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In situ observations of air traffic emission signatures in

the North Atlantic flight corridor

H. Schlager,! P. Konopka,' P. Schulte,! U. Schumann,' H. Ziereis,' F. Arold,*
M. Klemm,? D.E. Hagen,® P.D. Whitefield,? and J. Ovarlez*

Abstract. Focussed aircraft measurements have been carried out over the eastern
North Atlantic to search for signals of air traffic emissions in the flight corridor
region. Observations include NO, NO2, HNOj3, SO4, O3, H20, total condensation
nuclei (CN), and meteorological parameters. A flight pattern with constant-altitude
north-south legs across the major North Atlantic air traffic tracks was flown.
Signatures of air traffic emissions were clearly detected for NO,, SO2, and CN with
peak concentrations of 2 ppbv, 0.25 ppbv, and 500 cm~3, respectively, exceeding
background values by factors of 30 (NO;), 5 (SO3), and 3 (CN). The observed NO_,
SO,, and CN peaks were attributed to aircraft plumes based on radar observations
of the source air traffic and wind measurements. Major aircraft exhaust signatures
are due to relatively fresh emissions, i.e., superpositions of 2 to 5 plumes with ages
of about 15 min to 3 hs. The observed plume peak concentrations of NO, compare
fairly well with concentrations computed with a Gaussian plume model using
horizontal and vertical diffusivities as obtained by recent large-eddy simulations,
measured vertical wind shear, and the corridor air traffic information. For the
major emission signatures a mean CN/NO, abundance ratio of 300 cm~3ppbv—!
was measured corresponding to an emission index (EI) of about 10! particles per
1 kg fuel burnt. This is higher than the expected soot particle EI of modern wide-
bodied aircraft. For the most prominent plumes no increase of HNO3 concentrations
exceeding variations of background values was observed. This indicates that only a
small fraction of the emitted NO, is oxidized in the plumes within a timescale of

about 3 hs for the conditions of the measurements.

1. Introduction

Emissions from air traffic in heavily used corridors
may cause perturbations of the composition and ra-
diative properties of the upper troposphere and lower
stratosphere [e.g., Schumann, 1994; WMO, 1995]. Jet
engine exhaust that may alter the ambient atmosphere
includes, among other components, nitrogen oxides (NO,
= NO + NOj), sulfur-containing species, and soot.
Emitted NO, leads to formation of ozone (Os3) at al-
titudes around the tropopause [Johnson et al., 1992;
Beck et al., 1992; Brasseur et al., 1996]. Because of
nonlinear chemistry the O3 formation efficiency from
additional NO, input is dependent on the existing NO,
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abundance level [Ehhalt and Rohrer, 1995] and thus also
on the dispersion and mixing processes of highly con-
centrated exhaust plumes in the corridors. Part of the
sulfur in aviation fuel is oxidized to sulfuric acid in the
engine and exhaust jet which in turn nucleates with
water vapor, generating additional aerosols [Reiner and
Arnold, 1993, 1994; Miake-Lye et al., 1994; Frenzel and
Arnold, 1994; Karcher et al., 1995; Zhao and Turco,
1995]. Emitted soot particles may be partly activated in
the exhaust plume to cloud condensation nuclei (CN),
which influence the formation and radiative properties
of clouds [Schumann et al., 1996].

Emissions from individual jet aircraft at cruise alti-
tude have been measured for subsonic [Arnold et al.,
1992; Fahey et al., 1995b; Schulte and Schlager, 1996;
Schumann et al., 1996; Whitefield et al., 1996] and su-
personic [Fahey et al., 1995a] aircraft. However, it has
been difficult to detect aircraft emission signatures in
air traffic corridors. Numerical simulations using a
Gaussian plume model predict a very inhomogeneous
(“spotty”) concentration field in a major flight corridor
due to air traffic emissions [Schumann and Konopka,
1994]. In airborne measurements within the North At-
lantic flight corridor at times and regions with relatively
little traffic a few NO plumes from aircraft have been
detected [Schlager et al., 1994] and analyzed with re-
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spect to lateral and vertical spreading for timescales
from 5 to 90 min [Schumann et al., 1995]. An analy-
sis of DC-8 data obtained during the second Airborne
Arctic Stratospheric Expedition has revealed a few NO,,
(total reactive nitrogen) spikes that were attributed to
air traffic plumes based on corresponding CO. spikes
[Zheng et al., 1994].

In this study we investigate signatures of aircraft
emissions (NO, and SO, particles) above ambient back-
ground concentrations resulting from peak traffic condi-
tions in the North Atlantic flight corridor. In November
1994, research flights were made over the eastern North
Atlantic as part of the Pollution From Aircraft Emis-
sions in the North Atlantic Flight Corridor (POLINAT)
project. Here observations of one mission are reported
where the research aircraft was flying perpendicular to
the major corridor tracks during the main eastbound
traffic flow. The measured NO, concentration field is
compared with simulations obtained with a plume dis-
persion model using collected air traffic data and wind
measurements.

2. Measurement Details

The Deutsche Forschungsanstalt fiir Luft- und Raum-
fahrt (DLR) “Falcon” research aircraft was used as sam-
pling platform. This twin-engine jet aircraft has a cruise
airspeed of about 180 ms~!. It reaches well the typical
cruising flight levels used by airliners crossing the North
Atlantic. Falcon measurements to be reported in this
study were performed on November 6, 1994, between
0730 and 0900 UTC based from Shannon Airport, Ire-
land.

2.1. Sampling Strategy

The measuring day was selected on the basis of fore-
casted back trajectories ending in the measuring area
and other meteorological informations which indicate
that air traffic signatures will not be masked by strong
variations of trace gas abundances due to fast verti-
cal transport of polluted air from the boundary layer or
lightning. To obtain most pronounced air traffic signals,
a measuring area was chosen where the major air traf-
fic routes of the organized North Atlantic track system
has been fixed for November 6, 1994, (between 50°and
54°N), and a measuring time close to the predicted peak
eastbound traffic flow.

The flight pattern included three north-south cross-
ings of the main traffic tracks, all along 12°W at the
most frequently used flight level for eastbound air traf-
fic (37,000 feet, about 11.3 km). The Falcon operated
under radar control within the Shannon air traffic con-
trol area for safety reasons. Beginning 2 hours prior to
the measuring flight and continuing during the measure-
ments, information on the air traffic passing the Falcon
legs were recorded from the radar observations at the
Air Traffic Control Center of Shannon, including the
aircraft movements between 6°W and 15°W, cruising
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Figure 1. Flow of eastbound traffic across the north-
south measuring track along 12°W at flight level 37,000
feet (11.3 km) and time periods of radar recordings and
airborne observations.

levels, aircraft types, and actual Mach numbers. In ad-
dition, the complete data of air traffic operating in the
radio-controlled Shanwick Oceanic Area between 15°W
and 30°W were collected for the entire measuring day.
Figure 1 shows the traffic flow across the measuring
track at 37,000 feet and 12°W during the eastbound
traffic hours on November 6, 1994, between 50°and
54°N. Also indicated are the time periods of radar ob-
servations and Falcon measurements. For comparison,
the total eastbound traffic before the end of Falcon mea-
surements includes 43 and 198 aircraft at 37,000 feet
and at all corridor flight levels, respectively. Thus the
radar records cover nearly the complete air traffic at
37,000 feet before and during the measuring flight.

2.2. Instrumentation

Simultaneous measurements of NO, NO,, O3, H,O,
HNOg3, SOz, CN, and meteorological parameters were
performed from the Falcon for this study.

The NO and NO. instruments, operated by DLR,
use conventional NO/O3 chemiluminescence technique
including a zero volume upstream of the reaction vessel
[Fontijin et al., 1970; Ridley and Howlett, 1974; Kley
and McFarland, 1980]. Sampling for the NO, detectors
was made through a single Teflon tube from outside the
aircraft boundary layer. In the aircraft cabin the sample
air was split into NO and NOs channels at a constant
pressure of 80 hPa independent of the aircraft measur-
ing altitude by pumping excess sample air through a
pressure-controlled valve. In the NO2 channel the air
sample was irradiated with broadband UV light (320-
400 nm) using a 500-W high-pressure Xenon arc lamp
for partial photodissociation of NO; to NO [Kley and
McFarland, 1980]. The sample air mass flow was kept
constant at 3 L min~! (STP) for each instrument chan-
nel. The photolysis chamber was Peltier-cooled to keep
its temperature below 15°C for minimizing thermal dis-
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sociation of other reactive nitrogen species. To obtain
a high spatial resolution of the measurements, a short
sample air residence time in the photolysis chamber of 2
s was chosen, taking into account a photolytic efficiency
of only 0.35.

During the flight, both chemiluminescent detectors
were operated in modes for measure, zero, and calibrate
(sensitivity and baseline determination). In addition,
preflight and postflight calibrations included checks of
the photolytic efficiency using NO, calibration air gen-
erated from a NO standard by titration with Oz. The
overall uncertainty of NO measurements is 10% and
20% for concentration levels of about 1.0 ppbv and 0.1
ppbv, respectively. The accuracy of the NO2 measure-
ments is 30% and 50% for levels of about 1.0 ppbv and
0.2 ppbv, respectively, and NO,/NO ratios around 1.

Ozone was measured using an UV absorption pho-
tometer operated by DLR. In this probe, sample air
is passed through an absorption chamber (cell length,
300 mm; inner diameter, 5 mm) that is irradiated by a
temperature-controlled mercury lamp. Detection of the
transmitted light is made by a silicon photodiode. After
each 1-s interval the sample air is periodically scrubbed
of ozone. Thereby the instrument cycled through a ref-
erence and measuring mode with a time resolution of
2 s. The instrument pump was operated at a constant
pumping speed of about 3 L min~! (STP). The sensi-
tivity of the instrument was checked before and after
each flight using ground-based ozone standards. The
accuracy of the instrument is 5% or 3 ppbv, depending
on which value is larger.

Water vapor was measured by a frost-point hygrom-
eter built and operated by the Laboratoire de Météoro-
logie Dynamique (LMD) [Ovarlez, 1991; Ovarlez and
Ovarlez, 1994]. With this instrument the onset of wa-
ter vapor sublimation on a metal mirror is detected
optically. The mirror temperature is controlled using
cryogenic cooling. The accuracy of the determination
of H2O volume mixing ratios is 5%.

HNO;3; and SO5 were continuously measured using a
chemical ionization mass spectrometer developed and
operated by the Max-Planck-Institut fiir Kernphysik
(MPI-K) [Arnold and Hauck, 1985; Arnold and Knop,
1987; Mahler et al., 1993]. In this measuring system,
ambient air is sampled through an ion—flow tube reactor
into which are injected reactant ions formed in an ion
source. Determination of gaseous HNO3 and SO, builds
on selective ion-molecule reactions with known rate co-
efficients and requires the measurement of the corre-
sponding production and reaction ratio with the mass
spectrometer and the ions residence time in the flow
tube. A cryogenically pumped (liquid neon) quadrupole
mass spectrometer is used for ion mass analysis. Pre-
cision and accuracy of the technique are 20% and 40%,
respectively.

Total condensation nuclei were measured with a CN
counter that is part of the Mobile Aerosol Sampling Sys-
tem (MASS) of the University of Missouri-Rolla (UMR)
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[Hagen et al., 1993; Whitefield and Hagen, 1995]. Vola-
tile and nonvolatile particles were sampled through an
unheated inlet line and exposed to a supersaturated bu-
tanol vapor which condenses on the particles, leading to
sizes that can be optically detected. Particles in the di-
ameter range from about 7 nm to 1.0 zm were counted.
The latter limit is due to particle loss by impaction on
walls of the inlet line. Precision and accuracy of the
instrument are 10% and 20%, respectively.

Meteorological data were provided by DLR. Temper-
ature was measured on board the Falcon using Rose-
mount Pt100 and Pt500 probes with an accuracy of 0.5
K. Static pressure was measured using a Rosemount
1201F1 transducer with an accuracy of 1 hPa. Wind
was determined with a five-hole probe at the tip of a
nose boom and an inertial navigation system with an
accuracy of 1.5 ms™! for the horizontal wind [Bégel
and Beumann, 1991].

3. Experimental Results
3.1. Corridor Observations

Figure 2 shows time series of various measured pa-
rameters at three successive constant-altitude legs (A,
B, and C) made at 11.3 km along 12°W while the Fal-
con was flying back and forth, from north to south,
perpendicular to the main flight corridor. The obser-
vations were made between 073940 and 091319 UTC
(27,580 s and 33,199 s). The time of sunrise is also
marked in Figure 2. The measuring altitude was near
the tropopause. The southern part of the flight legs
was within the troposphere, the northern part within
the stratosphere. This can be clearly seen from the
measured horizontal distribution of the Oz, H,O, and
HNOj3; mixing ratios. The relative humidity with re-
spect to ice did not exceed 70%, in agreement with the
fact that no persistent contrails were observed. The
wind came mainly from westerly directions, with wind
speed varying between about 30 ms™! at the northern
part and near zero at the southern part of the flight legs.
Figure 2 presents 5-s data for NO, NO, (=NO + 0.35
NO;), and CN; 10-s data for O3 and H,0; 12-s data
for HNO3 and SO.; and 1-s data for the meteorological
parameters.

Simultaneous sharp spikes in NO and NO, concen-
trations were observed along all measuring legs with
peak mixing ratios up to 1.3 ppbv for the integration
time used. In between, low background mixing ratios
were found (50 pptv for NO). Note that the peak con-
centrations in short-range spikes are smaller for NO,
compared to NO. This is due to the longer residence
time of the sample air in the NO, channel including the
photolysis cell. Determination of NO; from short-term
varying NO and NQO, data requires peak integration.
The time spans of the sharp NO and NO, variations
range from 8 s to 32 s, corresponding to horizontal dis-
tances of 1.5 km to 5.5 km.
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Figure 2. Time series for NO, NO, (=NO + 0.35 NO3), CN, SO, O3, H20, HNO3, temperature,
wind speed, wind direction, and latitude measured on November 6, 1994, during crossings of the
major air traffic tracks in the North Atlantic flight corridor. Observations were made along north-
south oriented flight legs at constant longitude of 12°W and constant pressure altitude of 37,000
feet (11.3 km). Note that peak concentrations in NO, spikes are more strongly attenuated than
those in NO spikes owing to a longer residence time of the sample air in the NO; instrument.

Coincident sharp increases of CN concentrations were
found for many NO and NO, spikes. For one major NO
and NO, peak, a simultaneous SO; peak was clearly
detected. Corresponding small-scale variations for O3
and H,0, which should occur if the NO, NO., SO,
and CN peaks are due to small-scale displacements of
constant mixing ratio surfaces relative to the flight legs
at constant pressure altitude were not observed. This
indicates fresh NO;, SO and CN emissions.

In the stratospheric part of leg B and leg C between
about 31,000 s and 32,000 s, strong small-scale varia-

tions of CN number densities were observed which are
in most cases not correlated with corresponding NO and
NO, variations. These CN variations might be due to
a layered structure of the CN distribution which is oc-
casionally observed in the lowermost stratosphere [e.g.,
Wilson et al., 1991].

3.2. Attribution of Spikes to Air Traffic

In order to trace the observed coincident NO, NO¢,
SO, and CN peaks back to air traffic emissions, the ex-
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PFigure 3. Observed CN, NO, and NQO, distribution on November 6, 1994, along (left) S-N
measuring leg B and (right) N-S leg C shown in Figure 2 together with calculated plume air
parcel trajectories ending at predicted Falcon intersection positions. The arrows are labeled with
numbers indicating the source aircraft type (1; B-747, 2; B-757, 3; B-767, 4; EA-31, 5; MD-11).

pected positions of aged aircraft exhaust plumes along
the Falcon track were determined from the collected
air traffic data and the wind measurements aboard the
Falcon. The advection of the individual plumes was
calculated using a constant horizontal wind direction
and speed as measured at the crossing point of the Fal-
con with the source aircraft tracks along 12°W (see ap-
pendix). The Falcon wind data were smoothed by 30-s
averaging for this purpose.

The predicted plume intersection points for the mea-
suring legs B and C across the flight corridor are shown
in Figure 3. The bottom panel depicts the track of
the Falcon in north-south direction versus time along
constant latitude and altitude of 12°W and 11.3 km,
respectively. The arrows show the trajectories of ex-
haust plume air parcels which should be intersected by
the Falcon at the positions of the arrowheads along leg
B (flight direction S-N) and leg C (flight direction N-S).
Differences in the positions of the arrowheads and tail
ends correspond to the latitudinal displacements and
ages of the plume air parcel, respectively. Displace-
ments in north-south direction are moderate owing to
prevailing westerly winds. The arrows are labeled with
numbers indicating the source aircraft type (1; B-747,
2; B-757, 3; B-767, 4; EA-31, 5; MD-11). The top three
panels in Figure 3 show the measured NO., NO, and
CN concentrations along leg B and leg C.

The predicted plume intersection positions along the
two successive Falcon legs across the flight corridor cor-
respond fairly well to the positions of the observed NO,,
NO and CN peaks within the uncertainty for the cal-
culated plume positions. The accuracy of the assumed
mean horizontal wind speed is +5 ms™!, resulting in an
uncertainty for the predicted plume position of about
+0.25°with respect to latitude for a plume travel time
of 2 hours. The comparison reveals that in most cases,
measured peaks are due to superpositions of several air-
craft plumes having ages between about 15 min and 3
hours.

3.3. Abundance Ratio of Emission Species in
Plumes

The partitioning of NO; and NO observed in the
multiple plumes was examined for the most prominent
peaks, labeled 1 through 6 in Figure 2. Details on the
measurements in these plumes are given in Table 1.

The NO2/NO ratios in the individual plumes were
determined from the NO. and NO integrals above back-
ground values in the spikes and the measured efficiency
of the photolysis system (f = 0.35) during the preflight
and postflight calibrations. The NO3/NO obtained are
also listed in Table 1.

In Figure 4 these values are compared with calcu-
lated NO2 /NO ratios assuming a photochemical steady
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Table 1. Observations in Major Plumes
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Plume
1 2 3 4 5 6
Time, UTC 080515 081452 081528 081713 082648 090208
Latitude, °W 50.85 50.81 50.87 51.04 51.97 51.83
Longitude, °N 12.0 12.0 12.0 12.0 12.0 12.0
p, hPa 217.0 217.5 217.0 217.5 217.3 217.4
T,K 213.9 213.9 213.9 214.4 215.5 215.5
ANO, ppbvs 4.0 10.7 10.0 8.9 9.7 19.4
ANO2/ANO, ppbvppbv~! 1.65 0.635 0.56 0.245 0.48 0.2
ANO;, ppbvs 10.6 17.5 15.6 11.1 14.4 23.3
ACN, cm™3s 5300 5880 6252 5342
ASOg, ppbvs 4.1
ACN/ANO;, cm~3ppbv~! 301 375 434 229
ASO;/ANO, ppbvppbv™? 0.13

Blank entries denote cases where plume concentrations are not clearly distinguishable from background variations. A

denotes the peak integral of the associated emission species.

state between daytime NO; and NO according to

NO2] _ K[Os]
[NO] ~ ino,

where brackets denote concentrations, k is the tem-
perature-dependent reaction rate constant of O3 with
NO, and jno, is the photodissociation coefficient for
NO,. The concentration of Og is taken from the mea-
surements, k is from Atkinson et al. [1992], and jno,
is calculated by the radiative transfer model of Rug-
gaber et al. [1994]. The reactions of NO with HO2 and
ClO are omitted here, as they account for a negligible
NO conversion to NQO; for the conditions of the Falcon
flight. Individual uncertainties for [O3], k, and jno,
are 10%, 40% and 30%, respectively. The measured
NO3/NO ratios have an uncertainty of 30%. Within
combined uncertainties the measured and calculated
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Figure 4. Comparison of measurements and steady
state predictions for the NO2/NO abundance ratios in
exhaust plumes shown in Figure 2. NO,/NO ratios are
plotted versus calculated photodissociation coefficients.

steady state NO, /NO ratios agree, indicating that pri-
mary NO emitted by aircraft had approached already
the steady state NO3 /NO ratio in the measured plumes.
The estimated times required to reach the steady state
ratio for the conditions of the individual plumes are
approximately given by 3 times the time constant of
1/(jno, + k[O3]), i.e., 26 min for plume 1 and 8 min
for plume 6. As shown in Figure 3 the smallest plume
age (15 min) is calculated for a plume positioned near
the observed peak 5. This time is comparable to the
expected time necessary to reach the steady state ratio
for this peak (17 min).

The integrated CN abundances of plumes 2, 3, 5, and
6 are also listed in Table 1 together with the correspond-
ing CN/NOQO, ratios. The CN peaks of plumes 1 and 4
cannot be clearly distinguished from the background.
For the considered plumes an average CN/NQO, ratio of
335 cm~3ppbv~! is obtained with a standard deviation
of 70 cm~3ppbv~!. With the mean NO, emission index
of 16.5 g per 1kg fuel (see below) for the source aircraft
of the observed multiple plumes, a mean CN emission
index of

_ EI[NO;]Mair __ .16 Particles
EI[CN] = [CN]/ [NO,]—pair Mno, 10 kg fael
is obtained, where p,ir, Mair, and Myo, denote the air
density and molar masses of air and NO;, respectively.

For comparison, one can estimate the emission in-
dex of soot (as total emitted particles per 1kg fuel) by
considering the typical range of soot emission indices
for modern engines of 0.01 < El[soot] < 0.1 gkg™?,
Psoot = 1.5 gem™3, and assuming a mean diameter for
soot particles of 30 nm. The obtained range for the
soot emission index is 4.7x10' < EIfsoot] < 4.7x10'®
particles per 1kg fuel.

Consequently, the inferred particle emission index
from the measurements is about a factor of 2 to 20
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higher than calculated soot emission indices. This in-
dicates that a large fraction of the measured CN in the
moderately aged plumes are not soot particles but most
probably sulfuric acid aerosols formed in the early jet
phase of the aircraft plumes. Earlier observations in the
aged exhaust plume of the Concorde supersonic aircraft
in the lower stratosphere revealed similar ratios of total
CN to nonvolatile CN [Fehey et al., 1995a]; however,
the inferred values for the total CN emissions indices
are a factor of about 2 to 7 higher.

For plume 6 a SO, signature was clearly detected.
Peak integration gives an SO2/NO, abundance ratio of
0.13. This yields an SO emission index of 3 gkg™! con-
sidering the mean EI[NO;] of 16.5 gkg~? for the source
air traffic. The obtained EI[SO] is close to the upper
limit of the sulfur mass content allowed for standard avi-
ation kerosene of 0.3% by mass (corresponding to 6 g
SO; per 1kg fuel). The actual sulfur mass content varies
strongly depending on the source refinery, with average
values of 0.05% by mass [Schumann, 1996]. Consider-
ing this value, the mean EI[NO.] of 16.5 gkg~!, and
the observed NO_. peak concentrations of 1 to 2 ppbv,
an expected SO, enhancement of 40 to 80 pptv is cal-
culated for the major NO, plume signatures. Such SO,
increases are hardly distinguishable from the observed
variations of the SO, background concentrations in the
12-s SO, data of about 100 pptv.

Enhancements of the HNO3 concentrations were not
detectable for the major plumes 1 to 6. Considering
the variations in the high-resolution (12 s) HNO; data
of about 50 pptv with respect to 1-min mean values
as an upper limit for HNO; formed in the plumes, less
than about 10% of the NO, in the plumes has been
oxidized to HNO;3; during the plume dispersion time
span of 0.5 to 3 hs for the measuring conditions in ac-
cordance with model simulations of Kearol and Ozolin
[1994]. This observation is also in accordance with ear-
lier measurements of the NO, speciation in plumes of
subsonic [Arnold et al., 1992; Zheng et al., 1994; Fahey
et al., 1995b] and supersonic [Fehey et al., 1995a) air-
craft which indicates that the HNOj3 fraction is small
(< 10% of NO,) in exhaust plumes a few minutes after
emission.

4. Comparison With Plume Model

In order to compare the measured NO, increases
along the corridor measuring legs with expected NO,
enhancements due to the spreading exhaust plumes of
the observed air traffic in the investigation area, we
have performed numerical simulations using a Gaussian
plume model. Because of the uncertainty in the pre-
dicted plume positions along the Falcon track (about +
0.25°), the measured fine structure of the multiple peaks
cannot be described with the plume model. However,
useful comparisons can be made between suitable inte-
grated measuring data and model results of the NO;
distribution. An appropriate integration of the mea-
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sured NO and NO, signals also allows derivation of NO_
concentrations from the measurements for comparison
with the model, which treats NO; as a passive tracer.

4.1. Model Description

The Gaussian plume model used has been described
in detail by Konopka [1995] and Schumann et al. [1995].
Briefly, the abundances of various exhaust species in
the plume of a single airliner are represented by ana-
lytical solutions of the atmospheric diffusion equation.
These solutions are Gaussian functions which are valid
for spatially linear wind profiles, spatially constant dif-
fusivities, and linear chemical reactions. In addition,
all parameters of this model can depend step wisely on
time. The concentration fields in the corridor result
from linear superposition of such solutions for a mul-
titude of plumes with different ages, source strengths,
and spatial origins according to the distribution of the
traffic.

With this approach, the NO, concentration p; along
the Falcon track f for a single plume is written as

rs(y,t) = A(t)e(y,0,64(2)), )

with
Aty = Geplh,0,6,(0), Q
At = opt) = 2ORO =GB

Gy(t) sin?y
and the one-dimensional Gaussian function ¢ defined
by

202 (3)

where T and o denote the centroid and the standard
deviation of p. Here y is the horizontal space coordi-
nate along the track of the Falcon relative to the plume
centroid, and ¢ is the effective plume age (i.e., relative
to the beginning of the diffusion regime). The quanti-
ties A and o give the integrated concentration and the
standard deviation of the concentration peak profile py,
respectively. Furthermore, v denotes the angle, A is the
distance between the main axis of the plume and the
Falcon track, and c is the total mass of emitted NO,
per unit length along the flight path (in kilogram per
meter).

The time-dependent functions 6, 6, and &, describe
the (Gaussian) dynamics of the plume, and under some
assumptions, these quantities can be expressed in terms
of the atmospheric parameters [Konopka, 1995]. For
this study we proceeded in the following way: First,
the plume dispersion phase was divided into N steps
to <t <...<ty =tin which all parameters of dis-
persion are approximately constant. In particular, we
assumed that during each time step ¢ = 1,..., N, the
plume gets distorted by the wind shear s; perpendicu-
lar to the plume axis and turbulent diffusion with an
anisotropic, positive definite diffusivity tensor in terms

o(@,2,0) = @ro?)yHexp [- 2]
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of horizontal, vertical, and skewed components Dy,
D,,, and D, with

Dhan.' >0, Dg,- <Dh-’D1li' (6)

After N + 1 steps of dispersion, the functions &, 65
and 6, are given recursively by

&h(t) = Ui(t) = 0I2:N1 éI-ﬁ?(t) = &SN ’

5u(t) = 02(0) = o2, )
with
‘7121.“ = %s?Du, At® + (25; D, + sio2))At? +
2(si0s, + Dn,)At + 05, ,
Gopr = SiDy, AL + (siol, +2D,,)At + 65, , (8)
01215+1 = 2D, At+ ‘712:.- ’ 9)
where

At =ty — t;, i=1,...,N-1,

and op, and o,, are horizontal and vertical standard
deviations at the beginning of the dispersion regime,
respectively. Furthermore, we assumed 5, = 0.

4.2. Input Parameters

The model requires various input parameters, some of
which are only known with a considerable uncertainty.
Simulations were done with a reference set of most likely
input parameters and, in addition, for several sets of in-
put parameters covering the ranges given in Table 2.
The most important input parameters include the dif-
fusion coefficients D, and D;, the vertical wind shear,
and the effective emission height of the plumes relative
to the source aircraft.

The Brunt-Viisila frequency N and the vertical shear
S of the total wind speed were obtained from the wind
and temperature profiles measured during ascents and
descents of the Falcon in the altitude range between
10.8 and 11.8 km before and after the horizontal corri-
dor legs.

The diffusion coefficients D, and Dy are determined
from Diirbeck and Gerz [1995]. Due to weak vertical
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mixing in the upper troposphere, the vertical width
of the plumes does not exceed about 200 m after 10
hours. Since the distance between two successive flight
levels amounts to 600 m, the interaction between ex-
haust plumes released at different flight levels can be
neglected for the timescales of several hours considered
here. Consequently, only exhaust plumes emitted by
the air traffic cruising at the Falcon measuring flight
level of 37,000 feet as recorded from the radar screen
have to be included in the simulations. The four aircraft
passing the Falcon track prior to the period observed by
radar are not considered (see Figure 1).

The source strength of NO, depends on the fuel con-
sumption ¢y (in kilograms per second) of the individual
aircraft-engine combination, the aircraft’s ground speed
vy (in meters per second), and on the emission index of
NO; for the actual cruising conditions. For the aircraft
considered, the mean emission index amounts to 16.5
g NO, per 1kg fuel (F. Deidewig, personal communi-
cation, 1995). The fuel consumptions at the cruising
altitudes for the relevant aircraft were obtained from
Taylor [1976] and vary between 2.8 (B-747) and 14
(EA-31) kgs~!. The mean ground speed amounts to
240 ms~!. The source strength c is given by

o C+EINO.]
i —

(10)

The Gaussian plume model is applied for the disper-
sion regime of the plumes, i.e., after the jet and vortex
phase. For a wide-bodied aircraft the vortex phase ends
after about 3 to 5 min. The corresponding vertical and
horizontal plume widths o, and o, amount to 50 and
120 m, respectively [Schumann et al., 1995]. The posi-
tions of the plume centroids along the Falcon legs and
the plume ages were taken from the calculations shown
in Figure 3. In addition, we supposed that the verti-
cal deviation h of the plume centroid from the source
traffic flight level (37,000 feet) at the beginning of the
diffusion regime is given by half the maximum vertical
displacement of the trailing vortex pair for the given
stratification, i.e., h = w;/2N, where w; is the initial
downward velocity of the vortex pair. For a typical
value wy; = 2 ms™!, one obtains h = 45 m.

Table 2. Input Parameters of the Gaussian Plume Model

Input Parameter

Reference Values

Range of Sensitivity Studies

Brunt-V3isila frequency, N, s~! 0.022
Vertical diffusivity, D,, m2s™!

t < 13 min 04

t > 13 min 0.15
Horizontal diffusivity, Dy, m?s™! 20.0

Skewed diffusivity, D,, m3s~!
Vertical wind shear |s|
1 to plume direction, s~
Vertical plume position k 45
relative to source aircraft, m

0.005
1

0< D, <06

0.5(Dy Dy)'/?

0 < |s| < 0.015

0<h<T0
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Figure 5. Comparison of observed NO, plumes (dot-
dashed lines) with simulations using a Gaussian plume
model, for legs (top) B and (bottom) C. The solid lines
show the calculated NO, plumes with a reference set of
input parameters. The dashed regions give the range
obtained with the sensitivity studies (model results are
shifted upward by 1 ppbv). The numbers give the to-
tal number of aircraft which cause the multiple plumes.
Uncertainty in calculated positions of the plume struc-
tures is 0.25°. The simulated NO. distribution was av-
eraged in the same way as the experimental data.

4.3. Comparison of Multiple Plumes

Figure 5 presents the simulated NO; increases along
the Falcon measuring legs B and C for the reference
case (solid lines). Also shown is the calculated range
of variability caused by the uncertainty of the input
parameters (dashed regions). In addition, the number
of source aircraft which are responsible for the various
plume structures are given.

For comparison, the measured NO; increases are also
included in Figure 5. The resultant NO and NO, peaks
were averaged over time, with a time step equal to 20
s. Larger time steps were used when the integral values
of NO, were below 2 ppbvs to improve count statistics.
Finally, NO, were determined from the average NO and
NO..

Taking into account the uncertainties of the model
input parameters, the simulated and measured NO,
plume peak concentrations and their positions along
the Falcon track correspond fairly well. The simula-
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tions show that the measured NO, structures can be
attributed to multiple exhaust plumes caused by a su-
perposition of 2 to 5 individual plumes with ages be-
tween about 15 min and 3 hours.

4.4. Plume Mixing Lifetime

From the Gaussian plume model one may estimate
the typical mixing timescale, defined as the time after
which the maximum concentration of NO, in an ex-
haust plume caused by a single aircraft becomes com-
parable with typical variations of NO; background con-
centrations. [NOz|max is obtained from equations (2) to
(4), i.e.,

cMair
[NOclmax = 27 pair Mo, VA(L) ()
with
sA(t) = dn(t)0y(t) — F4(2)?, (12)

s where o0}, (t), 0y(t), and o(t) are given through rela-
tions (7) and (8). For a typical aircraft with EI[NO,]
= 16.5 gkg™! and ¢; = 2.65 kgs™!, the calculated de-
crease of the NO, peak concentration in the spreading
plume for reference parameters given in Table 2 is shown
in Figure 6 for different values of s.

After about 5 to 10 hs, the peak NO, concentra-
tion in the plume is reduced to about 50 pptv, i.e., to
a value comparable to variations of NO, background
abundances in the upper troposphere. The related ver-
tical and horizontal width of the plume amounts to
about 200 m and 20 km, respectively. Note that the
mixing times determined here should be regarded as up-
per limits, since horizontal gradients of the wind field
which may enhance mixing were neglected in the model.

10.0F
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a
& 1.0f
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£
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Figure 6. Peak plume values of NO; versus plume age
calculated from the Gaussian plume model for different
values of s and D,. The solid, dot-dashed, and dotted
lines are calculated with s = 0, 0.005, and 0.015 s~ 1,
respectively. The upper and lower parts of the double

lines correspond to D, = (DuDh)l/2 and D = 0.
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5. Conclusions

Signatures of air traffic emissions have been detected
in the North Atlantic flight corridor during peak traf-
fic hours for NO, NO2, SO, and particles by aircraft
measurements across the main traffic routes. Peak con-
centrations in the exhaust plumes exceed background
levels by factors of 30 (NO;), 5 (SO), and 3 (CN) for
the measuring conditions.

The source aircraft were identified from radar obser-
vations. The emissions measured at fixed flight level
were caused by 22 wide-body aircraft which passed the
measurement leg of 400 km length at 12°W within 5
hours during or before the measurement period. Calcu-
lations of predicted plume intersection points along the
measuring tracks reveal that the measured concentra-
tion enhancements for NO,, SOs, and CN are mainly
due to aircraft emissions in plumes with ages between
15 min and 3 hs. Hence the major observed peaks are
due to superpositions of several relatively fresh plumes.

An analysis of the partitioning of NO and NOs in the
observed peaks showed that primary emitted NO had
approached already the steady state NO,/NO ratios
as expected for the determined plume ages. Observed
CN/NO; abundance ratios in the major plumes reveal a
mean emission index of 10® particles per 1kg fuel burnt
by the corridor traffic. A comparison with calculated
EI for emitted soot indicates that the measured CN in-
creases in the aged plumes are only to a smaller fraction
due to soot particles. The measured mean CN/NO, ra-
tio of 300 cm~3ppbv~! in aged plumes also indicates
a mean CN increase in the North Atlantic flight cor-
ridor of about 30 cm~2 considering typical calculated
large-scale NO,, increases by air traffic in this area of
100 pptv [e.g., Brasseur et al., 1996)]. This represents a
marked perturbation of CN background concentrations
of about 100 to 300 cm™3.

The measured NO,; plume concentrations compare
fairly well with NO, enhancements computed with a
Gaussian plume model if horizontal and vertical dif-
fusivities are used as derived by large-eddy simulation
[Diirbeck and Gerz, 1995] and measurements [Schumann
et al., 1995].

The simulated and measured distribution of NO,, in
the corridor is very inhomogeneous. The spatial fraction
of sections with enhanced concentrations (above 200
pptv in NO peaks) along cross-corridor tracks of about
400 km length is calculated to be 4% during heavy traf-
fic conditions. About 30% of the total NO, abundance
is confined in plumes along the cross-corridor routes
during traffic peak hours. It would be difficult to iden-
tify an aircraft contribution to the ambient NO, abun-
dance in the corridor region for observation times sev-
eral hours after the major fraction of the corridor air-
craft traffic has passed the investigation area for me-
teorological conditions where the exhaust plumes were
strongly spread horizontally and vertically.

Hence studies of large scale signatures of air traffic
emissions, i.e., at the scale of the corridor, should focus
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on synoptical situations favorable for accumulations of
corridor traffic emissions, e.g., a stagnant anticyclone
located in a major flight corridor. Such measurements
have been performed recently during a second POLI-
NAT campaign over the North Atlantic.

Appendix: Calculation of Plume
Positions and Ages

We consider a measuring aircraft (Falcon) flying at
constant altitude and an arbitrary airliner crossing the
Falcon track at the same altitude. In a two-dimensional
Cartesian approximation (see Figure 7), the Falcon
and the airliner tracks can be described as two time-
dependent straight lines r¢(t) and ro(t). Here, the Fal-
con flies along the x5 axis. Furthermore, we assume con-
stant, two-dimensional velocities of the Falcon [0, uzy],
the airliner [u,1,uq2], and the wind [uy1, uw2), respec-
tively. The vertical component of the wind is neglected.
The plume position rp at time ¢ for a plume released at
time ¢y is given by

Tp1(t, t0) = Za1(to) + Uw1 (t — to)
rp(t,to) =49 7 13
p( 0) {po(t; tO) = va(tO) + Uw2(t - tO) ( )
where r, := [Tq1, Tq2] With
I'a(t) — Zal (t) = Za1r + Uq1 (t - ta.r) (14)
Tg2 (t) = Tq2r + Ua2 (t - tar)

is the track of the airliner. Here, 2417, Zq2,] is the posi-
tion of the airliner at the reference time ¢,,. The Falcon
path is described through

rs(t) = {zﬂ(t) =0

15
Tp2(t) = Tpar + upa(t — tsr) (15)

where [0, zs2,] is the Falcon position at ¢ = ts,. The
cross condition between the plume and the Falcon track

rp(tmsto) = rs(tm) (16)

determines the release and the cross times ¢y and t,,,
respectively. The solution of this linear system of equa-
tions can be written in the following form:

to = (detA)—l(bzAn—blAzl),
tm = (det A)7'(b1A2z —boAsa)

wi ro(t)

A<
N (\‘U
. (\\
o\

(17)
(18)

X4

()

Figure 7. Sketch of the notation used.

Falcon
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with
A = Uyl Ug1l — uwl) (19)
U2 —UF2  Ug2 — Uyw2
—Za1r + Uartar
b = @ 20
(-Tf2r — Za2r + Ugztar — uf2tfr) ( )

The plume age is given by tage = t;n — to.
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