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Interactive comment on ''Confinement of air in the Asian monsoon
anticyclone and pathways of convective air to the stratosphere
during summer season'' by B. Legras & S. Bucci

Answer to reviewer #1

B. Legras and S. Bucci

Correspondence: bernard.legras @lmd.ens.fr

We thank the reviewer #1 for his/her thorough discussion that led to significant improvements of our manuscript and a
reinforcement of our conclusions.
As Fig. 6 has been removed from the paper, a shift in the numbering of the subsequent figures occurs in the new version. We

therefore refer to these figures with the new number followed by the old in parenthesis.

Answer to general comments

— “...The ERAS5 diabatic and kinematic results differ not as much from each other than the respective results for ERA-
Interim...”. An important question is, if this is because the frequency of the data rather than data quality (less noise)
became better for ERAS if compared with ERA-Interim? Thus, if for ERAS the data frequency would be reduced from 1

hour to 6 hour, would we also get similar large differences between the diabatic and kinematic calculations?

First, the ERA-Interim winds are used at 3-hourly resolution because we interleave 3h and Sh forecasts between the
analysis, at Oh and 6h, for each 12h assimilation cycle. The heating rates which are a product of the forecast are also
used at 3-hourly resolution. The effect of using hourly, 3-hourly and 6-hourly data in the ECMWF operational model
for transport studies with TRACZILLA was studied by Pisso et al. (2010) who concluded that the improvement was
important from 6-hourly to 3-hourly but was modest from 3-hourly to hourly. On the contrary, Angevine et al. (2014)

found than hourly wind were improving the results of FLEXPART but this was for a mesoscale application.

It would take many efforts to redo our calculations at degraded resolution but one can compare the variances of the
heating rates and the velocities shown in Fig. Al-1 in the core of the AMA. The ERAS hourly variance is much larger
than the 3-hourly ERA-Interim variance in the whole TTL for the vertical velocity and up to than 380 K for the heating
rate. The variance of ERAS 3-hourly data calculated as averages of the hourly data is, by construction, smaller than
that of the hourly data. However, it is much larger than the minimum value that would obtain if the hourly data were
decorrelated from one time to the next. This means that a significant correlation of hourly heating rates and vertical
velocities persists over three hours and that we do not expect a very significant change by degrading the resolution to 3h.

The differences in transport properties with the ERA-Interim are too large to be explained this way.
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Figure A1-1. Mean profiles (left column) and variances (right column) for the all sky heating rate (2 upper rows) and the vertical velocity
(lower row). Blue curves are for the ERA-interim data at 3-hourly resolution, red curves are for the ERAS data at hourly resolution and
black curves are for the averaged 3-hourly ERAS data. The dashed black curve shows the 3-hourly ERAS variance under the hypothesis
of uncorrelated hourly data which is one-third of the hourly variance. The calculations are performed in the domain (20°E-140°E and
10°N-40°N) over July and August 2017.

— You do not talk too much about the tropopause, especially as a vertical transport barrier during slow ascent of the
spiraling trajectories. Because I do not see any effect of such a barrier in your results, I would recommend to mention
this point in your discussion/conclusion or maybe even in the the abstract, i.e. something like: “tropopause is not a

transport barrier for the vertically ascending trajectories...”

We thank the reviewer for raising this point. It is true that the tropopause does not seem to play any particular role in
slowing the transport or changing its character. The mean ascent rate of 1.1 Kday ! extends smoothly through it. The
important barrier level is the crossover level that one can see, within the diabatic framework, as the Lagrangian mean

extension of the zero level of radiative heating rate.

— This trajectory-based study with “true” convective clouds is very impressive and technically extremely well done. How-

ever, this is only an extremely model-based view of transport without any comparison with observations. Because of
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this, the picture of spiraling trajectories is a biased picture of reality (in the same way like “chimney”, “conduit” or

“blower”). Maybe the authors would like to re-consider this point.

Our approach has been extensively tested against observations up to 400 K in a companion paper (Bucci et al., 2019)
where we used the same tools in a comparison of Lagrangian reconstructions with data from the StratoClim campaign.
5 We found that the ERAS diabatic trajectories provided the best interpretation of the data. Our methods have also iden-
tified the sources of ammonium measured at high altitude by following back trajectories spiralling in the AMA to the
agriculture sources (Hopfner et al., 2019) and further checks will appear in other works to be published. The robustness

of the modelling approach is therefore supported by observations.

— Horizontal confinement versus vertical transport. You derive some numbers showing that the horizontal confinement
10 of the anticyclone is relatively weak (compared with the circulation rate). I am not convinced that the e-floding times
derived from figure 7 really quantity the erosion rate, i.e., bi-directional crossing of air parcels across the vortex edge, a

process which is typically believed to define the horizontal confinement (see also the minor comments).

The erosion time scale 13.3 day is actually quite comparable to the circulation time which is about two weeks. Figure
6(7) is based on the loss rate of the FullAMA box. Therefore, parcels accumulating at the periphery of the anticyclone
15 would not be lost. Figure 8(9) shows that from 370 K to 420 K, the impact pattern remains quasi-constant but for the
exponential decay shown in Fig. 6(7). There is no accumulation on the edge or elsewhere that builds up. A fit to the
exponential decay of the total impact with altitude between 370 K and 400 K gives a slope of 0.065 K~! which is to be
compared to the inverse of the product between the ascent rate 1.1 Kday !, that is 0.068 K 1. Therefore, all the pieces

fit together and the exponential rate found in Fig. 6(7) is a good representation of the erosion rate.
20 — The 1d model is a great mathematical tool to put many things together and to create a simply 1d picture. But it is too
much for this paper. Maybe to divide the whole material into two parts would help.

We consider that the 1-D model is an important part of the paper as it fulfils the demonstration that the average transport
properties of the Asian Monsoon Anticyclone can be quantitatively reduced to a small set of simple parameters. Without
that part, we think that the paper will be considerably weakened. We notice that the reviewer considers below that one of

25 the figure produced from the 1-D model is so important that it should be moved from the supplement to the main text.
Answer to minor comments

Some of these comments might have deserved to be in the major section but we follow the ordering of the reviewer.

— PI1, L24 “due to a dominant radiative cooling” - not clear. Ascending motion means increase of the potential temperature

of the considered air parcel. This means absorption of energy or warming. Maybe you should clarify this point.

30 The main detrainment of the convective clouds occurs at a level below the level of zero radiative heating (LZRH)

where the air is almost everywhere descending. This is accompanied by radiative cooling. It has been often questioned
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how this air could find its way above the LZRH (Corti et al., 2006). Our answer is that it does not. The LZRH or its
Lagrangian version we call the crossover is a barrier and only clouds detraining above can feed the mass flux that enters

the stratosphere.

P2 L20-25 In your abstract you write: “We find no trace of a vertical conduit above convection over the Tibetan plateau”:
Maybe you should discuss in this paragraph also the concept of conduit and the related literature (mainly Bergman at
al. papers). Furthermore, you discuss the concepts of “chimney” and “spiraling ascent” as two “extreme views”. Please
do not forget that the concept of “spiraling ascent” (which you seem to like more) is strongly related to long-term (40
days or more) and non- mixing trajectories. This is also a strong idealization, without any experimental confirmation in

the observed tracers.

This is an important point that has led us to add some text in Sec. 3.3 and to rephrase a few sentences in the conclusions.
We essentially recover the results of Bergman et al. (2013) in the compact distribution of sources shown in Fig. 8(9) and
even more explicitly in Fig. 10(11) that shows the sources of backward trajectories similar to those they calculated. In
our set-up, the high convective sources are assumed to loft parcels directly from the boundary layer located about 15 km
beneath. This is what accounts of the conduit found in Bergman et al. (2013). The main interest of our work is that we
separate the fast vertical transport that occurs in the cloud and the much slower transport of detrained parcels that occurs
outside the convective towers. It is this second part which is the focus of this work. It is much more difficult to make
such separation when doing calculations based on reanalysis winds down to the surface since the vertical velocities in the
convective layers are averages of upward and downward motion at the mesh size. These velocities do not represent the
speed of the transport of the surface to the TTL which takes a few weeks instead of a few tens of minutes. This smooth
transport does not see the clouds and cannot say where the conduit ends. Our answer is that it ends at the detrainment
level of the clouds. The clouds that provide air entering the stratosphere are those that reach above the crossover which
is quite uniform over whole Asia. This crossover is located slightly above the continental LZRH and this is expected
from the 1D model if diffusion due to heating variance does not play a significant role. The Tibetan plateau is the only
region where the crossover is below the LZRH. This means that the parcels need to leave the Tibetan plateau to rise to
higher altitude. This is what they do following the spiralling paths we have identified. This spiralling motion is not an
idealization or a numerical fantasy, there are plenty of confirmations by observations in the analysis of the StratoClim

data (see Hopfner et al., 2019; Bucci et al., 2019). it is the very essence of motion within the AMA.

On the other side, our results are also compatible with the findings of Ploeger et al. (2017) who launched forward
trajectories near 360 K. The impact pattern being almost constant with height preserves a maximum at the core of AMA
at high altitude as noticed by Ploeger et al. (2017). However, this does not imply per se that transport is more vertical
than horizontal across a given surface like the tropopause. This property depends a lot on the slope of this surface with
respect to the isentropes. Our analysis which is conducted from the potential temperature perspective does not exhibit
any discontinuity in the range of levels spanned by the tropopause. Our simple 1D view of constant ascent and constant

is, on the seasonal average, essentially valid from the crossover at 364 K to 420 K.
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See also our discussion of the backward versus forward trajectories below.

P2 L34 “We also focus on reconciling previous studies...”: This is for me too strong. The presented study including
the 1D-model, does not contain any comparison with the experimental data. With the 1D-model you can get a different
perspective on the presented, 3d-trajectory-based results. However, as mentioned above, I would recommend to have a

separate paper describing the 1D model.

Again, look at Bucci et al. (2019) regarding direct comparisons with tracer data. Our claim is that the main features of the
mean 3D transport can be represented quantitatively in terms of a few parameters and that this is quantitatively equivalent
to a simple 1D model. Physics is full of other examples where a mean field theory describes the mean behaviour of an

apparently very complex system.

Our discussion is able to include the findings from previous studies and to provide a new interpretation for some of them
that eliminates the apparent contradictions. For instance, we show that the existence of a columnar tracer pattern within
the AMA, cannot be taken as a proof that the AMA behaves as a closed "chimney" with no leak as it has been often
assumed on the basis of a qualitative interpretation. We show that the chimney hypothesis is contradicted by the detailed
analysis of the transport properties and that instead the columnar tracer pattern is compatible with the broad ascent
with uniform loss that is the product of the transport. Observations are not limited to tracers but include temperatures
and winds which are assimilated to produce the velocity fields. There is no doubt that state of the art NWP systems
produce analysed horizontal winds which are a good approximation of the true circulation. Our work is investigating the
consequences of these observations within the well validated framework of geophysical fluid dynamics. It is therefore
incorrect to say that we do not take account of experimental data. We actually take account of both tracer and dynamical
observations and we arrive at a new interpretation that is not contradicted by any of them. This is the way in which we

reconcile the previous studies which did not adopt this global perspective.

P3 L21 Maybe you can finish the sentence in L21: “...at a 0.25 0 horizontal resolution.”, skip the lines 22 and 23 and
follow with “The data are availably...” FullAMA will be explained in section 2.3.

Good suggestion. We have done that.

P3 L29 ...cloud radiative heating (CRH) : Is it calculated as “all sky heating” - “clear sky heating”?. It would be nice
to mention it either in the text or in the caption of Figure 1. The green contour for ERAS around the the equator between

17.5 and 20 km looks strange for me.

The cloud radiative heating is calculated in that way, now mentioned in the text. The green contour at the equator above
the tropopause comes from the data. It corresponds to a descent in the stratosphere by 20 km above the equator that is

modulated by the QBO. This feature exhibits some slight variability among the reanalyses.

— P4 L10 Are both terms: “latent heat” and “vertical heat diffusion” really available in both reanalysis products ERA-

Interim and ERA-5?
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No, there is a total temperature tendency and there are all sky and clear sky long wave and short wave heating rates. The
residual, latent heating + diffusion, can be obtained by subtracting the all sky heating rate from the total. There is also
a separate heat coefficient diffusion which might help to reconstruct the vertical heat diffusion. We have changed the

sentence to avoid suggesting the two quantities are separately available.
P4 L12-13 I think, Ploeger et al., 2017 does not initialize the tracers in the boundary layer but above theta=360 K.
Please reformulate.

Corrected.

P4 L14 ...converges rapidly to the (clear sky) radiative heating rate as a...

It is not only clear sky. Radiative heating by clouds cannot be neglected even high above their top. For instance high
opaque clouds reduce significantly the upward long wave flux in the whole column above their top. It was proposed by
Corti et al. (2006) that the warming produced by overlaying cirrus helps parcels to cross the LZRH. What we neglect
here is the cooling effect due to the evaporation of falling ice in clear air.

P4 LI19 ...for several levels during summer 2017...

Corrected

P5 L2 S§2 Montgomery potential. I did not find the derivation of (1) in Nakamura at al., 1995. Maybe this is the wrong
citation or you should reference more exactly the used equation.

The derivation is not in Nakamura (1995) but it can be easily derived using the framework of this work. We provide now
a more detailed derivation as this relation might be of some practical usage.

P5 L 5 Sattellitte - please correct

Correction done

P5 L 11 in the FullAMA domain...?

Correction done.

P5 L2] “For each of these cloud pixels”...maybe better: “For each of the selected cloud pixels”

Correction done

P5 L27 “...version is labeled EAZ. Additional two integrations...” - sounds better for me

Correction done

P5 L34 “every 15" and 20”: I would mention that this is the temporal resolution (see also LS)

Correction done
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— P6 L13-14 It would be nice to know how the units of the convective impact factor shown e.g. in Fig. 2 (day 2 /K) can be

derived from your impact density

There was a typo error in the normalizing formula given in Sec. 2.5. A should not appear with an exponent 2 in the
denominator. So day?K~! is the correct unit for impact density. Therefore the cumulated age is using day?km?K 1
units and the age histogram (in Fig.5) is using day km?K ! units. Thanks for spotting that. The units used in the figures

were correct. We also use the equalized impact density which is without unit.

P6 L18-20 ...do not understand. sorry

These lines have been rewritten.

P6 L23 “The impact can also be stratified according to”: I am not sure that this is the best English formulation. Maybe

“spectral-resolved with respect to age”, how- ever, “stratified” is certainly shorter

This sentence has been removed as the age is only needed in Sec. 3.4. We now prefer "sorted" to "stratified".

P7, L2 “...and decays from 0.88 at 350K to 0.52 at 420K” 0.5 at 420K is really small. It means that only 50the FullAMA
region are correctly counted. However, we are more interested in the air masses entering the stratosphere through the
anticyclone and not through the FullAMA region. Maybe it would be better to calculate the accumulated impact for the
AMACore rather than for the FullAMA region.

At 420 K, the dilution is of a factor 26 with respect to the level 370 K and the air composition is dominated by the
stratospheric background (as confirmed by unpublished observations of the StratoClim campaign). What we count are
the parcels in the FullAMA domain which never leave the domain. The many parcels that leave the domain below
420 K still climb to higher levels in the outside world and can later re-enter the FullAMA domain after completing a
large loop or, most often, a full latitude circle. This might be a debatable issue but we tend to consider these parcels as
not different from the background and no longer as fresh convective particles as they have been transported over long
distances in filamentary structures that have been strained and stretched a lot resulting in mixing with surrounding air. It
is nevertheless possible that a significant convective influence is preserved at 420 K within the AMA like at 400 K (as

shown from backward calculations).

The FullAMA domain has been chosen in such a way that almost all parcels leaving the anticyclone are also leaving
the domain soon after. This was done in order to avoid resorting to an a priori definition of the AMA boundary which
presents considerable difficulties on a day to day basis. The AMACore domain remains most of the time inside the AMA
but there is no reason to assume that the parcels spend most of there time in this domain. Figure 10(11) actually shows

they tend to be ejected to the periphery.

Figure 3 The used notation in this figure should be the same as in the main text (AMA — FullAMA, (“max global” P
and “max ERAI” is the same, maybe “max global (ERAI)”, and the same with the ...)

We agree that it was quite difficult to follow this discussion. Fig. 3 is now better referred in the text.



10

15

20

25

30

P 8L 21 ..Figure 4, bottom panel shows the distribution....

Corrected, this was a relic of a previous different layout.

P 8 L 22 You can use your abbreviation AMACore...

We have removed this acronym as it was used only a couple of times and therefore was no necessary.

P 8 L 29 ..propagates inside the FullAMA (?) domain from the sources...

Corrected

P 8 L 34 Supplement: S3 is not used in the main text. Nevertheless it is interesting Maybe you can couple it with your

main text.

It is indirectly used in Sect. 3.2 when we refer to Sect. S2 of the Supplement.

P 8 L 34, Supplement S4 “The normalized impact then becomes an age spectrum...”. In this definition of the age spectrum,
mixing is not included. Although I know that this concept follows the idea of “irreducible air parcels” (e.g. Schoeberl et
al., 2000), however, this is not the way how the age spectrum should be defined by integral operator replacing the full 3d

advection-diffusion equation.

Some sort of mixing is actually present here under the form of time averaging statistics which is equivalent to real mixing
under a statistically stationary assumption and our approach could be given an integral representation. Irreducible air
parcels are most often used to solve problems which have also an integral representation (see, e.g., Legras et al., 2005).

Our definition of the age spectrum does not differ from the common usage.

P 9 L 8-9 “As the vertical velocities are ascending everywhere” - All sky radiation in Fig. 4 shows negative values below
360 K both for ERA-I and ERA-5...? You mean the total diabatic heating rates and w in the kinematic case which are

shown in S5? “must is located” - must be located.

Vertical velocities mean Dz/dt, nothing to do with heating. This paragraph has been rewritten and is hopefully more
readable. When total diabatic heating, including latent heating, is included, an ascending motion results everywhere in
the monsoon region. We have done calculations with the total heating version of the ERAS. Above the crossover the
results are almost the same as those obtained with the radiative heating only, so all the conclusions of our work are
unchanged. Below the crossover the results are closer to that of the kinematic calculations. We considered that this was

sort of expected (and reassuring) and decided it was not necessary to include these results.

It seems that there are few good arguments supporting the kinematic approach to quantify the impact density at 340
and 350 K levels (descending branches of the Hadley and of the Hadley-Walker circulations). Maybe it is better to start
your arguments with ERA-Interim (Figs. S9 and S10, where these branches are more visible) and continue with ERA-5
(Figs. S7 and S8). I also think that the partition of text (and arguments) between the main text and the supplement can

be improved.
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This would lead to a long discussion but we do not see why the kinematic approach is inadequate to describe the
descent over the subsident regions of the Hadley-Walker circulation which are essentially free of clouds. The kinematic
calculation misses the descent in the monsoon region but this is not the main part of the returning flow and we cannot
say that our radiative calculations are very accurate in the range of altitudes below the anvils. In this domain, the local
potential temperature profiles undergo frequent inversions due to convective mixing combined with horizontal transport
and we neglect cooling by evaporation of stratiform precipitations. Generally speaking, potential temperature is hardly

usable as a vertical coordinate in the convective layers of the atmosphere.

P 9 L 17 Once again, this is for me not the clean definition of the age spectrum (see above)

See answer above.

P 9 L 19 “The fastest propagation by EAD....while the slowest propagation by EID” - I think EAD and EID should be

exchanged

There was an inversion but Fig. 6 has been removed as it brought nothing necessary and could be miss interpreted.

Figure 8 The colors are not explained. Also it is not clear if the total impact is calculated for FullAMA or AMACore ?

This refers probably to Fig. 6(7) where the indication of the colours was indeed missing in the caption. The total impact
is calculated in the FullAMA domain.

P 9 L 34 What did you assume for A? According to your equation, A = 1/(0.69a), it will lead to A = 0.109 K/day. I do not
see in Figure 4b that this is the mean value of the diabatic ascent. On the other hand, you use in your 1d model values of

A = 1 K/day. Please clarify

There was a decimal missing in both numbers (0.069 and 0.065). Thank you for spotting that. A is not derived from this
formula but from the mean ascent rate in Fig. 5. The inverse of the product A« is compared to the impact slope in the

upper panel of Fig. 4.

P 9 L 34 I am also not really convinced that o« = 13.3 day derived from Figure 7 can be understood as the erosion
rate. Clear, the number of convective air parcels is becoming smaller with the altitude because, as you show, the total
convective impact decreases with the altitude. But it is not clear, if these air parcels stay e.g. at the (inner) edge of the
anticyclone (with low diabatic heating rates) or really cross this edge and move, roughly isentropically, into the regions

outside of the anticyclone (such crossing of the edge could be interpreted as the erosion of the anticyclone).

This question is already asked in the main comment on the erosion rate and answered above. The parcels need to cross
the edge as they cannot leave the FullAMA domain otherwise. If parcels are removed from FullAMA domain, they are

a fortiori removed from the AMA. There is no other way.

P 9 L 34 If your calculation is correct, you get a picture of “upward spiraling air within a chimney” crossing the
tropopause and maybe crossing the edge of the anticy- clone (see above). The latter behaviour, above the tropopause, is

sometimes de- noted as a blower.
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The erosion rate is quite uniform above 370 K. There is no indication that the parcels stay inside the AMA seen as a
wide chimney and that they are blown away only when they reach sufficiently high. The notion of a blower is correct
if it is not localized only above the tropopause but uniformly distributed in potential temperature above the crossover.
The idea of a chimney is incorrect as it implies that nothing leaks outside its wall (otherwise it cannot be considered as

a good chimney).

P 10 L6-24 This part of the text is very similar to the discussion on page 9, LS8-15. The figures 8 and 9 are almost the
same like figures S7 and S8 discussed before. I think, the logic can be improved here. An idea for the sensitivity study
would be to check how your results (total impact) will change if you confine your region from FullAMA to AMACore

defined by different values of the Montgomery stream function.

Actually, we refer to figures S7 and S9 of the supplement but only to provide supplementary information with respect
to the discussion of figure 8 regarding the descent branches and the global versus FullAMA description. The core of the
discussion is, however, contained in the main text. We do not see in which way Figs. 7(8) and 8(9) are almost the same.

Fig. 7(8) shows the descending branch and the crossover and Fig. 8(9) shows the similarity of the ascending branch.

Figure 10 The characters of the potential temperature values in the last column are too small I also think that this figure

can be moved to the supplement.

The right panels of the figure have been improved. We still think that this figure is useful as the design of the backward
calculations is quite similar of that of Bergman et al. (2013) and allows to interpret their finding of a vertical "conduit".
This figure also shows the in-mixing of background air (loss of backward trajectories to the background) as a function

of altitude and is critical to answer one of the questions of the reviewer below.

P 11 L4 ...contribution of sources as the altitude rises...

Modified

General In all your pictures it is difficult to localize the Tibetan Plateau.

We have added a contour for the Tibetan plateau on all the panels describing the sources.

Figure 11 Left column: This is a very nice way to show how the spiraling stars in the center of the anticyclone (or
spiraling within the chimney). Right column: why you do not use the same color bars like in the left column. I would
expect the same spatial distribution of the mean age like in the left column. Because of this, figures (h) and (j) look very

confusing for me.

Although the range of ages should not be that different, the weighting is very different in the target and the source space
and there is no correspondence between cells with a given value in the target space and cells with the same value in the
source space. Same remark holds for the impact shown in Figs. 7(8) and 8(9). If there was a preferred conduit from the
sources to the 380 K level or the tropopause, this would shown up as a minimum age in the AMA core. This is not the

case and we must reject the hypothesis of such a preferred conduit.

10
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P 11 L32 maybe: ...in reanalysis-based cloud properties and...

Modification done.

P 12 L30-37 Here I lost your way of arguments. Maybe a stronger relation to the lines in the table and more small-steps
explanation of the numbers (like 2.57, 0.41 or “inverted contribution”) would help

We have rewritten and hopefully improved the description and the discussion of the crossover which is a central result
of our work.

P 13 L 13 You should give here the definition of S = Spexp — 3 ...

Actually, it has to be given a bit below as S(6) in (1) can also be the observed distribution from the SAF-NWC products.
P 13 L 23 “Consequently, the distribution of convective sources...” I thought that this distribution is prescribed by S.
Maybe you mean the distribution of air parcels originating from the convective sources.

This was confusing and has been corrected. We mean the distribution of convective parcels that reach a given level. The
factors depending on this level are contained in the constant N.

P 14 L 5 I think, the figure S12 is so important to understand the 1d-model that it cannot be moved to the supplement. By
the way, I did not find at which level all the distributions are shown in figure S12.

We followed the advice of the reviewer and moved this figure to the main text, merging it with Fig. 13(14) so that the

number of figures does not increase. The figure are plotted at § = 380 K.

P 14 L 5 Parameter o describing the erosion rate. It is not clear if this parameter in the 1d-model is the same like that
introduced in 3.2. The numbers seem to be very different. In relation to the 1d-model you do not introduce it in the main

text and even in the supplement you do not say what is the basic value of o (S9 L8-10).

The basis parameters at the second stage of the 1D model include o = 10 day as only the order of magnitude is needed
to show the sensitivity to variations of parameters. In the third stage which is directly compared to the 3D trajectories,
we use o = 13.3 day that is the value derived in Sec.3.2. This should be now clear in the text.

P 14 L 19 “...provide a consistent description..” - see my first main comment.

Please refer to our answer above.

P 14 L 31 “...leaky circulation...” - I do not see a good proof of this statement (see my comments above)

Please refer to our answer above.

P I5L I-2 “..As the level rises, the confined Asian monsoon is more and more diluted...” - same type of problem. See
also abstract: “The contrast is reduced by dilution...”. Which type of dilution: in-mixing of old stratospheric air into the

anticyclone? But you do not have any proof of that.

11
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The in-mixing from the background is demonstrated in the backward calculations (as an increasing amount of backward

trajectories come from the background with increasing height). This is consistent with all the other results of our study.

It is useful to compare the backward hit percentage and the forward impact. If we consider the two levels 380 K and
400 K in Fig. 9(10), the areas of backward hit percentage larger than 70% for the first and 30% for the second are fairly
similar, 15.210% km? and 16.110% km? respectively, and cover a large portion of the AMA domain, whatever definition
is used. This shows obviously that the convective influence propagates high in the lower stratosphere and that the in-
mixing of background air is very limited. However, the ratios of the forward cumulated impact contained in these areas
to that in the same areas at 355 K where it is maximum can also be calculated and are only 12% and 4,5 respectively.
There is no paradox, it only means that air escapes easily from the AMA as it ascends but penetrates much less easily
inside. The distribution of backward hit percentage is also compatible with the observation of an apparent plume of
tropospheric tracer in the AMA which has been reported in several previous studies based on large scale data and large-
scale models (Park et al., 2009; Randel et al., 2010; Pan et al., 2016, e.g.). A columnar AMA rich in parcels influenced
by convection and surrounded by background air is producing this very pattern. Therefore we prove that observing such
a tracer columnar pattern is not a proof of a chimney with impermeable walls as it is often assumed. It is generally known
(see, e.g. Joseph and Legras, 2002) that forward trajectories link the stable structures at the initial point to the unstable
structures at the final point in the future, while the backward trajectories link the stable structures at the initial point to
the unstable structures at the final point in the past. Here the backward trajectories link the confined domain of the AMA
to the LZRH surface, around which they tend to oscillate at long time while this same surface repels forward trajectories.

This paragraph has been added to Sec. 3.3
P 15 L 18 “...rather than concentrated in a narrow pipe.” - It means for me, it is certainly not a conduit but much more
a chimney, with some upward spiraling air inside.

A chimney with walls at the edge of the AMA is excluded by our analysis as discussed in the previous comments and
we demonstrate that the observation of a columnar pattern of tropospheric tracer within the AMA cannot be taken as a

proof of a chimney.

12
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Interactive comment on ''Confinement of air in the Asian monsoon
anticyclone and pathways of convective air to the stratosphere
during summer season'' by B. Legras & S. Bucci

Answer to reviewer #2

B. Legras and S. Bucci

Correspondence: bernard.legras @lmd.ens.fr

We thank reviewer #2 for his/her comments.

Answer to general comment
0.1 On the overall sloppiness in the layout and presentation

As the opinion of the second reviewer is quite contrasted with that of the first reviewer who wrote that the paper is well-written,
we beg the second reviewer to forgive our poor English style but we disagree that our paper is not constructed. We worked on

the text to improve the readability of the manuscript and, in particular, to rework the single sentence paragraphs.
0.2 On the robustness of the results

We are aware of the possible impact of the duration of numerical calculations on the statistics built from time integrals. The
2-month integration time has been precisely chosen to avoid such effects and all the displayed results are robust in this respect.
The impact is shown in Fig. 5 and in Fig. S5, as a function of age, after normalization on each level. As these figures use a
logarithmic scale, it is clear that very little contribution to low order moment statistics can arise from ages larger than two
months except at the top levels above 380 K for EIZ and above 400 K for the other cases. In order to show this better, Fig. A2-1
compares, for the four cases of Fig. 5, the mean ages obtained by averaging over the two months period and after applying the

exponential tail correction of Scheele et al. (2005),

_ A+ (y+3)

A, T E

; ey

where A is the uncorrected mean age, A = 25:01 F;7;07, calculated from the normalized impact histogram { F; } over P bins
of width d7 in the age between 0 and 7¢, and —b is the slope of the exponential tail. Here the slope is calculated for all the
levels between 7 = 50 days and 7 = 62 days and its value is averaged between 330 K and 390 K.

Figure A2-1 shows that, for all cases but EIZ, the correction is fully negligeable up to 400 K and is still small at 420 K. The

results described from Sec. 3.3 onward are mostly limited to below 400 K and to the diabatic cases. EAZ results are used in
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Figure A2-1. Uncorrected mean age (blue) and corrected mean age using (1) (orange) as a function of potential temperature for the four

cases EAD (ERAS diabatic), EAZ (ERAS kinematic), EID (ERA-Interim diabatic) and EIZ (ERA-Interim kinematic).

the supplement up to 400 K and EIZ is used in Fig. S10 but to show differences between kinematic and diabatic transport in
the Hadley-Walker domain, that is at low altitudes. It is also clear that estimates of the ascent rate following the modal peak
are not affected, even at 420 K. Figure A2-1 has been added to the Supplement.

Figure 6 was meant to show the difficulties that arise when using average metrics. As it is unecessary to the paper and is a

source of confusion, it has been removed.
0.3 On the inconsistency of vertical motion with observed clouds

The reviewer points here to an important limitation of our approach that combines analysed velocities and heating rates with
observed clouds. In the present state of the art, the reanalysis do not assimilate any cloud observations (besides winds derived
from cloud motion) and therefore the model clouds are generated by the model parametrization. Although extensive compar-
isons demonstrate the ability of NWP models to predict the cloud cover and precipitation, observed clouds and model clouds
most generally do not coincide at local scale in timing, position and extent. Therefore the cloud effects on vertical and horizon-
tal transport also differ in the model and in the real atmosphere. Our approach assumes that the relaxation time of such effects
which is up to several days in the TTL, is large enough, with respect to cloud time scale, to ensure a statistical smoothing of
the cloud effects that brings the transport properties of the model close to the observations. This assumption has been used

already in a number of previous works (e.g. Pfister et al., 2001; Luo and Rossow, 2004; James et al., 2008; Bergman et al.,
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2012; Ueyama et al., 2014; Tissier and Legras, 2016). Our present approach has been recently tested in the context of the Asian

monsoon by a detailed comparison of Lagrangian trajectories with airborne tracer data (Bucci et al., 2019).
0.4 On the usage of acronyms

We agree that the usage of non standard acronyms should be limited but they are somewhat necessary when the same objects
are mentioned in multiple instances within a text. We use here four specific acronyms to designate the reanalyses which are
each used between 20 and 30 times in the main text and the supplement and the word FullAMA that denote our main region
encompassing the Asian Monsoon Anticyclone is used about 60 times. We do not think that replacing them by expanded
expression would improve the manuscript. We have however expanded the EAD, EAZ, EID and EIZ acronyms in most of the

captions. The AMACore acronym which was not necessary has been removed.
0.5 On the 1-D model

We consider that the 1-D model is an important part of the paper as it fulfils the demonstration that the average transport
properties of the Asian Monsoon Anticyclone can be quantitatively reduced to a small set of simple parameters. Without that

part, we think that the paper will be considerably weakened.
0.6 Minor comments

We have made all the required changes.
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Confinement of air in the Asian monsoon anticyclone and pathways
of convective air to the stratosphere during summer season
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Abstract. We study the transport pathways from the top of convective clouds to the lower tropical stratosphere during the Asian
monsoon, using massive-a dense cover of Lagrangian trajectories driven by observed clouds and the two reanalysisreanalyses
ERA-Interim and ERAS with diabatic and kinematic vertical motions. We find that the upward propagation of convective
impact is very similar for the kinematic and diabatic ealeulations-trajectories using ERAS while the two cases strongly differ

for ERA-Interim. The separation-of descending-and-ascending motion-occurs-at-a crossover-level-which ohtly-above the

e-parcels that stay confined within the Asian
monsoon anticyclone and reach 380 K are mostly of continental origin while maritime sources are dominating when the whole
global 380 K surface is considered. We-find-that-the-Over the continent, the separation of descending and ascending motion

occurs at a crossover level near 364 K which is slightly above the all sky zero level of radiative heating rate, except over the
Tibetan Plateau. The strong impact of the Tibetan platean-Plateau with respect to its share of high clouds is entirely due to its

elevated proportion of high clouds above the crossover. We-find-ne-trace-of-a-vertical-conduit-abeve-convection-over-the Tibetan
plateau; parcels-arerather-entrained-into-The vertical conduit found in previous studies actually ends where the convective
clouds detrain. Subsequent parcel motion is characterized by an ascending spiral metien-that spans the whole anticyclone. The
mean age of parcels with respect to convection exhibits a minimum at the centre of the Asian monsoon anticyclone, due to the
permanent renewal by fresh convective air, and largest values on the periphery as air spirals out. Fhe-This contrast is reduced by
dilution for increasing potential-temperature—We-find-that-the-confinement-above-altitude. Above 360 K, the confinement can
be represented ;-on-the-average; by a simple 1D process of diabatic advection with loss. The mean loss time is about 13 days
and uniform over the range 360 K to 420 K which is to be compared with a total circulation time of two to three weeks around

the anticyclone. The vertical dilution is consequently exponential with an e-folding potential temperature scale of 15 K (about

3 km). The mechanism is compatible with the appearance of a columnar tracer pattern within the anticyclone. It is noticeable
that the tropopause does not exhibit any discontinuity in the transport properties when seen in terms of potential temperature.

1 Introduction

The Asian monsoon is the most active convective region during boreal summer and, as such, is also the largest provider

of air ascending from the tropospheric boundary layer to the upper troposphere and the lower stratosphere. Usually the air
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does not ascend directly into the stratosphere but convective air is mostly detrained below the tropopause within the tropical
tropopause layer (TTL) and is subsequently carried aloft by slow motion (Fueglistaler et al., 2009) . The bulk of the convective
detrainment occurs at about 200 hPa or 350 K (12-13 km) and is associated with the divergent upper component of the
Hadley circulation (Garny and Randel, 2013). At such altitudes, radiative cooling dominates and the vertical motion is almost
everywhere descending except within the clouds;—due-to-a—dominatingradiativecooling. It is only at about 355-360 K (14-
15km), depending on the location, that the mean clear sky radiative cooling leaves room te-for warming (McFarlane et al.,
2007). As the short-wave-short-wave absorption is very smallat-suchtevels;—this—, the reversal is mainly a long-wave-effeet
whieh-is-long-wave effect due to the very cold temperature at the tropopause, such that the absorption of upward long-wave
radiation exceeds the emission. This cold temperature is maintained by the adiabatic cooling of the air which is pumped
across the tropopause and entering-enters the Brewer-Dobson circulation (Randel et al., 2007; Randel and Jensen, 2013). The
radiative effect of clouds i-on their environment provides a eoeting-or-warming-perturbation that can, aceerdinghyaccording
to its sign, rise or lower loeally-the-the local mean all sky level of zero radiative heating (LZRH) (Yang et al., 2010; Wright

and Fueglistaler, 2013; Berry and Mace, 2014; Johansson et al., 2015). As this-the LZRH plays the role of a repelling transport

barrier, a question is whether it forbids air parcels detrained below to reach levels above. I-was-propesed{Certi-et-al52006)-that
Corti et al. (2006) proposed that fluctuations in the radiative heating provided by cirrus clouds may help pareel-parcels to cross

the LZRH. However, Tissier and Legras (2016) found that this seldom happens and that convective sources of air reaching the
tropopause are for 80% located above the LZRH.

During the Asian monsoon, a wide anticyclonic circulation denoted as the Asian Monsoon Anticyclone (AMA) sits over the
towertayerquasi-stationary low pressure centre in the lower layers. This circulation, which reaches its maximum intensity near
360 K, ventilates the top of the monsoon convective clouds and redistributes the detrained air over a large area. Satellite obser-
vations show that tropospheric compounds emitted at the surface, like CO, and aerosols generated from these compounds, tend
to concentrate within the AMA while it is depleted in stratospheric borne ozone (Randel and Park, 2006; Park et al., 2008; Ran-
del et al., 2010; Vernier et al., 2015; Santee et al., 2017; Luo et al., 2018). These observations have been corroborated by a num-
ber of numerical simulations based on Lagrangian or general circulation models which all show confinement of tropospheric
tracers within the AMA
There is, however, a dispersion-in-lack of consensus on the interpretation of what is actually observed. Basically, some stud-
ies support that the ascent of air within the AMA, in the clouds and above the clouds, eanalize-canalizes the flow from the
troposphere to the stratosphere in a sort of isolated chimney with a core above the Tibetan plateauPlateau. This upward flow
would be then redistributed horizontally at the top of the chimney, corresponding approximately to the tropopause level above
the Tibetan ptateau-Plateau (Bergman et al., 2013; Pan et al., 2016; Ploeger et al., 2017). Other studies see a broader spiralling
ascent and stress that only a limited part of the ascending flux is processed within the AMA and that a large flux, mostly of
maritime origin, finds its way to the stratosphere by circulating around the AMA but-without penetrating its core (Orbe et al.,
2015; Tissier and Legras, 2016; Fan et al., 2017; Vogel et al., 2019). It has been discussed that some of these discrepancies
can be due to the differences between the reanalized-reanalysed winds, vertical velocities and heating rates which are quite
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different among available reanalysisreanalyses, being notoriously large between ERA-Interim/IFS and MERRA-2/GEOSS5, the
most used by modellers, in the Asian monsoon region (Tegtmeier et al., 2019).

The goal of this work is to seize the opportunity of the release of the ERAS by the European Centre of Medium Range
Weather Forecast (ECMWF), a new generation reanalysis incorporating very recent progresses in numerical weather forecast,
to revisit this problem in a systematic and quantitative way. In addition, we use state of the art diagnostics of the heights of
convective clouds from high frequency and high resolution geostationary observations. We also focus on reconciling previous
studies by-and on providing a simple quantitative account of the modelled transport across the TTL with a 1D model of transport
with losses.

Section 2 describes the data and methods used in this study. Section 3 presents the results of the extensive 3D Lagrangian
calculations. Section 4 discusses how a simple 1D model can reproduce the properties of the 3D transport across the TTL.

Section 5 offers discussion and conclusion. Complementary results and discussions can be found in the Supplement.

2 Data and methods

2.1 ECMWEF reanalysisreanalyses

We compare here the two reanalysisreanalyses ERA-Interim and ERAS of the ECMWE. The ERA-Interim was initially made

available at the end of 2007. It is based on the Cy31r2 version of the Integrated Forecast System (IFS), released in 2006, with

T255L spectral resolution and 60 hybrid levels up to 0.1 hPa (Dee et al., 2011). It uses a 4D-Var assimilation with a 12h cycle.

The ERAS reanalysis (Copernicus-Climate-Change-Serviee; 2047)-(Copernicus Climate Change Service, 2017; Hersbach et al., 2019) was
initially made available at the end of 2017. It is based on the C41r2 version of the IFS model with T1367-T699L spectral res-

olution and 137 hybrid levels up to 0.01 hPa. It uses an ensemble 4D-Var assimilation with a 12h cycle. Between 155 and

65 hPa, the number of hybrid levels has changed from 6 to 17, providing a much better vertical resolution in-the-region-of
the-atmesphere-relevant-to-thisstudyof the TTL. The IFS has undergone many changes between ERA-Interim and ERAS, in

particular regarding the parametrization of cloud processes.

We use ERA-Interim winds, temperature and diabatie radiative heating rates on the hybridlevels-ef-the-model-model hybrid

levels at a 1° horizontal resolution in latitude and longitude over the sphere. Winds are-avaitablefrom-both-the-analysis-and
a-and temperature are available 3-hourly by interspeling
interleaving the 3h and 9h forecasts with the analysis-available-every-Oh and 6h

analyses during each 12h assimilation cycle. Radiative heating rates, produced by the forecast, are available 3-hourly. We

use ERAS winds, temperature and diabatie-radiative | heatlng rates on the hybﬂd%eve}s—ef—fhefnedekmodel hybrid levels at a
0.25°horizontal resolution in latitude and longitude wi

O-and-5SON-in-latitude—See-more-details-about-thischeiee-in-Seetoyver the domain described in Sec. 2.3. The data are available
hourly from analysis (winds and temperature) and forecasts (heating rates). Notice that in both ERA-Interim and ERA-5, the

winds and temperature are available-as-instantaneous fields while the radiative heating-are-heatings are accumulations over,
respectively, 3-hourly-and-hourly-aceumulations3h and 1h. The heating rates are treated as centred with a time shift with respect
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to winds and temperature, of 1h30 in the ERA-Interim and Oh30 in the ERAS. The vertical shift of the vertical velocities with
respect to the other variables in the IFS is also accounted.
ngmﬁe&%éff&em%The ERA-Interim and the ERAS differ significantly in the cloud properties over the Asian mon-

soon region a O Tegtmeier et al., 2019). The
maximum cloud cover occurs at a lower level in the ERA-Interim-ERAS than in the ERAS-ERA-Interim and is smaller. The

ERAS, however, exhibits more high penetrative convection than the ERA-Interim, especially over the Tibetan plateau-Plateau
(Tegtmeier et al., 2019) and more activity at better resolved small scales in general (Hoffmann et al., 2019). Fig.1 shows the
resulting-cloud radiative heating (CRH), defined as the difference between the all-sky and the clear-sky radiative heating, for
both reanalyses in the monsoon region fer-both-reanalysis—The-CRH-islocatedJower-in-altitudefor-. The cloud radiative

heating is exerted at lower altitude in the ERAS and therefore disturbs less the clear sky LZRH on-a-less-extended-region-than
for-from its clear sky value than in the ERA-Interim. f-ean-be-shown-that-the The ERAS cloud disturbance of the LZRH con-

centrates over land and in particular over the Tibetan plateau-Plateau which corresponds to the largest lobe in the green curve.

On-the-overall-the-Tegtmeier et al. (2019) found that the all sky ERAS5 heating-rate-are-the-mereradiative heating rates are the
most consistent with estimates based on active satellite measurements of the cloud vertical distribution (Berry and Mace, 2014;

Johansson et al., 2015) as-shewn-inTFegtmeieret-al(264+9)-when compared with four other reanatysisreanalyses .

2.2 Lagrangian trajectories

Lagrangian trajectories are calculated using the Lagrangian model TRACZILLA (Pisso and Legras, 2008), which is a variation
of FLEXPART (Stohl et al., 2005). TRACZILLA 1nterpolates velocities and heating rate-rates dlrectly from the hybrid grld to

the location of the parcel using

ities-vertical log pressure interpolation for
i sinterpolation for diabatic

kinematic trajectories or potential temperature

trajectories. The time step is 7.5 minutes. In both cases, temperature and pressure are calculated along the trajectory. As the

trajectories are intended to wander eutside-of-at high altitude outside the clouds, the diabatic ealenlationuse-the-totalradiative

of-interestcalculations use only the all-sky radiative heating rates. The kinematic calculations use the total vertical veleeity
velocities that includes the net convective flux, that-which cannot be separated. This set-up is qtite-similar to that of ;e-g=

Bergman et al. (2013). Some other studies where the tracers are initialized in the boundary layer used instead the total heating

ve-(Vogel et al., 2015, 2019; Li et al., 2019).

As the altitude rises above the level of maximum cloud cover, the total heating rate converges rapidly to the radiative heating

rateas-a-funetion-of inereasing potential-temperature. Experiments made using total diabatic heating (not shown) do not change

our results.

2.3 Domain
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of the AMA are easily established from the strong correlation of time-averaged maps of tropospheric tracers and the AMA mean
circulation (Park et al., 2007, 2009; Randel et al., 2010). The mean Montgomery potential for-several-Hevels-during-Summer

2047-is shown in Fig. S2 of the Supplement —on several isentropic levels and defines the extent of the AMA during summer
2017. However, the AMA fluctuates a lot from day to day and it is much-mere-very difficult to define an operational boundary

on instantaneous maps. Ploeger et al. (2015) use the gradient of potential vorticity to mark the boundary of the AMA but very
often-this boundary is fuzzy-with-very often fuzzy and broken into numerous patches. We avoid this problem by considering
a domain, denoted as FullAMA, that is intended to encompass the AMA and reveals its confinement properties but, at the
same time, to be small enough such that trajectories leaving the AMA also leave the domain very shortly after. The FullAMA
domain is bounded in longitude by 10°W and 160°E and in latitude by 0°N and 50°N. This choice is also dictated by practical
considerations as it is very costly to manage calculations using the ERAS at full resolution in the global domain.

Therefore, the ERAS calculations are conducted within the FullAMA domain, all trajectories reaching its boundary being
discardedwhile-, For the sake of comparison, the ERA-Interim calculations are conducted both in the global domain and the
FullAMA domaint, the latter configuration being obtained by clipping the global trajectories who-leaves FulAMA)for-the
sake-of-comparisenwhich leave FullAMA. In addition, all trajectories reaching the 30 hPa or 500 hPa surfaces are discarded
since parcels then exit the vertical region of interest. The global ealeulations-trajectories of the ERA-Interim are also exploited

to study the impact of the monsoon at planetary scale.

2.4 Cloud data and trajectory sources

We characterize cloud tops using the SAF-NWC (Eumetsat SateHitte-Satellite Application Facility for Nowcasting) software
package (Derrien and Le Gléau, 2010; Seze et al., 2015) that determines cloud type and cloud top height from geostationary
satellites using visible and infra-red channels. The 2016 version of the SAF-NWC package has been applied to the MSGl1
(Meteosat 8) and Himawari satellites atfull-spatialresotution-with 15 >minutes sampling for MSG1 and 20 ~minutes sampling
for Himawari during June-July-August 2017. MSG1 is used west of 90°E and Himawari east of this longitude. The auxiliary
temperature profiles are provided from the ERAS at hourly temporal resolution and 32 pressure levels, as well as the altitude
and the temperature of the thermal tropopause. The cloud data at full spatial resolution are projected onto a regular grid in the
AMA-FullAMA domain with spatial resolution 0.1°_in both longitude and latitude using the closest neighbour method. The
data are updated on this grid are-updated-every 5 minutes to the most recent satellite data. When a satellite image is missing, the
gap is filled by the last ene-image available for this satellite. The SAF-NWC package uses an ensemble of retrieval algorithms
choosing the best one for each pixel according to a selection tree. See Bucci et al. (2019) for a more detailed account of the

atgorithmmethod. Depending on the retrieval path, the cloud top pressure can be determined among a continuous range or



10

15

20

25

30

within a set of discrete values. In particular, a small number of single pixel cloud tops are found at 100 and 70 hPa. We have
not filtered these values as they are found at the core of very high and cold systems and are liable to capture overshooting
events. No convective clouds are considered outside of the FullAMA domain.

In forward runs, cloud tops are used to initialize trajectories every hour over the period June-July-August 2017 by selecting
high clouds in the FullAMA domainat-thattime:=-weretain-all-clouds-. We retain all cloud pixels above 250 hPa within highand
, very high opaque and thick semi-transparent types as per the SAF-NWC classification. For each of these-the selected cloud
pixels, a new trajectory is launched at its top and is integrated forward in time for tp—te-2-two months. Notice that a large

number of mid-level clouds which are associated with heavy monsoon precipitations escape this selection.

trajectories-have-been-taunched-during-this-period—Four separate integrations of two months are performed. The first two uses
the ERAS dataset and are bounded within the FullAMA domain. In the sequel, the diabatic version is labelled EAD and the
kinematic version is tabeled-EAZThelast-labelled EAZ. The additional two integrations are performed using the ERA-Interim
dataset and the trajectories are integrated within the global domain. The diabatic version is labelled EID and the kinematic
version is labelled EIZ. On the overall, 1.2 billions trajectories are launched during summer 2017

In backward runs, the trajectories are initiated on a one degree grid at selected potential temperature and are launched every
15 minutes in the FullAMA domain, and every hour in the global domain for July-August-September 2017. The trajectories
are integrated backward for up to two months when they do not exit the domain. The trajectories are then processed to find
encounters with clouds. This is done, for each parcel, from 6-hourly outputs by interpolating the parcel position every 5 minutes
and comparing the parcel pressure with that of the cloud tops from the SAF-NWC image at 0.1° resolution which is valid at
that timefand-renewed-every15-0r20>). When a cloud top with lower pressure than the parcel is found at the same location, the
backward trajectory is flagged as ending there. Pue-to-flaws-in-theretrieval; 24-images-have-beenb B

2.5 Convective impact

The effect of the transport of menseeorn-monsoon convective parcels in forward calculations is measured as the convective
impact. Basically, we divide the tropical atmosphere into cells of width D = 1° in latitude-longitude and of height Af =5 K.
We then count the number of convective parcels found within this-each cell over the full two months of integration. This count
can be performed in the farget space, that is at the location of the parcels when they are sampled along their trajectories, or
in the source space, that is at the location of the parcels when they are released. In the latter case, the parcels are further
stratified-accordingto-the-potential-temperature-of-the-pareels—sorted according to their potential temperature in the target
space. In order to be independent of the arbitrary discretization, the convective impact is weighted for each convective parcel
by 762 cos(¢s) where 7 is the time interval between two satellite images (1 hour), J is the size of the pixel in the satellite
image (0.1°) and ¢ is the latitude of the convective source. In the target space, the count is further multiplied by the sampling
interval along the trajectory At = 6 hours and is normalized by the mesh size in the target space that is A@D? cos(¢7) where

¢ is the mean latitude of the target cell. Hence the full normalization factor for the impact density—in the target domain
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TALS? cos AOD? cos(¢r). The resulting quantity is called the impaet-densityimpact

density. In the source domain, ¢ is replaced by ¢ in the denominator and therefore the cosine factors disappear. The resulting

quantity is called the souree-densitysource density. We define the ewmutated-impaet-cumulated impact as the integral of the
eonveetive-impact density over the FullAMA domain for a given level. A convenient unit for the impact density is day?K~!

and we use day?km2K~* for the cumulated impact
As the impact density and the seureed-source density vary considerably with altitude, it is alse-useful to define an equalized
quantity for the sake of comparison. This-equalized-quantity-within-a-given-demainThe equalized impact is defined , for each

pixelcell within a given domain, as the ratio of the impact with-respeet-density to the value obtained by redistributing equally
the cumulative impact over all pixelscells, according to their area.

Netice-We stress that each forward parcel is allowed to be counted as many times as it appears within the domain in the
6-hourly outputs during the integration period.

The #m

Fhe-backward trajectories are analysed according to the probability of hitting a convective cloud within the integration time
or exiting the FullAMA domain. The sources are counted on a mesh of ene-degree-1° resolution in the horizontal and 1 K
in the vertical. They are normalized and equalized in the same way as the forward sources. a-An important difference with
respect to the forward case is that in the backward analysis, only the first hit is accounted.

The impact is not meant to be an estimate of the convective mass flux or the mixing ratio of convective air since we do not
have, in the present state of the art, any information on the mass detrainment at the top of the observed clouds. It should be seen
at a metric for convective influence which can be used to study how parcels originated from convection are confined, dispersed

or diluted in the TTL.

3 Results
3.1 Impact overview

We first present an overview of the impact in order to justify our approach. We use the ERA-Interim ealeulations—diabatic
trajectories (EID) to compare calculations made in the global domain and in the restricted FullAMA domain. Figure 2 shows
the aceumulated-conveetive-impact-impact density on the 380 K surface for parcels launched from the cloud tops over the
period +June-26+7to-1st June - 31 August 2017 with-ferward-integration—and integrated forward for two months. The air
masses-eonfinement-confinement of air masses inside the AMA is clearly visible and exhibits similar patterns in both the
FullAMA and the global domain ealeulationsfor-the- ERA-Interim-diabatic-version-versions of EID (panels a & c). Over the
FullAMA domain, the-coerrelation-between-the-impaets-Figure 3 shows that the correlation of the impact at 380 K in-the-two
panels-between these two versions is 94.3% and on the average is 96.9% between 340 K and 420 K (seeFig—3black solid
curve). The ratio between the maximum impact fm&ﬁegm%ﬂﬁesmewé{e%h&ﬁmmeﬂm—ﬁpaﬂeh&lﬁwggga)
el-and Figure 2(c), is 0.91at
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3801t This ratio decays from 1 at 350 K to 0.8 at 420 K (red solid curve in Fig. 3). Similarly, the ratio of the cumulated
impacts over the FulAMA domain is 0.6 at 380 K and decays from 0.88 at 350 K to 0.52 at 420 K (blue solid curve in
Fig. 3). At the same time, the total-cumulated impact itself (shown in Fig. 4) decays by a factor 18 in the global calculation
and 30 in the FullAMA ealeulationscalculation. The differences between the two calculations are due to parcels that leave the

domain and disappear in the FullAMA ecaleulations-whilere-enteringcalculation while they re-enter the FullAMA domain in
the global ealeulationscalculation. However, these parcels seldom re-enter the AMA core, hence the difference between the

ratios of the maxima and of the cumulated impacts. As-altitude-rises;-the-cumulatedimpact-deeays—strongly-as—a—resultof

SCS3 S8 S S

FulHAMA-ealeulations—Therefore—we-The reentering parcels have travelled over long loops or even a full latitude circle and
have been carried within filamentary structures submitted to strain and stretching resulting in mixing with the environment.

Therefore, it is arguable to count them within the background rather than being part of the convective parcels when they reenter
the FullAMA domain. We conclude that the confinement seen in the FullAMA calculations is not an effect of the boundaries

and we will focus on this domain in most of the sequel. Further comparisons between the FullAMA and the global domain are
made in Sect. S7 of the Supplement .

Figure 2 also shows the FullAMA impact for the ERAS5 diabatic ealeutations-trajectories (panel e). The pattern is again-very
similar to that of the ERA-Interim ealeulations-trajectories in the panel (a) with a correlation of 99%, but the maximum impact
ratio and the cumulated impact ratio are, respectively, redueced-by-aratio-0.44 and 0.46. These results are due-to-the-fact-that
obtained because the horizontal distribution of the impact depends essentially of the horizontal isentropic circulation which
seldom differs between ERA-Interim and ERAS while the amplitude ratto-dependsratios depend on the vertical motion which
differs a lot gver the whole column as shown in Fig. 3 (dash curves).

Finally, Figure 2 shows the source density of convective parcels reaching the 380 K surface (panels b,d,f). The largest
contribution in the FullAMA ERA-Interim ealeulations-trajectories (panel b) eemes-arises from North India (mostly the Gange
valley, Bengal and the north of the Bay of Bengal), with two other spots over the south of the Tibetan plateat-Plateau and in
South China. These areas are surrounded by a wide halo of sources mainly over the Asian continent but with some significant
component over the Sea of China and the Pacific east of the Philippines. The distribution of the global sources (panel d)
exhibits a general intensification, by about a factor 2, without changing the pattern of continental sources but also a shift
towards a larger share of the maritime sources, that are much more intense refatively-relative to the continental sources. The
corresponding-trajectories-are-traveling-trajectories from maritime sources extend along the easterlies in the southern branch
of the AMA and mostly leave the FullAMA domain without recirculating around or entering the AMA core.

The source distribution for the ERAS is similar to that of the ERA-Interim but with important differences. The distribution
is mueh-more concentrated on the Gange valley and the Tibetan plateau-Plateau with weakened contributions from Bengal and
South China. The reinfi - i is-¢i

Fhe-source distribution shows a relative minimum over the narrow region which corresponds to the steep southern slope of

the Himalayan plateau. The monsoon flow hitting this slope generates a lot of precipitations but does not lead to high convective
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towers that penetrate the TTL.
highelouds{netshown)-More generally, other areas providing a lot of monsoon precipitations like the Ghats in South India or

the Arakan mountains are not visible in our source maps.

3.2 Vertical transport and erosion

Figure-4-upperpanel-The upper panel of Fig. 4 shows the cumulated impact for the four FullAMA experiments (EAD, EAZ,

EID, EIZ) compared to the high cloud distribution which is alse—the-impact-at-age-0—The-high—cloud-distribution—in—the
FaltAMA-domainis-the-same-the common initiation for all experiments;-it-peaks—strongly-. The cloud distribution strongl

peaks at 0 = 349.5 K and is mostly distributed between 340 K and 370 K. Some rare convective events, however, are still found
up to about 400 K in the stratosphere while the applied 250 hPa selection threshold produces a rapid-eutoff-cut-off in the lower
layers below 335 K. The cumulated convective impact in the FullAMA domain peaks near the cloud peak. The maximum

vatie-of-the-tmpact-distribution—peak is located lower by a few degrees in-petential-temperaturefor the diabatic trajectories
(solid) than for the kinematic trajectories and-the-cumulated-(dash) and the total impact below the cloud peak is also larger. The

smalest-peak+orEID-+s-EID impact curve (solid red) exhibits the smallest maximum and is also associated with the smallest
slope of-the-impact-above the source peakand-indicates-, indicating that this case corresponds to the fastest upward transport.

On the opposite, the targest-peakfor ElZis-assoctated-with-EIZ impact curve (dash red) exhibits a large maximum and the
largest slope. The two ERAS distributions-exhibitintermediateresultscases (blue) exhibit intermediate and similar slopes. We
already see here, as it will-be-confirmed-ateris confirmed below, that EID and EIZ calculations exhibit large differences and
bracket the two ERA-5-ERAS calculations which are much closer. Figure-4—right-panel-The lower panel of Fig. 4 shows the
distribution of the clouds together with the vertical profile of the heating rate, here reduced to the eere-AMA-restricted domain
(20°E-140°E and 10°N-40°N) ;-aveiding-the-boundaries-which avoids the frontiers of the FullAMA domain. His-visible-We

see that the zero level of radiative heating eceurs-is above the maximum level of the sources, in a range of altitudes where

the seurce-density-decays-approximately-exponentially-with-the-cloud density basically decays exponentially with potential

temperature. The straight fit}ine-shown-in-the-figure-line in the panel corresponds to a decrement rate f-0:325-3 = 0.325 K~ 1.
As the ERA-Interim all sky heating crosses the zero axis at a lower altitude than ERAS5 and provides stronger heating above

370 K, the ERA-Interim impact is expected to be stronger and to propagate faster upwards, as observed.

We now define the age of a parcel as the duration elapsed from its release by convection. Figure 5 shows how the convective
impact propagates inside the AMA-FullAMA domain from the sources as a function of age. In both the kinematic and diabatic
cases, the dispersion occurs beth-upward and downward. A clear separation occurs in the diabatic cases between the ascending
and the descending branchbranches, transporting parcels away from the main source level. The descending diabatic braneh
is-branches are very intense, ending at the imposed eutofi-cut-off level. The upper braneh-exhibits-branches exhibit a strong
attenuation due to parcels exiting through the lateral boundaries, leading to the fast-strong decay of the impact with altitude
seen in Fig 4. The vertieal-upward propagation is the slowest for EIZ and the fastest for EID with the two ERA-5-ERAS cases
in between and fairly close together. The propagation is estimated by fitting a straight line to the crests of the distribution on

each isentropic layer. See also Sec. S4 in-of the Supplement. The slope, denoted as A in the sequel, is found to be 1.08, 1.11,
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0.97 and 1.35 K day ! for, respectively, EAZ, EAD, EIZ and EID. FheseFor diabatic cases, these values are consistent with
the average heating rates of ERAS and ERA-FERA-Interim above 370 K (see Fig. 4)above-370-. It is shown in Sec. S9-ef-the
Supplement4 that this result is expected when diffusive transport by heating rate fluctuations can be neglected. The descending
branch of the diabatic impact and the withdrawal of parcels from around the 350 K level is also consistent with the heating rate
crossing from cooling to warming near this level in both reanatysisreanalyses. The close proximity of the zero level of heating
rate and of the maximum detrainement-detrainment of the clouds is not fortuitous but can be seen as a manifestation of the
Fixed Anvil Temperature principle (Hartmann and Larson, 2002).

As-Even if the vertical velocities are ascending everywhere in the monsoon region, the deseending-branch-of-the kinematie
experiments-whichis-quite-elearinkinematic distributions in the two left panels of Fig. 5 mustislecated-in-anotherregionexhibit
a clear descending branch. The descent eeetrs-does not occur within the monsoon region but as a result of the herizontal

westward-transport-of-westward horizontal transport by the AMA that brings the convective pareel-parcels over the Arabian
desert and the Sahara where the air-vertical motion is subsiding (see Sec. S5 of the Supplement). This transport is one of

the branches of the Hadley-Walker circulation during the monsoon season. The-other-branch-that-connect-to-thesouthern

As we see in the next section, it is also produced by the diabatic circulation. The large differences between kinematic and dia-
batic trajectories transport properties in the ERA-Interim and the fast vertical transport of its diabatic version have already been

noticed in a number of previous studies {e-g-; ~ : s : — e.g., Ploeger et al., 2012; Bergman e

Figure 6 shows the decay of the total impact integrated over three-isentropietayers-the FullAMA domain and three vertical
layers (defined in the caption) as a function of age. At small ages, the impact is confined in the mid-layer, where the sources
concentrates—Thenconcentrate. Then, the upper and lower layer impacts grow, the-tatter-being-and the latter is rapidly dissipated
by the bottom cut-off, so that eventually the upper layer impact dominates. The decay of the lower and mid layer impacts is
much faster in the diabatic cases due to the descending motion within the source region. The asymptotic decay time scale « of
the upper layer is quite similar among EAD, EAZ and EID. It is larger for EIZ but the asymptotic limit, where the upper layer
dominates, is only marginally reached in that case. We retain the value for ERAS diabatic, that is & = 13.3day as the erosion
rate-time-scale of the upper-layer. This time scale is of the order or smaller than the mean circulation rate in the AMA, two

to three weeks, as found in Sec. S2 of the Supplement. Therefore the AMA exhibits only weak confinement properties. If we
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assume that this erosion rate and the mean vertical ascent A explain the dilution of the impact with altitude, we get a decay rate
a1 =0.69K=1(0A)~! = 0.068 K~! very close to the value 8:650.065 K~ obtained from Fig. 4.

In the sequel, we will focus on the ERAS5 diabatic ealeutations—trajectories This set-up is shown to be the most relevant to
interpret the airborne data of the StratoClim campaign by Bucci et al. (2019) and it produces results very close to the kinematic
set-up as far as the upper branch of transport from the convective sources is concerned. More comparisons between diabatic and

kinematic ealeulationstrajectories and between FullAMA and global ealeulations-trajectories can be found in the Supplement.
3.3 Horizontal distribution of impact and sources

In order to display-investigate how the confinement varies with altitude, Fig. 7 shows the impact distribution for four layer
layers from 340 K to 370 K in the ERAS diabatic calculations. In the lowest layers at 340 K and 350 K (panels a and c), the
convective parcels are rapidly expelled to other regions by the divergent motion which is maximum at these levels (see Fig. S4
of the Supplement) and to lower levels by diabatic cooling. Due to this combined effect, the impact ts-maximum-at 340 K is
maximum west of the monsoon region over the Arabian desert and the Sahara where the air is slowly subsiding. This upper
circulation from the monsoon uplift region is one of the main branches of the Hadley-Walker circulation during summer. Other
descent regions in the southern-hemisphere-appearfor-global-trajectory-simulations-Southern Hemisphere, corresponding to
the other branches, appear for global trajectories (see Fig. S10 of the Supplement). We stress that the descent branches are
also observed for kinematic ealeulationstrajectories, as seen in Figs. S8 and S10. However, as vertical velocities are positive
over the whole tropospheric column in the monsoon region, the total descending impact is reduced with respect to the diabatic
simulations. The distribution of sources for the 340 K and 350 K levels (see Fig. 7(b,d)) has a large maritime contribution,
in particular over the Bay of Bengal (BoB), and the continental contribution concentrates over India in the eastern regions
adjacent to the BoB.

A change-drastic change in the pattern occurs at 360 K with an-impact-patiern-the impact now centred over continental Asia
(see Fig. 7(e)) and a distribution of the sources that-concentrates-over North-Inda-concentrated over North India and the Tibetan
plateat-Plateau with maritime sources only on the North of the BoB (see Fig. 7(f)).

Figure 7(g,h) and Fig. 8 show that between 370 K and 420 K, the pattern remains basically constant both for the target impact
and for the sources, but for the exponential dilution shown in the upper panel of Fig.4, which is fully explained above as the
combination of constant loss with uniform ascent over the AMA. Fhe-target pattern-quite-closelyfolowst is remarkable that

the impact pattern, in spite of the dilation due to pressure drop (that cannot occur in the vertical because of the guasi-constant
ascent rate), does not exhibit any expansion with height and rather shows a columnar shape. The target impact contours closely.
follow the contours of the Montgomery potential (see also Fig S2) that describes the main circulation within the domain.

The self similar behaviour of the forward impact is confirmed by the backward trajectories. Fig. 9 is produced from the
backward EAD trajectories for the three months July-August-September 2017 within the FullAMA domain. The percentage
of convective hits reaches 100% at 360K within a large region at the eenter-centre of panel (a). This percentage decreases

with altitude but remain high, with values above 80%, up to 380 K—At, and up to 50% in the AMA core at 400 K ;atarge
majority-of pareelsJeaves-while the overall shape remains the same at all levels. The region of high percentage of convective
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hits is surrounded by a periphery which is almost entirely filled with background air that came across the boundary of the
FullAMA domainbeferereachingconveetion. Figure 9 also shows the source distribution in the horizontal and in the vertical.

The parcels released at 360 K reach convection in a close neighbour of this level (panel ¢) and they show a mixed distribution
of sources over the maritime and continental regions (panel b) like in Fig 7(f). For parcels released at higher levels the vertical
distribution of sources broadens from near 360 K to the level of release (panels f, i, 1). The distribution tends to peak near
365 K and is skewed with a sharp eutoff-cut-off on the lower side and a longer tail on its upper side. The secondary peaks
seen in the 380 K and 400 K distribution result from the discrete cloud top values produced by the SAF-NWC retrieval. The
intensity of this peak at 400 K is an indication that rare events of penetrative convection might make a significant contribution
to the impact in the lower stratosphere. A better assessment of this penetrative convection is clearly needed to substantiate
this finding. This is a challenge for present and future geostationary observations at high spatial and temporal resolution.
The patterns of the horizontal distribution (panels e, h, k) are showing the same concentration of sources in North India and
the Tibetan Plateau as for the forward case in Fig.4 with a decreasing contribution of over sources as the altitude rises. This
localization of the convective sources for parcels reaching the top of the TTL was already observed, using backward trajectories,
by Bergman et al. (2013) and attributed to the existence of a narrow conduit from the ground to the tropopause. We see here
that the narrow conduit is that of convective towers bringing air from the boundary layer to the top of the clouds but that it
stops there and that subsequent motion is distributed over a much wider area.

It is useful to compare the backward hit percentage and the forward impact. If we consider the two levels 380 K and 400 K,
the areas of backward hit percentage larger than 70% for the first and 30% for the second are fairly similar, 15.210° km? and
16.110° km? respectively, and cover a large portion of the AMA domain, whatever definition is used. This shows obviously
that the convective influence propagates high in the lower stratosphere and that the in-mixing of background air is very limited.
However, the ratios of the forward cumulated impact contained in these areas to that in the same areas at 355 K where it is
maximum can also be calculated and are only 12% and 4,5% respectively. There is no paradox, it only means that air escapes
easily from the AMA as it ascends but penetrates much less easily inside. The distribution of backward hit percentage is also
compatible with the observation of an apparent plume of tropospheric tracer in the AMA which has been reported in several

revious studies based on large scale data and large-scale models (Park et al., 2009; Randel et al., 2010; Pan et al., 2016, e.g.).
A columnar AMA rich in parcels influenced by convection and surrounded by background air is producing this very pattern.
Therefore we prove that observing such a tracer columnar pattern is not a proof of a chimney with impermeable walls as it
is often assumed. It is generally known (see, e.g. Joseph and Legras, 2002) that forward trajectories link the stable structures
confined domain of the AMA to the LZRH surface, around which they tend to oscillate at long time while this same surface
repels forward trajectories.

3.4 Age
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of-a-givenf-evel —multiple-erossings-being-In forward runs, the age of air at a given level and within a given cell is defined

as the mean over all the parcels contributing to the impact at this level within this cell. The same parcel can be counted several
times with different ages since multiple crossings are possible. In backward runs, the age of air is calculated as the time interval

between the parcel release on the grid and the first hit of a convective cloud, and is averaged in the same way except that each
parcel is counted only once. The forward age is shown in Fig. 10 for both the target and the sources. At 350 K, panel (c) shows
a meridional split between air younger than one week in the South and older air in the North. The young region spans the
easterly jet that carries rapidly the maritime air produced over the Bay of Bengal and the Sea of China to the West over Africa
and outside of the FullAMA domain . At 340350 K (panel ac), the age is 2 days or less where the impact concentrates south of
the Bay of Bengal at very close proximity to the convective sources. The mean age is about 10 days over Sahara but much less
over equatorial Africa. The age is larger in the eore AMA-AMA core region with a small impact due to the few parcels that
recirculate within the AMA at this level. The pattern changes completely at 360 K (panel e) where a broad deep minimum age
is seen at the core of the impact, surrounded by a region of larger age. The pattern persists at 380 K and 400 K (panels g and 1)
albeit with a mueh-reduced contrast between the core and the periphery. Therefore, we-conclude-thatthe-impaet-coneentration

tthi e-AMA-core-isnot related-to-trajectories-being-trapped-and-with-fongrestdence-times-but-to-the maximum impact
density at the core of the AMA is maintained by the constant renewal by fresh convective air rising from below rather than
by the trapping. This provides support to the "blower” hypothesis of Pan et al. (2016). However, we find that the AMA blows

arcels away uniformly from 360 K and up, and not only above the tropopause.
The distribution of age in the source space shows that at the lowest levels 340 K and 350 K (see Fig. 10(b,d)) the age is

maximum over the continental regions and minimum over the maritime regionsdue-to-the-fact, The reason is that the continental
air circulates within the AMA before being expelled towards the major subsident regions over Arabia and Africa, while the
maritime air is directly transported to these regions. At 360 K and above (see panels f,h,j), the mean age is fairly uniformly
distributed over the whole sources, indicating no preference for a faster path from any region. Similarresults-for-the-backward
caleulations-are-shown-in-Sec. S8 of the Supplement shows that the age distribution of the backward trajectories agree very
well with the forward distribution. Therefore we conclude that the age distribution indicates that the ascent occurs over a broad
domain that covers the whole AMA rather than in a very localized region and that parcels remaining within the AMA spiral

outward as they rise, as also found by Vogel et al. (2019).
3.5 Vertical crossover

In this section we concentrate on the domain where convection is the most active and relevant to the Asian monsoon. We divide
this domain, labelled as Asia, into three subregions: Land, Ocean and Tibetan plateat-Plateau as shown in Fig. 11. The Tibetan
plateatrPlateau is defined as the region with orography higher than 3800 m. We stress the need for a clear separation between
ocean and land, that the commonly used rectangular boxes cannot provide. There are very noticeable differences, as shown in
Tegtmeier et al. (2019), in reanalysis-based cloud properties and heating rates between the Bay of Bengal and the Sea of China

on one side and the adjacent Indian subcontinent and South China on the other side.
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Table 1 shows that the distribution of high clouds (as selected in Sec.2.4) favours the Ocean (68.4%) rather than the Land
(26.6%) and the Tibetan platean-Plateau (5%). The maritime convection is divided-further divided (not shown in the table)
among the Sea of China and the Philippine Sea (23%), the West and Mid Pacific (17,1%), the Bay of Bengal (14%) and the
Indian Ocean (10,8%). The land is further divided among the Indian Subcontinent (12.8%), Indochina (7.8%) and South China
(6.4%). The maximum high cloud eoversties-on-the-the-average-cover is located 4 to 6 K higher on the Land than on the Ocean,
and up to 10 K higher over the Tibetan Plateau.

Table 1 also shows th about-that the LZRH

is everywhere 5 K befweeﬁfhe—bZRHﬂﬂé&e—meaﬁhiglﬁre}eud%VHhﬂ&f% above the maximum high cloud cover in the
ERAS while in the ERA-Interim the

almest-the two levels are close over Land and Ocean but separate by 8 K over the Tibetan Plateau.

For the three regions and Asia as a whole, and for all source levels, we determine the proportion of trajectories, rising,

descending or being stationary. In this purpose we divide the potential temperature range [322.5 K, 422.5 K] into 20 bins of

width 5 K and we calculate, for each region, a 2D histogram for the source level and the mean level of the convective parcels

during their life time. In the Ful AMA calculations, this latter is the period of time between the launch and the exit of the
the lower cut-off. We then calculate the rising proportion, for each level, as the proportion of parcels borne in this level for
which the mean petential-temperature—along-their-trajectory—(life-time) level lies within bins loeated-abeve-this-levelabove
it. Similarly the descending proportion is calculated for parcels with mean level below the initial level and the stationary
proportion corresponds to parcels with mean level within the initial bin.

Figure 12, drawn for sources in the whole Asia region, shows a crossover at 362 K for both the FullAMA and global
trajectories of EID. The crossover is located slightly above at 364 K for EAD, consistent with a smaller cloud radiative
effect. At levels below the crossover, the two descent curves for EAD and EID within the FullAMA domain are very similar
and drop rapidly due to the lower boundary. In the global domain, the drop is shifted to lower levels and delayed, due to a
betterrepresentation-of-the-eross-hemisphere-the cross-hemispheric Hadley-Walker circulation. The-This separation between
ascending and descending motion near 360 K was already mentioned by Garny and Randel (2016).

Table 1 shows the crossovers for the three component regions. Overtand-and-Oeeanln the ERAS, the crossover is above the

LZRH by 45.8 K over Land-and4Qcean and 3.4 K over Ocean—This-isnottrue-over-the-Tibetanplateat-where-itis-below-by
2Hor ERAS-and 3:5Land. It is below the LZRH by 1 K for-over the Tibetan Plateau. The gaps are different but the ordering is
the same for the ERA-Interim. The-erossoverremains;-however-very-Since the crossover of the Tibetan plateau is close to that

horizontal motion to find regions of ascent.
The fraction of the high clouds that are above the crossover and therefore contribute to the upward transport is quite low. It

is minimum over Ocean, at 1.7% for ERA5). The Land value is more than deuble-twice larger (5.1%) and the Tibetan plateau

Plateau further doubles it (10.8%). As the ERA-Interim crossover is lower, the corresponding proportions are about twice that
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of ERAS. In both cases, continental convection is more likely than maritime convection to feed the upward motion above the
LZRH and the Tibetan plateau-Plateau is by far the most efficient region as already found by Tissier and Legras (2016).

As a result of the crossover pattern, and because maritime convection is more easily washed outside the FullAMA domain,
the relative eentribution—contributions of Ocean and Land to the FullAMA impact at 380 K is-are inverted with respect to
the preportion-proportions of high clouds in these regions (see Table 1). For the ERAS, the ratio Ocean/Land for the high
cloud proportion is 2.57, and is 0.41 for the impact, therefore reduced by a ratie-factor 0.16. This is partially explained by
the eresseverratio of the high eleudscloud crossover fractions, which is 0.33. The other explaining process is the washing out
of the maritime impact. On the other side, the ratio Tibetan plateatPlateau/Land is 0.19 for the high cloud and 0.41 for the
impact. The enhancement by a ratio 2.2 is entirely explained by the eressover-high cloud crossover fraction ratio which is 2.1.
Similar numbers can be found-derived for the ERA-Interim in the FullAMA domain. When we consider the global domain for
the ERA-Interim, we see that the Ocean/Land impact ratio is 1.35, therefore a reduction by a ratio 0.52, slightly larger than the
erossover-high cloud crossover fraction ratio 0.4.

These results show that the enhanced impact of the Tibetan plateau-Plateau is entirely due to the higher proportion of high
clouds above the crossover in this region. The respective impact of oceanic versus land convection in the global domain is
also mainly explained by this crossover proportion. There is more chance for parcels from continental convection to be trapped
within the AMA but most of the air reaching the 380 K surface does not circulate first within the AMA. This result corroborates
the findings of Tissier and Legras (2016) and Vogel et al. (2019).

4 A simple model of AMA confinement

In this section we investigate how the observed behaviour of the impact in the FullAMA region can be represented by a simple

1D model based on our observations. We consider a simple advection-diffusion model with loss for the impact F'(6,¢):

(ngag;?:—a;Fmé;ngS(e) (1)
where « is the erosion ratetime-scale, & is a vertical diffusion and S(6) account for the eonvective-seureesdistribution of high

The profile of the heating rate in the lower panel of Fig. 4 suggests that we can separate a region near the all sky LZRH
0o where the heating rate grows linearly with § and another region above where the heating rate is essentially constant. In
addition, as the LZRH lies above the level of maximum high cloud +-theseuree-cover, the high clouds can be represented by an
exponential distribution S(6) = Sy exp(—=£(6 — 6)) with the slope found in Fig. 4.

In the simplest version, we assume that e==8q_! = 0, therefore considering the global domain, and that the heating is
6= A(6—6p). In this case, (1) is a Fokker-Planck equation and it can be shown (Gardiner, 2009) that the probability of transit
from 0, to 6450, > 0, is
1+ erf (v(0, — b))

11(04,0,) = 1+ erf (v(6, — 6p))

2

15



10

15

20

25

30

where v = (2x)~1/2A1/2, Consequently, the distribution of convective sources that impact a given level is

P() = Nt PO=%) (1 4 erf (1(6 — 6)))) 3)
where the dependency on the impact level is in the constant N. The upper

panel of Fig.13 and-shews-that~—shows that according to the value of the ratio 3 /v, the distribution of sources for parcels
that travel to the target level § is centred on the LZRH, below it or above it. Table 1 shows that over Land and Ocean, the
proportion of sources above the LZRH is always large, up to 96% over the Ocean. Therefore we are in the case where 8 > v
and diffusion across the LZRH is negligible. The Tibetan ptateau-Plateau differs by exhibiting a majority of sources below
the LZRH, especially for the ERA-Interim. This is consistent with the behaviour of the crossover and indicates that parcels
rapidly travel outside the Tibetan plateauPlateau, where the LZRH is lower, and they find ascending motion. On the overall,
this suggests that the LZRH is an effective barrier and that diffusion due to fluctuating heating rates and explicit gravity waves
resolved by the reanalysis-do-notaltow to-cressitreanalyses is not large enough to overcome the barrier.

In the second stage, we neglect diffusion and we assume that § = A(6 —6y) from 6y to 67, above which the heating rate is

assumed to be constant equal to A = A(f; — ). The LZRH is then a perfect barrier and we consider only the cloud sources

above ¢, described with the same exponential distribution as in the previous stage. This problem can be fully solved (see
Sect. S9 of the Supplement) and Figure-??-shows-heow-the-seolution—varies-the solution is illustrated in the lower panel of
A=0.1day L 3=04K ', a=10dayand A=1Kda
monsoon area. The modal age and mean age are about 30 days in rough agreement with Figs. S5 and S6 of the Supplement.
@ both changes the shape and the modal age. The parameter §, when reduced, leads to a new regime where the maximum is

attained at t = (6 — 01)/A. When increased or less decreased (not shown)

—1 that mimic the situation for the ERAS5 diabatic transport in the

the effect is mainly a translation in time. A performs

2

essentially a translation in time. A full interactive solution as a function of the parameters is available in the Supplementary
material as a Computable Document Format notebook playable with Wolfram Player (https://www.wolfram.com/player/)as

In the third stage, we calculate the solution by using the ERAS and ERA-Interim heating within-the AMACore regionrates
within the restricted domain (20°E-140°E and 10°N-40°N) already used in Fig. 4 and the vertical distribution of the cloud
sources used in the 3D calculations as shown in Fig. 4. The erosion time-scale « is fixed at 13.3 day and x = 0.1 K*day 1
(that is about 0.05 m?s™!) is used to regularize the solution. Figure 14 shows the distribution of impact as a function of age
and potential temperature to be compared with the right column of Fig. 5. Here-+—0-1-m2s—has-been-used-to-regularize-the

sehation—The 1D model reproduces very well the main character of ascent and descent, albeit the temporal decay is faster than
in the 3D calculations. A more quantitative comparison is made in Fig. 15 for ERAS and the same-three isentropic levels as

Fig-22370 K, 380 K and 390 K, for several values of x. We see that the diffusion basically slows the upward propagation but
does not change qualitatively the solution. Fhe-In view of its simplicity, the 1D model showsresutiselose-enotnghte-is very
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successful at reproducing the 3D solution, previding-a-bulk-which means that it provides a relevant explanation of the mean
transport and confinement properties of the AMA.

5 Conclusions

We have studied the transport pathways from injection at the top of the high convective clouds to the lower tropical stratosphere
during the Asian monsoon, using massive-a very dense set of Lagrangian trajectories driven by observed clouds and reanalysis
data. Ft-has-beenshown-We show that, unlike in-the ERA-Interim, kinematic and diabatic trajectories of the ERAS provide a
consistent description of the motion above the LZRH. The kinematic and diabatic trajectories differ below the LZRH (missing
in the kinematic case) within the convective region. However, both methods capture the descending motion over the deserts

and the descending branches of the Hadley-Walker circulation.

g w-The path of convective parcels depends
on whether they are injected below or above the crossover level. Below this level they are mostly entrained horizontally within

the Hadley-Walker circulation towards regions of subsidence, where they return to lower levels. Above the crossover, parcels
are entrained into the upward motion that lead them to cross the tropopause and enter the stratosphere. The crossover is at
364.4 K over Asia land with no significant difference over the Tibetan Plateau and is 2 K lower over the ocean. Only a small
part of the convective clouds (2.6% on the average) reaches-reach high enough, above the crossover, to inject parcels that
move further upward. Due to the exponential decay of convective top frequency with altitude, the crossover is usually located

above the LZRH, which appears as an effective barrier to vertical transport. The Tibetan ptateatu-Plateau is an exception with a

crossover lower than the LZRHbut-still-elose-te-thatef surreundingland—. This can be explained by the relatively small size of
the plateau relative to the AMA and the ease of parcels to leave it by horizontal motion and subsequently find ascent motion in
nearby regions of Asia.

In the region above 366-the crossover, the confinement within the AMA is the result of the constant renewal by fresh
convective inflow and the leaky circulation of the AMA. As a result, the younger air is found at the core of the anticyclone and
the oldest air is found at its periphery where it is expelled with a time-scale of about 13 days—Fhis-time-is-, which is of the
same order but shorter than the returning time of the mean circulation (about 2 to 3 weeks). As-the-level-rises;-the-confined

asThe erosion combines

with a mean ascent rate of 1.1 Kday ™! to generate an exponential dilution with altitude. The dilution, partly due to the yolume
expansion, is compatible with the persistence of a strong convective influence within the AMA, through the whole TTL as
background air is mostly kept outside, thereby causing the appearance of a columnar tracer pattern found in many observations
and modelling studies (Park et al., 2009; Randel et al., 2010; Pan et al., 2016). This process is akin to the "blower” hypothesis
of Pan et al. (2016) except that it is uniformly distributed over the whole range of altitude from the crossover to 420 K at least.
The ascent occurs therefore following a broad spiral, as advocated by Vogel et al. (2019).

The air that is trapped within the AMA comes mainly from continental convection. The sources exhibit a concentration in

North India and the south of the Tibetan Plateau, as found in many previous studies {e-g-Bergman-et-al;2015; Tissier-and-Legras; 2016)(e.
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We find that, for continental convection as a whole, this result is partly due to the higher level of convection over land than
over ocean. The localization of the convective sources and of the associated convective towers carrying air from the boundary
layer was identified as a vertical "conduit" by Bergman et al. (2013). However, this conduit ends exactly at the level of cloud
detrainment.

The Tibetan plateau-Plateau is favoured by its location at the core of the AMA and is also the region that exhibits the largest
amount of high clouds above the crossover. This suggests that the compounds released at the ground there have the highest
chance to reach the stratosphere. However, we find that the impact of the Tibetan plateau-Plateau at 380 K is entirely explained
by the high proportion of clouds above the crossover. There is no indication of a favoured ascent above the Tibetan clouds. On
the contrary, the fact that the crossover is lower than the local LZRH indicates that parcels leave the Tibetan plateau-Plateau to
perform the ascent over other regions inside the AMA.

We find that the butemean properties of upward transport and confinement within the AMA over the whole summer can be
explained by a simple 1D medel-diffusive-advective-loss model, with a constant loss rate, forced by the observed distribution
of convective sources and heating ratesand-with-a-constanttoss—rate—The-. A main ingredient to get an impact with both a
maximum in age and altitude seetions-is that, between 360 K and 370 K, the heating grows from the LZRH and that it stays
roughly constant above 370 K up to the lower stratosphere. This is entirely consistent with the efher—ﬁﬁdiﬂg%—aﬁdﬁeﬂ%eeﬂf

demonstrated
broad and regular ascent in the AMA.

Our diagnostics are based on whole summer averages and ignore the variability during the season. Section S10 of the Supple-
ment touches-thatquestion-and-show-deals with this issue and shows that, at least in 2017, the pattern of the impact confinement
does not change significantly over the whole summer, in spite of noticeable modulations in amplitudes and distribution within
the AMA. The fact that the characteristic loss time is smaller than the circulation time indicates that the AMA confinement
is fragile. It is modulated both by the source convective activity underneath, which is subject to a number of oscillations of
the Monsoon, and by the modulation of filament shredding on the west and east edges which is also irregular, as discussed,

e.g., in Pan et al. (2016) and Vogel et al. (2015). The coupling between these processes has been recently considered b
Ortega et al. (2017) and Wei et al. (2019).

The forward trajectories ignore possible intersections with clouds after launch. tthas-beenshownby Fissierand-egras(20+6)-Tissier anc

that accounting such effect has a very small effeetimpact on the statistics of upward motion which is here our main focus.
Our study is also limited by the quality of the observations and of the reanalysisreanalyses. The estimation of high clouds
from geostationary infra-red imagers is subject to a number of uncertainties, in particular due to the cover of semi-transparent
cirrus clouds above the anvils. The SAF-NWC algorithm detects such features but there are discontinuities in cloud classifi-
cation between MSG1 and Himawari-8 which have also a visible impact on the cloud height estimation. Combining imagers
with sounders which are highly sensitive to ice clouds (Stubenrauch et al., 2013) will provide in the future a way to improve

this-these retrievals.

The-Several recent studies (Hoffmann et al., 2019; Tegtmeier et al., 2020; Bucci et al., 2019) showed that the ERAS was
-improves the representation
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of atmospheric properties, including transport. The ERAS is, however, singular in favouring very high penetrative convection
over the Tibetan plateau-Plateau which should be considered with caution due to the lack of data and of training of the model
over this region.

Fhe-Tibetan—plateauThe Tibetan Plateau, in spite of its limited global impact, is a region of high interest to understand
transport within the AMA. The lack of high quality observations with active instruments, both from the ground and from
space (as current active instruments do not overpass the region in the evening when convection is the most active) hampers our
understanding of convection over this region and certainly deserves some efforts to bridge the gap.

More generally, the fact that the clouds that contribute to the upward flux in the TTL and in the stratosphere are a small
fraction within the upper tail distribution opens the question of the role of small-scale intermittent overshooting convection
above the anvils which is seldom observed by the geostationary satellites. Although the effect was found by James et al. (2008)
to be small in the Asian Monsoon region, this deserves further investigation within the context of Lagrangian studies.

On the overall, our estimates of the convective impact using high resolution datasets and advanced satellite products essen-
tially corroborate that of Tissier and Legras (2016), made with lower resolution data and less advanced estimates of the high
clouds. It is also in good qualitative agreement with Garny and Randel (2016) regarding the role of the crossover and with

Orbe et al. (2015) and Vogel et al. (2019) regarding the distribution of sources and provide new interpretation to the works of
Bergman et al. (2013) and Pan et al. (2016).
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Figure 1. Cloud radiative heating (CRH) contribution to df/dt (in K day ") averaged over July-August 2017 in the 73°E-97°E longitude
range. Upper panel: ERA-Interim. Lower panel: ERAS. The black contour shows the zero line of CRH. White contours show potential
temperature (in K). Red crosses show the cold point tropopause. The yellow line shows the level of zero clear sky radiative heating. The
green contour shows the level of zero all sky radiative heating (LZRH). The small green contour by 20 km above the equator in the ERAS
is associated with a weak descent in this region. The vertical axis is the barometric altitude derived from pressure using the hydrostatic
equation and the standard atmosphere. The true geopotential altitude is higher, up to +850 m on the 360 K surface near 30N (see Fig. S1 of
the Supplement).
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Figure 2. Impact density and source density for the convective parcels reaching the 380 K target level, accumulated over the +-1st June 2647
to— 31 August 2017 launch interval and the two-month life time of the parcels. Left column (a,c,d): the impact density at the 380 K target
level. Right column (b,c,e): the source density of convective clouds from which the parcels reaching 380 K have been launched. Upper row

(a,b): ERA-Interim diabatic trajectories in the FullAMA domain. Mid-row (c,d): ERA-Interim diabatic trajectories in the global domain.

Lower row (e,f): ERAS diabatic trajectories in the FullAMA domain. The green contour on the right panels shows the Tibetan Plateau.
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Figure 3. Solid back: correlation of the impact density between the FullAMA and global EID calculations within the FullAMA domain. Dash
black: same for EAD and EID FullAMA calculations. Solid blue: ratio of maximum impacts between the FullAMA and global EID calcula-
tions within the FullAMA domain. Dash blue: same for EAD and EID FullAMA calculations. Solid red: ratio of cumulated impacts between
the FullAMA and global EID calculations within the FullLAMA domain. Dash bhiered: same for EAD and EID FullAMA calculations.
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Figure 4. Upper panel. Green: Vertical distribution of the selected high cloud tops. Other curves: vertical distribution of the cumulated
impact integrated-within the FullAMA domain for the EAD-ERAS diabatic (EAD, solid blue), EAZERAS kinematic (EAZ, dash blue),
EH-ERA-Interim diabatic (EID, solid red) and EXZ-ERA-Interim kinematic (EIZ, dash red) experiments. For EAD and EID, a fit with a
logarithmic decrement, respectively 0.065 K~! and 0.050 K1, is shown between 370 K and 400 K (wide segments).

Lower panel. Green: same as in upper panel. Other curves: radiative heating rate profile average over the €oreAMA-testricted domain
(+020°E—H40E-140°E s-and 10°N—46N-40°N) where-the-sourees-eoneentrate-for July and August 2017 fer-and all sky ERAS (solid red),
all sky ERA-Interim (dash red), clear sky ERAS (solid blue) and cl% sky ERA-Interim (dash blue). The fit of the high cloud distribution
between 360 K and 370 K is shown with a logarithmic decrement 5 = 0.325 K~* (wide segment).
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Figure 5. Distribution of the cumulated impact as a function of altitude and age with respect to the launch of the convective parcels. Upper

row: ERAS. Lower row ERA-Interim. Left column: kinematic trajectories. Right column: diabatic trajectories. The slopes are-taken—from
follow the crests of the distribution at each level (see also Sect. S4 of the Supplement).
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Figure 6. Evolution, as a function of age, of the total impact (black), the lower layer impact for § < 340 K (blue), the mid-layer impact
for 340 K < 0 < 370 K (green) and the upper layer impact for 370 K < 0 (red). The four panels are arranged as in Fig. 5. The asymptotic
e-folding time of the total and upper layer for the four cases are 13.4, 13.3, 17.0 and 15 day for, respectively, EAZ (ERAS5-kin), EAD
(ERAS-dia), EIZ (ERA-T kin) and EID (ERA-I dia). The asymptotic e-folding times (in days) for the top-layer (t), mid-layer (m) and bottom-
layer (b) are listed in the title of each panel. They are calculated from the fit of an exponential law between ages 30 days and 62 days shown
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EAD-Box-theta-Ful AMA target 340 K SH : equal conv impact density

Figure 7. Left column (a,c,e,g): equalized impact density on isentropic levels (from top to bottom) (a) 340 K, (c) 350 K, (e) 360 K and (g)
370 K for ERAS diabatic trajectories (EAD). Contours: Montgomery potential at the same levels. Right column (b,d,f,h): equalized source

density for the same levels as in the left column and the same experiment.The green contour on the right panels shows the Tibetan Plateau.
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EAD-Box-theta-FullAMA target 380 K SH : equal conv impact density EAD-Box-theta-FullAMA source of 380 K SH : equal conv source density
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Figure 8. Same as Fig. 7 but for the levels (from top to bottom) 380 K, 390 K, 400 K and 420 K.
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Figure 9. Left column (a,d,g,j): percentage of parcels hitting a convective cloud within 44 days ef-for ERAS diabatic backward trajectory
trajectories starting at 380 K (a), 390 K (b), 400 K (g) and 420 K (j) over the interval 1 July - 30 September 2017. €enter-Centre column
(b,e,h,k): equalized source density for the same levels as in the left column and the same experiment. Right column: vertical probability

density function (in K~1) of the cumulated source density for the same levels as the two left other columns.
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Figure 10. Left column (a,c,e,g,i): mean age (in day) with respect to convection for forward parcels reaching the levels 340 K (a), 350 K

(c), 360 K (e), 380 K (g) and 400 K (i). Right column (b,d,f,h,j): mean age in the source domain for the same parcels as in the left column

for each level. The contours show the impact distribution at the same level and the fields are cli

o

ed outside of the contour that contains 95%

f the cumulated impact. The results are shown for the ERAS forward diabatic trajectories (EAD)
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Figure 11. Mask of the three regions that partition Asia defined as their union.
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Figure 12. Solid and dashed curves: proportion of forward diabatic trajectories for which the mean vertical position during life-time is in a
5 K bin, respectively above or below, that of origin. Diamonds: proportion of forward trajectories with a mean vertical position within the
origin 5 K bin. Black: ERAS in the FullAMA domain; Red: ERA-Interim in the FullAMA domain. Blue: ERA-Interim in global domain.

The curves are plotted for teh-the whole Asia domain.
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Figure 13. Upper panel: Distribution of convective sources IV P(6) according to (2) for 6p =360 K, 5 = 0.4 K~ and three values of v/:

0.3, 0.75 and 3 as indicated in the legend. The proportion of sources above the LZRH 6y in the three cases is, respectively, 4.7%, 55.8%

and 97.4%. Lower panel: Solution of (1) described by (S5-S7) for the parameters given in the text and modified solutions according to the
changes indicated in the legend. Each curve is normalized with respect to its integral in the displayed interval.
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Figure 14. Solution of the equation (1) for the observed distribution of high clouds and heating rates within the EereAMA-restricted region

defined in Fig. 4. Left panel for ERAS is to be compared with the upper right panel of Fig. 5. Right panel for ERA-Interim is to be compared
with the lower right panel of Fig. 5.
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Figure 15. Solution of the equation (1) with the same set-up as in Fig. 14 for the diabatic ERAS case. The normalized age spectrum is shown
from left to right at 370 K, 380 K and 400 K for the inviscid solution (B6kappa = 0) and for four values of the diffusion #x: 0.1-(B6+),
0.2-PB6+H), 0.5 (PBO5rand 1 (—BHszauyf1 as indicated in the legend. The normalized age spectrum for the 3D trajectories (EAD) is shown

as a reference.
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Table 1. Main characteristic numbers for the cloud distribution and the trajectories originating from Asia as a whole and its three sub-regions

(Land, Ocean and Tibetan Plateau). When a proportion 100% is in the Asia column, the three other numbers in the row show the contributions

of the three regions. EID is not separated into FullAMA and global cases when the distinction does not apply (LZRH and cloud fraction) or

when it is negligible (crossover).

‘ ‘ ‘ Asia ‘ Land ‘ Ocean ‘ Tibetan Plateau ‘
| | Proportion | 100% | 266% | 684% |  s0% |
| High clouds SAF | Maxhighcloudlevel | 349.5K | 3555K | 3495K | 359.5K |
Mean high cloud level | 352.9K | 356.4K | 351.1K 359.0 K
g
EAD 3579K | 361.0K | 356.7K 3652 K
All sky LZRH
EID 3520K | 357.6K | 351.0K 366.7 K
EAD 363.9K | 3644K | 3625K 3642 K
Crossover
EID 3617K | 361.8K | 3585K 363.1 K
High cloud fraction EAD 2.6% 5.1% 1.7% 10.8%
g
above crossover
EID 51% | 104% | 4.1% 16.7%
EAD Ful AMA 100% | 548% | 22.8% 22.4%
Impact at 380 K
| and above | EDFRUAMA | 100% | 544% | 320% | 136% |
EID global 100% | 39.0% | 52.9% 8.1%
Mean 0 source EAD EBAMA- | 3660K | 366.0K | 3672K 364.7K
for impact at 380 K
| and above | EIDFRIIAMA | 3622K | 3627K | 3607K | 3641K |
EID global 3592K | 361.5K | 356.7K 363.7K
Proportion of source EAD FutAMA- 952% | 83.5% | 95.6% 36.5%
above LZRH
| forimpactat380K | pipFuiAMA | 96.5% | 87.5% | 961% | 1429 |
and above
| | EID global | o41% | 7419 | 813% | 125% |
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