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Author § response to reviewer comments for Tomsche et al. (2018)

-Reviewer 1:

The EMAC model, on the other hand, has a much coarser resolutiox®f2d@grees and 90 levels. Unfortunately the
EMAC simulation used is not described in detail, leaving open some importsitans: Is EMAC used in an offline CTM
mode? If this is the case, what is the model then driven by? @hen words: Do both models, the Lagrangian as well as
WKH (XOHULDQ PRGHO 3VHH" WKH VDPH EDFNJURXQG DWPRVSKHUH"

What kind of vertical velocity was used for the EMAC simulation? Aaptmportant point of course would be the
initialization of the model, the length of the simulation and whether a cegiirup time was necessary.

Since during the analysis of the data results from both models vestesinsultaneously (e.g. footprints and emission data)
or observations of tracers obviously transported upward byectiom are compared to distributions modified by vertical
transport in EMAC, a more detailed description of the model setup would beelefyl. A very interesting diagnostic in

this context would e.g. be the vertical transport time of tracers emitted feosatface to reach the 200 hPa level in EMAC.
Author:

We thank the reviewer for pointing out the lack of information reggrthia model simulation. Here additional details are
given, also added to manuscript.

Authors changes in manuscript:

P5-6 L30-9: The EMAC model was not run in an offine CTM mode, as the radiationlatitms were based on simulated
GHGs concentrations. Nevertheless, the model was weakly nudged towards EGRANRtEim data (Jeuken et al., 1996)
and therefore reproduced very similar dynamics to the ECMWF modeadghimot binary identical). The simulation is an
extension of simulation RC1SD-base-10 (Jockel et al. 2016) so totbeviell OMO campaign. Few changes to the original
simulation have been applied (i.e. increased South AsigeB3sions and reduced lightning NCas described in Lelieveld
et al. (2018). Although the simulation is the continuation of a well eteduexperiment, the simulation was running from
March ¥, 2015 so to give time to the 3@nd NQ to balance to the new emissions (i.e. 4 months spin up time) ti@nly
data from July and August 2015, which covers the field campsigatuially used. The EMAC model is a hydrostatic model
and the convective transport is parameterized (Ouwersloot et al. 2015, Tost et allri2i€jon of the vertical transport

time in EMAC can be found in Krol et al. (2018), where also a congravisgth model of similar complexity is shown.
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-Reviewer 1:

The derivation of threshold values for CO and,@bldistinguish between the inside of the monsoon anticyclone and th
outside by using vertical profiles for NH and SH background and AMA leatthe tguestion, why profiles over Egypt are
considered as influenced by AMA and profiles over Cyprus are not. At l&asit at the figures showing the different AMA
modes (figures 18 to 21) would lead to a different expectation. Bustjust judged by visual measure (and only on

204 hPa), so if there are distinct differences between profiles at these loctteasthors would be well advised to please
show them. Since the classification of profiles influences the thickshlues, this question may be quite important for the
further analyses.

Author:

In the classification of the profiles used for the calculation of the Nortiemisphere background and AMA-influenced air
masses, respectively, and not only the geographical location but also theotogteal context hae been accounted for

The profiles over Egypt were sampled during the second double antieyolode, with the westerly part of the anticyclone
extending over Egypt. Profiles over Paphos were obtained over a larget, pepresenting background conditions but
partly also AMA-influenced air masses. We calculated the NH backgroun@dmdtivithout profiles over Paphos. For
profiles only over Oberpaffenhofen and Etna the averagen@xing ratio is 1871.2+9.2 ppbv and for profiles over
Oberpfafffenhofen, Etna, and Paphos the, @terage is 1863.4+14.0 ppbv. Thus the profiles with and withaphos
profiles agree within their standard deviation. Due to a better statistics, wéhadéH background profile including

profiles over Paphos.
Authors changes in manuscript:

P7 L5-7 As observed, the CO and ¢profiles measured during OMO indicate different altitude distributions démgeod
the geographical location and partly also on the meteorological situation, esdeciBiyhos and Egypt. Profiles over
Egypt weremeasured when the AMA extended over this region. Profiles over Bapdre sampled during periods with and
without the AMA being positioned over Cyprus.

-Reviewer 1:

The observations shown for the case study for flight 19 indicate by sighctured CO and CHlistribution in the vicinity
of the AMA boundary region. The distributions simulated by EMAC egcthe observations only very roughly. In

particular the Chivalues are underestimated significantly. By looking at the horizontal atichVéistributions one gets the
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impression that the vertical transport of the model is probably too weekmBly have several reasons: First, the vertical
velocity may be too slow, e. g. the processes leading to strong updmafitly convection) are too weak or insufficiently
parameterized, or second, the numerical horizontal diffusion implied by treeapéd resolution dampens the strong
updraft plumes (approximately above 500 K). Adding horizontal wind as@olines to the cross sections could shed some

light on this problem. The included lines of potential temperature already poithigtirection.

Author:

Indeed, the referee is correct in mentioning a possible too low tran§poeetitane and carbon monoxide as a reason for
underestimation in the upper troposphere. As shown by Krol et0dIBJ2EMAC seems to have a weaker transport of
surface tracers than other models. Both reasons suggested bfethe are possible, and it is difficult (if not impossible) to
really distinguish the real reason for the underestimation of the tndnblevertheless we would like to notice that for the
comparison of CO with the model, the results are in line with other literatudies at such resolution (e.g. Baret et al.,
2016. Horizontal wind components are added to the cross sectionsriesfigl2, in detail: eastward wind component in

cross sections along a longitude and northward wind component irseat&gss along a latitude.
Authors changes in manuscript:

P11 L13-18 The simulated CO pattern, especially the enhanced values over Oman, fitstelbbserved CO mixing

ratios along the flight track. The EMAC model underestimatesaid CO in the upper troposphere. As shown by Krol et
al. (2018), EMAC seems to have a weaker transport of surface ttaaersther models. There are two potential reasons for
that, but it is difficult to distinguish them. First, a too slow vertical velotitys the convective updraft is too ineffective, or
second, the numerical diffusion implied by the coarse resolution restricts tledttpdrstrong. Nevertheless we would like
to notice that for the comparison of CO with the model, the results are iwitim other literature studies at such resolution
(e.g. Baret et al., 2016).

Horizontal wind components are added to the cross sections in FigliP{$9541)

-Reviewer 1:

However, although the EMAC distributions may be consistent within tidemthese effects may lead to a too small AMA
region, when defined by an observational-based tBi¢shold. A dynamical shape of the AMA could be gained by using
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geopotential height or stream function. In this context | would suggestiteoade contour lines to the figures displaying the
horizontal CO and ClHdistribution including the threshold values and lower values to dbedter visual feedback of the

AMA and its position relatively to the flight tracks.
Author:

In Figures 7,8, 18-21 and also in Figures 22 and 23 now contour lmas@ed for the Cithreshold (1879.8 ppbv) and the
CH. background (1859.4 ppbv) values according to the calculatidve @it threshold in section 3.1. In the horizontal CO
distribution also the Clthreshold is added. Now the position of the AMA is easier to identifynespect to the flight

tracks.
Authors changes in manuscript:

Figures 7,8,(P31-32),8-21 (P42-45), 22 (P47),23 (P48)

-Reviewer 1:

A comparison between footprints of last PBL contact derived froodeyMackward trajectories from FLEXPART and the
surface emissions from EMAC could be much more efficient, wbetpfints would be graphically added to the surface

emission charts.
Author:

Footprint is now added as white contour lines for the number of particlesigheety = 2 to the surface emission charts for
CHj and CO (Figures14 and 15).

Authors changes in manuscript:

Figure 14,15 (B8 and P39)

-Reviewer 1:

The analysis with respect to the different AMA modes defined by thedBt4bution of the EMAC simulation leads to

very interesting results, which are almost impossible to interpret from thes\adltable 2 without the knowledge of the



10

flight tracks and the position of the AMA. Probably one could usedigtance not to the anticyclonic centers but to the

boundaries of the anticyclones.
Author:

In Table 2 we add a column for the relative position to the AMA, whichite descriptive. As most of the flight tracks are
in and outside the AMA a more detailed geographical location with respect to thecaMBe realized better in a graphical
way. Thus we added for each flight in the supplement thetidshold (1879.8ppbv) for the AMA-influence and the
background value (1859.4ppbv) as contour lines in the EMAZ&d CO distributions as already done in the manuscript,
e.g. Figure 7 and 8 for flight 19. In these plots the position of thlet firack with respect to the AMA is more obvious.

Authors changes in manuscript:

Column added in table 4B



7TDEOH ,Q VLWX BRUDWIGH&HR XU GLITHUHQW DQWLF\FORQH VLWXDRDLRNQM RXQ 8 URQWLDAMKL RAL .

K3D
in situ at 300-140 hPa
metgoro!ogica flight no. date position relative to AMA CO[ppbv] CHs€ %0 %0 A
situation
background sigma| monsoon| sigma |backgroung sigma monsoon | sigma
#8 21.07.2015 partly in the western AMA 67.8 8.7 89.8 7.4 1847.1 12.3 1898.6 7.8
double #9 25.07.2015 in the western AMA 83.1 9.4 94.5 6.1 1870.0 11.4 1913.7 16.7
anticyclone | 410 | 28,07.2015 in the western AMA 761 | 164 | 91.4 5.1 1856.4 24.8 1896.4 | 12.4
#11 | 01.08.2015| partly in residuals of the AMA 92.8 6.8 108.6 45 1823.5 21.0 1889.0 4.8
80.0 10.3 96.1 5.8 1849.3 17.4 1899.4 10.4
#12/13 | 06.08.2015 in outflow region 78.6 33.3| 117.3 22.2 1827.4 26.8 1893.5 9.8
#14 | 08.08.2015| in background south of the AMA 76.3 8.0 1788.2 9.2
centralmode| 415/16 | 09.08.2015|  at the south western edge 775 | 12.0 18126 | 343
at the south eastern edge and i
#17/18 | 10.08.2015 outflow region 76.5 7.9 98.3 7.8 1832.0 19.5 1909.3 15.0
77.2 15.3 107.8 15.0 1815.1 22.5 1901.4 124
#19 | 13.08.2015| at the western edge of the AMA 74.7 10.4 99.4 13.8 1848.0 16.3 1907.3 20.8
Tibetan model #20 | 15.08.2015| at the western edge of the AMA 1855.2 11.6 1905.2 13.9
#21 | 18.08.2015 in and outside the AMA 87.9 16.3 104.8 9.8 1853.0 12.9 1917.1 20.6
81.3 13.4 102.1 11.8 1852.1 13.6 1909.9 18.4
at the western edge of the weste
#22 | 23.08.2015 AMA 1857.0 8.2 1927.9 22.6
anctiic():;gllgne at the western edge of the weste
#23 | 25.08.2015 AMA 65.7 12.4 93.8 7.6 1855.9 8.5 1926.4 21.0
#24 | 27.08.2015 outside the AMA 1853.7 14.6 1889.1 8.8
65.7 12.4 93.8 7.6 1855.5 10.4 1914.4 17.5




-Reviewer 1:

The last case study focusing on an outflow event tracked with tragscéord probed twice within 4 days seem to
give better agreement with EMAC results (again only judged by viseabure). Maybe an additional figure

showing observed and simulated tracer distributions would corapletims very interesting manuscript.
Author:

According to the suggestion of the reviewer the CO ang didtributions along the flight track as a time line are
added in Figures 24 and 25. The trace gas mixing ratios (observetratated) show clear enhancement due to the
outflow event for both flights (flight 12/13 and flight 17/18). Theflouv regions are marked in grey in the Figures.
Additionally, we add in the manuscript the average CO and CH4 miatitg rcalculated from EMAC for the

outflow periods for both flightgflight 12/13: CO=112.2+1.2 ppbv and ¢#1891.7+1.2 ppbv and flight 17/18:
C0=90.8+3.1 ppbv and GH1864.6+5.9 ppbv) for a better comparison with the measured da@ontflow.

Authors changes in manuscript:
Figures 24 and 25 added to manuscrig® P

P17 L18-22: In the air mass CO and Glhixing ratios increased to 117.3+22.2 ppbv and 1893.5%th8,
respectively (background: CO=78.6+33.3 ppbv and=1H27.4+26.8 ppbv), which can be seen in Figure 24. The
second probing of this air mass took place at August 10 (flight 17id@&e 23) over the Red Sea yielding mixing
ratios of 94.2+6.8 ppbv and 1903.7+19.2 ppbv. This corretpto the increase at around I2UTC in Figure 25.

P17 L2528 Comparing the EMAC simulations with the in situ data along the flight tr&igare 24 and 25), the
trends for the outflow agree. The EMAC average mixing ratio€@mand CH are 112.2+1.2 ppbv and
CH4=1891.7+1.2 ppbv for flight 12/13 and 90.8+3.1 ppbv and=QB64.6+5.9 ppbv for flight 17/18, respectively.
Thus also the values agree within their standard deviation besidia @ight 17/18, where the outflow is

underestimated by the model.
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-Reviewer 2:

The goal of this study is not clearly stated. Is it to explore transport @gghinside the anticyclone or in the

vicinity? For instance, flight 19 suggests the measurements tack putside the anticyclone based on the



boundaries estimated from the model simulations (Fig. 7 & 8). | thiskmportant to clarify the goal of this study

and explain different transport pathways separately.

Author:

The goal of the present study is to understand the transport pathmythé source regions into the upper
troposphere via the convective uplift into the AMA and further witheaUT, especially towards the southern and
western areas of the AMA. The transport pathways in the UT includeatisport along the edges of the AMA, the
circulation in the AMA where air massare trapped and the transport across the AMA edges, and the outflofv ou
the anticyclone due to instabilities in the strong circulation. For instands, T8gtook place outside and at the
western edge of the AMA, which is now better visible in Figures 7 ahge8o addition of a contour line for the

CH, threshold.

Authors changes in manuscript: Adapted Figures 7 and 8

P2-3 L32-3: The measurement campaign OMO (Oxidation Mechanism Observations) tookplatgAugust
2015 with the German High Altitude and Long range (HALO) research Aircraft,rpeng flights at altitudes
between 11 km and 15 km over the above-mentioned regions ttigavethe dynamics and atmospheric chemistry

in the upper troposphere over five weeks during the monsooorseas

-Reviewer 2:

In introduction, brief background of the Asian monsoon anticycékits role in chemical transport in the UTLS
region should be mentioned first. Then why in-situ measurements aadusible but challenging and limited should
be mentioned along with pros and cons of other data sources, ini;|lsdtellite measurements. The purpose of
utilizing two separate models should be emphasized. The key factors of ©llGampaign should be included
with proper citations as well. Additionally, the goal of this paper amygl this paper is unique compared to previous

work should be mentioned clearly.

Author:

The introduction is reorganized according to the suggestions of the esview

We used the EMAC model simulations to extend our view on trace gas distrébfrom the regional scale along
flight tracks to a global scale, i.e. horizontal and vertical trace gas distributiohalsarto separate different AMA
modes. With the second model (FLEXPART) we calculated back trajectoriaettigate the emission sources and
the transport pathways from the source regions, via the convectiaghenfdA in the upper troposphere and

further westward towards the flight tracks. Thus the back trajectories ary osed for dynamical processes.

Authors changes in manuscript:



P13L2721: 7KH $VLDQ PRQVRRQ DQWLF\FORQH $0$ SNHODRPOPQRQ Q@ QOWKHHX S E
WURSRVSKHUH DQG ORZHU VWUDWRVSKHUH @K LZHNV W KH GE\RWHDWURSR B O
QRUWK DQG WKH HDVWHUO\ MHW LQ WKMHQWBRWWIIK OLQEG B HV (DQ/GW XRSY IR WARKXH,
LV IRUPHG E\ GLDEDWLF KHDWLQJ LQ WKH 6RRWWH @V LIDQGPRRG/RRIPWUHILR @
DQWLF\FORQH LV D VWURQJ DQG QHDUOLFORNH@ FMIFXQDW. RQ & \& RALPW |
30XPE 3RSRYLF DQG 30XPE FORIPI HIUQ BWs DQG H O 7KH VWURQJ Z
DFW DV WUDQVSRUW EDUULHU IRU FKHPH F®\W UTRQR/NELKWHXIH. @ WWU D@ HIUR/H B SIS
JHQHUDOO\ ORZHU FRQFHQWUDWLRQV LQVLGB QGHOSD® Z/BDONRXWVLGHRS
WUDFHUV OLNH&H ROGLEWHG WR WKH XSSHU WURSWVBRH @ KHEAHWKK-H B WALDF
FROQVWLWXHQWY FDQ EH WUDSSHG LQ WK H \D\@ WAL EQF &R & HX SFKHDUD WHU RVKRIV S ¥
VWUDWRVSKHUH DQG FOHDUO\ VLJQLI\ WKHKPRQVRP® KQHORHWKH BQWN FHI
LGHQWLILHG IURP GLIIHUHQW PHDVXUHPH®WJ S DYHRRRPD V OU N PIHODVWH D O
OLPLWHG LQ WLPH DQG VSDFH EXW UHVROYH VPIDSWRVFHFWHVE SR W HED BBVl
$LUFUDIW IRU WKH 5HJXODU ,QYHVWLJDWRRQWR & RGW MDLVQMRIV SK Bl U61F %DV ¢
5DXWKH 6FK|FK HW DO DQG ,$*26 02-ABFRD|H*ARU,Q VOIREFDPH2EVHUYLQ
02=$,& OHDVXUHPHQWYV RI 2=RQH E\ $LUEXO,Q VHUWMFKIRD HWF DDIW % DUH
WUDFH JDV PHDVXUHPHQWY LQ WKH $VLDRPBRQYBR Q QHHVYRQJID Y DG GVLKMWL &
GXULQJ WKH DLUFUDIW FDPSDLJQ 0,126 /HOL HYQH® & KNV (DOW K 6\VOFK P HRI
9DOLGDWLRQ (609DO FDPSDLJQ *RWWVFKDOGW HMW DIHU VSDWL FE @WUH D)
EH XVHG IRU ORQJ WHUP PHDVXUHPHQW VR YQ-HYSDMVK 90O HAVY/D\W K HD QDRU W IOH.\P |
UHVROXWLRQ 7KH REVFXUHG YLHZ IURPRRQRXGH LGN RIQDIOW K 1 H6\RW WIKF $WAL B
H J 2MKD HW DO ZKLFK UHTXLUHWKRRQG & H UFRR PY G PH QOWH IGQEW L B}
PHDVXUHPHQWY 6DWHOOLWH GDWD3RUNGHLWHUMHQW W BDBISHDVIHNYG GDNM +
DO 3DUN HW DO3DUN BQGD®H+ VKRZ WKH YHUWLBD® ID@G KRUL]JR!
DUH JHQHUDOO\ LQ DJUHHPHQW ZLWK PRIGWQHOLPANODWLRQV %HUJIJPDQ HW
7R LPSURYH PRGHO RXWSXWV DQG VDWHOODRWH GHMHD/YBIWULHYDOV DLUE

$ PRUH SK\VLFDOO\ PRWLYDWHG FULWHULR®XWUR ALY BILQI XOQVW KEH WS SHQ \
WKH SRWHQWLDO YRUWLFLW\ 39 HJ 30RHJHQ WAWHDDQWLF\FORQM 3O GY
LVHQWURSLF VXUIDFHV DUH ORZHU WKDQ 9R X WG GHIQ W KFHLQ! IR KK VB G°P DR F
KRUL]JRQWDO WUDQVSRUW EDUULHU DVVRFLDRMHGHAUWRQNKH GR¥ ¥ RIHDYH K
39 YDOXHV LQ WKH $0$ LQFUHDVH GXUHRVHVIKIR P RAMR ROVUIDDWR @ LEE @1
ZKLFK OLPLWV LWV XVHIXOQHVV 1HY HUMLKRHOEHMVK MW DV H X DW H5 K ¥\ B DEX !
VDWHOOLWH PHDVXUHPHQWV

'XULQJ WKH DLUFUDIW FDPSDLJQ 0,126 WKH RXWH CG-RZV RIHW K HO B GH WHW WD |
/JHOLHYHOG HW DO BFKHHUHQ HW \DWHP ORGEIOLOMHOG & D IWQR @ K6 { DRI\
VLQJOH IOLJKW ZDV SHUIRUPHG IURP ODOR BBD®GLYWYK DR L/ Q WEID MBi RWIHUEX V
DOWLWXG&BDRI*RWWVFKDOGW HW DO ,Q VLW ®IL WEKRU QHHG B WHUXUDHORH-
$UDELDQ 3HQLQVXOD DQG WKH $UDELDQ 6MIDP G HGQ H WHK®G! W R R X RR @/ K/ [
WKHVH UHJLRQV HLWKHU E\ LWV H[WHQVLRP R ¥LDFRXOWNORLZY WIHRIM ZK LFU
WKH $0$ EHWZHHQ WKH ,QGLDQ 2FHDQ D Q GVWHOH 8 B GLGW R ROH®IWV IR E @ H
2EVHUYDWLRQV WRRN SODFH LQ -XO\ $XJMQV U D @IHN K+ $V K H UHH\I K DIITFW LI
SHUIRUPLQJ IOLJKWYV DMNPDIDMLPVR GHIY WKW DHEHRRYH PHQWLRQHG UHJLRQV W
DQG DWPRVSKHULF FKHPLVWU\ LQ WKH XISSHWKHJIRBRVBRIQUHHRYRQ ILYH Z
7KH SUHVHQW VWXG\ IRFXVHMW D@ ® ki PAKDLVFXUGPFHQPMHOWIORQJ GLVWDQFH
SROOXWLRQ DV WKHVH VSHFLHV KDY H HOWHQIEME W IBWLPHV BIQG \HPRY



; LDR HW DO 7KHVH WUDFH JDVHV FDWQIBRPXWHKG WRUIGHR WLV \WKHAVIVUL
ZLWK RWKHU SROOXWDQWY 7KH\ KDYH \ERWVH BD V& X WRX DRHV DDQMKD @ W K WH
HPLWWHG YLD FRPEXVWLRQ SURFHVVHV RIWRVOYDWAXBO ERRPEHWW DDGIGPOI
YHIHWDWLRQ DQG RFHDQV EXW WKH\ D&HLFLDRWR HIFQ &M/HDBQE & R PE MXMONGL

IXHO DQG ELRPDVV .KDOLO ) X UW K HRIL @ R R WAH VE R WHD O LNVRH VF2OPVE IV Y D U
JRU ZHWODQGV WKH HKRLFHULWRQVQAW\\V\QL&O D ODUJH FRQFHGMQY DWPRVSH
%ORRP HW DO DQG UHIHUHQFHVIMWXIHUHPLQY V L, R QR K Q/RKUSNDLDH DZQ WVHUE

SRSXODWLRQ DQG HFRQRPLF GHYHORSPHIQW DEDXWKH B8RK|REHBRQBODWLRQ\
&2 VKRZ ]RQDO DQG PHULGLRQDO FRQFHQWUDWKRQX33BG LW QRSRYS KZHHIDHD
DOORZLQJ WR LQYHVWLIJDWH WKH HIWHQW RAQGKHJRP$$0Q IRUIGHKYH QWFRH G LO LK
ZH GHULYHED DH&G WKUHVKROG )XUWKHU ZH FRPSDBUWHGVR R X COTENV HRIQ\D WAKR(
HIWHQG WKH YLHZ RQ WKH WUDFH JDV G LKW WIEDXFNM QVIRJ BRPJ D REHIQ R/FD O +
WUDQVSRUW SDWKZD\V ZH FDOFXODWHG EDFNHWYVDRIGI PREHICH M (ZB$BR WER
WKH IOLJKW WUDFNV :LWK )/(;3%$57 ZH JDLQHDPLRLAFPWRUH BRMIDLUWHHE VI RN LEJBHR
WUDMHFWRULHV ZLWB QRE \&RUW R VELR/QM. RIXANV K EHWZHHQ BH IDHOWVHRQW W UD C
VWXGLHG WKH RULJLQ RI HPLVVLRQV ZLWWIK® &/FOXM R BLV/Q IDW ) LIRQ D/OKH $D1$ RG
ZHHNV DV WKH DQWLF\FORQH FKDQJHV LWKN BRYVWRRPS\BCHEGWMEr DQG VWU
we compared our observations with EMAC model simulations, which egtendew on the trace gas distribution

from a regional (along the flight tracks) to a global scale. To shalyransport pathways we calculated back

trajectories with the Lagrangian particle dispersion model FLEXPART alorftighetracks. With FLEXPART we

gained a more detailed insight into the dynamics. We compared the back tiggestth observations of CHand

COtto distinguish between different transport pathways. Thus westld@d the origin of emissions within South

Asia. Finally, we investigated the variability of the AMA over several weeklseaariticyclone changes its position,

extent, and strength due to the monsoon dynamics.

-Reviewer2:

Abstract of this paper should be a summary of what is shown iwehiswithout including general statements. In

the current form, most of the information exists without clearly statimgf the goal of this paper is.

Author:

The abstract is revised.

Authors changes in manuscript:

P116-22 7KH $VLDQ PRQVRRQ DQWLF\FORQH $OISQRQ D QHDKID \QRMMXHILL®D X ISR
XSSHU WURSRVSKHUH DQG ORZHU VWUDWRMSERRQNRRWY MA\SDHRY B D & KNV 61



REVHUYDEOH VLJQDWXUH GXH WR YHUW L FHD®XW ULDFQHV ®/RUWK RI | XSIRIHIX W H B SE
PRQVRRQ FRQYHFWLRQ :H SHUIRUPHG RRQR][WXHP K2V OWDHEPIRG W K BRY HF DSUFE R
UHJLRQ RI PRQVRRQ RXWIORZ DQG RS RRE\DIKHWR XQHEGD WH U Q D/QKHD & S $H D EWE
$UDELDQ 6HD E\ RSWLFDO DEVRUSWLRQ VSHRWQURMFRE R$/RR DU & HDKH K |
DLUFUDIW GXULQJ WKH 202 2[LGDWLRQ OHFKDQL VM 2AEBHHUW DIWH B QVK K WY
SDWKZD\V DQG WKH RULJLQ Rl WKH WUDFH JDWKHV /DUWB GEIRBX) V8 DD WH F VIR U
PRGHO )/(;3$57 DQG ZH FRPSDUHG WKH LQDW RRVS RWWDL ELFMKK FLPWO D WH Q &
FLUFXODWLRQ PRGBG @B&LEQJ UDWLRV ZHUH IRXQG WR @ I HVQOX E@FMHIG Z |
LQFUHDVHG RQ [BSHYDDASSEY UHVSHFWLYHO\ RULJLQDWLQJ LQ WKH 6RX\
30DLQ 1RUWK (DVW ,QGLD %DQJODGHVK DGCD® D\GRID® HRRIPR R QV WLSSHHDU
WURSRVSKHUH GXH WR LWV H[WHQGHG CIRAW L PHJ VG E UPRH N WAHR ® Y HB®& XV
PHDVXUHPHQWY DQG PRGHO UHVXOWVYWR VWXIGY MK A HHRQW BLDEVL R I WHKH X
ZLWK DQ HPSKDVLVY RQ WKH VRXWKHU & VIEXG ZH VWHEIQV I B DXL VG MGK HR X 8 S
EDVHG RQ GLIIHUHQW PHWHRURORJLFDO FR Q\GKDW.K@\GHX U KH RQIHO RF DB W
GZLQGOLQJ IORZ WKH WUDQVSRUW ED U RIXQG EGIIWZ BHIDNW R H ® QW 5 F\FO R@H
IURP WKH $0$ 7KH WUDFH JDVHV H[KLELWP® ® TH. \D\D V@ F MRDAFIRUCEDMW ®/ § F
RYHU WKH FRXUVH Rl WKH 202 FDPSDLJQ

-Reviewer2:

Section 2 (methods) should include general information about OMO field campaityding its science goal. What

other species were measured during the campaign? What were the scienoasjudsti there any references?

Author:

Gereral information about the OMO mission are added in the manuscripg indthod part in section 2.1 including

references.

Authors changes in manuscript:

P3-4 L23-7 The Oxidation Mechanism Observation (OMO) aircraft measurement campaigedoon the self-
cleaning capacity of the atmosphere in connection with the Indian sumansoon. The mission took place in July
and August 2015 with flight tracks in the upper tropospherelBlkm) over the Mediterranean, the Arabian
Peninsula, and the Indian Ocean (Figure 1). In South Asia the pollatissiens are growing and during the
monsoon season they are uplifted into the upper troposphere. li®pas partly removed by wet deposition or
transformation into soluble gases, or they are involved in air cheraigryransported downwind of the sources. For
a broad analysis of the efficiency of the self-cleaning mechanismeaarigty of chemical compounds, like GH

CO, OH, HQ, NGy, SO, RO, H:0,, and total peroxides, were measured during the multi-institutional campaig



involving the Max-Planck-Institute for Chemistry, Mainz, the Rese@efitre Julich, the German Aerospace Center,
the Research Centre Karlsruhe, and the universities of Bremen, Heidalh&\yuppertal. The main objectives

were the oxidation processes and free radical chemistry, the efficiency ettwawcloud transport and wet
deposition, as well as long-distance transport of air pollution and impaats qumlity and climate change. The

OMO mission comprised 111 flight hours during 17 flights. HALO Wwased alternately at Paphos (Cyprus) and on
Gan (Maldives) with refueling stops at the airport of Bahrain. Furthermtion about OMO can be found in

Lelieveld et al. (2018) and on the webpédip://www.halo.dIr.de/science/missions/omo/omo.html

-Reviewer 2:

Section 3.5 (AMA mode) should include discussions of bimodal mbtteenonsoon anticyclone shown in Zhang
et al. (2002) and Nutzel et al. (2016). Also, it should be justified whygdessary to have four modes instead of

two. Is bimodal distribution of the anticyclone wrong?
Author:
A short discussion about bimodality of the AMA is now added | se&ibn

Authors changes in manuscript:

P151817: =KDQJ HW DO SUHVHQWHG D ELPRGDQ LRV \WRI HWVIKGIWGLORE\ Z0Q W& HD R
,UDQLDQ RU WKH 7LEHWDQ 30DWHDX 'XULQJCROQHZBALM K Q\GK H RAW. R RSGRIVQ MWL ¥
,Q FRQWUDVW 1+<W]HO HW DO UHSRUWHG \GH YHHWH@® \W RFGHOWH LE 6 \R VLR
GLG QRW VLPXODWH D SUHIHUUHG ELPRGD O LWV KHHGRXYE D®JDWKH. F\F'O\R B Y
WKH SRVLWLRQV ZHUH LQ EHWZHHQ WKH ,UDQ LW RHDIRX 7 WEKHRMRGH 3FOYDHAH W }
3ODWHDX &RQVHTXHQWO\ WKH\ GR QRK\DD @1 SBR D\® D S U HDGU HeGV FH.® RHGD (
,UDQLDQ DQG WKH 7LEHWDQ PRGH DUH | XGWDEHDW GE \KW DQWLXQY KWL 8 \ STDW\D
FRQYHFWLRQ ZKLFK DUH RXW RI VFRSH L QNK K HG SQUHR/HQ/WZ VW K GAH W Sl 1 FIVWM
JDV GLVWULEXWLRQV 7KH VXEGLYLVLRQ RQWRHRXS RRIBUY WK H SFRHMHHWR/I
FDPSDLJQ

-Reviewer 2:

The abstract includes a few general statements, which makes abstract sarrikeatitroduction. For instance,

L9-11 (However: : :expected) can be removed.

Author:


http://www.halo.dlr.de/science/missions/omo/omo.html

L9-11 Sentence is removed.

Authors changes in manuscript: P1, 19-

-Reviewer 2:
P1, L7 #ltis connected to -> It is part of the South Asian summer monsoon system
Author: This has been changed.

Authors changes in manuscript: P1, L7: It is part of the South Asiiamrmer monsoon system

-Reviewer 2:
P1, L1749 +Are those based on the in-situ measurements?
Author:

Yes, these values are representing the in situ data, but also the simulated datargla@ed mixing ratios with
AMA-influence, as mentioned in section 3.4 The AMA during OMGsitn increase 72.1 ppbv and 20.1 ppbv and
EMAC increase 24.0 ppbv and 14.7 ppbv for.@&dd CO, respectively.

Authors changes in manuscript:

P1, L14415: the in situ data increased on average by 72.1 ppbv and 20.1 egbectively,

-Reviewer 2:

P1, L21 +areas within the upper troposphere -> areas in the upper troposphere
Author:

This has been changed.

Authors changes in manuscript:

P1, L19: areas in the upper troposphere



-Reviewer 2:

P2, L3 +Park et al. (2008) might be relevant here.

Author:

The reference has been added as it is relevant here.

Authors changes in manuscript:

P2, L2 Stratospheric tracers, like ozone, show generally lower concentrations inside théhAMadutside (Park et
al., 2008, Randel and Park, 2006).

-Reviewer 2:

P2, L4 twithin the strong: : :monsoon -> by the strong monsoon convectio

Author:

This has been changed.

Authors changes in manuscript:

P2, L3: to the upper troposphere by the strong monsoon convection.

-Reviewer 2:

P2, L5 +Park et al. (2007) might be relevant here.

Author:

The reference has been added as it is relevant here.

Authors changes in manuscript:

P2,L5 clearly signify the monsoon influence (Park et al., 2007)

-Reviewer 2:



P2, L9 +physical -> physically

Author:

This has been changed.

Authors changes in manuscript:

P2, L20 A more physically motivated criterion

-Reviewer 2:

P2, L17-18 tFull name for CARIBIC and IAGOS-MIZAIC should be provided here as well.

Author:

The full names are added.

Authors changes in manuscript:

P2, L740: CARIBIC (Civil Aircraft for the Regular Investigation of the atmosphere Basedn Instrument
Container; e.g. Schuck et al., 2012, Rauthe-Schoch et al., 2016A@aEIMOZAIC (IAGOS (In-service Aircraft
for a Global Observing System) and MOZAIC (Measurements of OZowérbys In-service aircraft); Barret et al.,
2016, Dethof et al., 1999)

-Reviewer 2:

P3, L1- It is also important to mention that there is a big uncertainty inesestimates of methane (Bloom et al.,
2017 GMD and references there in).

Author:

The information has been added including the reference.

Authors changes in manuscript:

P3L9-11: Further sources are rice cultivation and ruminants, but also swamfie@hdreas. For wetlands, the
uncertainty in CH emissions is still a large concern in atmospheric chemical transport mBlbelim(et al., 2017,

and references there in).



-Reviewer 2:

P3,L8tyPULDELOLW\ RI WKH $0%$Y FDQ EH H[SODLQHG PRUH GHWDLO KHUH

Author:

A more detailed explanation is now added.

Authors changes in manuscript:

P4L20-21: Finally, we investigated the variability of the AMA over several weeks as the elotieychanges its

position, extent, and strength due to the monsoon dynamics.

-Reviewer 2:

P4, L8 (section 2.2}l assume the trajectory calculations are done backward. Where is the initializesiton®

Author:

We calculated back trajectories and the initializations are along the flight traeksubtitle for section 2.3 is now
3)/(;3%$57 EDFN WUDMHFWRULHV’

Authors changes in manuscript:

P5 L8 2.3 FLEXPART back trajectories

-Reviewer 2:

P5, L11 (section 2.4¥The reason why MODIS cloud top pressure is used is missing. lsstdsas convective

proxy?

Author:

Yes it is used as a proxy for the location of convection to compare the vetlicthe calculated updraft of the back

trajectories. This information is added in the actual section 2.5.

Authors changes in manuscript:



P6 123-24: Cloud top pressure information is used as a proxy for convetfercompared the location of the
convective clouds with the location of the uplift of the back trajectoneslated by FLEXPART. The cloud top
pressure data are collected from the MODIS instrument on board of AQUA

-Reviewer 2:

P5, L28 I would like to know if there are any in-situ measurementsethame and if so how the mixing ratios

compare with them even over different regions in different season.

Author:

Yes, there are other in situ profiles. Lelieveld et al. (2002) measured profilethe Mediterranean in summer 2001
during MINOS. They have observed enhanced @htl CO values in the UT, especially during stronger influence
from the AMA in the UT with CH mixing ratios up to ca. 1890 ppbv. Bergamaschi et al. (2013) preseted
profiles over the pacific in dependence of the latitude observed in ZBBCH, mixing ratios decrease from the
northern hemisphere to the southern hemisphere. The highest valussoatred for the lower troposphere in the
northern hemisphere (around 1882 ppbv). In the UT, iBtteases towards the tropics to around 1800 ppbv.

Authors changes in manuscript:

P7 L10: is now the position for the authors answer in the manuscript.

-Reviewer 2:

P5, L30 I have tried to find CO observations from satellite in Randel and P@@iéYdut they seem to have dse

only ozone and water vapor.

Author:

The reference was wrong and the right one is Park et al. (2007).

Authors changes in manuscript:

P7L12 Park et al. (2007) used CO observations from satellites and wind fields

-Reviewer 2:

P5, L31 +to identified -> to identify



Author:
This has been changed.
Authors changes in manuscript:

P7 L13: to identify monsoon influenced

-Reviewer 2:

P6, L8 12 +This paragraph is not convincing to me without supporting materiafenences
Author:

The paragraph is rewritten including supporting material and references.

Authors changes in manuscript:

P7 122-26: The observed CHncrease with height can be explained by the global circulationQ WKH ERXQGDU\ OL
&+ PL[LQJ UDWLRV DUH LQIOXHQFHG E\ WXUE XU HQUNEPR IKRQ 1] RQRAMHD VDR HHPE
SODFHVY 6DLWR HW DO $W WKH VXUGDRH W K/HR DOW K HDUN *® QU HVF W QR@X/H
PL[LQJ UDWLRYV RULJLQDWLQJ IURP WKH DBRXWRWURQ @GIDIZY 2W R OL@ WHLU K H:
6DLWR HW DO WKXV WR[WUIDQVMWIRRITKRPKWKH++ LQWR WKH 6+ ZKL
FRQYHFWLYHO\ XSOLIWHG IURP WKH ERXQGDU\ OD\HU

-Reviewer 2:

P6, L18 £This is in consistent -> This is consistent
Author: This has been changed.

Authors changes in manuscript:

P8 L1 This is consistent with the observed upper tropospheric increase aficCOH, in the NH background
profiles

-Reviewer 2:



L6, L2022 Do the mixing ratios of CO in the upper troposphere agree as well?
Author:

Park et al., 2008 reported CO MR in the UT (10-15km) of aro®@pgbv in the AMA and 680 ppbv outside. We
measured in 10-14km around 74.0+15.2 ppbv and outside2# 100 ppbv. Park et al., 2008 defined the AMA by
a CO threshold opposite to our Capproach and in our profiles inside and outside events are inchuded,
separated by their location, which leads to a smaller difference in the Caymaxios for background and AMA-

influence in the UT.
Authors changes in manuscript:

P8 L1-5-8 CO mixing ratios in the upper troposphere inside the AMA (ardi@@ppbyv in 1015 km) in
comparison to air outside the AMA (&® ppbv in 1015 km).

Reviewer 2:

P6, L3031- Does this problem prevented from using the measurement or ondeeghe data quality of CO

measurements?

Author:

This problem only degraded the data quality of CO measurements.
Authors changes in manuscript:

P8 L14-15: is now the position for the authors answer in the manuscript.

-Reviewer 2:

P7, Eq. (1)l think this threshold is somewhat subjective. At least it should Imiomed that this might introduce

uncertainty in the analyses and also how sensitive the results are dgpenthie threshold values.
Author:

The threshold is a simple tool to distinguish between background aiesress air masses influenced by the
monsoon. It is based on in situ measurements and it is subjectigegn, however its application to the in situ data
showed a reasonable differentiation. The threshold itself was not applifelEMAC data along the flight tracks

and in the histograms (Figures 16 and 17) as the model underestingateditu measurements. The in situ CO and



the EMAC data are distinguished into AMA-influence and backgrouodrding to the time, when the in situ €H
was above or below the Ghlhreshold. Nevertheless tl#, threshold is represented in the EMAC horizontal trace
gas distributions as a contour line for a better orientation of the AMA positmmsequently the analyses depend on
the threshold. A change in the absolute value would increase or detireasgion which we assumed to be
influenced by the monsoon.

Authors changes in manuscript:
P8 L22: In situ CH; mixing ratios

P8 125-29: Further evaluation depends on theGkteshold and thus the results are sensitive to it. Nevertheless
also other compounds measured during OMO showed the isolation ofithyelane in the UT (Lelieveld et al.,

2018) which confirms the usefulness of LMW/ith a change in the absolute value the region which is supposed to b
AMA-influenced will be either larger or smaller, thus the edge of thieyamone would be differently defined but

the whole dynamical process is not significantly changing.

-Reviewer 2:

P7, L28 tDoes the difference between Scheeren et al. (2003) and this studywatrebe values in Zimmermann
et al. (2018) quantitatively?

Author:

Zimmermann et al. (2018) calculated a AZHhixing ratio of 1781 ppbv for the upper troposphere betweéf 2ad
2006. TheCH, values in Scheeren at al. (2003) are 1819+26 ppbv for North America/ttatitic origin and
1882+21 oobv for South Asia origin. The value in Zimmermann €2@1.8) is a global average over seven years in
contrast to the values of Scheeren et al. (2203), which represent onlymamersoonth of northern hemispheric
origin, thus not accounting for the lower southern hemispli@Hicmixing ratios. Zimmermann et al. (2018)
increased th€H, mixing ratio due to addition&H, emissions starting in 2007 up to 1815 ppbv for 201 ik
study theCH,4 mixing ratio is in average 1866.4+43.0 ppbv.

Authors changes in manuscript:

P9L21: is now the position for the authors answer in the manuscript.

-Reviewer 2:

P8, L13 +cloud top height pressure -> cloud top pressure (also in P10, L23)



Author:

This has been changed.

Authors changes in manuscript:

P10 L6: cloud top pressure

P12 L23: cloud top pressure

-Reviewer 2:

P8, L1647 £This sentence should be revised for clarity.

Author:

The sentence is rewritten.

Authors changes in manuscript:

P11 L9410: Matches were generally found over the Bay of Bengal, the Indo-GangeticBdaigladesh, the north
ea®rn region of India, and Myanmar. During the days when the bajelctories passed over central India,
convection occurred also in this area, but the cloud top pressure was at allitwger than the height of the
trajectories.

-Reviewer 2:

P8, L34 +high pressure -> anticyclonic

Author:

This has been changed.

Authors changes in manuscript:

P11 L27: the anticyclonic circulation

-Reviewer 2:



P9, L13 (Figs. 7 & 8)xHere, it looks like the flight path is outside the anticyclone based on thel sioullations.
The high values from the flight almost should be at the center of the@daotiey | am not sure how to understand
those comparisons.

Author:

We added contour lines for the ¢tireshold (1879.8 ppbv) and tb#i, background (1859.4 ppbv) value in Figure
7 and 8 according to the suggestion of reviewer 1. The flight tradses the edge of the AMA with higher mixing
ratios inside the AMA, which can be seen in the measured and the mddtled@he difference between the in situ
and simulated values show that on a regional scale the model is not @geotiuce the reality with respect to the
absolute values.

Authors changes in manuscript:

Figure 7 and 8(P31, P32) (P11 L8i®now the position for the authors answer in the manuscript.)

-Reviewer 2:

P15,L29+, QVWHDG Rl pWKHVH WUDQVSRUWY GHVFULEH VSHFLILF WUDQVSRUYV
Author:

A detailed description of the transport processes is added.

Authors changes in manuscript:

P111921: ,Q WKH SUHVHQW ZRUN ZH DGGUH V \hekdhrech&itagspost RadtheSDW K ZD\V |
boundary layer into the UT, the circulation in the AMA, the transpomaiaross the edges of the AMA, associated
with outflow events and further transport in the UT partly in connedatith the jet streams



Revised Submission

CoEditor Decision: Publish subject to minor revisions (review by editor) (25 18 &0Jens-Uwe
GrooR3

Comments to the Author:
Dear Laura Tomsche et al.,

Thank you for the work put into the answers to the reviewers and the detailed revision of the
manuscript.

However, | do see still some room of needed improvement.

CoEditor.

Even though the reviewers did not point to it, | think, you should mention alsettiy by Vogel et al.
(ACP, 2014) who also show CO and CH4 enhancements and the transport pathways due to AMA outflow
observed during the ESMVAL campaign, as this is very similar work.

Answer:
The study of Vogel et al. (2014) is included in the manuscript, where it fits to the present study
Authors changes in manuscript:

P2 L16-17: and the Transport and Composition in the Upper Troposphere and L@lvermo
Stratosphere (TACTS) campaign (Vogel et al., 2014).

P10 L124: Furthermore, similar increases in CO and CH4 mixing ratios, caused by an outflow
event of the AMA, were found during a flight over Northern Europe during TACTS €Valel
2014). They reported enhancements of approximately 25 ppbv for CO (backgrou2s ppbv,
outflow air: 4050 ppbv) and 65 ppbv for CH4 (background: 1700-1750 ppbv, outflow7ai®- 1
1810ppbv). The absolute values for CO and CH4 are lower in comparison to the present study
The transport time was about five weeks so the air mass of the outflow event could be mixed
with background air. The background itself has a different characteristic as the flight during
TACTS took place in the lower stratosphere and flight 19 took place in the upper troposphere.

P19 R1-26: Beside outflow events happening at the western edge of the AMA, as documented
here, it is also possible at the eastern edge of the AMA as described in Vogel et al. (2014). During
TACTS they probed an air mass with enhanced CO and CH4 mixing ratios over Northern Europe in
the lower stratosphere. They used back trajectories to analyse the transport pathways of this air
mass. The air mass was injected at the south eastern edge of the AMA, streamed clockwise
around the AMA, and flowed out of the AMA at the north eastern part by eastward eddy

shedding. Afterwards the air was transported eastward with the subtropical jet and reached

after ca. five weeks the flight track over Northern Europe.

CoEditor.



Reviewer #2 states that "most of the information exists without clearly stating what the gtato
paper is"

You state that the goal is "to understand the transport pathways from the source regions into the upper
troposphere..."

As it stands, the manuscript contains still a lot of figures and it is not clear in everybaseer all of
these are needed to underline the goal. Therefore | would ask you to review in what respect the
individual figures support your goal.

For example, figs. 4 and 5 show altitude and transport time at the locations of the back trajectames fro
the complete flight path. That is for perturbed and unperturbed air. You refer then to the (yet not
explained) figures 7 and 8 and the reader has to deduce which of the trajectories are perturbed. Likely it
would be better in the sense of that goal to mark these trajectories, e.g. by different symbabis|dov

and above your threshold.

Answer:

The back trajectories for AMA-influence and background are distinguished by different symbols
with an explanation in the caption in Figure 4 and 5, and also in the trajectory plots in the
supplement.

After reviewing the manuscript with respect to the goal of the paper, Figures 11 and 12 (vertical
transect of CO) are removed.

Authors changes in manuscript:

P28 Figure 4 Triangles are back trajectories for CH4 mixing ratios above the CH4 threshold and
circles for below the CH4 threshold.

P29 Figure 5 Triangles are back trajectories for CH4 mixing ratios above the CH4 threshold and
circles for below the CH4 threshold.

P13 L6: Comment to the removal of Figures 11 and 12 removed
CoEditor.

The explanation of figure 6 (cloud top pressure) should better include a (rough) presswé¢hailyou
would assign to "regions with strong convection”

Answer:
Added a value in manuscript and figure capture.
Authors changes in manuscript:

P11 L8: to identify regions with strong convection (here with cloud top pressuanesab
200 hPa)

P31 Figure 6: Satellite-derived cloud top pressure 10 days prior (August 031@015
flight 19. Pressure below 250 hPa represents strong convection.

CoEditor.



figure 13/ particle density in PBL: These are for those trajectories starting an the flight pathtairie
that have CH4 mixing ratios above the threshold. That should also be mentioned in the figiima.cap

Answer:
Explanation added in figure caption.

Authors changes in manuscript:

P45: Figure 13: Last boundary layer contact of parcels from trajectories, which start
along the flight track at locations with CH4 mixing ratios above the threshold, before
they were transported to the track of flight 19 (10 days prior to flight).

CoEditor.

figs 24/25 It is somewhat confusing that you use blue/green colors for CO and CHitefmomodel
and measurements. | think it is more suggestive to use similar colors for the same moleculghte.g. li
blue and dark blue)

Answer:

Model and in situ data are color coded with similar color for the same molecule in Figure 24 and
25, and consequently also in Figirand in the supplement.

Authors changes in manuscript:
P27 Figure 3

P67 Figure 24 and Figure 25

CoEditor.

pl7 12ff. fig 26 shows a few example trajectories from points of enhanced CH4. As thekelgnabre
points of enhanced CH4 along the flight path, how do you select the shown trajectories? How do y
show it is outflow from the AMA? It is likely defined by the outflowing airmass.

Answer:

The selection is made by the outflowing air masses with help of the enhanced CH4 in situ
measurements and the location of outflow according to the model data (Figure 22 and
23). Position of the outflow is also added in the Figure captions.

Authors changes in manuscript:

P18-19 L31-1: In Figure 26 the 10-day back trajectories for the enhange@lGet,
associated with the locations of the outflow event mentioned before (Figure 22 and 23),
are shown for the flights 12/13 and 17/18.

P64: Figure 22 The enhanced CH4 values over Oman represent the outflow.

P66: Figure 23 The enhanced CH4 values over the Read Sea represent the outflow.



CoEditor.

p8/121/equation 1 please don't mix words and the equation. Preferably use superscripts or subscripts
like CH_4/threshold} or CH_4"average}

Answer:
This has been changed.
Authors changes in manuscript:
POL17:%% coapebakd cepadub P szwgdv'," Et Usrat’,” L
szyé&z',”

CoEditor:

p8/127 "which confirms the usefulness of CH4" is rather sloppy language. | would ratHertsely
confirms the possibility of this threshold to divide the air mass origin betweside and outside the
AMA" or so.

Answer:
This has been changed.
Authors changes in manuscript:

PI9L24-25: which confirms the possibility of this threshold to divide the air magis o
between inside and outside the AMA.
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Upper tropospheric CHz and CO affected by the South Asian summer
monsoon during OMO

Laura Tomschie Andrea Pozzéy Narendra Ojha Uwe Parchatka Jos Lelieveld, Horst Fischér
!Department of Atmospheric Chemistry, Max-Planck-Institute for Chemitainz, 55128, Germany

Correspondence td.aura Tomsche (laura.tomsche@mpic.de)

lAbstract. The Asian monsoon anticyclone (AMA) is a yearly recurring phenomémdhe northern hemispheric upper {Kommentiert [TL1]: The abstract is revised. ]

troposphere and lower stratosphere. Jids| of- the South Asian summer monsoovs e andthe-cireulation {Kommentiert [TL2J: This has been changed. ]

o ne

rgitditiediaHt has a clearly observable signature due to vertical

transport of polluted air masses from the surface to the upper tropedphtée monsoon convectien.

|| Wetperformed in situ measurements of [Kommentiert [TL3]: Sentence is removed. ]

carbon monoxide (CO) and methane (T the region of monsoon outflow and in background air énupper troposphere

(Mediterranean, Arabian Peninsula, Arabian Sea) by optical absorptionospepty on board théermanHigh Altitude and
Long range (HALO) research aircraft during the OMO (Oxidation Mechanism @tigers) mission in summer 2015. We
identified the transport pathways and the origin of the trace gases with backtiegectdculated with the Lagrangian particle
dispersion model FLEXPART, and we compared the in situ data with simulafiche atmospheric chemistry general
circulation model EMAC[CH4 and CO mixing ratios were found to be enhanced within the AMA, -

on average by 72.1 ppbv and 20.1 ppbv, respectjvely, originiatithe South Asian region (Indio-Gangetic Plain, North East{ kommentiert [TL4]: Yes, these values are representing
in situ data, but also the simulated data show increased

mixing ratios with AMA-influence, as mentioned in sectior
extended lifetime and the strong South Asian emissions. Furthermore, wiheisedasurements and model results to study | 3.4 The AMA during OMO. In situ increase 72.1 ppbv anc

) ) . . 20.1 ppbv and EMAC increase 24.0 ppbv and 14.7 ppbv
the dynamics of the AMAver several weeks during the monsoon seasith an emphasis on the southern and western areas | cpj, ;r?d CO, respectively. PP PP

India, Bangladesh and Bay of Bengal). It appears thati€ldn ideal monsoon tracer in the upper troposphere due to its

in the upper tropospherieer-example, W\ distinguished four AMA modes based on different meteorological tomsli { Kommentiert [TL5]: This has been changed. ]

During one occasion we observed that under the influence of dwindlingHféotransport barrier between the anticyclone and
its surroundings weakened, expelling air masses from the AMA. The traes gxhibited a distinct fingerprint of the AMA,
and we also found that Gldccumulated over the course of the OMO campaign.

1|Introduction | { Kommentiert [TL6]: The introduction is reorganized }
The Asian monsoon anticyclone (AMA) is1annual, large-scale weather—yearly—reeurpienomenon in the upper according to the suggestions of the reviewer.

tropospherend lower stratosphedring the boreal summer. It is enclosed by the westerly subtropicathetmorth and the



10

15

20

25

30

easterly jet in the south and extends over southern Asia and the MiddlgoEashe Mediterraneait is formed by diabatic
heating in the South Asian monsoon region (Gill, 1980, Hoskin®Raxddvell, 1995). The anticyclone is a strong and nearly
closed circulation system, which is variable in strength and location (HsRlamtb, 2000, Popovic and Plumb, 2001, Garny
and Randel, 2013, Ploeger et al., 2015). The strong winds at its edgsegracisport barrier for chemical constituents in the
upper troposphere. Stratospheric tracers, like ozone, show generallyctoveentrations inside the AMA than outsiffe (<

et al., 200$Randel and Park, 2006). Tropospheric tracers, like CO angda@#luplifted to the upper troposphirevithin {Kommentiert [TL7:
relevant here.

Kommentiert [TL8]:

This has been changed.

The reference has been added as ﬂ

"7)The signature of the anticyclone has been identified fidfarent measurement platforms, like {Kommentiert [TL:
relevant here.

satellites and aircfes. Airborne measurements are rare and limited in time and spadbeyutesolve small scaleFhere

The reference has been added as iﬂ

areFor examplethe in-service an‘borné projects CARIBIC (Civil Aircraft for the Reqular Iriigegtion of the atmosphere
Based on an Instrument Container; e.g. Schuck et al., 2012, Rauthe-8th6cR016) and IAGOS-MOZAIC (IAGOS (In-
service Aircraft for a Global Observing System) and MOZAIC (Measuread©Zone by Airbus In-service aircraft); Barret

et al., 2016, Dethof et al., 19bS¥hich reported trace gas measurements in the Asian monsoon rigaudition aircraft [Kommentiert [TL10J: The full names are added.

J

campaigns investigated the Asian monsdie during the aircraft campaign MINOS (Lelieveld et al., 2002, Scheet&n et
2003)aner the Earth System Model Validation (ESMVal) campaign (Gottschaldt et al., ,284d)the Transport and

{ Kommentiert [TL11]:

alescontrast

included in the manuscript, where it fits to the present st

The study of Vogel et al. (2014) is}
u

satellite datacover a larger sgdial area and can be used for long term measurements, neverthelessethieyited to
therrepresent-mestly—enevepassing trackflight-timeind they have a coarsesolution The obscured viewromby clouds
during theSouth Asian monsoastrietsadditionallyrestricts thesatellitedataview(e. g. Ojha et al., 2016), which requires
long-term averaging in time and should be complemented by in situ measurdveater—sStellite datdor different trace
gases, like kD (Park et al., 2004, Randel and Park, 2006), CO (Li et al.,, 7o0% et al, 2008) and GHPark et al., 2004),
show the vertical and horizontal extension of the AMA and-ware'generally in agreement with model simulations (e.g. Pan

et al., 2016, Nutzel et al., 2016, Bergman et al., 20&R)pal-mede mulate-the AMA-as-a-dynamicpattern-on-a-global

and satellite data néévals, airborne measurements are necessary

A more|physical Imotivated criterion to distinguish between the AMA and its surroundinlgeirupper troposphere is the [Kommentiert [TLL2]:

This has been changed.

potential vorticity (PV) (e.g. Ploeger et al., 2015, Garny and Randg3) 2@ the anticyclone PV values on isentropic surfaces
are lower than outside. Therefore, a maximum in the PV gradient can béousedtify the horizontal transport barrier
associated with the AMA. However, applying the PV criterion is not straightforsinog PV values in the AMA increase
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during the monsoon season and decrease from the extra-tropicdsdetropics, which limits its usefulness. Nevertheless,
it is quite helpful in combination with trace gas distributidmsn-gaired-byn situ and satellite measurements

During the aircraft campaign MINOS the outflow of the AMA was investigateer the eastern Mediterranean basin
(Lelieveld et al., 2002, Scheeren et al., 2003), while during the Eartbn$idodel Validation (ESMVal) campaign a single
flight was performed from Male/Maldives to Larnaca/Cyprus in SeptembéX @t intersected the AMA at an altitude of

150 hPa (Gottschaldt et al., 201 A—As-mentioned-above-trace-gas-distrimatiohs-obtained-from-satellite-data—However,

al—2017)In situ airborne measurements in the region of the Mediterranean, the Apabiasula, and the Arabian Sea during
the monsoon season are still limited, even though the AMA impacts thésesre@iher by its extension or via outflow. Here
we present results from an aircraft mission, which focuses on the AMA bethesgrdian Ocean and the Mediterrangan. The
measurement campaign OMO (Oxidation Mechanism Observations) took pladg/Audust 2015 with th&ermanHigh
Altitude and Long range (HALO) research Aircraft, performing flighits/titudes between Hm and 15km over the above-
mentioned regiongoand investigatedeewmerttic dynamics and atmospheric chemidmrthe upper troposphereser five
weels during the monsoon seasemALO-was-based-alternately-at-Paphos(Cyprus)-and-on-Gan-(Maldives)-withinef

The present study focuses on the measurements p&@HCO, which document long-distance transport of air pollution, as
these species have extended lifetimes of 8-9 years (@lieveld et al., 2016) and 2-3 months (CO, Xiao et al., 2007). These
trace gases can be used to identify emission sources from theesasfthey are co-emitted with other pollutants. They have
both natural and anthropogenic sources. Major CO sources are angmicpagd emitted via combustion processes of fossil
fuel, biomass, and domestic fuel. Its natural sources are mainly fgetation and oceans, but they are minor (Pandis and
Seinfeld, 2006). Clis also emitted by combustion of fossil fuel and biomass (Khalil, qumher sources angce
cultivation and ruminantsswamps—and-floed—ardag alsoswamps and flood areasrice—cultivation—-and—ruminants

Kommentiert [TL13]: The goal of the present study is to
understand the transport pathways from the source regio
into the upper troposphere via the convective uplift into tF
AMA and further in the UT, especially towards the southe
and western areas of the AMA. The transport pathways ir
UT include the transport along the edges of the AMA, the
circulation in the AMA, where air mass are trapped and tt
transport across the AMA edges and the outflow out of th
anticyclone due to instabilities in the strong circulation. F¢
instance flight 19 took place outside and at the western e
of the AMA, which is now better visible in Figures 7 and &
due to addition of a contour line for the CH4 threshold.

wetlands, +Fie uncertainty in Cjlemissiondrom-wetlandss still a large concern in atmospheric chemical transport models {Formatiert: Tiefgestellt, Unterschneidung ab 10 Pt.
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(Bloom et al., 2017and references thei®) | In South Asia anthropogenic emissions increase with a growing population and kommentiert [TL14]: The information has been added

economic development (Rauthe-Schéch et al., 20b@ra et al., 2007Yhe observations of CHand CO show zonal and
meridional concentration gradients as well as vertical gradients in the upper tengoslowing to investigate the extent of
the AMA. In order to differentiate background from AMA influencail masses, we derived a €Hased threshold.

AdditionallyFurther we compared our observations with EMAC model simulations, which extendetiv on the trace gas

including the reference.

distribution from d regionalalong the flight tracksto a global scale. To study the transport pathways we calculated back

trajectories with the Lagrangian particle dispersion model FLEXPART along the faghstendWith FLEXPART we gained
a more detailed insight into the dynamics. Bdmpare them the back trajectoriesith observations of CHand COto

distinguish between different transport pathwalhus wealso studiedalse-the origin of emissions within South Asia.

FunhepmereFinaIIMwe investigated the variability of the AMAver several weeks as the anticyclone changes its position,

extertd, and-with-respest to-its-position-astiengthdue totheitsmonsoondynamis|

| Kommentiert [TL15]:

A more detailed explanation is nov

| added.

2 Methods

2.1 OMO\campaiqﬂw

The Oxidation Mechanism Observation (OMO) aircraft measurement campaigarfissisad on the sel€leaning capacity
of the atmosphere in connection with the Indian summer monsoon. T$iemrtsok place in July and August 2015 with flight

tracks in the upper troposphere (I®km) over the Mediterranean, the Arabian Peninsula, and the Indian Géeare (1).

In_South Asia the pollution emissions are growing and during the gnonseason they are uplifted into thpper

tropatrosphere. The pollution is partly removed by wet deposition or tranafimminto soluble gases, or they are involved

in air chemistry and transported downwind of the sources. For admahdis of the efficiency of the setleaningmechanism

| Kommentiert [TL16]: We used the EMAC model
simulations to extend our view on trace gas distributions
the regional scale along flight tracks to a global scale, i.e.
horizontal and vertical trace gas distributions, and also to
separate different AMA modes. With the second model
(FLEXPART) we calculated back trajectories to investigat
the emission sources and the transport pathways from th
source regions, via the convection into the AMA in the up
troposphere and further westward towards the flight track
Thus the back trajectories are mainly used for dynamical
processes.

Kommentiert [TL17]: General information about the OM
mission are added in the manuscript in the method part ir
section 2.1 including references.

a large variety of chemical compounds, like,CHO, OH, HQ, NOy, SQ, RQ, H,Op, and total peroxides, were measured

during the multi-institutional campaign, involving the Max-Planck-InstituteGhemsitreyChemistryMainz, theResearch

CentreForschungszentrutillich{FZ3) the German Aerospace Centre{DLR)ie Research Centre Karlsruhertd the

universities of Bremen, Heidelberg, and WuppeiThle main objectivessf ©OMO-wereardhe oxidation processes and free

radical chemistry, the efficiency of convective cloud transport and wet depositiong!l adong-distance transport of air

pollution; and impacts on air quality and climate changez OMO mission comprised 111 flight hours during 17 flights.

HALO was based alternately at Paphos (Cyprus) and on Gan (Maldivesgfuihing stops at the airport of Bahrain. Further
OMO (2018)

information _about can be foundin Lelieveld et al. and on the webpage

http://www.halo.dIr.de/science/missions/omo/omo.hfml
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2.21 Trace gas measurements

We employed the TRISTAR instrument (Tracer In Situ TDLAS for Agpteeric Research, and TDLAS is Tunable Diode
Laser Absorption Spectrometry), which is an IR-quantum cascade lasgtalzsspectrometer for airborne measurements of
trace gases (CO, GHHCHO) on board HALO with a compact and robust design, consistiag optical set-up and the
instrument electronics. TRISTAR was described in more detail in previdlisations (Tadic et al., 2017, Schiller et al., 2008
and references therein). The electronic part, including laser controller, data acguesitias integrated into the upper part of
KDOI D ~ UDFN ORXQWHG RQ WK H-\ 608sifihg\wii Uit Difdgeh brybetstHyRcE Wousedttires/ H W
infrared quantum cascade lasers for CO,;,Céhd HCHO and two cryogenic photovoltaic mercury-cadmium-telluride
detectors, a double corner cube multi pass cell according to White (Eitbgeveral mirrors to reflect and collimate the
beam. The optical unit is fixed on shock mounts for protection againstivibs. The trace gases are detected sequentially via
pneumatically driven pop-up mirrors.

A detailed description of the electronic set-up is given in Schiller et al. (2008)a 66 ms saw-tooth current ramp the laser
emission is scanned across a rotational-vibrational absorption linetafdleé species. In addition, the frequency of the laser
is modulated via its injection current with a sinusoidal shaped 20 kHz frequeribg detector the signal is demodulated at
40 kHz by a lock-in amplifier. For CO and Glivo measurement modes are used: ambient air afigm-calibration. The
in-flight calibrations are realized with a secondary standard from piasgurottles (6 | bottle, Auer GmbH, Germany),
calibrated against certified reference gases. CO is calibrated against a refergied.gd<1.46 ppbv), which is calibrated
against a secondary standard (155.8+0.45 ppbv). The latter was measurstdaaddiriion gas (10ppm=1%) from EMPA
(Swiss Federal Laboratories for Materials Science and Technology)rrgferra NIST standard. CHs calibrated against a
working standard based on the scale of NOAA-2004 by Dlugokencky 208b) and has an uncertainty 0043 ppbv relating

to the CMDL83-standard (Dlugokencky et al., 2005). Furthermore th&unC® and CH data are drift corrected by
interpolation between regular in-flight calibrations (Tadic et al., 2017).

Under the assumption of a Gaussian error propagation the total uncertaisists of the statistical error (noise and drift
correction) and the systematical error (calibration to reference gabedptal campaign average uncertainties are 5.1 an
0.275% for CO and CHrespectively. During OMO the CO accuracy degraded, because of psabignthe CO laser in the
second half of the mission. A detailed overview of the total uncertainties fbedlights is presented in the supplement Table
S1.

2.32 FLEXPART trajectories| Kommentiert [TL18]:

We calculated back trajectories an

the initializations are along the flight tracks. The subtitle fi

The origin of air masses was derived with the Lagrangian particle dispersé® RLEXPART Version 9.2 beta (Stohl et al., VHFWLRQ

LV QRZ 2)/(;3$57 EDFN

1998). The model is driven by ECMWF (European Centre for MediamgR Forecasts) operational data with a horizontal
resolution of 1°x1° and a vertical resolution of 137 levels betweed.28hPa and 0.01 hPa. The temporal resolution is 3 h,
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with analyses at 00, 06, 12, 18 UTC and forecasts for 03, 02115TC. FLEXPART accounts for turbulence using the mean
wind plus turbulent fluctuations and also mesoscale wind fluctuations (Stoh| @Da0). TAdditienaty—the planetary
boundary height is parameterized following the concept of Vogelezang dtallabld1996) using the critical Richardson
number (Stohl et al., 2010). Vertical transport is calculated by using tlgeiarequation (Thomson, 1987), which takes into
account the turbulent vertical wind and its standard deviation. It includes als@as#eof air density with height. Additional
moist convection is parameterized according to Emanuel and Zivkovic-Rothi®@®).(Their parametrization builds on
temperature and humidity fields to provide mass flux informationh{S&al., 2005). Trajectories are started every 10 min
along the flight tracks for air parcels, neglecting loss procesgetodieposition or chemical reactions. The trajectories are
calculated 10 days back in time for 10000 parcels that are initialized per relg@sgipe: 1°x1°x500 m and 1 hour). The
model output is a dispersion field, which consists of several parameteggographical position, planetary boundary faye
(PBL) height, and temperature, for each parcel per 3 h interval. Thenawfodata can be condensed via cluster analyses
according to Stohl et al. (2002). These cluster trajectories are called centroidiegedtoey are comparable to traditional
trajectories, but include contributions of turbulence and convection vizetheid of all particles per time step.

243 EMAC model data

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model consists of the gewreculation model ECHAMS (fifth
generation of the European Center HAMburg, Roeckener et al, 2008heMdodular Earth Submodel System (MESSy,
Jockel et al. 2005, 2010), whiebxtends the model into a fully coupled chemistry climate model. The horizestdiition
applied is 2.8°x2.8°, the vertical resolution is determined by 90 laye hybrid pressure grid between the surface and
0.01hPa -

Nevertheless, tT

__lst

fThe
emissions are based on the Representative Concentration Pathways @RoPa8thropogenic activity (Van Vuuren et al.,
2011) and Global Fire Emissions Database (GFED) v3.1 for biomassdp@mission of 2015 (Van der Werf et al., 2010).

Formatiert:

Tiefgestellt

Tiefgestellt

Formatiert:

Tiefgestellt

Formatiert:

[
{ Formatiert:
[
[

Tiefgestellt

o

Kommentiert [TL19]: We thank the reviewer for pointing
out the lack of information regarding the model simulatior
Here additional details are given, also added to manuscri




10

15

20

25

For methane additional sources of both wetlands in the Amazon and Nortitémsrale gas drilling were added to simulate
the methane trend since 2007 (Zimmermann et al., 2018).

We used two different model output. One is the output from the SD4osldbmvhich was developed by Jockel et al. (2010)
for simulations along moving platforms, like ships or aircraft® @ata collection takes place in four dimensions (space and
time) and the data are interpolated online, thus no information is lost thterfwlation after the simulation. The data along
the flight track have a time resolution of 12 min (i.e. the model time-stehahe compared to the in situ data for CO and
CH,, averaged over 12 min. The second model output is given as thressitimal daily mean data for different parameters,
like CO, CH, and the wind field. With these data the position of théASian-menseen-anticyelonean be identified on
different pressure levels, as well as its vertical extension, via vertical profilegiofdtly, the identification of emission
sources at the surface is possible.

254 Satellite data

Cloud top pressure informati¢m

leollected from the
MODIS instrument on board of AQUA, via measured radiances in thérapalgsorption bands at 15 pm €Menzel et al.,
2008). In general, the atmosphere becomes more opaque with increasing wawklergtithe absorption of G®etween
13.315um. Thus, the measured radiances in these spectral bands are sensitivarent gifessure levels. The cloud top
pressure is determined by the ratio of two pairs of adjacent wavelengths irirénedinFor AQUA MODIS the ratios of
14.24/13.94 ym, 13.94/13.64 um and 13.64/13.34 um are oséigh, midlevel, and low-level clouds, respectively. The data
are derived from the level 3 MODIS Atmosphere Daily Global Product data (M®BOPlatnick, 2015), which are available
from the NASA webpagehftps+adsweb-modaps-eosdis-rasa.gov/https://ladsweb.modaps.esadisyjaThe resolution

of the data is 1°x1° for daily means.

3 Results and Discussion

3.1 CHs and CO profiles

Vertical profiles were flown over Oberpfaffenhofen (Germany), Pagp@gprus), Etna (Italy), Egypt, Bahrain
and Gan (Maldives) (marked in Figure 1). As observed, the CQChiagrofiles measured during OMO indicate different
altitude distributions depending on the geograpﬁical location

enty-measureg-white when Pin contrast

P [Here profiles

Kommentiert [TL20]: Yes it is used as a proxy for the
location of convection to compare the region with the
calculated updraft of the back trajectories. This informatic
added in the actual section 2.5.

Kommentiert [TL21]: In the classification of the profiles
for Northern hemisphere and AMA-influenced profiles the
geographical location but also the meteorological situatio
are accounted. The profiles over Egypt were only sample
during the second double anticyclone mode with the wes
extending over Egypt. Profiles over Paphos spread over
longer period with representing the background atmosph
and partly also AMA-influenced air masses, which leads

within the standard deviation to an average of a backgrot
profile. The figures 18-21 are only examples for the speci
mode and they are in a height of 204hPa. Not necessarily
representative for the atmosphere below or representativ
different meteorological situations.
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over Paphos, Etnand Oberpaffenhofen are used to derive a northern hemisphere (Mgi)dead, while profiles over Egypt
and Bahrain are used to derive altitude dependent information under manfeence (AMA profiles), and profiles over
Gan are used to derive a southern hemighé8H) background (Figuﬁe} 2). Average profiles were calculated inrb@ins,
starting above 4«m to avoid boundary layer effects. Inspection of the 8MA profile indicates a significant enhancement
Park
(20076) used CO observations from satellites and wind fields to idéntifnonsoon influenced air masses inside the

in the upper troposphere between 9 and 12.5 km correspondinggarprevels between 300 and 170[Iv=>a.

AMA at a similar pressure range (2000 hPa). The average Glrhixing ratio of the AMA profile between |@m and 12.5km
i5{1919.0+17.2 ppbv, while the average Glrhixing ratio for thererthern-hemispherdlt) background is 1863.4+14.0 ppbv,
comparable to CHmixing ratios below 9 km measured for the AMA profil876.5+8.7 ppbv. The average Ghhixing ratio

for the SH background is 1778.3+£19.5 ppby, significantly lotvan either the NH background or the AMA profiles. While
the NH background shows only a small increase of @ve 11 km, the SH background profile steadily increases with height.
Gan is located at the equator and thus influenced by the southern hemmidphing boreal summer when the ITCZ is shifted
to the north (Waliser and Gautier, 1993). Since most of the methanessatgde the northern hemisphere north of the ITCZ,
the profile over Gan thus to some extend representsethirern-hemispher&KH) background. The observed Glihcrease

with height can be explained by the global circulatjon. v
At the surface the air
is influenced by wind from southern directions with low ZHixing ratios eHigh
altitude -At-high-altitudes-the actransperttransfer
7, eenveetivieyconvectively

. [The observed difference in Gackground
between the NH and the SH is 85.1 ppbv, which agrees with an interhemigphdiént of 8690 ppbv for the period 2007
to 2010 given in Bergamaschi et al. (2013).
The measured mean CO profiles for AMA (74.2+10.9 ppbv), NHkdracnd (68.8+7.3 ppbv) and SH background
(63.2+4.3 ppbv) are rather similar and agree within the standard devii®rextheless, in the upper troposphere the AMA
profile indicates a slight increase of CO mixing ratios relative to the badkdyr&nhanced CO and Glhixing ratios in the
upper troposphere over the eastern Mediterranean in summer 20@datasswith air masses influenced by the monsoon,
were also observed during the MINOS aircraft campaign (Lelieveld et al, 3862¢eren et al., 200$). This isconsistenh
with the observed upper tropospheric increase of CO andrHe NH background profiles, which are found during ascends
and descends over Paphos but not over Oberpfaffenhofeenémad, our observation of enhanced CO mixing ratios under
monsoon influence are consistent with Park et al. (2008), who showedatbllitesbased averaged CO profiles exhibit

Kommentiert [TL22]: Yes, there are other in situ profiles
Lelieveld et al. (2002) measured profiles over the
Mediterranean in summer 2001 during MINOS. They hav
observed enhaved CH4 and CO values in the UT, especi
during stronger influence from the AMA in the UT with CF
mixing ratios up to ca. 1890 ppbv. Bergamaschi et al. (20
presented CH4 profiles over the pacific in dependence of
latitude observed in 2009. The CH4 mixing ratios decreas
from the norhtern hemisphere to the southern hemisphen
The highest values are reported for the lower troposphert
the northern hemisphere (around 1882 ppbv). In the UT (
increases towards the tropics to around 1800 ppbv.

right one is Park et al. (2007).

[ Kommentiert [TL24]:

Kommentiert [TL23]: The reference was wrong and the}

This has been changed.
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increased CO mixing ratios in the upper troposphere insidb the AMA in comparison to air
outside the AMA J

To differentiate between air masses in and outside the AMA various appsdzeve been used in the literature. Often potential

vorticity (PV) is used for this purpose (e.g. Randel and P&®6,2Garny and Randel, 2013 or Ploeger et al., 2015). Ploeger
et al. (2015) calculated PV from reanalysis data to determine a transpit isatating the AMA. In the restricted are& o
interest low PV values are found inside the anticyclone while higher PV valueseepthe background. A more direct
approach is the use of a CO threshold (Park et al., 2008). Basag:litesdata, Park et al. (2008) found that CO mixing ratios
< 60 ppbv represent background air while CO mixing ratios > 60 mgresent air inside the AMA at 16.5 km. In our study
the monsoon influence in the upper troposphere is most obvious@Htherofile, while CO is less suitable due to its larger
atmospheric variability associated with its shorter lifetime (Junge, 1974haridstrumental problems experienced for CO
during the second half of the campaign. Therefore, a methane threshold g tiesignify monsoon influenced air masses

from the NH background profile. To avoid boundary layer effects the above mentioned slight increase in the NH
background profile above 11 km due to a small contribution osemminfluenced air above the eastern Mediterranean, only
data between 4 km and 10 km were used, yielding an averagaigiHg ratio for the background of 1859.4+10.2 ppbv, which
is slightly lower than the above mentioned mixing ratio covering the whole altéunde.rThe Chithreshold is then defined

as this average plus twice the standard deviation:

[%*g c0aoeta B 0epacEd FL szwqv',”" EtUsrat’,” L szyqz’',",

()
In situCHa mixing ratios that exceed this threshold are assumed to be influencedSnuth Asian monsoon aadetherefore
beingrepresentative of the AMA, in the following denoted as being AMA-influenceulevih the NH background profile,
CHgmethanemixing ratios in the upper troposphere are generally smaller than this thr&otdixing ratios in the AMA

Kommentiert [TL27]: Park et al., 2008 reported CO MR
the UT (10-15km) of around 100ppbv in the AMA and 65-
90ppbv outside. We measured in 10-14km around
74.0+15.2 ppbv and outside of 71.2+10.0 ppbv. Park et a
2008 defined the AMA by a CO threshold opposite to our
CHa approach and in our profiles inside and outside even
are included, only separated by their location, which lead
a smaller difference in the CO mixing ratios for backgrour
and AMA-influence in the UT.

Kommentiert [TL28]: This problem only degraded the d:
quality of CO measurements.

Kommentiert [TL29]: This has been changed.
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thus the results are sensitive to it. Neverthelels® other compounds measured during OMO showed the isolation of/the]

anticyclone in thaupper troposphetsF (Lelieveld et al., 201d) whickenficmesconfirmshe possibility of this threshold to

region which is supposed to be AMA-influenced will be either larger @llemthus the edge of the anticyclone would be

differently defined but the whole dynamical process is not significantly C@hgm

3.2 Case study flight 19

To illustrate the connection between enhanced @HKing ratios, monsoon convection, and South Asian pollutiorcesuat
the surface we performed a case study on flight 19 data (Augua®13). The flight took place over the Arabian Peninsula.

Kommentiert [TL31]: The threshold is a simple tool to
distinguish between background air masses and air mass
influenced by the monsoon. It is based on in situ
measurements and it is subjectively chosen, however its
application to the in situ data showed a reasonable
differentiation. The threshold itself was not be applied to 1
EMAC data along the flight tracks and in the histograms
(Figures 16 and 17) as the model underestimated the in ¢
measurements. The in situ CO and the EMAC data are
distinguished into AMA-influence and background accord
to the time, when the in situ CH4 was above or below the
CH4 threshold. Nevertheless the CH4 threshold is repres
in the EMAC horizontal trace gas distributions as a conto
line for a better orientation of the AMA position.
Consequently the analyses depend on the threshold.
Nevertheless a change in the absolute value would incre:
decrease the region which we assumed to be influenced
the monsoon.
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After take-off from Paphos HALO headed towards Oman before retubzioky to Paphos. Enhanced mixing ratios for CO
and CH were measured between 10-11UTC (Figure 3). Over Oman at arprisal of 175 hPa mixing ratios for CO and
levels d74.3+10.§ ppbv and {1846.7+16.1ppbv to {99.5+14.3 ppbv and
{1905.2+13.9ppbv, respectively. According to the classification defined in the prewioagter CH mixing ratios reached

CH; increased from background

values well above the threshold indicating that air masses influenced by theomerese probed. Elevated mixing ratios
were still observed after a flight level change (200 hPa). Accordingly,flighih levels were within the altitude range of the
AMA confinement of 20000 hPa reported birandel andParket-al.(2006). Within the AMA the average increase relative
to background for CO is arourab ppbv and for CkHlaround 58 ppbv. The increase in Obirather sharp, indicating a rather
well defined edge of the AMA, as has been reported in previous stedie®ark et al., 2008).

For the MINOS campaign over the eastern Mediterranean, Scheeren et a). d@fi68uished between air masses that
originated over South Asia and those over North America/North Atlantic, porrdig to our classificatioaof AMA air

PDVVHV DQG 1+ EDFNJURXQG UHVSHFWLYHO\PDRW H RMKDGVEH KRABRH RV BWHKW K QVROU EDFNJURXQG

due to its location over the eastern Mediterranean. Scheeren et al. (@883d in situ trace gas measurements for the 6-
13 km altitude range. Mean CO mixing ratios wéfé+12 ppbv for North American/North Atlantic origin afd02+4 ppbv

for air masses with a South Asian origin, resulting in a difference @ipB8. The relative difference in Gldbserved by
Scheeren is 63 ppbv (North America/North Atlantit819+26 ppbv, South Asiaf1882+23 ppbv). The enhancements
observed during MINOS are similar to those observed during OMO fi@hdlthough absolute mixing ratios in particular for
CH, are higher, since global GHoncentrations have been increasing since summer 2001 (Zimmermann2618l.

[Furthermore, similar increases in CO and,@tixing ratios, caused by an outflow event of the AMA, were dented over

Northern Europe during TACTSflight by Vogel et al. 2014) They reported enhancements of approximately 25 ppbv for CO
(background: 125 ppbv, outflow air:40-50 ppbv) and65 ppbv for CH (background: 700-1750 ppbv, outflow air: 1770-
1810 ppbv). The absolute values for CO ands@ke lower in comparison to the present study. The transport time was \abou

five weeks so the air mass of the outflow event could be mixed with bacidyair. The background itself has a different

characteristic as the flight during TACTS took place in the lower stratosphefiegand took place in the upper troposphere,

Using FLEXPART, 10-day centroid back trajectories along the flight track vedcalated. An analysis indicates that in general
enhanced CHmixing ratios are associated with an air mass origin inside the AMA, while |GMermixing ratios are
associated with background air (Figure 4). In particular the back trajecttanitegsat release points with the highest.CH

mixing ratiosmeasured along the flight tra¢kigure 7-8) have been confined in the AMA for several days with their origin

over Northern India and Bangladesh. Between five to ten days befoeevatisns the back-trajectories are found in the
boundary layer or the lower troposphere, before they are upliftedhi@topper troposphere by deep convectiorQQ hPa)
(Figure 5). This finding is in good agreement with Bergman et @L.3R who calculated trajectory transit times of 2-22 days
from the surface to the 200 hPa level in the region of the Tibetan PlatebndmiSE Asia. After the convective injection into
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the upper troposphere the air masses in this case study are advectesbathidye edge of the AMA, following the tropical
easterly jet towards the measurement region over the Arabian Peniifsul@ansport distance of an air parcel in the upper
troposphere depends on its origin and takes 1-6 days in the presentepaayling on the area of convective transport
(Northern India, Bangladesh, Bay of Bengal). Scheeren et al. (8068p MINOS found a longer transport time for polluted
air masses ranging from 7 to 10 days from the South Asiatesoegion towards the eastern Mediterranean, which also
represents a longer transport pathway. During ESMVal the long range ttangperupper troposphere from the eastern part
of the AMA towards the Arabian Peninsula along the southern fringeeofRhA took 2-4 days and the majority of the
trajectories were circulating around the AMA within 10 days prior to tisemfation (Gottschaldt et al., 2017).

By comparing the back trajectories with satellite images of daily fnean cloue:toppressure it was possible to identify {Kommentiert [TL34]:
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figure capture.

regions with strong convectidihere with cloud top pressure bel@0 hPd)that were intercepted by the trajectories during {Kommentiert [TL35]:

their uplifting phase (illustrated in Figure 6). Matches were generally fousrdtioe Bay of Bengal, the Indo-Gangetic Plain,

Added a value in manuscript and

Bangladesh, the north eastern region of India, and Mydmmar
uring the days when the back trajectories passedcever this areabutthe cloud top

pressure was at a lower altitude than like trajectories. Thus the influence from central India seems to be {Kommentiert [TL36]:

The sentence is rewritten.

negligible for this particular flight. Convective cloud top informationgstimating the influence of convection on the transport
pathways of trajectories were already applied in previous studies, like Scheteal. (2003) and Gottschaldt et al. (2017).
They found the strongest convection occurring in the same area as meationed

To compare observations with model simulations, Figure 3 shows time feer@® and CH. For flight 19, EMAC model
simulation results for CO and Gldgree well with the observations (CQ:1+8.% ppbv, CH: {11.9+21.7 ppbv), reproducing
observed trends in mixing ratios for both species, although the modalrad®er course resolution of 2.8°x2.8°. In general
the model tends to underestimate the enhanceth@king ratios in particular for AMA-influenced regions and overestimates
CO. A comparison for all flights during the OMO mission yields aleh@verestimation of4.6+11.8 ppbv for CO and an
underestimation of7.0+32.8 ppbv for CH (see section 3.4.). A comparison between in situ CO and EMAC simulétion
the ESMVal flight showed good agreement with a negative bias of the simulated @®,weds in regions of strong CO
gradients about 10 ppbv, otherwise smaller (Gottschaldt et al., 2017).tBéntrace gases mixing ratios and trends are in
general well reproduced by the EMAC model, it will be extensively used for furtteepretation of the measurements in the
remainder of the manuscript.

The position of the AMA can be determined from horizontal transects of El#ly means of trace gas distributions and
meteorological data on a pressure level of 204 hPa (Figure 7, &).tiéeranticyclone is identified by the wind field and
corresponding CO and GHields. Enhanced trace gas mixing ratios are found to be confined wighémticyclone due to the

strong isolation caused by the [circulation (Park et al., 2008). On August 13, 2015, the AMArded { Kommentiert [TL37]:
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from the eastern part of the Arabian Peninsula to the eastern part of Chiinanaride northern part of the Bay of Bengal t
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the Gobi Desert. Its centre was located over the Tibetan Plateau, which isecongith the climatological mean position of
the AMA as documented by Niitzel et al. (2016). The simulated mixing ratide ithe anticyclone increase from around
90 ppbv (CO) and 1860 ppbv (GHat the fringes of the anticyclone to values inside the AMA above 150gmub¥920 ppbv
for CO and CH, respectively. Mixing ratios in background air over the Mediterrarm@anaround 65 ppbv for CO and
1840ppbv for CH and thus below those simulated inside the AMA. Enhanced mixing ratios irvtAevire reported also

in previous studies, e.g. increased4@hixing ratios in satellite data over the summer monsoon region kyePat. (2004)
and Xiong et al. (2009), or enhanced CO values from satellite measurémirgsnonsoon region by Li et al. (2005). The
latter study reported CO mixing ratios of up to 133 ppbv at aymes$svel of 147 hPa over the monsoon region, which fits
with our slightly higher simulated CO values at a lower pressure level, if wmaghat CO mixing ratios decrease with height
(Park et al., 2008).

Since the 200 hPa level is representative for the dominant flight altitude, theabsstwations along the flight track can also
be compared to the simulated 2D fields. Further, we assume that the 200 hiFavidnezb most of the convective outflow
takes place, and therefore pollution levels are expected to be highest (ParR0&x3l. Figure 7 and 8 show tlhat OMO flight
19 only scratches the western edge of the AMA. Measuredn@ixing ratios are higher inside the AMA than the simulated

ones. This is in line with the above mentioneds@Hderestimation by the model. In the model simulations the anticyclone
shows a more distinct signal in @ompared to CO, since the edge ins@Hwell-defined, with mixing ratios dropping off
significantly outside the anticyclone. In contrast, the CO pattern is mousealifThe simulated CO pattern, especially the
enhanced values over Oman, fits well to the observed CO mixing ratios aoflighh track-which-can-be-partly-due-to-the
effect that the model overestimates CO while;GHliues are generally underestimated by the mokket EMAC model

Kommentiert [TL38]: We added contour lines for the €+
threshold (1879.8 ppbv) and the £background

(18594 ppbv)valuein Figure 7 and 8 according to the
suggestion of reviewer 1. The flight track crosses the edg
the AMA with higher mixing ratios inside the AMA, which
can be seen in the measured and the modeled data. The
difference between the in situ and simulated values show
on a regional scale the model is not able to reproduce the
reality with respect to the absolute values.

underestimate€H, and CO in the upper troposphere. As shown by Krol et al. (2018), E3¢A@s to have a weaker transport { Formatiert: Tiefgestellt ]

of surface tracers than other models. There are two potential reastmet fbut it is difficult to distinguish them. First, a too

slow vertical velocity, thus the convective updraft is too ineffectiveaeoond, the numerical diffusion implied by the coarse

resolution restricts the updraft too strong. Nevertheless we would likéite tiwat for the comparison of CO with the model,
the results are in line with other literature studies at such resolution (e.g. Bnrgzel.ﬁj.
Additional vertical transects along 23.7°N latitude and 56.2°E longitudeignsA 13, 2015 complete the picture of the AMA

with respect to its extension. In a vertical QFansect along 23.7°N (Figure 9) it is obvious that the flight touchlgsthe
western edge of the anticyclone in the upper troposphere and that the nodjibritflight took place outside the anticyclone.
According to the model simulation, convective uplift of {Xbkes place between 75°E and 95°E, which corresponds to India
and the Bay of Bengal. Moreover, the upward transport of pollutetiagses is only simulated in a rather restricted area,
analogous to a chimney, as reported by Bergman et al. (2013). Thigaaredso the preferred location for convection 10 days
prior to the flight as reported above. Rauthe-Schéch et al. (2016}e@porsimilar longitudinal position for convection
between 80°E and 100°E in summer 2008 for CARIBIC flights dveia. In the vertical transect along 56.2°E (Figure 10)
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CHs mixing ratios show an increase at the surface from the equator towdrdsmigthern latitudes. In the upper troposphere
the AMA is located approximately between 15°N and 30°N, which fits well with teitm of the AMA in summer 2008
identified by enhanced CHnixing ratios observed on a CARIBIC flight between 10-40°N (Ba&kal, {2012). In vertical
transects at longitudes between 75-95°E (not shown) the convectioa datelmined to occur between 20°N to 35°N, which
reflects the area Indo-Gangetic Plain, Tibetan Plateau, Bangladesh, and tieasienth part of India. In the vertical transects
for CO[(not shownFigwe—]r,the same patterns are found, although less pronounced compared.tth @khie CO
latitudinal transect along 23.7°ffigure-11)the enhanced mixing ratios range from around 90 ppbv inside tibgcione to
over 400 ppbv at the surface, while £idixing ratios scale from around 1850 ppbv inside the anticyclosarface values
above 2250 ppbv (Figure 9).

3.3Emission source region

Emission source regions are identified by combining the FLEXPART sindlelpanformation with EMAC daily means for
CO and CH mixing ratios in the planetary boundary layer. With FLEXPART the lastdany contact can be determined as
a footprint of parcels, which started from release points with enhanced metba@éh mixing ratios > threshold. The last
boundary layer contact of a parcel is determined if its height position is with¥ of the PBL height (in m above ground
level). These parcels are sorted depending on their geographical postidheansummed-up in each grid cell (1°x1°),
yielding a number of parcels per grid cell in the PBL. For fligh{ASgust 13, 2015) the footprint of the last PBL contact
approximately 10 days prior to the parcel release shows highest vakieBangladesh and the north eastern part of India
(Figure 1.3). The last boundary layer contact is assumed to be a useful indicatbe farea where parcels are uplifted by
convection and subsequently injected into the AMA.

To identify emission sources, EMAC daily mean trace gas mixing ratiaspressure level of 1008 hPa (assumed to be the
surface) are presented. The L£Hixing ratios in Figure 24 exhibit the highest values in the In@argetic Plain and
Bangladesh, spreading southward along the east coast of India and towardsavl Peak values reach up to 2600 ppbv.
Figure B5 shows that CO has the highest mixing ratios in the same region asmii peak values up to 400 ppbv. A
comparison to FigurelB indicates that high CO and Glrhixing ratios are co-located with the areas of convection, leading
to an updraft of polluted air masses to the upper troposphere. fotheint (Figure 1.3) the east coast of Africa, the Indian
Ocean, and the Pacific indicate a minor influence, but they do not cardegpenhanced mixing ratios in EMAC daily mean
CH, or CO. Thus, they are assumed not to contribute to the pollution of tmasses in the AMA. The EMAC daily mean
data also indicate polluted areas along the east coast of China. This areafleatetlrin the parcel footprint, which indicates

that the southeastern part of China is only a minor contributor to the pollutidch@AMA on this particular flight. Note that
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some convection in the daily mean cloud tep;hipressuré maps oceapproximately 10 days prior to the observation over { Kommentiert [TL41]:

This has been changed.

eastern China, confirming that Chinese emissions could have a mindbatotron the composition of the AMA.

The above mentioned peak values at the surface for CO an@v@H Southern Asia can be related to different emission
sources. The regions including the Indo-Gangetic Plain and Bangladesknamdydpopulated areas with an increasing
population trend in combination with strong economic development (RauthetSehél., 2016, Ohara et al., 2007). Potential
CO sources are biomass, fossil, and domestic fuel combustion as welli@saxof CH; and volatile organic compounds
(Pandis and Seinfeld, 2006). ¢Is emitted by rice cultivation, wetlands, domestic ruminants, biomass buiwssd,fuels,
waste decomposition (Khalil, 2000), and flood plains, especially if trepalluted by urban waste and sewage (Baker et al.,
2012). The latter has its maximum emission during the monsootodhe influence of rain. At the same timée has its
primary growing period in the wet season and hence @hissions have a seasonal cycle and are strongest during the
monsoon, contributing significantly to the gemissions (Baker et al., 2012). The simultaneous appearance @fa@idion
maximum and the strong convection leads to a more pronounced chemical sigmalier AMA for CH than for CO. The
CO emission sources do not experience such a strong seasonal depdrdeemphasizes again the use of the @irfeshold

to differentiate between AMA-influenced and background air masses.

Bangladesh and the north eastern part of India are also mentioned in thefdRah et al. (2016) as the preferred uplifting
regions, which agrees with the main areas of the footprint determined inuthys The marked source regions were also
identified by Park et al. (2009), as they reported the origin of uppeospheric CO to be mainly from India and Southeast
Asia, and by Pan et al. (2016) who identified Northeast India, the southek of the Tibetan Plateau, Nepal, and nofth o
the Bay of Bengal to be the most preferred spots for CO uplifting. B&dhdch et al. (2016) identified similar source regions
using FLEXPART 10 day back trajectories for CARIBIC flight ke@ver the South Asian monsoon region. They used
geographical positions of back trajectory points below 5 km, thusniptthe boundary layer as used here, and documented
air originating from India, Indo-Gangetic Plain, Bay of Bengal, mainlar@botheast Asia, and the western part of the Arabian
Sea. Consequently, their area of source regions covers a larger gopmparison to the source region identified for flight 19.
Bergman et al. (2013) demonstrated that trajectories from eastern Chiraheareninor influence to the AMA at the 200 hPa
level, which supports our footprint analysis as it does not show amglanulayer influence from the eastern coast of China.

3.4 The AMA during OMO

Similar analysis as for flight 19 is discussed in detail for the other QiMdtts including time series, back trajectories, and
model results in the supplement. Here we extend the analysis of OMO resaiysing CO and CHnixing ratios between
300 and 140 hPa from all research flights. In Table 1 observaiwhsnodel data are separated by the @ieshold into
monsoon-affected and background periods. Observed CO mixing fiattceased under monsoon influence by about
20.1ppbv, while CH mixing ratios were enhanced by about 72.1 ppbv. EMAC SD4 CO andalSél indicate increased
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mixing ratios along the flight tracks within the AMA, but not as strasgfor the observations-(14.7ppbv for CO and
24.0ppbv for CH).

The observed increase in ¢liside the AMA by ~ 70 ppbv is in good agreement with the reporteeiéserof 380 ppbv (at
8-12.5km) between pre-monsoon and monsoon season reported by ®thalci2012). Xiong et al. (2009) reported a.CH
increase of up to 100 ppbv from June to September (for 2008}t 300 hPa. Both studies are based on data observed over
India, thus much closer to the AMA centre, which might explain therdiffee in absolute values. Moreover, they mirror
seasonal variations by comparing pre-monsoon with monsoon cesdéitd thus are not necessarily representative for
background conditions as determined during OMO.

In Figure 46 and B7 histograms for CiHand CO mixing ratios, respectively, are shown for observations eddlmata at
altitudes between 300 and 140 hPa separated into values above (AMA) amddzelkground) the CHthreshold. The CO
observations and model data have similar distributions for backgrouwnellaas AMA conditions. Average CO mixing ratios

IRU REVHUYDWLRQV DQG PRGHO G DW DDIRWHS$0 % LDAKStaGIBNG KE¥iBtBNS ITebl € B.QIRL WL R Q V

CH, mixing ratio average from the model for background conditionsagsees with the observation within their combined
standard deviations, while the difference of the AMA ,CaVerages between the model and the observations is more
pronounced. Observed Gldverages for background and AMA can be clearly distinguisheidhvidhmostly due to the CH
threshold itself, which subdivides the data into two regimes. The distribitibe @ situ CH background data consists of
two modes. The one with the low mixing ratios is associated to the SH bankigrand consists of observations over the
Indian Ocean from or towards Gan. In the southern hemisphere theni@ifg ratios range from 1760 ppbv to 1820 ppbv.
The second mode represents the NH background with mixing ratios in te 0&rl820 to 1880 ppbv, comprised of
observations over the Mediterranean and partly the Arabian Peninsutamiparison, the simulated GHbackground
distribution lacks the SH mode. EMAC also underestimates the AMAMIking ratios. Accordingly, the CHenhancement

of the model is smaller than in the observations. AMA-influenced air make@sa broad distribution of GHnixing ratios
with values ranging from 1880 ppbv to 1980 ppbv. During the OMOpa#n the position of the anticyclone changed
repeatedly and thus observations were made at varying distance betweenmdfi@atc¢he centre of the anticyclone (see next
chapter). As expected, this leads to variations in the observednBdihg ratios for air masses influenced by the AMA.
Furthermore, changes in the location of deep convection, the sttty updraft or differences in emission sources lead
also to variability in the observed Ghhixing ratios (see section 3.5). While the observed backgrouritioms for both NH

and SH each cover a range of approximately 60 ppbv, the AMA miatiag vary by about 100 ppbv.

3.5 AMA modes

Over the course of the OMO campaign the occurrence, position and exteatAlfith varied. The AMA pattern can be
subdivided into four meteorological situations, which can be identified EBNAC daily means for Cldand the wind pattern
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on a pressure level of 204 hPa. The first mode (Fige®gi4 composed of 2 distinct anticyclones, which slowly move eastward
between July 21 and August 1, 2015. On July 21 a western anticyclarsitisned over the Eastern Mediterranean. Its centre
subsequently shifts towards the east. The eastern anticyclone with its cemtre 20°E shifts eastward towards the Tibetan
Plateau. The second mode (Figur@)lwhich consists of a single anticyclone is found during the period Anagust 6, 2015

to August 10, 2015. This mode has its centre over the Kashgiinré~70-80°E), which corresponds to the climatic mean
location of the AMA centre (Zhang et al., 2002) and is called the cent@é.nThe third single anticyclone mode (Figure
1829 has its centre over the Tibetan Platea®82(5%92.5°E) and was observed between August 11, 2015 and Aug@€18,
(Tibetan mode{Zhang et al., 2002). In the following (August 20, 2015 to Au@st2015) the anticyclone of the Tibetan
mode moves westward and splits-up into 2 anticyclones (FitR28). Here the westward movement of the AMA leads to
instabilities in the circulation (Popovic and Plumb, 2001) so that a secongctotie can break-off the main feature (Hsu and
Plumb, 2000). The western anticyclone now has its centre above the Middism&#se eastern part over the Tibetan Plateau.
During OMO the time period between the reoccurrence of the 2 distinct antiegdkaround 20 days. A 10-20 day cycle of
westward propagation of the anticyclone including splitting into two anticyclbagseen reported by Krishnamurti and
Ardanuy (1980) and shown to lead to a succession of rainy and dry period$a during the monsoon seasmang et al.
(2002) presented a bimodality of the AMA with a centre position of theyaitite over the Iranian or the Tibetan Plateau.
During OMO we found both positions, whichdan-lead-te-the-assumption-of ain line with Hieodality assumptionin
contrast Nutzel et al. (2016) reportesdsedifferent centre positions of the AMA in several modblst most of thenfavedid

not simulatel a preferred bimodality. Regarding the eastern anticyclones during théedmitieyclones modes, the positions
were—in between the Iranian and Tibetan Plateau (first mode) and in therffmaithover the Tibetan Plateau. Consequently
theywiltdo not support a preferred bimodality. In Zhang et al. (2002) artzieNét al. (2016) the Iranian and the Tibetan mode

are further distinguished by parameters, like diabatic heating, rain paiterreas of convection, which are outeéscope

ofin the present study. Here the focus is on the dynamics with respeetttadl gas distributions. The subdivision into four

modes represents the dynamics of the AMA over the course of theicainp
Different trace gas levels between these four modes can also be identifiecCid; and CO observations by subdividing the
observations into MA-influenced and background values at altitudes between 300 hPa andal@@hbl@ 2). The lowest

CH, mixing ratios in background air are observed during the central remae, during this time HALO was flying mostly
over the Indian Ocean at low latitudes. These flights were influenced by solémeisphere air masses due to the ITCZ shift
to the north during boreal summer. Especially over India, the positidre ITCZ is in general between 5°-30°N in summer
(Lawrence and Lelieveld, 2010). For the three other AMA modes theb@ekground values are comparable, representing
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northern hemispheric background conditions. Their mixing ratios reflesttals CH mixing ratio derived for the NH
background profile (1859.4 ppbv) in section 3.1.

CO mixing ratios in background air masses show hardly any diffetstaeen the northern and the southern hemisphere in
the upper troposphere. This is consistent with airborne observationg theitndian winter monsoon (January 1999) over
the northern part of the Indian Ocean during the INDOEX campaign (Gouw 20@L). While no significant CO gradient
was observed in the upper troposphere, a pronounced north-sadigngof 3.9+1.9 ppbv dédatitude was observed below

3 km @eGouw et al., 2001)

Differences in CH and CO mixing ratios for AMA-influenced air masses during OMO aamplained by the relative
distance between the position of HALO and the position of the centre of tide YAlth increasing distance from the centre
of the anticyclone, mixing ratios tend to decrease. The distribution tfiteegases in the upper troposphere depends on the
dynamics of the monsoon, since position and strength of the canvehtinge during the wet season (Randel and Park, 2006).
For example, if convection takes place over the Bay of Bengal, |stedaair is uplifted. In contrast, if the convection is
directly over densely populated regions, e.g. Bangladesh, which aeepolbuted, convection transports the pollutants to the
upper troposphere. At the same time, the strength of the convection changetheithonsoon due to differences in thermal
heating between the relative cold ocean compared to the hot land (Dethof @9, 19

During OMO, theCHs mixing ratios for AMA influenced air masses varied temporally froodento mode. The different
mixing ratios do not follow a simple systematic (Table 2), and camnétlly explained by the relative distance towards the
AMA centre. Although the distances to the respective anticyclone centreslvegtest during the two anticyclones modes,
the observed CHmixing ratios were both lowest and highest. In these cases, oneitern AMA was probed above the
eastern Mediterranean or the Middle East, because the flight tracks weresiméheegion.In contrast, the CkHmixing ratios

for the two single AMA modes represented levels in between the minimumenth#timum CH mixing ratios. In fact, Ck
mixing ratios influenced by the monsoon increased from the firsienmwvards the fourth. The increase in average i€H
even more pronounced if we only include flights 22 and 23 in thehfauode, as the flight track of flight 24 over the
Mediterranean was not at all impacted by the AMA. Thus, the averagen®thg ratio for the last mode becomes
1927.1 ppbv, which indicates an even strongek @kerease over the course of the OMO campaign. ThedbHancement
can be most likely explained with a combination of the position of the coorethie temporal development of the AMA, and
the accumulation of emission in time. A strengthening of the convection andfuft of the convection towards areas with
larger emission sources would lead to higheg @liking ratios in the upper troposphere. A temporal increase in emisagons
described for CHlin section 3.3, induces also an increase of iBlthe AMA as reported by Xiong et al. (2009). They observed
an enhancement of Ghh the upper troposphere during the monsoon season, startingredthomsoon conditions around
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June, increasing toward the end of the monsoon season (Septehuageriingly, the strong AMA circulation traps the
polluted air masses and the degree of pollution increases during iseencseason.

The CH mixing ratios in the EMAC data at 204 hPa show similar distributions toltbenaations along the flight tracks,
indicating that the simulations of the AMA position agrees with the observahiots.that the model may not resolve small
scale features due to its coarse resolution, which will lead to deviations between siandiaddderved trace gas distribution,
in particular close to the fringe of the AMA. In Section 3.6 we will descritesa study were the model successfully captures
the weakening of the transport barrier and subsequent outflow of @esnfiem the AMA.

3.6 Outflow event from the AMA

Besides the different modes mentioned above, an outflow event was detectediil@nén the EMAC data on 204 hPa an

air mass with enhanced @lrixing ratios started to move from Bangladesh westwards on Aug@6t3, In the previous
days, convection took place over Bangladesh and injected polluted air iméssles upper troposphere. The convection can
also be identified in the cloud tgmessureheightlata showing high clouds over Bangladesh. The air mass was further
transported at the southern edge of the AMA following the tropical jet towleedsest.

On August 3/4, a disturbance in the subtropical jet caused an instability iM#eifculation which led to a weakening of

the wind field especially in the south western part of the AMA. The slow AMA ciromlatias associated with a weakened
transport barrier, thus offering the possibility that air masses inssd&NIA were split-off. As the observed air mass was
already at the fringe of the AMA circulation and thus transported into the refjtbe weak wind field, it left the AMA on
August 5. Afterwards the circulation of the AMA strengthened again aith@ass that left the AMA was probed by HALO
over Oman on August 6 (Figur@3. In the following days the westward transport of the air mass contougedhe Arabian
Peninsula following a south westerly flow on August 8. During its athrethe originally compact air mass was stretched
and transported north eastwards. On August 10 (Figlig i2 was located above the Red Sea and next moved further
northeastward, to be reintegrat@to the AMA circulation at the north western edge of the AMA in clos&imity to the
subtropical jet.

We measured the expelled air mass outside the AMA on two consecutiveiflighlgsasi-Lagrangian experiment. On August

6 (flight 12/13, Figure 22) HALO probed the expulsion with enhanced CO and G¥¢r Oman[. In the air mass CO and,CH
mixing ratios increased to 117.3+22.2 ppbv and 1893.5+%8 pespectively (background: CO=78.6+33.3 ppbv and
CH,=1827.4+26.%pbv) which can be seen in Figure.Zlhe second probing of this air mass took place at August 10t(fligh
17/18, Figure 23) over the Red Sea yielding mixing ratios of 94.2+6.8 ppbvi803.7+19.2pbv. This corresponds to the g%?é’;‘vzriﬁertc[g‘;ﬂ; CAHZCSirgtirri]lgutttijot::aslzﬂgetfwiofrl]i;gtt?ri

increase at arounti?-13 UTC in Figure 23}The CO and CHmixing ratios observed on both flights agree well within their | as a time line are added in Figures 24 and 25. The trace

I . L . . . ) mixing ratios (observed and simulated) show clear
standard deviations, with the small (but insignificant) differences proluabiged by different flight levels (flight 12/13: enhar?cement(due to the outflow evem)for both flights (fli

12/13 and flight 17/18).
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11.9 km and flight 17/18: 12.4 km). Note that the standard deviatidd@oduring flight 12/13 is larger than for flight 17/18
due to technical problems with the dQomparing the EMAC simulations with the in situ data along the flight tré&tiare
22 and 23), the trends for the outflow agree. The EMAC averagegniatios for CO and CHare 112.2+1.2 ppbv and
1891.7+1.2 ppbv, respectively, for flight 12/13 and 90.8plv and 1864.6+5.9 ppbv for flight 17/18. Thus also theegl
agree within their standard deviation beside, @Hlight 17/18, where the outflow is underestimated by the njodel.

To check if the expelled air masses probed in the two flights were conneaddagrangian sense, we use centroid back
trajectories. In Figure4 the 10-day back trajectories for the enhanced\@hie$ associated with the locations of the outflow
event mentioned before (Figure 20 and|2tg, shown for the flights 12/13 and 17/18. The trajectories have thgir iorithe
lower troposphere (below ~550 hPa) over the Arabian Sea and the subiaantinent. In the area of Bangladesh, the ‘

trajectories are convectively uplifted to the upper troposphere. From thefeltbeythe tropical jet towards the west, towards
Oman and the Red Sea. The trajectories fit well to the simulated movemeetaif thass with the enhanced Qkhlues.
Besides the similar geographical and altitude position of the trajectories dfioth, the positions also agree in time, which
means that the back trajectories of flight 17/18, released on Augiusedded four days between their release points and the
crossing with the release points of flight 12/13. This travel duratioreistigxhe time between the two flights. Therefore, in
Figure 55 the trajectories are colour-coded with time, starting from August 30zg®) counting backward in time. The
trajectories are uplifted in the same period and exceed the 300 hPa level-rdagsl. Subsequently, the trajectories of both
flights travel together westwards in the same latitudinal band. On Auguktéys), when the trajectories of flight 12/13 are
released, they reach Oman and accordingly the release points of flight 2%, the trajectories for both flights coincide in
time and space. Therefore, they complete the picture of the outflow obserthesl Simulations and confirm the in situ
measurement analysis.

Beside outflow events at the western edge of the AMA, as documented hemetiadso possible at the eastern edge of the
AMA as described in Vogel et al. (2014). During TACTS they pradredir mass with enhanced CO and,@hixing ratios

over Northern Europe in the lower stratosphere. They used lageéttries to analyse the transport pathways of the expelled

air mass. The air maggsinjected at the south eastern edge of the AMA, streamed clockwise areulil#) andflowed

out of the AMAat the north eastern part by eastward eddy shedding. Afterwards thasairansported eastward with the
subtropical jetAfter ca. five weeks the expelled air mass reached the flight track over M\oEthgpéf

4 Summary and Conclusion

The AMA is adynamiealcirculation system in the upper troposphere and lower stratosphere,appieairs over Asia during
boreal summer. The anticyclone is coupled to deep convection (Hoskifodwell, 1995), which pumps up polluted air
masses. The relatively strong anticyclonic circulation traps the pollutants insialel#and constitutes a clear chemical
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signature. The emissions hawestheirdominant sources in South Asia, and are growing owing to populationseced
economic development. It is not fully understood how the pollutants iU chemical composition in the AMA, nor in
the upper troposphere on a global scale. We especially lack informationthae transport pathways of the boundary layer
air masses into the AMA and how they escape the anticyclone. In the presienive addre$s teetransport pathways
including the convective transport from the boundary layer intogbentroposphere, the circulation in the AMA, the
transport atind acrosthe edges of the AMand-across-the-edgeghich-canlead-toassociated wihtflow events and
further transport in the upper troposphere partly in connectionthétet streamls The aircraft campaigh OMO took place in

July/August 2015 in the upper troposphere over the Mediterraneafirghian Peninsula, and the Arabian Sea to investigate
the AMA and regions west and south of the AMA. On board HALO the gases CO and CHvere measured with the IR-
absorption spectrometer TRISTAR. Both trace gases exhibit enhanceméetsnixing ratios when influenced by the
monsoon. To support our analysis, FLEXPART back trajectorieERAIC model simulations were used. In this study we
focused on the dynamics with respect to trace constituents and their trgasperys into and in the AMA and their origin.

In view of the flight tracks in the west of the AMA, the focus isn@eestward transport pathways. To investigate the long
range transport of relatively long-lived species, CO and &#l suitable.

The AMA extends vertically from the upper troposphegeinto the stratosphere. It could be clearly distinguished in the
observed ChH AMA profile at altitudes of 9t2.5km, while the NH and SH background profiles show n@mya-minor
influence. In the observed CO profiles and the simulategla®id CO profiles the signature is not as clear as in the observed
CH, profiles. With the help of the observed £background profile, we calculated a £threshold of 1879.8 ppbwt
distinguish between background and AMA-influenced air masses. Ovesuteemf OMO the mixing ratios of CO grew by
about 20.1 ppbv due to the influence of the monsoon. The increase @Hilmixing ratios was about 72.1 ppbv between
background and AMA-influenced air. Furthermore, GHhad smaler lessbackground variability than CO, and the CH
emissions exhibit a seasonality with a maximum during the monsooms€&astwequently, CHs an ideal monsoon tracer.

In a case study of flight 19 the increase in the trace gas mixing cit®® and CH can be unambiguously associated with
the AMA. Back trajectories indicate transport pathways from the sougimmesin South Asia towards the measurement region
for release points with enhanced O¥alues. Source regions include the Indo-Gangetic Plain, Northeast Indidadzsig
and the Bay of Bengal. These regions are densely populated with agricultbeal, and industrial emissions. Due to
convection mainly over the same region the polluted air was uplifted andrémsported with the easterly jet towards the
measurement region. The transport time was approximately 10 days.obeeaithe anticyclone changed during OMO
according to Zhang et al. (2002): starting with a double anticyclone madsfarming to a central mode, shifting to a Tibetan
mode and then splitting again into two anticyclones. The position of the aatieyisl visible in the EMAC simulations, but
can also be identified in the observations. Moreover, the observedmBihg ratios influenced by the AMA indicate

strengthening in the convection or in the emissions or a combinatiathoéi®well as an accumulation in time over the course
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of OMO by a continuous increase. Additionally, the transport of an air wiisenhanced trace gas mixing ratios out of the
AMA towards the west was observed.

In conclusion, the AMA has a distinct fingerprint in the upper troposphere, waishmost prominent in observed &iith
enhanced mixing ratios inside the AMA circulation owing to the st&er@H. emissions during the monsoon season. The
AMA influences the region between the Eastern Mediterranean and East Asghtiteoaxtent, positionand by outflow
events Further-the-long-range-transpdid demonstrate the pathways of trace gas from the source regions into and within
the AMA. The outflow of polluted air masses from the AMA, by owening the transport barrier during weakening
circulation, represents how emissions can be further distributed in teetugposphere and therefore may influence the upper
troposphereaton a global scale. Consequently, surface emissions alter the chemical compositierupper troposphere,

leading to changes in the atmospheric chemi eswhich can influefreeadiative heating+and
coolingrates of different trace gasiesthe upper troposphere. Further investigationsheiieeded concerning the composition

and trace gas chemistry and aerosols in the AMA. In the presenttlséufycus was on longange transporbut whilewith
shorter lived chemical constituenfarther understanding of the chemical composition can be gained, asrisdidis et
al. (2017). It will be helpful to extend the measurements further to theegastyer India and the Bay of Bengal region.
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Figure 1: Overview of the flight tracks during OMO with all four airports (red dots): Oberpfaffenhofen (Germany), Paphos
(Cyprus), Bahrain and Gan (Maldives). Additionally, the regions of the pofiles for northern hemispheric background (blue), AMA
(red), and southern hemispheric background (green) are marked.

29



= { Formatiert: Beschriftung3

i L
14x10° s iﬁ% -
13- ! = L
3 e B
o ——— 1
12 S .
11 o — L
E 101 = ‘ -
e Py
D 9+ . -
= 8 P fat,
7 - =@= NH background I
=S A -
6 %‘ o
1 s [ 1
5 i |
1750 1800 1850 1900 1950 40 60 80 100
CH, [ppbv] CO [ppbv]
L 1 1 ! I B A KPR VAT ATSUTral WS B
14 -
13 -
12+ -
— 114 -
E
= 10 L
5 ol i
©
=
8 & =@= NH background B
“§= AMA
7 1 J =@= SH background -
m— CH, threshold
64 -
5 -
4-'[""I‘"'I""\""\' L L I L WL BT L LR LR L) BRI L
1750 1800 1850 1900 1950 40 60 80 100
CH, [ppbv] CO [ppbv]

Figure 2: Average profiles for northern hemispheric (NH) backgraind, AMA and southern hemisphere (SH) background for CH
5 (left) and CO (right); profile locations are presented in Figure 1. The CHithreshold (1879.8 ppbv) is indicated by the black line.
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Kommentiert [TL49]: The back trajectories for AMA-

/ | influence and background are distinguished by different
symbols with an explanation in the caption in Figure 4 an
and also in the trajectory plots in the supplement.

Figure 4: Centroid trajectories for flight 19 (August 13, 2015) wth colour coded altitude,[Tri angles are back trajectories for Cid /

mixing ratios above theCHg threshold and circles for below theCHgz threshold Formatiert: Tiefgestellt
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Figure 5: Centroid trajectories for flight 19 (August 13, 2015) with colourcoded transport timé.Trian les are back trajectories for

CHa mixing ratios above the CH threshold and circles for below the CH threshold | Kommentiert [TL50]: The back trajectories for AMA-
influence and background are distinguished by different
symbols with an explanation in the caption in Figure 4 an
and also in the trajectory plots in the supplement.
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Figure 6: Satellite-derived cloud top pressure 10 days prior (Augu$}3, 2015) to flight 19Pressure below250 hPa represents strong
convection) | Kommentiert [TL51]: Added a value in manuscript and

figure capture.
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[FAigure 7:[EMAC modelled CH4 and wind field; daily means at 204 hPa, and in situ CiH(above SOQ hPa) alor_1g the flight track for Kommentiert [TL52]: In Figures 7,8, 18-21 and also in
flight 19 (August 13, 2015)Vhite contours represent CH: threshold and background values according to section 3.1. Figures 22 and 23 now contour lines are added for the Cl

threshold (1879.8 ppbv) and the CH4 background
(18594 ppbv)valueaccording to the calculation of the CH-
threshold in section 3.1. In the horizontal CO distribution
the CH4 threshold is added. Now the position of the AMA
easier to identify with respect to the flight tracks.
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Figure 8: EMAC modelled CO and wind field; daily mean at 204 hPaand in situ CO (above 300 hPa) along the flight track for fligt | Kommentiert [TL53]: In Figures 7,8, 18-21 and also in
19 (August 13, 2015White contours represent CH: threshold and background values according to section 3.1. Figures 22 and 23 now contour lines are added for the CI

threshold (1879.8 ppbv) and the CH4 background
(18594 ppbv)valueaccording to the calculation of the CH-
threshold in section 3.1. In the horizontal CO distribution
the CH4 threshold is added. Now the position of the AMA
easier to identify with respect to the flight tracks.
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Figure 9: EMAC modelled CHs; daily mean transect along 23.7°N, and measured GHalong the aircraft track for flight 19.

| Kommentiert [TL54]: Horizontal wind components are

Additional EMAC pressure (black lines in hPa) and EMAC northward wind component(blue lines in m/s; southward wind dashed added to the cross sections in figures 9-12, in detail: eas
lines). wind component in cross sections along a longitude and
northward wind component in cross sections along a latit!
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Figure 10:|[EMAC calculated CHs; daily mean transect along 56.2°E, and measured GHalong the aircraft track for flight 19.

Additional EMAC
lines).
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ressure (black lines in hPa) and EMAC eastward wind component (blue lines in m/s; westward wind dashed

‘| Kommentiert [TL55]: Horizontal wind components are

added to the cross sections in figures 9-12, in detail: east
wind component in cross sections along a longitude and
northward wind component in cross sections along a latit




vertical transect at 23.7°N

20 40 60 80 100 120 1210

| Kommentiert [TL56]: After reviewing the manuscript witl
respect to the goal of the paper, Figures 11 and 12 (vertic
\_ | transect of CO) are removed.

Kommentiert [TL57]: Horizontal wind components are
added to the cross sections in figures 9-12, in detail: east
wind component in cross sections along a longitude and
northward wind component in cross sections along a latit!
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~ | Kommentiert [TL58]: After reviewing the manuscript witl
respect to the goal of the paper, Figures 11 and 12 (vertic
*_ | transect of CO) are removed.

Kommentiert [TL59]: Horizontal wind components are
added to the cross sections in figures 9-12, in detail: east
wind component in cross sections along a longitude and
northward wind component in cross sections along a latit!
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Figure 11:3: Last boundary layer contact of parcés ffrom trajectories, which start along the flight track at locationswith CH4 mixing

ratios above the thresholdjpefore they were transported to the track of flight 19 (10 days prior to fijht).
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Kommentiert [TL60]:
caption.

Explanation added in figure
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[Figure 124: EMAC calculated CO; daily mean at the surface (1008 hPa, Augt 03, 2015) as an indicator for surface emissions (10
days prior to measurement) and the flight track of flight 19(black). Additionally, the footprint of the last boundary layer contact as

white contour line from Figure 11.
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Kommentiert [TL61]: Footprint is now added as white
contour lines for the number of particles per grid cell = 2 1
the surface emission charts for CH4 and CO (Figures14
15).
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[Figure 135 EMAC calculated CHa; daily mean at the surface (1008 hPa, August 03, 2015) as an indéreor surface emissions (10
days prior to measurements), and the track of flight 1gblack). Additionally, the footprint of the last boundary layer contad as white

contour line from Figure 11.
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Kommentiert [TL62]: Footprint is now added as white
contour lines for the number of particles per grid cell = 2 1
the surface emission charts for CH4 and CO (Figures14
15).
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Figure 146: Histogram for in situ measured and EMAC modelled CH within the altitude range 300-140 hPa, both for background
and AMA air.
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Figure 157: Histogram for in situ measured and EMAC modelled CO within the altituderange 300-140 hPa, both for background

and AMA air.
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Table 1: CHs and CO averages and standard deviations for in situ measured and EMA@ata, both for background and monsoon
influenced air masses according to the Ckthreshold for altitudes between 300-140 hPa.

i { Formatiert: Beschriftung3

CHa [ppbv! CO [ppbv
p=[300-140] hPa
avg std avg std
in situ 1910.0 19.2 96.9 10.0
monsoon
EMAC 1874.4 15.3 99.0 11.9
in situ 1837.9 27.6 76.8 15.7
background
EMAC 1850.5 21.2 84.3 15.1
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[Figure 168: |Double anticyclone mode illustrated with wind field and CH EMAC daily means at 204 hPa (July 25, 2015) and the
associated flight tracks.White contours represent Chj threshold and background values according to section 3.1.
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Kommentiert [TL63]: In Figures 7,8, 18-21 and also in
Figures 22 and 23 now contour lines are added for the Cl
threshold (1879.8 ppbv) and the CH4 background
(18594 ppbv)valueaccording to the calculation of the CH-
threshold in section 3.1. In the horizontal CO distribution
the CH4 threshold is added. Now the position of the AMA
easier to identify with respect to the flight tracks.

[ Formatiert: Tiefgestellt, Unterschneidung ab 9 Pt.
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[Figure 179 ]Central anticyclone mode illustrated with wind field and CHi EMAC daily means at 204 hPa (August 09, 2015) and the
associated flight tracks.White contours represent Chj threshold and background values according to section 3.1.
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Kommentiert [TL64]: In Figures 7,8, 18-21 and also in
Figures 22 and 23 now contour lines are added for the Cl
threshold (1879.8 ppbv) and the CH4 background
(18594 ppbv)valueaccording to the calculation of the CH-
threshold in section 3.1. In the horizontal CO distribution
the CH4 threshold is added. Now the position of the AMA
easier to identify with respect to the flight tracks.

{ Formatiert: Tiefgestellt, Unterschneidung ab 9 Pt.
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Figure 1_8?-&) h’ibgtan anticyclone mode illustrated with wind field and CH EMAC daily means at 204 hPa (August 15, 2015) and Kommentiert [TL65]: In Figures 7,8, 18-21 and also in
the associated flight tracksWhite contours represent Ct threshold and background values according to section 3.1. Figures 22 and 23 now contour lines are added for the Cl

threshold (1879.8 ppbv) and the CH4 background
(18594 ppbv)valueaccording to the calculation of the CH-
threshold in section 3.1. In the horizontal CO distribution
the CH4 threshold is added. Now the position of the AMA
easier to identify with respect to the flight tracks.
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[Figurg 1923 Double anticy(;lone mode illustrated with wind field and CH EMAC daily means at _204 hPa (August 25, 2015) and the Kommentiert [TL66]: In Figures 7,8, 18-21 and also in
associated flight tracks.White contours represent Chj threshold and background values according to section 3.1. Figures 22 and 23 now contour lines are added for the CI

threshold (1879.8 ppbv) and the CH4 background
(18594 ppbv)valueaccording to the calculation of the CH-

5 threshold in section 3.1. In the horizontal CO distribution
the CH4 threshold is added. Now the position of the AMA
easier to identify with respect to the flight tracks.
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[Table 2:|In situ CO and CHx for the four different anticyclone situations. Differentiation between AMA and background for each flight between 300- Kommentiert [TL67]: In table 2 a column is added, to

140hPa. describe the relative position of the flight tracks to the
position of the AMA.

. in situ at 300-140 hPa
ue;etira(;:gnlca flight no|  date position relative to AMA CO[ppbv] CHJ[ppbv] * { Formatierte Tabelle
background | sigma | monsoon | sigma | background | sigma | monsoon | sigma| { Formatiert: Tiefgestellt, Unterschneidung ab 9 Pt.
#8 21.07.2015| partly in the western AMA 67.8 8.7 89.8 7.4 1847.1 12.3 1898.6 7.8 { Formatiert: Nicht Hochgestellt/ Tiefgestellt
double #9 | 25.07.2015 in the western AMA 83.1 9.4 94.5 6.1 1870.0 11.4 1913.7 | 16.7
anticyclone #10 28.07.2015 in the western AMA 76.1 16.4 91.4 5.1 1856.4 24.8 1896.4 12.4
partly in residuals of the
#11 | 01.08.2015 AMA 92.8 6.8 108.6 4.5 1823.5 21.0 1889.0 4.8
. - - - 80.0 10.3 96.1 5.8 1849.3 174 18994 104
#12/13 | 06.08.2015 in outflow region 78.6 33.3 117.3 22.2 1827.4 26.8 1893.5 9.8
in background south of th
#14 | 08.08.2015 AMA 76.3 8.0 . 1788.2 9.2 .
central mode
#15/16 | 09.08.2015| at the south western edgg 775 12.0 B 1812.6 34.3 R ~
at the south eastern edgg
#17/18 | 10.08.2015 and in outflow region 76.5 7.9 98.3 7.8 1832.0 195 1909.3 15.0
i . . . 77.2 15.3 107.8 15.0 1815.1 22,5 1901.4 | 124
at the western edge of thg
#19 | 13.08.2015 AMA 74.7 10.4 99.4 13.8 1848.0 16.3 1907.3 | 20.8
Tibetan modd at the western edge of the
#20 15.08.2015 AMA ~ ~ 1855.2 116 1905.2 13.9
#21 | 18.08.2015| in and outside the AMA 87.9 16.3 104.8 9.8 1853.0 12.9 1917.1 | 206
- _ _ _ 81.3 13.4 102.1 11.8 1852.1 13.6 1909.9 18.4
at the western edge of thq
#22 23.08.2015 western AMA ~ R R 1857.0 8.2 1927.9 22.6
double at the western edge of the
anticyclone | 403 | 25,08.2015 western AMA 65.7 12.4 93.8 7.6 1855.9 8.5 1926.4 | 21.0
#24 | 27.08.2015 outside the AMA . . 1853.7 14.6 1889.1 8.8
i . . . 65.7 12.4 93.8 7.6 1855.5 10.4 19144 | 175
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[Figure 202 [EMAC calculated CHs and wind field; daily means at 204 hPa, and in situ CH(above 300 hPa) along the aircraft track
for flight 12/13 (August 06, 2015)White contours represent Ch} threshold and background values according to section 3. The

enhanced CH values over Oman represent the outflov.
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Kommentiert [TL68]: In Figures 7,8, 18-21 and also in
Figures 22 and 23 now contour lines are added for the Cl
threshold (1879.8 ppbv) and the CH4 background
(18594 ppbv)valueaccording to the calculation of the CH-
threshold in section 3.1. In the horizontal CO distribution
the CH4 threshold is added. Now the position of the AMA
easier to identify with respect to the flight tracks.

[ Formatiert: Tiefgestellt, Unterschneidung ab 9 Pt. ]

Kommentiert [TL69]: The selection is made by the
outflowing air masses with help of the enhanced CH4 in ¢
measurements and the location of outflow according to tk
model data (Figure 22 and 23). Position of the outflow is .
added in the Figure captions.
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[Figure 213 ]EMAC calculated CH4 and wind field; daily means at 204 hPa, and in situ measured GHabove 300 hPa) along the
aircraft track for flight 17/18 (August 10, 2015).White contours represent Ch threshold and background values according to section

3.1./The enhanced Chlvalues over the Read Sea represent the outfldw.
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Kommentiert [TL70]: In Figures 7,8, 18-21 and also in
Figures 22 and 23 now contour lines are added for the Cl
threshold (1879.8 ppbv) and the CH4 background
(18594 ppbv)vaue according to the calculation of the CH-
threshold in section 3.1. In the horizontal CO distribution
the CH4 threshold is added. Now the position of the AMA
easier to identify with respect to the flight tracks.

{ Formatiert: Tiefgestellt, Unterschneidung ab 9 Pt. ]

Kommentiert [TL71]: The selection is made by the
outflowing air masses with help of the enhanced CH4 in ¢
measurements and the location of outflow according to tk
model data (Figure 22 and 23). Position of the outflow is .
added in the Figure captions.
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[Figure 22 Flight 12/13 (August 6, 2015) in situ Ckiand CO data and EMAC results along the flight track, as well as the fliot | Kommentiert [TL72]: Model and in situ data are color
altitude. The AMA is colour coded by CH>1879.8 ppbv. coded with similar color for the same molecule in Figure :
and 25, and consequently also in Figure 3 and in the
supplement.

Figure 23 Flight 17/18 (August 10, 2015) in situ Ckhiand CO data and EMAC results along the flight track, as well as theifiht
altitude. The AMA is colour coded by CHi>1879.8 ppbv.
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Figure 244: Centroid back trajectories for enhanced Ch mixing ratios during flight 12/13 (triangles) and flight 17/18 (cirdes) with
colour coded height.

[Formatiert: Tiefgestellt, Unterschneidung ab 9 Pt.
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Figure 255: Centroid back trajectories for enhanced CH mixing ratios during flight 12/13 (triangles) and flight 17/18 (cirdes) with
colour coded days before the release on August 10, 2015.
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by
Laura TomscheAndrea PozzeMNarendra Ojha, Uwe Parchatka, Jos Lelieveld, Horst Fischer

Table S Uncertainty for CO and CHa for all flights during OMO.

flight no. date CO uncertainty [%]| CH uncertainty [%]
8 7.21.2015 3.52 0.33
9 7.25.2015 3.47 0.34
10 7.28.2015 3.23 0.33
11 8.1.2015 3.41 0.23
12/13 8.6.2015 19.42 0.26
14 8.8.2015 4.64 0.24
15/16 8.9.2015 4.08 0.19
17/18 9.10.2015 3.78 0.21
19 8.13.2015 7.89 0.34
20 8.15.2015 0.19
21 8.18.2015 5.26 0.21
22 8.23.2015 0.20
23 8.25.2015 3.61 0.31
24 8.27.2015 0.23




Detailed overview of all OMO flights for p>308Pa:

a)

CO and CHin situ and EMAC data along the flight track. The AMA&#sgercolourcoded due to c[CH>=1879.8 ppb
(yellow). Further the deviation between EMAC and in situ data are shov@f@and CH. Additionally, the flight

altitude is in grey.

P04hPa EMAC data for CO and wind field and in situ CO along the flight tf&tkte contours represent CH
threshold and background values according to section 3.1.

204hPa EMAC data for CHand wind field and in situ CHalong the flight trackWhite contours represent CH

threshold and background values according to sectidn 3.1.

10-day back centroid trajectories for 10 min releases along the flight(trkerdk); eetercolourcoded is the altitude

in hPa/Triangles are back trajectories for Ciixi t b

threshold.

the GHhreshold and circles for below the £H

Kommentiert [TL1]: In Table 2 we add a column for the relativ
position to the AMA, which is quite descriptive. As mosthe flight
tracks are in and outside the AMA a more detailedyggghical
location with respect to the AMA can be realizeddrein a graphica
way. Thus we added for each flight in the supplerttenCH,
threshold (1879.8ppbv) for the AMA-influence ane tieckground
value (1859.4ppbv) as contour lines in the EMAC,@Hd CO
distributions as already done in the manuscript, e.gir&ig and 8
for flight 19. In these plots the position of the fitgrack with respec
to the AMA is more obvious.

Formatiert:  Tiefgestellt

Formatiert:  Tiefgestellt

Kommentiert [TL2]: ~ The back trajectories for AMA-influence
and background are distinguished by different symbdls an
explanation in the caption in Figure 4 and 5, and ialsbe trajectory

( )
[ Formatiert:  Tiefgestellt ]
( )
‘ plots in the supplement.
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5 Figure S2S1 Flight 08 (07.21.2015): transfer flight from Oberpfaffenhofen to Paphs.
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d)
Figure S2 Flight 09 (07.25.2015): measurement flight from Paphos to Paphos ovey@us.
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d)
Figure S3 Flight 10 (07.28.2015): measurement flight from Paphos to Paphos ovey@us.
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d)
Figure S4 Flight 11 (08.01.2015): transfer flight from Paphos to Gan.
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d)
Figure S5 Flight 12/13 (08.06.2015): measurement flight from Gan to Bahrainral return to Gan.
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d)
Figure S6: Flight 14 (08.08.2015): measurement flight from Gan to Gan towards Sri Lanka.
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d)
Figure S7: Flight 15/16 (08.09.2015): measurement flight from Gan to Bahrain and return tGan.
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d)
Figure S8 Flight 17/18 (0810.2015): transfer flight from Gan to Paphos via refuelling stop in Bahain.
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d)
Figure S9: Flight 19 (08.13.2015): measurement flight from Paphos to pfaos towards Oman.
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d)
Figure S10: Flight 20 0815.2015): measurement flight from Paphos to Paphos towards Oman.
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d)
Figure S11: Flight 21 0818.2015): measurement flight from Paphos to Paphos towards Oman.
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d)

Figure S12: Flight 22 (08.23.2015): measurement flight from B&os to Paphos over Egypt, Greece, the Mediterranean; with profiles
5 over Egypt.
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d)

Figure S13: Flight 23 0825.2015): measurement flight from Paphos to Paphos over Egypt, Etna, the Mesranean; with profiles
5 over Egypt and low altitude at the Etna.
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d)
Figure S14: Flight 24 0827.2015): transfer flight from Paphos to Oberpfaffenhofen via Etna with lw altitude.
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