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THE EFFECT OF PARTICLE PRECIPITATION EVENTS ON
THE NEUTRAL AND ION CHEMISTRY OF THE
MIDDLE ATMOSPHERE—I. ODD NITROGEN

D. W. RUSCH,* J.-CAGERARD,

SOLOMON,i P. J. CRUTZEN§ and G. C. REID'

“(Receiued 18 February 1981)

Abstract—A one-dimensional, time-dependent model of the neutral and ion composition of the
middle atmosphere is used to study the processes controlling the production and loss of odd nitrogen
species during particle ionization events. From consideration of the cross-sections for the relevant
ionization and dissociation reactions we conclude that between 1.3 and 1.6 odd nitrogen atoms per ion
pair are produced in the middle atmosphere. The value in the thermosphere is larger due to the role of
atomic oxygen. The time-dependent mutual destruction of odd nitrogen by the reaction N(*S)+NO —
N, +O must be included and the assumption of a nitric oxide production normalized to the ionization
rate is invalid. A simulation of the 1972 August solar proton event is presented. The calculated ozone
depletion occurring during the event due to the increase in odd nitrogen agrees well with the measured

ozone changes.
INTRODUCTION

The production of minor species (odd hydrogen
and odd nitrogen) in the Earth’s atmosphere sub-
ject to particle bombardment has been intensely
studied in recent years. These studies have been
motivated by measurements of anomalously large
depsities of odd nitrogen species under auroral
conditions, and the observed decreases in ozone
resulting from atmospheric ionization. The entire
system is complex, involving the degradation of
primary particles, the effect of secondary electrons
on atmospheric species, ionospheric chemistry in-
cluding complicated cluster ion chemistry, the pro-
duction of odd hydrogen, nitrogen, and oxygen
species, their chemical interactions and their even-
tual chemical loss and transport.

In the thermosphere, odd nitrogen [N(*D), N(*S),
NOJ] production subsequent to ionization by au-
roral electrons has been investigated theoretically
by Hyman et al. (1976), Roble and Rees (1977),
Gérard and Barth (1977), Gérard and Rusch
(1979), Rusch and Gérard (1980), and Roble and
Gary (1979). They have attempted to explain ob-
servations of anomalously high [NO*}[O,"] ratios
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by Donahue et al. (1970), Narcisi and Swider
(1976), Swider and Narcisi (1977), and Sharp et al.
(1979) and measurements of NO densities, Rusch
and Barth (1975) and Sharp (1978).

In the mesosphere and stratosphere interest in
odd nitrogen [NO, N(*S), ND), NO,, NO;, N,Os]
and odd hydrogen [H, OH, HO,, H,0,] production
by particle events was stimulated by the observa-
tions of Weeks et al. (1972) of ozone depletions
during a proton event and the recognition of the
catalytic nature of the reaction of odd nitrogen
species and ozone (Crutzen, 1970). Attempts to
assess quantitatively the production of odd nitrogen
and the subsequent depletion of ozone were made
by Crutzen et al. (1975), Reid et al. (1976), Fre-
derick (1976), Heath et al. (1977), Reagen et al.
(1978), Fabian et al. (1979), Bauer (1979), and
Solomon and Crutzen (1981). Thorne (1980) has
reviewed several aspects of particle precipitation
and its effects on the chemical composition of the
middle atmosphere.

Calculations of odd nitrogen production in the
thermosphere have taken into account the full com-
plexity of ionospheric chemistry resulting from the
particle precipitation event (see e.g. Roble and
Rees, 1977; Gérard and Rusch, 1979). Similar
calculations in stratospheric models employ neutral
odd nitrogen and partial ion chemistry (Crutzen et
al., 1975; Frederick, 1976; Reagen et al., 1978), or
assume a production of NO normalized to the
ionization rate. Bauer (1979) recommended
1.3NO molecules per ionization, Fabian et al
(1979) assumed 2-2.5 NO molecules per ionization,
and Solomon and Crutzen (1981) assumed 1.5 NO
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molecules/ionization. In addition, a recent theoreti-
cal study by Porter et al. (1976) gives a value of
1.27 odd nitrogen atoms per ion pair in proton
ionization events.

In this paper, we calculate the time-dependent
concentrations of odd nitrogen as a result of ioniza-
tion processes in the middle atmosphere including
the relevant ion chemistry and compare the results
with previous assumptions to evaluate the validity
of assuming a constant production of N atoms per
ion pair created as a function of altitude, time, and
ionization intensity. A new calculation of the ozone
depletion during the August 1972 solar proton
event is also presented.

In future papers, we will present detailed studies
of the nature of odd hydrogen and complex ion
chemistry produced by particle ionization.

THE MODEL

The model used in these calculations is the one-
dimensional, time-dependent model described in
Crutzen et al. (1978) and Solomon and Crutzen
(1981) extended to include the nitrogen-oxygen ion
chemistry. The densities of N,*, NO*, O,*, N*, O*,
N(*S), N(*D) and NO are calculated from the time-
dependent ionization rates and the chemistry de-
scribed below. The model includes current odd
nitrogen, odd hydrogen, odd oxygen and odd
chlorine chemistry. Background atmospheric com-
position before the event is that of Model D in
Solomon and Crutzen (1981).

The ion and neutral odd-nitrogen chemistry is
initiated in particle events by the action of energe-
tic secondary electrons, e*, on the major atmos-
pheric species:

e*+N,—» N, +2e (1)
e*+N, > N+N*"+2e 2)
e*+N,—»> N+N+e 3)
e*+0, -0, +2e (4)
e*+0,— 0+0"+2e. 5)

This is followed by a series of interchange and
recombination reactions involving nitrogen and its
ionw which produce additional atomic nitrogen:

N, +0— NO*+N 6)
N,"+e—> N+N 7
O*+N,— NO*+N ®)

N*+Q, = O0"+NO—->NO"+0— 0O, +N
9
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NO*+e—N+0O, a0

where the resulting atomic nitrogen atoms may be
formed either in the ground *S level or excited to
the 2D level. Nitric oxide is subsequently formed by
the reaction of atomic nitrogen with O,:

N(*S)+0, - NO+O
N(*D)+ 0O, - NO+0,

(11)
(12)

where reaction (12) is much faster than reaction
(11) at stratospheric and mesospheric temperatures.
The mutual destruction of odd nitrogen occurs
through the following reactions:

N(*S)+NO - N, +0
N(D)+NO — N, +0.

(13)
(14)

The rate constants and temperature dependences
of reactions (6)-(14) have been measured in the
laboratory or deduced by analysis of Atmosphere
Explorer measurements of thermospheric ion
chemistry. However, the branching ratios for N(’D)
production of reactions (2), (3), (6), (7), and (9)
have not been experimentally determined. Only in
the case of dissociative recombination of NO*
[reaction {10)] is there any laboratory guidance.
Kley et al. (1977) have found that 75% of the
nitrogen atoms are formed in the *D level. Choices
of efficiencies for the rest must be guided by indi-
rect evidence of the daytime and auroral odd nit-
rogen chemistry (see e.g. Gérard and Rusch, 1979;
Rusch and Gérard, 1980). We have adopted
branching ratios for N(*D) production of 100% for
reaction (6) and 50% for reaction (7).

We present calculations for two different branch-
ing ratios for the combined effect of reactions (2)
and (3). Reaction (8) is energetically incapable of
N(*D) production. The third channel of reaction (9)
is assumed to be 100% efficient in N(*S) production
but provides only a minor contribution to the total
odd nitrogen production.

An important quantity in this study is the
number of nitrogen atoms produced for each ion
pair created by the primary and secondary parti-
cles. The N, and O, total ionization rates are
assumed to be proportional to the mass of the
target particle and are given by:

B 0.88[N,1
QN =Q 0.88[N,]1+[0.]

_ [0]
Q0y=Q 0.88[N,]+[0,)’
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where Q is the total ionization rate (Vallance
Jones, 1975).

The relative magnitude of the ionization and
dissociative ionization cross-section [processes (1),
(2), (4) and (5)] are in the ratio 0.76:0.24 for N,
and 0.67:0.33 for O, according to Rapp et al
(1965).

Taking the ion production rates as proportional
to the cross-section, one obtains in the homos-

PReTE: b N,*) =076 X 0.77Q = 0.585Q
P(N*)=0.24x0.77Q =0.185Q
P(0,")=0.67x0.23Q =0.154Q
P(O*)=0.33%0.23Q = 0.076Q.

The sources of nitrogen atoms are dissociation
and dissociative ionization of N, (reactions (2) and
(3)] and reactions (8) and (9). The number of N
atoms produced by dissociation of N, is approxi-
mately given by:

PL(N) = 2D(N,) = 22

Q(N,),
(53

where D(N,) is the dissociation rate of N,, and op
and oy are the peak values of the dissociation and
total ionization cross-sections, respectively. Various
determinations of gp have been made. Winters
(1966) has measured the total dissociation cross-
section [including the branch described by reaction
(2)] and obtained a peak value of 2.0x 107'® cm® at
about 90eV. A similar result was obtained by
Niehaus (1967). Subtracting the value of the dis-
sociative ionization cross-section (Rapp et al,
1965), a value of 1.4x 107" cm? is obtained for the
dissociation cross-section. More recently, Zipf and
McLaughlin (1978) studied the dissociation of N,
by electron impact and e.w.v. photo-absorption.
From these measurements and the analysis by Zipf
et al. (1980), the values of 2.27x107**cm® and
2.0x 107'® ecm? are obtained for the total and for
the dissociation cross-sections of N,, respectively.
Measurements of oy have been reviewed by Kiefier
and Dunn (1966) and we adopt the value of 2.55 X
107 cm?. Consequently, P;(N) may be estimated
to vary between 0.8Q and 1.21Q.

N.,"* ions readily charge transfer with O, to form
0," and make no contribution to the N budget
except for a negligibly small fraction due to N,"
dissociative recombination [reaction (7)].

Atomic oxygen ions react with the major con-
stituents to give:

O*+N, 5 NO* +N
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or
0" +0, -5 0, +0.

Thus, the production of N atoms from this sec-
ond source is:

k1[N2]
ky[N,1+ k,[O5]
Finally, loss of N* ions proceeds through three
different channels [reactions (9)], all of which ulti-
mately produce an odd nitrogen. Consequently, the

production of odd nitrogen resulting from dissocia-
tive ionization is:

P3(N)=2P(N")=0.37Q

Py(N)=2 P(O")=0.03Q.

The total N atom production per ion pair is thus:

P(N) _P,+P;+P;
Q Q ’

whose value ranges between 1.31 and 1.61, de-
pending on the value adopted for the dissociation
cross-section of N,. In the following discussion we
adopt the lower value of 1.31 for the number of N
atoms produced per ion pair. This value is close to
the 1.27 N atoms/ion pair calculated by Porter et al.
(1976) from energy degradation calculations.

RESULTS

We illustrate the results by first considering an
event of constant ionization rate in altitude and
time of 5x10° ion pairs cm™s™"' for conditions
appropriate for the August 1972 proton event to be
discussed later. The time rate of change of odd
nitrogen can be written

d[NO,]

a;  Pro~ 2k[N(*S)IINO],

(15)
where Pyo, is the production of odd nitrogen per
ion pair and k is the rate coefficient for reaction
(13).

The ground-state atomic nitrogen density is to a
good approximation in photochemical equilibrium
and is equal to

.I ND(NO] + P N*S
kINO]+k'TO,]
where Puss is the production rate of N(*S) due to
particle precipitation, k’ is the rate coefficient for

reaction (11), and Jyo is the photodissociation fre-
quency of NO. Here we neglect the reaction

N(*S)+OH — H+NO

[NC'S)]= (16)
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which can affect the loss process of N(*S) although
it is included in the model. Upon substitution of
equation (16) into equation (15), we can solve for
the equilibrium or saturation concentration of NO
under sunlit conditions:

d[NO,]
dt

PN"S + JNO[NO]
= Pypo —2k{ —e N
NO- {k[NO]+k’[02]

oL
(17)

Saturation is achieved when the time derivative is
zero. If F is the fraction of odd nitrogen produced
in the S state, then for saturation

2JTwok[NOF + (2F — 1)kPrno [NO]— k' Prno [02]=0.

(18)
For F=0.5, equation (18) becomes
k'[0,]Pxo ]”2
=== . 1
oL, - [ 19)

In addition, the characteristic time required to
achieve saturation for constant ionization can be
written as

+=[NO,Lo/Pro, (20)

In Table 1, we present the calculated equilibrium
concentrations of NO and NO, and the characteris-
tic saturation time for F=0.5, an ionization of
5x%10°% ions cm™>s™' and a production of NO, equal
to 1.3 times the ionization rate. Saturation for NO
occurs rapidly at high altitudes and exceeds the
length of the calculation at low altitudes.

We define the efficiency with which odd nitrogen
is produced at time ¢ after time increment At as

_[INO(1)]-[NO, (t—An)]
- Pro At :

E 21)
An efficiency of one implies that all the odd nit-
rogen created in the interval At is present at the
end of the interval. An efficiency less than one
implies that a fraction of the odd nitrogen produced
during At is destroyed by chemical reactions while
an efficiency of zero implies the atmosphere is

TasLE 1. EQUILIBRIUM DENSITIES FOR NO AND
NO, AND SATURATION TIME CONSTANTS

Altitude [NO]gq [NO, ], T

(km) (em™)  (em™) (s)
80 9.4(6)* 1.9(7) 3.1(3)
70 1.7(8) 1.7(8) 2.8(4)
60 1.8(9) 1.8(9) 3.0(5)
50 8.0(9) 8.0(9) 1.3(6)
40 1.2(100  1.6(10)  2.6(6)

* Read 9.4(6) as 9.4x 106,
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35 1
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0O B8 16 24 32 40 48 56 €4 72 B0 88
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F1G. 1. CONTOURS OF EFFICIENCY OF ODD NITROGEN PRO-
DUCTION IN ALTITUDE AND TIME FOR A CONSTANT IONIZA-
TION RATE.

saturated in odd nitrogen. For the constant ioniza-
tion calculation, contours of efficiency in time and
altitude are presented in Fig. 1, and the time de-
pendence of E at several altitudes is shown in Fig.
2. The figures reveal that saturation is not reached
below about 55km for the entire length of the
calculation. Above 60km, saturation is reached
rapidly. The saturation time constant is, of course,
ionization rate dependent.

The efficiency for odd nitrogen production can be
estimated during a given time increment without
the use of a numerical model. Rewriting equation
(17) for Py« » Jno We have

dNO,] 2k[NO]Pyss

(22)

dr YO kTO,]+k[NO]T

© o o -
~ ™ ©w O

NITROGEN PRODUCTION
P 0o

EFFICIENCY OF ODD
© © 0 60 o o

Now

0 0 20 30 40 50 60 70
TIME (HRS)
F1G. 2. THE EFFICIENCY OF ODD NITROGEN PRODUCTION Vs
TIME INTO THE EVENT FOR SIX ALTITUDES.

The curves are marked with the altitude.
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FiG. 3. CoNTOURS OF 2k[NOJ/(k'[O,]+ k[NO]) ForR F=
0.5 AND A CONSTANT IONIZATION RATE.

Dividing by Pno, we have

d[NO,l/dr _
Pro,

_{ 2k[NO] }
KTO,1+k[NOT)
(23)

E=

where F is the fraction of odd nitrogen produced as
N(*S). In Fig. 3 we display contours of the term in
brackets on the right side of equation (23). For a
value of F equal to 0.5, it can be seen that the
efficiencies estimated by this simple relationship are
quite close to those shown in Fig. 1.

The August 1972 solar proton event has been
modeled using the time- and altitude-dependent
ionization rates supplied by R. C. Gunton (private
communication) which are close to those of Reagen
et al. (1978). In Fig. 4 we present contours of the
jonization rate for the first 4 days of the event. The
ionization maximizes during the last half of August
4 but is highly Structured throughout the event.

In Fig. 5 we show contours of efficiency for the
1972 event as defined by equation (21) for At=2h.
The most striking feature is the occurrence of nega-
tive efficiencies above 55 km after 4 August and at
35 km early on August 7. Changes in the efficiency
with time at a given altitude are correlated to
changes in the ionization rate and the current nitric
oxide density compared with its saturation value.
The loss of odd nitrogen is dependent on the
concentration of N(*S). Thus when the rate of
production of N(*S) from photolysis of NO be-
comes larger than the rate of production of NO due
to ionization, more odd nitrogen can be destroyed
chemically than is produced in At and negative
efficiencies result.

IONIZATION RATE (CMSSEC)

ALTITUDE (Km)
a @
& o

32 a0 4
TIME (HRS)

FIG. 4. CONTOURS OF IONIZATION RATE IN UNITS OF IONIZA-
TIONS cm™3 s~ FOR THE FIRST 4 DAYS OF THE AUGUST 1972
PROTON EVENT.

Time 0 is 4 August 1972 at 339 U.T.

The total amount of odd nitrogen produced dur-
ing the event is shown in Fig. 6 for three cases; a
50% branching ratio for N(*D) production for reac-
tions (2) and (3) (Model A), an 80% branching
ratio (Model B), and the assumption that each odd
nitrogen produced is in the form NO (Model C).
The last assumption produces 1.3 NO molecules for
each ion pair created during the event. The differ-
ence between the curves arises from the increasing

55

ALTITUDE (Km)

r1T 71T 7T T7TTTrT

1
B 24 32 40 48 56 64 72 80 88
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|
300 8

FiG. 5. CONTOURS OF THE EFFICIENCY OF ODD NITROGEN
PRODUCTION FOR THE AUGUST 1972 EVENT.

Dashed lines indicate negative efficiency.
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F1G. 6. THE TOTAL AMOUNT OF NO, PRODUCED DURING

THE 1972 EVENT FOR 1.3 NITRIC OXIDE MOLECULES PER ION

PAIR (——) (MODEL C), A BRANCHING RATIO OF 50%

(——) (MODEL A), A BRANCHING RATIO OF 80% (——)
(MoDEL B).

importance of N(*S) destruction of NO as the
branching to N(*D) decreases. For altitudes below
50km the percentage difference in odd nitrogen
produced under the assumption of 1.3NO
molecules per ionization and the assumption of a
50% efficiency is 20%. The divergence of the
curves at higher altitudes is due to the rapid satura-
tion of nitric oxide at these levels compared to the
total length of the event and the different satura-
tion values resulting from the assumptions in each
model.

Clearly the assumption which equates odd nit-
rogen production to NO production is incorrect and
below 60 km the different assumptions still produce
a 20% effect on the NO, production. It should be
noted, however, that these effects will be less im-
portant for an event at the dark pole. At night, NO
is converted to NQ, by reaction with ozone, and
then to NO; and N,Os. The conversion from NO to
NO, occurs rapidly below 50 km. Since the reaction
of NO, with N(*S) is slower than that of NO with
N(*S), the NO, loss is less effective at night and the
efficiencies will increase. Also, it is in these lower
regions where odd nitrogen is primarily responsible
for the destruction of odd oxygen during proton
events.

The calculated per cent ozone reduction for our
Models A and B, Model D of Solomon and Crut-
zen (1980) and a model based on the assumption of
1.5 nitric oxide molecules formed per ion pair are
displayed in Fig. 7 along with the revised BUV data
of Heath et al. (1977) (R. Stolarski, private com-
munication). The calculation of Solomon and Crut-
zen (1980) adopted an integrated ionization rate
somewhat larger- than those used here and assumed
1.5 NO molecules/ionization. The results of using
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the smaller ionization rate with the same assump-
tion on NO production can be seen by comparing
the appropriate curves. The comparison of the cal-
culated and measured ozone depletions are reason-
able for both Models A and B. It is, however,
difficult to choose between them on the basis of this
comparison.

In Table 2 we summarize the results of five
model calculations with different assumptions con-
cerning the number of odd nitrogen atoms pro-
duced per ion pair, the branching ratio to N(D),
and reaction rate coefficients along with the experi-
mental results labelled b.u.v. The efficiency (E) for
the entire event and the per cent ozone change
after 8 days are listed for each model. Models A, B,
and C represented in Fig. 6 are listed along with
two additional calculations. We note that the calcu-
lated reduction of Qs is 10% less in Model A than
Model C at 40 km due to the decrease in net NO,
production. Model E incorporates the reaction rate
coefficient of Wilson (1967) for reaction (11). The
change in the rate from the value of Model A at

55w, T T T T T T
*
L]
AN\ N\
50 - \ \ 7
3
N\
EN \
ANY
'\\
-— K \
£ 45~ "W \ 7]
< \
3}
2 [ )/
> '
= / .
= e /
] )
I 7
40 /// .y ]
i
I//
s
Y / . SOLOMON &
¥ — CRUTZEN (1980)
35 ,/// / ® ¢ o o * OBSERVATIONS —
/{’/ —-—--MODEL A
v - MODEL 8
PNoRIS T
- | ! 1 L 1 1

0 5 10 I5 20 25 30 35
PERCENT OZONE REDUCTION 8 DAYS
AFTER SPE

FiG. 7. THE PER CENT OZONE DEPLETION CALCULATED 8
DAYS FROM THE BEGINNING OF THE EVENT COMPARED WITH
THE DATA.

Also shown is Model D from Solomon and Crutzen
(1980). The curve labeled Pyo=1.51I is described in the
text.
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TABLE 2. AVERAGE EFFICIENCY FOR NO PRODUCTION AND CALCULATED OZONE REDUCTION AU-
GUST, 1972 SOLAR PROTON EVENT

Model
b.u.v. A B C D E

z(km) % O E % Oy E %0; E %O, E % O E % O

30 0 0.98 0 1.0 — 1.00 — 0.86 —  0.58 —

40 18 0.79 147 0.87 156 1.00 16.6 0.75 18  0.57 11.6

50 10 0.85 8.8 0.90 93 100 98 0.84 12 0.73 7.3

60 0 0.5 0 0.61 — 1.00 — 0.52 3 034 —

70 — 0.076 — 0.20 — 100 — 0.07 —  0.05 —

80 — 0.005 0.063 1.00 0014 — 0006 —

A. NASA Rates,* 50% branching to N(D), 1.3 NO, /ionization.

B. NASA Rates,* 80% branching to N(°D), 1.3 NO,/ionization.

C. NASA Rates,* NO production equal to 1.3 times ionization rate.

D. NASA Rates,* 50% branching to N(D), 1.62 NO, /ionization.

E. knio,=2.4X%107" exp(—3975/T), 50% branching to N(*°D), 1.3 NO,/ionization.

* Rates for N+NO and N+O, adopted from: Chemical kinetic and photochemical data for
use in stratospheric modelling: evaluation number 2, NASA Panel for Data Evaluation, Jet

Propulsion Laboratory, Publication No. 79-27.

low temperatures significantly affects the total NO,
production as N(*S) is a less efficient source of NO
in Model A than in Model E. This results in
increased NO, destruction in Model E and less
ozone depletion. Model D uses the cross-section of
Zipf and McLaughlin to calculate the production of
nitrogen atoms. The result of 1.62 nitrogen atoms
per ionization increases the total NO, production
by the ratio 1.6/1.3 compared with Model A with a
corresponding increase in the ozone destruction.
The calculated ozone depletion for Model D agrees
closely with the measurements at low altitudes but
disagrees sharply at high altitudes.

From the results listed in Table 2 it is difficult to
choose the model which most represents the real
situation, although we favor Model B because of
the arguments presented for the calculated NO, per
ion pair and the calculated ozone loss fits the
revised measurements well. The complexities of the
comparison and the relatively small differences be-
tween the different models compared to the meas-
urement error makes a definitive selection difficult.

DISCUSSION

We have presented calculations of the time-
dependent odd nitrogen concentrations in the mid-
dle atmosphere subject to proton bombardment
and the resulting ozone depletion. A production of
1.3 odd nitrogens per ion pair, an 80% branching
ratio for the production of N(*D) by the primary
reactions dissociating N, and inclusion of the loss
of NO, through N+NO in a time-dependent calcu-
lation appears to produce an ozone destruction
most compatible with the measurements.

It is apparent from the calculations that the loss
of NO by its reaction with N cannot be neglected
and that the assumption of a nitric oxide produc-
tion rate normalized to the ionization rate is in-
valid. Further, large differences occur between the
odd nitrogen production per ion pair in the lower
mesosphere-stratosphere and the thermosphere
due primarily to the absence or presence of atomic
oxygen. In the middle atmosphere, reactions (6)
and (7) play no appreciable role in the nitrogen
production as N," is lost primarily through charge
exchange with O,. In the thermosphere, each N,*
ion formed is capable of producing 2 atomic nit-
rogen atoms, one through reaction (6) and one
through reaction (10). The production of N atoms
per ion pair may increase to 3.3 in the lower
thermosphere from 1.3 in the middle atmosphere.
Thus caution must be exercised when using ther-
mospheric measurements and attempting to apply
the results directly to SPE events in the stratos-
phere.

The efficiency with which odd nitrogen is created
during an event is seen to vary in aititude and time,
with saturation occurring rapidly at high altitudes
and never occurring at low altitudes for the 1972
event.
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