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Abstract.

The In-service Aircraft for a Global Observing System
is a European research infrastructure that equips Airbus
A340/330 with a system for monitoring atmospheric com-
position. The TAGOS instruments have three different con-
figurations: IAGOS-CORE, IAGOS-MOZAIC and IAGOS-
CARIBIC. Since 1994, there have been a total of 17 aircraft
equipped. In this study, we perform an inter-comparison of
about 8000 landing and take-off profiles to compare the O3
and CO measurements performed from these different con-
figurations. The collocated profiles used in the study met var-
ious selection criteria. The first was a maximal 1 hour time
difference between an ascent or descent by two different air-
craft at the same airport and the second was a selection based
on the similarity of air masses based on the meteorological
data acquired by the aircraft. We provide here an evaluation
of the internal consistency of the O3 and CO measurements
since 1994. For both O3 and CO, we find no drift in the
bias amongst the different instrument units (6 O3 and 6 CO
TAGOS-MOZAIC instruments, 9 TAGOS-CORE Package 1
and the 2 instruments used in the IAGOS-CARIBIC aircraft).
This results gives us confidence that the entire IAGOS data
base can be treated as one continuous program, and is there-
fore appropriate for studies of long-term trends.

1 Introduction

The In-service Aircraft for a Global Observing System (IA-
GOS, https://www.iagos.org) is a European research infras-
tructure (Petzold et al., 2015) that was officially launched in
2011 to equip Airbus A340/330 long-haul passenger aircraft
with a newly designed system (named IAGOS-CORE) for
collecting data on gases, aerosol and trace species through-
out the tropopshere and lower stratosphere, and by maintain-
ing the fleet of the former projects Measurement of OZone
and water vapor by Airbus In-service AirCraft (MOZAIC
now IAGOS-MOZAIC; Marenco et al. (1998)) and the
Civil Aircraft for the Regular Investigation of the atmo-
sphere Based on an Instrument Container (CARIBIC I & II
now IAGOS-CARIBIC; Brenninkmeijer et al. (1999, 2007),
https://www.caribic-atmospheric.com).

The IAGOS program was inspired by the The Global At-
mospheric Sampling Program (GASP) started by the Na-
tional Aeronautics and Space Administration (NASA) in
1975 (Perkins and Papathakos, 1977; Falconer et al., 1978;
Falconer and Pratt, 1979) that showed that civil aircraft can
serve as a new kind of observing platform for the atmosphere
and can provide high temporal and spatial resolution for a
relatively low cost compared with dedicated research air-
craft field campaigns (Eyres and Reid, 2014). In the 1990s,
the European aircraft manufacturer Airbus, concerned by the
probable growing impact of the aeronautical industry on cli-
mate, has supported the Centre National de la Recherche Sci-
entifique (CNRS) to develop the program MOZAIC with 5
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Figure 1. IAGOS aircraft fleet routes per airlines since 1994.

long-range Airbus A340s permanently equipped with sen-
sors to sample O3 (Thouret et al., 1998), water vapor (Helten
etal., 1999; Smit et al., 2014), CO (since 2001; Nedelec et al.
(2003)) and NOy (2000-2005; Volz-Thomas et al. (2005)). At
s about the same time, the program CARIBIC was launched in
Germany with a different but complementary approach com-
pared with MOZAIC. In MOZAIC, measurements of few
key atmospheric components are taken on every flight made
by the aircraft. In CARIBIC, every month, a one-ton-capacity
10 aircraft freight container is loaded onto an aircraft to sample
a large number of atmospheric species (up to 100 species).
Originally planned for few years of operation, strong long
term support from the French and German ministries of re-
search, the European union (UE Framework Program fund-
15 ings) and the participating airlines (Air France, Lufthansa,
Iberia, Cathay Pacific, China Airlines, Hawaiian Airlines,
Austrian Airlines, Air Namibia, Sabena) has allowed IAGOS
to equip 17 Aircraft in 25 years (9 retired), delivering an im-
pressive amount of measurements, both at cruising altitude
20 (about 180 hpa) and during landings and take-offs over cities.
It represents more than 60000 flights of 6 to 8h duration in
average and around 120000 profiles over 338 cities. In to-
tal, it is about 3.5M points of observation spread around the
world (see Figure 1). A more detailed overview of the TA-
25 GOS program and instruments can be found in Petzold et al.
(2015).
Here we focus on the O3 and CO data measured within the
TAGOS program. These two atmospheric components have
been identified as Essential Climate Variables (GCOS, 2010)
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for which long-term monitoring is a key requirements for cli-
mate change projections. O3 is the third most effective cli-
mate forcer in the Upper Troposphere/Lower Stratosphere
(UTLS) after CO2 and CH4 (IPCC, 2013) and it has a detri-
mental impact on the human health. CO leads the production
of O3 by oxidation by the hydroxyl radicals (OH) and, at the
same time, affects the oxidation potential of the troposphere
(CO can act to both create and destroy OH) (Feilberg et al.,
2002). CO, as primary pollutant formed by combustion pro-
cesses is also a good proxy to track troposphere-stratosphere
vertical transport and transcontinental transport pathways of
plumes due to its relative long life time.

Until the 1990s, ozonesondes (i.e. the World Ozone and
Ultraviolet Radiation Data Centre (WOUDC)) used to be the
primary source of information on long-term changes of tro-
pospheric O3 (Tanimoto et al., 2015) besides the monitor-
ing ground stations (i.e. the World Data Centre for Green-
house Gases (WDCGG)) for the lower troposphere. For CO,
the global sustainable observations for the troposphere came
in 1999 with the satellite MOPITT (Measurements of Pol-
Iution in the Troposphere), also supported for validation by
ground stations and research aircraft campaigns. O3 and CO
measurements have been part of the MOZAIC system since
1994 and 2001, respectively, with a large spatial and tem-
poral coverage over different regions. Compared with other
platforms, the IAGOS measurements are in-situ and the sam-
pling techniques and the calibration strategies have remained
the same since the beginning of the program (Nédélec et al.,
2015). The avionic setup and the certification processes have
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evolved to comply with current aeronautical civil safety reg- approach in order to match scienti ¢ needs with the safety
ulations. Because of this long-term continuity, the IAGOS rules in the airline industry. Airborne observation programs
dataset is particularly adapted to studies of decadal trendasing civil aircraft as a measurement platform share the same
and climatologies (Thouret et al., 2006; Zbinden et al., 2006;core characteristics. First, in- ight operations (system pow-

s Hess and Zbinden, 2013; Zhang et al., 2016; Petetin et al.ering, measurements, calibration, data acquisition and safety
2016b,a, 2018b; Gaudel et al., 2018; Cohen et al., 2018) andhecks) must be completely automatic with no attention re-
also air quality studies in and around urban agglomerationgjuired by the ight crew. Secondly, system maintenance
in the lower troposphere (Petetin et al., 2018a) thanks to theshould never interfere with the aircraft schedules. Finally,
many international airports that serve big cities. and maybe the most challenging, all equipment and strdc-

1 Supported by the European project IGAS (see Petzoldural modi cations added to the aircraft (support racks, in-
et al. (2015) and http://www.igas-project.org/) launched inlets, etc ...) must meet the requirements of either European
2013, great efforts have been made to document standar@viation Safety Agency (EASA), Federal Aviation Admin-
operating procedures and to implement robust Quality As-istration (FAA) or any other legal airworthiness institution.
surance and Quality Control (QA/QC) procedures for eachThis is covered by the deliverance of a supplemental type eer-

1s measured atmospheric component. As a long term monitorti cate (STC). All measuring, controlling and safety systems,
ing program and planned to last as long as it gets supporére powered by the aircraft facilities. Besides the deployment
from the aeronautical industry and public research entitiespf dedicated scienti ¢ instruments, ight navigation and me-
it is of primary importance to guarantee the traceability of teorological (see Table 1) data made by the aircraft system
the data and to regularly track the performances of the in4tself are collected using the Aeronautical Radio (ARING)

2 Struments in order to ensure a consistent time-series. In thifnc. protocol.
paper, we present results which are part of the procedures
for the QA/QC routinely performed within the IAGOS pro-
gram. We investigate the internal consistency of the IAGOS
dataset over the period 1994-2020, @y andCO, by inter-  Taple 1. Parameters provided by the A340/A330 aircraft system.

» comparing colocated IAGOS measurements obtained from
the different aircraft of the eet.

This study is organized as follows: section 2 describes Name Unit
the the instrumentation. The focus here is not to provide de-
tails on the IAGOS-MOZAIC, IAGOS-CORE and IAGOS-

» CARIBIC aeronautical system setup since all the descrip- Barometric alfitudé m
tions can already be found in their associated publications Radio altitude m
Marenco et al. (1998), Nédélec et al. (2015) and Bren- GPS altitude m

. . : RS A Latitude/Longitude degrees
mnkmeugr e_t al. (2007). S|m|Iar.Iy, description of the cor- Meridional wind speed ms 1
responding instruments measuri@g and CO can also be Zonal wind speed ms 1

s found in Thouret et al. (1998), Nedelec et al. (2003), Nédélec vertical wind Speed ms 1
et al. (2015), Zahn et al. (2012) and Scharffe et al. (2012). Altitude rate ms !
However, for a smooth reading of the paper, some key details Wind speed ms !
of the project concepts are provided. Each sub program will Wind direction
hereafter be referred to as MOZAIC, IAGOS and CARIBIC Aircraft ground speed ms i

« (all being part of the IAGOS infrastructure). In the section 3, Aircraft air speed ms
we will brie y describe the Quality Assurance (QA) part of Mach number
the Standard Operation Procedures (SOPs) that@aamnd Total air pressure hPa

. . . . Left Static Pressure hPa
CO sampling units undergoes before, during and after instal- Righ .
. . . ght Static Pressure hPa
Igtlon on the different IAGOS aircraft. In the two Ia;t sec- Total air temperature Celsius

s tions, the methodology used to evaluate long-term internal Static air temperature Celsius
consistency IAGOS3; andCO and then the global results Track angle degrees
since 1994 are presented. Roll angle degrees

Pitch angle degrees
True heading degrees
2 Instrumentation Track angle degrees

2.1 Concept overview

s EQuipping passenger aircraft with scienti ¢ instrumentation
for atmospheric observations requires a unique and original

2 Above mean sea level
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Table 2.List of the aircraft Manufacturer Serial Number (MSN) equipped with the IAGOS-MOZAIC, IAGOS-CORE and IAGOS-CARIBIC
system since 1994.

Project n° Airline Type MSN  Tail Sign Installedin: Basedin: Dates

Q 1 Air France (AFR) A340 49 retired Airbus Toulouse Paris 1994 to 2004

ﬁ . . b . . Paris/Frankfurt

o 2 Multiple Airlines A340 51 retired Airbus Toulouse B . 1994 to 2013

s ruxelles/Windhoek

) 3 Lufthansa (DLH) A340 35 retired Airbus Toulouse Frankfurt 1994 to 2014

8 4 Lufthansa (DLH) A340 53 retired Airbus Toulouse Frankfurt 1994 to 2014

< 5  Austrian (AUS) A340 75 retired Airbus Toulouse Vienna 1995 to 2006
6 Lufthansa (DLH) A340 304 D-AIGT  Hamburg/Frankfurt  Frankfurt 2011 to now

w 7 China Airlines (CAL) A340 433 retired Taipei Taipei 2012 to 2017

% 8 Air France (AFR) A340 377 retired Paris Paris 2013 to 2019

) 9 Cathay Paci c (CPA) A330 421 B-HLR Xiamen Hong-Kong 2013 to now

8 10 Iberia (IBE) A340 221 retired Tel-Aviv/IMadrid Iberia 2014 to 2016

g 11 Lufthansa (DLH) A330 989 D-AIKO Malta 2015 to now

= 12  China Airlines (CAL) A330 861 B-18317 Taipei Taipei 2016 to now
13 Hawaiian Airlines (HAL) A330 1259 N384HA  Brisbane/Honolulu  Honolulu 2017 to now
14  Air France (AFR) A330 657 F-GZCO Xiamen Paris 2017 to now
15 China Airlines (CAL) A330 838 B-18316 Taipei Taipei 2017 to now

7 ¥e)

8 g 1 LTU Boeing 767 24259 retired Hamburg Munich 1997 to 2002

<<

®)

Qo

8 o 2 Lufthansa (DLH) A340 540 D-AIHE  Hamburg Munich 2004 to 2020

4

O

b This aircraft was operated rst by Air France then Sabena (ex-Sogerma) (SAB) then Lufthansa and nally by Air Namibia (SW)

2.2 Fleet lifetime. Some IAGOS equipped aircraft are retired earlier
than others depending on the requirements of the airline. Be-
tween 2011 and 2014, 4 IAGOS, 1 CARIBIC aircraft and 3

Table 2 presents the list of aircraft that have been equippeqiozAIC A340s were operating. This allow us, later in this
with the MOZAIC, the IAGOS and CARIBIC systems. Since sydy, to compare the performance of the three different sys-

1994, 9 international airlines, with in total 17 aircraft, with tems together.

s their home bases in various airports, have joined the pro-
grams. For MOZAIC, 5 Airbus A340 were equipped before 2.3 System setups
delivery during the aircraft manufacturing at the Airbus facil-
ities in Toulouse. This process was not applied for the IAGOSFigure 2 shows the MOZAIC system installation inside one
system. It can be noted that aircraft with Manufacturer Serialof the 5 equipped A340s. All the mechanical parts and other

10 Number (MSN) lower than 100 carried the MOZAIC mea- equipments were covered by an Airbus certi cation. An in-
suring system for over 10 to 20 years until the last aircraftstrument cabinet rack was located at the starboard side indthe
retired in 2014. The CARIBIC cargo container rst ew on avionics bay below the cockpit. The rack was composed of
a Boeing 767 from LTU between 1997 and 2002 before anve shelves that received removable/replaceable units. The
A340 (D-AIHE) from Lufthansa (DLH). First the DLH IA-  upper shelf contained a commerc{a} analyzer (Thermo-

1s GOS aircraft, the A340 MSN 304 D-AIGT, joined the eet scienti ¢, Model 49), the computer that controls the safety of
in 2011. During the following 6 years, 9 additional A340s or the systems, the system start at takeoff and the stop at land-
A330s were equipped with the system. For IAGOS, the air-ing, the ARINC data acquisition and the data backups. On the
craft modi cation is performed during the long maintenance third shelf, there was a modi e€O instrument (Thermo-
lay-overs which occur roughly every 5 to 10 years of aircraft scienti c, Model 48 CTL, Nedelec et al. (2003)) (this is

25
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Figure 3. Pictures of the inlet plates used throughout the various
programs. In a), b) and c), air f@3; andCO measurements is col-
lected through the small facing forward pitot tube. In c), it is done
using the lowest small inlet. Other inlets and Rosemount pitots are
for water, aerosol or other gases measurements. The inlet shown in
b) was installed on 1 MOZAIC aircraft (D-AIGI) with an additional
Rosemount inlet foNO,/NOyx measurements. It is the precursor
of the IAGOS inlet.

Figure 2. Picture of the MOZAIC system located on a A340 star- a similar fuselage to the A340). The setup differs totally fram
board side. See text for a brief description. the MOZAIC system. The new cabinet rack is located in the

avionics compartment on the aircraft's port side, close to the
inlet plate. One of the reasons for changing the position of
the cabinet rack from the starboard side to the port side is that
the con guration post-2001), and below, the pressurizationon modern aircraft the area that used to house the MOZAIC
pumps (1 forCO, 1 for O3) that drive the air from outside cabinetis usually occupied by the in- ight entertainment sys-
the aircraft through an inlet plate (see Figure 3a and 3b) lotem. The advantage of the new position on the port side, was
cated on the fuselage at the port side. The data were storethat it is closer to the inlet plate. The cabinet rack was com-
s on PCMCIA disks replaced roughly every 2 months. In casepletely rede ned in order to house 3 removable boxes: One
of Oz and CO instrument failure, the units could be indepen-for the pressurization pumps, one f0g and CO measure- x
dently replaced by spares. In total, through the MOZAIC pe-ments, the so-called "Package 1" (or P1), and a third box for
riod, from 1994 to 2014, 6 identic&l; analyzers and 6 iden- either one of the 2 optional certi ed "Package 2" (or P2), one
tical CO analyzers with the same measurement uncertaintiefor CO2 and CH4 measurements (Filges et al., 2015) and
1 (see Table 3) were dispatched over the 5 MOZAIC aircraft,one forNOx measurements (Berkes et al., 2018). Compared
meaning that during the deployment period, only 1 spare wasvith MOZAIC for which O3 and CO were acquired by 2ss
available at any one time. In the rest of this study, MOZAIC separate instruments, the choice for IAGOS was to compact
instrument Serial Numbers (SN) are referred to-§N(ex: both units into the same box. The measurement characteris-
0lpm, 02,03y, etc...). tics , however, remain the same (see Table 3). P1 also serves
s In 2009, CNRS and Forschungszentrum Jilich (FZJ) initi- as central data acquisition system that collect the aircraft AR-
ated the project to modernize the MOZAIC system to pro-INC data, the IAGOS Capacitive Hygrometer (ICH, Helten
duce a more sustainable concept that would be complianét al. (1999)) data, data from the Backscatter Cloud Probe
with the safety regulations of any country. Figure 4 shows(BCP, (Beswick et al., 2013)), and data from the Package 2 if
a picture of the system inside an A330 aircraft (which sharesnstalled. The data les are transfered to the IAGOS server at



