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Abstract. The Asian monsoon anticyclone (AMA) is annual
phenomenon in the northern hemispheric upper troposphere
and lower stratosphere. It is part of the South Asian summer
monsoon system, and it has a clearly observable signature
due to the vertical transport of polluted air masses from the
surface to the upper troposphere by monsoon convection. We
performed in situ measurements of carbon monoxide (CO)
and methane (CH4) in the region of monsoon outflow and
in background air in the upper troposphere (Mediterranean,
Arabian Peninsula, and Arabian Sea) using optical absorp-
tion spectroscopy on board the High Altitude and LOng
range (HALO) research aircraft during the OMO (Oxida-
tion Mechanism Observations) mission in summer 2015. We
identified the transport pathways and the origin of the trace
gases with back trajectories, which were calculated using the
Lagrangian particle dispersion model FLEXPART, and we
compared the in situ data with simulations of the atmospheric
chemistry general circulation model EMAC. CH4 and CO
mixing ratios were found to be enhanced within the AMA,
the in situ data increased by 72.1 and 20.1 ppbv on aver-
age, respectively, and originated in the South Asian region
(Indo-Gangetic Plain, northeastern India, Bangladesh, and
the Bay of Bengal). It appears that CH4 is an ideal mon-
soon tracer in the upper troposphere due to its extended life-
time and the strong South Asian emissions. Furthermore, we
used the measurements and model results to study the dy-
namics of the AMA over several weeks during the monsoon
season, with an emphasis on the southern and western ar-
eas in the upper troposphere. We distinguished four AMA
modes based on different meteorological conditions. On one
occasion we observed that under the influence of dwindling
flow the transport barrier between the anticyclone and its sur-

roundings weakened, expelling air masses from the AMA.
The trace gases exhibited a distinct AMA fingerprint; we also
found that CH4 accumulated over the course of the OMO
campaign.

1 Introduction

The Asian monsoon anticyclone (AMA) is an annual, large-
scale weather phenomenon in the upper troposphere and
lower stratosphere during the boreal summer. It is enclosed
by the westerly subtropical jet in the north and the easterly jet
in the south and extends over southern Asia and the Middle
East up to the Mediterranean. It is formed by diabatic heat-
ing in the South Asian monsoon region (Gill, 1980; Hoskins
and Rodwell, 1995). The anticyclone is a strong and nearly
closed circulation system, which is variable with respect to
strength and location (Hsu and Plumb, 2000; Popovic and
Plumb, 2001; Garny and Randel, 2013; Ploeger et al., 2015).
The strong winds at its edges act as transport barrier for
chemical constituents in the upper troposphere. Stratospheric
tracers, such as ozone, generally show lower concentrations
inside the AMA compared with outside of the system (Ran-
del and Park, 2006; Park et al., 2008). Tropospheric tracers,
like CO and CH4, are uplifted to the upper troposphere by
the strong monsoon convection. These chemical constituents
can be trapped in the anticyclone, change the atmospheric
chemistry in the upper troposphere and lower stratosphere,
and clearly signify the monsoon influence (Park et al., 2007).
The signature of the anticyclone has been identified from dif-
ferent measurement platforms, including satellites and air-
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craft. Airborne measurements are rare and limited in time and
space but resolve small scales. For example, the in-service
airborne projects CARIBIC (Civil Aircraft for the Regular
Investigation of the atmosphere Based on an Instrument Con-
tainer; e.g. Schuck et al., 2012; Rauthe-Schöch et al., 2016)
and IAGOS-MOZAIC (IAGOS – In-service Aircraft for a
Global Observing System) and MOZAIC (Measurements of
OZone by Airbus In-service aircraft); Dethof et al., 1999;
Barret et al., 2016) reported trace gas measurements in the
Asian monsoon region. In addition, aircraft campaigns in-
vestigated the Asian monsoon during the MINOS campaign
(Lelieveld et al., 2002; Scheeren et al., 2003), the Earth Sys-
tem Model Validation (ESMVal) campaign (Gottschaldt et
al., 2017), and the Transport and Composition in the Up-
per Troposphere and Lowermost Stratosphere (TACTS) cam-
paign (Vogel et al., 2014). In contrast, satellite data cover
a larger spatial area and can be used for long-term mea-
surements; however, satellites are limited to their overpass
tracks and have a coarse resolution. The obscured view due
to clouds during the South Asian monsoon additionally re-
stricts the satellite view (e.g. Ojha et al., 2016), which re-
quires long-term averaging in time and should be comple-
mented by in situ measurements. Satellite data for different
trace gases, such as H2O (Park et al., 2004; Randel and Park,
2006), CO (Li et al., 2005; Park et al., 2008), and CH4 (Park
et al., 2004), show the vertical and horizontal extent of the
AMA and are generally in agreement with model simula-
tions (e.g. Bergman et al., 2013; Nützel et al., 2016; Pan et
al., 2016). To improve model outputs and satellite data re-
trievals, airborne measurements are necessary.

A more physically motivated criterion to distinguish be-
tween the AMA and its surroundings in the upper tropo-
sphere is the potential vorticity (PV; e.g. Garny and Randel,
2013; Ploeger et al., 2015). In the anticyclone, PV values on
isentropic surfaces are lower than outside. Therefore, a maxi-
mum in the PV gradient can be used to identify the horizontal
transport barrier associated with the AMA. However, apply-
ing the PV criterion is not straightforward as PV values in
the AMA increase during the monsoon season and decrease
from the extra-tropics towards the tropics, which limits its
usefulness. Nevertheless, it is quite helpful in combination
with trace gas distributions from in situ and satellite mea-
surements.

During the MINOS aircraft campaign the outflow of the
AMA was investigated over the eastern Mediterranean Basin
(Lelieveld et al., 2002; Scheeren et al., 2003), while dur-
ing the Earth System Model Validation (ESMVal) campaign
a single flight was performed from Male, in the Maldives,
to Larnaca, Cyprus, in September 2012 that intersected the
AMA at an altitude of 150 hPa (Gottschaldt et al., 2017).
In situ airborne measurements in the region of the Mediter-
ranean, the Arabian Peninsula, and the Arabian Sea during
the monsoon season are still limited, even though the AMA
impacts these regions either by its extent or via outflow. Here
we present results from an aircraft mission, which focuses on

the AMA between the Indian Ocean and the Mediterranean.
The OMO (Oxidation Mechanism Observations) measure-
ment campaign took place in July/August 2015, with the
High Altitude and LOng range (HALO) research aircraft per-
forming flights at altitudes between 11 and 15 km over the
above-mentioned regions to investigate the dynamics and at-
mospheric chemistry in the upper troposphere over 5 weeks
during the monsoon season.

The present study focuses on the measurements of CH4
and CO, which document long-distance transport of air pol-
lution, as these species have extended lifetimes of 8–9 years
(for CH4; Lelieveld et al., 2016) and 2–3 months (for CO;
Xiao et al., 2007). Therefore, these trace gases can be used
to identify emission sources from the surface as they are co-
emitted with other pollutants; they have both natural and an-
thropogenic sources. Major CO sources are anthropogenic
and are emitted via combustion processes of fossil fuel,
biomass, and domestic fuel. Its natural sources are mainly
from vegetation and oceans, but these are minor (Pandis and
Seinfeld, 2006). CH4 is also emitted from the combustion
of fossil fuel and biomass (Khalil, 2000). Further sources
are rice cultivation and ruminants, in addition to swamps
and flood areas. With respect to wetlands, the uncertainty
in CH4 emissions is still a large concern in atmospheric
chemical transport models (Bloom et al., 2017, and refer-
ences there in). In South Asia anthropogenic emissions are
increasing due to the growing population and economic de-
velopment (Ohara et al., 2007; Rauthe-Schöch et al., 2016).
The observations of CH4 and CO show zonal and merid-
ional concentration gradients as well as vertical gradients
in the upper troposphere, allowing for the investigation of
the extent of the AMA. In order to differentiate background
from AMA-influenced air masses, we derived a CH4 based
threshold. Furthermore, we compared our observations with
EMAC model simulations, which extend the view on the
trace gas distribution from a regional (along the flight tracks)
to a global scale. To study the transport pathways we cal-
culated back trajectories with the Lagrangian particle disper-
sion model FLEXPART along the flight tracks. Using FLEX-
PART we gained a more detailed insight into the dynamics of
these pathways. We compared the back trajectories with ob-
servations of CH4 and CO to distinguish between different
transport pathways. Thus, we also studied the origin of emis-
sions within South Asia. Finally, we investigated the vari-
ability of the AMA over several weeks as the anticyclone
changes its position, extent, and strength due to the monsoon
dynamics.

2 Methods

2.1 OMO campaign

The Oxidation Mechanism Observation (OMO) aircraft mea-
surement campaign focused on the self-cleaning capacity of
the atmosphere in connection with the Indian summer mon-
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soon. The mission took place in July/August 2015 with flight
tracks in the upper troposphere (10–15 km) over the Mediter-
ranean, the Arabian Peninsula, and the Indian Ocean (Fig. 1).
In South Asia the pollution emissions are growing and during
the monsoon season they are uplifted into the upper tropo-
sphere. The pollutants are partly removed by wet deposition
or transformation into soluble gases, or they are involved in
air chemistry and transported downwind of the sources. For
a broad analysis of the efficiency of the self-cleaning mecha-
nism a large variety of chemical compounds, including CH4,
CO, OH, HO2, NOy , SO2, RO2, H2O2, and total peroxides,
were measured during the multi-institutional campaign, in-
volving the Max Planck Institute for Chemistry (Mainz), the
Research Centre Jülich, the German Aerospace Centre, the
Research Centre Karlsruhe, and the universities of Bremen,
Heidelberg, and Wuppertal. The main focuses were the ox-
idation processes and free radical chemistry, the efficiency
of convective cloud transport and wet deposition, and the
long-distance transport of air pollution and the associated
impacts on air quality and climate change. The OMO mis-
sion comprised 111 flight hours during 17 flights. HALO
was based alternately at Paphos (Cyprus) and on Gan (in the
Maldives) with refuelling stops at the Bahrain airport. Fur-
ther information about OMO can be found in Lelieveld et
al. (2018) and on the following website: http://www.halo.dlr.
de/science/missions/omo/omo.html (last access: 29 January
2019).

2.2 Trace gas measurements

We employed the TRISTAR instrument (Tracer In Situ TD-
LAS for Atmospheric Research – where TDLAS stands for
Tunable Diode Laser Absorption Spectrometry), which is an
infrared (IR)-quantum cascade laser absorption spectrome-
ter for airborne measurements of trace gases (CO, CH4, and
HCHO) on board HALO; the instrument has a compact and
robust design, consisting of an optical set-up and the instru-
ment electronics. TRISTAR has been described in more de-
tail in previous publications (Schiller et al., 2008 and refer-
ences therein; Tadic et al., 2017). The electronic portion of
the instrument, including the laser controller, data acquisi-
tion, etc., is integrated into the upper section of half a 19′′

rack. Mounted on the top of the rack is the optical set-up
consisting of a liquid nitrogen cryostat, which houses three
infrared quantum cascade lasers for CO, CH4, and HCHO
and two cryogenic photovoltaic mercury–cadmium–telluride
detectors, a double corner cube multi-pass cell according to
White (1976), and several mirrors to reflect and collimate the
beam. The optical unit is fixed on shock mounts for protec-
tion against vibrations. The trace gases are detected sequen-
tially via pneumatically driven pop-up mirrors.

A detailed description of the electronic set-up is given in
Schiller et al. (2008). With a 66 ms saw-tooth current ramp,
the laser emission is scanned across a rotational–vibrational
absorption line of the target species. In addition, the fre-

quency of the laser is modulated via its injection current
with a sinusoidal shaped 20 kHz frequency. At the detec-
tor the signal is demodulated at 40 kHz by a lock-in am-
plifier. For CO and CH4 two measurement modes are used:
ambient air and in-flight calibration. The in-flight calibra-
tions are realized with a secondary standard from pressur-
ized bottles (6 L bottle, Auer GmbH, Germany), calibrated
against certified reference gases. CO is calibrated against
a reference gas (121.44± 1.46 ppbv), which is calibrated
against a secondary standard (155.8± 0.45 ppbv). The lat-
ter was measured against a dilution gas (10 ppm±1 %) from
Empa (Swiss Federal Laboratories for Materials Science and
Technology) referring to a NIST (National Institute for Sci-
ence and Technology) standard. CH4 is calibrated against a
working standard based on the NOAA 2004 scale by Dlu-
gokencky et al. (2005) and has an uncertainty of ±0.3 ppbv
relating to the CMDL83 standard (Dlugokencky et al., 2005).
Furthermore the in situ CO and CH4 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 uncertainty consists of the statistical error (noise and
drift correction) and the systematical error (calibration to
reference gases). The total campaign average uncertainties
are 5.1 % and 0.275 % for CO and CH4, respectively. Dur-
ing OMO the CO accuracy degraded, due to problems with
the CO laser in the second half of the mission. A detailed
overview of the total uncertainties for all the flights is pre-
sented in Table S1 in the Supplement.

2.3 FLEXPART back trajectories

The origin of the air masses was derived using the La-
grangian particle dispersion model FLEXPART version 9.2
beta (Stohl et al., 1998). The model is driven by ECMWF
(European Centre for Medium-Range Forecasts) operational
data with a horizontal resolution of 1◦× 1◦ and a vertical
resolution of 137 levels between 1013.25 and 0.01 hPa. The
temporal resolution is 3 h, with analyses at 00:00, 06:00,
12:00, and 18:00 UTC and forecasts for 03:00, 09:00, 15:00,
and 21:00 UTC. FLEXPART accounts for turbulence using
the mean wind plus turbulent fluctuations and the mesoscale
wind fluctuations (Stohl et al., 2010). The planetary bound-
ary layer (PBL) height is parameterized following the con-
cept of Vogelezang and Holtslag (1996) using the critical
Richardson number (Stohl et al., 2010). Vertical transport
is calculated using the Langevin equation (Thomson, 1987),
which takes the turbulent vertical wind and its standard de-
viation into account. It also includes a decrease in the air
density with height. Additional moist convection is parame-
terized according to Emanuel and Zivkovic-Rothman (1999).
Their parameterization builds on temperature and humidity
fields to provide mass flux information (Stohl et al., 2005).
Trajectories are started every 10 min along the flight tracks
for air parcels, neglecting loss processes due to deposition
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Figure 1. An overview of the flight tracks during OMO showing all four airports (red dots): Oberpfaffenhofen (Germany), Paphos (Cyprus),
Bahrain, and Gan (Maldives). Additionally, the regions of the northern hemispheric background (blue), the AMA (red), and the southern
hemispheric background (green) profiles are marked.

or chemical reactions. The trajectories are calculated 10 days
back in time for 10 000 parcels that are initialized per release
point (size: 1◦× 1◦× 500 m and 1 h). The model output is
a dispersion field, which consists of several parameters, i.e.
geographical position, PBL height, and temperature, for each
parcel per 3 h interval. The amount of data can be condensed
via cluster analyses according to Stohl et al. (2002). These
cluster trajectories are called centroid trajectories; they are
comparable to traditional trajectories, but include the contri-
butions of turbulence and convection via the centroid of all
particles per time step.

2.4 EMAC model data

The ECHAM/MESSy Atmospheric Chemistry (EMAC)
model consists of the general circulation model ECHAM5
(fifth generation of the European Center HAMburg model,
Roeckner et al., 2006) and the Modular Earth Submodel Sys-
tem (MESSy, Jöckel et al., 2005, 2010), which extends the
model to a fully coupled chemistry climate model. The hori-
zontal resolution applied is 2.8◦× 2.8◦, and the vertical res-
olution is determined by 90 layers on a hybrid pressure grid
between the surface and 0.01 hPa. The EMAC model was
not run in an offline chemistry transport model mode, as the
radiation calculations were based on simulated green house
gas concentrations. The model was weakly nudged towards
ECMWF ERA-Interim data (Jeuken et al., 1996) and there-
fore reproduced very similar dynamics to the ECMWF model
(although not binary identical). The simulation is an exten-
sion of simulation RC1SD-base-10 (Jöckel et al., 2016) in
order to cover the full OMO campaign. Few changes to the
original simulation have been applied (i.e. increased South

Asia SO2 emissions and reduced lightning NOx), as de-
scribed in Lelieveld et al. (2018). Although the simulation
is a continuation of a well evaluated experiment, the simula-
tion was run from 1 March 2015 to give the SO2 and NOx
time to balance to the new emissions (i.e. 4-month spin-up
time). Only the data from July/August 2015, which cover
the field campaign are actually used. The EMAC model is
a hydrostatic model and the convective transport is parame-
terized (Tost et al., 2006; Ouwersloot et al., 2015). Indica-
tion of the vertical transport time in EMAC can be found in
Krol et al. (2018), where a comparison with model of sim-
ilar complexity is also shown. The emissions are based on
the Representative Concentration Pathways (RCP) 8.5 for
anthropogenic activity (Van Vuuren et al., 2011) and the
Global Fire Emissions Database (GFED) v3.1 for biomass
burning emission of 2015 (van der Werf et al., 2010). For
methane additional sources of both wetlands in the Amazon
and North American shale gas drilling were added to simu-
late the methane trend since 2007 (Zimmermann et al., 2018).

We used two different model outputs. One is the output
from the SD4 submodel, which was developed by Jöckel et
al. (2010) for simulations along moving platforms, such as
ships or aircraft. The data collection takes place in four di-
mensions (space and time) and the data are interpolated on-
line; thus, no information is lost due to interpolation after the
simulation. The data along the flight track have a time reso-
lution of 12 min (i.e. the model time step), and are compared
to the in situ data for CO and CH4, averaged over 12 min.
The second model output is given as three-dimensional daily
mean data for different parameters, like CO, CH4, and the
wind field. With these data the position of the AMA can be
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identified on different pressure levels, as well as its vertical
extent, via vertical profiles. Additionally, the identification of
emission sources at the surface is possible.

2.5 Satellite data

Cloud-top pressure information is used as a proxy for con-
vection. We compared the location of the convective clouds
with the location of the uplift of the back trajectories sim-
ulated by FLEXPART. The cloud-top pressure data are col-
lected from the MODIS instrument on-board the Aqua satel-
lite, via measured radiances in the spectral absorption bands
at 15 µm for CO2 (Menzel et al., 2008). In general, the at-
mosphere becomes more opaque with increasing wavelength
due to the absorption of CO2 between 13.3 and 15 µm. Thus,
the measured radiances in these spectral bands are sensitive
to different pressure levels. The cloud-top pressure is deter-
mined by the ratio of two pairs of adjacent wavelengths in
the infrared. For Aqua MODIS the ratios of 14.24 / 13.94,
13.94 / 13.64, and 13.64 / 13.34 µm are used for high, mi-
dlevel, and low-level clouds, respectively. The data are de-
rived from the Level-3 MODIS Atmosphere Daily Global
Product data (MYD08D3, Platnick, 2015), which are avail-
able from the following NASA website: (https://ladsweb.
modaps.eosdis.nasa.gov/, last access: 6 April 2017). The res-
olution of the data is 1◦× 1◦ for daily means.

3 Results and discussion

3.1 CH4 and CO profiles

Vertical profiles were flown over Oberpfaffenhofen (Ger-
many), Paphos (Cyprus), Etna (Italy), Egypt, Bahrain, and
Gan (Maldives) (marked in Fig. 1). As observed, the CO
and CH4 profiles measured during OMO indicate different
altitude distributions depending on the geographical loca-
tion and partly also on the meteorological situation, espe-
cially for Paphos and Egypt. Profiles over Egypt were mea-
sured when the AMA extended over this region. Profiles over
Paphos were sampled during periods when the AMA was
and was not positioned over Cyprus. Here profiles over Pa-
phos, Etna, and Oberpaffenhofen are used to derive a North-
ern Hemisphere (NH) background, profiles over Egypt and
Bahrain are used to derive altitude dependent information
under monsoon influence (AMA profiles), and profiles over
Gan are used to derive a Southern Hemisphere (SH) back-
ground (Fig. 2). Average profiles were calculated in 500 m
bins, starting above 4 km to avoid boundary layer effects. In-
spection of the CH4 AMA profile indicates a significant en-
hancement in the upper troposphere between 9 and 12.5 km
corresponding to pressure levels between 300 and 170 hPa.
Park et al. (2007) used CO observations from satellites and
wind fields to identify monsoon-influenced air masses inside
the AMA at a similar pressure range (200–100 hPa). The av-
erage CH4 mixing ratio of the AMA profile between 9 and

12.5 km is 1919.0± 17.2 ppbv, while the average CH4 mix-
ing ratio for the NH background is 1863.4±14.0 ppbv, which
is comparable to CH4 mixing ratios below 9 km measured for
the AMA profile (1876.5±8.7 ppbv). The average CH4 mix-
ing ratio for the SH background is 1778.3±19.5 ppbv, which
is significantly lower than either the NH background or the
AMA profiles. While the NH background shows only a small
increase in CH4 above 11 km, the SH background profile
steadily increases with height. Gan is located at the Equator;
thus, the region influenced by the Southern Hemisphere dur-
ing boreal summer when the Intertropical Convergence Zone
(ITCZ) is shifted to the north (Waliser and Gautier, 1993).
As most of the methane sources are in the Northern Hemi-
sphere north of the ITCZ, the profile over Gan represents the
SH background to some extent. The observed CH4 increase
with height can be explained by the global circulation. In the
boundary layer CH4 mixing ratios are influenced by turbulent
mixing close to emission sources or by horizontal advection
in remote locations (Saito et al., 2013). At the surface the air
on Gan is influenced by wind from southern directions with
low CH4 mixing ratios originating from the southern Indian
Ocean. High altitude advection leads to inter-hemispheric
transport (Saito et al., 2013); this in turn results in the trans-
fer of higher CH4 mixing ratios from the NH into the SH,
which have been convectively uplifted from the boundary
layer. The observed difference in the CH4 background be-
tween the NH and the SH is 85.1 ppbv, which agrees with an
inter-hemispheric gradient of 86–90 ppbv for the period from
2007 to 2010 given in Bergamaschi et al. (2013).

The measured mean CO profiles for the AMA (74.2±
10.9 ppbv), the NH background (68.8± 7.3 ppbv), and the
SH background (63.2±4.3 ppbv) are rather similar and agree
within the standard deviations. Nevertheless, in the upper tro-
posphere the AMA profile indicates a slight increase of CO
mixing ratios relative to the background. Enhanced CO and
CH4 mixing ratios in the upper troposphere over the eastern
Mediterranean in summer 2001, associated with air masses
influenced by the monsoon, were also observed during the
MINOS aircraft campaign (Lelieveld et al., 2002; Scheeren
et al., 2003). This is consistent with the observed upper tro-
pospheric increase of CO and CH4 in the NH background
profiles, which are found during ascents and descents over
Paphos but not over Oberpfaffenhofen. In general, our ob-
servation of enhanced CO mixing ratios under monsoon in-
fluence are consistent with Park et al. (2008), who showed
that satellite-based averaged CO profiles exhibit increased
CO mixing ratios in the upper troposphere inside the AMA
(around 100 ppbv at 10–15 km) in comparison to air outside
the AMA (65–90 ppbv at 10–15 km).

To differentiate between air masses inside and outside of
the AMA various approaches have been used in the literature.
Often potential vorticity (PV) is used for this purpose (e.g.
Randel and Park, 2006; Garny and Randel, 2013 or Ploeger
et al., 2015). Ploeger et al. (2015) calculated PV from re-
analysis data to determine a transport barrier isolating the
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Figure 2. Average profiles for the Northern Hemisphere (NH) background, the AMA, and the Southern Hemisphere (SH) background for
CH4 (a) and CO (b); profile locations are presented in Fig. 1. The CH4 threshold (1879.8 ppbv) is indicated by the black line.

AMA. In the restricted area of interest low PV values are
found inside the anticyclone while higher PV values repre-
sent the background. A more direct approach is the use of
a CO threshold (Park et al., 2008). Based on satellite data,
Park et al. (2008) found that CO mixing ratios < 60 ppbv rep-
resent background air while CO mixing ratios > 60 ppbv rep-
resent air inside the AMA at 16.5 km. In our study the mon-
soon influence in the upper troposphere is most obvious in
the CH4 profile, whereas CO is less suitable due to its larger
atmospheric variability associated with its shorter lifetime
(Junge, 1974) and the instrumental problems experienced
(for CO) during the second half of the campaign. There-
fore, a methane threshold was derived to signify monsoon-
influenced air masses from the NH background profile. To
avoid boundary layer effects and the above-mentioned slight
increase in the NH background profile above 11 km due to
a small contribution of monsoon-influenced air above the
eastern Mediterranean, only data between 4 and 10 km were
used, yielding an average CH4 mixing ratio for the back-
ground of 1859.4± 10.2 ppbv, which is slightly lower than
the above-mentioned mixing ratio covering the whole alti-
tude range. The CH4 threshold is then defined as this average
plus twice the standard deviation:

CH4 threshold =CH4 average+ 2σ = 1859.4ppbv
+ 2× 10.2ppbv= 1879.8ppbv (1)

In situ CH4 mixing ratios that exceed this threshold are as-
sumed to be influenced by the South Asian monsoon and
are therefore representative of the AMA – in the following
these mixing ratios are denoted as being AMA-influenced.
While CH4 mixing ratios in the upper troposphere are gen-
erally smaller than this threshold in the NH background pro-
file, CH4 mixing ratios in the AMA profile significantly ex-
ceed this threshold above 9 km (Fig. 2). Further evaluation

depends on the CH4 threshold and thus the results are sen-
sitive to it. Nevertheless, other compounds measured during
OMO also showed the isolation of the anticyclone in the up-
per troposphere (Lelieveld et al., 2018) which confirms the
possibility of utilizing this value to divide the air mass origin
between the inside and outside of the AMA. With a change
in the absolute value, the region that is supposed to be AMA-
influenced will either be larger or smaller; thus, the edge of
the anticyclone would be differently defined but the whole
dynamical process would not change significantly.

3.2 Case study: flight 19

To illustrate the connection between enhanced CH4 mix-
ing ratios, monsoon convection, and South Asian pollution
sources at the surface we performed a case study on flight 19
data (13 August 2015). The flight took place over the Arabian
Peninsula. After take-off from Paphos, HALO headed to-
wards Oman before returning back to Paphos. Enhanced mix-
ing ratios for CO and CH4 were measured between 10:00 and
11:00 UTC (Fig. 3). Over Oman at a pressure level of 175 hPa
mixing ratios for CO and CH4 increased from background
levels of 74.3± 10.6 and 1846.7± 16.1 ppbv to 99.5± 14.3
and 1905.2± 13.9 ppbv, respectively. According to the clas-
sification defined in Sect. 3.1 CH4 mixing ratios reached val-
ues well above the threshold which indicates that air masses
influenced by the monsoon were probed. Elevated mixing ra-
tios were still observed after a flight level change (200 hPa).
Accordingly, both flight levels were within the altitude range
of the AMA confinement of 200–100 hPa reported by Ran-
del and Park (2006). Within the AMA the average increase
relative to background is around 25 ppbv for CO and around
58 ppbv for CH4. The increase in CH4 is rather sharp, indi-
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cating a rather well-defined edge of the AMA, as has been
reported in previous studies (e.g. Park et al., 2008).

For the MINOS campaign over the eastern Mediterranean,
Scheeren et al. (2003) distinguished between air masses that
originated over South Asia and those over North Amer-
ica/the North Atlantic, corresponding to our classification
of AMA air masses and the NH background, respectively.
Note that Scheeren’s South Asia air mass would be incorpo-
rated in our background, due to its location over the east-
ern Mediterranean. Scheeren et al. (2003) reported in situ
trace gas measurements for the 6–13 km altitude range. Mean
CO mixing ratios were 74± 12 ppbv for air masses with a
North American/North Atlantic origin and 102± 4 ppbv for
air masses with a South Asian origin, resulting in a differ-
ence of 28 ppbv. The relative difference in CH4 observed
by Scheeren was 63 ppbv (North America/North Atlantic:
1819± 26 ppbv; South Asia: 1882± 21 ppbv). The enhance-
ments observed during MINOS are similar to those observed
during OMO flight 19, although absolute mixing ratios in
particular for CH4 are higher, as global CH4 concentrations
have been increasing since summer 2001 (Zimmermann et
al., 2018). Furthermore, similar increases in CO and CH4
mixing ratios, caused by an outflow event of the AMA, were
documented over northern Europe during a TACTS flight by
Vogel et al. (2014). They reported enhancements of approx-
imately 25 ppbv for CO (background: 15–25 ppbv; outflow
air: 40–50 ppbv) and 65 ppbv for CH4 (background: 1700–
1750 ppbv; outflow air: 1770–1810 ppbv). The absolute val-
ues for CO and CH4 are lower in comparison to the present
study. The transport time was about 5 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.

Using FLEXPART, 10-day centroid back trajectories
along the flight track were calculated. An analysis indicates
that, in general, enhanced CH4 mixing ratios are associated
with an air mass origin inside the AMA, while lower CH4
mixing ratios are associated with background air (Fig. 4). In
particular, the back trajectories starting at release points with
the highest CH4 mixing ratios measured along the flight track
(Fig. 7) were confined in the AMA for several days with their
origin over northern India and Bangladesh. Between 5 and
10 days prior to observations the back trajectories are found
in the boundary layer or the lower troposphere, before they
are uplifted into the upper troposphere by deep convection
(> 200 hPa) (Fig. 5). This finding is in good agreement with
Bergman et al. (2013), who calculated trajectory transit times
of 2–22 days from the surface to the 200 hPa level in the re-
gion of the Tibetan Plateau and India/Southeast Asia. After
the convective injection into the upper troposphere the air
masses in this case study are advected at the southern edge
of the AMA, following the tropical easterly jet towards the
measurement region over the Arabian Peninsula. The trans-
port distance of an air parcel in the upper troposphere de-

pends on its origin and takes 1–6 days in the present study de-
pending on the area of convective transport (northern India,
Bangladesh, the Bay of Bengal). During MINOS, Scheeren
et al. (2003) found a longer transport time for polluted air
masses ranging from 7 to 10 days from the South Asian
source region towards the eastern Mediterranean, which also
represents a longer transport pathway. During ESMVal the
long-range transport in the upper troposphere from the east-
ern part of the AMA towards the Arabian Peninsula along the
southern fringe of the AMA took 2–4 days, and the majority
of the trajectories were circulating around the AMA within
10 days prior to the observation (Gottschaldt et al., 2017).

By comparing the back trajectories with satellite images
of daily mean cloud-top pressure it was possible to identify
regions with strong convection (here with cloud-top pres-
sure below 200 hPa) that were intercepted by the trajectories
during their uplifting phase (illustrated in Fig. 6). Matches
were generally found over the Bay of Bengal, the Indo-
Gangetic Plain, Bangladesh, the northeastern region of India,
and Myanmar. During the days when the back trajectories
passed over central India, convection also occurred in this
area, but the cloud-top pressure was at a lower altitude than
the height of the trajectories. Thus, the influence from central
India seems to be negligible for this particular flight. Con-
vective cloud-top information for estimating the influence of
convection on the transport pathways of trajectories have al-
ready been applied in previous studies, such as Scheeren et
al. (2003) and Gottschaldt et al. (2017). These studies found
the strongest convection occurring in the same area as men-
tioned above.

To compare observations with model simulations, Fig. 3
shows time series for CO and CH4. For flight 19, EMAC
model simulation results for CO and CH4 agree well with
observations (CO: 2.1± 8.7 ppbv; CH4: 11.9± 21.7 ppbv),
reproducing observed trends in mixing ratios for both
species, although the model has a rather course resolution
of 2.8◦× 2.8◦. In general, the model tends to underestimate
the enhanced CH4 mixing ratios – in particular for AMA-
influenced regions – and overestimates CO. A comparison
for all flights during the OMO mission yields a model over-
estimation of 4.6±11.8 ppbv for CO and an underestimation
of 7.0±32.8 ppbv for CH4 (see Sect. 3.4). A comparison be-
tween in situ CO and EMAC simulations for the ESMVal
flight showed good agreement with a negative bias of the
simulated CO, which was about 10 ppbv in regions of strong
CO gradients, otherwise it was smaller (Gottschaldt et al.,
2017). As the trace gas mixing ratios and trends are gener-
ally well reproduced by the EMAC model, it will be exten-
sively used for further interpretation of the measurements in
the remainder of this paper.

The position of the AMA can be determined from hori-
zontal transects of EMAC daily means of trace gas distribu-
tions and meteorological data at a pressure level of 204 hPa
(Figs. 7, 8). Here the anticyclone is identified by the wind
field and corresponding CO and CH4 fields. Enhanced trace
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Figure 3. Flight 19 (13 August 2015) in situ CH4 and CO data and EMAC results along the flight track, as well as the flight altitude. The
AMA is colour-coded by CH4 > 1879.8 ppbv.

Figure 4. Centroid trajectories for flight 19 (13 August 2015) with colour-coded altitude. Triangles represent back trajectories for CH4
mixing ratios above the CH4 threshold, and circles represent back trajectories for CH4 mixing ratios below the CH4 threshold.

gas mixing ratios are found to be confined within the anticy-
clone due to the strong isolation caused by the anticyclonic
circulation (Park et al., 2008). On 13 August 2015, the AMA
extended from the eastern part of the Arabian Peninsula to
the eastern part of China and from the northern part of the
Bay of Bengal to the Gobi Desert. Its centre was located over
the Tibetan Plateau, which is consistent with the climatolog-
ical mean position of the AMA as documented by Nützel et
al. (2016). The simulated mixing ratios inside the anticyclone
increase from around 90 ppbv (CO) and 1860 ppbv (CH4)
at the fringes of the anticyclone to values inside the AMA
of above 150 and 1920 ppbv for CO and CH4, respectively.
Mixing ratios in background air over the Mediterranean are
around 65 ppbv for CO and 1840 ppbv for CH4 and thus be-
low those simulated inside the AMA. Enhanced mixing ra-
tios in the AMA have also been reported in previous studies,
e.g. increased CH4 mixing ratios in satellite data over the
summer monsoon region by Park et al. (2004) and Xiong et
al. (2009), or enhanced CO values from satellite measure-
ments in the monsoon region by Li et al. (2005). The latter

study reported CO mixing ratios of up to 133 ppbv at a pres-
sure level of 147 hPa over the monsoon region, which fits
with our slightly higher simulated CO values at a lower pres-
sure level, if we assume that CO mixing ratios decrease with
height (Park et al., 2008).

As the 200 hPa level is representative for the dominant
flight altitude, the in situ observations along the flight track
can also be compared to the simulated two-dimensional
fields. Further, we assume that the 200 hPa level is where
most of the convective outflow takes place, and therefore pol-
lution levels are expected to be highest (Park et al., 2009).
Figures 7 and 8 show that OMO flight 19 only scratches
the western edge of the AMA. Measured CH4 mixing ra-
tios are higher inside the AMA than the simulated mixing
ratios. This is in line with the above-mentioned CH4 under-
estimation by the model. In the model simulations the an-
ticyclone shows a more distinct signal in CH4 compared to
CO, as the edge in CH4 is well defined, with mixing ratios
dropping off significantly outside the anticyclone. In con-
trast, the CO pattern is more diffuse. The simulated CO pat-
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Figure 5. Centroid trajectories for flight 19 (13 August 2015) with colour-coded transport time. Triangles represent back trajectories for CH4
mixing ratios above the CH4 threshold, and circles represent back trajectories for CH4 mixing ratios below the CH4 threshold.

Figure 6. Satellite-derived cloud-top pressure 10 days prior (3 August 2015) to flight 19. Pressure below 250 hPa represents strong convec-
tion.

tern, especially the enhanced values over Oman, fits well to
the observed CO mixing ratios along the flight track. The
EMAC model underestimates CH4 and CO in the upper tro-
posphere. As shown by Krol et al. (2018), EMAC seems to
have a weaker transport of surface tracers than other mod-
els. There are two potential reasons for this, but it is diffi-
cult to distinguish them. First, the vertical velocity may be
too slow, which would mean that the convective updraught
is not effective enough, or second, the numerical diffusion
implied by the coarse resolution may restrict the updraught
too much. Nevertheless, we would like to note that for the
comparison of CO with the model, the results are in line with
other literature studies at resolutions such as this (e.g. Bar-
ret et al., 2016). Additional vertical transects along 23.7◦ N
latitude and 56.2◦ E longitude on 13 August 2015 complete

the picture of the AMA with respect to its extent. In a ver-
tical CH4 transect along 23.7◦ N (Fig. 9) it is obvious that
the flight only touches the western edge of the anticyclone
in the upper troposphere and that the majority of the flight
took place outside the anticyclone. According to the model
simulation, convective uplift of CH4 takes place between 75
and 95◦ E, which corresponds to India and the Bay of Bengal.
Moreover, the upward transport of polluted air masses is only
simulated in a rather restricted area, analogous to a chimney,
as reported by Bergman et al. (2013). This area was also the
preferred location for convection 10 days prior to the flight
as reported above. Rauthe-Schöch et al. (2016) reported a
similar longitudinal position for convection between 80 and
100◦ E in summer 2008 for CARIBIC flights over India. In
the vertical transect along 56.2◦ E (Fig. 10) CH4 mixing ra-
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Figure 7. EMAC modelled CH4 and wind field; daily means at 204 hPa, and in situ CH4 (above 300 hPa) along the flight track for flight 19
(13 August 2015). White contours represent the CH4 threshold and background values according to Sect. 3.1.

Figure 8. EMAC modelled CO and wind field; daily mean at 204 hPa, and in situ CO (above 300 hPa) along the flight track for flight 19 (13
August 2015). White contours represent the CH4 threshold and background values according to Sect. 3.1.

tios show an increase at the surface from the Equator towards
higher northern latitudes. In the upper troposphere the AMA
is located approximately between 15 and 30◦ N, which fits
well with the location of the AMA in summer 2008 identified
by enhanced CH4 mixing ratios observed during a CARIBIC
flight between 10 and 40◦ N (Baker et al., 2012). In verti-
cal transects at longitudes between 75 and 95◦ E (not shown)
the convection can be determined to occur between 20 and
35◦ N, which reflects the Indo-Gangetic Plain area, the Ti-
betan Plateau, Bangladesh, and the northeastern part of In-
dia. In the vertical transects for CO (not shown) the same

patterns are found, although they are less pronounced than
CH4. In a CO latitudinal transect along 23.7◦ N the enhanced
mixing ratios range from around 90 ppbv inside the anticy-
clone to over 400 ppbv at the surface, whereas CH4 mixing
ratios scale from around 1850 ppbv inside the anticyclone to
surface values above 2250 ppbv (Fig. 9).

3.3 Emission source region

Emission source regions are identified by combining the
FLEXPART single particle information with EMAC daily
means for CO and CH4 mixing ratios in the PBL. With
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Figure 9. EMAC modelled CH4; daily mean transect along 23.7◦ N,
and measured CH4 along the aircraft track for flight 19. Additional
EMAC pressure (black lines in hPa) and EMAC northward wind
component (blue lines in m s−1; southward wind dashed lines).

Figure 10. EMAC calculated CH4; daily mean transect along
56.2◦ E, and measured CH4 along the aircraft track for flight 19.
Additional EMAC pressure (black lines in hPa) and EMAC east-
ward wind component (blue lines in m s−1; westward wind dashed
lines).

FLEXPART the last boundary contact can be determined as
a footprint of parcels, which started from release points with
enhanced methane, i.e. CH4 mixing ratios > threshold. The
last boundary layer contact of a parcel is determined if its
height position is within ±5 % of the PBL height (in me-
tres above ground level). These parcels are sorted depending
on their geographical position and then summed-up in each
grid cell (1◦× 1◦), yielding a number of parcels per grid cell

in the PBL. For flight 19 (13 August 2015) the footprint of
the last PBL contact approximately 10 days prior to the par-
cel release shows the highest values over Bangladesh and the
northeastern part of India (Fig. 11). The last boundary layer
contact is assumed to be a useful indicator for the area where
parcels are uplifted by convection and subsequently injected
into the AMA.

To identify emission sources, EMAC daily mean trace
gas mixing ratios at a pressure level of 1008 hPa (assumed
to be the surface) are presented. The CH4 mixing ratios in
Fig. 12 exhibit the highest values on the Indo-Gangetic Plain
and in Bangladesh, spreading southward along the east coast
of India and towards Myanmar. Peak values reach up to
2600 ppbv. Figure 13 shows that CO has the highest mix-
ing ratios in the same region as CH4, with peak values up to
400 ppbv. A comparison with Fig. 11 indicates that high CO
and CH4 mixing ratios are co-located with the areas of con-
vection, leading to an updraught of polluted air masses to the
upper troposphere. In the footprint (Fig. 11), the east coast
of Africa, the Indian Ocean, and the Pacific region indicate a
minor influence, but they do not correspond to enhanced mix-
ing ratios in EMAC daily mean CH4 or CO. Thus, they are
assumed not to contribute to the pollution of the air masses in
the AMA. The EMAC daily mean data also indicate polluted
areas along the east coast of China. This area is not reflected
in the parcel footprint, which indicates that the southeastern
part of China is only a minor contributor to the pollution of
the AMA on this particular flight. Note that some convection
in the daily mean cloud-top pressure maps occur approxi-
mately 10 days prior to the observation over eastern China,
confirming that Chinese emissions could have a minor con-
tribution on the composition of the AMA.

The above-mentioned peak values at the surface for CO
and CH4 over southern Asia can be related to different emis-
sion sources. The regions including the Indo-Gangetic Plain
and Bangladesh are densely populated areas with an in-
creasing population trend in combination with strong eco-
nomic development (Ohara et al., 2007; Rauthe-Schöch et
al., 2016). Potential CO sources are biomass, fossil, and
domestic fuel combustion as well as the oxidation of CH4
and volatile organic compounds (Pandis and Seinfeld, 2006).
CH4 is emitted by rice cultivation, wetlands, domestic ru-
minants, biomass burning, fossil fuels, waste decomposition
(Khalil, 2000), and flood plains, especially if they are pol-
luted by urban waste and sewage (Baker et al., 2012). The
latter has its maximum emission during the monsoon due to
the influence of rain. At the same time, rice has its primary
growing period in the wet season; hence, CH4 emissions have
a seasonal cycle and are strongest during the monsoon, con-
tributing significantly to the CH4 emissions (Baker et al.,
2012). The simultaneous appearance of a CH4 emission max-
imum and strong convection leads to a more pronounced
chemical signature in the AMA for CH4 than for CO. The
CO emission sources do not experience such a strong sea-
sonal dependency. This again emphasizes the use of the
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Figure 11. 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).

Figure 12. EMAC calculated CO; daily mean at the surface (1008 hPa, 3 August 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 is shown as white contour
line from Fig. 11.

CH4 threshold to differentiate between AMA-influenced and
background air masses.

Bangladesh and the northeastern part of India are also
mentioned in the study of Pan et al. (2016) as favourable
uplifting regions, which agrees with the main areas of the
footprint determined in this study. The marked source regions
were also identified by Park et al. (2009), as they reported the
origin of upper tropospheric CO to be mainly from India and
Southeast Asia, and by Pan et al. (2016) who identified north-
east India, the southern flank of the Tibetan Plateau, Nepal,
and north of the Bay of Bengal as being the most favourable
spots for CO uplifting. Rauthe-Schöch et al. (2016) identified

similar source regions using FLEXPART 10 day back trajec-
tories for CARIBIC flight tracks over the South Asian mon-
soon region. They used geographical positions of back tra-
jectory points below 5 km, thus not only the boundary layer
as used here, and documented air originating from India,
Indo-Gangetic Plain, Bay of Bengal, mainland of Southeast
Asia, and the western part of the Arabian Sea. Consequently,
their source region covers a larger area than the source region
identified for flight 19. Bergman et al. (2013) demonstrated
that trajectories from eastern China only have a minor influ-
ence on the AMA at the 200 hPa level, which supports our
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Figure 13. EMAC calculated CH4; daily mean at the surface (1008 hPa, 3 August 2015) as an indicator for surface emissions (10 days prior
to measurements), and the track of flight 19 (black). Additionally, the footprint of the last boundary layer contact is shown as white contour
line from Fig. 11.

footprint analysis as it does not show any boundary layer in-
fluence from the eastern coast of China.

3.4 The AMA during OMO

Similar analyses to that of flight 19 are discussed in de-
tail in the Supplement for the other OMO flights, including
time series, back trajectories, and model results. Here we ex-
tend the analysis of the OMO results by analysing CO and
CH4 mixing ratios between 300 and 140 hPa from all re-
search flights. In Table 1 observations and model data are
separated by the CH4 threshold into monsoon-affected and
background periods. Observed CO mixing ratios increased
by about 20.1 ppbv under monsoon influence, whereas CH4
mixing ratios were enhanced by about 72.1 ppbv. EMAC
SD4 CO and CH4 also indicate increased mixing ratios along
the flight tracks within the AMA, but this is not as strong
as for the observations (14.7 ppbv for CO and 24.0 ppbv for
CH4).

The observed increase in CH4 inside the AMA by
∼ 70 ppbv is in good agreement with the reported increase
of 30–80 ppbv (at 8–12.5 km) between the pre-monsoon and
monsoon seasons reported by Schuck et al. (2012). Xiong et
al. (2009) reported a CH4 increase of up to 100 ppbv from
June to September (for 2003–2007) at 300 hPa. Both studies
are based on data observed over India, thus much closer to
the AMA centre, which might explain the difference in ab-
solute values. Moreover, they mirror seasonal variations by
comparing pre-monsoon and monsoon conditions; thus, they
are not necessarily representative for background conditions
as determined during OMO.

Table 1. CH4 and CO averages and standard deviations for in situ
measured and EMAC data, both for background and monsoon-
influenced air masses according to the CH4 threshold for altitudes
between 300 and 140 hPa.

CH4 [ppbv] CO [ppbv]

p = [300–140] hPa Avg SD Avg SD

Monsoon In situ 1910.0 19.2 96.9 10.0

EMAC 1874.4 15.3 99.0 11.9

Background In situ 1837.9 27.6 76.8 15.7

EMAC 1850.5 21.2 84.3 15.1

In Figs. 14 and 15, the respective histograms for CH4 and
CO mixing ratios are shown for observations and model data
at altitudes between 300 and 140 hPa separated into values
above (AMA) and below (background) the CH4 threshold.
The CO observations and model data have similar distribu-
tions for background as well as AMA conditions. Average
CO mixing ratios for observations and model data for AMA
and background conditions agree within their 1σ -standard
deviations (Table 1). The CH4 mixing ratio average from the
model for background conditions also agrees with the obser-
vations within their combined standard deviations, whereas
the difference of the AMA CH4 averages between the model
and the observations is more pronounced. Observed CH4
averages for the background and the AMA can be clearly
distinguished, which is mostly due to the CH4 threshold it-
self, which subdivides the data into two regimes. The distri-
bution of the in situ CH4 background data consists of two
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Figure 14. Histogram for in situ measured and EMAC modelled
CH4 within the 300–140 hPa altitude range, for both background
and AMA air.

Figure 15. Histogram for in situ measured and EMAC modelled
CO within the 300–140 hPa altitude range, for both background and
AMA air.

modes. The mode with low mixing ratios is associated with
the SH background, and consists of observations over the
Indian Ocean from or towards Gan. In the Southern Hemi-
sphere the CH4 mixing ratios range from 1760 to 1820 ppbv.

The second mode represents the NH background with mix-
ing ratios in the range from 1820 to 1880 ppbv, comprised
of observations over the Mediterranean and partly over the
Arabian Peninsula. In comparison, the simulated CH4 back-
ground distribution lacks the SH mode. EMAC also underes-
timates the AMA CH4 mixing ratios. Accordingly, the CH4
enhancement of the model is smaller than in the observa-
tions. AMA-influenced air masses show a broad distribu-
tion of CH4 mixing ratios with values ranging from 1880 to
1980 ppbv. During the OMO campaign the position of the an-
ticyclone changed repeatedly; thus, observations were made
at varying distances between the aircraft and the centre of the
anticyclone (see Sect. 3.5). As expected, this leads to varia-
tions in the observed CH4 mixing ratios for air masses influ-
enced by the AMA. Furthermore, changes in the location of
deep convection, the strength of the updraught, or differences
in emission sources also lead to variability in the observed
CH4 mixing ratios (see Sect. 3.5). While the observed back-
ground conditions for both NH and SH each cover a range
of approximately 60 ppbv, the AMA mixing ratios vary by
about 100 ppbv.

3.5 AMA modes

Over the course of the OMO campaign the occurrence, po-
sition, and extent of the AMA varied. The AMA pattern can
be subdivided into four meteorological situations, which can
be identified in the EMAC daily means for CH4 and the wind
pattern at a pressure level of 204 hPa. The first mode (Fig. 16)
is composed of two distinct anticyclones, which slowly move
eastward between 21 July and 1 August 2015. On 21 July a
western anticyclone is positioned over the eastern Mediter-
ranean. Its centre subsequently shifts towards the east. The
eastern anticyclone with its centre around 70◦ E shifts east-
ward towards the Tibetan Plateau. The second mode (Fig. 17)
which consists of a single anticyclone is found during the
period from 6 to 10 August 2015. This mode has its centre
over the Kashmir region (∼ 70–80◦ E), which corresponds to
the climatic mean location of the AMA centre (Zhang et al.,
2002) and is called the central mode. The third, single anticy-
clone mode (Fig. 18) has its centre over the Tibetan Plateau
(∼ 82.5–92.5◦ E) and was observed between 11 and 18 Au-
gust 2015 (and is referred to as the Tibetan mode; Zhang et
al., 2002). In the following (20 to 27 August 2015) the anticy-
clone of the Tibetan mode moves westward and divides into
two anticyclones (Fig. 19). Here the westward movement of
the AMA leads to instabilities in the circulation (Popovic and
Plumb, 2001) so that a second anticyclone can break-off the
main feature (Hsu and Plumb, 2000). The western anticy-
clone now has its centre above the Middle East, and the east-
ern anticyclone has its centre over the Tibetan Plateau.

During OMO the time period between the reoccurrence of
the two distinct anticyclones is around 20 days. A 10–20 day
cycle of westward propagation of the anticyclone including
splitting into two anticyclones has been reported by Krishna-
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Figure 16. Double anticyclone mode illustrated with wind field and CH4 EMAC daily means at 204 hPa (25 July 2015) and the associated
flight tracks. White contours represent the CH4 threshold and background values according to Sect. 3.1.

Figure 17. Central anticyclone mode illustrated with wind field and CH4 EMAC daily means at 204 hPa (9 August 2015) and the associated
flight tracks. White contours represent the CH4 threshold and background values according to Sect. 3.1.

murti and Ardanuy (1980) and has been shown to lead to a
succession of rainy and dry periods in India during the mon-
soon season. Zhang et al. (2002) presented a bimodality of
the AMA with a centre position of the anticyclone over the
Iranian or the Tibetan plateaus. During OMO we found both
positions, which is in line with the assumption of bimodality.
In contrast, Nützel et al. (2016) reported different centre po-
sitions of the AMA in several models, although most of them
did not simulate a preferred bimodality. Regarding the east-
ern anticyclones during the double anticyclones modes, the
positions were in between the Iranian and Tibetan plateaus

(first mode); in the fourth mode they were over the Tibetan
Plateau. Consequently, they do not support a preferred bi-
modality. In Zhang et al. (2002) and Nützel et al. (2016) the
Iranian and the Tibetan mode are further distinguished by pa-
rameters, such as diabatic heating, rain patterns, or areas of
convection, which are outside the scope of the present study.
Here the focus is on the dynamics with respect to the trace
gas distributions. The subdivision into four modes represents
the dynamics of the AMA over the course of the campaign.

Different trace gas levels between these four modes can
also be identified in the CH4 and CO observations by sub-
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Figure 18. Tibetan anticyclone mode illustrated with wind field and CH4 EMAC daily means at 204 hPa (15 August 2015) and the associated
flight tracks. White contours represent the CH4 threshold and background values according to Sect. 3.1.

Figure 19. Double anticyclone mode illustrated with wind field and CH4 EMAC daily means at 204 hPa (25 August 2015) and the associated
flight tracks. White contours represent the CH4 threshold and background values according to Sect. 3.1.

dividing the observations into AMA-influenced and back-
ground values at altitudes between 300 and 140 hPa (Ta-
ble 2). The lowest CH4 mixing ratios in background air are
observed during the central mode, as HALO was mostly fly-
ing at low latitudes over the Indian Ocean during this time.
These flights were influenced by Southern Hemisphere air
masses due to the ITCZ shift to the north during boreal
summer. Especially over India, the position of the ITCZ is
generally between 5 and 30◦ N in summer (Lawrence and
Lelieveld, 2010). For the other three AMA modes the CH4
background values are comparable, representing northern

hemispheric background conditions. Their mixing ratios also
reflect the CH4 mixing ratio derived for the NH background
profile (1859.4 ppbv) in Sec. 3.1.

CO mixing ratios in background air masses show hardly
any difference between the Northern Hemisphere and the
Southern Hemisphere in the upper troposphere. This is con-
sistent with airborne observations during the Indian winter
monsoon (January 1999) over the northern part of the In-
dian Ocean during the INDOEX campaign (Gouw et al.,
2001). While no significant CO gradient was observed in
the upper troposphere, a pronounced north–south gradient
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of 3.9± 1.9 ppbv deg−1 latitude was observed below 3 km
(Gouw et al., 2001).

Differences in CH4 and CO mixing ratios for AMA-
influenced air masses during OMO can be explained by the
relative distance between the position of HALO and the posi-
tion of the centre of the AMA. With increasing distance from
the centre of the anticyclone, mixing ratios tend to decrease.
The distribution of the trace gases in the upper troposphere
depends on the dynamics of the monsoon, as the position
and strength of the convection change during the wet season
(Randel and Park, 2006). For example, if convection takes
place over the Bay of Bengal, less polluted air is uplifted. In
contrast, if the convection is directly over densely populated
regions, e.g. Bangladesh, which are more polluted, convec-
tion transports the pollutants to the upper troposphere. At the
same time, the strength of the convection changes within the
monsoon due to differences in thermal heating between the
relatively cold ocean and the hot land (Dethof et al., 1999).

During OMO, the CH4 mixing ratios for AMA-influenced
air masses varied temporally from mode to mode. The dif-
ferent mixing ratios do not follow a simple system (Table 2),
and cannot be fully explained by the relative distance from
the AMA centre. Although the distances to the respective an-
ticyclone centres were shortest during the two anticyclones
modes, the observed CH4 mixing ratios were both lowest and
highest. In these cases, only the western AMA was probed
above the eastern Mediterranean or the Middle East, because
the flight tracks were in the same region. In contrast, the
CH4 mixing ratios for the two single AMA modes repre-
sented levels in between the minimum and the maximum
CH4 mixing ratios. In fact, CH4 mixing ratios influenced
by the monsoon increased from the first mode to the fourth.
The increase in average CH4 is even more pronounced if
we only include flights 22 and 23 in the fourth mode, as
the flight track of flight 24 over the Mediterranean was not
at all impacted by the AMA. Thus, the average CH4 mix-
ing ratio for the last mode becomes 1927.1 ppbv, which in-
dicates an even stronger CH4 increase over the course of the
OMO campaign. The CH4 enhancement can most likely be
explained by a combination of the position of the convec-
tion, the temporal development of the AMA, and the accu-
mulation of emissions in time. A strengthening of the convec-
tion and/or a shift of the convection towards areas with larger
emission sources would lead to higher CH4 mixing ratios in
the upper troposphere. A temporal increase in emissions, as
described for CH4 in Sect. 3.3, also induces an increase of
CH4 in the AMA as reported by Xiong et al. (2009). They
observed an enhancement of CH4 in the upper troposphere
during the monsoon season, starting with pre-monsoon con-
ditions around June, and increasing toward the end of the
monsoon season (September). Accordingly, the strong AMA
circulation traps the polluted air masses, and the degree of
pollution increases during the monsoon season.

The CH4 mixing ratios in the EMAC data at 204 hPa
show similar distributions to the observations along the flight

tracks, indicating that the simulations of the AMA position
agrees with the observations. Note that the model may not re-
solve small-scale features due to its coarse resolution, which
will lead to deviations between the simulated and the ob-
served trace gas distribution, in particular close to the fringe
of the AMA. In Sect. 3.6 we will describe a case study where
the model successfully captures the weakening of the trans-
port barrier and subsequent outflow of air masses from the
AMA.

3.6 Outflow event from the AMA

Besides the different modes mentioned above, an outflow
event was detected during OMO. In the EMAC data at
204 hPa an air mass with enhanced CH4 mixing ratios started
to move from Bangladesh westwards on 2 August 2015. Dur-
ing the previous days, convection took place over Bangladesh
and injected polluted air masses into the upper troposphere.
The convection can also be identified in the cloud-top pres-
sure data that show high clouds over Bangladesh. The air
mass was further transported at the southern edge of the
AMA following the tropical jet towards the west.

On 3/4 August, a disturbance in the subtropical jet caused
an instability in the AMA circulation which led to a weaken-
ing of the wind field – especially in the southwestern part of
the AMA. The slow AMA circulation was associated with a
weakened transport barrier, which offers the possibility that
air masses inside the AMA were split off. As the observed
air mass was already at the fringe of the AMA circulation
and thus transported into the region of the weak wind field, it
left the AMA on 5 August. Afterwards the circulation of the
AMA strengthened again. The air mass that left the AMA
was probed by HALO over Oman on 6 August (Fig. 20). In
the following days the westward transport of the air mass
continued over the Arabian Peninsula following a southwest-
erly flow on 8 August. During its advection the originally
compact air mass was stretched and transported northeast-
wards. On 10 August (Fig. 21) it was located above the Red
Sea and then moved further northeastward, to be reintegrated
into the AMA circulation at the northwestern edge of the
AMA in close proximity to the subtropical jet.

We measured the expelled air mass outside the AMA dur-
ing two consecutive flights in a quasi-Lagrangian experi-
ment. On 6 August (flight 12/13, Fig. 20) HALO probed
the expulsion with enhanced CO and CH4 over Oman. In
the air mass CO and CH4 mixing ratios increased to 117.3±
22.2 and 1893.5±9.8 ppbv, respectively (background: CO=
78.6±33.3 ppbv and CH4= 1827.4±26.8 ppbv), which can
be seen in Fig. 22. The second probing of this air mass
took place on 10 August (flight 17/18, Fig. 21) over the
Red Sea, yielding mixing ratios of 94.2± 6.8 (CO) and
1903.7±19.2 ppbv (CH4). This corresponds to the increase at
around 12:00–13:00 UTC in Fig. 23. The CO and CH4 mix-
ing ratios observed during both flights agree well within their
standard deviations, with the small (but insignificant) differ-
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Figure 20. EMAC calculated CH4 and wind field; daily means at 204 hPa, and in situ CH4 (above 300 hPa) along the aircraft track for flight
12/13 (6 August 2015). White contours represent the CH4 threshold and background values according to Sect. 3.1. The enhanced CH4 values
over Oman represent the outflow.

Figure 21. EMAC calculated CH4 and wind field; daily means at 204 hPa, and in situ measured CH4 (above 300 hPa) along the aircraft track
for flight 17/18 (10 August 2015). White contours represent the CH4 threshold and background values according to Sect. 3.1. The enhanced
CH4 values over the Red Sea represent the outflow.

ences probably caused by different flight levels (flight 12/13:
11.9 km and flight 17/18: 12.4 km). Note that the standard
deviation for CO during flight 12/13 is larger than that dur-
ing flight 17/18 due to technical problems with the CO in-
strument. Comparing the EMAC simulations with the in situ
data along the flight tracks (Figs. 22 and 23), the trends for
the outflow agree. The EMAC average mixing ratios for CO
and CH4 are 112.2±1.2 and 1891.7±1.2 ppbv, respectively,
for flight 12/13 and 90.8±3.1 and 1864.6±5.9 ppbv for flight

17/18. Thus, these values also agree within their standard de-
viation except for CH4 in flight 17/18, where the outflow is
underestimated by the model.

To check if the expelled air masses probed during the two
flights were connected in a Lagrangian sense, we use centroid
back trajectories. In Fig. 24 the 10-day back trajectories for
the enhanced CH4 values, associated with the locations of
the previously mentioned outflow event (Figs. 20 and 21),
are shown for flights 12/13 and 17/18. The trajectories have
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Figure 22. Flight 12/13 (6 August 2015) in situ CH4 and CO data and EMAC results along the flight track, as well as the flight altitude. The
AMA is colour-coded by CH4 > 1879.8 ppbv.

Figure 23. Flight 17/18 (10 August 2015) in situ CH4 and CO data and EMAC results along the flight track, as well as the flight altitude.
The AMA is colour-coded by CH4 > 1879.8 ppbv.

their origin in the lower troposphere (below ∼ 550 hPa) over
the Arabian Sea and the Indian subcontinent. In the area
of Bangladesh, the trajectories are convectively uplifted to
the upper troposphere. From there they follow the tropical
jet west, towards Oman and the Red Sea. The trajectories
fit well to the simulated movement of the air mass with the
enhanced CH4 values. Besides the similar geographical and
altitude position of the trajectories of both flights, the po-
sitions also agree in time, which means that the back tra-
jectories of flight 17/18, released on 10 August, needed 4
days between their release points and crossing the release
points of flight 12/13. This travel duration is exactly the time
between the two flights. Therefore, in Fig. 25 the trajecto-
ries are colour-coded by time, starting from 10 August (day
zero) and counting backward in time. The trajectories are up-
lifted in the same period and exceed the 300 hPa level around
−9 days. Subsequently, the trajectories of both flights travel
westwards together in the same latitudinal band. On 6 August
(−4 days), when the trajectories of flight 12/13 are released,
they reach Oman and the release points of flight 12/13. Thus,
the trajectories for both flights coincide in time and space.
Therefore, they complete the picture of the outflow observed

in the simulations and confirm the in situ measurement anal-
ysis.

Beside outflow events at the western edge of the AMA, as
documented here, they are 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
the expelled 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 in the northeast due to
eastward eddy shedding. Afterwards the air was transported
eastward by the subtropical jet. After approximately 5 weeks
the expelled air mass reached the flight track over northern
Europe.

4 Summary and conclusion

The AMA is a circulation system in the upper troposphere
and lower stratosphere, which appears over Asia during bo-
real summer. The anticyclone is coupled to deep convection
(Hoskins and Rodwell, 1995), which pumps up polluted air
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Figure 24. Centroid back trajectories for enhanced CH4 mixing ratios during flight 12/13 (triangles) and flight 17/18 (circles) with colour-
coded height.

Figure 25. Centroid back trajectories for enhanced CH4 mixing ratios during flight 12/13 (triangles) and flight 17/18 (circles) with colour-
coded days before the release on 10 August 2015.

masses. The relatively strong anticyclonic circulation traps
the pollutants inside the AMA and constitutes a clear chem-
ical signature. The emissions have predominant sources in
South Asia, and are growing due to population increase and
economic development. It is not fully understood how the
pollutants influence the chemical composition in the AMA,
or in the upper troposphere on a global scale. We especially
lack information about the transport pathways of the bound-
ary layer air masses into the AMA and how they escape the
anticyclone. In the present work, we address the transport
pathways, including the following: the convective transport
from the boundary layer into the upper troposphere; the cir-
culation in the AMA; the transport at and across the edges
of the AMA, associated with outflow events; and further
transport in the upper troposphere partly in connection with
the jet streams. The OMO aircraft campaign took place in
July/August 2015 in the upper troposphere over the Mediter-

ranean, the Arabian Peninsula, and the Arabian Sea to inves-
tigate the AMA and regions west and south of the AMA. On
board HALO the trace gases CO and CH4 were measured
using the TRISTAR IR-absorption spectrometer. Both trace
gases exhibit enhancements in the mixing ratios when influ-
enced by the monsoon. To support our analysis, FLEXPART
back trajectories and EMAC model simulations were used.
In this study we focused on the dynamics with respect to
trace constituents and their transport pathways into and in
the AMA in addition to their origin. In view of the flight
tracks in the west of the AMA, the focus is on westward
transport pathways. To investigate the long-range transport
of relatively long-lived species, CO and CH4 are suitable.

The AMA extends vertically from the upper troposphere
into the stratosphere. It could be clearly distinguished in the
observed CH4 AMA profile at altitudes of 9–12.5 km, while
the NH and SH background profiles show no or minor in-
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fluence. In the observed CO profiles and the simulated CH4
and CO profiles the signature is not as clear as in the ob-
served CH4 profiles. With the help of the observed CH4 back-
ground profile, we calculated a CH4 threshold of 1879.8 ppbv
to distinguish between background and AMA-influenced air
masses. Over the course of OMO the mixing ratios of CO
grew by about 20.1 ppbv due to the influence of the monsoon.
The increase in the CH4 mixing ratios was about 72.1 ppbv
between background and AMA-influenced air. Furthermore,
CH4 had less background variability than CO, and the CH4
emissions exhibited a seasonality with a maximum during
the monsoon season. Consequently, CH4 is an ideal monsoon
tracer. In a case study of flight 19 the increase in the trace gas
mixing ratios of CO and CH4 can be unambiguously associ-
ated with the AMA. Back trajectories indicate transport path-
ways from the source regions in South Asia towards the mea-
surement region for release points with enhanced CH4 val-
ues. Source regions include the Indo-Gangetic Plain, north-
east India, Bangladesh, and the Bay of Bengal. These regions
are densely populated with agricultural, urban, and industrial
emissions. Due to convection, mainly over the same region,
the polluted air was uplifted and then transported by the east-
erly jet towards the measurement region. The transport time
was approximately 10 days. The mode of the anticyclone
changed during OMO according to Zhang et al. (2002): it
began with a double anticyclone mode, transformed to a cen-
tral mode, shifted to a Tibetan mode, and then split again
into two anticyclones. The position of the anticyclone is vis-
ible in the EMAC simulations, but can also be identified in
the observations. Moreover, the observed CH4 mixing ratios
influenced by the AMA indicate strengthening in the con-
vection or in the emissions or a combination of both as well
as an accumulation in time over the course of OMO due to
a continuous increase. Additionally, the transport of an air
mass with enhanced 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, which was most prominent in observed
CH4, with enhanced mixing ratios inside the AMA circu-
lation owing to the strong CH4 emissions during the mon-
soon season. The AMA influences the region between the
eastern Mediterranean and East Asia through its extent, po-
sition, and due to outflow events. We demonstrated the path-
ways of trace gas from the source regions into and within the
AMA. The outflow of polluted air masses from the AMA,
by overcoming the transport barrier during weakening circu-
lation, represents how emissions can be further distributed
in the upper troposphere and, therefore, may influence the
upper troposphere at a global scale. Consequently, surface
emissions alter the chemical composition of the upper tro-
posphere, leading to changes in the atmospheric chemistry,
which can influence radiative heating and cooling rates of
different trace gases in the upper troposphere. Further in-
vestigations will be needed concerning the composition and
trace gas chemistry and aerosols in the AMA. In the present

study the focus was on long-range transport, whereas with
the inclusion of shorter lived chemical constituents a further
understanding of the chemical composition can be gained, as
in Bourtsoukidis et al. (2017). It would also be helpful to ex-
tend the measurements further to the east, e.g. over India and
the Bay of Bengal region.
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