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Abstract. The transport of air masses originating from the
Asian monsoon anticyclone into the extratropical upper tro-
posphere and lower stratosphere (Ex-UTLS) above potential
temperatures ® = 380 K was identified during the HALO air-
craft mission TACTS in August and September 2012. In situ
measurements of CO, O3 and N,O during TACTS flight 2 on
30 August 2012 show the irreversible mixing of aged strato-
spheric air masses with younger (recently transported from
the troposphere) ones within the Ex-UTLS. Backward tra-
jectories calculated with the trajectory module of CLaMS in-
dicate that these tropospherically affected air masses origi-
nate from the Asian monsoon anticyclone. These air masses
are subsequently transported above potential temperatures
® =380 K from the monsoon circulation region into the Ex-
UTLS, where they subsequently mix with stratospheric air
masses. The overall trace gas distribution measured during
TACTS shows that this transport pathway had affected the
chemical composition of the Ex-UTLS during boreal sum-
mer and autumn 2012. This leads to an intensification of
the tropospheric influence on the extratropical lower strato-
sphere with PV > 8 pvu within 3 weeks during the TACTS
mission. During the same time period a weakening of the tro-
pospheric influence on the lowermost stratosphere (LMS) is
determined. The study shows that the transport of air masses

originating from the Asian summer monsoon region within
the lower stratosphere affects the change in the chemical
composition of the Ex-UTLS over Europe and thus con-
tributes to the flushing of the LMS during summer 2012.

1 Introduction

The UTLS region (Fig. 1) encompasses the global
tropopause region and the lower part of the stratosphere up to
potential temperature levels of ® =430K, which coincides
with the lower end of the tropical pipe in the stratosphere
(e.g. Hegglin and Shepherd, 2009; Palazzi et al., 2009).
Transport in the UTLS is thus affected by the stratospheric
Brewer—Dobson circulation (BDC; Brewer, 1949; Dobson,
1956) with slow diabatic ascent in the tropics across the trop-
ical tropopause layer (TTL; Fueglistaler et al., 2009) and
diabatic downwelling in the extratropical stratosphere. The
BDC consists of two major different transport pathways. The
deep branch of the BDC transports air from the tropics to the
extratropics via the upper stratosphere and lower mesosphere
on timescales of several years (Butchart, 2014). In contrast,
the shallow branch of the BDC mainly affects the region
between ® =380 and 430K by quasi-isentropic transport
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and mixing (Hegglin and Shepherd, 2007; Spackman et al.,
2007; James and Legras, 2009; Birner and Bonisch, 2011).
On the basis of in situ data, Volk et al. (1996) and Flocke
et al. (1999) quantified entrainment rates for the tropical
stratosphere, highlighting the importance of mixing above
® =380K for the ascending part of the BDC. In the extra-
tropics below ® = 380K the lowermost stratosphere (LMS;
Hoskins et al., 1985) as part of the extratropical UTLS (Ex-
UTLS in the following) is affected by rapid isentropic trans-
port and mixing across the subtropical jet. Transport across
the extratropical tropopause layer (ExTL) further potentially
contributes to the composition of the lower part of the Ex-
UTLS. The EXTL and LMS are mainly characterised by ex-
change processes across the tropopause on timescales of days
to weeks (Berthet et al., 2007; Bonisch et al., 2009; Hoor
et al., 2010; Konopka and Pan, 2012; Jurkat et al., 2014). A
detailed knowledge of the relative strength of these transport
pathways is of major importance to quantify the chemical
composition of the Ex-UTLS, which in turn determines the
radiative, dynamical and chemical impact of this atmospheric
region on the climate system (Forster and Shine, 2002; Riese
et al., 2012).

As shown in Bonisch et al. (2009) and Ploeger et al. (2013)
the seasonality of stratospheric transport processes above
® =380K leads to a seasonality of the chemical composi-
tion up to ® =430K (the bottom of the tropical pipe) and
a “flushing” of the lower stratosphere with young tropical
air masses up to this level in summer and autumn (Heg-
glin and Shepherd, 2007). In this context, the Asian summer
monsoon is an important pathway for the transport of tropo-
spheric constituents into the stratosphere and has gained in-
creasing attention in atmospheric research (Randel and Park,
2006; Randel et al., 2010; Park et al., 2007, 2008, 2009;
Bergman et al., 2013; Fadnavis et al., 2013, 2014, 2015). The
Asian summer monsoon consists of a cyclonic flow and con-
vergence in the lower troposphere and a large-scale anticy-
clonic circulation in the upper troposphere between June and
September centred over southern Asia (Randel et al., 2010).
This circulation pattern is coupled with persistent deep con-
vection (Bourassa et al., 2012; Bergman et al., 2013) which
lifts chemical constituents from the lower troposphere to
the tropopause region and lower stratosphere (Randel et al.,
2010). Therefore, water vapour and tropospheric trace gases
such as carbon monoxide (CO) and methane (CHy) are rela-
tively high within the Asian monsoon anticyclone (Rosenlof
et al., 1997; Park et al., 2004, 2007), whereas ozone (O3) is
relatively low (Park et al., 2008). The air within the Asian
monsoon anticyclone is strongly affected by anthropogenic
pollution, which originates from the densely populated re-
gions in South and Southeast Asia. During summer these
pollutants accumulate in the anticyclone (Schuck et al., 2010;
Baker et al., 2011; Richter et al., 2005) and strongly perturb
the chemical composition of the monsoon tropopause region
(Glatthor et al., 2009).
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Figure 1. Illustration of the dynamical structure of the UTLS for
the northern hemispheric summer adapted from Fig. 2b of Gettel-
man et al. (2011) and Fig. 9 of Riese et al. (2014). The thick black
line denotes the location of the thermal tropopause. Thin solid lines
denote isentropes, and the red dashed line highlights the 380 K isen-
trope. The location of the TTL is represented in light red. The Ex-
UTLS is divided into the extratropical tropopause layer (ExTL) in
dark blue and the lowermost (LMS) and lower stratosphere (LS)
in light blue. The LMS and LS are separated by the 380K isen-
trope. Yellow lines indicate the location of the jet stream. Orange
arrows sketch the upward transport of air masses within the TTL
and descending air masses in the extratropical stratosphere. Both
regions are linked by the deep (upper horizontal arrow) and shal-
low (lower horizontal arrow) branch within the stratosphere. The
stratospheric residual circulation as a part of the Brewer—Dobson
circulation (BDC) can be subdivided into a deep and shallow branch
(orange arrows). The location of the Asian monsoon circulation is
schematically shown in black.

Since the monsoon tropopause is relatively high (High-
wood and Hoskins, 1998), exchange processes between the
troposphere and stratosphere in the region of the Asian mon-
soon may transport tropospheric constituents into the lower
stratosphere to altitudes of up to 20km (Park et al., 2008).
The pathway and strength of troposphere-to-stratosphere-
transport (TST) in the tropopause region of the Asian mon-
soon are neither adequately understood nor quantified. In
this context, the direct convective injection into the lower
stratosphere (Rosenlof et al., 1997; Chen et al., 2012) and
the separation of small anticyclones from the main anticy-
clone, referred to as “eddy shedding”, is of major importance
(Hsu and Plumb, 2000; Popovic and Plumb, 2001; Garny and
Randel, 2013). The latter process can transport tropospheric
trace gases and pollutants to mid- and high latitudes, where
they mix with extratropical stratospheric air masses (Vogel
et al., 2014). The impact of the Asian monsoon on the chem-
ical composition of the northern hemispheric lower strato-
sphere cannot be easily separated from the upward transport
of tropospheric air masses into the stratosphere in the trop-
ics, which is regarded as the primary pathway for air masses
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entering the stratosphere (Holton et al., 1995). In the tropical
lower stratosphere these ascending air masses are uplifted by
the BDC and zonally transported to higher latitudes by the
shallow branch of the BDC.

In this paper we present in situ trace gas measurements
of CO, N,O (nitrous oxide), and O3 in the northern hemi-
spheric extratropical stratosphere up to potential tempera-
tures ® =410 K obtained during the TACTS (Transport and
Composition in the Upper Troposphere and Lower Strato-
sphere) aircraft campaign. The measurements are combined
with analysis data of the European Centre for Medium-
Range Weather Forecast (ECMWF) and backward trajecto-
ries calculated with the trajectory module of the Chemical
Lagrangian Model of the Stratosphere (CLaMS; McKenna
etal., 2002a, b; Konopka et al., 2010; Pommrich et al., 2014).

We will focus on the impact of tropospheric air from
the monsoon region on the composition of the lower strato-
sphere on different timescales. ““Young stratospheric” in this
context denotes air masses which are clearly located in the
stratosphere from a dynamical and chemical point of view
but which still exhibit chemical signatures of previous tro-
pospheric influence (e.g. CO mixing ratios larger than the
CO equilibrium mixing ratio of chemically processed (aged)
stratospheric air masses of CO=12.542.5 ppbv) (Herman
et al., 1999; Flocke et al., 1999). Since the measurements
were performed in boreal summer and autumn 2012 within
a period of 4 weeks in a wide range of the northern hemi-
spheric UTLS, the potential influence of the Asian monsoon
on this transport pathway and therefore on the trace gas com-
position of the Ex-UTLS is studied. In the following we will
use the term lower stratosphere (LS) when we refer to the
stratospheric part of the Ex-UTLS. This refers to the lower
stratosphere above the EXTL up to ® =430K, which is dif-
ferent from the classical definition of the LMS.

The paper is organised as follows. Section 2 gives an
overview of the measurements and methods applied. Sec-
tion 3 presents a case study of TACTS flight 2 (30 August
2012), which illustrates the identification of irreversible mix-
ing of young stratospheric air masses into the extratropical
stratosphere above ® =380 K. Tracer—tracer scatter plots of
TACTS flight 2 are analysed in Sect. 3.2. Section 3.3 shows
the results of backward trajectory calculations, which indi-
cate that transport and mixing from the Asian monsoon anti-
cyclone into the Ex-UTLS cause the measured mixing event.
In Sect. 4 we will provide strong evidence that the Asian
summer monsoon strongly affected the mid-latitude lower
stratosphere in summer 2012. A summary and discussion of
the results are given in Sect. 5), followed by our conclusions
in Sect. 6.
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2 Project overview, measurements, and backward
trajectory calculation

2.1 The TACTS campaign 2012

Our study is based on in situ measurements performed during
the first atmospheric science missions with the new German
research aircraft HALO in August/September 2012 TACTS
and ESMVal (Earth System Model Validation). This paper
focuses on eight research flights covering the Ex-UTLS be-
tween 15 and 70° N and 25° W and 15° E with typically 8-
10h per flight (see Supplement).

The measurements of TACTS can be subdivided into two
phases. The first phase with approximately 35 flights hours
covered the time period between 30 August and 5 Septem-
ber 2012. The end phase was performed from 23 September
until 26 September 2012. The flights, which are the basis for
our study, were performed between 200 and 130 hPa at up
to ® =410 K. The composition change in the Ex-UTLS be-
tween both phases will be compared in Sect. 4. As shown
in the Supplement, the flights were performed mainly in re-
gions of horizontal potential vorticity (PV) gradients asso-
ciated with Rossby wave activity. During both phases the
flights covered a region from Cabo Verde to the Arctic. PV
values exceeding 10 pvu during both phases clearly indicate
that stratospheric air masses were probed during TACTS.

2.2 Insitu trace gas measurements

The study is mainly based on in situ data from the TRIHOP
(CO and N, 0O) and FAIRO (O3) instrument aboard HALO as
described in the following subsections. Basic meteorological
and aircraft data are taken from the Basic HALO Measure-
ment and Sensor System (BAHAMAS). For the following
analysis all data are merged to one dataset with a time resolu-
tion of 10 (0.1 Hz), corresponding to a horizontal resolution
of 2.5km.

2.2.1 TRIHOP in situ measurements of CO and N,O

The TRIHOP instrument is a three-channel quantum cascade
laser infrared absorption spectrometer that measured CO and
N;O during TACTS and ESMVal 2012 (Schiller et al., 2008).
The instrument applies quantum cascade laser absorption
spectroscopy (QCLAS) in the mid-infrared with a multipass
absorption cell (type White), which is kept at a constant
pressure of P =30hPa and has a path length of 64 m and
a volume of 2.7L. During TACTS/ESMVal the instrument
was calibrated in situ approximately every 30 min during the
flights against a secondary standard of compressed ambient
air. The mixing ratios of the secondary standard were deter-
mined before and after the campaign in the laboratory against
National Oceanic and Atmospheric Administration (NOAA)
standards. The in-flight calibrations are used to identify and
correct slow instrumental drifts in the post-flight data evalua-
tion. The integration time for each species was 1.5 s at a duty

Atmos. Chem. Phys., 16, 10573-10589, 2016



10576

cycle of 8 s, which limits the temporal resolution of the mea-
surements. During TACTS and ESMVal TRIHOP CO (N;0)
data achieved a 20 precision of 1.0 (1.1) ppbv and a stability
of the instrument of 1.5 (2.2) ppbv before applying the post-
flight data correction. Note that the stability is based on the
mean drift between two subsequent calibrations, which were
performed in intervals of 30 min during the flights. These
instrumental drifts are corrected after the flights assuming
linear drift, which leads to a reduced uncertainty. Hence,
the total uncertainty relative to the working standard of 1.8
(2.5) ppbv can be regarded as an upper limit.

2.2.2 FAIRO in situ measurements of O3

FAIRO is a new accurate ozone instrument developed for use
on board the HALO aircraft. It combines two techniques:
UV photometry (light absorption of O3 at A =250-260 nm)
with high accuracy and chemiluminescence detection with
high measurement frequency. A UV-LED is used as a light
source for the UV photometer, which can be controlled well
(in contrast to Hg lamps) for constant light emission. The 1o
precision is 0.08 ppbv at a measurement frequency of 4 s and
a cuvette pressure of 1bar, and the total uncertainty is 2%.
The chemiluminescence detector shows a measurement fre-
quency of 12.5Hz and a precision of 0.05 ppbv (at 10 ppbv
absolute, a measurement frequency of 5 Hz, and a pressure
of 1bar; Zahn et al., 2012).

2.3 ECMWEF (meteorological data)

Global meteorological analysis data (T1279L91) of the
ECMWF (European Centre for Medium-Range Weather
Forecast) are used to interpret the meteorological situation
during TACTS flight 2 as shown in Sect. 3.1. The meteoro-
logical fields are available every 3 h interpolated onto a reg-
ular grid of 0.5° horizontal spacing (Dee et al., 2011).

2.4 CLaMS-TRA]J (backward trajectories)

The trajectory module of CLaMS (hereafter CLaMS-TRAJ)
is used to calculate backward trajectories at the positions of
the in situ observations (McKenna et al., 2002a, b; Konopka
et al., 2010; Pommrich et al., 2014). The trajectories are ini-
tialised every 10s along the flight paths and calculated 50
days back in time. For this purpose ERA-Interim reanalysis
data (Dee et al., 2011) with a resolution of 1° and 60 vertical
levels from the surface up to 0.1 hPa are interpolated in time
and space on the starting point of the backward trajectories.
Meteorological data, e.g. pressure, temperature, altitude, ®
and PV, are available every 1 h along the backward trajecto-
ries. The horizontal motion of the trajectories are driven by
horizontal winds from the ERA-Interim reanalysis data. Di-
abatic heating rates are used to calculate vertical velocities
in the UTLS region for pressure levels lower than 300 hPa
(Ploeger et al., 2010). Below P > 300hPa a pressure-based
hybrid vertical coordinate is applied (Pommrich et al., 2014).
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Figure 2. TACTS flight 2 on 30 August 2012. (a) ECMWF data
(15:00 UTC) at 150 hPa of potential vorticity (colour) and potential
temperature (black contour lines). The thick white line is the flight
path of TACTS flight 2. (b) Horizontal cross section of ECMWF
potential vorticity data along 48.5° N. Different colours in (a) and
(b) indicate flight legs with measured mixing lines (see Sect. 3).
(c) Time series of CO (black), O3 (blue) and pressure (green). Data
points which form mixing lines are coloured according to panel
(a) and (b). The total uncertainty of CO and O3 is mostly within
the line thickness and therefore not shown (for individual error bars
see Fig. 3 and Fig.4).

3 Case study: TACTS flight 2 on 30 August 2012

TACTS flight 2 on 30 August 2012 was performed over west-
ern Europe and the eastern Atlantic with take-off and landing
in Oberpfaffenhofen near Munich (see Fig. 2). An eastward-
propagating trough over western Europe was crossed several
times on pressure levels between 220 and 130hPa, equiva-
lent to flight altitudes between 11.5 and 15 km. At the high-
est flight levels at 150 and 130 hPa, air masses with potential
temperatures ® between 380 and 410K were sampled. PV
derived from ECMWEF data ranges between 8 and 14 pvu for
these flight sections (Fig. 2a and b). Hence, these air masses
are located above the dynamical tropopause, which is typi-
cally defined by PV values from 1 to 4 pvu in the extratropics
(Hoskins et al., 1985; Randel et al., 2007). In the subtropics
above ® = 340K, PV at the tropopause varies between 2 and
Spvu (Kunz et al., 2011).

3.1 Irreversible mixing within the stratosphere

The time series of in situ O3, CO and pressure data for
TACTS flight 2 are shown in Fig. 2c. The CO data indicates
three sections with mixing ratios lower than 40 ppbv during
the flight, which is below CO mixing ratios in the northern
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Figure 3. Stratospheric part of the CO-O3 correlation for TACTS
flight 2 on 30 August 2012. (a) Colour-coded with measured po-
tential temperature. (b) Mixing lines (ML) in different colours in
accordance with Fig. 2. Uncertainties in the CO and O3 data are
shown separately as black crosses.

hemispheric free troposphere ranging from 50 to 130 ppbv
(Kumar et al., 2013). This indicates that the respective flight
sections were within the stratosphere. Accompanying ozone
values exceeding 200 ppbv (Strahan, 1999) and PV values
larger than 5 pvu (see Fig. 2) support this conclusion.

During the last two flight segments from 10:30 until
12:15 and 13:00 until 14:00 UTC, stratospheric air masses
with CO ranging from 20 to 30 ppbv were sampled. These
values are larger than the stratospheric equilibrium of
CO =12.5+2.5ppbv, which establishes as a result of CO
production from methane and chemical degradation of CO
on the timescale of several months (Flocke et al., 1999).
Therefore, CO between 20 and 30 ppbv indicates neither pure
tropospheric nor completely CO degraded stratospheric air
masses. Instead, such mixing ratios are the result of either
irreversible mixing of tropospheric with stratospheric air or
CO degradation of a former tropospheric air mass in the
stratosphere (or a combination of both). In the following the
correlation of CO with O3 during TACTS flight 2 is anal-
ysed to further examine the tropospheric influence in the Ex-
UTLS for ® between 380 and 410 K.

Without any exchange between the troposphere and strato-
sphere, the CO-0O3 scatter plot would form an L shape (Fis-
cher et al., 2000). Irreversible mixing of tropospheric (char-
acterised by low O3) and stratospheric (characterised by low
CO) air masses appear as “mixing lines”, which connect the
mixed reservoirs on the tracer—tracer scatter plot (Hoor et al.,
2002). Previous studies used the method of mixing lines to
investigate exchange processes between the troposphere and
stratosphere within the extratropical tropopause layer (ExTL;
Zahn et al., 2000; Hoor et al., 2004; Pan, 2004). As shown in
Fig. 3a the observations indicate irreversible mixing above
® =380K. Since this is above the lowermost stratosphere
isentropic cross tropopause, mixing is most likely not the
driving mechanism for the observed mixing lines. Low CO
and high O3 are accompanied by high values of ®. From the
fact that all CO data points are well above the stratospheric
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equilibrium of CO=12.5+2.5ppbv (Herman et al., 1999;
Flocke et al., 1999), tropospheric influence on timescales of
weeks can be deduced for all probed air masses.

During TACTS flight 2, five mixing lines (ML) at potential
temperatures ® > 380 K can be identified. These are marked
by individual colours in Fig. 3b. The respective colours in
Fig. 2 mark the location of the measured mixing lines on the
flight path (Fig. 2a and b) and along the time series of CO and
O3 (Fig. 2¢). ML 1, 2, 4 and 5 were encountered in the centre
of the trough (Fig. 2a), while ML 3 is sampled at the trough
edge further south. The five mixing lines correspond to indi-
vidual flight sections along the flight track with durations of
typically 15 min for each mixing line (see Fig. 2c). Table 1
lists the minimum and maximum values of CO, O3 and ®
for each individual mixing line. Also shown are the number
of data points, the flight distance, and R? from a linear fit
regression for the respective mixing line. The applied fit is
based on Press et al. (1992) and accounts for errors in both
the x and y direction. The observed CO and O3 range (CO:
> 4 ppbv; O3: > 60 ppbv) of each mixing line is larger than
the total measurement uncertainty of both species. Therefore,
measurement artefacts causing these mixing lines can be ex-
cluded. R* > 0.89 indicates that linearity for all mixing lines
is justified. In general, ML 3 consists of higher CO and lower
O3 mixing ratios and exhibits a larger difference between the
minimum and maximum values of both species compared to
ML 1, 2, 4 and 5. Significantly larger CO mixing ratios up
to 40 ppbv compared to CO < 30 ppbv for ML 1, 2, 4 and 5
in combination with a higher tropospheric end member (see
Sect. 3.2) indicate shorter timescales for the transport and
mixing of CO-rich air masses from the troposphere into the
stratosphere for ML 3 compared to the other mixing events.
The fact that ML 3 is measured at the trough edge and at
lower potential temperatures compared to ML 1 ,2, 4 and 5
supports the assumption that different timescales are respon-
sible for the formation of ML 3 and ML 1,2, 4 and 5. In the
following section the origin of the CO enhanced air masses
in the extratropical lower stratosphere is further investigated
with N>O as an additional in situ-measured trace gas.

3.2 Mixing line analysis

This analysis seeks to determine the initial mixing ratios of
the air parcels which lead to the formation of mixing lines
(Hintsa et al., 1998; Hoor et al., 2002). This requires knowl-
edge on the initial mixing ratio of one of the species in-
volved. Since mixing ratios of trace gases like O3 and N,O
at the tropopause are fairly constant compared to their strato-
spheric gradient, they can be used to as an initial estimate to
analyse mixing across the tropopause. Nevertheless, mixing
ratios just below the tropopause of trace gases like O3 and
N>O are fairly constant compared to their stratospheric gra-
dient. Thus, the determination of the so-called “tropospheric
end member” is possible with the assumption of a constant
tropospheric value for one of the constituents involved. This
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Table 1. Minimum and maximum values of potential temperature as well as CO and O3 mixing ratios for every mixing line. Additionally,
the number of data points, the flight distance, and R? based on a linear regression are listed.

Mixing line Linel Line2 Line3 Line4 Line5

Omin [K] 381.5 385.3 377.0 399.0 396.5

Omax [K] 384.5 389.0 382.0 405.0 401.0

COpin [ppbV] 234 239 237 219 235

COmax [ppbvl 274 28.7 41.4 28.7 28.0

03 min [ppbV] 42559 42175 24827 467.82 433.01

03 max [ppbv] 48556 495.11 377.92 583.16 493.54

Data points 71 71 60 65 51

Flight distance [km] 142 142 120 130 102

R? 0.96 0.96 0.99 0.89 0.96
600 T which leads to a weak gradient of N>O at the tropopause.
500 | | 140 P Therefore, the N,O mixing ratio at the tropopause is well
120 ' I’ defined, which makes N>O an appropriate tracer for tropo-
3 4003 \ T 100 v £l spheric air masses (Assonov et al., 2013; Miiller et al., 2015).
2 300 s % 80 2 In August/September 2012 the free-tropospheric mixing ra-
© Lo - - o 60 tio of N> O was 325 4 0.5 ppbv, which is applied as NoOryop
" HE Lo (www.esrl.noaa.gov/gmd/hats/combined/N20.html). Table 2
100 40 : lists the potential range of the tropospheric end member of
0 Arrrrrrrrrprerer - " 20 PR CO from the calculated confidence region (shaded area in

20 30 40 50 60 300 310 320 330

CO [ppbv] N2O [ppbv]

Figure 4. Linear fits for ML 4 based on the FITEXY routine de-
scribed in Press et al. (1992). Blue dots: scatter plot of CO and
O3 (left) as well as NpO and CO (right). Circles: individual data
points forming the mixing line ML 4. Solid black line: linear fit
with confidence region (shaded area). Dotted lines indicate typi-
cal tropopause mixing ratios for O3 and N>O to determine the tro-
pospheric mixing line “end member” (R(O3)Trop = 100 ppbv (top)
and R(N2O)trop = 25 ppbv (bottom)). Uncertainties are separately
shown as black crosses.

approach has been applied to ML 1-5 on the basis of the
CO-03 and No,O—CO scatter plot.

Figure 4 displays the tropospheric end member approxi-
mation for ML 4. The calculation of the shaded confidence
region is based on the FITEXY approach described by Press
et al. (1992), which accounts for uncertainties in the x and
y direction. O3 at the tropopause varies between 60 and
120 ppbv, with a seasonal cycle and regional variations as
well. For the end member approximation in this section a
mixing ratio O3Trop = 100 ppbv is applied, which is a rea-
sonable value for the northern hemispheric summer (Zahn
and Brenninkmeijer, 2003; Thouret et al., 2006). Alterna-
tively, NoO can be used to determine a tropospheric end
member, since it is inert in the troposphere. It thus shows
an almost homogeneous tropospheric distribution, which is
a great advantage compared to any reactive tracer, for exam-
ple O3. The sinks of N>O are entirely in the stratosphere,
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Fig. 4) for O31rop = 100 ppbv and N> Orrep = 325 ppbv, re-
spectively. The results can be summarised as follows:

— The tropospheric end members of CO for ML 1, 2, 4 and
5 are in a range from 35 to 55 ppbv. This is at the lower
limit and even below typical tropospheric CO mixing
ratios.

— End members of CO based on the CO-O3 correlation
are different from the respective NoO—CO end mem-
bers.

— CO end members between 55 and 70 ppbv for ML 3
include typical mixing ratios at the tropopause, even
though CO is at the lower limit for tropospheric CO
mixing ratios.

A tropospheric CO end member lower than typical
tropopause values indicates that the respective mixing line
is not the result of mixing between pure tropospheric and
stratospheric air masses. (The term “pure” is used in this con-
text to describe undiluted and photochemically unprocessed
tropospheric air masses.) For these mixing lines the tropo-
spheric CO end members do not reflect the original CO mix-
ing ratio of the unmixed air mass. CO end member values
lower than the range of CO mixing ratios at the tropopause
can only arise from the chemical degradation of CO in the
stratosphere or previous mixing or a combination of both.
Therefore, the observed mixing lines are the result of mix-
ing between two stratospheric air masses with different age.

www.atmos-chem-phys.net/16/10573/2016/
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Table 2. Tropospheric “end members” for every mixing line based on the tracer—tracer correlations of O3 and CO as well as N»O and CO
(cf. Fig. 4). The values are based on the intercept between the calculated confidence regions with the assumed mixing ratio of O3 and N,O

at the tropopause in Fig. 4.

Mixing line Linel Line2 Line3 Line4 Line5

RTrop(03) =100 ppbv

COpin [ppbV] 420 459 593 472 445

COmax [ppbv] 50.9 52.7 62.2 54.0 55.1

Rrop(N2O) =325 ppbv

COnpin [ppbv] 35.1 354 54.1 38.8 352

COmax [ppbvl 44.2 39.8 68.0 46.2 47.3
Note that O3 variability (and chemistry) in the lower strato- 440 15
sphere leads to differences in the tropospheric end members
of CO based on the CO-03 and N,O—-CO correlation. Thus, 2420"
the formation of ML 1, 2, 4 and 5 can only be caused by the o ]
irreversible mixing of stratospheric air masses with different 2 400F 10
age. In contrast, ML 3 indicates the irreversible mixing of g 380 %‘
pure tropospheric and stratospheric air masses. g— 'g

These findings are supported by the meteorological situa- 2 360 z
tion and location where the mixing lines were measured. Air S J 5 '-E
masses that form ML 1, 2, 4 and 5 are probed in the centre 'E 340 £
of a trough far away from the jet stream (see Fig. 2). Since "g o
strong convective activity was absent during the flights, fast Q. 320F -
transport of tropospheric air masses up to ® =400K can be - . . b
ruled out. ML 3 arises, in contrast to the other mixing lines, 10:48 12:00 13:12
Time [UTC]

presumably as a consequence of the irreversible mixing of
tropospheric and stratospheric air masses at the jet stream,
since this mixing event is measured at the edge of the trough
in a region with high wind speed and wind shear (Pan et al.,
2006).

3.3 Results of backward trajectory calculations

We investigate the origin of ML 1, 2, 4, and 5, which were ob-
served in the trough away from sharp isentropic PV gradients
at the tropopause, by analysing 50-day backward trajectories
calculated with CLaMS. Variations in potential temperature
® along the backward trajectories indicate diabatic processes
in the history of the respective air masses. Figure 5 shows
measured potential temperature ® along TACTS flight 2 (30
August 2012) colour-coded with PV from ECMWEF analysis
data. Black dots indicate the maximum potential temperature
along each individual backward trajectory. These values are
typically 20K higher than the potential temperature at the
position of the aircraft. This is in accordance with descend-
ing air masses in the extratropical stratosphere with a rate of
approximately 0.5 K day~! (Butchart, 2014). Red dots indi-
cate the minimum © for trajectories which show a diabatic
ascent prior to the time of measurement. These trajectories
are primarily associated with air masses showing large PV
values (> 8 pvu) in regions where the mixing lines were en-
countered. This finding provides an indication that diabatic

www.atmos-chem-phys.net/16/10573/2016/

Figure 5. Solid line: time series of potential temperature ® mea-
sured during the second half of TACTS flight 2 with PV as colour
(from ECMWEF data). Black dots: maximum potential temperature
along 50-day back trajectories for all data points with ® > 370 and
PV > 4 pvu at the measurement location. Red dots further indicate
the minimum potential temperature along the trajectories at flight
sections where this minimum is below the measured values along
the flight track. Red dots with PV > 7.5 pvu and minimum © at least
5K smaller than ® at the measurement are marked with a black
cross (cf. Fig. 6).

upward transport of tropospherically influenced air masses
is reflected by the diabatic ascent of the backward trajecto-
ries. Figure 6 displays those trajectories which show a po-
tential temperature increase exceeding 5 K. These trajecto-
ries indicate an origin in the anticyclone of the Asian sum-
mer monsoon and subsequent transport to the measurement
region in the Ex-UTLS above ® =400K. The position of
the respective trajectories for —50 days < t1r, < —30 days
in Fig. 7 shows that a large fraction of the air masses is lo-
cated within the Asian monsoon anticyclone for 1y < —30
days. The lowest potential temperatures along the trajectories
(bluish colours) appear within the Asian monsoon region. As
shown in Fig. 8 the trajectories spend a significant amount of
time in the region, which is affected by the Asian monsoon

Atmos. Chem. Phys., 16, 10573-10589, 2016
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Figure 6. Fifty-day backward trajectories for flight sections where
® > 370 K, PV > 7.5 pvu. To select trajectories which experienced
a diabatic ascent to the flight level, we only show trajectories with
a minimum potential temperature which is at least 5 K below © at
the measurement location (cf. Fig. 5). Colour: potential temperature
along the backward trajectories based on ERA-Interim reanalysis
data.

anticyclone. The location of the anticyclone shows large vari-
ability within the 2 months prior to the measurements (see
Supplement) extending from 20 to 45° N during some pe-
riods. The longest residence time of trajectories (Fig. 8) is,
however, found in those regions which can be associated with
the core region of the Asian monsoon anticyclone (Bergman
et al., 2013; Garny and Randel, 2016).

The backward trajectory calculation suggests that the di-
abatic ascent within the Asian monsoon transports tropo-
spheric air masses up to altitudes between 16 and 18 km. Fig-
ure 9 shows that this process is accompanied by PV values
rising above 5 pvu and © larger than 400 K. These air masses
are subsequently transported at r &~ —30 days to the extrat-
ropics were they mix with aged stratospheric air masses (as
measured).

The calculation of 50-day back trajectories cannot provide
unambiguous evidence that the transport of air masses from
the Asian monsoon into the Ex-UTLS causes the occurrence
of mixing lines on the CO-03 correlation. CLaMS calculates
the vertical motion using diabatic heating rates from ERA-
Interim, which tend to have a relatively small vertical dis-
persion in the stratosphere compared to kinematic scenarios
(Ploeger et al., 2010). Notably, Vogel et al. (2014) show that
40-day back trajectories, calculated with the same setup of
CLaMS as used in this study, agree with trace gas measure-
ments during TACTS flight 6.

Trace gas measurements of TACTS flight 2 and 50-day
back trajectories are consistent, since CO—O3 mixing lines
indicate mixing at ® > 380 K. End member analysis shows
that recent mixing at the tropopause cannot explain these
mixing lines. The mixed air masses have instead experienced
a significant CO degradation in the stratosphere. CLaMS tra-
jectory calculations confirm this conclusion, since a transport
time of 7 ~ 30 days from the Asian monsoon region into the

Atmos. Chem. Phys., 16, 10573-10589, 2016
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Figure 7. Pathway of the trajectory ensemble as shown in Fig. 6

with PV, < 5pvu. Red crosses mark the location of the trajecto-
ries where PV values exceed 5 pvu.
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Figure 8. Residence time in hours of the trajectory ensemble as
shown in Fig. 6 for —50 days < f1yy < —30 days (2.5° latitude and
5° longitude bins). Note the long residence time in the ascending
region as indicated in Fig. 7.

Ex-UTLS is indicated by the backward trajectories. A signif-
icant contribution from the TTL for this region for TACTS
flight 2 cannot be identified based on the trajectory calcula-
tions. Thus, it is concluded that the Asian monsoon affects
the trace gas composition of the Ex-UTLS for ® > 380K
during TACTS flight 2.

4 Diagnosis of monsoon transport in the extratropical
lower stratosphere

The effect of the Asian monsoon on the trace gas com-
position of the Ex-UTLS is investigated by comparing the
changes in N;O, CO and O3 from the early measurement
phase (28 August—5 September) to the later TACTS flights
(23-26 September). The tracer distribution for each period
is calculated in bins of equivalent latitude and potential tem-
perature. Figure 10 shows the data coverage for each period.
Figure 11 shows the mean distributions for N,O, CO and O3

www.atmos-chem-phys.net/16/10573/2016/
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Figure 9. Potential temperature versus time along the trajectory en-
semble as shown in Fig. 6. The colour indicates the PV (top left),
pressure (top right), temperature (bottom left), and altitude (bottom
right) based on ERA-Interim reanalysis data.

in the early and later period and their differences. Also given
is the location of the thermal and dynamical tropopause for
each period as well as isolines of PV =6 and 8 pvu.
Comparing the tracer distribution of the two phases reveals
a slight increase in tropospheric tracers in the stratosphere
beyond PV > 8 pvu. This region is clearly above the ExTL,
which extends to A® =30K above the local tropopause
(Hoor et al., 2004, 2010). Above the EXTL with A® > 30K
(relative to the tropopause) an increase in N>O is observed.
O3 exhibits lower values for the same region during the fi-
nal phase of the measurements. Both tracers indicate an in-
creasing impact of tropospheric air masses in the extrat-
ropical stratosphere above the ExTL. In the tropopause re-
gion below 8 pvu the tracer signature is less clear: the dis-
tributions of both CO and N>O indicate a slight decrease
closer to the tropopause, but with large variability, which
is even more pronounced in ozone. To further investigate
whether transport from the Asian monsoon anticyclone is
responsible for this increase in tropospheric tracers above
the ExTL, we analysed CLaMS trajectories for the whole
TACTS period. Figure 12 shows the percentage of 50-day
backward trajectories originating in the Asian monsoon re-
gion (criteria: 25° N < TRA-latitude <40° N, 40° E < TRA-
longitude < 110° E and TRA-® > 360K at r = —30 days)
using the same coordinate system as Fig. 11. These thresh-
olds were chosen according to the mean location of the
geopotential anomaly of the anticyclone, shown in Fig. 13,
which shows the mean location of the geopotential anomaly
relative to the mean geopotential height during JJA in the
monsoon area according to Bergman et al. (2013). The dark-
blue line indicates the monsoon location according to the
threshold from Bergman et al. (2013) at 100 hPa (light blue
for 200 hPa). The red contour marks the zero line for anomaly
using the mean geopotential height from summer 2012 as
the threshold to calculate the anomaly. The difference in the
monsoon contribution according to the trajectories in Fig. 12
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Figure 10. Data coverage (number of data points N in each bin) of
TACTS 2012 in potential temperature ® and equivalent latitude geq
coordinates. Left: data coverage of the initial phase of TACTS from
28 August to 5 September. Right: data coverage of the final phase of
TACTS from 23 to 26 September. The black and green lines denote
the location of the dynamical (PV =2 pvu) and thermal tropopause,
respectively (WMO, 1957).

also shows a bimodal pattern similar to the tracer observa-
tions. Trajectories originating from the Asian monsoon re-
gion affecting the EXTL are predominantly found for the ini-
tial phase of TACTS. In the lower stratosphere above the
ExTL, roughly coinciding with the 8 pvu contour, trajecto-
ries indicating air masses from the Asian monsoon region
are mainly found for the second phase of TACTS. The mean
residence time (not shown) of these trajectories within the
Asian monsoon anticyclone shows no significant difference
for both regions and time periods. The trajectories provide
evidence that the measured increased tropospheric influence
in the extratropical lower stratosphere above the EXTL arises
due to air masses from the Asian monsoon region. A de-
creased fraction of air masses originating from the Asian
monsoon for the later measurements within EXTL indicate, in
accordance with lower CO and N, O mixing ratios, a stronger
transport barrier between the tropical troposphere and extra-
tropical stratosphere. These results clearly indicate that the
Asian monsoon has impacted the extratropical stratosphere
above the EXTL during TACTS 2012.

To further analyse the tracer evolution in the LS and the
ExTL, we analysed the frequency distributions of the trac-
ers in the stratosphere for PV values exceeding PV =8 pvu
(Fig. 14). This relatively high PV value accounts for the
fact that the PV at the high tropopause in the subtropics is
at 5pvu (Kunz et al., 2011). It further marks the transition
from the ExTL, which is characterised by rapid transport
from the local tropopause to the stratosphere (Hoor et al.,
2010). For the EXTL we analysed the PV range from 3 to
8 pvu (Fig. 15). The frequency distribution of selected tracers
was subdivided into the different phases of TACTS. As indi-
cated in Fig. 14 (PV > 8 pvu), during the early phase (red-
dish colours) N,O, CO and SFg are significantly lower than
in the late phase. This clearly indicates an increase in tropo-
spheric tracers accompanied by a decreasing age of air as in-
dicated by the increase in SF¢. Ozone shows a slight decrease
over time with large variability. Water vapour and total wa-
ter (CH4 + 2x H,0O) also show an increase over time. This
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Figure 11. N, O, CO, and O3 distributions in potential temperature ® and equivalent latitude ¢eq coordinates for the TACTS 2012 campaign.
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finding also indicates a stronger contribution from the mon-
soon region which tends to moisten the mid-latitude lower
stratosphere during this time of the year (Randel and Jensen,
2013).

Histograms for trace gas mixing ratios in the ExTL in
Fig. 15, here defined as the region between 3 and 8 pvu (Hoor
et al., 2010), are less consistent. The frequency distributions
of CO and N, O show large variability and rather a stagnant or
even decreasing tropospheric contribution. Lower CO mix-
ing ratios in the tropopause region indicate that the observed

Atmos. Chem. Phys., 16, 10573-10589, 2016

increase in tropospheric tracers in the lower stratosphere
down to ® =350K (Fig. 11) is not due to isentropic transport
across the subtropical jet. If rapid transport of tropospheric
air into the stratosphere were responsible for the increased
tropospheric signatures above the ExXTL, CO would also have
increased in the EXTL. Therefore, the transport of relatively
young stratospheric air masses with a large tropospheric air
mass fraction at ® > 380K is responsible for larger mixing
ratios of tropospheric (N>O and CO) and lower mixing ratios
of stratospheric tracers (O3) above the ExTL. At mid- and

www.atmos-chem-phys.net/16/10573/2016/



S. Miiller et al.: Observation of mixing

high latitudes these air masses subsequently descend to lower
potential temperatures. These results are in accordance with
previous studies regarding the Ex-UTLS region (Hoor et al.,
2002, 2004, 2010; Bonisch et al., 2009; Hegglin et al., 2006).
It is likely that strengthening of the jet stream in September
weakens transport of tropospheric air masses into the ExXTL
(Haynes and Shuckburgh, 2000; Berthet et al., 2007; Sawa
et al., 2008), which subsequently leads to lower CO mix-
ing ratios at the final stage of the TACTS measurements. In-
dependent of this transport pathway, the transport of Asian
monsoon influenced air masses (as measured during TACTS
flight 2) by the shallow branch of the BDC above ® =400K
leads to a stronger tropospheric influence above the ExTL.

5 Discussion and Summary

The tracer measurements over Europe during TACTS 2012
and the backward trajectory analysis provide a coherent pic-
ture, indicating a distinct influence of the Asian summer
monsoon on the mid-latitude UTLS. The combination of
tools provide a consistent picture, which can be summarised
as follows.

1. Based on in situ trace gas measurements, irreversible
mixing of different air masses in the Ex-UTLS above
® =380 K was observed during TACTS 2012.

2. The tropospheric end member approximation shows
that the observed irreversible mixing occurred rather
between stratospheric air masses with different tro-
pospheric contributions than between undiluted tropo-
spheric and stratospheric air masses.

3. Backward trajectories indicate that the younger of the
mixed stratospheric air masses were affected by the
Asian monsoon circulation.

1. An effect of the Asian monsoon on the LS over Eu-
rope is also evident from the overall trace gas distribu-
tions measured during TACTS 2012. These show that
the Ex-UTLS composition over Europe has significantly
changed within 20-30 days during the campaign. Above
the ExTL a stronger impact of tropospherically influ-
enced air masses in late September compared to late
August 2012 is indicated by larger CO and N;O and
lower O3 mixing ratios. Within the ExTL, a weakening
of the tropospheric influence is indicated by decreasing
CO.

2. Backward trajectories indicate that the Asian monsoon
strongly affected the LS predominantly during the late
phase of TACTS 2012. Within the EXTL such trajecto-
ries are preferably found during the initial phase of the
campaign.

www.atmos-chem-phys.net/16/10573/2016/
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Figure 13. Geopotential height relative to the climatological mean
for JJA following the method of Bergman et al. (2013). The dark-
blue line indicates the monsoon location according to the threshold
from Bergman et al. (2013) at 100 hPa (light blue for 200 hPa). The
red contour marks the zero line using the mean geopotential height
from summer 2012 as the threshold to calculate the anomaly.

Our study suggests that the transport of air masses from the
Asian monsoon region into the extratropical stratosphere is a
contributor to the change in the Ex-UTLS chemical composi-
tion during summer and autumn of the Northern Hemisphere
(Hoor et al., 2005; Hegglin and Shepherd, 2007; Bonisch
et al., 2009). In situ data of N,O, CO and O3 indicate a sig-
nificant increase in the tropospheric impact in the extratrop-
ical lower stratosphere above the EXTL within a few weeks.
This finding indicates that water vapour (Ploeger et al., 2013;
Randel and Jensen, 2013) as well as other atmospheric con-
stituents (and pollutants), which were not measured, is po-
tentially affected by transport from the Asian monsoon cir-
culation.

A case study based on in situ data shows that air masses
originating from the Asian monsoon are quasi-isentropically
transported above ® = 380 K into the Ex-UTLS during sum-
mer and autumn 2012. This confirms the results of model
simulations and satellite data of Ploeger et al. (2013), which
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Figure 14. Relative frequency of (a) N,O, (b) CO, (c¢) O3, (d) SFg, (e) HyO, and (f) total water (CHy + 2 x HyO), for data points with
PV > 8 pvu. Reddish colours denote the histogram for the initial phase from the 28 August to 5 September, while bluish colours denote those
for the final phase of TACTS from 23 to 26 September. Purple areas display the overlap of both histograms.

show enhanced water vapour transport from the tropics (and
the Asian monsoon region) into the extratropics during bo-
real summer above ® =380K. A relatively large effective
diffusivity between the tropics and extratropics during sum-
mer and autumn for potential temperatures ranging from 380
to 450K is also in accordance with our results (Haynes and
Shuckburgh, 2000). Further, Haynes and Shuckburgh (2000)
calculate a decreasing effective diffusivity from summer to
autumn for ® between 350 and 370 K (13—-15 km), which in-
dicates an increasing transport barrier from the early to the
late monsoon season at the jet location. The measurement of
lower CO within the ExXTL during the later phase of TACTS

Atmos. Chem. Phys., 16, 10573-10589, 2016

compared to the initial phase agrees with a stronger transport
barrier for mixing across the tropopause below ® = 380 K.
In accordance with this, Ploeger et al. (2015) diagnose on
the basis of the PV gradient a strong transport barrier that
separates the anticyclone from its surrounding and inhibits
isentropic transport and mixing between ® =360 and 380 K.
Our measurements also support the hypothesis of an efficient
transport of tropospheric trace gases (e.g. CO) to the upper
Asian monsoon troposphere (Bergman et al., 2013). From
the upper tropospheric monsoon region a fraction of these
air masses is efficiently transported and mixed into the lower
stratosphere of mid- and high latitudes at potential tempera-
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Figure 15. Same as Fig. 14 (without HyO and total water histograms) for data with PV ranging from 3 to 8 pvu.

tures ® > 380K (Berthet et al., 2007). Thus, our data show
that the Asian summer monsoon affects the overall tracer dis-
tribution over Europe with increasing efficiency from August
to September 2012.

6 Conclusions

In situ measurements of CO, O3 and N,O during TACTS
2012 show a significant change in the trace gas composition
over the course of 4 weeks in the Ex-UTLS up to ® =410K.
From August to late September 2012 a distinct increase in
N>O and CO (and decreasing O3) indicate a stronger tropo-
spheric contribution above the EXTL up to ® =410K. De-
creasing CO mixing ratios in the EXTL below ® =370 K in-
dicate a weakening of the quasi-isentropic transport across
the tropopause at the jet stream into the lowermost strato-
sphere (Pan et al., 2006). Therefore, it is concluded that
the observed increase in the tropospheric fraction above the
ExTL is not caused by quasi-isentropic cross tropopause
transport at the jet stream. We conclude that the observed
increase in tropospheric influence in the EXTL above 370K
originates in a region with a high tropopause. Fifty-day back-
ward trajectories from CLaMS-TRAJ indicate that the Asian
summer monsoon has affected the composition of the Ex-
UTLS over Europe during TACTS 2012. In agreement with
the tracer observations, the CLaMS trajectories show an in-
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creasing contribution of air originating in the Asian sum-
mer monsoon to the extratropical lower stratosphere during
September 2012. Notably, the trajectories exhibit a mean res-
idence time of # > 200 h in the Asian monsoon anticyclone in
the last 50 days before the measurements. Within the mon-
soon circulation the trajectories slowly rise up to ® > 400 K.
As shown in a case study in Sect. 3, the monsoon-affected air
masses are transported to the measurement region within 30
days. For the global tracer distribution increasing SF¢ values
for the late phase of the measurements consistently indicate
an increasing contribution of younger air, in agreement with
the analysis of the backward trajectories. Further, the simul-
taneously observed increase in (total) water vapour for the
same air masses is in accordance with the horizontal tape
recorder of H,O at ® = 390K caused by the Asian monsoon
(Randel and Jensen, 2013). Thus, our results indicate that the
Asian summer monsoon affected the chemical composition
of the Ex-UTLS over Europe during TACTS in 2012. We
therefore conclude that the Asian summer monsoon in gen-
eral might be an important contributor to the flushing of the
boreal extratropical lower stratosphere from summer to au-
tumn (Hegglin and Shepherd, 2007) when the tropospheric
signature is at a maximum (Hoor et al., 2005; Bonisch et al.,
2009).
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7 Data availability

HALO TACTS and ESMVal data are archived in a pub-
lic password-protected data archive (https://halo-db.pa.op.
dir.de). In situ data used in this publication can be further
accessed by contacting the principal investigator of the TRI-
HOP instrument: Peter Hoor at the University of Mainz
(hoor @uni-mainz.de). Meteorological data (ERA-Interim)
are available from the European Centre for Medium-Range
Weather Forecasts (ECMWEF).

The Supplement related to this article is available online
at doi:10.5194/acp-16-10573-2016-supplement.
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