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Abstract. Volatile organic compounds (VOC) are importantdtobal air quality and oxidation processes in the
troposphere. In addition to ground-based measuresmtive chemical evolution of such species duniagsport
can be studied by performing in-situ airborne measents. Generally, aircraft instrumentation netedbe
sensitive, robust and sample at higher frequerary giound based systems while their constructiost camply
with rigorous mechanical and electrical safety deads. Here, we present a new System for Orgarst Fa
Identification Analysis (SOFIA), which is a custdmilt fast Gas Chromatography — Mass Spectrom&§-(
MS) system with a time resolution of 2a8n. The relatively high time resolution is the uksof a novel
cryogenic pre-concentration unit which rapidly co¢+6°C/s) the sample enrichment traps to -@0and a
new chromatographic oven designed for rapid cootatgs (~30C/s) and subsequent thermal stabilization.
SOFIA was installed in the High Altitude and Lon@rigie Research Aircraft (HALO) for the Oxidation
Mechanism Observations (OMOQO) campaign in Augus62@imed at investigating the Asian monsoon paltuti
outflow in the tropical upper troposphere. In aigditto a comprehensive instrument characterizatiepresent
an example monsoon plume crossing flight as a sagly/ to demonstrate the instrument capability. neyd

carbonyandhalocarbonand oxygenated VO@ata from SOFIA are compared with mixing ratioscafbon

monoxide (CO) and methane (QHused to define the pollution plume. By usingess(EXR) and normalized
excess mixing ratios (NEMRS) the pollution couldatiibuted to two air masses of distinctly diffiererigin,
identified by back-trajectory analysis. This workderses the use of SOFIA for aircraft operation and
demonstrates the value of relatively high-frequemaylticomponent measurements in atmospheric cligmis

research.

1 Introduction

Despite their generally low ambient concentratioogjanic trace gases can have significant impants o
atmospheric chemistry (Williams, 2004). Halogenatedanic compounds are capable of destroying both
tropospheric and stratospheric ozone (Molina andI&ad, 1974; Read et al., 2008; Saiz-Lopez et28l1.2;
Wang et al., 2015), and thus altering the oxidatapacity of the atmosphere (Parrella et al., 28BRgr et al.,
2016), with prominent examples being the chlorafbwarbons (CFCs) and the hydrochlorofluorocarbons
(HCFCs). Their industrial replacements, i.e. hyllrmfocarbons (HFCs), may have lower stratospherane
depletion potentials but they can act as potergrgreuse gases (Velders et al., 2009). In additigygenated
volatile organic compounds (OVOCs) and simple hgdrbons (HCs), whose emissions are associated with

both biogenic and anthropogenic sources, play &iaenle in the production and destruction of kétypospheric
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oxidants such as the hydroxyl radical (OH) (Kley at, 1997; Atkinson, 2000; Monks et. al., 2008lieveld
etal., 2016) and ozone (Pusede and Cohen, 2@1i2)hérefore essential to monitor their atmosjgtredsundance
and understand their source-sink dynamics partigulia the chemically sensitive but poorly accebsitegion

of the upper troposphere and lower stratosphere.

For over sixty years, organic trace gases in thmsgphere have been measured by acquiring air sanmplbe
field, using pressurized metal/glass containersroadsorbent filled tubes, and subsequently meazstinem
“off-line” in the laboratory. A commonly used antibal technique for such samples has been gas
chromatography (GC), coupled to detectors suchasnass spectrometer (MS), the flame ionizatioralet
(FID) and the electron capture detector (ECD) (Eaagen-Smit et al., 1953; Colman et al., 2001p@dl et
al., 2006; Williams et al., 2007; Pollmann et 2i008; Lerner et al., 2017). While this approaclowad for
straightforward sampling in remote regions, anthnupper troposphere using research aircraft ltodres, the
sample frequency is limited by the number of cor@es available and it is prone to interference fianface
related artefacts (especially for the most reactpecies (Plassidmer et al., 2006)). To achieve higher time
resolution and hence data density in atmospherasarements, several “on-line” instrumental techesgiave
been developed based on ionization mass spectyifeetr. Arnold and Hauck, 1985; Crutzen et. alQ@0
Sprung et al., 2001; Blake et al., 2006; Le Bredoral., 2012). These methods use positively or tinegg
charged species to ionize the substances of inares to their detection in a mass spectromaddrile these
techniques enable high resolution sampling (typicek — 1min), as they do not require a pre-concentration or
separation, they suffer from lower molecular speityf compared to GC-MS, as multiple species maytgoute

to a given mass signal. Therefore, provided it lsammade to measure fast enough, gas chromatog(&ly
coupled with a mass spectrometer (MS) can be aaragty powerful tool in atmospheric research.

In recent years, there has been considerable fatoptimizing GC analysis for speed (Mastovska lagtibtay,
2003). This has led to a new generation of fastsg&ems that can be applied in airborne reseancie shey
combine high time resolution and mass selectiipel et al. (2003) developed the first fast GC-MStem for
airborne measurements of VOCs and halocarbons  Toaganic Gas Analyzer (TOGA); see also Apel 2016,
Hornbrook et al., 2011; Apel et al., 2010, 201PDGA uses a custom built liquid nitrogen ()Nueled system
to cool sample enrichment traps down to -33QApel et al., 2016) enabling a sample everyr@i. To our
knowledge, three other fast GC systems have sieea designed for aircraft operation: GhostMS (8alal.,
2014), HCG (Jager et al. 2014) amidirac (Gostlow et al., 2010). All three do not requthe use of a liquid
cryogen and have been successfully operated inaftir@eppelin or balloon campaigns. The use of fdt
cryogenic trapping has both advantages and distatyes that are discussed in section 4.

The objective of this paper is to present a congmeive description of the new fast GC-MS instrumealied
“System for Organic Fast Identification Analysis (88)”, designed for airborne measurements. In sectin 2
detailed description of the major components amapdiag characteristics is provided along with thetiument
specifications, as defined under laboratory and fienditions. In section 3 we demonstrate the lodiias of
SOFIA by presenting an example from the OMO aitarafmpaign, flying over the Arabian Peninsula irgAst
2015 to intercept pollution plumes convected to dpper atmosphere in the Indian monsoon system. We
demonstrate the usefulness of fast GC-MS measutemgn studying the mixing ratios of selected
chloromethanes (chloromethane (Ck)Cldichloromethane (C¥l,), chloroform (CHC§) and carbon
tetrachloride (CQ)), hydrocarbons (isoprene s), benzene (€Hs) and toluene (&g)), OVOCs (propanal
(CsHeO) and acetone @Es0)) and sulphur containing species (carbon disdiplCS)) in a pollution plume,

and discuss the technical and scientific impliaagio
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2 Material and methods

The system described below has been designed asttucted for use on-board the German High Altitudeg
Range aircraft (HALO), a Gulfstream G550 aircrafterated by the German Aerospace Organization (DLR)
Operation on-board a high flying aircraft such &8 requires that the analytical system can perfoetiably
over the widely varying conditions of external teamgture (40C to -60°C) and pressure (1006b — 200mb).

In addition, the internal cabin conditions also @ and all relevant parameters must be measured fo
subsequent performance assessments. In the cttse 8OFIA system, an additional challenge arisesutih

the use of a liquid nitrogen (LANcryogenic system, because theléNaporation rate in the container is strongly
pressure and temperature dependent, thus safecandate pressure control within the cryogenic sysie
essential. The following sections present a detaikescription of the major components of the SOGIE-MS
system. They comprise of a sampling system overysagtion 2.1), a detailed description of the camg
trapping method (section 2.2) and chromatograpt@cd@en (section 2.3), a characterization of thed&in

and quantification unit using standard gas expeantmésection 2.4)a weight characterization (section 2ahd

a description of the process control and softwaeetion 256). Section 2.7 presents laboratory experiments

while Fthe last part (section@3) reports the analytical specifications during ¢éixample flight presented in the

“case study” section, which was part of the fiistd deployment of the instrument.

2.1 Sampling overview

A schematic overview of the SOFIA system is presgimFig. 1. Air is drawn by the inlet pump (described in
section 2.1.1) through the sampling line which edte outside the aircraft fuselage. The sample pre-

concentration then follows in three stages (desdrib section 2 2llustrated in supplementafig. S1). First,

the air is pumped through the cooled water trapravi®O is selectively removed from the airstream ana the
the low temperature enrichment trap where VOC muéecare retained. During sampling, a flow cotrol
(Fig. 1, SampleFC) is used to regulate the sampling flowd, the pressure change inside a sampling voluihe un
(Fig 1; Calibrated volume) is used for accurate samplieme determination. In the second stage, the emectt
trap is heated and the volatiles are transferredhéo cryofocus trap which is a narrow (0r@&) inert
chromatography column with low volume to optimike subsequent injection. In the third stage, thefocus
trap is heated rapidly and the sample is injeatéadl the chromatography column housed in the ovendtéd
GC in Fig. 1) where it is separated prior to ionization andedgon of the peak sequence by the mass
spectrometer (denoted MSHig. 1).

2.1.1Inlet system

Air was drawn into the aircraft through a rearwéading Trace Gas Inlet (TGI; Enviscope GmbHo 2,
Wendisch et. al., 2016). In the cabin, a heatetbmdine (¥4’ (0.635cm), 2m length, 40°C) brings the air ito
the inletMuPo-valve(Fig. 1). The inlet system of SOFIA was designed to cosp@nbient air to standard

pressure at a minimum flow rate of 28fcm in ~15%m altitude.The inlet pump and flow controller pressurize

the sample to enhance the throughput in the inkeg (200 sccm) over the actual sampling flow @0 Fig.

S1). Under such conditions a maximum residence tintkbaec can be maintained at the highest flight akdsud
in the flow loop from the aircraft inlet throughettzero and calibration system to the sampling pdihe
compression ratio of single stage all-PFA Teflaaptiragm pumps was not sufficient to fulfil our regments,
and dual stage pumps would push the overall syb&yand the weight and size limits. Therefore, trawll
identical PEA pumps (NMP 850KNDC, KNF Global strategies A@@rerun-usedn the low pressure inlet in
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paralleland since the maximum pressure of the single siagenot enougtit wasbacked by a fourth pump

connected to the high pressure exit upstream osdingpling systenfall four pumps are illustrated as a single

one inFig. 1).

Since even small leaks in the low pressure pati@fnlet system can cause interferences, the puightess

was tested prior to integration. It was found tihatpump heads, as sold, leaked severely acrossltfeeof the
diaphragm. This issue was solved by fittimgtchchronometer O-rings around the diaphragm of th&viddal

pumps.The O-rings were fitted outside the original Tefldimphragm, sealing edge of the pump heads and

therefore they are not in contact with the sample pressure in the sampling system was maintdiyeal

mechanical diaphragm pressure controller downstr@aime sampling point (see 2.2.4).

Three gas cylinders (2 L, Luxfer, USA) are requifednormal operation of SOFIA and they are locaiethe

bottom of the instrument’s rack. Helium (6.0 Welstta AG, Germany) is used as carrier gas and a

multicomponent gas standard (Apel-Riemer Environiadeinc., USA) is used for in situ calibrationshelthird

cylinder contains pressurized (6.0, Westfalen AG, Germany) and is used for disgio purposes such as inlet

blanks and to prevent jetfuel vapors being samglethg taxiing. In addition, the Nyas cylinder serves as zero

air in regions that ambient sampling is not pemuitt

2.1.2 Zero/ Calibration unit

Directly downstream of the inlet system, ambientnas either sent directly to the sampling loophwough an
oxidizing catalyst tube, depending on the 3-wayaalve Fig. 1; ZV) position. The platinum bead packed
catalyzer(PN 206016, Sigma Aldrich, USAyas maintained at 35 and the outflow used as VOC free air,

since under these conditions all VOC measured wereserted entirely to CO The catalyzer does not

significantly affect ambient water concentratiomsl &0 keeps sample humidity in calibration and zeodes
the same as ambient conditions. In calibration mtdecalibration valveRjg. 1; CV) was activated to allow a

multicomponent calibration gas mixturebut 50 ppb of 79 compound&pel-Riemer Environmental, Inc.,

USA) to enter via a &l-sccimflow controller (Bronkhorst, Germany) into the liagiting the unitBy modifying
the inlet and the calibration gas mixture flowswae range of mixing ratios is achieved and usedtlie

calibration curves.

2.1.3 M ulti-position valves (MuPos)

During operation, two multiple position valvdsq 1; SourceMuPovalve Trapsvalve-MuPRg VICI, Germany)

were operategh-cencertconcurrentlyThe SourcéiuPe valveis a 4-port valve that switches gaseous input eithe

to a zero/calibration unitincluding ambient air)a helium line or to a plug. The plugged positisused for
diagnostic purposes, in particular for leak testsrd) flight preparation. When running continuoyshe Source
MuPevalve was set to helium source except during sagphode. The TrapgiuPo valveis a 6-port valve that
connects the water, enrichment, and focus traps.TrapsMuPe-valvevalve switches between SAMPLE and
INJECT modes. In the SAMPLE position, preparatidritee next sampling cycle and sampling is done in
parallel, with the last sample driven through tbalated cryofocus trap to the GC column and theatet. In
INJECT position, the enrichment part of the sanwplioop is connected to the injection loop to tranghe

sample to the cryofocus trap, while the water tsapurged in parallel to venfn extended illustration of the

flow paths can be found in the supplemdfig(S1).
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2.1.4 The sampling volume unit

The sample volume measurement unit is connectdetdbrapduPe valvedownstream of the traps. It consists
of a 100ml flow controller, a calibration volume tank (48R), 2 solenoid valves (ET-2, 24, Clippard) to
direct the sample flow into the sampling voluméogpass it, a sample diaphragm pumgduum pumpPfeiffer
MVP 006-4) and a NTC temperature sens@k-type thermocouple)rhe process controller isolates the pump

from the sampling volume during sampling, monitibress pressure difference accumulated and calcula¢esir
volume sampled, additionally taking the temperat@&ding into account. When not in sampling modbe, t

sample volume is connected to the sample pumpejogpe for the next sampling cycle.

2.2 Cryogenic trapping
2.2.1 Design and implementation

The main objective of the cryogenic concentratigstesms is to achieve the minimum cycle time betwiben
required temperature set-points (i.e. -260to 120°C) with minimum LN consumption. The total operation
time between LMrefilling is 17h and covers the maximum flight duration (10 hoars) associated pre-flight
ground tests (2 hours). The cryogenic concentratigtem Eig. 23) is positioned on top of the LNontainer.

It consists of the pressure tight container-topepleith three cooler assemblies mounted on toaof @ther. In
accordance with the target temperatures of eaph tie cryofocus trap is housed at the bottom,esibt the
LN», the middle one is used for the enrichment tragh the upper one supports the water trap. Good tiderm
insulation of the whole arrangement is achievedhity walled, stainless steel tubing and housingeosmded

by an Aerogel powde(Silica granules, InnoDamm, Germarfifling up a powder-tight, 3D-printed elastomer

enclosure.

Enrichment and cryofocus trap housings have atedehing down into a LNcontainer directly below the top
plate of the container, from where k¢ drawn if the outlet pressure of the housing56 mbar lower than the
pressure in the container. The water trap housikestcold Mgas off of the headspace of the container, because
its cooling power demands are much smaller. Thdirmpoubes immersed in the LLNtrap operations do not
interfere with each other, because the changejoidilevel is minimal on changing individual coolgower.
The system can therefore transportltdlrapidly cool down the enrichment and cryofotraps Fig. 32). This
approach makes use of the latent heat energy (asseg to cooled gas solutions), optimizing theeyiche.

The three traps are made of straight thin walled uncoatedtainless steel tubinffype 1.4301, Gnther

Lammermeir OHG, GermanyThe inner diameter of the water trap is 1/8”@B2&m) and the enrichment trap

1/16"(0.159cm). The water and enrichment traps are in contact thithsampleThe cryofocus trap (1/16")
acts as the housing of a 0.2%n inert chromatographic columBN 160-255-10Agilent TechnologiesUSA).

Trap temperature measurement is achieved by usan df0Oum (Omega Engineering, Germany) wire

thermocouple attached via a thin walled PFA tube.

2.2.2 Liquid nitrogen container

The LN, container (LN-Badkryostat, CryoVac, Germany) has a usable volofd®.5 L which is sufficient for

~17 h of continuous operation at a cycle time &@frin. It is a vacuum isolated stainless steelaeequipped

with a mechanical overpressure valve and a rugtiaghragm (required for aircraft certification). ditionally,

there is a pressure-tight cylindrical double-wabe insert built into the container, which widen®ia cone at

the top, establishing the LNMeservoir from which the trap coolers are supp{szeFig. 3).
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In continuous operation, the inside pressure isiwtmaied at ~50 mbar higher than the sampling systemust

pressure (=1000 mbar) by the pressure requlatistgisy The small overpressure drives the Edlumn up into

the cone, where it evaporates at a rate propotttorthe cone area immersed. This way, the [I\evaporated

directly below the traps, taking up the latent hehere it is actually needed, improving the efficig of the

system. With the filling valve open, the bNolumn remains at the Ll.Nevel, which determines the idle kN

consumption. By closing the filling valve, the maaltal pressure requlating system stabilizes tegegy into

a standby state. The level of bh the container is determined with capacitive:UBvel probe, which is

connected through a custom built voltage-frequermyerter to the process controller.

2.2.4-3 Pressureregulation

The main design objectives of the pressure regqugatiystem were a) the establishment of constanplgagm

pressure independent of sample air flow or outpi@ssurd CPOR inFig. 1) and b) simple and robust control

of the pressure inside the kNystem even without electrical power suppliedhi instrumen{Press. Reg. in

Fig. 1). Therefore, the system was built based on pneamatnponents. Since no commercial components of
6
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reasonable weight and size were available, thehdigon pressure controllers were custom built. The

diaphragms were taken from &thar commercial camping gas equipment the housing of the pressure

controller had to be rebuilBy adapting the springs, the set points and dynaamges could easily be adapted

to our needs.

The so-called constant pressure output regulatBiO) is a custom made part thiads a 10@m? reference

volume attached, which automatically resets to maabient pressure with a time constant of 1-2 dhyis.
used to keep the sampling system base pressureh(ighalso the L& container control reference pressure)
approximately constant at a slightly higher letalrt ambient (~5énbar). This pressure is monitored throughout
continuous measurements to correct for possiblesaic effects on overall system performance. iaén
uncertainty here is pressure variation caused impéeature changes, which could lead to referenesspre
changes in the field on the order of %0 For use in SOFIA on board a research airctaift,tolume had to be
isolated from changes in aircraft internal presgoee 120mbar), whereas on ground or on ships it could be
opened to remove drifts caused by temperatureufticins.

Upstream of the CPOR a differential pressure regulandicated as Press. Req.Rimg. 1; Fig 4) of the same

type was used to control both the 1 vel and the standby flow with the filling valve§the LN, container
closed. The filling level self-regulation operatathlogously to the trap coolers. If the level ia N, container
rises, the warmer part of the wall leads to enhdies@poration which immediately increases the piresacross
the exhaust capillary, depressing the level addir.regulation of the LNevel was very important in removing

the feedbacks of the regulator action on the regteosystem.

2.2.4 Trap temper atur e control

Heating of the traps is achieved via direct curfearh a custom built 4 /30 A, 0-100 % DC/DC conegr The

traps were electrically isolated with stainlesskfétings and Teflon ferrules. 1/16” tubing hewfirates are

~100°C/s and hard to determine accurately because diénmocouple reading delay. 1/8” (water trap) imegat

rates are ~30C/s.

Cooling of the traps is accomplished by controllthg flow rate of N downstream of the cooler housings by

proportional valves in series with 1/16” capillarief appropriate length. The individual trap systeare self-

stabilizing, because higher kievels in each branch immediately lead to higheperation rates, thus higher

pressures forcing the LMolumn down again. With the current setup, coofiogn +100 to a stable -180 °C is

typically possible within ~50 s.

Depending on sample state, the process contra@tanands either the cooler valves or the trap tllieseater

power to activate in order to maintain pre-set loghow temperatures. Typical temperature set gdimt water

trap _operation were between -40 °C and +120 °Cetitehment trap was run between -140 °C and +£20 °

and the cryofocus trap between -160 °C and +120 °C.

2.3 Chromatographic oven

The key factors in achieving the shortest possiktde time of a fast GC system are a) the reprdudeidieating
and b) extremely fast cooling to maximize the chagram run time while minimizing cycle time. Tdhaave
these goals, the thermal masses of the oven, thennomandrel, the fan and the heatéig( 35) have to be
minimized or eliminated. Furthermore, the surfaz@dlume ratio of the mandrel has to be maximized the
insulation surface, mass and performance must bmiapd. With the limited cooling power availabler fthe
GC oven, and to avoid condensation issues, therdtography was run above ambient temperataseie fan

cannot create sub-ambient temperatures
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The oven was designed as a horizontally mountexddal structure Kig. 35) to minimize internal surface area
and thermal convection influence. The oven insofais made of 3 double-walled hollow rings with wal
thickness ~2@um, making up the inner, outer and top insulatidrey were manufactured by galvanizing nickel
onto a 3D printed plastic core, which was dissolaftdrwards by a solvent. Under this configuratios mass,
heat capacity and heat conductivity were insigaiftccompared to convection and heat distribution.

The column mandrel (13®m OD) consists of thin wires holding two concanheath metal heaters (Gnin

* 12 mm cross section) enveloping the column in shape.cblumn (DB-624, 1én, 0.25mm, 1.4um; Agilent
Technologies) was nested between the heaters.ritioeuple was placed on the column to get a fagptorese
measurement of the column temperature. The sheatters are directly heated with a 10V/10A max, 0%0
controllable custom built DC-DC converter.

The fan (EBM Papst, 56 Watts, ~ 200n OD) was taken out of the heated zone of the tweemove its thermal
mass. To sustain stirring of the air inside theroaad to minimize possible temperature gradientstigng
thermal convection, the fan was mounted below tiianen, with ~40% of the oven bottom area being open
facing the fan blades.

For rapid cooling of the column, the oven top colas to be opened in order to enable a high aiv fte
through the ring gap around both sides of the melr(@eeFig. 3b5b). During test experiments, it was found
that the ~5@ top cover could be lifted by the airstream of fdue, resettling down to the oven side wall rings
when the fan was turned down. Since it is inheyadtifficult to control low heat capacity / high pewsystems,
the temperatureegulatorelectronicparameters should be different at various temperatio guarantee stability
and minimize stabilization time. Our custom buyis®em is capable of controlling the system in teaé. Low
temperature settling time and stability were mumiprioved by running the fan at low power along wtik
heater. Unfortunately, the fans implemented camaotdown to very low revolution rates to make a etho

fadeout of the fan possible, eliminating the midisturbances on the temperature ramp Bge3ebc).

2.4 Detector

The GC column is connected to a quadrupole masgrepgeter MS (Agilent Technologies 5973) via a bdat
transfer line (143nm deactivated column of 0.26m; PN 160-2255-10Agilent Technologies). The pump of

the MS was replaced by a high-power turbomolecpianp (EXT7DX, Edwards Vacuum) that can operate
under higher gravitational forces to avoid probledusing turbulence and on landing. The pre-pump was
replaced with an oil free membrane pump (MVPOO&#&jfer), to avoid potential contamination. In arde
achieve higher peak resolution and therefore irsergaecision, the electronics board of the MS wab@nged
with a fast, commercial version (Sideboard PCA GB%6015, Agilent Technologies) and the MS is optat

in Selected lon Mode (SIM) that substantially impes the detection limits while clearly separating éluting
peaks Table1). The dwell time for the individual ions selectgds 10ms and-cemplete-chromatogram-run for
2-4minthe chromatographic runtime was 2.4 (fiig. 46)._For the laboratory characterization the tempeeatur

of the oven was programmed to start aP@G0hold for 20 sec, ramp up to 7O with a rate of 1.5 C/min and

then ramp to 14€C. A dwell time of 10 ms was selected as the mimmulyvell time that the chromatographic
peaks were well shaped. Tests have been condumtelacing 25 ms, 10 ms and 5 ms. At 25 ms, the paaks

not clearly shaped and hence larger uncertaintiesnaluced during peak integration. Since with 5dngll

time the sensitivity of the detector’s response vy slightly reducedy 5 %), we recommend the use of 5 ms

for future applications.

The linearity of the 5973MSD signal has been showmultiple studies during the past decade (e.gs#a et

al., 2012). We observed a linear relationship fosgecies investigated £R0.9) for mixing ratios ranging from
8
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few ppt up to Pppb (see supplementaiisig. S2). Average precision of the measurements rangeseeet\s.9

and 12.4% with the respective total uncertainties is betw&&6.6and14-313.5% under laboratory conditions

using a multicomponent (79 speciesalibration standardvith mixing ratios of about 50 ppfApel-Riemer

Environmental Inc.X.he calibration standards used were within the rf@nturers guaranteed accuracy period

of two years.The detection limits were determined as three tithesstandard deviation of the signal produced

by 10 zero air samples in three different conceioindevels (i.e=125 ppt=250 ppt,=500 ppt).

2.5 Weight

Lastbutnetleastainy instrument that is mounted on a research airigaiftibject to weight limitations. Our
system is comparatively compact and light (120 kigspite the fact that is equipped with a liquittagien
container —Summarizing,the different cryogenic methods and instrument igométions chosen for each fast

GC (Table 2) are tailored to the specific research objectivesamh instrument and come with both advantages

and disadvantages concerning their applicationnfi@asurements in the upper troposphere. The SOFIA

instrument has been compactly built to meet tHeidhg specifications: fit one aircraft rack (6%% x 163 cm)

at maximum 120 kg, and operate for 17 hours oridigitrogen, which enables even species such abyinet

chloride to be effectively trapped in-situ at atitadle range of 0-1&m.

2.5-6 Process controller hardwar e and software

Due to limitations in the number of instrument agiers on board a research aircraft, the systendesigned
to be fully automated. All electronic units and sential sampling processes are controlled withtedacs
software that has been developed in-house (V25QYIPThe V25 was additionally coupled with an exsrn
computer to trigger the MS data acquisition sofen@hemstatioit’.

Faster GC-MS cycling and therefore a higher nunatbehromatograms acquired creates the reédr robust
peak integration software. While most of the peadsld be analysed with IAU-Chrom software (Salalet
2014), great attention has been given to the séparaf peaks that elute in very close retentiones and are
not clearly separated. Therefore, additional effeats put into the development of software that daléarly
separate co-eluting peaks. MPIC-Chrara new peak integration softwangritten in IGOR ,andwas used for

the separation of acetone and propanal peaks.

2.7 Laboratory characterization

2.7.1 Water vapor

The purpose of the water trap is to retain the apheric water vapor that is known to induce chromaphic

artefacts, degrade chromatographic separationsoged time damage the column. It was found thatdarg

sampling flows result in poor water trapping aneréiore poor reproducibility of the sampled anayteémall

flows (<40 sccm) can sufficiently remove atmosphevater vapor with up to 100 % relative humidityHR

Supplementary figur€ig. S2 illustrates calibration points that were obtaingth both dry (0 % RH) and wet

(100 % RH) air used to dilute the calibration mietinternally. To demonstrate stability of the systunder

changing conditions each calibration step was pexdd with dry and sequential wet calibrations. @h&ction

efficiency and reproducibility of all calibratiorucres indicates that the water trap effectively ogas water

vapor during sampling.
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2.7.2 Ozone

Problems from co-collection of ozone have beenge@@d previously (Goldan et al., 1995) and areudented
in several studies (Bates et al., 2000; Plagkrer et al., 2002; Pollmann et al., 2005; Lee et2006; Apel et

al., 2008; Arnts, 2008; Hellen et al., 2012). Themre interference can be either positive via actdfarmation

from reaction with ozone in the sampling system.(@®r OVOCSs) or negative via the loss of analydasng

the enrichment stage from oxidation by ozone. Tdstive effect was investigated by sampling VOGefegr

from an ozone generator (Thermo Environmental W8C Q generator, USA) under increasing 0zone mixing

ratios (0-200 ppb). Even with the highestrixing ratios tested, we did not observe any adeformation for

our system.
To investigate the loss of analytes from oxidatmnozone, the air produced by the ozone generags w

externally mixed with the multicomponent calibratigas standard, achieving a mixing ratio of abobtppb

for the investigated species. During the OMO caipabout 99 % of the ambient 0zone measurements wer

below 100 ppb and the maximum recorded value wdsppb. Hence, we have conducted experiments up to

150 ppb of Q. Fig 7 illustrates the percentage difference (blue ci#cfeom the reference value obtained at O

ppb of Q. No artefacts were observed for all species ufbtppb of Q. However, for @ mixing ratios higher

than 75 ppb, the double bonded species (i.e. isepEFC-113, trichloroethylene and tetrachloroethg) were

reduced as a result of ozonolysis. The maximumass observed for trichloroethylene at 150 ppd~20 %

of the reference value). In contrast with the azedi species, acetone and propanal were increaséxd iaxing

ratios higher than 75 ppb. This increase can bibatitd to production by ozone reactions occurriniitp other

species that are present in the multicomponensigasiard.

To better address the observed ozone artefactsz@re scrubber (sodium thiosulfate §8#s) implemented

quartz filter; 47 mm, Whatman, UK) was installe@ ihlet. Prior to the experiments, the ozone scubtas

tested for artefacts by comparing the respons®adita0.5 ppb of calibration gas mixture with andheout the

ozone scrubber. Since no artefacts were obsetvedame experiment was performed with the ozongker

in_line. As demonstrated ifig. 7 (red squares) all the investigated species displag similar response

independent of the ozone mixing ratios. Therefaeconclude that the use of an ozone scrubbeséngal for

the accurate determination of analytes under hagime mixing ratios £100 ppb of Q).

2.6-8 Specifications during OM O campaign

Prior to each mission, a pre-flight protocol waidf@ed. The instrument was turn on (power consuampti

~1000 W) and all gas cylinders were opened. Dutiedfitling of LN, container £ 10 min), the traps valve was

set to INJECT position (sdeig. S1) and the flow controller was set to zero. Thi®al evacuation of any

residual air in the lines and inspection of majgaks by monitoring the minimum pressure inside Nt&

Subsequently, the MS heaters were turned on andahe and GC column were heated to 4O@or about half

hour, even if the MS and the heaters can reacklébged temperatures in less than 10 min. Onceitheaft

was outside the hangar, the mass spectrometerwvad find inspected for any water and air residnalse

MS. When assured that there were no leaks in te&sy a multipoint calibration was performed and th

missions’ sequence was set. A common strategy evasrform three calibration steps (stable mixintipraf

about 100 ppt) or three zero air measurements 2ftepnsecutive ambient samples. The sequenceto@sesl

above sampling restricted areas and calibratiotis dviy No compressed gas were performed. In addition, the

sequence was reset in calibration mode whenevdiyihg altitude was changed. Upon landing and gitiee
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time restrictions that are usually present, a calibn check was performed and the MS was venté@ (nin)

until the power supply from the aircraft was terated.

The system was installed on board the HALO aircaétir its final configuration and certificationt Arst, a
limited number of compounds (11) was monitored rideo to ensure reliable quantificatiohaple 1). At the
start of the OMO campaign, high sampling flows ($86m) resulted in inefficient water removal anddeen
poor and non-reproducible chromatographic peaks.sbhution was to operate the system with a loastsing
flow (40sccm) and only at high altitudes where ww point temperatures do not affect the samplinggdure.
The sampling time was 1min so a total volume of@0ml was collected into the traps. During sample
collection, the water trap temperature was se8@8-0.3-°C and the enrichment trap to -144-°C. During the
sample transfer, the cryofocus trap was set to+16C. All traps were then heated to 1ZDto ensure that all
volatiles were desorbed efficiently from each trap.

The GC oven temperature was programmed to start 5@°C, holdthistemperaturfor 20 secand-thereafter
increase—at-a—rate-ofQlsec—until-it-stabilizes-atramp ®80°C at 2°C/sec and then ramp te-for-10sec-and
subsequenthyrincrease 160°C at a rate of 2C/sec Fig. 35). An ambient chromatogram with these settings is

shown in supplementary figuFég. S3.Under the initial configuration of the GC oven, ienfect reproducibility

of the temperature ramp resulted in small reterttioe shifts that nonetheless remained within #lected SIM

time windows. Post-campaign improvements on thenaatilation control systemnd method (i.e. improved

oven stability by running the fan below its commarspeed, increased initial oven temperature G0

resulted in more reproducible temperature profdegely eliminating the retention time shifta.the first flight
campaign a sample was acquired every 3.1 minutisami MS run of 2.4nin-TFhe-software-was-programmed

o-perform-three calibration-steps—or-three zerarmiasurements-after 20 consecutive-ambient-saniies

of-ambientair-samplesin order to assess possielespre dependencies, calibrations were perforreddch

pressure level during each fliglduring flight, higher uncertainty values wereatatined as a result &fwer

preeisionhigher precisioerror(Table 21).

3. Case study of Asian monsoon outflow
3.1 Flight 2017081320150813

The scientific aim of the OMO campaign was to iniggge the oxidation processes in the convectilritgd air
masses that originate in polluted areas of Souti,/sd are then transported within the Indian mons
anticyclonic flow system in the upper troposphérbe base of operation in the eastern Mediterramess
Paphos airport, in Cyprus, and flights generallgdesl east over the Arabian Peninsula to intercepisoon
flows heading west. Methane, measured by IR abisorgpectroscopy (Schiller et al., 2008, Tadiclgt2917)
was used to identify monsoon outflow influencednasrsses. A threshold methane value was derivetetdify
such plumes based on the average of profiles (vi@eight;17 12flights) over Cyprus, Italy and Germany,
which represented the European background withautswon influence. The threshold was calculatedhas t
sum of the averaged observations plus two timessthedard deviation (threshold = average + 2*
1879.8ppb). Methane mixing ratios above this thresholdenssssumed to be influenced by the Indian summer
monsoon system.

On August 18, 2015, a flight was performed to traverse thecgatonic system that was forecasted to extend
over the eastern part gfe Arabic Peninsula at high altitudes (d€g. 58). The results from this flight will be

used as a case study in order to demonstrate streniment performance.
11
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3.2 Pollution plume characteristics

According to the aforementioned Gkhreshold, monsoon influenced air masses werelynaircountered on
the eastern part of the flight track, with a fewdiéidnal areas located above continental Saudi idra®n
average, Chlincreased by 66.2+23-gpb and CO by 29.5+12 b in the pollution plumes (see red dotFiig.
6a9a). On the return flight, very clean air masses wareountered and these mixing ratios were congidese
background (12:30-13:30 UTC). We define the exaabsng ratios (EXMR) as the difference between the
observations obtained under background conditibg} énd the respective mixing ratios measured withe
pollution plume (Yokelson et al., 2013).

Increased mixing ratios of all hydro- and chlordars were observed in the pollution plume exceptéobon
tetrachloride (CG) which remained constant during the entire fli@Cliec = 124+13-ppt, [CCl]pume=
123+14-ppt). The largest increases were observed for InendEd Rceres = 269%) and acetone (BARcaneo =
225%) while strong increases were also observed ftoramethane (EM Rchsc = 140%) and chloroform
(EXMRcheiz = 55%). Dichloromethane mixing ratios were higher by?a®n average in the pollution plumes,
however, this falls within the uncertainty rangetb&é measurement on this flight. Besides the hydrad
chlorocarbons, carbon disulphide was more than ldoab high in the plume (BARcs: = 109%) with a
maximum measured mixing ratio of ppt.

The highest correlation coefficient between the wmmly used pollution marker CO and the monitored
hydrocarbons was observed for benzene o(iee= 0.85-Fig—7) and acetone (C&5.cere= 0.75). High
correlations were also observed between benzenetdoform (CGsns,.crciz= 0.78) as well as benzene and

carbon disulphide (Cé&nscs2= 0.61), and even higher for the air masses mad®dollution plumes

(CCCGHG,CHCISZ 0.81, CQGH(B,CSZ: O.92}asshewn4rﬁg.ﬁ8.

3.3 Air mass separation

The highest mixing ratios of GHand CO were observed between 09:53-10:40 UTC ©Owean Fig. 6-9 and
Fig. 2112) and with relatively stable plume delineator abamzke ([CH] = 1925+14 ppb ; [CO] = 109+7 ppb)
which is indicative of a large scale pollution pleininterestingly, the main species measured by S@&teal
markedly different mixing ratios for the first asdcond part of the plume. This suggests that, appears to
be one plume in the relatively unspecific markempounds (CO and CH has two distinctly different
composition regions when volatile organic compouagsconsidered. To investigate the chemical diffees
between these air masses, the plume was subdivittetivo separate plumes termed as P1 and P2.

In Fig. 9-10 we illustrate the EMRs of the main VOC species measured over P1 aray@8ast the respective
ExMR of CH, and CO. Benzene, acetone and chloroform increadeath plumes, moderately correlated with
the respective increase in the CO mixing raticgdR.co= 0.6 , Rcanso,co= 0.61, Rchcis,co= 0.52).

Benzene is the most abundant aromatic hydrocarbtheiatmosphere (Martin-Reviejo and Wirtz, 200%) iés
gas phase chemistry is dominated by the reactidin @H radical (Bloss et al., 2005). Differenceswistn
biomass burning and pollution outflow can be trabgdhe benzene/CO ratio. Scheeren et al. (20@@)ytred a
ratio of 0.23 ppt ppb inside the monsoon outflow while Andreae and Me801) derived a ratio of 1.3 ppt
ppb? for biomass burning plumes. In our measuremelmshbenzene/CO ratio was significantly increase®2n
(Benz/CQ1 = 0.4 ppt ppl, Benz/C@; = 0.7 ppt ppB). In another study, Hornbrook et al. (2011) udes t
excess ratiosA\BenzACO) for all biomass burning influenced air massesr@ported values that range between

0.5 and 2.5 ppt ppb The respective values were increased by%80 P2 (compared with P1), with an average
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ratio of 1.44+0.19 ppt ppbindicating the influence of biomass burning enassiin the second part of the
plume.

Acetone is the most abundant OVOC in the uppersppere with mixing ratios that can reacbpb (P6schl
et al., 2001) with strong seasonal variations atntiid-latitude tropopause (Sprung and Zahn, 2018as both
anthropogenic and biogenic sources (Jacob et @2;2Khan et al., 2015) but it can be also formgdhe
oxidation of precursor compounds such as propaeoflet al., 2002; Fischer et al., 2012). Biomassihg is
another direct source of acetone (Holzinger e28l05). We have observed values up to-fiph in the Asian
monsoon plume with highly elevated mixing ratio® ([GHsOJp1 = 995+246ppt, [GGHeOlp2= 1397+18ppt),
identified as biomass burning influence. At the edime, propanal was moderately increased from Jgat4n
P1 to 29+5ppt in P2. In a recent study, Fischbeck et al. @2&howed that the increase of acetone in such
pollution plumes is more likely to depend on thiiah mixing ratios at the source rather than onoselary
production.

Chloroform has both anthropogenic and biogenic cgjr while biomass burning is considered to be an

important contributor (Laturnus et al., 2002). Weserved an increase of chloroform in P1 ([CHi&l=

15+3-ppt) and a stronger increase in P2 ([CHi&l= 22.4+2-ppt) compared to the background measurements

([CHCl3]ge = 10£1-ppt). In general, chloroform increased in a linedationship with benzeres-shown-idrig:
8.

For most species we observed enhanced mixing riatibe second part of the plume (P2). The only mound
that displayed a different tendency is chloromeghamhich was higher in P1 compared to P2 ({Chb: =
1485+274ppt, [CHCl]p2 = 9881136 ppt). While biomass burning is alsogmigicant source of chloromethane
(Rudolph et. al., 1995; Andreae and Merlet, 200&pjer et al., 2005; Umezawa et al., 2014), wetitied
stronger emissions from the non-burning monsooflawt which indicates that different strong sourees
present. Scheeren et al. (2003) have shown thatoaaf 10ppt-ppb? is indicative of Asian pollution over the
eastern Mediterranean. Hence the higheg@4€O ratios observed in P1 (JGEI/COJp1 = 14.14+2.6-ppt-ppb

1y compared with P2 ([CICI/COlp2 = 8.7+1.5-ppt-ppb?) are indicative for pollution outflow, which mawe
been influenced by other strong sources such pialovegetation (Gebhardt et. al., 2008), biofusd (Lobert
et al., 1999) or the burning of agricultural regduwaste and dung (Scheeren et al., 2002).

To further investigate the air mass characteristicsmalized excess mixing ratios (NERMs) relativeeCO,
were calculated and presented-ig. 4011. The observed NERMs between benzene and chlorametieveal
a distinct separation of the relationships betw#en two parts of the plume. The linear relationsfip
chloromethane inside P24{R 0.74), in combination with the range of €HCO ratios (6.7 to 10.9pt-ppb?)
support the assumption that the air was influermetliomass burning (Scheeren et al., 2003). The NERf
chloroform and carbon disulphide increased in alamntinear manner. Especially chloroform enhanceme
ratios, relative to CO, were uniquely correlatethwhe respective enhancement of benzeAe (R98;Fig. 10).
We further examine the distinct plume charactesdty calculating 10 day back-trajectories usirgRhEXible
PARTIcle dispersion model (FLEXPART; Stohl et 41998). As shown itfrig. 1112, when HALO descended
by 1 km at 10:21 UTC, a different air mass was mests P1 originated over north India and at higitétudes
(~8km) and was transported within the prevailiniayelonic system. In contrast, the air mass P2rgegfrom
lower altitudes over central India with some infige from Bangladesh, Bhutan and west Myanméaera/
biomass burning (Streets et al., 2003; van der \&teaf., 2006) and fuel consumption (van der Weaf.¢ 2010)

are more prominent.
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4. Discussion

The need for high time resolution monitoring in thgper troposphere has given rise to a new geoarafi
custom made, fast GC instruments that were designegerate on board a research airciedb{e 2). The most
critical parameter for fast GC instrumentation ot a research aircraft is time resolution. As destrated in
the case study section, the aircraft can rapidigcair masses with different characteristics agh tesolution
monitoring is essential to interpret the underlyatmospheric phenomena.

The main constraints in achieving high time resolusampling for GC-MS systems are the cooling laeating
rates of the traps and GC oven, together withrtherient limitations of chromatographic separatiomet During
the first campaign (OMO), our system was operatitld avtime resolution of 3.fnin, while a reduction to &in
is feasible due to the high cooling rates of bdth GC oven and traps’ housing. Stable and reprbtiuci
temperature are essential in to ensure reproduebdation times that ease the analysis.

Quadrupole MS has been the preferred method fartigative detection despite the inherent restritdion the
number of species monitored due to limits in thenhar of measurement points needed to accuratelyedife
fast eluting peaks and the numbers of ions thatbeasequentially monitored. In the selected ion itooing
mode (SIM) several quadrupole systems have proweerbe sufficiently sensitive, robust, with good
reproducibility and a high degree of linearity owverwide range of mixing ratios (e.g. Apel et al003).
Importantly, when targeting fast measurement tithesMS allows the separation of co-eluting substarbat
can be distinguished by their different mass aadrfrentation patterns. While considerable improveasnen
the mass resolving power and speed could be achigith a time-of-flight (TOF-MS) mass spectrometteat
can simultaneously measure all mass-to-charge Isigatahigh frequency, detector non-linearities bé t
instrument sensitivity have been observed (Hokat.eR015; Obersteiner et al., 2016a).

Generally for all systems, prior to detection, substances of interest are pre-concentrated imachenent
trap, where low temperatures are used to retaim.tfighe range of trapping temperatures requiredgbly
dependent on the target substances. SOFIA utilixesn order to achieve large cooling capacity allogvirigh
vapor pressure VOCs such as methyl chloride todmped without the need of an absorbent materdlrttay
induce artifacts and memory effects (Apel et 2003). The main disadvantage of using.la$ cryogen is the
significant volumes required in combination witlietg restrictions and supply in remote locationse TOFIA
system can be used on routine flights that do xceed 17. However, multiple flights that include an extedd
layover or remote site landing for an overnighi/stall restrict the operation of SOFIA to the outadlight,
unless a re-supply of LNs available in the host airport.

Alternative cryogen free approaches have also beglized. Compression coolers containing refrigefary.
1,1,1,2-tetrafluorethane) in combination with agwvaporator that cools a liquid such ag/o@thanol have
been applied (Jager, 2015). The disadvantagei®ohtbthod is the reduced cooling capacity with aeissed

limitations in retaining high vapor pressure subsés. A further solution has been the use ofstjrtioolers as

demonstrated by Obersteiner et al. (201&m) Lerner et al. (201.7These only require electrical power and
hence are eminently suitable for long term usesatote locations. The cooling rates and minimuniratde

temperatures are comparable (albeit slightly higtiem with the LN systems, even if they are not as powerful.
In any case, low adsorption temperatures will tegsutrapping CQ which can induce chromatographic and

detection problems depending on the selected iamstared.In our system the most abundant atmospheric

gases (nitrogen, oxygen, argon) will not be coneged in the sample, but the less volatile gasek as CQ

are trapped. The elution of G@estricts the range of the analytes that can beitored (e.q. acetaldehyde).
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Sinee-the-species-meonitored Nonetheless, the sdlspiecies that are implemented in our mettmdot have

interferences with thparentCO;, ions and hencegur measurements were not influenced by ambient CO

5. Conclusions

We have developed a new fast GC-MS instrument ifloeme measurements of volatile organic compounds
including hydro- and halocarbons, OVOC and sulpspecies. The system incorporates a novel cryogen-
conservative VOC enrichment system that is basdtiedifferential pressure between a,ldéwar and the trap
housing to transport the cryogen as a liquid, amddty cool the traps to the desired temperatureaddition,

we have developed a new chromatographic oven witkmionally high cooling rates (3G€/min) and rapid
stabilization which helps achieve relatively higeasurement time resolution. SOFIA was operatedoameb
the HALO research aircraft during the OMO campaigistudy the convectively transported pollutantthimi

the Indian monsoon anticyclone system. The higle tresolution allowed the investigation of a seeitying
uniform pollution plume and distinguish two notali§ferent air masses. We have confirmed the distnigins

of these air masses with the use of a back-trajgttansport model, and conclude that the use dfren high
resolution monitoring is essential for the adequhi@racterization of air masses and atmospherimegses that

take place in the upper troposphere.
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7. Tablesand figures
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. Detection Av?ltage Total uncertainty
Compound Formula SIMion limit (ppt) precision of (%) RT  RTstd
measurements

Methyl chloride CH,Cl 50,52 3(6) 5,2 (3,7) 7,5(6,5) 0,43 0,005
Methyl bromide CH;Br 94 1 5,2 7,5 0,52 0,008
Trichlorofluoromethane CCl5F 101 1 5,4 7,6 0,61 0,02
Isoprene CsHg 67 3(6) 6,6 (10,5) 8,5(11,8) 0,68 0,02
Propanal CHO 58 11 (19) 8,3(5,1) 9,9 (7,4) 0,72 0,02
Ethane,1,1,2-trichloro-1,2,2-trifl  C,Cl5F; 101 1 3,9 6,6 0,73 0,02
Acetone C;HO 58 12 (21) 7,5(6,1) 9,2(8,1) 0,74 0,02
Methyl iodine CH,l 142 1 5,1 7,4 0,76 0,02
Carbon disulfide cs, 76 1(4) 5,3 (11,6) 7,6 (12,8) 0,78 0,02
Dichloromethane CH,Cl, 49 3(9) 5,4 (11,3) 7,6 (12,5) 0,84 0,02
Butanone C4HgO 43 10 7,4 9,2 1,02 0,02
Chloroform CHCl; 83 1(4) 6,1(10,4) 8,1(11,7) 1,06 0,03
1,1,1-Trichloroethane C,H5Cl, 97 1 6,5 8,4 1,46 0,05
Cyclohexane CeHpo 56 4 5,2 7,5 1,48 0,05
Carbon tetrachloride ccl, 117 1(5) 5,9 (6,5) 8(8,5) 1,52 0,05
Benzene CeHs 78 1(4) 7,7 (6,4) 9,4 (8,4) 1,60 0,03
1,2-Dichloroethane C,H,Cl, 62 5 10,6 11,9 1,62 0,02
Trichloroethylene C,HCly 130 2 9,6 11,0 1,82 0,03
Toluene C,Hg 91 3(8) 6,9 (5,2) 8,8(7,5) 2,20 0,03
Tetrachloroethylene c,Cl, 166 3(7) 12,4 (10,2) 13,5(11,5) 2,35 0,03

Table 1. Selective lon Mode (SIM) was used to measureigited compounds. The total uncertainty takes into

account the measurement precisi@erived as average of the 3 different conceminatevels) the 5%

uncertainty of the standard gas and38&6 uncertainty of the sampling volume. Retentiore8niRT) and their
standard deviations from 2min chromatograms are given in the last two colunige values in brackets

indicate the performance during flight 20150813.
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) Time resolution Adsorption temp. Lowest DL Highest Weight
Instrument Detector Cryogenic method ) e Reference
(min) (°C) (ppt) precision (%) (kg)
SOFIA MSD 5973 LN, 3(2) -140 1 4 120 This study
TOGA MSD 5973 LN, 2 -130 1 3 <200 Apel (2016)
GhostMS MSD 5975 stirling cooler 4,3 -100 0,001 2 n.r. Sala et al. (2014)

HGC MSD 5975 compressed refrigerant 9 30 1 <1 128 Jager (2015)

puDirac ECD n.r. 8-15 15-25 0,5 1 11 Gostlow et al. (2010)

Table 2. Custom built fast GC instruments for on-line monitg of organic trace gases. Non reported

information is denoted with n.r.
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Figure 4. Pressure regulator of liquid nitrogen. The refeeepressure volume is isolated by the purple

aluminium cover. Gaseous; Bvaporates from LN2 dewar and enters the bottoht ridet. Once the pressure

is_higher than the reference, the membrane (plheadeen the blue and purple part) is regulatechbygteen

spring and the air stream is directed to the exéusttom left tube) releasing the pressure inshue lEN2
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Figure 35. The chromatographic oven. Schematic design of the oven (left), photo of theroduring cooling

(middle) and illustration of the oven temperatuni six consecutive cycles during the case stugdhtf{right).
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