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Abstract. Mixing ratios of nonmethanehydrocarbons(NMHCs) were not enhancedin whole air
samplescollectedwithin the North Atlantic Flight Corridor(NAFC) duringthe fall of 1997. The
investigationwasconductedaboardNASA's DC-8 researchaircraft,aspartof the Subsonic
Assessment
(SASS) OzoneandNitrogenOxide Experiment(SONEX). NMHC enhancements
were notdetectedwithin the generalorganizedtrackingsystemof the NAFC, nor duringtwo tail
chasesof the DC-8's own exhaust.Becausepositiveevidenceof aircraftemissionswas
demonstrated
by enhancements
in bothnitrogenoxidesandcondensation
nucleiduringSONEX,
the NMHC resultssuggestthatthe commercialair traffic fleet operatingin the North Atlantic
regiondoesnot contributeat all or contributesnegligiblyto NMHCs in the NAFC.

1. Introduction

Subsonic aircraft
fly
mainly
in the upper
tropospheric/lower stratospheric (UT/LS) region of the
atmosphere. Jet fuel comprises 3% of the total fossil fuel
usage [Friedl et al., 1997], and elevated levels of nitrogen
oxides (NOx), water vapor (H20), and other specieshave been
measuredboth directly in the wake of aircraft [Schulte et al.,
1997; Campos et al., 1998] and in the corridorsof commercial
air traffic [Schlageret al., 1997]. Other gasesthat are emitted
from subsonicaircraft include carbon dioxide (CO2), carbon
monoxide (CO), and nonmethane hydrocarbons (NMHCs)
[Slemr et al., 1998; Vay et al., 1998].
The emissionsfrom subsonicaircraftare expectedto impact
the atmosphere in at least three ways. First, background
mixing ratios of the emitted gases may be perturbed. For
example, experimentaland model studiesboth have found that
NO x emitted from aircraft contribute significantly to the total
NO x in the UT/LS region of the atmosphere, especially
between 30øN and 60øN [Ehhalt et al., 1992; Friedl et al.,

1997]. Second,the aircraft emissionsof NOx, CO, and NMHCs
may impact both upper troposphericand lower stratospheric
ozone (03) [Johnstonet al., 1989; Beck et al., 1992; Johnson
et al., 1992; Fabian and Karcher, 1997]. Third, H20, CO2,

sulfur oxides, and other emitted species may affect both the
production and the characteristics of clouds and aerosols,
thereby influencing both global temperature and the radiative
forcing in the UT/LS [Fabian and Karcher, 1997; Friedl et al.,
1997; Singh and Thompson, 1997].
The hydrocarbon emissions from aircraft are believed to be

small(-0.3 Tg yr-1),andmostof theemittedhydrocarbons
are
in the form of NMHCs (by comparison, total NMHC
emissions from anthropogenicand biogenic sourcesare -600

Tg yr-1)[Friedlet al., 1997].However,few experiments
have
characterized aircraft emissions of NMHCs, especially for
higher molecular weight (>C3) species[Friedl et al., 1997] and
in the cruise

conditions

under

which

most

air traffic

occurs

[Slemr et al., 1998]. Ehhalt et al. [1985] measured elevated

levels of ethene (C2H4) and propene (C3H6) in air sampled
over parts of the trans-Atlantic flight tracks of that day.
However, Ehhalt et al. argued againstjet exhaust as the cause
of the enhancements,citing a National Academy of Sciences
report that most of the NMHCs emitted from jet engines
contain more than seven carbon atoms, with few emissions in

the C2-C5 range[National Academyof Sciences(NAS), 1976].
By contrast, Slemr et al. [1998] have recently reported that
ethene, ethyne (C2H2), benzene(C6H6), and propenehad the
highest emission indices for NMHCs emitted from a German
research

aircraft.

Emissions

of toluene

and other alkenes

and

alkynes were also observed.The findingsby Slemr et al. are in
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are the mostlikely to perturbNOx/O3 chemistry[Friedl et al.,
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1997], because net 03 production in the troposphereoccurs
via OH-induced oxidation cycles involving CO, CH 4, and
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levels

requiredto substantiallyaffect the total amountof 0 3 produced
in the aircraft emission plume. Although the aircraft
emissionsof NMHCs are likely to have little impact on the
atmosphere [Friedl et al., 1997], it is importantto know the
background mixing ratios of NMHCs in the flight corridor
region. In model calculations, omitting the hydrocarbon
chemistry significantly changesthe distributionof NOx in the
troposphereand appreciably reduces the sensitivity of 03 to
aircraftNOx [Friedl et al., 1997].
In the fall of 1997, our researchgroup from the University
of California, Irvine (UC Irvine) participated in the NASAsponsoredSubsonic Assessment(SASS) Ozone and Nitrogen
Oxide Experiment (SONEX). The goal of SONEX was to
investigate the atmospheric impact of emissions from
subsonic aircraft operating in the North Atlantic Flight

MEASUREMENTS

handling manifold allowed the air to be selectively directed
into any given canister. The samples were collected in
individual canistersand pressurizedto 40 pounds per square
inch gauge (psig) (275 kPa).
The whole air samples were collected throughout each
flight, roughly every 4 min during horizontal flight legs and
every 1.5 to 2 min during vertical legs. The samplecollection
times ranged from 0.75 to 2.5 min. The longer collection
times were used on horizontal flight legs for better spatial
coverage, and shorter sampling times were used on vertical
flight legs in order to maximize the vertical resolution.On the

basisof typicalcruising
velocities
of 830-850km hr-1 during

horizontal flight legs, a 2-min collection time covered a
samplingdistanceof-28 km. The vertical samplingdistances
were of the order of severalhundredsof meters.During SONEX,
the actual number of samplescollectedper flight rangedfrom
Corridor (NAFC). A detailed overview of the SONEX mission
134 to 144. A few of the samples were not used in our data
is given by $ingh et al. [1999]. The main UC Irvine objective analysis, for example, because they were contaminated or
was to determine whether or not NMHCs
are enhanced in the
becamedepressurized.A total of 1874 whole air sampleswere
NAFC as a result of subsonic aircraft emissions, with
available from the 14 SONEX flights, of which 405 were
considerationof the location and seasonin which the samples collectedduring the three OTS flights.
were collected. In addition, the UC Irvine NMHC
and
After each flight, the canister arrays were courieredto our
laboratory at UC Irvine for analysis. Within 7 days of being
halocarbon data set was used to help identify the origin of the
collected, the air samples were analyzed for the NMHCs,
various air massesencounteredduring the SONEX flights. The
halocarbons, and alkyl nitrates using a four-gasNMHC data set also provides background mixing ratios at
chromatograph (GC), six-column, six-detector analytical
cruising altitudes, for input into models that estimate the
system. For each sample, 1772 _+1 mL (STP) of canisterair
effectsof aircraftNOx on 03.
were usedfor analysis.The condensabletracegases(including
all hydrocarbonsexcept CH4) were preconcentrated
in a loop
2. Experimental Techniques
that was filled with glass beads and immersed in liquid
During the SONEX mission, 16 researchteams flew aboard nitrogen.The loop was then isolatedbefore being warmedto
the NASA DC-8 aircraft on 14 scienceflights in and aroundthe revolatilize the gases.The contentsof the loop were flushed
NAFC, deploying from bases in Bangor, Maine; Shannon, using a carrier gas (hydrogen)and were quantitativelysplit to
Ireland; and Lajos, Azores (see Singh et al. [1999] for flight the six different columns. The fractional split to each column
paths).The NAFC is a major commercialair traffic route, with was determinedfrom standardsrun intermittently with the air
the 45ø-65øN Atlantic region featuring some of the densestair samples (every fourth sample). Three flame ionization
traffic [$ingh et al., 1999]. Commercialaircraftoperatewithin detectors(FIDs) and three electron capturedetectors(ECDs)
an organized tracking system (OTS), whose flight levels are were used, producingsix separatechromatograms
for each air
defined every 1000 feet (305 m) from 31,000 to 39,000 feet sample. More information about the analytical systemused
(9.4 to 11.9 km). The commercial traffic is distributed on
during SONEX and in previousairbornemissionsis given by
those levels every day, although the loading at each level Sire [1998] and Blake et al. [1996a].
varies from day to day. The most heavily traveled levels are
The baselines on each chromatogram were individually
31,000 feet (9.4 km), 33,000 feet (10.0 km), 35,000 feet
inspected for selected compounds, including 18 C2-C 9
(10.7 km), 37,000 feet (11.3 km), and sometimes 34,000 feet
NMHCs, 16 C1-C2 halocarbons,and 5 C1-C4 alkyl nitrates.A
(10.4 km). In the NAFC, the main eastboundtraffic arrives in
complete list of the compoundsreported by the UC Irvine
Europe in the early morning and the main westboundtraffic
groupis given in Table 1. The rangeof accuraciesfor these39
departsfrom Europelater in the morning.The resultspresented gasesis 2-20%. The precisionof the halocarbonmeasurement
here are based upon the three SONEX flights that were varies by compoundand by mixing ratio. For example, the
specifically designed to sample within and below recently precision for CFC-12 at 550 parts per trillion by volume
traveled OTS airspace,with deploymentsbetweenOctober 18 (pptv) was +3 pptv, while that for methyl iodide (CH3I) at
and November 9, 1997.
0.02 pptv was _+0.01pptv. The measurement
precisionfor the
The DC-8 payload included equipment to measure NMHCs was -1% or 1.5 pptv (whicheverwas larger) for the
meteorological parameters, ozone, nitrogen species, alkanesand alkynesand 3% or 3 pptv (whicheverwas larger)
hydrogen oxides, aerosols, and condensationnuclei. The UC
for the alkenes. The limit of detection (LOD) is different for
Irvine group was responsiblefor the measurementof NMHC,
each halocarbon, but none of the 16 halocarbons was below
halocarbon,and alkyl nitrate mixing ratios in -140 whole air
its detectionlimit at any time during SONEX. We imposed a
samplescollected during each researchflight. Seven canister conservativeLOD of 2 pptv for the NMHCs.
arrays, each consisting of twenty-four 2-L stainless steel
canisters,were loaded onto the aircraft prior to each flight. 3. Results and Discussion
During sampling,outside air was collectedfrom beyondthe
The 14 SONEX flights traced routesboth in and aroundthe
laminar boundarylayer of the aircraft, pressurizedby a twostage metal bellows pump, and distributed via 0.25-inch main NAFC, with additional excursions north as far as 70øN
stainlesssteel tubing to a gas-handlingmanifold. The gas- and southto 20øN. On the three OTS flights, the path included
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Table 1. CompoundsReported by the University of
California, Irvine Group During SONEX
Archive

Name

Common Name

Chemical Formula

6O

NonmethaneHydrocarbons

Ethane
Ethene
Ethyne
Propane
Propene
/-butane
n-butane
i-pentane
n-pentane
me-cyclohexane
Heptane
Octane
Nonane
Benzene
Toluene
p-xylene
Ethylbenzene
o-xylene

ethane
ethylene
acetylene
propane
propylene
iso-butane
n-butane
iso-pentane
n-pentane
methylcyclohexane
n-heptane
n-octane
n-nonane
benzene
toluene
paraxylene
ethyl benzene
orthoxylene

C2H6
C2H4
C2H2
C3H8
C3H6
C4H•o
C4H•o
CsH•2
CsH•2
C7H•4
C7H•6
C8H•8
C9H20
C6H6
C7H8
C8H•0
C8H•0
C8H•0

Halocarbons

F- 11
F- 12
F-113
F- 114
F-22
CH3C1
CH:C12
C:HC13
C2C14
CH3Br
CH2Br:
CHBr3
H- 1301
H-1211
H-2402
CH3I

CFC-11
CFC-12
CFC-113
CFC-114
HCFC-22
methylchloride
methylenechloride
trichloroethylene
perchloroethene
methylbromide
methylenebromide
bromoform
halon 1301
halon 1211
halon2402
methyliodide

CC13F
CC12F2
C2C13F
3
C:CI:F4
CHC1F:
CH3C1
CH:CI:
C:HC13
C:C14
CH3Br
CH:Br:
CHBr3
CBrF3
CBrC1F2
C:Br2F4
CH3I

Alkyl Nitrates

MeONO:
EtONO:
i-PrONO2
n-PrONO•
i-BuONO:

methylnitrate
ethyl nitrate
i-propylnitrate
n-propylnitrate
i-butylnitrate

CH3ONO2
C2H5ONO:
(CH3):CHONO:
C3H7ONO•
(CH3):CH:CHONO2

five or six flight legs at different altitudes,both within and
below the designatedOTS levels. For example,Flight 7 was a
7-hour local flight off the west coast of Scotland, departing
from Shannon on October 23, 1997, at 0600 UT. (As will be
described below, the air massesencounteredduring Flight 7

offered the best opportunityfor observingaircraft emissions.)
The flight includedlegs at five standardaltitudes,three within
the OTS and two below. The timing of Flight 7 sought to
interceptemissionsfrom eastboundOTS aircraft, and samples
were taken at the end of the peak traffic from that morning.
During SONEX, the Goddard Space Flight Center (GSFC)
providedplots of 5-day historiesof flight corridorencounters
over the North Atlantic. For Flight 7, the GSFC plot showed
that the levels of aircraft exposureover the previous 5 days
exceeded 110 aircraft hours within the sampling area (data
accessible at http://telsci.arc.nasa.gov/-sonex/models_gif/).
The more than 110 aircraft hours representsmaximum air
traffic exposurefor air parcelsarriving at the samplingregion,
and they indicatethat Flight 7 is well suitedfor investigating
enhancements

that result from aircraft emissions.

The suite of meteorological and chemical data collected
aOUalU
•'^•-•
the "'"'
s_•t..-8 were
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the air masses
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Figure 1. Florida State University (FSU) 5-day backward
trajectoriesfor air encountered
in the Flight 7 samplingregion
north of Ireland for October 23, 1997. Axes are degrees
latitude and longitude.

encounteredduring Flight 7. Several methodswere availableto
estimatethe age of the sampledair, i.e., the time sincethe last
contact with anthropogenic emission regions. Five-day
backward trajectory plots prepared independently at Florida
State University (FSU) and GSFC each showedthat typical air
encountered during Flight 7 had been recirculating over the
Atlantic for at least the past several days (the FSU plot is
shown in Figure 1; the GSFC plot is very similar. The
proceduresused to calculatethe FSU trajectoriesare described
by Fuelberg et al. [1999]). The mixing ratios of various shortlived NMHCs such as ethene and propene were very low
(almost exclusively below detection) at altitude (Figures 2a
and 2b), also suggestingthat the air was aged. In addition, the
[ethyne]:[CO] ratio for Flight 7 samplescollected at altitude
was 0.8 pptv/ppbv, suggesting that the air was
photochemically aged (an [ethyne]:[CO] ratio below 1
pptv/ppbv indicates aged air [Smyth et al., 1996]). Finally,
the ratio of a daughter alkyl nitrate to the parent hydrocarbon
increasesas air ages.For the SONEX data, the ratio of [i-butyl
nitrate]:[n-butane] was around 0.01 pptv/pptv for fresh
emissionsand around 0.1 pptv/pptv for aged air masses.The
Flight 7 ratios clustered around 0.1 pptv/pptv, confirming
that the air was well aged. Mixing ratios of anthropogenic
halocarbonssuch as perchloroethene(C2C14) and methylene
chloride (CH2C12) were low and showed little variability,
indicating that very little recent continental pollution was
encounteredduring Flight 7, with the exceptionof the landing
into Shannon (Figure 3). Further, the sampled air does not
appear to have been marine boundary layer air, becausenone
of the marine tracers(e.g., CH3I; methyl nitrate - CH3ONO2;
bromoform- CHBr3) was elevated(CH3I is shownin Figure4).
For example, CH31 became elevated only during descent
through the marine boundary layer during landing, contrasting
with the lower CH3I mixing ratios encounteredduring the
remainder of the flight (Figure 4). The low, fairly constant
mixing ratios of the marine tracers indicate a lack of recent
oceanic convection. Overall, the background air encountered
during Flight 7 was found to be clean, well aged, and not
recently influencedby surfacesources.Thus Flight 7 provides
a clean, uniform background against which any NMHC
enhancementsfrom aircraft emissionsmay most readily have
been observed.

Analysis of the data collectedduring SONEX has shownthat
there is no unique tracer for aircraft emissions[Thompson et
al., 1999]. However, nitric oxide (NO) and fine condensation
nuclei •CN•
,,nh•,n,,,,men,ot• were s,,m,,t•m,,s
,, ,• • ,• correlated in the
•
j ....
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The hydrocarbons that Slemr et al. [1998] identified with
the highest aircraft emission indices in jet exhaust have
approximate local lifetimes (in days) of 6 (ethene), 145
(ethyne), 56 (benzene), and 1.7 (propene). These lifetimes

:

:

:

!

were calculated for November 1 at 55øN and at a 10-km altitude,
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Figure 2. Mixing ratios of the short-livedgasesetheneand
propene during Flight 7 of SONEX, October 23, 1997, (a)
including high mixing ratios during landing into Shannonand
(b) showing detail for the low mixing ratios encountered
during most of the flight. Mixing ratios of zero represent
values below our detection limit of 2 parts per trillion by
volume (pptv).

vicinity of flight corridors [Thompsonet al., 1999]. During
Flight 7, elevated NO and CN were observedthroughoutthe
corridor region (altitudesabove 9.4 km; Figures5a and 5b). A
combinationof elevated NO and CN can result from a variety
of sources, including urban influence, biomass burning,
lightning, and/or aircraft. The low, constantmixing ratios of
the urban tracersC2C14and CH2C12(Figure 3) and the oceanic
(rather than continental) 5-day air mass history together
indicate minimal urban influence.Further, the mixing ratios of
CO, 03, and ethanealso were low (for comparison,seeReichle
et al. [1990], Blake et al. [1996b], and Grant et al. [this issue]
and displayed very little variation (Figures 6a and 6b).
Together, these results indicate that the NO and CN
enhancements

did

not

result

from

surface

sources.

No

lightning exposure was forecast for the region throughout
Flight 7, and the elevatedNO and CN are mostlikely to have
been causedby aircraft. Indeed, Flight 7 showedthe highest

percentage
contribution
of aircraftto modeled
NOy during
SONEX, excludingtwo tail-chaseflights of the DC-8's own
exhaust (K. E. Pickering et al., unpublishedmanuscript,
1999).

0

14

Figure
3.
Mixing ratios of the urban tracers
perchloroethene (C2C14) and methylene chloride (CH2C12)
during Flight 7 of SONEX, October23, 1997.
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i.e., for conditions similar to those of Flight 7 (lifetimes
provided by L. Jaegl•, Harvard University, personal
communication,1999). Therefore each gas has a sufficiently
long chemical lifetime to remain in the atmospherebetween
any emission from the main eastbound air traffic of the
morningof October23 and samplingduringFlight 7.
In addition to chemical reactivity, plume dispersion is
another mechanism by which aircraft emissions become
attenuated prior to sampling. However, the question of an
aircraft exhaustplume dispersinginto the free troposphere
applies to both NO and the hydrocarbons, yet NO
enhancements remained during Flight 7 despite plume

dispersion
(Figure5a). The locallifetimeof NOx (= NO + NO2)
with respectto conversionto nitric acid (HNO3) was4-6 days
for the conditions during the SONEX mission (L. Jaegl•,
personalcommunication,1999) and is comparableto the local
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Figure 4. Mixing ratios of the oceanictracer methyl iodide
(CH3I) duringFlight 7 of SONEX, October23, 1997.
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from our canisters or real values. We

have chosento include these five mixing ratios in Figures 2a
and 2b for completeness.
The C2-C9 alkanesalsoremainedlow
and fairly uniform at altitudeduringFlight 7 (e.g., ethane,see
Figure 6b). Overall, we did not observeenhancements
from
aircraft in any of the measured NMHCs during Flight 7,
including four major NMHCs (ethene, ethyne, benzene, and
propene)which aircrafthave been reportedto emit.
In addition to using a combinationof NO, CN, whole air
samples, and meteorological data to identify aircraft
emissions,Thompsonet al. [1999] have usedthe ratio of NO

to totalnitrogen
(NOy)in cases
wherethereis noevidence
for
lightning or recent convective influence (e.g., Flight 7).

Thompson
et al. tried limits of both [NO/NOy]> 0.2 and

Hour (UT)

[NO/NO•,] > 0.3 as cutoffs for aircraft influence.Here we
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compounds
to showstatistical
enhancements
for [NO/NOy]>
0.3 versus[NO/NOy]< 0.2 (Table2). Theseresultsconfirm
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comparedpairs of meansfor CN, CO, ethene,ethyne,propene,
and benzenefor data conservativelybinnedby [NO/NOr] < 0.2
(no aircraft exposure)and [NO/NO r] > 0.3 (aircraft exposure).
The fine condensation nuclei was the only one of these six

0

that aircraft emissions did not give rise to enhancements in
NMHCs or CO during Flight 7.
In addition to Flight 7, Flights 5 and 14 also featured
encounterswithin and below recently traveled OTS airspace.
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Figure 5. (a) Nitric oxide (NO) mixing ratios and (b) fine
condensationnuclei (CN) counts during Flight 7 of SONEX,
October 23, 1997. Each data point representsa 1-min average
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of 1 Hz data.

lifetime of ethene,the hydrocarbonwith the highestaircraft
emission index [Slemr et al., 1998]. Therefore we do not

believe that plume dispersionis the reasonwhy hydrocarbon
enhancements
were not detectedduringthe mission.(We note
that NO and NO2 are interchanged
quiterapidlywhenthereis
reasonable
sunlight,andthe lifetimeof NOx is considered
here
rather than the very short(seconds)lifetime of NO.)
The mixing ratios of ethyneand benzeneremainedlow and
fairly constantthroughoutFlight 7, with the exceptionof
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landinginto Shannon(Figures7a and 7b). (The landingdata
have been includedin order to contrastthe low mixing ratios
at altitude with the high mixing ratiosnear an urban area.) The
propene mixing ratios were consistentlybelow our detection
limit of 2 pptv during Flight 7, again except for landing into
Shannon(Figures2a and 2b). The ethenemixing ratiosduring
Flight 7 were almost exclusively below our detection limit,
with the exceptionsof the landing and of three episodesof
small, nonzerovalues encounteredat altitude (Figures2a and
2b). Two of the three episodesat altitude were at our detection
limit of 2 pptv. The third episode(ethene mixing ratios of
3.2-5.2 pptv) occurredat an altitudebelow the OTS duringthe
return to Shannon, and it does not appear that the nonzero
ethene mixing ratios resulted from aircraft exposure. In
previousmissions,our group has experiencedethenegrowth
within our sampling canisters.Here it has not been possible
for us to determinewhetherthe nonzeroethenemixing ratios

',

ß

12

2OOO

'........
i.........
'i..... .....
'i..........
i.........
i....

15OO

6

1000

5OO

........

2

6

7

8

9

10

11

12

13

14

Hour (UT)
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23, 1997.
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Flight 7 of SONEX, October 23, 1997.
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of NO and CN causedby aircraft exposurein a
manner similar to that for Flight 7. However, we were unable
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Table 2. Mean (+1 Standard Deviation) Fine Condensation
Nuclei (CN), Carbon Monoxide (CO), Ethene,Ethyne,
Propene,and BenzeneDuring Episodesof Aircraft Exposure

(NO/NOy<0.2)
CN

CO
Ethene

Ethyne
Propene
Benzene

MeanandStandard
Deviation

1548 + 657 (40)
5630 + 1751 (22)
75.6 + 1.5 (30)
76.3 + 1.8 (16)
0.7 + 1.7 (13)
0.0 + 0.0 (16)
66 + 8 (31)
53 + 6 (22)
0.0 + 0.0 (31)
0.0 +_.0.0 (22)
13 + 3 (18)
10 + 3 (13)

[NO/NOy]
<0.2
>0.3
<0.2
>0.3
<0.2
>0.3
<0.2
>0.3
<0.2
>0.3
<0.2
>0.3

The data usedin this analysiswere retrievedfrom the
SONEX 5-min datamergefor Flight 7. The numberof data
points in each averageis given in parentheses.
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number of ratios greater than 0.3. For example, for canister
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sample1, 13 outof 77 [NO/NOy]ratiosweregreater
than0.3
and 16 were greater than 0.2. That is, 13/77 = 17% of the
canister fill time overlapped with exhaust plumes when the

moreconservative
aircraftinfluence
cutoffof [NO/NOy]
> 0.3
was used, and 16/77 = 21% overlap was calculated when the

cutoff was relaxedto include[NO/NOy]> 0.2. Similarly,
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canister sample 2 featured 16-27% temporal overlap with the
plume encounter,and canistersample3 had 7-19% overlap.
The whole air samples 1 and 2 overlappedwith the plume
encounters at the start of sampling, whereas the whole air
sample 3 overlapped at the end of sampling (Figures 9a and
9b). There is a nonlinear relation between sample size and
sample time as the canisterfills to 40 psig (275 kPa) and the
pumping capacity diminishes. That is, the measured mixing
ratios are effectively weighted toward the values in the air that
was collected at the start of the sample. Thus samples 1 and 2
offer the best opportunity for detecting hydrocarbon
enhancements,both because they feature more overlap with
the plume encountersthan sample 3 and becausethe overlap
occurred at the start of the canister filling, rather than at the
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Figure 9.
Selected nonmethane hydrocarbon (NMHC)
mixing ratios during the tail chase of Flight 13 of SONEX,
November5, 1997, showing(a) etheneand propeneand (b)
ethyne and benzene. The propene mixing ratios of zero
representvalues below our detection limit of 2 pptv. The
enclosedareas labeled 1, 2 and 3 indicate overlap with the
three prominentNO and CN enhancements
seenin Figures8a
and 8b.

enhancementsseen in Figures 8a and 8b. Together, they
indicate which whole air samplescoincidedwith the aircraft
exhaust plumes (in the discussionthat follows, the coincident
whole air samplesare correspondingly
named 1, 2, and 3). The
NMHC mixing ratioswere not elevatedin the three Flight 13
whole air samplesthat featuredsomeoverlapwith the aircraft
plumes(Figures9a and 9b). Indeed,in both Flights 13 and 15,
no NMHC enhancements
were encounteredthat were large
enoughto be detectedwithin the dilutedwholeair sample.
To better understand

the effect of dilution

of the exhaust

samplewithin the longer canisterfill time, we have calculated
the temporal overlap of the NO enhancementsand the canister
samplesin moredetail.We recallthat thereis no uniquetracer
for aircraft emissions[Thompsonet al., 1999], and we used

We

do not know

the nonlinear

function

that

describes

how the sample filling changes with time (the relationship is
complicated by flow-regulating valves on our gas-handling
manifold). However, at altitude our experience is that filling
the last 10 psig (70 kPa) takes as long as the first 45 psig
(310 kPa) (the startingpressureinside the canistersis -15 psig
(-105)). If we consider only samples 1 and 2 and use the
calculated (linear) temporal overlaps of roughly 20% as the
most conservative scenario (the maximum possible dilution
within these canisters), the samples would feature 1 part of
plume air diluted by 4 parts of backgroundair. During the
plume encounters,the NO mixing ratios reachedvalues as high
as 1000 ppbv against background values of less than 100
ppbv or roughly an order of magnitude increase. For the
hydrocarbons,a similar order of magnitude enhancementof 20
pptv against a background of 2 pptv, would give a measured
mixing ratio of at least 5.6 pptv. That is, hydrocarbon
enhancementsof the order of those of NO are larger than the
precision of our measurement and would have been detected
within the diluted whole air samples, even within this
conservativescenario.The nonlinearityof the canisterfilling

would have causedany hydrocarbonenhancements
to appear
even more prominently in whole air samples 1 and 2.
However,

such enhancements were not evident in the tail-

chase data.

The NMHC resultsare in agreementwith CO data that were
collected during SONEX. Carbon monoxide is an excellent
indicatorof incompletecombustion,and CO was sampledat a
high frequency (1 Hz). Therefore any aircraft emissions
resulting from incomplete combustion would have been
detected in the CO signal. The precision of the CO
measurementswas 1 ppbv, basedupon a 1-s samplingperiod.
However, CO enhancementscausedby aircraft were rarely
encountered
duringSONEX (the enhancements
rangedfrom 1.4

thelimitsof both[NO/NOy]
> 0.2 and[NO/NOy]
> 0.3that to 2 ppbv, andthey occurredwith concurrentincreasesin CO2
were applied above as cutoffs for aircraft exposure.The three
canistersamplesthat overlappedwith the plume encountersof
Flight 13 had fill times of 77, 64, and 59 s, for canister
samples1, 2, and 3, respectively(Figures9a and 9b). The NO

andNOydatawerecollected
at 1Hz,andan[NO/NOy]
ratiowas
calculated for each second of canister fill time. The number of

1 s [NO/NOy]ratiosgreater
than0.2 weresummed
aswerethe

and NO•, mixing ratios). Only one case of elevated CO
resultingfrom aircraft was detectedduringthe two tail chases
(NMHCs collectedat the sametime did not exhibit mixing
ratio enhancements).
Justtwo additionalepisodesof enhanced
CO resultingfrom aircraft were identified during the entire
SONEX mission.The resultssuggestthat the air fleet in the
NAFC is cleanburningwith respectto bothNMHCs andCO.
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The SONEX mission was deployed during the fall of 1997,
and the results must be consideredwith respectto seasonality.
Although seasonal variations in aircraft emissions are
generally small, summer emissions of aircraft NO x in the
North Atlantic area are up to 35% larger than winter emissions
[Friedl et al., 1997]. During the time frame of the SONEX
campaign, NOx emissionswere within a few percent of the
annual average in the North Atlantic region [Friedl et al.,
1997]. Therefore the SONEX results presentedin this paper
may be consideredas close to neutral with respectto seasonal
differences. During summer, the 35% larger NOx emissions
raise the question of seasonality in NMHC emissions.
However, given that no NMHC enhancementswere measured
even during the DC-8 tail chase,we expect that dispersionand
efficient summertime photochemistry would prevent any
additional summertimeNMHC emissionsfrom being detected
in the general NAFC. During winter, any gasesemitted from
commercial aircraft may be expectedto persistlonger because
of the reduced oxidative capacity in the north temperateand
polar zones. For example, a northern survey (to 70øN) along
the Norwegian coast during SONEX showed higher mixing
ratios of numerous NMHCs (e.g., alkanes, alkenes, alkynes,
benzene), most likely because of less efficient removal by
hydroxyl (data not shown). Any NMHCs emitted from aircraft
during the winter would be expected to persist longer,
superimposedupon a higher backgroundmixing ratio.
The NMHC resultsdiscussedin this paper were dominated
by measurementsin the upper troposphere.However, 17% of
aircraft emissions are reported to occur in the lower
stratosphere [Baughcum, 1996]. The atmosphericresidence
times for NMHCs are expected to be longer in the lower
stratospherethan in the upper troposphere,in part becauseof
less efficient removal by hydroxyl. During SONEX, one of the
three OTS flights (Flight 5) included encounters with
stratospheric air. NMHC enhancements over background
mixing ratios were not detectedin either the upper troposphere
or in the lower stratosphere(data not shown).That is, NMHC
enhancements resulting from less efficient removal in the
stratospherewere not evidencedin our samples.
We anticipate that aircraft emissions into the stratosphere
will occur predominantly during the winter, because the
tropopauseheight is lower. The emissionsof NMHCs into the
stratospheremay persist longer in the winter not only because
NMHC residence times are longer in the lower stratosphere
than in the upper troposphere but also because NMHC
residence times are longer in the winter than during the
summer.The direct emissionsby aircraft into the stratosphere
may becomeincreasinglyimportantin the near future, because
of new enginesthat will allow commercialaircraft to operate
at higher altitudes[Fabian and Karcher, 1997].
Aviation is one of the fastest growing economies in the
world, and global jet fuel consumptionis expectedto grow by
-3% per year over the next decade[Fabian and Karcher, 1997].
The SONEX mission took place in the North Atlantic Flight
Corridor, where 7% of the global jet fuel is burned [Friedl et
al., 1997]. Three other major geographical regions (North
America, Europe, and the North Pacific) comprise30, 17, and
9% of the total aircraft fuel burned,respectively[Friedl et al.,
1997]. The largest growth rates for future global jet fuel
consumption are expected in the east Pacific [Fabian and
Karcher, 1997]. The NMHCs emitted in a given region will
depend upon both the total amount of fuel consumedand the
efficiency at which the aircraft enginesoperate.The SONEX
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results showed that aircraft operatingin the NAFC are clean
burning with respectto NMHCs. However, it is possiblethat
the commercial air fleets operating in other geographical
regions are less efficient with respect to fuel combustionor
may emit higher levels of NMHCs for a given amountof fuel
consumed.By contrast,if aircraft efficiency and fuel usageare
similar in all geographicalregions, then litfie or no NMHC
emissionsmay be expected.Continuedstudieswill be needed
to monitor possible changesof aircraft emissionsand their
impact on the atmosphere.

4. Summary and Conclusions
Nonmethane hydrocarbon (NMHC) emissions from
commercialaircraft were investigatedbetweenOctober 18 and
November 9, 1997, in the North Atlantic Flight Corridor
(NAFC). The resultspresentedhere are a subsetof 1874 whole
air samplescollectedduring 14 flights aboardthe NASA DC-8
research aircraft. The investigation was part of the larger
Subsonic Assessment (SASS) Ozone and Nitrogen Oxide
Experiment (SONEX). The flights spanneda large part of the
North Atlantic region, and sampleswere collectedboth in and
below the organized tracking system(OTS) and in the upper
troposphere and lower stratosphere. The samples were
analyzed in our laboratory at the University of California,
Irvine, for 18 C2-C9 NMHCs, 16 C1-C2 halocarbons,
and 5 C1-

C4 alkylnitrates.Episodes
of aircraftexposure
wereidentified
using a combinationof elevatednitrogenoxides,elevated
condensation nuclei, whole air sampling data, backward

trajectories,
and aircraftandlightningexposureplots.NMHC
enhancements were not detected within the OTS of the NAFC

nor on a finer scaleduring two tail chasesof the DC-8's own
exhaust.The results suggestthat the commercialair traffic
operating in the NAFC is clean burning with respectto
NMHCs.
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