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Pollution from aircraft emissions in the North Atlantic flight
corridor: Overview on the POLINAT projects
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Abstract. The Pollution From Aircraft Emissions in the North Atlantic Flight Corridor
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emissions on the state of the atmosphere in the North Atlantic flight corridor. Changes in
the nnmnnqmnn of the lower ctmtnsnhpm and upper tr(mnqnhpre from aircraft emissions
are identified from combined measurements and model analyses Measurements were
performed usmg the Deutsches Zentrum fur Luft- und Raumfahrt Falcon research aircraft
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November 1994 and June/July 1995 and from August to November 1997. The measure-

ments include those of nitrooen oxides, nitrous and nitric acids, sulfur dioxide. sulfuric
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acid, acetone, carbon dioxide, ozone, water vapor, carbon monoxide, aerosols, and mete-
orological parameters The atmospherlc composmon was found to be highly varlable, and
emissions from sources at the surface or from lightning discharges also contribute
strongly to the nitrogen oxides abundance and ozone formation. Contributions from air-
craft emissions have been measured and identified in single and multiple plumes of sev-
eral hours ages, and accumulation of such nitrogen oxides and particles emissions can be
identified under certain conditions in and downstream of the flight corridor region. Ace-

tone was found at high mixing ratios. The global and regional models predict ozone in-
creases of 3 to 6% by current air traffic at the flight corridor altitude north of 30°N, in

agreement with previous model analyses but too small to be measurable. In autumn, the
upper tronosnhere is often humid with water vapor concentration far above ice saturation,
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providing conditions for persistent contrails.

1. Introduction

Aircraft cruising near the tropopause may cause significant
changes in the atmospheric composition, chemistry, and cloud
formation with potential consequences for the ozone concen-
tration in parts of the upper troposphere and lower stratosphere
and for the climate of the Earth’s atmosphere [Schumann,

1994]. Aircraft engines emit nitrogen oxides (NO,, the sum of
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nitric oxide, NO, and nitrogen dioxide, NO,), particles, parti-
cle precursor gases, and other species. Because of high air traf-
fic density remote from other sources, the effect of aircraft
emissions is expected to be measurable within the North At-
lantic flight corridor (NAFC). Very few data were available
before 1994 in the altitude range of cruising subsonic jet air-
liners (up to 13 km), and no data were available within the
NAFC. Therefore the project “Pollution From Aircraft Emis-
sions in the North Atlantic Flight Corridor” was performed in
two phases from 1994 to 1998 (POLINAT 1 and 2). This pa-
per gives an overview of the objectives, methods, and accom-
plishments of both project phases. Further results are de-
scribed in other papers of the special section in this journal
and in a special Subsonic Assessment Ozone and Nitrogen
Nvide FExnariment [SONEXVDPNOI INAT iccue of the Geo-

Oxide Experiment (SONEX)/POLINAT issue of the Geo
physical Research Letters [Singh et al., 1999; Schlager et al.,
1999].

The emissions of subsonic aviation and its impact on the
state of the atmosphere have been investigated in a sequence
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World Meteorological Organization (WMO), 1995; Friedl,
1997; Brasseur et al., 1998; International Panel on Climate
Change (IPCCj}, 1999] As the first in a sequence of European
projects on this topic, the AERONOX project was performed
from 1992 to 1994 [Schumann, 1995, 1997a]. Model studies
within that project predicted large aircraft contributions (20 to
70%, depending on season) to the concentrations of nitrogen
oxides in the upper troposphere at 30°-60°N [Kohler et al.,
1997; van Velthoven et al., 1997). Three-dimensional (3-D)
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global [Berntsen and Isaksen, 1997; Wauben et al., 1997a;
Stevenson et al., 1997] and regional [Flatgy and Hov, 1996;
Hov and Flatgy, 1997] chemical transport models (CTM) pre-
dicted photochemical ozone generation at time scales of
months and of the order of 4 to 10% of background concen-
trations in the upper troposphere due to present NO, aircraft
emissions. At the same time, similar model studies [Brasseur

et al., 1996, 1998; Friedl, 1997] concluded somewhat smaller
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abundances, mainly because of smaller emission amounts and .

different estimates of background concentrations. Also, the lo-
cal conversion of emitted NO, in the exhaust plumes into ni-
tric acid reduces the amount of large-scale ozone generation
[Meijer et al., 1997]. Increased ozone near the tropopause is
expected to enhance the radiative forcing of the atmosphere
and to have an impact on the Earth’s climate [Hauglustaine et
al., 1994; Sausen et al., 1997]. Recently, it was noted that air-
craft NO, may cause a larger reduction of methane than ex-
pected from earlier two-dimensional model studies, counter-
balancing a significant part of the climate forcing by the in-
duced ozone [Fuglestvedt et al., 1996, 1999; Isaksen and
Jackman, 1999]. Future nitrogen oxides and ozone changes in
the atmosphere due to growing aircraft NO, emissions are
slightly mitigated by an enhanced hydrological cycle in the

Some of the dlfferences in previous estimates of the
amounts of NO, emissions from aircraft [Lee et al., 1997]
were due to different values of the assumed emission indices
(emission mass per burnt fuel mass). The previous emission
databases were derived using surface based measurements and
corrections for the effects of altitude. The emissions in the first
set of published databases differed by up to a factor of 2
[Baughcum et al., 1993; Gardner et al., 1997]. At the begin-
ning of this project no data were available to validate the as-
sumed emission indices, in particular for wide-body aircraft
which cause the largest fraction of the aircraft emissions at
cruise altitudes. For instance, Gardner et al. [1997] estimated
that B-747 aircraft with JT9D engines caused about 33% of all
subsonic NO, emissions, while the same aircraft/engine com-
bination caused 2.8 times smaller emission amounts in the es-
timate of Baughcum et al. [1993].

Previous model estimates often assumed rather low back-

grnnnrl NO, concentrations. in particular in summer, often less
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than 50 pptv (1 pptv = 1 parts per trillion by volume = 1 pmol -

mol™), and predicted C-shaped profiles with minima in the
midiroposphere and strong increases in the boundary layer
over polluted regions and increases above the tropopause be-
cause of higher NO,-lifetime and stratospheric sources
[Drummond et al., 1988; Penner et al., 1991; Ehhalt et al.,
1992; WMO, 1995; Hauglustaine et al., 1998]. Very few NO
data were available to check these computations in the North
Atlantic region from measurements [Weinheimer et al., 1994;
Emmons et al., 1997; Rohrer et al., 1997a; Thakur et al.,
1999; Ziereis et al., 1999a]. The models used rather coarse

resolutlon causing 1ntr1n31c smoothing of the concentration
change caused by the local emissions of individual aircraft.
Schumann and Konopka [1994] noted that the time required
for dispersion of exhaust plumes from aircraft to the outer

scale of the corridor or to the level of backoround concentra-
scaic Of e Comor or 1o Ing 1€ve: Of packground concentra

tions is large compared to the daily period of aircraft emis-
sions leading to a “peaky” concentration field which is inho-
mogeneous with many large and narrow concentration peaks
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over a low, relatively smooth background level. Madels pre-
dict a strong seasonal cycle of the NO, burden in the upper
troposphere [e.g., Kohler et al., 1997, Hauglustaine et al.,
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of the NAFC between Prestwick (56°N, 9°W), Keflavik (Ice-
land), Sondrestrom (Greenland), and Goose Bay (53°N, 60°W)
at up to 12 km altitude during one flight in June 1984 and one
in January 1991 [Drummond et al., 1988; Rohrer al., 1997a].
The measurements provided snapshots of the highly variable
NO concentration. NO, was not measured on these occasions.
The first measurements of aircraft emissions in subsonic air-
craft plumes and in the NAFC were performed within the
German research project “Pollutants from Air Traffic”
(“Schadstoffe in der Luftfahrt”) [Arnold et al., 1992; Schu-
mann et al., 1995; Schulte and Schlager, 1996; Rohrer et al.,
1997b; Klemm et al., 1998; Slemr et al., 1998; Ziereis et al.,
1999a]. Systematic NO, measurements were made from May
1995 to May 1996 within the Swiss Nitrogen Oxides and
Ozone aiong Air Routes (NOXAR) project [Brunner et al.,
1998; Dias-Lalcaca et al., 1998]. The results from these proj-
ects provided the basis for the POLINAT projects. POLINAT
1 was the first project that offered the potential to verify the
relatively large calculated NO, impact from subsonic aircraft
on the NO, concentration in a main air traffic corridor near the
tropopause at midlatitudes [Schlager et al., 1996].

The impact of aircraft emissions on ozone depends on the
background of ozone, carbon monoxide, and water vapor con-
centrations, the rate of conversion of NO, to nitric acid
(HNO;) and the total reactive nitrogen gases, collectively
cailed NO,, and on hydroxyl radicals (HO,) [Ehhalt and Ro-
hrer, 1994; Flaipy and Hov, 1996; Brasseur et al., 1996;
Groofs et al., 1998]. Ozone and water vapor climatologies over
the North Atlantic have recently become available from the
MOZAIC project [Marenco et al., 1998]. A set of NO, data
were reported by Klemm et al. [1998]. NO, data outside the
corridor in the Noith Atlantic region were measured during the
STREAM project [Schneider et al., 1998]. An important HO,

formation process which does not consume Os in the upper

troposphere involves acetone [Singh et al., 1995, Arnold et al.
1997a, b; Wennberg et al., 1998; Hauglustaine et al., 1998].
Acetone enhances O3 formation due to aircraft NO, emissions

[Miiller and Brasseur, 1999]. Despite its early detection in the
upper troposphere by Hauck and Arnold [1984],

upper troposphere by Hauck wld [198
ments of acetone are still limited to those of Amold et al.
[1997a, b} over the North Atiantic and of Singh et al. [1995,
1998] mostly over the Pacific.

Aircraft engines also emit paiticles and cause aerosol trails
[Fahey et al., 1995; Hagen et al., 1996; Schumann et al.,
1996]. In sufficiently cold air, water vapor emissions cause
contrails with properties depending on the induced particles
[Kéircher et al., 1998]. Modeis predict a smail climate re-
sponse for present contrail coverage estimates [Ponater et al.,
1996; IPCC, 1999]. Contrail particles may grow and persist

for hours in ice sunersaturated air masses [Schumann, 1996;

for hours in ice supersaturated air masses [Schumann, 1996;
Heymsfield et al., 1998; Jensen et al., 1998]. Therefore cli-
matological water vapor data as provided by MOZAIC are of
high importance. Because of the difficulties in performing
automatic, routine humidity measurements with high accuracy
on airlinare [Holton o+ ~I  100QR1 i

on airliners [Helten et al., 1998],
validation of the MOZAIC measurements.
The POLINAT projects were initiated in 1993 and per-

formed in two pnases The first pnase POLINAT i, was per-

measure-
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formed from January 1994 to August 1996 within the Envi-
ronment Research Program of the European Commission
[Schumann, 1997b]. The second phase, POLINAT 2, was per-
formed from April 1996 to September 1998 within the Envi-
ronment and Climate Research Program of the European
Commission [Schumann, 1999]. The objectives of the POLI-
NAT projects were threefold: (1) to determine the composi-
tion, spatial and temporal distribution, and transformation of
pollutants emitted from jet engines of subsonic aircraft at
cruise altitudes near the tropopause within a flight corridor
with heavy air traffic, (2) to determine by measurements and
analyses the relative contributions from air traffic exhaust
emissions to the composition of the atmosphere in and near
the flight corridor, and (3) to assess the effects of air traffic
emissions in that region in relation to background concentra-
tions and pollutant contributions from other sources and to
analyze their importance for changes in ozone, oxidizing ca-
pacity, aerosols, and cloud formation. The POLINAT 1 project
concentrated on the objective 1 and provided preliminary re-
sults on objective 3. The POLINAT 2 project focused on the
objectives 2 and 3. In particular, the latter project addressed
the following questions: (1) What is the mean abundance of
aircraft emitted species and other related species vertically and
horizontally across and along the corridor? (2) What are the
effective emissions, dispersion, chemical conversion, and par-
ticle formation in single and multiple plumes from one or sev-
eral aircraft? (3) At what time scales and space scales do the
pollutants become homogeneously mixed? (4) Is there a meas-
urable large-scale impact of aircraft emissions on the compo-
sition of the tropopause region? (5) What are the contributions
from air traffic sources in relation to surface emissions? (6)
How frequent is air at flight levels supersaturated with respect
to the ice phase? (7) How do the instruments perform in flight
in comparison to other instruments? (8) How do the models
perform in comparison to observations? (9) What are the con-
sequenccs of the aircraft emissions of nitrogen oxides and
other irace substances on ihe formation of ozone and other
chemicals in the troposphere and lower stratosphere? and (10)
What can be learned about atmospheric dynamics from the
measurements and model results?

The projects were performed by partners from seven Euro-
pean and one American organizations: DLR, MPI-K, LMD,
KNMI, AEA, NILU, ETH, and UMR (see Table 1 for expla-
nation of the abbreviations), in formal cooperation with further
European partners: UK Meteorological Office, UCL, UO, and
UB, with support from the European Commission. Part of the
measurements were performed by DLR and MPI-K in coop-
eration with FhG-IFU and supported within the German na-
tional research program “Pollutants from Air Traffic” [Schu-
mann et al., 1997].

The POLINAT projects were coordinated with several other
European and American projects. In particular, the POLINAT

E IR, [E. NTAQA

2 a.uuau t.a.ulpd.lgll was LlUbCly coordinated with the INASYA

research program SONEX [Singh et al., 1999]. During
SONEX. an instrumented DC-R aircraft alco nerformed meac-

SVANLA, an INStrumenicec LU -8 alIcrall aisC periormed meas

urements in the North Atlantic region from October to No-
vember 1997. These measurements complement the results
obtained within POLINAT 2 with the Faicon and the B-747.
Moreover, some measurements of the POLINAT team were
coordinated with the Atmospheric Chemistry Studies in the
Oceanic Environment (ACSOE), North Atlantic Regional Ex-

periment (NARE), and Measurement of Ozone by Airbus in-
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Table 1. Acronyms
Definitions
ACSOE Atmospheric Chemistry Studies in the Oceanic
Environment
AEA AEA Technology, National Environmental Tech-
nology Centre, Culham, Abingdon, UK.
AEROCHEM Modeling of the Impact of Aircraft Emissions on
Ozone and Other Chemical Components of the
Atmosphere
AERONOX The Impact of NOx Emissions From Aircraft
Upon the Atmosphere at Flight Alititudes 8-15
km
CN Condensation Nuclei
CTM Chemical Transport Model
DERA DERA, Propulsion Department, Pyestock, Hamp-
shire, U.K.
DLR Dentsches Zentrum fiir Luft- und Raumfahrt
(German Aerospace Center), Oberpfaffenhofen
ECMWE Buropean Centre for Medium-Range Weather
Forecasts .
EI Emission Index (mass or number of exhaust
species per mass of fuel burnt)
ETH Eidgenossische Technische Hochschule, Institute
for Atmospheric Science, Ziirich, Switzerland
FhG-IFU Fraunhofer Gesellschaft, Institut fiir Atmos-
pharische Umweltforschung, Garmisch, Ger-
many
ICAO International Civil Aviation Organization, Mont-
real and Paris
KNMI Koninklijk Nederlands Meteorologisch Instituut,
AE de Bilt, Netherlands
LMD Laboratoire de Méiéorologiec Dynamique du
CNRS, Palaiseau, France
MOZAIC Measurement of Ozone by Airbus In-Service
Aircraft
MPI-K Max-Planck-Institut fiir Kernphysik, Atmos-
pheric Physics Division, Heidelberg, Germany
MRF Meteorological Research Flight of U.K. Mete-
orological Office
NAFC North Atlantic Flight Corridor
NARE North Atlantic Regional Experiment
NASA. National Aeronautics and Space Administration
NILU Norsk institutt for luftforskning, Lillestrom,
Norway
NOXAR Nitrogen Oxides and Ozone along Air Routes
OTS Organized Track System
POLINAT Pollution From Aircraft Emissions in the North
Atlantic Flight Corridor
PVU Potential Vorticity Unit, 10 K m? kg's?
RH relative humidity with respect to liquid water
saturation
SONEX Subsonic Assessment Ozone and Nitrogen Ox-~
ides Experiment
STREAM Stratosphere-Troposphere Experiments by Air-
craft Measurements
UB University of Bergen, Norway
UCL University College London, Department. of

Physics and Astronomy, London, U.K.

UK Met. Office  Meteorological Office, Bracknell, UK. -

UMR University of Missouri- Rolla, Rolla, Missouri,
United States of America

Uo University of Oslo, Norway

1-D, 2-D, 3-D one-, two-, three-dimensional

service Aircraft (IMQZAIC TMarenco

e \ nroiacts
service Aarcralt (MUZLALC (Marence et a

1) projects.
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POLINAT 1 and 2 contained two major tasks: Measurements
and modeling. The model activities were performed in close
cooperation with the project Modeling of the Impact of Air-
craft Emissions on Ozone and other Chemical Components of
the Atmosphere (AEROCHEM). Subsequently, first the meas-
urements and modeling activities are described, and then the
major results are summarized.
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2. POLINAT Measurements

2.1. Selection of the Experimental Region: the North
Atlantic Flight Corridor

The NAFC was selected as experimental area because it is
an area with strong impact from aircraft emissions while other
sources are remote with less direct impact [Schumann, 1994].
Depending on season, about 30 to 70% of traffic in the NAFC

Depending on seasor
occurs in the lower stratosphere [Hoinka et al., 1993]. Annual
traffic statistics are compiled by the International Civil Avia-
tion Organization (ICAO) with further details for the weeks of
July 1-7 and November 1-7 each year, see Table 2 [ICAO,
1997; Ker, 1998]. The annual mean number of aircraft move-
ments passing the North Atlantic in both directions per day has
increased from 390 in 1986 to more than 800 in 1997 and may
exceed 1300 in 2015, see Figure 1 [ICAO, 1997]. The most
popular route is between central Europe and the eastern part of
North America (Table 2). The traffic peaks in July (31% above

q\mrama\ is a little lower in November (10% above average),

and lowest in February. About 70% of all traffic over tbe
North Atlantic passes 30°W between 45°N and 65°N. Half of

the westbound traffic passes. bu- W between 12 and 16 UTC

with busiest hours between 14 and 15 UTC in summer on Fri-
dav: half of the easthound traffic passes 30°W between 2 and

¢ay, nair o e castoound rafiiC passes U octween £ and

S UTC and peaks between 4 and 5 UTC on Sunday [Ker,
1998]. About 50% of all the aircraft flying over the North At-
lantic are four- or three-engine wide body aircraft. The re-
maining fraction consists of twin-engined aircraft and this
fraction is increasing. The fraction of supersonic transport is
of the order of 1% and decreasing.

During the POLINAT 2 project, as shown in Figure 2, most
traffic passed the Shannon air traffic control zone between
flight levels from 9.4 km (310 hft) to 11.3 km (370 hft; flight
levels are usually measured in hectofeet, 1 hft = 100 ft = 30.48
m), that is, at pressure levels from 290 to 200 hPa, with maxi-
mum traffic of about 90 aircraft per day at flight levels 310
and 370 hft, westbound and eastbound, respectively. A very
small number of supersonic aircraft passed the NAFC near
flight level 18.3 km (600 hft).

Aircraft movements [day"1]

0
0 v v
1975 1 1995 2005

[{e)
o
Ny

015
Year

Figure 1. Number of aircraft movements across the North
Atlantic per day over the years 1976 to 1997 and forecasts for
the future. Full curve with circles: past annual mean traffic,

full purvac haot actimnata f 1 mnd chart_dochad. hi
i curve: best estimate iorecast, 101ig- aiia 8nof! t-Gasnea: Ausu

and low forecast limits. Data from ICAO [1997].
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Table 2. Mean Daily Aircraft Movements Across the North
Atlantic in Selected Periods

Route Daily Movements in Both Directions in Period
November July Tuly November
1-7,1994 1-7,1995 1- 7 1997 1-7,1997
Between Europe 524 790 759 643
(without Tberia
and Scandina-
via) and North
America
Total across the 693 893 1065 894
North Atlantic

Most of the air traffic in the oceanic region is organized
along the so-called Organized Track System (OTS) extending
from 310 to 390 hft altitude and over a range of 5° to 6° lati-
tude with 2000 feet (1000 feet since 1997) vertical and one
degree latitude separation between individual flight tracks. For
a given day, the corridor position is fixed about a day in ad-
vance and extends over about 6° in north-south direction. In-
dividual aircraft fly with typically 20 min (15 min since 1997)
time separation along the discrete tracks. A typical example is
shown in Figure 3.
cused measurements to be undertaken and provided sensitive

tests of numerical models

Plate 1 depicts the distribution of air traffic NO, over the
North Atlantic in the upper troposphere as calculated with the
ECHAM3/CHEM model for the September-October period
using the DLR-2 emission data base with a total of 0.56 Tg(IN)
yr’1 from aircraft NO, emissions [Kohler et al., 1997]. Ac-
cording to this climatological study the highest concentrations
of aircraft NO, are expected over the eastern North Atlantic
and mid-Europe. Here the contribution of air traffic NOj to the
total NO, abundance is on average about 40% for autumn
conditions. Other models [e.g., Kraus et al., 1996], with dif-
ferent emission estimates, predict slightly smaller values
(30%).
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2.2. The Experimental Carriers and Instrumentation

Measurements were performed using the research aircraft
Falcon of DLR (Figure 4) and a B-747 combi airliner of type
357 of Swissair (Figure 5) see Table 3. Both aircraft cover the
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tude range of the tropopause in the NAFC [Hoinka, 1998].
The smaller Falcon jet covers the regional ranges. The larger
DC-8 of NASA, see Figure 4, covered larger scales at slightly
lower altitudes within the joint SONEX/POLINAT 2 experi-
ment.

The Falcon and the B-747 aircraft were equipped w1th a
large set of instruments. During the course of the projects,
many of the instruments were new or had been improved rela-
tive to earlier versions. The Falcon was equipped with instru-
ments measuring water vapor (H,0) [Ovarlez and van Veltho-

AAAAAAAAAA Ainwida 1O P e vy A~
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(NO, NO,, and NO,) [Schlager et al., 1997a, b; Ziereis et al.,
1998a], nitrous acid (HNQ,), nitric acid (HNQs), sulfur rhrng-

ZZ2caj, nIrous acid (HUNU; ), NIrcC aciq (Iivli;), Suiiur 4iod

ide (SO,), sulfuric acid (H,SO,), acetone ((CH3)2CO) [Arnold
et al., 1999; Wohlfrom et al., 19991, carbon monoxide (CO),

CNTAATTA A
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nonmethane hydrocarbons (NMHC, by grab samples),
photolysis rate of NO, [Gerbig et al., 1996; Slemr et al.,

1998] total and nonvolatile (af ’%nn"f‘\ condensation nuclei

(CN, that is, particles larger 5 nm in diameter), size spectrum
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Figure 2. Vertical distribution of the number of aircraft per
day passing the Shannon Air Traffic Control Area (45°-61°N,
between 8.5° and 15°W) versus flight level (in hectofeet 1 hft
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during September 15 to 28 and October 10 to November 10,
1997 (data provided by Shannon Air Traffic Control Center
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and hydration properties of particles [Hagen et al.,
Paladino et al.,
temperature, humidity, wind components) and aircraft pa-
rameters (position, altitude, speed) [Schumann et al., 1995].
The B-747 was equipped in the back cargo bay with a con-
tainer including instruments to measure NO, NO,, and O,
[Dias-Lalcaca et ai., 1998]. Details on the instrumentation
used on board the Falcon and B-747 are given in Table 4. The
set of measurements helps to distinguish between species
which were emitted by aircraft, transported upwards from the
planetary boundary layer (PBL) or coming from the strato-

sphere [Arnold et al., 1997a, Schlager et al., 1997b].

1996;
1998], meteorological parameters (pressure,

The rectangle in Plate 1 indicates the main Falcon operation
paan Ao o DPATINIAT 1 1"
aica uuuug POLINAT 1 and 2. The base of Upcrauun> for the

Falcon flights was' Shannon International Airport (52°N;

1n°W\ in Ireland. The selected cammpaion site enables good
npaign site enavies go

latitudinal coverage of the flight corridor within the operation
range of the Falcon and also allows difficult maneuvers in re-
gions of high corridor traffic under radar control with assis-
tance of Shannon Air Traffic Control. In addition, the B-747
sampled along the NAFC to search for longitudinal gradients
in the abundance of air traffic related species.

The overall strategy of the POLINAT 1 ‘experiment was to
perform focused measurements in the NAFC during the main
eastbound and westbound traffic flow, and to perform near-
field plume measurements behind individual source aircraft.
The strategy of POLINAT 2 experiment was to sample inside
and outside of areas with expected high impact of aircraft
emissions. This included measurements in the region with the
highest air traffic density over the North Atlantic, vertical
soundings through the flight corridor, and long-range flights
from the center of the corridor to regions not or only weakly
impacted by air traffic. The general flight pattern used during
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the Falcon missions inciuded the following: perpendicular
traverses of the corridor air traffic tracks; vertical and hori-
zontal traverses of the (inclined) tropopause and measure-
ments in the upper troposphere and lower stratosphere; vertical
soundings including the range above and below the main flight
corridor; southbound survey flights from Shannon to regions
outside of the corridor (Azores and Tenerife); northbound sur-
vey flights from Shannon to the northern border of the flight

{*nmr‘lr\r traverses of regions with staonant anticvclonic con-

VVVVVVVV traverses of regions with stagnant anticyclonic cor
ditions; measurements within aircraft exhaust plumes (includ-
ing the SONEX DC-8 and MOZAIC A340); formation flights
with other research aircraft for instrument intercomparison;
and coordinated measurements involving a large set of instru-

ments and methods

INCNLS ang meneas.

The SONEX campaign with objectives similar to those of
POLINAT 2 was a key pamrer mission of the present investi-
gations. The deployment of the Faicon and NASA DC-8, data
exchange, and issues of data analysis and publication were co-
ordinated as far as practicable. Selected missions of the Falcon
were performed together with ACSOE and NARE flights, in-
cluding intercomparison measurements with the MRF C-130
used for ACSOE, and an attempt of a Lagrangian experiment
with the NOAA P3 deployed for NARE. Finally, a formation
flight for instrument intercomparison was conducted of the

Falcon and one instrumented Airbus 340 of MOZAIC.

2.4. Tools for Flight Planning

A large number of forecast products was transmitted to the
field for flight nlanmncr Meteorological products were avail-

able through KINMI [Fuelberg et al., this issue; van Velthoven,
1999] mcludmg the following: isobaric maps (potentlal vor-
tiCit:y, wind, geopotentrar, huuuuu._y, temperature, etc.);
casts of low, middle, and high cloud cover; forward/backward
trajectories using ECMWEF forecast winds; vertical cross sec-
tions of meteorological parameters along potential flight paths;
and pressure map of dynamical tropopause for the North At-
lantic region.

For the first time also chemical forecasts were available
through UB/NILU including horizontal and vertical maps for a
suite of air traffic related chemical species via an interactive
webpage [F. Flatgy et al., unpublished manuscript, 1999]. In-
formation on the location (e.g., Figure 3) and expected load of

the OTS was available through Shannon Air Traffic Control.

fore-

Preliminary NO, and Oj; concentrations from past B-747

I | T

T

latitude (deg)

jongitude (deg)

Figure 3. Westbound and eastbound oceanic organized track
system (OTS) as of September 21, 1997.
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Figure 4. POLINAT 2/SONEX experimental team in front of the research aircraft DLR-Falcon and NASA-

NC_Q m tha oixfiald of Qhon e Tealond drsrincs tha asnasiceantal anmanaion in Octohar
(-5 On nc airticia o1 Shannon, ireiand, QUiiilg the \;Aycuuu,utal caimpaigii i October 1997 (th{G by M.

Malycha. DLR).



SCHUMANN ET AL.: POLLUTION FROM AIRCRAFT IN THE NAFC

Figure 5. The Swissair B-747 equipped with a container for
measurements in the rear cargo compartment (photo provided

e Quriceait)
Oy OWisSsail).

flights were made available via internet a few hours after
landing of the B-747 in Zurich.

AAAAAA QCNMNTDY .11 L e I

JJl dUUlUUll lUlCLdbl. plUULlle Ul DUINLCA COuld DC uscu 111
October 1997, including 5-day history maps of air parcel e

counters with the NAFC and regions with convectiv _/..Dhtnmg

activity, respectively. These POLINAT and SONEX forecast
products were used to characterize air masses prior to a mis-
sion with respect to an impact of air traffic, convec-
tion/lightning, boundary layer emissions, and stratospheric air.

2.5. Summary of the Experimental Missions

During the POLINAT 1 project, the Falcon covered the
cross section of the flight corridor and sampled exhaust
plumes at ages between minutes and several hours. Measure-
ments have been made about 200 km west of Ireland, mainly
along north-south flight legs of 300 km length at altitudes
between 9 and 12 km, crossing the corridor. In the two series
of experiments, eight measurement flights were performed un-
der early winter conditions in November 1994 and nine under
summer conditions in June/July 1995. The measurements cov-
ered the main traffic hours of westbound (around 12 to 15
UTC) and eastbound (6 to 9 UTC) flights. Shortly before and

Arrtng ansma AF tha tnonly ~reacging Flicghts mana tham 1TON alalia

uulll‘é DULIIC UL UL uavh LlUBDlllé lllslllb 11U ulaill 1vv auiine-
ers passed the measurement area.

POLINAT 2 covered the whole NAFC and its environment
inciuding measurements with the instrumented Swissair B-747
aircraft. The B-747 was operating out of Ziirich, Switzerland.
Figure 6 shows the flight tracks of the Falcon and the B-747
during POLINAT 2 together with those of the DC-8 during
SONEX. POLINAT 2 covered early and late autumn condi-
tions with 14 Falcon flights in two experimental phases (Sep-
tember 19 to 28 and October 14 to 23). In addltlon, the B-747
measured the distribution of nitrogen oxides and ozone during
98 traverses of the North Atlantic in the period from August
13 to November 23, 1997, thus providing comprehensive
flight corridor concentration profiles during the whole POLI-
NAT 2/SONEX campaigns. The POLINAT 2 campaign period
took place during a time of year with weakened impact of dcep
convection and lightning on the NO, distribution over the
eastern North Atlantic but still with substantial photochemical

activity. The tropopause altitnde varied longitudinally with lo-

cal maxima (ridges) at 5°E and 50°W, and clear downward
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trend from south to north. At 35°N, only about 10% of the B-
747 measurements were taken above the tropopause, while at
55°N half of them were taken above the tropopause.

Table 5 summarizes the dates of the Falcon flights and the
general objectives of the missions. The rationales and general
flight pattern of the Falcon missions are detailed by Schlager

2+ 2] 11007 L 10001
€l Gi. [177/4, 0, 1777].

The data measured during POLINAT 1 and 2 by the Falcon
and the B-747 are archived in one common data bank in a
format as used aiso within SONEX and other NASA and
European prOJects The data can be made available by ftp or

AAAAAAAAA <l '~ DOT T\YA’F ” Anfn ara alea inclnded in
vl a l.Ulupau. umj\ Auy I\JLAUNIY L Qad div awy luliuucy i

the SONEX data bank, see http://www.pa.op.dlr.de/polinat/ or
http://telsci.arc.nasa.gov/~sonex/.
3. Modeling

Several C)\lbLlllE g1 Ofi me
were further refined and applied for an aly31s of the measured
results. The models are listed in Table 6, together with a short
identification of their content, scaies, usage within POLINAT,
and references. The models have been applied to investigate
the impact of aircraft emissions on the state of the atmosphere
at all scales from the plume to the global scales (e.g., Plate 1).
The results of all models have been compared with experi-
mental results. The models are used to study the conversion of
emissions and particle formation in the aircraft plume, in-
cluding plumes from several aircraft flying the same route
(“multiple plumes™), and the impact of aircraft emissions on
air composition at various scales up to the globe relative to
other sources of the modeled trace gases.

The chemical transport model NILU CTM has been used
for prediction of air chemistry during the experimental peri-
ods. For this purpose, the model used annual mean aircraft
emissions [Gardner, 1998]. Plate 2 shows, for example, the
prognoses for October 20, 1997. In this example, a large frac-
tion of the NO,, in particular over England and central Europe
and over the eastern United States of America, result from air-
craft emissions in this model for this day, while other emis-
sions have been transported out of the NAFC region over a
large distance. Such data provided clear indication where to
measure to find aircraft traces [see Schlager et al., 1999].

Abal —anianal -\A «‘v\v—v\a nni\‘A mnﬂaln
Ovai, 1egi 1, anag piu

4, Major Results

With respect to the questions stated in the Introduction, the
following answers have been derived from the studies per-
formed:

4.1. What is the Mean Abundance of Aircraft-Emitted
Species and Other Related Species Vertically and
Haorizontally Across and Along the Corridor?

Figure 7 shows the data obtained from all Falcon flights ex-
near-field slume chservations during POLINAT as a

in o
1 E NCAr-1iCiG Piiilc OOSCIVauLis GUlllly T LaaNaL

Tobhla 2 Aleneafs Thair Mavimum Caili
1a0IC 5. Alilrail, LiCil ivaaxiiiuii

During POLINAT 2 and SONEX

Aircraft Ceiling Altitude, Range, km Speed, m s
Falcon 13.1 3500 180-225
B-747 12 7100 250

DC-8 11.9 6800 200-250
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Table 4. POLINAT 2 Instruments and Measurements With Typical Accuracies

Species Technique Group  Accuracy Primary (XX) and
Secondary (X) Tracer for
Aircraft  PBL  Strato-
Emissions Air spheric Air

Falcon

NO/NO, CL/UV photolysis DLR +15/25% XX X

NOy CL/Au converter DLR +20% XX XX

HNO2/HNO3;  CIMS MPI-K  £30% X XX

Os UV absorption DLR +5% XX

CO; IR absorption DLR +0.5ppm XX X

CO VUV fluorescence  IFU +15% XX X

H.0 frost point / cryo- LMD 5% X XX

genic

(CH3).CO CIMS MPI-K  +30% X

HC (C1-C8)  grab sample/GC IFU +8-20% XX

SO, CIMS MPI-K  +30% X XX

H>S04 CIMS MPI-K  £30% X XX

J(NO») actinometry IFU +15%

Aerosol size  EAC UMR +20% X

CNwo/CNpy counter/heated inlet  UMR +15% XX X X

B-747
NO/NG» CL/UYV photolysis  ETH +15/30% XX X
03 UV absorption ETH +5% XX

function of altitude. Figure 8 depicts all Falcon NO, NO,

NO, data obtained during the 1997 flights when the instrn
ments measured NO, and NO, simultaneously with NO. Thc
figures depict the range of data collected and the variability
within the results obtained. The measurements cover the upper
toposphere and the lowermost stratosphere between 28°N-
62°N and 10°E-25°W, see Figure 6, with the bulk of data from
49°-57°N, 5°-15°W. The Falcon climbed up to 13.1 km in
1997 and up to 12.5 km in 1994/1995. It often flew above the
local tropopause (deduced from ihe veriical iemperaiure lapse
rate) by a few kilometers, in particular in the November 1994
period where the tropopause occasionally reached below 6 km,
and performed measurements in the lowest layers of the strato-
sphere characterized by values of the potential vorticity (ex-
plained, e.g., by Hoinka et al. [1993]) of up to 10 PVU (1
PVU = 1 potential vorticity unit = 10° K m’* kg"* s™), potential
temperature Tpo, (Tpo, = T (pe/p)*, po = 1013.25 hPa, k= 0.286)
up to 365 K, O; mixing ratios up to 400 ppbv (1 ppbv = 1
parts per billion by volume = 1 nmol mol), and water vapor

mixing ratio down to 6 ppmv (1 ppmv = 1 parts per miilion by
volume = 1 umol mol™). In stratospheric air masses (e.g., de-
fined by more than 130 ppbv O; mixing ratio or more than 3
PVU potential vorticity), H,O, CO, acetone, and particle con-
cenirations decrease with altitude. CO, mixing ratios (355 to
366 ppm) are higher above than below the tropopause due to a
phase shift in the seasonal cycle of the CO, abundance in the
lowermost stratosphere and the upper troposphere. Within the
troposphere (defined, e.g., by less than 1.5 PVU potential vor-
ticity or less than 80 ppbv O; mixing ratio), H,O, CO, total,
and nonvolatile CN particle concentration values are signifi-
cantly higher than in the lower stratosphere, as expected. The
increase in CO concentration with altitude within the midtro-
posphere is atypical [Hauglustaine et al., 1998] and may re-
fiect different origins of the air masses at different altitudes
and some contribution from oxidation of methane.

The measured NO,, HNO;, SO,, and (CH;),CO abundances
(outside young aircraft plumes) show large variability in the
upper troposphere. The mixing ratios of these species vary

latitude (deg)

longitude (deg)

Figure 6. thht tracks of the Falcon (thick full curves) west of Ireland and the B 747 (thin full curves) be-

tween Eur dorin
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Schulte).
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Table 5. Summary of Falcon Flights During POLINAT

Phase Flight Outline

POLINAT 1, Early Winter, November 1994

N1, Nov. 2 instrument/flight procedure test, air traffic
plumes

N2, Nov. 3 corridor measurements, air traffic plumes

N3, Nov. 5 tropopause fold crossing

N4, Nov. 6 corridor measurements, air iratfic plumes

NS5, Nov. 8 detection of boundary layer air

N6, Nov. 10 corridor measurements, air traffic plumes

N7, Nov. 11 near-field plume measurements

N8§, Nov. 13 near-field plume measurements

POLINAT 1, Summer, June/July 1995
coiridor measurements, air traffic plumes
accumulation in stagnart anticyclone

»
I une 21

i, Ju
P2, June 24

P3a, June 26 large-scale trace gas distribution and
P3b, June 26 accumulation in stagnant anticyclone
P4, June 28 accumulation in stagnant anticyclone
P5, June 30 near-field plume measurements

P6, July 1 thunderstorm signatures

P7, July 3 near-field plume measurements

P8, July 5 near-field plume measurements at night

POLINAT 2, Early Autumn, September 1997

Fl1, Sept. 19 northbound corridor survey

F2, F3, Sept. 21  southbound survey to Azores, intercomparison
with C130, intersection of boundary layer air
from United Staies of America

F4, Sept. 24 persistent contrails, MOZAIC intercomparison +
plume sniff

F5, Sept. 26 stagnant anticyclone, Lagrangian experiment
with NOAA P3

Fé6 Sept. 28 Falcon/B-747  intercomparison,  northbound
corridor survey, Lagrangian experiment with
NOAA P3

POLINAT 2, Late Autumn, October 1997

F8, F9, Oct. 14  southbound survey to Tenerife

F10, Oct. 18 corridor track crossings and intercomparison with
SONEX

F11, F12, Oct. southbound survey with SONEX

20
F13, Oct. 23 corridor track crossings with SONEX, DC-8

intercomparison including DC-8 exhaust plume

sniff
Sniil

over more than 2 orders of magnitude. Measured NO values
often exceed 0.7 ppbv, and H,O vapor concentrations range
between 6 and more than 2000 ppmv [Ovarlez and van Velt-
hoven, 1997]. The H,O mixing ratio decreases with altitude
and varies above the troponause (at PV > 2.5 PV1)) between §

and varies above the tropopause (at PV > 3.5 PVU) between 6
and 50 ppmv in winter and between 15 and 50 ppmv in sum-
mer, consistent with transport from the tropopause to the
stratosphere at middie and high latitudes [Ovariez et al.,
1999]. The concentration of HNO; varies between 0.01 and
about 2 ppbv [Schneider et al., 1998], SO, between 0.01 and
1.5 ppbv, and (CH,),CO between 0.1 and 2 ppbv [Arnold et
al., 1997b]. The acetone abundance found is often larger than
measured before over the Pacific where mean values of the or-
der of 600 pptv were reported for the middle and upper tropo-
sphere at northern midlatitudes [Singh et al., 1998]. Some of

the data show seasonal differences with mean values varving
e data snow scasonai ailierences witi mean vaiues varying

by a factor of the order of 2. The median NO mixing ratio val-
ues near the tropopause were largest in the June/ITuly period
and smallest in November. Acetone was largest in the summer

100

1995 and autumn 1997 cases, SO, and HNO; were smallest in

tha 1007 nerind Meansuraments of TINO), fonly within airnea
uiC 1777 PeIioa. MEasureimenis o1 ruNuU, (O1ily wilnin aircraft

plumes) [Arnold et al., 1992; Tremmel et al., 1998], H,SO,,
CH,CN, and HCN have been obtained. The observed number
density of gaseous H,SO, ranges from about 1x10° to 3x10°

3613

cm’® with a mean value of roughly 5x10° cm™ [Arnold et al.,
1999].
The vertical NO, NO,, and NO, profiles, see Figures 7 and

8, show local maxima near 10.5 to 11.5 km altitude, occasion-

SNOW 10Cal maxima near 1V.0 41,0 XIN ailituge, oCcCasion

ally exceeding 2.5 ppbv. The profiles are different from the C-
shaped profiles observed elsewhere [Drummond et al.; 1988;
Hauglustaine et al., 1998]. At all latitudes, no significant ver-
tical gradient of NO is found near the tropopause. The mean

values of NO concentrations are rather larce and vary between
aiues o1 NO concentralior rather arge €en

100 and 140 pptv in summer and 30 and 100 pptv in late
autumn [Ziereis et al., 1999a, b, this issue]. The local maxima
occur at the aititudes of major air traffic ievels, regardiess of
whether the air mass is of tropospheric or stratospheric origin.
During POLINAT 2, the mean and the median values (in
ppbv) in the altitude range from 10.5 to 11.5 ki are 0.14,
0.22, 0.59 and 0.09, 0.14, 0.34 for NO, NO,, NO, respec-
tively. Hence more than 64% of the observed NO, is made up
of NO, and more than 40% of the NOy is NO; in this altitude
range. The large NO/NO, ratio reflects the strong photolysis
rate, low temperature and still rather low ﬂn m_lxmu ratio at
these altitudes [Schlager et al., 1997b; Zzerezs et al., 1999a].
The large NO/NO, ratio indicates a large fraction of fresh
NO, emissions. Some of the NO, peaks may be due to the fact
that most of the measurements were made within the center of

tha NAR( whara thara ic a hichar nroghahility of ancounterine
uwil ivAre Wil uilrc 15 4 iganel prooaociily Or CnCOuUniCling

air masses polluted by aircraft.

A marked latitudinal gradient in NO, NO,, and NO, was
observed near 0°W. Mean NO volume mixing ratios in the up-
per troposphere increased from a few tens of pptv near 30°N
to about 200 pptv near 60°N. A similar gradient was found for
NO, but not for CO. In the northern part of the POLINAT 2
measuring area the NO and NO, mixing ratios increase with
altitude and are maximum near the tropopause while in the
southern part only a weak altitude gradient was observed. On
average over all latitudes, about 20 to 30% of the observed
NO, is made up of NOy [Ziereis et al., 1999a, this issue].

The B-747 based measurements provided a representative

nicture of O, and NQ. concentrationg in the NAEBRC At crniga
PRCLUIT O U3 a4 AN CONCEHRUausns 1t il JNaAare. At Cruise

altitudes (190-300 hPa, 12.1-9.2 km) the NO, concentrations
obtained between September and November in the years 1995
and 1997 were very similar and ranged from 100 to 150 pptv

ver the North Atlantic (40°-60°N and 10°-40°W) and be-

twaan 100 and 280 nnty abava tha cantinental TTnitad Qtatag of
IWELEH 15V and LoV pply acove tie conunenia: vnitea staes o1

America (30°-60°N and 60°-90°W) [Jeker et al., this issue].
The POLINAT 2 project results therefore confirm and extend
those obtained during the Swiss project NOXAR in 1995 and
1996 [Brunner, 1998; Brunner et al., 1998]. The NO, abun-
dance measured onboard the B-747 shows mixing ratio values
versus flight time with many short-period (3 to 30 s) peaks
often exceeding 3 ppbv, obviously from aircraft emissions,
and wider peaks exceeding 0.5 ppbv (often above 1 ppbv) over
more than 500 km distance, reflecting upward convection of
polluted boundary layer air masses or lightning contributions.

Plate 2 dAanicte tha Adavtima N sancantratinn fiald ae manc_
a5 GEPICs Wi Gayuine Ivuy CONdinaaudn iciG as meas

ured during NOXAR in July 1995, temporally overlapping the
POLINAT 1 measurement period, in comparison to model
analyses performed within POLINAT. The measured data are
discussed by Brunner et al. [1998] We note a strong east-west
gradient with NO, values up to 600 pptv east of the North
American continent, a reduction to values of about 200 pptv
over the mid North Atlantic and a slight increase by about 50

pptv over the British Islands. The data give a weak indication
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Table 6. Models, Their Objectives, Scales, and Operating Groups and References, as Used Within the POLINAT

Projects
Model Name Model Domain and Objectives Scales Group References
Global
ECHAM3/ global circulation model with simplified (NOX) or more 3-D, global, T21 (5.6° x 5.6°), DLR Kohler et al.
NOX and complete chemistry (CHEM): (a) analysis of impact of 19 layers up to 10 hPa [1997] and Steil
CHEM convective transport and washout of nitric acid, (b) et al. [1998]
analysis of NOy statistics, (c) chemical effects on
ozone
TM3-KNMI  Chemical Transport Model (CTM): (a) analysis of 3-D, global, 3.75° x 5° 19 KNMI Wauben et al.
aircraft xmpau. for anticyclone conditions, (b) impaci levels up to 10hPa 11997a}
of emissions on ozone chemistry
STOCHEM  chemical Lagrangian transport model: impact of emis- 3-D, global, 10° x 10°, 9 levels Met. Office  Stevenson et al.
sions on ozone chemistry up to 16 km 119971
PATCHM global semi-Lagrangian transport model: Impact of 3-D, global, 5° x 5°, 10 levels AEA Hayman ez al.
emissions on ozone chemistry up to 16 km [1999]
DRoninm 1
Regional
NILU-CTM  analysis and prediction of chemical fields of the North North Atlantic, 10 or 18 layers Univ. of Flatgy and Hov
Atlantic using ECMWF prediction and analysis fields up to 100 hPa, nested mod-  Bergen [1996, 1997]
for experiment planning and analysis els, 50 or 150 km grid and NILU
MACHO CTM for tropospheric chemistry: analysis of parameters 3-D, 50 km grid, 20 layers up Univ. of Jonson et al.
controlling regional impact of NOx on ozone to 100 hPa. Lateral boundary  Oslo [1999a]
concentrations from the
giobal Oslo CTM2 at T2i
resolution
Plume Scale
NILU plume expanding plume model with several radial rings, with 1-D, 8 radial rings, following NILU Kraabgl et al.
chemistry gas and aerosol chemistry: impact of small- scale mix-  trajectories [1999]
model ing and chemistry in multiple plumes on ozone chem-
1stry
AEA/UCL flow field simulation: temperature in jet exhaust for 2-D AEA Ford et al. [1999]
aerosol nucleation physics
model
AEA plume plume chemistry with aerosols, and hydrocarbons: 2-D, puff along trajectory AEA and Hayman and
chemistry impact of emissions, mixing and background on plume Univ. Markiewicz
model chemistry, effective emissions in aged plumes, impact College [1997]
of hydrocarbon and chlorine chemistry London
Gaussian Gaussian plumes model: analysis for plume dispersion 3-D (analytically), within a DLR Schumann and
for single and multiple plumes, comparison with  vertical corridor cross sec- Konopka [19941
plume measurements tion of 1000 km x 5 km
LESTUF large-eddy simulation of turbulent flows: effective 3-D, 10 km x 3 km x 3 km, DLR Gerz et al. [1998]

vertical and horizontal diffusivities and plume disper-

sion in stable and sheared environments

400 x 100 x 30 cells

for a ridge of enhanced NO, (with more than 200 pptv) within
parts of the NAFC passing Iceland and Newfoundland com-
pared to values between 150 and 200 pptv outside this corri-
dor. Similar data for September-November 1995 show lower
NO

ANy

valnes fmaximnm 200 nnty avar tha conthanat TTniead
va:iuls (maximim SvVU ppty Over tie soutncast uvmitea

States of America) with a mean of 150 pptv over Ireland, and
slight indication for a ridge of NO, values between 120 and
150 pptv over most of the NAFC east of 45°W with smaller
values (about 100 pptv) north and south of it. The comparison
with the model data will be discussed below.

Particle measurements include the number concentration
CN of small particles larger than 5 nm, the size distribution of
aerosol (DMA, differential mobility analyzers), the volatility
(with respect to thermal evaporation at 300°C), and the soluble
mass fraction (deliquescence with tandem DMA). The aerosol

ct7za cnactra nftan chaw a Thinga_ftuna dictrihntinn with smane
SIZC SPCCUa Oitlhl S40W a sunge-lypl GiSuiouudn wili mono-

tonic exponential decrease of the number density in the di-
ameter range from 4 to 300 nm. The size spectrum of the wa-
ter-soluble aerosol, both inside and outside of the corridor,
generally displayed a unimodal structure with a peak below
25% soluble mass fraction. By comparing CN concentrations
from heated and unheated inlets, the ratio of volatile to in-
volatile aerosols was measured. Typical values are 3:1 in the
background and up to 50:1 in moderately aged exhaust plumes
[Hagen et al., 1996; Paladino et al., this issue].

4.2. What are the Effective Emissions, Dispersion,
Chemical Conversion, and Particle Formation in
Single and Multiple Plumes From One or

Several Aircraft?

During POLINAT 1, effective emission indices (EI) of
NO,, HNO,, HNQO;, SO,, total and volatile CN have been
measured for a set of 11 wide-body aircraft, see Table 7, for
ambient aimospheric conditions as listed in Tabie 8. The emis-
sion index values are derived from the ratio of the concentra-
tion above background of the emitted species relative to that of
CO, with known emission index (about 3.15) [Schulte and
Schlager, 1996]. Figure 9 collects all values from POLINAT
and other measurements available for direct comparison of
measured and computed EI(NO,). The values of EI(NO,) vary

hatraan 17 and 20 /NN ) nar ko fual hiient far lana ranca
OCIWELHL 1« @il Ju guvisyy por g 1uli oullit 101 10ng Taingd

aircraft with different engine types and ages [Schulte et al.,

1997; IPCC, 1999, p. 252]. These EI va]ueq are larger than
those of medium range aircraft (8-13 g kg'). The measured
values appcar to be 10 to 20% highcr than the computed val-

ucs. Qlul—lld-l UlllClCllLCb WCEICT IUUllU lCWlll.l_y lu luCa)UlCulClllb

of EI(NO) and EI(NO,) by Campos et al. [1998]. The obser-
vations include five B-747/JT9D cases, and are consistent with
the large El-values expected for this combination {Gardner et
al., 1997], but many of these relatively old aircraft/engine
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Piate 2. Example of the 48-hour chemistry forecast provided by UB/NILU via internet for 1200 UT Ociober
20, 1997. Results are shown at 239 hPa (10.65 km) for NO, (top) from all sources and (bottom) from aircraft
induced NO, alone. (Provided by F. Flatgy).
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Figure 7. Measured values of temperature, potential temperature, potential vorticity, mixing ratios of Oj,
H,0, CO,, CO, (CH,),CO, SO,, HNO,, NO, concentrations of total condensation nuclei (CN), and nonvola-
tile CN versus pressure altitude from all POLINAT flights in the NAFC domain in 1994, 1995, and 1997. The
individual data points or profile lines represent 10 s mean values. The open circle with error bars represent
mean values over 1 km altitude intervals and the standard deviation (provided by P. Schulte).
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Figure 8. Measured values of NO, NO,, and NO, mixing ratios (dots, 10 s mean values) versus pressure al-
titude from POLINAT 2 flights in the NAFC domain in 1997. The open circle with error bars denotes the
mean values over 1 km altitude intervals and the standard deviation (provided by P. Schulte).

combinations are presently being replaced with more modern

For the DC-8 case, the Falcon stayed long enough in the
young exhaust plume (plume age order of 1 s) to get reliable
piume increases of H,O and the deduced EI vaiue of 1.28 was
close to the value expected (1.23 to 1.26, depending on the
hydrogen content of the fuel). (The plume NO concentration
exceeded the instrument range preventing measurements of
EI(NO,) in this case.)

The measured EI(SO,) range between 0.2 and 0.8 g kg'1 for
different aircraft, which reflects typical variations in fuel sul-
fur contents [Brasseur et al., 1998]. Obviously, only part of
the SO, gets converted into aerosol. The effective EI for HNO,
and HNO, at plume ages of the order of 100 s vary between
0.06 and 0.4 g kg™, see Table 7 and Tremmel et al. [1998]. In-
ferred EI(OH) are about 0.3 to 1 g kg™

Aircraft cause CN particle EI values of the order of 10 per
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to engine, depend on the lower cut-off size of the CN count-
ers, and possibly other parameters [Paladino et al., 1998;
Schréder et al., 1998). Particle measurements in the young ex-
haust plume of the SONEX DC-8 revealed only 10" nonvola-

#31a mostialag man Lo fieal TD 1 i n e 21 shis loqia ' AL vt
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90% of the measured particles are volatile, consistent with
previous findings [Kdrcher et al., 1998]. As shown by direct
measurements [Curtius et al., 1998], the volatile plume parti-
cles contain H,SO,. The data suggest mean increases in CN
concentrations in the NAFC of the order of 30 cm™ (typical
background concentrations are 100 to 500 cm™) [Schlager et
al., 1997b].

Less than 10% of the emitted NO,, depending on the oxi-
dizing properties of the ambient air, gets eonverted to HNO;
within the first hours [Klemm et al., 1998]. Direct HNO, and

HNO), manqnrameants during Novamhar in nliaman at aland 100
L3183 ICASUICIniciieg uuuus INGVCITIOCT 1l DIdiiics at aotut 1vv

s age show conversion fractions of the order of 1% [Tremmel
et al., 1998]. In the winter and summer cases, plume model

studies show that after 10 hours, about 4% and 10%, respec-
tively, of the emitted NO, is converted to reservoir specics
Lo niele, TINTAM N\ Qlawz:y Aicsmaucinm awm ANOA N nAT bl e
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nitrogen oxides in multiple plumes from contributions of sev-
eral aircraft ﬂvino thrnnoh chenrizllv the same air mass re-

duces the chemical conversion of NO to HNO; and the pho-

tochemical ozone production rate compared to single plumes

[Kraahal ot a2l 10001 Ac a conseguence. the amigsions into
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multiple plumes have smaller impact on O; formation than
from individual and quickly diluting plumes [Meijer et al.,
1597, Perry er ai., 1998].

A new aerosol model has been set-up which computes the
formation of sulfuric acid, homogeneous binary nucleation,
coagulation, interaction with soot aerosol, and mixing with
ambient air [Ford et al., 1999]. The model was coupled to a
wake vortex flow model. Particle nucleation and ice particle
formation are found to be surprisingly insensitive to the rate of
aerosol nucleation used in models. This is because of the rapid
rise in supersaturation due to cooling, followed by the deple-
tion of the vapor phase by the nucleation of new particles. The
nucleation burst self-terminates. Hence the number of aerosol
particles formed depends on atmospheric conditions and
plume mixing rates but not strongly on the fuel sulfur content
and very little on the actual details of the nucleation process.
In aircraft plumes, the rate of freezing nucleation is often so
much faster than particle growth that the effect of different
growth of liquid and frozen particles broadens the size distri-
bution slightly but does not result in a bimodal size distribu-
tion [Ford, 1999%a, b].

Computations with an expanding plume model with chem-
istry have shown that contrails forming at ice supersaturated
ambient air conditions and cirrus particles provide enough sur-
face for heterogeneous chemistry to reduce the Oj increase,
which is computed for pure gas chemistry, by activation of
chlorine compounds [Kraabgl et al., 1999]. In plumes too dry
to form contrails, the impact of heterogeneous reactions was
found to be negligible. A plume chemistry model including re-
actions with the emitted hydroca:bons revealed small impact
of the emitted hydrocarbons on ozone chemistry in the plume

(LT ngeen e mond RA wnadineintnr 10071
IAYTiGi Gna vMarRiewicy, 17714 .

4.3. At What Time Scales and Space Scales do the
Pollutants Become Homogeneously Mixed?
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erms of the increases in the concentrations of NO,, HNO,,
HNO;, SO;, H;O, particles and CO; observed within individ-

ual aircraft exbaust plumes. The plume concentrations com-
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Plate 3. Daytime NO, concentration distribution at cruising altitude in the range of the Swissair B-747 versus
iatitude and iongitude [Brunner, 1998]. (top) ECHAM3/CHEM resuits at 250 hPa. (bottom) NOXAR results
with all 2 min averaged samples taken at 190-300 hPa from June to August 1995. The color coding ranges
from 0 (black followed by blue) to more than 1000 pptv (dark red and black), plotted by D. Brunner with
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ECHAMS3 data Dy V. Grewe and I. Kohier.
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Table 7. Emission Indices for Long-Range Aircraft
Case Type Engine El 1 E NO/ NO/ EI EI EI EI EI
NOX,' HNQ;, HNO‘g, NO,, NOx, OH, . SO,, tot‘a}, nonvolatxles vol‘gtilcs
gkg gkg' gkg y@® ¥(0) gkg' gkg' 10%kg 10%/ksg 1077kg
1 B747- CF6- 123 - - 0.06 0.03 - - - -
400 S8QC2R1F
2 B747- JT9D-TA  (i8.1/ 0.81 0.80 (0.12 0.147 036/ 03z - 0.89
100 18.1) 0.17 0.39
3 B747- JT9D-TA (26.1/ 0.44 0.17 0.12) 0.12/ 0.32/ 0.17 - 0.33
100 26.8) 0.16 0.34
4 B747- CF6-50E2 149 - - (0.15) (0.07) - - - 0.54
200B
5 B747- JT9D-73 237 0.14 0.15 0.09 0.15 0.11 0.48 3.8 0.27 3.4,
200B 3.6
6 DC10 CF6-50C 197 - 0.13 0.11 0.07 024 0.53 10.6 0.46 10.1
-30
7 B747- JT9D-7) 30.4 0.30 0.33 0.06 0.15 0.28 0.52 8.7 0.45 8.4,
200B 8.1
8 B747- JT9D-7TA  21.0 0.10 0.06 0.07 0.13 0.06 0.20 0.81 0.57
100
9 B747- CF6-50E2 17.0 - - 0.23 0.15 - - 0.9 0.53 0.4,
200B 0.5
10 A340- CFMS56- 162 - 0.22 0.10 - (0.96) 22.9 1.6 23.0,
300 5C2 19.6
11 A340 - - - - - - - - - -
12 DC-8 CFM 56- 0.17 0.06 - 0.3 0.08 0.46 - 0.011 -
2-Cl (1.38)

Emission indices (EI) of gases and partic]es The EI(NOX) data for cases 1 to 10 have been deduced by Schulte et al. {1997]. That

S P Lo s+ 1 F100Q1

pdpcl glVC) more UCI‘iIIb on uleC cases. lllC Uﬂ Auuu,cb lUl cascs L auu J duu r€iaiea udld are l.d.l&Cu 110111 l ICIHJHEL €L ai. L177D],
details on the emission indices for particles are explained by Paladino et al. [this issue] and Konopka et al. [1997]. Case 11 is
described by Helten et al. [1999], and case 12 is described by Arnold et al. {1999]. Values of EI(NOy) in brackets are computed
from the measured NO emissions, a plume chemistry model, and an assumed initiat NO/NOy ratio at engine exit of 0.07. Double
entries for EI(OH) and NO/NOy refer to the conditions at engine exit and at combustor exit. For case 10 and 12, the SOz-emission
index is derived from the measured fuel-sulfur content (480 and 690 g kg™ assuming 100% conversion to SO».

pare well with models following the dispersion from individ-
ual aircraft. Often, the measured plumes result from a super-
position of several aircraft exhausi plumes [Schlager er ai.,
1997b]. The expected titration of O; by fresh NO emissions
from aircraft in plumes at ages of minutes [Brasseur et al.,
1998] is often less than the scatter of background O, concen-
tration and hence too small to be measurable.

Visual observations of contrails and measurements of vari-
ous emissions concentration and turbulence within aircraft ex-
haust plumes give important insight into the motions and
mixing during the vortex and dispersion phases of the plumes.
A double vortex system forms behind aircraft and sinks
downward. It carries exhaust typically 150 to 200 m below the
xuslu level. Part of the erissions leave the vortex system and
form a curtain of emissions between the flight level and the
sinking vortex pair [Gerz et al., 1998]. Maximum NO, con-
centrations were measured within the centers of the vortex pair
[Schlager et al., 1997a; Brasseur et al., 1998]. The vortex
motion breaks up into turbulent motions before the vortex air
rises back to the flight level. Hence most of the emissions get
deposited below the flight level [Gerz et al., 1998] and the
measurements which were often performed at the flight levels
of cruising airliners may underestimate the concentration in-
crease caused by these aircraft.

The measurements and models confirmed expectations
[Schumann and Konopka, 1994] in showing that air traffic
emissions cause a very peaky distribution of the concentration
fields in the flight corridor, in particular for NO, and particles.
It takes about 3 to 10 hours before individual plumes get di-
Iuted to background NO, concentration values within the

range of variance of the background values [Schlager et al.,

1997b]. At this time scale, plumes extend typically 200 m ver-
tically and 15 km laterally. After decay of the aircraft induced
vortex system, the plumes experience far less vertical than
horizontal dispersion, depending mainly on stratification and
vertical shear of the cross-plume wind field [Schumann et al.,
1995; Diirbeck and Gerz, 1995, 1996].

In spite of the compiex mixing behavior, the dilution of ex-
haust plumes follows a simple dilution law within a standard

SIS ey Taganis correananding ta oo
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Table 8. Atmospheric Conditions During Measurements
Behind Long-Range Aircraft

Case P T, RH, T, Contrail
hPa °C % °C seen

1 216.6 -57 32 -50.9 yes

2 266.9 -48 18 -49.5 no

3 300.9 -42 11 -48.6 no

4 238.4 -53 24 -50.4 yes

5 262.0 -46 i7 -49.7 1o

6 262.0 -45 18 -49.7 no

7 262.0 -45 21 -49.6 no

8 262.0 -45 19 -49.7 no

9 2384 -51 27 -50.2 yes

10 238.4 -51 29 -50.1 yes

1 238.4 -54 65 -48.2 yes

12 261 -49 57 -47.8 yes

Ambient pressure (p), temperature (T), relative humidity of liquid
saturation (RH), contrail threshold temperature (T.), and report on
whether a contrail was seen or not. Cases as in Table 7. The compu-
tations of T. are performed using the revised Schmidt/Applenian crite-
rion with propulsion efficiency n = 0.33, water vapor erm;snun index
Elizo= 1.25, and fuel combustion heat Q = 43 MJ kg [Schumann,
1996].
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Figure 9. Measured versus computed emission indices EIINO,) (mass of NO, in mass units of NO, per kg of
burnt fuel) for various aircraft (as listed) under cruise conditions. Adapted from POLINAT 1 data and other
data as described by Schulte et al [1997], with additions from Schlager et al. [1997c], and as provided for
IPCC [1999].
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of 2 [Schumann et al., 1998). Figure 10 shows previous results
together with the additional data points from POLINAT 2
listed in Table 9 (CO, and temperature measurements in the
plume of the SONEX-DC-8 at 39630-39710 and 39950-40000
s UT October 23, 1997, and of the Airbus A340 on 25570 s

UT September 24, 1997). The additional data are within the
scatter of previous results.

4.4. Is There a Measurable Large-Scale Impact of Aircraft
Emissions on the Composition of the Tropopause Region?

On the basis of the model results the mean relative contri-
butions to NO, concentration near the tropopause from aircraft
in the POQLINAT 2 recion (see Plate 1\ ic hicher than on aver-

U0 FLLANAL £ TCEION (8CC iall 18 DIgndr 1an on aver

age elsewhere in the northern Imdlat]tudcs [Kohler et al.,
1997]. Because of the large spatial and temporal variability

ESTa)

and the pcax(y paucrn OoT INU abundance in the corridors with

many aircraft exhaust plumes, the experimental data provide a
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A previous study performed within “Pollutants from Air
Traffic” found large NO,/O; ratios above the tropopause sug-
gesting that air traffic emissions are an important NO, source
in the lowermost stratosphere [Klemm et al., 1998]. This

dinge wae con ad within DNOT Y\TA’T‘ 1 and [ 7iowroie

fin firm bl of
1NGing was Conirmes wiliin rOLuN 1 aid £ (Ziereis ei

al., this issue].

POLINAT 1 provided the first measurements which indi-
cate an impact of aircraft emissions on the NO, concentration
field at regional scales, at least under special weather condi-
tions. The measurements within a stagnant anl:icyclone for 7
ua_yb in June 1995 show strong increases in NO,, O;, and par-
ticles. Model computations indicate that the observed NOjy in-
creases can be explained (here on the basis of the CTM of
KNMI) only when the aircraft emissions are included in the
calculations, see Figure 11 [Schlager et al., 1996].

The POLINAT 2 flights of September 21 and October 14
were specifically designed to measure in regions with pre-

dicted high impact of aircraft emissicns to search for the corri-
dor effact. These flichts identified larce-scale enhancements of

dor effect. These flights identified large-scale enhancements o
the NO mixing ratio inside the corridor of about 50-150 pptv.
These enhancements were attributed to aircraft emissions by
correlations with simuitaneous tracer measurements, back tra-
jectory analyses, traffic distribution, and model predictions

with and withant aireraft emiccions [Schlacer et al.. 100017
Wiud QG WiulOut @ifliait CHUSSI00S |00Mager & G, 1577 .

Some of the results presented in section 4.1 support the
conclusion that aircratt cause enhanced NO, and particle con-
centrations in the NAFC. This support comes in particular
from the large local maximum values of NO,, NO,, and CN

rati o ann D & and 19
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km altitude, see Figures 7 and 8. The maxima were found re-
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Figure 10. Dilution factor N (mass of air over which the ex-
haust from one unit mass of fuel burned got mixed per flight
distance) versus plume age t. Adapted from Schumann et al.
[1998] with additional data from temperature and CO, meas-
urements in the exhanst plume of the SONEX DC-8 and the

MOZAIC A340 for plume penctrations during POLINAT 2.
The dotted line and the full-line triangle (at large plume ages)

are numerical dilution results obtained by LES [Gerz et al.,
1998], the iong-dashed curves at iow plume ages represent
dilution rates deduced from plume computations behind spe-
cific engines (CFM 56 and RB 211), and thc dash dotted line

represents the approximation N = 7000 W)’ tp=1s.

gardless of flying above or below the local tropopause and are
not of stratospheric origin, therefore. The increases were ob-
served in the NAFC between 50°-60°N, but not south of it.
However, some of the local maxima occur in correlation with
increases in SO, and CO, indicating contributions from sur-
face sources. NO and NO, did not show a significant increase
above the tropopause. This deviation from the expected C-
shaped profile is more pronounced in NO than in NO, values
possibly because of faster oxidation of NO with O5 above the

trongnause [Zioreis of al  thig igenal Alca. some of the meas.
OPpOpaust (Liereis el de., ulls 155Uy, AuSE, SOMC 01 il Meas

ured peaks may be due to still rather fresh aircraft emissions
[Schlager et al., 1997b].

The NO, results obtained with the B-747 (see Plate 3) sup-
port an NO, enhancement of the order of 50 pptv in the
NARD Rrvmnosry 110081 idantified that tha chart_tarm NN

NAFC. Brunner [1998] identified that the short-term NO,
peaks caused by aircraft contribute about 20-30 pptv or 20-
30% of the NO, concentration measured along the routes
across the North Atlantic of the B-747 during NOXAR.

The vertical CN profiles show a time-dependent enhance-
ment of particulates within the corridor. Measurements within,
above, and below the corridor revealed a nonvolatile aerosol
enhancement of 3:1 at corridor altitudes [Paladino et al., this
issue].

As expected [Schumann, 1994], aircraft emissions in terms
of CO,, H,0, CO, and SO, have small impact on the composi-

Aircraft  Prop- Agc,s AProp- N 7000 (v1s) °®
arty orty
erty erty
DC-8 CO, 1.5+0.5 175ppmv 11,800 9,700
DC8 T 1.5:0.5 34K 9,000 9,700
A340 CO, 11045 18ppmv 12x10° 03x10°
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tion of the NAFC region and were not detectable in the meas-
urements at corridor scales. Also, no corridor effect was found
for acetone [Arnold, et al., 1999]. Any corridor effect in HNO;
if existing is within the scatter of the measurements [Schlager
et al., 1997b]. Hence regional aircraft-induced enhancements
of air species in the corridor are measurable only for NO, and
nm‘ﬂr‘hs number dengities

4.5. What are the Contribuﬁons From Air Traffic Sources
et Qecnafnnn

The models show that about 30 to 50% of the nitrogen ox-
ides in the upper troposphere in the NAFC in autumn origi-
nates from aircraft emissions. Surface emissions contribute
about the same magnitude to the NO, abundance in the upper
troposphere. Aircraft emissions predominate in the major air
traffic regions over the United States of America, the North
Atlantic, and Europe, with lightning sources providing the
major input over subtropical and equatorial regions. While in
the upper troposphere transport from the boundary layer be-

qgidac aft emissions are the dominant sources, in the lower
S1Ges alrcraitl emissions are tne aonmunant so

stratosphere this additional source is most 11ke1y air traffic
[Kohler et al., 1997, 1999; Meijer et al., this issue; Ziereis et

al., this issuej.
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Figure 11. Mixing ratio of NO, versus altitude as measured
(symbois) and computed without (dotted curves) and with
(solid curves) aircraft emissions during the period of a stag-
nant anticyclone over the British Islands in June 1995 [adapted
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from ocmager el al. » 1770].
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During the POLINAT 1 project, clear indications for NO,
emissions from lightning were found during one flight at least
(P6) [Huntrieser et al., 1996]. On S days during the POLINAT
1 project, clear signals from surface emissions over the conti-
nental United States of America were found. These emissions
could explain the high concentrations of SO,, (CH;),CO, and
particles measured near the tropopause, see Figure 7, which
cannot be caused by aircraft emission. By means of analyzed
air trajectories it was shown that this pollution originated from
surface emissions in the North American continent [e.g.,
Arnold et al., 1997a]. During POLINAT 2, convective upward
transport of subtropical marine boundary layer air (e.g., on
September 21, 1997 [van Velthoven, 1999]) may explain the
rather low Oj; values found near the tropopause (see Figure 7).

Surface emissions and lightning induced production of NO,
are clea.rlv dominant in the upper rmnmnhere in regions that
are affected by convective events, in particular over the Gulf
of Mexico [Brunner et al., 1998]. In summer, the NO, plumes

TTnited Statas of
Uiiileha Stals  Ox

arc LUllLCUle.I.Cu dUUVC
America suggesting that lifting of air from the polluted conti-
nental boundary layer and/or lightning-produced NO; lead to
characteristic maximal mean concentration below the tropo-
pause, see Plate 3. This is supported by the measurements in
the month of August during POLINAT 2. Between September
and November, the maximum NO, concentration is found a
few hundred kilometers offshore the east coast of the United
States of America [Jeker et al., this issue]. These results are
consistent with the model predictions For two cases of meas-
urements with the B-747 in plumes of marine thunderstorms,
where contribution from continental surface emissions are
small, Jeker et al. [this issue] measured large NO concentra-
tions in strong correlation with lightning events, suggesting

that most of thc plume NO originated from lightning.
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4.6. How Frequent is Air at Flight Levels Supersaturated
with Respect to the Ice Phase?

1007

During the period of September to October 1997, the back-
ground levels of the relative humidity (RH) encountered dur-
ing flights with the Falcon were generally very high. The hu-
midity sometimes reached liquid saturation, see Figure 12,
even at temperatures below -40°C. It has been confirmed that
all the data shown were obtained with the hygrometer under
conditions of stable loop control. Values exceeding liquid
saturation by 5% could be explained by the error bar of the in-
strument. To prevent artifacts from rapid temperature changes,
data with strong negative temperature changes were excluded,
though this affected only a very small fraction of the data. The
measured RH values reached up to 120% during the two
flights F8 and F9 on the same day and in the same geographi-

oal aran direing o chart
cal area, during a short period of these flights. Such high val-

ues exceeding liquid saturation are presently not explainable.
' Supersaturation with respect to the ice phase, however, is to be
expected if ice particles first nucieate via the liquid phase and
then freeze. Ice nucleates from solution droplets near liquid

B Py n Ay A 0
saturation (100% RH) at temperatures above -39°C and at

lower RH when the air is colder [Heymsfield et al., 1998).
Even after ice formation the ice supersaturation may stay large
because it takes time to diffuse the water vapor to the ice par-
ticles and because lifting of the air mass containing the parti-
cles may enhance the RH by adiabatic cooling.

The results show that the upper troposphere during summer
and autumn 1997, and sometimes in November 1994 (but not

SCHUMANN ET AL.: POLLUTION FROM AIRCRAFT IN THE NAFC
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Figure 12. Relative humidity with respect to liquid water for
cases exceeding ice saturation versus temperature. The plot
shows all data measured outside young plumes excluding data
during periods with temperature change less than -0.05 K/s.
Data derived from the LMD frostpoint hygrometer and the
DLR temperature sensors.

in June/July 1995) was often supersaturated with respect to the
ice phase. Persistent contrails were observed under such con-
ditions. The data give no indication for a temperature-
dependent RH-limit of ice nucleation as found by Heymsfield
et al. [1998] in continental air masses. Marine air masses may
behave differently because of different ice forming aerosol. Ice
supersaturation was also found in the MOZAIC data [Helten et

SUpersaturauidn was aist ICund I i MULASL Gl (28uen &

al., 1999], and the data have implications for the amount of ice
water content to be expected in contrails or cirrus clouds
{Schumann, 2000].

The humidity data are also used for determination of the
threshold temperature T, for contrail formation using the ex-
tended Schmidt-Appleman criterion as derived by Schumann
[1996], see Table 8. The Schmidt-Appleman criterion predicts
contrail formation when the plume humidity reaches liquid
saturation at least locally. The data for cases 1 to 10, together
with data from other recent measurements [Schumann et al.,
1996; Jensen et al., 1998], have been already used by Kdrcher
et al. [1998] to test this criterion. Cases 11 and 12 provide
further examples of contrails which are observed at ambient
temperatures below the threshold temperatures T. computed
using this criterion. The threshold would be about 4 K higher
than the value calculated if a contrail was formed when ice
saturation was reached. For cases 2 and 5, no contrail forma-
tion was observed but contrails should have been visible if
formed when the plume humidity locally exceeds ice satura-
tion. Hence these cases provide further evidence that liquid
saturation in the plume is necessary for contrail formation.

The extended Schmidt-Appleman criterion accounts for the
so-called “n-effect” where m is the overall propulsion effi-

ciency of the engine/aircraft combination [Schumann, 1996],
that is, the fraction of combustion heat used to prov1de the
work to propel the aircraft against its drag. Only the fraction
(1-n) of the heat but all of the H,O from the fuel combustion
leaves the engine with the exhaust gases. For larger values of
7, the engine exhaust is cooler for the same water vapor con-
centration so that contrails form at higher ambient tempera-
tures. For modern aircraft at cruise, nj is typically between 0.3
and 0.36 [Sausen et al., 1998]. Table 8 lists T, computed for n
= 0.33. The value of T, for n = 0.33 is about 3.8 K higher than
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for n = 0. For cases 4, 9, 10, and 12 the ambient temperature is

below T, computed for n = 0.33 but above T, computed forn .

= 0. Contrails were observed for these cases. Hence these
nnana menvida avidanan that anainan writh hisgh sevnceialod e AP
vased PlUVluC EVIACIICe nat Cllslllcb Wlul lllsll l)lUyul)lUll Clil=
ciency cause contrail formation at ambient temperature for
which less efficient engines would cause no contrails.

Analyses of ECMWF data suggest that the upper tropo-
sphere in the main traffic region over the North Atlantic is
PAPSSUE VS D I U -SRI PP ISR IR . Py IR [ s/ SR - ES
CUNLIGIUUIICU WU 1ULLL PCIDISICIIL LUlIUalld aDUUL 1070 UL UIC LLING,
with a seasonal maximum in October [Sausen et al., 1998],
which is in quantitative agreement with other observations
iGierens et al., 1999; IPCC, 1999; Schumann, 2000].

4.7. How do the Instruments Perform in Flight in
Comparison to Other Instruments?

e o el el PN, PR
l-llLClbUlllp l)Ull lllglllb Ul l.llC I‘d.l 2011 Wil e ﬂClCulCS

C130 used in the ACSOE campaign, the Airbus A340 used in
the MOZAIC project, the Swissair B-747, and the DC8 of
SONEX have shown [Ziereis et al., 1999b] that O is meas-
ured with high accuracy (about 3% differences). For NO and
NO,, the data deviate typically by an order of 30% between
various instruments, the best agreement (deviations <10%)
was obtained for the Falcon/DC-8 intercomparison. The inter-
comparison is difficult because of the inhomogeneous NO,
field in the NAFC with large local concentration peaks from
aged aircraft exhausts.

Data of the standard (PT500) temperature sensor on the
Falcon and a temperature sensor on' the C-130 where com-
pared for nem‘lv one hour (1310 - 1400 UTC) during the AC-
SOE/POLINAT 2 intercomparison flight F2 of September 21,
1997. The comparison reveals temperature differences of less
than 0.1 K in the mean (less than 0.5 K in the signals) for tem-
peratures between 255 and 260 K (with standard correction for
the dei :no heater). The MOZAIC-POLINAT mferrnmnnn-
sons gave a larger deviation (mean 0.64 K) between the two
MOZAIC sensors and the standard PT500 sensor on the Fal-
con (possibly due to large deicing correction on the Falcon
which flew at exceptionally large speed for this intercompari-
son), but better agreement of about 0.26 K when the MOZAIC
data are compared to a second sensor on the Falcon (PT100,
used for high-frequency measurements) [Helten et al., 1999].

Waier vapor measuremenis with the cryogenic frost-point
hygrometer of LMD onboard the Falcon were compared in one
case with those from a capacitive hygrometer onboard the
MOZAIC-Airbus and were found to agree to better than 5% in
mixing ratio for mixing ratios of 80 to 120 ppmv, and better
than 15% in RH for RH between 40 and 80% of liquid satura-
tion [Helten et al., 1999]. The larger deviation of RH is a con-

sequence of the bias between the Falcon and MOZAIC tem-
The RH values agree

160 A3 Vaiucs agicc

within 5% of liquid saturation when the temperature is com-
puted from the PT100 instead of the PT500 temperature sensor
on the Faicon.

The results of the LMD water vapor instrument were com-

nared aleo with thaoge of the lacer dinde ingtriment anhanard the
PRICU a0 Wil WiUsC U Wi 1asCT GlGAC INSuulicit Ohiotait uwid

perature measurements in this case

craiure measuremenis in inis <ase.

DC-8. The agreement between the two instruments is within
the stated accuracy of the two instruments and is of about 10%
in mixing ratio, in the range where the intercomparison oc-
curred, from 100 to 900 ppmv [Vay et al., this issue]. The laser
dinda ingtmimant givans himidits smeiving ratin vuanliias quetans
UIVUL DU uIvLLL EIV\/B uuuuuu.j ljuAllls Lauv vaiuvy a_yauAu-

atically higher than the one from the frost-point hygrometer.
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he intercomparison supports the reliability of the high

RH values found in POLINAT 2 (Figure 12). The correctly
measured EI(H,0) behind the DC-8 further supports the accu-

wnne: Af tlaa TT ) o d O N dmotmimmanta [Duadon of n’
racy O1 i€ 1, U (aiia L) insTumenis (Uvarez &f au.

sue].

In several cases, the Falcon was flying a given track for-
ward and backward, probing the same air masses twice within
a short time period. These cases have been used to verify the
reproducibility of the Oy, NO,, HNG;, SO,, H,0, wind, and
temperature measurements. The results were always very satis-
factory [Schlager et al., 1997b; Helten et al., 1999]. During
ascents and descents, sometimes short periods of flights at
constant flight level were introduced to check the temporal re-
sponse of the instruments with respect to changes in the ambi-
ent conditions. These checks confirmed estimates of the re-
sponse times of the instruments [e.g., Ovarlez and van Veltho-
ven, 1997].

The first intercomparison of the only two acetone-detection
methods presently used in the upper troposphere (CIMS of

MPILY during POLINAT 2 and a gas chromatceraphic tech-

MPI-K during F a gas chromatographic tech-
nique of NASA-AMES during SONEX) shows agreement
within the expected instrument accuracy of about +30%
[Wohifrom et ai., 1999]. The intercomparison of POLINAT 2
data with the simultaneously registered SONEX data for SO,

and TINIO)Y, vavaanlad syctamatine digerannansias whish naad £ia
ana riivwgy ITVveaiCd Sysiiiiaul Uistitpaliclios, willin uicu iur-

ther investigations [Arnold et al., 1999].

Previous aerosol measurements of aerosol in the size range
of 0.1 to 0.3 um [Konopka et al., 1997] are strongly affected
by the large enrichment factor of the anisokinetic sampling
device used, in particular when collecting aerosol contained in
contrail or cirrus ice particles. As a consequence, analysis of
the effective conversion fraction of fuel sulfur into sulfuric
acid in the plume aerosol is not possible on the basis of the
particle size spectra available up to now. Intercomparisons
between UMR-MASS particle data and the particulate meas-
urement instruments on the SONEX-DC-8 revealed agreement
within the expected range of instrument accuracy [Paladino et
al., this issue].

Hence

-

thic ig
uills is-

4.8. How do the Models Perform in Comparison to
Observations?

The POLINAT projects provide the opportunity for detailed
case-by-case and statistical comparisons beiween measure-
ments and models at the scales of individual single or multiple
aircraft plumes, regicnal transverses across the corridor and
vertical profiles near Ireland, and the whole east-west extent of
the NAFC. .

Comparisons to plume scale measurements [Schumann et
al., 1995; Schiager et al., 1997a, b; Diirbeck and Gerz, 1996;
Gerz et al., 1998; Schulte et al., 1997; Tremmel et al., 1998;

and Kraabgl et al.,

ang Aragoge el ac.

sidered plume dlspersion by Gaussian models using aniso-
tropic diffusivities and treat chemical conversion of NO, to
NOy. The resuits are generaily in good agreement with the ob-
servations.

At reocional ccalac a
4 ICgilna: sCails, aiCiig

the tracks and vertical profiles taken by the Falco see, for'ex-
ample, Figure 13 [Wauben et al., 1997b]. The agreement be-
tween modeied resuits and observations is reasonably good for
O;, but less clear for NO, and systematically different for

TINO)
T1IN\J3.

10901 used large-eddv simnlations or con-

12775 useQ 1arge-cady simuialions or ¢on

the OTM recnltc

ne L1l résuals we CVa

Tha mndals comnat vaanlua tha nanlrv and natohe ot
A0 1HUUCLY Lalllivul 1L3VLYL v Pbal\)’ aliu Pawu_y Pal'
tern of the NO, concentration field measured at plume scales
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(solid curves with dots, CTMK model) results of O;, NO, and HNO; concentrations for November 2, 1994
[from Wauben et al., 1997b].
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and at tha gralac aof convactive avants aor within clandg Tn
and at the scales of convective events or within clouds. In

view of the nonlinear dependence of O; formation rate on the
NO; concentration, these discrepancies are important and may
cause an overestimate of the computed O; production rate by a
factor of up to two [Meijer et al., 1997; Petry et al., 1998]. In

Fioure 12 tha HN). valuas mandelad are halaw tha meaeacured
LS1gUIC 15, Wil niv; Yaiuds moGaiCh ard sGiow Uil measurca

values, and in other cases the opposite was found. This indi-
cates possible uncertainties not only in the NO, to NOy con-
version but also in the sinks of NO Other studies report
strong overpredictions of HNO; by models [Hauglustaine et
al., 1998; Thakur et al., 1999], but our data provide higher
HNO; levels which do not deviate systematically from the
range expected from model predictions [Schneider et al.,
1998].

At the scale of the whole North Atlantic, the B-747 meas-
urements performed within the NOXAR and POLINAT 2
projects provide the first possibility for simultaneous Oz and
NO, model validations at such scales with a large data set.
Plate 3 shows for example that the model ECHAM3/CHEM
gives NO, concentrations that agree with the measurements to
within about 30% and shows very similar patterns in general,
though details (e.g., ratio of NO, maximum over mid-Europe
relative to that at the East Coast of southern United States of
America) differ [Brunner, 1998].

Global circulation model results can be compared to the
statistics of the data measured during POLINAT and “Pollut-

antq Frarm Ade Teoffi 10071 Ear avarmnla
aifis 1o Al 1fainad 177 7). £OF CXaiipic,

Figure 14 shows the vertical profile of 03 as computed with
ECHAM3/CHEM in the model grid cell west of Treland in
comparison to the O; values measured with the Faicon in the
same region in summer and autumn [Kc'ihler et al., 1999].
A‘p&u from the values near the tropopauac, which altitude is
calculated to be too high in particular in the summer, the com-
puted mean Oj profiles are within the range of measured val-
ues, supporting the validity of this model. Similar comparison
between ECHAM3/CHEM and measurements are shown for

Qb i o# ,.7
ocnumani et Gi.
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NO. by Ziereis et al. 1199931, Here the data agree within the

NO, by Ziereis et al. [1999a]. H
range of one standard deviation of the model results at least in
the upper troposphere and lower stratosphere. At low altitudes,
the data show larger NO, values than the model results.

Other models have difficulties in describing the dynamics
of the tropopause regions also. For example, the maximum
concentrations and the residence time of inert subsonic aircraft
emissions near the tropopause have been found to vary by
more than a factor of 2 between various models [ Danilin et al.,
1998] The results of glo"al models are also highly sensitive to

modeling of convective ANSDO e
the modeling of convective transport. The global circulation

model ECHAM3/NOX was run with and without subgrid-
scale (SGS) models for convective transport of chemical con-
stituents. The relevance of SGS convection was found to be
more distinct in summer than in winter, as expected. When
convection is switched off, only 12% of the original contribu-
tion (with convection) from NO, surface emissions from the
United States of America are found in the upper troposphere
in the measurement area in June. For November, this number
is 39%. On the other hand, the NO, contribution from aircraft
is almost independent of convection [Kohler and Sausen,
1997]. Washout in the troposphere is a further important proc-
ess. Without wet removal, HNO; is lifted to the upper tropo-
sphere where it is photolyzed and acts as a source for NO,.
With wet removai of HNO; included, the sensitivity of NO,
and O, abundance to aircraft emissions is increased [Jonson et
al., 1999%].

The measured high acetone content above 1 ppbv, see Fig-
ure 7, from sources other than air traffic, is not vet fully re-
flected in the model studies. In summer, the large abundance
of acetone provides a strong additional source for HO,. Ace-
tone may have a strong influence on the atmospheric oxidizing
capacity and O, formation. This fact contributes to the uncer-
tainty in present model results.

On the basis of the various studies and resuits, it can be ex-
pected that present models are able to predict increases of NOy

Autumn (SON)
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Figure 14. Comparison of measured O mixing ratios (3 min averages; symbols) and the mean vertical pro-
file of O; mixing ratio simulated with ECHAM?3/CHEM (solid curve) and the standard deviation computed
from 12 hourly computed data (shaded area) west of Ireland in (left) summer and (right) autumn. The differ- -
ent symbols indicate measurements from the different projects: full dots from POLINAT 1, triangles from
POLINAT 2, and stars and crosses from “Pollutants from Air Traffic” 1994 and 1996, respectively [from

Kohler et al., 1999].
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within the NAFC up to about an uncertainty factor of 2. The
NO, impact on O; occurs at larger scales after some down-
ward, zonal, and meridional mixing, and depends on details of
the HO. chemistry, shotolysis The

and wachont nrocegses
the OOy cagdmusiry, paoctoiysis, ing

and washout processes.
model uncertainty is estimated to be at least of the order of 2
on the basis of the scatter of results between various model

approaches [[PCC, 1999].

4.9 What Ara thae Cancannancac of tha Aireraft Emiccione
< SS10IS

4.9. What Are the Consequences of the Aircraft Emi
of Nitrogen Oxides and Other Trace Substances on the
Formation of Ozone and Other Chemicals in the
Troposphere and Lower Stratosphere?

The model calculations show that NO, emissions from air-
craft cause significant (about up to 25% in summer and 50%
in autumn or winter) increase in the NO, background concen-
trations in the NAFC and the aircraft NO emissions cause in—
winter and 5-6% in summer [e.g., Kohler et al., 1999; Met]er
et al., this issne]. The emissions also canse an OH increase of
up to 30% or more [Hayman et al., 1999] and an HNO; in-
crease of up to 10% in summer. The revised models [e.g.,
Dameris et uz
sults that the present air traffic causes O; increases in the up-
per troposphere and in the lower stratosphere of about 4 to 8
ppbv in the region of the NAFC with background of 90-120
ppbv. The measured NO, concentration is still low enough so
that additional NO, enhances O; production, in particular in
air masses with high levels of acetone.

The relatively slow and small change in O; due to aircraft
emissions in the NAFC could not be measured because of the
large natural variability of O; near the tropopause. Brunner et
al. [1998] find a positive correlation between enhanced upper
tropospheric NO, and O; but mainly because of NO, from
continental or lightning sources. A positive correlation be-
tween acetone and O; may be expected to exist in the tropo-
sphere because acetone contributes to HO, and O; production
at time scales similar to the residence time of acetone (order of

P A T (Y 7 P Anta lanca IAntas o

li02 moiiuis ). nOWEVCr, Our data vasc indicates a weak cor-
relation between the measured O and acetone values.

QO A fiees aonliae
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4.10. What Can Be Learned About Atmospheric
Dynamics From the Measurements and Model
Results?

In view of the difficulty in modeling the tropopause altitude
and the transport of aircraft emissions out of the tropopause
region [Danilin et al., 1998], studies of the tropopause dy-
namics are particularly needed. For many cases of tropopause
transverses during POLINAT 1 and 2, the measured signals
(0,5, H,0, SO,, HNO;, wind speed, and wind-direction) often
show nearly step-wise variations on short distances when the
Falcon passed through the PV isosurface somewhere between
1.6 and 3.5 PVU [Schuimann, 1997b; Schlager et al., 1997b;
Ovarlez et al.,
show a more
tropopause mixing. For example, flights N2, N3, and N4 (see
Table 5) include observations within a developing tropopause
fold, partly over-turning. A high potential vorticity (PV)
“streamer” (up to 10 PVU) reaching from 70° to 30°N ex-
tending over about 10° west-east longitude, with near vertical
tropopause between 500 and 220 hPa, was traversed on No-
vember 5 in east-west direction and again on November 6 in
south-north direction. Figure 15 shows the PV isolines for the
flight of November 5, from which one can identify the loca-
tion of the tropopause. The figure also depicts the O; profiles
measured at the corresponding flight altitudes versus longitu-
dinal . distance at nearly the same time. In this case, the O,
tracer (and similarly the H,O tracer, which is not plotted) in-
creases nearly stepwise at about 8§ km altitude at the plotted
longitudinal distance of 270 km, but the PV contours indicate
the tropopause to exist between 170 and 210 km distance in
this plot. At other flight levels, the tracer tropopause is found
also not to coincide with the dynamical tropopause in this
case. Instead, the chemical tropopause lies higher than the
thermal and dynamical ones, and the measured tracer profiles
indicate a gradual change in O, and H,O and not the expected
stepwise increase near the dynamical tropopause. The NO and
NO, data (not plotted) show also no clear transition from tro-

jmilar Ahocawgatiamo

auu Siimiiar Ooscivatlons

1997a, b].

1999]. However, some tropopause traverses
complex picture indicating some cross-
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were made for some other cases [Schlager et al.,
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Figure 15. Isolines of potential vorticity (in PVU) in a vertical plane versus longitudinal distance (longitude
increasing from left to right) and pressure altitude as derived from analyzed ECMWF data (T213/1.31 resolu-
non) for 1200 UT November 5, 1994, together with the altitudes of the fhght segments at constant level
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1220 UTC on the same day (flight N3) at about 52.5°N (provided by K. P. Hoinka).
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mixing occurs near
such an overturning tropopause over vertical scales of order 5
km or over horizontal scales of about 50 to 100 km. The data
offer an opportunity to investigate stratosphere-troposphere
exchange including the transport of several trace coustituents
[Ovarlez et al., 1999]. The Falcon crossed another tropopause
fold on October 20, 1997 [van Velthoven, 1999] forming al-
most a cutoff low with aircraft emissions accumulating [Mei-
Jer et al., this issue].

During flight N5 of November 8, 1994, wave fluctuations
were observed in Oz and H,0 concentrations and in the wind

fiald. Thege fluctuations could be internretad in terms of iner-
Tigld. 1nese iuctuatons could oo mnterpreted n terms Oof ner

tia-gravity waves. This fact is of importance for understanding
small-scale transport processes [Moustaoui et al., 19991.

The weather predictions provided by the ECMWEF for plan-
ning the measurement program were found to be very reliable.

Tn the cage of tha opopause fold ohserved on No _
i e case of ne ouuus uuyuyauav 101G ODSSIVEG On INOVEIN:

ber 5, 1994, the position of the fold was found to be within 50
km of the predicted position. Calculated temperatures were
typicaily within 2-5 K of the measured vaiues. Wind speed
typically agrees within about 5-10 ms™ [van Velthoven, 1999].
In the upper toposphere, when the water vapor concentration
is below 20 ppmv, and in the lower stratosphere, calculated
values are usually smaller than measured. This is caused by er-
rors in the conventional radiosoundings and by the analysis
scheme which assumed a very small background concentration
of 5 ppmv in the lower stratosphere [Ovarlez and van Veltho-
ven, 1997]. Recently, these findings have lead to changes in
the ECMWEF analysis scheme {Simmons et al., 1999]. On the
other hand, the ECMWF analysis assumes that humidity can-
not exceed ice saturation, and hence underestimates the values
under very humid conditions. Regions with measured ice su-
persaturation were found to coincide with ECMWEF predic-
tions of cirrus clouds [Ovarlez et al., this issue].

5. Conclusions

During the POLINAT projects, measurements have been
made of the composition of the atmosphere in the tropopause
region in the altitude range from the midtroposphere to the
lowermost stratosphere. The measurements cover the full alti-
tude range and the horizontal range of cruising subsonic air-
liners in a vertical cross section perpendicular to the heavy air
traffic in the NAFC. For NO, and O; the measurements cover
also the third dimension along the flight corridor between
Europe and North America. In four series of experiments,

eight measurement flights were performed in November 1994,
nine in Tnnp/Tn]v 1005

seven in Sentember 1007 and six in
2725, seven 1 sepemeoer 1YY/, and siX in

October 1997 w1th the Falcon, and about 100 measurements
flights were performed from August to November 1997 with a
B-747. Part of the measurements were performed in coordina-
tion with other experiments, in particular SONEX. Global and

raoional chemictry trangnort maodals wara nsad t0 nradict and
1VEiViial wilviliiou y I.Iulln)l)\.lll AIVMVIY VWulL udlud W l.llbulbl allu

analyze the contributions from aircraft emissions to the NO,
abundance and to O; formation. Also, the measurements were
used to verify contraii formation criteria.

For the first time, the experiment showed that aircraft con-
tribute measurable NO, changes not only in plumes up to
many hours but also at the scale of the whole corridor, at least
under special meteorological conditions where aircraft emis-
sions can accumulate during the period of a few days. How-
ever, at least equally often, high abundance of species were
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transported from continental sources up into the upper tropo-
sphere. The background concentration of NO, and other spe-
cies were often found to be higher (up to 2.5 ppbv) than ex-
pected, with local maximum near the tropopause, suggesting
contributions from aircraft. The models confirm earlier results
that the present air traffic causes Oj increases of a few percent
in the upper troposphere and in the lower stratosphere. The
calculated change in O, concentration is far more widespread
than the change in nitrogen oxides and much smaller than its
natural variability and hence could not be measured. It is

found that acetone concentration is larcer in the NAER(C than
round (hat acewone concentraadn is iarger in i€ NACC than

racult fram airoraft amiceinng hut wera
TCsuit ITOIM airfrart CimssSiOons oul ward

over the Pacific. Acetone may enhance O; formation due to
aircraft NO, emissions. In the September/October season, very
often ice supersaturated air masses were found with high su-
persaturation, sometimes reaching liquid saturation The find-
luga indicate a Ausu Putﬁﬂﬂu} for formation of P\.«ADIDL\ALL Coni-
trails in that period. Contrail formation and persistence was
observed as expected from the revised Schmidt/Appleman
criterion when accountmg for engme CfI'lClenCy.

In spite of the extensive measurement and modeiing activi-
tics, several important questions remain open. In particular, no
measurements have been performed under late winter condi-
tions. At low ambient temperatures and high relative humidity
at the tropopause, particle formation may occur with poten-
tially important implications for chemistry, ciouds, and cli-
mate. Data are missing also in summer over the European
continent, where ozone precursors (acetone, other hydrocar-
bons, and carbon monoxide) may reach the upper troposphere
by convective transport, and important amounts of lightning
NOy contributions are expected. The latter is the topic of the
projects LINOX and EULINOX [Huntrieser et al., 1998;
Holler et al., 1999] (http://www.pa.op.dlr.de/eulinox/). Except
for lightning NO,, the sources of the various species appear
now to be known better than the sinks. Washout processes of
nitric acid, for example, were shown to be important, but are
still only crudely modeled and detailed measurements for
model verification, in particular under cloudy conditions, are
missing.

Finally, the models perform far from satisfactorily in de-
scribing the high spatial variability of short-lived species such
as NO,. Part of the model deficiencies are likely caused by the
coarse numerical resolution affordable on present computers,
but also deficiencies in modeling surface and lightning emis-
sions, and transport and chemical aspects contribute to the ob-
served differences. The models used are incomplete in de-
scribing the sources and sinks of acetone and its contribution
to O3 formation. This requires further model refinement. The
data basis provided by the POLINAT projects is available for
further studies of the atmospheric composition and its model-
mg.
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