
Author Comment to manuscript ACP-2022-1431

(https://doi.org/10.5194/acp-2022-143, in review,2

2022): ”Variability of air mass transport from the3

boundary layer to the Asian monsoon4

anticyclone”5

by M. Nützel et al.6

June 23, 20227

We thank the referees for taking time to review our paper and appreciate8

the referees’ efforts to improve the manuscript. In the following we address9

each review comment (black italics) by stating our reply (blue). In addition10

we appended a manuscript version which highlights the changes between the11

ACPD version and the revised version.12

Reply to comments from Referee #113

(https://doi.org/10.5194/acp-2022-143-RC1)14

Below we will address all comments of referee #1 and will state corresponding15

changes in the manuscript. Again, we would like to thank referee #1 for taking16

the time to review our manuscript.17

18

Review of Atmospheric Chemistry and Physics manuscript 10.5194/acp-19

2022-143 by Nützel et al.: Variability of air mass transport from the boundary20

layer to the Asian monsoon anticyclone21

General comments22

1. Line 109: For trajectory calculations involving deep convection, both the23

space and time resolution of the wind fields are important. The 6-hour time24
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resolution, in particular, and the 1.5° horizontal resolution of the ERA-Interim25

data are both rather problematic for calculating ‘convective’ transport. Equally26

significant is the hydrostatic nature of the underlying atmospheric model. While27

the total vertical mass flux due to convection may be roughly correct, the fact28

that the reanalysis system is based on a global hydrostatic model means that the29

vertical velocities are too small, probably by an order of magnitude or more, and30

occur over too large an area. The ERA5 reanalysis, which has been available31

for several years, has higher spatial and, more importantly, temporal resolution.32

(The authors note related issues in §5.2.). I recommend doing a test calculation33

(e.g., one season) to compare ERA5 trajectories with the ERA-Interim trajec-34

tories. If the results are similar, it would not be necessary to re-run all of the35

trajectories and the analysis. If not, the calculations should be re-done using the36

newer ERA5 reanalysis.37

Reply: We agree with the reviewer that for many aspects higher temporal and38

spatial resolution is favourable. We address this issue in the discussion (Sect. 5.2)39

by referring to the study by Smith et al. (2021). However, we also note that40

this is a rather general issue that applies to many problems in our field. Here,41

we would like to point out that the storage of input and output data as well as42

the calculation of the trajectories is an issue that needs to be taken into account43

when conducting such experiments. Our explicit focus was on trajectory studies44

for many years - and not sensitivities with respect to the reanalysis product or45

the temporal/spatial resolution. Acquiring the input data for ERA5 (higher46

temporal and spatial resolution) alone would have been a huge effort. As to the47

one year sensitivity: using any other reanalysis data (or resolution) would likely48

influence the quantitative results, however, we assume that the qualitative re-49

sults would still hold. Such a sensitivity is beyond the scope of our study and as50

mentioned in the text has been conducted by Bergman et al. (2013). They come51

to the conclusion that concerning the PBL contributions, when only accounting52

for PBL crossing trajectories, the effect is relatively limited. We want to point53

out that we show the results from the free-running EMAC-ATTILA simulation54

which features the impact of (simulated) convection explicitly. Further, we em-55

phasize that the results from Legras and Bucci (2020) for 2017 with respect to56

their so-called convective impacts from ERA-Interim and ERA5 data show sim-57

ilar features as our boundary layer source maps (see definition of boundary layer58

source as reply to your general comment #4). To our understanding the issue of59

the hydrostatic model would remain for ERA5 as in Section 4 in Hersbach et al.60

(2020) no transition to non-hydrostatic modelling is mentioned. We also note61
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that comparability with previous studies is an issue and as ERA-Interim has62

been used often and we had to use ERA-Interim in a related project (because63

of the mentioned data storage issues), there are also advantages of using ERA-64

Interim. We further want to note that the reviewer’s scepticism with respect to65

the ERA-Interim trajectory results is likely also related to the reviewer’s general66

remark #3, which we clarify below.67

68

2. §2.2: Were the EMAC trajectory calculations done ‘online’, that is, with69

a time step equal to the model time step? What is the model time step? Why70

were the EMAC data output at 10 h intervals? That is an odd choice and could71

cause some unusual aliasing of the diurnal cycle.72

Reply: Yes, the EMAC trajectory calculations were done online with a model73

time step of 600 s using the submodel ATTILA (Brinkop and Jöckel, 2019). In74

the revised version a sentence was slightly modified to be more precise: ”Within75

these two EMAC-ATTILA simulations - which have the same grid point mete-76

orology - about 1.16 million air parcels, which represent the global atmosphere,77

are initialized once at the beginning of the simulation and are consequently78

transported online with a model time step of 600 s according to the CCM’s me-79

teorological fields (Brinkop and Jöckel, 2019).” The ”odd” output interval is80

actually chosen on purpose: The EMAC-ATTILA simulations were not specifi-81

cally designed for this study and it is common in our simulations to write output82

data every 10 hours. This is done to capture every second hour of the day (ev-83

ery once in a while). This choice is made to have a reasonable representation of84

the diurnal cycle and to get better temporal averages in a long-term statistical85

sense, while limiting the output.86

87

3. Figures 3 and 12: I do not understand why the crossing maps at lower88

altitudes (e.g., 400 hPa and η = 0.85) bear so little resemblance to the distri-89

bution of monsoon precipitation, which is directly related to vertical motion and90

diabatic heating. The heaviest precipitation, which is strongly correlated with91

the occurrence of deep convection, is located along the west coast of India, the92

east coast of the Bay of Bengal, the northern Philippine Islands, and the Hi-93

malayan front. None of these features, except possibly the Bay of Bengal, show94

up in the transport from the PBL. The patterns of upward transport also differ95

from the GPM radar echo-top climatology (Liu and Liu, JGR, 2016). Have you96

compared the precipitation distributions in ERA-Interim and the EMAC model97

simulations with observations (e.g., TRMM TMPA)? At higher levels the ascent98
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is presumably due to radiative rather than latent heating, so the difference from99

the precipitation distribution is easier to explain.100

Reply: We agree that at first this difference can seem disturbing. However, we101

want to point out that our analysis is conditioned on trajectories that reach the102

AMA at 150 hPa. This means we only analyse air masses that find their way to103

the AMA at 150 hPa. Maps showing precipitation patterns do not have these104

restrictions. The discrepancy between precipitation maps and source maps has105

already been noted by Legras and Bucci (2020) (see end of their section 3.1) and106

also Bergman et al. (2013) touch on this subject (see their Fig. 7 and section 5).107

We note that precipitation maps from observations (e.g. Xie et al., 2006, their108

Fig. 1) also do not directly correspond to high cloud distributions in the Asian109

monsoon region as shown by Devasthale and Fueglistaler (2010). Further, it is110

noted by Shige and Kummerow (2016) that orographic precipitation over west111

India is often related to low clouds. Based on these previous studies and our112

analyses, our understanding is as follows: low- to mid-level convection might113

be important for the precipitation patterns but air parcels that are transported114

upwards in this convection need to find a region of onward transport to the115

AMA. Seemingly, for some of the regions with heavy precipitation this rarely116

happens. Finally, the maps of convective impact shown by Legras and Bucci117

(2020) show similar patterns as our analyses, despite the different modelling118

approaches. This lends further credit to the consistency of our analyses.119

120

4. §3.1.2: By ‘boundary layer source regions’ do you mean the regions where121

the trajectories ascend out of the PBL (in the forward direction)? Air can spend122

a long time in the boundary layer and move from one region to another within123

the boundary layer before being entrained in a convective updraft and lofted out124

of the boundary layer.125

Reply: Yes, we account for the last crossing points of trajectories with the top126

of the PBL, i.e. starting from the initialisation and going back in time, we note127

where the trajectory first encounters the top of the PBL. We point that out128

more clearly in the revised version to avoid any confusion. For example, in sec-129

tion 2.3 we now write: ”When the pressure at the trajectory position is larger130

than 0.85 times the surface pressure below the trajectory, we assume that the131

trajectory has encountered the PBL as described by Bergman et al. (2013). The132

first location where this happens backward in time will be referred to as bound-133

ary layer source of the trajectory.” Additionally, at some instances we changed134

”from the PBL” to ”from the top of the PBL” and we changed the wording in135
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the last paragraph of the introduction of the revised version to: ”...are followed136

backward in time to their first crossing of the top of the PBL...”. Further, we137

agree with the referee and we note that we addressed this issue in the discussion138

(L483-490 in the ACPD version).139

140

5. §4 and Figure 18: The model results show much larger contributions from141

the IND and SEA regions and less from the TP, which corresponds better to the142

observed precipitation distribution.143

Reply: As outlined in our reply concerning your general comments #2, the pre-144

cipitation distribution does not have to match with the boundary layer source145

distributions. In accordance, Legras and Bucci (2020) show strong convective146

impacts from the Tibetan Plateau at and above approx. 360 K with their com-147

bined reanalysis/observation modelling approach. Moreover, we have veryfied148

that the 2D PBL source distribution looks similar for EMAC-ATTILA (not149

shown) as for the TRJ data, with the main difference that the contribution of the150

Tibetan Plateau is less pronounced. The differences between EMAC-ATTILA151

and the TRJ data data are discussed in the lines 360-364 in the ACPD version.152

153

6. The text is rather verbose and repetitive, and as a result the paper is154

longer than it needs to be. This can be corrected by thorough editing.155

Reply: We shortened the paper and made it more concise. For example, the156

text in Section 2 before Section 2.1 was partly (re-)moved, the Appendix A1157

was deleted and parts from Section 3 have been deleted or shifted to Section 5158

and vice-versa.159

Minor comments160

161

1. Title: The paper does address variability of transport to some extent, but162

the main focus is on the mean transport.163

Reply: We think that we present a number of analyses showing interannual and164

intraseasonal variability, e.g. Figs. 2, 7-8, 10-19 of the ACPD version contain165

information regarding interannual or intraseasonal variability. Of course, we166

also present many climatological views, which we see as a prerequisite to be167

able to address interannual and intraseasonal variability. To account for the168

fact that we present this climatological perspective (as stated in the abstract of169

the ACPD version), we changed the title to: ”Climatology and variability of air170

mass transport from the boundary layer to the Asian monsoon anticyclone”.171

172
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2. Line 54: How is ascent ‘driven by the large-scale anticyclonic circula-173

tion’? Ascent in an isentropic sense must be driven by diabatic heating, which174

at these altitudes must be due primarily to net radiative heating.175

Reply: We thank the reviewer for spotting this error: ”driven” should rather176

be ”follows”. We changed the text accordingly.177

178

3. Line 86: The sentence beginning ‘Results from this model ...’ is not179

clearly written.180

Reply: Is changed to ”Results from the Lagrangian model ...”181

182

4. Line 91: This paragraph is unnecessary and can be deleted.183

Reply: As per the reviewer’s request, the paragraph containing the manuscript’s184

outline was deleted. The references to Sections 3 and 4 have been shifted to the185

paragraph above.186

187

5. Figure 5: Please add a pressure scale to the plots.188

Reply: We have thought about adding a pressure scale to the plots Figs. 5,189

6, 8, 14 and B2 (ACPD version). However, we decided against it, for the fol-190

lowing reasons: a) the densities of the trajectory positions have exactly been191

constructed with log-p height as vertical axis and hence the corresponding units192

contain the factor km−1, b) the busy figures would get more busy with no real193

information added as, c) the conversion from log-p height to pressure is straight194

forward (see updated Figure caption).195

196

6. Figures 10 and 11: Can you combine these two figures into one (for easier197

comparison) or simply eliminate Figure 10? There is little difference between198

them.199

Reply: We have combined Figs. 10 and 11 in the revised manuscript.200

201

7. Figure 15: Since you are plotting the relative contributions from different202

regions, the figure might be easier to follow if you plot the cumulative amounts203

across the regions (i.e., a stacked plot).204

Reply: We have thought about such a plot, however, we think it is sometimes205

harder to actually tell the exact quantities as the base for each source region206

would then vary. Hence we opted for single lines relative to zero.207

208

8. Figure 16: This figure does not add much information to what has al-209
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ready been presented in Figures 10, 11, and 15. I suggest removing it, or at least210

combining it with Figures 10 and 11.211

Reply: We decided to keep the figure as no interannual variability is given in212

Fig. 15, whereas it is presented in 16. Figs. 10 and 11 do not show the individual213

variability of the PBL source contributions according to the different months214

(June, July and August). The respective text has been shortened and the figure215

is now combined with the previous Fig. 15.216

217

9. Figure 17: It is difficult to flip back and forth between Figures 10 and 17218

in order to compare them. These plots really belong in the same figure.219

Reply: As we have already combined Figs. 10 and 11 as the reviewer suggested,220

we do not see the option to add another data set here. The plots will get too221

crowded. Further, we agree that the comparison would be easier if everything222

is in the same figure as subplots. However, we think it is more important to223

distinguish between the data sets as our focus lies on the TRJ data. Keep-224

ing the analyses for EMAC-ATTILA data separate from the TRJ data avoids225

mixing up the results and is in accordance with the structure of the text, i.e.226

first the results from the TRJ data and then the results from EMAC-ATTILA.227

Nevertheless, we included the TRJ results as faint blue dots and whsikers to228

facilitate the comparison.229

230

10. Figures 18 and 19: As with the box and whisker plots, it is difficult to231

compare these results with Figure 15. These should all be in one figure.232

Reply: We combined Figs. 18 and 19, however, we kept them separate and also233

separate from the TRJ results. See also our reply to your minor comment 9.234

235

11. §6: This section is longer than necessary. A short statement of the236

principal results would be sufficient.237

Reply: We shortened the respective section, however, we would like to keep the238

structure of answering our question from the introduction.239

240

12. Appendix A: This appendix adds little information to what is already241

presented in §2.2.242

Reply: We assume that you are referring to the section A1 as this section243

corresponds to section 2.2. Hence, we rephrased Section 2.2 and removed the244

Appendix A1.245

246
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Recommendation247

This paper presents an analysis of vertical transport to the upper troposphere248

and lower stratosphere within the Asian summer monsoon circulation. The249

manuscript is rather long considering that the results largely confirm earlier250

studies (e.g., Garny and Randel; Bergman; and Vogel) while adding some new251

details. The two main issues that I see with the manuscript are:252

253

1. The ERA-Interim reanalysis has been succeeded by the ERA5 reanalysis.254

ERA5 offers improved spatial and temporal results, which could affect the tra-255

jectory calculations enough to change the results. The authors should compare256

trajectories from ERA-Interim and ERA5 to ensure that their results would not257

be affected significantly by switching to ERA5.258

Reply: Please consider our reply concerning your general comment #1. We259

assume, that the scepticism regarding our results is likely also related to the260

second recommendation of the reviewer. Taking our reply with respect to that261

comment into account, we do not see any indications of inconsistencies. Of262

course the quantitative results will change using a different reanalysis or reso-263

lution, but the main qualitative results will likely be robust.264

265

2. Scientifically my main concern with the manuscript is that the patterns266

for ascent of the air parcels do not correspond well to the observed locations of267

heavy precipitation and deep convection across the Asian monsoon region. The268

trajectories could be correct (in the sense that they are representative of the real269

world), and there could be a physical explanation for why the regions of ascent270

are displaced from the convection, but it could also indicate a systematic prob-271

lem with the reanalysis, such as vertical ascent much slower than actual updraft272

speeds so that ascent occurs far from the convection. The latter would not be273

surprising given the hydrostatic nature of the reanalysis system model and the274

necessity for highly idealized convective parameterizations.275

Reply: Please consider our comments regarding your general comment #3. In276

particular, that high clouds, which partly might effectively feed into the AMA277

and precipitation maps do not necessarily have to align. Again, we want to278

stress that Legras and Bucci (2020) find similar distributions for their analysis279

of convective impact at and above approx. 360 K based on ERA5 reanalysis and280

observational cloud data. Hence, although the distributions of precipitation and281

source regions are different, there is no scientific inconsistency.282

283
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I recommend publication after addressing these two points.284

Reply: We hope, that we have been able to sufficiently address the reviewer’s285

comments.286

287
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Reply to comments from Referee #2288

(https://doi.org/10.5194/acp-2022-143-RC2)289

Below we will address all comments of referee #2 and will state corresponding290

changes in the manuscript. Again, we would like to thank referee #2 for taking291

the time to review our manuscript.292

293

The paper analyses the PBL sources and the pathways of transport in the294

AMA UTLS region at climatological level, by use of multiannual back-trajectories295

and, to understand the convection contribution, CCM simulations.296

General comments:297

The paper gives an exhaustive view of the transport processes in the region, it’s298

well written, structured and the figures are well presented. The major problem299

of this paper lies in its verbosity and repetitiveness, which makes the manuscript300

extremely long and dispersive. I would therefore encourage the paper for publi-301

cation, after some editing and after addressing some minor points.302

Reply: We thank the reviewer for the positive feedback regarding the general303

presentation of the mansucript. We made the presentation more concise in our304

revised version. Some of the requested changes from reviewer #1 aim at the305

same direction. Below, we will reply to all comments made by the reviewer.306

307

Specific comments: The abstract is one particular example of a section that308

needs to be more concise. It should rather focus on the main points that the au-309

thors think the paper is addressing without diluting with too many unnecessary310

details!311

Reply: We shortened the abstract by slightly rephrasing it.312

313

Similarly, between the Introduction and the Data and methods sections, there314

are several repetitions on the models description and how they will be used.315

Reply: We have shortened the Introduction as suggested by reviewer #1. Fur-316

ther, we restructured Section 2 with the aim to reduce repetitions and be more317

concise.318

319

Line 118: The authors say “Therefore” a modified version of the so-called320

SAHI index has been used. It would be useful to have a short explanation of321

what the SAHI is and a more precise explanation of which are the reasons why322
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it has to be modified for the purposes of this analysis.323

Reply: The corresponding section was rephrased and moved to 2.3.1. It now324

reads: ”For the selection a modified version of the so-called South Asian High325

Index (SAHI; Wei et al., 2014), which measures the east–west displacement of326

the AMA, has been employed. The modification, which uses the geopotential327

height at three pressure levels - compared to one as originally defined by Wei328

et al. (2014) - is supposed to better capture the 3D structure of the AMA. A329

detailed explanation for the choice of the years and a description of the selection330

process is given in the Appendix A2.” We hope that the description is clearer331

and easier to follow now.332

333

Line 152: What does it mean by “Pressure below the trajectories”? Is it the334

pressure right below the lowest trajectories or right below the mean position of335

the trajectories? Or the mean value of the pressure in the whole layer below the336

trajectories?337

Reply: Thank you for the comment. The statement was unclear. It is cor-338

rected in the revised version: ”When the pressure at the trajectory position is339

larger than 0.85 times the surface pressure below the trajectory, we assume that340

the trajectory has encountered the PBL as described by Bergman et al. (2013).”341

342

Line 160: It is not clear to me how the choice of the 295m threshold value343

for the AMA has been made. Is it by comparing the AMA boundaries shape with344

what obtained from ERA-Interim data?345

Reply: To avoid a lengthy description in the text, we referred the reader to the346

Appendix A2. As the previous description was misleading, it has been updated347

in the revised version and we hope that the description is easier to follow now.348

The corresponding part in the Appendix (A1 of the revised version) now reads:349

”...In principal, we have determined suitable threshold candidates by deriving a350

single GPHA value, which on average represents the strongest anticyclonic cir-351

culation. This was done by calculating the mean of the GPHA values associated352

with the strongest meridional winds (southward and northward) along the ridge353

line (see Zhang et al., 2002, for the ridge line). For EMAC-ATTILA, we further354

required the maximum wind speed to be located at a grid point with GPHA of355

at least 100 m to avoid noise from unrealistically low values. Using this tech-356

nique, we determined approximate anomaly thresholds of 280 m and 295 m for357

ERA-Interim and EMAC-ATTILA data, respectively. The value of 280 m for358

ERA-Interim is in good agreement with the threshold of 270 m used by Bar-359
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ret et al. (2016).” Additionally, for EMAC-ATTILA we have also checked, that360

the climatological AMA associated with the threshold of 295 m looks reasonable.361

362

Line 176: The authors compare the 14 years trajectories analysis with the363

1981 to 2010 one from the CCM. As the 14 trajectories years has been chosen364

among the more westward and more eastward shift years of the AMA, I was365

wondering if it is really representative of the climatology of the period. In addi-366

tion, are the differences between the CCM and the trajectories analysis related367

mostly to the convective activity or may be related to the transport behaviour of368

air masses during the non-considered years?369

Reply: A year to year comparison is not possible as the CCM is free-running (see370

respective text). With respect to the choice of the 14 years: as the East/West371

years show some differences but the main paths are similar and the discrepan-372

cies between the source region contributions are rather small, we assume that373

the full climatology would not look different. Further, we also point out that374

the main points of the paper are robust. The difference between CCM and TRJ375

are likely attributable to two factors: a changed background dynamic and the376

effect of parametrized convection. A clear separation is not possible from our377

data and additional simulations and analyses would be needed to distinguish378

the convective impact (see Summary and Conclusion).379

380

Line 213: I would suggest choosing a different wording than “re-circulation”,381

which recall more the horizontal recirculating patter in the AMA rather than the382

vertical displacement.383

Reply: Actually, what is meant here is a mixture between both: horizontal384

circulation within the AMA and vertical upward (downward) movement on the385

eastern (western) side. The later results in a net upward movement and the full386

pathway is described as ”upward spiraling” by Vogel et al. (2019). Anyhow, the387

respective sentence has been changed in the revised version.388

389

Caption figure 8: can you rephrase the “will be noted at the crossing point390

also later in time”? It’s not clear what you mean with that.391

Reply: If a trajectory reaches the PBL it is noted in the analyses at that crossing392

position, i.e. the position where it first encountered the PBL, also for time393

points further back in time. As this procedure already applies to the analysis394

presented in Fig. 5 (ACPD, Fig. 6 in the revision), we rephrased the wording395

in the corresponding figure caption: ”Once trajectories reach the PBL their396
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pathways are not followed back any further. Instead, they are noted at their397

first PBL-crossing points also for analyses going back further in time. For398

example, if a trajectory reaches the PBL already after 3 days, it will be counted399

at this PBL-crossing position also for the analysis 5 days and 15 days back in400

time.” In the figure caption of Figs. 6/8 (ACPD, Fig. 7/9 in the revised version),401

we write now: ”Once trajectories reach the PBL they are not tracked further402

and will be noted at the crossing point also further back in time (as in Fig. 6).”403

Line 255: Why here you choose 2 km and in the figure 3 km as a threshold404

for the TP?405

Reply: We thank the reviewer for spotting this issue. The analysis have all406

been performed with respect to the 2 km threshold. The outlines of the TP via407

the 3 km threshold in Figs. 1 and 2 (ACPD version) were given for orientational408

purposes only. However, to avoid any confusion, in all figures the TP is shown409

via 2 km contour now. Further, the contours are now also described in Fig. 1410

(Fig. 2 revised version; see also our reply to the comment concerning ”Caption411

Figure 1”).412

413

Figure 10 and similar: I had some problems understanding how to read the414

TOT variable. Is it really a percentage (the % of the total trajectories who start415

in the AMA) or it is just a way to represent the total number of trajectories by416

the 1 to 4000 conversion? As it’s in the same plot as the regional contribution,417

I would suggest making a clearer separation of the TOT AMA variable from the418

other percentages, as it would be otherwise confusing!419

Reply: The TOT variable is not actually a percentage. The conversion via the420

conversion factor needs to be used (for Fig. 10: 1% corresponds to 4000 tra-421

jectories). In the ACPD version we provided this separation via the light grey422

vertical dashed line. We made this line darker and doubled it and we made the423

separation clearer by adding a different axis to the right side of the plot.424

425

Line 262: Does it imply that the uplift is more intense in the TP and IND426

region, while the WP is contributing as much only because of the larger spatial427

extent of the defined region?428

Yes, concerning the uplift to the AMA we would say so.429

430

Page 21: this whole section can be summarized in a few sentences!431

As the Figs. 15 and 16 of the ACPD version have been combined in one panel,432

we had to revise the corresponding text of Fig. 16 (Fig. 14 b of the revised ver-433
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sion) and made the description more concise.434

435

Discussion and Summary and conclusion:436

Those two sections are also excessively verbose and with several repetitions be-437

tween the two. I would suggest cleaning the text and really focus on the important438

messages (for example the section 5.2 and 5.3 could be significantly shortened)439

and avoid stating the same conclusion between sections 5 and 6.440

We shortened and/or cleaned up the respective sections. Further, as requested441

by reviewer #1 and #2 we made the entire manuscript less repetitive. Hence,442

some parts have been (re)moved from/to the discussion/summary.443

444

Technical comments:445

446

Line 3: “analyses”.447

Reply: Spelling corrected. Thank you!448

449

Line 3: in the same line there is the use of English and American notation.450

Please correct!451

Reply: We are sorry, but we do not see where AE and BE are mixed. However,452

we exchanged ”we analyze” with ”we investigate”.453

454

Line 29: In the Asian summer monsoon (ASM) regions, the heating. . . .455

Reply: The wording has been changed to: ”In the Asian summer monsoon456

(ASM) region, the heating ...”.457

458

Caption Figure 1: Better specify here how the TP contours are chosen rather459

than on Figure 2.460

Reply: An explanation regarding the TP contour is now added. Further, the461

contours have been modified (see your comment with respect to Line 255).462

463

Line 230: put a comma between “indicated above” and “the trajectories start464

to fill”465

Reply: Done.466

467

Line 390: the comma after the “help to discern” can be removed.468

Reply: Done.469

470

14



References471

B. Barret, B. Sauvage, Y. Bennouna, and E. Le Flochmoen. Upper-tropospheric472

CO and O3 budget during the Asian summer monsoon. Atmospheric Chem-473

istry and Physics, 16(14):9129–9147, 2016. doi: 10.5194/acp-16-9129-2016.474

URL http://www.atmos-chem-phys.net/16/9129/2016/.475

J. W. Bergman, F. Fierli, E. J. Jensen, S. Honomichl, and L. L. Pan. Boundary476

layer sources for the Asian anticyclone: Regional contributions to a vertical477

conduit. J. Geophys. Res.-Atmos., 118(6):2560–2575, 2013. ISSN 2169-8996.478

doi: 10.1002/jgrd.50142. URL http://dx.doi.org/10.1002/jgrd.50142.479
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Abstract. Air masses within the Asian monsoon anticyclone (AMA) show anomalous signatures in various trace gases. In

this study, we analyze
::::::::
investigate

:
how air masses are transported from the planetary boundary layer (PBL) to the AMA via

multiannual trajectory anlyses. While previous studies analyzed the PBL to AMA transport mainly for individual monsoon

seasons or particularperiods
:::::::
analyses.

:::
In

::::::::
particular, we focus on the climatological perspective and on the interannual and

intraseasonal variability.
::::::::::
intraseasonal

::::
and

::::::::::
interannual

:::::::::
variability.

:::::::
Further,

:::
we

::::
also

:::::::
discuss

:::
the

:::::::
relation

:::
of

:::
the

::::::::::
interannual5

::::::::
east–west

::::::::::::
displacements

::
of

:::
the

:::::
AMA

::::
with

:::
the

::::
PBL

::
to

:::::
AMA

::::::::
transport.

:

To this end we employ backward trajectories, which were computed using reanalysis data. Based on these trajectories, we

analyze air mass transport from the PBL to the AMA during
::
for

:::
14 northern summer (June–August) for 14 summer seasons

::::::
seasons

:::::
using

::::::::
reanalysis

::::
data. Further, we backtrack forward trajectories from a free-running chemistry-climate model (CCM)

simulation, which includes parametrized Lagrangian convection. The analysis of
::
30

::::::::
monsoon

::::::
seasons

::
of

:
this additional model10

data set helps us to carve out robust or sensitive features of PBL to AMA transport with respect to the employed model.

Results from both
:
, the trajectory model and the Lagrangian CCM

:
, emphasize the robustness of the three-dimensional trans-

port pathways from the
:::
top

::
of

:::
the

:
PBL to the AMA. Air masses are transported upwards on the eastern side of the AMA and

are uplifted
::::
circle

:::::::
upward within the full AMA domain above. While this is in agreement with previous modelling studies, we

refine the picture of the so-called "conduit" (Bergman et al., 2013). The contributions from the
:::
The

:::::::::::
contributions

::
of

::::::::
different15

::::
PBL

::::::
source

::::::
regions

::
to

::::::
AMA

::
air

:::
are

::::::
robust

::::::
across

:::
the

:::
two

:::::::
models

:::
for

:::
the

:
Tibetan Plateau (TP; 17% vs. 15%) and the West

Pacific (around 12%)are similar in both model results. However, the contributions from the Indian subcontinent and South-East

Asia are considerably larger in the Lagrangian CCM data, which might point towards the importance
:::::::
indicate

::
an

:::::::::
important

:::
role

:
of convective transport for PBL to AMA transport for these regions.

The analysis of both model data sets highlights the interannual and intraseasonal variability with respect to PBL source20

regions of the AMA. Additionally, we analyze the relation of the
::::::::
Although

::::
there

:::
are

::::::::::
differences

::
in

:::
the

::::::::
transport

:::::::::
pathways,

::
the

:
interannual east–west displacement of the AMA - which we find to be related to the monsoon Hadley index - to the

transport behaviour and find that there are differences for "east" and "west years", the main transport characteristics, however,

are comparable
::
is

:::
not

::::::::
connected

::
to

:::::::::::
considerable

:::::::::
differences

::
in

:::
the

::::::
overall

::::::::
transport

::::::::::::
characteristics.

Regarding the intraseasonal variability our trajectory model results show that25
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:::
Our

::::::
results

::::
from

:::
the

::::::::
trajectory

::::::
model

:::
data

::::::
reveal

:
a
:::::
strong

:::::::::::
intraseasonal

::::::
signal

::
in

::
the

:
transport from the PBL over the Tibetan

Plateau (TP )
:::
TP to the AMAis weak :

:::::
there

::
is

:
a
:::::
weak

::::::::::
contribution

::
of

:::
TP

:::
air

::::::
masses

:
in early June (less than 4% of the AMA

air masses), whereas in August TP air masses contribute considerably
:::
the

::::::::::
contribution

::
is

:::::::::::
considerable

:
(roughly 24%). The

evolution of the contribution from the TP is supported by data from the Lagrangian CCM
::::::::
consistent

::::::
across

:::
the

:::
two

:::::::::
modelling

:::::::::
approaches and is related to the northward shift of the subtropical jet and the AMA during this period. This result

::::::
finding may30

help to reconcile previous results and further highlights the need of taking the subseasonal (and interannual) variability of the

AMA and associated transport into account.

1 Introduction

Strong precipitation during local summer is a typical criterion to define/identify monsoon regions (e.g. Wang et al., 2020).

In the Asian summer monsoon (ASM) region
:
,
:::
the

:
heating related to the monsoon precipitation produces an anticyclone in35

the upper troposphere and lower stratosphere (UTLS) over Asia (e.g. Hoskins and Rodwell, 1995; Park et al., 2007; Siu and

Bowman, 2019, and references therein), which is often referred to as Asian (summer) monsoon anticyclone (AMA; e.g. Randel

and Park, 2006; Park et al., 2007; Siu and Bowman, 2020).

Due to fast uplift of polluted air masses in the ASM region (von Hobe et al., 2021) and confinement within the AMA

(Legras and Bucci, 2020), trace gases such as carbon monoxide (CO) show a maximum within the anticyclone (e.g. Santee40

et al., 2017). Air masses that have reached the AMA or its edge can be further transported to the extratropical UTLS or the

tropical stratosphere (e.g. Dethof et al., 1999; Randel et al., 2010; Vogel et al., 2014; Garny and Randel, 2016; Ploeger et al.,

2017; Nützel et al., 2019; Vogel et al., 2019). In the stratosphere, these air masses might cause changes of the chemical and

aerosol composition and hence affect the radiation budget (Randel et al., 2010). Thus, it is crucial to understand how trace gas

anomalies within the AMA build up and how they are redistributed.45

A first step towards answering these questions is to analyze the transport properties of air masses from the
:::
top

::
of

:::
the planetary

boundary layer (PBL) to the AMA. This topic has been investigated in a couple of previous trajectory-based studies, e.g. by

Bergman et al. (2013), Heath and Fuelberg (2014), Vogel et al. (2015), Fan et al. (2017), Vogel et al. (2019), Bucci et al. (2020)

and Legras and Bucci (2020), sometimes with a focus on transport to the UTLS in the ASM region in general. All of these

studies focus on individual important aspects regarding the transport to the AMA or UTLS in the ASM region.50

As an example, Bergman et al. (2013) found a favourable region of upward transport on the eastern side of the AMA and

coined the term of the so called conduit. Further, they calculated sensitivities with respect to the choice of the meteorological

data used. Heath and Fuelberg (2014) focused on simulated high-resolution data to investigate the impact of rapid vertical

transport to the AMA. Both of these studies highlighted the importance of the Tibetan Plateau with respect to transport from

the PBL to the AMA. During the monsoon season 2017 comprehensive flight measurements have been conducted in the core of55

the AMA within the StratoClim campaign (Bucci et al., 2020). Related to the flight campaign, two trajectory studies assessed

the transport mechanisms and source regions of the air masses within the AMA in 2017: Bucci et al. (2020) analyzed the

PBL source regions of air masses along the flight tracks to determine the source regions of the in-situ sampled air masses.
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Legras and Bucci (2020) studied the transport properties to and within the AMA and came to the conclusion that the conduit is

driven by convection, whereas further ascent is driven by
::::::
follows the large scale anticyclonic circulation. This finding is also60

in agreement with the upward circling in the UTLS, which follows the first rapid ascent in the AMA region, as diagnosed by

Vogel et al. (2019).

Despite these previous efforts, there is still a lack regarding the climatological picture and the description of the interannual

and subseasonal variability of PBL to AMA transport. The typical short term or single season analysis presented in previous

studies need to be tested for robustness, in particular if one considers the strong interannual and intraseasonal variability of the65

AMA (e.g. Randel and Park, 2006; Garny and Randel, 2013; Siu and Bowman, 2020, and references therein) and of the whole

monsoon system (e.g. Krishnamurti and Bhalme, 1976; Ding, 2007).

There are previous modelling studies, e.g. by Chen et al. (2012) and Fan et al. (2017), that looked into a multiannual analysis

in the ASM region. However, these studies did not explicitly focus on transport from the PBL to the AMA but rather to a broad

ASM region in the UT. As observations (apart from otherwise limited satellite data) are still rather scarce in the AMA region70

(Brunamonti et al., 2018) and cannot directly provide information on the source region contributions, modelling studies are

key to provide a climatological perspective of PBL to AMA transport without temporal or spatial gaps.

One example of the interannual variability of the AMA is the interannual variation of the east–west displacement of the

center of the AMA (Wei et al., 2014). Wei et al. (2014) found a relation of enhanced Indian summer monsoon precipitation to

the westward displacement of the AMA, which is supported by their simplified modelling studies (see also Wei et al., 2015, for75

further analyses on the interannual variability of the AMA). Anomalous vertical wind fields in the UTLS over the ASM region

corresponding to the longitudinal location of the AMA were shown by Nützel et al. (2016, their Fig. 14). This finding points

toward a possible relation of the east–west displacement of the AMA with the transport characteristics in the ASM.

With respect to the intraseasonal variability, Vogel et al. (2015) found a strong variability in the source region contributions

to the AMA at 380 K during the monsoon season 2012. This result highlights the need to assess the evolution of the source80

regions of the AMA air masses during the course of the monsoon season in more detail.

With this additional viewpoint, we aim to bring together results of previous analyses and to add to the understanding of the

composition of the AMA. The key questions we want to address are:

1. What is the climatological perspective of PBL to AMA transport in terms of pathways and PBL source regions? How

reliable are previous results?85

2. How do the pathways and source regions vary on intraseasonal and interannual time scales?

3. Are the PBL source regions and the transport pathways related to interannual east-west shifts of the AMA?

Our main focus lies on the analysis of backward-trajectories, which start in the core of the AMA, are driven by reanalysis

data and are followed backward in time to their PBL origin.
:::
first

:::::::
crossing

::
of

:::
the

::::
top

::
of

:::
the

::::
PBL

::::::::
(Sect. 3).

:
Further, the results

from the trajectory analyses will be discussed with additional analyses from chemistry-climate model (CCM) simulations with90

a Lagrangian transport model .
:::::::
(Sect. 4).

:
In particular, the Lagrangian CCM results are from a free-running simulation and
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include the impact of parametrized Lagrangian convection. Results from this
:::
the

:::::::::
Lagrangian

:
model will serve as a sensitivity

in comparison to the reanalysis-based backward trajectory results as (i) (parametrized Lagrangian) convection, (ii) a different

large scale dynamical background and (iii) forward trajectories (analyzed backward in time) are considered. This will help us

to carve out key features that are similar or sensitive to the different modelling approaches. Further, the multiannual Lagrangian95

CCM data allow for additional analyses to complement the findings in the trajectory model data.

The remainder of this study is structured as follows: Section 2 describes the data and methods used, including short

descriptions of the employed models. The section thereafter (Sect. 3) contains the results of the trajectory simulations. These

are complemented by the results of the Lagrangian CCM simulations in Sect. 4 and discussed in Sect. 5. Finally, we summarize

our findings and state our concluding remarks (Sect. 6).100

2 Data and method

2.1
:::::::::

Trajectory
:::::
model

:::::
data

In this study, we mainly focus on the analysis of data from a trajectory model to investigate the transport from the
::
top

:::
of

:::
the

PBL to the AMA. The trajectory model,
:::::
which

::::
was

::::
used

::
to

::::::::
calculate

:::
the

::::::::
backward

:::::::::
trajectories

:::::::
starting

::
in

:::
the

::::::::
monsoon

::::::
region,

:::
was

::::::::
described

:::
by

:::::::::::::::::::::
Garny and Randel (2016).

::::
This

::::::::
trajectory

::::::
model propagates a set of trajectories, which are initialized by the105

user, using meteorological data e.g. from reanalysis data sets. Details on the trajectory model setup will be described in the

next subsection and the reanalysis data is described at the end of this section.

Further, data from a CCM including a Lagrangian transport model (Brinkop and Jöckel, 2019), which features a Lagrangian

convection parametrization, will be employed to complement the trajectory model results. This modelling approach differs

from the trajectory model, e.g. as air parcels of the Lagrangian transport model are initialized only once at the start of the110

simulation. These air parcels persist and can be followed throughout the simulation. During the runtime of the host-model

(Eulerian grid point CCM), the Lagrangian transport model performs online calculations to advance these air parcels using the

host model’s dynamics. The model output is then used to track back air parcels from the AMA to the PBL. A brief description

of the CCM with Lagrangian transport will be presented after the description of the trajectory model.

2.2 Trajectory model data115

The trajectory model, which was used to calculate the backward trajectories starting in the monsoon region, was described by

Garny and Randel (2016). As for the kinematic calculations presented by Garny and Randel (2016) we have used a time step

of 0.5 h and input data from six-hourly ERA-Interim data (Dee et al., 2011) with a horizontal grid spacing of 1.5◦ × 1.5◦ on

37 pressure levels from 1000 hPa (surface) to 1 hPa to calculate the trajectories.

For our trajectory calculations each day during Northern Hemisphere (NH) summer (01 June to 31 August)
::::
each

::::
day

::
of

:::
the120

::::::::
trajectory

::::::::::
calculations a set of trajectories with one degree horizontal grid spacing in the region 10-50◦ N × 0-150◦ E at 150 hPa

was initialized at 00 UTC . This period covers the late ramp-up and the mature phase of the AMA (Mason and Anderson, 1963).
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The trajectories were calculated backward up to
:::
and

:::::::::
calculated

:::::::::
backwards

:::
for 90 days. Output (e.g. trajectory position and sur-

face pressure below the trajectory) was produced every six hours and all analyses for the trajectory model data described here

were performed offline on the output data. In total 14 summer monsoon seasons in the period 1979-2013 have been selected125

as they showed a rather eastward or westward displacement of the AMA. Therefore, a modified version of the so-called South

Asian High Index (SAHI; Wei et al., 2014), which measures the longitudinal displacement of the AMA, has been employed. A

detailed explanation for the choice of the years and a description of the selection process is given in Sect. 2.3 and the Appendix

A2. In the
:::
the following, results from the trajectory model will be also indicated via the abbreviation TRJ (short for TRaJectory).

130

We note here that there is a variety of approaches to calculate trajectories from or to the upper troposphere in the AMA

region. For example, Bergman et al. (2013) mainly focused on kinematic trajectories to investigate PBL to AMA transport.

Similarly, Fan et al. (2017) used kinematic trajectories to calculate the transport from the PBL to the UT in the AMA region.

Other studies employed kinematic and/or diabatic trajectories in combination with observed cloud top heights to investigate

transport processes in the ASM region (e.g. Bucci et al., 2020; Legras and Bucci, 2020) or hybrid diabatic trajectories (e.g.135

Vogel et al., 2015, 2019). Based on Lagrangian transport model data from the CCM, we will also address the influence of

(hybrid) diabatic versus (hybrid)
:::::::
diabatic

:::::
versus

:
kinematic trajectories.

2.2 EMAC-ATTILA data

In this study, we also exploit Lagrangian model data from a CCM simulation
:::
two

:::::
CCM

::::::::::
simulations described by Brinkop and

Jöckel (2019). In this simulation
:
,
:::::
which

::::::::::
incorporate

:::
the

:::::
effect

:::
of

:::::::::::
parametrized

::::::::::
Lagrangian

:::::::::
convection.

:::
In

::::
these

::::::::::
simulations,140

the CCM EMAC (ECHAM/MESSy Atmospheric Chemistry; Jöckel et al., 2016), was run together with the most recent ver-

sion of the submodel ATTILA (Atmospheric Tracer Transport In a LAgrangian model; Reithmeier and Sausen, 2002), which

calculates
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Atmospheric Tracer Transport In a LAgrangian model; Reithmeier and Sausen, 2002; Brinkop and Jöckel, 2019),

:::::
which

::::::::
calculated

:
the Lagrangian transport of air parcels (Brinkop and Jöckel, 2019). Within this

:::
once

::::
with

::
a
:::::::
diabatic

:::
and

:::::
once

::::
with

:
a
::::::::
kinematic

:::::::
vertical

:::::::
velocity

:::::::
scheme.

:::
For

:::
the

:::::::
diabatic

::::::
scheme

:::
the

::::::
vertical

:::::::
velocity

:::::::::
transitions

:::::
from

:
a
:::::
mixed

::::::::::::::::
kinematic-diabatic145

::::::
velocity

:::
to

:
a
:::::

pure
:::::::
diabatic

::::::
vertical

::::::::
velocity

::
in

:::
the

:::::::::::
stratosphere

::::::::::::::::::::::::::::::::::::::::::::
(see Brinkop and Jöckel, 2019, and references therein).

:::::
This

:::::
mixed

:::::::::
coordinate

::::::
allows

:::
to

::::::::
overcome

:::::
some

:::
of

:::
the

::::::::
problems

:::::::::
associated

:::::
with

::::
pure

:::::::
diabatic

::::::::::
trajectories

::
in

:::
the

:::::::::::
troposphere

::::::::
mentioned

:::
by

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

::
by

:::::::::::::::::::::::
Honomichl and Pan (2020).

::::
The

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

:::::
model

::::::
results

::
of

:::
the

:::::::
diabatic

::::
and

::::::::
kinematic

:::::::::
simulation

:::
will

:::
be

:::::::
referred

::
to

::
as

:::::
LG-D

::::
and

:::::
LG-K,

:::::::::::
respectively.

:::::
Within

:::::
these

::::
two EMAC-ATTILA simulation

:::::::::
simulations

::
-
:::::
which

::::
have

:::
the

:::::
same

::::
grid

::::
point

:::::::::::
meteorology

:
-
:
about 1.16 million150

air parcels, which represent the global atmosphere, are initialized
::::
once

:
at the beginning of the simulation and are consequently

transported
:::::
online

::::
with

:
a
::::::
model

::::
time

::::
step

::
of

:::::
600 s

:
according to the CCM’s wind

::::::::::::
meteorological

:
fields (Brinkop and Jöckel,

2019). ATTILA can be operated with diabatic and kinematic transport as provided by the CCM (Brinkop and Jöckel, 2019).

Further, since
:::::
Since its newest updateATTILA can

:
,
:::::::
ATTILA

:::
can

::::
also

:
be used with a Lagrangian convection parametrization,

which is consistent with the grid-point
:::
grid

:::::
point

:
convection scheme: based on the mass fluxes of the

::::
grid

::::
point

:
convection155

scheme - as provided by the host model - air parcels within a column have a probability to be vertically displaced due to
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convection such that there is no net vertical air parcel transport between grid boxes, i.e. the number of air parcels in each grid

box remains unchanged (Brinkop and Jöckel, 2019, see in particular their Section 2.2.4). The EMAC-ATTILA data used in

this study incorporates the effects of parametrized Lagrangian convective transport and either a diabatic or kinematic vertical

velocity scheme was employed. In the following, the corresponding model results will be referred to as LG-D and LG-K,160

respectively.

The underlying EMAC simulation has
::::::::::
simulations

::::
have a grid point spacing of roughly ∼2.8◦ x 2.8◦ and the model top is

located roughly at 0.01 hPa (Brinkop and Jöckel, 2019). The meteorology of the grid-point
:::
grid

:::::
point

:
model evolves freely

(Brinkop and Jöckel, 2019), i.e. it is not restrained by observed meteorology, and is hence described as free-running. Here we

employ the ten hourly output of the model data
:::
The

:::::::::::::
meteorological

:::
and

::::::::::
Lagrangian

::::
data

::
is

::::::::
available

::::
only

:::::
every

:::
ten

:::::
hours,

::
a165

::::::::
restriction

::::::
owing

::
to

:::
the

::::
large

:::::::
amount

::
of

::::
data

::
in

:::
the

:::::::::
long-term

:::::
CCM

::::::::::
simulations. For further details regarding the simulation

setup see the Appendix (Sect. ??) and
:::::
setups

:::
see Brinkop and Jöckel (2019).

2.3 Analysis method

To analyze transport from the
::
top

:::
of

:::
the

:
PBL to the AMA, we retrace the pathways of individual trajectories or air parcels

:::::
during

::::
NH

:::::::
summer

:::
(01

:::::
June

::
to

::
31

:::::::
August)

:
for both, the trajectory model and EMAC-ATTILA.

::::
This

:::::
period

::::::
covers

:::
the

::::
late170

:::::::
ramp-up

:::
and

:::
the

::::::
mature

:::::
phase

:::
of

:::
the

:::::
AMA

::::::::::::::::::::::::
(Mason and Anderson, 1963).

:
For both modelling approaches, the trajectories are

followed up to 90 days backward in time. When the pressure below the trajectory
:
at
:::

the
:::::::::

trajectory
:::::::
position is larger than 0.85

times surface pressure
:::
the

::::::
surface

:::::::
pressure

::::::
below

:::
the

:::::::::
trajectory, we assume that the trajectory has encountered the PBL as

described by Bergman et al. (2013).
:::
The

::::
first

:::::::
location

:::::
where

::::
this

:::::::
happens

::::::::
backward

:::
in

::::
time

::::
will

::
be

:::::::
referred

::
to

:::
as

::::::::
boundary

::::
layer

::::::
source

::
of

:::
the

::::::::
trajectory.175

:::::
Fig. 1

:::::
shows

:::
the

::::::::
definition

::
of

:::
the

:::::
PBL

:::::
source

:::::::
regions

::::
used

::
in

::::
this

:::::
study:

::::
The

:::
TP

::::::
(mainly

:::
the

:::::::
Tibetan

:::::::
Plateau)

::::
and

::
IP

:::::::
(mainly

::
the

::::::::
so-called

::::::
Iranian

:::::::
Plateau)

:::::::
regions

::
are

:::::::
defined

::
as

::::::
regions

::::
with

::
a

::::::
surface

::::::::
elevation

::
of

::::
more

::::
than

:::::
2 km

:::
and

::::::
0.5 km

::
in

:::
the

:::::
boxes

::::::::::::::::::
75–110◦ E× 25–45◦ N

::::
and

::::::::::::::::::
40–75◦ E× 25–40◦ N,

::::::::::
respectively.

::::
The

:::::
other

:::::
source

::::::
regions

:::
are

::::::
named

:::
AF

:::::::
(mainly

::::
parts

::
of

::::::
Africa

:::
and

:::
the

:::::::
Arabian

:::::::::
Peninsula),

:::::
WIO

:::::::
(Western

::::::
Indian

::::::
Ocean),

::::
EIO

:::::::
(Eastern

::::::
Indian

:::::::
Ocean),

::::
IND

::::::
(mainly

:::
the

::::::
Indian

::::::::::::
subcontinent),

::::
SEA

::::::
(mainly

:::::::::
consisting

::
of

:::::::::
Southeast

::::
Asia

:::
and

::::
parts

:::
of

::::::::
Southeast

::::::
China)

:::
and

:::
the

::::
WP

:::::
(West

::::::
Pacific)

::::::
region.180

For our analyses the focus will lie on trajectories that start within the AMA, unless otherwise noted. We define the AMA

boundary using a geopotential height anomaly
:::::::
(GPHA) criterion with respect to the 50◦ S-50◦ N mean as proposed by Barret

et al. (2016; see details in the Appendix A1). For the trajectory model data the boundary of the AMA was determined via

a geopotential height anomaly (GPHA )
::::::
GPHA

:
threshold of 280 m using ERA-Interim data (see Appendix A1 for details).

Consequently, all trajectories that show a GPHA of at least 280 m are said to be located within the AMA. Sensitivity studies185

with a GPHA of 260 m for the trajectory model data showed that our qualitative results are not overly sensitive to the choice of

the GPHA threshold. For the EMAC-ATTILA analyses (Sect. 4) a separate threshold (of 295 m) for the boundary of the AMA

was determined (see Sect. A1). This was necessary as the EMAC-ATTILA simulation is free-running (as noted before) and

thus develops slightly different climatological states e.g. with respect to the temperature (Jöckel et al., 2016). As the number
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of trajectories that start within the AMA varies from year to year in our analyses, we first calculate the respective distributions190

before producing the multiannual mean. Hence, each year contributes equally to the presented analyses.

Source regions

IND

TPIP

WIO EIO WP

SEA

AF

Figure 1.
:::::
Source

::::::
regions

:::::
based

::
on

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

::::::::
orography

:::
and

::::::
land-sea

:::::
mask

:::
data

::
at

:::::::::::
0.125◦x0.125◦

:::
grid

::::::
spacing

:::
for

:::
the

:::
TRJ

::::::::::
calculations.

:::
See

:::
text

::
for

::::::
details.

2.3.1 TRJ

For the trajectory model, the daily initialized (backward) trajectories are followed backwards in time based on the six hourly

output of the data. In total, trajectory model data for 14 NH summer seasons (from 01 June to 31 August) out of the period

1979 to 2013 have been analyzed. Choosing these 14 years was motivated by the finding that anomalies of the vertical velocity195

in the AMA region are related to the position of the AMA (Nützel et al., 2016, their Fig. 14). Hence, we assumed that the

transport properties might be related to the mean position of the AMA. Accordingly, the selected 14 summer seasons have

been chosen out of the period 1979 to 2013, as the anticyclone showed a rather eastward (seven summer seasons) or westward

location (seven summer seasons) during these years. Further details on the selection method are
:::
For

:::
the

::::::::
selection

:
a
::::::::
modified

::::::
version

::
of

:::
the

::::::::
so-called

:::::
South

:::::
Asian

:::::
High

:::::
Index

:::::::::::::::::::::
(SAHI; Wei et al., 2014),

:::::
which

::::::::
measures

:::
the

::::::::
east–west

::::::::::::
displacement

::
of

:::
the200

:::::
AMA,

:::
has

:::::
been

:::::::::
employed.

:::
The

:::::::::::
modification,

::::::
which

::::
uses

:::
the

::::::::::
geopotential

::::::
height

::
at

::::
three

:::::::
pressure

:::::
levels

::
-
::::::::
compared

::
to

::::
one

::
as

::::::::
originally

::::::
defined

:::
by

:::::::::::::::
Wei et al. (2014) -

::
is

::::::::
supposed

::
to

:::::
better

::::::
capture

:::
the

:::
3D

:::::::
structure

:::
of

:::
the

:::::
AMA.

::
A

:::::::
detailed

::::::::::
explanation

:::
for

::
the

::::::
choice

::
of

:::
the

:::::
years

:::
and

::
a
:::::::::
description

::
of

:::
the

::::::::
selection

::::::
process

::
is
:
given in the Appendix A2.

In Fig. 2 we show the differences of vertical velocities at 150 hPa for the two composites (west minus east). Stronger upward

motion over the Indian subcontinent and the Tibetan Plateau (TP) is found for the west composite compared to east composite,205

whereas the years with an eastward shifted AMA show stronger upward motion to the east. Here, we note that we will focus

on the joint analyses of all 14 NH summer seasons for the majority of our analyses and address differences between east and

west years with additional dedicated analyses.

2.3.2 EMAC-ATTILA

For the EMAC-ATTILA simulation we use
:::
each

::
of

:
the ten hourly output

:::
time

:::::
steps of the model data and perform our analyses210

for 30 NH summer seasons (again, 01 June – 31 August) from 1981 to 2010. Due to a processing error for the LG-K data the

year 2008 had to be removed. As already described before,
:::
The

::::::::::
trajectories in EMAC-ATTILA the trajectories persist through-
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Figure 2. Composite difference of ERA-Interim vertical velocities (in hPa day−1) at 150 hPa (west minus east). Magenta hatching indicates

the significance level of 10%. The outlines
::::
Black

:::::::
contours

::::
show

:::
the

::::
2 km

:::::
outline

:
of

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

::::::::
orography

::
to

:::::::
highlight the TPare given as

black contours based on ERA-Interim data. The vertical wind fields were horizontally smoothed prior to the analysis.

out the full simulation period, hence, the individual air parcels are
::::::::
simulation

::::
and

:::
are

::::
thus distributed freely. Thus, we perform

our analyses at each output time step (every ten hours) for all parcels that are located inside the AMA ,
:::::
Hence,

::::
they

:::
are

::::::
hardly

:::
ever

:::::::
located

::
at

:::::::::::
(numerically)

::::::
exactly

:::::::
150 hPa

::::
and

:::
we

::::
have

::
to

:::
use

::
a
:::::::
pressure

:::::
range

::::::::::::
(140–160 hPa)

::::::
instead

:::
of

:
a
:::::
single

::::::::
pressure215

::::
level

:::::::
(150 hPa

:::
for

:::::
TRJ)

::
to

::::
trace

:::::
back

:::
air

::::::
parcels

::::
from

:::
the

:::::
AMA

::
(i.e.

:::::
parcels

::::
that

:
satisfy the geopotential height anomaly cri-

terion and are located on
:
in

:
the NH within 60◦ W-180◦ E, within the pressure range of 140–160 hPa)

:::
to

::::
their

::::
PBL

:::::
origin. As

mentioned before, for the free-running EMAC-ATTILA simulation a different geopotential height anomaly threshold
:::
for

:::
the

::::::::
definition

::
of

:::
the

:::::
AMA needed to be derived than for the TRJ data (see Sect. A1).

::::::
Further,

:::
all

:::::::
analyses

::::
were

:::::::::
conducted

:::::
based

::
on

:::
the

:::::::::
underlying

::::::
EMAC

:::::
model

::::
grid.

::
In
:::::::::
particular,

:::
for

::
the

:::::::
analysis

::
of

::::::::::::::
EMAC-ATTILA220

:::
data

:::
the

:::::::::
respective

::::::::
boundary

::::
layer

::::::
source

::::::
regions

::::
(cf.

:::::
Fig. 1)

:::::
were

::::::
defined

:::::
based

::
on

:::
the

::::::::::
underlying

::::::::
horizontal

:::::::::
resolution

::
of

:::
the

::::
base

::::::
model.

2.4 Reanalysis data

ERA-Interim data (Dee et al., 2011; European Centre for Medium-Range Weather Forecast (ECMWF), 2011) at 1.5◦ × 1.5◦

horizontal grid spacing are used to calculate the TRJ data. Additionally, ERA-Interim data (partly also at different resolutions)225

are employed for the interpretation of the TRJ data (e.g. to provide corresponding meteorological fields, land–sea masks, orog-

raphy etc.) and in complementing analyses.
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3 Trajectory model results

As already stated, we will focus on the analysis of the trajectory model results (TRJ). Figure 3 shows the starting probabilities230

of trajectories located within the AMA, i.e. the fraction of days during JJA for which the starting positions of the trajectories

are located within the AMA at 150 hPa at a certain grid point for the trajectory model calculations. The corresponding starting

probabilities for years with a rather eastward or westward displacement of the AMA (see Appendix A2) are given as cyan solid

and purple
:::::::
magenta dashed contours, respectively.

Figure 3. Probabilities (%) of starting locations for trajectories that start within the AMA at 150 hPa during JJA in the TRJ calculations.

Trajectories have been started at each 1◦x1◦ point per day within the region 10-50◦ N × 0-150◦ E and are said to be located within the

AMA if the geopotential height anomaly from ERA-Interim (at 1.5◦ grid spacing) was higher than 280 m (see text for further details). Black

::::
Again

:::::
black contours show the 3

:
2 km outline of ERA-Interim orography, highlighting the TP. Purple

:::::::
Magenta dashed (cyan solid) contours

(starting at 12% in steps of 12%) show the starting probabilities for the west (east) composites (see Sect. 2.3 for details).

3.1 Climatology and interannual variability235

First, we will start investigating the climatological properties of the transport pathways and the PBL sources of air masses from

the AMA in the TRJ data with additional notes on the interannual variability. The intraseasonal variability will be discussed

thereafter.

3.1.1 Transport pathways

Figure 4 shows the probability density of crossing locations of trajectories for specific height levels, i.e. 200 hPa, 300 hPa,240

400 hPa and the boundary layer (defined as 0.85 times surface pressure) in the TRJ calculations. This analysis is analogous to

the analysis shown e.g. in Fig. 4 of Bergman et al. (2013). In all panels only trajectories that reach the PBL within 90 days of

their release are accounted for. Our results show that during JJA on a climatological basis, AMA air mass sources come from

a broad region in the PBL in Asia (bottom right panel) and with increasing height, the upward transport of air masses focuses

on the eastern side of (or below) the AMA. Thus, our multiannual trajectory analyses support the findings for August 2011245

presented by Bergman et al. (2013) with respect to the final crossing points of PBL to AMA trajectories
::
the

::::
PBL

::
of

::::::::::
trajectories

:::
that

::::::
ascend

::
to

:::
the

:::::
AMA.

9



Figure 3: Probability density (% deg−2) of trajectory (upward) crossings at (top
left) 200 hPa, (top right) 300 hPa, (bottom left) 400 hPa and (bottom right) the
PBL (defined as 0.85 times surface pressure) for trajectories that start within
the AMA and cross the PBL (as defined before). As noted before, for the 14
years the individual distributions have been calculated and averaged afterwards,
i.e. each year contributes equally to the probability density (also for subsequent
analyses). Here and in the following plots, if the last bin of the colour bar is
denoted by a triangle, it contains all values up to the maximum of the field,
which is plotted.

3.1.1 Transport pathways355

Figure 3 shows the probability density of crossing locations of trajectories for356

specific height levels, i.e. 200 hPa, 300 hPa, 400 hPa and the boundary layer357

(defined as 0.85 times surface pressure) in the TRJ calculations. This analysis358

is analogous to the analysis shown e.g. in Fig. 4 of Bergman et al. (2013). In all359

panels only trajectories that reach the PBL within 90 days of their release are360

accounted for. Our results show that during JJA on a climatological basis, AMA361

air mass sources come from a broad region in the PBL in Asia (bottom right362

panel) and with increasing height, the upward transport of air masses focuses363

on the eastern side of (or below) the AMA. Thus, our multiannual trajectories364

support the findings for August 2011 presented by Bergman et al. (2013) with365

respect to the final crossing points of PBL to AMA trajectories.366

However, we point out that by construction this analysis only captures the367

regions of upward transport to the AMA and not neccessarily the full three-368

14

Figure 4. Probability density (% deg−2) of trajectory (upward) crossings at (top left) 200 hPa, (top right) 300 hPa, (bottom left) 400 hPa and

(bottom right) the PBL (defined as 0.85 times surface pressure) for trajectories that start within the AMA and cross the PBL (as defined

before). As noted before, for the 14 years the individual distributions have been calculated and averaged afterwards, i.e. each year contributes

equally to the probability density (also for subsequent analyses). Here and in the following plots, if the last bin of the colour bar is denoted

by a triangle, it contains all values up to the maximum of the field, which is plotted.

However, we point out that by construction this analysis only captures the regions of upward transport to the AMA and

not necessarily the full three-dimensional pathways. To highlight this difference, Fig. 5
:
a shows the density of trajectories that

have fallen below 200 hPa and have risen again above 195 hPa (backward in time). This analysis points out the locations of250

downward transport . Approximately
:::
and

::::::::::::
approximately

:
half of all PBL crossing trajectories experience this re-circulation at

this pressure level in the depicted region
:::::::::
downward

::::::
motion

::
at

:::
the

:::::::
depicted

::::
level.

To simplify the interpretation a clarifying schematic for two hypothetical PBL-crossing trajectories (trj1 and trj2) is shown

in Fig. 5(right panel)
:
b: The positions of trj1 and trj2 at the red dots would be noted in Fig. 4 - showing regions of upward

transport, i.e. the final crossing points of a certain level of the trajectories. Whereas the position of trj1 at the blue dot would255

be noted in Fig. 5
:
b - highlighting regions of downward transport.

Thus, the emerging picture is in agreement with upward circling, which follows the first updraft as described by Vogel et al. (2019) and

Legras and Bucci (2020). The transport pathways further fit with the distribution of mean vertical velocities in the UTLS in the
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Figure 5. (Left)
::
(a) Density (% deg−2) of trajectory (downward) crossings at 195 hPa for trajectories that start within the AMA and cross

the PBL (as defined before) and fall below 200 hPa before they reach the final destination at 150 hPa. (Right)
::
(b) Schematic of trajectory

crossings described in the left panel of this figure and in Fig. 4. See text for details.

monsoon region (e.g. Nützel et al., 2016, their Fig. 10) as well as tracer transport and distribution as discussed by Pan et al. (2016;

cf. also their discussion on the large scale circulation in the AMA region).260

To get a better picture of the full transport pathways, we show the distributions of PBL crossing trajectories as a longitude vs.

log-pressure height cross section in Fig. 6. The scale height was chosen as 7 km as was done e.g. by Abalos et al. (2017)
::::::::::::::::
Abalos et al. (2017;

:::
see

:::
also

:::
for

::::::::::
log-pressure

::::::
height

:::::::
formula)

:
and the reference pressure of 1013.25 hPa as in the base model of the EMAC-ATTILA

simulations (cf. Roeckner et al., 2003, for details on ECHAM5). The individual panels show the temporal evolution of the tra-

jectories that start within the AMA, 1 day, 2.5 days, 5 days and 15 days prior to their release (top left to bottom right panel,265

respectively). For orientation purposes meteorological data from ERA-Interim is overlaid (see Fig. caption for details).

Obviously, as noted by Bergman et al. (2013) the main upward transport occurs on the eastern side below the anticyclone

(centered around ∼90◦ E), however, as already indicated above,
:
the trajectories start to fill the AMA well below the initial
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release height (150 hPa) . Again this points towards an upward circling already considerably below 150 hPa for some of the270

trajectories and refines the original conduit schematic as depicted and discussed by Bergman et al. (2013). As pointed out

before, this is also in accordance with the large scale uplift above 360 K described by Vogel et al. (2019) in particular, if one

considers that the release height of our trajectories is mostly above 360 K (see cyan lines in
:::
and

:::::::::
downward

::::::::
transport

:::::
occurs

:::
on

::
the

:::::::
western

::::
side

::
of

:::
the

::::::
AMA

:
(Fig. 6

::
5a). It is worth noting that 15 days prior to release a considerable fraction of trajectories

has reached the PBL above the TP (maximum in the density around 5 km and 70-100◦ E in Fig. 6 lower right panel).275

The complementing latitude versus log-pressure height cross section of the climatological trajectory positions for JJA is

shown in Fig. 7. Here, the trajectory positions (left) 5 and (right) 15 days prior to their arrival at 150 hPa are depicted. Again,

meteorological data from ERA-Interim is overlaid to facilitate the interpretation. The trajectory distribution around the AMA

height levels is tilted from North to South, in agreement with a tilt of the isentropic levels (see cyan lines in Fig. 7). We note280

that the distribution shows high values above or around the slopes of the Himalayan mountains (roughly at 30◦ N) and that over

time more and more trajectories reach their PBL source region over the TP (max. around 5 km and 30-35◦ N) and to its south.

::::
From

:::
the

:::::::::
presented

:::::::
analyses,

::::
the

::::::::
emerging

::::::
picture

::
of

::::
PBL

::
to
::::::
AMA

:::::::
transport

::
is
::
in
:::::::::

agreement
::::
with

:::::::
upward

:::::::
circling,

::::::
which

::::::
follows

:::
the

::::
first

::::::
updraft

:::
as

::::::::
described

:::
by

:::::::::::::::::::
Vogel et al. (2019) and

:::::::::::::::::::::
Legras and Bucci (2020).

::::
This

:::::::
upward

:::::::
circling

:::::::
srefines

:::
the285

::::::
original

:::::::
conduit

:::::::::
schematic

::
as

:::::::
depicted

::::
and

::::::::
discussed

:::
by

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

::::
The

::::::::
transport

::::::::
pathways

::::::
further

::
fit

:::::
with

:::
the

:::::::::
distribution

:::
of

::::
mean

:::::::
vertical

::::::::
velocities

:::
in

:::
the

:::::
UTLS

:::
in

:::
the

::::::::
monsoon

:::::
region

:::::::::::::::::::::::::::::::::
(e.g. Nützel et al., 2016, their Fig. 10) as

::::
well

:::
as

:::::
tracer

:::::::
transport

:::
and

::::::::::
distribution

::
in

:
a
:::::
CCM

::
as

::::::::
discussed

::
by

::::::::::::::
Pan et al. (2016;

::
cf.

::::
also

::::
their

:::::::::
discussion

::
on

:::
the

::::
large

:::::
scale

:::::::::
circulation

::
in

::
the

:::::
AMA

:::::::
region).

:::::::::::
Additionally,

:::
CO

::::::::::
distributions

:::::
from

::::::::
chemistry

:::::::
transport

::::::
model

::::
data

::::::::
presented

::
by

::::::::::::::::::::::
Barret et al. (2016) support

:::
this

::::
view

:::
on

:::::
PBL

::
to

:::::
AMA

:::::::::
transport,

:::::
while

::
in

:::::
their

::::::::::::
climatological

:::::::
analysis

::
of
:::::

IASI
:::::::
satellite

::::
data

:::
the

::::::::
structure

::::
was

:::
not

:::
as290

:::::::::
conclusive.

:::::
Using

:::::
data

::::
from

:::
the

:::::
same

:::::::
satellite

::::::::::
instrument,

:::
but

::::::::::
performing

:::::::
transient

::::::::
analyses,

:::::::::::::::::::
Luo et al. (2018) came

:::
to

:::
the

:::::::::
conclusion

:::
that

::::
this

::::::::
transport

::::::::
behaviour

::
is
::::

also
:::::::
present

::
in

:::
the

:::::::
satellite

::::
data.

:::::::::
Similarly,

::::::::::::::::::::
Vogel et al. (2019) noted

::::
that

:::
the

::::
CO

:::::::
transport

::::::::
described

:::
by

:::::::::::::::
Pan et al. (2016) is

::
in

:::::::::
agreement

::::
with

::::
their

::::::
results

::::
from

:
a
:::::::::
trajectory

:::::
model

:::
and

:::::::
MIPAS

::::::
satellite

:::::
data.

:::
We

::::
stress

:::::
here,

:::
that

:::
the

:::::
trace

:::
gas

:::::
based

:::::
results

::::
(e.g.

::
in
:::::::::
modelling

::
or

:::::::
satellite

::::
data)

:::::::
strongly

:::::::
depend

:::
also

:::
on

:::
the

::::::
strength

::::
and

:::::::
location

::
of

:::::::::
emissions,

:::::::
whereas

:::
the

:::::::
idealized

::::::::
trajectory

::::::
studies

::::::
simply

:::::
track

:::
air

::::
mass

::::::::
transport.295

We will now address the sensitivity of the presented results with respect to east-west shifts of the AMA on interannual time

scales. Therefore, Fig. 8 shows the differences in the upward transport regions for west minus east years. Differences are clear

in the upper level (200 hPa) and fit to the differences in the vertical wind fields in the UT (cf. 150 hPa level in Fig. 2). The

differences are less pronounced at the top of the PBL (defined as 0.85 times surface pressure).300

To capture the differences in the full pathways, Fig. 9 shows the differences of the density distributions of the trajectories

(west minus east years) as longitude vs. pressure cross section on individual dates with respect to the initialization date. Whereas

differences are pronounced and significant shortly after the release of the trajectories in the UT, they get less pronounced and

12



clearly less significant at lower levels. Overall, we note that the qualitative results regarding the transport pathways remain

stable.305

3.1.2 Boundary layer source regions

In the following, we want to further analyze from which PBL source regions
::::
(see

:::::
Fig. 1)

:
air masses within the AMA originate.

Therefore, Fig. 1 shows the definition of the individual source regions. The TP (mainly the Tibetan Plateau) and IP (mainly the

so-called Iranian Plateau) regions are defined as regions with a surface elevation of more than 2 km and 0.5 km in the boxes

75–110◦ E× 25–45◦ N and 40–75◦ E× 25–40◦ N, respectively. The other source regions are named AF (mainly parts of Africa310

and the Arabian Peninsula), WIO (Western Indian Ocean), EIO (Eastern Indian Ocean), IND (mainly the Indian subcontinent),

SEA (mainly consisting of Southeast Asia and parts of Southeast China) and the WP (West Pacific) region.

Contributions from different source regions to AMA air masses at 150 hPa during JJA. The categories resX and noX

correspond to the trajectories that reached the PBL outside the defined source regions (see Fig. 1) or did not reach the PBL

within 90 days prior to their start, respectively. TOT corresponds to the total numbers of trajectories released within the AMA,315

where 1 percent corresponds to 4000 trajectories. The mean values are given by blue dots (with blue whiskers for the interannual

standard deviation), whereas individual years are shown as grey dots.

The mean contribution
:::
The

::::::
mean

:::::::::::
contributions of individual source regions (blue dots) in the TRJ simulation and their

interannual variation
::::::::
variations (translucent grey dots and

:::
blue

:
whiskers) are shown in Fig. 10. The largest contributions from

the named source regions are found from the TP region (around 17%), the IND region (around 13%) and the WP region (around320

12%). However, we note that the densities of PBL crossings are larger for the TP and IND region than for the WP region (see

Fig. 4). There is also a considerable fraction of trajectories of around 16% that encounter the PBL outside the named source

regions (resX) or do not encounter the PBL within 90 days prior to release (noX).

There is strong interannual variability regarding the sources of the AMA as indicated by relatively large whiskers and a

considerable spread of the contributions in individual monsoon seasons. Nevertheless, the aforementioned regions, namely325

TP, IND and WP, are more important for the AMA composition in the TRJ simulation in almost all years than the other

source regions. The intraseasonal variability of these source regions will be discussed along with the variability of the transport

pathways in the next section (Sect. 3.2).

Contributions of PBL air masses to the AMA at 150 hPa split according to the east (cyan) and west (purple) location of the

AMA with individual years given as grey dots. The cyan and purple whiskers mark the interannual standard deviation for the330

east and west composite, respectively. For TOT the total number of trajectories located within the AMA are reported, where

1 % corresponds to 4000 trajectories.

Figure
:::
Fig. ??,

::
10

::::
also

:
shows the contributions of different source regions to the AMA split according to the rather east-

ward (cyan) or westward (purple
:::::::
magenta) location of the AMA. This analysis shows that there are no systematic differences

in the mean source region contributions according to the east–west location of the AMA on interannual timescales and in335

particular the large interannual variability renders the slight differences between the two composites insignificant. This is in

agreement with the previous statement that the main transport pathways did not change qualitatively with respect to the east–
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west displacement of the AMA on an interannual basis and that the boundary layer
:::::
source

:
changes are relatively small or partly

compensating within the different source regions as for instance for the TP region (see Fig. 8). With respect to the interannual

variability within the composites, the TP region and the total number of trajectories (TOT) show enhanced variability in the340

east composite whereas reduced variability is found for the IP contribution. Whether this result is robust or not, is unclear.

Slightly more trajectories are located within the AMA for years in which the AMA is displaced to the west (in agreement

with the higher maximum in the contour lines for westward location of the AMA in Fig. 3). This difference, however, is not

significant as there is strong interannual variability as indicated from the interannual standard deviation (included as whiskers

in Fig. ??
::
10).345

3.2 Intraseasonal variability

3.2.1 Transport pathways

To further analyze the subseasonal variability with respect to the PBL source regions and the transport pathways, Fig. 11

(analogous to Fig. 4) shows maps of final boundary layer and pressure level crossings split according to June, July and August,

respectively. As can be seen from these plots the PBL crossings shift over continental Asia over the course of the monsoon350

season from June to August. Furthermore, the regions of upward transport, which are mainly centered over the eastern Indian

Ocean (Bay of Bengal) and adjacent continental regions at 200 and 400 hPa in June, shift northwards towards the TP in July

and August.

A more quantitative view of this northward shift is presented in Fig. 12, which show
:::::
shows the distributions of the latitudinal

position of PBL crossings for June (blue), July (red) and August (purple) of trajectories starting in the AMA. In particular, the355

modal value in June at 5◦ N is clearly reduced in July (and August) and the contributions around 30◦ N roughly double from

June to July. The interannual variability depicted as dashed lines in Fig. 12, allows to draw the conclusion that this is a typical

behaviour throughout the monsoon season.

For a complementing view of the transport pathways during June to August, Fig. 13 shows the distributions of the trajectories

in a latitude versus log-pressure height cross section 5 and 15 days before the trajectories encounter their starting position at360

150 hPa. It is shown that the trajectory locations shift from south to north during the evolution of the ASM from June to August.

In August , the AMA is located above the TP and transport from the TP into the AMA occurs vertically. We emphasize the

clear shift of the maximum density at about 6 km to 10 km from approximately 20◦ N in June to 30◦ N in August.

This northward shift of the PBL source regions and the transport pathways is consistent with the northward shift of the

region of low outgoing longwave radiation and the AMA (Nützel et al., 2016, their Fig. 12; see also the related discussion) and365

the monsoon (precipitation) itself (e.g. Wang and LinHo, 2002; Yihui and Chan, 2005). This northward propagation can also

be seen in deep convective activity as monitored by satellite measurements, where deep convection (up to 150 hPa) over the TP

is rare in June and becomes more prominent in July and August (Devasthale and Fueglistaler, 2010).
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3.2.2 Boundary layer sources

Besides the strong interannual variability the AMA is also known for its intraseasonal/subseasonal variability (see e.g. Fig. 5370

in Garny and Randel, 2013, showing both interannual and intraseasonal variability). Hence, we now concentrate on the contri-

bution of individual PBL source regions to the AMA air masses with particular focus on the subseasonal variability. Fig. 14
:
a

shows the temporal evolution of the source region contributions in the TRJ simulation. The most prominent change is the

increase of the TP contribution from below 4% in early June to more than 24% for most of August. Also, it is obvious that the

fraction of non-crossing (noX) trajectories clearly decreases over time. This implies that over the monsoon season the fraction375

of air masses within the AMA that have recently (within the last 90 days) come from the PBL increases. Further, over the

course of the monsoon season, the contributions of trajectories that cross the PBL outside the monsoon region (resX) declines

noticeably. This indicates that the PBL sources focus more toward the Asian monsoon region and is in accordance with the

impression from Fig. 11. The WP region shows a minimum contribution at the beginning of July (below 10%) whereas the

contributions in early June (around 16%) and end of August (around 20%) are clearly higher. For the IND region, the evolution380

is reversed with a peak contribution in July (∼16%) and lower contributions in early June and end of August (about 8% and

12%, respectively). Apart from a small dip in early June, the contribution of the SEA region increases steadily from around 5%

in mid June to approximately 9% end of August. For the AF region this behaviour seems to be reversed (from around 5% to

3%). All other source regions (WIO, EIO and IP) show some variation in June but have relatively stable contributions (between

about 4-6%) during July and August.385

Contributions of PBL sources to the AMA at 150 hPa for the TRJ simulation over 14 years split according to June (blue),

July (red) and August (purple). The interannual standard deviation is given as whiskers and the individual years are included

as grey dots. For TOT 1% corresponds to 2000 trajectories.

Figure390

:::
Fig. ?? shows the PBL

:::
14b

::::::
shows

::
the

:
source region contributions split according to June, July and Augustfor the multiannual

mean (coloured dots) and individual years (grey dots). This figure is closely related to the analysis shown in Fig. 14 but

additionally captures the interannual variability of the subseasonal development and allows to assess, how robust these subseasonal

features are. As an example, the .
::::

The
:
increase in the contribution of the TP from June to August is clearly visible and the

separation of the data points for June and August indicates that this is a typical
:::::::::
pronounced

::::
and

::::::
present

::
in

:::::
every

:::::
single

:::::
year.395

::::
Thus

::
it

:
is
::
a

:::::
robust feature of the

:::::::::::
intraseasonal

::::::::
variability

::
of

:
AMA air mass contributions. Indeed, the increase of the contribution

of TP air masses to the AMA from June to August is present in every single year. Further, except for one year, the TP is the

most important source region for air masses within the AMA in August in our analysis. Also, as the resX contribution sig-

nificantly declines from June to July/August, it is shown that the PBL source regions focus more on the ASM region, which

is in accordance with Fig. 11. Further, we also note that more .
:::::
More

:
trajectories are located within the AMA in July than400

in June and August. This ,
::::::
which is in agreement with the seasonal cycle of the AMA (e.g. Garny and Randel, 2013; Nützel

et al., 2016, Figs. 5 and 12, respectively) as already described by Mason and Anderson (1963). For the other source regions,
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the intraseasonal variations are overruled by the strong interannual variability and more years would be needed to carve out

robust differences.
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Figure 5: Longitude versus log-pressure height cross sections of density distribu-
tions (% deg−1 km−1) of trajectory positions for PBL crossing trajectories (top
left) 1 day, (top right) 2.5 days, (bottom left) 5 days and (bottom right) 15 days
prior to their arrival at 150 hPa within the AMA. The three-dimensional proba-
bilities were integrated over 0-50◦ N. Please note the differnet colour bars. The
150 hPa level corresponds roughly to 13.5 km and the 200 hPa level is located at
roughly 11.5 km in the plot. For this analysis, once trajectories reach the PBL
they are not further tracked and will be noted at the first PBL-crossing point
also later in time. Please note - also for upcoming figures - that the maximum
in the distribution at 4-6 km, e.g. present in the bottom right panel, is related
to the TP. Cyan lines indicate potential temperature levels at 30◦ N starting
at 340 K to 380 K in steps of 10 K and 20 K afterwards (380 K to 480 K). Black
contours indicate meridional winds at 30◦ N in steps of 3 m s−1 (with negative
values dashed) and the zero wind line in orange. Meteorological data based
on ERA-Interim is flagged out below the grey line, which indicates the ERA-
Interim minimum surface pressure in the region 0-50◦ N of the time average JJA
for the trajectory years.
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Figure 6. Longitude versus log-pressure height cross sections of density distributions (% deg−1 km−1) of trajectory positions for PBL

crossing trajectories (top left) 1 day, (top right) 2.5 days, (bottom left) 5 days and (bottom right) 15 days prior to their arrival at 150 hPa

within the AMA. The three-dimensional probabilities were integrated over 0-50◦ N. Please note the different colour bars. The 150 hPa level

corresponds roughly to 13.5 km and the 200 hPa level is located at roughly 11.5 km in the plot . For this analysis
::::::::::
(p= p0e

−x/H , once
:
x
::
in

:::
km,

::::::
H=7 km

:::
and

:::::::::::::
p0 = 1013.25 hPa

:
-
:::
see

::::
text).

::::
Once

:
trajectories reach the PBL they

:::
their

:::::::
pathways

:
are not

::::::
followed

::::
back

:::
any

:
furthertracked and

will be
:
.
::::::
Instead,

:::
they

:::
are

:
noted at the

::::
their first PBL-crossing point

::::
points

:
also later

::
for

:::::::
analyses

::::
going

::::
back

:::::
further

:
in time.

::
For

:::::::
example,

::
if

:
a
:::::::
trajectory

::::::
reaches

:::
the

::::
PBL

::::::
already

:::
after

::
3
::::
days,

::
it

:::
will

::
be

::::::
counted

::
at
:::
this

:::::::::::
PBL-crossing

::::::
position

::::
also

::
for

:::
the

::::::
analysis

::
5

:::
days

::::
and

::
15

::::
days

:::
back

::
in
::::
time.

:
Please note - also for upcoming figures - that the maximum in the distribution at 4-6 km, e.g. present in the bottom right panel,

is related to the TP. Cyan lines indicate potential temperature levels at 30◦ N starting at 340 K to 380 K in steps of 10 K and 20 K afterwards

(380 K to 480 K). Black contours indicate meridional winds at 30◦ N in steps of 3 m s−1. Negative, i.e. southward, winds are dashed and

the zero wind line is given in orange. Meteorological data based on ERA-Interim is flagged out below the grey line, which indicates the

ERA-Interim minimum surface pressure in the region 0-50◦ N of the time average JJA for the trajectory years.
17



Figure 6: Latitude versus log-pressure height cross sections of density distribu-
tions (% deg−1 km−1) of trajectory positions for PBL crossing trajectories 5
days and 15 days prior to their arrival at 150 hPa within the AMA. The three-
dimensional probabilities were integrated over 60-140◦ E. The 150 hPa level cor-
responds roughly to 13.5 km and the 200 hPa level is located at roughly 11.5 km
in the plot. For this analysis, once trajectories reach the PBL they are not
further tracked and will be noted at the first PBL-crossing point also later in
time. Cyan lines indicate potential temperature levels averaged over 0-120◦ E
starting at 340 K to 380 K in steps of 10 K and 20 K afterwards (380 to 480 K).
Black contours indicate zonal winds averaged over 0-120◦ E in steps of 5 m s−1

(with negative values dashed) and the zero wind line in orange. Meteorological
data based on ERA-Interim is flagged out below the grey line, which indicates
the ERA-Interim minimum surface pressure in the region 0-120◦ E of the time
average JJA for the trajectory years.

Figure 7: Difference (west minus east years) of probability densities (% deg−2)
of trajectory (upward) crossings at 200 hPa and the PBL (defined as 0.85 times
surface pressure) for trajectories that start within the AMA and cross the PBL
(as defined before). The underlying fields have been horizontally smoothed and
the significance level of 0.1 is noted via magenta hatching.
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Figure 7. Latitude versus log-pressure height cross sections of density distributions (% deg−1 km−1) of trajectory positions for PBL crossing

trajectories 5 days and 15 days prior to their arrival at 150 hPa within the AMA. The three-dimensional probabilities were integrated over

60-140◦ E. The 150 hPa level corresponds roughly to 13.5 km and the 200 hPa level is located at roughly 11.5 km in the plot. For this analysis,

once
::::
Once trajectories reach the PBL they are not further tracked

:::::
further

:
and will be noted at the first PBL-crossing

::::::
crossing point also later

:::::
further

::::
back in time

::
(as

::
in

::
Fig.

::
6). Cyan lines indicate potential temperature levels averaged over 0-120◦ E starting at 340 K to 380 K in steps

of 10 K and 20 K afterwards (380 to 480 K). Black contours indicate zonal winds averaged over 0-120◦ E in steps of 5 m s−1. Negative, i.e.

westward, winds are dashed and the zero wind line is given in orange. Meteorological data based on ERA-Interim is flagged out below the

grey line, which indicates the ERA-Interim minimum surface pressure in the region 0-120◦ E of the time average JJA for the trajectory years.

Figure 6: Latitude versus log-pressure height cross sections of density distribu-
tions (% deg−1 km−1) of trajectory positions for PBL crossing trajectories 5
days and 15 days prior to their arrival at 150 hPa within the AMA. The three-
dimensional probabilities were integrated over 60-140◦ E. The 150 hPa level cor-
responds roughly to 13.5 km and the 200 hPa level is located at roughly 11.5 km
in the plot. For this analysis, once trajectories reach the PBL they are not
further tracked and will be noted at the first PBL-crossing point also later in
time. Cyan lines indicate potential temperature levels averaged over 0-120◦ E
starting at 340 K to 380 K in steps of 10 K and 20 K afterwards (380 to 480 K).
Black contours indicate zonal winds averaged over 0-120◦ E in steps of 5 m s−1

(with negative values dashed) and the zero wind line in orange. Meteorological
data based on ERA-Interim is flagged out below the grey line, which indicates
the ERA-Interim minimum surface pressure in the region 0-120◦ E of the time
average JJA for the trajectory years.

Figure 7: Difference (west minus east years) of probability densities (% deg−2)
of trajectory (upward) crossings at 200 hPa and the PBL (defined as 0.85 times
surface pressure) for trajectories that start within the AMA and cross the PBL
(as defined before). The underlying fields have been horizontally smoothed and
the significance level of 0.1 is noted via magenta hatching.
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Figure 8. Difference (west minus east years) of probability densities (% deg−2) of trajectory (upward) crossings at 200 hPa and the PBL

(defined as 0.85 times surface pressure) for trajectories that start within the AMA and cross the PBL (as defined before). The underlying

fields have been horizontally smoothed and the significance level of 0.1 is noted via magenta hatching.
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Figure 8: Longitude versus log-pressure height cross sections of the difference
(west minus east years) of the density distributions (% deg−1 km−1) of trajec-
tory positions for PBL crossing trajectories 1 day, 2.5 days, 5 days and 15 days
prior to their arrival at 150 hPa within the AMA. The three-dimensional prob-
abilities were integrated over 0-50◦ N. The 150 hPa level corresponds roughly to
13.5 km and the 200 hPa level is located at roughly 11.5 km in the plot. Once
trajectories reach the PBL they are not further transported and will be noted
at the crossing point also later in time.
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Figure 9. Longitude versus log-pressure height cross sections of the difference (west minus east years) of the density distributions (% deg−1

km−1) of trajectory positions for PBL crossing trajectories 1 day, 2.5 days, 5 days and 15 days prior to their arrival at 150 hPa within the

AMA. The three-dimensional probabilities were integrated over 0-50◦ N. The 150 hPa level corresponds roughly to 13.5 km and the 200 hPa

level is located at roughly 11.5 km in the plot. Once trajectories reach the PBL they are not
:::::
tracked further transported and will be noted at

the crossing point also later
:::::
further

::::
back in time

::
(as

::
in

:::
Fig.

::
6).
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Figure 10. Source
::::::::::
Contributions

::::
from

:::::::
different

:::::
source regions based on ERA-Interim orography and land-sea mask data

::
to

::::
AMA

:::
air

:::::
masses at

0.125◦x0.125◦ grid spacing for
::::::
150 hPa

:::::
during

:::
JJA.

:::
The

::::::::
categories

::::
resX

:::
and

:::
noX

:::::::::
correspond

::
to the TRJ calculations

::::::::
trajectories

:::
that

::::::
reached

::
the

::::
PBL

::::::
outside

:::
the

::::::
defined

:::::
source

::::::
regions

:::
(see

:::
Fig.See text

::
1)

::
or

:::
did

:::
not

::::
reach

:::
the

::::
PBL

:::::
within

::
90

::::
days

::::
prior

::
to

::::
their

::::
start,

::::::::::
respectively.

:::
TOT

::::::::::
corresponds

:
to
:::
the

::::
total

::::::
numbers

::
of
:::::::::
trajectories

::::::
released

:::::
within

:::
the

:::::
AMA

:::
and

:
is
:::::
given

::
in

:::
units

::
of
::::
103

::::::::
trajectories.

::::
The

::::
mean

:::::
values

:::
are

::::
given

::
by

::::
blue

:::
dots

::::
with

:::
blue

:::::::
whiskers for details

::
the

::::::::
interannual

:::::::
standard

:::::::
deviation.

:::
The

::::
mean

:::::
values

:::
and

:::::::::
interannual

::::::
standard

:::::::
deviation

::::
split

:::::::
according

::
to

:::
the

:::
east

:::::
(west)

::::::
location

::
of

:::
the

::::
AMA

:::
are

:::::
given

::
as

:::
cyan

::::::::
(magenta)

::::
dots

:::
and

:::::::
whiskers

:::
and

::
the

::::::::
individual

::::
years

:::
are

:::::
shown

::
as

::::
grey

:::
dots.
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3.2 Intraseasonal variability478

3.2.1 Transport pathways479

Figure 12: Probability density (% deg−2) of trajectory (upward) crossings at
(top row) 200 hPa, (middle row) 400 hPa and (bottom row) the PBL as in Fig. 3
but split according to (left column) June, (middle column) July and (right
column) August.

To further analyse the subseasonal variability with respect to the PBL source480

regions and the transport pathways, Fig. 12 (analogous to Fig.3) shows maps of481

final boundary layer and pressure level crossings split according to June, July482

and August, respectively. As can be seen from these plots the PBL crossings483

sift over continental Asia over the course of the monsoon season from June484

to August. Furthermore, the regions of upward transport, which are mainly485

centered over the eastern Indian Ocean (Bay of Bengal) and adjacent continental486

regions at 200 and 400 hPa in June, shift northwards towards the TP in July487

and August.488

A more quantitative view of this northward shift is presented in Fig. 13,489

which show the distributions of the latitudinal postion of PBL crossings for490

June (blue), July (red) and August (purple) of trajectories starting in the AMA.491

In particular, the modal value in June at 5◦ N is clearly reduced in July (and492

August) and the contributions around 30◦ N roughly double from June to July.493

The interannual variability depicted as dashed lines in Fig. 13, allows to draw494

24

Figure 11. Probability density (% deg−2) of trajectory (upward) crossings at (top row) 200 hPa, (middle row) 400 hPa and (bottom row) the

PBL as in Fig. 4 but split according to (left column) June, (middle column) July and (right column) August.

June            mean
July             median
August

Figure 12. Probability density (% deg−1) with respect to latitude of trajectory intersections with the PBL split according to June (blue), July

(red) and August (purple). Mean (dots) and median (crosses) are given as well. Dashed lines mark the interannual standard deviation.
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Figure 14: As in Fig. 6 for (left column) 5 and (right column) 15 days prior to
their final position at 150 hPa, split according to (top row) June, (middle row)
July and (bottom row) August. Again the three-dimensional probabilities were
integrated over 60-140◦ E. For orientation purposes red vertical dashed lines
at 21◦ N and 30◦ N, which roughly indicate the maxima in the distributions
between 6 and 12 km for June and August for the trajectories 15 day prior to
their arrival at 150 hPa, respectively, have been included. Meteorological data
from ERA-Interim is presented as in Fig. 6 but separated for June, July and
August, respectively.
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Figure 13. As in Fig. 7 for (left column) 5 and (right column) 15 days prior to their final position at 150 hPa, split according to (top row)

June, (middle row) July and (bottom row) August. Again the three-dimensional probabilities were integrated over 60-140◦ E. For orientation

purposes red vertical dashed lines at 21◦ N and 30◦ N, roughly indicate the maxima in the distributions between 6 and 12 km for June and

August for the trajectories 15 day prior to their arrival at 150 hPa, respectively. Meteorological data from ERA-Interim is presented as in

Fig. 7 but separated for June, July and August, respectively.
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Figure 14.
::
(a) Temporal evolution of source region contribution to the AMA air masses at 150 hPa in the TRJ calculation. To fit the scale the

resX category was scaled by 0.5. All contributions have been smoothed via 5 day running means (weights of [ 1
9

, 2
9

, 3
9

, 2
9

, 1
9

]).
::
(b)

::::::::::
Contributions

:
of
::::

PBL
::::::
sources

::
to

:::
the

::::
AMA

::
at
::::::
150 hPa

:::
for

:::
the

:::
TRJ

::::::::
calculation

::::
over

::
14

:::::
years

:::
split

::::::::
according

::
to

::::
June

:::::
(blue),

:::
July

::::
(red)

:::
and

::::::
August

:::::::
(purple).

:::
The

:::::::::
interannual

::::::
standard

:::::::
deviation

::
is
:::::

given
::
as

:::::::
whiskers

:::
and

:::
the

::::::::
individual

::::
years

:::
are

:::::::
included

::
as

::::
grey

::::
dots.

:::
For

::::
TOT

:::
the

::::
total

::::::
number

::
of

::::::::
trajectories

::
is

::::
given

::
in

::::
units

::
of

:::
103

:::::::::
trajectories.
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4 EMAC-ATTILA results: a complementary view405

To corroborate our results and to point out sensitivities and uncertainties, we show also the results of free-running Lagrangian

CCM simulations. As already noted in Sect. 1, the Lagrangian data from these simulations can provide a complementary

view because the modelling approach differs largely from the reanalysis driven trajectory data presented in Sect. 3. The

EMAC-ATTILA data contain the effect of parametrized convection and stem from two free-running simulations, in which

the vertical velocity is described either by a kinematic (LG-K) or a diabatic (LG-D) scheme (cf. Brinkop and Jöckel, 2019).To410

be precise, the simulations feature a sigma-pressure or sigma-theta vertical coordinate (see Brinkop and Jöckel, 2019). This

hybrid coordinate allows to overcome some of the problems associated with diabatic trajectories in the troposphere mentioned

by Bergman et al. (2013) and by Honomichl and Pan (2020). For the analyses the forward trajectories of the EMAC-ATTILA

data were traced back. Further, all analyses were conducted based on the underlying EMAC model grid. In particular, the

respective boundary layer source regions were defined based on the underlying horizontal resolution of the base model.
:::
(see415

::::::
Sect. 2).

:

Figure 15. Contributions of PBL sources to the AMA around 150 hPa for
::::::::
1981-2010

::::
from

:
the

:::::::::
free-running LG-D simulation. Whiskers

::::
Mean

:::::
values

:::
are

::::
given

::
as
:::

red
::::
dots,

:::
red

:::::::
whiskers denote the interannual standard deviation , whereas

:::
and

:
individual years are indicated via

grey dots. For TOT 1% corresponds to 8000
::
the

::::
right

:::
axis

::::::
denotes

:::
the

:::
total

::::::
number

::
of

:
trajectories

:
in
::::
units

::
of

:::
103

:::::::::
trajectories.

:::
For

:::::::::
comparison

:::
faint

::::
blue

:::
dots

:::
and

:::::::
whiskers

:::::
denote

:::
the

:::::
values

::::
from

:::
the

:::
TRJ

::::
data.

First, we want to focus on features, where the LG-D simulation support the results of the TRJ calculations. Secondly, we

show which results differ and where (a parametrization of) Lagrangian convection might be of importance. Finally, we also

address the impact of the vertical velocity scheme by comparing the model results of the LG-D and LG-K.

We have found that the pathways of the LG-D data (see supplemental Fig. B2) look similar to the pathways shown in Fig. 6.420

Moreover, the LG-D data also show strong interannual variability in the source region contributions (cf. Fig. 15).

Further commonalities in the TRJ and LG-D model data results can be seen, when it comes to the evolution of PBL contri-

butions to the AMA air masses. Both model data show an increase of the TP contribution from June to August (Figs. 14 and
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Figure 16. Source
::
(a)

:::
PBL

:::::
source

:::::::::
contribution

:
evolution in the LG-D data. resX data has been scaled by 0.5. All contributions have been

temporally smoothed via 5 day running means (weights of [ 1
9

, 2
9

, 3
9

, 2
9

, 1
9

]), while daily data were produced from summing up the ten hourly

data for each day.
::
(b)

:
as

::
in

::
(a)

:::
but

:::
for

::
the

::::::::
difference

::
of

:::
the

:::::
source

::::::::::
contributions

::
for

:::::
LG-D

:::::
minus

:::::
LG-K.

::
As

::
in

:::
the

::::
LG-K

::::
data

:::
the

:::
year

::::
2008

::
is

::::::
missing

::
(cf.

::::::::
Sect. 2.3),

::
it

:::
was

:::
also

:::::::
removed

::
in

::
the

:::::
LG-D

::::
data

::
for

:::
this

:::::::
analysis.

:::::
Colour

::::::
coding

::
as

:
in
:::
(a).

16
:
a). Also, the qualitative evolution of the contribution of the WP and SEA regions – minimum contribution during July for

WP and slight increase over the monsoon period for SEA – are similar in the two model data sets.425

However, we have to note that quantitatively, the contributions differ between the two model data sets (cf. also Fig. 15). As

an example the contribution of the TP in August is not as dominant in LG-D as in TRJ. Further, around 11% of the trajectories

come from a region outside the defined sources in the LG-D, which is similar to roughly 16% in the TRJ data. However, in the

TRJ data this contribution drops considerably from June to August, whereas in the LG-D data the decline is more moderate.

The differences between the TRJ and EMAC-ATTILA data are likely to be also related to the faster vertical transport in the430

LG-D data due to the effect of parametrized convection. As an example, the air masses that do not reach the PBL within 90 days

account for more than 15% in the TRJ calculation during JJA, whereas in LG-D this value is below 1%. The differences in this

fraction might also be related to the quantitative differences in the contributions of IND and SEA in the TRJ and LG-D data,

namely clearly higher contributions in the LG-D data than in the TRJ calculations. An intermediate region is the EIO showing

slightly higher contributions in LG-D data, which might hint towards the importance of convective transport from this region,435

which is located beneath the south-eastern part of the AMA. As the contributions of IP, AF and WIO are relatively small in all

model data sets, this indicates that convective transport from these regions to the AMA might not be overly important.

We stress that the above results also hold qualitatively for the LG-K data. Fig. ??
:::
16b

:
shows the differences in the contribution

of source regions to the AMA air masses for LG-D minus LG-K data. Major differences are that the contribution of the TP is

not as large as in the LG-D data and that the increase over the monsoon period is less pronounced (absolute values for LG-K440

are shown in supplemental Fig. B4). Throughout the monsoon season, the LG-D data show overall higher contributions for

TP, IND and SEA compared to the LG-K data. Almost no differences are found for the contribution of the IP, whereas lower

contributions are found for the other source regions.
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Source evolution for LG-D minus LG-K data. resX data has been scaled by 0.5. All contributions have been temporally

smoothed via 5 day running means (weights of 1
9 , 29 , 39 , 29 , 19 ), while daily data were produced from summing up the ten hourly445

data for each day. As in the LG-K data the year 2008 is missing (cf. Sect. 2.3), it was also removed in the LG-D data for this

analysis.

For the LG-D data we analyzed the sensitivity of our results with respect to the method to determine the PBL. We found that

qualitatively the results do not depend on the choice of the PBL criterion, while quantitatively, the changes were in the order of

switching between kinematic and diabatic trajectories (i.e. differences in the LG-D and LG-K data) while using the standard450

PBL criterion.

As we have found a strong increase of the TP contribution to the AMA air masses over the monsoon season in the TRJ

and LG-D (less so in LG-K) data, we further analyzed for the LG-D data the change of transport properties from the TP to

the UT for June and August. Therefore, Fig. 17 shows the differences (August minus June) in the longitudinal distributions

of trajectories that stem from the TP for multiple pressure levels (300-150 hPa in 50 hPa steps). In August compared to June455

the trajectories are more likely located in the ASM region (60-100◦ E), whereas in June the probability is larger east of the

ASM region (and in particular the North American monsoon region sticks out). Further, also the fraction of trajectories from

the TP at the different levels (June with respect to August), decreases with height (from about 90% at 300 hPa to about 70% at

150 hPa), which indicates that transport from the TP to the UT is stronger in August than in June. These results are consistent

with stronger advection to the east of air masses from the TP in June compared to August due to the location of the subtropical460

jet.

300 hPa250 hPa

200 hPa150 hPa

Figure 17. Difference (August minus June) of longitudinal probability densities of parcels that originate from the TP at various pressure

levels in the UT based on 1981–2010 for the LG-D data.

To sum up, we want to point out that the results of EMAC-ATTILA (in particular as they come from a free-running sim-

ulation) should not be seen as validation data but rather as a help to assess which key processes are present in these data as

well. This might help to discern , which processes/source regions are not heavily dependent on the explicit representation of

convection (e.g. through a parametrization) and the detailed meteorology (free-running CCM versus TRJ calculations driven465
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by reanalysis data). As an example, the contributions from the source regions TP, WP and SEA show similar developments

over the course of the monsoon period, although, the quantitative contributions partly differ. Further, the fact that the LG-D and

LG-K simulations show discrepancies in parts, e.g. with respect to the mean contributions of the TP of slightly above 14% and

9% (see Fig. 15 and supplement Fig. B3), despite being driven by identical meteorological states of the host model, highlights

the influence of the vertical velocity scheme to parts of the analyses. Here, we note that this might be partly already caused470

by the different distributions of the air parcels in LG-D vs. LG-K data: as the air parcels persist throughout the simulation and

are transported with different vertical velocities, the distribution of air parcels within the AMA differs between the two model

data sets (see Supplement Fig. B1), even though the same dynamical constraints are used to define the AMA. We are currently

planning future work to further carve out the transport properties in the ASM region based on additional Lagrangian CCM

simulations.475
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5 Discussion

5.1 Relation to previous modelling results and observational data

In Section 3 we have presented results regarding PBL to AMA transport based on our trajectory calculation (TRJ). We have

found that the boundary layer source distribution (Figs. 4 and 11) focuses over the ASM region (in particular over the Indian

subcontinent and the TP). Further, these distributions support previous results regarding the PBL sources of the air masses480

of the AMA and its surroundings e.g. by Bergman et al. (2013) and Fan et al. (2017).
::::::::
Similarly,

:::
the

::::::::
boundary

::::
layer

::::::::
crossing

::::::::::
distributions

:::
are

::
in

:::::::::
agreement

::::
with

:::::::::
convective

::::::
source

::::
maps

::
of

:::
the

::::::
AMA

::
as

::::::::
presented

::
by

:::::::::::::::::::::
Legras and Bucci (2020).

Moreover, we found similar regions of upward transport as Bergman et al. (2013), which are located on the south-eastern side

of the AMA. However, we also complemented the view about the transport pathways, i.e. the conduit proposed by Bergman485

et al. (2013), by showing that air masses spread earlier in the AMA volume . In detail, we refined the picture of the vertical

conduit by showing that air masses released in the AMA circle within the AMA and fill its three-dimensional structure in

:
-
::
in agreement with the slow uplift described by Vogel et al. (2019) and mainly experience upward (downward) transport on

the eastern (western) side of the AMA (cf. Fig. 10 presented by Nützel et al., 2016, and discussion by Pan et al., 2016). At

lower altitudes where the AMA is weak (or non-existent), vertical transport occurs mainly in (or below) the eastern part of490

the AMA, in agreement with the regions of upward transport discussed by Bergman et al. (2013). The full pathways (Figs. 6

and 13) are in agreement with the simulated tracer transport shown by Pan et al. (2016, e.g. their Figs. 2 b and c). For CO, a

similar distribution in the ASM region was found in model data by Barret et al. (2016), while in their climatological analysis of

IASI satellite data the structure was not as conclusive. Using data from the same satellite instrument but performing transient

analyses, Luo et al. (2018) came to the conclusion that this transport behaviour is also supported by the satellite data. Similarly,495

Vogel et al. (2019) noted that the CO transport described by Pan et al. (2016) is in agreement with their results from a trajectory

model and MIPAS satellite data. We stress here, that the trace gas results (e.g. in modelling or satellite data) strongly depend

also on the strength and location of emissions, whereas the idealized trajectory studies simply track air mass transport.

To sum up, these results show
:::::::
transport

::::::::
pathways

::::::::
described

:::
by

:::::::::::::::::::
Vogel et al. (2019) and

::::::::::::::::::::
Legras and Bucci (2020).

::::::::::
Combining

:::
our

::::::
results

::::
with

:::::::
previous

::::::
studies

::::::
shows

:
that the transport pathways as diagnosed by (i) a trajectory model including mixing500

effects (Vogel et al., 2019), (ii) a trajectory model including the effect of observed convection (Legras and Bucci, 2020), (iii)

more puristic trajectory models (Bergman et al., 2013, and this study), and (iv) forward trajectories (analyzed backwards in

time) from a Lagrangian model with parametrized convection driven by a free-running CCM (this study) are in agreement.

Further, the transport pathway is also supported by (v) analyses of CO transport within a CCM and a chemistry-transport

model as shown by Pan et al. (2016) and Barret et al. (2016) and (vi) analyses of satellite data (Luo et al., 2018; Vogel et al.,505

2019). In particular, our results also show that, although there is interannual and strong intraseasonal variability, the main

transport characteristics are robust.

Regarding the source regions, our results are in agreement with some of the results found in previous studies, while keeping

in mind that there are (sometimes subtle) differences in the study design. :
:
As an example, Bergman et al. (2013) found that
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roughly 27% of the all trajectories located in the AMA at 200 hPa come from the TP1, which is similar to the mean contribution510

of the TP in August in the TRJ data of this study (slightly more than 24%; about 25% for August 2011). The combined area

and contribution (again roughly 25% in August; about 26% in August 2011 in the TRJ data) of the regions IND, IP and SEA is

comparable to the area and contributions (roughly 32%)2 of the Asian land masses excluding the TP as analyzed by Bergman

et al. (2013).

Further, Vogel et al. (2015) showed contributions of PBL sources to the AMA at 380 K. Although, the TP was not explicitly515

resolved in their study, the contributions of the source regions used in their study, which cover the TP (red and green lines in

their Fig. 8) show a strong increase from June to late July. This increase is in agreement with the increase of the TP contribution

found in our study. The dependence of the TP contribution to AMA air masses on the position of the AMA is in analogy to the

relation of typhoon–AMA transport discussed by Li et al. (2017), i.e. for the TP or typhoons, entrainment of air masses uplifted

from these sources into the core of the AMA depends on the co-location of the AMA and the TP or typhoon, respectively.520

::::::
Further,

:::
the

:::::::::
northward

::::
shift

::
of

:::
the

::::
PBL

:::::
source

:::::::
regions

:::
and

:::
the

:::::::
transport

::::::::
pathways

::
is

::::::::
consistent

::::
with

:::
the

:::::::::
northward

::::
shift

::
of

:::
the

:::::
region

::
of

::::
low

:::::::
outgoing

::::::::
longwave

::::::::
radiation

:::
and

:::
the

:::::
AMA

::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Nützel et al., 2016, their Fig. 12; see also the related discussion) and

::
the

::::::::
monsoon

::::::::::::
(precipitation)

:::::
itself

:::::::::::::::::::::::::::::::::::::::::::
(e.g. Wang and LinHo, 2002; Yihui and Chan, 2005).

::::
This

:::::::::
northward

::::::::::
propagation

::::
can

::::
also

::
be

::::
seen

::
in

::::
deep

:::::::::
convective

::::::
activity

:::
as

::::::::
monitored

:::
by

::::::
satellite

:::::::::::::
measurements,

:::::
where

::::
deep

::::::::::
convection

:::
(up

::
to

:::::::
150 hPa)

::::
over

:::
the

:::
TP

:
is
::::
rare

::
in

::::
June

::::
and

:::::::
becomes

:::::
more

::::::::
prominent

::
in
::::
July

::::
and

::::::
August

:::::::::::::::::::::::::::::
(Devasthale and Fueglistaler, 2010).525

Goswami et al. (1999) defined an index for the interannual Indian monsoon variability, the so-called monsoon Hadley index

(MHI), as meridional wind shear between the UT (200 hPa) and the 850 hPa level over a reference region and motivate their

definition by the relation to heating released due to precipitation in the respective region. Here we calculate the MHI from

ERA-Interim data based on JJA data. We find that the detrended MHI and (modified) SAHI are strongly anti-correlated (-530

0.68) over the period 1979–2013 and in particular the anti-correlation for the years where the SAHI is anomalous (i.e. the 14

monsoon seasons for which the backward trajectories have been calculated) is even higher (-0.83). This hints that by analyzing

years with rather strong displacements of the AMA to the East or the West, we have implicitly analyzed the impact of the

detrended MHI on the transport properties from the PBL to the AMA.

5.2 Uncertainties in the presented results535

Despite these agreements, we note that there are some remaining uncertainties with respect to our trajectory calculations. For

example, due to the length of our back-trajectory calculations (up to 90 days), individual trajectories must not be analyzed,

nevertheless, statistical analyses are possible as noted by Bergman et al. (2013).

1Here we refer to the 1 degree data results of (Bergman et al., 2013) who find that about 35% of the PBL crossing trajectories, which in turn correspond to

roughly 78% of all trajectories starting in the AMA come from the TP in August 2011. This translates to an approximate contribution of the TP air masses to

the AMA of about 27%.
2As for the TP contribution the 1 degree values presented by Bergman et al. (2013) have been converted to contributions regarding all trajectories starting

within the AMA.
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We further acknowledge that
:::::::
Further, the TRJ calculations do not feature explicit convection. With respect to the importance

of convection, Wu et al. (2020) showed with a free-running CCM that for the first uplift in the ASM region convection is540

dominant but in the UTLS the large scale dynamics are most relevant for the tracer budget. A recent study by Smith et al.

(2021) investigated how convective processes are captured in the vertical velocity field of (re)analysis data. They came to the

conclusion that kinematic trajectories based on (re)analyses winds incorporate the effects of convection to a substantial degree.

However, they also noted that higher temporal and spatial resolution, e.g. as in ERA5 (Hersbach et al., 2020), seems to be

favourable for the inclusion of convective effects. Using the same modelling approach as in the present study, Bergman et al.545

(2013) showed that their results from the kinematic trajectories regarding source region contributions are relatively robust with

respect to the choice of the resolution of the input data, which lends credit to their and also to our results. Further, they also

found that the vertical velocity of the (re)analysis data is correlated with observed precipitation data, which in turn is related to

convective activity.

To assess the possible sensitivity of our results to missing convection, we also presented results from a free-running CCM550

with Lagrangian transport and a
::::::::::
Lagrangian convection parametrization, namely EMAC-ATTILA. These results suggest that

seasonal evolutions of some
:::
For

:::::
some

::
of

:::
the source regions (e.g. SEA and WP)

:
,
:::
the

:::::::
seasonal

:::::::::
evolutions are supported by the

EMAC-ATTILA dataand in particular
:
.
::
In

:::::::::
particular, the increase of the TP contribution to the AMA air masses is also present

in these
:::
the

::::::::::::::
EMAC-ATTILA data. This in turn indicates that for a qualitative description of the contribution of these PBL

source regions the explicit representation of convection might not be essential. Nevertheless, in particular the fastest transport555

from the PBL to the upper troposphere might be underestimated in our TRJ data (cf. Figs. 6 and B2 - showing that trajectories

are transported faster upward in the the EMAC-ATTILA data).

5.3 Contribution of the TP

:::
We

::::
note

::::
that

:::
we

::::::::::
investigated

::::::::
transport

::::
from

:::
the

::::
top

::
of

:::
the

:::::
PBL

::
to

:::
the

::::::
AMA,

:::
i.e.

::::
our

:::::::
analyses

::::
end

::
at

:::
the

:::
top

:::
of

:::
the

:::::
PBL.

::::::::::
Convergence

:::
of

::::::
surface

:::::
winds

::
at

:::
the

::::::::
southern

::::
flank

::
of

:::
the

:::
TP

:::::::::::::::::::::::::::::
(Pan et al., 2016, their Fig. 8) might

:::::
cause

::::
low

::::
level

::::::::
transport

::
of560

::::::::
emissions

::::
from

:::::
their

::::::
source

::::::
regions

::
to

:::
the

::::
final

::::
exit

:::
and

:::::
uplift

::::::
region

:::::
from

:::
the

::::
PBL

::
to

:::
the

::::::
AMA.

:::
As

::
an

::::::::
example,

:::::::::
emissions

:::
e.g.

::
of

:::
CO

:::
are

:::
low

::::
over

:::
the

:::
TP

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Park et al., 2009; Barret et al., 2016, their Figs. 9 and 10, respectively),

::::::::::
nevertheless

:::
air

::::::
masses

:::::::::
transported

::::
from

:::
the

::::
PBL

::::
over

:::
the

:::
TP

::
to

:::
the

:::::
AMA

:::
can

:::::
carry

::::::::::
considerable

:::
CO

:::::::::
signatures

:::::::::::::::::::::::::::::::
(Pan et al., 2016, their Figs. 2b and 7).

Independently of potential limitations in the TRJ or EMAC-ATTILA data, the increase of TP air masses to the AMA compo-565

sition is also backed up by ERA-Interim data, which is shown in Fig. 18: In May the core of the subtropical jet is located right

above the TP. During the course of the monsoon season, the tropical easterly jet, which is located on the southern boundary of

the AMA (Dethof et al., 1999), strengthens. This indicates an increase of the anticyclonic circulation of the AMA. Further, the

subtropical jet - which is located on the northern boundary of the AMA (Dethof et al., 1999) - as well as the zero-wind line

move northward. Consequently, air masses that are transported upward from the TP are likely to be advected by the subtropical570

westerly jet during the early phase of the monsoon season (June), while they can feed into the core of the AMA during August.
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(a)

(d)(c)

(b)

Figure 18. Zonal winds from ERA-Interim for
::
(a) May to

:::
(d) August averaged over 1980 to 2009.

:::
2009

:::
and

:::::::::
40-120◦ E. Red (grey) colours

indicate westward (eastward) winds and black contours indicate the zero-wind line. Grey shadings mark orography.

In this study, we investigated transport from the top of the PBL to the AMA, i.e. our analyses end at the top of the PBL.

Convergence of surface winds at the southern flank of the TP (Pan et al., 2016, their Fig. 8) might cause low level transport of

emissions from their source regions to the final exit and uplift region from the PBL to the AMA. As an example, emissions

e.g. of CO are low over the TP (Park et al., 2009; Barret et al., 2016, their Figs. 9 and 10, respectively), nevertheless air masses575

transported from the PBL over the TP to the AMA can carry considerable CO signatures (Pan et al., 2016, their Figs. 2b and 7).

This issue is common to many of the previous studies regarding the source regions of AMA air masses and could be overcome

by employing surface emissions, which would lead to an analysis of the efficiency of transport to the AMA as noted already

for the use of forward trajectories by Bergman et al. (2013).

Finally, as Bergman et al. (2013) found a relatively large contribution of air masses from the TP to the AMA, they discuss580

their results in relation to other studies that either do or do not find important contributions of the TP to the air masses (or

tracer fields) in the AMA or UTLS. While they correctly argue that the results strongly depend on the chosen analysis method,

we can add another possible explanation for these differences
::::
want

::
to

::::
add

:::
that

:::
the

::::::
strong

:::::::::::
intraseasonal

:::::::::
variability

:::::
might

::
be

::
a

:::::
reason

:::
for

:::
the

:::::::::
differences

::::
with

::::::
respect

::
to
:::
the

:::
TP

::::::::::
contribution: Most of the studies that find strong contributions of the TP to the

AMA or UTLS focus on August conditions e.g. Fu et al. (2006), Bergman et al. (2013) and Jensen et al. (2015).585
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In contrast, Park et al. (2009) investigated the source region contribution and transport budget of CO to the AMA and came

to the conclusion that the TP has a relatively low impact on the CO maximum in the AMA region. For the source region

contribution, i.e. the contribution of CO emitted from the TP, they showed that the lack of surface emissions from the TP leads

to this minor impact. In a vertically resolved CO budget analysis for the TP region they found that convection leads to a small

maximum around 400 hPa while advection leads to a negative tendency in the middle troposphere and thus argued that the590

TP does not play an important role with respect to CO transport to the AMA. The negative advection tendency found in their

analysis is most likely related to the location of the subtropical jet over the TP in June 2005, which might have caused air

masses to be transported out of the TP region. In our analyses, the contribution from the TP to air masses within the AMA

increases as the subtropical jet shifts northwards from June to August and we find, that the transport of TP boundary layer air

out of the AMA region decreases accordingly (see Fig. 17).595

Further, Devasthale and Fueglistaler (2010) put the importance of TP convection into perspective, however, they also showed

that
::::
deep

:
convective activity over the TP increases from June to August (see their Fig. 3). Similarly, from the convective upward

mass flux in the EMAC-ATTILA data, we find that in July and August the mass flux into the upper troposphere (above ∼350

hPa) over the TP is larger than in June (not shown). Hence, these previous results might also be strongly influenced by the

different analysis periods.600

6 Summary and conclusion

In this study we have analyzed the transport pathways and source regions from the PBL to the AMA. This was achieved by

calculating trajectories for 14 monsoon seasons using reanalysis wind fields. Additional results from
::
30

::::::::
monsoon

::::::
seasons

:::::
from

a Lagrangian transport model, which was run within a free-running CCM, were used to confirm these results. The presented

analyses (Sects.3 and 4) and the discussion in the previous section (Sect.5) allow us to draw the following conclusions
::::::
answer605

::
the

:::::::::
following

::::::::
questions regarding the transport characteristics of air masses from the PBL to the AMA.

1. What is the climatological perspective of PBL to AMA transport in terms of pathways and PBL source regions? How

reliable are previous results?

– Our results show that during JJA on a climatological basis, AMA air mass sources come from a broad region

in the PBL in Asiaand with .
:::::

With
:
increasing height, the upward transport of air masses focuses on the east-610

ern side of (or below) the AMA. However, by construction this analysis only captures the regions of upward

transport to the AMA and not necessarily the full three-dimensional pathways. The main upward transport occurs

on the eastern side below the anticyclone. We
::
we

:
found an upward circling already considerably below 150

hPa for some of the trajectories. This result refines the original conduit schematic as depicted and discussed by

Bergman et al. (2013) and is in full accordance with the large scale uplift above 360 K described by Vogel et al. (2019).615
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::::::::::::
approximately

:::
half

::
of

:::
the

:::::
PBL

:::::::
crossing

::::::::::
trajectories. The attribution of PBL source regions, however, is less clear.

In TRJ, the largest contributions from the named source regions are found from the TP region (around 17%), the

IND region (around 13%) and the WP region (around 12%). In LG-D we find almost the same contribution from

the TP (15%) and the WP (12%), however the contribution from IND and SEA are the largest. This might be related620

to a large convective contribution, which is missing in TRJ. This could also imply that the convective contribution

from WP is small, because both methods show the same contribution from WP. The LG-K results are similar to

LG-D, but show a smaller contribution of the TP (9%).

2. How do the pathways and source regions vary on intraseasonal and interannual time scales?

– With respect to the transport pathways, we
::
We

:
find that the qualitative behaviour

:
of

:::
the

::::::::
transport

::::::::
pathways is similar625

throughout the monsoon season and between different monsoon seasons, i.e. upward transport on the eastern side

below the AMA and subsequent upward transport within the AMA. Nevertheless, in particular with respect to

the intraseasonal variation, the transport pathways shift considerably northwards over the course of the monsoon

season in accordance with the shift of the monsoon system. With respect to the source regions, we
::::::
Further,

:::
we

:::
also

find strong interannual and intraseasonal variability
::::
with

::::::
respect

::
to
:::
the

:::::
PBL

::::::
source

:::::
region

:::::::::::
contributions. For the630

latter, the contribution from the TP, which strongly increases from around 2% (4%) in TRJ (LG-D) in early June

to around 24% (20%) in TRJ (LG-D) in early August, sticks out. This increase is in agreement with corresponding

reanalyses data of the subtropical jet position. Considering the variability of the AMA is thus a potential starting

point for reconciling
::::::
(partly)

::::::
related

::
to

:::
the

:::::::
relative

:::::::
position

::
of

:::
the

::::::
AMA

:::
and

::::
the

:::::::::
subtropical

:::
jet.

::::
We

:::::
show

:::
that

:::::
taking

:::
the

::::::
strong

::::::::::::
interaseasonal

:::::::::
variability

:::
into

:::::::
account

::::
can

::::
help

::
to

::::::::
reconcile

:
differences in previous studies on635

:::::::::
concerning PBL to AMA transport,

:
in particular with respect to the impact

::::::::::
contribution

:
of the TP.

3. Are the PBL source regions and the transport pathways related to interannual east-west shifts of the AMA?

– We find
::::::
identify shifts in the transport pathways between east and west years, although the main characteristics are

qualitatively unchanged. Further, we find
:::::
show that the longitudinal shifts of the AMA are related to the so-called

monsoon Hadley-Index. For the PBL sources we find no considerable differences between east and west years with640

respect to the defined source regions, while a map shows that there are (small) regional shifts in the contribution of

the PBL sources.

From our results we find that the three-dimensional pathways of trajectories give a conclusive picture of transport from the

PBL to the AMA. However, the relative contribution from the PBL source regions are (except for TP and WP) less robust. In

our analysis we could not distinguish, whether the differences in source region contribution are a result of the different synop-645

tic conditions in the free-running EMAC-ATTILA simulation compared to the reanalysis driven TRJ calculations or actually a

result of the consideration of Lagrangian convection in the EMAC-ATTILA data. A first indication of faster vertical transport

due to parametrized convection in the LG data comes from the observation that a lower fraction of trajectories do not encounter
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the PBL in the LG simulations compared to the TRJ-data.

650

To allow for a more robust picture of the transport from the PBL to the AMA in the monsoon region, further investigations

with various model setups would be beneficial. In particular, a set of tailored simulations with and without convective transport

would be valuable to assess the impact of convective transport with respect to individual source region contributions to AMA

air masses.
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Data availability. ERA-Interim data is available from the European Centre for Medium-Range Weather Forecast (ECMWF) (2011): (i)655

Copyright statement: Copyright "© [2022] European Centre for Medium-Range Weather Forecasts (ECMWF)". (ii) Source: www.ecmwf.int,

(iii) Licence Statement: This data is published under a Creative Commons Attribution 4.0 International (CC BY 4.0). https://creativecommons.

org/licenses/by/4.0/. (iv) Disclaimer: ECMWF does not accept any liability whatsoever for any error or omission in the data, their availabil-

ity, or for any loss or damage arising from their use. (v) Where applicable, an indication if the material has been modified and an indication

of previous modifications: The trajectory data (TRJ) was derived using ERA-Interim data (ECMWF,2011). Further, additional analyses are660

based on ERA-Interim data.

Appendix A

A1 EMAC-ATTILA setup details

In the following, we provide a more detailed description of the EMAC-ATTILA simulation setup used in this study. This

description is largely based on the description by (Brinkop and Jöckel, 2019) and we refer the reader to their publication for665

further details.

EMAC consists of the ECHAM5 (European Centre HAMburg general circulation model version 5; Roeckner et al., 2003, 2006) model

and the MESSy infrastructure (Modular Earth Submodel System Jöckel et al., 2005, 2010). Within EMAC, the submodel ATTILA

(see Reithmeier and Sausen, 2002, for the original model description) can be used to calculate Lagrangian transport of air parcels

(Brinkop and Jöckel, 2019). The simulations employed here are based on MESSy version 2.53 (corresponding updates will670

be available in version 2.55) and are dubbed LG(diab) and LG(kin), respectively by (Brinkop and Jöckel, 2019). We note

that technically data from LG-D and LG-K were obtained from two different simulations, however the driving grid point

meteorology was identical in both cases (Brinkop and Jöckel, 2019).

Based on the description by Brinkop and Jöckel (2019) we present the most important aspects of these simulations here as

well: The simulations feature a spectral truncation for the ECHAM5 base model of T42 (corresponding to a quadratic Gaussian675

grid of ∼2.8◦ x 2.8◦) in the middle atmosphere (MA) setup with 47 model levels up to ∼0.01 hPa, i.e. the so-called T42L47MA

setup. In the free-running, i.e. no nudging of dynamic variables, EMAC-ATTILA simulations exploited here, radiatively active

trace gases have been prescribed from a previous simulation with full chemistry (RC1-base08 described by Jöckel et al., 2016) to

reduce the computational effort. Only a chemistry scheme for methane oxidation, the CH4 submodel (Winterstein and Jöckel, 2021),

was turned on to allow for the feedback on stratospheric water vapour. Sea surface temperatures and sea ice cover in these680

simulations were prescribed from HadISST (Rayner et al., 2003).

A1 AMA boundary determination

In this study mostly trajectories starting within the core of the AMA have been analyzed. The determination of the boundary of

the AMA is difficult and many studies have used various quantities and thresholds to determine the boundary of the AMA (e.g.

Park et al., 2007; Garny and Randel, 2013; Ploeger et al., 2015; Santee et al., 2017). Here, the boundary determination is based685

on a geopotential height anomaly (GPHA) threshold as proposed by Barret et al. (2016). They calculated GPHAs with respect
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to the 50◦ S-50◦ N mean and used a threshold of 270 m for the pressure levels 100, 150 and 200 hPa based on previously used

boundaries. For our data, we have derived thresholds explicitly for the trajectory model calculations using ERA-Interim data

at 2.5 degree grid spacing and for the EMAC-ATTILA simulations using the CCM grid point data. In principal
:
, we have deter-

mined suitable threshold candidates by producing scatter plots of the geopotential height anomaly and the maximum meridional690

wind strength along the ridge-line of the AMA (see Zhang et al., 2002, for the ridge-line definition)
:::::::
deriving

:
a
::::::
single

::::::
GPHA

:::::
value,

:::::
which

:::
on

::::::
average

:::::::::
represents

:::
the

:::::::
strongest

:::::::::::
anticyclonic

:::::::::
circulation.

::::
This

::::
was

::::
done

:::
by

:::::::::
calculating

:::
the

:::::
mean

::
of

:::
the

::::::
GPHA

:::::
values

:::::::::
associated

::::
with

::
the

::::::::
strongest

:::::::::
meridional

:::::
winds

::::::::::
(southward

:::
and

:::::::::
northward)

:::::
along

:::
the

::::
ridge

::::
line

:::::::::::::::::::::::::::::::::
(see Zhang et al., 2002, for the ridge line).

For EMAC-ATTILA, we further required the maximum wind speed to be located at a grid point with GPHA of at least 100 m

to avoid noise from unrealistically low values. Using this technique, we determined anomaly thresholds of 280 m and 295 m695

for ERA-Interim and EMAC-ATTILA data, respectively. The value of 280 m for ERA-Interim is in good agreement with the

threshold of 270 m used by Barret et al. (2016).

A2 Selection of summer seasons for the TRJ calculations

The trajectory model calculations described in Sect. 2 have been performed for 14 NH-summer seasons in the period 1979–

2013. These NH-summers have been selected as the mean position of the AMA was rather displaced to the East or West. In700

detail, a modified version of the South Asian High Index (SAHI), which was originally defined by Wei et al. (2014), has been

used. Wei et al. (2014) calculated the SAHI by standardizing the time series of differences of geopotential height over a box

in the east of the AMA (22.5-32.5◦N x 85-105◦E) minus that over a box in the west of the AMA (22.5-32.5◦N x 55-75◦E)

at a single pressure level. Compared to the definition by Wei et al. (2014), we use a modified version, which standardizes the

sums of these differences over three pressure levels (100, 150 and 200 hPa). We use these pressure levels as they are centered705

around the starting level of the trajectories (150 hPa). ERA-Interim data with a grid spacing of 2.5◦ x 2.5◦ have been used to

determine the modified SAHI and using a threshold of ±0.7 deviation from the mean we found fourteen years with a rather

eastward or westward displaced AMA (seven years each).3 The corresponding starting probabilities for the east (cyan) and

west (purple
:::::::
magenta) composites are shown in Fig. 3.

Appendix B: Supplemental figures710

3West years: 1980, 1984, 1994, 2001, 2007, 2008 and 2011 – East years: 1981, 1987, 1989, 1998, 2009, 2010 and 2012.
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8.4 Supplemental figures1025

Figure 22: Starting frequency of trajectories for LG-D (left) and LG-K (right)
over the years 1981-2010. For LG-K data for 2008 was removed - see text for
details.

49

Figure B1. Starting frequency of trajectories for LG-D (left) and LG-K (right) over the years 1981-2010. For LG-K data for 2008 was

removed - see text for details.
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Figure 23: Density of trajectory distributions integrated over 0-50◦ N as in Fig 5
but for the LG-D data from 1981-2010 for 1.25, 2.5, 5 and 15 days prior to the
arrival of the trajectories in the AMA.

Figure 24: Contributions of PBL sources to the AMA around 150 hPa for
the LG-K simulation for 1981-2010 (with 2008 removed, see text for details).
Whiskers denote the interannual standard deviation, whereas individual years
are indicated via grey dots. For TOT 1% corresponds to 8000 trajectories.

50

Figure B2. Density of trajectory distributions integrated over 0-50◦ N as in Fig 6 but for the LG-D data from 1981-2010 for 1.25, 2.5, 5 and

15 days prior to the arrival of the trajectories in the AMA at approximately 150 hPa.
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Figure B3. Contributions of PBL sources to the AMA around 150 hPa for the LG-K simulation for 1981-2010 (with 2008 removed, see text

for details). Whiskers
::::
Mean

::::::
values

::
are

:::::
given

::
as

:::
red

::::
dots,

:::
red

:::::::
whiskers denote the interannual standard deviation , whereas

:::
and individual

years are indicated via grey dots. For TOT 1% corresponds to 8000
:::
the

::::
right

:::
axis

::::::
denotes

:::
the

::::
total

::::::
number

::
of trajectories

:
in
::::

units
:::

of
:::
103

::::::::
trajectories.

::
For

:::::::::
comparison

::::
faint

::::
blue

:::
dots

:::
and

:::::::
whiskers

:::::
denote

:::
the

:::::
values

::::
from

::
the

::::
TRJ

::::
data.

noX

IND

TP

SEA

WP

WIO

EIO

IP

AF

0.5*resX

Figure B4. Source evolution in the LG-K data during 1981 to 2010 (with 2008 removed, see text for details). resX data has been scaled by

0.5. All contributions have been smoothed via 5 day running means (weights of [ 1
9

, 2
9

, 3
9

, 2
9

, 1
9

]), while daily data were produced from summing

up the ten hourly data for each day.
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