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Abstract. A two-dimensional (2-D) model in which dynam- 
ics, radiation and chemistry are treated interactively is used 
to investigate the seasonal changes in tropospheric ozone 
due to current nitrogen oxide emissions from aircraft and to 
assess the associated radiative forcing on the climate sys- 
tem. Our results confirm the high efficiency of nitrogen 
oxide in-situ emissions in producing ozone in comparison to 
surface emissions. The ozone increase is characterized by a 
strong seasonal variation; it reaches more than 7 % during 
summer in the upper troposphere at northen mid-latitudes. 
On a global average basis, the radiative forcing associated 
with this ozone increase appears to be small in comparison 
to that of other greenhouse gases. However, it may play 
a significant role in the anthropogenic forcing on northern 
hemisphere climate. 

Introduction 

Since the late 1970s, several model studies have reported 
that nitrogen oxide emissions by subsonic aircraft may lead to 
a significant increase in ozone concentration in the northern 
hemisphere troposphere [e.g. Hidalgo and Crutzen, 1977; 
Derwent, 1982; Johnston et al., 1989; Beck et al., 1992]. 
Less work has been devoted to the radiative forcing associ- 
ated with this ozone increase. However, because the 03 en- 
hancement is most pronounced in the upper troposphere, the 
radiative forcing can be significant [Lacis et al., 1990]. John- 
son et al. [ 1992] have recently estimated the impact on global 
warming of increases in tropospheric ozone caused by air- 
craft and surface NO• emissions using the height-dependent 
sensitivity of the surface temperature to changes in the ozone 
profile reported by Lacis et al. [1990]. Their results show 
that the forcing is about thirty times more sensitive to high 
altitude aircraft emissions of NOx than to surface emissions. 
Recently, Mohnen et al. [ 1993] calculated a radiative forcing 
of 0.04-0.07 W' m -2 for a prescribed 4-7 % ozone increase 
between 8 to 12 km and 30 ø- 50øN. 

The purpose of this paper is to investigate the seasonal 

distribution of the ozone response to current nitrogen ox- 
ide emissions by aircraft and to quantify the induced ra- 
diative forcing on the climate system. Calculations are per- 
formed with a coupled climate-chemistry 2-D model in which 
NASA/HSRP [1993] 1990 aircraft emission estimates have 
been included. 

The atmospheric model 

The model used in this study is a coupled chemical dy- 
namical radiative 2-D model extending from 85øS to 85øN 
with a latitudinal resolution of 5 o and from 0 to 85 km with 

a vertical resolution of 1 km. The original model has been 
developed by Brasseur et al. [1990] to study the middle 
atmosphere. This model has been used to investigate the 
atmospheric effects of stratospheric aircraft [NASA/HSRP, 
1993; Tie et al., 1994]. Its current version has been extended 
down to the surface and is described in more detail and vali- 

dated by Hauglustaine et al. [1994a, 1994b]. In this model, 
the principal surface emission of nitrogen oxides is that from 
fossil fuel consumption (21 Tg-N/yr). The emissions from 
soils contribute for 5 Tg-N/yr and biomass burning for 8 
Tg-N/yr. The global model surface emission is thus 34 Tg- 
N/yr, in good agreement with the recent estimate of Mailer 
[1992]. The NOx annual emission from lightning is fixed 
to an annual mean production of 8 Tg-N and uniformately 
distributed below 13 km between 60øS and 60øN. 

The emission rate of nitrogen oxides by 1990 aircraft fleet 
is adopted from the NASA/HSRP [1993] scenario data sets. 
Based on this estimate, the global annual consumption of 
aviation fuel is 1.34 x 10 • • kg/yr. The corresponding NO, 
total emission for the year 1990 is 1.46 Tg-NO2/yr (0.44 Tg- 
N/yr). The NO, emission distribution peaks in the 30øN - 
50øN latitude band around 10 km and extends up to 21 km 
(see NASA/HSRP [ 1993] for more details). In this model, the 
tropopause height is fixed to an annual mean value ranging 
from 17 km in equatorial regions to 9 km at hig h latitudes. 
About 22 % of the total NO• emission occur above the model 
tropospheric domain. 
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Results 

A baseline experiment corresponding to a 1990 back- 
ground atmosphere in which there are no aircraft emissions is 
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compared to a simulation in which the aircraft emissions are 
considered. The calculated NO v increase is depicted at Fig- 
ure 1A for January conditions. As obtained by Hidalgo and 
Crutzen [ 1977] and Kasibhatla [ 1993], the increase shows a 
dominant poleward direction in the northern hemisphere. A 
maximum reaching 0.27 ppbv at 11 km is obtained during 
winter at about 50øN. The relative impact of aircraft emis- 
sions in the upper troposphere in the northern hemisphere 
reaches a maximum of 500 % at 11 km at high latitudes 
70øN). In the upper troposphere (8-12 km) between 30 ø- 
60øN our results indicate that aircraft source contributes for 

about 40-50 % to NO v. Hidalgo and Crutzen [1977] cal- 
Culated a maximum NOx increase of 463 % for an NO• 
emission of a 2.1 Tg/yr, and Beck et al. [1992] obtained a 
maximum of 100 % in April at 14 km in the latitude band 30 ø- 
60øN for a 2.0 Tg/yr emission. Kasibhatla [ 1993] estimates 
that 30-50 % of the NO• between 8 and 12 km and between 
30ø-60øN are from aircraft, and Ehhalt et al. [ 1992] results 
suggest a contribution up to 40 %. These previous results 
are consistent with those obtained in this study. Figure lB 
illustrates the change in calculated ozone mixing ratio in the 
troposphere for August conditions when these additional ni- 
trogen oxides emissions are taken into account. As a result of 
enhanced ozone photochemical production through CH4 and 
CO oxidations in the presence of higher NO• levels, the 03 
mixing ratio increases in the troposphere, specifically in the 
northern hemisphere where the aircraft effluents are mainly 
released. It reaches, for exemple, 7 % at 50øN at the altitude 
of 10 km. The calculated seasonal variation in the maximum 

ozone increase (at 10 km) is depicted in Figure 1C. The ozone 
net photochemical production in the troposphere is subject to 
a strong seasonal variation and peaks during summer when 

OH, HO2 and RO2 radical concentrations and NO2 photol- 
ysis are the largest. As shown in Figure 1C, the calculated 
ozone increase due to aircraft emissions appears largest in 
August (7 % at 50øN), but is only of the order of 1-2 % in 
February. As shown in Figure ID, the increase in the ozone 
column abundance exhibits a seasonal variation identical to 
that shown in Figure 1 C, and reaches a maximum of 0.6 % at 
the end of August. A small ozone decrease associated with 
emissions occuring in the stratosphere is calculated at high 
latitudes during spring. The ozone increase calculated with 
our model is in the range given by previous work and, as far 
as the seasonal cycle of the perturbation is concerned, is con- 
sistent with the results compiled by Beck et al. [1992]. The 
previous model results show maximum increases at around 
10 km of 4-12 % in the northern hemisphere depending on 
the total aircraft NOz emissions adopted. Note also that, as 
a consequence of increased 03 concentrations, the OH abun- 
dance increases at 10 km from about 10 % at 30 øN to 40 % 
at 60 øN. 

Table 1 shows the calculated increase in ozone inven- 

tory from the baseline experiment for the 1990 NO• aircraft 
emissions and for increases in the surface emissions of NOz 
and CH4. In order to illustrate the relation between aircraft 

emissions and tropospheric ozone production, we adopt the 
efficiencies to produce ozone defined by WMO [ 1991 ]. This 
factor provides the ozone increase relative to the emission by 
aircraft of one mass unit of NOz, normalized to the impact 
from methane or surface NOz. Our model indicates that the 
NOz emitted from airplanes in the upper troposphere is about 
9 times more efficient in producing ozone than ground based 
emissions of nitrogen oxides. This feature is a consequence 
of the higher nitrogen oxide residence time in the upper tro- 
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Figure 1. [A] Variation in the NO v mixing ratio as a function of latitude and altitude for January conditions in ppbv, [B] 
change in ozone mixing ratio for August conditions in percent, [C] seasonal cycle of 03 mixing ratio change calculated at 
10 km (%), and [D] change in 03 column abundance as a function of latitude and season. 
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Table 1. Comparison between changes in emissions fie [Tg], 
calculated increase in tropospheric ozone AO3 [Tg], increase 
in ozone to changes in emissions (AO3/AF,) for methane sur- 
face emission doubling, NOs surface emission doubling and 
NOs 1990 aircraft emissions. The efficiency is defined as the 
ozone increase relative to the emission of one mass unit of 
the constituent and normalized to the impact from methane 
(column 5) or surface NOs (column 6) [WMO, 1991]. 

Case AE AO3 AO3/AE Efficiency 
CH4 NOx-surf. 

CH4-surf. 400 37.9 0.09 1 0.16 
NOx-surf. 34 18.8 0.55 6.1 1 
NO•-airc. 0.45 2.33 5.13 57.0 9.3 

posphere than in the lower troposphere. As noted by WMO 
[1991], estimates of ozone production resulting from NOs 
emissions are highly dependent on the model tropospheric 
chemical scheme. For exemple, the efficiency of aircraft 
emissions relative to surface.emissions of NOs reported by 
WMO [ 1991 ] was 17 and the study of Johnson et al. [ 1992] 
provides a value of 22. It should be noted that the formation 
of oxidants in the troposphere is highly non-linear, implying 
that the calculated AO3 and AO3/AF, values strongly depend 
on the assumed increase in NOs emissions, the background 
NOs levels or the lightning emissions [Beck et al., 1992]. 

We now investigate the radiative forcing on the climate 
system associated with the calculated increase in tropo- 
spheric ozone. The forcing is calculated interactively with 
the atmospheric composition and is expressed in terms of 
net radiative budget changes (solar and longwave) at the 
tropopause. As a consequence of increased longwave trap- 
ping by ozone in the lower atmosphere, a positive forcing 
(downward flux) is calculated. This forcing is 0.015 W m -2 
on a global and annual mean basis. This value is more than 
two orders of magnitude lower than the estimated radiative 
forcing by greenhouse gases since the pre-industrial period 
[2-2.5 W m -2] [Hansen and Lacis, 1990] and even about 
one order of magnitude lower than the greenhouse forcing 
over the 1980-1990 period calculated by Ramaswamy et al. 
[1992]. Table 2 compares the globally averaged radiative 
forcings due to ozone increase (AQ) calculated in the case 
of a doubled surface NOs emission and 1990 aircraft emis- 
sions. Our model suggests that the sensitivity coefficient 
AQ/AO3 [from the formulation of Johnson et al.; 1992] is 
1.05 times greater in the case of aircraft emissions than for 
surface emissions. Since the efficiency to produce ozone is 
9.3 times greater in the case of aircraft (Table 1), the sen- 
sitivity parameter AQ//XF• is 9.8 greater for aircraft than for 
surface NOs emissions. These values are lower than that 

Table 2. Comparison between calculated globally averaged 
net radiative budget change at the tropopause AQ [W m-2], 
change in AQ to changes in ozone (AQ/AO3) [W m- 2/Tg] and 
change in AQ to changes in emissions (AQ/AF,) [W m-2/Tg] 
associated with NOs surface emission doubling and NOs 
1990 aircraft emissions. 

Case AQ AQ/AO3 AQ/AE 
NOx-surf. 0.115 6.12x10 -3 0.34x10 -2 
NOx-airc. 0.015 6.44 x 10 -3 3.33 x 10 -2 

calculated by Johnson et al. [1992] with an indirect method 
based on the Lacis et al. [1990] one-dimensional radiative 
model, giving sensitivity parameters AQ/AO3 and AQ/AF, re- 
spectively 1.37 and 28.8 times greater for aircraft than for 
surface emissions. We mainly attibute this discrepancy to 
the different approches adopted in the two climate forcing 
calculations. Furthermore, on the basis of the results shown 
in Figure 1C, the fact that the ozone increase exhibits strong 
seasonal, latitudinal and vertical variations limits the inter- 
pretation that could be made with these globally averaged 
sensitivity parameters. 

We therefore focus our attention on the seasonal cycle of 
the ozone forcing associated with aircraft emissions. Figure 
2 shows that this radiative forcing exhibits strong seasonal 
and latitudinal variations. Since the ozone increase reaches 

a maximum during summer in northern mid-latitudes (Fig. 
1C), the radiative perturbation exhibits a maximum during 
summer in this region of about 0.08 W m-2 and decreases to 
a lower value of about 0.02 W m -2 during winter. The en- 
hanced longwave trapping is mainly confined in the northern 
hemisphere and never exceeds 0.01 W m -2 in the south- 
ern hemisphere. As a comparison, the 1980-1990 green- 
house forcing associated to all gases and to CFCs only cal- 
culated by Ramaswamy et al. [1992] are respectively 0.43 
and 0.08 W m-2 in the 30øN-60øN latitude band. Similarly, 
with this model, we obtain a 1980-1990 non-CO2 greenhouse 
forcing of 0.22 W m -2 at 45øN. Furthermore, the model cal- 
culated forcings of CH4, N20 and CFCs since pre-industrial 
period are respectively 0.6, 0.3 and 0.15 W m -2 in northern 
mid-latitudes [Hauglustaine et al., 1994a]. The comparison 
of these results with the maximum forcing illustrated in Fig- 
ure 2 shows values of the same order of magnitude, stressing 
the potential importance of aircraft emissions on the local 
radiative forcing. The summer maximum of 0.08 W m -2 
for a 7 % ozone increase is in agreement with the forcing 
indirectly estimated by Mohnen et al. [1993]. However, 
our results stress the strong dependence of the forcing with 
latitude and season. Note also that, as a consequence of the 
calculated increase in OH concentration, an indirect radia- 
tive forcing is provided by methane concentration changes. 
Since the major sink of CH4 is increasing, a negative forcing 
is predicted. Our results indicate a forcing increasing from 
-1.4 x 10 -3 W m -2 at high latitudes to-5.0 x 10 -3 W m -2 
in tropical regions. The globally averaged indirect perturba- 
tion, as estimated with this model, is -4.2 x 10 -3 W m -2, 
corresponding to-28 % of the ozone forcing. 

Conclusion 

The current emission of nitrogen oxides by aircraft may 
contribute significantly to the perturbation of northern hemi- 
sphere tropospheric ozone budget. These model results show 
that the increase in ozone photochemical production, in pres- 
ence of higher NOs levels, leads to enhanced 03 concentra- 
tions, reaching more than 7 % during summer in northern 
mid-latitude upper troposphere. Our results confirm the high 
efficiency of nitrogen oxides in-situ emissions in producing 
ozone in comparison to surface emissions (estimated to be 
about 9 times more efficient on a global average). The sim- 
ulated ozone increase is characterized by a strong seasonal 
variation and ranges from 1-2 % during winter to 7 % during 



2034 HAUGLUSTAINE ET AL.: AIRCRAb-T EMISSIONS AND TROPOSPHERIC OZONE: 

75 65 
55. 

35 
25 :.".2...".-4 

<, -15 

-55 

-85 

•"•*"'•' **'*•' ....... .,•4•'" "•'""'" '"' ""'"••• '•"••'"• '••••••••i_..-;..• 

•. :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ............. :.•.......::::::::::....r:..::..:.?::;•:•::•::•:: :•r:•' .... .................. • •.•... ...,. •-... .. •< .8•. ..---. ..,. ..... :.•, 

?:?:• f:::::::•:::: •:::::::: ::•:::::::: :::: ::•::• •::• •::•:. •::• :::: :::.::•:• •:• :•::i•::::::::•::• ::?:::•:: •::• ::::::::::::::::::::::::: •:::::: :;•:-:•::• ::• ::•::•:• •::•::•::•::• ::• •{ {•::::• •::• •f: {{•:: :•::•:• •:• {•{•::• ::•::<-• •{•, 
J F M A M J J A S O N 

MONTH 

Forcing (Wm-2) 
• Above O.OB 
• o.o?- o.oe 
• o.o6- o.o? 
• 0.05 - 0.06 
• 0.04- 0.05 

• 0.02 - 0.03 
ß "'.-":...'• 0.01 - 0.02 
""::'-.-'":• 0.00 - 0.01 
..... .• Below 0.00 

Figure 2. Calculated net radiative forcing at the tropopause 
[W m -2] due to increased tropospheric ozone mixing ratio _ 
represented as a function of latitude and season. 

References 

summer at 50 øN in upper troposphere. This result is directly 
related to the peak in ozone net photochemical production 
during late spring and summer. A small ozone decrease as- 
sociated with aircraft emissions occuring in the stratosphere 
is obtained above the model tropospheric domain. However, 
this effect is almost offset by the tropospheric ozone increase 
in the total column change, except at high northern latitudes 
during spring where a small decrease is predicted. 

A particular attention was given to the radiative forcing 
associated with this increase in tropospheric ozone. The 
globally averaged positive forcing is only 0.015 W m -2. 
However, the calculated forcing varies significantly with 
latitude and season, and reaches 0.08 W m -2 in northern 
mid-latitudes during summer. This maximum value is of 
the same order of magnitude as the forcing associated with 
non-CO2 greenhouse gases during the 1980's and could con- 
tribute significantly to the radiative forcing on the northern 
hemisphere climate. Our results also indicate a globally av- 
eraged indirect forcing associated with OH-CH4 feedback of 
-4.2 x 10 -3 W m -2, corresponding to about-28 % of the 
tropospheric ozone effect. 

It should be noted that several features are ignored in 
this study. In particular, we investigate the perturbations 
due to aircraft emissions of nitrogen oxides acting alone. 
Other aircraft emissions such as those of water vapor, hy- 
drocarbons, sulfur compounds and carbon particles which 
are neglected in this work could also produce chemical and 
radiative perturbations. Furthermore, the chemical scheme 
adopted here does not include NMHC species and the role 
played by heterogeneous reactions in the troposphere has not 
been explored. Note also that several studies have stress 
the limitation of two-dimensional models in assessing both 
stratospheric and tropospheric chemistry. Despite these un- 
certainties and limitations, our results suggest that aircraft 
nitrogen oxide emissions in the troposphere could affect sig- 
nificantly the radiative budget of the surface-troposphere sys- 
tem and need to be further investigated with more detailed 
chemistry-climate models. 

Beck, J.P., C. E. Reeves, E A. De Leeuw, and S. Penkett, The 
effect of aircraft emissions on tropospheric ozone in the northern 
hemisphere, Atmos. Environ., 26, 17-29, 1992. 

Brasscur, G., M. H. Hitchman, S. Walters, M. Dymek, E. Falise, 
and M. Pirre, An interactive chemical dynamical radiative two- 
dimensional model of the middle atmosphere, J. Geophys. Res., 
95, 5639-5655, 1990. 

Acknowledgments. Helpful comments by B. Ridley and X. X. 
Tie are gratefully acknowledged. This work has been supported in 
part by the CEC. C.G. is supported by the Gas Research Institute. 
The National Center for Atmospheric Research is sponsored by the 
National Science Foundation. 

0.03- 0.04 Derwent, R. G., Two-dimensional model studies of the impact of 
aircraft exhaust emissions on tropospheric ozone, Amos. Envi- 
ron., 16, 1997-2007, 1982. 

Ehhalt, D. H., F. Rohrer, and A. Wahner, Sources and distribution 
of NOx in the upper troposphere at northen mid-latitudes, J. 
Geophys. Res., 97, 3725-3738, 1992. 

Hansen, J. E., and A. A. Lacis, Sun and dust versus greenhouse 
gases: an assessment of their relative roles in global climate 
change, Nature, 346, 713-719, 1990. 

Hauglustaine, D. A., C. Granier, G. P. Brasscur, and G. M6gie, 
The importance of atmospheric chemistry in the calculation of 
radiative forcing on the climate system, J. Geophys. Res., 99, 
1173-1186, 1994a. 

Hauglustaine, D. A., C. Granier, and G. P. Brasscur, Impact of 
increased methane emissions on the atmospheric composition 
and related radiative forcing on the climate system, Environ. 
Monit. Assess., in press, 1994b. 

Hidalgo, H., and P. J. Cmtzen, The tropospheric and stratospheric 
composition perturbed by NOx emissions of high-altitude air- 
craft, J. Geophys. Res., 82, 5833-5866, 1977. 

Johnson, C., J. Henshaw, and G. McInnes, Impact of aircraft and 
surface emissions of nitrogen oxides on tropospheric ozone and 
global warming, Nature, 355, 69-71, 1992. 

Johnston, H., D. Kinnison, and D. J. Wuebbles, Nitrogen oxides 
from high-altitude aircraft: an update of potential effects on 
ozone, J. Geophys. Res.,94, 16,351-16,363, 1989. 

Kasibhatla, P.S., NOy from subsonic aircraft emissions: a global 
three-dimensional model study, Geophys. Res. Lett., 20, 1707- 
1710, 1993. 

Lacis, A. A., D. J. Wuebbles and J. A. Logan, Radiative forcing 
of climate by changes in the vertical distribution of ozone, J. 
Geophys. Res., 95, 9971-9981, 1990. 

Mohnen, V. A., W. Goldstein, and W.-C. Wang, Tropospheric ozone 
and climate change, Air and Waste, 43, 1332-1344, 1993. 

Mailer, J.-F., Geographical distribution and seasonal variation of 
surface emissions and deposition velocities of atmospheric trace 
gases, J. Geophys. Res., 97, 3787-3804, 1992. 

NASA/High-Speed Research Program, The atmospheric effects of 
stratospheric aircraft: a third program report, R.S. Stolarski and 
H.L. Wesoky (Eds), NASA reference publication 1313, 1993. 

Ramaswamy, V., M.D. Schwarzkopf, and K. P. Shine, Radiative 
forcing of climate from halocarbon-induced global stratospheric 
ozone loss, Nature, 355, 810-812, 1992. 

Tie, X. X., G. P. Brasscur, X. Lin, P. Friedlingstein, C. Granier, and 
P. Rasch, The impact of high altitude aircraft on the ozone layer 
in the stratosphere, J. Atmos. Chem., in press, 1994. 

World Meteorological Organization (WMO), Scientific assessment 
of ozone depletion: 1991, Global ozone research and monitoring 
project-report n ø 25, Washington D.C., USA, 1991. 

G. P. Brasscur and C. Granier, National Center for Atmospheric 
Research, Boulder, CO 80307. 

D. A. Hauglustaine and G. M6gie, Service d'A6ronomie du 
CNRS, Universit6 de Paris VI, 4, place Jussieu, Boite 102, 
F-75252 Paris Cedex 05, France. 

(received 8 September, 1993; 
revised 24 March, 1994; accepted 12 May, 1994.) 


