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Relative Effects on Atmospheric Ozone of Latitude
and Altitude of Supersonic Flight

Derek M. Cunnold,* Fred N. Alyea,* and Ronald G. Prinnf
Massachusetts Institute of Technology, Cambridge, Mass.

Three calculations are reported of the potential depletion of ozone by supersonic aircraft. These calculations
utilized a two-dimensional model and a three-dimensional photochemical-dynamical model of the atmosphere in
which ozone and the dynamical variables of the atmosphere were derived simultaneously. All calculations were
based on a continuous atmospheric injection of l .Sx lO 6 tons/yr of NO2. Injections at 45°N and 20 km, at
equilibrium, resulted in a 36% increase in total odd nitrogen (NO/) between 8 and 38 km and in global ozone
depletion of approximately 12%. Injection at 45°N and 17 km produced a 27% increase in NOJ;, but, because
much of this increase occurred below 20 km, the ozone depletion amounted to only 6%. Injection at 10°N and
29 km resulted in a 55% increase of NO,,; however, although there was more depletion above 20 km altitude,
there was less below that altitude, and the ozone depletion was only 12.5%. Relative global depletions are judged
to be more meaningful than absolute depletions in these calculations. In all three calculations, at least half as
much ozone depletion occurred in the Southern Hemisphere as in the Northern Hemisphere.

Introduction

T HE environmental impact resulting from the operation of
supersonic aircraft such as the Concorde and the Tupolev

144 has been debated vigorously over the past five years;
scientific assessments of the problem after several years of
research sponsored by the U.S. and European governments
are given in Refs. 1-3. However, because of the time con-
straints under which those reports were written, it was not
possible to address questions such as "what is the effect of the
latitude of injection of nitrogen oxides (NO^) on ozone
depletion? " In particular, what is the relationship between the
ozone depletion for a tropical injection of NO2 such as would
occur during flights between hemispheres and ozone depletion
resulting from the more prevalent East-West airlines routes,
during which injection takes place at midlatitudes? This paper
addresses this question and also the effect of the altitude of
injection on ozone depletion.

The effect of cruise altitude on ozone depletion has been
considered by several investigators using one-dimensional
models of the atmosphere (in which height is the dependent
variable). A comparison of ozone depletion for a 20-km
midlatitude source of NO^. obtained by one-, two-, and three-
dimensional models is given in Ref. 1. It is not possible to
determine the differences between tropical and midlatitude
injections of nitrogen oxides with a one-dimensional model.

A calculation of equal importance to the determination of
the total global ozone depletion is an assessment of the
latitudinal variation of this depletion and, in particular, of the
depletion to be expected in the Southern Hemisphere for
injections in the Northern Hemisphere. In principle, such
calculations can be made using two- and three-dimensional
models of the atmosphere, but conclusions depend upon one's
ability to adequately simulate atmospheric transport. We have
previously reported4 that a preliminary analysis suggested a
factor of 2 greater depletion in the Northern Hemisphere than
the Southern Hemisphere for a midlatitude source of NO^ at
20 km alt. Widhopf,5 for the same source conditions,
reported an interhemispheric depletion ratio of approximately
4. However, Widhopf5 used a two-dimensional model with
fixed transport parameters believed to be typical of October (a
time of year at which cross equatorial transport is probably at
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a minimum), whereas Alyea et al.4 used a combination of
seasonally varying two-dimensional models of the at-
mosphere. In this paper, we examine the variation of this
interhemispheric depletion ratio with source location.

It is desirable to treat problems of atmospheric chemistry
which involve the transport of long-lived atmospheric con-
stituents, particularly ozor?, with a three-dimensional model.
The principal advantage of using such a model is that the
motions responsible for atmospheric constituent distributions
need not be parameterized. Thus the transport of each
constituent may be influenced by its chemistry, and changes in
the ozone concentration are permitted to feedback into
changes in the transport rates of all constituents. Ideally then,
the NO v-ozone problem should be treated with a three-
dimensional model. However, the large number of chemical
reactions needed to treat this problem fully in such a model
were expected to require considerably more computer time
than was available to us. We therefore chose to predict in our
three-dimensional dynamical-chemical model6 only the one
chemical constituent, ozone, which is coupled directly with
the dynamics. We were able to include a much more extensive
chemistry in an independent two-dimensional parameterized
transport model. That model was used to calculate seasonally
variable equilibrium NOV distributions for various source
locations; these distributions then were imposed on the three-
dimensional model to yield ozone perturbations. Coupling
between these two models was minimal. Repeated iterations
between models to obtain consistent two-dimensional and
three-dimensional transport rates and ozone and nitrogen
oxide distributions might have improved the authenticity of
these calculations, but such an approach would have made
substantial additional demands on computer time. We report
calculations of ozone depletions for three source locations:
45 °N, 20 km; 45 °N, 17 km; and 10°N, 20 km.

Calculated NO,. Distributions
The NOX calculations were performed using a two-

dimensional model of the atmosphere8'9 which extended from
8 to 38 km with 1 km vertical resolution. This model included
the chemistry of odd oxygen, odd hydrogen, and odd nitrogen
(with N2O5 omitted). The following chemical species were
calculated from chemical equilibrium equations: O(3P),
O(1D), OH, HO2, H, H2O2, and the ratio of NO to NO2.
Profiles of H2O, CH4, and CO were prescribed based on
observations (see Ref. 8). Three additional species, NO.



338 CUNNOLD, ALYEA, AND PRINN AIAA JOURNAL

( = NO+NO2 +HNO3), NO* ( = NO+NO2), and N2O, were
predicted from continuity equations. In those equations, the
motions were assumed to consist of winds (v and w) and eddy
transports that were represented by diffusion coefficients
(Kyy, Kyz=Kzyt KK). Integration of the model was ac-
complished with 3-hr time steps, with winds and diffusion
coefficients remaining fixed (at seasonal-mean values) for 90
days. During each 90-day period, the ozone distribution also
was assumed to remain fixed at seasonal-mean observed
values. Not only did this procedure remove one potential
source of error in evaluating NOX distributions, but it also
reduced computation time considerably by allowing
photodissociation rates to be precomputed using a seasonal-
mean solar declination angle. After 90 days of integration, the
winds, diffusion coefficients, ozone, and photodissociation
rates (and the temperature distribution) suddenly were
changed. Integration thus proceeded over four seasons (360
days) using four different sets of parameters and then con-
tinued into the second year by returning to the first set of
parameters. This technique permitted the model to be
seasonally variable. In this model, the Southern Hemisphere
was assumed to be dynamically similar to the Northern
Hemisphere with a phase lag of 180 days.

The ozone concentrations used in this model were
seasonally and zonally averaged concentrations obtained
from Northern Hemisphere data derived by Hering. 10~13

Above 10 mb, where the observations were inadequate, ozone
mixing ratios were assumed to be independent of height.
There are several sets of transport parameters in use in models
of this type based upon observations of both active and
inactive tracers in the stratosphere. We used values of v and w
and Kyyt Kyz, and Kzz from Gudiksen et al.14 which had been
found to describe the spread of tungsten 185 adequately after
the Hardtack test series of 1958. From a consistency
viewpoint, it might have made more sense to have used
transport coefficients derived from our three-dimensional
model. As previously stated, this approach was rejected,
however, principally because of computer time con-
siderations. Moreover, it is not clear that ozone (on which
transport coefficients would have to be based) is transported
in the same way as a species such as NO^.

The lower boundary condition in this model was based
upon the assumption that the mixing ratio of NO^ or
HNO3(/}) was zero at the ground and that these species were
rained out with a time constant of 30 days in the 0-8-km
region. We can then show9 that the boundary condition at 8
km reduces to a destruction rate econdition that

f i ( 8 k m ) / f i ( 9 k m ) = 0.8

in which the numerical constant, 0.8, is derived from the
average vertical transport rate (e.g., Kz=2xl05 cm2/sec)
and the rainout time in the 0-8-region. This type of boundary
condition allows the mixing ratios of NO^ and HNO3 at 8 km
to vary for different stratospheric injection rates of nitrogen
oxides.

The upper boundary condition (at 38 km) on NOX and NO,,
in this model was a zero flux condition. Observations of NOX
summarized by Ackerman15 suggest that the NO* mixing
ratio increases relatively little above 38 km. Above that level,
photodissociation becomes an important loss process for
NOX. A subsequent two-dimensional model calculation
performed by extending this model to 68 km has shown that,
when the photodissociation of NO is included, the maximum
NO* mixing ratio is at 38 km except in a limited latitudinal
area in the vicinity of the polar night.

Using this two-dimensional model, calculations of the
distribution of odd nitrogen and odd hydrogen in the un-
perturbed atmosphere first were performed. These time-
dependent calculations were continued until the seasonal
distributions repeated annually. The resulting distributions of
NO* and HO* have been reported by Prinn et al.9 The total
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Fig. 1 Computed HNO3 mixing ratios in the stratosphere. The units
are parts per billion by volume. Solid lines represent summer
(July-September in the Northern Hemisphere or January-March in
the Southern Hemisphere) on the left-hand side and winter on the
right-hand side. Dashed lines represent spring (April-June in the
Northern Hemisphere or October-December in the Southern
Hemisphere) on the left-hand side and fall on the right-hand side.
These computed mixing ratios may be compared against the
measurements during Northern Hemisphere spring which are
presented in the lower part of the illustration (from Lazrus and
Gandrud23).

odd nitrogen between 8 and 38 km was 1.03 x 1035 molecules.
The observations of NO, NO2, and HNO3 in the stratosphere
unfortunately do not permit any detailed quantitative
verification of the predicted distributions. The modeled
distribution of HNO3 has qualitatively the same horizontal
and vertical structure as an observed distribution based on a
single series of observations in the lower stratosphere,
together with several isolated observations at higher altitude
(see Fig. 1). The model results for NO2 in the unperturbed
stratosphere are shown in the upper portion of Fig. 2.J In
these calculations, photodissociation coefficients were
averaged over the day in order to eliminate diurnal variations
from the model; the species concentrations thus correspond
approximately to 24-hr mean values. The comparison of
calculated NO2 and NO concentrations with observations is
discussed in Ref. 9, where the calculated concentrations are
shown to lie comfortably within the range defined by most of
the observations. At high latitudes in winter, NO2 con-
centrations are up to an order of magnitude larger than
Noxon's observations16; this is probably the result of
neglecting N2O5 in the model chemistry. This disagreement
should not have a significant effect on the results of this paper
because of the relatively small total area occupied by high
latitudes and the small ozone destruction that occurs there in
winter.

The chemistry of the two-dimensional model assumed a
rate constant for the OH+HO2 reaction of 2xlO" 1 0

tThe NO2 distributions in Prinn et al.8 differ somewhat from
distributions given in Prinn et al.9 principally because of minor
changes in OH chemistry and a different numerical value for the lower
boundary condition. Conditions in this paper are similar to those in
Ref. 8.
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Fig. 2 The two-dimensional calculated NO2 mixing ratios in the
unperturbed stratosphere during the Northern Hemisphere summer
are shown in the upper part of the figure. The lower part of the figure
shows the result of a two-dimensional calculation by Hesstvedt.19

Units are parts per billion by volume. Calculated mixing ratios during
Northern Hemisphere winter are obtained by reversing the direction
of the horizontal axis to yield the South Pole on the left and the North
Pole on the right.

cm3/sec. There is recent evidence that the rate constant for
this reaction may be an order of magnitude slower than this.
If so, OH concentrations would be approximately three times
larger than have been calculated; additional evidence of larger
OH concentrations is provided by recent measurements by
Anderson.17 Such a change in rate constants would lead to
somewhat smaller NOV concentrations because of additional
conversion of NOV to HNO3.

We shall refer to the preceding "steady-state" distributions
as existing at time zero. During March of year zero, an ad-
ditional continuous source of NO2 at a particular location was
added, and the computation was restarted. The first com-
putation was for an NO2 source of magnitude 1.8 x l O 6

tons/yr inserted at the 20-km level and distributed in the
ratios 1:2:1 at latitudes 50°, 45°, and 40°N. NOV built up
rapidly in the first two years in the source region, but the
accumulation was delayed by several years in the Southern
Hemisphere as a result of the slow interhemispheric transfer,
which, in this model, occurred more slowly than some ob-
servations of the atmosphere suggest (e.g., Newell et al.18

deduced a transfer time of approximately 1 yr in the upper
troposphere). The global accumulation of NOV had a time
constant of approximately 1.5 yr, which corresponded to the
time taken for NO^ to be transported from 20 to 8 km in this
model. This time scale may be derived by comparing total
accumulated mass of NO^ at equilibrium ( = 3.76xl03 4

molecules) with the source of 2.5 x 1034 molecules/year.
The computation was continued until the additional mass

of NO^ at all locations resulting from the specified source was
within 2% of the equilibrium value, a condition that was
verified not only by studying the accumulation of NO^ with
time but also by increasing NO^ by 2% at all grid points and
noting the tendency for the total mass of NO^ to decrease with
time. Equilibrium was attained after approximately 25 yr of
integration: this integration time is characteristic of the
transport parameters used in this model. It nevertheless

illustrates that many years of integration with a two-
dimensional model may be required in order to reach
equilibrium (particularly in the hemisphere opposite to that of
injection).

The calculated quasi-steady-state perturbations in NO2
resulting from the midlatitude injection at 20 km (run 18) are
shown in Fig. 3. These distributions were obtained at the time
corresponding to the middle of the solsticial seasons in the
two-dimensional model. The derived concentrations were
equivalent to a 36% increase in total NO^ between 8 and 38
km. In the Northern Hemisphere, they consisted of an ap-
proximately 100% increase in NO^ below 20 km but decreased
with altitude to an approximately 20% increase at 38 km.
Throughout most of the Southern Hemisphere, the increase
was 12-15%. The NO2 increases were generally similar to
those for NO^ except that, because the emission was initially
in the form of NO2, the delay in conversion to HNO3 allowed
NO2 to attain an approximately tenfold increase at the in-
jection location. Large percentage increases also are evident in
winter at high latitudes of the Northern Hemisphere below 20
km alt.

The two-dimensional model yielded NO2 concentrations up
to 38 km alt. However, the three-dimensional model extended
to 70 km, and some ozone destruction by NO^ occurred above
38 km. It therefore was assumed that the ratio of the NO2
perturbations to the ambient NO2 concentration was constant
in each hemisphere above 38 km and was similar to the ratio
calculated at 38 km. In the present calculation, a 20% increase
thus was used in the Northern Hemisphere and a 10% increase
in the Southern Hemisphere. The NO2 perturbations above 38
km in Figs. 3-5 are based on an ambient NO2 distribution
obtained from Hesstvedt and Isaaksen25 from a one-
dimensional model. This ambient one-dimensional NO2
distribution also was used to describe the NO2 distribution
above 38 km in the three-dimensional calculation of the
unperturbed stratosphere.

A second perturbed stratosphere calculation was performed
for a similar steady injection rate (1.8x 106 tons/yr of NO2)

0.2
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500 r~
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Fig. 3 Calculated equilibrium NO2 mixing ratio perturbations for
an injection of 1.8 x 106 tons/yr at 45°N, 20 km (run 18). The upper
and lower parts of the figure represent summer and winter conditions,
respectively, in the Northern Hemisphere. Units are parts per billion
by volume.
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initiated in year zero and inserted at 17 km alt again in the
ratios 1:2:1 at 50°, 45°, and 40°N. The NO2 distributions
thus obtained are shown in Fig. 4 (run 19). The increase in
total NOV between 8 and 38 km relative to the unperturbed
stratosphere was 27%. This increase consisted of an ap-
proximately 100% increase below 17 km but decreasing with
increasing altitude to an approximately 12% increase at 38 km
in the Northern Hemisphere. In the Southern Hemisphere, the
increase was typically 12%. Above 38 km, a 12% increase was
assumed in the Northern Hemisphere and a 10% increase in
the Southern Hemisphere.

Transequatorial transport apparently occurred in the two-
dimensional model throughout the 15-30-km-alt range but
particularly in the middle stratosphere. The rather slow in-
terhemispheric transport rate in this model may be producing
unrealistically small Southern Hemisphere NO2 con-
centrations in each of these calculations. However, an
examination of our three-dimensional results indicates that
the relative ozone depletions between hemispheres appear to
be controlled more by the dynamics of the three-dimensional
model (in which transequatorial transport rates are faster)
than by the relative partitioning of NO2 between hemispheres.

The third calculation assumed a tropical source, again of
magnitude 1.8 x 106 tons/yr of NO2, located at 20 km and in
the ratios 1:2:1 at 15°, 10°, and 5°N. The equilibrium NO2
distributions are shown in Fig. 5 (run 20). Since in this case
the source was located in the rising branch of the Hadley
circulation, this experiment produced the largest ac-
cumulation of NO^ between 8 and 38 km, with an increase of
55% over ambient concentrations. The magnitude of the
tropospheric increase was similar to that of the two previous
calculations but was divided more evenly between
hemispheres (in the ratio approximately 2:1). Above 25 km,
the increases in each hemisphere were similar and of
magnitude approximately 33%. Above 38 km, a 33% increase
in NO2 was assumed in each hemisphere.

Ozone Depletions
Ozone depletions have been calculated using a three-

dimensional photochemical-dynamical model of the at-
mosphere.6 This model possesses 36 levels at approximately
3-km intervals between the ground and 70 km alt and covers
the entire globe. The horizontal resolution is approximately
2000 km at midlatitudes. Dynamical equations derived using
the quasigeostrophic assumption are used to predict tem-
perature, stream functions, and vertical velocity, as well as the
distribution of atmospheric ozone. Transports of heat,
momentum, and ozone are predicted explicitly. A small
vertical diffusion term is included in this model to represent
vertical transport by subgrid scale motions; the value of Kz
used was an order of magnitude smaller than in Ref. 6 and
was only 102 cm2/sec at the tropopause. In this model,
forcing of the motion field is produced by heating; solar
heating due to ozone is recalculated at each time step as a
function of the predicted ozone column, and infrared effects
are treated by a Newtonian cooling approximation. Thus
there exists strong coupling between ozone and the motion
field. Integration proceeds using 1-hr steps throughout three
annual cycles, with the solar declination angle changing
continuously.

The chemistry of the three-dimensional model includes the
Chapman reactions for odd oxygen, two reactions of odd
hydrogen with atomic oxygen which affect ozone con-
centrations only above 50 km alt, and the following three
reactions involving odd nitrogen

NO+O 3-~NO 2+O 2 , k = L7xlO-}2e-13IO/Tcm3 -sec~y

NO2+O-NO+O2 , k = 9.1xlO-I2cm3-sec-J

, X<3P75A
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Fig. 4 Calculated equilibrium NO2 mixing ratio perturbations for an
injection of 1.8 X 106 tons/yr at 45°N, 17 km (run 19). The upper and
lower parts of the figure represent summer and winter conditions,
respectively, in the Northern Hemisphere. Units are parts per billion
by volume.
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Fig. 5 Calculated equilibrium NO2 mixing ratio perturbations for an
injection of 1.8 X 106 tons/yr at 10°N, 20 km (run 20). The upper and
lower parts of the figure represent summer and winter conditions,
respectively, in the Northern Hemisphere. Units are parts per billion
by volume.

where T is the temperature. These three equations define the
ratio of NO to NO2 but require that the distributions of either
NOX or NO or NO2 be prescribed. Ideally we should impose
an NO^ distribution, since NO. is better conserved than either
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NO or NO2; however, to reduce computation time NO2 was
prescribed based on the fact that NO2 is the predominant
form of NO^ in the altitude range in which most of the ozone
destruction occurs (25-35 km).

The model neglects the destruction of O3 by OH because
the chemistry of the two-dimensional model produces
hydroxyl concentrations which have only a small (~10%)
effect on ozone. The principal effect of underestimating
hydroxyl concentrations (see the discussion of the previous
section) is that the relative importance of NOX for ozone
destruction may be overestimated.

A 3-yr integration of this model was performed first for the
unperturbed stratosphere. It was noted that the dynamics
settled down after only a few months integration but that it
was not until the third year that ozone settled down into an
annual cycle.

The NO2 distribution used in the unperturbed stratosphere
calculation (run 17) was based upon a two-dimensional
calculation by Hesstvedt19 and not our two-dimensional
calculation for the unperturbed stratosphere. Figure 2 depicts
that distribution during Northern Hemisphere summer
conditions. During the Northern Hemisphere winter, a mirror
image of that distribution was assumed. Between these
seasonal extremes, a cosinusoidal variation with time was
used. Above 35 km alt, a one-dimensional distribution of
NO2 calculated by Isaaksen and Hesstvedt25 was used. We
would, of course, have preferred to have used the NO2
distribution shown in the upper portion of Fig. 2 for the
unperturbed stratosphere. However, the necessity of ob-
taining rapid results for the Climatic Impact Assessment
Program prevented us from awaiting the results of our two-
dimensional model before commencing the three-dimensional
unperturbed stratosphere calculation. The computation time
of 12 hr for each 3-yr integration on the IBM 360/95 and the
unlikelihood of significantly different results for either the
perturbed or unperturbed stratosphere dissuaded us from
rerunning the calculations at a later date. In particular, a
comparison of the two portions of Fig. 2 suggests that the two
unperturbed stratospheric distributions of NO2 possess
vertical structures that are similar relative to the range of
possible structures that are consistent with current ob-
servations of NO2.

The predicted zonal mean ozone distribution during
Northern Hemisphere winter is shown in Fig. 6. The
latitudinal variation of ozone is similar to that observed, but,
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Fig. 6 Calculated and observed ozone concentrations (10u/cm2)
for winter on the left and summer on the right. The upper drawing is
based on values illustrated by Wu.24 The lower part of the figure
shows results for Northern Hemisphere winter in the third year of
integration (season 12) of the three-dimensional calculation for the
unperturbed stratosphere.

because transport through the tropopause is approximately 10
tons/sec (compared with approximately 25 tons/sec ob-
served), ozone concentrations in the lower stratosphere are a
little too high and concentrations in the troposphere are too
low. Nevertheless, the simulated seasonal variation of ozone
(which is included in Fig. 8) indicates that the calculated
ozone distribution is remarkably similar to the observed
variations of total ozone in the Northern Hemisphere
(compare Fig. 3ofRef . 4).

400

- 200L

90°N 60°N 30°N 0°
LATITUDE

30°S 30°N 0°
LATITUDE

Fig. 7 The calculated latitudinal variation of total ozone in Dobson units for each season of the year. Run 17 represents the unperturbed
stratosphere. Runs 18-20 represent the injection of 1.8 x 106 tons/yr of NO2 at 45°N, 20 km; 45°N, 17 km; and 10°N, 20 km, respectively.
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Following the unperturbed stratosphere calculations, three
independent 3-yr integrations of the three-dimensional model
were performed. The only difference between the parameters
controlling each of these calculations was the different
prescribed NO2 distributions. These NO2 distributions were
derived in the similar manner from the two-dimensional
model results. The Northern Hemisphere summer NO2
perturbations shown in Figs. 3-5 were added individually to
the NO2 values shown in the lower portion of Fig. 2. The
resulting distributions were assumed to represent Northern
Hemisphere summer conditions in response to the continuous
injection of NO2 at various locations. Similarly, the NO2
perturbations shown in the lower portions of Figs. 3-5 were
added to the mirror image of the NO2 distribution shown in
the lower portion of Fig. 2 to represent Northern Hemisphere
winter conditions. For application to the three-dimensional
model, these six NO2 distributions were assumed to be
longitudinally invariant and to exist at the solstices in each of
the three experiments. Between the solstices, cosinusoidal
variations with 360-day (=1 model year) periods were
assumed.

As an aid in the interpretation of our results, the calculated
NO2 and O3 distributions have been averaged annually and
also averaged over latitude and longitude (see Table 1). In all
of the model runs, there was an excess production of ozone at
approximately 25 km of order 10 tons/sec. This excess
production was transported downward and, except for ap-
proximately 1 ton/sec, which was removed chemically be-
tween 15 and 20 km, was destroyed at the Earth's surface. In
these calculations, eddy transports between 10 and 20 km
were highly variable in both time and space. This variability
below 20 km is responsible for the nonuniform ozone
depletions at low altitudes shown in Table 1. This feature of
the model is not expected to affect the overall model results,
since 90% of the ozone is located above 17 km alt.

Each of the three calculations now will be discussed
separately. Run 18 (source at 45 °N and 20 km) yields a total
ozone depletion that annually averages 11.9% and that is
divided in the ratio approximately 2:1 between Northern and

Southern Hemisphere (Table 2). There is no significant
seasonal variation in this ratio. From Fig. 7, relative depletion
maximizes between 45 °N and the North Pole and is relatively
uniform in the Southern Hemisphere in three of the four
seasons. Moreover, the depletion at the latitude of injection
(45 °N) is not substantially larger than at other latitudes of the
Northern Hemisphere. These effects also may be seen in Fig.
8, which shows similarly shaped contours in runs 17 and 18
and in which the most noticeable difference is at the North
Pole in September, at which time the anomalous (i.e., not
observed) maximum of run 17 is not fpund in run 18. From
Table 1, we see that approximately 60% of the ozone
depletion occurs below 22 km, with the greatest loss being
produced at 20 km. Above 25 km, ozone is almost in chemical
equilibrium, and the ozone depletions are related directly to
the NO2 distributions. Maximum sensitivity to NO2 exists in
the 35-40-km region, where the product of concentrations of
NO2 and atomic oxygen is maximum. Just above the ozone
peak (e.g., -25 km), the photodissociation coefficient of
ozone has maximum sensitivity to the local ozone con-
centration, and thus an increase in NO2 tends to^be com-
pensated by a reduction in the atomic oxygen concentration,
so that the net loss of odd oxygen by the reaction between
NO2 and O changes little.

The relative depletion of ozone between hemispheres is
dominated by ozone concentrations below 27 km, particularly
between 18 and 26 km, a region in which transport effects
play an important role. Between 23.5 and 26.1 km, the total
mass of ozone is approximately 6x108 tons, and the
production rate of odd oxygen is approximately 70 tons/sec;
thus in this region ozone tends to be replenished chemically in
roughly three months, and, since model transequatorial
transport times were several years, the ratio of depletion in the
Northern Hemisphere to that in the Southern Hemisphere
depends primarily on the relative NOA. concentrations between
hemispheres. At this level, a depletion ratio of approximately
2:1 was calculated. Between 18.3 and 20.9 km, the total mass
of ozone is approximately 5 x 108 tons, and the production
rate is approximately 6 tons/sec; thus at 20 km ozone tends to

Table 1

Pressure,
mb
2.28

3.43

5.15

7.71

11.6

17.3

26.0

39.0

58.5

87.8

132.0

198.0

296.0
444.0
667.0

1000.0

Globally averaged ozone concentrations ( x 10 10cm 3 ) and NO2 volume
mixing ratios ( X 10 8 )(in brackets) for each model calculation

Approx ima te
altitude, km

41.9

38.8

35.9

33.0

30.2

27.5

24.8

22.2

19.6

17.1

14.6

12.0

9.3
6.4
3.4
0.1

Run
17

42
[0.340]
64
[0.690]

108
[0.870]

163
[0.980]

251
[0.805]

389
[0.509]

508
[0.257]

529
[0.129]

478
[0.076]

217
[0.051]
64
[0.016]
50
[0.007]
22
25
27
29

Run
18

38
[0.391]
56
[0.822]
96
[1.025]

149
[1.145]

234
[0.965]

366
[0.623]

488
[0.326]

482
[0.182]

306
[0.197]

200
[0.090)
70
[0.033]
28
[0.011]
20
19
22
24

Run
19

40
[0.377]
58
[0.788]

100
[0.986]

154
[1.100]

240
[0.922]

373
[0.588]

491
[0.302]

496
[0.154]

389
[0.101]

. 170
(0.101]

108
[0.033]
50
[0.012]
30
27
32
34

Run
20

38
[0.453]
49
[0.982]
85
[1.216]

135
[1.135]

214
[1.163]

336
[0.780]

465
[0.378]

482
[0.238]

395
[0]

229
[0.061]
50
[0.019]
30
[0.008]
18
19
22
24
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RUN 17 YEAR 3 RUN 18 YEAR 3

FEB APR JUN AUG OCT DEC

RUN 19 YEAR 3

FEB APR JUN AUG OCT DEC

RUN 20 YEAR 3

FEB APR JUN AUG OCT DEC FEB APR JUN AUG OCT DEC

Fig. 8 The calculated latitudinal and seasonal variation of
total ozone (Dobson units). The significance of the run numbers is
the same as in Fig. 7.

radiation due to diminished ozone concentrations at higher
altitudes). We calculated a Northern Hemisphere to Southern
Hemisphere depletion ratio at 20 km equal to approximately
3:2. Integrating from 0-70 km gives a net interhemispheric
depletion ratio in run 18 of approximately 2:1.

From Fig. 7, we note relatively uniform ozone depletion
from 10°S to the South Pole but that depletion tends to in-
crease with latitude from 10°S to the North Pole. This is the
result of the maximum net loss of ozone occurring in the
region of the maximum NOX perturbation in the Northern
Hemisphere and of the relatively uniform NOA perturbation
in the Southern Hemisphere. However, at high latitudes the
concentrations are controlled primarily by ozone transports
from middle lattitudes, and there is a tendency for the
depletion at high latitudes of the Northern Hemisphere to
exceed the loss at middle latitudes at that time of year (during
winter and spring) when the high latitude concentrations have
maximum sensitivity to the horizontal transport.

An analysis similar to that for run 18 can be applied to the
run 19 results. However, because of the smaller ozone
depletions in run 19, the calculations are influenced by dif-
ferences in eddy transports between perturbed and un-
perturbed stratospheres.§ These differences are probably due
to natural variability of our model atmosphere and not to real
differences in correlations between ozone mixing ratios and
velocities. The principal result of run 19, which is unlikely to
be modified by small variations in eddy transports, is that the
total ozone depletion in run 19 was approximately 6% or one-
half of that for a source at 3 km higher altitude. This
depletion is shown in Table 1, in which we see that the
depletion above 22 km for runs 18 and 19 is in the ratio 3:2,
which corresponds to the ratio of NO2 perturbations at those
altitudes. However, at 20 km the ozone depletion is sub-
stantially less in run 19 than in run 18 because the maximum
NO2 perturbation occurred at 17 km in run 19. The much
larger ozone depletion below 22 km in run 18 is responsible
for the 2:1 depletion ratio between runs 18 and 19.

The run 20 results do not suffer generally from the
limitations encountered in run 19. The total ozone depletion
in run 20 was 12.5%. This is remarkably similar to that

be replenished chemically in 2 or 3 yr, a time longer than the
1-2-yr transequatorial transport time associated with a
horizontal flux of order 10 tons/sec. At 20 km, therefore, any
localized chemical loss tends to be smoothed horizontally. In
particular, the additional loss of 3.5 tons/sec in run 18 at
midlatitudes of the Northern Hemisphere (at 20 km) is
balanced by eddy transport of ozone from the Southern
Hemisphere (and by additional production of 1.5 tons/sec in
the tropics as a result of increased penetration of ultraviolet

§Run 19 results indicate that the total ozone below level 18 was
greater in the perturbed stratosphere (see Table 1), that the ozone in
middle latitudes of the Southern Hemisphere during winter increased
in run 19 (this is seen as a small phase shif t of the total ozone in Fig.
8), and that the Northern Hemisphere to Southern Hemisphere
depletion ratio averaged 2:1. The last result is questionable because
the more uniform horizontal distribution of NO2 in the stratosphere
in run 19 than in run 18 and the substantially diminished ozone
depletion at approximately 20 km (see Table 1) would be expected to
produce a smaller interhemispheric depletion ratio than in run 18.

Table 2 The ratio of hemispheric ozone concentrations for the perturbed stratosphere and the unperturbed
stratosphere for each season of the third year of integration (expressed as percentages)

A n n u a l
March-May June-Aug. Sept.-Nov. Dec.-Feb. mean

(Run 18/run 17)
x 100%

(Run 19/runl7)
x 100%

(Run 20/run 17)
x 100%

Northern
hemisphere

Southern
hemisphere

Global mean
Northern

hemisphere
Southern

hemisphere
Global mean
Northern

hemisphere
Southern

hemisphere
Global mean

82.6

93.5

87.7
94.0

94.1

94.0
86.3

86.7

86.5

84.1

92.8

88.5
91.6

98.7

95.1
86.4

89.0

87.7

84.5

91.6

88.3
92.3

96.0

94.3
83.2

92.8

88.3

84.3

91.3

87.8
89.1

97.5

93.2
81.7

93.8

87.6

83.9

92.3

88.1
91.8

96.6

94.2
84.5

90.6

87.5
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obtained in run 18, despite substantial differences between the
NO2 distributions in the two calculations and between the
altitude distributions of the ozone depletions. In run 20 there
was more NO2 in the middle and upper stratosphere than in
the previous calculations because NO2 was being injected
where the motion of the atmosphere is predominantly up-
ward. The increased NO2 concentrations above 20 km
produced more ozone depletion there but were coun-
terbalanced by the small atomic oxygen concentrations in the
tropics at 20 km, thus resulting in substantially less ozone loss
at that level than in run 18 (see Table 1). Below 25 km the NO2
perturbation was hemispherically asymmetric (Fig. 5), and
there was sufficient ozone depletion in run "20 below 25 km to
produce some asymmetry of depletion between the
hemispheres. In Table 2, we report approximately 5:3 for the
ratio of the depletion of the Northern Hemisphere to that of
the Southern Hemisphere. This ratio is, however, seen to vary
seasonally, with largest depletions occurring in fall and
winter. This result is produced by the horizontal motions:
maximum depletion in the Southern Hemisphere occurs when
that hemisphere is most dependent on Northern Hemisphere
production, that is, during Southern Hemisphere winter, at
which time ozone is being transported from the Northern
Hemisphere into the Southern Hemisphere. In contrast,
depletion is least when most of the hemisphere is dependent
only weakly on tropical production, that is, during summer,
when motions are weak and midlatitude concentrations are
controlled by decay from the spring accumulation. The
depletion maximum in the fall is associated primarily with
additional eddy transport from the fall to the spring
hemisphere at the tropopause. There is no obvious reason for
this change in eddy flux of ozone between runs 17 arid 20, and
we regard the calculated spring/fall hemispheric depletion
ratio as requiring additional substantiation, which might be
obtained by one or two more years of model integration.

The latitudinal variation in ozone for run 20 is shown in
Fig. 7. Because proportionally more depletion occurs at
higher altitudes where ozone is in photochemical equilibrium,
the depletion possesses a more pronounced maximum at the
latitudes of injection than in runs 18 and 19. Apart from this
effect, the depletions are fairly uniform in latitude except for
a tendency for larger depletions in the polar region occurring,
as in run 18, because of a filtering action on the poleward
ozone fluxes.

Discussion
Our calculations utilized an NO2 emission rate of 1.8 x 106

tons/yr. Based on current emission levels,20 this emission rate
would be provided by ~ 2000 Concordes operating 8 hr/day
(which cruise at approximately 17 km alt). However, not only
are the emission levels of future fleets of SST's uncertain, but
significant uncertainties remain in the chemistry of the at-
mosphere. Therefore, large error bars must be assigned to the
calculations of this paper in estimating the absolute
magnitude of the future ozone depletion due to SST's.

The calculation procedure employed clearly was not op-
timum because of the weak coupling that existed between the
two- and three-dimensional models. The residence time of
material in the lower stratosphere was approximately 2 yr in
the two-dimensional model, in agreement with observation.
We thus would expect that approximately the "correct"
amount of NO^ is being retained in the model stratosphere.
The interhemispheric transport time in the two-dimensional
model was significantly longer than that in the three-
dimensional model (which was in better agreement with
observation). It is likely, therefore, that NO2 concentrations
in the Southern Hemisphere have been underestimated and
thus that the interhemispheric ozone depletion ratio has been
overestimated. Moreover, although we would have expected a
smaller depletion ratio in the case of a tropical injection than
for a midlatitude injection, there was sufficient variability of
the horizontal eddy fluxes responsible for this ratio near the

tropopause so that we limit our conclusion as follows: each of
our calculations resulted in at least half as much ozone
depletion in the Southern Hemisphere as in the Northern
Hemisphere.

The weak coupling between the two- and three-dimensional
models also had the consequence that chemical feedbacks
involving NO* and ozone were neglected. Some assessment of
the importance of the chemical feedbacks was obtained in an
experiment with the two-dimensional model, in which the
prescribed ozone concentrations were reduced arbitrarily by
10%.1 It was concluded that the influence of ozone changes
on the natural cycle for NO* production from N2O was small.
The effect of decreased ozone concentrations on the par-
titioning of NO^ between NO, NO2, and HNO3 also was
considered, and it was concluded that NO2 concentrations
could increase significantly at 20 km alt. Despite this last
conclusion, we did not feel that the magnitude of the effect
was sufficient to justify additional calculations of this par-
ticular problem using the current modeling procedure.

As pointed out in a previous section, recent evidence
suggests that calculated hydroxyl concentrations are
unrealistically low. The principal effect of this discrepancy
would be to overestimate the importance of nitrogen oxides in
the global ozone balance. Furthermore, the uncertainty in
estimated potential ozone destruction is compounded by the
possibility that other anthropogenically produced chemicals
capable of affecting the ozone balance will continue to be
added to the atmosphere. In particular, fluorocarbons not
only are likely to have some effect on ozone21 but also may
affect the NOV balance through the formation of chlorine
nitrate.22 Based upon these various uncertainties, we conclude
that relative ozone depletions presented in this paper are more
meaningful than absolute magnitudes of those depletions.

Conclusions
Calculations have been reported of the atmospheric ozone

depletions produced by injections of NO2 at two latitudes and
two altitudes in the Northern Hemisphere. We found that
injections at 45°N and 10°N (at 20 km alt) resulted in similar
global ozone depletions, and we thus conclude that the global
depletion of ozone resulting from supersonic flight is
relatively independent of the latitude of the flight corridor.
The calculations also showed, however, that more nitrogen
oxides were retained in the stratosphere in the case of a
tropical injection than for a midlatitude injection; this effect
was offset by the smaller atomic oxygen concentrations
existing in the tropical lower stratosphere which resulted in
less ozone depletion for a specified concentration of NO2.
This result points out that it is not possible to relate ozone
depletion directly to the NOV increase, as often is done in one-
dimensional models.

A comparison of the results for 17 and 20 km alt at
midlatitudes showed twice as much ozone depletion globally
for the higher injection altitude. This result illustrates the
sensitivity of ozone depletion to the altitude of supersonic
flight.

The global nature of the ozone depletion was indicated by
the result that, although the nitrogen oxide injections oc-
curred in the Northern Hemisphere, a considerable ozone
depletion was calculated in the Southern Hemisphere. In fact,
in all calculations at least half as much ozone depletion oc-
curred in the Southern Hemisphere as in the Northern
Hemisphere. Only in the case of the tropical injection was a
seasonal variation of this hemispheric depletion ratio noted,
with larger ozone depletions occurring in the Southern
Hemisphere in winter than in summer.

All of these calculations were performed using a two-
dimensional model of the atmosphere to calculate the
resulting ozone depletion. Improvements in this procedure are
envisaged in the future by using a larger and faster machine,
which should permit nitrogen oxides and ozone to be
calculated simultaneously in the three-dimensional model. At
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that time, the chemistry of odd hydrogen in the model will be
updated to reflect the increased importance now expected for
odd hydrogen in the atmospheric ozone balance. We do not
expect, however, that these model improvements will produce
the significant changes in the conclusions on relative ozone
depletions stated in the foregoing.
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