manuscript (e.g., end of
introduction, discussion). However, we keep the term “barrier” for sake of having a clear terminology (and
because of its frequent use in existing literature).
As our analysis is carried out on surfaces of constant potential temperature using a modified PV by scaling
with a θ-dependent function, as used e.g. by Randel et al. (2006), would cause no change to PV-gradients
and therefore to the fact whether amaximum gradient emerges or not (only the corresponding PV-value would
change). To keep things as simple as possible we therefore don’t introduce modified PV.

2. The 380 K isentropic surface can well be representing the dynamic variability of the Asian monsoon anticyclone in
the tropics and subtropics. However, as shown in the previous studies, the transport processes near the Asian monsoon
region are occurring in the thick layer instead of on a surface. In fact, 360 K can be a better representative of the Asian
monsoon anticyclone itself (where both the jet streams act as a boundary, see Fig. 1). Even though the transport barrier
defined in this study is most distinguishable at 380 K surface, I think it is important to emphasize how the entire monsoon
system has rather a layered structure and the method used in this study is subjective to the PV values itself. For example,
based on Fig. 13 one can probably define transport barriers at370 and 390 K as well based on smaller PV gradients over
different equivalent latitudes.

Indeed, maximum PV gradients can be found also at 370 and 390 K, as discussed in relation to Fig. 8 (already
in the submitted version). This part has been moved to Sect. 4 in the revised version, to have its discussion
at an earlier place in the paper. Moreover, we extended this paragraph to include now also a brief discussion
about the layered structure of the monsoon system.

3. Defining polar vortex edges, as in the previous studies, can be useful in knowing polar vortex breakdown dates and
so on. Then how is the definition of transport barrier in the Asian monsoon anticyclone based on PV gradients useful?
For example, can this diagnostics be used in quantifying vertical transport from the upper troposphere to stratosphereor
size of the anticyclone? Are the characteristics of the transport barrier affected by the convective activities in the lower
troposphere and the strength of vertical and horizontal circulations near the monsoon region? I think the importance (and
usefulness) of defining anticyclonic transport barrier based on PV gradients has to be emphasized in a broader context in
relation with dynamical and chemical variabilities of the monsoon anticyclone and convection.
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For understanding the details and exact mechanisms of Asian monsoon transport into the lower stratosphere
(e.g., of pollution) it is indeed important to know the degree of confinement inside the anticyclone. As shown
in recent studies, the anticyclone is composed by air masses originating from different pathways, like upward
transport inside the anticyclone core (Bergmann et al., 2013), or injection into the anticyclone edge by taifoons
(Vogel et al., 2014). The mixing between these air masses and hence chemical reactions and lifetimes will
depend on the degree of isolation of the core from the edge region. Furthermore, knowledge of the anticyclone
core (inside the PV-barrier) offers a method to determine the anticyclone size and to tag air masses which
are inside the anticyclone. This offers new opportunities for model studies as well as for the interpretation of
measurements. A new paragraph in the discussion focuses on these issues.
Defining exact onset and breakdown dates of the anticyclone by using the determined PV-barrier seems prob-
lematic to us, because the anticyclone needs to be sufficiently strong for the PV-barrier criterion to hold. Hence,
confinement of trace gases inside the anticyclonic circulation becomes evident from visual inspection of tracer
maps already 1-2 weeks before the barrier can be determined. Likewise, when the anticyclonic circulation
weakens tracer anomalies in the monsoon region remain a few weeks after the last date with a clear PV-
gradient maximum. These issues are described and discussed now in Sect. 5.
For a more appropriate discussion of the relation between the transport barrier characteristics and convective
variability, we now include timeseries of OLR and integrated diabatic heating rate (as proxies for convection)
in Fig. 12. During end of July, the variability in the barrier and the related disagreement between PV- and
CO-gradient maxima appear to follow strong convective activity with a lag of about a week, similar to the time
lag between the anticyclone response and convection as found by Randel et al. (2006). Also during beginning
of July and mid-end of August the increase in the barrier PV-value seems to follow strong convection. The
significance of this observation and the detailed mechanism involved need to be further studied. We discuss
these issues now in Sect. 5 in relation to Fig. 12.

Minor comments:

P1, L59 is→ and is

We think this would change the meaning of the sentence and therefore we keep the old version. Please correct
us if we are wrong!

P1, L60-67 It should be mentioned that why those simple methods are problematic or unsatisfactory and also how it
affects the results of various diagnostics (related to major comment♯ 1).

The sentence has been slightly extended, and together with the extended discussion about the usefulness of
determining the transport barrier (see reply to Issue 3) hopefully clarifies these issues.

P1, L68 What does physically motivated mean?

“Physically motivated” here should mean that the PV-gradient related transport barrier is based on conserva-
tion properties of the flow. The sentence has been extended.

P2, L93 We interpolated...→ What are the reasons for the horizontal interpolation and also what is the original grid of
the ERA-interim data?

The formulation in the submitted version was not correct - thanks for pointing this out! We used the ERA-Interim
data on the 1

◦
× 1

◦ horizontal grid as provided by the ECMWF and interpolated it only in the vertical.

P2, L57 in the monsoon→ in the monsoon anticyclone

Done.

P2, L150 At the end of this paragraph, a brief comment about CLaMS CO and ozone reproducing climatology and/or
observations will be helpful.

The description of CO, ozone and mean age in the model has been extended, including appropriate references
showing comparisons with observations in the UTLS.
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P3, L176 → model and simulations→ model simulations and the satellite observations

This formulation was indeed nonsense - Thanks for pointing this out! Sentence has been changed.

P3, L202 What are the boundaries of the Asian monsoon region here?

This information was included in the caption of Fig. 3 (10◦N-60◦N and 10◦W-160◦E). We include it now also in
the main text.

P3, L232 - -10E→ 10W?

Changed!

P4, L320- 325 This is an interesting point. As the anticyclone itself wontdisappear during this period, one can argue
that this PV gradients-based method fails locating the transport barrier. Do the actual PV values and tracers maxima
show clear boundary of the anticyclone during this period? Or the anticyclone is simply too weak to act as a transport
barrier?

Trace gas confinement inside the anticyclone (at 380K) can be seen already 1–2 weeks before the PV-gradient
maximum clearly emerges, and remains also longer than the barrier may be determined. Our interpretation is
that the anticyclonic circulation and the related confinement need to be sufficiently strong that the PV-gradient
barrier criterion in the monsoon holds. This is more clearly discussed now in Sect. 5 and in the discussion
(Sect. 7).

P5, L380-383 Is there any possible explanation to this feature?

See our response to Major comment 3.

P5, L459 Also, there is a possibility that the monsoon anticyclone isnot as isolated as the polar vortex or the jet stream.

Indeed, we think this is the case! We significantly changed the whole discussion paragraph with the aim to
clarify things.

P6, L548-550 More specific information about how this can be done?

We included a new paragraph about the usefulness of the determined transport barrier in the discussion (see
our reply to Major comment 3), and also briefly refer to this discussion here.

P7, L685 This citation year needs to be corrected from 2006 to 2007.

Corrected!

P9, Fig. 2c The wind vectors are hard to see in this plot. Using slightly darker grey color should help. . P9, Fig. 4 I
have a feeling that the map projection underneath the PV contours is not correct. The secondary PV minimum on the left
hand side should sit somewhere in the Middle East not over North America or Pacific (see Fig. 10 of Garny and Randel,
2013).

Wind vectors in Fig. 2 are in darker grey now. Regarding Fig. 4 we cross-checked that the secondary PV
minimum at 380 K on 6 July 2011 is indeed located above Northern America, and is related to Rossby-wave
breaking occurring there on this particular day. Interestingly, at 360 K there is an additional PV minimum over
the Middle East (as in Garny and Randel, 2013) also on this day, which is not detectable at 380 K.

P14, Fig.11b The crosses in this plot rather look like asterisks on top of filled circles, which make it harder to distinguish
from the black diamonds. I would recommend using crosses or pluses in grey colors. Also related to this plot, I wonder
why this method works the best in early July. If this method were going to be more practical, I would think it should work
from the onset to the end of the summer monsoon.

We changed the symbols in the figure (new Fig. 12) to improve the presentation quality. The discussion of the
evolution of the PV-gradient maximum is now extended, including potential relations to convective activity (see
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reply to major comment 3).
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Reply to Reviewer 3 (Gloria Manney)

General comment:

We thank the reviewer Glora Manney for her careful consideration of the manuscript and her well thought-out
comments, which significantly helped to improve the paper. In the following, we address all comments and
questions raised (Reviewer’s comments in italics). Text changes in the manuscript are highlighted in red (ex-
cept minor wording changes). Main changes, related to all Reviewers’s comments, concern: (i) an extended
discussion of the evolution of the PV-gradients and the related transport barrier over the season and potential
relations to convective activity (including ozone, mean age, OLR and diabatic heating rates in the revised Fig.
12) in section 5, (ii) a critical discussion of the leakiness of the diagnosed barrier (discussion), (iii) an extended
discussion of MLS observations and the comparison between model and MLS (discussion, including a new
Fig. 14), and (iv) shifts of the old section 6 to the appendix, of the discussion of the layer where our criterion is
applicable to section 4, and of the discussion of the anticyclone location probability to the new section 6.

Overall comments:

1. Much of the analysis is focused on 6 July 2011. Why was this particular date chosen? How representative are this date
and this year of the Asian monsoon anticyclone conditions ingeneral?

The 6 July has been chosen as an example of a distinct anticyclonic pattern in PV and several trace gas species
and a clear PV-gradient maximum. It is indeed one of the better dates for application of the PV-gradient crite-
rion, although not the best. Figure 12 shows that a similarly clear PV-gradient maximum can be determined
for many days during summer 2011. In this sense the 6 July can be regarded representative for air mass
confinement during the main monsoon period with a strong anticyclone.

2. After showing the MLS ozone in comparison with the CLaMS datain Figure 2, the ensuing analysis is done entirely
with the model data. For the method to be most valuable, it would be nice to demonstrate more directly that it is useful
for analysis of ”real” data such as those from MLS as well as for the model dataset. Part of this would be demonstrating
more thoroughly the degree of agreement between MLS and CLaMS. Specifically:
a. Why not show MLS CO as well as MLS ozone in Figure 2? This would be especially valuable since the ozone chemistry
in the ASM anticyclone can be complicated [e.g., Lawrence and Lelieveld, 2010], and thus it may not always be a good
tracer of transport.
b. In conjunction with (1), how representative is the agreement between MLS and CLaMS around 6 July 2011 of that at
other times?
c. What is the vertical resolution of the model? The MLS v3 ozonevertical resolution in the UTLS is about 3km is the
model really that much better? (Values for vertical resolution for both should be given in the data description.)
d. Because the MLS data are time-averaged, one would expect some smoothing out of extrema, which might also con-
tribute to the MLS ozone showing higher minima in the ASM anticyclone (which is where that apparent bias between MLS
and CLaMS is most apparent). For the purpose of the comparison, why not time-average the CLaMS data as well and/or
interpolate it to the MLS locations and average it in the sameway as for MLS?

We agree that a more extended comparison with observations would significantly increase the value of the
determined transport barrier. However, a main problem when comparing to existing satellite measurements
is the density of the sampling and the coarse vertical resolution. If the sampling is not frequent enough and
data points over a long period have to be collected and averaged to reach a suitable coverage of the monsoon
region, the large variability of the anticyclone spoils the barrier calculation as very different dynamic situations
are mixed together.
Furthermore, because the PV-gradient maximum can be determined only in a shallow layer around the tropopause
(around 370–390 K), a very good vertical resolution of the data is necessary. The vertical resolution around
the tropopause in CLaMS is about 400 m. MLS ozone has a vertical resolution of about 3 km, which is signif-
icantly lower than the model resolution. Nevertheless, MLS ozone shows maximum gradients coinciding with
the PV-barrier for several days during summer 2011. MLS ozone gradients are now presented for the entire
summer season in the new Fig. 14. Given the large differences in vertical resolution between CLaMS and
MLS, we think this partial agreement is encouraging and provides further confidence in the meaningfulness
of the PV-gradient maximum as a measure of confinement (see also reply to Reviewer 1/Issue 1). Vertical
resolution of CLaMS and MLS are now given in Sect. 2, as suggested.
MLS CO has a worse vertical resolution than ozone, of about 4.5 km. Mapping MLS CO versus PV (as done
for MLS ozone in Figs. 2/14) generally yields very noisy maps and no clear gradient maximum. Therefore, we
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decided to focus on ozone. Satellite observations of a better vertical resolution (about 1 km) and an, at least,
similar frequent sampling than MLS would be highly advantageous for the analysis of confinement inside the
anticyclone. At the moment, MLS provides the best data source.
Indeed, agreement between CLaMS and MLS maps (as in Fig. 2) could be improved if the model data was
treated in a similar manner to the satellite data (e.g., mapping to MLS locations and applying averaging ker-
nels). This procedure had been applied recently to CLaMS water vapor (Ploeger et al., 2013) and CLaMS CO
(Pommrich et al., 2014). Because for the gradient analysis a frequent sampling and a high vertical resolution
are prerequisite, we refrain from applying this procedure here and from degrading the model data.

Specific comments:

-p10594, is the monsoon circulation really ”strictly in the TTL”? It can extend to around 40N, which seems at least
subtropical?

We here followed Fueglistaler et al. (2009) who relate the monsoon systems to the TTL. We think this is a
reasonable picture as the monsoons are very relevant to upward transport in the tropics, related to convection
and upwelling. However, this is no strict definition and we reworded the sentence slightly.

-p10596, L7: This section contains a lot of (useful) tutorial material not typically found in ”data and model” sections.
A more appropriate section title might include ”methods” or”analysis” or some similar word. Also, the MLS data used
in the paper should be described in this section.

All suggestions have been adopted.

-p10595, and subsequently in the paper: Numerous studies in additionto Nash et al (1996) have used PV gradients to
define the edge of the polar vortex and assess the strength of its transport barrier (e.g., Manney et al, 1994, GRL there
are many others, this is just one that comes immediately to mind, not necessarily the best or earliest). The method that
Nash et al introduced was to use the PV gradients constrined by being near a windspeed maximum. Since that windspeed
constraint is not being followed here, the method does not ”follow Nash” (as is said later in the text), and it would be
appropriate to indicate that the PV gradient has been used extensively in this manner both before and after Nash et al.

We agree and therefore reworded all corresponding sentences, presenting more references and avoiding citing
only Nash et al. (at least with an “e.g.”).

-p10596, L16: The ASM region is more subtropical than tropical; therefore100hPa is closer to 390K in the ASM region.

Indeed, 100 hPa is located between 370 and 380 K in the core region of the Asian monsoon anticyclone. How-
ever, we think that 380 K and 100 hPa are close enough to keep the formulation as is.

-p10599, L4-5: Doesnt the agreement depend to so extent on the selection of contours? How were the PV and Mont-
gomery stream function contours that are shown chosen? Certainly, the higher Montgomery streamfunction contour
shown is obviously irrelevant to defining the anticyclone region. But mightnt a Montgomery stream function contour in
between the two lower ones shown do a better job of ”outlining” the main anticyclone features?

The advantage of Montgomery stream function is that it is a much smoother quantity in the monsoon region
than PV. However, small-scale variations of trace gas mixing ratios along the anticyclone edge are much bet-
ter captured by PV. In particular the shedding of the smaller eddy to the east on 6 July 2011 can be clearly
seen in PV but not in Montgomery stream function contours, which don’t show an isolated eddy. We carefully
checked that including more contours does not improve the agreement between trace gas and Montgomery
stream function contours. Regarding this better agreement of trace gas confinement with PV than Montgomery
stream function, the 6th of July is representative for the entire summer season. We would like to keep the few
selected contours for the sake of clarity of the figure.

-p10599, L6-9: Do the MLS data resolve such small-scale eddies? If not, how is the reliability and accuracy of such
fine-scale structure in the model assessed? That is, are we confident that these are ”real” features?

As much of the small-scale variations are only visible in the higher resolution model data and not in MLS
observations, it is difficult to proof that these are indeed realistic. However, as the MLS sampling is still not
frequent enough to be comparable to the horizontal model resolution (about 100 km) and the vertical resolu-
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tion in MLS (about 3 km for ozone, 4.5 km for CO) much coarser than in the model (about 400 m around the
tropopause) it is not surprising that the model shows smaller scale features than MLS. Recent comparisons
between CLaMS and MLS water vapor (Ploeger et al., 2013), MLS ozone (e.g., Konopka et al., 2010), MIPAS
mean age (Ploeger et al., 2015), and various in-situ observations (e.g., Konopka et al., 2007) show that the
model generally simulates the observations, and even small-scale variations therein, well. To achieve more
confidence in these small-scale features, high-resolution in-situ observations from the Asian monsoon region
would be highly beneficial, but these are not existing hitherto. We slightly extended the related discussion
paragraphs in Sect. 2 and Sect. 7.

-p10600, L11: Isn’t 10N a little close to the equator to be sure of eliminating all effects of low equatorial PV? Some of
the figures seem to show well-separated low PV values at the lower edge of the plots.

Indeed, there may be some equatorial low PV-values included in the selected monsoon region. But also shift-
ing the low latitude boundary to 15◦N would not entirely solve this problem, and further exclude some of the
high PV values at the equatorial edge of the anticyclone. Therefore, we decided to use 10◦N, but checked that
15◦N does not change our results substantially.

-p10600, L17: See comment above re Nash et al.

See our reply to the previous comment.

-p10601, L13: What is the reasoning behind the choice of 30% as the threshold by which the maximum must exceed the
minimum?

This choice is indeed somewhat arbitrary. By visual inspection of the PV(φeql ) function we chose 30% in order
to count only clear maxima. For a single date the existence of a PV-barrier could depend on the exact percent-
age value. However, 30% turned out to be a value with only a very few number of such critical dates, when
slightly varying the percentage value. The main conclusion of the paper, that a maximum in the PV-gradient
exists and is related to the confinement of trace gases, would not change when using another percentage.

-p10601, L29: Shouldnt this be ”Equivalent latitudes *higher* than the minimum circulation?

The formulation in the submitted manuscript was wrong (see also our reply to Reviewer 1). We reworded the
sentence.

-p10602, L7: Using ”the maximum” here is rather sloppy language, since the largest maximum (and hence ”the” maxi-
mum if you allow only one) is always that associated with the subtropical jet.

We reformulated the sentence (e.g., using “local maximum”).

-p10602, L11: Shouldnt this be ”at PV values *smaller* than 5 PVU”?

Yes, indeed - thanks for noticing this mistake!

-p10602, L17: ”enhanced dynamic variability” seems a bit vague many sortsof dynamic variability exist that do not
weaken transport barriers.

We compare the transport barrier evolution to OLR and heating rates now (see new Fig. 12), and find some
indication for co-variations with convective activity (see our general comment (i), the new discussion of Fig. 12
and also our reply to Reviewer 2). The respective paragraph here has been reworded.

-p10603, L1-8: While the agreement between CO and the selected PV contour does appear to be good overall, I think
the current text does overstate it somewhat for example, on 2011-07-09, 2011-07-18 and 2011-07-21, some of the highest
CO values extend outside the PV contour, and the ”split” on the last day is not obvious in CO. It would be more accurate
to soften the statements here, and I do not believe this detracts from the message of the paper.

We agree that the agreement between PV and CO was slightly overtstated in the text. The paragraph has
been extended to discuss also disagreements in the Figure. Just a side note: the split on 2011-07-21 can be
seen also in CO, but is somewhat hidden in the two highest values of the color code (red and dark red), and
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not well visible in the figure.

-p10603, L20-21: Does the 20 June to 20 August period cover the entire period for which human inspection of the fields
(i.e., looking at maps) shows an obvious signature of the ASManticyclone in CLaMS and MLS trace gas fields? If not,
how long are the periods before/after when there is a signature in the trace gases but (presumably) the transport barrier
is not strong enough to detect using this method? The CO field in Figure 11 doesnt show an obvious disappearance of
that signature at the beginning or end of the plotted period.

Confinement in trace gas mixing ratios inside the anticyclone is visible from mid June until mid-end September,
hence already 1–2 weeks before a clear PV-gradient maximum develops. Hence, the confinement needs to
be sufficiently strong for a clear PV-gradient maximum to be detectable. After the last date when the barrier
criterion holds, it takes a few weeks until the confinement really vanishes and the mixing ratio anomaly is mixed
away (see also our reply to Reviewer 2/Major comment 3). We include a discussion of these issues now in
Sect. 5.

-p10604, L2-3: Figure 11 does show high CO gradients at PV higher than that atthe PV gradient maximum for a few
days in early and late July, not ”only after 15 August”.

We agree that our discussion of Fig. 11 was not satisfactory. We include more tracers (also ozone and mean
age) and also proxies for convective activity (OLR, integrated heating rates) now in the revised version of the
figure (new Fig. 12). The related discussion in Sect. 5 has been substantially changed (see also our replies to
Reviewer 2/Major comment 3 and to Reviewer 1).

-p10604, L8-10: It is interesting that both 2012 and 2013 show low minimum PV values for the transport barriers than
2011 can you say anything about what this might imply in termsof differences in the ASM circulation?

We did not analyse the differences in the meteorological situation between different years carefully, except
visual inspection of daily maps and calculation of the PV-gradient maxima. A more detailed analysis of the
interannual variability would indeed be very interesting and will be the subject of ongoing research.

-p10604, L23: There are numerous studies besides Sparling (2000) that usePDFs to look at transport and transport
barriers: McDonald and Smith (2013) and Hegglin and Shepherd (2007) would be good places to start looking for refer-
ences. At the very least, add an ”e.g.,” in front of ”Sparling”.

As the discussion of the use of PDFs for studying the transport barrier should not be the focus of the paper
and to improve the readability, we moved the respective section to the appendix. The respective text part has
been reworded.

-p10605, L7-11: This is another place where using MLS trace gas data as well asCLaMS to construct the PDFs might
be informative and provide insight as to how well the method applies to real data.

We include an analysis of MLS ozone for the entire summer season now in the discussion (see general com-
ment (iii) and the new Fig. 14). This analysis just uses simply the mapping of ozone to PV and calculation of
the respective gradient, as the PDF-related section should only be a side remark and not in the focus of the
paper (see answer to the comment above).
As discussed already in our reply to the overall comment 2, there is agreement between MLS and CLaMS
based gradients for parts of the season, but also some disagreement (not unexpected).

-p10606, L1-5: The dynamical variability in the Arctic polar vortex and in the subtropical jet are also extremely large I
would be astonished if that in the ASM circulation was largerthan, for example, that during a strong SSW or a transient
excursion of the subtropical jet around a strong ridge/trough pattern during both of which the transport barriers can
nevertheless remain quite strong. It must be the *type* of dynamical variability rather than the magnitude that is critical?

As discussed already above (see also reply to Reviewer 2), the new Fig. 14 and the discussion now relate
the variability in the PV-gradient to convective activity, which seems to be the most important type of variability
affecting the monsoon anticyclone (as found already by Randel et al., 2006).

-p10606, L12-15: The ability to define a transport barrier over such a limited vertical range would seem, on the surface,
to be a significant limitation of this method, which would be worth discussing a bit more. What do observations show with

4



regard to the coherence of trace gas structures at levels above and below this? Over what vertical range do the dynamical
fields e.g., the winds that define the anticyclonic circulation show a ”closed” circulation? This is also another place
where the question of the representativeness of 6 July 2011 is raised is that vertical structure consistent throughout the
monsoon season, and in other years?

We discuss these issues now more extensively and critically at several places in the manuscript (e.g., Sect. 4,
discussion).

-p10606, L21-23: I dont understand this statement certainly crossing the tropopause is a sufficient condition for there
to be a transport barrier but it is my no means a necessary condition.

The sentence has been reworded.

-p10606, L24-25: Surely there is no suggestion that a feature as large as the ASM boundary defined by the PV contours
derived here could be considered ”noise”?

We removed this part of the sentence.

-p10607, L6-7: Giving some indication (perhaps at least from the other two years that have been mentioned here) of the
degree of interannual variability expected would be helpful.

There is not much systematic difference evident from comparison of the three years 2011–2013, except a
slightly broader distribution in longitude in 2012. This information has been added. Interannual variability of
the anticyclone and related transport will be further studied in the future.

-p10607, L12: It would be helpful to state what the longitudes of the Iranian and Tibetan Plateaus are.

This information has been added.

-p10607, L15-21: I dont understand the point that is intended here. Is this an argument for a physical basis for bimodal-
ity, or an argument that it is an artifact of the geometry?

We think the bimodality in the longitudinal PV distribution is partly related to the projection and hence partly
an artifact of the geometry. To what degree the bimodality in the longitudinal GPH maximum distribution has a
physical basis needs to be further studied. We reworded the respective paragraph.

-p10607, L26-28: It isnt clear to me from this statement how the change in extent/ location of the PV contours is related
to the ”conduit”?

The sentence has been reworded.

-p10608, L1-8: How would high-resolution (inherently highly localized inspace and time) in situ observations help,
when full spatial and temporal coverage of the region is needed to assess transport barriers and their variations? What
is ”sufficiently high resolution” (in the horizontal and vertical)? Here again, it would help to have given the vertical
resolution of the model and of MLS, and to argue why these are or arent sufficient.

The model and MLS resolutions are given now in Sect. 2. Indeed, a dense coverage of the monsoon region
with high-resolution observations (vertical resolution at least similar to the model resolution, which is about
400 m) would be the best. However, to our knowledge such a dataset seems not available during the next
years. But also in-situ measurements from aircraft flights could provide important information about the con-
finement of air (e.g., flights crossing the PV-gradient based barrier could be analysed for co-varying structure
in trace gas mixing ratios). The whole paragraph has been reworded.

-p10608, L19: See comment above re Nash et al.

See our answer to the comment above.
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WORDING AND FIGURE ISSUES, TYPOS:

-Figure 1: The cyan line doesnt show up very well. What is the source of the data plotted in Figure 1?

The source of the data plotted in Fig. 1 is ERA–Interim reanalysis, which is stated now explicitly in the figure
caption.

-Figures 2, 9, 10, and 14 (especially 9 and 10) are too small. I realize this is partly because of the limitations of the
ACPD format, but it would be good to insure that they are larger in the final ACP version.

This should indeed be due to the ACPD format. We will ensure that the figures appear larger in the final ACP
version.

-Figure 2 caption, second to last line, ”is” should be ”are”

Corrected.

-The Figure 11 color palette and symbols are difficult to read. The black symbols tend to disappear on the dark brown in
the CO panel. I would suggest using a brighter color palette and/or a different symbol color perhaps even two different
colors for the symbols for PV and CO gradients.

We changed the symbols to improve the presentation quality (see also reply to Reviewer 2).

-p10594, L10: replacde ”notwithstanding” with ”nevertheless”

Done.

-p10596, L13: ”focusses” should be ”focuses”

Corrected.

-p10596, L15-16: UTLS already defined on p10594

We removed the definition here.

-p10597, L25: in the parenthetical statement either commas or nested parentheses are needed

Changed.

-p10598, L9: Figures 2a and b show

Corrected.

-p10598, L10; p10600, L13; p10603, L10: The use of ”exemplarily” here does not seem appropriate whenwhat you
mean is something like ”as an example”.

We reworded both sentences avoiding “exemplarily” now.

-p10599, L1: ”to” should be ”on”

Corrected.

-p10599, L7: ”shedded” should be ”shed”

Corrected.

-p10599, L19: add a comma after ”structure”
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Done!

-p10600, L13: Fig. 5 is introduced before Fig. 4 is discussed, thus it wouldmake more sense to switch those figure
numbers.

Thanks for pointing this out! Because later parts of Sect. 4 correspond to Fig. 5, we would like to keep the
order. Therefore, we briefly introduce Fig. 4 now at the beginning of the paragraph, before turning to Fig. 5.

-p10600, L14: ”mosoon” should be ”monsoon”

Corrected.

-p10601, L20-21: Suggest changing ”We apply an additional constraint to exclude the subtropical jet from the calcula-
tion, which generally shows much larger PV-gradient values” to ”We apply an additional constraint to exclude from the
calculation the subtropical jet, which generally shows much larger PV-gradient values”

Changed as suggested.

-p10603, L24: add a comma after ”variability”

Changed.
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Abstract. The Asian summer monsoon provides an impor-
tant pathway of tropospheric source gases and pollution into
the lower stratosphere. This transport is characterized by
deep convection and steady upwelling, combined with con-
finement inside a large-scale anticyclonic circulation in the5

upper troposphere and lower stratosphere (UTLS). In this
paper, we show that a barrier to horizontal transport along
the 380 K isentrope in the monsoon anticyclone can be de-
terminedfrom a local maximum in the gradient of poten-
tial vorticity (PV), following methods developed for the po-10

lar vortex (e.g., Nash et al., 1996).Due to large dynamic
variability of the anticyclone, this maximum in the PV gradi-
ent is weak and additional constraints are needed (e.g., time
averaging). Nevertheless, PV contours in the monsoon anti-
cyclone agree well with contours of trace gas mixing ratios15

(CO, O3) and mean age from model simulations with a La-
grangian chemistry transport model (CLaMS) and satellite
observations from the Microwave Limb Sounder (MLS) in-
strument. Hence, the PV-based transport barrier reflects the
separation between air inside the anticyclone core and the20

background atmosphere well. For the summer season 2011
we find an average PV value of 3.6 PVU for the transport bar-
rier in the anticyclone on the 380 K isentrope.

1 Introduction25

An efficient pathway for anthropogenic pollution and tropo-
spheric source gases into the stratosphere is linked to the
Asian summer monsoon, as has been shown from satellite
observations of HCN (Randel et al., 2010). Upward trans-
port in the monsoon is caused by frequent high-reaching30

convection (e.g., Tzella and Legras, 2011; Bergman et al.,
2012) and slower steady upwelling at higher levels around
the tropopause. In the upper troposphere and lower strato-

Correspondence to: F. Ploeger (f.ploeger@fz-juelich.de)

sphere (UTLS), more precisely in the Tropical Tropopause
Layer TTL (e.g., Fueglistaler et al., 2009), the Asian mon-35

soon is characterized by a large-scale anticyclonic circula-
tion system,mainly a response to strong convectivediabatic
heating at low levels (Gill, 1980). The anticyclonic circu-
lation confines the upward transported air and isolates it, to
some degree, from its surroundings. This confinement leads40

to positive anomalies of tropospheric trace gases (e.g., CO,
HCN, H2O) and to negative anomalies of stratospheric trace
gases (e.g., ozone) in the anticyclone (e.g., Randel and Park,
2006; Park et al., 2007, 2008; James et al., 2008; Bian et al.,
2012).45

For an improved understanding of the pollution trans-
port by the monsoon, understanding the confinement of
trace gases within the anticyclone is crucial. However, the
Asian monsoon anticyclone is characterized by large dy-
namic variability (Garny and Randel, 2013), strong east-west50

displacements (Krishnamurti et al., 1973), frequent shedding
of small-scale eddies (Hsu and Plumb, 2000; Popovich and
Plumb, 2001) and even splits. Moreover, strong diabatic
heating processes play a role in the monsoon and, conse-
quently, PV is not well conserved (e.g., Holton, 1992). For55

these reasons, the confinement of air inside the Asian mon-
soon anticyclone appears much weaker than in the polar vor-
tex, and it turns out to be very challenging to locate a barrier
to horizontal transport (Garny and Randel, 2013). However,
that such a transport barrier exists, at least to some degree, is60

reflected in the observed trace gas anomalies within the an-
ticyclone. To date, simplified criteria have been adopted to
define this transport barrier and to separate the core region
of the anticyclone from its surroundings. These criteria are
commonly based on the positive geopotential height (GPH)65

anomaly or the negative PV anomaly in the monsoon anti-
cyclone and assume a fixed GPH (on a fixed pressure level)
or PV value to represent the transport barrier (e.g., Randel
and Park, 2006; Bergman et al., 2013). These criteria have
the advantage of being easy to apply, but they lack a clear70
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physical reasoning.
In this paper, we present a physically motivated criterion

to deduce the transport barrier in the Asian monsoon anticy-
clonebased on conservation properties of the flow.This
criterion is closely related to a well-established methodology75

using PV gradients on isentropic surfaces,which has been
originally developed for the polar vortex (e.g., Butchart and
Remsberg, 1986; Manney et al., 1994; Nash et al., 1996).
The method relies on the fact that PV is approximately con-
served, such that a maximum in the PV gradient on an isen-80

trope reflects the existence of a barrier to transport.We em-
phasize already here that the terminology “transport barrier”
does not imply vanishing cross-transport. In fact, the anti-
cyclone transport barrier turns out to be rather leaky and is
better interpreted as a region of reduced cross-transport (see85

Sect. 7).
We introduce the data, model and methods used in Sect. 2.

In Sect. 3 we motivate the use of PV as a basis for deducing
the anticyclone transport barrier, by comparing PV to sim-
ulated and observed trace gas distributions (CO, O3) in the90

Asian monsoon region. The criterion for deducing the trans-
port barrier is presented in Sect. 4, and validated by compar-
ison to simulated CO, ozone and mean age in Sect. 5. We
finally discuss our results and conclude.

2 Methods95

Meteorological fields to characterize the Asian monsoon
anticyclone are taken from European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA-Interim reanaly-
sis. ERA-Interim covers the period from 1979 until present,
assimilating observational data from several sources to pro-100

vide a reliable state of the atmosphere (for details, see Dee
et al., 2011). We used 6-hourly data on a 1◦×1◦ horizontal
grid and interpolated it on potential temperature (θ ) levels
in the vertical. The presented analysis focuses on the sum-
mer season (June–August, JJA) 2011 and on the 380 K isen-105

tropic surface, which is a characteristic level for the Asian
upper-level anticyclone in the UTLS. Note that in the trop-
ics 380 K is close to the 100 hPa isobaric surface, which has
been used in several studies to analyse transport in the Asian
monsoon anticyclone (e.g., Randel and Park, 2006; Bergman110

et al., 2013).
The most relevant meteorological fields for this study are

Ertel’s potential vorticity (PV), the circulation (Γ), and the
Montgomery stream function (M). PV is calculated from the
horizontal winds (e.g., Holton, 1992)

PV=σ–1(ζ + f ), (1)

with ζ the relative vorticity, f = 2Ωsinφ the Coriolis pa-
rameter, andσ =−g−1∂θ p the isentropic mass density (p
pressure,φ latitude,g acceleration due to gravity). PV is a
particularly well suited quantity for characterizing barriers to115

transport. In the absence of friction and diabatic processes
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Fig. 1. Meteorological conditions in the Asian monsoon anticy-
clone (based on ERA–Interim reanalysis). Color shading shows
the PV anomaly of the monsoon longitude section (60◦-120◦E)
with respect to the zonal mean, averaged over summer (June-
August). Also shown is zonal wind (thick black, solid/dashed pos-
itive/negative) and potential temperature (thin black) averaged be-
tween 60◦-120◦E. The first thermal tropopause (calculated using
the definition of WMO, 1957) zonally averaged over 0◦-360◦E is
shown as dark-blue, averaged over 60◦-120◦E as cyan line.

the PV of an air parcel is conserved following its motion
(e.g., Holton, 1992), and thus regions of enhanced PV gra-
dients are indicative of suppressed transport (transport barri-
ers). This fact was used for the polar vortex to deduce the120

transport barrier based on the gradient of PV along an isen-
tropic surface (e.g., Manney et al., 1994; Nash et al., 1996).

A related quantity, characterizing fluid rotation, is the cir-
culationΓ along a closed contourS (here, on an isentrope)

Γ=

∮
S
ds ·v=

∫
A
da ζ , (2)

with A the area enclosed by the contourS and v= (u,v) the
horizontal wind on an isentropic surface (ds and da represent
line and area elements). Therefore, cyclonic flow is char-125

acterized by positive circulation, while anticyclonic flowis
characterized by negative circulation.

The Montgomery stream function M= cpT +Φ (with Φ
geopotential,T temperature, andcp the specific heat at con-
stant pressure) is the isentropic analogue of geopotential,130

which is frequently used to characterize the monsoon anticy-
clone (Randel and Park, 2006; Bergman et al., 2013). Under
geostrophic approximations the horizontal flow on an isen-
trope is along contours of constant M (e.g., Holton, 1992).
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(b) O3−CLaMS / 380K (11070612)
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(c) O3−MLS / 380K (11070412−11070812)
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Fig. 2. Maps of (a) CLaMS CO and (b) CLaMS ozone on the 380 K
isentrope on 6 July 2011 within the Asian monsoon region. Se-
lected potential vorticity contours are shown in black (4, 7PVU) and
Montgomery stream function contours in white (3.6 ·105, 3.615·
105 m2/s2). Arrows show horizontal wind. (c) Same but for MLS
ozone during the period 4–8 July 2011, with the MLS data binned
into 3◦×6◦ latitude/longitude bins (bins without measurements are
left white). Meteorological data are taken from ERA-Interim. (Note
the logarithmic color scale for ozone.)
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Fig. 3. (a) Ozone from MLS (solid) and CLaMS (dashed) versus
potential vorticity in the Asian monsoon region (10◦N-60◦N and
10◦W-160◦E) at 380 K, averaged over the period 4-8 June 2011. (b)
Same but for the ozone gradient with respect to potential vorticity.
Red lines show the transport barrier determined from PV (seetext).
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Fig. 4. Illustration of the calculation of monsoon-centered equiv-
alent latitude from the area within PV-contours (see text for de-
tails). Color-coded is the PV-field within the Asian monsoonre-
gion at 380 K (10◦N–60◦N and 10◦W–160◦E) averaged for 5–7
July 2011, with the white contour highlighting 4 PVU. The black
contours show PV globally.

Due to the anticyclonic nature of the upper-level circula-135

tion, the Asian monsoon in the UTLS is characterized by
strongly negative, anomalously low PV (see Fig. 1), and
anomalously high Montgomery stream function values. To
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the north, the anticyclone is bounded by the subtropical west-
erly jet, to the south by the equatorial easterly jet. Further-140

more, the monsoon region is characterized by an elevated
thermal tropopause which, from a climatological point of
view, exceeds the zonal mean tropopause by more than 1 km
(Fig. 1), corresponding to≈ 20K in potential temperature.

To confirm the deduced location of the transport barrier,145

which will be based on PV, we consider different trace gas
species (carbon monoxide, ozone) from model simulations
with the Chemical Lagrangian Model of the Stratosphere
CLaMS (McKenna et al., 2002b,a; Konopka et al., 2007),
driven by ERA-Interim meteorological data.We further con-150

sider simulated mean age of air, the average transit time for
transport from the tropical tropopause, calculated from an
inert tracer with a linearly increasing source in the model
(e.g., Waugh and Hall, 2002). CLaMS is a Lagrangian
chemistry transport model (CTM), based on 3D forward tra-155

jectories, with an additional parameterization for small-scale
mixing, which depends on the deformation in the large-scale
flow. Vertical transport in the model is purely diabatic above
about 300 hPa, with the total diabatic heating rates taken
from ERA-Interim forecast data.The vertical model resolu-160

tion around the tropopause is about 400 m. For the simulation
of CO, a lower boundary condition from MOPITT (Measure-
ments of Pollution in the Troposphere satellite experiment) is
used and chemical loss due to reaction with OH is included
as described in Pommrich et al. (2014). CLaMS ozone in-165

cludes a zero mixing ratio lower boundary condition and a
simplified chemistry comprising photolytical production and
loss due to reaction with OH. For further details about this
specific CLaMS simulation see Pommrich et al. (2014). In
the UTLS, CLaMS CO and ozone agree well with various170

observations, as shown in several recent publications (e.g.,
Pommrich et al., 2014; Konopka et al., 2010).

In addition, results will be compared to ozone observa-
tions from the Microwave Limb Sounder (MLS) instrument
onboard the Aura satellite (Livesey et al., 2008). MLS scans175

about 3500 profiles per day providing a dense sampling of the
global atmosphere, including the Asian monsoon region. The
vertical resolution of MLS ozone is about 3 km. For MLS
CO, a standard tropospheric tracer for Asian monsoon stud-
ies, the vertical resolution is coarser (≈ 4.5 km) and therefore180

we focus on ozone for this study. MLS profiles are originally
on pressure levels and were interpolated to potential tempera-
ture surfaces for the purpose of this study. For further details
about MLS data, see Livesey et al. (2008).

3 Trace gas confinement in the anticyclone and PV185

Figure 2a/b show the distributions of CLaMS CO and ozone
in the monsoon region on the 380 K isentrope on 6 July
2011. Clearly visible is the positive anomaly of the tropo-
spheric tracer CO and the negative anomaly of the strato-
spheric tracer ozone in the monsoon anticyclone, characteris-190

tic for strong tropospheric impact and confinement within the
anticyclone. Note that extratropical stratospheric air isad-
vected around the eastern flank of the anticyclone, transport-
ing CO-poor and ozone-rich air equatorwards. This transport
has recently been shown to strongly affect the ozone season-195

ality in the tropics (Konopka et al., 2010; Ploeger et al., 2012;
Abalos et al., 2013). Furthermore, poleward transport of CO-
rich air affects the trace gas composition of the lowermost
stratosphere and crucially depends on the CO lifetime (e.g.,
Hoor et al., 2010). To create a similar map from ozone mea-200

surements, we bin ozone observations from MLS between 4
and 8 July 2011 (using version 3.3 data), in order to obtain
sufficiently dense observations (Fig. 2c). Lower ozone mix-
ing ratios in the model compared to MLS are likely related to
the broad satellite averaging kernel and the zero mixing ratio205

lower boundary condition at the surface in the model (Pomm-
rich et al., 2014). However, the patterns of the low ozone
anomaly in the monsoon anticyclone reliably agree between
model simulations and observations (note also the five-day
average for the satellite data).210

Overlaid on the trace gas mixing ratios in Fig. 2 are con-
tours of PV and Montgomery stream function. Both meteo-
rological quantities show strong anomalies within the mon-
soon. However, when compared to the trace gas mixing ratio
contours the PV contours agree better than the Montgomery215

stream function contours, in particular for small-scale vari-
ations. Even the separation of a smaller eddy to the east of
the main anticyclone is well reflected in the PV distribution.
These small scale eddies, frequently shed from the main an-
ticyclone, have the potential to transport air masses with el-220

evated mixing ratios of tropospheric trace gases (e.g., CO,
H2O) rapidly into the middle and high latitude lower strato-
sphere (e.g., Ploeger et al., 2013; Vogel et al., 2014). A close
relation between the distributions of CO and PV in the mon-
soon was already found by Garny and Randel (2013). For225

these reasons, we use PV as a basis for defining a criterion
for the transport barrier in the Asian monsoon.

Motivated by studies of the polar vortex where the trans-
port barrier is characterized by particularly steep gradients
of conserved tracers, we map MLS and CLaMS ozone ver-230

sus potential vorticity (Fig. 3). This mapping was carried out
by binning all data from the Asian monsoon region at 380 K
(10◦N-60◦N and 10◦W-160◦E) with respect to potential vor-
ticity (bin size 0.1 PVU). Figure 3 shows that, despite the off-
set between CLaMS and MLS ozone mentioned above, there235

is agreement in the main structure, with low ozone in the core
of the anticyclone (at low PV values) and higher mixing ra-
tios towards higher PV. In particular, there is evidence from
model and observations for a two-step increase of ozone mix-
ing ratios, resulting in two separate maxima in the gradient240

of ozone with respect to PV. The stronger maximum around
7 PVU is related to the transport barrier at the subtropical jet
(Kunz et al., 2011). The secondary maximum occurs around
4 PVU. In the following, we will provide evidence that this
secondary maximum may be interpreted as the transport bar-245
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rier of the Asian monsoon anticyclone (red line shows the
transport barrier PV value, objectively determined using the
criterion derived in the following section).

4 A PV-gradient criterion for the Asian monsoon

Motivated by the good agreement between the PV and trace250

gas varability in the monsoon region (Fig. 2) and the fact
that PV is an approximately conserved quantity, we follow
the approach developed for the polar vortex for deducing a
transport barrier (e.g., Butchart and Remsberg, 1986; Man-
ney et al., 1994; Nash et al., 1996). Nash et al. (1996) de-255

fined the transport barrier of the vortex edge as the location
of the largest (isentropic) change in PV, with the additional
constraint of close proximity to a strong zonal jet. Recently,
Kunz et al. (2011) deduced the location of the transport bar-
rier for the subtropical jet using an analogous approach.260

The PV distribution on 6 July 2011 is shown in Fig. 4,
illustrating the anomalously low PV in the Asian monsoon
anticyclone. In a first step, we restrict all fields to a re-
gion including the monsoon anticyclone, which we define as
10◦N≤ φ ≤ 60◦N and 10◦W≤ λ ≤ 160◦E (φ latitude,λ lon-265

gitude) to eliminate the interfering influence of low PV val-
ues near the equator. The PV distribution on 6 July 2011
within this region is shown in Fig. 5a (top). A similar def-
inition of the Asian monsoon area was used by Garny and
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Randel (2013). The chosen latitude/longitude range includes270

the anticyclone for all days during summer 2011. Slight vari-
ations to this range cause no significant change to our results.

Following Butchart and Remsberg (1986), we define a
monsoon-centered equivalent latitudeφeq of a given PV con-
tour in the anticyclone as the latitude of a circle around the275

North pole enclosing the same area, as illustrated in Fig. 4
(here, the 4 PVU contour is mapped toφeq= 65◦). Hence,
for a PV contour enclosing an areaA, the equivalent lati-
tude is defined byA= 2π r2

E (1−sinφeq), with rE the Earth’s
radius. Consequently, the center of the monsoon occurs at280

a monsoon equivalent latitude of 90◦, corresponding to the
location of minimum PV. In this sense, PV and equivalent
latitude are related to each other, exhibiting a unique func-
tional dependence PV(φeq) as shown in Fig. 5a (bottom). As
already noted above, PV increases monotonically from low285

values in the center of the anticyclone to higher values at its
edge.

For 6 July 2011, the gradient of PV with respect to
φeq, namely∂PV/∂φeq, shows no clear maximum indicative
for the anticyclone transport barrier, besides the maximum290

around 50◦ equivalent latitude (about 7–8 PVU) related to
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Fig. 9. Method to localize the PV-based transport barrier in the
Asian monsoon anticyclone (at 380 K), summarized in four steps.

the transport barrier of the subtropical jet (Kunz et al., 2011).
The absence of a clear secondary maximum, representing the
anticyclone transport barrier, has recently been attributed to
the large dynamical varibility of the anticyclone (Garny and295

Randel, 2013). However, if this variability is damped by av-
eraging the PV field over a time window of 3 days between 5
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and 7 July 2011, a clear secondary maximum in the PV gradi-
ent emerges around 65◦ equivalent latitude (Fig. 5b, bottom).
In the following, we interprete this maximum as the transport300

barrier of the Asian monsoon anticyclone, and show its phys-
ical significance by comparison to trace gas distributions in
Sect. 5.

To calculate the time averaged PV for different dates we
use a variable time window. Therefore, we define an opti-305

mal window for each date as the smallest number of days
(±3 days at most) such that the PV-gradient maximum ex-
ceeds the adjacent minima by 30%. Figure 6 illustrates this
procedure for the example of the 6 July 2011, confirming
that for this date a±1 day average (3-day time window) re-310

sults in the clearest gradient maximum. If the time window
is chosen too large (e.g.,±3 days in Fig. 6), the maximum in
the PV gradient degrades again because different dynamical
conditions contribute to the average. For that reason, we av-
erage maximum over 7 days (given date±3 days). Notably,315

for some dates no time averaging is necessary to determine a
PV-gradient maximum.

We apply an additional constraint to exclude from the cal-
culation the subtropical jet, which generally shows much
larger PV-gradient values than the anticyclone transport bar-320

rier. Empirically, for the summer 2011 a PV-limit of 5 PVU
reliably separates the monsoon transport barrier from the
subtropical jet at 380 K, as illustrated in Fig. 5b for July 6.A
physical motivation for this constraint can be deduced from
the horizontal circulation (also averaged over±1 day, see325

Fig. 7), as described in the following. Necessarily, the anti-
cyclone transport barrier is located within the region of an-
ticyclonic motion (negative relative vorticity), and hence in
the equivalent latitude rangewhere the circulation decreases
when moving away from the anticyclone center (hence, with330

decreasing monsoon equivalent latitude).Consequently,
the PV-gradient maximum of the anticyclone transport bar-
rier needs to be located at equivalent latitudes lower than
the minimum circulation (4.8 PVU in Fig. 7). This circula-
tion constraint generally excludes the subtropical jet from the335

transport barrier calculation. For simplicity, we use 5 PVU
as an upper PV-limit for the transport barrier calculation at
380 K in the following, which is a good approximation of
the circulation minimum. Note in addition that the second
derivative of the circulation with respect to equivalent lati-340

tude∂ 2Γ/∂φeq
2 is related to the first derivative of PV (see

Eq. 2). Therefore, the transport barrier related to the local
maximum in the PV gradient can be approximated by the
local maximum in the second derivative ofΓ (see Fig. 7, bot-
tom), providing a consistency check of our procedure.345

A necessary condition for the transport barrier criterion to
hold is the existence of a strong PV-anomaly. Therefore, the
applicability is restricted to a shallow layer around 380 K (see
Fig. 1). Figure 8 compares PV and its gradient with respect
to monsoon equivalent latitude at different levels for 6 July350

2011. The PV-gradient based transport barrier turns out to
be clearest at the 380 K level, still detectable at 370 K and

390 K, but becomes undetectable below (360 K) and above
(400 K). Strongest PV-gradients at 380 K emerge not only for
the 6 July, but during the whole summer (not shown). Note355

that the corresponding PV-values change between different
levels, due to the strong dependence of PV on altitude. At
levels of the subtropical jet core around 360 K, the strong
jet to the north of the monsoon masks the existence of the
anticyclone transport barrier (Garny and Randel, 2013).360

The tropopause within the monsoon is located at particu-
larly high altitudes (see Fig. 1). Compared to the zonal mean,
the tropopause is upward bulging in the monsoon anticyclone
by about 20 K potential temperature (Fig. 1). Therefore, the
detectable PV-gradient based transport barrier around 380K365

could likely be related to the tropopause, with air inside the
anticyclone being tropospheric and surrounding air strato-
spheric. Consequently, the diagnosed transport barrier can
also be interpreted as a PV-based tropopause definition, sep-
arating tropospheric and stratospheric air masses inside and370

outside of the anticyclone. Although enhanced PV gradi-
ents as a measure for confinement of air are detectable only
within a shallow layer around the tropopause, the transport
processes in the Asian monsoon occur throughout a thick
layer from the surface to the lower stratosphere. As pointed375

out by Randel and Park (2006), the anticyclone at upper lev-
els is strongly related to convective variability below.

To summarize, the minimum circulation (approximately
5 PVU) defines theanticyclone boundary. Theanticyclone
transport barrier is then calculated from the time-averaged380

PV field as the maximum PV gradient at PV values smaller
than 5 PVU. The procedure is illustrated in Fig. 9, and gen-
erally results in a well defined PV-value (e.g., 4 PVU for 6
July 2011, see Fig. 5b) characterizing the transport barrier for
the Asian monsoon anticyclone for most days between about385

mid June and mid August 2011. For some days during the
summer season, however, no clear maximum emerges in the
PV-gradient even after averaging over a few days (see also
Fig. 12), possibly related toenhanced convective activity of
the anticyclone during these days (see Fig. 12, and compare390

also Garny and Randel, 2013).

5 PV-based transport barrier and relation to trace gases

To investigate whether the diagnosed transport barrier is
physically meaningful, in the sense of separating air masses
of different chemical characteristics, we compare it to simu-395

lated CO in the Asian monsoon region. Figure 10 shows PV
and CO maps at 380 K for the 6, 9, 12, 15, 18 and 21 July
2011, overlaid with the PV contours of the transport barrier
(thick white), as deduced for each date following the proce-
dure described in Sect. 4. First, the barrier calculated from400

the time averaged fields results in reasonable PV values also
when compared to the instantaneous PV maps on the par-
ticular days. Second, in the CO distributions the diagnosed
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Fig. 10. (a) Potential vorticity maps at 380 K on 6/9/12/15/18/21 July 2011. The thick white contour shows the calculated anticyclone
transport barrier (maximum PV gradient), the thin white contour 5 PVU. (b) Maps of CO from CLaMS on the same days, with PV-based
transport barrier included as white contours.

barrier separates the high mixing ratios in the center of the
anticyclone from the lower values around.405

The sequence of plots in Fig. 10 illustrates the large vari-
ability of the anticyclone, with frequent shedding of smaller
scale eddies (9 July) and even splits of the anticyclone (21
July). Also for days of particularly large variability the di-
agnosed barrier separates the core region of the anticyclone,410

characterized by high CO mixing ratios, well from its sur-
roundings. Even the shedding of the smaller eddy and the
vortex split are reflected in the transport barrier.It should be
further noted that the agreement between PV and CO is not
perfect and that high CO mixing ratios may extend outside415

the PV contour (e.g., on 17 July at the northeastern edge of
the anticyclone), a potential indication for the leakinessof
the anticyclone transport barrier.

To investigate more quantitatively to what degree the
transport barrier deduced from PV is reflected in the CO420

distribution, we apply the barrier calculation to CO, exem-

plarily for 6 July 2011. Therefore, we restrict the CO field
to the monsoon region, average over±1 days (5-7 July
2011), transform to PV-based monsoon centered equivalent
latitudeφeq, restrict to the anticyclonic region and calculate425

the PV-value of the maximum CO gradient∂CO/∂φeq. Fig-
ure 11a shows that a clear CO-gradient maximum emerges
around 65◦, equivalent to a PV value of 4 PVU, in agree-
ment with the transport barrier deduced from the maximum
PV-gradient. Likewise, distributions of simulated ozone and430

mean age of air reflect the PV-based transport barrier within
the Asian monsoon region (Fig. 11b/c).

The PV-gradient based transport barrier for the Asian
monsoon anticyclone has been calculated for all days be-
tween 20 June and 20 August 2011. Before this period435

and afterwards, almost no barrier could be found.CLaMS
CO fields show trace gas confinement inside the anticyclone
from mid of June 2011 onwards, but obviously the trans-
port barrier during this early phase is not strong enough to
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Fig. 11. (a) Map of CO from CLaMS on the 380 K isentrope, with the thick white contour showing the PV-value of maximum CO-gradient,
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be detectable by our method. Likewise, following the main440

monsoon season first the PV-gradient maximum vanishes (by
mid–end of August) but trace gas anomalies remain for a few
weeks until mid September. Hence, only during the main
monsoon season the degree of confinement inside the anti-
cyclone is strong enough for a PV-gradient maximum to be445

deducable.

Figure 12 (top) shows the evolution of the PV-gradient at
380 K over the summer season. Although the gradient maxi-
mum related to the anticyclone barrier appears weaker during
some periods, it shows smooth subseasonal variability, with450

higher PV values (around 4 PVU) at beginning of July and
beginning of August and lower PV values (around 3.2 PVU)
in mid July and mid August. Significant subseasonal dy-
namic variability of the Asian monsoon, occurring with a fre-
quency of about 30 days, has been recently noted by Garny455

and Randel (2013). Only for a few days (end of June and
beginning of August) no transport barrier could be deduced
because no clear maximum in the PV gradient emerged.

The evolution of thegradients of CO, ozone and mean
age over the summer (Fig. 12b–d) consistently showa lo-460

cal maximum throughout most of the season, well coinciding
with the PV-based transport barrier. Onlyby the end of July
and after August 15, there is additional structure in the trace
gas distributions at PV values above 4 PVU, which is not re-
flected in the PV gradients. During these periods, the maxi-465

mum trace gas gradients are located at higher PV values than
the PV-based transport barrier. In particular at the end of July,
this behaviour follows strong convective activity (around15
July), as seen from minimum outgoing longwave radiation
(OLR) and maximum vertically integrated total diabatic heat-470

ing rate dθ/dt (Fig. 12e). Here, daily gridded OLR data from
NOAA-CIRES (see http://www.esrl.noaa.gov/psd/data/ and

Liebmann and Smith, 1996) were averaged over the monsoon
region (15◦N–30◦N and 60◦E–120◦E, as used also by Ran-
del and Park, 2006). The ERA–Interim heating rates (only475

positive values) were integrated over the vertical range 300–
370 K and averaged over the same region to provide a reanal-
ysis based proxy for large-scale convection. Both convective
proxies show a correlation ofr =−0.62. As discussed by
Randel and Park (2006), diabatic heating related to strong480

convection affects the anticyclonic monsoon circulation and
increases the area of low PV values. Visual inspection of Fig.
12 suggests that increases in the barrier PV-value during be-
ginning of July, end of July and mid-end of August follow
enhanced convective activity. How significantly convection485

impacts the strength of the transport barrier, and which other
processes are involved, needs to be further studied.

At 380 K, the PV value at the determined transport barrier
is generally found between about 3 and 4 PVU, and shows
intraseasonal variability. The mean PV value of the transport490

barrier over the summer 2011 is 3.6 PVU (at 380 K), in very
good agreement with the mean PV of the related CO-gradient
maximum (Table 1). We calculated the transport barrier PV
values also for summers 2012 and 2013 (see Table 1) and
found some weak interannual variability which needs to be495

further investigated. Note that the interannual variability and
model projected future changes of the Asian monsoon an-
ticyclone are largely uncertain, hitherto (e.g., Kunze et al.,
2010).

6 Anticyclone location probability500

The location probability for the region enclosed by the trans-
port barrier (“anticyclone core region”, in the following)is
shown in Fig. 13. Presented is the local frequency of occur-
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Table 1. Transport barrier PV values for the Asian monsoon anti-
cyclone at 380 K calculated from maximum PV and CO gradients
and maximum-minimum ranges for the years 2011–2013 (averages
over all dates between 20 June and 20 August of each year where
the transport barrier criterion holds).

2011 2012 2013

PV–barrier/PVU 3.6 (3.0–4.4) 3.8 (2.6–4.4) 3.5 (2.6–4.4)
CO–barrier/PVU 3.7 (3.2–4.4) 3.7 (2.4–4.6) 3.6 (2.6–4.2)
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Fig. 13. (a) Occurrence frequency of the Asian monsoon anticy-
clone at 380 K (in percentage of days) for the period between 20
June and 20 August 2011, calculated from the area covered by PV
values lower than the anticyclone transport barrier. Red contours
show selected percentage values, the thick cyan contour shows the
average PV value of the barrier in the average PV field (average
over period considered). The bottom panel shows the projection of
anticyclone occurrence frequency onto the longitude axis (bin size
2.5◦). (b) Occurrence frequency for PV values below 0.5 PVU at
360 K isentrope, for the same period.

rence for PV values lower than the anticyclone barrier value,
in units of percentage of days during summer 2011 (20 June505

to 20 August 2011). Clearly, the largest probability of being
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located inside the anticyclone core occurs around 70◦E/30◦N
(above 80% of the considered days). The whole region be-
tween about 25◦–40◦N and 20◦–100◦E is located within the
anticyclone core for more than 50% of the days. Note that the510

anticyclone location probability may show significant inter-
annual variability(e.g., a broader distribution in longitude in
2012 compared to 2011 and 2013)which needs to be further
studied.

Zhang et al. (2002) and Yan et al. (2011) found an en-515

hanced probability for the anticyclone center (estimated as
geopotential height maximum) to occur at longitudes of the
Tibetan (around 70–100◦E) and the Iranian (around 45–
65◦E) plateaus, resulting in a bimodal longitude occurrence
frequency. Figure 13a shows no enhanced probability for the520

anticyclone core region to be located in these two regions. In-
spection of daily PV maps shows that the area of lowest PV
rotates clock-wise with the anticyclonic flow (not shown).
Similar to a children’s roundabout such a rotation would
cause no preferred locations for the anticyclone in the hor-525

izontal plane, if the rotation velocity was constant. However,
if projected onto the longitude axis, the anticyclone location
probability indicates two weak maxima (Fig. 13a/bottom),
located at about 55◦E and 85◦E. Hence, it could be that
the bimodality of the anticyclone longitude occurrence fre-530

quency is related, at least partly, to the projection of the (an-
ticyclonic) rotation onto the longitude axis, and hence is an
artifact of the projection. To what degree the bimodality in
the longitudinal geopotential height maximum distribution,
which is much clearer than for PV (see Zhang et al., 2002),535

has a physical basis and originates from enhanced occurrence
probability in particular geographic regions needs to be fur-
ther studied.

Note that the large zonal extent of the anticyclone occur-
rence probability at 380 K in Fig. 13a is related to frequent540

eddy shedding events, with the above analysis not distin-
guishing between the main anticyclone and westward and
eastward travelling eddies. Further note that at lower lev-
els (e.g., at 360 K in Fig. 13b) the region of lowest PV values
is more confined and located further eastward and southward545

above the Tibetan plateau and Northern India, in the region
of the vertical conduit for upward transport in the monsoon
proposed by Bergman et al. (2013).

7 Discussion

Recently, Bergman et al. (2013) showed evidence for upward550

transport in the Asian monsoon occurring in a vertical con-
duit separated from the main anticyclone. Hence, it is not
the anticyclone itself but this conduit which defines the most
efficient pathway of polluted surface air to higher altitudes.
However, as the air is released from the conduit at greater al-555

titudes, it stays confined and chemically isolated, at leastto
some degree, inside the anticyclone, as shown from trace gas
observations (e.g., Park et al., 2007, 2008). Therefore, a com-
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plete understanding of pollution transport from the boundary
layer into the stratosphere requires understanding of the con-560

finement inside the upper level anticyclone.
In this paper, we investigated to what extent meteorologi-

cal fields and trace gas distributions reflect the existence of a
barrier to (quasi-) horizontal transport along isentropicsur-
faces in the Asian monsoon anticyclone. We refined the565

methodology developed for the polar vortex by additional
constraints (e.g., time averaging, restriction to anticyclone)
and found a secondary maximum besides the subtropical
jet maximum in the gradient of potential vorticity with re-
spect to a monsoon centered equivalent latitude (related to570

the area enclosed within PV contours). We interpreted this
PV-gradient maximum as the transport barrier in the mon-
soon anticyclone. This PV-gradient based transport barrier
for the monsoon is deducible in a layer around the tropopause
(around 380 K) for most days between mid June to mid Au-575

gust 2011.
However, the PV-gradient based transport barrier, and

hence the related confinement of air masses, in the monsoon
anticyclone appears much weaker than the transport barrier
at the edge of the polar vortex (e.g., Nash et al., 1996) and580

also weaker than the barrier at the subtropical jet (see Kunz
et al., 2011), likely related to the large dynamic variability
of the monsoon anticyclone.Daily maps of the anticyclone
show large displacements in east-west direction, shedding
of smaller-scale eddies and even splits (Fig. 10), frequently585

causing air masses to be torn out of the anticyclone. In par-
ticular the strong diabatic heating related to deep convection
over South Asia affects the anticyclonic monsoon circulation
(Randel and Park, 2006) and likely the strength of the trans-
port barrier (e.g., Fig. 12). Hence, the anticyclone transport590

barrier turns out to be leaky, allowing cross-barrier transport
to some degree, and the maximum PV gradient is better inter-
preted as a measure of confinement of the air masses than de-
scribing a rigid barrier to the flow. Nonetheless, for the sake
of a clear terminology we used the term “barrier” throughout595

this study.
Despite the leakiness of the barrier, diagnosing the corre-
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sponding PV-value offers a method to separate the core of the
monsoon anticyclone from its surroundings. Hence, the size
of the anticyclone core may be determined and air masses600

may be appropriately tagged. This offers new opportunities
for model studies of Asian monsoon impact and for evalua-
tion of measurements from the monsoon region. The degree
of confinement inside the anticyclone further determines how
effectively air masses from the anticyclone core mix with air605

from the anticyclone edge. Air masses from different trans-
port pathways may be injected into different regions of the
anticyclone (e.g., into the core by convection and upwelling
within the conduit (Bergman et al., 2013), or into the anti-
cyclone edge by taifoons over Southeast Asia (Vogel et al.,610

2014)). Therefore, chemical reactions and lifetimes of short-
lived species, and the effectivity of pollution transport into
the stratosphere will depend on the degree of confinement.

The smooth evolution of the anticyclone transport barrier
over the season (Fig. 12) enhances our confidence in its re-615

lation to a physical mechanism. Furthermore, enhanced gra-
dients in CLaMS simulated trace gas distributions (CO, O3

and mean age) clearly demonstrate the existence of the PV-
gradient based transport barrier. These enhanced trace gas
gradients are reflected in corresponding minima in mixing ra-620

tio PDFs (see Appendix).However, a proper validation of the
meaningfulness of the diagnosed transport barrier can only
be achieved by comparison to trace gas measurements. Fig-
ure 14 compares the gradient of MLS observed ozone with
respect to PV in the monsoon region to the PV-based trans-625

port barrier (grey symbols), similarly as in in Fig. 3 but for
the entire season. Both reliably agree during beginning of
July and middle to end of July. During mid of August, the
PV-based barrier is located at higher PV values, but shows a
similar temporal evolution as the maximum ozone gradient.630

The disagreements between the model and MLS are not
unexpected, mainly because of the different resolutions (e.g.,
vertical resolution around the tropopause of about 400 m in
CLaMS versus about 3 km in MLS). Unfortunately, high-
resolution in-situ observations from the Asian monsoon re-635

gion are lacking. Current satellite observations are oftenaf-
fected by high clouds in this region, and their vertical resolu-
tion and horizontal spatial sampling is limited. Nonetheless,
MLS ozone shows enhanced gradients coinciding with the
PV value of the transport barrier during several days, provid-640

ing further confidence in the PV-based anticyclone transport
barrier. Further analysis of observations of sufficiently high
resolution would be strongly desirable.

8 Conclusions

As shown by anomalies in several trace gas observations, the645

air inside the Asian monsoon anticyclone appears, at least to
some degree, confined and isolated from its surroundings.
Diagnosing the related transport barrier offersnew oppor-
tunities for quantifying the transport of tropospheric source

gases into the UTLS (e.g., determining anticyclone size, tag-650

ging air masses).In this paper, we showed that the potential
vorticity field reflects the existence of a barrier to horizon-
tal transport between the anticyclone and its surroundings.
Although the detection of the transport barrier is hampered
by the large dynamic variability of the anticyclone and the655

proximity to the subtropical jet a refined PV-gradient crite-
rion may be used to deduce the barrier within the Asian mon-
soon anticyclone, in a layer around 380 K. Therefore, we re-
fined the criterion developed for the polar vortex (e.g., Nash
et al., 1996) and determine the anticyclone transport barrier660

from the PV-gradient maximum, after restricting the PV field
to the monsoon region and averaging over a time window
around the given date (summarized in Fig. 9). Comparison
to simulated CO shows that the PV-gradient based transport
barrier is meaningful in the sense of separating air masses of665

different chemical characteristics. The deduced PV values
(e.g., 3.6 on average for 2011 at 380 K) offer a physically
motivated criterion to separate the inner core of the anticy-
clone from the region around, crucial for the interpretation
of trace gas observations and for model studies.670

Appendix A Transport barrier from trace gas mixing
ratio PDF

To further increase the confidence in the existence of the PV-
gradient transport barrier, we deduce the anticyclone trans-
port barrier also from simulated CO using a different method-675

ologybased on probability density functions (PDF) and show
its consistency with the PV-based results (for a review of the
PDF method, see Sparling, 2000).Therefore, we calculate
the PDF of CLaMS simulated CO mixing ratios in the Asian
monsoon region (10◦-60◦N, 10◦W–160◦E) for a±1-day time680

window around 6 July 2011 (Fig. A1). The PDF was con-
structed after assigning the appropriate area-weighting to the
data points. Mean CO monotonically decreases with increas-
ing PV, with high CO inside the monsoon (coinciding with
low PV) and low CO outside. Minima in the mixing ra-685

tio PDF indicate regions of suppressed horizontal transport
(Sparling, 2000).

The PDF in Fig. A1 shows one minimum at CO mixing
ratios around 35-40 ppbv, related to the subtropical jet, and a
secondary minimum around 55 ppbv, related to the transport690

barrier inside the Asian monsoon anticyclone. From the PDF
of PV values corresponding to CO mixing ratios around the
minimum, we find a corresponding PV value of 4.1 PVU, in
good agreement to the 4 PVU emerging from the PV-gradient
maximum (Fig. A1/bottom).695

For 6 July, the CO PDF shows the anticyclone transport
barrier even for the instantaneous distribution, without aver-
aging over±1 days (not shown). Note that the PDF approach
is related to the PV-gradient method (e.g., Neu et al., 2003;
Palazzi et al., 2011). Still, the comparison between the two700

methods shows the robustness of the deduced transport bar-



Ploeger et al.: Monsoon transport barrier 13

30

40

50

60

70

C
O

 [
p
p
m

v
]

0.004 0.008
PDF (CO)

2 4 6 8
PV [PVU]

0.00

0.02

0.04

P
D

F
 (

P
V

)

PV−barrier: 4.1 PVU

6 July 2011 +/-1day)

J��

Anticyclone

.

Fig. A1. Asian monsoon transport barrier at 380 K on 6 July 2011
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rier. Similarly to the PV-based approach, the PDF approach
fails in locating a transport barrier at several days during
summer. The use of mixing ratio PDF’s would offer a sim-
ple independent method to deduce the anticyclone transport705

barrier from satellite observations. Overall, the good agree-
ment between the PV-gradient based, CO-gradient based and
CO-PDF based approaches enhances our confidence in the
physical meaningfulness of the deduced transport barrier es-
timates.710
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