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ABSTRACT 

The transient behavior of a nitric oxide trail deposited in the atmosphere has been 
studied by numerical solution of the multidimensional diffusion equation including 
the effects of chemical reactions between nitric oxide and constituents of the ambient 
atmosphere. Starting with an initial nitric oxide concentration of 2 x 10” molecules/ 
cma and a trail radius of 90 m, computations have been carried out for 20 km as well 
as 60 km. As the trail expands, atmospheric ozone interacts with nitric oxide t o  form 
nitrogen dioxide and molecular oxygen. During the day nitrogen dioxide is photodis- 
sociated to  form nitric oxide, leading to a further decrease in ozone. Destruction of 
ozone by nitric oxide results in a depletion of ozone in the vicinity of the trail. For a 
quiescent atmosphere this ozone “hole” typically reaches a maximum extent in 4 to 
6 hours and collapses again in 12 hours. At  its maximum the 60 % or greater depletion 
region is one kilometer wide and 300 m thick. Trail behavior is relatively independent 
of altitude and background ozone but depends strongly on the magnitude of eddy dif- 
fusivity and the initial nitric oxide concentration. Wind shear stretches the trail into 
a thin oval, enhancing the rate of trail dissipation. 

Introduction 

A high density nitric oxide trail deposited in 
the mesosphere or stratosphere will simultane- 
ously diffuse and react chemically with ambient 
atmosphereic species, most notably ozone. I n  
this work the behavior of a trail at approxi- 
mately 60 km will be explored by the solution 
of the appropriate multidimensional diffusion 
equation which includes terms representing the 
effects of chemistry and wind shear. A compari- 
son will then be made with the situation in the 
stratosphere. The relative importance of turbu- 
lent diffusion, chemistry and wind shear have 
been examined carefully. It is found that no 
single process such as chemical kinetics can ex- 
plain the temporal behavior of the trail. Both 
diffusion and wind shear are found to be very 
important. 

Chemical reactions and the trail 

As a nitric oxide trail expands it interacts 
with constituents of the ambient atmosphere. 
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One of the most important reactions involves 
ozone. 

NO + 0, -+NO, + 0, 

This process enlarges the ozone hole which is 
created during the formation of the nitric oxide 
trail. The ozone distribution is normally con- 
trolled by the dissociation of 0, involving prin- 
cipally the Schumann Range bands in the meso- 
sphere with contributions from Lyman alpha 
and the Herzberg system which dominates in 
the stratosphere (Kockarts, 1971). Formation 
of ozone is by the three body association 

0 +O,  + M  +03 + M  

and destruction in an  oxygen nitrogen at- 
mosphere occurs by means of 

0 +o, + 2  0, 

photodissociation of 0, and loss by reaction 
with NO. 

Atomic oxygen is normally lost by the reac- 
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tion 

0 t-0 + M  +O, +M 

In  the presence of NO and NO, this loss can be 
increased by (Nicolet, 1965) 

N O + O + M + N O , + M  

NO + O  +NO, +hv 

NO, + O  +NO +O, 

so that odd nitrogen has an indirect effect on 
ozone. 

It has also been proposed e.g. Crutzen (1971) 
that NO, can aid in the destruction of 0, by 
means of the reaction 

NO, + 0, +NO, + 0, 

Several reactions lead to the destruction of 
NO, including 

NO, -t NO + 2 NO, 

and 

NO, +hv +NO, + O  

+NO 10, 

However the rate of formation of NO, is lo-" 
exp ( - 3 500/T) (Schofield, 1967) which at 
mesospheric temperatures is four orders of 
magnitude less than the corresponding reaction 
involving NO. Since the NO/NO, ratio is greater 
than unity at the edge of the trail the formation 
of NO, is of minor importance as a loss process 
for 0,. The quantity of NO, created at the edge 
of the trail will be proportional to [NO,][O,]/ 
[NO] at night. During the day there is strong 
photodissociation of NO,. The reuslt of this 
cycle is to enhance the loss of ozone by reaction 
with NO. 

Nitric oxide and nitrogen dioxide can be in- 
fluenced by the presence of atomic nitrogen. 
However, it is difficult to obtain large N con- 
centrations since the direct dissociation of mo- 
lecular nitrogen is ineffective even in the 
presence of predissociation. Dissociation of 
nitric oxide in its different band systems has 
become of increasing interest and discussed in 
detail by Cieslik & Nicolet (1973). Values in 
the mesosphere range from a minimum of lo-' 
sec-1 to 10-5 sec-1 depending on the cross sec- 

tions adopted. There is no dissociation in the 
stratosphere. Dissociation of NO, to form NO 
and 0 is usually postulated. A dissociation rate 
of JNo, = 1 0 - 2  sec-1 can be adopted (Brasseur 
& Nicolet, 1973) at the top of the atmosphere. 

Reactions involving N include 

N + O , + N O + O  

N + N O + N , + O  

N + O , + N O + O ,  

N + O  +M -+NO + M  

N + O  +NO +hv 

N +NO, + 2  NO 

All of these reactions lead to the formation and 
destruction of NO. However, in the ambient 
atmosphere the concentration of N is so small 
that one can neglect the effect of atomic 
nitrogen chemistry at the edge of the trail. 

The nitric oxide and nitrogen dioxide con- 
tained in a trail can be ionized in the meso- 
sphere by direct solar Lyman alpha radiation 
during the day and scattered Lyman alpha 
radiation at night. A starting NO density of 
1012 cm-3 at 75 km will give rise to 2 x 10' 
electrons cm-3 for a zenith angle of 7.5". This 
is more than three orders of magnitude above 
the normal background. The majority of the 
primary NO+ and NO: ions formed recombine 
dissociatively with free electrons. However, ionic 
reactions do occur which modify the primary 
species. For instance NO: is transformed into 
NO+ by the reactions 

NO: +NO +NO+ -I NO, 

The ion NO+ can react with NO, CO,, or N, 
to form a cluster ion which in turn is transferred 
into a hydrated ion of the form H,O+.(H,O),. 
Such hydrated ions may further cluster or aid 
in forming aerosols under proper conditions. 
The dissociative recombination rate of hydrated 
ions is as much as a factor of 10 larger than that 
of NO+ and NO:. In  general the electron den- 
sity is great enough that NO+ and NO; will di- 
rectly recombine producing atomic nitrogen and 
other products. However, as the electron den- 
sity decrease the percentage of hydrated ions 
w-ill increase. One of the by products of hydrated 
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formation and loss is hydrogen compounds, 
which can influence the ozone distribution. 

In the foregoing discussion emphasis has been 
placed on a nitrogen-oxygen system. Such a set 
of reactions overestimates the ozone concentra- 
tion in the mesosphere so that it is necessary to 
introduce hydrogen compounds to reproduce 
the ambient distribution (Hunt, 1966). In par- 
ticular 

H+O,+OH+O,  

and 

OH tO +H -to, 

are very important (Bowman et al., 1970). 
Hydrogen compounds can be affected by the 
presence of NO by reactions of the type 

HO, +NO +OH +NO, 

as well as the effective reaction 

OH +NO, + M  +HNO, + M  

Also to be considered are reactions such as 

NO + H  + M  +HNO + M  

The presence of large NO concentrations may 
create new molecules such as HNO,. 

The result of large NO concentrations in the 
presence of the chemistry discussed above is to 
reduce the ambient 0, concentration. This is 
particularly true for NO concentrations greater 
than lo1’ cm-, as can be shown by photo- 
chemical calculations of the chemistry discussed 
here. Although the chemistry is important, dif - 
fusion of the nitric oxide trail and of ambient 
ozone, attempting to fill the depletion caused 
by the vehicle is the primary effect. In the fol- 
lowing treatment the chemistry is minimized 
to the principle reaction, i.e., the formation of 
NO, by reaction of NO with 0, and to the dis- 
sociation of NO, during the day. Two examples 
will be considered. 

In  the first an ambient ozone concentration 
of 2 x 10la 01211, is assumed. This corresponds 
to an altitude of 20 km. A computation with a 
starting 0, concentration of 1 x 1010 om-3 is 
also given. This is characteristic of the lower 
mesosphere under conditions of minimum sea- 
sonal temperature and diffusivity. 
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Solution of diffusion equations 

For a homogeneous medium the dimension- 
less diffusion equation for the particle con- 
centration, c, is expressed as follows: 

ac - = vac 
at 

where the substitution a/at = (1/D) (a/&’) has 
been made to modify the time variable, t’, so 
that it includes the diffusion coefficient D.  The 
above equation is solved as an initial value 
problem. 

One-dimensional diffusion gives a different 
time behavior than diffusion in two or three 
dimensions. This difference is important when 
estimating residence times or lifetimes of various 
atmospheric phenomena. A comparison of the 
analytical formulations of the solution is given 
below (Sommerfeld, 1949). 

The general solution is: 

for j = 1 the integration is for one space dimen- 
sion, for j = 2, two dimensions, and i = 3 three 
dimensions. 

The kernels U for the three situations are 

U =  (4zD)-* exp -- I - :~c’zl 
(. - + (Y - 712 U = (4nDt)-’ exp - 

4Dt 

(3) 

(4) 

(Z - 5)’ + (Y - 71, + (2  - U = ( 4 ~ D t ) - ~ ”  exp - 
4Dt 

It is seen that the pre-exponential factors 
show a fundamentally different time depend- 
ence, i.e. 

1 
for one dimension - 

vt 
1 
- for two dimensions 
t 

1 
_- for three dimensions tilt 
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Thus one can obtain drastically different "life- 
times" depending on the number of dimensions 
considered. 

A comparison between one dimensional and 
radial diffusion has been considered as an ex- 
ample. For a diffusion coefficient of lo7 cmz/ 
sec and initial trail radius of 10 m, the time re- 
quired to reduce the initial concentration from 
10la to lo8 molecules ~ m - ~  was 1.25 x 10' sec 
for one dimensional diffusion, but only 250 sec 
for radial diffusion. 

So far we have considered diffusion in a homo- 
geneous medium. The atmosphere, however, is 
frequently characterized by a situation where 
diffusivities in the vertical and horizontal direc- 
tions can differ significantly, depending on wind 
shear and stratification conditions. We have 
taken the ratio of horizontal to vertical eddy 
diffusion coefficients as ten to one. The trail 
behavior is now described by the following equa- 
tion: 

Here D ,  and D, are the horizontal and vertical 
eddy diffusivities, and Ri is the rate of loss of 
species i by the relevant chemical reactions. 
The expression for Ri  can be written in terms 
of the rate constant k and the concentrations, 
c, of different species 

N 

Ri = 2 ki, jci cj 
j=1 

(7)  

In finite difference form the two-dimensional 
diffusion equation may be written explicitly as 
follows (Ames, 1969): 

Ui . j .k+l  - Ui . j . k  = rx[ui-l,j,k + u i + l .  j , k  - 

- 2 u i , j , k l  +rg[Ui.j-l.k + u i , j + l . k  p 2 u i . j , k l  

where 

D, At 
I -  (Ax), 

r =- 

Using equal mesh size in the two directions, 

one obtains 

rv = rr @ 
In order to solve the equations when chem- 

istry is included, the space field can be swept 
for chemical reaction during a time step, At, 
followed by a sweep for diffusive relaxation for 
that same time step. In this way it is possible 
to use the explicit marching formula for dif- 
fusive relaxation, and Runge-Kutta for the 
solution of a set of coupled nonlinear first order 
equations. 

Nitric oxide trail in the mesosphere 

Solutions of the two-dimensional diffusion 
equation with chemistry are presented as three- 
dimensional perspective plots in Fig. 1 for a 
nitric oxide trail diffusing a t  60 km. Only the 
reaction involving the destruction of ozone by 
NO to form NO, was considered. For daytime 
it would be necessary to include photodissocia- 
tion of NO,. It might also be necessary to con- 
sider radiactive heating of the trail due to ab- 
sorption of solar energy by NO,. One of the 
consequences of such heating would be boyant 
displacement of the trail to a higher altitude. 
In all cases, our boundaries should be matched 
to results of atmospheric solutions involving all 
chemical reactions. 

For the above case, the horizontal diffusion 
coefficient was taken a t  lo4 cmp sec- I ,  and the 
vertical coefficient as 103 cm* sec-1. In another 
example, the time behavior of the centerline 
nitric oxide concentration was studied for a 
trail of 90 meter initial nitric oxide radius, and 
same initial concentration as above. The dif- 
fusivity coefficients were 106 cm2 sec-' hori- 
zontal and 104 cm2 sec-' vertical. 

In order to  use the diffusion equations i t  is 
essential that the scales of turbulent motion be 
small compared with the physical dimensions 
of the problem. This consideration limits us to 
eddies less than 100 m in diameter, or roughly 
1 % of the scale height. At such dimensions the 
turbulence is almost homogeneous, but probably 
still contains some effects of stratification. To 
account for the above situation, the ratio of 
horizontal to vertical eddy diffusivity was 
taken to be ten, and the diffusion coefficients 
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TIME=1000 SEC 
AX-10  METERS 

1 0 x 1 0 ' ~  mol/cc 7 

, 
NITRIC OXIDE 

TIME=20,000 SEC 
AX=lO METERS 

I . ~ I X I O ' ~ ~ O I / C C  - 
I 

1 x 1 0 ' ~  mol/cc - 
NITROGEN 
DIOXIDE 

1.0x10'~mol/cc - 

~ NITROGEN 1 DIOXIDE 
I 

Fig. 1. Three dimensionel perspective plots of NO, 0, and NO, at different times. 

were chosen to represent reasonable lower lim- 
its. However, large variations in eddy diffu- 
sivity are to be expected (Zimmerman & Cham- 
pion, 1963). 

Centerline nitric oxide concentrations are 
shown in Fig. 2. Extrapolations for three- 
dimensional and radial diffusion are shown, and 
transition to the chemically dominant regime 
is seen to occur after approximately one day. 
In  the early regime, chemical reactions are im- 
portant but affect eddy diffusive processes 
primarily through modification of the boundary 
conditions for the diffusion process. As the con- 
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centration gradients become shallow the rate of 
diffusion slows and chemical rate processes be- 
come more important. Ozone behavior for this 
trail is illustrated in Fig. 3, which shows devel- 
opment of the half width of the point of 50% 
ozone depletion, i.e. inside the radius shown, 
ozone concentration is less than 50% of the 
ambient value. The maximum horizontal spread 
of the ozone hole occurs in approximately 3 
hours, and amounts to a 400 m half width for 
the 50% point. After approximately 5 hours, 
the gap begins to close, and after 9 hours the 
50% point has moved to the center of the trail. 
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DHOR = lo5 crn'lrec 

D , ~ ~  = lo4 cm'/~,, 
- 

R =9U METERS 
[NO] = 2 1 10'' MOLEC /CC 

20hm 
H 
o I 5 h m  

,os G U h - 1  u 
0 lo2  loi  I o n  lo5 lo6 

Fig. 2. Centerline nitric oxide concentrations for a 

TIME SEC 

trail at 60 km altitude. 

At 20 hours, centerline ozone concentration is 
85% of the ambient value, whereas centerline 
nitric oxide concentration is still 20 times as 
high as the natural background. The vertical 
extent of the ozone depletion, which is not il- 
lustrated, is less, since the vertical diffusion 
coefficient has been taken to be only 10% of 
the horizontal value. Otherwise, vertical be- 
havior is quite similar to horizontal behavior. 

Thus far, we have only discussed what may 
be considered a "night-time'' situation, i.e. ni- 
tric oxide reacts with ozone to give nitrogen di- 
oxide, whose further chemical activity is not 
considered. However, during the day nitrogen 
dioxide is photodissociated into products in- 
cluding nitric oxide, thus creating a catalytic 
cycle in which ozone is destroyed without any 
corresponding reduction in nitric oxide. This is 
quite true for the purely photochemical case. 
However, Fig. 3 shows that in the diffusive 
situation the recycling of nitric oxide has a 
relatively minor effect. The peak half width 
of the ozone hole is increased by only 5 %, while 
the collapse time goes from 32 000 sec to 38 000 
sec, i.e. from 9 hours to 10.5 hours. Fig. 4 
shows nitric oxide decay for both night and 
day situations. The daytime nitric oxide does 
decay more slowly as expected, but the dif- 
ference between daytime and nighttime cases 
only becomes significant for long times. For 
the daytime situation, nitric oxide concentra- 
tion is governed primarily by diffusion, since 
any nitric oxide which reacts with ozone is 
quickly recycled by rapid photodissociation. 
For the corresponding daylnight ozone behavior 
depicted in Fig. 5, the initial increase in center- 
line ozone concentration is very rapid, a be- 
havior attributable to initially steep concentra- 
tion gradients and small chemical influence. In  
half an hour a plateau region is reached which 
lasts for approximately four hours. The plateau 
is the regime of most active chemical reaction, 

- 

- 

r 

1 h r i  L. 

0 40 80 120 1 6 0  200 240 280 320 360 400 440 

HALF WIDTH, METERS 

Time dependence of half width of 50% ozone depletion 

Pig. 3. Development of the half width of the point of 50 % ozone depletion. 
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TIME, SECONDS x 103 

Centerline nitric oxide decay 

Fig. 4. Nitric oxide centerline decay for both night and day situations. 

as is also evident from the nitrogen dioxide 
plot which reaches a maximum in this period. 

It was assumed that the ozone concentration 
is zero in the space originally occupied by the 
nitric oxide. Thus, ozone increases monotoni- 
cally to some asymptotic value. At the other 
limit, where background ozone concentration 

extends into the core of the initially high nitric 
oxide concentration regime, a rapid chemical 
reaction occurs, destroying ozone in the core 
region, and resulting in a situation very simi- 
lar to the one considered. 

The-effect of eddy diffusivity is studied by 
considering cases in which the initial conditions 

TIME, SECONDS x 103 

Ozone recovery (centerline) 

Pig. 5. Ozone and nitrogen dioxide nighttime time behavior at centerline. 
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Table 1. E d d y  diffusion coefficient dependence 

D ,  cm2 sec-' t'(sec) Dt'ri2 [NO] [O,]  

108 2 x 10' 500 6 x 10'" 0.8 x 1O'O 
106 2 x 104 500 5 x 1010 0.21 1010 

104 2 105 500 5 x 1010 0.2 108 

were identical, and the number of time s t e p  
were the same, but the eddy diffusion coeffi- 
cients were varied. The situation of homogene- 
ous radial diffusion was chosen for this com- 
parison with an initial radius of 20 meters, and 
initial nitric oxide concentration of 10x4 mole- 
cules/cm-a. Results of the comparison are given 
in Table 1. 

For the daytime situation, where the effect 
of chemistry on nitric oxide concentration is 
slight, one may expect that the time required 
to reach background concentration levels is 
inversely proportional to the diffusion coeffi- 
cient. For nighttime centerline nitric oxide 
concentration the inverse proportionality to dif - 
fusion coefficient is no longer quite accurate. 
Similar behavior is observed for the centerline 
ozone concentration, since it is quite sensitive 
to chemical reactions. 

The initial radius is ro and t' is time after 
20000 intervals. It is seen that for constant 
values of the quantity (Dt'r;') the centerline 
nitric oxide concentration is approximately the 
same, but that centerline ozone concentration 
decreases for decreasing diffusion coefficient. 
The reason for the above behavior is that the 
slower the diffusion, the longer the chemical 
destruction of ozone can proceed before nitric 
oxide concentration drops to a low value. 

The effect of winds 

Thus far, winds have been considered implic- 
itly, as generators of the background turbulence 
which gives rise to eddy diffusivity. Winds also 
effect the trail in two other ways, namely advec- 
tion and distortion. The former is due to a 
steadily blowing wind, while the latter is caused 
by wind shear. 

First, consider the effect of advection. Ber- 
man & Goldburg (1971) quoted an annual mean 
zonal wind velocity of 10 m sec-l for the strato- 
sphere. The work of Smith et al. (1964) suggests 

higher wind speeds a t  higher altitudes. Taking 
10 m sec-' as a reasonable lower limit, one finds 
that in 10 000 sec (approximately 3 hours) a 
North-South trail will have been wafted some 
100 km in the direction of the prevailing wind. 
A trail originally deposited in the East-West 
direction will have been moved along its own 
axis, giving little indication of wind effects. 
The above argument assumes a purely zonal 
wind, while a wind having both zonal and 
meridional components is probably more rea- 
listic. In that case, the corresponding effects 
are determined by the proper components of the 
wind vector relative to the trail axis. 

Extrapolation of higher altitude wind shear 
data of Bedinger & Constantinides (1969) to 60 
km indicates an average vertical shear of 7 m 
sec-l/km, or 0.7 m sec-l/100 m. Thus, two 
horizontal layers, separated in altitude by 100 
m would move a t  an average rate of 0.7 m 
sec-l relative to each other. In three hours, the 
displacement would therefore be as large as 7 
km. If the wind shear is perpendicular to the 
trail axis, then the trail cross section will be 
stretched into a thin oval shape, decreasing the 
thickness of the ozone hole, and increasing the 
rate of dissipation of nitric oxide. Such behavior 
is illustrated by the stretched contour profiles 
shown later in this paper. On the other hand, 
a trail whose axis is parallel to the axis of 
shear will suffer only a slight distortion in the 
concentration profile. 

Fig. 6 gives a comparison of centerline nitric 
oxide concentration with and without wind 
shear. It is readily seen that wind shear plays 
quite an important role. 

Nitric oxide. trails in the stratosphere 

The background ozone concentration at  20 
km is two orders of magnitude greater than at 
60 km. The temperature a t  20 km is slightly 
higher, resulting in somewhat larger rate coef- 
ficients a t  the lower altitude. There are also 
differences in the overall photochemistry of the 
atmosphere, but no significant difference in the 
predominant interaction of nitric oxide and 
ozone. Atmospheric structure a t  20 km is 
characterized by a temperature inversion, while 
the distribution a t  60 km approaches an adia- 
batic profile. Thus, the atmosphere at  20 km 
tends to be highly stratified, though not neces- 
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20 km TRAIL OZONE HOLE 

TIME. SECONDS x 10' 

Effect of verlical shear 

Fig. 6. Comparison of centerline nitric oxide con- 
centrations with and without wind shear. 

sarily quiescent. Long (1959) has studied the 
motion of fluids with density stratification both 
theoretically, and experimentally. One of Long's 
important findings is that stratification tends 
to produce very sharp vertical variations in 
horizontal velocity. 

The initial trail characteristics are the same 
as in the 60 km example and the diffusivities 
are lo4 cm* sec-1 vertical, and lo6 cmr sec-1 
horizontal. The vertical value is typical (Dyer, 
1970), but the horizontal diffusivity does not 
include wind transport, and is thus considerably 
less than that generally quoted. Wind transport 
at 20 km is represented as a step wind rather 
than the steady shear assumed for the 60 km 
example. For comparison purposes, the tem- 
perature at 20 km is assumed to be the same as 
at 60 km. This results in about a 30% under- 
estimate of the rate constant for ozone and 
nitrogen dioxide conversion a t  20 km. 

Fig. 7 gives the 20 km case, corresponding to  
the 60 km study shown in Fig. 3. Development 
of the ozone hole, centerline nitric oxide decay, 
and centerline ozone recovery were all identical 
for the daytime case chosen for comparison. 
Centerline ozone recovery was measured in 
terms of percentage of background ozone con- 
centration. The only difference between the 
two cases was in the final collapse of the 50% 
ozone half width between 100 meters and zero. 
Here, the 20 km case collapsed in 34.5 x los 
sec, as compared with 38 x lo3 for sec the 60 
km case. The above behavior is quite surpris- 
ing, considering that background ozone con- 
centration at 20 km is 200 times greater than 
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100 200 3w 400 503 Mx) 700 800 

50% OZONE HALF-WIDTH, METERS 

Pig. 7. Development of ozone hole st 20 km for 
different initial nitric oxide concentrations. 

at 60 km. We must conclude that the process 
is essentially diffusion controlled, until a time 
of 2 x lo4 sec is reached, when chemistry be- 
comes dominant. This confirms the observa- 
tion made in Fig. 2 that chemistry begins to 
dominate a t  about 2 x lo4 sec for the initial 
nitric oxide conditions considered. 

The time at which chemical rates become 
important is sensitive to initial nitric oxide 
concentration but not to background ozone 
concentration. Fig. 7 shows what happens when 
the initial nitric oxide concentration is varied. 
Curve B represents the case discussed above. 

* 10: 

001 0.1 1 0  10 1M) 
CENTERLINE CONCENTRATION, 10" MOLECULEStcc 

Fig. 8. Centerline nitric oxide and ozone concentrs- 
tione at 20 km. 
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Curve A represents an initial nitric oxide con- 
centration of 1.2 x l O I 3  molecules ~ m - ~ .  Here 
the ozone hole grows more rapidly, reaching a 
larger maximum size, and takes longer to col- 
lapse. However, the time at which maximum 
size is reached is not very different from the 
previous case. Curve C shows a situation where 

the initial nitric oxide concentration is 2.0 x 
loll molecules cm-a, i.e. only 10% of the back- 
ground ozone concentration. In  this instance 
there is no growth of the ozone hole, and the 
initial hole collapses rapidly. Essentially, the 
nitric oxide concentration diffusing into the 
ozone is so low that destruction of ozone is slow 
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compared with diffusion. Fig. 8 shows center- 
line nitric oxide concentration, and centerline 
ozone concentration as functions of time. There 
is nothing surprising about the nitric oxide 
curves, but tho ozone curves are interesting as 
they illustrate the varying relative importance 
of diffusion and chemical kinetics. For case C, 
which had the lowest initial nitric oxide con- 
centration, the centerline ozone displays es- 
sentially diffusive behavior, its concentration 
increasing monotonically with time. Case B 
shows initially increasing concentration, to a 
plateau region, after which there is a mono- 
tonic increase. The two regions of increase are 
essentially dominated by diffusion, while the 
plateau indicates a “steady state” where ozone 
destruction by nitric oxide is balanced by dif- 
fusive replenishment. Case A, with the highest 
initial nitric oxido, shows centerline ozone in- 
creasing to a maximum, then decreasing to a 
minimum value, then again increasing toward 
the background value. Initially diffusion domi- 
nates, until the product [NO] [O,] (integrated 
over the reaction regime, rather than just the 
value at the center) reaches a sufficient value 
to enable chemical kinetics to become important. 

The next problem to be considered is the ef- 
fect of a step wind. I n  this case we did not need 
to do a comparison with 6 0  km calculations, so 
the temperature was taken as 230”K, which is 
more characteristic of the stratosphere than the 
200°K considered previously. The. background 
ozone and initial nitric oxide concentration were 
assumed to  be 1.85 x 10Ie molecules ~ m - ~ .  Dif- 

fusivities were kept constant, and a comparison 
made between a windless situation with a case 
having a very weak step wind, i.e. 0.25 m sec-l. 
However, the average shear across the step is 
7.5 m sec-1 km-’, which is a relatively high 
value. 

Fig. 9 A illustrates the effect of the step 
wind. The no wind situation is illustrated in 
Fig. 9 B. Examination of Fig. 9 A shows that 
wind modification is most noticeable on the 
innermost contour where the ozone depletion 
is greatest. This contour is decreased by more 
than a factor of four in height, and by almost 
a factor of two in length. Similar decreases in 
height are shown by other contours, though not 
to the same extent. Note the non-symmetric 
shape of the wind distorted contours. 

Conclusions 

Behavior of a nitric oxide trail deposited in 
the mesosphere or stratosphere is determined 
by several factors including eddy diffusivity 
and the presence of winds. It is also a strong 
function of the initial nitric oxide trail content. 
The nitric oxide trail reacts with ambient ozone 
to form nitrogen dioxide. For a trail of 100 m 
initial radius, an ozone hole will form to a 
maximum size in 4 to 6 hours and then decay. 
The overall recovery time of the atmosphere 
following the creation of the trail is less than 12 
hours. However, this time can be shortened by 
the presence of a wind shear. 
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HOBEAEHBE CJIEAA OICBCB A3OTA, 3AHECEHHOrO B ME3OCOEPY II 
CTPATOCDEPY 

3 ~ o n 1 0 q a ~  caena OKMCM a z o ~ a ,  3 a ~ e c e ~ ~ o 1 - 0  B 
amoc@epy, nsysesa n y T e M  q a c n e H H o r o  perue- 
H A R  M H O r O M e p H O r O  Y p a B H e H M R  R M @ @ Y 3 M M  C 
y 4 e T O M  3!$l&KTOB XMMM4eCKMX P e a K t q k i f i  M e m a y  
OKMCbIO a 3 0 T a  M C O C T a B J I R I O ~ M M H  O K p y m a I o w e f i  
aTMOC@epbI.  B H a Y a n b H b I f i  MOMeHT K O H q e H T p a -  
qas OKUCU a a o ~ a  6panacb p a a H o P  2.1012 MO- 
n e K y n  H a  W - ~  M pagEyc cnena 90 M e T p o B  M 

60 tca. no mepe p a c u t n p e H m  cnena amoc@ep- 
BbI4MCJIeHMR IIpOBOgMJIMCb gJIR BbICOT 20 H 

HMfi  0 3 0 H  B3aMMOgef iCTBYeT C OKMCbIO a 3 0 T a  C 
0 6 p a 3 0 B a H M e M  ABYOKMCM a 3 O T a  I4 MOJIeKyJ IRp-  
H O r O  K M C n O p O g a .  B T e 4 e H M e  AHR g B Y O K H C b  

3 y e T C H  OKRCb a 3 0 T a ,  4 T O  B e A e T  K H a n b H e f i l U e M y  
a a o ~ a  n o A s e p r a e T c n  @ o T o g a c c o q a a q m  M o6pa- 
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