
Berlin, 13th May 2016 

 

Dear Dr. Jianzhong Ma 

 

We submit the revised version of our manuscript (doi: 10.5194/acp-2015-991): 

"Interannual variability of the boreal summer tropical UTLS in observations and CCMVal-2 
simulations” 

by Markus Kunze, Peter Braesicke, Ulrike Langematz, and Gabriele Stiller 

We have considered all comments and suggestions for modifications by the three reviewers which 
has led to a more concise and improved paper. Detailed replies to the reviewers are uploaded and 
also attached to this letter. Furthermore we have highlighted all changes in the manuscript and also 
attached them to this letter. 

In particular we have shortened the manuscript by moving three Figures from Section 4 to the 
supplementary material that has been submitted with the revised version and also by omitting the 
two appendices, as requested by the referee #2. Also included in the supplement are some additional 
analyses, partly requested by the referees and partly required to answer specific questions.  

Due to opposing comments regarding the climatological analyses in Section 4, with referee #2 
requesting to shorten Section 4 and referee #3 requesting additional analyses to be included, it was 
not possible to satisfy all requests of the referees in equal measure. As a compromise we decided to 
move some of the Figures from the manuscript to the supplement. 

We thank the reviewers for the constructive comments, which made the manuscript clearer and 
more concise. 

We are confident that we could address sufficiently the very useful comments of the reviewers and 
hope that the revised version will now be acceptable for publication. 

 

Yours sincerely, 

Dr. Markus Kunze (on behalf of all co-authors) 



Response to referee #1.

We thank the referee for the constructive comments that helped to improve the paper. (Referee comments are emphasized in
italics.)

5
The paper presents an assessment of the representation of the Asian Monsoon Anticyclone (AMA) in the UTLS in the CCM-

Val 2 models. The ERA-Interim reanalysis and the MIPAS satellite data are used to compare the dynamical variables and the
water vapour and ozone concentrations. The manuscript provides new insights on the abilities and limitations of the models
in representing the AMA structure and tracer distribution. The paper is nicely written and the methodology is accurately ex-
plained. I recommend publication in ACP after the following minor comments are addressed.10

We thank the referee for this encouraging appraisal of our manuscript. All further questions/comments are answered/annotated
in the following and the manuscript is changed accordingly.

- P5 L14: This is the first time the terminology JA is used in the main text, explain what it means.15

The terminology JA (July/August) is already explained on page 3/line 26.

- Figure 1. In the top panel, showing the winter values of the MIDX is unnecessary and masks the interannual variability
in the time series. I would suggest showing the summer values alone in this Figure, in particular the JA indices used for the20
regressions.

The updated version of the figure is now showing the time series of the JA average of the MIDX, the Nino3.4, and the QBO,
as these are the basis functions used in the multiple linear regression model.

25
- P8 L12-13: Why do you need to multiply the fit parameters by some factor? Also, in Eq. (2) some regression terms are

included that are not shown in the paper (volcanoes, trend, solar). Is there a reason to include them?

The regression coefficients reflect the change of a quantity, for e.g. JA, by one unit of the respective basis function. To get
an estimate of the changes expected by a typical amplitude of the basis function, the regression coefficient is multiplied by a30
mean amplitude.
A regression term for the trend should be part of any multiple linear regression model. The regression terms for volcanoes
and the solar flux are included in the regression model to capture the interannual variability that potentially emerges by these
sources of natural variability. The additional regression terms are necessary to better isolate the signals of the ASM, ENSO and
the QBO. The results of the additional regression terms are not discussed in the paper to focus on the most relevant factors.35

- Figure 3 caption: divergence-free zonal wind anomalies

Figure 3 is removed from the manuscript.
40

- P12 L4: Do you have an idea of why the models have higher water vapour values?

These large water vapour mixing ratios can for some CCMs be related to a warm bias in the respective region. But in general
this might be too simple as an explanation. Area averaged 360 K ERA-Interim temperature are higher than for the MMOD
but MIPAS water vapour maxima (and also ERA-Interim, not shown) in the respective region are lower than the water vapour45
maximum of the MMOD. We included a sentence about this in the revised manuscript.

- In the main text Figure 7 is discussed before Figure 6. I suggest that you switch the order of the Figures.
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The order of the figures is switched in the revised manuscript.

- P14 L3-4: This sentence is not clear, what do you mean?

Between 360 and 380 K dehydration reduces the MIPAS peak values of the H2O mixing ratios in the ASM region to 7 ppmv5
at 380 K but this maximum is not as pronounced as at 370 or 360 K.
Additional explanations are now included in the revised manuscript.

- P15 L6: remove comma
10

Done.

- P16 L4-5: What is the reason to show the 120E-160E?

The region is characterized by a meridional circulation directed towards the Equator, which is a feature of the eastern edge15
of the AMA. In addition uplift is prevailing, as indicated by the upward arrows. It is also a region where tracers might have
been drawn out of the AMA core region.
The choice of this region is now better motivated in the revised manuscript.

- P16 L24-27: This sentence is too long, I suggest adding a parenthesis in: (annual average ... monsoon circulation)20

To increase the readability, the parenthesis are included in the sentence.

- Figure 10 and related discussion (P2 L11-14): The main difference in OLR pattern with the Randel et al. (2015) results
is in South-East China, where their results show reduced convection over a broad area, and Figure 10 in this paper does not25
show any significant anomaly. I do not see strong differences in the Bay of Bengal.

The estimation of the strength of the Monsoon in Randel et al. (2015) is based on the OLR anomalies above the southern
Tibetan Plateau. Regarding the OLR anomalies above the Indian subcontinent it would be also possible to come to a different
estimate.30

. . . Also, Randel et al. (2015) argue that anomalously cold temperatures associated with strong convection lead to stronger
dehydration reducing water vapour in the subtropical UTLS. Do you propose an alternative mechanism? This should be clar-
ified when contrasting your results to those of the mentioned paper. These comments refer also to the discussion on P25 L20-30.

35
The regression results of the MIDX on temperature also show two regions of lower temperatures associated with stronger

ASM (i.e. stronger convection). But rather than located directly above the region of most intense convective activity, as shown
by Randel et al. (2015), the regions of cooling are shifted to the north-east and north of the region of convection well confined
to the region of anticyclonic circulation anomalies associated with a strengthening of the AMA. A study by Bergman et al.
(2013) identified a vertical conduit, located over the southern part of the TP and the southern slope of the Himalayas, where40
trajectories seem to be concentrated regionally. At lower levels and above this conduit the trajectories spread out to a larger
area. If we apply this view to our results of the MIDX regression on ERA-Interim data, it could be possible that the H2O is
preferably transported upward through the relatively warm region at the south-eastern edge of the AMA.

- P21 L4: The positive anomaly is centred on an island in front of the Vietnam coast called Hanai.45

The text has changed accordingly.
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Response to referee #2.

We thank the anonymous referee for the constructive comments that helped to improve the paper. All further questions/comments
are answered/annotated in the following, the manuscript is changed accordingly. (Referee comments are emphasized in italics.)

5
This paper contains some interesting analyses regarding transport dynamics associated with the Asian summer monsoon

that could potentially be important scientific contributions and worthy of publication in Atmospheric Chemistry and Physics.
However, as it stands, the paper has severe weaknesses that make it unpublishable in its current form. The most glaring prob-
lems are that it is poorly organized, lacks focus, and the logic of their analysis is often lost in descriptive details that are
not relevant to the main points of the paper. An example of the lack of focus concerns Sec. 4 that discusses the ’assessment’10
of atmospheric models from CCMVal to reproduce temperature, water vapor and ozone distributions. This section is awash
with details and confusing analysis that neither produces a finding significant enough to state in the abstract nor one that is
(apparently) used in subsequent analysis.

Section 4 is intended to summarize the main climatological features of the Asian summer monsoon (ASM) circulation,15
water vapour and ozone mixing ratios as simulated by the CCMs in comparison to the ERA-Interim re-analyses or MIPAS.
This task can be seen as an addition to the CCMVal report (SPARC CCMVal, 2010). We think that it is important to show
the climatological analyses before showing the results of the multiple linear regression. We tightened Section 4 by removing
Figures 3 and 4 from the manuscript and revised the text as proposed by the reviewer.

20
There are also problems with the logic of the arguments themselves – although the organizational problems of the paper

make it difficult to properly assess the logic of these arguments. Consider the contention that the Tibetan plateau is the primary
source of water vapor for the monsoon anti-cyclone. The sole evidence for that seems to be a peak in the correlation between
temperature variability and their monsoon index found in the atmospheric models over the Tibetan plateau (at the 360 K po-
tential temperature surface). Not only does this argument fail to show any dynamical relationship to water vapor variability,25
but the reliability of temperature signal is questionable; in comparisons to ERA-interim, the authors do not show values at 360
K, but they do show values at 380 K that are not in good agreement.

At the 360 K isentropic level there is a strong and significant increase in ERA-Interim water vapour (H2O) mixing ratios
and temperatures above the Tibetan Plateau (TP) with increasing monsoon circulation index (MIDX). To support our argu-30
ment, the ERA-Interim MIDX regression patterns at 360 K are included in the revised manuscript. Temperature and water
vapour variability are closely linked in the respective region. To show this we composited the July–August 360 K ERA-Interim
temperatures and H2O mixing ratios (1979–2013) according to wet and dry extremes in a region above the TP defined as 70–
100◦E/30–40◦N (Fig. 1, also included in the supplement as Fig. S6). There is a clear indication that months with H2O mixing
ratio anomalies enhancing by more than one standard deviation above the TP are connected with higher temperatures at 360 K35
above the TP and vice versa for the dry composite with months where the H2O mixing ratio anomalies are decreased by more
than one standard deviation.

... the authors do not show values at 360 K, but they do show values at 380 K that are not in good agreement.
40

This is deliberate. We highlight that the MIDX regression pattern of the 380 K temperature is different from that at 360 K,
as it shows the two areas of decreasing temperatures connected with the anticyclonic circulation patterns at the western edge
and to the north-east of the anticyclone.

A second example concerns the contention the anti-cyclone transports water into the mid-latitude stratosphere, but not into45
the tropical pipe. It seems that the sole evidence for this is the large water vapor mixing ratios found to the north of the anti-
cyclone, but not to the south. Such a water vapor distribution could certainly arise for the reason that the authors contend, but
they provide no evidence for a dynamical link that shows that the high water vapor concentrations are due, at least in part, to
transport by the anti-cyclone. Furthermore, the results from Sec. 4 show large discrepancies between water vapor distributions
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from the CCMVal models and satellite observations.

There are several studies analysing isentropic water vapour transport (e.g. Dethof et al., 1999; Ploeger et al., 2013) that come
to the conclusion that the ASM region is a significant moisture source for the lower stratosphere in northern high latitudes.
The process responsible for this water vapour transport is described by Dethof et al. (1999) as an interaction of synoptic distur-5
bances with the Asian monsoon anticyclone (AMA) that pull filaments of tropospheric air from the northern flank of the AMA.
Our analyses are based on the monthly mean data base available for the CCMs participating in CCMVal-2, therefore it is not
possible to study processes occurring on a much smaller time scale. On the other hand we have CCM data spanning 45 years
which is much longer than the time series used for most studies related to the ASM.

10
I suggest that the paper be rejected but that the authors be encouraged to resubmit after a thorough overhaul that provides

clear logical arguments backed up with strong evidence. For the revision, I suggest that the authors choose some small number
(e.g., 3-5) of important points, choose the results that best illustrate those points and how uncertain they are, and then rewrite
Secs. 4 and 5 accordingly. In particular, there are important aspects of the circulation that are not well reproduced by the
CCMs (for example, water vapor distributions) that could easily undermine the results. A more careful and logical discussion15
will help determine just how strong of a case the authors actually have.

Specific Comments: Many of the figures are crowded into too small of a space and not well labeled, making them difficult to
understand. Please add explicit labels on the figures that help distinguish the different panels. For example: Fig. 1 should label
the top panel MIDX and the bottom panel WIDX and Nino 3.4, Fig. 2 should label the top panels as 150 hPa stream function20
and the bottom panels velocity potential, and so on. Also, consider dividing the individual panels in a way that does not crowd
them into such small spaces. Perhaps some of the panels can be left out of the paper.

We reduced the number of figures in the revised manuscript to focus more on the interannual variability of the AMS. Re-
maining figures are now more clearly labelled.25

Page 1, lines 4-7: State briefly what the CCM assessment is.

The word ’assessment’ might be a misnomer in this context and therefore we replaced it by ’comparison’. As the reviewer
correctly states, an assessment is a much deeper evaluation of CCMs, which also includes the rating of individual models.30

P. 1 L. 15-16: Be more clear: what is meant by ’consistent’? Weaker than what?

The QBO regression results in water vapour and ozone are consistent in the sense that they are in agreement with the un-
derstanding of the QBO modulation. The downward propagating QBO west-phase is generating an anomalous meridional35
overturning circulation that is directed downward near the Equator and directed upward in the subtropics. The resulting tem-
perature anomaly is positive, thereby leading to increasing water vapour mixing ratios. The reduced upwelling near the Equator
is leading to higher ozone mixing ratio. The term ’weaker’ was intended to evaluate the QBO regression patterns for water
vapour and ozone in comparison to the QBO regression pattern for temperature. The statement is rephrased to be more obvious.

40
P. 7 L. 11-12: It is over-simplified to state that the 3 terms in equation (1) ’represent’ the Hadley, Walker, and Monsoon

circulations. That is, each term contains more than just those circulation features. It would be, for example, better to say some-
thing like ’Chi-star-prime is influenced by the monsoon circulation’.

The revised manuscript now includes a statement about the limitation of the Tanaka et al. (2004) method to separate tropical45
circulations.

P. 7, L. 17: Explain why you add an artificial seasonal cycle to MIDX (by changing from using maximum values of Chi to
minimum values). Given the strong seasonality of the monsoon, it should be possible to find an index that has a strong seasonal
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cycle without any artificial inflation.

The seasonal cycle is not artificially added to the MIDX time series, as it is a consequence of the reversal of χ∗′(t,x,y)
over south-east Asia from being positive to negative during the months from October to April. To reflect this reversal in sign,
the method of Tanaka et al. (2004) defines the value of the MIDX to be the maximum in χ∗′(t,x,y) in a region limited to5
south-east Asia from May to September and to be the minimum during the remainder of the year. As we are concentrating on
the interannual variability of the ASM during July/August (JA), we use the JA average of the MIDX as a basis function in the
multiple linear regression model that does not include the seasonal cycle.

Figures 3 and 4: The discussion of these figures is particularly chaotic and confusing.10

The figures 3 and 4 are now removed from the manuscript.

P. 21 L. 4-5: Please clarify this discussion. It seems to me that Fig. 10a indicates positive regressions for MIDX onto OLR
over BoB, Myanmar, and Taiwan. Doesn’t that indicate weaker convection over these regions – instead of stronger as you15
state? Or do you mean to say ’we also get a decrease in convective activity over the BoB ...’

The negative regressions for MIDX onto OLR (indicated by the colours ranging from yellow to read) show an increase in
convective activity over wide areas of Myanmar, the southern part of BoB, the Indian subcontinent, southern China, Hanai and
Taiwan (at the eastern edge of this region). This indicates that the convective activity is increasing with increasing MIDX in20
large areas where the JA OLR is usually at its lowest values.
We included a more detailed description of the locations in the revised manuscript.

Appendices: The Appendices are too terse to be useful. The autocorrelations discussed in Appendix B are not referred to in
the main text (except at the end of Sec. 3 which merely states that autocorrelations were treated) and should be removed unless25
a more articulate discussion of how the autocorrelations affect the analysis is provided.

Removed.

Appendix A is also not necessary. You could simply mention that the criteria for significance are derived from the Z-test and30
refer the reader to Stouffer et al. (1949) and Whitlock (2005) for details.

The Appendix A is removed from the manuscript.

Fig. 1 caption: Add the term ’WIDX’ to the description. For example, ’bottom: index for the Walker circulation (WIDX;35
solid)’

The figure 1 is now redrawn and does no longer include the WIDX time series. It is replaced by a figure showing the time
series of the JA basis functions MIDX, QBO, and ENSO, used in the regression analysis.

40
P. 6 L. 4: Regarding ’graduate’. Do you intend this word to mean ’to make more gradual’? If so, this is an awkward use – if

not, it’s difficult to understand the meaning of the phrase. It would be better to use a different word.

The term ’graduate’ is a statistical/mathematical term to indicate the ability of the multi-model average to balance the ex-
tremes of individual CCMs. But we agree with the reviewer that it is not commonly used. We replaced the term ’graduate’ by45
’level out’, that hopefully is better understood.

P. 6, L. 8: Change ’indication for the’ to ’indication of the’.
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Done.

P. 6 L. 10: No comma after ’model’.

Done.5

P. 7 L. 5: Change ’allows to express’ to ’allows us to express’ or some other grammatically correct wording.

The sentence is rephrased.
10

P. 7 L. 24: The clause ’whereas the nino3.4 ... variability’ is a non sequitur – it implies contrasting behavior but no source
of the contrast is given. Perhaps you intend to say something like ’the regression onto WIDX emphasizes the west Pacific circu-
lation response to inter-annual SST variations whereas regression onto nino3.4 describes the larger (scale) response to ENSO
variability.’

15
It was intended to emphasize the ability of the nino3.4 index to better reflect the ENSO variability compared to the WIDX

time series, as only the largest ENSO warm events are equally good captured by both indices. We are not talking about the
regression of any of the indices in this section of the paper.
As Figure 1 is redrawn and does no longer include the WIDX, the discussion about the differences to the nino3.4 index is no
longer included.20

P. 10 L3: Change relative to ’relatively’. Also you should state what you are comparing to when you say it is relatively small
(i.e., relative to what?).

We intended to express the smaller spread in JA velocity potential maxima of the CCMs over southeast Asia compared to the25
spread in stream function maxima within the AMA of the CCMs. Relative to the stream function maxima the velocity potential
maxima deviate less about the multi-model average. We rephrased the sentence.

P. 12 L. 6: Add (e.g., in parentheses) that the heating rates are displayed with red lines.
30

Done.

P. 21 L. 13: Change ’round’ to ’around’

We changed the term.35

P. 21 L. 25: Change ’South to the AMA’ to ’South of the AMA’.

Done.
40

P. 22 L. 5: Remove ’in’ from ’temperature from in nine re-analysis datasets’.

Done.
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Figure 1. Composited anomalies for wet (left) and dry (right) 360 K monthly mean ERA-Interim water vapor extrema in July and August
over the TP region (30–40◦N, 70–100◦E) analysed for years from 1979–2013; ERA-Interim temperature (top) and water vapour (bottom).
The ERA-Interim data are preprocessed and do not include QBO and ENSO variability. Overlaid as streamlines in grey are the composited
horizontal wind anomalies; the 3513 × 102 m2 s−2 contour of the Montgomery streamfunction is overlaid in black.

References

Dethof, A., O’Neill, A., Slingo, J. M., and Schmit, H. G. J.: A mechanism for moistening the lower stratosphere involving the Asian summer
monsoon, Q.J.R. Meteorol. Soc., 125, 1079–1106, 1999.

Ploeger, F., Günther, G., Konopka, P., Fueglistaler, S., Müller, R., Hoppe, C., Kunz, A., Spang, R., Grooß, J.-U., and Riese, M.: Horizontal
water vapor transport in the lower stratosphere from subtropics to high latitudes during boreal summer, J. Geophys. Res.: Atmos., 118,5
8111–8127, doi:10.1002/jgrd.50636, http://dx.doi.org/10.1002/jgrd.50636, 2013.

SPARC CCMVal: SPARC Report No 5 (2010) Chemistry-Climate Model Validation, WCRP-132, WMO/TD-No. 1526, 2010.
Tanaka, H. L., Ishizaki, N., and Kitoh, A.: Trend and interannual variability of Walker, monsoon and Hadley circulations defined by velocity

potential in the upper troposphere, Tellus A, 56, 250–269, doi:10.3402/tellusa.v56i3.14410, 2004.

5

http://dx.doi.org/10.1002/jgrd.50636
http://dx.doi.org/10.1002/jgrd.50636
http://dx.doi.org/10.3402/tellusa.v56i3.14410


Response to referee #3.

We thank the anonymous referee for the constructive comments that helped to improve the paper. All further questions/comments
are answered/annotated in the following, the manuscript is changed accordingly. (Referee comments are emphasized in italics.)

5
General:

Validation of the chemistry climate models CCMs) with respect to their abilities to represent the Asian summer monsoon
(ASM), especially the Asian monsoon anticyclone (AMA) is an important task for the atmospheric community. The paper uses
MIPAS and ERA-Interim data to validate such CCMs; the comprehensive analysis is clear and well presented. In the second10
part, the interannual variability of the ASM/AMA system is considered. However, there are some major points which need a
more detailed discussion.

Major points:
15

1. Fig 3 and 4
Both figures show the results relative to the tropopause pressure that is certainly a good idea. You write that in order to account
for differences among the CCMs in the location of AMA, the mean anomaly averaged over 30 degree was "centered where the
150 hPA eastward directed divergence free zonal wind maximizes". However, I would like to see such differences in the model
representation and would recommend to use a much simple averaging over 120-160E. Maybe you can make two figures for this20
(you do something similar in Fig 8). Furthermore, the most important information shown in Fig 3/4 are for me temperature
anomalies (rather than wind anomalies) which are extremely difficult to read. A compromise could be to show wind anomalies
in the absolute range 120-160E and temperature anomalies by using the relative coordinate defined by the wind maximum (and
only to mention in the text that such "shifted" wind patterns are very similar for ERA-Interim and the MMOD analysis) .

25
Including an additional Figure into the manuscript will further enlarge it. In view of the statement included in the second

major point and also referring to anonymous referee 2, Fig. 3 and 4 are no longer contained in the manuscript but rather moved
to the supplementary material, provided with the revision of the manuscript.
However, we followed the recommendation of the referee to present two kinds of sectional averages for the core region of
the AMA with one highlighting the temperature anomalies (shaded) for a fixed range 60-120◦E (Fig. S2) and one with the30
currently used method to create the sectional averages and highlighting the wind anomalies (shaded) (Fig. S1).
The motivation for the original Fig. 4 (now Fig. S3) is to show the different meridional velocities at the western and eastern
edges of the AMA, therefore the shading should highlight these differences.

2. Fig 10 and the discrepancy with Randel et al 201535
This is a very interesting and important point. However, a simple explanation referring to "different approach" is not enough
for me. You can certainly repeat the Randel’s procedure by using ERA-Interim H2O (instead of MLS like in Randel et al.).
If you get a similar picture ("more convection makes a dry anomaly") than is your statement ("different approach") correct.
Otherwise, without such a test you have a "confusing result" if compared with the published work of Randel et al 2015.

40
We followed the advice of the anonymous referee and analysed the ERA-Interim data (water vapour, temperature, and hori-

zontal wind components) and NOAA OLR data in the same way as it was done by Randel et al. (2015) (R15). We created wet
and dry composites on the basis of daily data from May to September for years from 2005 – 2013, to be as much comparable
to R15 as possible (Fig. 1). We did the same kind of analyses for daily data from July to August for years from 1979 – 2013
(Fig. 2), to be comparable with the regression analyses of the manuscript. As in R15 the ERA-Interim data were pre-processed45
with the multiple linear regression model (MLR), to create a time series of daily ERA-Interim data without trend, and QBO/
ENSO induced variability. When using the same time periods as R15, i.e. data from May to September for years from 2005 –
2013, we get similar OLR anomalies over the region 20-30◦N/90-120◦E, which was identified by R15 as the key convective
region, showing reduced convective activity over this region for the wet composite and intensified convective activity for the
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dry composite (s. Fig. 1, top). Also the structure of the temperature anomalies are similar to R15, although less pronounced for
the wet anomalies (s. Fig. 1, second row).
When we repeat the analyses with data covering only July to August but using the years from 1979 – 2013 we can confirm
the OLR anomalies shown in Figure 1 over the region 20-30◦N/90-120◦E and also the structure of the temperature anomalies,
with the temperature anomalies of the wet composite now more pronounced. But for the adjacent region in the south, extending5
from the Indian subcontinent, the Bay of Bengal (BoB) to Vietnam, we get the opposite anomalies with more intense convective
activity for the wet composite and reduced convective activity for the dry composite (s. Fig. 2, top). Based on the results of
Figure 2 and based on the results of the MLR for the monsoon circulation index (MIDX) (see Figure 10 of the manuscript) we
come to the conclusion that the wet anomalies are connected with a more intense Asian summer monsoon. From this compari-
son it seems that the differences to R15 can partly be explained by a different time period used in their study. It seems that the10
differences to R15 are partly due to a different representation of the ASM intensity. The conclusions drawn from the additional
analyses are included in the revised manuscript. Two additional Figures are part of the supplementary material.

. . . Furthermore, the paper is in my opinion too long. I would recommend to publish two parts: (1) validation with MLS/ERA-
Interim and (2) Iterannual variability. But, that is your decision.15

Section 3 is now shortened, as Fig. 3 and 4 moved to the supplementary material. However, we don’t want to separate the
paper into two parts.

Minor points:20

1. General
In almost all your figures you use a matrix of sub-panels. It would be easier to read such figures if you would denote every row
and every column separately. E.g. Fig 5/6 θ = 360 370, 380 K for the rows and MIPAS/MMOD for the columns.

25
We followed the advice and organised the labelled Figures by rows and columns.

2. P1, abstract, L14-15
please mention "zonally asymmetric ENSO response versus zonally symmetric QBO modulation"

30
We have included a more detailed description of the QBO modulation in the abstract of the revised manuscript.

3. P1, L24
first "wave-driven" forcing, followed by heat transport from the tropics to the high latitudes and, finally slow ascent due to
radiative heating - please reformulate35

The intention was to characterize the vertical transport confined to tropical latitudes, rather than to describe the full picture
of the meridional tracer transport in the middle atmosphere. The section is now rewritten to avoid any misunderstanding.

4. P 2, L 20-2540
To discuss the importance of the Tibetan Plateau you should also mention the Boos and Kuang, Nature 2010 paper stating that
for the formation of the Asian monsoon circulation pattern orography is the most important factor and the impact of sensible
heat (Tibetan Plateau) is rather a second order effect

This alternative result of Boos and Kuang (2010) are now cited in the revised manuscript.45

5. P3 L 10-13
Maybe you should discus it more carefully: the core of the anticyclone is rather in the extratropics than in the tropics. Fur-
thermore, the anticyclone itself acts more as an isentropic blower. Inside of the anticyclone the the tropospheric pollution are
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trapped and probably transported into the TTL (Randel et al., Science, 2010). Outside of the anticyclone a strong in-mixing of
stratospheric signatures into the TTL happens (see related paper from Konopka et al and Ploeger et al)

This paragraph is now revised and extended by a short comment on in-mixing, as it was analysed by Konopka et al. (2009)
and Ploeger et al. (2012).5

6. P3 L14
...(QBO) or the "internal variability of the ASM iteslf".

This is now specified as proposed.10

7. P4, L26
"aspects of the climatological state are compared with" - which aspects, please reformulate

This is now formulated more specifically.15

8. P6, caption Fig 1
please use the abbreviation WIDX

The revised version of Figure 1 does not include the Walker circulation index (WIDX) any more.20

9. P6, L5
"graduate" - I am not sure that this is a right word. Maybe "mask" or "suppress"

We reformulated the sentence.25

10. P7, L5
Explain the vector k

Done.30

11. P9 L2
Use the notation ψ for the divergence-free part of the flow. Same for χ (which were defined in the previous section).

Done.35

12. P12 Fig 5
The enhanced signatures of H2O north of 30N seem to propagate eastward mainly by planetary waves as described by Ploeger
et al. Maybe you would like to include some comments about this point

40
A short statement on this is now included in the manuscript and the reference to Ploeger et al. (2013) is given.

13. P14 Fig 7
There are much lower temperatures at 380 K for MMOD than for ERA. On the other side MMOD are moister compared with
MIPAS. You should comment this point45

There are different points used for the statistics of the H2O maximum and the temperature minimum in the region enclosed
by the rectangle at 380 K. Whereas the lowest temperatures are located at the southern edge of the AMA the maximum in H2O
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within the rectangle is located on average at the north-eastern corner of the rectangle.

14. P14 L9
"O3 in the UTLS can better serve as a passive tracer..." - maybe you can make this point earlier, e.g. as you introduce O3 into
your discussion5

The sentence has moved to the beginning of the paragraph.

15. P15 Fig 8
After the major point 1 was included, Fig 8 would be easier to understand10

The major point 1 is only included in the supplementary material, but we hope that the information given by the additional
Figure can be helpful to understand the Figure still included.

16. P15 last sentence and P16 first sentence15
This feature was discussed in literature as in-mixing, see Konopka et al 2009, 2010, Ploeger et al 2012. Maybe you would like
to include these references into your discussion

The suggested references are now taken into account.
20

17. P17 caption of Fig 7 (and Fig 2)
You introduced the decomposition given by the eq (1) but you do not use the introduced notation. Please state it explicitly if
you show ψ, χ, χ∗ , etc.

Done.25

18. P17 L13
For me MIDX is a more direct measure of the anticyclone rather than of the whole ASM system

Please see our response to point 21 below.30

19. P18 Fig 10 and the discrepancy with Randel et al 2015 see major point 2

Please see our response to major point 2.
35

20. P19 Fig 11
I think, you use the ERA-Interim related results too strong as a benchmark for the following investigations. Whereas ERA-
Interim temperatures and probably H2O are good enough for your study, ERA-Interim ozone around and below the tropical
tropopause is probably not good enough for that (mainly because only O3 column is constrained by sat elite observations as
described in Dragoni et al., 2011) . In the following you describe large differences in ozone between multimodel average of the40
CCMs and the ERA-Interim. I would recommend to exclude completely the ERA-Interim ozone.

Because ozone has a relatively long lifetime in the UTLS region it can be used as a complementary dynamical tracer. Due to
a lack of a direct observational constraints we should not expect that ERA-Interim ozone matches absolute (in-situ observed)
ozone values well, but interannual variability and thus regression patterns should generally be matched reasonably well. We45
have included a "health warning" in the manuscript.

21. P20 L7
"As MIDX is a direct measure of the strength in upwelling" - for me MIDX is a direct measure of the (divergence) of the
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anticyclone, please re-formulate

The MIDX is created from the transient eddy part (i.e. after subtracting the zonal average) of the velocity potential (χ*’).
The maxima in χ*’, the individual values of the MIDX, are thus taken from a purely divergent field. We agree with the referee
that the horizontal divergence is connected to the horizontal, purely rotational (divergence free) circulation, as the maximum5
of the horizontal divergence occurs where the streamlines of two reversed circulation cells diverge. On the western side of the
respective maximum in χ*’ the anticyclonic flow of the AMA is located, whereas on the eastern side cyclonic flow prevails.
For continuity reasons the divergence has to be connected with upwelling, which can be seen as connected with convective
uplift.
We have reformulated the sentence to emphasize the importance of the upper tropospheric divergence.10

22. P20 L9
...or have increased H2O or less O3

23. P20 L1015
...or decreased H2O or higher O3

This serves as a general introduction of the MIDX regression coefficients for positive or negative signs. When a variable
increases with increasing MIDX, we get a positive regression coefficient and vice versa. The statements are not meant to de-
scribe the regression coefficients that should be expected in the monsoon anticyclone.20

24. P21 L17
"The negative O3 caused...." - I do not understand your explanation. Negative O3 anomaly means a stronger tropospheric
influence (more upwelling) that is in agreement with the positive H2O anomaly. Please clarify

25
Both, the negative O3 anomalies and the negative temperature anomalies are nearly co-located with each other and also

with the anticyclonic anomalous circulation pattern. There is no contradiction to the positive H2O anomaly that extends over
larger parts of the AMA (at 380 K as well as at 100 hPa). The positive H2O anomaly seems to be more related to the positive
temperature anomaly at the southern edge of the AMA.
This is now also discussed in the revised manuscript.30

25. P22 L15
"unexpected positive response" - see comments above to ERA-Interim ozone

We added a comment about the limitations of the ERA-Interim O3 data.35

26. P25 L23
"many regions" - please list these regions

The regions are now explicitly listed.40

27. P26 L17
...suggest transport of H2O through this region

H2O is now explicitly stated.45

5



Figure 1. Composited anomalies for wet (left) and dry (right) 100 hPa ERA-Interim water vapor extrema from May to September over
the Asian monsoon region (20–40◦N, 40–140◦E) analysed for years from 2005–2013, from top to bottom for NOAA OLR, ERA-Interim
temperature, water vapour, and ozone without QBO and ENSO variability. Overlaid as streamlines in grey are the composited horizontal
wind anomalies; the 16.750 m geopotential height contour is overlaid in black. Results for OLR are shown averaged 0–10 days prior to the
stratospheric water vapour extrema; overlaid red contours indicate climatological OLR values ≤ 220 W m−2. Adapted from Randel et al.
(2015).
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Figure 2. As Fig. 1 but using data from July to August for years from 1979–2013.
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Abstract. During boreal summer the upper troposphere/lower stratosphere (UTLS) in the northern hemisphere shows a distinct

maximum in water vapour (H2O) mixing ratios and a coincident minimum in ozone (O3) mixing ratios, both confined within

the Asian monsoon anticyclone (AMA). This well known feature has been related to transport processes emerging above the

convective systems during the Asian summer monsoon (ASM), further modified by the dynamics of the AMA. We assess

:::::::
compare

:
the ability of chemistry climate models (CCMs) to reproduce the climatological characteristics and variability of5

H2O, O3 and temperature in the UTLS during the boreal summer in comparison to
::::
with

:
MIPAS satellite observations and

ERA-Interim re–analyses. By using a multiple linear regression model the main driving factors, the strength of the ASM, the

quasi-biennial oscillation (QBO), and the El Niño-Southern Oscillation (ENSO), are separated. The
::::::::
regression

:::::::
patterns

::::::
related

::
to

:::::
ENSO

:::::
show

:
a
::::::::
coherent,

::::::
zonally

::::::::::
asymmetric

:::::
signal

:::
for

:::::::::::
temperatures

:::
and

:::::
H2O

::::::
mixing

:::::
ratios

::
for

:::::::::::
ERA-Interim

::::
and

:::
the

::::::
CCMs,

:::
and

::::::
suggest

::
a
:::::::::
weakening

::
of

:::
the

:::::
ASM

:::::
during

::::::
ENSO

:::::
warm

::::::
events.

::::
The

::::
QBO

::::::::::
modulation

::
of

:::
the

:::::
lower

:::::::::::
stratospheric

::::::::::
temperature10

:::
near

::::
the

:::::::
Equator

::
is

::::
well

::::::::::
represented

::
as

::
a
:::::::
zonally

:::::::::
symmetric

::::::
pattern

::
in

::::
the

::::::
CCMs.

::::::::
Changes

::
in

::::
H2O

::::
and

:::
O3:::::::

mixing
:::::
ratios

::
are

:::::::::
consistent

::::
with

:::
the

:::::
QBO

:::::::
induced

::::::::::
temperature

::::
and

:::::::::
circulation

::::::::
anomalies

:::
but

::::
less

:::::::
zonally

:::::::::
symmetric

::::
than

:::
the

::::::::::
temperature

::::::
pattern.

:::::::::
Regarding

:::
the

:::::
ASM

:::
the

:
results of the regression analysis show for ERA-Interim and the CCMs enhanced H2O and

reduced O3 mixing ratios within the AMA for stronger ASM seasons. The CCM results can further confirm earlier studies

which emphasize the importance of the Tibetan Plateau/southern slope of the Himalayas as the main source region for H2O in15

the AMA. The results suggest that H2O is transported towards higher latitudes at the north–eastern edge of the AMA, rather

than transported towards low equatorial latitudes to be fed into the tropical pipe. The regression patterns related to ENSO

show a coherent signal for temperatures and H2O mixing ratios for ERA-Interim and the CCMs, and suggest a weakening of

the ASM during ENSO warm events. The QBO modulation of the lower stratospheric temperature near the Equator is well

represented in the CCMs. Its influence on H2O and O3 mixing ratios is consistent but weaker.20

1 Introduction

The future evolution of the abundances of chemically active trace gases has a major influence on the development of strato-

spheric ozone (O3) concentrations. In addition to the chemical composition of the stratosphere, the trace gases also influence
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the radiation budget of the atmosphere. To identify the major transport processes responsible for troposphere–stratosphere

transport (TST), is therefore an important issue.

The transport of tracers from the troposphere to the stratosphere is largely realized through the tropical tropopause layer

(TTL) (Fueglistaler et al., 2009, and references therein). It consists of a rapid rise by convection to
::::
With

::::::
respect

::
to

:::::::
vertical

::::::::
transport,

:::
the

::::
TTL

::
is

:
a
::::::::
transition

:::::
layer

:::::
from

:::
the

::::::::::
convectively

:::::::::
dominated

:::::::
tropical

::::::::::
troposphere

::
to

:::
the

:::::::
tropical

::::::::::
stratosphere

::::
that5

:
is
::::::::::::
characterized

::
by

:::::
slow

:::::
ascent

:::
in the lower boundary of the TTL , slow ascent forced by radiative heating in the TTL and

::::::
upward

::::::
branch

::
of

:
the wave driven further ascent within the Brewer-Dobson circulation (BDC). The

::::
slow

:::::
ascent

::
in

:::
the

:::::
TTL

:
is
::::
due

::
to

:::::
small

:::
net

:::::::
radiative

:::::::
heating,

:::::
which

::::::::
contrasts

::::
with

:::
the

::::::::
adiabatic

::::::
cooling

::::::::
resulting

::::
from

:::::::::
ascending

:::::::
motion.

:::
The

:
amount

of water vapour (H2O) that enters the stratosphere depends on the lowest temperature encountered during ascent, where moist

air is freeze dried until the H2O mixing ratios are as low as the saturation mixing ratio of the region passed through (Brewer,10

1949). In addition to the slow vertical transport, that takes place in a fast horizontally directed flow (Holton and Gettelman,

2001), there is evidence for direct injections of H2O into the stratosphere by convection overshooting the tropopause (e.g.

Sherwood and Dessler, 2000), or direct injections of ice particles into the lower stratosphere, that sublimate and moisten the

lower stratosphere (Corti et al., 2008).

In recent years the off–equatorial Asian summer monsoon (ASM) has also been emphasized to contribute to the transport15

of trace gases from the troposphere to the stratosphere (Gettelman et al., 2004; Bannister et al., 2004; Fu et al., 2006; Wright

et al., 2011; Randel et al., 2010, 2015). Observational and model studies (e.g. Rosenlof et al., 1997; Pan et al., 1997; Gettelman

et al., 2004; Randel and Park, 2006; Park et al., 2007; Kunze et al., 2010; Ploeger et al., 2013) have shown that during boreal

summer the maximum in H2O coincides with a minimum in O3, confined to the Asian monsoon anticyclone (AMA) in the

upper troposphere/ lower stratosphere (UTLS). The AMA can be explained as a dynamic response to diabatic heating by20

the underlying convective activity (Gill, 1980). It has been shown that the area of main convective activity, identified by low

values of outgoing longwave radiation (OLR) in the Bay of Bengal (BoB) and its surroundings, is displaced to the southeast of

the AMA and the H2O maximum at 100 hPa (e.g. Park et al., 2007). As analysed by Park et al. (2009) the convective systems

transport tracers from the source region up to∼200 hPa. At that altitude, near the level of main convective outflow, the divergent

flow further advects the tracers mainly to the south–west and to the north–east towards the North Pacific Ocean. These outflows25

in the longitudinal direction have been classified as transverse circulations by Yang et al. (1992) and Webster et al. (1998), with

the outflow to the north–east identified as part of the Walker circulation, and the outflow in the latitudinal direction classified as

lateral circulation which is part of the reversed Hadley circulation. In contrast, the role of the orography of the Tibetan Plateau

(TP) and heating above the TP in forming the AMA has been studied by Liu et al. (2007) with a simplified general circulation

model (GCM). They found heating above the TP to be the predominant forcing of the upper level anticyclonic flow.
::::::::
However,30

:
a
:::::
study

::
by

::::::::::::::::::::::::::::
Boos and Kuang (2010) identified

:::
the

:::::::::
orography

::
of

:::
the

:::
TP

::
to

::
be

:::::
more

::::::::
important

::::
than

:::
the

::::::
plateau

:::::::
heating.

In order to analyse the origins and the transport pathways of constituents in the UTLS of the ASM region backward tra-

jectories studies have widely been used (e.g. Jensen and Pfister, 2004; Fueglistaler et al., 2004; James et al., 2008; Kremser

et al., 2009; Ploeger et al., 2011; Wright et al., 2011; Bergman et al., 2013). To estimate the relative role of specific regions

within the ASM area, four main source regions are usually compared: the BoB and the Indian subcontinent (IND) (both regions35
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sometimes combined as MON), the southern slope of the Himalayas (SS), and the TP. Fu et al. (2006) and Wright et al. (2011)

identified the regions of the TP and the SS as most important to bypass the lowest cold point and moisten the air within the

AMA. This is consistent with Heath and Fuelberg (2014), who used a model system that explicitly resolved convection to show

that 90% of the air parcels influenced by convection within the AMA are connected to the convection over the TP and the SS.

They emphasised that, due to the high elevation of the TP, convection does not necessarily have to be particularly strong to5

reach the AMA. In contrast, Chen et al. (2012) identified the TP and the SS to be only of minor importance as source region

for tracers in the tropopause layer, and highlighted that the region extending from the western Pacific to the South China Seas

is most important.

The extra tropical lower stratosphere exhibits a strong seasonal cycle in H2O mixing ratios, which Ploeger et al. (2013)

argued to be almost entirely created by horizontal transport on isentropic levels from low latitudes. They show that filaments10

of high H2O mixing ratios at 390 K, drawn out of the ASM region on the eastern side of the AMA, are responsible for H2O

transport from low to high latitudes during boreal summer. The potential of this kind of H2O transport out of the ASM region for

moistening the extra tropical lower stratosphere was already investigated by Dethof et al. (1999). Whereas there is agreement

about the ASM in moistening the lower stratosphere at higher latitudes, the discussion of the role of the ASM contributing to the

moist phase of the stratospheric tropical H2O tape–recorder signal is controversial. E.g., Wright et al. (2011) found only a minor15

contribution of the ASM to the mean tropical stratospheric H2O, while others studies (e.g. Gettelman et al., 2004; Bannister

et al., 2004) highlighted the large impact of the ASM on the moist phase of the tropical H2O tape–recorder. Randel et al. (2010)

argued for a direct link between the pollutants produced in the East–Asian region and enhanced hydrogen cyanid (HCN)

mixing ratios in the tropical lower stratosphere transported upward through the
::::
core

::
of

:::
the

::::::::::
subtropical upper tropospheric

AMA. ,
::::::
where

::::
high

:::::
HCN

::::::
mixing

:::::
ratios

::::::
appear

::
to

::
be

::::
well

::::::::
confined.

::::::::::::::::::::::
Konopka et al. (2009) and

:::::::::::::::::::::::::
Ploeger et al. (2012) identified20

::::::::
horizontal

:::::::::
isentropic

:::::::
transport

:::::
from

:::::
higher

::::::::
latitudes

:::
into

:::
the

:::::::
tropics,

::::::::
especially

::::::
during

:::::::
summer

:::::
when

:::
the

:::::::::
subtropical

::::::::
transport

:::::
barrier

::
is

:::::
weak.

:::::::::
According

::
to

:::::
these

::::::
studies

:::
this

::::::::
in-mixing

::
is
:::
an

::::::::
important

::::::::::
contributing

::
to

:::
the

::::::
annual

::::
cycle

::
of

::::::
tracers

::
in

:::
the

:::::
TTL.

Superimposed on the climatological H2O, and O3 concentrations in the UTLS, described so far, is an interannual variability

caused by internal modes of variability like El Niño Southern Oscillation (ENSO), and the Quasi–Biennial Oscillation (QBO),25

or the ASM
::::::
internal

:::::::::
variability

::
of

:::
the

:::::
ASM

:::::
itself. Additional variability arises from external forcing, like the 11-year solar

cycle, or from sporadic events like volcanic eruptions. These components are not independent of each other, as for example the

ASM itself is influenced by ENSO (e.g. Webster and Yang, 1992), the QBO (Giorgetta et al., 1999) or the 11-year solar cycle

(van Loon and Meehl, 2012). As shown by Kunze et al. (2010), the strength of the ASM has some influence on the observed

H2O maximum and O3 minimum mixing ratios confined by the AMA, with increasing H2O and decreasing O3 mixing ratios30

during strong ASM seasons. However, a recent study by Randel et al. (2015), suggested that increasing H2O mixing ratios

within the AMA can also be related to weaker ASM seasons.

The aim of this study is to assess, by a comparison to satellite data, chemistry climate model (CCM) simulations of the

recent past with respect to their ability to capture the H2O and O3 climatological distribution in the UTLS during the ASM.

In addition, the ASM related mean circulation and temperature patterns will be compared with a re–analysis dataset. Further35

3



we want to identify the relative importance of the ASM, in comparison to ENSO and the QBO, in modulating the H2O and

O3 mixing ratios in the UTLS. The paper is organised as follows: After introducing the data (Section 2) and methods (Section

3) aspects of the climatological state of the
::::::::
horizontal

:::::::::
circulation

::::
and

:::
the

::::
H2O

::::
and

:::
O3:::::::

mixing
:::::
ratios

::
of

:::
the

:
CCMs in the

UTLS are compared with observations and re–analyses during July/August (JA) in Section 4. The interannual variability of the

temperature and the H2O and O3 concentrations is then investigated in Section 5, followed by a summary and the conclusions5

in Section 6.

2 Models and Data

We use data from CCMs collected for Phase II of the Chemistry-Climate-Model validation activity (CCMVal-II) for Strato-

spheric Processes and their Role in Climate (SPARC). We focus on the so-called REF-B1 simulations of the recent past covering

the period from 1960–2004. The SPARC Report No 5 on Chemistry-Climate-Model validation (SPARC CCMVal, 2010) gives10

a comprehensive overview of the details of the CCMs used in this study, therefore only the main features are summarized in

section 2.1.

2.1 Chemistry Climate Model data

Here, we use monthly mean data of temperature, zonal and meridional wind, vertical velocity, H2O, O3, longwave and short-

wave heating rates, varying in longitude, latitude, pressure, and time. Only a subset of the CCMs, participating in the CCMVal-15

II activity have provided all required data to the CCMVal archive which limits the analyses to the CCMs listed in Table 1.

Most CCMs have their upper boundary in the upper mesosphere or lower thermosphere, E39CA is the only model with an

upper boundary in the middle stratosphere at 10 hPa. The vertical resolution in the UTLS region (300–100 hPa) ranges from 5

(EMAC-FUB and SOCOL) to 15 (E39CA) levels.

2.1.1 Model runs20

The specifications of the CCMVal REF-B1 scenario were designed to produce best estimate model simulations of the recent past

from 1960–2006 (Eyring et al., 2008). They define a transient setup that includes all anthropogenic and natural forcings, with

greenhouse gases (GHGs) according to IPCC (2001) (updated with NOAA observations to 2006), ozone depleting substances

(ODSs) according to WMO (2007), prescribed monthly varying sea surface temperatures (SSTs) and sea ice concentrations

(SICs) from the global HadISST1 data set (Rayner et al., 2006). To account for the effect of the major volcanic eruptions on25

the temperatures in the stratosphere and troposphere, additional heating rates for the stratosphere and cooling of the surface

have been prescribed or calculated from an aerosol data set, where possible. The effect of volcanic aerosol on heterogeneous

chemistry is taken into account by prescribing a surface area density data set. The solar variability of the 11–year solar cycle

and the 27–day solar rotational period is included in some simulations by spectrally resolved solar irradiances on a daily basis

(Lean et al., 2005). The quasi–biennial oscillation (QBO) is not included in all CCMs (see Table 1). In a subset of CCMs it30

is nudged, or it develops internally (UMUKCA-UCAM, EMAC) in CCMs with sufficiently high vertical resolution and an
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Table 1. Main characteristics and specifications of the Chemistry-Climate models used. More comprehensive information can be found in

Morgenstern et al. (2010).

CCM Horiz. Res. Levels/ Upp. Bound. Levels: 300–100 hPa QBO

CCSRNIES T42 34 / 0.012 hPa 6 nudged

CMAM T31 71 / 0.00081 hPa 7 no

CNRM-ACM T42/T21 60 / 0.07 hPa 8 no

E39CA T30 39 / 10 hPa 15 nudged

EMAC T42 90 / 0.01 hPa 12 weakly nudged

EMAC-FUB T42 39 / 0.01 hPa 5 nudged

GEOSCCM 2◦ x 2.5◦ 72 / 0.015 hPa 7 no

SOCOL T30 39 / 0.01 hPa 5 nudged

UMUKCA-UCAM 2.5◦ x 3.75◦ 60 / 84 km 7 internal

WACCM 1.9◦ x 2.5◦ 66 / 5.96x10−6 hPa 7 nudged

adequate gravity wave parametrization. EMAC has an internally generated QBO and weak nudging is applied to force the

model towards the observed timing of the QBO phase.

2.2 Re-analyses and satellite data

The European Centre for Medium–Range Weather Forecasts (ECMWF) interim re-analyses (ERA-Interim) data from 1979–

2014 (Dee et al., 2011) are used in this study to assess the monsoonal wind structure, the velocity potential, and the stream-5

function. The ERA-Interim water vapor and ozone
::::
H2O

:::
and

:::
O3:

data are used in regression analyses, when longer time series

covering a large part of the modelled time period are necessary. The period used for the ERA-Interim data does not exactly

match the period of the REF-B1 simulations of the CCMs, but due to the overlapping period from 1979–2004, covering nearly

60% of the REF-B1 period, a comparison with ERA-Interim is still useful. The quality of the ERA-Interim ozone
:::
O3 data

has been assessed by Dragani (2011), showing a better quality compared to the previous ERA-40 re-analysis (Uppala et al.,10

2005).
:::::::
However,

::::::
within

:::
the

:::::
UTLS

:::
the

::::::
quality

:::
of

::
the

::::::::::::
ERA-Interim

::
O3::::

data
:::::
might

::::
still

::
be

:::::::
limited,

::
as

::
it

::
is

:::::
mostly

::::::::::
constrained

:::
by

::::
total

::::::
column

:::::
ozone

:::
in

:::
this

::::::
region.

:::
On

:::
the

:::::
other

::::
side,

:::
due

::
to
:::
the

::::::::
relatively

:::::
long

::::::
lifetime

:::
of

::
O3::

in
:::

the
::::::
UTLS,

::
it
:::
can

:::
be

::::
used

::
as

::
a

:::::::
dynamic

:::::
tracer.

:

As observational reference for the climatological JA water vapor and ozone mixing ratios on the 380 and 370 K isentropic

level we use the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) satellite data of H2O (Milz et al., 2009;15

von Clarmann et al., 2009) and O3 (Steck et al., 2007; von Clarmann et al., 2009). MIPAS measures H2O and O3, among

numerous other species, as a limb emission midinfrared sounder with high spectral resolution from a sun-synchronous polar

orbit at about 800 km altitude. It covers the atmosphere from cloud top to 70 km by scanning from top to bottom with a step

width of 1.5 km (UTLS, since 2005) to 8 km (mesosphere, before 2005). Data are recorded every 400 km along the orbit, with
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14.4 orbits per day, providing one profile per day roughly every 4◦ latitude and 12.5◦ longitude. Cloud contamination reduces

the achievable coverage.

The atmospheric distributions of H2O and O3 used in this study were derived using the MIPAS level-2 data processor at

the Institut für Meteorologie und Klimaforschung–Instituto de Astrofísica de Andalucía (von Clarmann et al., 2003) from

observations of 57 days overall during July and August 2003, and 2005–2009 (6 years). The precision, accuracy, and vertical5

resolution of single profiles in the relevant altitude range of H2O (O3) is 5–6%, 8–17%, and 2.3–3.3 km (3.8–12.6%, 9.6–

17.0%, 2.4–2.9 km), respectively (von Clarmann et al., 2009).

NOAA interpolated monthly average outgoing longwave radiation (OLR) (Liebmann and Smith, 1996) from 1975–2013 are

used as a proxy for deep convection.

3 Methods10

3.1 Climatology of the AMA

We derive climatologies to assess
:::::::
compare the average impact of the ASM on the upper tropospheric circulation, temperatures,

H2O and O3 mixing ratios , by means of multi–model averages (MMOD)
:::
with

::::::::::::
ERA-Interim

:::::::::
re-analyses

:::
and

:::::::
MIPAS

:::::::
satellite

::::::::::
observations. By nature, the MMOD will graduate

::::
level

:::
out

:
the occasionally large differences among individual CCMs, in

comparison to the re-analysis and satellite observation. Characteristic quantities derived as box averages, or extreme values15

within a certain area related to the monsoon anticyclone
:::::
AMA are derived for the individual models to assess the model spread

of the CCMs, in comparison to the MMOD and the observational reference. The spread in statistics for individual CCMs is an

indication for
::
of the robustness of the MMOD.

3.2 Interannual variability of the AMA

The variability of the temperatures and the H2O and O3 mixing ratios is assessed
:::::::
analysed with a multiple linear regression20

model , to estimate the relative importance of the ASM circulation, ENSO and the QBO for these quantities in the UTLS.

3.2.1 Separating tropical circulations

To quantify the inter–annual variability of the ASM circulation, a monsoon circulation index is calculated as described in

Tanaka et al. (2004). The method is based on the separation of the horizontal flow in the upper troposphere. According to the

Helmholtz theorem, the horizontal flow can be separated into a rotational, nondivergent (vh/r) and a divergent, irrotational25

component (vh/d): vh = vh/r +vh/d, with∇·vh/r = 0 and∇×vh/d = 0. This allows
::
us

:
to express the horizontal flow by

a combination of streamfunction ψ and velocity potential χ in the following way: vh = k×∇ψ+∇χ
:
,
::::
with

:
k
:::::::::::
representing

:::
the

::::::
vertical

::::
unit

:::::
vector.
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Figure 1. Time series of indices
::
JA

:::::::
averaged

::::
basis

:::::::
functions

:
for the period 1970–1999

::::::::
1960–2004. Top: index for the monsoon circulation

(MIDX)
::
in

:::
150

:::
hPa; bottom

:::::
middle: index for the Walker circulation (solid) and for comparison the Niño3.4 index derived from the HadISST1

dataset(dashed), multiplied by −1 ;
::::::
bottom:

:::::
zonal

::::
mean

::::
zonal

::::
wind

::
at

::
50

:::
hPa

::::
near

::
the

::::::
Equator

::::
used

::
as

:
a
::::
QBO

:::::
index.

::::
The

::::
black

::::
lines

::::::
indicate

::
the

::::::::::
multi-model

::::
mean

::
of

:::
the

:::::::
individual

::::
time

:::::
series

::::
used for better comparison

:::
each

::::
CCM. Grey shadings indicate one standard deviation of

the multi–model mean statistics.

Following Tanaka et al. (2004)
::::::::::::::::::::::::
Tanaka et al. (2004) suggested

::
a
::::::
method

:::
to

:::::::
separate

:::
the

:::::
tightly

:::::::
coupled

:
tropical circulations

(Hadley-, Walker-, and monsoon circulation) can be identified by further
::
by separating the velocity potential χ.

χ(t,x,y) = [χ(t,y)] + χ̄∗(x,y) +χ∗′(t,x,y), (1)

where in a first step χ(t,x,y) is separated into the the zonal mean [χ(t,y)], representing
::::::::
supposed

::
to

::::::::
represent

:
the Hadley

circulation, and the eddy component χ∗(t,x,y). The eddy component can be further separated into a time mean component5

χ̄∗(x,y), representing the
:::::::::
considered

::
to

::::::::
represent

::
the

:::::
main

::::::::::::
characteristics

::
of

:::
the Walker circulation and a transient component

χ∗′(t,x,y), representing the monsoon circulation.
:::::::::
considered

::
to

::::::::
represent

:
a
::::
large

:::::::
fraction

::
of

:::
the

:::::
ASM

:::::::::
circulation.

:::
As

:::::
stated

:::
by

::::::::::::::::::
Tanaka et al. (2004) all

:::::
three

:::::::
tropical

::::::::::
circulations

:::
are

:::::
tightly

:::::::
coupled

::
to

::::
each

:::::
other

::::
and

:::
the

::::::::
separation

:::
of

:
χ
::::::::
therefore

:::::
might

:::
be

::::::
limited.

:::::::::::
Nevertheless

:::::::::
χ∗′(t,x,y)

::::::
reflects

:::
the

::::::::
seasonal

::::::
change

::
of

::
χ

:::
and

::
is

::::::::
therefore

::::::::
influenced

:::
by

:::
the

:::::
ASM

:::::::::
circulation.

:
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During the ASM season, the strength of χ∗′(t,x,y) can directly be related to the intensity of the ASM, with strong upper

tropospheric divergent flow where the most intense convective systems are located. As focus is on the influence of the ASM

on the UTLS, we chose the velocity potential at 150 hPa to derive an index for the monsoon circulation (MIDX) close to the

lower stratosphere. The MIDX is defined as the maximum in monthly mean χ∗′(t,x,y) located over south–east Asia from

May to September, and the minimum over the same area during the remainder of each year,
:::

as
:::::::::
χ∗′(t,x,y)

:::::::
changes

:::
its

::::
sign5

::
in

:::
the

::::::::
respective

::::::
region

:::
for

:::
the

::::::
period

::::
from

:::::::
October

::
to
:::::

April. Due to this definition the MIDX changes from positive values

during May–September to negative values during October–April, when the upper tropospheric flow over south–east Asia is

convergent(Fig. 1).
:
.
:
A time varying Walker circulation index (WIDX) is produced as the time mean of the eddy component

of the velocity potential χ̄∗(x,y), using the running mean of twelve individual months. The values of the WIDX are defined as

the maximum in monthly mean χ̄∗(x,y) over the western Pacific. During ENSO warm events the Walker circulation weakens,10

which is reflected in a decreasing WIDX. A comparison of the WIDX (multi–model average) with the Niño3.4 index derived

from the HadISST1 dataset (Fig. 1) shows some similarities, especially for the strongest ENSO warm events during 1982/83

and 1997/98, whereas the Niño3.4 index describes larger ENSO variability. As all CCMs prescribe SSTs of the HadISST1

dataset, they react in a similar way with respect to the Walker circulation.
::::::
During

::::::
ENSO

:::::
warm

:::::
events

:::
the

:::::::
Walker

:::::::::
circulation

:::::::
weakens,

::::::
which

::
is

:::::::
reflected

::
in

:
a
:::::::::
decreasing

::::::
WIDX

::::
(not

:::::::
shown).15

3.2.2 Multiple linear regression model

To identify the temperature and trace gas changes of the lowermost stratosphere associated with the ASM circulation, ENSO,

and the phase of the QBO we use a multiple linear regression (MLR) model, as described in SPARC CCMVal (2010). The

following basis functions are applied: a constant offset, a linear trend, the QBO, the MIDX, the Niño3.4 index, the 10.7cm

solar flux, and basis functions for three major volcanic eruptions (Agung, El Chichón, and Pinatubo), that are realized by using20

an idealized function with a rapid increase and an exponential decay (Bodeker et al., 1998). The time series of the MIDX are

calculated separately for each CCM and the ERA-Interim data according to Tanaka et al. (2004), as described in Section 3.2.1.

The QBO basis function consists of the time series of the zonal mean zonal wind in 50 hPa averaged over the two innermost

tropical latitudes, derived for each individual CCM simulation and the ERA-Interim data. The regression model contains in

addition an orthogonal version of the 50 hPa QBO, to account for the fact that within the vertical range of the QBO two distinct25

phases are present. The Niño3.4 index is calculated as an area averaged, standardised anomaly of the HadISST1 SST for the

Niño3.4 region 170–120◦W, 5◦S–5◦N. An alternative ENSO index is derived with the WIDX (see Sec. 3.2.1). Because the

WIDX is strongly correlated with the Niño3.4 index for the ERA-Interim data (r = 0.7), only the Niño3.4 index is included in
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the MLR. The regression model is applied to time series of n JA averages. The trend and the long–term average are removed

for the basis functions QBO(t), QBO_orthog(t), MIDX(t), N34(t), and solar(t).

y(t) =βoffsoffset+βtrtrend(t)+

βqboQBO(t) +βqbo_orQBO_orthog(t)+

βmidxMIDX(t) +βn34N34(t) +βsflsolar(t)+

βvolV olcano(t) + ε(t), t= 1,n (2)

The regression equation 2 models the time series of a quantity y(t) by linearly fitting the time series of the basis functions to

it by means of least squares estimates, resulting in the fit parameters βj , and a residual ε(t). Results of the MLR are discussed5

in Section 5, for the fit parameters βmidx, βn34, and βqbo, that are multiplied by a factor of 1.0, 2.5, and 25.0 respectively to

account for a typical amplitude of the proxy time series
:::::
shown

::
in

::::::
Figure

::
1.

:::
The

::::::::
residuals

:::
are

:::::
tested

:::
for

:::::::::::::
autocorrelations

::::
with

::
a

::::::
second

::::
order

::::::::::::
autoregressive

::::::
model

::::
after

:::
the

:::::::::
regression

::::::
model

:::
has

:::
run

:::
for

:
a
::::
first

:::::
time.

:::
The

::::::::::::
autoregressive

::::::::::
parameters

:::
are

::::
then

::::
used

::
to

::::::::
transform

:::
the

:::::
model

:::::::::
according

::
to

:::::::::::::::
Tiao et al. (1990).

:::
The

::::::::
statistical

::::::::::
significance

::
of

:::
the

::::::::
estimated

:::
fit

:::::::::
parameters

::
is

:::::
tested

::::
with

:
a
:::::::::
two–tailed

:::::::
Student

::::
t-test

::
of

:::
the

::::
null

:::::::::
hypothesis

::::::::::
H0 : βj = 0

::::
with

:::
the

:::::::::
alternative

:::::::::
hypothesis

::::::::::
H1 : βj 6= 0.

::::
The

:::::::::
regression10

:::::::::
parameters

::
of

:::
the

::::::::
individual

::::::
CCMs

:::
are

::::::::
averaged

::
to

:::
get

:
a
:::::::::
combined

:::::::
response

::
of

:::
all

:::::
CCMs

:::
as

:
a
:::::
multi

:::::
model

:::::::
average.

:::
To

::::::
decide

::::
about

:::
the

::::::::::
significance

::
of

:::
the

::::::::
combined

:::::::::
regression

::::::::::
parameters,

::
the

::::::::
weighted

:::::
Z-test

::::::::::::::::::::::::::::::::::::::
(see Whitlock, 2005, and references therein) is

::::
used

:::::
which

:::::::::
combines

:::
the

::::::::
p–values

::::
from

::::
the

:::::
MLR

::
of

:::
the

:::::::::
individual

::::::
CCMs. Please see appendix ?? for the calculation of

significances, and appendix ?? for information about the treatment of the autocorrelations.

4 The climatological state of the Asian Summer Monsoon during July and August15

The diabatic heating associated with the convective systems of the ASM causes a divergent outflow in the UTLS and eventually,

as a large–scale organised response, the anticyclone (e.g. Garny and Randel, 2013). Liu et al. (2007) highlighted the role of

diabatic heating over the Tibetan Plateau in generating a minimum in potential vorticity, coincident with the AMA. The AMA

has been recognised to influence the transport pathways of various trace gases (e.g. CO, CH4, H2O, HCN), entering the

stratosphere in the tropical UTLS (Fu et al., 2006; Randel et al., 2010; Wright et al., 2011). As pointed out by Goswami20

et al. (1999), the northward migration of strong convective activity during the ASM leads to a regional reversal of the Hadley

circulation, with ascent near 20◦N and descent near the Equator. This is partly, on the eastern flank of the AMA, a manifestation

of the strong anticyclonic circulation. In this section the climatological features of the ASM in the CCMs are assessed by

comparing the multi–model mean (MMOD) of their JA average circulation and H2O and O3 mixing ratios in the UTLS with

ERA-Interim and MIPAS data.25
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Figure 2. Top: long-term monthly mean stream function (in 105 m2 s−1) for JA at 150 hPa in 60◦S – 60◦N; left: ERA-Interim (35 years);

right: the multi-model average (45 years). Streamlines of the rotational horizontal wind. Indicated with the red solid contour is the intersect

of the tropopause with 150 hPa. The maximum of individual models within the area marked by the black rectangle is displayed as bar chart,

where the solid horizontal line represents the multi-model average and the dashed horizontal line represent the maximum of ERA-Interim.

Bottom: as above but for the velocity potential (in 105 m2 s−1) with streamlines of the divergent horizontal wind.

4.1 The monsoon anticycloneand related zonal and meridional flow

The divergence-free part of the horizontal flow is described with the stream function
::
ψ (Sec. 3.2.1). Figure 2 (top) shows that

during the mature phase of the ASM the horizontal flow in the UTLS over southern Asia is dominated by an anticyclonic

stream function
:
ψ, extending from 40◦W – 160◦E in the longitudinal and from the Equator – 50◦N in the latitudinal direction.

A second anticyclone exists over North America, related to the North American monsoon. The large values of the cyclonic5

stream function
:
ψ
:
in the southern hemisphere (more than 350×105m2s−1) are associated with the polar vortex. The bar chart

on the right of Figure 2 (top) shows the maximum climatological JA stream function
::
ψ for each model within the region

indicated by the black rectangle in Figure 2 (top). The CCMs show a large spread in their maximum stream function
::
ψ values.

Four CCMs strongly underestimate the ERA-Interim stream function
:
ψ, leading to a weaker MMOD stream function

::
ψ than in

ERA-Interim. As explained, the divergent part of the upper tropospheric circulation can be described by the velocity potential10

χ (Fig. 2, bottom). During JA χ has the largest positive values centred near 15◦N in the western Pacific. The stream lines in

Fig. 2 (bottom) show the divergent horizontal flow, directed from the maximum χ towards the minimum, extending from the

gulf of Guinea to southern Africa. The positive peak values in χ are thought to be related with regions of upwelling, coinciding

with the onset of the divergent winds, and vice versa for the negative peak values in χ. There is quite good agreement between
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the ERA-Interim data and the MMOD in the location and strength of the up– and downwelling, and also the maxima of the

individual CCMs in the region of upwelling, indicated by the bar chart on the left side of Fig. 2 (bottom), have only relative

:::::::
relatively

:
small deviations from the MMOD

::::::::
compared

::
to

:::
the

::::::::
respective

:::::::::
deviations

::
of

::
ψ

::::
from

:::
the

:::::::
MMOD.

Latitude–height sections of JA long-term mean anomaly of the zonal velocity averaged over 30◦ in longitudes, centred where

the 150 hPa eastward directed divergence free zonal wind maximizes, from the zonal average (shaded). All data interpolated to5

pressure levels relative to the tropopause height. Left: ERA-Interim (35 years); right: the multi-model average (45 years). Black

contours show the temperature anomalies of the respective latitude sections from the zonal average. White dashed contours

indicate the 360 and 380 K isentropic levels. Blue arrows denote the meridional (in m/s) and vertical velocity (in mm/s). The

maximum of the zonal wind anomaly and the minimum of the temperature anomaly near the tropopause are displayed as scatter

plot for individual models (squares), the multi-model average, and ERA-Interim (circle).10

The regional anticyclonic circulation is a large deviation from the zonal mean. To distinguish between tropospheric and

stratospheric levels and their interactions in the AMA region, the analysis of the cross sections (Fig. ?? and ??) is done

with data interpolated to pressure levels relative to the tropopause pressure. Shown are deviations from the zonal average of

the zonal wind component (shaded), and the temperature (contoured). To account for differences among the CCMs in the

location of the AMA, we show the deviations of an average that spans 30◦ in longitude, centred at the longitude where the15

150 hPa eastward directed divergence-free zonal wind maximizes. There is a strengthening of the zonal wind component on

the northern flank of the AMA with a maximum near 40◦N (Fig. ??). Regional averages to the west and the east (Fig. ??)

of the AMA, show anomalies in the meridional wind component, which are a consequence of the anticyclonic circulation.

As for Figure ?? the regions span 30◦ in longitude, but for Figure ?? are centred where the northward (southward) directed

divergence free meridional wind maximizes at the western (eastern) edge of the AMA. Centred at the tropopause and 30◦N,20

negative temperature anomalies in the UTLS are present in all three selected regions, i.e. at the centre of the AMA (Fig. ??)

and the western and eastern edges (Fig. ??). This lower than average cooling within the AMA is related to the convective

activity during the ASM (Park et al., 2007), but the negative temperature anomaly located in the core region and the eastern

flank of the AMA can also be due to adiabatic cooling in regions of uplift (s. Fig. ?? and ?? bottom) above the convective

systems. At the western flank of the AMA, negative temperature anomalies are prevailing as well, despite the downward25

directed vertical velocity, that implies adiabatic warming. The 360 K isentropic level, located in the UT at lower latitudes and

in the LS at higher latitudes, intersects the tropopause near 42◦N. The 380 K isentropic level is located in the stratosphere

except for a small region near 35◦N, where it is intersecting the tropopause. The behaviour of the isentropes, reaching higher

pressures within the monsoon region, is reflecting the larger energy content of the ASM region. To visualise the spread of

the CCMs relative to the MMODand the ERA-Interim, the temperature anomalies and the anomalies of the zonal (Fig. ??)30

and meridional (Fig. ??) wind components are displayed as scatter–plot on the right side of each figure. The circulation and

temperature anomalies simulated by the individual CCMs all point to the same direction, although there exists considerable

spread with regard to the strength of the anomalies.

As Fig. ?? but for the meridional velocity averaged over 30◦ in longitudes; top: centred at the western flank of the AMA

where the 150 hPa northward directed divergence free meridional wind maximizes, relative to the zonal average; bottom:35
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Figure 3. Long-term monthly mean H2O mixing ratios in ppmv for JA at 360, 370, and 380 K (from bottom to top) for latitudes from

60◦S – 60◦N; left: MIPAS (2003, 2005–2011), overlaid grey shaded regions where the OLR ≤ 205 W m−2 ; right: the multi-model average

(45 years). Overlaid as streamlines are the horizontal wind components; red contours indicate the net radiative heating rates in K day−1.

The maximum of individual models within the area marked by the black rectangle is displayed as bar chart, where the solid horizontal line

represents the MMOD and the dashed horizontal line represents the maximum of MIPAS.

centred at the eastern flank of the AMA where the 150 hPa southward directed divergence free meridional wind maximizes,

relative to the zonal average.

4.2 Mean temperatures, water vapour and ozone mixing ratios in the UTLS

::::::
MIPAS

:
H2O mixing ratios on isentropic levels show large values confined to the center of the AMA at 360 K , which

:::
and

:::
370

::
K

::::
(less

:::::::::::
pronounced).

:::
At

:::
380

::
K

::::::::
enhanced

::::
H2O

:::::::
mixing

:::::
ratios spread out to the north–west and east of the AMA at 370 and5
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Figure 4. As Fig. 3 but for ozone in ppbv. The minimum of individual models within the area marked by the black rectangle is displayed

as bar chart, where the solid horizontal line represents the MMOD and the dashed horizontal line represents the minimum of MIPAS.As

Fig. 5 but for temperature. Left column: JA ERA-Interim temperature averaged from 1979–2014. Contour lines for the lowest temperatures

of the multi-model average are given in black: 296 K (at 360 K), 294 K (at 370 and 380 K). At 370 and 380 K the minimum (at 360 K

the maximum) of individual models within the area marked by the black rectangle is displayed as bar chart, where the solid horizontal line

represents the MMOD and the dashed horizontal line represents the value for ERA-InterimMIPAS.

::::
(Fig.

::
3).

:::::
With

:::::::::
increasing

:::::
height

::::::::::
dehydration

:::::::
reduces

:::
the

::::::
MIPAS

::::
peak

::::::
values

::
of

:::
the

::::
H2O

::::::
mixing

:::::
ratios

::
in

:::
the

:::::
ASM

:::::
region

:::::
from

::
48

::::
(360

:::
K)

::
to

::
7
:::::
ppmv

:
(380 K(

:
)
:::::::
(dashed

:::
line

:::
in

:::
the

:::
bar

:::::
chart

::
in Fig. 3). The low values of the observed outgoing longwave

radiation (< 205 W m−2), as indicated by the grey shading, identify the BoB and the western coast of Myanmar to be the

region of the strongest convection during JA. The MIPAS H2O maximum at 360 K is located north–west of the region with

strongest convection, and at higher levels (370 and 380 K) the maximum is even farther away from its supposed source region.5

In the CCMs
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Figure 5.
::
As

::::
Fig.

:
3
:::
but

::
for

:::::
ozone

::
in

::::
ppbv.

::::
The

:::::::
minimum

::
of

::::::::
individual

:::::
models

:::::
within

:::
the

::::
area

:::::
marked

:::
by

::
the

:::::
black

:::::::
rectangle

:
is
::::::::
displayed

::
as

::
bar

:::::
charts,

:::::
where

:::
the

::::
solid

::::::::
horizontal

:::
line

::::::::
represents

::
the

::::::
MMOD

::::
and

::
the

::::::
dashed

:::::::
horizontal

::::
line

:::::::
represents

:::
the

:::::::
minimum

::
of
:::::::
MIPAS.

:::
The

::::::
CCMs

::::
show

:::
on

::::::
average

::
a

::::::
similar

::::::::
behaviour

::::
with

::::::::
enhanced H2O mixing ratios show a similar behaviour

:::::
within

:::
the

:::::
AMA,

although the values
:::::::
maxima are much higher

::
for

:::::
most

::::::
CCMs and tend to spread out more to the north–east.

::
As

::::::::
indicated

:::
by

::
the

::::
bar

:::::
charts

::
in

::::
Fig.

:
3
:::
and

::
4,
::::
high

:::::
H2O

::::::
mixing

:::::
ratios

::::::
among

:::
the

::::::
CCMs

:::
can

::::
often

:::
be

:::::
found

:::::
where

:::
the

:::::::::::
temperatures

:::
are

::::::
higher

:::
than

::::::::
average.

:::
The

:::::::::
individual

:::::
CCMs

:::::
show

:::::
large

::::::::
deviations

::
in

:::::
H2O

::::::
extrema

:::::
from

:::
the

:::::::
MMOD

::
in

:::
the

::::
ASM

:::::::
region,

:::::
largest

::
at

::::
360

:
K
::::
and

:::
less

::::::::::
pronounced

::
at

::::::
higher

:::::
levels.

::::::::
Enhanced

:::::
H2O

::::::
mixing

:::::
ratios

:::::
seems

::
to

::
be

::::::::::
transported

::
to

:::::
higher

::::::::
latitudes,

::
as

:::
can

:::
be

::::
seen5

::::
from

:::
the

:::::::
MMOD

::
of

:::
the

::::::
CCMs.

::::
This

::
is

:::
also

:::::::::
described

::
by

:::::::::::::::::::
Ploeger et al. (2013) as

:
a
:::::
result

::
of

::::::::
filaments

::
of

::::::::
enhanced

:::::
H2O

::::::
mixing

::::
ratios

::::
that

:::
are

:::::
drawn

:::
out

:::
of

::
the

:::::::::::
anticyclone.

::::::::
However,

:::
this

::
is

:::
not

:::::::::
confirmed

::
by

:::
the

::::::
MIPAS

::::
data

::::::
which

::::
show

:::::
lower

:::::
H2O

::::::
mixing

::::
ratios

:::::::::
northward

::
of
::::::

45◦N.
::::
The

:::::::
MMOD

::
of

:::
the

::::::
CCMs

:::::
shows

::::::
strong

:::::::::
coherence

:::::::
between

:::
the

:::::::
northern

:::::::::::
hemispheric

::::::::::
temperature

14



MIPAS/ERA-Interim MMOD

core
re-
gion

120–
160◦E

Figure 6. Latitude–height sections for pressure levels relative to the tropopause pressure , from the 60◦S – 60◦N for
::
JA

:::::::::::
climatologies

::
of

the multi-model JA long-term mean (45 years
:::
right) anomaly

::
and

::::::::::::::::::::::::::::::
MIPAS(H2O)/ERA-Interim(temperature)

:::::
(left):

::::::::
Anomalies of water vapour

:::
H2O

:
mixing ratios in % averaged as

::::
over

:::
30◦ in Fig. ??

::::::::
longitudes,

::::::
centred

:::::
where

::
the

::::
150

:::
hPa

:::::::
eastward

::::::
directed

:::::::::::
divergence-free

:::::
zonal

::::
wind

::::::::
maximizes (

:::::
shaded)

:
(top), and averaged between 120◦ –160◦E (bottom)relative to the zonal average, shading interval is 10%. Black contours

show the ;
:

temperature anomalies
::::
(black

::::::::
contours) of the latitude sections from the zonal average. White dashed contours indicate the 360

and 380 K isentropic levels. Blue arrows denote the meridional (in m/s) and vertical velocity (in mm/s). The maximum of the H2O anomaly

within the region enclosed by the red rectangle for individual models is displayed as bar chart, where the solid horizontal line represents the

multi-model average, and the dashed horizontal line represents the maximum of the MIPAS data.

::::::::
structures

::
at

:::
370

::::
and

::::
380

::
K

::::
(Fig.

::
4)

::::
and

:::
the

::::::::::::
corresponding

::::
H2O

:::::::
mixing

::::
ratio

:::::
fields,

::::
with

::::
the

::::::::
exception

::
of

:::
the

:::::
ASM

::::
and

:::
the

:::::
North

::::::::
American

::::::::
monsoon

::::::
regions

::::
that

::::
serve

:::
as

:
a
::::::
source

:::::
region

:::
for

:::::
H2O.

To indicate the potential for further vertical uplift, the net diabatic heating rate is shown on isentropic levels .
::::::::
(indicated

:::
by

::
the

::::
red

::::::
contour

:::::
lines

::
in

::::
Figs.

::
3,
::
4,
::::

and
::
5,

::::::
right). Positive values indicate ascent to levels of higher potential temperature. The

mean radiative heating rates of the CCMs at the 360 K level are only positive at latitudes south of ∼20◦N (including the BoB).5

This indicates the possibility of slow uplift with upward transport of tracers in this region. For the region of the H2O maximum,

centred around 30◦N at 360 and 370 K, however, the net radiative heating rates are negative, indicating descent. This highlights

the important role of horizontal transport within the AMA, moving tracers away from the regions of convective outflow.
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The signatures of the monsoon circulation in UTLS tracer extrema, derived here from monthly mean CCM and MIPAS data

as one single extremum, exhibit a considerable day-to-day variability related to the variability of the AMA. The anticyclone

often splits, with one centre over Iran and a second centre over China (Garny and Randel, 2013). The AMA is thus a quite

dynamic system, with intra-seasonal variability also in the tracer concentrations of the UTLS.

At 360 and 370 K the MIPAS H2O mixing ratios are still isolated within the AMA, in contrast to the CCMs, and the maxima5

in H2O mixing ratios in the AMA decrease from 48 (360 K) to 11 ppmv (370 K) with increasing height (dashed line in the

bar chart of Fig. 3). The
:::
The

:::::::::::
temperatures

:::
on

:::
the lower level (360 K) is influenced by the latent heat release from convective

activity above the TP, as indicated by the temperature maximum north of the centre of the AMA, which is present in both, ERA-

Interim and the multi–model average (Fig. 4). With increasing height the local temperature minimum is developing within the

AMA and extending northward. This temperature structure in the ASM region is also obvious in the latitude–height sections10

(s. Fig. ?? and 6).

Between 360 and 380 K dehydration reduces the H2Omixing ratios to 7 ppmv but this maximum is not as well pronounced as

at lower levels. Most CCMs overestimate the H2O mixing ratios, some by more than a factor of three at 370 K. With only two

CCMs underestimating the H2O mixing ratios within the AMA, the MMOD of the maximum mixing ratio reaches 18 ppmv

(solid line in the bar chart of Fig. 3) and more than 9 ppmv at 380 K. H2O transport occurs to higher latitudes, as can be seen15

from the MMOD of the CCMs, but this is not confirmed by the MIPAS data which show lower H2O mixing ratios northward

of 45◦N. The MMOD of the CCMs shows strong coherence between the northern hemispheric temperature structures at 370

and 380 K (Fig. 4) and the corresponding H2O mixing ratio fields, with the exception of the ASM and the North American

monsoon regions that
::
O3::

in
:::
the

::::::
UTLS

:::
can

:::::
better serve as a source region for

::::::
passive

:::::
tracer

::::
than H2O. As indicated by the bar

chart of Figure 3, the individual CCMs show large deviations in H2O extrema from the MMOD in the ASM region, largest at20

360 K and less pronounced at higher levels.

:
,
:::
due

::
to

:::
its

::::::::
relatively

::::
long

:::::::
lifetime

::
in

:::
the

::::::
UTLS,

:::
and

:::
as

:
it
::
is
:::
not

:::::::
affected

:::
by

::::::::::
dehydration.

:
A particular feature of the UTLS

above the ASM are the low O3 mixing ratios confined within the AMA, which are caused by upwelling of lower tropospheric

air (Randel and Park, 2006; Park et al., 2007). As shown by Braesicke et al. (2011) with GCM simulations using prescribed

lower or higher O3 mixing ratios within the AMA, lower O3 mixing ratios have the tendency to strengthen , and cool the AMA25

and vice versa. The MIPAS data show low O3 mixing ratios at all three isentropic levels (Fig. 5) with the most pronounced

ozone minimum at 370 K. Similar to the H2O maximum, the location of the MIPAS O3 minimum is northwest of the region of

the most intense convective activity. Unlike for H2O, there is quite good agreement of the MMOD O3 mixing ratios with the

MIPAS data. O3 in the UTLS can better serve as a passive tracer than H2O, due to its relatively long lifetime in the UTLS, and

as it is not affected by dehydration. As indicated by MIPAS O3 data, tongues of air with high O3 mixing ratios are transported30

on the eastern flank of the AMA towards lower latitudes and form a ring of high O3 mixing ratios around the centre of the

AMA at 360 K.
::::
This

::::::
feature

:::
was

::::
also

::::::::
discussed

::
as

:::::::::
in-mixing

::
by

:::::::::::::::::::::::::::
Konopka et al. (2009, 2010) and

:::::::::::::::::
Ploeger et al. (2012).

:::
The

:::::::::
signatures

::
of

:::
the

::::::::
monsoon

:::::::::
circulation

::
in

:::::
UTLS

:::::
tracer

::::::::
extrema,

::::::
derived

::::
here

::::
from

:::::::
monthly

:::::
mean

:::::
CCM

::::
and

::::::
MIPAS

::::
data

::
as

:::
one

::::::
single

:::::::::
extremum,

::::::
exhibit

:
a
:::::::::::
considerable

:::::::::
day-to-day

:::::::::
variability

::::::
related

::
to

:::
the

:::::::::
variability

::
of

:::
the

::::::
AMA.

::::
The

::::::::::
anticyclone
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::::
often

::::::
splits,

::::
with

:::
one

::::::
centre

::::
over

::::
Iran

:::
and

::
a
::::::
second

::::::
centre

::::
over

:::::
China

::::::::::::::::::::::
(Garny and Randel, 2013).

::::
The

:::::
AMA

:::
is

::::
thus

:
a
:::::
quite

:::::::
dynamic

::::::
system,

::::
with

::::::::::::
intra-seasonal

:::::::::
variability

::::
also

::
in

:::
the

:::::
tracer

::::::::::::
concentrations

::
of

:::
the

::::::
UTLS.

In Figure 6 mean anomalies in two regions of the AMA are shown for H2O mixing ratios, temperature, meridional and

vertical transport. The
:::::::
analysis

::
of

:::
the

::::
cross

:::::::
sections

::
is
:::::
done

::::
with

::::
data

::::::::::
interpolated

::
to

:::::::
pressure

:::::
levels

::::::
relative

::
to
:::
the

::::::::::
tropopause

:::::::
pressure,

::
to

:::::::::
distinguish

::::::::
between

::::::::::
tropospheric

:::
and

:::::::::::
stratospheric

:::::
levels

::::
and

::::
their

::::::::::
interactions

::
in

::
the

::::::
AMA

::::::
region.

::
To

:::::::
account

:::
for5

:::::::::
differences

::::::
among

:::
the

::::::
CCMs

::
in

:::
the

:::::::
location

::
of

:::
the

::::::
AMA,

:::
we

:::::
show

:::
the

::::::::
deviations

:::
of

::
an

:::::::
average

:::
that

:::::
spans

::::
30◦

::
in

:::::::::
longitude,

::::::
centred

::
at

:::
the

:::::::::
longitude

:::::
where

:::
the

::::
150

::::
hPa

::::::::
eastward

:::::::
directed

:::::::::::::
divergence-free

:::::
zonal

:::::
wind

:::::::::
maximizes

:::
in

:::
the

:
first sectional

average, as for Figure ?? represents
::::::::::
representing the core region of the AMA, whereas the .

::::
The second region is averaged over

fixed longitudes from 120◦–160◦E, representing the eastern edge of the AMA where meridional winds are southwardand uplift

prevails
:
,
:::::
uplift

:::::::
prevails,

::::
and

::::::
tracers

:::::
might

::::
have

:::::
been

:::::
drawn

::::
out

::
of

:::
the

:::::
AMA

::::
core. Two regions with enhanced H2O mixing10

ratios are present in both sectional averages, one centred near the Equator and the other near 30◦N. The MMOD of the eastern

sectional average shows H2O enhancement, reaching the equatorial stratosphere, coincident with an upward and southward

directed meridional circulation. Although the general features of the CCMs, with two regions of enhanced H2O mixing ratios,

is also visible in the MIPAS data, the direct link of H2O transport into the stratosphere, as suggested by the MMOD, cannot be

:
is
:::
not

:
confirmed by the MIPAS data.15

4.3 Upper tropospheric monsoon circulation

As described in Section 3.2.1 the horizontal flow can be separated into a a rotational part and a divergent part, the velocity

potential. It can be further separated into a time mean component and a transient component, representing the Walker and

monsoon circulations respectively (Tanaka et al., 2004)).

Figure 7 shows the separation of the velocity potential into a component representing the Walker circulation (Fig. 7, top)20

and a component representing the monsoon circulation (Fig. 7, bottom). The position of the maximum upwelling for individual

years is marked with open circles, where the size of the circle represents the strength of the upwelling. For the annual average

the region of strongest upwelling, related to the Walker circulation (Fig. 7, top), is located over the equatorial western Pacific, in

most years to the north–west of New Guinea. The main region of downwelling is extending from the central Sahara to western

Africa, whereas a secondary centre of downwelling is located off the coast of Peru.25

The centre of the strongest upwelling related to the monsoon circulation (Fig. 7, bottom) is located over south–east Asia,

with the centres of individual years located in a region extending from the BoB to eastern China. This area partly overlaps with

the region of the lowest OLR (see Fig. 3) and therefore the monsoon circulation index, derived from the maxima in the seasonal

decomposition of the velocity potential, is a good indicator for the overall strength of the monsoon circulation. Although the

ERA-Interim climatological average of both decompositions , (annual average associated with the Walker circulation and30

seasonal average associated with the monsoon circulation,
:
) is slightly lower than for the MMOD, the shape and the locations

of the maxima for individual years in the CCMs is quite similar.
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ERA-Interim MMOD

Walker

Monsoon

Figure 7. Top: Annual mean climatology of the MMOD
:::::::
χ̄∗(x,y)

:
(velocity potential at 150 hPa after subtracting the zonal average), repre-

senting the divergent flow associated with the Walker circulation; (left) for ERA-Interim (1979–2014); (right) for the multi–model average of

the CCMs. Bottom: JA climatology of
::::::::
χ∗′(t,x,y)

:
(the velocity potential at 150 hPa after subtracting the zonal average and annual average),

representing the divergent flow associated with the ASM. Black circles mark the position of the maximum velocity potential for individual

years. The bar charts on the right indicate the maximum climatological velocity potential for the individual CCMs; the solid horizontal line

represents the MMOD and the dashed horizontal line represents the maximum of ERA-Interim.

5 Interannual variability of temperature, H2O and O3 in the UTLS

So far we have characterised the climatological behaviour. Here, we characterise the dominant internal modes of inter annual

variability like ENSO, the QBO, or the monsoonal variability. Although there is evidence of a coupling between the ASM and

ENSO through the Walker circulation (e.g., Webster and Yang, 1992; Ju and Slingo, 1995), we make an attempt to separate

the influence of the ASM and ENSO on the UTLS temperatures, the H2O, and O3 mixing ratios by applying a multiple linear5

regression model as described in Section 3.2.2. We analyse the influence of the monsoon circulation, ENSO and QBO on the

transport characteristic of the AMA.

The regression coefficients of the individual CCMs are combined by a simple average for the CCMs listed in Table 1. The

results of the t-tests of the multiple linear regression results for the individual CCMs are combined by using the Z–transform

method (Stouffer et al., 1949; Whitlock, 2005). Regions where the combined regression coefficients are not significant are10

marked by grey shading, overlaid on the colour shading used to emphasize the regions with the largest regression coefficients(s.

Appendix ?? for more details).
:
.
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(a) OLR

(b) 100 hPa temperature

(c) 100 hPa H2O

Figure 8. Regression coefficients from MLR for the MIDX of JA average data, with (a) NOAA OLR, (b) ERA-Interim 100 hPa temperature,

(c) ERA-Interim 100 hPa H2O. The 205 W m−2 contour line of NOAA OLR is plotted in white on (a). Red contours of the 16750 m

geopotential height at 100 hPa mark the position of the AMA. Grey streamlines on (b) and (c) mark the horizontal wind components,

regressed on the MIDX. Overlaid grey shading indicates regions where the regression is not significant at the 95% level.
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(a) MIDX 380 K

(b) MIDX 360 K

(c) Niño3.4

(d) QBO

Figure 9. Regression coefficients from MLR of ERA-Interim data, for (a) the monsoon circulation index
::
(a)

::
on

:::
380

::
K, (b)

::
on

:::
360

:::
K,

::
(c)

:
the

Niño3.4 index,
:::
and (c

:
d) the QBO time series , with

:
on

:::
the

:::
380

::
K

:::::::
isentropic

::::
level;

:
temperature (left), water vapor (middle) and ozone (right)on

the 380 K isentropic level. The regression coefficient for the H2O and O3 mixing ratios are displayed in % of the long–term average of the

respective JA average. The red contour level for
::
of the 380 K Montgomery streamfunction

::::
marks

:::
the

::::::
position

:
of

::
the

:::::
AMA: 3625 × 102 m2

s−2 marks the position of the AMA
::
on

:::
380

::
K,

::::
3513

::
×
::::
102

::
m2

:::
s−2

:::
on

:::
360

::
K. Overlaid grey shading marks regions where the regression is

not significant at the 95% level.
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5.1 Influence of the monsoon circulation

Figure 10. Multi model average of the CCMs of the regression coefficient of the monsoon circulation index (MIDX) with temperature (left),

H2O (middle) and O3 (right) on isentropic levels 360, 370, and 380 K (from bottom to top). The regression coefficients of the H2O and

O3 mixing ratios are displayed in % of the long–term average of the respective JA average. Grey streamlines show the horizontal wind

components, regressed on the MIDX. The red contours of the Montgomery streamfunction (360 K: 3513, 370 K: 3570, 380 K: 3625, in 102

m2 s−2) mark the position of the AMA. Overlaid grey shading marks regions where the regression is not significant at the 97.5% level.

The influence of the strength of the Asian summer monsoon on H2O, and O3 mixing ratios in CCMs and ERA-40 data

has been analysed in Kunze et al. (2010) by separating the data according to the monsoon Hadley index (MHI) in weak and

strong ASM seasons. During stronger ASM seasons, H2O and O3 were found to be anticorrelated, with lower O3 and higher

H2O mixing ratios within the AMA, as a result of stronger convective activity during stronger ASM seasons. In contrast to the5

MHI, the now used MIDX is a more direct measure for the ASM strength. Randel et al. (2015) used a different approach in

distinguishing between wet and dry phases in the AMA, to identify the conditions leading to either dry or wet H2O extrema.

During the wet phase they found reduced convection over the regions of strongest convective activity. The corresponding

temperature anomalies, linked to reduced convection, show a dipole structure with warmer conditions on the southern edge of

the AMA during wet phases and vice versa. They therefore conclude that during weaker ASM seasons less effective dehydration10

in the warm anomaly at the southern edge of the AMA is responsible for the higher H2O mixing ratios within the AMA.
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In order to further elucidate the role of the monsoon intensity on UTLS temperature, H2O and O3 content, we perform a

MLR analysis using the MIDX. As MIDX is a direct measure of the strength in upwelling
::::
upper

:::::::::::
tropospheric

:::::::::
divergence

::::::
largely

::::::
induced

:::
by

:::
the

:::::
ASM, the regression patterns represent the changes due to an increase in ASM activity. Positive regression

coefficients in strong monsoon years (MIDX � 0) indicate regions that tend to be warmer or have increased H2O or O3

mixing ratios. Negative regression coefficients indicate regions where strong monsoons lead to cooling or decreased H2O or5

O3 mixing ratios.

The MIDX regression coefficients for the JA average NOAA OLR (Fig.
:
8a) show a similar pattern as shown by Randel

et al. (2015) (
::::
R15)

:
(their Fig. 5a) for the wet case with a significant decrease in OLR, indicating colder cloud tops, i.e. stronger

convective activity, over the Indian subcontinent and the Arabian sea
:::
and

:
a
:::::::
decrease

::
in

:::::::::
convective

::::::
activity

::::
over

:::
the

::::::
central

:::::
BoB,

::
the

:::
TP

::::
and

:::::::::
East-China

:::
Sea. For stronger monsoon seasons we also get an increase in convective activity over the

:::::::
southern

::::
part10

::
of

:::
the BoB, the western coast of Myanmar, and Taiwan

:::::
Hanai, which is in contrast to the results of Randel et al. (2015)

:::
R15.

This decrease of OLR with monsoon activity is partly coincident with the regions of strongest convection, indicated by the

OLR < 205 W m−2 (white contour line in Fig. 8a). The MIDX regressed on ERA-Interim 100 hPa temperatures reproduces

the anomalous dipole temperature structure with lower temperatures at the northern and higher temperatures at the southern

edge of the AMA, but the patterns are more similar to the inverse of that shown by Randel et al. (2015)
:::
R15 (their Figure 8b)15

for the dry case, with a significant warming to the southeast of the AMA, and two cold anomalies located on the western side

and on the northeastern flank of the AMA (Fig. 8b). From our analyses for the MIDX regression on ERA-Interim temperatures

and H2O mixing ratios (Fig. 8c) we conclude that during a stronger monsoon season H2O mixing ratios should increase

within the AMA. The reason for the discrepancy with Randel et al. (2015)
:::
R15

:
may be related to the different approach. Their

analyses work the other way round, based on the wet and dry anomalies confined in the AMA, and the associated temperature20

and OLR anomalies, whereas we are obtaining the wet anomaly as a result of the regression with the MIDX.
::::::
analysis

::::::
period

::::::::::
(2005–2013)

::::
used

::
in
::::
their

::::::
study.

:::::
When

:::
we

::::
apply

::::
their

:::::::
method

:::
but

:::::
based

::
on

:::::
daily

:::
100

:::
hPa

:::::::::::
ERA-Interim

:::::
H2O

::::::
extrema

:::::
from

::::
May

::
to

:::::::::
September

:::
for

:::
the

:::::
years

:::::::::
2005–2013

:::
we

::::
can

::::::::
reproduce

:::
the

:::::
main

:::::::
features

::
of

::::
their

:::::
OLR

::::
and

::::::::::
temperature

:::::::
anomaly

::::::::
patterns.

:::::
When

:::
we

:::::
repeat

:::
the

:::::::
analyses

::::
with

::::
data

:::::::
covering

:::::
only

:::
July

::
to
:::::::
August

:::
but

::::
using

:::
the

:::::
years

:::::
from

::::
1979

:
–
:::::
2013

:::
we

:::
can

:::::::
confirm

:::
the

:::::::
decrease

::
in

:::::::::
convective

::::::
activity

::::
over

:::
the

::::::::
southern

:::
TP

:::
for

::
the

::::
wet

:::::::::
composite,

:::
but

:::
for

:::
the

:::::::
adjacent

::::::
region

::
in

:::
the

:::::
south

:::::::::
(extending25

::::
from

:::
the

:::::
Indian

::::::::::::
subcontinent,

::
the

:::::
BoB

::
to

::::::::
Vietnam)

::
we

:::
get

:::
the

:::::::
opposite

:::::::::
anomalies

::::
with

:::::
more

::::::
intense

:::::::::
convective

::::::
activity

:::
for

:::
the

:::
wet

:::::::::
composite

:::
and

:::::::
reduced

:::::::::
convective

::::::
activity

:::
for

:::
the

:::
dry

:::::::::
composite

::::
(see

::::::
Figures

::
in

:::
the

:::::::::::
supplement).

:

The analyses on the 380 K isentropic surface (Fig. 9a) show similar anomaly patterns within the Asian monsoon region as

analysed for 100 hPa. The MIDX regressed on the ERA-Interim H2O and O3 mixing ratios shows a significant increase in

H2O and a decrease in O3, within the AMA. The
::::::
largest negative O3 , caused by the inflow of lower tropospheric air with30

low O3 mixing ratios, similar to the temperature anomalies, seems to be related to the anomalous
::::::::
anomalies

::::::::
coincide

::::
well

:::
the

:::
two

::::::
regions

:::
of

::::::
cooling

::::
and

:::
the

:::::::::
anomalous

::::::::::
anticyclonic

:
horizontal flow as indicated by the streamlines of the horizontal wind

components, regressed on the MIDX.
::::
This

::::::::
indicates

::::::::
upwelling

::
of

:::::
lower

:::::::::::
tropospheric,

:::::::
O3-poor

::::
and

:::::
humid

:::
air

:::
that

:::::::::::
accumulates

:::::
inside

:::
the

::::::
AMA.

::::
The

::::::
MIDX

::::::::
regression

::::::::::
coefficients

:::
on

:::
the

::::
360

::
K

::::
level

:::::
(Fig.

:::
9b)

:::::
show

:::
for

:::::
H2O

:::
and

:::
O3::::::

similar
:::::::

patterns
:::

as

::
on

::::
380

::
K,

:::::::
whereas

:::
the

::::::
MIDX

:::::::::
regression

::
on

:::::::::::
temperatures

::::::
shows

:
a
:::::
large

:::::::
warming

::
of

:::
the

::::::
AMA.

::::
This

::::::::
warming

::::
with

:::::::::
increasing35
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::::
ASM

:::::::
activity

::
is

:::
also

::::::
present

::
at
:::
the

:::::::::::
south-eastern

:::::
edge

::
of

:::
the

:::::
AMA

::
on

:::
the

::::
380

::
K

::::
level

:::
and

::::::
seems

::
to

:::::::
maintain

:::
the

::::
H2O

::::::::
increase.

The regression coefficients of the MIDX on MMOD CCM temperatures, H2O, and O3 on the 360, 370, and 380 K isentropic

surfaces (Fig. 10) indicate large areas with significant influences of the ASM, not only confined to the ASM region. On the 360

K level in the upper troposphere, a temperature increase with increasing ASM activity by about 5 K is located within the AMA5

over the TP coinciding with an increase in H2O by 65%. The TP acts as an elevated heat source in the mid–troposphere which

makes a major contribution in forming the AMA, as shown by Liu et al. (2007). Convective events released over the TP more

often reach the tropopause than over the BoB (Fu et al., 2006). South to
:
of

:
the AMA, the regression results on the 370 and

380 K isentropes indicate a cooling over the eastern Indian ocean and western Pacific warm pool, coinciding with decreasing

H2O concentrations. These patterns of temperature anomalies, corresponding to strong ASM seasons, contrast the temperature10

pattern on 380 K for ERA-Interim (Fig. 9a, left), showing a positive temperature anomaly at the south-eastern edge of the

AMA. However, the positive H2O anomalies within the AMA prevail on the 370 and 380 K isentropes.

The largest MMOD O3 decrease of 36% on the 360 K isentropic level is located over the Eastern Mediterranean Sea, the

western flank of the AMA, and a secondary O3 decrease by 24% is located over north–eastern China at the eastern flank of

the AMA. The pattern of the O3 regression coefficients is slightly decreasing but persistent in height. The strongest MMOD15

temperature and H2O signals of the MIDX seem to be decoupled from that in O3, which might be an indication for
:
of

:
the more

complex nature of H2O, as it can change its phase during transport in regions of dehydration. With increasing height, on 370

and 380 K, the influence of the monsoon circulation on temperature within the AMA is decaying, whereas a temperature dipole

becomes obvious with decreasing temperatures over Indonesia and the western Pacific warm pool and increasing temperatures

over the subtropical regions of the central Pacific during strong monsoon seasons. Increasing H2O concentrations are still20

present in the AMA at 370 and 380 K, although weaker than at 360 K, with 24% and 14% respectively.

5.2 Influence of ENSO

The ENSO influence on the zonal mean temperatures from in nine re-analyses datasets has been analysed by Mitchell et al.

(2014), showing a warming in the tropical troposphere during ENSO warm events. Towards the tropical tropopause region

this warming turns into a cooling. However, the main ENSO signature on temperatures in the tropics has strong longitudinal25

variation, mainly over the Pacific, which partly cancel each other when analysing zonal averages (Randel et al., 2000).

The Niño3.4 regression coefficients on ERA-Interim temperatures and H2O mixing ratios (Figure 9b
:
c) emphasize the zonal

asymmetric response with the typical horse shoe pattern of decreasing temperatures with increasing SSTs in the Niño3.4

region during an ENSO warm event. Simultaneously anticyclonic circulation cells to the northwest and southwest, and low

H2O mixing ratios develop. This kind of pattern was first identified by Gill (1980) in an idealised model as the dynamic30

response to a heat source centred at the Equator. A similar pattern was also found in re–analysis fields in the TTL by Gettelman

et al. (2001) and Zhou et al. (2001) to be caused by El Niño events. The Niño3.4 regression on ERA-Interim O3 mixing ratios

shows an unexpected positive response in the central Pacific, whereas a negative signal would be more plausible, due to the
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outflow of O3-poor above the eastward shifted convection during El Niño events.
::::
This

::::::
feature

::::::
reveals

:::
the

:::::::::
limitations

:::
of

:::
the

:::::::::::
ERA-Interim

::
O3:::::

data.

We find the strongest impact on the CCM temperatures at the 370 K level with two centres located at 15◦S and 15◦N near

160◦W, slightly decaying at 380 K and less pronounced at 360 K (Figure 11). The shift of convection towards the central

pacific with less intense convection over Indonesia creates a dipole consisting of a cold and dry anomaly in the UTLS above5

the central Pacific and a warm and wet anomaly above the western Pacific warm pool. These structures are quite the opposite

to the regression patterns from the MIDX time series, indicating the higher probability of strong ASM seasons during La

Niña events. The influence of ENSO warm events on the UTLS temperatures and H2O mixing ratios in the ASM region is

less pronounced than the influence derived for the MIDX, and even though warming prevails for ENSO warm events above the

ASM region, there is no significant increase in H2O mixing ratios north of 30◦N. The higher H2O concentrations during ENSO10

warm events span from the western Pacific towards Africa in the longitudinal direction and extend only to near south of 30◦N

in the ASM region. To the north over the TP the Niño3.4 regression coefficients on H2O indicate an insignificant decrease in

mixing ratios. The highest percentage changes in O3 concentrations during ENSO warm events are found at 360 K, again

Figure 11.
::
As

:::::
Figure

:::
10

::
but

:::
for

:::
the

::::::
Niño3.4

:::::
index.

with a typical horse shoe-like pattern, showing a stronger impact in the northern subtropics. The influence of ENSO on O3

seems to be weaker on the 370 and 380 K level.15
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As Figure 10 but for the Niño3.4 index.

The comparison of the Niño3.4 with the MIDX regression coefficients (Figure 10), reveals the similarity of the strong

ASM cases with La Niña conditions which we suppose to be opposite the El Niño conditions as shown in Figure 11. This is

supported by the results of the Niño3.4 regression with ERA-Interim data, showing also a double peak structure of decreasing

temperatures in the subtropics of the central Pacific and increasing temperatures above the western Pacific warm pool during5

El Niño events. This temperature pattern is also reflected to a certain degree in the H2O mixing ratios, whereas the regression

results for O3 are not significant.

5.3 Influence of the Quasi Biennial Oscillation

Figure 12. As Figure 10 but for the Quasi Biennial Oscillation on the isentropic levels 360 and 400 K (from bottom to top), including the

CCMs: CCSRNIES, EMAC, EMAC-FUB, E39CA, SOCOL, UMUKCA-UCAM, and WACCM. The contour level for the 400 K Mont-

gomery streamfunction is 3730 × 102 m2 s−2,

The QBO is characterised by downward propagating vertical shear zones of the zonal wind. Westerly (easterly) shear zones

are creating positive (negative) temperature anomalies, according to the thermal wind balance. To maintain the QBO in tem-10

peratures, a secondary mean meridional circulation (MMC) arises with equatorial relative downwelling (upwelling) in westerly

(easterly) shear zones of the zonal wind (Plumb and Bell, 1982). The QBO therefore modulates the strength of the prevailing

upwelling in the equatorial lower and middle stratosphere. To ensure continuity, the air is forced to move upward (downward)

in the subtropics when relative downwelling (upwelling) occurs at the Equator. Above and below the region of maximum rela-

tive downwelling, convergent and divergent motion close this QBO induced MMC. The QBO thereby affects the temperatures15

at the tropical tropopause (Zhou et al., 2001), and has the ability to modify the H2O concentrations entering the lower strato-

sphere (Giorgetta and Bengtsson, 1999). The QBO induced MMC is known to also affect O3 transport with downwelling of O3

rich air in a westerly shear zone, thereby generating a QBO in O3 mixing ratios (e.g. Cordero et al., 1997; Logan et al., 2003).
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The QBO regression coefficients can be interpreted to represent the changes of the temperatures and the H2O and O3 mixing

ratios forced by a mean amplitude between the easterly to westerly phase of the QBO. The modulation of the ERA-Interim

380 K temperatures by the QBO (Figure 9c
:
d) shows a significant increase in the inner tropics extending from the eastern

Pacific to the Indian Ocean, and some regions of decreasing temperatures in the subtropics, consistent with the QBO induced

circulation changes. The changes in H2O mixing ratios are consistent with the temperature changes, with increasing H2O5

mixing ratios in the inner tropics where temperature increase is induced, and decreasing H2O mixing ratios in the extra tropics.

There is a remarkable gap in the QBO regression pattern for the temperatures and H2O mixing ratios over the equatorial

western Pacific, as probably some of the QBO induced variability might be described by the Niño3.4 index. The insignificant

O3 regression patterns shown for 380 K are very similar on the isentropic levels 360 and 370 K (not shown), and do not show

a plausible response to the QBO, which might be caused by assimilating total column ozone.10

To emphasize the height dependence of the QBO influence, the QBO regression results on the CCM data that include a QBO

in Figure 12 are shown for the 360 and 400 K isentropic surfaces. The temperatures increase close to the Equator at 400 K,

as the adiabatic cooling is suppressed in the regions of less upwelling. The strongest increase of more than 1.5 K occurs near

equatorial Africa. The temperature decreases in the subtropics in both hemispheres as a result of the QBO induced MMC that

creates anomalous rising of air.15

The QBO regressions on the 400 K H2O mixing ratios show the expected increase near the Equator, due to the anomalously

high equatorial temperatures, and also an increase in 400 K O3, due to anomalous downwelling of O3 rich air. The QBO signal

is more clear and consistent among the CCMs for temperature than for the O3 and the H2O mixing ratios. Similar to the ERA-

Interim data, there is a deviation from the zonal nature of the QBO signal, as pronounced in temperatures, over the equatorial

central Pacific. The influence of the QBO diminishes at lower isentropic levels near the Equator, but subtropical latitudes still20

seem to be affected by the phase of the QBO, with a non–significant tendency for decreasing temperatures and H2O mixing

ratios above the TP at 360 K.

6 Summary and Conclusions

The first part of the paper assessed
::::::::
compares

:
the ability of a number of CCMVal-2 CCMs to reproduce the climatological

H2O and O3 distributions, the circulation patterns, and temperatures in the UTLS associated with the Asian summer monsoon25

(ASM)
::::
with

::::::
MIPAS

::::
H2O

:::
and

:::
O3:::::::

satellite
::::::::::
observations

::::
and

:::::::::::
ERA-Interim

::::::::
reanalyses. The climatological O3 mixing ratios of the

multi-model mean (MMOD) on isentropic surfaces (360–380 K) in the UTLS are in good agreement with MIPAS observations.

There are, however, quite large differences with respect to the H2O mixing ratios, in particular a moist bias in high latitudes in

the MMOD. Both tracers show considerable deviations of their extreme values within the Asian monsoon anticyclone (AMA)

in the individual models, however the relative O3 minimum and H2O maximum is captured by all models. Evident from the30

H2O mixing ratios on isentropic levels is also some missing confinement within the AMA in most models, but rather a strong

north–eastward transport on the isentropes.
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The horizontal and meridional circulation patterns, related to the AMA, are slightly weaker represented in the CCMs com-

pared to ERA-Interim, except for the meridional winds at the eastern flank of the AMA. The CCMs are warmer in tropical and

subtropical latitudes during JA at the 360 K surface, compared to ERA-Interim, but get colder at 370, and 380 K. However,

CCMs show a weaker ASM induced temperature anomaly than ERA-Interim. We have to stress that individual models deviate

from this overall behaviour of the MMOD.5

The second part of the paper identified factors, influencing the interannual variability of temperatures, H2O, and O3 in

the UTLS. We performed a multiple linear regression analysis, including a derived monsoon circulation index (MIDX), the

Niño3.4 index, and the QBO. By definition, the MIDX is a measure of strength of the ASM in the upper troposphere at 150

hPa. Regressing the MIDX on ERA-Interim temperatures suggests for strong ASM seasons an upper tropospheric warming

southeast of the AMA and two separated areas of cooling, one in the western part of the AMA and one to the northeast of the10

AMA. Regressing the MIDX on NOAA OLR data indicates decreases of OLR in many regions
::::
over

:::
the

:::::
Indian

::::::::::::
subcontinent,

::
the

::::::::
southern

::::
part

::
of

:::
the

:::::
BoB,

:::
the

:::::::
western

::::
coast

:::
of

::::::::
Myanmar,

::::
and

:::::
Hanai

:
during July and August, thus indicating an increase

in deep convection south
::::::::
south-east

:
of the AMA core. Regions where MIDX correlates to OLR differences or temperature

changes are largely dislocated. While the OLR differences reflect the areas of strongest convection in the ASM, the subtropical

dipole of temperature changes
::::::
cooling

:
with centres over Iran and north-eastern China reflects the dynamical response to the15

diabatic convective heating. The corresponding regression patterns for H2O and O3 mixing ratios emphasize the ability of

strong ASM seasons to moisten the air within the AMA, despite a colder tropopause region, whereas O3 mixing ratios tend

to be lower. Hence, we can not support the results of Randel et al. (2015) that a weaker ASM season induces increased H2O

mixing ratios within the AMA . These differences may however be due to the different approaches used in both studies.
:::
We

::
get

::
a
::::::
colder

:::::::::
tropopause

::::::
region

::
at

:::
the

::::::::
northern

::::
edge

::
of

::::
the

:::::
AMA

:::
and

::
a
:::::::
warmer

:::::::
southern

:::::
edge

::::
with

:::::::::
increasing

::::::
MIDX.

:::::
This20

::::::
warmer

::::::
region

::
is

:::::
partly

::::::::::
overlapping

:::::
with

:
a
::::::

region
::::::
above

:::
the

:::::::
southern

:::
TP

::::
that

::::
was

::::::::
identified

:::
by

::::::::::::::::::::
Bergman et al. (2013) as

::
a

:::::
region

::
of

:::::::
prefered

:::::::
vertical

::::::::
transport.

::::::
Hence,

:::
the

:::::::::
difference

::
to

:::
the

::::
study

:::
of

::::::::::::::::::
Randel et al. (2015) is

::::::
mainly

:::::
based

::
on

:::
the

::::::::
different

:::::::::::
representation

::
of
:::
the

:::::
ASM

::::::::
intensity.

:

The regressions of the MIDX on the temperatures of the CCMs indicate that the CCMs do not capture the warming to the

south-east, as shown for the ERA-Interim temperatures. Instead UTLS temperatures at 360 K increase with monsoon intensity25

in the ASM region centred above the Tibetan Plateau (TP), which enhances the seasonal high climatological temperatures over

the elevated TP. The anomalous warming coincides with increased H2O and decreased O3 mixing ratios. At 370 and 380 K

increased H2O is still present above the TP but the region of increased H2O is extending to the north–east, confirming the

potential of the ASM in moistening the lowermost stratosphere at higher latitudes during boreal summer (e.g. Rosenlof et al.,

1997; Dethof et al., 1999; Ploeger et al., 2013). The pattern of decreased O3 concentrations during strong ASM seasons is quite30

persistent on all three isentropic levels, that are located at the western and northeastern edge of the AMA.

It is well known that ENSO and ASM strength are not independent, e.g. after an ENSO warm event the strength of the

ASM is often reduced (Ju and Slingo, 1995). In our study some patterns of the regression coefficients of the Niño3.4 index

mirror, as expected, the MIDX regression patterns near the Equator between 15◦S–15◦N, reflecting the shift of the most intense
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convection to the central Pacific during ENSO warm events. We note that the ENSO modulation of the ASM is non–negligible

and that non–linear interactions may exist, that are likely to complicate the unambiguous detection of the MIDX signal.

The results from the regression of the QBO time series on temperature, H2O and O3 mixing ratios confirm the expected

modulation of the transport in the UTLS by the QBO induced meridional circulation. The CCMs can reproduce the QBO

induced temperature anomalies on the 400 K isentropic surface, i.e. a warming near the Equator and cooling in the subtropics,5

as well as the O3 transport anomalies, and to a certain degree the H2O anomalies that are related to the temperature changes.

The results of the CCMs during strong ASM seasons, confirm the importance of the TP and the southern slope of the

Himalayas for the H2O transport to the UTLS above the ASM region (e.g. Fu et al., 2006; Wright et al., 2011; Bergman

et al., 2013). The coinciding positive temperature anomalies suggest transport
::
of

::::
H2O

:
through this region, rather than transport

through the southern flank of the AMA, where temperatures are lower during strong ASM seasons. Results from CCMs and10

re–analyses further indicate that H2O is transported towards higher latitudes on isentropic levels as suggested previously by

Dethof et al. (1999) and Ploeger et al. (2013), rather than fed into the tropical UTLS to contribute to the H2O tape recorder

seasonality, as proposed by other studies (e.g. Bannister et al., 2004; Gettelman et al., 2004).

7 Estimating the significance of averaged regression coefficients

The statistical significance of the estimated fit parameters is tested with a two–tailed Student t-test of the null hypothesis15

H0 : βj = 0 with the alternative hypothesis H1 : βj 6= 0. The regression parameters of the individual CCMs are averaged to

get a combined response of all CCMs as a multi model average. To decide about the significance of the combined regression

parameters, the weighted Z-test (see Whitlock, 2005, and references therein) is used which combines the p–values from the

MLR of the individual (i= 1, . . . ,k) CCMs.

Zw =

∑k
i=1wiZi√∑k

i=1w
2
i

20

The weighted Z–transform (Zw) is created by applying the weights wi = se−2 (inverse of the squared standard error of the

regression coefficients) to the standard normal deviates Zi, that are created from the pi–values of the t-test on the individual

regression coefficients as Zi = Φ−1(pi), with Φ−1 the inverse normal cumulative distribution function. The resulting Zw

indicate that, at least for one of the CCMs, H0 : βj = 0 is rejected, when the 97.5% quantile is reached, corresponding to a

Zw ≤−1.96.25

7 Autocorrelations of the residuals

Inherent to all kinds of meteorological time series data is their tendency to exhibit autocorrelations. The independence of

the individual data values is therefore often not fulfilled. This has the serious consequence of underestimated uncertainties,

derived from the multiple linear regression model indicating significance for insignificant results. To avoid this the residuals
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(ε(t), t= 1,n) are tested for autocorrelations with a second order autoregressive model, ε(t) = ρ1ε(t− 1) + ρ2ε(t− 2) + a(t),

after the regression model has run for a first time. The autoregressive parameters ρ1 and ρ2 are then used to transform the

model according to Tiao et al. (1990), e.g. y′(t) = y(t)− ρ1y(t− 1)− ρ2y(t− 2). The transformation is applied in the same

way to the time series of the response variable and the time series of the basis functions. Whereas the uncertainties of the

original response and basis functions are set to one for the first run of the least square regression, they are calculated according5

to Box and Jenkins (1970) for the second run with

σt =

√(
1− ρ2
1 + ρ2

)
σ2
ε

[(1− ρ2)2− ρ21]

where σ2
ε is the variance of the residuals.
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Supplementary material

Figure S1: Latitude–height sections of JA long-term mean anomaly of the zonal velocity aver-
aged over 30◦ in longitudes, centred where the 150 hPa eastward directed divergence free zonal wind
maximizes, from the zonal average (shaded). All data interpolated to pressure levels relative to the
tropopause height. Left: ERA-Interim (35 years); right: the multi-model average (45 years). Black
contours show the temperature anomalies of the respective latitude sections from the zonal average.
White dashed contours indicate the 360 and 380 K isentropic levels. Blue arrows denote the meridional
(in m/s) and vertical velocity (in mm/s). The maximum of the zonal wind anomaly and the minimum
of the temperature anomaly near the tropopause are displayed as scatter plot for individual models
(squares), the multi-model average, and ERA-Interim (circle).

Figure S2: As Fig. 1 but for fixed sectional average from 60–120◦E, and temperature anomalies
displayed shaded.
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Figure S3: As Fig. 1 but for the meridional velocity averaged over 30◦ in longitudes; top: centred at
the western flank of the AMA where the 150 hPa northward directed divergence free meridional wind
maximizes, relative to the zonal average; bottom: centred at the eastern flank of the AMA where the
150 hPa southward directed divergence free meridional wind maximizes, relative to the zonal average.
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Figure S4: Composited anomalies for wet (left) and dry (right) 100 hPa ERA-Interim water vapor
extrema from May to September over the Asian monsoon region (20–40◦N, 40–140◦E) analysed for
years from 2005–2013, from top to bottom for NOAA OLR, ERA-Interim temperature, water vapour,
and ozone without QBO and ENSO variability. Overlaid as streamlines in grey are the composited
horizontal wind anomalies; the 16.750 m geopotential height contour is overlaid in black. Results for
OLR are shown averaged 0–10 days prior to the stratospheric water vapour extrema; overlaid red
contours indicate climatological OLR values ≤ 220 W m−2. Adapted from Randel et al. [2015].
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Figure S5: As Fig. 4 but using data from July to August for years from 1979–2013.
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Figure S6: Composited anomalies for wet (left) and dry (right) 360 K monthly mean ERA-Interim
water vapor extrema in July and August over the TP region (30–40◦N, 70–100◦E) analysed for years
from 1979–2013; ERA-Interim temperature (top) and water vapour (bottom). The ERA-Interim data
are preprocessed and do not include QBO and ENSO variability. Overlaid as streamlines in grey
are the composited horizontal wind anomalies; the 3513 × 102 m2 s−2 contour of the Montgomery
streamfunction is overlaid in black.
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