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Abstract

Accurate estimations of the emissions of primary pollutants are crucial for the modeling of photo-oxidants’

concentrations. For a majority of chemistry-transport models (CTMs), these emissions are taken into account near the

surface only. They are expressed as surface fluxes and represent surface activities such as traffic, industries or biogenic

processes. However, in the vicinity of large cities, commercial aircraft emissions represent a nonnegligible source,

located both at the surface and at altitude, including landing and take-off of aircraft within the boundary layer. This is

the case of Paris where one national airport (Le Bourget) and two international airports (Roissy-Charles-de-Gaulle and

Orly) are located less than 30 km away from the city center. This study presents the first-model analysis of the impact of

aircraft emissions on photo-oxidant concentrations over the Paris area. Using a three-dimensional aircraft emission

inventory, we compare ozone surface concentrations obtained with and without these emissions by running the CTM

CHIMERE during the second Intensive Observation Period of the ESQUIF project. The simulated differences enable

us to estimate the impact of aircraft traffic emissions on ozone surface concentrations in and around the city. The results

showed that the maximum impact, which consists in a fast ozone titration by NO near the airports within the surface

layer, occurs during the night. In remote areas and at altitude, adding new emissions enhanced photo-chemistry during

the afternoon. In order to estimate the impact of the uncertainty of our inventory, aircraft emitted masses of volatile

organic compounds (VOCs) and NOx are perturbed. The results showed that NOx air traffic emissions have a more

important impact than VOC emissions, particularly during the night and near the sources. Nevertheless, these

variations of air traffic emissions do not change previous conclusions.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Within the low troposphere, high ozone concentra-

tions are a problem for public health. Ozone is formed

by complex photo-chemistry involving primary pollu-

tants such as nitrogen oxides ðNOxÞ and volatile organic
compounds (VOCs). These primary pollutants are

directly emitted at the surface by anthropogenic
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activities (traffic, solvents, industries and other activity

sectors) and biogenic sources (such as cultivated fields

and forests).

To understand the behavior of this photo-chemistry,

chemistry-transport models (CTMs) are now widely

used. Most of them are able to reproduce surface ozone

concentration fields, which are then used for the analysis

of high pollution events, scenarios on surface emissions

and forecast. But these ozone concentration fields are

not always as accurate as it is needed to help to air

policy elaboration. This is due to (i) the fact that ozone
d.
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concentrations correspond to a budget involving numer-

ous factors such as emissions, meteorology and (ii) the

nonlinear interactions of all these factors.

Among all these factors, it was previously shown that

the emissions of primary pollutants over urban areas are

the most important as well as the most uncertain. For

most CTM, these emissions are taken into account near

the surface only. They are expressed as surface fluxes

due to surface activities such as traffic, industries or

biogenic processes. However, surface emissions are not

the only primary source in the neighborhood of large

cities: commercial aircraft emissions represent a non-

negligible source, located both at the surface and at

altitude, including landing and take-off of aircraft

within the boundary layer. Moreover, the activity of

international airports increases every year, which leads

to a continuous increase of the emissions due to aircraft.

Numerous studies have been made to estimate the

impact of air traffic emissions in the troposphere but

only within its upper part (Gardner et al., 1997; Meijer

et al., 2000; Colvile et al., 2001). These studies showed,

for example, that about 60% of aircraft NOx are emitted

between 10 and 12 km at altitude, 93% of which in the

Northern Hemisphere. It was also shown that aircraft

emissions may represent up to 60% of NOx emissions in

the upper troposphere and could lead to an increase of a

few percent of ozone global concentrations in this

atmospheric layer (Derwent, 1982).

Studies concerning the lower troposphere, including

the atmospheric boundary layer (ABL), are rare. Colvile

et al. (2001) showed that the impact of aircraft emissions

is poorly known but is mainly due to aircraft movements

at the ground and related activities (buses on airports,

taxi ways, etc.) rather than to the flights themselves.

Moussiopoulos et al. (1997) showed that NOx emissions

are the most important contribution of aircraft emis-

sions but high concentrations are only observed very

close to the sources, i.e. to the airports. Finally, Perl et al.

(1997) showed that the critical point for aircraft

emissions is not the landing and take-off phases but all

the stages during which aircraft wait at the ground (the

‘‘taxi’’ or ‘‘idle’’ phase). During this phase, engines do

not work at their optimum conditions thus emitting

significant amounts of carbon monoxide and hydro-

carbons. However, none of these previous papers

precisely quantified the impact of aircraft emissions on

photo-oxidant concentrations within the ABL.

As a complement to these studies, we propose in this

paper a verification and a direct quantification of the

impact of aircraft traffic emissions in the ABL on ozone

concentrations. This quantification is done using a new

emission inventory specifically dedicated to air traffic

around the large urban area of Paris. In this area, three

major commercial airports are located less than 30 km

from the city center, one national (Le Bourget) and

two international airports (Roissy-Charles-de-Gaulle,
hereafter called CdG, and Orly). The methodology may

nonetheless apply to any large city with suburban

airports. The air traffic emission inventory is added to

surface emissions fluxes usually taken into account in a

regional CTM. For a real fully documented pollution

event, we evaluate how much aircraft emissions during

landing, take-off and taxi affect ozone concentrations in

the Paris area.
2. Methodology

The Paris area is an urban area surrounded by three

airports including two international ones. To study the

impact of these airports, a real pollution event was

selected; this corresponds to the second Intensive

Observation Period (IOP2) of the ESQUIF campaign

(Menut et al., 2000). To add new emissions in

CHIMERE, a new air traffic emission inventory was

elaborated. To understand all these steps, we first

present the CHIMERE model, the usual surface

emissions used, the studied case to finally explain how

the new inventory was built.

2.1. The chemistry-transport model: CHIMERE

2.1.1. General description of the model

CHIMERE is a CTM designed for the simulation of

photo-oxidant concentrations within the ABL. Its

applications concern the analysis and the real-time

forecast of pollution events (the PIONEER project) as

well as ozone climatology (Schmidt et al., 2001; Vautard

et al., 2001). The model is developed over two domains,

a macroscale one and a mesoscale one, and it is also

suitable for pollution event analysis (Schmidt and

Martin, 2003; Beekmann and Derognat, 2003).

For this study, the mesoscale version is used and

chemical boundary conditions are ensured by one-way

nesting within the continental version (see Vautard et al.

(2001) and Schmidt and Martin (2003) for a complete

description of the model and the whole set of

parameterizations). Horizontally, the 150� 150 km

domain is centered on Paris (see Fig. 1) and the model

mesh is constituted by 25� 25 cells. Vertically, the mesh

is composed by five levels, thicknesses of which increase

with increasing altitude (0–50–650–1280–2030–3100 m)

so as to be as accurate as possible within the surface

layer. Despite this limited number of levels, the model

was proved relevant over long periods, including the

studied case (Vautard et al., 2001).

2.1.2. Chemistry and surface emissions

CHIMERE uses MELCHIOR chemical mechanism,

which counts 44 model species reacting through 116

chemical reactions (Lattuati, 1997). Emissions are taken

into account as surface fluxes that are available hourly in
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Fig. 1. Ozone concentrations (ppb) at the first level [0–50] m on

7 August 1998 at 3 p.m. The wind was very regular, coming in

the domain from northeast and going out to northeast–east.

Are also shown the locations of the three airports (CdG, Orly

and Le Bourget), two selected points in rural areas, northeast

(RUR-NE) and southwest (RUR-SW) from the town, and a

point in the urban area, Paris southeast.
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each grid cell. They are based on two data sources: (i)

the CITEPA 1993 inventory, which provides annual

total emissions of NOx; SO2; CO, CH4 and nonmethane

VOCs (not speciated), and (ii) the 1994 Generation for

European Emission Data for Episodes (GENEMIS)

project database, which provides VOC speciation and

time distribution of annual total masses into hourly

values. Note that these surface inventories already take

surface emissions due to airport activity (e.g. road

traffic) into account but do not include emissions due to

aircraft. The two steps of the construction of model

emission inventory are briefly described here. Supple-

mentary information can be found in Vautard et al.

(2001).

The first step consists of speciation and temporal de-

aggregation of annual total emissions. The GENEMIS

VOC speciation is used to obtain a speciation in 32

NAPAP classes (Middleton et al., 1990) for each

activity. Temporal variations are calculated on the basis

of GENEMIS data for three typical days (weekdays,

Saturday and Sunday), for each calendar month, each

hour and each activity sector. Only the weekday diurnal

profile for traffic is not taken from the GENEMIS

database but from a recent publication of the emission

profile of CO in the Paris area (Sall"es et al., 1996).

Once the de-aggregation is performed, an aggregation

step to lump VOCs into model species is achieved

(Middleton et al., 1990). A time-integrated OH concen-

tration (INTOH) of 1.0 ppt.min is used as a control

parameter value. Simulations were done to test this
value of INTOH and concentrations appeared quite

insensitive to INTOH changes. Hourly values of surface

anthropogenic emissions are available for 15 primary

pollutants: NO, NO2; CO, SO2; CH4; and the 10

nonmethane VOCs: ethane, n-butane, ethene, propene,

o-xylene, formaldehyde, acetaldehyde, methyl ethyl

ketone, methanol and ethanol. Isoprene is considered

as the only primary biogenic VOC. Its emission

parameterization follows the model of Guenther et al.

(1993).

2.2. The studied pollution event: ESQUIF IOP2

The period selected for this study is the second

Intensive Observation Period (hereafter called IOP2) of

the ESQUIF project (Menut et al., 2000; Vautard et al.,

2003), extending from 7 August 1998 to 11 August 1998

(hereafter called 7A98 and 11A98, respectively). The

IOP2 is a fully documented pollution event with both

surface measurements and aircraft flights above the

Paris area. Moreover, different situations were observed

during this period: a pure local production on 7A98 (see

Fig. 1) shifted to a mixing of local production with a

long-range transport of ozone on 9A98, 10A98 and

11A98. IOP2 was extensively studied and more details

on dynamics and chemistry can be found, e.g. in Honor!e

et al. (2000), Derognat et al. (2003), Menut (2003) and

Beekmann and Derognat (2003). In particular, it was

shown that CHIMERE accurately reproduces the whole

event. Comparisons with ground measurements done by

AIRPARIF, the air quality network over the Paris area,

showed a good agreement with the simulated concentra-

tion fields. For two selected surface stations, compar-

isons are displayed in Fig. 2. Even if some discrepancies

occurred, CHIMERE exhibits good scores over long

periods and is now the forecast model used over Paris.

Daily results and scores may be viewed at http://

euler.lmd.polytechnique.fr/pioneer/.
3. Elaboration of the air traffic emission inventory

3.1. Available data

The air traffic inventory used for this work was first

elaborated by the AIRPARIF network. This inventory

was built in a research context and the chosen year was

1998 for the three major commercial airports in the Paris

area, that are CdG, Orly and Le Bourget (Fig. 1).

The total masses of VOCs, CO, NOx; CO2 and SO2

were distributed by AIRPARIF among the four LTO

phases. The standard landing an take-off (LTO) cycle is

defined by the International Civil Aviation Organization

(ICAO). Since pollutant concentrations and noise

emissions vary with engine speed (and therefore with

altitude), one rotation of a plane is decomposed in four

http://euler.lmd.polytechnique.fr/pioneer/
http://euler.lmd.polytechnique.fr/pioneer/
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Fig. 3. NOx and VOC emissions as functions of the number of

LTOs. Circle, square and diamond: 1998 data for the three

airports of the Paris area.
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Fig. 2. Time series of ozone concentrations (ppb) simulated at

[0–50] m and measured at surface in Paris southeast (13th

district station) and in a rural area south-west of the domain

(RUR-SW, Rambouillet station) from 5 to 11 August 1998.
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phases (EPA, 1999): approach, idle or taxi, take-off and

climbing. ICAO defined climbing as the interval between

the end of take-off and the moment the plane exits the

ABL and approach between the moment the plane

enters the ABL and landing. ICAO’s norms therefore

take air traffic emissions into account from the surface

to the top of the ABL, which height is defined at 915 m

ð3000 ftÞ by default. The altitude at which the motor

power changes between take-off (maximum power) and

climbing is also defined by default at 152 m ð500 ftÞ: For
each phase, the emitted masses are spatially distributed

among punctual sources, which cover the whole ground

surface of the airports and represent aircraft trajectories,

from the surface (5 m above ground) up to 915 m:
Time distribution of emissions at CdG and Orly was

described by monthly, daily and hourly coefficients,

which depend on the activity of each airport (and are

considered as constant at Le Bourget).

Air traffic emission data were actually available as an

inventory of punctual sources (reproducing trajectories)

defined by total annual emitted masses (tons per year) of

CO, CO2; NOx; total VOCs and SO2:

3.2. Adjusting annual emitted masses

Since the uncertainty on the provided estimated total

masses was not available, they were compared to known
uncertainties of some others emission data. The only

other available and comparable data set we found in the

literature provides a quantification of SO2; VOCs and
NOx emitted masses for the year of 1990 and a forecast

for 2010 for North-American airports of various sizes

(EPA, 1999). These masses were established by a

‘‘bottom-up’’ inventory, which takes into account the

various plane and motor types and the number of

completed rotations. This data set makes it possible to

compare total masses emitted by Paris and American

airports as a function of the number of LTOs, assuming

differences between fleets are not too important. The

results of this comparison are displayed in Fig. 3 for

VOCs and NOx: The increase in emitted masses is not a
linear function of the number of LTOs because queuing

time (during which engines are in idle phase) increases

rapidly with aircraft traffic. Best-fitting polynomials for
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Table 1

Multiplying coefficients applied to the emitted masses provided

for Paris airports to be coherent with American airport

emissions

VOCs NOx SO2

CdG 1.78 1.57 0.51

Orly 1.65 1.68 0.51

Le Bourget 0.07 2.9 0.62

Table 2

Average speciation of VOC emissions for a commercial aircraft

during one LTO cycle (EEA, 2001)

Real species % of total VOC mass

Ethylene 19.2

Formaldehyde 16.6

C6H18O3Si3 10.1

Propene 5.7

Acetaldehyde 5.1

C8H24O4Si4 3.2

Ethyne 4.6

Acetone 2.6

Glyoxal 2.8

Acrolein 2.5

Butene 2.2

Benzene 2.1

1,3-Butadiene 2.0

Methyl glyoxal 2.2

n-Dodecane 1.2

Butyraldehyde 1.3

Others o1% 16.4

Others 0.2
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American data were thus computed. Since we can rely

on the ‘‘bottom-up’’ method, multiplicative coefficients

that bring the provided masses on the best-fitting curve

for the same number of LTO cycles were deduced

(detailed in Table 1) and applied to the provided emitted

masses.

3.3. Spatial extension of the inventory

Since the top of the model reaches 3100 m; and since
the boundary layer evolved from a few hundred meters

to 2800 m during the studied case, the LTO standard

altitude of 915 m has to be adapted for a satisfactory

description of 3D emissions within our simulation

domain. The inventory was thus extended from 915 up

to 3100 m: We analyzed trajectories of commercial

aircraft instrumented by the AMDAR project (AM-

DAR, 2003) above the Paris area. This showed that a

linear extension of trajectories is a satisfactory approx-

imation. Since engine speed does not change during a

whole phase, masses provided for climbing or approach

were allocated to the extended trajectories.

3.4. Speciation

Through lack of information regarding aircraft, the

speciation of NOx in order to retrieve NO and NO2

masses was made using the usual ‘‘traffic’’ profile with

5% to NO2 and 95% to NO in NOx mass. Because

aircraft engine power differs during the landing and

take-off, VOC speciation should not be constant during

the whole LTO cycle. However, since no data on this

point are available in the literature as confirmed by EEA

(2001), it was impossible to specify different speciations

for the various LTO cycle phases. VOC speciation was

therefore based upon the only available average specia-

tion provided by EEA (2001) for one commercial

aircraft LTO cycle (Table 2). These species were

distributed among the matching model species, retaining

total VOC mass. Since the structure of the two siliceous

compounds (13.3% of total mass) is unknown, they were

assigned (according to their chemical formula only) to

species that seem to reproduce at most their reactivity

(i.e. alkanes/aromatics).
3.5. Air traffic emissions compared to anthropogenic

surface emissions

The contributions of aircraft emissions of our

inventory are compared to anthropogenic surface

emissions over the whole domain. Values are displayed

in Table 3. The relative contribution of aircraft

emissions to the total emitted mass in the domain is of

+15.3% in NOx and +2.1% in VOCs, three of which

are only emitted by aircraft (glyoxal, methyl glyoxal and

acrolein).

Since there is a competition between VOCs and NOx

for reacting with OH radicals, the VOC-to-NOx ratio of

emissions is an indicator of their possible influence on

ozone formation. When VOC-to-NOx ratio is high,

radicals mainly react with VOCs and ozone production

is finally sped up; when VOC-to-NOx ratio is low,

radicals mainly react with NO2 and ozone production is

finally delayed (Seinfeld and Pandis, 1998).

In addition to their particular spatial distribution and

in order to know whether air traffic emissions may have

a different chemical influence on ozone concentra-

tions, VOC-to-NOx ratios were computed. For air

traffic emissions, they were estimated as averages for

the three airports at each level for each hour during a

weekday.

Thus, hourly VOC-to-NOx ratios at [0–50] m are

displayed in Fig. 4(a). Since air traffic VOC-to-NOx

ratio is an average, it varies with the relative activities of

the three airports. Before 6 a.m. only Le Bourget airport

has an important activity with aircraft that are very

different from those of the other two airports.
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Table 3

Emitted masses during a weekday ð24 hÞ in the whole area (tons). The label ‘‘VOCsaircraft’’ correspond to the emissions of the three
VOCs emitted only by aircraft, i.e. glyoxal, methylglyoxal and acrolein

Emissions (in tons/24 h) CO SO2 NOx VOCs

Total VOCsaircraft

Anthropogenic 2D 1798 117.5 275.5 776.6

Aircraft 3D at [0–50] m 16.3 0.8 8.7 14.6 1

Aircraft 3D above 50 m 2.8 1.3 33.4 1.7 0.1
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Fig. 4. VOC-to-NOx ratio for surface and air traffic emissions at [0–50] m (a) and average VOC-to-NOx ratios for air traffic emissions

from 50 to 3100 m (b) during a weekday.
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VOC-to-NOx ratios of air traffic emissions above

50 m are displayed in Fig. 4(b). At these altitudes, they

are the only emissions taken into account in the modeled

domain.
4. Results

To estimate the impact of aircraft emissions on photo-

oxidant pollution, two simulations of ESQUIF IOP2

were run:

* A first simulation hereafter called ‘‘the reference

case’’ or CREF; corresponding to the ‘‘classical’’

modeling of this situation (i.e. excluding aircraft

emissions) as it was extensively explained by Vautard
et al. (2003) for the same period and strictly the same

model version.
* A second simulation including air traffic emissions

hereafter called CAT and corresponding to the new

parameterization built for this work.

In this paper, we compare CAT to CREF and discuss

the influence of air traffic emissions in terms of impact

on ozone concentrations, which is the classical indicator

for photo-oxidant pollution.

In order to make the comparison between the two

simulations easier, the contribution of air traffic emis-

sions to ozone concentrations in the nth grid cell was

calculated as the difference Dcn between concentration

values obtained for the case with air traffic emissions

CAT and the reference case CREF (½c�ATn and ½c�REFn ;
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respectively):

Dcn ¼ ½c�ATn � ½c�REFn : ð1Þ

A positive difference indicates that ozone concentrations

are higher when air traffic emissions are taken into

account.

4.1. Maximum impact

To estimate the maximum impact of air traffic

emissions, horizontal maps of the extreme differences

are displayed in Fig. 5. The results indicate, in each

horizontal grid cell, the maximum and minimum

differences in ozone concentrations during the whole

simulated period and for all levels. Thus, these are not

‘‘instantaneous’’ maps but composite results. Negative

differences are located close around the airports. This
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Fig. 5. Composite maps of differences in ozone concentrations

between CAT and CREF: For each grid cell, the extreme

difference (positive and negative) over the whole simulated

period is represented in ppb.
decrease of ozone concentrations near the sources is due

to the fast titration of ozone by NO. Positive differences

are located in remote areas, mainly in the northwest part

of the domain, far from the most intense sources such as

Paris or the airports. This increase in ozone concentra-

tions, which reaches up to 10 ppb; is due to the intakes
of NOx in areas where the chemical system is NO-

limited. The ozone net budget increases rapidly with

moderate increases of NO (typically less than 1 ppb for

the final concentration).

4.2. Time distribution of maximum impact

To study the time occurrence of the maximum

impacts of air traffic emissions on ozone concentrations,

time series of Dcn were examined at three locations,

named rural area northeast (RUR-NE), rural area

southwest (RUR-SW) and Paris southeast. These sites

were chosen so that there is an urban area (Paris

southeast) and two rural areas east and west of the

domain. Moreover, previous studies showed that these

sites, which correspond to AIRPARIF surface stations,

are representative of their environment in terms of

surface emitted fluxes and recorded ozone concentra-

tions. Time series are displayed in Fig. 6 for three layers

at [0–50], [50–650] and [650–1280] m.

In CREF; at [0–50] m, an almost complete ozone

titration is simulated during the night in Paris but not in

RUR-NE and RUR-SW, which are representative of

suburban environment with no significant local emis-

sions of NO during the night (Fig. 6(a-1)). Peaks of

concentration are observed in RUR-SW on 7A98 and

9A98, when this location is within the ozone plume

flowing from Paris, and in RUR-NE on 10A98 and

11A98, when ozone is advected in the domain.

The strongest negative impact of air traffic emissions

on ozone concentrations, which is due to ozone titration

by NO, happened at night when photo-chemistry has no

effect (Fig. 6(a-2)). At [0–50] m, for example, the

decrease reaches �5:3 ppb in Paris southeast on 11A98
at 2 a.m. and �6:5 ppb in RUR-SW on 9A98 at 11 p.m.

The strongest positive impact of air traffic emissions

on ozone concentrations happened during daylight, on

9A98, 10A98 and 11A98 (Fig. 6(a-2)). At [0–50] m, the

increase reaches þ3:8 ppb at 4 p.m. on 9A98 in RUR-

SW and +6.5 ppb at 5 p.m. on 11A98 in RUR-NE.

On 7A98 only ozone concentrations are decreased in

Paris during daylight (hours 55 to 68 in Fig. 6), when the

town is downstream CdG, with a maximum at 3 p.m. of

�8 ppb at [0–50] m and �9:5 ppb at [50–650] m. This

decrease is associated with increases of þ8 ppb over

Paris and þ6:5 ppb over RUR-SW at [650–1280] m at

the same time (Fig. 6(c)). As indicated in Section 2.2, on

7A98 the pollution event was due to pure local

production of ozone. This allows us to get a better view

on the influence of the local air traffic emissions as the
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Fig. 6. Time evolution of Dcn (difference in ozone concentra-

tions between CAT and CREF) over the whole simulated period

in RUR-SW, Paris and RUR-NE (see Fig. 1 for location) at

[0–50], [50–650] and [650–1280] m.
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boundary conditions do not add noise. The case of 7A98

is therefore discussed hereafter in detail.

4.3. Focus on 7A98

On this day a very particular pollution event took

place: a well-marked ozone plume situation (Fig. 1

shows the situation at [0–50] m at 3 p.m.) was coupled to

low wind speeds and a moderate maximum boundary

layer height (BLH) (800 m at 3 p.m.). This episode is

extensively described in Menut et al. (2000) and Menut

(2003).

Since the wind direction was constant, the three

particular locations are in the same situation during the

whole day: a rural area upstream from the airport

(RUR-NE), the urban area downstream two airports

(Paris southeast) and a rural area downstream the three

airports and the town (RUR-SW).

To get a better view of the vertical distribution of the

impact of air traffic emissions during the daytime, the

minimum and maximum differences at each level and at

the three locations were retained (Fig. 7).

In opposition to the other days, the maximum impact

of air traffic emissions near the surface (below 650 m) is

a decrease in ozone concentrations: up to �3 ppb in

rural areas and �9:5 ppb in urban areas. Since the BLH
reaches 800 m at most on 7A98, the intense emissions

due to aircraft moving at the ground are more

concentrated than on other days. NOx concentrations

are then important enough to contribute to ozone

titration downstream the airports. As an example, the

decrease in ozone concentrations in Paris at [50–650] m

corresponded to an increase in NO concentrations from

3 ppb in CREF to 4:9 ppb in CAT:
In altitude, the maximum impact is an increase in

ozone concentrations downstream from the airports, in

RUR-SW and in Paris where it reaches þ8:5 ppb at

950 m: Since the BLH is very low, surface emissions are

not mixed above 800 m and there are no other sources

but aircraft. Thus, aircraft NOx emissions take place in a

layer that is not saturated in NO and contribute to

ozone production, as previously seen in Section 4.1.

The 2:2 ppb decrease in ozone concentrations ob-

tained in RUR-NE at 1650 m is due to the presence of a

heavy traffic point where several plane trajectories cross

in a small volume. Thus, at 8 p.m., when the decrease

occurs, NO concentrations are not nil in CAT as they

were in CREF: Since this is the end of the daytime,

aircraft NOx emissions are too important and contribute

to ozone titration.

Since air traffic emissions decrease ozone concentra-

tions near the surface, it is interesting to focus on

what happens to the ozone peak that reaches 92 ppb in

RUR-SW at 3 p.m. (see Fig. 1). To illustrate the

situation better, Fig. 8 displays isoline of Dcn at

[0–50] m at 3 p.m. The plume is also marked by the
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differences: ozone concentrations in the plume are

decreased by �4 to �2 ppb: However, since concentra-
tions are higher than 100 ppb in the core of the plume

(Fig. 1), the variations due to air traffic emissions are too

small to change the alert status of the event.

In the upper layers that were never mixed within the

ABL during the day, photo-chemistry has acted on
aircraft emissions only to produce ozone during the

afternoon. Since the atmosphere was very stable,

changes in ozone concentrations are only due to local

chemistry. As a consequence, isolines in Fig. 9 show the

accumulation of ozone produced during the afternoon

and the titration of ozone in areas where aircraft emit

through this layer. At this time, after blowing from
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northeast the whole day, the wind just turned southeast

and picked up west of Paris, which explains why the

decrease due to the emissions is blown north.

4.4. Summary of results

The maximum negative impact of air traffic emissions

on ozone concentrations happens during the night and

consists in a decrease of the already low ozone

concentrations due to fast ozone titration by NO.

Spatially, it is most important close to the sources, i.e.

the airports, in the surface layer. The maximum positive

impact of air traffic emissions on ozone concentrations

happens during the daytime in remote areas and at

altitude, where the chemical system is not saturated

in NO.

On 7A98, when a pollution event took place, air

traffic emissions have a negative impact on ozone

concentrations in the ABL and a positive impact in the

upper layers during the daytime. When the ABL remains

very low, the intense emissions due to aircraft ground

movements at the airports are more concentrated than

on other days, which enhances ozone titration. In the

upper layers, the atmosphere is relatively clean and does

not naturally contain significant NOx and VOC

concentrations. Adding new emissions then enhanced

photo-chemistry during the afternoon.
5. Relative impact of VOC and NOx aircraft emissions

As seen in the Section 3.2, the uncertainty on the

specifically built emissions inventory was not available.

Since this study is (to our knowledge) the first tentative

performed over a large urban area, it is necessary to

study whether variations of air traffic emissions, within a
reasonable range, could change the conclusions of the

previous sections. In this last section, we thus examine

the maximum variability of our results within the range

uncertainties of the emissions, with the hypothesis that

the uncertainty on air traffic emissions is of the same

order of magnitude than the uncertainty estimated for

surface emissions.

Since the relative impact of NOx and VOCs has to be

decoupled to be really understood (due to nonlinear

chemical effects and chemical regimes occurring near

urban areas), air traffic emitted masses of NOx and

VOCs were varied independently by more or less 30%

and 40%, respectively, as it was done by Sillman et al.

(2003) for surface emissions. Four new distincts simula-

tions are therefore performed and compared to the

previously described results. They have the same

characteristics as CAT with, respectively:

* air traffic VOC emissions reduced by 40%: case here-

after named CVOC�
* air traffic VOC emissions increased by 40%: case

hereafter named CVOCþ
* air traffic NOx emissions reduced by 30%: case here-

after named CNOx�
* air traffic NOx emissions increased by 30%: case

hereafter named CNOxþ

Differences in ozone concentrations were calculated

for each case as in Section 4.

The effects of varying air traffic emissions are

qualitatively predictable. In areas where the chemical

system is saturated in NO, an increase of NOx

accentuates the decrease of ozone concentrations due

to air traffic emissions, whereas a decrease of NOx

accentuates the increase of ozone concentrations. The

evolution is opposite in nonsaturated areas. Since VOCs

favor ozone production, ozone concentration decrease is

accentuated when VOC emissions decrease and ozone

concentration increase is accentuated when VOC emis-

sions increase (Sillman et al., 2003).

We focus again on 7A98 to get a better view on what

happens during the daytime, when ozone concentrations

are high. The variations of minimum and maximum

differences between CAT and CREF due to the perturba-

tions of VOC or NOx emissions were retained at each

level at the three particular locations (Fig. 10(a) and (b),

respectively).

Variations in VOC emissions only have an influence

on the maximum impact downstream, in Paris southeast

and RUR-SW near the surface (below 650 m).

The influence of variations in NOx emissions is most

important near the surface in Paris southeast, i.e.

downstream CdG. Variations in NOx emissions also

have an influence on the maximum impact at altitude:

downstream, the increase of 30% is small enough

to keep the areas nonsaturated in NO; upstream, in

RUR-NE, the decrease of 30% is small enough to keep
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Fig. 10. Vertical profiles of mean and extreme differences in ozone concentrations between CAT and CREF with extreme variations of

differences due to the perturbations of CNOxþ; CNOx�; CVOCþ; CVOC� (gray shades) on 7A98 during daylight (from 7 a.m. to 8 p.m.).
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the small volume where aircraft trajectories intersect

saturated in NO.

Finally, variations of air traffic emissions within a

range of uncertainty that is satisfactorily for surface

emissions do not change the conclusions of the previous

sections.
6. Conclusion

In this paper, we estimated the impact of air traffic

emissions on simulated ozone concentrations. An air
traffic emission inventory was elaborated and simula-

tions were carried out for the Paris area using

CHIMERE CTM (reference CREF without air traffic

emissions and CAT with air traffic emissions).

The maximum negative impact of air traffic emissions

on ozone concentrations happens during the night and

consists in a decrease of the already low ozone

concentrations due to fast ozone titration by NO.

Spatially, it is most important in the vicinity of the

sources, i.e. the airports, in the surface layer. The

maximum positive impact of air traffic emissions on

ozone concentrations happens during the daytime in
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remote areas and at altitude, where the chemical system

is not saturated in NO.

On 7A98, during a pollution event, air traffic

emissions have a negative impact on ozone concentra-

tions in the ABL and a positive impact in the upper

layers during the daytime. In the low ABL, the intense

emissions due to aircraft ground movements at the

airports are more concentrated than on other days. In

the upper layers, the atmosphere is relatively clean and

does not naturally contain significant NOx and VOC

concentrations. Adding new emissions thus enhanced

photo-chemistry during the afternoon. The produced

ozone is vertically blocked within these stable layers and

may be long-range transported.

The relative impact of VOC and NOx air traffic

emissions was studied by varying independently VOC

and NOx emitted masses. NOx air traffic emissions have

the most important impact, particularly near the air-

ports during the night, i.e. when ozone concentrations

are very low. Increase of VOC air traffic emissions only

have a significant impact during the 7A98 pollution

event in the ABL. Nevertheless, variations of air traffic

emissions within the same range of uncertainty as

surface emissions do not change previous conclusions.

Our results suggest that aircraft emissions within the

ABL have a nonnegligible impact on ozone concentra-

tions in large urban areas. The net impact is negative,

showing that airports induce an enhanced titration of

ozone by NO. This impact is restricted to the close

environment of the airports, certainly because of a fast

chemistry combined to low wind speed (the most

common case when a pollution event is observed in

the Paris area).
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