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Abstract. We present in situ measurements of the trace gas
composition of the upper tropospheric (UT) Asian summer
monsoon anticyclone (ASMA) performed with the High Al-
titude and Long Range Research Aircraft (HALO) in the
frame of the Earth System Model Validation (ESMVal) cam-
paign. Air masses with enhanced O3 mixing ratios were en-
countered after entering the ASMA at its southern edge at
about 150hPa on 18 September 2012. This is in contrast
to the presumption that the anticyclone’s interior is dom-
inated by recently uplifted air with low O3 in the mon-
soon season. We also observed enhanced CO and HCI in
the ASMA, which are tracers for boundary layer pollution
and tropopause layer (TL) air or stratospheric in-mixing re-
spectively. In addition, reactive nitrogen was enhanced in
the ASMA. Along the HALO flight track across the ASMA
boundary, strong gradients of these tracers separate anticy-
clonic from outside air.

Lagrangian trajectory calculations using HYSPLIT show
that HALO sampled a filament of UT air three times,
which included air masses uplifted from the lower or mid-
troposphere north of the Bay of Bengal. The trace gas gra-
dients between UT and uplifted air masses were preserved
during transport within a belt of streamlines fringing the cen-
tral part of the anticyclone (fringe), but are smaller than the
gradients across the ASMA boundary. Our data represent the
first in situ observations across the southern part and down-
stream of the eastern ASMA flank. Back-trajectories starting
at the flight track furthermore indicate that HALO transected
the ASMA where it was just splitting into a Tibetan and an
Iranian part. The O3-rich filament is diverted from the fringe

towards the interior of the original anticyclone, and is at least
partially bound to become part of the new Iranian eddy.

A simulation with the ECHAM/MESSy Atmospheric
Chemistry (EMAC) model is found to reproduce the obser-
vations reasonably well. It shows that O3-rich air is entrained
by the outer streamlines of the anticyclone at its eastern flank.
Back-trajectories and increased HCl mixing ratios indicate
that the entrained air originates in the stratospherically influ-
enced TL. Photochemical ageing of air masses in the ASMA
additionally increases O3 in originally O3-poor, but CO-rich
air. Simulated monthly mean trace gas distributions show de-
creased O3 in the ASMA centre only at the 100 hPa level in
July and August, but at lower altitudes and in September the
ASMA is dominated by increased Oz. The combination of
entrainment from the tropopause region, photochemistry and
dynamical instabilities can explain the in situ observations,
and might have a larger impact on the highly variable trace
gas composition of the anticyclone than previously thought.

1 Introduction

The Earth System Model Validation (ESMVal) field experi-
ment with the High Altitude and Long Range Research Air-
craft (HALO, http://www.halo.dlr.de) was conducted during
10-24 September 2012 in close cooperation with the HALO
TACTS mission (Jurkat et al., 2014; Vogel et al., 2015;
Miiller et al., 2016). During the 65 HALO flight hours of
the ESMVal campaign, trace gas distributions were sampled
from the ground to a maximum altitude of 15.3km along
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the following route: Oberpfaffenhofen (Germany), Sal (Cape
Verde), Cape Town (South Africa), boundary of Antarctica,
Cape Town, Male (Maldives), Larnaca (Cyprus), Oberpfaf-
fenhofen, Spitzbergen (Norway) and again to Oberpfaffen-
hofen. The goal was to gather in situ observations for the
evaluation of Earth system models and to improve process
understanding. Specific areas of interest included regions im-
pacted by deep convection, lightning and biomass burning in
West- and South Africa, anthropogenic pollution in Europe
and the Mediterranean, the northern and southern polar re-
gions, and the northern African and Asian monsoons.

The Asian summer monsoon (also known as Indian or
south-west monsoon), sensu stricto, is a prevailing sea
breeze, lasting from June to September (Gettelman et al.,
2004; Lawrence and Lelieveld, 2010). Different mechanisms
may contribute to the formation of a conduit of rising air, cen-
tred over the southern Tibetan Plateau (Bergman et al., 2013)
during Northern Hemisphere summer. A high-pressure area
forms in the convective detrainment altitudes, sustaining a
coherent anticyclone, centred at 200 to 100 hPa (Dunkerton,
1995; Randel and Park, 2006; Garny and Randel, 2016).

Polluted boundary layer air is entrained from throughout
the region. It is effectively uplifted first in the narrow con-
duit to detrainment altitudes of about 200 hPa, later by large-
scale upward motion at the eastern side of the anticyclone
and then confined by the Asian summer monsoon anticyclone
(ASMA) (Lelieveld et al., 2001; Li et al., 2005; Randel and
Park, 2006; Park et al., 2007, 2008, 2009; Chen et al., 2012;
Bergman et al., 2013; Vogel et al., 2015; Ploeger et al., 2015).
As a consequence, trace gas mixing ratios within the anticy-
clone are mainly shifted towards lower-tropospheric values,
e.g. relatively increased carbon monoxide (CO) (Li et al.,
2005; Park et al., 2008) and decreased ozone (O3) (Randel
and Park, 2006; Park et al., 2007, 2008; Kunze et al., 2010).
The in situ measurements considered in our study also show
enhanced CO mixing ratios in the ASMA, but instead of de-
creased O3 we found significantly increased O3 mixing ratios
— relative to the UT air encountered south of the anticyclone.

While several studies looked into the boundary layer
sources for ASMA air, entrainment of stratospheric or TL
air has received much less attention. We are not aware of a
study focusing on it, although the possibility of stratospheric
entrainment at the eastern flank of the ASMA has already
been recognised (Plumb, 2005; Randel and Park, 2006; Ren
et al., 2014). Park et al. (2007) found a relatively high fre-
quency of TL air at 100 hPa (MLS satellite data, July—August
2005) at the eastern ASMA flank, and interpreted this as
an indicator of frequent stratosphere—troposphere exchange.
This is consistent with Konopka et al. (2010), who found
that the ASMA enhances horizontal transport of O3-rich air
from the extratropics into the stratospheric part of the tropi-
cal tropopause layer. Other studies (Cristofanelli et al., 2010;
Barret et al., 2016) indicate the near absence of stratospheric
intrusions during the monsoon season. At least the entrain-
ment of Oz-rich TL air is supported by the HALO ESMVal
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in situ observations considered here. Enhanced O3 was also
found in CARIBIC (http://www.caribic-atmospheric.com) in
situ measurements in the monsoon region. Trace gas signa-
tures from the northern part of the ASMA were interpreted
as photochemically older than those from the more central
region, sampled at the southernmost parts of the CARIBIC
flights (Baker et al., 2011; Rauthe-Schoch et al., 2016). How-
ever, the origin of enhanced O3 in the old air is not entirely
clear, and Baker et al. (2011) also mentioned the possibil-
ity of stratospheric influences. Whether O3 in air originating
in the ASMA is generally enhanced or depleted was pointed
out as one of the major open questions related to the Asian
monsoon already by Lawrence and Lelieveld (2010).

Here we present a unique set of upper troposphere (UT) in
situ measurements in the ASMA, obtained during the HALO
ESMVal campaign. The focus is on the measurements, their
representation in a global chemistry climate simulation and
the origin of air masses. We pinpoint the processes that led
to the observed trace gas signatures using a more detailed
analysis of an exemplary flight segment, and conclude show-
ing how the present measurements could be reconciled with
previous, seemingly contradictory studies. In a follow-up
study the processes that determine the ASMA composition
are further analysed by putting the HALO ESMVal mea-
surements into a regional, seasonal and multi-annual per-
spective. We refer to that study (Gottschaldt et al., 2017)
as accompanying paper in the following. The accompany-
ing paper is mainly based on EMAC simulations, which also
show that our in situ data reflect rather common processes
in the ASMA. Both studies shall help to explain the highly
variable composition of the ASMA and its outflow, address-
ing the following key aspects of the ASMA that were re-
cently identified as poorly understood (Randel et al., 2016):
dynamical and chemical coupling with convection, compo-
sition/reactive chemistry in the monsoon region, mixing of
higher-latitude lower-stratospheric air into the tropical TL by
the ASMA.

The paper is structured as follows: Sect. 2 provides a de-
scription of the instruments and techniques used for the in
situ measurements of selected tracers during the ESMVal
campaign, the Eulerian global chemistry climate simulation
hindcasting the synoptic situation of the measurements, and
the trajectory model. The transport pathways of air masses
that contributed to the observed chemical composition and
periods of interest from the measured time series are identi-
fied in Sect. 3. Section 4 shows that the EMAC global simu-
lation may be used for the interpretation of the in situ mea-
surements, because the main features are reproduced well.
Section 5 is dedicated to the discussion of selected tracer—
tracer relations in the in situ data. The eastern flank of the
ASMA is found to be crucial for the generation of the ob-
served trace gas signatures, which is discussed in Sect. 6 for
that part of the flight providing the most direct observations
of it. In Sect. 7 we reconcile the HALO ESMVal observa-
tions of increased O3 with previous studies that found de-
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creased O3 in the ASMA, and then conclude with a summary
in Sect. 8.

2 Methods
2.1 In situ measurement techniques

All in situ data used in our analyses are based on a synchro-
nised data set, created by merging the data with their individ-
ual time resolution to a common time axis with a resolution
of 10s. This data set is available from the HALO database
(https://halo-db.pa.op.dlr.de).

Carbon monoxide (CO) was measured with the three-
channel quantum cascade laser infrared absorption spec-
trometer TRIHOP. CO data were sampled every 8s with
an integration time of 1.5s and a total 1o uncertainty of
1.8 nmol mol ! (Schiller et al., 2008; Miiller et al., 2016).

A newly designed atmospheric chemical ionisation mass
spectrometer (AIMS) with an electrical discharge source and
in-flight calibration provided HCI mixing ratios with a 1o de-
tection limit of 1015 pmol mol~! and an accuracy of 12 %
(Jurkat et al., 2014, 2016; Voigt et al., 2014). AIMS measure-
ments compared well in general to remote sensing techniques
on board HALO, like the Gimballed Limb Observer for Ra-
diance Imaging of the Atmosphere — GLORIA (Ungermann
et al., 2015).

Total reactive nitrogen, NO,, is the sum of all reac-
tive nitrogen species in the atmosphere. Besides NO, (=
NO + NOj), HNOj3, peroxyacetyl nitrate (PAN), HONO,
N>0s5, HO,NO;, NO3 are the most abundant species of the
odd nitrogen family. NO and NO, were measured during
the ESMVal campaign by the AtmosphEric Nitrogen ox-
ides mEAsurement System (AENEAS) — a two-channel NO-
chemiluminescence detector in combination with a gold con-
verter installed in one channel (Ziereis et al., 2000). The de-
tection limit is about 8 pmol mol~! for an integration time of
1's. Its overall uncertainty is about 8 % (6.5 %) for volume
mixing ratios of 0.5 nmol mol ! (1 nmol mol ! ).

The Fast Airborne Ozone instrument (FAIRO) deployed
during the ESMVal campaign is based on a chemilumines-
cence sensor plus an UV photometer (Zahn et al., 2012),
achieving at least an accuracy of 1.5 % at 10 Hz.

2.2 Atmospheric dynamics and chemistry simulations

The Eulerian simulation used for this study was performed
with the EMAC model (Jockel et al., 2010) within the project
Earth System Chemistry integrated Modelling (ESCiMo), as
a German contribution to the Chemistry Climate Model Ini-
tiative (CCMI). This simulation has been described and eval-
uated in detail by Jockel et al. (2016) as RC1SD-base-10a.
Its set-up is based on the CCMI transient hindcast reference
simulation in specified dynamics mode (Eyring et al., 2013).
Here we just refer to it as the “simulation”. Key characteris-
tics of the simulation are a representation of the global do-
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main, with a spherical truncation of T42 and 90 vertical hy-
brid pressure levels up to 0.01 hPa, and a nudging of dynam-
ics towards ERA-Interim reanalyses data (Dee et al., 2011)
from the free troposphere to a pressure altitude of 10 hPa.
The simulation also includes complex interactive chemistry
with online feedback on dynamics. This set-up reproduces
the synoptic situation during the aircraft campaign (ESM-
Val and all other campaigns of the simulated period), allow-
ing direct comparisons of simulated and measured data. In
particular, it was shown by Niitzel et al. (2016) that the cli-
matological representation of key dynamical features of the
ASMA in ERA-Interim is in line with most other reanaly-
sis data sets. However, some processes cannot be explicitly
resolved on the coarse grid of the global simulation. These
subgrid-scale processes are accounted for by parameterisa-
tions that are expected to reproduce climatological charac-
teristics rather than individual events. This pertains in par-
ticular to convection and convective transport, thereby nega-
tively affecting the non-climatological comparability of sim-
ulated versus observed atmospheric trace gas mixing ratios
(Tost et al., 2010). Global fields are output with a frequency
of 10 h, but data along the HALO flight track were sampled
with the model time step resolution of 12 min (see descrip-
tion of S4D by Jockel et al., 2010). In addition to the ni-
trogen oxides listed in Sect. 2.1, the EMAC tracers NHOH,
HNO, NH,O and NH,OH are also included in simulated
NO,. It is calculated as the mixing ratio of nitrogen atoms
in the sum of the listed NO, compounds, which is consistent
with what is measured by the corresponding in situ instru-
ment. Net photochemical O3 production rates are calculated
from the diagnostic tracers ProdO3 and LossO3 (Jockel et al.,
2016). Unless stated otherwise, the tropopause is diagnosed
in our EMAC simulations according to the WMO definition
between 30° S and 30° N, and by PV =3.5PVU elsewhere
(Jockel et al., 2006).

2.3 Lagrangian trajectory calculations

The HYbrid Single-Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) model (Draxler and Hess, 1998;
Draxler and Rolph, 2015) was used to calculate backward-
trajectories, starting at the flight track. The same starting
time is used for all back-trajectories of the selected flight
segment; i.e. the time lag between different positions along
the track is neglected. Thus smaller flight segments need to
be chosen if the wind fields are more dynamic. HYSPLIT is
driven kinematically, by meteorological fields of the Global
Data Assimilation System (GDAS), in 1° x 1° horizontal res-
olution, 23 vertical levels between 1000 and 20 hPa, as pro-
vided by NCEP (National Weather Service’s National Cen-
ters for Environmental Prediction, http://ready.arl.noaa.gov/
gdas1.php) at 3 h time steps. Convection is represented indi-
rectly, as smoothed vertical velocity components in the re-
analysis fields. HYSPLIT trajectories only capture advection
and stirring. Note that, in contrast, EMAC captures convec-
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Figure 1. The left panel shows mixing ratios of O3, HCI, CO, NO and NO, along the HALO flight track from Male to Larnaca on 18
September 2012. Black: in situ measurements in 10 s resolution, Blue: interval averages of the in situ data, corresponding to 12 min simulation
time steps, Red: simulation results. Yellow shadings mark the periods of interest, see text. Corresponding curtains simulated with EMAC
along the flight track are shown on the right. The pipe follows the HALO flight altitude, filled with measured trace gas mixing ratios in the
same colour coding (legends integrated in corresponding left panels). Black = missing. A thin white line indicates the simulated tropopause.

tion directly (although parameterised), as well as mixing in
the form of diffusion (Roeckner et al., 2006).

3 Air masses observed and transport pathways

An air mass with enhanced mixing ratios of Oz, CO, NO,
NO, and HCI (Fig. 1) was sampled during a flight on 18
September 2012 from the Maldives to Cyprus over the Ara-
bian Sea. Here, HALO flew at an altitude of 160 to 170 hPa,
just before reaching the Oman coast (Fig. 2). We attribute
the sudden increase of the above-mentioned trace gases at
07:46 UTC to entering the ASMA from the south. The sam-
pling of this air mass was interrupted by a dive to probe the
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lower boundary of the ASMA, but after that HALO contin-
ued to fly in UT air related to the ASMA.

We divide the ESMVal-flight from Male to Larnaca prag-
matically into seven parts (Table 1), called periods of interest
(POI) in the following. Thereby we refer to the central region
as the “interior”, and to the boundary region, i.e. the outer
streamlines of the ASMA circulation, as the “fringe”. The
terms “interior” and “fringe” characterise actual positions of
streamlines within the anticyclone, independent of the trace
gas signatures they carry. Streamlines represent an instan-
taneous snapshot of transport barriers, because there is no
large-scale transport perpendicular to streamlines. Figure 3
illustrates the evolution of the ASMA circulation at flight al-
titude from 9 days before to 1 day after our measurements.
Besides streamlines, Fig. 3 shows geopotential height, be-
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Figure 2. Mixing ratios of O3, HCI, NOy and CO, as simulated by EMAC for 06:00 UTC on 18 September 2012, at 168 hPa. Beads along
the flight track are separated by 1h, and the tail end of the HALO silhouette marks the actual position. Black circles in panel (a) indicate
the HALO position during the periods of interest, which represent the ASMA measurements. During POI3 HALO was flying in an altitude
range containing the shown pressure level. Arrows illustrate the wind field (c¢) and also highlight a filament of TP layer entrainment into the
free troposphere at the eastern ASMA flank, indicated by anti-correlated mixing ratios of HC1 and CO (b and d).

Table 1. Periods of interest for the measurements during the HALO ESMVal flight from Male to Larnaca on 18 September 2012. Column
UTC shows the time periods of the measurements, figure lists the corresponding trajectory figures.

Classification UTC Remarks Fig.

POIl  Ascent from Male + 05:36 Clean air, not related to ASMA -
UT south of ASMA 06:40

POI2  Southern ASMA 06:40 Back-trajectories related to ASMA, but clean air dominates Al
boundary region 07:46

POI3  Outer ASMA 07:46 UT ASMA circulation + air uplifted at eastern flank; 3 days after 3, A2, S5
streamlines 08:21 passing eastern flank

POI4 Dive over Arabian 08:21 lower ASMA boundary (~ 180 hPa) to 650 hPa A3
Peninsula 09:05

POI5  Outer ASMA 09:05 As POI3, but filament curled in; 6 days after passing eastern flank A4
streamlines 10:50

POI6  Outer ASMA 10:50 As POI3, but less uplifted air; 5 days after passing eastern flank AS
streamlines 11:53

POI7  Descent into Larnaca 11:52 Lower ASMA boundary to ground A6

12:29

cause increased geopotential is a proxy for characterising the
extent of the ASMA on pressure levels (Barret et al., 2016).
Alternatively, PV has been proposed to delineate the ASMA
in isentropic coordinates (Ploeger et al., 2015) and the cor-
responding equivalent to Fig. 3 is provided in the Supple-
ment S1. However, the above ASMA boundary definitions
(Ploeger et al., 2015; Barret et al., 2016) and another one
based on maximal wind speed, used by Pan et al. (2016),
emphasise concepts of a closed ASMA volume or transport
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barriers on monthly or seasonal timescales. In contrast, our
analyses rather aim to explain observed UT tracer distribu-
tions resulting from daily-scale dynamics. The latter is best
captured by Lagrangian trajectories, which unlike the above
Eulerian approaches inherently reflect the time dependence
of the flow. Our choice of POIs and the delineation of the
ASMA are thus based on back-trajectories from the flight
path and the observed trace gas signatures.
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Figure 3. Streamlines and geopotential height (GPH) at the 168 hPa pressure level as simulated by EMAC for selected output time steps in
September 2012.
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Figure 4. HYSPLIT-simulated backward trajectories starting at the HALO flight track (red arrows). The integration length is noted in the
upper-right corner of each lat—lon panel. All trajectories of one panel start at the same time, approximately in the middle of the period
corresponding to the respective flight segments (d). Colours in panel a relate the previous positions of the measured air parcels to calendar
days. Colours in (b) show pressure altitude, which is supplemented by altitude vs. time in (d). Individual trajectories are colour coded
according to the time of measurement at their respective starting positions in (¢) and (d). Panels a show the same map section here and
throughout Appendix A, while all other panels are scaled individually.

Clearly ASMA-related air masses (POI3/5/6) are marked The flight segment POI3 is characterised by almost par-
in shades of yellow in the left column of Fig. 1, and indicated allel back-trajectories along the southern ASMA fringe
by three black ovals in Fig. 2a. For the sake of brevity we fo- (Fig. 4c). The outer trajectories show air masses circling
cus on POI3 in the following, while more information about around the ASMA within 10 days (Fig. 4a) at 160—170hPa
the other flight segments is available in Appendix A. (Fig. 4b), while the inner trajectories were first uplifted at the

southern/south-western flanks of the Himalayas, then the Ti-
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betan conduit to merge with the UT ASMA circulation at its
eastern flank (Fig. 4d). The back-trajectories of POI3 mainly
encompass South Asia and the Arabian Peninsula. We define
the start of POI3 by a sudden increase of O3, CO, HCI and ni-
trogen oxide mixing ratios, compared to the clean air encoun-
tered before (POI2). The transition from POI2 to POI3 is not
clearly reflected in the back-trajectories, because the north-
ernmost back-trajectories of POI2 resemble the adjoining,
southernmost back—trajectories of POI3 (see Appendix A,
Fig. A1). We consider this to be an artefact of very dynamic
wind fields that are not well represented in the trajectory
calculations (see also discussion of POI2 in Appendix A).
The problem is most likely related to the combination of the
rapidly splitting ASMA (Fig. 3) and the strongly divergent
flow at the eastern ASMA boundary (Fig. A2), where the
southbound ASMA circulation separates from the eastward
subtropical jet. POI3 ended when HALO started to descend
for a dive over Oman. Almost immediately below the flight
altitude of POI3 the back-trajectories no longer clearly indi-
cate direct transport of air from the eastern ASMA flank.

During POI3 the fringe was transected from the outer to
the inner streamlines. Deep convection at the eastern ASMA
flank contributed considerably to POI5 (Fig. A4d), and very
little to POI6 (Fig. A5d). POI3 passed the eastern ASMA
flank on 15 September (Fig. 4a), POIS on 12 September
(Fig. A4a), POI6 on 13 September 2012 (Fig. ASa). Note
that the eastern ASMA flank moved eastward during that pe-
riod, and the area enclosed by the back-trajectories did shrink
(Figs. 3, 4a, Ada, A5a). A schematic of the synoptic situation
for POI3/5/6 is given in Fig. 5. All three POIs are part of a
filament that spent at least 10 days in the UT of the ASMA re-
gion, and was entrained by updraughts at the eastern ASMA
flank. The curled-in structure of the filament indicates that
the ASMA split into a Tibetan and an Iranian part around
18 September 2012 (Fig. 3). It is not clear whether the steep
O3 gradient, chosen as the beginning of POI3, corresponds
to where outside flow later separates from the ASMA circu-
lation. Thus we do not attempt to estimate whether or how
much outside air becomes part of the ASMA circulation by
entrainment at the southern edge. This uncertainty is not im-
portant for the present study, but might need to be addressed
before quantitatively estimating trace gas budgets within the
ASMA.

Six-hourly satellite images show no signs of fresh con-
vection in the vicinity of the HALO track on the days be-
fore the flight, in contrast to the eastern ASMA edge and
the Himalayas (see Supplement Fig. S8). Shorter-lived, lo-
calised convective events were identified in 15 min satellite
images (not shown) over the Hajar mountains (Oman) and
east of the Strait of Hormuz on 17 and 18 September 2012,
afternoon. We set a more detailed discussion of this aspect
aside here, since dispersion calculations (not shown) indi-
cate that the UT ASMA measurements during the ESMVal
campaign (POI3/5/6) were not affected by those convective
plumes. Furthermore, videos from the cockpit camera show
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Figure 5. Schematic of the filament of UT ASMA air that was tran-
sected by HALO during the ESMVal campaign. The encountered
air parcels all had a similar genesis: UT air travelling in the ASMA
fringe was to different degrees entrained by deep convection at the
eastern ASMA flank, then continuing along the southern flank of the
anticyclone to the respective measurement locations. POI3 provides
the most direct view of the eastern ASMA flank. The schematic is
in ASMA centred coordinates, with relative positions of air masses
(grey arrows) and convection (orange clouds) indicated. The interior
trajectory of the filament and corresponding times of measurement
are indicated by dark blue and the exterior trajectory is light blue.
Grey shades and white indicate the air masses encountered during
the respective three periods of interest (POI3/5/6), and to the corre-
sponding date they passed the eastern flank.

that HALO did not transect the convective region over the
Hajar mountains on 18 September 2012.

POI3 is less affected by stirring during transport from
the eastern ASMA flank to the measurement location than
POI5/6 and thus provides a more direct view of the remote
and so far unsampled eastern flank. In addition to stirring,
diffusion may also act to conceal features of trace gas distri-
butions during transport. However, assuming a diffusion co-
efficient of 15 m2s~! (Schumann et al., 1995), purely diffu-
sive mixing is negligible here. It acts on a scale of about 1 km
per day, and air parcels needed less than a week from the east-
ern flank to their respective measurement locations (Figs. 4a,
Ada, AS5a). For comparison, two measurement points in 10s
time resolution at typical HALO speed are about 2.5 km
apart.

4 Representation of the in situ measurements in EMAC

Here we discuss to what extent the aforementioned
(Sect. 2.2) simulation with the EMAC model can reproduce
the O3, HCI, CO, NO and NO, measurements in order to
use that simulation for further interpretation of the measure-
ments.
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The EMAC simulation has a horizontal grid resolution of
about 300 km in the ASMA region, and the time step length is
12 min. Processes acting on smaller, unresolved scales need
to be parameterised. This is compared to in situ data with a
time resolution of 10 s, corresponding to a spacing of about
2.5km. Due to the different resolutions, a perfect match be-
tween the simulation and observations cannot be expected.
Additional differences might be caused by non-perfect rep-
resentations of emissions, physical and chemical processes.

EMAC in the set-up used here is known to simulate a high
O3 bias in the tropics, more specifically of 5-25 % at 100-
250 hPa, compared to ozonesonde data, and 30-50 % in the
tropospheric column compared to satellite data (Jockel et al.,
2016). However, the relative enhancement observed during
the POIs is reproduced by the simulation (Fig. 1a).

The HCI mixing ratios encountered during the flight from
Male to Larnaca were at the detection limit of the AIMS in-
strument; therefore they had enhanced noise. They were in-
terrupted by missing value periods due to calibrations and
background measurements. In order to carve out variations
on a timescale relevant for this study, we smoothed the HCI1
in situ data as follows: each original value of the time se-
ries is substituted by the average of two means — the mean of
all values 150 s before and the mean 150 s after the original
value. Missing values are ignored for calculating the mean,
but the average is missing if at least one missing value is
present. Each operation is based on equal weights. This pro-
cedure gives values in periods of sparse data greater weight,
but was found to preserve the shape of the time series better
than a conventional running mean filter. Note that the time se-
ries technically is still in 10 s resolution after the smoothing,
but with regard to contents, time resolution has been traded
for a better signal-to-noise ratio. In situ measurements in the
subtropical UTLS over North America (Marcy et al., 2004)
indicate that UT background mixing ratios of HCI may be
of the order of 5pmol mol~!. Such low values are found in
our data (Fig. 1c) during clean-air-dominated POI2 and in
the middle of POIS, where back-trajectories point to lower-
tropospheric air (Fig. A4c, d). Relative HCI enhancements in
other sections of the flight are also clearly visible in Fig. Ic,
indicating in-mixing of stratospheric or TL air. The simu-
lation reproduces the magnitude of measured HCI and also
the rough time evolution during the POIs. We consider the
agreement as reasonable, given the uncertainties of the mea-
surements, as well as the possibility of spurious washing out
and slightly misrepresented gradients of trace gas mixing ra-
tios (Figs. 1d, 2b) in the simulation. The relative minimum
in free tropospheric HCl is best seen in the curtain (Fig. 1d),
together with a filament of increased HCI extending from the
tropopause to the flight track around 08:00 UTC.

Considering the use of monthly instead of daily resolved
biomass burning emission data, there is a surprisingly good
agreement between measured and simulated CO. The air
masses encountered during the measurements might have ex-
perienced sufficient mixing since last boundary layer contact
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to lose memory of any high-frequency emission variations,
making monthly emissions in the simulation a viable ap-
proximation here. There is a negative bias of simulated CO
of about 10 nmol mol~! during POI5/6 (Fig. le). Figure 2d
shows that POI5/6 coincide with a region of strong CO gra-
dients. This may result in some inaccuracies in the simulated
values along the flight path, even if the synoptic situation is
captured well by the simulation. Uncertainties in the chemi-
cal mechanism also have the potential to cause a low bias of
CO and a high bias of O3 (Gottschaldt et al., 2013; Righi et
al., 2015). In any case, caution is needed when interpreting
those measurements based on the simulation. We focus on
the best represented flight section (POI3) whenever possible.

The relative changes of observed NO,, (Fig. 1i, j) and NO
(Fig. 1g, h) mixing ratios are captured by the simulation,
in particular the enhancements of those trace gases in the
ASMA. However, observed short timescale variations during
POI5/6 are smoothed out in the simulated data because of
the coarser temporal resolution of the output (direct) and the
representation of processes is limited by the grid resolution
(indirect). The representation of nitrogen oxides in the simu-
lation also depends on the quality of the corresponding emis-
sion inventories, and is further complicated by the shorter
photochemical lifetime compared to CO and Osz. NO — and
to a lesser degree also NO,, — mixing ratios have steep verti-
cal gradients at the flight altitude during POI5/6 (Fig. 1h, j).
We do not expect a global simulation to perfectly reproduce
the time and location of such features, and the corresponding
inaccuracies are most likely to print through in the vicinity
of steep gradients. Also, parameterisations of subgrid-scale
processes are mainly designed to reproduce climatological
characteristics and individual convective events in the simu-
lation may not be triggered at the same times and locations as
in reality. There are regions of over- and underestimated NO
and NO, respectively, and we don’t expect any systematic
bias in the representation of nitrogen oxides in the simula-
tion. In particular, we note that the magnitude of measured
NO mixing ratios is reproduced by the simulation, despite
most UT NO, in the ASMA being produced by lightning
(see accompanying paper for details) and estimates of light-
ning NO, emissions include large uncertainties (Schumann
and Huntrieser, 2007).

To summarise, the limited resolution of the simulation is at
the core of most of the deviations between observed and sim-
ulated trace gas mixing ratios. This means that, in return, a
large-scale feature like the ASMA is likely to be represented
well by the specified dynamics simulation set-up, which is
also well suited to reproduce the corresponding trace gas dis-
tributions. Overall, we are confident that the simulation re-
produces the atmospheric situation well enough to be utilised
for interpreting the in situ data of the POIs. The overall agree-
ment between observed and simulated data is best for POI3.
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5 Tracer-tracer relations

Enhanced tropospheric tracers (CO) fit the climatological
picture of the ASMA, but at the same time enhanced O3 and
HCI is notable and indicate enhanced in situ production, or
contributions of stratospherically affected air, e.g. from the
TL. In this section we determine the origins of the measured
trace gas signatures with the help of tracer relations. The fol-
lowing analysis focuses on CO vs. O3, and is supplemented
by other relations (HCl vs. O3, NO vs. O3z, NO, vs. O3, NO,
vs. NO,). POI3, POI5 and POI6 are part of one filament,
and all are characterised by mixing of UT air with uplifted
lower-tropospheric air at the eastern ASMA flank (Fig. 5).
In the following, we exemplify tracer—tracer relations in the
filament by a discussion of POI3. We focus on that period,
because it is best represented in the simulation and the dy-
namics are less complicated than for POI5 and POI6. The
latter means that POI3 provides the most direct view of the
eastern flank and the relevant processes of that key region are
least concealed by stirring. Furthermore, the air encountered
during POI5/6 has more remote source regions (Figs. Ada,
AS5a) and was subject to longer transport since passing the
eastern ASMA flank. Thus, it is easier to disentangle the rel-
evant processes for POI3.

5.1 Mixing of different reservoirs during POI3

All measurements from 07:47 to 08:15UTC (dots) lay on
one mixing line in the CO vs. O3 plot for POI3 (Fig. 6a).
It connects a CO-poor & Osz-rich reservoir (COJ,103) with
a CO-rich & O3-poor reservoir (CO1 ] 03). The “&” nota-
tion is used in the following to express “and at the same
time”. Rich and poor are meant relative to the ranges ob-
served during that flight section. Park et al. (2007) proposed
thresholds of CO > 60 nmol mol~! and O3 <300 nmol mol~!
to characterise tropospheric air in the ASMA. According
to that criterion, absolute mixing ratios of POI3 are com-
pletely tropospheric. However, the lowest O3 mixing ratios
in POI3 (about 68 nmol mol~!) still represent a significant
enhancement with respect to 30 nmolmol~! at the end of
POI2 and also compared to 40 nmol mol~! encountered be-
low the ASMA during POI4 (Fig. 1a). The term reservoir is
used here for the current state rather than for hypothetical
end members. The negative slope indicates either an ozone-
depleting photochemical regime (Baker et al., 2011), or that
both reservoirs have seen different stratospheric or TL in-
fluences. The latter is supported by relatively enhanced HCl
mixing ratios in CO}, 103 and accordingly depleted HCI at
the end of CO1 | O3 (Fig. 6¢). A positive correlation between
O3 and HCl inside the ASMA has also been found by Park et
al. (2008), based on ACE-FTS satellite data, and attributed to
a common stratospheric origin of both species. The negative
correlation between CO and O3 in the ESMVal in situ data
is consistent with MLS observations in the ASMA region (at

www.atmos-chem-phys.net/17/6091/2017/

1 1 1 1 1 L 1

. #07[couto;| (“fcorros! No s
2 8001/ ‘& ‘ i g 0.80 1| Ng =027 Cal L
5 ® g
E 760 L <
c £ 070 4
8 720 - e
o + %]
[ » < 0.60
£ 680 X ]
= s CO1|0;5| % o z
L) ;
64.0 /CO||0O, Tk < 050 1

87 90 93 96 99 102 (b) 0.15 0.18 0.21 0.24 0.27
TRIHOP COin nmol mol” AENEAS NO in nmol mol™

84.0 | i F 84.0 ‘ | ‘A'.% r

4
_"'“Inv A

2

—_
Q
~

=]
o
o

FAIRO O3 in nmol mol™
~
® N P <
o
-
FAIRO O3 in nmol mol”

80.0

~
(=}
o

aee ..'ﬁ

“0--,.‘

Tt A 76.0
\.

72.0 1 — + |e 82
: e 81

PR ') . 8:1

* Noyo H
. R 'll sl |o 52

64.0 1. | e 780F
6 9 12 15 18
(C) AIMS HClin pmol mol” (d)

Figure 6. Tracer—tracer relations, as observed during one transect
through the ASMA fringe. Colours indicate the time of measure-
ment, filled circles highlight the first period of interest (POI3), grey
lines are linear fits to those data (a, ¢, d) or hand-drawn markings
discussed in the text (b), and crosses show data just before and after
POI3. Reservoirs referred to in the text are marked by grey boxes.

(o2}
=
o
3
T

68.0 -

-3

>

o
T

0.15 0.18 0.21 0.24 0.27
AENEAS NO in nmol mol”

215 hPa), which cover several complete years (Livesey et al.,
2013).

According to Fig. 4a, b, ¢, d, trajectories carrying signa-
ture COJ 103 make up the outer fringe of the ASMA, trav-
elling along almost closed streamlines at an altitude of about
160 hPa, which is in the tropopause region on the northern
flank, and well within the troposphere on the southern flank
of the ASMA. The inner (with respect to ASMA) stream-
lines of the filament are dominated by signature CO% | O3.
The corresponding back-trajectories indicate air masses up-
lifted from the boundary layer at the southern flanks of the
Himalayas, and mid-tropospheric air uplifted over the south-
western flanks of the Himalayas. Both meet at about 300 hPa
over the Tibetan Plateau, to be further uplifted to the UT,
and merged with the anticyclone at its eastern flank. The
line connecting COJ 103 and CO1| O3 forms a linear cor-
relation with a correlation coefficient of r = 0.97. This is
very compact, indicating homogenous reservoirs. Freshly up-
lifted air did not seem to carry much small-scale heterogene-
ity through the Tibetan conduit. This might explain that the
simulation results compared rather well for this flight seg-
ment, because small-scale differences between real and sim-
ulated (inventory) biomass burning could not print through to
UT trace gas signatures. Independently of that, UT lightning
NO, emissions still introduce differences between simulated
and observed trace gas mixing ratios in the ASMA. Feeding
of the inner trajectories of the filament through the Tibetan
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conduit defines reservoir CO1 | O3. Reservoir CO| 103 is
air circling in the ASMA fringe in the UT. The mixing sit-
uation, as it occurred at the eastern ASMA flank, is carried
by almost parallel streamlines to where it was encountered
by HALO (Fig. 4c). Furthermore, shearing has been small in
the air mass considered here, as indicated by little differential
velocities (Fig. 4a). The strong correlation of the measure-
ment time stamp (corresponding to the radial position in the
fringe) with the location of the corresponding data in CO vs.
O3 space is also indicative of almost parallel streamlines.

5.2 Processes reflected by nitrogen oxides during POI3

Consider the hypothetical case of a fixed NO /NO, parti-
tioning (ratio): variations of NO and NO, mixing ratios are
reflected by positive slopes in NO vs. NO, space. Neigh-
bouring measurements indeed seem to lie on multiple par-
allel lines corresponding to NO proportional to NO, (indi-
cated by grey lines connecting consecutive times/colours in
Fig. 6b). Different lines correspond to different NO / NO,,
ratios. The observed NO /NO,, ratio decreases from about
0.33 in the outer streamlines of the filament (blueish dots
throughout Fig. 6), to about 0.27 (reddish dots) at the end
of POII. As long as nitrogen species are not removed from
the atmosphere, for example by rainout or washout, photo-
chemical processes tend to convert NO to other NO,, species
and therefore change the NO / NO,, ratio. Concurrently O3
and CO mixing ratios also change along the transect of the
filament (Fig. 6a). Increased O3 (blueish dots, Fig. 6a, d) is
expected to shift NO / NO, photochemically towards NO»,
and NO; is part of NO,. Thus increased O3 should decrease
the NO /NO,, ratio by lowering NO. The opposite was ob-
served: increased O3 corresponds to increased NO (Fig. 6d),
while corresponding NO,, mixing ratios are almost constant
(Fig. 6b). The positive, linear correlation of NO vs. O3 mea-
surements (Fig. 6d) might in itself be attributed to enhanced
O3 production due to increased NO. Such an interpretation
would require a positive correlation of NO vs. NO,, for the
entire range of NO mixing ratios. However, positive correla-
tions between NO and NO, were only observed for subsets
of the data (grey lines in Fig. 6b). To sum up, we interpret the
distribution of measurements in NO vs. NO,, space (Fig. 6b)
as the overlay of small variations (noise, scatter) of nitrogen
oxide mixing ratios on top of a decreasing NO /NO, ratio
from outer streamlines towards more inside the ASMA. The
latter variation seems to be mainly due to the mixing of reser-
voirs with different NO mixing ratios, namely a NOJ | O3
reservoir at inner streamlines with NO11 O3 at outer stream-
lines. This is consistent with backward trajectories, which
also indicate two different reservoirs (Fig. 4a, b, c, d). Light-
ning is the most likely source of increased NO in older UT
ASMA air (see accompanying paper for details), compared
to NO-poor, freshly uplifted air.
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Figure 7. Schematic of the synoptic situation and CO-O3 trace gas
signatures that contributed to the HALO in situ measurements tran-
secting the southern ASMA fringe during the ESMVal campaign
(POI3). The foreshortened cuboid is seen from the SW corner. It ap-
proximately covers 15-40° N, 40-120° E, and surface to 100 hPa,
with features not drawn to scale. Recent contributions of strato-
spheric intrusions (STE) were not detected in the measurements,
but might have contributed to the fringe’s trace gas signatures ear-
lier. See text for details.

5.3 Synthesis for POI3 and related UT measurements

A decreased CO & decreased O3 reservoir (COJ | O3, indi-
cated by crosses in Fig. 6) contributed to the outer ASMA
streamlines, diluting increased O3 signatures there. Accord-
ing to the backward trajectories, COJ | O3 originates from
mid-tropospheric air, transported in cyclonic motion below
the ASMA, then rapidly uplifted over Myanmar. A medium
CO-increased O3 reservoir (CO$103) contributed to the in-
ner edge of the filament, which is mainly UT air originat-
ing from the interior of the ASMA. Note that both reservoirs
with increased O3 (CO$103 and COJ 103) are not directly
connected across parallel trajectories, since CO$103 mixes
towards the opposite end (CO1|O3) of the central mixing
line. The gradient between the inner and the outer edge might
have been flattened by mixing during transport from the east-
ern ASMA flank to the measurement location, thereby just
shortening the mixing line.

Figure 7 shows a schematic for POI3 and summarises
the main aspects discussed above. The fringe is essentially
a transport barrier, separating the ASMA interior from the
outside UT. Nevertheless, it interacts with the interior at its
inner edge, and with the surroundings at its outer edge, re-
sulting in trace gas gradients perpendicular to the stream-
lines of the fringe. The outer edge scrapes along the declin-
ing tropopause in the north and may entrain the TL when
veering into the free troposphere at the eastern flank. Strato-
spheric intrusions from the tropopause folding hotspot over
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the eastern Mediterranean (Akritidis et al., 2016) may po-
tentially also contribute to the chemical composition of the
fringe, but were not detected in the ESMVal measurements.
Air uplifted from the lower and middle troposphere domi-
nates the inner edge of the fringe. The trace gas signatures
encountered by HALO before entering the fringe, and after
leaving it towards the ASMA interior are again different, i.e.
not the end members of the gradient in the fringe. Thus the
fringe signatures must have been generated somewhere else,
most likely at the eastern flank.

The corresponding detailed tracer—tracer relations for
POI5 and POI6 are shown in the Supplement (Figs. S6, S7),
but we do not discuss them in detail. They belong to differ-
ent sections of a filament of UT ASMA air that was more or
less entrained by deep convection at the eastern ASMA flank.
The mixing lines of POI6 may even be dominated by differ-
ent amounts of in-mixing from the tropopause region, rather
than by air from the lower troposphere. A detailed quantifi-
cation of the different processes’ contribution to individual
measurements would, however, require more sophisticated
analyses along back-trajectories.

6 Origins of observed ASMA trace gas signatures
6.1 Entraining the TL

During the POIs HALO was flying well below the
tropopause. All observed tracer mixing ratios are clearly tro-
pospheric, and all back-trajectory end points are in the tropo-
sphere. There is no indication of back-trajectories crossing
the TP, which steeply slopes over the Tibetan Plateau and is
hard to define accurately there (Ren et al., 2014). Here it is
only important to note that backward trajectories do not indi-
cate any contribution from high above the tropopause region.
This TL is subject to mixing, small-scale stirring, convection
(mainly tropical TL) and isentropic transport (mainly extra-
tropical TL). All these processes involve cross-tropopause
trajectories, but our Lagrangian calculations would only cap-
ture large-scale transport. The Eulerian EMAC simulations
also reproduce large-scale transport, but additionally capture
small-scale stirring/mixing as diffusive processes and con-
vective transport. The latter is controlled by the convection
parameterisation.

There is a conspicuous filament of increased HCl & de-
creased CO signatures extruding from the tropopause trough
at the eastern ASMA flank (black arrows in Fig. 2b, d). This
indicates entrainment of TL air, which has a more strato-
spheric signature compared to the surrounding upper tropo-
spheric air. The filament is hardly recognisable in the snap-
shot of O3 from our simulation (Fig. 2a), because there are
no big differences between O3 mixing ratios in the fringe and
those in the interior.

Figure 4 shows that air in the fringe travels at almost con-
stant altitude. It is scraping along the tropopause in the north,

www.atmos-chem-phys.net/17/6091/2017/

entraining the TL mixing zone. A filament with increased
mixing ratios of HCI and O3 is dragged into the troposphere
(away from the TP) at the eastern ASMA flank, but at the
same time the decreased NO, zone at the tropopause is not
disrupted (Fig. 2c). There is entrainment from the TL, but not
from far above the TP. This process obviously contributes to
increased HCl & O3 mixing ratios in the ASMA fringe.

In situ measurements across the TP at eastern ASMA flank
would be desirable, but we are not aware of any such mea-
surements from that region. In fact, POI3 of the HALO ES-
MVal campaign seems to provide the closest snapshot so far
of trace gases from that region of interest. The trace gas sig-
natures acquired by the outer ASMA streamlines at the east-
ern ASMA flank were carried almost unperturbed along the
southern flank to the measurement location. The preservation
of trace gas gradients (Figs. 1, 6) indicates little mixing. In
the following, we therefore take a closer look at the eastern
flank as simulated by EMAC.

6.2 Air masses of POI3 at the eastern ASMA flank

The signature of the air mass observed during POI3 was
formed when it passed the eastern ASMA flank 3 days be-
fore the HALO flight (see 72 h back-trajectories in the Sup-
plement Fig. S5). The back-trajectories (Fig. 4b) also show
that the UT part of air mass encountered during POI3 had
been travelling at an almost constant altitude for the time
of circling the entire ASMA. Only when the flow is forced
southwards at the eastern ASMA flank, trajectories briefly
follow the steeply ascending TP (Fig. 4b: deep blue shadings
in the NE part of the ASMA). Ascending trajectories in that
region could also be the result of convective activity that is
not explicitly resolved in the reanalysis data, but still repre-
sented as regional uplift). The trajectories, however, descend
to their original altitudes after separation from the TP trough
at the eastern ASMA flank, implying the existence of a flow
component perpendicular to the TP when veering away. The
flow field is also strongly divergent in the horizontal (see
forward and backward trajectories from the eastern ASMA
flank in Appendix A, Fig. A2). As a result, air from the TL
is dragged southwards into the UT.

Figure 8 zooms into the simulated distribution of different
trace gases on 15 September 2012, 08:00 UTC, at the east-
ern ASMA flank. A TP trough develops at the eastern flank
at that time. TL air is entrained there into the ASMA fringe,
as indicated by a filament with characteristic trace gas sig-
natures: increased HCI (white arrow in Fig. 8a), decreased
CO (Fig. 8d) and increased O3 (Fig. 8g) are all relative to the
surrounding UT air. Rising air from the Tibetan conduit ar-
rives at the pictured altitude at the inner streamlines of the
filament, contributing air enriched in CO, but depleted in
HCI and O3. This lower-tropospheric air mass determines the
inner streamlines of the ASMA fringe. Meridional curtains
(middle column of Fig. 8) contain the centre of the air mass
that was encountered by HALO during POI3. Going back
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Figure 8. Mixing ratios of HCI, CO, O3, NO,, and net photochem-
ical O3 production as simulated by EMAC for 08:00 UTC on 15
September 2012. Black bars in the right column indicate the air
mass to be encountered by HALO 3 days later. That air mass was
passing the eastern flank of the anticyclone at the pictured time. Its
eastern part was entrained by uplifted air there, creating a trace gas
gradient in the fringe. Zonal and meridional curtains are shown on
the right, and positions of the respective two panels are marked by
dashed lines in each panel. Arrows and circles indicate features dis-
cussed in the text.

72 h from POI3, the HALO flight path corresponds approxi-
mately to an inclined zonal transect at 27° N (see Supplement
Fig. S5). Those simulated zonal transects (black bars in right
column of Fig. 8) nicely reflect the trace gas gradients ob-
served during POI3. We note that O3 is positively correlated
with HCI, and both are anti-correlated with CO at the east-
ern ASMA flank. This is consistent with a common origin of
increased-O3 & increased-HCI signatures, supporting the hy-
pothesis of TL contributions to the UT ASMA air. The plume
of uplifted air that dominates the inner streamlines encoun-
tered during POI3 is in contrast characterised by increased
CO and decreased HC1 & O3 (circled in Fig. 8b, e, h).

The trace gas signatures of outer and inner streamlines of
POI3 are shaped simultaneously at the eastern ASMA flank.
However, the outer parts of the ASMA fringe that mainly
entrained the TL at the eastern flank were only marginally
part of the filament which was transected by HALO. The air
mass to be observed (centred at crosshairs in Fig. 8) was too
far west of the eastern ASMA edge (arrows in Fig. 8a, g,
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7). We cannot quantify, from our analysis, how much TL en-
trainment contributed to the decreased-CO & increased-O3
signature (CO|,10O3) measured at the beginning of POI3. The
small amount of scatter on the mixing line between CO| 103
and CO1 | O3 (Fig. 6a) indicates that only two reservoirs con-
tributed, and that CO| 103 had been the signature of the
fringe before arriving at the eastern flank already. In that
case, the corresponding streamlines would not have acquired
a modified signature at the eastern ASMA edge, but only
have veered away from the TP there. Then the gradient be-
tween CO|J 103 and CO1 | O3 during POI3 is a consequence
just of adding CO1| O3 to the inner edge of the filament.
However, even if the TL air entrained by the more outer
streamlines around 15 September (Fig. 8) did not contribute
to the HALO measurements, it still becomes part of the outer
streamlines of the ASMA circulation. Increased HCI mixing
ratios in the measurements indicate that earlier such events
indeed have contributed to the trace gas signatures of the UT
air that was already circling in the fringe before arriving at
the eastern ASMA edge.

6.3 Photochemical O3 production

How did photochemical O3z production affect the O3 gradi-
ent between inner and outer edge of the POI3-filament? Ac-
cording to EMAC, photochemical O3 production is expected
to be enhanced towards the ASMA interior (Fig. 8n, o, p),
where measurements of O3 were lower than at streamlines
during POI3. Increased O3 mixing ratios were measured at
the outer edge of the filament, where aged UT air dominates.
Thus the measured mixing line cannot be explained by pho-
tochemical O3z production after the air mass had passed the
eastern ASMA flank. On the contrary, integral photochemi-
cal O3 production along the transport path acts to level the
gradient.

The distributions of both main O3 precursors, NO, and
CO, print through as locally enhanced net O3 production in
Fig. 8n. Net O3 production seems to depend more on CO (and
related precursors) than on NO,. Figure 8f, m, p again show
that O3z production is maximal in the altitude range, where
increased CO meets increased NO, mixing ratios. NOy is
limited below, CO and volatile organic compounds above.

Could the high O3 signature of the aged UT air (COJ| 103)
be due to in situ photochemical O3 production alone? Op-
posite gradients of net ozone production and ozone mixing
ratios could also be explained by aged air (decreased O3
production, increased O3) circling in the fringe, and entrain-
ment of young air (increased O3 production, decreased O3)
at the inner edge of the filament. No TP entrainment would
be needed in such a scenario of ageing uplifted air to explain
increased O3 mixing ratios. It is, however, inconsistent with
the HC1 and CO gradients in the transected filament, which
have been observed (Fig. 6) and simulated (Figs. 2, 6). Thus
entrainment from the TL — either on 15 September at the east-
ern ASMA flank or before — did contribute to the signature
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of the fringe filament encountered by HALO. Photochemical
ageing certainly also has contributed to raise O3, at least for
9 days of circling in the fringe.

7 1Is O3 enhanced or decreased in the ASMA?

Based on the general picture provided by previous studies,
we had expected to find decreased O3z in the ASMA com-
pared to the surrounding UT, but found increased mixing
ratios instead. Thus either our presumption of generally de-
creased O3 in the ASMA is wrong, or HALO encountered
an unusual situation. In the following we revisit studies that
advocated the picture of decreased O3 in the ASMA (Randel
and Park, 2006; Park et al., 2007, 2008; Kunze et al., 2010,
2016), while the frequency of occurrence of the processes
needed to explain the in situ data is further discussed in the
accompanying paper.

Randel and Park (2006) and Kunze et al. (2010) base their
analyses of O3 on isentropic vertical coordinates, mainly the
360 K potential temperature level. Kunze et al. (2016) find a
quite persistent pattern of decreased O3 concentrations dur-
ing strong monsoon seasons on the isentropic levels 360
to 380 K. Isentropes tend to form a trough in the ASMA,
when viewed in pressure coordinates, due to diabatic heat-
ing over the Tibetan Plateau (Ren et al., 2014). Thus it is
more likely to find lower-tropospheric trace gas signatures in
the ASMA interior on potential temperature surfaces than on
pressure levels. EMAC simulated O3 in the ASMA is indeed
decreased on isentropic levels, but at the same time increased
on various UT pressure levels in the same altitude range (see
Supplement S4).

However, Park et al. (2007) report an O3 minimum in the
ASMA at the pressure level of 100 hPa, for July and Au-
gust 2005. That is based on MLS retrievals, which were re-
cently found to have some low O3 bias at around 100hPa
(Yan et al., 2016). Our simulation, nevertheless, reproduces
an Oz minimum at 100 hPa in the ASMA for July and Au-
gust in 2005 and 2012 (see Supplement Figs. S2 and S3). No
O3 minimum is simulated for September (2005, 2012), and
neither for 150 nor 200 hPa in any month during the mon-
soon season.

Park et al. (2008) report an O3 minimum inside the ASMA
based on retrievals from another space borne sensor (ACE-
FTS). They flag profiles as being “inside” the ASMA, if CO
> 60 nmol mol~! at 16.5 km. Co-located retrievals then show
decreased mixing ratios of O3 and stratospheric tracers (e.g.
HCI) for the inside bin in contrast to the outside bin. This
approach rather identifies an anti-correlation of CO and O3 in
the UT than generally decreased O3 inside the ASMA. Such
an anti-correlation is also indicated in the EMAC simulated
snapshot shown in Fig. 2.

Summarising this section, our simulation is able to repro-
duce decreased O3 in the ASMA for those special circum-
stances it has been reported by other studies. At the same
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time, we found no indication in our simulation to expect
decreased O3 in the ASMA at about 150 hPa in Septem-
ber. The O3 measurements taken during HALO ESMVal in
the fringe (POI3) and more inside the ASMA (POIS, POI6)
are consistent with that simulated September mean O3 dis-
tribution, although only two analysed seasons strictly may
provide not more than a strong indication of climatological
trace gas signatures in the ASMA. Rather than attributing
the trace gas signatures measured by HALO to an unusual
situation, we assume that presumptions dominated by mid-
summer data might not be valid towards the end of the mon-
soon season. Possible reasons for the differences between
July/August versus September might include the longer time
available for photochemical build-up of O3 in the ASMA, de-
creasing resupply of Osz-poor air towards the end of the mon-
soon season, more in-mixing of O3z-rich TL air into the de-
caying ASMA (dynamical instabilities), and changes to the
altitudes of maximum O3 production.

8 Summary

Our study contributes to the so far sparse ASMA in situ
measurements, allowing us to address some of the as-
pects of this important UT phenomenon that were recently
identified as poorly understood (Randel et al., 2016): dy-
namical and chemical coupling with convection, composi-
tion/reactive chemistry in the monsoon region, and mixing
of higher latitude lower-stratospheric air into the tropical TL
by the ASMA.

Data from the HALO ESMVal campaign that were gath-
ered during a flight from Male (Maldives) to Larnaca
(Cyprus) on 18 September 2012 are presented and analysed.
That region is particularly unexplored by in situ measure-
ments. HYSPLIT backward trajectories show that HALO
was in an UT filament most of the time, which had been part
of the UT ASMA circulation for at least 10 days, thereby cir-
culating around the anticyclone. Uplifted air was entrained
into the UT filament at the eastern ASMA flank, which was
then transported by almost unperturbed, parallel streamlines
in the southern ASMA fringe (Fig. 4). Back-trajectories in-
dicate that HALO crossed the filament three times (Fig. 5) in
the zone where an originally larger ASMA was just splitting
into an Iranian and a Tibetan part (Figs. 3, A2). At least a part
of the filament from the eastern ASMA flank is diverted into
the new Iranian anticyclone. Based on the in situ measure-
ment data, the first transect of the fringe filament provides
the hitherto most direct view of the upstream eastern ASMA
flank, where several processes act that have the potential to
strongly modify UT trace gas mixing ratios.

A global simulation with the EMAC model is in reason-
able agreement with observed trace gas mixing ratios along
the HALO flight track. The specified dynamics set-up (nudg-
ing) certainly enforces a better agreement between simula-
tion and observations, compared to what could be expected
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from a free-running simulation. The synoptic scale of the
ASMA acts to alleviate discrepancies that are related to the
limited spatial and temporal resolution of the simulation, but
a perfect agreement cannot be expected. Overall we find that
this simulation is well suited to be used for further interpre-
tation of the measurements. An ASMA splitting event indi-
cated by back-trajectories is also reproduced by the EMAC
simulation (Fig. 3) and further analysed in the accompanying
paper.

Based on the general picture provided by previous stud-
ies, depleted O3 mixing ratios were expected in the ASMA
compared to the surrounding UT. However, enhanced O3 was
found in the ASMA filament encountered by HALO. In or-
der to identify the processes that generated this O3 signa-
ture, additional tracers are considered for further analyses:
CO as marker for lower-tropospheric air, HCI for strato-
spheric or TL origins, NO and NO, as important players in
O3 photochemistry. All above-mentioned tracers were mea-
sured in situ, and their mixing ratios steeply increase across
the boundary of the ASMA filament compared to the adjoin-
ing clean air in the south.

Tracer—tracer relations of the in situ data are consistent
with a mix of UT and lower-tropospheric air in the ASMA
fringe. Two effects likely have contributed to the observed
signatures of increased Os: photochemical O3z production
and entrainment of stratospheric or TL air. The EMAC sim-
ulation indicates that net photochemical O3 production is
maximal, where uplifted air with O3 precursors originating
in boundary layer pollution (e.g. CO) mixes with UT air
that is enriched in (lightning) NO, another precursor. Be-
sides increased O3, mixing ratios of the stratospheric tracer
HCI are also relatively enhanced in air that had been part
of the UT ASMA for longer. This trace gas signature can-
not be explained by photochemical ageing of uplifted, lower-
tropospheric air alone. The EMAC simulation indeed shows
that a TL filament with more stratospheric trace gas signa-
tures than the surrounding UT air is entrained into the ASMA
fringe at a tropopause trough at the eastern flank of the anti-
cyclone (Figs. 2 and 7). It is dragged away from the TP and
deeper into the troposphere, circling around the ASMA inte-
rior. That particular event hardly contributed to the simulated
data on the flight track, but timing and location are such that
— given the uncertainties of the simulation — in reality the
corresponding event might still have contributed to the ob-
served air composition. If this is not the case, then earlier
such entrainment events contributed to the ASMA trace gas
signatures — in both the simulation and the measurements.

Dynamical instabilities, like the ASMA splitting event en-
countered by HALO, provide a means to overcome the radial
transport barriers presented by closed streamlines and to ef-
fectively stir the previously entrained TL air into the ASMA
interior.

Atmos. Chem. Phys., 17, 6091-6111, 2017

Our current study focuses on the detailed analysis of a sin-
gle transect of in situ data through one part of the ASMA,
close to the end of the monsoon season. The relevance of the
involved processes — entrainment of TL air into the ASMA
fringe, photochemistry and stirring — for the trace gas dis-
tributions in the ASMA is further explored in the accom-
panying paper. We nevertheless found that the EMAC sim-
ulation is able to reproduce decreased O3 mixing ratios in
the ASMA at 100hPa for July and August as reported by
previous studies, but it also reproduces increased O3 as ob-
served during the HALO ESMVal campaign. Decreased O3
was found in the simulation neither for lower altitudes nor
September monthly mean values, and the apparent contradic-
tion to previous studies vanishes in this more differentiated
view. The incidence of O3-rich air in the ASMA - as seen
in the simulated monthly mean data — indicates that the ES-
MVal in situ measurements could even represent a common
composition of the ASMA at about 150 hPa.

Data availability. The simulation results analysed here are
archived at the German Climate Computing Center (DKRZ) and are
available on request. It is planned to move them to the Climate and
Environmental Retrieval and Archive (CERA) database at the Ger-
man Climate Computing Centre (DKRZ; http://cera-www.dkrz.de/
WDCC/ui/Index.jsp). The corresponding digital object identifiers
(doi) will be published on the MESSy consortium web page (http:
/Iwww.messy-interface.org). The observational data of the HALO
ESMVal flight used here are available from the HALO database:
https://halo-db.pa.op.dlr.de/dataset/830. Registration is needed to
access the data (https://halo-db.pa.op.dlr.de/account/register).

www.atmos-chem-phys.net/17/6091/2017/


http://cera-www.dkrz.de/WDCC/ui/Index.jsp
http://cera-www.dkrz.de/WDCC/ui/Index.jsp
http://www.messy-interface.org
http://www.messy-interface.org
https://halo-db.pa.op.dlr.de/dataset/830
https://halo-db.pa.op.dlr.de/account/register

K.-D. Gottschaldt et al.: Trace gas composition in the Asian summer monsoon anticyclone

Appendix A: Other flight segments
Al POI1

The first part of the flight consists of the take-off and ascent
from Male. It is not directly related to the ASMA and not
further discussed here.

A2 POI2

HALO was flying in the UT in a north-westerly direction
towards the Arabian Peninsula. POI2 ends south-east of the
Oman coast with the sudden increase of measured O3 and
other trace gas mixing ratios (Fig. 1). The corresponding
back-trajectories (Fig. Al) indicate that air masses came
from the Far East Pacific coast, from the boundary layer
of south-east Asia, and from the ASMA. Mixing ratios of
03, CO, HCI and nitrogen oxides are significantly decreased
compared to the following flight segment, indicating that
POI2 is dominated by clean air. We do not consider this
adjoining air part of the ASMA, although it may get en-
trained occasionally. The back-trajectories for this flight seg-
ment depend critically on the HYSPLIT start time, indicating
very dynamic wind fields and possibly inaccurate trajecto-
ries. This might also be the reason that EMAC simulation
results for some tracers showed different gradients than ob-
served. We therefore decided not to analyse this flight seg-
ment in greater detail here, although it might be interest-
ing for characterising the southern boundary region of the
ASMA.

A3 POI3

This flight segment is discussed in Sect. 3. Here (Fig. A2)
only backward and forward trajectories starting at the east-
ern ASMA flank are shown to illustrate the strongly diver-
gent flows that may have affected the transition from POI2 to
POI3.

A4 POI4

Back-trajectories from the following dive over Oman are
shown in Fig. A3. The dive was intended to explore the ver-
tical structure of the ASMA and its lower boundary. How-
ever, almost immediately below the flight altitude of POI3
the back-trajectories no longer clearly indicate direct trans-
port of air from the eastern ASMA flank. The flight segments
at the beginning and at the end of the dive, each covering
the altitude range from about 180 to 400 hPa, show a more
or less curled-in structure similar to POI5 (Fig. 5) near the
HALO track. This indicates complex stirring. The anticy-
clonic motion in the upper parts of POI4 is much slower than
in the ASMA above, which was sampled during neighbour-
ing POI3/5: air masses of POIS travelled almost twice as far
as those of POI4 within 11 days (Fig. A4 vs. Fig. A3). Just
for reproducibility, the lower boundary of the ASMA was de-
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fined as the region where no back-trajectory was circling the
entire ASMA and reaching the southern flank within 280 h
anymore. There is almost no transition between fast and slow
air masses, indicating a sharp lower boundary of the ASMA
in terms of wind speeds. However, our pragmatic criterion
might not work in general and should not be applied to other
cases without further analysis. The two high-altitude parts
of POI4 might, in principle, be useful for characterising the
lower boundary of the ASMA, but that would require a dedi-
cated analysis and is not the focus of our study. At lower alti-
tudes (~ 400 to 650 hPa), the origin of air encountered during
the dive shifts towards the Mediterranean and Europe, which
is also not further analysed here.

AS POIS and POI6 (POI5/6)

The next two flight segments lead from the Persian Gulf to
the eastern Mediterranean (5 and 6 in Fig. 2a). Like POI3,
they are characterised by almost parallel streamlines from
the eastern ASMA flank, along the southern fringe, to the
measurement location. The filament of UT air was curled in
horizontally in such a way that the (former) ASMA fringe
was transected during POIS5 (Fig. A4) outside-in, then inside-
out during POI6 (Fig. AS). This complex structure of the
streamlines is a consequence of an ASMA splitting or eddy
shedding event that occurred during the ESMVal campaign
(discussed in more detail in the accompanying study). The
original ASMA encompassed South Asia and the Arabian
Peninsula (Fig. 4a, b, ¢). HALO crossed the zone where the
original ASMA separated into two smaller anticyclones, one
centred over the Iranian Plateau and one centred over Tibet.
The air masses contributing to POI3/5/6 all passed the east-
ern ASMA edge over South Asia, but at least POIS5 is bound
to become part of the Iranian anticyclone after the splitting.
The transition from POIS5 to POI6 was chosen according to
the initial direction of back-trajectories changing from right
to left of the HALO track. We regard the transition from POIS
to POI6 as a pragmatic estimate only, as it is essentially the
same air mass. According to a zoomed-in image (not shown)
the back-trajectories were also curled in vertically at the tran-
sition from POIS to POI6 to some degree, indicating complex
small-scale dynamics. The back-trajectories for POI5/6 show
that the anticyclonic motion encompassed northern Africa
earlier in September 2012, which also applies to POI2. How-
ever, unlike for POI2 it did not extend far into East Asia. UT
air contributing to POI3/5/6 passed the eastern ASMA flank
mainly over South Asia. We also note that the outer ASMA
edge was only crossed during the beginning of POI3, and
we pragmatically chose a steep gradient of O3 mixing ratios
to distinguish the ASMA from outside air. The flight path
could have transected the former outer ASMA edge two more
times, due to the curled-in structure of the filament (Fig. 5).
However, HALO dived below the ASMA at the beginning of
POI5 and at the end of POI6. Measurements at the original
flight level might have provided more information about the
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Figure Al. As Fig. 3, but for POI2. This flight segment covers the time after take-off and ascent until increased O3 mixing ratios are

encountered.

Backward from 15 Sep 2012, 08:00 UTC
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Figure A2. Four-day backward (a) and four-day forward (b) trajectories, starting between 12 and 14 km altitude. The trajectories start from
a plane intersecting the eastern ASMA edge when the air mass measured by HALO during POI3 was there. The wind field is strongly
divergent at the eastern ASMA flank, where the subtropical jet separates from the anticyclone. During the time covered by the trajectories
the anticyclone split into a Tibetan and an Iranian part, just where HALO was passing through.

ASMA boundary, because the separation of ASMA air from
outside air had already taken place for those older parts of
the filament.

A6 POI7

The descent into Larnaca (Fig. A6) shows some similarities
to the dive over Oman. As in POI4, the anticyclonic motion
becomes slower with decreasing altitude and the air encoun-
tered above about 400 hPa has a mainly South Asian ori-
gin. Back-trajectories starting at the flight track at the north-
western flank of the ASMA below a pressure altitude of
about 130 hPa do not encircle the anticyclone within 280 h. In
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contrast, those starting at higher altitudes do. POI7 is not fur-
ther discussed here, but might be considered in future studies
to characterise the lower ASMA boundary.
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-420‘0”7-71756 200 50h po|4(d)

Figure A3. As Fig. 3, but for POI4. This flight segment covers the dive from the UT into the mid-troposphere. The interval for POI4 is
chosen such that anticyclonic motion is much slower compared to the ASMA circulation above: air from the highest altitudes of POI4 does
not quite circle the ASMA within 300 h, while air from POI3/5 needs about 200 and 280 h (Figs. 3, A4). The source regions contributing
to POI4 primarily depend on the actual flight altitude; i.e. the sequence of air masses encountered during descent is mirrored during the
following ascent.

18 Sep 2012
10:00 UTC

POI5

-200  -150 -100 -50 h

Figure A4. As Fig. 3, but for POIS5. This flight segment is dominated by UT ASMA air, entrained by convection.
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Figure AS. As Fig. 3, but for POI6. This flight segment is dominated by UT ASMA air.
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Figure A6. As Fig. 3, but for POI7. This flight segment covers the descent into Larnaca.
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The Supplement related to this article is available online
at doi:10.5194/acp-17-6091-2017-supplement.
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