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Abstract. An airfreight container with automated instru- and an improved inlet system. CARIBIC phase #2 was im-
ments for measurement of atmospheric gases and trace complemented on a new long-range aircraft type Airbus A340-
pounds was operated on a monthly basis onboard a Boe500 of the Lufthansa German Airlines (Star Alliance) in De-
ing 767-300 ER of LTU International Airways during long- cember 2004, creating a powerful flying observatory. The in-
distance flights from 1997 to 2002 (CARIBIC, Civil Aircraft strument package comprises detectors for the measurement
for Regular Investigation of the Atmosphere Based on anof Og, total and gaseous4®, NO and NQ, CO, CQ, O,
Instrument Containehttp://www.caribic-atmospheric.cdm  Hg, and number concentrations of sub-micrometer particles
Subsequently a more advanced system has been developdd;4 nm, >12 nm, and>18 nm diameter). Furthermore, an
using a larger capacity container with additional equipmentoptical particle counter (OPC) and a proton transfer mass
spectrometer (PTR-MS) are incorporated. Aerosol samples
Correspondence tc&. Slemr are collected for analysis of elemental composition and par-
(slemr@mpch-mainz.mpg.de) ticle morphology after flight. Air samples are taken in glass

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://www.caribic-atmospheric.com

4954 F. Slemr et al.: New CARIBIC system

containers for laboratory analyses of hydrocarbons, haloand dedicated sites, platforms of opportunity such as ships
carbons and greenhouse gases (including isotopic composare used by which the marine boundary layer can be probed
tion of COp) in several laboratories. Absorption tubes col- (Lelieveld et al., 2004). Even the Trans-Siberian railroad
lect oxygenated volatile organic compounds. Three differ-with an instrumented observation wagon transported over the
ential optical absorption spectrometers (DOAS) with their 9000 km long track from Moscow to Vladivostok and back is
telescopes mounted in the inlet system measure atmospherised bttp://www.troica-environmental.conCrutzen et al.,
trace gases such as BrO, HONO, andJ N@ video cam-  1998; Hurst et al., 2004).
era mounted in the inlet provides information about clouds Remote optical sensing from the surface is a power-
along the flight track. The flying observatory, its equipment ful technique that can deliver vertical profiles or column
and examples of measurement results are reported. integrated data for aerosols and certain trace gases con-
tinuously (e.g., NDSC, EARLINEThttp://lidarb.dkrz.de/
earlinet/index.html Remote sensing from satellites for tro-
1 Introduction pospheric composition has been increasing strongly and its
near global coverage is its major advantage.
In view of the ever more detailed questions about the myriad Although the need for monitoring can be made clear with
of coupled chemical and physical processes in the global atrelative ease, the idea has really never thrilled science fund-
mosphere, while witnessing human induced disturbances oihg agencies since long-term commitments are involved.
this system that affect climate within a human'’s lifetime, the This forces us to be creative in developing affordable tech-
need for advancing observational capacities is evident. Benologies. Atmospheric monitoring using civil aircraft is in-
sides intensive atmospheric chemistry research largely basedkrently a logical concept and in the mean time constitutes
on national and international measurement campaigns usa valuable component in the colorful spectrum of global
ing ship, aircraft, satellites and ground stations, there is abservation systems (see also IGACO, Integrated Global
need for systematic approaches in observing the chemistr€hemistry Observationbttp://www.igospartners.orl/ The
and composition of the atmosphere with sufficient detail. Tocivil aircraft based projects offer the advantage of regular,
some degree the making of “observations” is moving fromlong-distance, and long-term coverage. In particular the 10
the realm of science to that of technology and engineeringto 12 km cruising altitude range which interestingly coin-
Our understanding of atmospheric processes, be it chemicalides with the upper troposphere/lower stratosphere region
or physical, has grown enormously, and further advancemenfUT/LS) at mid- to high latitudes is of high relevance. The
is based on improved models and an adequate supply of SUDT/LS plays an important role in terms of radiative forcing
ficiently detailed, relevant data. Next to the understandingby infrared-active species, such as water vapor, ozone, cirrus
of processes, there is a clear need for monitoring to compreeloud particles which are strong absorbers of outgoing long-
hend the entire system. Besides this, for systems as complexave radiation. At the same time, the complex UT/LS still
and variable as the Earth’s atmosphere (not to mention it$s one of the less well documented and understood regions
coupling with the other complex components of the plane-of the atmosphere. Main reasons for this gap in our knowl-
tary system, like the biosphere) the need for monitoring inedge are the extreme dynamical and chemical complexity of
terms of meteorology and chemistry, and detecting changethe UT/LS and of course the difficulty to regularly monitor
is evident ywww.ipcc.ch. the UT/LS at affordable cost. Although long-range aircraft
One has indeed seen an increasing number of surfacspent most time cruising, vertical profiles of trace gases near
based monitoring sites (e.g., ESRL-GMtp://www.cmdl. airports can also be obtained.
noaa.gov/ GAW, http://www.wmo.ch(Montzka et al., 2003; Of course, the use of civil aircraft also involves some re-
WMO, 2004)), and the detailed information we have aboutstrictions. As elucidated, the cruising altitude is limited,
H2, CHg, halocarbons and CGOs by virtue of this excel-  giving UT/LS information at mid-latitudes, and free tropo-
lent work of monitoring. At several of such observato- sphere information in the tropics. Furthermore, having a sin-
ries the number of trace gases measured has been increasglé home airport, such as Frankfurt as a base, only a lim-
by installing sophisticated systems for measuring a host ofted albeit large region of the globe can be covered. Fig-
trace gases in real time (the ALE/GAGE/AGAGE network ure 1 shows the CARIBIC flight patterns which obviously
http://cdiac.ornl.gov/ndps/alegage.htfRkinn et al., 2000)). are somewhat Eurocentric. A more global coverage can be
Thus, next to the basic, yet powerful process of collecting airobtained when combining such projects stationed in different
samples on a weekly to monthly basis, highly detailed highcontinents. Since there is some spread in actual trajectories,
frequency information becomes available. This all enableshe coverage is not limited to narrow corridors. Local peaks
a better understanding of trace gas sources, transport, cherof aerosols and trace gases indicate that exhaust plumes of
istry, and mixing. Generally, observatories are on mountainsother aircraft are occasionally encountered, but most air in-
or in coastal regions for the purpose of obtaining data repretercepted is representative for the background air. The ef-
senting air masses that are not affected by immediate inpufiects of other aircraft can be easily identified. The reason for
from nearby sources of air pollution. Next to these stationarythe quite different flight routes to distant destinations is that
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some airlines can economize on fuel usage by using optimal
meteorological conditions.

Using civil aircraft as a measurement platform is not a new y
idea. Walter Bischof in his 1970 Tellus paper already refers 20
to the collection of air samples in flight for GOneasure-
ments in 1962, and the practice of using commercial airlin-
ers gained some momentum in the late sixties and seventie:
when CO and @ distributions were determined using in- e
struments strapped onto passenger seats analyzing air fror.. S dode b B e G e
the cabin ventilation system of commercial airliners (Seiler _ . . . .
and Junge, 1969; Seiler and Junge, 1970; Tiefenau et a9 1. Examples of flight routes to Santiago de .Ch'le and Mamla
1973; Fabian and Pruchniewicz 1977). Note that in thos ihvolving 4 flight legs gac_h (brlef stopovers in Rio de Jgnelro and

’ L uangzhou). The variations in the exact route and altitude mean
days ozone was not removed from the cabin air supply. Iny,at generally other air traffic has little if any direct influence on
the seventies, a dedicated inlet and measurement system f@e intercepted air. For the flight levels of long range aircraft and
CO, condensation nuclei, and@ere permanently installed typical routes, about 40% of the intercepted air is stratospheric.
on five Boeing 737 aircraft within the GASP (Global Atmo-
spheric Sampling Project) project of NASA (Falconer and
Holdeman, 1976; Nastrom, 1979; Pratt and Falconer, 1979)and how CARIBIC can fill gaps in the current observational
After that, commercial airliners were not used, with the ex- capacity. Foremost is that the container concept allows a
ception of an instrumented airfreight container operated bywide range of equipment to be deployed. The extensive ar-
two persons onboard a Boeing 707 of Lufthansa Cargo Serray of in situ analyzers combined with air and aerosol sam-
vices (Dickerson, 1984; Connors et al., 1991). plers renders CARIBIC a “flying observatory”. The com-

Several projects involving civil aircraft, but using differ- prehensiveness of the payload enables studies of chemical
ent approaches, were initiated in the 1990s. The MOZAICand dynamical interactions between trace species, and the
project (Measurement of Ozone and Water Vapor by Air- combined information facilitates the analysis of source and
bus In-Service Aircraft) utilizes instruments permanently in- sink processes. The time elapsed between flights is used
stalled in nominally five Airbus A340-300 aircraft to provide to analyze the air and aerosol samples while the container
measurements of £and HO (since 1991) and of CO and equipment is maintained and calibrated. The turnaround time
NOy (since 2001) (e.g., Marenco et al., 1998). MOZAIC achieved has been one month, whereas the fastest turnaround
continues, but eventually will be superseded by a new aptime could be one week. Frequent, highly consistent, very
proach using smaller instrument packages being developedetailed datasets become available for several regions of the
and certified for Airbus A340 aircraft (IAGOS projettitp:  globe, which are ideally suitable for process and climatolog-
Iwww.fz-juelich.deficg/icg-ii/iagos In the NOXAR project  ical studies. An example is the reconstruction of the an-
(Measurements of Nitrogen Oxides and Ozone along Airnual cycles of trace gases in the tropical troposphere, the
Routes) a Boeing 747 of Swissair was quipped with an NO,mid-latitude upper troposphere and the mid-latitude lower-
NO,, and @ analyzer (Brunner et al., 2001). The JAL most stratosphere. Moreover, CARIBIC can help to ver-
project (Japan Airlines) was initially based on the collection ify retrievals from satellite based remote sensing instruments
of air samples in flasks using the air compressed by one ofPeylin et al., 2007).
the jet engines. The samples were analyzed for greenhouse |n this paper we present the new CARIBIC system com-
gases and in several instances even for their isotopic comp@rising the inlet system, the modifications of the aircraft, and
sition (Matsueda and Inoue, 1996). The JAL project is be-in particular the container and instrumentation. In Sect. 2 we
ing extended, incorporating five aircraft for continuous,CO priefly summarize the previous CARIBIC system. General
monitoring, whereas two of these have air sample collectiorconsiderations pertaining to the combining of the container
systems (deployed monthly). Finally, the CARIBIC project concept with the given aircraft type and its operation, as well
started regular flights in November 1997 (Brenninkmeijer etas the inlet system, the container and modifications to the air-
al., 1999, http://www.caribic-atmospheric.cgm CARIBIC craft are discussed in the following section. In Sect. 4 the cur-
relies on an automatically operating airfreight container rent instrumentation is described in detail giving examples of
equipped with in-situ measuring instruments and samplingmeasurement results for equipment new to this system.
devices for more than 60 different trace gases and aerosol
properties. The strategy of CARIBIC is to optimize the num-
ber of trace compounds that are detected and collected o@ CARIBIC development
the basis of regular flights. Thus once a month the container
is installed in the aircraft and de-installed after presentlyThe first CARIBIC container was deployed on a Boeing
4 sequential flights. 767-300 ER of LTU International Airways that had been

One may ask what advantages a container system offenetrofitted with an aerosol and trace gas inlet system (Her-

Latitude
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several modifications. Most important were the structural
changes to the hull around the mounting position of the in-

an D D [ let system, followed by the installation of the air tubing and
oo /- cables. Also needed were a container connector interface, a
£ control panel in the cockpit, and modifications to electrical

hardware and electronics and software. At all stages tests
Fig. 2. Position of the CARIBIC container and the inlet system on Were to be conducted and the modifications were concluded
the Airbus 340-600. with a test flight. The estimated two weeks of work on the
aircraft needed would have inflicted an undesirable down-
time and it was decided to use the grounding period of the
mann et al., 2001). The aircraft modifications and the instru-aircraft used for retrofitting it with a broadband internet sys-
mentation were described by Brenninkmeijer et al. (1999).tem (Boeing Conexxion) by Lufthansa Technik (FLYNET).
Until the decommissioning of the aircraft in the course of The joint modifications took place November 2004.
the LTU fleet renewal in May 2002, 75 flights had been The A340-600 differs from the previously used Boeing
carried out mostly on the routes from Germany to the In-767 in a for CARIBIC important aspect, namely the cargo
dian Ocean and to the Caribbean. Because of the limitedoading door of the forward cargo bay is located towards the
range of the aircraft only a limited number of flights into front of the aircraft, and not near the wings (Fig. 2). This
the southern hemisphere (in this case South Africa) couldmeans that the measurement container’s position is towards
be made. The data set has so far provided a basis for studhe wing box, in the rear of the forward cargo bay above the
ies of aerosol particle elemental composition, formation andeading edge of the belly fairing. The reason for this is that
climatology of aerosols in the tropopause region (Heintzen-the CARIBIC container must be loaded first into the aircraft
berg et al., 2002, 2003; Hermann et al., 2003; Martinssonfollowed by the standard contingent of cargo containers and
et al., 2001; Papaspiropoulos et al., 2002), the interpretapallets. At the airport of destination the regular cargo can be
tion of tropospheric @and CO correlations, as well as their unloaded, leaving the CARIBIC container in position. Upon
correlation in respect to transport across the tropopause an@turn at the airport of origin, first the cargo is unloaded,
chemical processing (Zahn et al., 2000, 2002a, 2004a anébllowed by the careful de-installation and removal of the
b; Zahn and Brenninkmeijer, 2003), and for process stud-CARIBIC container. Thus, the aircraft structure implies that
ies (Muhle et al., 2002; Zahn et al., 2002b). The data havethe container position is in the aft of the forward cargo bay.
also contributed to studies of trace gas cycles in the atmo- [deally, the air/aerosol inlet system should be positioned
sphere (Krol et al., 2003; Sturges et al., 2000) and enabledirectly beneath the container. Short tubing minimizes con-
studies of the isotopic composition of CO includitCO  tamination/loss for gases and aerosol particles. However, be-
(Joeckel, 2000) as a global tracer for OH, and efétid its  low the actual container position the belly fairing is present.
D/H ratio for constraining budget calculations for the atmo- |ts shell is too thin to support an inlet system. Therefore,
spheric ki budget (Rhee et al., 2006). Work on the applica- the actual position of the inlet system was shifted forward
tion of CO, concentrations and concomitant highly accuratepy about 2m. As a result of these aircraft structural con-
13C and*80 isotope data is in progress. Furthermore, for siderations, the container is about 25 m away from the nose
360 air samples extracts of condensable gases, (B0,  of the aircraft and the inlet system about 23 m. From a me-
hydrocarbons, etc.) have been archived for BA@/*>’C and  chanical/structural point of view the height of the inlet sys-
37CI*5Cl measurements of hydrocarbons andgCHPupek  tem should be minimal. From an analytical point of view
et al., 2005). All in all a considerable amount of systematicone should sample air totally outside the aircraft's bound-
and hitherto unavailable data have been obtained. Data frorary layer. Data from Airbus Hamburg about the exact air-
the CARIBIC-Boeing 767 flights are accessible on requestflow field and pressure distribution around the aircraft were
(consultwww.caribic-atmospheric.com used to find a good compromise. According to their data,
the boundary layer thickness at the position of the inlet is
~25cm. The CARIBIC inlet system is, despite its more

3 The new CARIBIC system complex geometry, not an over-dimensioned probe, being
comparable in size to drain masts and VHF antennas.
3.1 General considerations The scientific and analytical requirements have to be met

within the constraints of the aircraft’s structure, safety and
The aircraft of choice was a new Airbus A340-600 (certified operation, and hence compromises concerning the analyti-
in 2004), which is a long range (14 000 km) stretched mem-cal capabilities have to be made. The safety requirements
ber (up to 380 passengers) of the A340 familgvv.airbus.  of civil aircraft are extensive and strict. Compounds clas-
com). Lufthansa acquired 10 of these aircraft over the periodsified as dangerous (e.g. liquid nitrogen) cannot be used
May 2003—October 2004, and this fleet is expanding. Thein a passenger aircraft. Concerning the container and the
integration of the CARIBIC system in the aircraft required instruments there are mechanical requirements (loads on
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equipment, racks and container as a whole during accel-
eration/crash conditions), electrical requirements (bonding, =Sl
fuses etc), and requirements concerning combustible materi =
als. Furthermore, specifications with respect to the control of - ' -~ e T
equipment (computer controlled switching on and off of the X E

many analyzers) and concerning the absence of conducted o
radiated electromagnetic energy have to be met. For the in
let system there are strict regulations concerning its impact
on the aerodynamics, on the integrity of the aircraft hull, ab-
sence of vibrations, its behavior at icing conditions, stability, |l Sy ¢ >
etc. The responsibility for the design and construction of - ;
all modifications to the aircraft, the integration of the con- e
tainer, and for the certification process with the German and T_AEROSOL PROBE
European Aviation Authorities were entirely with Lufthansa
Technik (www.LHT.de).

The technical process of realizing CARIBIC took about
two years and was completed by a test flight during which
an extensive protocol of tests, including vibration measure-
ments, was conducted.

The intention is that the new CARIBIC system will be op-
erational over at least ten years. Airline companies operate
in a most competitive commercial environment, and scien-
tific projects (against a background of global change) can in
principle be tolerated if these do not disturb routine operation
and do not cause significant additional cost. Years of posi-
tive experience with CARIBIC involving 2 airlines, 2 aircraft
types, and 2 containers especially concerning their installa-
tion, flying and de-installation give great confidence in the
sustainability in this respect. The environment division of
Lufthansa supports CARIBIC as one of several activities to
better understand the atmosphere and to reduce pollution anc
noise. The scientific consortium of CARIBIC pays Lufthansa
Cargo standard rates for the airfreight cost of the measure
ment container.

"~ FLANGE
DOAS TELESCOPES P MAECI CAMEA

TRACE GAS PROBE

_GASEOUS WATER PROBE \_stoun

-
=

Fig. 3. Photographs of the CARIBIC inlet system. On the right
hand a liquid drain mast is visible behind the inlet.

3.2 The CARIBIC inlet system . _
Germany). It consists of 25 structural aluminum elements

Details of the inlet system, in particular the aerosol sampling@nd is 55 cm long, 34 cm high, 18 cm wide. Its mass is about
characteristics, will be published elsewhere. Here, we sum3-5kg. All essential parts exposed into the flight direction
marize the main aspects. The inlet has been designed arourii€ nickel plated to improve hardness. The total number of
the analytical requirements a) to optimize aerosol particlecomponents is about 60, comprising the aluminum parts, tub-
sampling at cruising speeds e250 m/s, b) to provide ded- ing, heater elements, temperature sensors, insulation, plugs,
icated air intakes for different trace gases with heating sysPOAS telescope, brackets, and the video camera.

tems for inlet tips and tubing, c) to provide ram pressure thus One of the main scientific design considerations was to
obviating the use of pumps for some instruments, and d) tabtain representative aerosol sampling characteristics at the
host a set of three miniature DOAS telescopes for remoteruising speed of nominally 250 m&. This means that the
sensing and a video camera for observing clouds. The inlederosol tube (diffuser tube) should sufficiently slow down the
structure is that of a hollow spar machined out of a blockair flow from which aerosol particles are to be sampled. It
of aluminum, to which the three flanges of the three sep-also means that a shroud is applied. This shroud is a 12 cm
arate probes are fixed. A fore- and aft-shell form the en-long, 4 cm OD aerodynamic cylinder upstream of the aerosol
closure and contribute to the rigidity of the assembly, usingdiffuser tube itself and supported by four prongs. Most air
almost 100 fasteners. Figure 3 shows the inlet system as deentering the shroud passes through the four circular slits be-
signed for LHT by Garner CAD Technics GmbH (Oberp- tween the prongs. Because the shroud is heated, one of these
faffenhofen, Germany) in close cooperation with the sci- 7x7 mn? square-cross-section prongs is hollow to supply a
entists and manufactured by Heggeman AerospateetB  channel for feeding through temperature sensor and heater
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and not by analytical reasons. This evaporation must be con-
sidered, when interpreting the results of the OPC measure-
ments (Sect. 4.6) and the particle sample analysis (Sect. 4.7).
The water probe is mounted on the right (looking in flight
direction), 1 cm above the aerosol probe. A forward facing
(heated) inlet tip of 4 mm inner diameter collects air for to-
tal water measurement (gas phase plus droplets/crystals) us-
ing ram pressure to force the air through thegCHanalyz-
ers. Fluid dynamical calculations by Airbus Hamburg indi-
cate that the air displacement by the aircraft itself causes an
enhancement of cloud particles at the position of the total wa-
ter inlet of 12-19%, depending on the angle of attack. Based
on the theory by Liu et al. (1989), the non-isokinetic inlet
configuration causes a further cloud particle enrichment of
the total water inlet of 220-500%, depending on the actual
aircraft speed (provided by the ARINC flight data) and the

Rear

oo | puwpunt measured inlet sample flow of 50 vol-lI/min. Both cloud par-
TRe | SRO>4m GAS ticle enhancement factors are considered for calculating the
GrC2 1o | AosoRPTION CYLINDERS amount of_cloud waterf/ice. More detalled_ information and_
SAMPLER Koo, an estimation of the mea_lsure_ment unc_ertalnty (currently esti-
mated to<30%) will be given in a technical paper. A second,
CONTAINER & 0, also heated but sideward facing inlet at near neutral pressure,
RV oo || P like a static port, provides air for the measurement of gaseous
water. The air from both intakes is transported to the instru-

ments through electro-polished stainless steel tubing heated
to 60°C. Just before the D instrument, 0.6—3.1 vol-I/min

Fig. 4. Frontal photo of the container (top) and a schematic drawing©f the two sample flows of 30-50 vol-l/min are extracted for

of the position of individual instruments viewed from above (bot- Passing through the three;8 analyzers.
tom). The trace gas probe is located on the left, 7cm above the

aerosol probe. It consists of a 3cm inner diameter diffuser

tube with an inlet orifice of 14 mm diameter and outlet orifice
wires. The aerodynamic function of the shroud is to makeof 12 mm diameter providing an effective ram pressure of
the aerosol sampling characteristics as little dependent oabout 90-170 hPa depending on cruising altitude and speed.
flight conditions (angle of attack) as possible (cf. e.g. Mur- The inlet tip of the trace gas probe/intake is also heated to
phy and Schein, 1998). A fraction of the air flowing through prevent icing. A small fraction of the air passing through
the shroud enters the inlet tip of the diffuser tube with its the diffuser is withdrawn from the center flow by a 12 mm
6.4 mm inlet orifice which is located centrally 8 cm down- ID PFA lined tube perpendicular to the flow direction. This
stream inside the shroud. Both shroud and this inlet tip ardrace gas tube is heated to°@ The design of the trace gas
heated by heating foils to prevent icing. The diffuser itself probe ensures separation of droplets as well as ice particles
is a four degree half-angle diffuser while the outlet orifice is from the sampled air. The exhaust air from the container is
4 mm. The actual sample air for the particles is taken down-vented at the rear end of the flange of the pylon close to the
stream inside the diffuser via a centrally positioned, unheatedkin of the aircraft.
forward pointing electro-polished 3/8” stainless steel pick- The DOAS telescopes (apertures of 1.5degree) are
up tube bent with a radius of 100 mm. Because the sampledhounted in a single aluminum block. Two 6 mm ports al-
air is heated from ambient temperatures—60 to —30°C low light to enter the sideward (limb) looking telescopes
to container temperatures around@Qall aerosol measure- (10degrees below and above the horizon), whereas a simi-
ments in the container can be considered as “dry” measurear hole in the inlet flange feeds light into the nadir telescope.
ments. Moreover, not only water will evaporate from the par- The light from the telescopes is conducted into the container
ticles, but also semi-volatile species like ammonium nitrateto the spectrograph/detector units of the DOAS instrument
or organics (An et al., 2007; Stanier et al., 2007), because théy three optical cables each containing 4 individual quartz
heating in the inlet system is strong (60 to 90 K), the sam-fibers. Details are given in Sect. 4.16.
pling lines to the aerosol instruments are relatively long (be- A video camera (Model AVS470, Aerial View Systems,
tween 3.4 and 4.0 m), and respective residence times are longewport Beach, CA, USA) with heated window is mounted
with approximately 0.5s to 0.8s. Unfortunately, the length at the leading edge of the main pylon, and allows inspection
of the sampling lines was determined by the aircraft structureof the aerosol shroud to verify the absence of ice/rime and

Front
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the observation of clouds during daylight flights. Between /

measurement flights, the inlet openings, and the DOAS ports A

and the camera window are sealed. enrsometn
The presence of an aperture in the aircraft’s skin, which bors oprcAL GAnLES

is integral part of the pressurized hull system, is of special TomaL waren

concern. To assure structural integrity and to distribute loads —

a doubling flange at the outer fuselage (Fig. 3) and additional [

frames have been used. The structural concept of the in-

let itself and the concept of the inlet to airframe interface

was developed by KOLT Engineering GmbH (Oberpfaffen- | e

hofen, Germany) in close cooperation with all partners fol- L‘ | pewesT

CONTAINER CONNECTOR BRACKET

e

ARCRAFT SKIN

lowed by extensive calculations over a one year period for
impacts of acceleration, vibration, fatigue and abuse loads S aceasee
(like bird strikes). The incorporation of supporting structural ,_%
components and a proper choice of materials and treatmen.

ensures safe long term operation.

) TRACE GAS PROBE

Fig. 5. Tubing connecting the inlet with the container connector
bracket. The 3 optical fiber cables are continuous from the tele-

3.3 The CARIBIC container scopes in the inlet to the spectrographs in the container.

The measurement container (Fig. 4) is a modified LD-11 air-

freight container (3.%1.5x1.6=7.44m) with a maximum  centers of gravity were calculated and this information was
allowable gross weight of 3175kg. As the actual grossyse in the calculations of the compatibility with accelera-
weight is less than half of it, more equipment can possiblyyion requirements of up to 9 g (depending on the x, y, z direc-
be integrated, although another limiting factor is given by thetion). 5) A ventilation system was incorporated. Four radial
available electrical power and the amount of heat that can bgyns force air from the cargo bay into the sandwich flooring
dissipated in the cargo bay during the flight. The cost of airspace from where it is distributed evenly around all equip-
freight is determined by the volume of the container, not its ment racks. Two additional radial fans withdraw air from the
actual gross weight. The container is based at MP1 in Mainz, right hand side (viewed in flight direction) and blow this
and is placed on a hydraulic platform. This allows the con-yaste air in the direction of the aircraft's cargo bay air cir-
tainer to be lifted upwards and rolled into the institute’s truck culation/conditioning intakes. 6) Two smoke and over-heat
equipped with a roller system. At the airport a high-loader getectors as used in Airbus aircraft (Model SD9472-00, Ap-
receives the container and lifts it into the aircraft. paratebau Gauting GmbH, Gauting, Germany) are mounted
The original LD-11 container, manufactured by Alcan Sin- and are linked to a CARIBIC control panel in the cockpit.

gen GmbH, was modified to meet the requirements given by The calculations, design and reinforcement of the con-
the accommodation of the instruments and the safety considtamer, and the construction of the racks were carried out by
erations. The modifications included: 1) Using 9cm high Enviscope GmbH in Frankfurt, Germany. The total weight

stringers covered by an aluminum alloy plate, the singleof the container with the instruments is currently 1470 kg.
sheeted floor plate was turned into a stiff sandwich structure.

2) A rectangular opening was cut in the double floor to pro-3.4  Sample air, electric and data systems

vide space for connecting the instruments to the container

connector bracket incorporated in the cargo floor of the air-Figure 5 shows the layout of the tubing system inside the
craft. 3) To enable access to the instruments from both sidebelly of the aircraft below the cargo floor, starting at the inlet
for maintenance and calibration work, the rear wall of the system via the inlet connector bracket mounted inside on the
container housing was replaced by three removable panelskin of the aircraft to the container connector bracket which
and its front opening was equipped by two large doors. Theas countersunk into the cargo floor. This container connector
front doors and rear panels increase the mechanical stabilithracket contains the detachable power, signal, and air con-
of the container and were designed with special emphasis taectors. The air tubing connectors are Swagelok company’s
reduce emission of electromagnetic radiation. 4) AltogetherQuick-fit couplings, except for the aerosol tube which is a
six aluminum racks of four different types were manufac- standard bulkhead union in order to prevent contamination
tured to carry the instruments and the auxiliary equipment.of the aerosol samples by wear-off from the o-rings. There
All racks are 1.36 m high. The three double racks and a sinare three 3/80.D. electropolished stainless steel tubes. One
gle one behind the floor opening on the right of the Fig. 4is for aerosol particles and two supply the air for measure-
are 19” wide. The two racks on the left are 650 mm wide. Toment of total and gaseous water. The latter ones are heated
facilitate mounting and dismounting, all racks are fastened tao 60°C. The air flow from the trace gas intake is split di-
shock mounted frames using only 4 bolts. For all racks therectly above the inlet connector bracket. The air for the
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power and data from the aircraft and connect the heaters and
temperature sensors in the inlet system (a 60 pin connector).
One BNC connector feeds the video signal from the video
camera control unit. When the container is not onboard, the
quartz fiber cables are carefully coiled inside a drum (not
shown in Fig. 6) placed inside the tub. Moreover, the tube
openings are sealed with blind connector plugs and the con-
tainer connector bracket opening is covered by a floor panel.

4 Instrumentation

The scientific and auxiliary equipment is powered by two
power supplies that convert the aircraft 3 phase 115VAC
(400Hz) into 24 and 28VDC. The smaller of these sup-
plies (Model EL 4kW MegaPAC, VICOR, Sunnyvale, Ca.,
Fig. 6. Photo of the container connector bracket viewed throughU.S.A), called base power supply (BPS) (18 height units
the cutout in the container floor. The aerosol tube is on the lefttall (1 HU =44.45 mm) and a mass of 22.5 kg), provides 2 kW
(with short black flexible section). On the right the insulation of the for the individual instrument and master (control) computers
3 heated tubes is visible. The exhaust tube is in the centre. The noand other essential functions during the take-off and land-
reactive trace gas tube is to its left. The 3 electrical power and datang when the power consumption is limited. The essential
connectors are black. Also visible is the dark green sleeve of thenctions include the heat-up and evacuation of certain in-
qptical fiber cables ir? the upper right corner. Altogether 12 connec-grment parts which have a relatively long spin-up time. Af-
tions _between container and aircraft are involved plus an electrlcaker take-off, the second, main power supply with a capacity
bonding lead. of 8 KW (manufactured by Aircraft Electronics Engineering
GmbH, Seefeld, Germany) (194 HU, 68kg) is switched
on. The actual total power consumption of the fully instru-
whole air sampler is drawn through an unheated 2D.  mented container is 5.5 kW and the peak load is 7.0 kW. For
electro-polished stainless steel tube, whereas the air for mogjomparison, the total in-flight electrical power of an A340-
of the other trace gas instruments is led through 4 @D. 600 is about 4 times 80 kW, yet electrical power usage by the
aluminum tube kept at 4C which is lined using a sepa- container has to be kept low to minimize heat generation, to
rate thin walled PFA tube. Each tube is connected on eisgve energy, and to not affect any aircraft functions.
ther side (lnlet Side, and container Side) USing flexible tub- The power delivered by each of the power Supp"es is
ing. This measure is entirely because of aircraft StrUCtUI’a]recorded by the master computer. In case of smoke and/or
considerations (avoidance of mechanical stress) and in facdverheat detection, an optical and acoustical warning signal
is a complication from the analytical point of view. Flexible, is given by the CARIBIC panel in the aircraft cockpit, and the
armored PTFE tubing sections were used. For the aeros@upply of power to the container system can be switched-off
tube we used electrically conductive PTFE (SS-NGS6-AA-py the pilot. The position and meteorological data recorded
23X, Swagelok Companies) in order to eliminate the possi-by the aircraft are provided via an ARINC bus system and
bility of electrostatic charging leading to the risk of particle stored by the master computer in the container.
loss. The tube heaters are aviation quality Adel Wiggins's The data distribution box (19 4HU, 20kg) forms the
(Los Angeles, CA, U.S.A)) silicone rubber based ribbon thirq interface between the container and the aircraft. It trans-
heaters and their temperatures are controlled using tempefgrs signals from the smoke detectors to the aircraft, creates
ature controllers and 100IPt temperature sensors (Minco, 3 relay signal indicating the presence of the container in the
Minneapolis, MN, U.S.A.). The gases (i.e. air) exhausted byajrcraft, transfers the ARINC aircraft data to the master com-
the container equipment are expelled through & 8fdinless  pyter, controls the temperature of altogether 18 heaters in
steel exhaust tube. The three quartz fiber cables (3mm O.D¢he aircraft and the container (tip heaters of the inlet, tub-
from the DOAS telescopes to the analyzer are basically uning heaters in the pylon, the aircraft and the container), and
interrupted (fragile) connections from inlet to spectrographs,provides the power for the camera in the pylon. The control
bundled together and protected by a flexible sheath. Thenit of the camera is permanently installed in the aircraft.
control unit (power and data conversion) of the camera is The master computer controls all equipment and stores dif-
permanently mounted in the aircraft near the inlet connectokgrent types of data (ARINC, temperatures, pressures, com-
bracket. munication with the instruments), but not measurement data.
Figure 6 shows a photograph of the fairly crowded con- It communicates with the instruments via a custom made
tainer connector bracket. Three electrical connectors providé&thernet network. After take-off (weight-on-wheels signal
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disappears) the main power supply is switched on and from CONTAINER

then on the master computer activates sequentially the indi- 7 T TTTTTTT T
vidual instruments to avoid power surges. In flight, the com-
puter checks the status of the individual instruments through
simple algorithms and initiates their shut down if the commu-  rom.waren
nication is lost. The computer also monitors the conditions
inside the container, the inlet system and the sample tubing
system using 4 internal pressure sensors, 2 external temperz
ture sensors, and 18 signals from the temperature controller:
in the data distribution box. The third major function of the __
master computer is the storing of the ARINC data. ARINC >
(in this case ARINC 429) is the most widespread commer-

cial avionic data bus system. This extensive set of flight

data is standard in civil aircraft and provides among others

the pressure altitude, static temperature, longitude, latitude,

time, and aircraft state parameters (e.g. flight angles).

NON REACTIVE TRACE GASES A

1 TRAC (28 Samples) |—>
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FROST POINT
PHOTO-ACOUSTIC

~ y
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H - = >
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Another central provision in the CARIBIC container is the
gas supply unit. It was decided to have all calibration gases
and supply gases stored in aluminum cylinders inside one = |

p=9

rack that also contains the pressure regulators. The only ex:

ceptionis a cylinder with calibration gas used for the PTRMS

which for analytical reasons has to be close to the PTRMS in- Aerosos >
strument. The supply of oxygen for the production of ozone

used in the NO and Nganalyses is in standard aviation steel

cylinders with breathing quality oxygen. These cylinders are

additional_ly protected by cqncentric steel Cy”r,]ders' The re,a'Fig. 7. Air distribution system inside the CARIBIC container. The

§on for this is to (_:Omply with the safety reqUIrement that 'f black squares indicate pressure sensing locations. The water va-

in case of an engine burst, fan blades that are ejected at highyr measurements do require a suction system as there is no ram

speed and penetrate the fuselage and container, these canp@dssure on this port. The flow through the ozone sensors is not as-

possibly damage the cylinders to that degree that a rapid resisted by a pump. The mercury, G@nd & analysers depend on

lease of oxygen would result. pumps for pressurizing the air. For the remaining analysers where
Table 1 gives the overview of the instruments in the newno pumping is shown, the air sample flow is maintained by suction

CARIBIC container with the main specifications and lists the Provided by pumps in the respective units.

institutions responsible for their development and operation.

Figure 7 shows schematically the tubing in the container pro-

viding air sample and collecting the exhaust gases of thenethod. Next to this, a two-channel photo-acoustic (PA)

instruments. Most instruments are equipped with internallaser-spectrometer developed at the Department of Optics

pumps (not shown). The relevant aspects of the individua@nd Quantum Electronics at the University Szeged in Hun-

instruments are described below. gary (Bodki et al., 1999 and 2003; Szak et al., 2001)
measures the water vapor content in a relative mode using
4.1 Total and gaseous water the laser light to excite water molecules and measuring their

thermal relaxation. This technique is much faster than the
The budget of atmospheric water vapor is of great relevancdrost point hygrometer.
for climate and chemistry. It has recently been shown that The Buck CR2 frost point hygrometer and one of the PA
a significant fraction of upper tropospheric air is supersatu-channels are supplied with air from the forward facing (to-
rated (up to 200%) over ice, a feature until very recently nei-tal water) inlet. This orifice collects air having the gaseous
ther captured by the ECMWF meteorological forecast modelwater component plus that represented by solid and liquid
nor by climate models. One objective of CARIBIC is to phase. These phases are enriched (Sect. 3.2). The air flow
collect additional information about distributions of over- through the 3/8 OD (7.55 mm ID) SS electro-polished in-
saturated regions and of the amount of water trapped in cirruset tube (heated to 8, overall length 2.6 m) is forced by
clouds the ram pressure of 60-100hPa. An orifice upstream of

The water vapor instrument (196 HU, 29 kg) comprises the water vapor instrument restricts the air flow~60 vol-

two different detectors. A commercial chilled-mirror frost I/min, by which ~75% of the ram pressure is maintained.
point hygrometer (CR2, Buck Research, Boulder, USA) The air is discharged through the outlet tubing connected to
measures humidity using the well established (absolute}he exhaust in the pylon. Only a small sampling flow of
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Table 1. Instrumentation of the CARIBIC container onboard of the long-range Airbus A340-600 of Lufthansa.

Species In-situ Principle Time Institute
or Laboratory Resolution
. UV absorption 8s
O3 In-situ Chemilun?inescence 0.2s IMK
CO In-situ VUV fluorescence 5s MPI
CPC>4nnm 2s
Aerosol concentration In-situ CPC>12nm 2s IFT
CPC>18nm 2s
H>O total In-situ Laser photoacoustic 10-90s IMK
. Dew point 10-90s
H20 gaseous In-situ Lasef)photoacoustic 10-90s IMK
NO In-situ Chemiluminescence 10s DLR
NOy In-situ Chemiluminescence 10s DLR
with Au converter
CO, In-situ NDIR 15s LSCE
O, with high In-situ Electrochemical 15s University of
resolution cells Bern
OVOCs In-situ PTR-MS 20-60s IMK
Halogen oxides, Remote DOAS 30s University of
NO,, O3 Heidelberg
Hg In-situ Enrichment and 10 min GKSS
atomic fluorescence
Aerosol size distribution In-situ Optical particle 20s IFT
150-5000 nm counter
Clouds In-situ Video camera 0.5s IFT
Aerosol elemental Laboratory Impactor, PIXE, PESA 16samples  University of
analysis analysis Lund
Particle morphology Laboratory Impactor, electron 16samples University
microscope of Lund
COy, CHy, N2O, Sk Laboratory Glass canisters, 28samples MPI
GC-FID-ECD
NMHCs Laboratory Glass canisters, 28samples MPI
GC-FID
VOCs Laboratory Adsorption, GC-MS 1l6samples MPI
Halocarbons Laboratory Glass canisters, 28samples  University of
GC-MS East Anglia

3.1 Vol-I/min (driven by the remaining 45-75hPa pressure Laboratory based comparisons with a high-precision
difference across the flow restrictor) is branched-off from thechilled mirror frost point hygrometer (MBW 373-LX, MBW
main airflow. The split that feeds the air to be analyzed isCalibration Ltd., Wettingen, Switzerland) give a precision
a 1/4 OD (4.37 mm ID) SS electro-polished sampling line and total uncertainty of the Buck CR2 hygrometer@f.5 K.

(heated to 68C), connected directly upstream of the flow re- The precision of the two PA spectrometers currently is
strictor. The Buck CR2 frost point hygrometer receives a~0.5umol mol~! at ambient pressures. The time resolution
sample flow of 2.5 vol-I/min with the balance of 0.6 vol-I/min is 30-300s for the Buck frost point hygrometer and 5-10s
being passed through the respective total water PA channelfor the PA sensors, depending on absolute humidity and pres-
sure. The performance in flight is determined by the instru-
The second PA channel is connected to the sideward facingnent characteristics, airflows, and by the inlet system, in-
inlet via an identical 3/8 OD SS inlet tube kept at 8C.  cluding the heated tubing. An example of the possibilities
As this inlet opening is slightly below ambient pressure, aoffered by the HO instruments is given in Fig. 8, highlight-
membrane pump is used to assist the same air flow of 40ing the detection of cirrus clouds. The actual sensitivity of
60 vol-I/min by suction. Also in this case a sampling flow the photo-acoustic channel (which may vary by a few per-

of 0.6 vol-I/min is branched-off and fed into the second PA cent within an hour) is inferred by correlating the data with
channel.
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those of the chilled mirror hygrometer data during post flight CARIBIC flight LH-154

data processing. Frankfurt - Guangzhou 05/06 July 2006 latitude (°N)

305 30.0 295 29.0 285 28.0 275 27.0
1 1 1 I 1 L 1 1 800
4 . 2 OZO ne T =-(42-44)°C i‘ Total Water (vapor + cloud)
2000 fl-| —— cra chited-mirror frost point
—— photoacoustic laser spectrometer
Water vapor

- 700

Ozone is the most essential component in airborne atmo- .5
spheric chemistry research. In the UT/LS it plays a role in 2%
the IR radiation budget and is an important transport tracer s o
for instance to define a chemical tropopause (Zahn and Brené
ninkmeijer, 2003). o
For ozone we also apply 2 detection techniques, namelyar
accurate, precise dual-beam UV-photometer and a very fas | I
solid-state chemiluminescence detector. The ozone instru- | | - 100
ment (19, 6 HU, 29 kg) takes its sample air from the trace 80 ; I
gas probe of the inlet system, using the “reactive trace gases' 06.07.2006 05:00 06.07.2006 05:15 06.07.2006 05:30 06.07.2006 0545
(PFA-coated) tubing to the container (Fig. 7). Catn e
The custom made dual-beam uv-photometer measures the

. . : : Fig. 8. The potential of both measuring gaseous water and total wa-
light absorption of @in the UV (Hartley band). Light from ter using fast detector illustrated by the detection of cirrus clouds

a low-pressure m.erc.ury dlscharge lamp e'mlttlng mainly atover China at~11.4km pressure altitude. The grey band is the
253.7nm @900/_0) is directed via a beam s_plltter thro“gh tW(_) range between 100% saturation relative to ice and water. The photo-
38 cm long optical cells. One cell contains the ambient air, 5ostic signal (green) for water vapor reaches saturation versus ice
the other one ambient air scrubbed of. OMajor parts of  at 05:02 UTC-05:20 UTC and 05:23 UTC-05:42 UTC. The pho-
the optics are adapted from the commercial instrument M4Qoacoustic signal for total water (blue, vapor plus ice crystals) ex-
of Thermo Fisher Scientific. The sample flow of3 vol- ceeds the vapor signal during these two periods, although otherwise
Imin~1 is maintained by the ram pressure of the trace gasagreementis close (the difference of total and gaseous water signals
inlet obviating the need of a pumping system. The electron4s shown as a grey signal at the bottom). This indicates that 2 fields
ics for amplifying and processing the signal as measured b)Pf cirrus clouds were inte_rcepted._The phot_oacou;tic measurements
a CsTe photocathode (Hamamatsu, R1228) was newly devef'® fast @55“ response_tm]e), while the chilled mlr_ror'hygrc_)meter
oped. Using extremely low-noise amplifiers and an integrat—t(;fd? STOWS OzlterShOOt'”g (e.g. at05:22 UTC) whichiis typical for
ing 24 bit A/D converter, it measures the light intensity with IS instrument type.

a frequency of 122 Hz, in contrast to the common sampling

rate of typically 0.1Hz. This high-frequency measurementy ations (wilson and Birks, 2006), e.g. during cloud cross-
allows for a partial elimination of photon flux fluctuations ings, are minimized. An example of the;@ata from the
that are characteristic for mercury discharge lamps. ComparUV-photometer is shown in the flight-overview of Fig. 9.
isons with an extremely stable (but slow) laboratory standard Thq fast Q sensor is based on the chemiluminescence of
(UMEG-NIST with 2.7m absorption length which agrees o, o the surface of an organic dye adsorbed on silica gel
with the NIST standard SRP #15 within0.5%) shows dif- powder deposited on a 1 cm diameter aluminum dishsten
ferences below 0.5nmol %over the studied measure- o 5| 1992). The measurement frequency is 10 Hz, which, at
ment range of 2_409 nmolmot. The 1o precision is cur- e cryising speed of 250 mis, result in a high spatial res-
rently 0.3nmol mot* at 1 bar atoa measurement response ,ytion of merely~25 m. However, turbulence within the
time of 4s and an accuracy of1%. This is a factor of 2= et ube causes mixing of air which degrades the spatial
3 faster and more accurate compared to similar instrumentsggo|ytion to effectively 30-40 m distance, still ample for our
Like other UV-photometers, it constitutes in principle an ab- ,;rposes. The fastgsensor is linear but needs calibration
solute measurement device, i.e., ther@ixing ratios is cal- - hecayse of its variable sensitivity. The UV photometer mea-
culated solely by using known physical properties (@ss-  g;rements are used during the post-flight data processing for
section, optical path length etc.) and a ratio of measurediefining the fast sensor's scale. The sensor disc is typically
voltages. Therefore, a calibration is not required and the in{,gaq for~5 flight sequences (20 flights) during which its

strument can be viewed as a (flying} Standard for the fast  gengitivity gradually decreases+d/3 of its initial value.
chemi-luminescence detector described below. Nevertheless,

the instrument is cross-checked regularly with the UMEG-4.3 Carbon monoxide

NIST standard. Interferences with water vapor are extremely

small mainly due to the newly designed heategstrubber  Carbon monoxide (CO), together with methane, constitutes
that is still able to remove as much as 800 nmolmiaizone  the major global atmospheric burden of reduced gases, and as
yet has a very small surface for water adsorption. Thus measuch affects the oxidative self-cleansing process of the tropo-
surement artifacts due to fast changes of water vapor concersphere. It is a major pollutant (energy generation, transport,
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tages are the limited spatial resolution (GC technique) and
the non-linearity of the detector. Therefore, a vacuum ultra-
violet (VUV) fluorescence instrument (Volz and Kley, 1985;
Gerbig et al., 1996 and 1999) has been incorporated instead.
Here, CO molecules are excited by VUV radiation in an op-
tical cell at a pressure of10hPa. The VUV radiation is
generated by a RF generated discharge in a cell flushed with
a CO-Ar mixture, while the fluorescence is measured using
a photomultiplier. Because oxygen strongly absorbs in the
VUV range used, the region between the light source, detec-
tor and photomultiplier is flushed with nitrogen.

The CO analyzer (19 4HU, 21kg) is based on a com-
mercial instrument (Model AL 5002, Aero-Laser, Garmisch-
Partenkirchen, Germany) which was retro-fitted with valves
for automatic calibration and communication board for re-
mote control by the master computer. Flow controllers have
been added to stabilize the flow of nitrogen used to purge the
fluorimeter in order to achieve a more stable detector signal,
and the CQ@-Ar gas mixture for the RF discharge lamp. A
larger pump (MD4 Vario, Vacuubrand) has been used to keep
sample air flow at 90 mI min® at standard conditions (STP,
i.e. 273.2K, 1013.2hPa). The housing has been modified
to ensure that electromagnetic interference through conduc-
tion and radiation (e.qg., for the discharge lamp) is absent. To
achieve a stable calibration, the tubing from the gas cylinder
to the instrument is being flushed three times with a calibra-
tion gas before each flight.

Zero and span of the instrument are determined in flight

every 25min. For this purpose zero air is generated by

Fig. 9. Overview of the data from flight # 166 (Frankfurt to passmg air through a cartridge f'”e‘?' with a CO Ox'd'.z'
Guangzhou). The route and the locations of whole air samplingind catalyst (Sofnocat, Foulger and Simmonds, 1993) via a
are shown on the map. Flight altitude, latitude, and some mete3-Way solenoid valve which subsequently feeds a calibra-
orological parameters are given in the uppermost field. The twotion gas mixture into the instrument. The mixing ratios
fields below it show @, CO, particle densities, NO, NO and are then calculated using the average of zero and span sig-
humidity data. The following field depicts the results of analyses nals bracketing the measurement interval. During a 10h
of whole air samples for Cij CO,, N2O and Sk. Data on ace-  flight from Frankfurt to Guangzhou the zero and the calibra-
tone, acetonitrile, methanol, and total gaseous mercury (TGM) argjon signals for 250 nmol moft are typically 2864-43 cps
shown in the lowermost field. We refer to the KNMI websitét): and 1807%110cps, respectively. The uncertainty esti-
[hanow. knmi.ni/samenw/campaigsupport/ CARIBICHLE) for de- 5404 from the propagation of the uncertainties of calibration
tailed meteorological information. L

gas and the standard deviations of the measurement, zero,

and calibration signals is typically 1.9% or 1 nmol mb|

whichever is greater. Time resolution determined by the re-
and biomass burning) and is produced in situ in the oxidativesponse to switching of the 3-way valve between zero and cal-
chains of methane and other hydrocarbons. CO levels declindration gas was 5 s for 90% of the signal change.

significantly crossing int_o the LS, whereas in the UT the fre- 14 advantages of the VUV technique are excellent lin-
quent large scale pollution plumes carry large amounts. CQuayity reproducibility, and fast response. Over the period
and @ are often studied together, with CO being an indicator ¢ 5 years its sensitivity declines by50% which can be re-
for pollution and a precursor molecule fog @rmation. The  qoreq by cleaning the optical cell. Tests on air cylinders
challenge of carbon monoxide measurements in CARIBIC iSgh oy agreement with other laboratories within fractions of
to have fast, precise data with an internationally accepted caly nmol mot-® over a range of 50 to 300 nmolmdl. Re-
ibration. sults are calculated relative to the NOAA/ESRL standards
Gas chromatography with a mercury oxide based reducindgased on as comparisons at the GAW quality assurance cen-
gas detector, as used in CARIBIC #1 has been the standargr at EMPA, Dibendorf, Switzerland. An example of the CO
measurement technique for decades. The serious disadvameasurements is presented in the flight-overview of Fig. 9.
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4.4 Nitrogen oxides Sensitivity checks of the two NO detectors are carried out
before and after each flight using a standard concentration of
NO is one of the main catalysts in tropospheric photochem-NO in N,. The NO standard is diluted into the NO free zero
istry. Produced by soils, lightning and combustion processesir by means of a mass flow controller. The sensitivities of
it reacts readily with ozone, resulting in N@nd Q. During  the two NO channels are about 15 counts$ mol pmol1.
the daytime, NQ is photolysed, releasing an oxygen atom The background signal is determined every 10 min for a pe-
that reforms ozone. The important catalytic role is clear inriod of about 1 min and is typically 1000-2000 cps. The con-
reactions such as HO+ NO, which yields OH and N@  version efficiency of the gold converter is checked before and
NO recycles radicals and maintains the oxidative cycle. Inafter each flight by adding known amounts of N@oduced
CARIBIC we measure NO and N(the sum of all reactive by gas phase reaction of NO withgOZero air artifacts are
nitrogen species: NO, N HNOs, PAN, 2 N;Os, HNOg, determined before and after each flight, and also in flight ev-
HNO4, and nitrates), with the future option of also detect- ery 2 h by addition of synthetic air from a gas cylinder. The
ing NO,. In the stratosphere total reactive nitrogen (NO detection limit of the NO and NPsystem for 10s data is
consists mainly of HN@. In the troposphere the NO, NO  about 1 to 2 pmol mol! (20). The estimated accuracy for
HNO3 and PAN are the main components of total reactivethe NO and NQ measurements is 8% for an ambient NO
nitrogen. Systematic data for nitrogen oxides in the UT/LSlevel of 50 pmol mot! and 7% for an ambient Nplevel
region are rare which underscores the importance of this payef 450 pmol mot . During the POLINAT-2 (Pollution from
load in CARIBIC. Aircraft Emissions in the North Atlantic Flight Corridor) and
The technique applied for the measurement of NO andEXPORT 2000 (European Export of Particulates and Ozone
NOy is similar to the one used on the DLR Falcon 20 re- by Long-Range Transport) campaigns NO and,N®@ea-
search aircraft for several years (Ziereis et al., 2000). It issurements on board the Falcon 20 made by DLR were com-
based on detecting the light emission from the reaction ofpared to similar measurements on board other aircraft during
NO with Oz using a photomultiplier. The sum of reactive flight. The instruments on the different aircraft showed good
nitrogen compounds (NQ is measured by a catalytic con- agreement (Ziereis et al., 1999; Brough et al., 2003). An ex-
version technique in which all NOspecies are reduced to ample of the NO and N{data is given in the flight overview,
NO in a gold tube maintained at 300 using a reducing gas Fig. 9.
added to the sample air flow. Two NO detectors allow the
concomitant measurement of NO and NO'he commonly 4.5 Aerosol particles — condensation particle counters
used CO reducing gas in the converter is not allowed on civil
aircraft because of its toxicity. Therefore, hydrogen from a Aerosol particles are emitted directly by a wide range of nat-
small metal hydride storage system (storage capacity2g H ural and man-made processes. As they are also formed in
is used here. The conversion efficiencies for typicalyNO situ by gas-to-particle conversion, their physical and chemi-
and non-NQ compounds using Hinstead of CO were de- cal properties vary strongly. Also their number distribution
termined in the laboratory and found mostly to agree withis highly variable mainly due to their short atmospheric resi-
those found by Volz et al. (2005). The conversion efficiency dence time in the order of hours to weeks. Aerosol particles
for NO2 and HNQG; with Ho was the same as with CO. Oppo- affect the Earth’s radiation budget directly through light scat-
site to the quantitative conversion of HCN reported by Volz tering and absorption but also indirectly (cloud processes),
et al. (2005) we found only 6—-9% conversion efficiency. The clearly having a significant — yet ill quantified — impact on
resulting HCN interference is then correspondingly smallerclimate vww.ipcc.ch. In view of the relatively modest
than the one stated by Volz et al. (2005) and amounts 6-information we have about UT/LS particles, this aspect of
27 pmol mot! at typical HCN background concentrations of CARIBIC has some priority.
100-300 pmol mot?. The CARIBIC container houses three units with aerosol
The NO+NQ, system constitutes one complete rack’(19 instruments, which are supplied with air via electro-polished
24 HU, 171kg) stretching from the front to the back of the stainless steel tubing from the aerosol inlet. These units are
container. The chemiluminescence detectors are operated bitcated as close to the container connector bracket as possi-
a sample flow of 1.5Imin! (STP) extracted from the PFA ble to minimize loss of particles in tubing. The low pressure
lined trace gas sampling line. To avoid the loss of nitric acid, needed to maintain the flow through the systems using criti-
a major compound of N{) PFA sampling lines heated to cal orifices is provided by a diaphragm pump (MD4C, Vacu-
40°C are used also inside the analyzer systems (Neuman etbrand) in the pump unit of the container (18 HU, 55 kg).
al., 1999). For obtaining an optimal signal to noise ratio, theln the units named AERO 1 (19", 6 HU, 30 kg) and AERO 2
photomultipliers are cooled by a closed cycle refrigerator to(19’, 5HU, 42kg) altogether three modified condensation
about — 30C. To suppress the influence of air sample hu- particle counters (CPCs, TSI Model 7610, TSI Inc., St. Paul,
midity on the sensitivity of the instrument, the oxygen/ozone MN, USA) are installed. AERO 2 also contains the particle
stream is humidified. With this precaution, no sensitivity sampler unit described in Sect. 4.7. CPCs measure the inte-
change during a flight has been observed so far. gral particle number concentration of all particles larger than
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particles detected by the CPCs is estimated to abauh?2
and is rather determined by patrticle losses inside the CPCs

o 2061 ' ! I [ 13K than by the particle sampling efficiency of the CARIBIC in-
N {HRpaN i L 19k let system. However, as in the UT the Aitken mode particles
E ety RS I normally dominate the total particle number concentration
S 16k__ ‘ ‘ L 11k (as it can be seen by comparing the CPC and OPC data),
E I the exact upper threshold diameter is not important for the
z 12k_' L 10k = CARIBIC CPC measurements.

% ] ! é The time resolution of the CPCs was set by the control
*§ 9k 8 software to 2 s, corresponding to a spatial resolution of about
i - g 0.5km. During data processing, measured number concen-
3 81 Fek < trations are corrected for particle losses in the inlet (esti-
8 r mated using the known inlet sampling efficiency of the old
= -7k CARIBIC inlet and the CFD modeling flow field results) and

E 4k I in the sampling line (calculated using equations from the lit-
- -6k erature). Therefore, the size dependent correction factors
& were averaged over the respective CPC particle size win-

19:22“ dow, considering only particle diameters smaller than 150 nm
for the same reason as given above. Correction factors for
CPC counting efficiencies, for coincidence in the CPC op-
Fig. 10. The occurrence of ultrafine particles (between 4 and 12 nm)tlcs‘ and for pressurg-dependent CPC flow rates were taken
was recorded just after descending through clouds (but not insidérom Hermann and Wled.enSOhler (.2.001)' Thesg volume flow
the clouds) while approachingis Paulo Airport. The use of the rates, which are determined by critical orifices in the CPCs,

video camera allows to investigate if cloud droplets or ice particles'@nge from 1.1 to 1.6 liter/min (volume) and have been cal-
impinge on the leading edge of the shroud or the aerosol diffuseibrated in the laboratory for operating pressures between 60
tube do enhance particle counts significantly or not, and hence, ifnd 1000 hPa.
there are measurements artifacts. In this case, there seem to be noResults of the CARIBIC CPC measurements onboard
artifacts. The origin of the ultrafine particles observed below thethe old CARIBIC system (Boeing 767, LTU) have already
cloud is a question still to be answered. been presented in several publications (e.g. Hermann et al.,
2003). Figure 10 shows a first example of the new mea-
surements. Particle concentrations were combined with the
a certain threshold diameter. Inside these CPCs, the samjideo recordings (Sect. 4.14) to reveal the exact location of
ple air is first saturated with butanol vapor and cooled subsey high particle concentration event. The mechanism leading
quently in order to grow the particles by condensation of thistg the high number concentration of ultrafine particles ob-
working fluid. The enlarged particles are finally detected by served just below the cloud (believed to be a real effect) is
scattering of light from a laser diode. Extensive laboratory not known. Likewise, the question of droplet break-up and
tests at operating pressures of 160-1000 hPa were made iner artifacts, caused by the inlet while measuring in clouds

ensure the proper function of the instruments at cruise altiyMurphy et al., 2004), which can be addressed by using the
tudes, and to obtain pressure-dependent counting efficiencyideo camera, is still under investigation.

curves (Hermann and Wiedensohler, 2001). Experimental
uncertainties for Aitken mode and ultrafine particle num- 4.6 Aerosol particles — optical particle counter
ber concentrations amount 161 0% and+35%, respectively
(Hermann et al., 2003). The third aerosol rack unit (£9 7HU, 26 kg) houses an
To measure concentrations in different particle size rangesQptical Particle Counter (OPC, PCASP-X, Passive Cavity
the lower threshold diameters of two CPCs were shifted toAerosol Spectrometer Probe, PMS, Boulder, CO, USA).
a smaller and a larger diameter, respectively, by changingdPCs operate on the principle that the light scattered by in-
the temperature difference between the saturator and the coividual particles within a laser cavity is a direct function
denser block. The new temperature differences at€ Bhd  of their size, assuming spherically shaped particles. Each
26°C (compared to 1°C in the original version) and addi- particle produces a pulse of radiant energy during its tran-
tional temperature sensors were used to monitor the tempesit through the laser beam, which is detected by two photo
atures of the saturator and the condenser block in each CP@iodes. As the OPC is intended to measure the aerosol par-
Consequently, the three CPCs now have lower threshold diticle size distribution in the size range of 0.15-10r@ (ac-
ameters (50% maximum counting efficiency) of 4, 12, andcumulation and coarse particle mode), about six orders of
18 nm, respectively, at 200 hPa operating pressure (Hermanmagnitude in signal intensity have to be covered. Hence,
and Wiedensohler, 2001). The upper threshold diameter oin the CARIBIC OPC, two diodes are used with different
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sensitivities. The loss of particles in the CARIBIC inlet sys- 40 30 20 40 O 10 20 80 46 50 60
tem, however, limits the maximum diameter of detected par- B
ticles to approximately &m. This value is estimated based 4B0- ISR
on the experience with the previous CARIBIC inlet and will
have to be determined more accurately by either wind tunnel
or CFD modeling studies in the future.

For CARIBIC, the original instrument was considerably
modified (Reichelt, 2007). New photodiodes and new signal
processing electronics were installed. The new analog-to-
digital converter allows the binning of particles into 256 size
channels instead of 32 in the original instrument. The ma-
jority of these channels are located in the sub-micrometer
size range, but even there, because of the low accumula £ ]
tion mode number concentrations in the UT, channels have 0 e
to be combined for most of the time in order to improve 40 30 -20 -0 0 10 20 30 40 50 80
the counting statistics. This can be different during aircraft Lafids

descents. The S.heath (0.5-1.0liter/min) and sampling ﬂov\f:ig. 11. Aerosol mass as calculated for the OPC measurements
rates (0.05-0.2liter/min) through the OPC 'are'controlled byassuming spherical particles compared with aerosol mass inferred
two mass flow controllers. In order to maintain a constantfrom the PIXE analyses assuming the aerosol mass is sulfate. These
volume flow rate, the sampling line pressure and temperatureheasurements were made during cross Atlantic fligtts:/Avww.
are controlled. As for the first two aerosol units, this flow is knmi.nl/samenw/campaigsupport/CARIBIC/#LH) Considering
maintained by the pump unit in the container. The time reso-the vastly different techniques used, the agreement at mid latitudes
lution of the OPC is software controlled and was set to 20 s.is encouraging. In the equatorial region, the OPC data indicate sub-
However, again, because of the low concentration of accustantially higher aerosol masses. A plausible explanation is that this
mulation and coarse mode particles normally encountered ifnissing mass is carbon, which is not detected by PIXE but can be
the UT/LS and hence statistical reasons, the time resolutioffétected using PESAin Lund.
is only on the order of minutes in practice.

The OPC has been operating less regularly than fore- ] ) ]
seen because of a variety of mechanical and electronic probtSis and two smaller samples for single particle analysis. A
lems. Nevertheless, some excellent results have been ol§yclone separator up-stream of the sampler restricts the up-
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tained (cf. Fig. 11 and Sect. 4.7 below). per particle size entering the sampler tar2 diameter. Cal-
ibration with respect to the penetration at 360 hPa pressure
4.7 Aerosol particle sampling and analysis revealed a 100% penetration efficiency for sub-micrometer

particles and a 50% cut-off of 2m equivalent aerodynamic
Aerosol particle collection proved very valuable during diameter (Nguyen et al., 2006). Calibration with 1002 hPa
the first phase of CARIBIC (Martinsson et al., 2001; inlet pressure atthe sampler revealed a lower cut-off diameter
Papaspiropoulos et al., 2002; Martinsson et al., 2005)(50% level) of the impactors of 0.Q&m. During operation in
Presently a new multi-channel impactor sampler (Nguyenthe UT/LS the reduced pressure will result in an even smaller
et al., 2006) collects particle samples for quantitative ele-cut-off diameter. The collection efficiency of particles larger
mental analysis by Particle-Induced X-ray Emission (PIXE) than 0.2.m equivalent aerodynamic diameter (above cut-off
(Papaspiropoulos et al., 1999) and Particle Elastic Scattersize region) was determined to be 97% (Nguyen et al., 2006).
ing Analyses (PESA) (Nguyen and Martinsson, 2007). The Figure 11 shows the comparison between elemental anal-
minimum detection limits of, e.g. carbon, nitrogen, oxygen, yses and the OPC results. This comparison is based on the
sulfur and iron for 1.5 h sampling are 4, 1, 2, 2 and 0.1 rfg/m assumption that the aerosol consists of spherical particles
(STP). The inaccuracy of the elemental analyses is estimatedomposed of sulfuric acid. Both these assumptions are nat-
to be within 10% (Papaspiropoulos et al., 2002). In addition,urally oversimplifications of the actual conditions. Quanti-
material is collected separately for analysis of single particledative analysis with PESA shows that the carbonaceous frac-
with transmission and scanning electron microscopy (TEM,tion of the UT/LS aerosol is important (Ngyuen and Martins-
EELS and EFTEM). Patrticles are collected by impaction onson, 2007). Electron microscopic studies further show that
ultra thin, clean plastic foils housed in a sampler block (16the majority of the particles are non-spherical, often highly
x16x46 cn?) inside the AERO 2 unit. This block contains structured and present evidence of two or more phases of ma-
14 channels operated by solenoid valves for sequentially colterial. Still reasonable agreement is found for many of the
lecting samples~1.5h time resolution) and two channels sampling periods. Particularly during the passage of ITCZ,
sampling the whole flight{8-10h). Each sequential chan- large differences appeared between the two methods used
nel collects simultaneously one sample for PIXE/PESA analto estimate the particle mass concentration. Meteorological
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analysis indicates passage through deep, convective, precifpiosphere. To obtain useful information, variations in the
itating clouds for both ITCZ samples. The low concentra- O, content of air have to be measured with about the same
tion of sulfur can be expected from the perspective of theabsolute precision as that for GOThis means that the rel-
incorporation of water-soluble aerosol in clouds (Martins- ative precision has to be 1000 times better than that foy CO
son et al., 2000; Schwarzeitk et al., 2000), thus pointing measurements. Bearing in mind that it took the “C@m-

to other possible aerosol components constituting the majomunity” decades to achieve traceable accurate precise mea-
fractions of the aerosol, such as carbonaceous aerosol. Th&irements, this obviously is a considerable analytical chal-
first glimpse of the comparison between the elemental mastenge. As the @/N> ratio measured in an air flow is prone to
concentration measurements and the OPC-derived estimatariability and biases introduced by fractionation in the in-
of the mass concentration in Fig. 11 will be followed up in let systems, the incorporation of equipment to measure the
a future paper reporting compositional and size distributionO»/N> ratio in CARIBIC is of experimental nature.

features in detail. The optimal analytical detection for aircraft applications
is electrochemical. Electrochemical cells provide typically
4.8 Carbon dioxide 20mV for 20% of Q proportional to its partial pressure.

Such cells are robust, small and cheap. Several cells are used
Understanding and quantifying the fluxes of the main green-simultaneously. The essence of thesystem is to obtain an
house gas C@on the global scale is a gargantuan task. extremely high degree of control over temperature, pressure
CARIBIC can contribute accurate data for the UT/LS region and flux of the air in the electrochemical cells. Moreover, the
for which the present global dataset is very sparse. In flightelectronic processing of the weak electrical signal demands a
the gas also is an important tracer for understanding the comrange of measures to enable a sufficient signal to noise ratio
position air masses intercepted as to their origin, like biomasst ambient @ concentrations of approximately 21% with a
burning, contact with the biosphere during day and night, etcresolution of 0.0001% ©to match the C@resolution.

The CO analyzer (CONDOR-C, 19 6 HU, 37 kg) uses A unit (19”7, 6 HU, 39kg) contains the electrochemical
the common non-dispersive infrared absorption (a LICORcells, temperature/flow/ pressure control, computer and also
6252, LI-COR Biosciences, Lincoln, NE 68504, USA). The an additional CQ analyzer intended to help troubleshoot-
detection is performed at 4.26n in a differential mode. The ing (e.g. fractionation effects). The low noise amplifier
accuracy and the reproducibility are enhanced by using irunit gives a noise/signal ratio in the order of 1 part per mil-
flight calibration with a set of 3 gases, and by controlling the lion. The short term stability of the £xell requires frequent
pressure and flow rate in the optical cells. The spectromeswitching between sample and standard gases which cancels
ter temperature is kept at 240 through the combination of much of this variability. The oxygen measurement precision
a heating element and a fan that produces rapid circulationis still slightly too low but improves gradually (Valentino et
The pressure of the sample and the reference cells are regi., 2007).
ulated at 1080 hPa with an accuraef®.1 hPa by using two
absolute quartz pressure sensors (Druck RPT 200). The flo#.10  Mercury
rate at standard pressure and temperature (STP) of the sample

air and the reference gas are also controlled during flight re M&asuring mercury is of scientific interest because its bio-

spectively at 600 cAmin~—1 and 70 crd min—(volume). Al geochemical cycle is not well understood. Moreover, its tox-
process controls are performed under Real Time Linux on dCi: its enrichment in the aquatic food chain and its accu-
PC104 CPU. mulation in the cryosphere are a cause of concern. There ex-
ist relatively few mercury measurements, in particular in the

To exclude interference of water with the g@easure-
e UTI/LS, and the global dataset to study transport pathways

ment, the sampled air is dried using a bundle of Nafion mem be sianificantly i d by CARIBIC ¢
brane tubes. The instrument is calibrated using two calibra &8N P€ signilicantly increased by measurements.

tion gases every 30 min. The set of calibration gases in high Because of the exceedingly low concentrations at which

pressure cylinders is calibrated before and after the flighlHg Species eX|st.|n the background atmosphere, measure-
at LSCE in Paris following the calibration protocol of the ment techniques incorporate a pre-concentration step (amal-

CARBOEUROPE project. The precision of CONDOR was gamation with precious metals, preferably gold). In the re-
determined to be better than Qnol mol-%. Operation in mote atmosphere the total gaseous mercury (TGM) fraction

CARIBIC has proven to be less routine as projected with theconfIStS of gazegusf elemgnttr?l mercutrly (G”El\g),fltheddoml—
performance gradually improving. nant compound by far, and the operationally defined reac-
tive gaseous mercury (RGM) present in much lower con-

4.9 Oxygen with ultra high precision centrations. Beside GEM and RGM, other volatile organic

o ) o ] ] ) lValentino, F. L., Leuenberger, M., Nyfeler, P., Moret, H.-P.,
Variations in the Q/N2 ratio in air not only mirror those in  sturm, P., Slemr, F., and Brenninkmeijer, C. A. M.: Development
CO,, but provide additional essential information about the of a continuous @ and CG analyzer for automated operation on a
complex interaction between the atmosphere, oceans, anghssenger aircraft, Environ. Sci. Technol., submitted, 2007.

Atmos. Chem. Phys., 7, 4958976 2007 www.atmos-chem-phys.net/7/4953/2007/



F. Slemr et al.: New CARIBIC system 4969

mercury species, such as dimethyl mercury and monomethy#.11 Oxygenated volatile organics by proton-transfer-
mercurychloride also interact with gold absorbers. They are reaction mass-spectrometry (PTRMS)
desorbed as elemental mercury and thus detected by atomic
absorption and fluorescence detectors (Slemr et al., 1979). Oxygenated volatile organic compounds (OVOCs) are om-
nipresent in the atmosphere. They are produced in the chain
The CARIBIC instrument is based on automated dualprocesses of hydrocarbon oxidation and are emitted from
channel, single amalgamation, cold vapor atomic fluoresompustion and burning. In the upper troposphere they may
cence analyzer (Tekran-Analyzer Model 2537 A, Tekransypstantially contribute to the formation of radicals (Singh
Inc., Toronto, Canada) which measures gaseous mercury &k a|., 1995, 2004). Up to now only a rather limited num-
background concentrations. The instrument consists of on@er of measurements of OVOCs are available in the UT/LS,
rack unit (19, 7HU, 36kg). The instrument features two exclusively gathered during research aircraft campaigns.
gold cartridges. While one is adsorbing mercury during @ The problem of measuring OVOCs has been addressed by
sampling period, the other is being thermally desorbed usinghe development of PTRMS by Lindinger and his colleagues
argon carrier gas stream and Hg is detected using cold vapqn 9gg). Its applicability for airborne deployment was demon-
atomic fluorescence spectroscopy (CVAFS). The functionsstrated by Hansel et al. (1999) and de Gouw et al. (2004). The
of the cartridges are then reversed, allowing continuous samygaptation and automated operation of a PTRMS system has
pling of the incoming air stream. A 45 mm diameter Teflon formed a major challenge for CARIBIC. PTRMS applies a
pre-filter (pore size 0.2m) protects the sampling cartridges st ionization for trace gases that have a greater proton affin-
against contamination by particulate matter. To reduce thety than water (166.5 kd/mol). This allows specific ionization
number of gas cylinders in the container, the instrument isang thus the separation of these trace gases from the air ma-
operated with the 0.25% GOn argon gas mixture used for iy molecules. HO™ ions are generated in a hollow cathode
operation of the CO instrument. As the addition of &0 gischarge in water vapor. The proton transfer reaction takes
argon reduces the sensitivity of the fluorescence detector byjjace in a drift tube at-2.8 hPa.
35%, the sampling interval had been initially set to 15min - A pTRMS system (lonicon, Innsbruck, Austria) was mod-
(~225km flying ihstance) with an air sample flow rate at jfieq for automated on-line measurement of selected OVOCs,
STP of 0.5Imim™, and has been reduced to 10 min since gpecifically acetone, methanol, acetaldehyde and acetoni-
April 2006. An adsorber is being developed to remove;CO yrile.  The unit is integrated in a wide rack (2622 HU,
from the gas mixture to further reduce the sampling interval; 53 kg). Improvements were necessary to detect the low con-
to merely 5min. centrations generally occurring in the UT/LS, to automate
its operation, to make it compact, and to fulfill the avia-

The compression of sample air from the trace gas inlet us-; g ] S _
ing the PFA coated tubing into the dual gold cartridge as-tion safety requirements. The major modifications are: .a)
the power supply changed to 24 and 28V DC, b) the in-

sembly (500 hPa) was achieved by an additional pump in- ; e c
gration of effective filters to suppress electromagnetic in-

side the unit. This membrane pump has been extensivel ) o
tested for not contaminating the system with Hg. Since erference, c) a reduction of power consumption, instrument

the response factor of the Tekran instrument is pressure debize and weight, d) t.he installz_‘;ltion ol turbo-.moIeCl_JIar
pendent (Ebinghaus and Slemr, 2000) a pressure monitolPUMP enabling an increase in the number of primary ions
ing module is placed at the sample vent. This allows for2"d t0 operate the PTRMS at higher drift tube pressure, €)

an empirical pressure correction algorithm normally appliedthe integration of a more powerful (and ”.‘“Ch smaIIer_) high-
voltage supply for the drift tube, f) the implementation of

to airborne operations with large altitude changes. A de- ' )
shock mounts for the most sensitive parts, g) the incorpora-

tection limit ~0.1 ng,Hg m2 and a reproducibility of about > . X Do ,
0.05ng Hg n13 is achieved. The instrument is calibrated af- tion of a cylinder with calibration gas (Apel/Riemer, USA)
for online calibration during flight and of a zero air filter (Pt-

ter every other flight by repeated injection of known amounts I i
of mercury. The sampling system of the CARIBIC instru- catalyst, 350C).f.orthe determination of the background sig-
ment and the conditions in the UT/LS (low humidity) are "a!: h) the addition of temperature control (t35°C) of all
similar to those encountered in the Antarctic, for which tubes (made of PFA) that are in contact with the analyzed

Temme et al. (2003) found that RGM will be measured in ad-al, 1) the implementation of a 3/8"0D PFA bypass line that

. . . —
dition to elemental mercury and organomercury compoundsfuShes the inlet line with-20 I min™* (controlled by a flow

The CARIBIC measurement will thus represent total gaseou£Ontrollen), and j) a design and an implementation of new
mercury (TGM). measurement and control software (based on LabView).

The PTRMS is calibrated once an hour. First, sample gas
An example of the TGM data is shown in the flight is passed through the zero-air generator (Pt catalyst) and is
overview in Fig. 9. Results of mercury measurements inmeasured for 3 min to determine the background mass spec-
biomass burning plumes have been published recently antta. Second, two calibrations (each 3 min) are conducted by
we refer to this work for additional information (Ebinghaus adding small amounts of calibration gas to the main sampling
et al., 2007). line which leads to additional signals corresponding-tb
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and~2 nmol molL. These two calibrations are used to de- sampling will be triggered by signals from the ozone, CO or
termine the sensitivity of the instrument. The standard devia-aerosol instruments. As in this case the sample air is flowing
tion of the sensitivity is typically 7-12% during a 12 h flight. continuously through a canister, there is some degree of ret-
A 500 nmol mot! calibration gas containing acetone, ace- rospective sampling. This means that when an event occurs
tonitrile, acetaldehyde, and methanol (among others) with aand the system is triggered, sampling is already on its way.
stated uncertainty of 5% is used (Apel/Riemer) and found toThe amount of collected air should be sufficient for analyses
be stable within a period of 2 years. Consequently, the typicabf hydrocarbons, halocarbons, greenhouse gases and of the
total uncertainty of the CARIBIC PTRMS measurements isisotopic composition of Cg{in the future also CO, Clj and
about 15%. The detection limits with 5 s resolution are 6, 25,H>). As the analyses are made using up to 5 different analyt-
40, and 125 pmol mot* for acetonitrile, acetone, acetalde- ical instruments in 4 countries, altogether 3 sets of 2 sample
hyde, and methanol, respectively. The precision given by theanister units were built to secure the availability of one set
count rate statistics for a concentration of 500 pmolmhol for a monthly flight. Compared to the previous CARIBIC air

is 7%, 8%, 8%, and 9%, respectively for typical sensitivi- sampler, the only trace compound that cannot be measured is
ties of 27, 22, 22, and 17 cps molnmél After change of  the ultra low concentration tracéfCO which has an abun-
the instrument parameters (acceleration voltages, pressurejance of typically only 10 molecules per &mf air STP.

the known interference of ozone with acetaldehyde measure- Glass is used for the construction of the canisters. Al-
ments (mainly in stratospheric air) disappeared. An exampléhough this is technically somewhat more elaborate, its inert-
of the PTRMS measurements is shown in the flight overviewness has overriding advantages. Also due to its semi-liquid
of Fig. 9, giving results for acetonitrile (GGEN), acetone nature, the surface area is smallest. Another advantage of
CH3C(O)CHs, and methanol (CEDH). Levels of CHCN glass containers is that G@nd its'80 isotopic composition

are generally fairly constant (lifetimel year), yet it is a  are less prone to changes.

good indicator for biomass burning. Acetone — an impor- The entire system consists of three units: a three stage
tant carbonyl component — shows many interesting featurepump unit and two canister units with 14 glass canisters each.
related to its direct emissions and omnipresence in the tropoTwo metal bellow pumps (Model PWSC 28823-7, Senior
sphere, and chemical reactivity. Methanol is one of the mostAerospace Inc., Sharon, Mass., U.S.A.), the first one with

abundant OVOC in the atmosphere. its two bellows in parallel as a first stage, and the second
one with its bellows in series as the second and the third
4.12 Air sampling stage, are used to pressurize the air from the 200-250 hPa

inlet pressure to about 4 bar. These pumps as supplied by

Collecting air samples is a simple but powerful approach.the manufacturers as potable water pumps for aircraft use ac-
Long-lived gases, particularly GOCHa, N2O, SFs, can be  tually have 0.5 mm holes drilled in the bellows’ flanges pre-
measured in the laboratory with required high precision andsumably to automatically release pressure when not running.
accuracy, as well as a host of other gases that cannot be anale sealed these small vent holes using washers with Viton o-
ysed rapidly during the flight, such as halocarbons and hy+ings. Mechanical pressure release valves (Nupro) are used
drocarbons. When one includes isotope measurements like prevent over-pressurization. The 2.74liter glass vessels
2H in Hp, 13C and80 in CO,, 13C, 170, and'®0 in CO,2H  (length 450 mm, OD 100 mm) are manufactured by Louw-
and3C in CHy, 2H and®3C in several hydrocarbons, and for ers Hapert Ltd. (Hapert, the Netherlands) from borosilicate
instance®’Cl in CH3Cl, most extensive information about a glass tubing (Schott, 5mm wall thickness), and rated for a
sampled air parcel is obtained. Limitation of air sampling is pressure of 7 bar. The vessels are shielded with a polymer
that the trace gases of interest must be sufficiently stable iiner (thick heat shrink tubing) and housed inside a structure
the air container and that that discontinuous information iswith 14 “pigeon holes” as shown in Fig. 12. They are con-
obtained. nected to the inlet and outlet multiposition valves via stain-

The whole air sampler TRAC (triggered retrospective air less steel tubing which is cemented (Araldite 2020, Vantico
collector) consists of a pumping unit and two sample canis-AG, Basel, Switzerland) in two glass capillaries protruding
ter units (together 19 24 HU, 137 kg) all under control of a into the cylindrical vessel at each end. Two 16 position Valco
separate computer unit, which also controls the absorber unitalves (VICI Valco Instruments Co. Inc., Schenkon, Switzer-
(19, 3HU, 7kg, see Sect. 4.13). The TRAC is designed toland) are used to switch between canisters. Prior to sampling
collect sufficient amount of air (about 10 liter STP) within a the air in the cylinders is replaced10 times by continu-
short time (minute) in order to resolve smaller scale featurespusly flushing. Usually all canisters are filled during the for-
e.g. those associated with convective uplift of boundary layemward flight. During the return flight, half of them are vented
air, or tropopause folds. In the simplest sampling mode, nowand refilled. This procedure ensures that in case no sampling
in use, samples are taken at regular intervals. The pumps amgould take place during the homeward leg, the maximum
switched off between two samplings to reduce wear and tanumber of samples is still obtained.
lessen the heat production. In the triggered mode, foreseen Sample analyses of over 250 samples collected until De-
for the future, the pumps will be run continuously and the cember 2006 show that some trace gases that are difficult to

Atmos. Chem. Phys., 7, 4958976 2007 www.atmos-chem-phys.net/7/4953/2007/



F. Slemr et al.: New CARIBIC system 4971

preserve in stainless steel canisters, such as alkyl nitrates angi
DMS, are preserved in the glass flasks. Further tests concernj
ing the properties of glass for specific trace gases have to be
carried out. It is furthermore noted that ozone is most likely |
lost in the pumping stage considering the temperatures offl ™ I
typically 50°C of the metal bellows. Some results of air sam-
ple analyses are illustrated in the flight overview of Fig. 9.

4.13 Trace gas sampling using adsorption tubes

Measurement of low level trace gases that cannot be col-
lected with flasks because they are lost at surfaces is a chalPS
lenge and the deployment of a PTRMS (Sect. 4.11) is onef &
strategy. Another way to measure VOC and OVOCs is to pre- §
concentrate them reversibly on substrates that do not absorl
the abundant atmospheric gases and to perform post flight
analyses. In the UT/LS the dryness of the air is conducive toFig. 12. Photo of one of the 6 whole air sampler units during con-
adsorptive sampling, yet ozone may pose problems for samstruction without fron cover plate. Each sampler has two 16 mult-
pling of some compounds. iposition valves (centre) attached to the 14 glass vessels. Two of the
A system based on 16 adsorption tubes for the determinal6 positions on each valve are connected by 1uing.
tion of selected OVOCs was constructed(19HU, 21 kg).
The sampler uses standard size Silcosteel tubes (3.5” long,
1g 0.D., Restek, Bellefonte, PA, U.S.A.) that contain the 4-15 DOAS based remote sensing
adsorbent, presently Carbopack X. The tubes are located
in channels in an aluminum block that is cooled by Peltier The DOAS (Differential Optical Absorption Spectroscopy)
elements to a temperature of down to @5 The reason instrument adds an important remote sensing capability to
for cooling is to be able to select and maintain stable tem-CARIBIC. The system is small, has no moving parts and
peratures below the container temperature which may reachhalyses certain trace gases (e.g. HONO and BrO) that are
25°C. otherwise not detectable. The absence of moving parts, the
The adsorption tubes are switched using two 16 position/eémote capability and the compactness of the DOAS exper-
Valco valves (VICI Valco Instruments Co. Inc., Schenkon, Iment renders it potentially extremely useful for CARIBIC
Switzerland). The switching of the valves, the pump and®P€ of applications. The_DOAS instrument consists of two
the flow controller are controlled by the same V25 computerParts: a telescope block integrated in the pylon of the inlet
which also controls the whole air sampler. The unit functionsSystem, and three spectrograph-detector units located in the
well with research on recovery and interferences in progresscontainer instrument (193 HU, 16 kg). Quartz fiber cables
transmit the light from the telescopes to the detectors in the
4.14 Video camera container.
Each spectrograph-detector unit records spectra of scat-
During CARIBIC phase #1 particle events have been ob-tered sun light in the UV-visible range, from one of the re-
served, often in association with strong convection. How-spective three different viewing directions (nadir? Hbove,
ever, there was no information about the presence of cloudsnd below the horizon). After each flight the recorded spec-
because the old system did not have respective water serira are analyzed using the well known DOAS technique (Platt
sors. In CARIBIC phase #2 information on clouds can beet al., 1979; Platt, 1994; Solomon et al., 1987) by which
gained not only by the fast water sensors (cf. 4.1), but also/arious trace gases (e.g., halogen oxides, NID,) can be
by a video camera, which observes the surrounding of theassayed by means of their individual absorption structures.
aircraft in forward direction. Another important function of The different viewing directions of the telescopes (Multi-
the video camera is to check whether ice builds up on theAxis DOAS) yield additional information on the distribution
leading edge of the shroud, which would influence the par-of the trace gases above and below the aircraft (see also Heue
ticle collection efficiency. Color images of 76894 pixel et al., 2005). The continuation of measurements during as-
resolution are recorded at a 2 Hz repetition rate and stored oaent and descent of the aircraft allow the reconstruction of
a video recorder in the OPC unit in the container. An elec-Vertical profiles of the respective trace gases. Due to the sun
tronic shutter with 10* s time response prevents damaging being the source of scattered light, the DOAS technique gives
of the CCD sensor in case of direct view into the sun. The im-data only during local daytime (can be as low as 50% of the
ages obtained show the presence of contrails, other aircraftlight time).
clouds, and the occasional occurrence of lightning (at night). The three Ocean Optics USB 2000 spectrometers are
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lated) to avoid freezing of water on the outside surface of the

LH158 NO2 i .
. —e—nadir prisms. Furthermore, each telescope unit is vacuum sealed
1408017 +—10° down to prevent condensation of water vapor. The DOAS system
i —+—10°up . . . .
1.20E+017 ~ g functions, although the light yield from the two limb chan-
1.00E4017 nels has become low. An example of pfl@ata obtained from
1 DOAS measurements is shown in Fig. 13.
a 8.00E+016 ~
(%) ]
% 6.00E+016 ’_"
O B {J 1A .
2 4.00E+016 /‘\///\\\ 5 Operation
1 e o/ i
2O0Ee . : );«"'//' il Prior to the monthly series of measurement flights (for in-
s SN N ; . !
0 00Evg0n PR AL, Y stance to Manila via Guangzhou and back to Frankfurt via
, , . : S Guangzhou) all equipment is checked, communications are
06:40 06:45 06:50 06:55 07:00 07:05 Q07:10

tested, gas supplies are refreshed, the system is leak tested
and the overall operation is checked. For this purpose a large
Fig. 13. A typical DOAS result upon landing in Guangzhou, power s_upply of 400 Hz, 115.\/ Is available. _After Ii_fting the,
China. All viewing directions show a rising slant column of NO hydraulic platform th_e container Is !oad?d_ in the m_St'tUteS
at 06:55 UTC, when the airplane is just inside the boundary layer af'uck. At Frankfurt airport the container is installed into the
a height of about 2.3km. The different sensitivities of the viewing forward cargo bay and carefully connected to the aircraft by
directions can be used to model the light paths and the aerosol loagvionic personnel in attendance of scientists. After enabling
inside the boundary layer in order to derive the localN®oncen-  the power circuits and a final power and system test the con-
tration profile. tainer doors are closed and the system is ready for the 2 days
unattended flying with 3 stops of about 2 h in Guangzhou and
Manila. After the installation regular airfreight is loaded and
custom made miniature spectrographs (with a wavelengtti® cargo bay temperature is set at@0The actual con-
range of 280-420nm) which include a one-dimensionaltainer temperature in flight reaches about@G0The installa-
CCD-detector with 2048 pixel. The spectrographs are tem{ion of all connections follows a strict procedure but is com-
perature stabilized using Peltier elements. The simultanePleted within 20 min. Upon return a similar procedure for
ous measurements of the three spectrograph devices are cd-installation is followed. . _
trolled by a single computer (10W power consumption). After a flight the measurement data and diagnostic data
Spectra are typically recorded every 30s. With this time@re recovered by extracting the various memory cards. Fur-
resolution optical densities in the order of 0.1% can be deLthermore, the 2 air sample containers and the aerosol sample
tected. By adding up spectra, the detection limit can be im-Unit are removed for analyses in the laboratories. The per-
proved by a factor of 2. Since the measured optical densitformance of the temperature control (16 regulated heaters) is
depends strongly on the length of the light paths within thetested using a dummy inlet/tubing heating system.
trace gas layer and on the individual absorption cross sec-
tion, no general detection Iimits for trace gas conce.ntrations6 Conclusions
can be given. For a tropospheric BrO background with a ver-

tical column density of &10'*molecule cmi® and a 3 ppt  The first generation of CARIBIC demonstrated that valuable
maximum at 6 km altitude (Fitzenberger et al., 2000), with measurements of more than 50 atmospheric trace species in-
no aerosols present, a time resolution of 7.5min, and a 5°|aéluding aerosol particles can be made using a freight con-
zenith angle of 28 the detection limit would be 2.8 ppt for  tainer equipped with automated instruments onboard a com-
the 16 down viewing direction. mercial airliner. Regular measurement flights at a rate of one
The telescope block (13:3.7x1.5cn?) is mounted in-  flight per month were achieved over period from the Novem-
side the pylon of the inlet system. Incoming light (aperture ber 1997 to April 2002. The project was terminated because
1.5°) is reflected over 90by quartz prisms (k5 mm) and  of the change of aircraft fleet.
then focused by a quartz lens (f = 15mm) on 4 quartz fibers The second generation of CARIBIC in ongoing operation
(200um) inside a cable. To reduce instrumental stray light asince 2005, significantly extends the measurement capability
band pass filter (UG 5) is placed on the lens. The glass fibeby using improved instruments, by adding instruments for
cables are connected to the telescopes by 1/16” Swagelok UEO,, Oy, Hg, HO, selected organic compounds (PTRMS),
tra Torr adapters. At the telescope side the 4 quartz fibers araccumulation mode particles, as well as N8rO and other
arranged circularly to adjust to the focus of the lens whereastmospheric trace gases (MAX-DOAS), and of a video cam-
at the other end the fibers are set up in a line to adapt to thera. In addition, the sampling capabilities were enhanced:
entrance slit of the spectrograph. During flights, the tele-the number of air and aerosol samples per flight was substan-
scope block is heated with three heating pads (15 W unregutially increased and sampling of volatile organic compounds

UTC (August 1, 2006)
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on adsorption tubes was added. The post-flight analysis oanother important extension of analytical capabilities of the
impactor samples is under improvement using PESA. flying laboratory.
The two years of operation of CARIBIC with a new air-  CARIBIC can contribute substantially to the research on

line company, using a new Airbus A340-600, with a new atmospheric chemistry and climate change now and in the
container and a new sophisticated inlet system convincinglyfuture by filling the gaps between satellite based remote sens-
show in more than 80 individual flights that the approach ofing, land based observatories, and research aircraft based

detailed monitoring of atmospheric composition by passen-campaigns. With the vastly improved atmospheric chemistry
ger aircraft’ thus forming an “automated f|y|ng analytica' ob- models available to date, SyStematiC and detailed information

servatory”, is well feasible. will be essential for their evaluation and further development.
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