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Aircraft induced ozone and sulfate perturbations calculated from a
Lagrangian plume model were composed into a regional distribution to
quantify the impacts of aircraft emissions at the international and domestic
flight altitudes of about 11.5 and 6.5 km, respectively, over Taiwan.  The
evolution of pollutant concentrations within a Lagrangian aircraft plume
was first calculated with consideration of gas-phase chemistry and mixing
of ambient air.  Due to reaction with high concentration of aircraft emitted
NO, the O

3
 concentration in fresh aircraft plumes rapidly decreased by

more than 15 ppb during the first few hours after emissions.  Then, becauseof
mixing with the ambient air that contained higher O

3
 and lower NO

x

concentrations, as well as the conversion of NO into NO
2
, the O

3
 concentra-

tions in aged plumes increased and became somewhat (up to 2 ppb) higher
than in the ambient air as the plumes were transported further downwind.
The sulfate concentration within the aircraft plumes, on the other hand,
was enhanced due to chemical conversion of the emitted SO

2
.  At both the

domestic and international flight altitudes, enhancements of up to 10 and 5
ppt greater than in the background were achieved a couple of days after
emissions.  In the aged and diluted plumes, however, the production of sul-
fate can be lower than in the ambient because of the lower OH concentration.

The plume results were converted into regional-scale distributions by
including all flight frequencies at each international and domestic flight
corridor, as well as the probability distribution of the wind speed at the
cruising altitudes to account for the advection effect.  These composite re-
sults indicated that aircraft emissions led to negative perturbation of O

3

concentration at and just downwind of the flight corridors, with maximum
O

3
 reduction of about 1 and 4% at the international and domestic flight

altitudes, respectively.  The total column (vertically integrated through
troposphere) O

3
, however, was enhanced because the emitted aircraft plumes

were transported by various wind speeds and those plumes that stay longer
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in the domain under low wind speeds had a net production of O
3
.  Since

these aged plumes also had much greater volumes, their contributions to
column O

3
 outweighed those from the smaller and more fresh plumes even

though the fresh plumes occurred more frequently.  Due to the interna-
tional and domestic aircraft emissions, the tropospheric column O

3
 can be

enhanced by more than 16 and 400 ppt, respectively.  The sulfate concen-
trations at the international and domestic flight altitudes were generally
enhanced by the aircraft emissions, and the perturbations could be as large
as 0.16 and 0.35 ppt.  The column sulfate perturbations were positive due to
international flights, with a maximum reaching about 0.055 ppt; whereas
the column perturbations from the domestic flights were negative, with a
minimum reaching about -2 ppt.

(Key words:  Aircraft emissions, Ozone, Sulfate particles,
Taipei Flight Information Region)

1. INTRODUCTION

As civil aviation activities grow rapidly these days, the potential effects of aircraft emis-
sions on upper tropospheric environment and climate have raised many concerns.  The chemi-
cals emitted by aircraft, including NO

x
, (NO + NO

2
), HC

x
 (hydrocarbons), CO, CO

2
, SO

2
 and

H
2
O, are precursors of O

3
 and aerosol particles in the upper troposphere.  Upper tropospheric

O
3
 may increase due to NO

x
 and HC

x
 enhancement through aircraft emissions.  Aircraft emis-

sions of SO
2
 may be chemically converted into sulfate, which then either forms new particles

by binary homogeneous nucleation with water or increases the mass of existing particles by
vapor deposition (Arnold et al. 1981; Hagen et al. 1996; Kärcher 1995b, 1996; Schumann et
al. 1996).  Only about 0.5% of emitted SO

2
 are immediately converted into sulfuric acid (Kärcher

et al. 1995b), which may serve as nuclei for contrail formation (Schumann et al. 1996; Thornton
et al. 1996).  The increase of sulfate aerosol may enhance the formation of cirrus clouds (IPCC
1999) or affect O

3
 production due to sequestering of NO

x
 on the particle surface (Anderson

et al. 1997).  Both O
3
 and aerosol particles can affect the atmospheric radiation budgets and

thus have potential impacts on climate (Charlson et al. 1992).
Over one half of the global aircraft emissions are released at heights between 9 and 13 km,

where background chemical concentrations are usually rather low (IPCC 1999), and thus their
impacts can be different than in the lower troposphere.  The residence times of chemical spe-
cies at these altitudes are usually longer than in the lower troposphere where the removal
processes are more efficient.  Therefore, the impacts of aircraft emissions can persist for a long
period of time and over extended regions.  Several European and American research efforts
have been carried out by applying regional- or global-scale modeling to understand aircraft
impacts on NO

x
, O

3
, SO

2
 and sulfate aerosol (e.g., Beck 1990; Kasibhatla 1993; Johnson and

Stevenson 1996; Brasseur et al. 1996; Schumann 1997; Meijer et al. 2000).  These modeling
studies showed that aircraft-induced NO

x
 and O

3
 perturbations are about 4 to 53% and 1 to
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10%, respectively, over the northern mid-latitudes upper troposphere.  Pitari et al. (1993) also
indicated that aircraft induced perturbations of SO

2
 concentration and sulfate aerosol surface

area are about 100% and 60%, respectively, around the 100 hPa level in the northern mid-
latitudes.

Aircraft emissions over Taiwan have also raised local interest and their impacts are under
investigation.  Lin et al. (2001) estimated the aircraft-emitted chemicals from commercial jet,
cargo jet and propeller aircraft over the Taipei Flight Information Region (hereafter, Taipei
FIR).  Their detailed emission inventory can be applied to a regional model to quantitatively
estimate the aircraft impacts over the Taiwan area.  However, as pointed out by Petry et al.
(1998) as well as Tsai and Walcek (2001), most regional- and global-scale modeling studies
overestimate aircraft impacts due to an artificial dilution of plume-scale emissions into larger
model grids and neglect the nonlinearity of NO

x
 and O

3
 relationship.  To avoid such errors, we

estimated the regional impacts of aircraft emissions in three steps.  First, a Lagrangian plume
model was applied to simulate the evolution of chemical concentrations in the aircraft plumes
at the international and domestic flight altitudes.  Particular attention was paid to the perturba-
tions of O

3
 and sulfate concentration due to aircraft emissions.  Then, following the approach

of Chen et al. (2001), the temporal evolution of chemical concentrations was converted into a
spatial distribution by incorporating the wind speed distribution at the cruising altitudes.  Finally,
the spatial distribution of a single plume was mapped onto the flight routes for all flights to
form a composite regional result of aircraft impacts over the Taiwan area.  The impacts of
aircraft emission over the Taiwan areas, where the average residence time of air ranges from
about several hours to less than a day, can be quantified through this composite calculation.

2. LAGRANGIAN PLUME MODEL

A Lagrangian plume model was applied to simulate the chemical evolution of a unit sec-
tion of aircraft plume as it expanded with time while following wind field in the upper
troposphere.  At the flight altitudes where strong westerly wind prevails, the plume grows with
time by turbulent diffusion and deforms because of the vertical wind shear.  Vertical wind
shear at the flight altitudes can be divided into two components: one perpendicular to the
plume body (x-component) and the other along the plume body (y-component).  The x-com-
ponent wind shear stretches the plume (Fig. 1), whereas the y-component wind shear does not
affect the plume growth rate.  The plume dispersion rate increases due to the x-component
wind shear deformation.  In this shear environment, the standard deviation in the horizontal
(σ x ), vertical (σ z ), and shear axis (σ s ) directions of the aircraft plumes are given as follows
(Tsai and Walcek 2001, this issue):
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σ σz z zK t2
0

22= + , (3)

where the σ x0  and σ z0  are the initial horizontal and vertical standard deviations, respectively;

∂ ∂u z/  is the vertical wind shear perpendicular to the plume axis; K
x
 and K

z
 are the horizontal

and vertical diffusion coefficients, respectively; and t is the time after emission.  In calculating
the plume growth rate, as described by Eqs. (1) ~ (3), pollutants are confined to a certain
volume of the growing plume in which the pollutants are assumed to be uniformly mixed.  The
defined plume boundary contains a unit length of aircraft plume with a cross section area
described as follows,

      A = 1.21π σ σ σz x s
2 2 4−  , (4)

which increases with time as the standard deviations (σ ) expand.  The 1.21 factor arises from
the conversion of an ideal Gaussian to the best-fitting well-mixed concentration profile.

As aircraft plume grows with time, it also mixes with the ambient air.  Thus, in calculating
the concentration tendency (∂ ∂C t/ ) of reactive species within aircraft plumes, one needs to
determine the entrainment rate of the ambient air that mixes into the plume and changes the
pollutant concentrations.  In addition, there are production and loss rates due to chemical
reactions for both the ambient air and the plume.  The tendency equations for this entraining
plume are thus described as follows,

      
∂
∂
C

t
P L C C

dV

dt V
p

p p e p= − + −( )( )( )
1

,  (5)

  
∂
∂
C

t
P Le

e e= − , (6)

Fig. 1. Schematic diagram of the cross section of an aircraft plume after it was
emitted into the free troposphere. The aircraft plume is deformed due to
vertical wind shear as it grows with time at the flight altitude.  The u

1
, u

2
,

and u
3
 are horizontal wind speed at different heights that are perpendicu-

lar to the plume body.
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where C is the concentration of chemical species, V is the plume volume, P and L are chemical
production and loss rates, and subscripts p and e represent the plume and ambient environment,
respectively.  The last term in (5) represents the dilution effect due to entrainment of ambient
air.  The concentrations of the reactive chemicals in the growing aircraft plume therefore
change with time due to both the chemical productions and loss and entrainment of ambient
air, but the latter need not be considered for the ambient air as indicated in Eq. (6).

Table I lists the meteorological conditions and aircraft plume parameters used in the
Lagrangian plume model.  The atmospheric pressure, temperature and vertical wind shear in
Table I were obtained from a 5-year averaged Ban-Chiao sounding data.  For water vapor, we
used the standard subtropical conditions obtained from Ellingson et al. (1991).  The simula-
tions start at 1000 seconds after the plume exits the engine nozzle, assuming that the plume at
this time had passed the vortex and jet regime (Hoshizaki 1975; Kärcher 1995a).  The initial
horizontal and vertical plume sizes in Table I were obtained by assuming an initially circular
plume with cross-section area of 105 m2, which were derived from the results of Kärcher (1995a)
and Yu and Turco (1997) for aircraft plumes at 1000 seconds after emission.  For the vertical
and horizontal diffusion coefficients, we followed the study of Hanna et al. (1982), Liu et al.
(1984) and Schumann et al. (1995).

The plume model integrated the Stockwell chemical mechanism (Stockwell et al. 1990)
forward in time.  The gas phase chemistry contains 157 reactions among 63 species, including
42 organics.  The 21 photolysis rate coefficients needed were derived from a radiative transfer
model and are functions of time, latitude and altitude.  Diurnal varying photolysis rates typical
of fall at middle and upper troposphere 25°N conditions were used.

Tables II and III show the initial ambient and plume chemical concentrations of some
major species applied to the Lagrangian plume model.  The initial ambient concentrations

Table I.  Meteorological conditions and plume parameters used in Lagrangian
plume model.
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shown in Table II were obtained from observations over the western Pacific Ocean or back-
ground measurements (Cuong et al. 1973; Georgii 1978; Singh et al. 1996; Talbot et al. 1996;
Simpson et al. 2000).  For aircraft plumes, we derived the initial chemical concentrations
based on the aircraft emission indices of the Taiwan area (Lin et al. 2001) and fuel to air
mixing ratio of 1 kg to 14 kg (IPCC 1999).  This gave us the chemical concentrations of SO

2
,

CO
2
, NO

x
 and H

2
O in the aircraft plume when it just exited from the engine nozzle.  According

to the studies of Kärcher (1995a) and Yu and Turco (1997), aircraft plume is diluted by about
7700 times at about 1000 seconds after emissions.  By further applying this dilution factor, we
obtained the initial chemical concentrations of the emitted species for the aircraft plume at that
time (see Table III).  The initial concentrations obtained this way agree well with those used in
previous studies (Zhao and Turco 1995; Kärcher 1995a; Kärcher et al. 1996; Hayman and
Markiewicz 1996; Ford et al. 1996).  The aircraft also emit many species of hydrocarbons.  We
apportioned the initial hydrocarbon concentrations to several major species according to Beck
et al. (1990).  The initial concentrations for non-emitted chemical species were set to be the
same for both the aircraft plume and the ambient air.

The residence time of the aircraft plumes within the interested area can be as short as a
few hours.  Within this short time frame, the simulation results will be affected by the selection
of the starting time of the day due to different actinic flux and thus photolysis rates experi-

Table II.  The initial ambient concentrations (ppt) used for the international and
domestic flight altitudes of the Lagrangian plume model.

Table III.  Initial chemical concentrations (ppb) for the aircraft plumes used in
the Lagrangian plume model.
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enced by the plume during the period.  Since the aircraft flights over the Taipei FIR only
operate during a certain period of the day, it is possible to categorize the flights according to
the diurnal flight patterns given by Lin et al. (2001) and average the results calculated from
each category of the flights.  So, we classified the flights into several groups, each within a 3-
hour interval, starting from 6 AM and ending at 21 PM for domestic flights, but ending at 23
PM for international flights (see Table I).  Simulations were performed for each group with
different starting times and the results obtained from each group were then weighted by the
flight frequency within that time interval (Table IV) to give the averaged results.  The simula-
tions were carried out for 12 days as we assumed that the O

3
 residence time in the upper

troposphere is approximately within such a time frame, the same as that discussed in Tsai and
Walcek (2001).

Table IV.  Ratios of flight frequency during every 3-hour interval at the interna-
tional and domestic flight altitudes over the Taipei Flight Information
Region.

3. PLUME SCALE RESULTS

In this section, the time variation of calculated plume-scale O
3
, sulfate and related con-

centrations within a single aircraft plume at both the international and domestic flight corri-
dors are discussed.  The NO

x
, O

3
, SO

2
, and sulfate concentrations discussed below are aver-

aged concentrations from different initial times with flight-frequency weighting as discussed
in Section 2.  The heights of the aircraft plume core are set at 11.5 and 6.5 km, which represent
the height of peak flight frequency of the international and domestic flights according Lin
et al. (2001).

Figure 2 shows the time variation of O
3
 concentrations in both the ambient air and aircraft

plumes at the international and domestic flight altitudes.  Also shown is the time evolution of
the relative plume growth ratio (ratio of cross-section area to its initial area), which is equiva-
lent to the dilution efficiency due to entrainment of ambient air.  From this relative growth
ratio one can see that the plume expands rather rapidly with time, reaching several thousands
times its initial size (about 1.2x105 m2 near the engine nozzle) a few days after emissions.  The
plume growth rate is greater at the domestic flight altitudes (Fig. 2b) than at the international
flight altitudes (Fig. 2a), because the vertical diffusion rate (K

z
 in Table I) is much larger.  The

ambient O
3
 concentrations are initially about 41 and 36 ppb at the international and domestic

flight altitudes.  Since the initial conditions were chosen to be near a chemical steady state, the
ambient O

3
 concentration varies slightly with time.  In the aircraft plume, however, the O

3

concentration dropped almost immediately by more than 15 ppb at both altitudes.  It then
increases rapidly to the ambient level and, at the international flight altitudes, even becomes a
few ppb higher than in the ambient air by the end of the second day.  The excess O

3
 concentra-
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tion within aircraft plume then gradually dilutes toward the end of the simulation.  The rapid
decrease of the O

3
 concentration immediately after the emission results from the reaction with

high concentration of NO that is directly emitted by the aircraft.  Then, as the aircraft plume
expands with time, ambient air with higher O

3
 and lower NO

x
 concentrations is gradually

mixed in.  In addition, O
3
 is quickly re-generated because most of the original NO in the plume

has been converted into NO
2
 in the downwind area.  As the NO

2
-related reactions keep gener-

ating O
3
, the plume O

3
 concentration eventually becomes higher than in the ambient air 1 to 2

days after emissions.  The perturbation of the plume O
3
 concentration is more obvious in Fig.

2a than in Fig. 2b because the aircraft plume growth rate (i.e., dilution rate) is faster in the
domestic flight corridors, resulting in a smaller increase of O

3
 concentration during the later

Fig. 2. Time evolution of simulated O
3
 concentrations in ambient environment

(dotted line) and aircraft plumes (solid line), and the relative growth rate
of plume cross-section area (dotted-dash line) at (a) international and (b)
domestic flight altitudes over Taiwan.



Tsai et al. 117

stages.  Note that the aircraft-emitted NO
x
 is still generating O

3
 toward the end of the simulation.

But, because of the strong dilution effect, the plume O
3
 concentration remains roughly un-

changed with time or even slightly decreases with time.  Some diurnal variations of O
3
 con-

centration in the plume can also be seen during the first few days of simulation.  This is
because O

3
 is photochemically produced during daytime and the concentration is reduced at

night by reaction with NO.  Mixing with the ambient air also reduces the O
3
 concentration of

the aircraft plume when the concentration is greater than in the ambient air.  In the ambient air
or in aged plume, however, the diurnal variation is not obvious due to their low NO

x

concentrations.
Figure 3 shows the time evolution of NO

x
 concentrations in the ambient air and aircraft

plume at the international (Fig. 3a) and domestic (Fig. 3b) flight altitudes.  The ambient NO
x

concentrations at both the international and the domestic flight altitudes decrease slightly with
time from the initial concentrations because NO

x
 is constantly converted into other nitrogen

species, mostly nitric acid.  The NO
x
 concentrations within the aircraft plume, on the other

hand, decrease rapidly from about 130 ppb to near the ambient level at both the international
and domestic flight altitudes.  These high concentrations of NO

x
 (mostly NO) during the initial

stage result in a rapid decrease of the O
3
 concentrations within the aircraft plume due to reac-

tion with NO in the initial stage, although NO quickly reaches chemical equilibrium with NO
2

as aircraft plumes move downwind.  In additional to chemical conversion, the NO
x
 concentra-

tions in the aircraft plume decrease mainly because of the dilution effect.  The rapid mixing-
expansion of the aircraft plume leads to a fast dilution of the chemical species and this effect is
more obvious for the domestic flight plumes due to a more rapid plume dispersion rate.

The time evolution of HO concentrations in the ambient air and aircraft plume at both
flight altitudes are shown in Fig. 4.  Figure 4 shows the diurnal fluctuation of HO concentra-
tion as HO mainly comes from photochemical production during the daytime and is destroyed
through chemical reactions at night.  Because the HO concentrations in Fig. 4 were averaged
from simulations starting at different local times according to the flight schedules as discussed
in Section 2, the peak concentrations during the daytime are bimodal. Without the time
averaging, the time variation of the HO concentrations in both aircraft plume and the ambient
air starting from any time instant only shows a single peak. Figure 4 shows that HO concentra-
tions within the plume are greater than in the ambient air during the first few days due to the
enhanced NO

x
 concentrations in the aircraft plume.  The HO concentrations in the aircraft

plumes are double that in the ambient air, and the concentrations are higher in the domestic
flight altitudes (Fig. 4b) than in the international flight altitudes (Fig. 4a).  As the NO

x
 concen-

trations within the aircraft plumes dilute with time and other aircraft emitted species induce a
fast depletion of HO through chemical reactions, the HO concentrations within the aircraft
plume decrease and eventually reach a value slightly lower than in the ambient air.

The time evolutions of SO
2
 concentration in the ambient air and within the aircraft plumes

at the international and domestic flights are shown in Figs. 5a and 5b, respectively.  The ambi-
ent SO

2
 concentrations slightly decrease with time due to chemical conversion into sulfate by

reaction with HO radicals.  On the other hand, the SO
2
 concentrations within the plume de-

crease rapidly from more than 3 ppb to near the ambient level within one or two days, mainly
as a result of dilution by the entrained ambient air.  Figure 5b shows a more rapid decrease of
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Fig. 3. Time evolution of simulated NO
x
 concentrations in ambient environment

(dotted line) and aircraft plumes (solid line) at the (a) international and
(b) domestic flight altitudes over Taiwan.

plume SO
2
 concentration than in Fig. 5a, again as a result of faster dilution of aircraft plumes

at those altitudes.  Since we only considered gas phase reactions in this study, the chemical
loss of SO

2
 comes from reaction with HO radical only.  Because HO concentration within the

plume is higher than in the ambient air during the first few days, by reacting with the more
concentrated HO, the SO

2
 concentration in the plume after the second day becomes slightly

lower than in the ambient air, and the effect is more obvious at the international flight altitudes.
Figure 6 shows the time variations of enhanced sulfate concentration (i.e., sulfate concen-

tration minus its initial value) in the plume and ambient air.  As gas phase sulfate concentratiion
is usually low and vary with time and space in the atmosphere, sulfate enhancement instead of
its concentration is presented here to avoid the difficulty of choosing an initial value.  The



Tsai et al. 119

Fig. 4. Same as in Fig. 3, but for HO concentrations at the (a) international and
(b) domestic flight altitudes.

ambient sulfate concentrations increase with time at both the international and domestic alti-
tudes due to reaction of SO

2
 with HO (no other source or sink of sulfate is considered in this

study).  Within the aircraft plume, the sulfate concentration increases more rapidly during the
first three days than later, with a maximum increase of concentration up to 10 and 5 ppt at the
international and domestic flight corridors, respectively.  The rapid sulfate production results
from reaction of the high concentration of aircraft emitted SO

2
 with HO radicals.  The produc-

tion then slows down due to the dilution effect as well as the depletion of SO
2
 inside the

aircraft plume.  For aged plumes, the HO concentration becomes slightly lower in the plume
than in the ambient air, leading to a smaller sulfate production in the aircraft plume than in the
ambient air.  Thus, the sulfate concentration at the domestic flight altitudes is lower in the
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aircraft plume than in the ambient air during the last several days of simulation.  Also in Fig. 6,
one can see the diurnal fluctuation of sulfate.  As HO can only be photochemically produced,
SO

2
 is converted into sulfate only during daytime in both the plume and the ambient air.  At

night, the sulfate concentrations within the aircraft plume decrease as a result of dilution effect,
while the concentration in the ambient air remains almost constant.

4. COMPOSITE REGIONAL RESULTS

The regional results of aircraft impacts are obtained by mapping individual plume results
onto flight routes and their downwind regions for all flights over the Taipei FIR.  This is first

Fig. 5. Same as in Fig. 3, but for SO
2
 concentrations at the (a) international and

(b) domestic flight altitudes.



Tsai et al. 121

done by converting the temporal distribution of chemical species calculated from the plume
model into a spatial distribution.  As aircraft plumes evolve with time, they are also trans-
ported away from the flight route by the wind fields.  If the wind speed is a constant, one only
has to multiply the traveling time of the aircraft plume with the wind speed to obtain the spatial
distribution of the plume.  However, the wind speeds at both the international and domestic
flight corridors have significant temporal variations.  Therefore, following the approach of
Chen et al. (2001), we obtained the spatial variation of aircraft plume by applying the annual
probability distribution of wind speeds to the time variation of chemical species at the interna-
tional and domestic flight altitudes according to the 1997 Ban-Chiao sounding data.  The
analysis of the sounding data shows that over 90% of the winds at the international and domes-
tic flight altitudes are zonal winds.  Therefore, only the zonal winds were considered here to
simplify the calculation.  Figure 7 shows the probability distribution of the zonal wind fre-

Fig. 6. Same as in Fig. 3, but for sulfate enhancement at the (a) international and
(b) domestic flight altitudes.
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quency at the international and domestic flight altitudes.  It is obvious that these zonal winds
are mostly eastward (positive wind speed in Fig. 7), with maximum frequency at about 42 m
s-1 and 17 m s-1 at the international and domestic flight altitudes, respectively.  By applying
these wind distributions, we converted the time variations of chemical species shown in Figs.
2 and 6 into the spatial distributions shown in Figs. 8 and 9.

Figures 8 and 9 are derived due to single aircraft emissions.  To obtain a regional result,
one then needs to know the exact location and flight frequency of each flight route over the
Taipei FIR.  The distribution of the flight routes can be found in Lin et al. (2001).  The flight

Fig. 7. Probability distribution of the zonal wind speed at the (a) international
(~11.5 km) and (b) domestic (~6.5 km) flight altitudes over Taiwan. Posi-
tive wind speeds are westerlies (move eastward) and negative wind speeds
are easterlies (move westward).
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frequencies and their relative percentages between way-points at the international flight corri-
dors are given in Table V, while the same information between two airports of the domestic
flights are given in Table VI.  Table V shows that the busiest routes of the international flights
are along ELA-APU (between Hong-Kong and Taipei) and APU-BLN (between Taipei and
Japan or North America), each account for 24.8 and 22.2% of the total flights.  For the domes-
tic flights, over 80% of the air traffic occurs along the western coast of Taiwan.

4.1 Spatial Variations due to Single Aircraft Emissions

Figures 8 and 9 show the spatial distributions of O
3
 and sulfate perturbations due to single

Fig. 8. Spatial variation of O
3
 perturbations due to single aircraft plume emis-

sions along the (a) international and (b) domestic flight routes.
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aircraft emissions.  The origin of the horizontal distance corresponds to the flight route, and
extending eastward or westward by about 800 km to cover the domain distance of the Taipei
FIR.  Under mean westerly wind speeds at the international and domestic flight altitudes, it
normally takes about 7 and 12 hours for the westerly wind to enter from the west and exit the
eastern boundary of the domain.  On the other hand, under the mean easterly wind, it takes
about one and two days for the air to travel across the domain.  Therefore, the 800 km range
eastward from the origin of Fig. 8 (Fig. 9) roughly corresponds to the first 7 and 12 hours’
results in Fig. 2 (Fig. 6) for the international and domestic corridors, respectively; whereas, the
same range westward from the origin corresponds to about 1 and 2 days’ results.

Figure 8 shows the spatial variation of O
3
 perturbations resulting from single aircraft

emissions. The values of O
3
 perturbation shown in this figure are much lower than those from

temporal variations shown in Fig. 2, because the effects of a single aircraft were spread out

Fig. 9. Same as in Fig. 7, but for sulfate concentrations.
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Table V.  Mean flight frequencies and their relative percentages between way-
points at the international flight altitudes over the Taipei Flight Infor-
mation Region in 1997.

Table VI.  Mean flights frequencies and their relative percentages between air-
ports at the domestic flight altitudes over the Taipei Flight Information
Region in 1997.
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over a large zonal range over the Taipei FIR (same for Fig. 9).  The O
3
 concentrations reach a

minimum just east of the flight corridor where the concentrations decrease by a few ppt.  The
O

3
 depletion then gradually diminishes downwind, with a more obvious depletion toward the

east than the west due to the asymmetrical wind probability.  As discussed in Fig. 2, the O
3

perturbation is mostly negative during the first day, and it usually takes less than a day for
plume to travel across the domain.  Therefore, the O

3
 perturbation is mostly negative to the

east of the flight corridor.  Positive O
3
 perturbations may only occur at a distance much further

downwind.  The easterlies are normally weaker (negative wind speed in Fig. 7), resulting in a
slower movement of aircraft plume toward the west.  Within such a time frame, the O

3
 concen-

tration in the aircraft plume may become greater than in the ambient air not far to the west of
the flight corridors.  Figure 8a shows a more gradual change of O

3
 concentration with distance

than in Fig. 8b because the aircraft plume expands more slowly in the upper troposphere as
discussed before.

Figures 9a and 9b show the spatial variations of sulfate perturbations at the international
and domestic flight corridors.  Due to the complex distribution of wind speed probability, the
sulfate perturbations are also rather asymmetrical about the flight corridor.  To the west of the
flight corridor, the sulfate enhancement are smaller, mainly because of the low probability of
easterly winds.  To the east, the sulfate enhancement remain above 10-3 to 10-4 ppt at the
international and domestic corridors.  The peak sulfate concentration just east of the flight
corridor results from the sulfate production through reaction of HO and SO

2
 during the first

day, corresponding to the time variation of sulfate concentrations shown in Fig. 6.  Westerlies
are usually stronger at 11 km than at 6 km, therefore the peak sulfate concentration occurs
slightly farther downwind at the international flight altitudes (Fig. 9a) than at the domestic
flight altitudes as shown in Fig. 9b.

4.2 Spatial Variations over the Taipei FIR

The regional impacts of aircraft emissions at the international and domestic flight alti-
tudes over the Taipei FIR were composed after multiplying the plume results with flight fre-
quencies and overlay onto each flight route.  Figure 10a shows the perturbation of O

3
 concen-

trations at the international flight altitudes (about 11.5 km).  The most significant (negative)
O

3
 perturbations occur along the ELA-APU-BLN flight corridor (called Route A1 hereafter).

Under the dominant westerly winds, all regions east of Route A1 experience O
3
 reduction by

more than 0.1 ppb, with a maximum reduction of more than 0.3 ppb occurring near the junc-
tion points APU (at the northern tip of Taiwan) and HCN (at the southern tip of Taiwan) due to
the maximum overlapping of aircraft plumes.  The background O

3
 concentration is about 41

ppb (see Fig. 2a), and thus the aircraft emissions resulted in less than 1% reduction in O
3

concentration eastward of Route A1.  From Route A1 to the east coast of China, O
3
 concentra-

tions increase and become slightly higher than in the background because the longer traveling
time of the aircraft plume under the weak easterlies allows O

3
 production.

Figure 10b shows the perturbation of O
3
 concentrations at the domestic flight altitudes

(about 6.5 km).  The most significant reduction occurs along the western coast of Taiwan, with
a maximum reduction over 1.6 ppb.  Most other areas around the main domestic flight corridor
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Fig. 10. Aircraft induced perturbations of O
3
 concentration (ppb) at the (a) inter-

national and (b) domestic flight altitudes over the Taipei Flight Informa-
tion Region.

(a) (b)

experience O
3
 reduction by more than 1 ppb.  Comparing to the background concentration of

about 36 ppb (see Fig. 2b), the maximum reduction percentage is about 4%.  The reduction
ratios are higher than those in the international corridors, mainly due to the much higher flight
frequencies and more concentrated flight zones.  To the west of the western coast, the O

3

concentration is enhanced, but the perturbations are small, due to a low probability of easterly
winds at these altitudes.

Figure 11 shows the O
3
 change  in the whole column of the troposphere due to interna-

tional and domestic aircraft emissions.  The unit of the column O
3
 change is converted into

mixing ratio by assuming the tropopause height of 15 km, and calculating the mole fraction of
the O

3
 perturbation relative to the whole air column of the troposphere.  In contrast to the

concentration change at the flight altitudes, which is reduced due to aircraft emissions, the
column O

3
 change is actually enhanced.  The mean enhancement of column O

3
 due to interna-

tional flights (Fig. 11a) is about 12 ppt and may reach 16 ppt near the southwestern border of
the Taiwan areas.  The enhancement of column O

3
 mass due to domestic flights is much more

significant (Fig. 11b), with values mostly over 0.3 ppb within the latitudinal extent of the
Taipei FIR.  The reversal of sign between the concentration change and the column change is
due to overlapping of aircraft plumes with different ages within the domain.  According to the
probability distribution of the zonal wind frequencies shown in Fig. 7, aircraft plumes emitted
at the flight altitudes can be transported by various wind speeds.  The aircraft plumes trans-
ported by weak winds tend to be more aged (still quite different than the ambient air) in the
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Fig. 11. Aircraft induced perturbations of column O
3
 change (ppt) from the (a)

international and (b) domestic flights over the Taipei Flight Information
Region.

   (a) (b)

domain, occupying greater volume and containing higher O
3
 concentration.  Since the column

O
3
 change is proportional to the plume volume in the domain, these aged plumes are heavily

weighted in the calculation of column O
3
 change even though their probability is much lower.

Thus the total column O
3
 change calculated from these much bigger plumes with enhanced O

3

concentrations outweighs the O
3
 loss from those smaller plumes; whereas in calculating the

concentration change at the flight altitudes, these bigger plumes with diluted concentrations
are less weighted than the smaller plumes with concentrated pollutants.  The column O

3
 en-

hancement is more obvious due to the domestic aircraft emissions than the international air-
craft emissions mainly because of the weaker winds and thus longer plume residence time at
the altitudes.

The perturbations of sulfate concentration at the flight altitudes are shown in Fig. 12. The
sulfate perturbation at the international flight altitudes (Fig. 12a) is minimal at the northwest
corner and increases toward the southeast of the domain, with a maximum perturbation reach-
ing about 0.16 ppt.  The sulfate perturbation is more obvious near the south border of the
domain because the eastward drifting plumes emitted near the southwestern border have the
longest time for sulfate production within the domain.  Figure 12b shows the sulfate perturba-
tions at the domestic flight altitudes.  The production of sulfate concentrated at and to the east
of the main flight corridors along the western coast of Taiwan, reaching a maximum of about
0.35 ppt, and decrease with distance away from the corridors as aircraft plumes quickly di-
luted under strong vertical diffusion rate.  The decrease with distance is more dramatic over
the western side of the main flight corridor due to a lower probability of the easterlies.  Rela-
tive to the background gas-phase sulfate concentration of usually less than several ppt, the
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sulfate perturbations shown in Fig. 12 are supposed to be rather substantial.  But, because the
produced sulfate mostly transforms into sulfate particles, the perturbations to the ambient sul-
fate aerosol concentration are less than several percent.

Figures 13a and 13b show the perturbations of the column sulfate due to the international
and domestic aircraft emissions, respectively.  Similar to those shown in Fig. 12a, the maxi-
mum sulfate enhancement due to international flights is near the southern border of the Taipei
FIR where maximum overlapping of the aged aircraft plumes occurs.  Most of the enhance-
ment over the Taiwan area is about 0.05 ppt due to international aircraft emissions.  The
sulfate perturbation due to domestic aircraft emissions, on the other hand, is mostly negative.
The perturbations range from 0 to -2 ppt within the latitudinal extent of the Taipei FIR.  As
discussed earlier for column O

3
, weaker winds allow aircraft plumes to stay longer and grow

bigger in the domain, and therefore these plumes contribute more significantly to the column
perturbations.  Since the sulfate concentrations within the aircraft plumes are slightly lower
than in the ambient air several days after the emission (see Fig. 6b), the overall change of
column sulfate turns out to be negative due to domestic flights.  The perturbation of column
sulfate is about -1.6 ppt over most of the Taipei FIR.  Relative to the background aerosol
sulfate concentration of about 15 to 30 ppt in most of the troposphere (Thornton et al. 1996),
the perturbation is about 5 to 10 percents.

5. DISCUSSIONS AND CONCLUSIONS

This study applied a Lagrangian plume-scale model to simulate the temporal variation of

Fig. 12. Same as in Fig. 9, but for perturbation of sulfate concentrations (ppt) at
the (a) international and (b) domestic flight altitudes.

(a) (b)
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chemistry in aircraft plumes, which expand with time by mixing in the ambient air while being
advected downwind.  The aircraft-induced perturbations of O

3
 and sulfate concentrations cal-

culated from the plume model were then composed into a regional distribution over the Taipei
FIR by including the flight frequencies and the wind speed probability at the international and
domestic flight corridors.  The results of the Lagrangian plume model indicate that the O

3

concentrations within the aircraft plume can be substantially reduced within the first day after
emissions due to reaction with high concentration of NO emitted by the aircraft.  The maxi-
mum concentration reduction in a plume may reach over 15 ppb at both the international and
domestic flight altitudes.  After about 1 day when ambient air with higher O

3
 concentration

and lower NO
x
 concentration mixes in, O

3
 concentration in the aircraft plume gradually in-

creases to the ambient level.  As aircraft plumes move further downwind, O
3
 in the plume is

produced by NO
x
-related reactions and becomes higher than in the ambient air.  Although the

concentration of NO
x
 and other emitted chemicals quickly decreases with time due to chemi-

cal conversions as well as plume dilution, O
3
 is continuously generated through NO

x
 related

reactions as long as the emitted NO
x
 molecules remain in the air.

When considering the impacts due to all aircraft emissions over the Taiwan area, the
maximum reduction of O

3
 concentration reaches about 1 to 4% at about 11.5 and 6.5 km of the

international and domestic flight altitudes, respectively.   The results of calculated O
3
 pertur-

bations in this study are quite different than those in previous studies (Brasseur et al. 1996;
Johnson and Stevenson 1996; Schumann 1997) in which aircraft induced perturbations were
positive and the values could be as large as 1 to 10% relative to the background concentrations

Fig. 13. Same as in Fig. 10, but for the column sulfate change (ppt) due to the (a)
international and (b) domestic flights over the Taipei Flight Information
Region.

(a) (b)
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at the northern mid-latitude upper troposphere.  Negative O
3
 perturbations were obtained over

the Taipei FIR because the mean residence time of air in the domain is about several hours to
half a day.  Within this limited time frame, O

3
 is locally reduced by the high concentration of

NO emitted by the aircraft.  As indicated by the Lagrangian plume model, net O
3
 production

can only occur about half or one day after the emissions, by which time the aircraft plume
usually has already been advected out of the domain by the strong westerly wind.

The perturbation of tropospheric column O
3
, on the other hand, is enhanced by the aircraft

emissions.  The total enhancement of column O
3
 can reach 16 ppt and 0.4 ppb due to the

international and domestic aircraft emissions, respectively.  The reversal of sign between the
perturbation of layered O

3
 concentration and the column O

3
 mass is a result of different vol-

ume weighting between young and aged plumes.  Aircraft plumes transported by weaker wind
speed have longer residence time and higher volume expansion ratio in the Taipei FIR, and
these aged plumes have more time to generate O

3
 through NO

x
 related reactions.  Thus the

overall O
3
 productions in these bigger plumes outweigh those from the younger and smaller

plumes.   Thus, although aircraft emissions may locally reduce O
3
 concentration at the flight

altitudes, the total O
3
 mass is enhanced in the troposphere.

The sulfate concentrations were enhanced at the flight altitudes due to aircraft emission of
SO

2
, which reacts with OH radical to form sulfate.  Within aircraft plumes, the sulfate concen-

trations can be enhanced by up to several to over 10 ppt depending on the flight altitudes.  In
the upper troposphere, the sulfate is continuously generated during the simulation, with peak
sulfate enhancement occurring during the first three days after emissions.  Schumann et al.
(1996) estimated that gas phase sulfate was enhanced by about 4 to 140 ppt within an aircraft
plume depending on the sulfur content in the fuel, and our results of peak sulfate enhancement
fall within this range.  In the domestic flight altitudes, the plume is diluted rather quickly
because of the faster expanding of the plume size compared to those in the international flight
altitudes, so the sulfate enhancement inside is less obvious.  The sulfate concentrations even
became lower than in the ambient air several days after emission as the plume HO concentra-
tion became lower by reacting with other exhaust chemicals.

At both the international and domestic flight altitudes over the Taiwan areas, the enhance-
ment in sulfate concentration is less than 0.2 and 0.4 ppt.  The perturbations of column sulfate
are about 0.05 ppt due to the international aircraft emissions, and about -1.6 ppt due to the
domestic aircraft emissions over most of the Taiwan areas.  Again, these column perturbations
result from the overlapping of plumes of different sizes and ages.  As aircraft plume evolves
with time at the domestic flight altitudes, the sulfate concentration within the aircraft plume
can be slightly lower than in the ambient air due to the depletion of SO

2
 and OH.  These well-

diluted plumes with negative sulfate perturbations dominate the total column sulfate production,
resulting in negative column sulfate perturbations over the Taipei FIR.  The gas-phase sulfate
concentration in the background atmosphere is usually very low, with values of about 10-2 to a
few ppt in the free troposphere (Möhler and Arnold 1992).  Mostly likely the sulfate produced
will convert into sulfate aerosol and be sources of condensation nuclei (Schumann et al. 1996;
Thornton et al. 1996).  Relative to the background sulfate aerosol concentration, the sulfate
perturbations are less than 1 or 2 percent at the flight altitudes and less than 1 to 10% in the
troposphere due to aircraft emission of SO

2
.  This study also indicated that aircraft emissions
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may either increase or decrease sulfate mass in troposphere depending on the emitted altitudes.
This study shows that the impacts of the domestic aircraft emissions and the international

aircraft emissions are quite different.  The impacts are larger for domestic aircraft emissions
over the Taiwan areas, mainly because the flight frequencies of the domestic flights are more
than 4 times greater than those of the international flights.  This study also shows that the
perturbations of the O

3
 and sulfate concentrations are more localized in the domestic flight

altitudes than in the international flight altitudes.  This is because the vertical expansion of the
aircraft plumes is much stronger in the domestic flight altitudes, resulting in a quick dilution of
aircraft plumes before they are transported further downwind; whereas the aircraft plumes can
remain more concentrated over a longer distance in the international flight altitudes and the
aircraft impacts on the O

3
 and sulfate concentrations will extend over a much broader area.  On

the other hand, the impacts on column O
3
 and sulfate will be smaller under a smaller diffusion

rate because the volumes of the aircraft plumes are smaller within the domain.
In this study, we applied the chemical concentrations observed over the western Pacific

Ocean or the typical background atmosphere as the initial ambient concentrations.  Since some
chemical concentrations, such as NO

x
, are subjected to large temporal and spatial variations,

their measured ambient concentrations also vary with time and area, and thus the results ob-
tained in this study can also change.  A further sensitivity study indicated that the results of O

3

and SO
2
 perturbations due to aircraft emissions calculated in this study remained only slightly

changed by changing the initial ambient NO
x
 concentrations from about 40 to 200 ppt at the

international flight altitudes or 30 to 90 ppt at the domestic flight altitudes. The sulfate
perturbations, however, can range by 50% and 10% at the international and domestic flight
altitudes, respectively, due to changing the initial ambient NO

x
 concentrations. Therefore,

since some results can be sensitive to the ambient conditions chosen, it is necessary to apply
ambient conditions representative of the real atmospheric conditions in calculating aircraft
induced perturbations.

In calculating O
3
 perturbations due to aircraft emissions, large-scale modeling studies

usually assume that aircraft emissions are instantly diluted into the model grid.  Since O
3

production rate exhibits a nonlinear relationship with NO
x
 and hydrocarbon concentrations, an

artificial dilution of aircraft emissions can result in large errors in calculating O
3
 concentration

(Petry 1999; Tsai and Walcek 2001).  This study avoided such a problem by explicitly calcu-
lating the O

3
 perturbation within each aircraft plume without the artificial dilution effect.  Then,

the overall annual mean O
3
 perturbations over the Taipei FIR were estimated by linearly sum-

ming up the effects from all flights.  The linear mapping method is applicable in this study
because the plumes from different aircraft hardly cross each other to induce nonlinear compu-
tation error.  By applying larger scale models in which the nonlinear plume-scale reactions can
not be resolved, the calculated aircraft induced O

3
 perturbations are usually positive (Tsai

1999; Ma 2000), while the actual O
3
 perturbations can be negative over local areas.  Our

composite results provide a method for more accurately calculating the O
3
 perturbation due to

aircraft emissions over a relatively short time period or small model domains, such as the
Taiwan area.

Under strong westerlies at the flight altitudes, the impacts of aircraft emissions over cer-
tain areas are attributed to not only in situ flights but also flights at any upwind area or even
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downwind area if the pollutants could travel around the globe.  As O
3
 is continuously gener-

ated from NO
x
 emissions while transported downwind, and the lifetimes of NO

x
 and O

3
 are

usually several days or longer in the upper troposphere, the emissions from other regions of
the world could offset the O

3
 perturbations estimated in our model domain.  However, in the

present study, only the emission impacts from the estimated Taiwan aircraft were considered.
The net effect with consideration of emissions from other aircraft corridors still requires more
extensive investigation.
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