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Abstract

A small system for the unattended measurement of total odd nitrogen (NOy, i.e., the

sum of NO and its atmospheric oxidation products) aboard civil in-service aircraft in the

framework of MOZAIC is described. The instrument employs the detection of NO by its

chemiluminescence with O3 in combination with catalytic conversion of the other NOy5

compounds to NO at 300
◦
C on a gold surface in the presence of H2. The instrument

has a sensitivity of 0.4–0.7 cps/ppt and is designed for unattended operation during

1–2 service cycles of the aircraft (400–800 flight hours). The total weight is 50 kg,

including calibration system, compressed gases, mounting, and safety measures. The

layout and inlet configuration are governed by requirements due to the certification for10

passenger aircraft. Laboratory tests are described regarding the conversion efficiency

for NO2 and HNO3 (both >98%). Interference by HCN and NH3 is 100% and <1%,

respectively. The time response (90% time) of the instrument is <1 s for NO2 and 150 s

for HNO3, the latter being caused by memory effects in the 80 cm long inlet line.

1. Introduction15

Nitrogen oxides play a key role in atmospheric photochemistry by catalysing the re-

cycling of free radicals and the formation of ozone (Chameides and Walker, 1973;

Crutzen, 1973; Liu et al., 1980). Despite of the many field measurements including

campaigns with research aircraft (c.f., Emmons et al., 1997, 2000), the distribution and

variability of nitrogen oxides is still not well known, in particularly in the upper tropo-20

sphere and lower stratosphere (UT/LS). The existing data suggest a large variability

and significant differences in the partitioning of NOy into active compounds, i.e., NOx

(NO + NO2) and reservoir species such as HNO3, HNO4, PAN and other organic ni-

trates. The pathways for recycling of NOx from, e.g. HNO3, are not well understood.

The different sources of NOy to the upper troposphere include lightning and emis-25

sions by aircraft (in the form of NOx), uplifting of surface emissions (variable NOx/NOy
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ratio) and downward transport from the stratosphere (mainly HNO3, c.f., Neuman et

al., 2001).

Regular surveys of the NOy distribution in the UT/LS can help to gain a better un-

derstanding of the downward transport of O3 from the stratosphere (c.f., Murphy et al.,

1993; Murphy and Fahey, 1994) and to discriminate the impact of aircraft emissions on5

the UT/LS from the influence of convective transport of surface emissions.

While it has become possible to derive important information on the tropospheric

column of NO2 from space-borne remote sensing (Richter and Burrows, 2002), it is not

yet possible to obtain remote sensing data with the spacial resolution required to study

the tropopause region. The only climatological dataset of NOx in the UT/LS comes from10

the NOXAR project (Measurements of Nitrogen Oxides and Ozone Along Air Routes,

(Brunner et al., 2001).

We describe here a small NOy instrument that was built in the framework of the Eu-

ropean Project MOZAIC (Measurements of Ozone and Water Vapour aboard Airbus

In-service Aircraft, (Marenco et al., 1998) and has been certified for unattended oper-15

ation aboard passenger aircraft. The instrument was installed aboard an A-340-300

long-haul aircraft of Deutsche Lufthansa AG and is in operation since January 2001.

2. The NOy instrument

The design of the NOy-instrument for MOZAIC followed largely that of previous airborne

instruments, e.g., (Drummond et al., 1985; Ridley and Grahek, 1990), by combining a20

chemiluminescence detector (CLD) for NO with a catalytic converter for conversion of

the different NOy compounds to NO (Fahey et al., 1985; Gerbig et al., 1996; Kliner et

al., 1997). An overview of the main components is given in Fig. 1. Major constraints

were weight, size, and the supply of compressed gases. The latter precluded the use

of large sample flow rates as required for achieving maximum sensitivity. Other con-25

straints were posed by the certification for passenger aircraft and by the requirement for

unattended deployment during at least one full service cycle of the aircraft (>50 flights
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or >400 flight hours), including measures against contamination during landing or take

off and while the aircraft is at ground with or without electrical power. The individual

components of the instrument are described in the following.

2.1. The CLD

The detection of NO is based upon the well known chemiluminescent reaction with5

ozone (Clough and Thrush, 1967).

NO + O3 → NO2 + O2 (1a)

NO + O3 → NO∗

2
+ O2 (1b)

NO∗

2
→ NO2 + hν (λ > 600 nm) . (2)

For this purpose the sample air is mixed, inside a reaction chamber fitted with a red-10

sensitive photomultiplier tube (PMT), with a small flow (here 10 ml/min STP) of O2

containing O3. Interference from chemiluminescence occurring at shorter wave lengths

due to, e.g., SO2 or HCHO is blocked by a red filter in front of the PMT. Interferences

by the reactions of O3 with olefinic hydrocarbons, which create emission in the near

infra red, is corrected by employing a so-called chemical zero mode, where the O3 air15

mixture is passed through a relaxation volume before entering the reaction chamber

(Drummond et al., 1985). The relaxation volume is chosen such that the residence

time of the mixture is large enough that NO is oxidised to about 90% whereas the

concentration of olefins, which react with O3 at least 2 orders of magnitude much more

slowly than NO, are changed only by a few percent. The NO mixing ratio in the sampled20

air is then derived from the difference between the measure and zero modes.

2.1.1. Reaction chamber

The design of the reaction chamber (see Fig. 2) was adapted from (Ridley and Grahek,

1990), using a gold plated cylindrical stainless steel cell (30 cm
3

volume) connected
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to a photomultiplier (PMT). The reaction cell is separated from the PMT housing by

means of two 1mm thick windows (Schott WG320, and RG610), which provide thermal

insulation and discriminate light from wavelengths below 600 nm. The space between

the cell window and the red filter, as well as the PMT housing, are purged with a small

flow of O2 (0.2 ml/min). The temperature of the cell is controlled at 20
◦
C.5

The photomultiplier (Thorn-EMI 9828A, 1
′′
diameter S20 photocathode, selected for

enhanced red sensitivity and low dark current) is operated in the photon counting mode.

The preamplifier (Thorn-EMI C637AFP) is located inside the housing and feeds into

a fast discriminator (10 ns peak resolution) which delivers TTL pulses to the counter

board in the PC-104 computer system (see below). The PMT is cooled to −12
◦
C by10

four Peltier elements (Melcor, CPO.8-71-06L-2-RTV) mounted at the front part of the

housing. A copper mesh between the photocathode and the red filter enhances the

heat transfer. The Peltier elements are air cooled via heat sinks and two small fans.

Sample air and O3 enter the cell through concentric slits around the cell window

and are exhausted through a 4 mm diameter hole in the back flange. For switching15

between measure and zero modes, both sample air and O3 flow paths are altered by

means of two magnetic 3/2-way valves (Entegris PFA 203-3414-215 for sample air,

Fluid Automation SS 6-311N102-41EDCEDE, for O3). The zero mode is activated

every 28 s for 4 s. The relaxation volume is made of a 35 cm long, 6mm ID FEP tube.

All tubes connected to the reaction chamber are covered with black heat shrink and20

the PFA valve is placed inside an aluminium housing in order to prevent light leaks.

2.1.2. Ozone generator

The self-built ozone generator consists of a coaxial discharge tube made of an 18 cm

long, 4 mm ID ceramic tube (Alsint 99.7) with a 3 mm OD stainless steel electrode

which is fed with 3.7 kV, 400 Hz from a high voltage transformer connected to the25

aircraft power supply. The end fittings of the discharge tube are made of FEP. The

outer electrode is made from copper and is connected to the housing for cooling. A

3 MOhm resistor in the high voltage line serves to protect the transformer from tran-
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sients. The oxygen flow (10 ml/min STP) is controlled by the central oxygen pressure

regulator (see Fig. 1) and a quartz capillary upstream of the discharge tube. A sec-

ond capillary mounted downstream of the tube serves to control the pressure in the

discharge at 1.15 bar, which provides the maximum ozone yield.

2.2. Pneumatics, pump5

A small two-stage, four-head membrane pump (Vacuubrand GmbH, MD 1 Vario-SP)

is used in combination with a downstream-pressure regulator (Brooks TR 5866/A1-D-

2-B-2-B-B-2) and a critical orifice upstream of the CLD to maintain the flow through

the CLD. The pressure in front of the orifice (0.6 mm diameter) is maintained by the

pressure regulator at 30 mbar for a constant sample flow of 90 ml/min STP. The pump10

is equipped with PTFE-coated membranes and Kalrez valves for resisting high ozone

concentrations. In addition, a charcoal filter is place between reaction cell and pump

for protecting the pump and for preventing hazardous ozone concentrations being ex-

hausted from the NOy-instrument because of safety requirements.

2.3. Catalytic converter15

The catalytic converter consists of a 10 cm long 1.8 mm ID gold tube, which is mounted

inside an oven which is kept at a nominal temperature of 300
◦
C. The oven heater

(Philips Thermocoax SEI10/100) is silver-soldered around a stainless steel mandrel,

which provides a reasonably uniform temperature profile, as shown in Fig. 3. The

heater is powered by 28 V DC via a temperature controller (Hengstler type 901) and a20

solid state relay. A bimetal safety switch is installed at the oven housing. The heater is

somewhat oversized in order to enable heating of the converter to 450
◦
C within 10 min

after take-off for cleaning.

The converter is operated at variable pressure (250–1000 mb) and constant mass

flow. The connection between inlet and gold tube is critical, both in terms of time25

response (90% of NOy may consist of HNO3 in the lower stratosphere) and safe oper-
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ation. At the upstream side, a 30 mm long, SS-tube (3 mm ID, 4 mm OD ) is soldered

onto the gold tube. The SS tube is inserted into the inlet manifold, where it is sealed

with a 4mm PFA-Ferrule and Valco nut. A 20 mm long, 3 mm OD borosilicate tube

(Fig. 4) is inserted into the SS tube so that the sample air has no contact with the SS

surface. The construction serves to keep the temperature of the FEP manifold (see5

below) at 50
◦
C when the converter temperature is set at nominally 300

◦
C and when

the tip of the gold tube is at 250
◦
C (see Fig. 3). In earlier tests, it had been noted,

that overheating the FEP or PFA tubes produced large background signals. At the

downstream side, a SS-reducer to 1/8
′′

is soldered over the gold tube.

The length of the gold tube is sufficient for mass flow rates of up to 300 scc/min (c.f.,10

Murphy and Fahey, 1987), as experimentally verified by shortening a tube by a factor of

three. The longer tubes are used because of the long operating cycles of the MOZAIC

instrument, without the possibility for cleaning in between flights.

H2 is used as a reducing agent instead of CO (c.f., Kliner et al., 1997), because

of unsolvable problems with the certification of CO for operation on passenger air-15

craft due to its toxicity in addition to flammability. Whilst certification problems had

first been encountered for H2 as well, this was finally solved by using a metal hy-

dride storage device. The H2 storage container (Hycob GmbH, HS20) consists

of a SS cylinder (Hoke, type 4HS75, 75 ml volume) containing 120 g of a Ti alloy

(Ti0.95Zr0.05Mn0.15V0.04Fe0.01). The thermodynamics of this alloy allow its use20

without a pressure regulator. The H2 flow rate is controlled by the equilibrium pressure

of H2 over the alloy and a capillary, which is directly mounted at the cylinder valve.

As shown in Fig. 5, the H2 pressure changes only moderately with temperature. For a

freshly filled cylinder containing 2g of H2, flow rates remain between 0.2 and 0.4 ml/min

over a temperature range of 10–50
◦
C (The temperature of the avionic compartment25

varies only between 15 and 25
◦
C during flight). During seven weeks of operation the

flow rate decreases to 0.05 ml/min, which is still more than sufficient for maintaining the

conversion efficiency of the converter for NO2 and HNO3 at >95%.

6155



ACPD

4, 6149–6183, 2004

NOy instrument

aboard MOZAIC

in-service aircraft

A. Volz-Thomas et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

© EGU 2004

2.4. Inlet configuration

The design of the inlet configuration was one of the most problematic parts of the whole

enterprise. The limited space available on the existing MOZAIC flange together with

the safety requirements for, e.g., smoke detection and overheating protection, as well

as the need for regular removal of the NOy instrument for maintenance and quality5

control, precluded the integration of the gold converter into the inlet probe. It was

therefore decided to integrate the converter into the housing of the NOy instrument,

with the disadvantage of having to use an 80 cm long inlet line.

Similarly, a decision had to be made on the configuration of the air intake. After

several tests, it was decided to adapt the Rosemount probe (Model 102B) deployed10

in MOZAIC since 1994 for temperature and humidity measurements (c.f., Gierens et

al., 1999; Helten et al., 1998; Helten et al., 1999) for the NOy inlet. The schematics of

the design are shown in Fig. 6. The FEP inlet line is inserted into the (10 mm ID) side

arm of the probe such that the tip is located about 2 mm behind the bend. The part

of the inlet tube inside the Rosemount probe is heated to 20
◦
C by a PTFE-insulated15

heating wire wound tightly around the tube and fixed by two layers of ceramic tape.

A 0.5 mm DIA thermocouple and a temperature controller (PMA, type KS10) serve to

maintain a constant temperature. A thin wall SS-tube of 8 mm OD serves as a liner in

order to prevent the inlet line from touching the walls of the Rosemount probe.

Inside the NOy-instrument, the inlet line is connected to a manifold (Fig. 4) made from20

FEP, which contains ports for the addition of zero air, calibration gases and hydrogen,

pressure measurement, and a by-pass around the gold converter that allows to make

measurements of NO. The port opposite to the inlet line is connected to a backward

facing 4mm ID tube on the aircraft flange that serves for purging of the inlet line and for

venting of the calibration gases and the pump exhaust.25

At cruise altitude, the total flow rate through the inlet line is 900 ml/min STP and the

pressure in the inlet manifold is 250 mbar. The resulting residence time in the inlet line

is 0.05 s. When the aircraft is grounded, the connection between manifold and exhaust
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line is closed by a magnetic valve and the inlet line is back-flushed with the O2 flow

from the ozone generator.

2.5. Calibration

In flight calibration of the CLD is achieved by adding a small flow of a calibration gas

(10 ppm NO in ultra-pure N2) to the sample flow of the instrument. The calibration gas5

is contained in a 400 ml PTFE-coated SS cylinder (Whitey 304L-HDF4-400-T). The

flow rate of the calibration gas (0.2 ml/min) is controlled by two SS pressure regula-

tors and a quartz capillary. A second capillary (flow rate 2 ml/min) connected to the

exhaust serves the purpose to maintain a shorter residence time of the calibration gas

in the pressure regulators and lines. All flow rates are determined from pressure mea-10

surements made upstream (P1) and downstream (P2) of the capillaries according to

Hagen-Poiseuille’s Law (Eq. 3).

dM/dt = f r∗
i
(P 2

1
− P 2

2
) (3)

The flow resistances f r i of the capillaries are determined in the laboratory with an

absolute flow meter (Gillian) and are checked during each maintenance cycle. The15

relevant pressures (see Fig. 1) are measured by small sensors (Sensortechnics, type

144SB00xA-PCB) and are recorded at a rate of 1 Hz. The sensors are calibrated during

maintenance against a reference standard (Leitenberger GmbH, PC6-005-C-2). The

stability of the calibration of the pressure sensors proved better than ±0.5% .

For in-flight calibration of the conversion efficiency, a miniature gas phase titration20

system (GPT) is used to convert the NO partially to NO2 (Eq. 1). The ozone is made

in a flow of 0.2 ml/min of O2 in a 1/16
′′

PFA tube which is irradiated by a Hg-lamp.

The O3 concentration is adjusted to 70±10% of the NO concentration in the calibration

gas by changing the irradiated length of the PFA-tube. The O2 is always flowing and

the NO2 calibration is initiated by actuation of a shutter in between the Hg-lamp and25

the PFA tube (see Fig. 1). The degree of titration is checked in flight by measuring

the calibration gas with and without the shutter activated in both modes of the NOy
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instrument, i.e., through the converter and bypassing the converter. In addition, the

O3 concentration is measured before being mixed with the calibration gas, in a small

photometer (l=40 mm; ID=0.8 mm), using the light of the same Hg-lamp as used for

generating the O3.

The background of the instrument is also determined in flight by overflowing the inlet5

manifold with O2. The results of this procedure compare within the statistical errors

with measurements of zero air. The conversion efficiency for HNO3 is checked during

maintenance in the laboratory (see below).

2.6. Safety features

In order to comply with the certification requirements for passenger aircraft, most com-10

ponents are selected for respective specifications. Furthermore, the NOy instrument

is integrated into one box, which is equipped with provisions for overheating protection

and an avionic smoke detection system. The latter also provides the ventilation for

the entire system. The heater for the inlet line and the de-icing heater of the Rose-

mount probe are disabled when the aircraft is grounded by the landing gear signal of15

the aircraft and by pressure switches (600 mb) connected to the NOy inlet line.

2.7. Data acquisition and control

A PC-104-computer system is used for instrument control and data acquisition/storage.

It contains a cpu board with intel pentium processor, a 1Gb Flash Memory Disk (SAN

Disk Corp.), and several I/O boards containing ten 16-bit counters, digital I/Os and20

16 analog I/Os with opto-coupled inputs and individual pre-amplifiers for signal condi-

tioning, as well as 16 relays for switching of the magnetic valves. The PC-104 system

is powered via a 24 V vehicle power supply with battery back-up (NiMH). The data

acquisition system is enclosed in an aluminium box for EMI protection.

The NOy-instrument is powered from the aircraft 115 V/400 Hz power supply. The25

main power is distributed via a line filter and fuses to the ozone generator and to a
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switching power supply (Vicor Flatpac, Model VI-MUL-IQ-VIC; input 115 V, 400 Hz, out-

put 24 V DC, 400 VA), which provides the power to the data acquisition unit and from

there to the other units.

The software package for instrument control, data acquisition and storage is written

in Borland Delphi version 5 under Windows 98SE. Data from the photon counter are5

stored at a rate of 10 Hz in order to allow the detection of short spikes, as highlighted

in Fig. 7. Housekeeping data (pressures, temperatures) are stored as 1 s averages.

The program controls the different measurement modes of the instrument and enables

the in-flight calibration cycles for NO, NO2, and instrument background. The program

is always running when the aircraft is under power. When power is disconnected, the10

PC-104 continues operation from the battery pack. If power is disconnected for longer

than 15 s, the program and operating system are terminated. Upon power on, the

whole process starts automatically. As long as the aircraft is grounded, the program

keeps the instrument in stand-by mode, in which the inlet line is back-flushed with O2

from the ozone generator. Operation is started after take-off, when the landing gear15

is taken in. In addition, the program monitors the pressure difference between inlet

manifold and exhaust line, which is a measure of the aircraft speed.

During the first 30 min of each flight, the gold converter is heated to 450
◦
C for clean-

ing. During this time, the by-pass is active so that the instrument measures NO. There-

after, the gold converter is reset to 300
◦
C and the regular NOy measurement cycle is20

started. Calibration cycles and background determination (see Fig. 8) are configured

by entries in a configuration file. At the beginning of the operation in MOZAIC, 2–3

calibration cycles with NO and NOx measurements, both in the NOy and NO measur-

ing modes, were made during each flight (every 4 h). The background was determined

every 2 h for 5 min. This procedure was later relaxed to 1 calibration and 1 background25

determination per flight. The chemical zero mode of the CLD is actuated every 28 s for

4 s.
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2.8. Maintenance and QA/QC

Extensive pre- and post-flight calibrations are made in the laboratory using a primary

standard (10 ppm NO in ultra pure N2, BOC/Messer Griesheim). The procedure in-

cludes:

1. A calibration with the pre-diluted primary standard provided to the inlet line at5

excess flow in order to determine the sensitivity of the instrument and the trans-

mission of the converter for NO.

2. A calibration with the primary NO-standard connected to the internal calibration

system of the instrument (in both modes) in order to obtain information on pos-

sible losses of NO in the calibration system or possible changes in the capillar-10

ies/pressure sensors used for determination of the flows. The conversion effi-

ciency is determined in the same experiment with the internal GPT system.

3. An internal calibration with the internal NO cylinder in order to observe possible

changes in the NO mixing ratio of the in-flight standard during the previous op-

erating cycle and for calibrating the internal NO-cylinder after refilling for the next15

cycle.

4. The conversion efficiency for HNO3 is determined with the permeation source

described below.

Other maintenance includes:

Every cycle, the hydride cylinder is replaced (and refilled at factory), the internal NO20

cylinder is refilled, the charcoal in the ozone scrubber is replaced. Safety inspections

include a complete leak test, electrical and mechanical inspection, in particular of safety

relevant components (e.g., pressure switches), documentation for reinstallation, and

final calibration as outlined above. Cleaning/replacement of the gold tube is done if

necessary because of increased background or when the conversion efficiency has25

dropped below 95%.
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Every third cycle (or earlier if necessary), the membrane pump is replaced (and ser-

viced at the factory), the ozone generator is refurbished with a new discharge tube,

the reaction chamber of the CLD is cleaned, and the pressure sensors and flow resis-

tors are re-calibrated. The latter is always performed if discrepancies between experi-

ments 1. and 2. are observed.5

3. Laboratory tests

Laboratory tests were conducted for establishing the conversion efficiency of the con-

verter and the time response of the inlet system for NO2 and HNO3, and for interference

from atmospheric constituents that do not fall into the NOy family. For this purpose, a

multi source permeation system was set up, using commercial permeation tubes (Kin-10

tek). The permeation system holds four different permeation tubes (PT), which are

placed inside individual stainless steel containers mounted inside a temperature con-

trolled oven at 35
◦
C. The tubes are fed with zero grade air at 4 atm and the air flow

is controlled by capillaries downstream of the permeation tubes. The effluent is then

added either into the inlet of the NOy instrument or is pre-mixed with a known flow of15

zero air. For each PT, a pair of capillaries is used with a split ratio of 1:5, enabling

calibrations at concentrations differing by a factor of five to be made without changing

the conditions of the permeation sources or the dilution flow.

The permeation rates for HNO3, HCN and NH3 were determined by ion chromatog-

raphy against weighted standards in samples obtained by absorption of the effluent20

from the PTs in aqueous solutions (pure H2O for HNO3, 0.1 n NaOH for HCN and

0.1 n H2SO4 for NH3). The permeation rate for NO2 was determined with the NOy

instrument by comparison against the GPT system.

6161



ACPD

4, 6149–6183, 2004

NOy instrument

aboard MOZAIC

in-service aircraft

A. Volz-Thomas et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

© EGU 2004

3.1. Conversion efficiency and interferences

Figure 9 shows the conversion efficiency of the gold converter for NO2 (13 ppb),

HNO3 (14 ppb) and HCN (83 ppb) as a function of converter temperature, both for H2

(filled symbols) and CO (open symbols), at flow rates of 0.2 ml/min STP. For HNO3 and

NO2, significant conversion is already observed at room temperature and conversion5

efficiencies above 90% are found at 200
◦
C. The results for CO and H2 as reducing

agent are similar within the experimental uncertainties.

The conversion efficiency for HCN is also displayed in Fig. 9. For experiments with

H2, HCN is converted to 100% at 300
◦
C, in agreement with the results of Kliner et

al. (1997), for dry air. When H2 is replaced by CO, however, the entire curve for HCN10

is shifted by about 100
◦
C and quantitative conversion is only reached at temperatures

>400
◦
C. This results is in general agreement with those obtained by other investiga-

tors, e.g. Weinheimer et al. (1998), who found conversion efficiencies below 40% for

converters operated with CO at 300
◦
C.

Conversion of NH3 was negligible (i.e. <1%) for either CO or H2 at temperatures up15

to 400
◦
C.

Because of the sufficient length and the relatively homogeneous temperature profile

of the converter, we found no significant pressure dependence of the conversion effi-

ciency for NO2 and HNO3, although the temperature of the gold tube is actually less

than 300
◦
C (Fig. 3). We should like to note that operation of the gold tube at 50

◦
C20

higher temperatures, which was accidentally done during one service period, did not

give different results in terms of NOy to O3 ratios. Losses of NO were not observed

with our converter in the presence of H2, similar to the results of Kliner et al. (1997).

The transmission for NO always remained at >98%, except for a situation when the

converter was heavily contaminated as indicated by very low conversion efficiencies25

for NO2 and HNO3.
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3.2. Time response

The response time of the inlet configuration is important for, e.g., the interpretation

of the correlation between ozone and NOy, because of the strong layering observed

from, e.g., the MOZAIC ozone data (Thouret et al., 2000) and in particular the fast

transitions observed when the aircraft cross the tropopause (c.f., Thouret et al., 1998).5

HNO3 is the most important species to be considered because of its larger affinity to

surfaces as compared to NOx and because it comprises about 90% of NOy in the lower

stratosphere (c.f., Neuman et al., 2001).

We investigated the behaviour of inlet lines of different lengths made of PTFE, PFA

and FEP tubing at different temperatures, before the first MOZAIC III test flight in 2000.10

The results are shown in Fig. 10. Different from Neuman et al. (1999), we found the

behaviour of FEP superior to PFA in terms of memory, which lead to the use of FEP for

the inlet line and inlet manifold.

The results for the actual MOZAIC inlet (about 80 cm, 1/8
′′

FEP tubing, controlled at

20
◦
C) are shown in the lower panel of Fig. 10. They were obtained with the following15

setup: The HNO3 permeation source (1 ml/min) was connected to a 1/32
′′

OD PFA

tube mounted inside a sliding injector made from borosilicate glass with an extruded

tip. The sliding injector was mounted opposite to the inlet line inside a glass flow tube.

Excess zero air (5 l/min) was introduced into the flow tube passing along the inlet line

and being exhausted through a metering valve and pump connected to a port behind20

the injector. In this position, the HNO3 flow from the injector is vented together with the

zero air and does not reach the inlet line. For injection, the sliding injector is moved

forward against a stop such that the tip of the 1/32
′′

tube is inserted 3 mm into the inlet

line. In this position, the flow from the PT enters the inlet line. The setup allows to inject

into and remove HNO3 from the inlet line within less than 1 s.25

The pressure in the flow tube was varied between 1 atm and 300 mb, corresponding

to the ambient conditions during flight. The flow rate through the inlet line was adjusted

to match exactly the conditions during flight by adjusting the pressures in the inlet
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manifold and in the exhaust of the NOy instrument according to the data recorded in-

flight. The negative ram pressure at the exhaust was simulated with a vacuum pump

and metering valve connected to the exhaust line of the NOy instrument.

4. Discussion

4.1. Sensitivity5

Assuming optimum design of the other components, i.e., reaction cell, PMT and ozone

generator, the sensitivity of the CLD is proportional to the volume flow provided by

the pump. The pump chosen for the MOZAIC instrument maintains a total flow rate

(sample and ozone) of 100 ml/min STP at a cell pressure of <10 mbar, corresponding to

a volume flow rate of about 200 ml/s through the reaction cell. It has the best efficiency10

in its weight class and is equipped with a lightweight brushless 28 V DC motor that

has optimum performance with regard to electromagnetic interference, an important

requirement for installation inside the avionic bay of the aircraft. A larger sensitivity

would have been achievable only with large increases in weight, which was not possible

within the framework of MOZAIC, because the airlines carrying the equipment without15

charging for transportation cost.

4.2. Inlet system

The Rosemount probe was chosen as inlet because a simple forward facing probe

would lead to size dependent enrichment factors for atmospheric aerosol (c.f., Fa-

hey et al., 2001), thus rendering the interpretation of the NOy-data difficult. Back-20

ward sampling, on the other hand, while discriminating against aerosol nitrate, has the

strong disadvantage of the negative ram pressure that does not allow a large sample

flow through the sampling line without employing an additional pump (the sample flow

through the converter and CLD is only 90 ml/min STP). The Rosemount probe com-

bines both advantages, by acting as a virtual impactor, thereby separating the particles25

6164



ACPD

4, 6149–6183, 2004

NOy instrument

aboard MOZAIC

in-service aircraft

A. Volz-Thomas et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

© EGU 2004

like a backward facing inlet, and by providing almost the full positive ram pressure. A

minor technical advantage is that Rosemount probes come with the required certifica-

tion for civil aircraft.

Ryerson et al. (1999) argued that earlier measurements made with a gold converter

mounted inside a Rosemount probe seemed to suffer from wall effects in the probe5

before the air reached the converter (T. Ryerson, private communication). This finding

is in contradiction to the results from the MOZAIC humidity/temperature sensor. The

absence of a detectable change in the signal of the temperature sensor when the de-

icing heater of the Rosemount probe is switched on and off during flight clearly shows

that the air sampled through the side arm of the probe has no measurable contact10

with the wall of the probe. This conclusion is supported by results from an in-flight

comparison with a research instrument operated by ETH-Zürich aboard a Learjet as

part of the SPURT project, which has the gold converter mounted outside the fuselage

without any inlet line. The good agreement between the two instruments limits potential

losses of HNO3 in the MOZAIC inlet to 15% (Pätz et al., in preparation, 2004
1
).15

The suitability of different inlet materials for measurements of HNO3 was investigated

by (Neuman et al., 1999), who found PFA tubing to provide the best time response

when kept at temperatures above 20
◦
C. Different from our results, these authors found

PFA and FEP tubing to exhibit a similar memory for HNO3, whereas we found repeat-

edly FEP to provide a faster time response. The reasons for the differing results are20

not clear.

4.3. Converter

During long series of laboratory tests for this and other gold converters deployed, e.g.,

at Schauinsland (Flocke et al., 1998; Pätz et al., 2000) and aboard the UK research

1
Pätz, H. W., Volz-Thomas, A., Hegglin, M., Brunner, D., and Schmidt, U.: In-situ comparison

of the NOy instruments flown in MOZAIC and SPURT, Atmos. Chem. Phys. Discuss., in

preparation, 2004.
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aircraft C-130 (Gerbig et al., 1996), we always found the same behaviour in terms of

the temperature dependence of the conversion efficiency for NO2 and HNO3, as well

as PAN and other organic nitrates. Therefore, only the conversion efficiency for NO2

is checked in flight. The conversion efficiency for HNO3 is regularly checked during

maintenance (see above).5

Our results for HNO3 (Fig. 9) are somewhat different to those obtained by Fahey et

al. (1985), who found the conversion efficiency for HNO3 to be 5–10% smaller than for

NO2. A possible explanation is the larger ratio of tube length to sample flow rate of our

converter, which was designed for flow rates up to 300 ml/min. The longer tubes were

chosen because of the long operating cycles of the MOZAIC instrument, without the10

possibility for cleaning in between flights.

Different from Kliner et al. (1997), we found no significant pressure dependence

of the conversion efficiency for NO2 and HNO3, likely because of the length of our

converter and the relatively homogeneous temperature profile.

4.4. Specifications and outlook15

The features of the MOZAIC NOy-instrument are summarised in Table 1. The sensi-

tivity of 0.4–0.7 cps/ppt with the zero mode signal of about 200 cps gives a statistical

detection limit of better than ±30–50 ppt for an integration time of 4 s, i.e. the data stor-

age rate for the MOZAIC data base, and ±150–300 ppt at the maximum resolution of

the instrument (10 Hz). The inaccuracy arising from uncertainties in the sensitivity of20

the CLD and the conversion efficiency during a flight period are ±5% each. A relatively

large source of inaccuracy comes from the instrumental background, which in flight

is usually 100–200 ppt with an uncertainty of 30–60 ppt. Hence, the overall statistical

error of a 4 s NOy measurement (in ppt) is

∆NOy = ±(A ∗ µ(NOy) + B)25

with A = 0.07 and 60 ppt <B<80 ppt.
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The contributions are added arithmetically to provide a conservative estimate of the

overall error, because the absence of correlation between the two terms is not easily

argued.

Additional errors arise from interferences and, in case of sharp transients, from the

memory for HNO3. Atmospheric mixing ratios of HCN in the range of 100–300 ppt5

were reported for springtime over the Pacific during TRACE-P (Singh et al., 2003),

with somewhat higher concentrations found in biomass burning plumes. The

in-situ measurements were in good agreement with the tropospheric column of

HCN (4×10
15

cm
−2

) measured over Japan (Zhao et al., 2000). HCN-columns of

2–3×10
15

cm
−2

obtained over Jungfraujoch and Mauna Loa (Rinsland et al., 1999;10

Rinsland et al., 2000), would lead to similar tropospheric mixing ratios, because of the

higher altitude of the observatories. Therefore, a significant fraction of the NOy mixing

ratios observed in the troposphere with the MOZAIC NOy instrument could in fact be

due to HCN. In the lower stratosphere on the other hand, the fraction of HCN is gener-

ally below 10% because of the higher concentrations of HNO3 (Neuman et al., 1999)15

and the slightly lower values of HCN.

The NOy instrument has been flown continuously aboard a MOZAIC A-340 aircraft

operated by Deutsche Lufthansa on more than 1800 flights (>10 000 h with data) since

April 2001. About 40% of the data recovered had a lower accuracy than described

above, because of deterioration of the sensitivity or conversion efficiency or because20

of increased memory, usually due to contamination occurring during an operation cy-

cle. Such data were not submitted to the MOZAIC data base. An example for the

performance during flight is given in Fig. 11. Both NOy and O3 mixing ratios increase

whenever the aircraft enters the stratosphere. In the troposphere, NOy shows a much

larger variance than O3. The right panel shows the scatter plot between O3 and NOy.25

The slope of 200 (mole O3 per mole NOy ) found in the stratospheric data, corresponds

to a NOy/O3 ratio of 5 ppt/ppb, which is slightly higher than the results obtained during

flights with the NASA ER-2 aircraft (Fahey et al., 1996; Murphy et al., 1993).

An in-flight comparison with a research instrument operated by ETH-Zürich was con-
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ducted in April 2003. As will be discussed in detail in Pätz et al. (in preparation, 2004)
1
,

the two instruments agreed within their specified uncertainties. The systematically

lower measurements of the MOZAIC instrument may, however, indicate the presence

of small (<15%) losses of HNO3 in the MOZAIC inlet system.

Acknowledgements. The authors like to thank R. Görlich, P. Ladwig, J. Probst, and J. Volkmar5

of Lufthansa Technik for their expert assistance during the process of certification and adapta-

tion of the instrument aboard the A-340 and in the development of the necessary maintenance

procedures. H. Franke and the team from enviscope are thanked for construction of the in-

strument frame and H. Smit for stimulating discussions and valuable information on the Rose-

mount probe. W. Sträter kindly prepared the drawing of the Rosemount probe. The support for10

MOZAIC by the European Commission, DG Research (contracts no. EVK2-1999-00015 and

ENV4-CT96-0321) is greatly acknowledged.

References

Brunner, D., Staehelin, J., Jeker, D., Wernli, H., and Schumann, U.: Nitrogen oxides and ozone

in the tropopause region of the Northern Hemisphere: Measurements from commercial air-15

craft in 1995/96 and 1997, J. Geophys. Res., 106, 27 673–27 699, 2001.

Chameides, W. and Walker, J. C. G.: A Photochemical Theory of Tropospheric Ozone, J. Geo-

phys. Res., 78, 8751–8760, 1973.

Clough, P. N. and Thrush, B. A.: Mechanism of the Chemiluminescent Reaction Between NO

and O3, Transactions of the Faraday Society, 63, 915–925, 1967.20

Crutzen, P. J.: A discussion of the chemistry of some minor constituents in the stratosphere

and troposphere, Pure Appl. Geophys., 106–108, 1385–1399, 1973.

Drummond, J. W., Volz, A., and Ehhalt, D. H.: An optimized chemiluminescence detector for

tropospheric NO measurements, J. Atmos. Chem., 2, 287–306, 1985.

Emmons, L. K., Carroll, M. A., Hauglustaine, D. A., Brasseur G. P., Atherton, C., Penner, J.,25

Sillman, S., Levy II, H., Rohrer, F., Wauben, W. M. F., Velthoven, P. F. J. V., Wang, Y., Jacob,

D., Bakwin, P., Dickerson, R., Doddridge, B., Gerbig, C., Honrath, R., Hübler, G., Jaffe, D.,
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Table 1. Specifications of the MOZAIC NOy-instrument.

Specification Quantity Remarks

Size (w, l, h) 30×70×30 cm
3

including calibration system and pump

Weight 50 kg including fixation and 20L O2 cylinder

Sensitivity 0.5 cps/ppb 0.3–0.7, depending on PMT etc.

data acquisition rate 10 Hz PMT signal

1 Hz housekeeping data

time resolution 0.1 s (NOx)

20 s (HNO3) due to memory in the inlet line

Endurance >5 weeks assuming full operation of aircraft
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Fig. 1. Schematics of the MOZAIC NOy-instrument (FRn: flow restrictors, i.e., capillaries or

critical orifices; PSn: pressure sensors; PR: pressure regulators; MVn: magnetic valves).
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Fig. 2. Details of the CLD.
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Fig. 3. Temperature profile measured inside the tube for a setting of the temperature controller

of 300C.
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Fig. 5. Temperature dependence of the H2 pressure over the Ti-alloy (triangles) and the corre-

sponding H2 flow rate (diamonds).
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Fig. 6. Drawing of the Rosemount probe and the NOy inlet line. The arrows indicate the air

flow.
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Fig. 7. Example of the raw data sampled at 10 Hz during in-flight operation with several spikes

of recent plumes.
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Fig. 8. Example for an in-flight calibration cycle (red/green: CLD measure modes ambient air

for NOy and NO; yellow: CLD zero mode; blue: NO calibration added to ambient in NOy and

NO modes; turquois: NO2 calibration in NOy and NO modes; pink: zero air in NOy and NO

modes).
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Fig. 9. Conversion efficiency of the gold converter for NO2 (circles, 7.7 ppb), HNO3 (trian-

gles, 9.7 ppb), and HCN (squares, 71 ppb), as a function of temperature at a pressure of

250 mb. Open and filled symbols refer to experiments with CO and H2, respectively (flow rate

0.2 ml/min). Results for NH3 are not shown, as the conversion efficiency was always <1% at

temperatures up to 400
◦

C. The temperature scale at the abscissa corresponds to the setting of

the controller. The actual temperature of the gold tube is somewhat lower (see Fig. 3).
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Fig. 10. Time response of the gold tube and different inlet line materials (upper panel) and time

response of the actual MOZAIC inlet line (80 cm FEP) for NO2 and HNO3 (lower panel).
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Fig. 11. Left: Time series of NOy (red bars) and O3 (blue line) from a MOZAIC flight from

Boston to Frankfurt in May 2001. The data gaps are due to calibration and background deter-

minations. Right: Scatter plot of O3 vs. NOy.
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