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ABSTRACT

The behavior of minor constituents in the upper atmosphere at mid-latitudes
and high latitudes is studied by using one-dimension#l photochemical-~
diffusive model.

The diurnal variation of odd nitrogen in the mid-latitudes atmosphere
is investigated first.’ Introducing the N(ZD) quenching by O with kq=

12

0.6-1.0x10 cm3s-1 around 100 km, the quantum yield of N(2D) production

in the reactions energetically capable of producing N(ZD) such as

NOﬁ-e +- N+ 0, N; + 0 ~» NO+ + N, and the dissociatién of N2 by photoabsorption
of solar EUV and photoelectron impact, is determined to be about 0.9 by
comparing the calculated and measured daytime NO profiles beiow 110 km.

Above 140 km kq=1.0x10_12 cm‘?'s_l is recommended to be consistent with

NI(5200 Z) dayglow ﬁeasurements.

NO density goes through large diurnal variation above 100 km caused
by the diurnal variation of the thermospheric temperature: the daytime
density of 107 em3 decreasing to < 10% em 3 at night around 110 km if the
thermopause temperature T _ is < 900 K after sunset. Highly temperature

dependent reaction N(és) + 0, > NO + 0, which contributes to the production

2
of NO and loss of N(AS), is the key reaction which controls the nighttime
NO concentration. Small concentration of NO measured in the early morning
by rockets can be attributed to the lowered temperature during night.
Nighttime N(4S) profile is also very sensitive to the thermospﬁeric
temperature change. Midnight N density at 120 km could vary by more than
two orders of magnitude with the change of T_ by about 200 K. Daytime N
density does not depend so greatly on T and the noon value has its maximum

of 2-5 x lO7 cm_'3 at about 130 km. The measurement of N density by

Feldtan and Takacs(1974) is in agreement with our calculated profile which
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assumed T  appropriate for the time of the observation and kq of 4-5 x
10-12 cm38“1 above 130 km based on the laboratory experiment.

Secondly height distribution of minor constituents in the mesosphere
and lower thermosphere in the polar region is éimulated assuming the auioral
precipitation to induce a temporal variation of the source terms for minor
species. The dissociation of molecular nitrogen by,impacts of precipitating o
electrons, together with the production of neutral odd ﬁitrogen th:qughr
1onic:.reactions cauéed‘by auroralvionizationé, playé an essential iole'in
determining the distribution of neutral odd nitrogen ( N aﬁd NO) deﬁsiiies.
Temporal variations of the N and NO densities during the auroral perturbations ’;
are quite different with different values éf the quantum yield n of N(zb) in
the dissociation of NZ’, Enhancement of the ﬁoydensity to a value’mpre than
a factor 10 larger than the normal value is possible above the height of
100 km in an IBC III aufora, as far as n guO.S. | The atomic nitrogen density
grows rapidly during the precipitation, and decreases through the:reaction
with NO as soon as the perturbation ends. Alternatively 1f ns 0.1, the
N density would increase to be comparable with that of NO,;resultiﬁg in
lower NO density. A large value of n (2 0.5) is in favor of the recent
observations of NO which revealed the larger density of’NO in the polar’
thermosphe;e than in the low’and middle latitude. .’The prolonged enhancement |
of NO density may influence the electron density and the ionic composition
in the ' ‘ionospheric E region, during a pause of the auroral precipitation.
The more abundant NO+ density than the O; density wouid be maintained

throughout the day even under the condition of intermittent precipitatioms

of auroral electrons.
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CHAPTER I. GENERAL INTRODUCTION

0dd nitrogen chemistry

There are various kinds of minor chemical compounds, which are produced
from chemically stable species such as NZ’ 02, HZ’ and 320 in the upper
atmosphere. Nitrogen, hydrogen, oxygen, and their ionic compounds cbnstitute
such minor species. They are known to play important roles in the upper
atmosphere in spite of their small relative abundances. For example, fadia—
tion from OH is an interesting subject in the fields of airglow, 03 is
important as a heat source in the stratosphere and mesosphere, and NO is
crucial to the ion chemistry in the ionospheric D énd E regions. Of these
minor constituents we are mainly concerned with ﬁhe aeronomy of odd nitrogen
here. |

Nitric oxide was first considered as an important cdnstituent in the
upper atmosphere by Nicolet (1945). He pointed out'the’important role
played by this molecule through photoionization in the D-region. This was
confirmed by Watanabe, Marmo, and Inn(1953) by the measurement of the
absorption coefficients of NO, 02, and bther molecules. They concluded
that the formation of the D-region by NO as indicatéd by Nicolet(1945)
can be a satisfactory explanation, since Ly-a, which photoionizes NO
molecules, lies in an atmospheric window.’ Bates(1952) was the first to
discuss the photochemistry of nitrogen. N2 dissociation by photoabsorption
in the bands of the Lyman-Birge-Hopfield(L-B-H) system and electron im?act,
and dissociative recombination of N; were already considered as a source |
of atomic nitrogen in his study‘ |

The effect of dynamic processes such as diffusion and mixing(today we
call these as molecular and eddy diffusion) on nitrogen species'was pointed
out by Nicolet(1955). He concluded that departﬁre from static’chemical
equilibrium has to be considered in the computation of the relative

- population of nitrogen oxides.
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The concentration of nitric oxide was first estimated quantitatively
by measuring the resonance .fluorescence of the NO gamma bands in the
lower thermosphere by means of scanning ultraviolet spectrometer flown on
a rocket(Barth, 1964). The value indicated by this experiment was
considerably larger than that predicted by Nicolet(1960) and Barth(1961),
and some unknown sources of NO had to be considered.

Nicolet(1965a) reviewed the photochemistry of nitric oxide in detail.
It was concluded that the hydrogen compounds do not play an important role
in the chemistry of odd nitrogen and all their reactions wifh NO and NO2
can be neglected in the mesosphere. But chemical reactions, which contribute
to the production of NO, considered to be important by that time were
three body reaction N+ O + M+ NO + M And the reaction N + 02 - Nva 0.
Since these reactions are slow below 100 km, the estimation of NO density
including only these NO sources leads to small NO concentration.

+

Nicolet(1965b) proposed the reaction N2 + O2 - NO+ + NO as a source

of NO to explain the observation by Barth(1964). However, the rate
coefficient.of the reaction has been found to be less than 10"15 o:'.m:;sec-1

at several hundred degrees in the laboratory(Ferguson,l967;Ferguson et al.,
1968). Although Barth(1966a) suggested that this reaction may be fast enough

if N, is vibrationally excited, excess vibrational energy in NZ is rapidly

2
transferred to COZ’ which radiates it in the A.Bﬁ band system.. In this
way this reaction failed to explain the observed NO density.

Instead,. Hunten and McElroy(1968) suggested the reaction of Oz(lAg)'
with N as the most important source of NO. They speculated that the
electronic excitation of 02(1Ag) mighﬁ reduce the activation ene;gy of the
reaction making the reaction rapid enough to explain the NO density observed.

But this couldn't be accepted as an important source since it was not

supported by experimental data in the laboratory(Clark and Wayne,1969;

b N \!. .
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Findlay et al.,1969) which showed the rate coefficient of this reaction

. cm?’sec”1 at 200 K.

to be of the order of 2x10

Norton and Barth(1970) and Nicolet(1970) pointed out the importance

of the production of NO by the reaction N(ZD) + 02 -+ NO + O. This was
favored by the laboratory experiments of Black et al.(1969) and Lin and
Kaufmaﬁ(l971), and the reported value for the rate coefficient for the

2 and 5x10-12 cm3sec-'l respectively.

removal of N(ZD) by 02 were 7}:10“1
By this reaction observations of NO densities by Barth(1964,1966b) and
Pearce(1969) were fundamentally explained by considering the dissociative
recombination of NO+ and N; and the reaction of N; with O as sources
of N(ZD) (Norton and Barth,1970;Nicolet,1970).
Calculation of the concentrations of NO and N incorporating molecular
and eddy diffusion was first carried out by Strobel et al.(1970). They
solved continuity equation for odd nitrogen following the steady state
treatment of the combined chemistry of O and O2 by Colegrove et al.(1965,1966).
In this calculation N2 dissociation by photoelectron impact was introduced
as a new source of atomic nitrogen and metastable N(ZD) was ‘included to
obtain large NO densities in the mesosphere in agreement with the
measurement by Barth(1966b). Strobel(1971la) calculated the diurnal variation
of NO and N by solving the time dependent continuity equation. This
detailed theoretical model with measured values of solar flux, absorption
cross section and chemical rate coefficients for input data, succeeded to
be in accord with the new rocket measurement of NO density by Meira(1971).

The predissociation of NO was introduced by Bates(1952) as a
dissociation process of NO. Bates(1954) and Nicolet(1965a) deduced a
photodissociation coefficient of NO JN0=10~7sec—l at zero optical depth
and Nicolet(1970) obtained JNO=5x10-6secnl considering §(1,0) band of the

2

2 . s
system CTI-X"TI of NO as the principal band leading to a direct predissociation



process. Strobel et al.(1970) deduced JNO=4xlO_6 sec"l for the y bands
(v'>3) and the B bands (v'>6). Strobel(1971b) introduced all § and ¢
bands in his detailed model and obtained a large JN0>10—5 sec:-1 which
results in a large NO dissociation rate throughout the mesosphere.
The photodissociation coefficient of NO in the mesosphere is difficult to
calculate accurately since the atmospheric attenuation depends on the
absorption by the Shumann-Runge bands of 02. Such a calculation was made
by Cieslik and Nicolet(1973) by using detailed cross sections values of
molecular oxygen determined by Ackerman et al.(1970). They concluded
that major contribution to the dissociation of NO in the mesosphere and
stratosphere is the prediséociation of the 6§(1,0) and §(0,0) bands and
obtained photodissociation coefficient for §(0,0) and 8§(1,0) bands which
are 6.9x10-6sec_1 and 7.2x10_6 sec—l respectively at zero optical dépth.
More comprehensive calculations including some new reactions of odd
nitrogen were carried out by Oran et al.(1975) and Ogawa and Shimazaki

(1975). Photodecomposition of N, by solar EUV radiation between 800-1000

2
2 was newly added in their calculations based on the laboratory experiments
of Hudson and Carter(1969) and Cook et al.(1973). Photodissociation in the
Lyman-Birge-Hopfield (L-B-H) bands with v'>6, which contributes to a small
part of the production of the ground state N(as) has already been taken
into account by Bates(1952,1954), Nicolet(1965a,1970), and Strobel(1971b).
Important reactions which can produce metastable N(ZD) are the dissociation

of N, by photoelectron impact and photoabsorption of solar EUV, dissociative

2
. . + + . . + .
recombination of NO and N, with electron, and the reaction of N, with O.
Quantum yield of N(2D) production in these reactions energetically capable
of producing N(ZD) was found to be greater than 0.5 by comparing the

calculated NO profiles with those measured by Meira(1971), Tisone(1973), and

Tohmatsu and Iwagami(1975).



N(ZD) thus produced was considered to react with 02 to form NO and the
quenching reaction of N(ZD) by O or electron was neglected or considered
to be small. However, Rusch et al.(1975) obtained the value of the quenching
rate coefficient of N(2D) by O from the simultaneous measurement of the
NI(5200 Z) dayglow, neutral, and ion densities, and photoelectron fluxes
by a satellite. The value found was 1.4—6.3x10-13cm3sec_1. Torr et al.
(1976) deduced 1.5-2.5x10—12 cm:‘)sec_l for the reaction from the NI(5200 Z)
nightglow profile measurement. Davenport et al.(1976) has measured the
rate coefficient in the laboratory and obtained a value 1.81{10.-12 cm3sec-
at 315 K increasing with temperature. With these large values of the rate
coefficient the quenching reaction cannot be neglected in the calculation
of odd nitrigen densities in the thermosphere.where the quenching competes

with the reaction of N(2D) with O If N(2D) produced is quenched to

9°
N(AS), it leads to the loss of NO by the reaction N + NO -+ N2 +0
instead of producing NO.

Recently NO concentration, which is considerably smaller above its
peak than that obtained in the midday, in the early morning has been obtained
by Tohmatsu and Iwagami(1976) up to 140 km. In addition, a reevaluation of the
fluorescence coefficient for the v(1,0) band of NO has revealed that it must
be increased by a factor 2(C.A.Barth, private communication,1975).
Consequently it has become necessary to reduce NO concentrations measured
by Meira(1971), Tisone(1973), and Tohmatsu and Iwagami(1975) by a factor 2.

N density in the thermosphere has been estimated by Feldman and Takacs

(1974) and Gerard(1975) from the NO 8-band twilight observations by a rocket
and a satellite, respectively, and it also can be estimated from the NO

Yy and 8§ bands emission rate at night observed on a ballon(Cohen-Sabban and

Vuillemin,1973), as these band emissions of NO nightglow are excited by the



chemiluminescent reaction of N with O.

Considering these new circumstances, it seems necessary to revise the

. . . 2 , . . .
previous model including the N("D) quenching reaction to explain consistently

the observational results of NO and N in the thermosphere.

Role of NO in the ionospheric E and D region

Nicolet and Swider(1963) recognized that a conversion process for
+ + .
02 -+ NO was required in the E-region and suggested processes like
+ + + + C o
02 + N2 - NO' + NO and 02 + N> NO + O, However, the former reaction is
known to be too slow from laboratory experiments as noted earlier and
the latter is not effective in the E-region owing to the small concentration

of N(Strobel,1971;0ran et al.,1975;0gawa and Shimazaki,1975). It is now

known that there is sufficient NO in the E-region to explain the conversion

+

t NO+ by the reaction 02

0,

1972).

+ NO - NO+ + 02 (Keneshea et al.,1970;Swider,
. +
In the daytime N2

+
its conversion to NO or O; is dependent upon the O/O2 ratio. On the

is a major initially-formed ion in the E-region and

contrary at night the effect of NO is more straightforward. The ionization
of the mid-latitude night-time E-region below about 100 km is a result

of photoionization of NO by scattered H Ly-o(Ogawa and Tohmatsu,1966;
Keneshea et al.,1970;Strobel,1972;Strobel et al.1974). In addition, the
major ion observed at night is not O; but NO+ in spite of the fact that above
100 km ionization at night is mainly due to the photoionization of O2 by H
Ly-R. This is because with the lower electron concentration by night as
compared to day, the process O+ + NO - N0+ + 0, becomes the major loss

2 2

process as compared to 0; + e > 20,



Nicolet and Aikin(1960) suggested that under normal conditions
jonization of about 85 km is produced by the photoionization of NO by
Ly-a in the daytime. If NO density by Barth(1966b) and Meira(1971),
which is about 3 orders of magnitude larger than that used by them, is
adopted, photoionization of NO becomes the dominant source of ionization
in the entire D-region both in the daytime and-at night (Bourdeau et al.,1966;
Thomas,1971). N0+ ion is also important to the chemical reactioms in the
D-region. It has been suggested that NO+ thus produced may represent
the precursor ion of the water cluster production chain as well as 0;
ion:reaction chain starting with NO+ may be important in the production
of positive water-cluster ions (Hunt,1971;Sechrist,1972). In this way
accurate knowledge of NO concentration is essential to discuss the -

behavior of the ionospheric E and D region.
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The aeronomy of minor constituents in the polar atmosphere

.There are still scarce observational results and theoretical study
concerning the minor constituents in the atmosphere at high latitudes
compared to those at mid-latitudes(observational results of high latitude
atmosphere are reviewed by Swider(1977)). The behavior of these species
is expected to go through large changes compared to those at mid-latitudes
caused by

(1) precipitation of electrons and protons associated with various disturbances
in the polar atmosphere,

(2) difference in photodissociation and photoionization rates due to the
different insolation,

(3) latitudinal variation of the thermal structure,

and

(4) configuration of meridional transport.

Item (1), (2), and (3) would be easily included in the one-dimensional model
which was originally developed to study the atmosphere at mid-latitudes.
Item (4) is not important to the discussion of the temporal behavior of
constituents with chemical time constants shorter than a day such as odd
nitrogen, but is expected to influence the concentration of species with
time constants longer than a day such as O and H in the thermosphere.
Quantitative estimate of the effect of horizontal transport awaits

the development of the two-dimensional model.

Among these effects (1) has attracted most attension because of its
optical feature. The calculation of ionization and excitation rates of various
atoms and molecules has been the first step of the study of the aurora.

There have been a lot of attempts to investigate quantitatively the processes
of interaction of precipitating electrons with the earth's upper atmosphere.
(Tohmatsu and Nagata,1960;Takayanagi and Yonezawa,l961;Rees,1963;Rees,1964;

Maeda,1965;Kamiyama,1966;Kamiyama,1967;Rees,1969;Judge,1972;Banks et al.,1974).



Calculated auroral intensities from various excited states were compared
with observed ones on the ground or by rockets and calculated spectra of
electron fluxes at various altitudes were compared with those measured.

Walker and Rees(1968) calculated the electron density in aurorae
assuming chemical equilibrium on steady state condition.

Time dependent behavior of minor neutral constituents during and after
the precipitation of auroral electrons were first studied by Maeda and
Aikin(1968) and Maeda(1968). They discussed the variation of O, 03, and
OH taking into account the related photochemical reactions, but assumed
values for electron fluxes are too large to assess adequately the realistic
effects of auroral perturbations.

Jones and Rees(1973) calculated the ion, N(4S), and N(ZD) densities
after turning on a primary flux of bombarding electrons by solving a time
dependent continuity equation incorporating ionic and neutral chemical
reactions and diffusion to represent the characteristic aeronomic feature
of aurorae. But they didn't include the variation of NO density and their
model does not give the initial background profiles of the species cocerned in
a self-consistent manner. Characteristic buildup time for ions are concluded
to be of the order of 1 sec to 1 minute and for N its longer.

Ion compositions in aurorae have been measured by Swider and Narcisi
(1970), Donahue et al.(1970), and Narcisi et al.(1974) by positive ion
mass spectrometers flown on rockets. All these observations showed large
N0+/0; ratio suggesting increases of NO in aurorae. Swider and Narcisi
(1974) deduced NO concentration from their observed ion concentration in
an aurora. NO density was more than order of magnitude larger than those
observed at mid-latitudes.

More direct measurement of NO density using mass spectrometer was
carried out by Zipf et al.(1970), but their derived value at 120 km is

3.5x10ll cm“3 which seems too large.
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More comprehensive and reliable observations of NO was made by Rusch
et al.(1975). NO yv(1,0) band emission measured by a satellite at high
latitudes showed that NO concentrations are highly variable in both time and
space, the average values being 3-4 times higher at high latitudes than
at mid-latitudes. They speculate that increase of NO density is caused
by the efficient N(ZD) production by auroral processes.
As there is no satisfactory quantitative study ;oncerning the behavior
of odd nitrogen in aurorae including the chemistry of odd nitrogen and
ions, it seems worth estimating the effect of the perturbations based on

a one-dimensional photochemical-diffusive model.
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CHAPTER II.

A Temperature Dependent Model of the Thermospheric

Distribution of Odd Nitrogen
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1. Introduction

The behavior of odd nitrogen, especially its diurnal variation in the
thermosphere has been discussed by Strobel (1971), Oran et al.(1975), and
Ogawa and Shimazaki(1975) by taking into account the photochemical reactions
related to odd nitrogen, including ionic reactions, and its vertical
diffusion. By comparing calculated NO profiles with those deduced from NO
?(1,0) airglow measurements below 110 km, they concluded that quantum yield
of N(2D) is > 0.5 in the dissociative recombination of NO' and the dissocia-
tion of N2 by photoabsorption between 800 and 1000 Z and by photoelectron
impact which are the major gsources of N(ZD). |

N(2D) produced has been considered to react with 02 to form NO and
the quenching rate coefficient of N(ZD) by O has been estimated to ge small
or neglected in their calculations. However, Rusch et al.(1975) deduced

3

the value of the quenching coefficient to be < 6.0 x 10—1 cm3s—l from

o
the observed emission rates of NI(5200 A) dayglow and the physical quantities

above 140 km which are necessary to determine the coefficient. Torr et al.
(1976) have obtained 1.5—2.5x10“12 c:m35—1
nightglow profile measurement. Davenport et al.(1976) has measured this
rate coefficient in the laboratory and obtained a value of 1.8x10--12 cm35_1
at 315 K increasing with temperature. Although these values differ one
another, the quenching reaction cannot be neglected in modeling the odd
nitrogen distribution, as it is expected to be more important than the
reaction of N(ZD) with 02 above 140 km.

Recently NO concentration in the early morning, which is comsiderably
smaller than that in the midday, has been measured by Tohmatsu and Iwagami
(1976). In addition, it has become necessary to reduce NO concentration

already published by Meira(1971), Tisone(l973), and Tohmatsu and Iwagami

(1975) due to the correction of the fluorescence coefficient for the NO

-2-

[-]
for the reaction from the NI(5200 A)



v(1,0) band (Barth, C.A., private communication, 1975). N density in the
thermosphere has been derived by Feldman and Takacs(1974) and Gerard(1975)
by the NO § band twilightglow observations. These new observations
necessitates us to revise the previous model calculation.

In this paper, we try to calculate the diurnal vatiation of odd
nitrogen incorporating the quenching reaction of N(ZD) by O, in order to

interpret the measurements of odd nitrogen synthetically.

2. Numerical model

M}nor constituents involved in the present calculation are N(ZD),
N(AS), NO, N+, 0;, N0+, 0+, N+, and electron. Photochemical reactions
and their rate coefficients incorporated in this study are listed in Tables II.
1, 2, and 3. Vertical eddy and molecular diffusion for neutral species,
and ambipolar diffusion for ions and electron, are taken into account.

For [NZ]’ [02], and [0], results by Ogawa and Shimazaki(1975) are utilized
between 70 and 120 km, and above 120 km they are calculated assuming
diffusive equilibrium. ([ ] represents the number demsity of the assigned
particle.)

Lower boundary is chosen to be 70 km where the density of NO which has
the chemical time constant of order of 1 day, is kept constant. N(ZD),
N(AS) and ionic species with much shorter time constants than that of NO,
are calculated neglecting the dynamical term at the lower boundary. The
effect of the lower boundary condition on [NO] is considered to become
unimportant above:80 km(by more than 1 scale height apart from the lower
boundary). Molecular diffusion flux is set to be 0 at the upper boundary
which is chosen to be 200 or 400 km.

Temperature profile is given as Ogawa and Shimazaki(1975): below

110 km it's based on U.S. Standard Atmosphere and is extended above 110 km



by the relation

T=T, - (T, ) exp ( -0.02(Z-110)) (11.1)

" T110
where height Z is given in kilometers, TllO is the temperature at 110 km,
and T, is the thermopause temperature.

Height and time steps in the numerical integration, which is carried

out for 45°N latitude at the equinox, are 1 km and 180 sec respectively.

3. Photochemistry of odd nitrogen in the thermosphere

Before discussing the results of the diurnal variation of odd nitrogen
}gxdetail, we will summarize how each density is determined by the photo-
chemical reactions based on the calculated chemical rates.

Fig. II.1 is a reaction-‘schémé representing the chemical budget of: odd
nitrogen above 90 km.

Production rates of N(ZD) by the reactions J2, J3, J7, R8, RI1l, RI1O0,
RI12, and RI1l4, which are energetically capable of producing N(2D), are
dissociation rate by photoelectron impact is %

2
approximated to be 0.18Qe cm—3s—1, where Qe is the total photoelectron

<.
dipicted in Fig. IT.2a.N

production rate. This approximation is thought to be valid within a factor
two below 200 km where R8 becomes important. Above 120 km, ionic reactions
RI1 and RI14 are the major sources of N(ZD), R8 and RI12 becoming also
important with altitude, and below this height J2 and J3 are important.

Here we have assumed the quantum yield n for N(ZD) in the reactions mentioned
above to be 0.9. The validity of this value is discussed in detail later.

The production rates of N(AS) are shown in Fig.II.2b.The most important
source of N(4S) above 110 km is the quenching reaction R3 whichﬁ;lsoypaiﬂé L
the major sink of N(ZD) above 140 km. Below 110 km, JI1 and the other
branching to yield N(AS) in the reactions J2, J3, J7, R8, RI1, RI10, RI12,

and RI14 mostly contribute to the production of N(4S).



In Figs., IT.2c¢c and II.2d are shown the production'and loss rates of NO.
Rl is the most important source of NO above 120 km, while R4 dominates
below this altitude. Dominance of Rl at higher altitude is due to the
increased rate coefficient for Rl owing to the temperature increase as
well as large [N] caused by the significant production of N(AS) through

R3. NOis mainly lost to form N, through the association reaction with N.

2
RI9 and J4 are important as a sink of NO below 110 km. R1 and R2, which
are the important source and loss of NO above 120 km respectively,
constitute the sink of N(4S). N(ZD) is mostly converted to NO through
R4 below 120 km, whereas above this altitude it is quenched to N(4S) by
the reaction with O(R3). |

Also the production rates of NO+ are shown in Fig. 2e. NO+ comes

from N+ above 110 km and also from 0+ above 170 Ikm. 0+ is an important

2 2
+ . +
source of NO below 110 km together with NZ’
In the daytime the rates of the production (P) and loss (L) for each

constituent are of the order of 103 cm_35—1 being by about a factor 10

greater than the divergence term due to the eddy and molecular diffusion.

At night Q and L decrease to about 102 c:m--:is—l

whereas the dynamical
term remains the same order of magnitude. It may be concluded that the
concentration of odd nitrogen is determined mainly by the photochemical

reactions above 90 km in the daytime, whereas the dynamical process has

an important effect on the behavior of odd nitrogen during the night.

4. Quantum yield of N(ZD)

Although Oran et al.(1975), Ogawa and Shiﬁazaki(l975) and Rusch et
al. (1975) have treated the quantum yield of N(ZD) in the reactions RI1,
RI4, J2, J3, and R8 separately, only the total N(ZD) production rate is

an important physical quantity as a source of NO when calculated and

~5-
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observed NO profiles are compared around 100 km, as these reaction rates are
in the same order of magnitude there. So we have calculated the diurnal
variation of [NO] assuming the same quantum yield n for each reaction. Noon
profiles for various values of n are shown in Fig. II.3 together with [NO]

by Meira(1971) and Tohmatsu and Iwagami(1975) deduced from NO y(1,0) airglow
observations. Here it must be noted that the observed values have been
reduced a factor 2.07 from their original ones‘considering the revision of
the fluorescence coefficient for the NO y(1,0) band. Although these measur-
ments differ in latitude, season, local time, and solar activity, they coincide
well with each other below 110 km. By comparing the calculated and measured
profiles around 100 km it can be concluded that n must be much larger than

0.5. Hereafter n is taken to be 0.9 as an optimum value.

5. Effect of the quenching of N(ZD) by O
The rate coefficient for R3 used in our present calculation is k3 =
8.5 x 10_12 exp(-500/T) Cm3S—l which is based on the laboratory experiment

1

by Davenport et al.(1976). k., reaches 5 x 10—12 cmBS— for T = 1000 K

3
which commonly occurs in the thermosphere. However, Rusch et al. (1975)

and Torr et al.(1976) have obtained k., = 1.4 - 6.3 x 10713 st and

3

1.5 - 2.5 x 10_12 cm3s-l, respectively from the observed NI(5200 K)
airglow intensities. |

Calculatele(zD) profile at noon is compared with the observation.by
Rusch et al.(1975) in Fig. 11.4 (labeled as case A). [NO] and:{N(gs)] are
also shown in the same figure. As is expected from the disagreement of
the laboratory value with those obtained by the airglow analysis, the
calculated [N(ZD)] is about 5 times smaller than the observed. This
discrepancy of [N(ZD)] becomes larger by more than 1.5 times for the
5200 2 intensities observed by Wallace and McElroy(1966). 1If the coeffi-

12 3 -1

cient is chosen to be 1.0 x 10 em™s ~ at all altitudes (case B), [N(ZD)]

becomes 3-4 times larger and mnearly equal to the observed as seen from
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Fig. I1.4.

The variation of the daytime [NO] and [N(4S)] due to the difference
of k3 between the cases A and B is most prominent around 120 km as seen
from Fig.II.4. Above 140 km the difference of [NO] between the two cases
is small. This is because the increase of [N(ZD)] does not directly lead
to the increase of [NO] owing to the dominating.production of NO through
Rl. Below 120 km k3 differs little each other between the cases A and
B, and at the same time, the reaction R3 is no more important owing to the
decrease of [0]/[02]. This leads to the small variance of [NO] between
the two cases again at the lower altitude.

In summary it may be said that k3 of about 1 x 1()"12 cm3s-'l is
preferable above 140 km so as to accord with the observations of NI (5200 K)
dayglow. On the other hand, [N(4S)] and [NO] in the daytime do not depend
seriously on the choice of the k3 value except around 120 km. It has been
around 100 km that we have determined the quantum yield n by comparing the
calculated and measured daytime NO profiles. At this height the variance

of [NO] due to the different k, is negligibly small. Consequently, the .

3
conclusion that n must be close to unity need not be changed by the differ-
ent choice of k3.
6. Effect of the temperature variation

So far the thermopause temperature T_ in (II.1) -has'been kept 1050 K
through the diurnal cycle. The temperature change is expected to influence
greatly the concentration of odd nitrogen owing to the large temperature
dependence of the rate coefficient for Rl. Now we try to investigate the
effect of the diurnal variation of the thermospheric temperature on the

behavior of odd nitrogen.

The diurnal variation of the thermopause temperature is given

-7
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according to Jacchia(1971): T_ is the highest at 14 h LT(Tmax) and the
lowest at 04 h LT, the difference between the maximum and minimum tempera-
ture being 150-200 K.

NO profiles at 12 h and O h LT for Tmax = 900, 1000, and 1100 K are
presented in Fig.I1.5.The corresponding diurnal minimum temperatures are
750, 830, and 910 K at 04 h LT, respectively. ﬁO profiles at 07 h LT for
the case A and B are shown in FiglII.6. In this figure [NO] for Tmax = 800 K
(case B) is also dipicted. The major change of [NO] brought about by
introducing the diurnal temperature variation occurs when Tmaxdé 1000 K;
i.e. [NO] continues to decrease after sunset and remain reduced until
post-sunrise., Nighttime NO density is very sensitive to the thermospheric
temperature: Around 110 km it becomes smaller by about an order of magnitude
with decreasing Tmax by 100 K from 1000 K. It is also sensitive to the
rate coefficient for R3 as seen from FiglI.6. The difference of the profiles
in Figll6 between the cases A and B is nearly equivalent to that caused by
the difference of Tmax by about 100 K in the case A. It should be empha-—
sized that when Tmax < 900 K the nighttime dip of [NO] appears regardless
of the rate coefficient,

The vertical profiles of [N(AS)] at noon and midnight for the case
A are represented in Fig.IT.7.Midnight [N] becomes much larger with
decresing thermopause temperature in contrast to [NO]. This can be explained
as follows: The smaller rate of conversion from N to NO through Rl for lower
temperature results in a decrease of the production of NO and the loss of N.
The increased [N] augments the loss of NO through R2, whereas the decreased
[NO] sets off the loss of N. Thus the variation will be accelarated.

The results from rocket observations of NO at sunrise(SZA = 90°) by
Tisone(1973) and at 07 h LT(SZA = 82°) by Tohmatsu and Iwagami(1976) are

compared with the theoretical profiles at 07 h LT in FiglI.6. As theoretical

—-8-
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NO concentrations for the local times of two observations differ little in
the altitude region concerned, the profile for 07 h LT can be representative.
As seen from FigJI6.the two observed profiles in the morning are smaller
than the daytime profiles by Meira(1971) above 90 km. The present calcula-
tion also shows that [NO] from sunset to post-sunrise is considerably
smaller than the daytime value. Again, the observed profiles in the morning
coincide well with the theoretical curve for Tmax = 1000 K (case A) or
Tmax = 900 K (case B). Considering the solar activity, which controls
the thermospheric tmeperature, at the time of the observation of Tohmatsu
and Iwagami(1976), the profile for Tmax = 900 K (case B) seems preferable.
[NO] at typical local times calculated assuming Tmax = 1000 X for the case
A are shown in Fig.II8 together with those measured. Correspondence of the
observations to the calculated profiles is as follows: Meira(1971)-12 h,
Tohmatsu and Iwagami(1975)-18 h, Tisone(1973) and Tohmatsu and Iwagami
(1976)-06 h,. Rusch et al.(1976)-12h or 18h LT. It may be said that NO profiles
calculated from 90 to 200 km, which show a large diurnal change, are
consistent with those measured at various local times.

[N] has been estimated by Feldman and Takacs(1974) to be 1.9 x 107
cm~3 at 140 km on the basis of the twilight chemiluminescent emission of
NO § bands above 140 km. Gerard(1975) has also deduced [N] reaching its
maximum about 9 x 107 cm_3 at 180 km by a satellite observation. The solar
zenith angle and the thermopause temperature at the time of two observations
were about 110° and 800 K respectively. T_ becomes about 800 K at about
this time when Tmax = 900 K in this model. Our model for the case A and
20 h LT(SZA=110°) predicts [N] = 4 x 107, 2 x 107, and 7 x 106 at 120, 140,
and 180 km, respectively, and is in quantitative agreement with the result

by Feldman and Takacs. However, [N] by Gerard is more than order of

magnitude larger than the calculated value at 180 km, and is in contradic-
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tion to both our present calculation and the observation of Feldman and

Takacs.

7. Concluding remarks

Daytime [NO] and [N] above 160 km and below 110 km do not depend
seriously on the choice of the rate coefficient.for the N(ZD) quenching by
0. This enables us to determine the quantum yield of N(ZD) n in the
reactions RI1, RI4, J2, J3, R8, and RI2, by comparing the calculated and
measured daytime NO profiles below 110 km. Optimum value of n is evaluated
to be about 0.9. On the contrary [N(ZD)] above 140 km is very sensitive
to the rate coefficient for R3. It differs especially above 120 km between
those deduced from the laboratory experiment and the NI(5200 Z) airglow
observations. Further accurate measurement of N(ZD) vertical profile
would be of importance in order to confirm the rate coefficient value.

Lower temperature at night than in the daytime decreases [NO] greatly
during the night. Absolute values of the nighttime [NO] and [N] are highly
dependent on the nighttime temperature which can vary corresponding to the
solar and geomagnetic activities and with season. This is due to the large
temperature dependence of the rate coefficient for RI.

The calculated [N(4S)] agrees well with the observation by Feldman
and Takacs(1974) which infers as much [N] as 2 x lO7 cmf3 at 140 km. The
satellite observation by Gerard(1975) contradicts both the calculation and
the Feldman and Takacs observation. An improved measurement would be

necessary to discuss [N} in detail.

-10-
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CHAPTER III. Odd Nitrogen in the Lower Thermosphere under

Auroral Perturbations
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1. INTRODUCTION

A model of the diurnal variation for various minor constituents in
the mesosphere and thermosphere has been constructed by taking the vertical
eddy and molecular diffusion as well as photochemical reactions into
considerations (e.g., Shimazaki and Laird, 1970; Thomas and Bowman, 1972;
Hunt, 1973; Isaksen, 1973). This model predicts minor constituents with
short (less than one day) chemical time constant such as 03, 02(1Ag), NO,
and OH in agreement with direct and indirect observations, although
a two-dimensional model including the horizontal transport is necessary in
order to give a better agreement for the atomic oxygen and hydrogen in
the thermosphere.

The one-dimensional model which was developed originally for the mid-
latitude atmosphere may be applicable to the polar atmosphere as far as we
adequately consider the conditions specific to thz polar region. Differ—-
ences between the polar and mid-latitude atmospheres are caused mainly by
(1) precipitation of electrons and protons associated with various distur-

bances in the polar atmosphere,

(2) difference in photodissociation and photoionization rates due to the
different insolation,

(3) latitudianl variation of the thermal structure,

and

(4) configuration of meridional transport.

The item (1) is of eésential importance in the polar atmosphere. Modeling

of the atmospherig composition under the influence of auroral precipitations

is the principal purpose of this study. The items (2) and (3) are easily

incorporated. The item (4) is neglected in this study, because

this study concerns mainly the temporal behavior of the odd nitrogen.
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Since tbe chemical time constant of odd nitrogen species is generally in the
order of or less than 1 day in the thermosphere, the distribution of odd
nitrogen density is determined mainly by the local production and loss, and
partly by the vertical diffusion:the horizontal transport could not directly
affect the distribution of odd nitrogen species. It must be noted, however,
that the densities of O and H in the polar thermosphere are greatly affected
by the transport from the mid-latitude thermosphere, because of longer chemical
time constant.

Recent observations of ion composition suggest the substantial enhance-
ment of odd nitrogen species in the auroral thermosphere (Danahue et al.,
1970; Swider and Narcisi, 1970; Narcisi et al., 1974). This enhancement
could be ascribed to the increased ionization caused by precipitating
particles, together with the collisional dissociation of N2 by the precipi-
tating particles. To model these situation in the thermosphere, it
is necessary to treat the odd nitrogen and ionic species simultaneously,
because these species are closely coupled with one another through the
chemical reactions (Ogawa and Shimazaki, 1975). In this study, we will
try to simulate the temporal variation of the various atmospheric constitu-
ents under the influence of various types of the electron influx, with
special attention to the responce of N, NO and electron densities and the

ion composition to the auroral perturbation.

UNDISTURBED ATMOSPHERE

First of all, diurnal variations for various minor constituents in the
polar mesosphere and thermosphere under aurorally quiet conditions must be
calculated in order to assess the background on which the perturbation
incorporates. The calculation was excecuted by the use of one-dimensional

photochemical-diffusive model essentially identical with that of Ogawa and



26

Shimazaki (1975). The temperature distribution was chosen so as to
represent the 70° latitude in equinoxes: the US Standard Atmosphere for 60°N
was used below 90 km, and the Jacchia model (1971) for the exospheric
temperature of 1000°K above 90 km. Upper and lower boundaries were set

at the heights of 150 and 40 km, respectively. The diurnal variation was
traced with time integration for 5 days starting from the steady state
solution at a solar zenith angle of 80°. The . 5 days integration

resulted in @ good | diurnal reproducibility for species other

than H and O. The number densities of 0, O,, Oz(lAg), and NO above 70 km

3
calculated at 70° latitude are about a factor 2 less than those at 45° lati
tude, as expected from the difference in the solar zenith angle. On the othe
hand, N shows little latitudinal variationm. This may be explained as
follows: The principal source and sink of N above 70 km are the photo-
dissociation of NO and the reaction with NO, respectively. Equating the
rates of these processes, the number density of N is found to be determined
only by the photodissociation coefficient and the rate coefficient for

the reaction of N with NO. Since the former coefficient varies little with

solar zenith angle and the latter is constant with respect to latitude, the

number density of N is almost invariant with respect to latitude.

. IONIZATION AND DISSOCIATION BY AURORAL ELECTRONS

The perturbation in the polar atmosphere is caused mainly by the
precipitating electrons associated with auroras. Evaluating the ionization

and dissociation rates due to precipitating electrons in the next step of

this study. First of all well will describe the method of calculation

for these rates in the following three subsections.



3.1 Calculation of the primary electron flux

Energy loss rate of an electron with the energy E per unit length

through collisions with atmospheric molecules is repreéented as
dE |
“a‘?%% (AE%@ % [(E) Ty () =§\ >3 (E) X}(z)nrf) , (m.1)

where o, ,(E), and (AE), j are the cross section and the energy lost by

¥ g1

the i-th collision with the }—th gas, respectively, and the product of

these two is called the stopping cross section; Sy (E) is total electron

¢

stopping cross section of the }—th gas. n}(z) is the number density of

[

When the energy of electrons which is in the range (eye + 8e) at the top

the }-—th gas at the height z; n(z) =an(z), and x, (z) = n}(z)/n(z),
5 .

of the atmosphere reduces to the energy in the range (E, E + SE) at the

height 2z,
¢+d€

S dE _ 8& de
) % D38 Yy ) § ‘5}(2)7(} @) ({@L.2)

or

SE §¢ @)
- - .3
L 5@ X Z}, Sy yle=)

Conservation law for the electron flux yields the relation between the

incident flux F(«,e) and the flux at the height z, F(z,E), i.e..
F(ee,e)é¢ = Fr, E)SE, (I-4)

From (I111.3) and.(III.é),*we have

21
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S, (£) 7 (o0
5 ieoe) Ry (O )y

P_(Z,E)= F(@o, Q)g_—é'-
7; 3}[5)')(5,(2)

(L.5)
E and € are not independent of each other, but the following relation

must hold:

\

E(®= - ), g S}(E(zo)%}(y)dz’ secol cosec W (L-6)
¢ 2

where  and @ denote the pitch angle of electrons and the geomagnetic
inclination, respectively.

The electron flux at the height z will be calculated numerically as
follows. The energy space is divided into n intervals (el, €9s Tty en)

for the incident energy, and (e IRR RN en) for the energy at the

1’ €2’
height z. Correspondence of the energy e, with the energy ei is determined
from(III.6)and the flux F(z,ei) at the energy ei from(III.5). Since the

flux F(z,ei) is expressedai adifferent energy . . from € F(z,ei)

i?
is converted to F(z,si) by a linear interpolation. Calculation of the
primary flux has been made for the energy above 10 eV, because primary
electron fluxes below 10 eV are not responsible for ionizing collisions,
and are generally much less than secondary electron fluxes.

The pitch angle of an electron varies through collisions with
atmospheric gases. A complete tré;tment of this process is beyond the
scope of this study; an approximation is made by introducing an average
pitch angle. Stolarski (1972), and Cicerone et al.(1973) have found that
an average pith angle of about 60° leads to a good appoximation for the
ionospheric photoelectrons. We assume sec o «cosec W) = <seca>- sec 10°

= 2.033 for the geomagnetic inclination of 80°.

The processes of excitation, dissociation and ionization of atoms

-6-
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and molecules considered in this study are given in Tablel1TI.l. For the
convenience of numerical calculation we use the analytical representation
for cross sections similar to the method of Green and Stolarski (1973).
The energy distribution of secondary electrons ejected at ionizing
collisions is another important quantity, because the secondary electrons
carry kinetic energy. Banks et al. (1974) developed the following
expression for the partial cross section based on the experiments by Opal

et al. (1971):

2 Gil*;ion(E) (ﬂv)

Gy ion (EE) = ——= z
o wE, 1+ (E/E)

where o, ion(E) is the total ionization cross section, ?} is a constant

g )
which depends on the species of atmospheric gases, and E and E' are energies
of incident and secondary electrons, respectively.

The energy loss factor (AE) for ionizing collisions is evaluated by

'af,i
assuming (III.7)to be representative of various ionization processes of the
}—th molecule. Denoting the average excitation energy of an ion by Ex,”’
the ionization potential by I}, and the average energy of secondary

electrons by E',, the average energy loss per ionizing collision with the

¢

}-th molecule is written as

(AE); =1, +E,,; + E. (1.8)

where the average energy of a secondary electron is given by
E/max
_ 1=
E/' - [ ¥
v E'max
S,

A },ion

(E, ENAE’

\
,Lon

(I.9)
(B, B ) dE’

with
/

Evae = ‘L‘,( E- Ty~ Ex,'é’) .



EB« calculated by(f1I.9)is represented in Fig.I1I.1.The average energy
of secondary electrons is found to be 10 - 100 eV in the case of the
incident electrons with energies between 100 eV and 10 keV, and it differs

little for N 02, and O.

2’
Cross sections for all processes incorporated in this work are depicted
in Figs.1I1.2a,II1.2b, and III.2c. _The total stopping cross sections -

calculated by the use of these cross sections are also shown in Fig.III.3.

3.2 . Calculation of secondary and: total electron fluxes

If the total electron flux at the height z + Az, Ft(z;+ Az, E) is
known, the production rate of secondary electrons at the height z + Az

can be calculated with the aid of the relation

z+AZ,E) = Zﬂ&(zwz) Fy(2+a2,E) O, & ey, ([L10)
T

Then the secondary electron flux at the height z + Az is evaluated as
d’ /
j 9(z+az,E)dE

F, (2+4%,E) = — (T.11)
’ Y S}CE)%}(%)
Yt

Calculation of the secondary electron flux at the height z can be made
quite similarly to the case of the primary flux. As an example, the

primary and total electron fluxes calculated at various heights for the

incident flux F(®,E) = 1X106exp(_E/5) electrons. cmZsec YeV lstr™1 at

300 km (E in keV) are presented in Fig.IIL.4.

3.3 Dissociation and ionization by photoelectrons produced by the

- Bremsstrahlung X-ray




Since incident electrons with the energy of about 5 keV, which are
responsible for exciting the auroral emissions, cannot penetrate to the
heights below 100 km, the effect of direct impact ionizations by the
precipitating electrons can be neglected at the heights below 90 km in
case of usual auroral events. Alternatively the impact ionization
of the photoelectrons produced by the Bremsstrahlung X-ray emitted from
incident electrons may become important at these heights.

In the energy range concerned in this study the emission cross
section of the Bremsstrahlung X-ray is given by the equation obtained by
the same approximation as the Bethe~Heitler formula (Gluckstern and Hull,

1953);

4o, (Eq, %, 0)=
z* %, dk P {?sm‘eo (E+1) 2 (SES+2EEX3)  2(P=K)

AR AN B Al QA

YE L L [4Eos‘m‘90( 3-BE) W (E4FD)
Toea b = 2 -+ L2

ELZSO ILE> P, Aﬁ%’ f%zéﬁf

2- 2{7E2-3EE,+EY) 24k (E§+EED—1)] BT
-+ + - _

P A A, P A,
+ I [5_ _ bk _ z«(fj—)«z)J
raQ Lar A, Q*A, ,

w(ﬁb . - EEo"‘i‘!‘??o
Ls Q% [EEo“i“PPo 5

Ao= E,~ P, cos 8, ,

Q,zt P°l+ /k’“_i_?,,’kws 9, 5. >
—_ e+
= l“[itg ], amd l\"fv\{m]'

3|

(M .12)
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where the notations are as follows:
P P =initialand final momentum of the electron in a collision,
in m c units,
E , E =initial and final total energy of the electron in a collision,

. 2 .
in m ¢~ units,

k,‘& = energy and momentum of the emitted photon, in moc2 and m c units,
eo,e = direction angles of 30’ and P measured from the direction of k#

Z = atomic number of the target atom, and

T, = ez/moc2 = 2.818 x 10—13cm.

It is found from(1y171,12) that the X-ray is emitted dominantly in the forward
with respect to the direction of electron motion. Since the moving~
direction of electrons in the atmosphere has a certain angular distribu-
tion, we must sum up the emission rates of the X-ray from electrons

moving in various directions. Denoting the moving direction of an electron
by (é,?) and the emitting direction of the X-ray by (g,%p,the emission

rate of the X-ray from the electron flux f(E,c,¢0 is represented as

a1
I(E,+, 9)=5 S d%f’k’e) fE5.4)5m5drdp (.13)

o o

where

(os O = cosgaos; -+ sln§ sin(‘;ws(?‘*%),
For the electron flux isotropic over the downward hemisphere, i.e.

{(E,§,¢)= -fs ~or “722;20 ol 7_1t2¢207

0, for C>Th and 22420,

l(E,k,G) normalized by the value at 6== 0° are calculated for various

()

sets of E and k values. As shown in Fig{Iilz%anisortopy of the emission
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rate becomes more remarkable as E and k increase. However, this anisortopy
is not so large for the energy between several keV and several 10 keV.
For higher energies (E > 100keV) where the anisotropy becomes apparent,
the direct impact jionization dominates over the photoelectron impact
ionization produced by the Bremsstrahlung X-ray above the heights of 50
to 60 km. As a result we can safely assume an'isotropic emission rate
of the X-ray.
Integrating (II1.12) with respect to angle, the emission cross section

per photon energy is obtained (Heitler, 1949) as

|/,2, — 2) ‘/Z
MmoC 2 QW{E 4 (E-hY) } L (IL.15)

<
O;’X(E b }):’)) = —-3‘ Yo hV —F’Tj 3

E
where 22 28 9
y=&=5,745x10 2 om?
° 137

E is the electron energy, and the photon energy k has been replaced by hv.

The X-ray emission rate per unit photon energy (in cm-3sec-1hv—l) caused

by the omnidirectional electron flux F(z,E) is

S (Es W) (2,EMAE, (T.1¢6)
14eV

As far as the height range below 100 km is concerned, we can neglect

, 0

1(Z, )= 2 My (2)
&

the X-ray with energies smaller than 1 keV, and correspondingly the
electrons with energies smaller than 1 keV. Downward and Upward fluxes

of the X-ray at the height z are given by the following equations (Kamiyama, 1966):

o0
B (2 )= £ § T mEhdz (m.17)
Ju (2, )= —;ji T(2/, W) Bt 4% @12)
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where t is the optical thickness between the heights z and z' defined by

t= %} Gg;',abs ()

2/
. " ” I”_,M)
Zf%(zwz I (

?

&MGL w -Tx .
Ef6)= j € 4y (1.20)
A X 7 .

where o} abs(h\)) is the absorption cross section of the }rth atmospheric
s
gas for the X-ray with the energy hv (Veigele, 1973). The production

rate of photoelectrons with the energy E is then given by

%X(z,E)=%ZQ;’m(W)’Y\}(z){J;(z, ) +J, @)} (. 21)

where 03 ion(hv) is the photoionization cross section for the X-ray with
-9

the energy hv. The photoelectron energy E has been calculated as
E = hv - Ig; where Ig/is ionization potential for ejection of an inner
shell electron.

Photoelectron fluxes caused by the Bremsstrahlung X-ray for the
o 6 -2 -1 -1 ,-1
incident electron flux F(», E) = 1x10 exp(-E/5) electrons-cm -sec eV —sCr

are shown in Fig. III.6.
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nd X-ray

3.4 TIonization and dissociation rates by auroral electrons a

The ionization and dissociation rates are then calculated from electron
fluxes thus calculated considering the direct collisional ionization, and

the photoionization by Bremsstrahlung X-ray which becomes important below 80 km.

Four spectral distributions of incident electron fluxes are adopted

in the calculation:

Case A, F(o, E) =1 x 106exp(—E/5),

Case B, F(o, E) =1 x 105exp(-E/5),

Case C, F(», E) = 1 x 10 exp(=E/40),
and

Case D, F(o, E) = 1 x 102exp(—E/4O),

where the electron energy E is expressed in kilo-electronvolts, and the
flux in cm_zsec—lev—lstr—l. Cases A and B are representative of the
electron flux in the auroras of IBC Classes III and II, respectively, and
Cases C and D of events with a harder electron spectrum ( Frank and
Ackerson, 1971; Hones et al., 1971 ).

Examples of calculated ionization and dissociation rates for the
incident fluxes of Cases A and C are depicted in Figs.III.7a and b. The
main peak of the production rate of ionization or dissociation occurs at
the height of 100 km for Cases A and B, and at 85 km for Cases C and D.
It is a natural consequence of the large dissociation cross section for

electron impact on N, that the production rate of N exceeds the other

2
production rates. Difference of the scale height between the production
rates of 0(1D) and other species above the peak height is due to the differ-

ence in the scale heights of target molecules; i.e., O(lD) is produced
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mainly by the electron impact on O, while the others by the impact on N2
and 02.

It is interesting to compare the magnitudes of production rates for
0, N, and electron by the auroral precipitation with those by the solar
EUV radiation. The production rates of O(3P) and O(lD) in Case A are in
comparable order of magnitude with those by the solar photodissociation
of 02 at the height around 110 km, whereas the production rate of N and

the total ionization rate are larger by 3 and 2 orders of magnitude,

respectively, than those in the sunlit condition.

4 .RESULTS AND DISCUSSION

4.1 0dd oxygen

Atomic oxygen is produced by the electron impact dissociation of 02

in the auroral thermosphere:

O2 +e » 0+0+ e, and O + O+ + 2e.

Production of atomic oxygen occurs mainly above 90 km for the precipitating
electrons with the energy spectrum of characteristic energy of about 5 keV.
As described in the previous section, the electfon flux of Case A, corres-—
ponding to an IBC III aurora, results in the peak production rate of

Y lO5 cm_3sec_l, which is of the same order of magnitude as the daytime

production rate due to the O, photodissociation. Since the density of

2
atomic oxygen is v 107! cm > at the heights of 90 - 100 km, the growth
time for the perturbation by an IBC III aurora is AJ106 sec. Consequently,
the atomic oxygen density would hardly follow such a short-term variation of

its production rate as is caused in each auroral break-up.. Again, ozone

does not change as far as atomic oxygen is unchanged, because ozone is nearly in
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chemical equilibrium with atomic oxygen.

Precipitating electrons with energy above 100 keV give a
different effect on the atmosphere. It can produce substantial amount of atomic
oxygen below 80 km where the atomic oxygen density is very low
at night, The effect of the electron precipitation on O and O3 densities
will be apparent below 80 km at night, Howéver, it must be mentioned
that such a large dincident flux at around 100 keV as adopted by Maeda
and Aikin (1968) has hardly been observed.

Investigating the effect of long-term continual electron precipitations
on the thermospheric composition is beyond the scope of this study. It
must be noted, however, that this long-~term influence coupled with the
horizontal transport would be important in simulating the atomic oxygen

distribution in the polar thermosphere.

4.2 0dd nitrogen

The major production processes of atomic nitrogen in the undisturbed
thermosphere are (1) photodissociation of Nz, (2) dissociation of NZ by
photoelectron impact, (3) dissociative recombination of NO+ with electron,
(4) ion-neutral reaction of N; with 0, and (5) photodissociation of NO

(see, e.g., Strobel, 1971; Ogawa and Shimazaki, 1975). In the auroral

atmosphere, (6) the dissociation of N2 by precipitating electrons

N, + e » N+N+e, and N+ N + 2

will be an essential source of odd nitrogen, whose cross sections have been
measured by Winters (1966) and Rapp and Englander-Golden (1965). As seen
in Fig.III.7a,the electron flux of Case A leads to the dissociation rate of
N, to be in the order of magnitude of 106 cm“?"sec“l at the peak height, 3

2
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orders of magnitude greater than that in the normal daytime thermosphere.
. s . . + . .

Dissociative recombination of NO , whose rate will be increased by the

auroral ionization, may also contribute to the production of N, in

addition to the electron impact dissociation of N As a matter of fact,

9t
the production rate of N due to this reaction is found to be 10 to 20 % of
the total production rate.

The atomic nitrogen produced in the above reactions except the process
(5) may be in the electronically excited state 2D as well as in the ground
state 4S. Although a large part of N(zD) may be deexcited to the ground
state in the heights above v~ 1350 km (Rusch et al., 1975), it will be
converted into NO through the reaction with 02 in the lower thermosphere
(Norton and Barth, 1970). On the other hand, N(4S) removes NO into N2
through the combination reaction. Consequently, the efficiency of the
N(ZD) production is an important parameter determining the relative popula-
tion of N and NO in the odd nitrogen system. Comparison of observed N(ZD)
and NO profiles with model calculations has led to the quantum yield of
N(ZD) in the processes (1) through (4) of 0.5 - 1.0 (Ogawa and Shimazaki,
1975; Oran et al., 1975; Rusch et al., 1975).

Although the process (6) is likely to produce N(ZD) with a quantum
yield as large as the processes (1) through (4), the quantum yield of N(ZD)
is not determined with a sufficient accuracy. Therefore, we are obliged to
allow variability of this wvalue in our present calculation. As an example
to show the sensitivity of odd nitrogen density with respect to the N(ZD)
quantum yield, [N] and [NO] profiles ([ ] denotes the number density of the
assigned particle) after 30 minutes electron precipitation for the flux
Case A are depicted in Fig., III.8, where [N] and [NO]. have been calculated for
three typical values of the N(ZD) quantum yield n for the process (6).

Variations of [N] and [NO] are remarkable for the change of n between 0.1 and
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1. In case of n § 0.1, [N] increases to a value exceeding 1l x lO9 cmf3

at the peak height, whereas [NO] remains around the quiet level in the
lower thermosphere. On the other hand, in case of n i 0.5, [NO] increases
more than one order of magnitude larger than that in the lower thermosphere
under quiet conditions. In this case, [N] also increases to a value equal
or larger than that could be found in the quiet daylight hours.

Variations of [N] and [NO] dufing the auroral perturbation depends on
height and the N(ZD) quantum
yield. In Figs. III.9a and b are shown typical diurmal variations of [N]
and [NO] calculated for some chosen values of n, where the electron precipi-
tation of the flux Case A occurs in the time interval 0000-0030 LT. At
80 km where the production of N(ZD) or N(4S) is not significant, the auroral
perturbation can modify only the nocturnal decay of [N], and hardly affect
[NO]. On the other hand, above "~ 100 km, rapid changes of [N] and [NO]
occur during the auroral perturbation. The effect of perturbation on [N]
and [NO] differs greatly with the values of n. For n 2 0.5, [NO] remains
almost constant after the rapid increase caused by the auroral perturbation,
while [N] enhanced in the auroral perturbation decreases rapidly after the
end of the perturbation. For n < 0.1, [NO] decreases and [N] increases
rapidly during the perturbation, and both remain almost invariant after the
end of the perturbation, in spite of the sunlit condition. This contrasting
response of [N] and [NO] variations caused by the change of n can be attrib-
uted to that the main loss of both N and NO at night is their mutual combina-
tion into NZ’ The removal of either N or NO ceases when the other is
completely removed. As a result, [N] decreases and [NO] remains. ' invariant
in case of larger [NO]} than [N]. On the contrary, once [N] would exceed
[NO], [N] could remain unchanged and [NO] decreased. Since the time constant

for the chemical removal of odd nitrogen is much longer than that for the
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dynamical transport in the lower thermosphere, the enhancement of either N
or NO will continue until the vertical and horizontal transports modify it.
Precipitating electrons of an energy spectrum with a characteristic
energy of 40 keV can affect [N] and [NO] mainly in the heights between
70 and 100 km. In Figs. II1I.10a and b are compared the auroral effect on
[N] and [NO] at 70 and 80 km for the flux Cases A and C, together with
those under non-auroral conditions. In Case C the precipitation affects
both [N] and [NO] below ~ 90 km much more significantly than Case A, while
Case A does above » 100 km, The auroral perturbation on [N] is rather
temporal in Case C, although some after—-effects through the next daylight
hours are found in the heights of 70 - 80 km. These after-effects are caused
by the enhanced photodissociation of NO into N due to the increased [NO].
Again, the faster nocturnal decay of [N] at 80 km after the cessation of the
electron precipitation for Case C than that for Case A is due to the large
enhancement of [NO]. Variation of [NO] below < .70 km after the auroral
enhancement are different from that above ~ 80 km. The nocturnal decay of
[NO] becomes remarkable below ~ 70 km; this is due to the reaction with 03

which converts NO into NO,. With the start of sunshine, NO, is rapidly

2 2

changed into NO through the photodissociation, and [NO] increases.

Fig. II11.11 compares the height distributions of [NO] at 0030 LT(i.e.,
after the 30 minutes electron precipitation) for various spectra of the
electron influx. Cases A and B are representative of the usual auroral
event with a characteristic energy of 5 keV, while Cases C and D of 40 keV.
The difference of the height range where the electron precipitation can
affect [NO] substantially is apparent with respect to different spectral
characteristics of the electron influx; Cases A and B affect [NO] above

v 80 km, and Cases C and D in the heights 70 - 100 km.
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4.3 Electron and ions

Electron and ion densities will be modified in the auroral ionosphere
by two different causes: One is due to impact ionization of NZ’ 0 and
02, and the other is caused by the increase of odd nitrogen density in
the auroral mesosphere and thermosphere. Variations of electron and ion
densities by the former cause are of temporal nature and 1asts-qn1yuduring
the precipitation, since the chemical time constant for growth and removal
of ionic species are in the order of magnitude of 10 sec (Jones and Rees,
1973). On the other hand, the latter will make a long-lasting effect after
the cessation of the auroral precipitation, since the increased odd nitrogen
density at the auroral precipitation remains stable after the auroral event.

Diurnal variations of electron and ion densities allowing auroral
disturbances have been calculated simultaneously by solving the coupled
continuity equations for neutral and ionic species as done in the paper by
Ogawa and Shimazaki (1975). Chemical reactions incorporated in the
present study are essentially the same as those in ﬁheir paper, but
some revisions, of the rate coefficients have-been made according
to recent measurements by Burt (1972), Payzant et al. (1973), McFarland et al.
(1974a, b), Lindinger et al. (1974), Heimerl and Vanderhoff (1974), Johnsen
et al. (1975) and Moseley et al. (1975).

One of the physical quantities that show drastic changes following the
auroral disturbance may be the ratio of [NO+] to [OZ]. Jones and Rees
(1973) calculated the effect of auroral precipitation on ionic composition,
but their calculation did not include the variation of odd nitrogen. Fig.I1T.12
represents the [N0+]/[0;] ratio of 10 - 100 in the nighttime E region of the

ionosphere decreasing to a value less than unity within a few minutes after
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the beginning of the precipitation. This decrease is ascribed to the

rapid increase of OZ due to the addition of O2 ionization by electron

impact. The ratio then increases with increasing conversion rate of 0;

into NO+ through the reaction with the increasing NO. There begins a

sudden increase of the ratio at the cessation of the precipitation, when

the O; production by electron impact ionization turns off. The {NO+]/

[O;] ratio in the E region after the auroral precipitation can increase to

a value ~ 100 times larger than that before the precipitation, as a
consequence of the accumulation of NO during the 30 minutes electron precipi-
tation of the flux Case A,

As seen in Fig. II11.12, [O;] in the E region is in comparable magnitude
with [N0+] during the auroral event, and the [NO+]/[OZ] ratio does not
exceed 10 even for the 30 minutes duration of an IBC III aurora. Several
observations of ion composition in the auroral ionosphere (Donahue et al.,
1970; Swider and Narcisi, 1970, 1974; Narcisi et al., 1974) have revealed
that in spite of large production rate of 0;, the [N0+]/[0;] ratio in the
E region amounts 410 in auroral conditions. This observational fact may
suggest that [NO] must be in some increased level before the auroral event.
Intermittent auroral precipitations would keep a persistently larger [NO]
than in the middle and low latitudes.

Fig, 111.13 represents the ionie composition after 30 minutes electron
precipitation of the flux Case A. [NO+] and [d;] are dependent on the
quantum yield of N(ZD) in the electron impact dissociation of NZ’ although
other species are independent of this. The conversion of 0; into N0+

+

+
D) + NO - NO + 02 for the case of n =

+
0.9 ([NO] >> [N]), whereas it occurs mainly through the reaction 0, + N

occurs mainly through the reaction O

NO+ + O for the case of n = 0.1 ([NO] << [N]). The rate coefficient for

+

the reaction of 02

with NO is about a factor 3 larger than that for the
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reaction of O; with N (Golden et al., 1966; Lindingér et al., 1974).
Consequently, the [NO+]/[0;] ratio in the E region is by a factor 3 - 5
larger for n = 0.9 than for n = 0.1. This result may suggest that n 2 0.5
is preferable so as to meet the [NO+]/[0;] ratio observed in the auroral
ionosphere.

There are depicted in Figs.III,.l4a and‘III.léb diurnal variations of
electron densities at 80 km and 100 km for 4 spectral cases of the auroral
electron influx and for a non-auroral case. The rapid response of the
electron density to the variation of auroral ionization rates is evident at
the onset and end of the precipitation. It is also found in these figures
that the electron density in the E region remains increased after the cessa-
tion of the precipitation. This is mainly because of an enhancément of
[NO]. The increased [NO] leads to an enhancement of the NO photoionization
rate by the geocoronal or solar EUV radiation, and eventually an enhancement
of the total ion production rate. As is easily understood from the
different height profiles of [NO] for spectrally different fluxes of precipi-
tating electroné (see Fig. 111.11), this after—effect in the electron density
variation appears mainly above ~ 90 km for the flux Cases A and B, and
mainly below v 90 km for the flux Cases C and D.

In order to see the after-effect in detail, ion compositions at 1200 LT
for the cases of the electron precipitation at the previous midnight and of
no auroral disturbance are compared in Fig. I11.15. The auroral disturbance
causes the enhancement of [NO+] and [e] in 80 - 120 km, whereas it causes a -
large decrease of [O;]. These results may be natural consequences of the
persistent enhancement of [NO] in the auroral~zone thermosphere, and would
be demonstrated by a direct observation in the near future. It must be
emphasized that the observation of ion compositions together with neutral

odd nitrogen in the auroral zone under daylight conditions will provide

interesting topics on auroral aeronomy.
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4.4 Further comparison of the calculation with observations

There have been available data concerning the odd nitrogen in the
polar thermosphere, suggesting the enhancement of the NO density under
auroral perturbations. We will examine further the results of the present
calculation in comparison with observations.

The latitudinal variation of the NO concentration can be evaluated
from the y-band airglow measured by Rusch and Barth(1975) and the result
is shown in Fig.T711.16[NO] is 3-4 times larger at high geomagnetic latitude
than at mid-latitude, varing rather sporadically in time and space. It can
safely be said that the observed enhancement of [NO] is attributed to the
augmented N2 dissociation due to the auroral electron precipitation, as
no additional source of odd nitrogen is expected in normal sunlit condition
at high 1atitudes.1 However, the region of the high NO concentration is
not confined to the auroral zome. This may suggest that the horizontal
diffusion of NO must be included by a two dimentional model in order to
simulate adequately the effect of the poleward and equaterward outflowsf
of NO from the auroral zone.

The enhancement of [NO] during the auroral electron precipitation
has been suggested by the measurements of ion composition in aurorae.

Ions, which have chemical time constants of the order of 1 minute, can be
considered to be highly in chemical euqilibrium in the auroral ionosphere,

and [N0+] and [0;] are greatly affected by NO or N through the reaction

NO + O; > NO+ + 02. Swider and Narcisi(1974) derived [NO] from the measured
ion concentration in an aurora by assuming chemical equilibrium of ions

with NO and neglecting the effect of N. The result is reproduced in FigIiI.1l7.

[NO] shown in this figure is about an order of magnitude larger than that

in the non-polar region. We can expect the [NO] of this amount in an aurora
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somewhat iarger than IBC II class from the present calculation. [ND]
obtained in the IBC II aurora may well be explained considering the effect
of the prolonged electron precipitation in auroral zéne. On the other hand,
[NO+]/[OZ] itself is expected to be a good index of [NO]. In Fig. 111.18,
[NO+]/[O;] measured by Swider and Narcisi(1970), Donahue et al. (1970),

and Narcisi et al.(1974) are compared with those calculated at 2 minutes
and 30 minutes after the commencement of the electron bombardment. 30
minutes after the onset of the precipitation, the calculated [NO] is
increased from 5 x 107 cm-3 to 109 cm-3 at 100-120 km. The calculated

[NO+]/[O;] for the enhanced [NO] is in fundamental agreement with the

observed and are thus suggestive of the increase of [NO] in polar region.
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5.CONCLUDING REMARKS

The major source of atomic oxygen during auroral precipitations is the
dissociation of O2 by electron impact., Although the dissociation rate of
02 by the electron flux of an IBC IIIl aurora above 90 km becomes comparable
to the photodissociation rate of 02 in the dgytime, [0] would hardly follow
temporal variations of the production rate because of the long growth time.
An extremely large electron flux of high energy (& 100 keV) only could make
an apparent increase of [0] below 80 km.

On the other hand, [N] and [NO] can be greatly affected by auroral
perturbations. The major sources of odd nitrogen in the auroral thermo-
sphere are the dissociation of N2 by electron impact, and the dissociative
recombination of NO+ whose rate is raised due to the auroral iomization,
The production rate of odd nitrogen above 80 km in an IBC II aurora may
exceed that in the usual sunlit thermosphere.

[N] and [NO] show different responses to an auroral perturbation
according to different values of the quantum yield of N(ZD) in the electron

impact dissociation of N In case of 7 2 0.5, a large amount of NO is

2°
produced through the conversion reaction of N(ZD) with 02 into NO, and [NO]
can easily raised to a value of a factor 10 larger than those in the normal
daytime thermosphere. [N] during the auroral precipitation may also become
temporally larger than that in the sunlit thermosphere, but decreases
rapidly after the cessation of the precipitation through the reaction with
the increased NO. On the contrary in case of n b 0.1, the production rate
of NO from N(ZD) is suppressed, and [N] can grow up to a constantly large
value. In this case, the decay of NO occurs through the reaction with N.

For the case of n between 0.1l and 0.5 it would be probable that both [N]

and [NO] begin an apparent decrease after the auroral enhancement.
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Recent observations by Rusch and Barth (1975) have revealed that
[NO] in the polar thermosphere varies greatly with time and space, but
that it hardly becomes less than those in the middle- and low-latitude
thermosphere. This result may be suggestive of n % 0.5.

A large value of n is also agreeable with ion compositions measured
in the auroral ionosphere. Enhancement of [NO] in the auroral thermosphere
may influence the electron density and ion composition in the E region in
such a way that increases the photoionization rate of NO and the conversion
rate ofAOZ into N0+. Since tﬁe time constant for removal of NO is in the
order of a day, the enhancement of NO may hold until the next perturbation
starts. The persistently increased [NO] will maintain the high [NO+]/[0;]
ratio in the polar ionosphere even though an appreciable amount of 0; can

be produced in the auroral precipitation or in the sunlit condition.
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Table II.1 Photodissociation

and Photo-Ionization Processes

No. Reaction Coefficient(sec-l) References
J1 N, + hv(1200-1250A) > N + N 1.50 x 107 %t ‘

32 N, + hv(800-1000A) ~ N + N 1.90 x 1078

3 N, + hv(1-800A) >N+ N = 0.1J6

34 NO + hv(1750-1908R) + N + O 1.34 x 107°

Js NO + hv(630-13254) ~ N + O 3.92 x 107/

J6 N, + hv(1-800£) > N2+ + e 4.53 x 10“7 r Ogawa and Shimazaki

\ 2 [1975]

37 N, + hv(1-510a) >N  +N+e =0.020¢

38 0 + hv(1-911A) >0 + e 3.22 x 107/

39 0, + hv(1-10278) > 0," + e 5.92 x 107/
J10 0, + hv (1-660A) >0t +0+e =0.1539

J11 NO + hv(153-1340A) =+ NOT + e 1.38 x 107° ‘

J12 N + hv(1-8503) >N+ e 2.15 x 1077 Henry[1968]



Table IT.2 Neutral Reactions

No. Reaction Rate Coefficient References

R1 N+ 0, > NO + 0 1.1 x 107 7 exp(-3150/T) Baulch et al.[1973]
R2 N + NO » N, + 0 2.7 x 10”11 Baulch et al.[1973]
R3 N(2D) + O~>N+0 8.5 X 10_12 exp(-500/T) (see text) Davenport et al.[1976]
R4 N(%D) + 0, > NO + 0 5.2 x 10”12 Husain et al. [1974]
R5 N(%D) + N, > N+ N, 2.3 x 10”44 Husain et al.[1972]
R6 N(°D) + NO - N, + O 6.1 x 10”11 Husain et al.[1972]
R7 NC°D) + e >N + e 1.0 x 10”2 (1/300)1/2 Rusch et al.[1975]

R8 N2 + e+ N+N+ e see text




Table 1I.3 Ionic Reactions

No. Reaction Rate Coefficient References

RI1 N," + 0> not 4N 1.4 x 10°19(300/1)0-44 McFarland et al.[1974b]
RI2 1\12+ +0>o0+ N, 1.0 x 10" (300/m) 023 McFarland et al.[1974b]
RI3 nt o+ 0, » 0"+ w, 5.0 x 10”1 (300/m) -8 McFarland et al.[1973]
RI3A N," + 0, > NO' + NO <3.0 x 10714 Warneck [1967]

RI4 N2+ + NO »~ Not + N, 3.3 x 10-'10 Fehsenfeld et al.[1970]
RI5 ot + 3, » no" 4 N 1.2 x 10712 (300/1) McFarland et al.[1973]
RI6 ot + 0, 0,7 +0 2.0 x 10" (300/m) 04 McFarland et al.[1973]
RIGA ot + N0 » NOT + O <8.0 X 10713 McFarland et al. [1974a]
RI7 0," + N, > NO* + NO <1.0 x 10713 Ferguson et al.[1965]
RIS 0, + 8> N0t + 0 1.8 x 10710 Goldan et al.[1966]

RI9 0,* + no » No" + o, 7.2 x 10710 Johnsen et al.[1970]
RI10 v+ 0, > 0,7 4w 3.0 x 10710 Lindinger et al.[1974]
RI10A  N* + 0, » No* + 0 3.0 x 10710 Lindinger et al.[1974]
RI11 02+ + N(ZD) > N+ O2 2,5 x 10"10 Dalgarno [1970]
RI12 mY e s NN 2.9 x 1077 Biondi [1969]

RI13 0,f +e>0+o0 2.3 x 1077 (300/T) Biondi [1969]
RI14 Not + e >N + 0 4.6 x 1077 (300/T) Biondi [1969]




Table III.1 TIonization and excitation procesées

State Ionization potential (eV) Source
Nt x2:t 15.58" 1, 2
2 g
Azﬂu 16.78 1, 2, 3
1322:1r 18.75 1, 2, 4, 5
DZHg 22.0 1, 2
st 23.6 1, 2
u
total N + N' 25.0 1, 2, 6
+ 2
oy x’1 12.1 1, 2
a4Hu 16.1 1, 2,7, 8
A% 16.9 1, 2
u
b4~ 18.2 1, 2
g
unidentified state 23.0 1, 2
0+ o0t¢%s) 18.0 1, 2, 6
0+ 0 %) 22.0 1, 2, 6
¥ 4s 13.6 1, 2
2 16.9 1, 2
2p 18.5 1, 2




Table (continued)

State Excitation energy (eV) Source

A3t 6.14 9
u

3

B I 7.30 10
g

C3H 11.03 10
u

alﬂ 8.55 11
g

bim 12.85 1
u

nls* 14.0 1
u

Rydberg (total) 13.75 1

Dissociation 13.0 12

Vibration 13

alAg 0.98 14

blz;: 1.64 14

A%t 4.5 1
u

B35~ 8.4 1
u

Unidentified 9.9 1
state

Rydberg (total) 13.5 1

L 1.96 15

1g 4.17 15

3S 9.53 16

5S 9.15 16

total (A%=1, 46 =0) 14.2 1

state
total (As=1) state 14.7 1
total (A2=0, As=0) 13.5 1

state




(1
(2)
(3)
(4)
(5
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)

(16)

References to table III.1

Banks et al. (1974)

Kieffer and Dunn (1966)
Simpson and McConkey (1969)
Borst and Zipf (1970)
Srivastava and Mirza (1968)
Rapp et al. (1965)

McConkey and Woolsey (1969)
Srivastava (1970)

Borst (1972)

Stanton and St. John (1969)
Ajello (1970)

Winters (1966)

Schulz (1964)

Trajmar et al. (1971)

Henry et al. (1969)

Stone and Zipf (1974)
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Fig. II.1 Simplified scheme of important chemical reactions above 90 km.

(=



200 — :
T TTT

190 |—*. B\ ]
: \ NO*+e

180 : —N+0—

170

160

HEIGHT , KM

—r
W
o

110
100
90

80

| Ill[ll | 1 l;LJlll[ | lllll] Lo bt
100 10! 102 103 104
PRODUCTION RATES OF N(D) cM™3S™

70

Fig. II.2a Production rates of N(ZD) by varios processes at noon(SZA=45°).

J2 and J3 are put together and dipicted as N2 + hv »> 2N.
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Fig. II1.5 Angular dependence of the emission rate of the Bremsstrahlung X-ray for _
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be isotropic with respect to the downward hemisphere. The values given
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the photon in keV.
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Fig. III.10a Comparison'of the diurnal variations of N and NO densities at 70 km calculated for the electron

= fluxes case A and case C, and for a non-auroral day. n is assumed to be 0.9.
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Fig. III.11 Height distribution of the NO density for various types of the electron influx and a non-influx case,

after 30 minutes continuation of the electron precipitation, and in case of n = 0.9.
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different atmospheric models plus three variations per model.
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