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ABSTRACT

In December 2000, a fully automatic NOy instrument was installed on one of the five Airbus A340 aircraft used
in the MOZAIC project (Measurement of Ozone and Water Vapour by Airbus in-service Aircraft) for
measurements of Oz and H,O since 1994. This long-range aircraft was operated by Lufthansa, mainly out of
Frankfurt and Munich. After an initial testing period, regular data collection started in May 2001. Until May
2005, 1533 flights have been recorded, corresponding to 8500 flight hours of NOy measurements. Concurrent
data of NOy and Oj are available from 1433 flights and concurrent data for CO, O3 and NO, exist from 1125
flights since 2002. The paper describes the data availability in terms of geographical, vertical and seasonal
distribution and discusses the quality and limitations of the data, including interference by HCN. The vast
majority of vertical profiles were measured over Frankfurt, followed by Munich and North American airports.
While most of the data were collected in the upper troposphere and lower stratosphere over the North Atlantic,
significant data sets exist also from flights to Far and Middle East, whereas data from the tropics and the
Southern Hemisphere are relatively sparse.
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1. Introduction suggest a large variability and significant differences in the
partitioning of NO, into active compounds, that is, NOy
(NO+NO») and reservoir species such as HNO;3;, HNOy,
PAN and other organic nitrates (e.g. Talbot et al., 1999;
Neuman et al., 2001; Bertram et al., 2007; Hudman et al.,
2007). The different sources of NO, to the upper tropo-
sphere include lightning (Schumann and Huntrieser, 2007)
and emissions by aircraft (cf. Schumann et al., 2000,
and references therein), uplifting of surface emissions (cf.

Nitrogen oxides play a key role in atmospheric photochem-
istry by catalysing the recycling of free radicals and the
formation of ozone (e.g. Crutzen, 1973). The distribution
and variability of nitrogen oxides is still not well known,
particularly in the upper troposphere and lower strato-
sphere (UT/LS). Existing data from several field campaigns
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In addition to research aircraft, commercial aircraft have
been used for measurements of nitrogen oxides as part
of the European projects NOXAR (Nitrogen Oxides
and Ozone along Air Routes; cf. Brunner et al., 1998),
POLINAT-2 (Pollution from Aircraft Emissions in the
North Atlantic Flight Corridor; cf. Ziereis et al., 2000) and
CARIBIC (Civil Aircraft for the regular investigation of
the atmosphere based on an instrumented Container; cf.
Brenninkmeijer et al., 2007). Measurements made from
commercial aircraft are complementary to those made from
research aircraft during dedicated field campaigns. They
are particularly valuable for establishing information on
the climatology of trace species in the UT/LS and on their
vertical distribution in the troposphere, including their
annual and inter-annual variability. Other than research
aircraft, commercial aircraft fly basically every day and
hence provide data in much larger quantities than can be
obtained with research aircraft. An important aspect is that
the cruise altitude of commercial long-range aircraft of
the type Airbus A340 as used for MOZAIC coincides with
the average tropopause (TP) height at mid-latitudes. The
measurements made in MOZAIC thus help to gain a better
understanding of the downward transport of O3 from the
stratosphere (cf. Murphy et al., 1993; Murphy and Fahey,
1994), and, together with measurements of O; and CO, to
discriminate the impact of lightning and aircraft emissions
on the UT/LS from the influence of convective transport of
surface emissions into the UT/LS (cf. Gressent et al., 2014).
Drawbacks of using commercial aircraft for atmospheric
research are significant limitations in size, weight and acces-
sibility of the instruments (see below). Moreover, influence
on flight routes is very limited, which can introduce a
significant bias in the data sets. For example, commercial
aircraft try to avoid storms and strong head winds. Other
important limitations are that many areas of the world are
not served by A340 aircraft and that the vertical profiles
are almost exclusively obtained over large cities.

MOZAIC started in 1994 with measurements of O3 and
H,O (cf. Helten et al., 1998; Marenco et al., 1998; Thouret
et al., 1998) made on five Airbus A340 aircraft operated
by Lufthansa, Air France, Sabena and Austrian. The
Sabena aircraft was later operated by Lufthansa and
Air Namibia. In the second phase of MOZAIC, a NO,
instrument was build and integrated in 2000 on one of
the two MOZAIC aircraft operated by Lufthansa (Volz-
Thomas et al., 2005) and a CO instrument was added in
2002 on all five MOZAIC aircraft (Nédélec et al., 2003). In
this paper, we describe the installation of the MOZAIC
NO, instrument and present the data obtained in the
troposphere and lower stratosphere during 1533 flights
(8500 h) between May 2001 and May 2005. Besides a
discussion of the data quality and the statistics of the data
set in terms of geographical coverage and vertical distribu-

tion, examples are presented on the distribution of NOy in
the UT/LS, including the correlation of NOy with O;.

2. Experimental

The MOZAIC NOy instrument is described in detail by
Volz-Thomas et al. (2005). Briefly, total odd nitrogen (NOy)
is measured by catalytic reduction of the different NO,
compounds on a gold surface at 300°C to NO using H,
(0.1-0.2ml/min) as reducing agent, followed by detection
of the NO by chemiluminescence with O3 (cf. Drummond
et al., 1985; Fahey et al., 1985; Kliner et al., 1997). The O,
is produced by a silent discharge in oxygen (10 ml/min;
purity 5.0). The chemiluminescence detector (CLD) em-
ploys photon counting and a chemical procedure for deter-
mining the background of the photo multiplier (PMT)
and chemiluminescence arising from impurities and other
atmospheric species, as described in detail by Drummond
et al. (1985). This so-called zero mode is enabled every
28 s for 4 s.

Because of limitations in weight, size, and the supply
of O, and H, for long-term (4-8 weeks) unattended
operation, the instrument employs a very low sample
flow (90 sccm) and thus has a substantially lower sensitivity
(0.4—-0.7 cps/ppt) than what is normally achieved in instru-
ments flown on research aircraft (e.g. Ridley et al., 1994;
Kondo et al., 1997; Ziereis et al., 2000). Another limitation
imposed by the requirement for unattended operation is
that the gold converter is cleaned by heating to 450°C
during the first 30 min of each flight before being reset to
300°C for ambient measurements. Consequently, vertical
profiles of NO, are only available during descent. Further-
more, the instrument is switched into stand-by mode at an
altitude corresponding to 800 hPa. During stand-by, the
instrument is continuously back-flushed with a small flow
of O, which is exhausted through the inlet line in order to
avoid contamination of the instrument on the airport. In
April 2004, the setting was changed to 900 hPa in order to
obtain more data from the lower troposphere.

The raw signal of the CLD is recorded at a resolution of
0.1 s in order to minimise transients between measure and
zero mode and to discriminate signals due to NO from
close-by aircraft emissions.

2.1. Installation and operation

In December 2000, the NOy instrument was installed in
an Airbus A340-300 operated by Lufthansa (registration:
D-AIGI), one of the five aircraft equipped since 1994 with
the MOZAIC rack for measurements of Oz and relative
humidity (cf. Helten et al., 1998; Marenco et al., 1998),
and carbon monoxide since 2002 (Nédélec et al., 2003).
Installation of the NO, instrument was designed in
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cooperation with enviscope GmbH and Lufthansa Technik
AG, who certified the design and conducted the main-
tenance required for continued airworthiness of the equip-
ment. The instrument was installed on the port-side of the
avionics compartment (see Fig. 1), as closely as possible to
the flange carrying the MOZAIC inlet probes. The flange
was modified by fitting a second Rosemount (Model
102BX) housing, identical to the one used for MOZAIC
humidity measurements, as well as a backward facing out-
let for venting the exhaust gases of the NOy instrument.
Another outlet was added for connection of the discharge
line required for safe operation of oxygen cylinders aboard
passenger aircraft.

The inlet line of the NOy instrument consists of a 1/8”
OD, 80cm long FEP (fluorinated ethylene propylene
copolymer) tube. The front end of the tube is inserted
11cm into the Rosemount housing. This section is heated
to >20°C in order to reduce the memory for HNO;
(Neuman et al., 1999). The inlet line is an integral part of
the NO, instrument and is removed from the aircraft with
the instrument for maintenance.

For operation, the NO, instrument was transported
from Jiilich to the home base of the D-AIGT (Frankfurt,
Munich or Diisseldorf) where it was installed during a
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Fig. 1.  MOZAIC NOy instrument installed in the avionic bay of
the Airbus A340-300 D-AIGI operated by Lufthansa. The lower
part shows the MOZAIC Inlet Plate with the different inlet probes,
mounted at the fuselage of the aircraft. The fat arrow denotes the
position of the inlet plate inside the aircraft.

regular maintenance check of the aircraft. Thereafter,
it remained on board for a period of 4-8 weeks (50—150
long-haul flights), operating fully automatically. After this
period, the instrument was removed from the aircraft and
brought back to the laboratory for several days up to
several weeks for recalibration and maintenance before re-
installation. In December 2001, a second identical instru-
ment (SN2) had been built for alternating deployment. The
deployment periods are depicted in Supplementary Fig. Al.

2.2. Calibration

The NO, instrument is calibrated in the laboratory before
and after each deployment. Calibration during mainte-
nance includes the following steps:

The sensitivity of the CLD is determined by applying
an excess flow of a mixture with known NO mixing ratios
to the inlet of the instrument. The mixture is produced by
dynamic dilution of a secondary standard [10 ppm NO in
ultrapure (6.0) N,] with zero air [a mixture of 21% O, (5.0),
79% N, (6.0)] in order to generate NO mixing ratios in
the range of 1-20 ppb. The flow rates are maintained by
capillaries and thermal mass-flow controllers and are
quantified with calibrated volumetric flow meters.

The conversion efficiency of the converter is determined
with NO, produced by gas phase titration (GPT) of the NO
calibration gas with O3 generated in a small flow of oxygen
by UV radiation. The O3 mixing ratio is adjusted to convert
70-80% of the NO mixing ratio to NO,.

The conversion efficiency for HNOj is checked during
maintenance using a permeation source. The permeation
rate is quantified by absorption of the outflow of the per-
meation source in water followed by ion chromatographic
analysis of the absorbed NO3 ™ against a weighted reference
solution.

Additional calibration checks are made several times
during each flight. The latter employ the addition of a
NO calibration gas for determination of the sensitivity of
the CLD and of NO, for determination of the converter
efficiency (cf. Volz-Thomas et al., 2005). The NO, is pro-
duced in-situ from the NO calibration gas by GPT with
O3 in the same way as at ground. The calibration gas
(10ppm NO in high-purity N») is contained in a 400 ml
stainless steel cylinder inside the instrument. The cylinder
is filled before each deployment and the NO mixing ratio
is determined after filling by comparison to the laboratory
standard. The calibration gas flow is controlled by capil-
laries at a flow rate of approximately 0.2 sccm and is added
to the sample flow at the inlet manifold. The calibration
gas flow is enabled 10 min before each calibration. During
this phase, calibration gas flows continuously to the inlet
manifold, where it is pumped away through a critical orifice
together with a small excess of sample air. Calibration is
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enabled by closing the magnetic valve on the pumping line.
This procedure ensures a short transient time (<1 min)
before the calibration signal reaches a stable value. In
between calibrations, the instrument is switched back to
ambient air. The calibration signal is then determined from
the difference between the signal measured during calibra-
tion and the ambient air signal before and after each
calibration. In addition, the background of the instrument
for NO, (denoted artefact NOy signal) is checked several
times during each flight by overflowing the inlet line with
oxygen.

2.3. Data processing
Data processing comprises the following steps:

1. Interpolation of the zero mode signals (S_ZM(t)) of
the CLD.

SZM(t) = A(t) + B+ S MM(t) (1)

The constants A and B are determined from least squares
fits to all data from one flight. The model behind eq. (1) is
that the CLD background is composed of a slowly varying
part (A(t)), which includes the background of the PMT and
chemiluminescence produced by impurities, and a second
part (B¥S_MM(t)) which is due to the chemiluminescence
from the fraction of ambient NO remaining behind the pre-
reaction volume. The fraction B is constant during each
flight and is determined from the data obtained during
calibrations, where S_MM(t) >S_ZM(t). B is typically in
the range of 0.01-0.1.

2. Calculation of the net NO signal
S_NO(t) = SSMM(t) — S_ZZM(t) 2)

where S_ZM(t) is the interpolated zero mode signal at the
time of S_MM(t).

3. Determination of the artefact NO, signal (S_BG(t)) by
interpolation of the measurements made by over-
flowing the inlet line with oxygen.

4. Conversion of the net ambient NO, signal (S_NO(t) —
S_BG(t)) to mixing ratio with the sensitivity of the
CLD (S) and the converter efficiency (E) determined
from the calibrations before and after deployment,
and from the in-flight calibration checks.

WNO, (1) = {S.NO(t) ~ BG()}/{S+E}  (3)

5. Calculation of 4 s averages of u_NO, and synchroni-
sation of the time of the NO, data to that of the main
MOZAIC data set. The latter is achieved by adjusting
the time of the NO, data to match distinct changes
in the pressure measured in the inlet line of the NO,
instrument, that is, when the aircraft changes altitude,

to the pressure changes recorded by the MOZAIC
data acquisition system. The time resolution of 4 s
used in MOZAIC corresponds to a horizontal resolu-
tion of approximately 1 km at cruise speed.

2.4. Performance

During MOZAIC operation, the CLD had a sensitivity
of 200-600 cps/ppb and the gold converter usually had
a conversion efficiency of >95% for NO, and HNOs.
During some periods, however, the conversion efficiency
was found to deteriorate significantly. In these cases, the
data were not sent to the database (see grey-shaded areas in
Supplementary Fig. Al). The conversion efficiency of the
converter for NO, and HNO; was found to be independent
of pressure between 150 and 1000 hPa. This is due to the
fact that the converter is longer than theoretically required
for the flow rate applied and the relatively homogeneous
temperature profile of the converter (cf. Pitz et al., 2006).
As detailed in Volz-Thomas et al. (2005), conversion of
HNO; was always found to be equal or better than that for
NO,. Conversion of NH; and CH3CN was found negligible
(<1% and >0.2%, respectively). The conversion of N,O
was found to be <35 x 10 ~>%, corresponding to an inter-
ference of <0.2 ppt by ambient N,O levels. An important
interference of the MOZAIC instrument is HCN, which is
converted with an efficiency of 100%, similar to the results
obtained by Kliner et al. (1997) for using H, as reducing
agent. As discussed below, a significant fraction of the NO,
mixing ratios observed in the troposphere can thus be due
to the presence of HCN. While the use of CO as reducing
agent would have reduced the interference to 40% or less
(Fahey et al., 1985; Kondo et al., 1997; Bradshaw et al.,
1998; Weinheimer et al., 1998; Volz-Thomas et al., 2005),
this was prohibited in the MOZAIC installation because of
the toxicity of CO.

The performance of the MOZAIC NO, instrument was
investigated by comparison to an ECO Physics Model 790
SR instrument operated by ETH Ziirich and MPI Mainz
aboard a Learjet A35 during the German project SPURT
(Engel et al., 2006; Hegglin et al., 2006). As detailed in Pitz
et al. (2006), the comparison confirmed the characteristics
of the MOZAIC instrument (see above) in terms of pre-
cision and accuracy. The overall uncertainty was +6.5%
(2 sigma) from calibration errors and =+ 100 ppt (2 sigma)
from instrumental background. The offset of 43 +2ppt in
the correlation between the data of the two instruments
also gave an, albeit weak, indication for the presence
of interferences by atmospheric HCN for the MOZAIC
instrument.

The memory for HNOj caused by the inlet line of the
MOZAIC instrument (20 s for 67% recovery of a step change;
90-150 s for 90% recovery; see Volz-Thomas et al., 2005)
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was also confirmed by the comparison. The MOZAIC
instrument exhibited a symmetric memory when entering
or leaving the stratosphere, as seen from the correlation
with Oz. The SPURT instrument, which had the gold con-
verter mounted outside of the fuselage, exhibited basically
no memory when entering the stratosphere. When leaving
the stratosphere, however, the memory was similar to that
of the MOZAIC instrument. The explanation for this
observation was the accumulation of HNOj3 at the (cold)
tip of the converter during the time spent in the strato-
sphere (see Pitz et al., 2006 for details). The conclusion was
that the memory of the inlet line of the MOZAIC instrument,
on average, does not bias the NO, data, whereas instru-
mental configurations with the converter mounted outside
of the aircraft can indeed lead to a positive bias of the
tropospheric data due to artificial transport of HNOj3 from
the stratosphere by the instrument itself.

Stratmann (2013) compare the NO, data collected in
MOZAIC with those collected in the CARIBIC project.
They find good agreement between the seasonal mixing
ratios over Europe, both in terms of median and width of
the distributions. The deviations between the medians
of the two data sets are <10%, except for the fall season,
where the MOZAIC data set exhibits 20% lower mixing
ratios than the CARIBIC data set.

3. Results and discussion
3.1. Data availability

NO, data were recorded between April 2001 and May 2005
with longer gaps in 07/2001, 09—10/2001, 01/2002, 05/2002,
and 10-12/2004, as is seen in Fig. 2, which shows the
number of NOy data for each month. Reasons for data
gaps were failures of the NO, instrument or inadequate
performance due to contamination as described above,
and sometimes missing information on aircraft position
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Fig. 2. Time series of the number of NO, measurements (1 min

averages) obtained per month (red bars) and the number of
concurrent NOy and O3 measurements (blue bars).

due to failure of the MOZAIC data acquisition system.
After 2005, the instrument was operated for several periods
without converter and was then used for testing of a new
version with a photolytic converter in the European FP6
project IAGOS-DS (Integration of routine Aircraft mea-
surements into a Global Observing System; Thomas and
Volz-Thomas, 2010). The data from these periods are not
subject of this publication.

The MOZAIC data have been included in the database of
the new research infrastructure IAGOS (In-service Aircraft
for a Global Observing System) and are accessible at www.
iagos.fr. The database contains the data at two different
time resolutions, (1) the 4 s data as provided by the principal
investigators (see above) and (2) 1 min averages calculated
from the 4 s data. In the following, we are using the 1 min
averaged data. The 10 Hz data recorded by the NO, instru-
ment are not available in the database.

The annual data availability is summarised in Table 1.
In total, valid NO, data have been gathered during 1533
flights, comprising 8500 h of data. Coincidental measure-
ments of NO, and O; are available from 1433 flights.
Coincidental data of NO,, O; and CO data are available
from 1125 flights between January 2002 and May 2005.
NO, profiles are only available above 800 hPa (900 hPa
after 04/2004) and only during descent, that is, one vertical
profile for each flight. This restriction had been imposed
by the need of keeping the NO, converter clean during
unattended operation over several weeks (see Section 2).

3.2. Data quality

Each NO, value in the MOZAIC database has associated a
1 sigma uncertainty (in ppb), which has been calculated by
error propagation of the individual contributions from the
following:

(1) Precision of the PMT signal calculated from the
counting statistics of the difference between measure
and zero mode (S_MM(t) — S_ZM(t)) of the CLD.
This contribution is only significant for the raw data
recorded at 10Hz resolution. It is insignificant,
however, for the data in the database, which are
averaged over 4 s or 1 min.

(2) Uncertainty due to the variance ABG of the artefact
NOj signal over a flight.

(3) Uncertainty AS of the sensitivity of the CLD over
the deployment period (including the uncertainty
of the secondary standard) and the uncertainty AE
of the conversion efficiency of the gold converter.

Figure 3 shows the relevant contributions to the overall
uncertainty of the NOy data in the form of frequency distri-
butions calculated from all flights in the MOZAIC database.
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Table 1. Flight statistics for the MOZAIC NO, instrument

Flights with Flights with NO,, Flights with NOy Flights with NO, and

Flights MNR 4 NOy data and O; data and CO data 03, and CO data

Year Flights Flights % Flights % Flights % Flights Y%
2001¢ 455 114 24.18 110 100.00 0 0.00 0 0.00
2002 535 415 717.57 326 78.55 178 42.89 172 41.45
2003 690 514 74.49 507 98.64 503 97.86 503 97.86
2004 629 341 54.21 341 100.00 339 99.41 339 99.41
2005 350 149 42.57 149 100.00 111 74.50 111 74.50
Total 2659 1533 57.5 1433 93.7 1131 74.0 1125 73.6
“Since May.

The upper panel shows the contribution arising from ABG,
which is independent of the prevailing NO, mixing ratio. It
ranges between 40 and 120 ppt, on average and represents
the main contribution to overall uncertainty at low NO,
concentrations.

The lower panel displays the error due to calibration,
that is, the combined contribution of AS and AE, which
is proportional to the prevailing NO, mixing ratio and
dominates the total uncertainty at high NO, mixing ratios.
It ranges between 6 and 12% for most of the flights.
The larger errors are due to decreasing sensitivity and/or
conversion efficiency during deployment. The results of the
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Fig. 3.  Frequency distributions of the relevant contributions to
the overall uncertainty calculated from all flights with valid NO,,
data. Lower panel: uncertainties in calibration, i.e., sqrt((AS/S)*>+
(AE/E)?); upper panel: uncertainty of the artefact NO, signal, ABG.

calibrations for S and E performed before, after and during
each deployment period of the MOZAIC NO, instruments
are detailed in Supplementary Fig. Al.

As stated above, the interference by HCN, which is not
part of the family of species summarised under the acronym
NO, (i.e. NO and its atmospheric oxidation products), also
adds to the overall uncertainty of the MOZAIC NO, data.
Since the first measurements of HCN in the atmosphere by
Coffey et al. (1981), HCN measurements have been made
at many different locations and from different platforms.
Most data sets represent total columns measured by in-
frared spectroscopy. The in-situ measurements (Spreng and
Arnold, 1994; Schneider et al., 1997; Singh et al., 2003;
Hornbrook et al., 2011; Simpson et al., 2011; Le Breton
et al., 2013) made in unpolluted air show, on average, HCN
mixing ratios between 150 and 250 ppt without signifi-
cant vertical gradient. The HCN column densities from
spectroscopic measurements at, for example, Jungfraujoch,
Switzerland (Rinsland et al., 2002), and Lauder, New
Zealand (Zeng et al., 2012), give similar concentrations
when a constant vertical profile is assumed, Slightly higher
values are observed over Japan (Zhao et al., 2002).
The seasonal variation has a maximum in late spring/early
summer with corresponding mixing ratios up to 300—400 ppt
and minimum values around 150-200 ppt during fall and
winter.

The HCN data from Jungfraujoch are compared in
Supplementary Fig. A2 to the average seasonal variation of
NO, from MOZAIC data collected in the troposphere over
Europe. In conclusion, a small but significant fraction of
the NOy mixing ratios observed in the troposphere can in
fact be due to HCN. The interference is larger in winter
than in summer. In the lower stratosphere, the fraction of
NO, potentially contributed by HCN is generally below
10% because of the higher concentrations of HNOj; and the
slightly lower values of HCN.

Large HCN mixing ratios have been observed in the
outflow of large agglomerations, for example, Mexico City
(Crounse et al., 2009), and in biomass burning plumes
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Upper panel: geographical distribution of flights with NO, measurements. Lower panel: airports with NOy profiles and definition

of regions used in the analysis. The colour bar denotes the number of profiles collected over the different airports.

(e.g. Hecobian et al., 2011; Tereszchuk et al., 2013). In
these experiments, HCN was found to be correlated with
other tracers of combustion, such as CO (e.g. Li et al.,
2003; Paton-Walsh et al., 2010; Viatte et al., 2013), with
slopes in the range of 2—5 ppt HCN/ppb CO. Therefore, the
CO measurements made in MOZAIC could be used to
identify and correct at first approximation for the HCN
interference in the MOZAIC NO, data.

3.3. Geographical distribution of NO, data

The geographical coverage of the MOZAIC NO, data is
shown in Fig. 4. Most of the data have been recorded
during flights over the North Atlantic between Europe and
North America (867 flights), followed by flights between
Europe and Near East (337 flights) and Far East (113
flights). Only few data exist from flights into the Tropics
and the Southern Hemisphere, except for 45 flights to
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Table 2. Availability of MOZAIC NO, data and vertical profiles in the different geographical regions defined in Fig. 4

NO, profiles

Region no. Region Region code NOy observations (min) No. of airports per region No. %

1 North America West NAW 15517 4 65 4.24
2 North America Middle NAM 39266 7 197 12.85
3 North America East NAE 69444 6 176 11.48
4 Central America CAx 2776 2 23 1.50
5 South America SAx 296 1 1 0.07
6 Greenland GLx 22476 0 0 0.00
7 North Atlantic NAt 136594 0 0 0.00
8 Tropical Atlantic TAt 1316 0 0 0.00
9 South Atlantic SAt 27 0 0 0.00
10 Europe EUR 140728 6 708 46.18
11 Northwest Africa NAf 5625 2 18 1.17
12 South Africa SAf 0 0 0 0.00
13 Near East NEx 43570 14 271 17.68
14 Mideast MEx 3218 1 10 0.65
15 Southeast Asia SAs 621 2 6 0.39
16 Far East FEx 26186 7 57 3.72
17 Australia/New Zealand AUS 0 0 0 0.00
18 Pacific PAC 0 0 0 0.00
0 Missing destination 0 1 0.07
Total 507 660 52 1533 100

Caracas, 33 flights to Northwest Africa and 20 flights to
Mideast. The availability of NO, measurements is sum-
marised in Table 2 for the different regions.

Figure 4 also shows the locations of airports, where
vertical profiles of NOy have been collected (in total 1533
NO, profiles). As is shown in Table 2, most profiles
have been collected over Europe (mainly Frankfurt and
Munich), followed by North America (particularly New
York), Middle East and Far East, and about 20 profiles
over Central America and Southwest Africa. The number
of profiles available for each airport is given in Supple-
mentary Table A2.

3.4. Vertical distribution of the NO, data

3.4.1. Tropospheric profiles. The vertical distribution of
NOy in the troposphere over Frankfurt, where the vast
majority of the profiles have been collected, is shown in
Fig. 5. Displayed are all data obtained during the last 25
min of descent and at altitudes below 8km. The first
condition is necessary in order to limit the horizontal extent
of the profiles to 200km in longitude and 100km in
latitude. Each profile is displayed as a vertical bar with
the NOy concentration given by the colour coding. It is
obvious that the cut-off altitude of 8 km is not reached in
all flights, because the aircraft sometimes start the descent
far away from the destination. The absence of profiles after

2004 is due to the fact that the aircraft was then operated
out of Munich.

Concentrations in the free troposphere around Frankfurt
are usually below 5ppb, except for a few profiles which
exhibit a concentration of up to 10 ppb. The profiles col-
lected after April 2004, when the setting of the pressure
level for entering stand-by had been changed, extend
further into the lower troposphere. There, NO, concentra-
tions are generally higher than in the free troposphere
above, reflecting the influence of surface emissions from
the Rhine-Main area and of aircraft emissions in the flight
corridors around the heavily frequented airport, where
aircraft are sometimes approaching within a few minutes
after each other.

3.4.2. Upper troposphere and lower stratosphere. The vast
majority of the MOZAIC data has been collected at cruise
altitude, that is, at pressure levels between 200 and 260 hPa.
Figure 6 shows the sampling frequency of the MOZAIC
NO, data as a function of potential temperature (7,) for
the four seasons. The maximum frequency varies between
320K in winter and 335K in summer. The sampling fre-
quency of O; measurements (lower panel) has a similar
distribution, indicating that the aircraft carrying the NO,
instrument has a similar sampling bias with respect to Tpo
as the five other MOZAIC aircraft.

Figure 7 shows the NOy and O3 data as a function of the
potential vorticity (PV), which has been calculated from
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Vertical profiles of NOy over Frankfurt. The lower boundary is determined by the pressure at which the instrument is switched

into stand-by (initially at 800 hPa, changed to 900 hPa in April 2004). Colour bar: NO, mixing ratio in ppb.

meteorological fields for each MOZAIC measurement (cf.
Thouret et al., 2006) and is available in the database.

The upper panel of Fig. 7 shows the sampling frequency.
Both distributions exhibit two maxima, one around 0PV
units (pvu), sampled in the lower troposphere after take-off
and before landing, and one between 5 and 8 pvu, sampled
during cruise altitude. Individual data were collected at
potential vorticities up to 15 pvu.

The middle panel shows the PV dependence of the mixing
ratio of NOy and Oj in bins of 1 pvu for the four seasons.

50000

The NO, mixing ratios show, like O3, a gradual increase
between 2 and 8 pvu in the lower stratosphere. The highest
mixing ratios are observed in spring and summer. The data
above 10 pvu are not representative because of the limited
sampling statistics. In the troposphere (PV <2pvu, see
below), O3 mixing ratios tend to further decrease, whereas
NO, mixing ratios show a distinct maximum in the tropo-
sphere around —2pvu, which is indicative of NO, sources
from surface emissions, in addition to lightning (cf. Gressent
et al., 2014) and aircraft emissions. This is corroborated by
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the maximum in the standard deviation of the NO, data
at —2pvu. The O; concentrations observed below —2 pvu
are from very few individual measurements obtained
during take-off and landing. They are not present in the
NO, data set because the instrument is turned off at 800
(900) hPa, that is, above the altitude of most airports
served by the MOZAIC aircraft. Exceptions are Sanaa
and Addis Ababa, where 2 and 11 profiles are available,
respectively.

Separation of the MOZAIC data into samples of pri-
marily tropospheric or stratospheric origin has been made
by several authors using different criteria. The simplest
criterion used in the early days of MOZAIC was a
threshold of approx. 100 ppb Os. Later, a dynamic thresh-
old was used, based on PV, either by simply using a local
threshold of 2 pvu for the separation, or by implementing
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Frequency of measurements, mean mixing ratio and standard deviation of NO, (left) and Os (right) as a function of potential

more complex schemes, depending on how rigid a criterion
was required for the question of interest. For example,
Thouret et al. (2006) defined the TP region as a 30 hPa
thick layer around the local TP defined as the 2 pvu surface.
Gressent et al. (2014) used a local criterion of PV <2 pvu
for selecting tropospheric air masses and, in addition,
discarded all data for which PV values of >2pvu had
been encountered by the sampled air masses during the
previous 3 days, based on back-trajectories calculated with
FLEXPART (Stohl et al., 2005). The additional criterion
served to remove a small but significant fraction of data
with potentially stratospheric signature.

For the following analysis, we adopted the scheme by
Thouret et al. (2006) by defining the TP region as a 30 hPa
thick layer around the local TP defined as the 2 pvu sur-
face at the time of measurement. In an analogue manner,
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Mean mixing ratios of NOy for the four seasons (MAM, JJA, SON, DJF) in the vertical layers LS1 (upper panel) and UT (lower

panel). Each data point represents a 1° x 1° average. The colour code denotes the NO, mixing ratio in ppb.

UT and LS1 were defined as 30 hPa thick layers below and
above the TP region, respectively (see definitions below).
While discarding a large number of the available data,
application of these criteria results in more homogeneous
distributions in the selected compartments. When using the
entire data set collected above the TP (defined below as
LS), the strong vertical gradient of NO, (and O3) would
significantly broaden the distribution, thereby limiting the
quality of comparisons with numerical model calculations.
The data set defined as LS is used, however, for analysis of
the correlation between NOy and O3 (Fig. 10).

UT : p (PV=2 pvu)+45 hPa>p>p (PV=2 pvu)+15 hPa
TP :p (PV=2 pvu)+15 hPa>p>p (PV=2 pvu)—15 hPa
LSI1:p (PV=2 pvu)—15 hPa>p>p (PV=2 pvu)—45 hPa

LS: p(PV=2pvu)—15hPa>p

Figure 8 shows, for each season, maps of the geographi-
cal distribution of NOy in the lower stratosphere (LS1) and
in the UT. Each symbol represents a 1° by 1° average of all
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geographical selection). The parameters of the distributions are listed in Supplementary Table A3.
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data from the entire sampling period that fulfils the above
defined criteria.

NO, concentrations in LS1 exhibit a maximum in spring
(MAM) and summer (JJA) and a minimum during fall
(SON) and winter (DJF). The highest concentrations ob-
served in spring over Northern Canada are influenced
by fire plumes in association with thermal convection
(Cammas et al., 2009).

In the UT, the seasonal maximum is shifted towards
early summer. Particularly, high mixing ratios are observed
over the United States and off the US East coast. As
discussed by Gressent et al. (2014), these plumes are mostly
associated with NO production from lightning in combina-
tion with large-scale convective transport into the UT.
High NO, concentrations are also observed in summer over
Europe and over Siberia.

In winter, NO,, concentrations are homogeneously dis-
tributed with concentrations below 0.5 ppb. The absence of
higher concentrations over the North Atlantic in winter is
indicative of the absence of a strong influence from direct
aircraft emissions to the NO, concentrations in the flight
corridor and clearly confirms the influence of surface
emissions and lightning on the high concentrations ob-
served in spring and summer. This is further highlighted in

20
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Fig. 10.

Fig. 9, which shows the frequency distributions of NO, for
each season in the three vertical layers UT, TP and LSI.
The distribution in the UT in winter has a median value of
approx. 0.3 ppb and is much narrower than the distribu-
tions in the other seasons. In summer, the median of the
distribution is more than a factor of two higher than in
winter. In the layer LS1, concentrations are higher and
distributions are broader due to the increase of NOy mixing
ratios with altitude in the lower stratosphere.

Details of the distributions shown in Fig. 9 are listed
in Supplementary Table A3. While in the UT and TP,
median, P25 and P75 exhibit maxima in summer, the
maxima are shifted towards spring in the lower strato-
sphere (LS1), similar to the distribution of Os. Supplemen-
tary Fig. A3 shows the monthly mean NO, concentrations
for UT, TP and all 30 hPa altitude bins (LS1-LS5) above
the dynamical TP over selected geographical areas in
comparison to Os.

Figure 10 shows the correlation between NO, and O3
mixing ratios in the form of scatter plots. The data points
are coloured by potential temperature. There are two dis-
tinct branches, (1) a tropospheric branch with variable NO,
at O3 mixing ratios <100 ppb and T, <320K and (2) a
stratospheric branch showing the well-known correlation
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Scatter plots of the NO, mixing ratios against O3 for the four seasons. The colour of the data points gives the concurrent

potential temperature in K. The solid lines are linear fits to all data collected in the lower stratosphere (LS see definition above). The ellipses
indicate individual data points with enhanced NO, concentrations in the LS.
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between NOy and Os, as first discussed by Murphy et al.
(1993). In the MOZAIC data, the largest dynamic range is
observed in winter and spring, when the aircraft fly higher
into the stratosphere because of the lower TP. The smallest
dynamic range is observed in fall.

In winter, separation between the two branches is most
distinct, indicating little exchange between LS and TP,
whereas significant mixing is observed in the other seasons,
particularly in summer and fall. There are a few very high
NO, mixing ratios observed in the lower stratosphere (indi-
cated by ellipses) which are indicative of pyro-convective
plumes influencing the lower stratosphere as discussed by,
e.g. Fromm et al. (2000); Fromm and Servranckx (2003).

When confining the MOZAIC data to the lower strato-
sphere (LS see above), the tropospheric branch disappears
and the slope of the NO,-O5 correlation ranges between
2.940.02 (ppt NOy/ppb O3) in fall and 4.040.02 in
summer (3.3+0.01 in winter and 3.940.01 in spring).
These ratios are similar to those observed by Murphy et al.
(1993) from flights with the ER-2 in the extra-tropics

(2.5-4 ppt/ppb).

4. Conclusions and outlook

The MOZAIC NOy instrument, flown between 2001 and
2005 on board of an Airbus A340 operated by Lufthansa,
provided data of known quality from more than 1500 long
distance flights, comprising 8500 h of NO, measurements
in the troposphere and lower stratosphere.

We have summarised the quality and shortcomings in the
NO, data set and gave examples of the distribution of NOj,
in order to demonstrate the potential of the data for future
scientific applications.

In the lower stratosphere, NOy shows a strong increase
with altitude and is highly correlated with O3, whereas NO,
mixing ratios in the UT are highly variable, particularly in
spring and summer, where very large NO, mixing ratios
are frequently observed over Northern Canada, Siberia,
Europe and the North American East Coast. In winter,
NO, mixing ratios in the UT are lower and relatively uni-
formly distributed, without significant enhancements over
the North Atlantic flight corridor.

The NO, data complement the MOZAIC data set on
ozone, water vapour and carbon monoxide and have
already been used in other publications for, for example,
assessing the impact of fire emissions (Cammas et al., 2009)
and for investigating the influence of lightning on the per-
sistence of large-scale plumes of NO, in the free troposphere
(Gressent et al., 2014).

The work performed in MOZAIC has demonstrated the
feasibility to operate complex instruments aboard commer-
cial aircraft in unattended mode over periods of several
weeks and has served as precursor for new instruments

developed for wider deployment aboard commercial air-
craft in the European Research Infrastructure IAGOS (In-
service Aircraft for a Global Observing System) which has
been developed from MOZAIC and CARIBIC (cf. Nédélec
et al., 2015; Petzold et al., 2015).
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