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Abstract—A physicochemical model of excited polar ionosphere has been presented. The model makes it
possible to calculate vertical profiles of concentrations of the following excited and ionized constituents: O;,
N3, 0%(*8), 0" (D), 0"(P), O('D), O('S), N(*S), N(D), N(P), NO, NO*, N*, N, (A’%}), Ny(B*IIy),

NZ(W3AU), and N, (B‘3Z;) and the electron concentration during electron precipitations. The energy spec-

trum of the electrons at the upper boundary of the ionosphere and concentrations of neutral constituents are
the input parameters of the model. A model has been compiled based on available publications and includes
56 physicochemical reactions that influence concentrations of the aforementioned constituents in the polar
ionosphere. The method of calculating vertical profiles of the excitation rates of atmospheric gases and proper
allowance for the electron-vibrational kinetics in the processes of exciting the triplet states of N, are specific
features of the presented model. The ionospheric model has been approbated using the results of the coordi-
nated rocket—satellite experiment. The agreement between the modeling results and experimental data best

for the time being is achieved.

DOI: 10.1134/50010952517020022

1. INTRODUCTION

Modeling the processes that occur in the iono-
sphere during the precipitation of auroral electrons is
an important element in studying and understanding
the physics of the disturbed polar ionosphere. Models
of that class should describe both the processes of the
excitation of electronically vibrational states of the
ionospheric plasma constituents by a direct electronic
impact and the subsequent redistribution of the
revealed energy due to the initiated chemical reac-
tions. Parameters of the precipitating electron flux,
neutral atmosphere model, and the set of chemical
reactions with the corresponding rate constants are the
main input parameters of these models. A nonstation-
ary model of the ionosphere disturbed by electron
flux, including 29 chemical reactions, was presented
in [1, 2]. In the scope of that model, the time dynamics
of the ionospheric ion composition and the intensity
of the main auroral emissions were studied. Later, the
testing of the model was performed using the data of
the coordinated rocket—satellite experiment described
in [3, 4]. During this experiment, the following
parameters were measured onboard the rocket
launched into the region of an auroral arc and onboard
a satellite flying in the neighborhood of the aurora: the
energy spectrum of the electrons flux; concentrations
of atmospheric gases N,, O,, and O within the height
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interval of 160—240 km; vertical profiles of concentra-

tions of N, O, O, and NO™ ions; and vertical pro-
files of the intensity of the emissions of 557.7 and
630.0 nm of atomic oxygen, 391.4 nm of the first neg-

ative system of the N bands, 337.1 nm of the second
positive system of N, bands, and 320.0 nm of the
Vegard—Kaplan system of N, bands. According to the
test results, the satisfactory agreement of the modeling
results with the experimental data could only be seen
in [3, 4] for the intensities of the 391.4- and 557.7-nm
emissions. For the ion composition, the calculated
values substantially exceed the measured values, on

average by a factor of 2.5 for O ion and on average by
a factor of 2 for the O" ion within the entire height
interval. An increase in the difference between the
measured and calculated concentrations of NO* ions
is observed with a height decrease from 170 to 110 km.
A nonstationary model of the auroral ionosphere
including odd nitrogen NO, N(*D), and N(*S), was
also used in [5] to model the ion composition mea-
sured in the coordinate rocket—satellite experiment
described in [3]. Satisfying agreement between the

measured and calculated values of O3, O, and NO*
concentrations was obtained in [5] at all altitudes.
However, on average, the calculated concentrations of
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N exceeded the measured concentrations by a factor
of three.

A nonstationary-in-time model of disturbed polar
ionosphere, which includes 56 physicochemical pro-
cesses that participate in the redistribution of the
energy revealed into the medium, is presented in this
paper. The following features are specific to the given
model:

(1) a functional that makes it possible to calculate
vertical profiles of the excitation rates of atmospheric
gases N,, O,, and O at various electronically vibra-
tional states under an arbitrarily taken differential flux
of precipitating electrons;

2) an algorithm for recovering the energy spectrum
ofthe precipitating electron flux using the vertical pro-
file of the band luminosity, the emission of which cor-
responds to the permitted transitions in the given

paper of the bands of the first negative system of N;;

(3) a method for calculating the population of
vibrational levels of the triplet electron states of N,.

The latter is especially important for the A’ Z:,
term, which plays a dominant role in the excitation of
the 'S state of atomic oxygen, which is a source of a
557.7-nm emission.

2. MODEL

1. Auroral electrons that are precipitated into the
polar ionosphere lose their energy at collisions to
atoms and molecules of atmospheric gases and initiate
physicochemical processes, including the excitation
and ionization of these gases. As a result, a compli-
cated complex of chemical reactions that determine
the composition of the disturbed ionosphere is origi-
nated. At the high-latitude ionosphere at heights of the
F and F1 regions (~90—160 km) where the transport
processes of low-energy constituents could be
neglected, the numerical modeling of these processes
is reduced to solving a system of nonstationary one-
dimensional continuity equations of the type

W E)_ 0, (hy+ 03 ()~ Ly (h). (1)

where Ny, (A, 1) is the concentration of the ¥ compo-
nent of the atmospheric gas excited to the kth state,
Oy (h, ) is the rate of formation of the Yk state due to

a direct impact, Q;'fk (h, 1) is the rate of formation of the
Yk state in chemical reactions, Ly (4, ) is the rate of
quenching of the Yk state in chemical reactions and
emitting transitions, 4 is the height over the Earth’s
surface, and ¢ is the precipitations duration.

The method of calculation of vertical profiles of the
rates of excitation and ionization of atmospheric gases
Ow(h, 1) by precipitating electron flux is a distinctive

COSMIC RESEARCH Vol. 55

No.2 2017

feature of the presented model. This method is based
on a functional proposed in [6—8] which makes it pos-
sible to relate analytically the vertical profiles of the
excited components of the atmosphere to the energy
spectrum of the precipitating electrons F(F). Under a
condition that the precipitating electron flux does not
change with time, this relation will be as follows:

Oy (h) = Py (h)p(h)
| (EF(E)1-Tg(E)], 2
A j R(E) A (E,x)dE,

where Py(h) is the portion of the energy spent to exci-
tation of the atmospheric gas of the Y type, p(#) is the
atmospheric density, €y is the energy price of exci-
tation of the kth state of the atmospheric gas of the
Ytype, F(F) is the energy spectrum of precipitating
electrons, Ty(E) is the value of the albedo-flux over
the energy, R(F) is the integral free path, A(E, ) is a
dimensionless function of energy dissipation, and ¥ is
the depth of penetration into the atmosphere normal-
ized to the integral free path. The Ty (E), R(E), and
ME, ) dependences obtained in [6—8] were used in
the calculations in this paper.

The rate of excitation of the kth state of the
Yth constituent of the atmospheric gases in collisional
reactions is determined as

=Y Y NN (WD) kyz, ()
X Z
where Ny(h, 1) and N (h, 1) are the concentrations of

gases of the X and Z types and ky, is the rate constant
of the reaction.

Oy (h1)

The losses Ly(h, ) are compiled of the losses in
collisional reactions of quenching and emitting transi-
tions and are determined as

= ZNYk h t)NX (h,t)kyx
+ Z A
where Ny, (4, t) and Ny(h, f) are the concentrations of

the gas in the Yk state and the gas of the X type, kyy is
the rate constant of the deactivation reaction, and

Ly, (h,t)

C))

A,),;k is the probability of spontaneous emission of the
Yk state with a transition to Yi.

Thus, in the model presented here, the concentra-

tion of ionospheric constituents N3, O, O"(*S),
O0*(°D), O*(*P), O('D), O('S), N(*S), N(°D), N(°P),
NO, NO*, N*, N,(A%), and the electron concentra-
tion n, are connected by 56 chemical reactions. The
reactions used in the model and corresponding rate
constants are shown in table.
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Reactions and their rate constants used in the model

No. Reaction Reaction rate constant, cm?’ s~/ References
1 IN}+0, 5N, +0} ki =5x%107" % (300/T;)"* [9]
2 INJ+0—> N, +0%(*S) ky =9.8x107" x (300/T;)** [10]
3 INL+0 = NO' + N(*D) ks = 14X1070 X (300/T;)" ~ ks [10]

fr, =0.9
4 |NJ+NO — N, +NO" ky =3.3x107"° [11]
5 NG +e— N(*'S)+« NCD) ks =3.5%107 x (300/7,)" 12
fa, =01/, =1.9
6 |03 +c—0(s)+0('D) ke =1.9x107 x (300/,)" (2
fi, =12, fi, = 0.1
7 105 +N(*S) - NO" +0('s) /;,1752216_2;10 § HZ}
8 10} +NO - NO* +0, kg =4.4x107"° [17]
9 103 +N(D) - NO" +0 ko =1.8x107"° [18]
10 |0%¢'s)+ N, o NO" 4 NC'S) kio =1.53flz<10_12—5.22><10_13><(T,-/300) (19]
+8.6x107 " x(7;/300)
ki =2.82x107"" = 7.74x 107" x (7;/300)
I |o*(*s)+0, >0} +0 +1.073 % (T;/300)* = 5.17 x 107" x [19]
(T;/300) +9.65x 107" x (; /300"
2 |07 ¢S)4 NO s NO* 40 ki =8.36><10_13—2.02;<10_13 o]
x (T;/300) + 6.95(T; /300)
13 0**D)+N, 5> N} +0 ki3 =7.2x107"° [20]
14 10**D)+ N, - NO" + N(*S) |k;4 =8x107" [20]
15 [0"*D)+0, > 0} +0 ks =6.3x107"° [20]
16 |0*"*D)+0, 50" (*S)+0, |kjc=7x10" [20]
17 lo*"¢D)+0 - 0"(*S)+0 ki =1x107" [21]
18 10**D)+e —» O'(*s) +e ki = 6.6x107° x (300/7,)"” [22]
19 10"(CD) - 0" (*S) + v Ay =0.97x107" [23]
20 [O"CPP)+ N, 5 O0'(*S)+ N, |kyy =4x107"" [24]
21 |0*"*P)+N, > N3 +0 ky =5x107"" [24]
22 10**P)+0 > 0%(*s)+0 ky, = 5x107" [25]
23 |0*(*P)+0, —» 0;+0 kyy =4.8x107"° [26]
24 10"(P) > 0*(*D) + hv Ayy = 0.171 7]
25 |0*(*P) = O*(*S) + hv Ays = 0.048 [28]
26 |0"(*P)+e > O'(*D)+e kye =1.4x1077 x (300/T,)" [29]
27 10**P)+e > O'(*S)+e ky; = 4.4x107° x 300/T,)"” [29]
28 |o('D)+N, 5> 0+N, kys =2%107"" exp(107.8/T;,) [30]
29 |lo('D)+0, 50+0, kyo =2.9%107" exp(67.5/T;,) [30]
COSMIC RESEARCH Vol. 55 No. 2 2017
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No. Reaction Reaction rate constant, cm> s~ References
30 lo'D)+0—>0+0 ki = 8x107"? [31]
31 |o('D) > O+ hv Ay =9.3x107° [32]
32 lo('D)+e > O0+e ky, =1.6x107277" [33]
33 los)y+0—->0+0 ky; =2x107" [34]
34 1o('s) > o('D) + hv Azq =1.06 [23]
35 10('S) 5> O+ hv Azs =0.045 [23]
36 |0('S)+0, >0+0, kss = 4x107"? exp(-860/T},) [35]
37 |o('S)+ NO - 0+ NO ky, =5.5x107" [36]
38 [N(*S)+0, 5> NO+O ksg = 4.4x 1077 exp(=3600/T,) [37]
39 IN(*S)+NO - N, +0 k3o =3.4x107"" [38]
kg =6x107"2 [39]
40 2 3p 1 40
N(D)+0, -» NO+0(P,'D) £ =0 [40]
ky =6.9%107"
41 IN(CD)+0 — N(*s)+0(P,'D) f‘“ o1 [41]
1, =Y.
42 INCD)+NO > N, +0 kyy =6.7x107" [38]
43 INCD)+NO = N(*S)+ NO  |ky3 =6.3x107" [42]
44 INCD)+e - N(*S)+e kas = 5.5%107"" x(7,/300)"° [43]
45 INCD) » N(*S) + av Ay =1.07x107° [27]
ky =3.5%107"
46 IN(’P)+0, » NO+0('s,'Dj>p| * [38]
fig,s, = 0.33
47 INCP)+0 - N(*D)+0 kyy =1x107" [44]
48 IN(*P) > N(D) + hv Ay =5.4x107° [45]
49 INCP) > N(*S) + v Ay =7.9%1072 [45]
50 IN(*P)+NO - N, +0 kso =2.9x107" [46]
ks = 2.3x1077 x(300/T,)"* [12]
51 [NO" +e = 0+N(*s,’D) ! ¢
; _ _ 47
fa, =0.24,f, =0.76 [47]
ksy =3x107"°
52 INT+0, - 0,7 +N(*s,’D > [48]
2 2 ( ) fa, =0.8,f,, =02
ksy =2.6x107"°
33 + + 1 1 53 [48]
N*+0, » NO"+0('D,'s) fi =07, fi. = 0.01
54 IN*+0, 5 0°(*s)+ NO ks, = 4x107" [48]
55 IN"+0 5 0%(*S) + N(*s) kss =1x107"? [49]
ksg = (2.8 +0.8861gv)x 107"
56 |N,(A’SH)+0 - N, +0('S) s6 = ( gv) [50]

fiy =0.55,0.12, 0.16, 0.26, 0.13, 0.16, 0.23, 0.16, 0.12

fi, isayield O(IS) in the indicated reaction.
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2. The triplet states of the molecular nitrogen
N, (A3 z:), N,(BI1,), and N,(C3I1,) are sources of
emissions of the Vegard—Kaplan system bands, first
positive system bands, and second positive system
bands, respectively, which are reliably registered in
auroras. Moreover, the triplet state N, (A3 ZI) partic-
ipates in the formation of excited atomic oxygen
O('S), which is a source of the auroral green line,
while the rate of formation of excited oxygen depends
on the vibrational number of the triplet level A’ DA

The description of the electronically vibrational
kinetics in formation of the triplet states of N, is based
on allowance for the following processes:

excitation by direct electron impact from the main
undisturbed level of molecular nitrogen

N, (X'Z5,v) +e* = N, (L, v") +e;
spontaneous transitions between the triplet levels
of molecular nitrogen
N, (L;,v) <> N, (L;,v") + hv;

energy transfer between the triplet states via colli-
sional reactions of excited molecules

N, (L, v) + N, (X', v" = 0) > N, (L, v)
+ N, (X'Z;,v" 2 0);

energy redistribution between vibrational levels of
the triplet state

N, (L, v) + N, (X'Z5,v" = 0) > Ny(L, V")
+ N, (X'Z5,v" 2 0);
emitting spontaneous transitions
N (L, v) = Ny (X'Z] v L)) + hv;

inelastic collisional reactions of quenching with the
main atmospheric gases O, N,, and O,

Ny (L, v)+Z = N, (X'Z}) + 2+

Here L; and L; are the triplet terms and v is the
vibrational quantum number.

The vibrational kinetics of triplet states is based on
the model described in [51]. In addition to model [51],
in this paper, we take into account the redistribution of
the energy between the vibrational levels of the triplet
state.

The calculation of the rate of formation for each
vibrational level of the triplet state is reduced to solving
the system of basis equations. Taking into account the

small radiative lifetime of the triplet terms, the balance
equations may be written in the photochemical equi-
librium approximation

Quar + Y NIAL + D NN, k"
v' WL

+ NN = D N AL

: 5)
2L NGALT + YNNGk
v',L; v

+ Y NSNS+ D N2k,
v' zZ

where N is the population of the vibrational level v
of the term L;; Q, is the formation rate of the triplet

term L;; g-'are the Franck—Condon factors; A‘f"',L.f are
the Einstein coefficients for the transition from the

L;,vlevelto the level L;,v'; k‘f"',L.f is the rate of the colli-
sional reaction with energy transfer from the L, v level

tothelevel L;, v'; kf"z is the quenching rate of the level
L, v by the atmospheric gas Z; and [Z] is the concen-
tration of this gas Z.

In order to determine the vibrational population of
the N, triplet levels, a linear system of 73 balance
equations was compiled for 22 vibrational levels of the

A’ Y! term, 13 vibrational levels of the B3I, term (this
term predissociates beginning from the thirteenth
vibrational level), 19 vibrational levels of the W3A,

term, 14 vibrational levels of the B 2., term, and
5 vibrational levels of the C°I1, term. The number of
levels was chosen based on the expediency principle
taking into account the mutual location of the vibra-
tion triplets. The rates of the formation of electron
terms @; were calculated analagously to (2). The
Franck—Condon factors and Einstein coefficients,
energetic prices, and rates of collisional reactions with

the transfer and redistribution of energy k‘f‘f . were taken
from [52], [8], and [53], respectively. The rates of
quenching of the triplet levels by the atmospheric gases
0O, O,, and N, were taken from [51, 54]. Figures 1 and 2

show the calculated distributions of the population of

vibrational levels of the A’ Y. and CI1, triplets. A
comparison of the calculated populations with the
theoretical results from [52] and experimental esti-
mates from [55, 56] show a satisfactory agreement.
Figure 3 shows the distributions of populations of

vibrational levels of the A’ X" triplet calculated for
different height levels. It can be seen that, unlike the
COSMIC RESEARCH  Vol. 55
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Fig. 1. Distribution of the vibrational population of the

Al ZJ{‘ term: (/) calculation for a height of 100 km, (2) cal-
culation from [53], (3) experimental results from [55], and
(4) experimental results from [56].
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Fig. 2. Distribution of the vibrational population of the
electron level C3l'lu of molecular nitrogen.

C3I, level, the population of vibrational levels of

A’ ZZ depends on height, with the lower levels (v < 4)
being the most sensitive to its change.

The model presented in this paper makes it possible
to calculate concentrations of the following constitu-

ents: N%, OF, 0*(*S), 0*(D), O*(?P), O('D), O('S),
N(*S), N(D), N(P), NO, NO', N¥, NyA’,
COSMIC RESEARCH  Vol. 55
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Fig. 3. Distribution of the vibrational population of the

A3 Zz term at various heights: (/) 85 km, (2) 100 km,
(3) 150 km, and (4) 170 km

Ny(A'ZD), NyBMI), NWA,), N,(B'X,),
N,(C’I1,), and electrons in the auroral polar iono-
sphere. The energy spectrum of the precipitating elec-
trons and the neutral atmosphere model are the input
parameters of the model. The model is applicable to the
E and lower F ionospheric regions because it does not
take into account the effects of the mass transport of
excited components of the ionosphere.

3. RECONSTRUCTION OF THE ENERGY
SPECTRUM OF PRECIPITATING ELECTRONS

The energy spectrum of the precipitating electrons
flux is one of the main input parameters in auroral
ionosphere models. The shape of the energy spectrum
and value of the precipitating electrons flux could be
reconstructed from the measured vertical profiles of
the auroral emissions intensity. Emissions of short-liv-
ing excited ionospheric species that do not participate
in ionospheric chemical reactions best fit the recon-
struction of the electron spectrum. First of all, these
are the emissions of the first negative system of bands
of molecular nitrogen ion 1NG occurring due to the

transition N3 (B* X} — X”X}). Bands 3914, 427.8,
and 470.9 nm, which correspond to transitions from
the vibrational levels v' = 0 of the B> Z: term to the

vibrational level v'' = 0, 1, and 2 of the X2 Z; term,
respectively, are the most intense and reliably detected
in auroras.
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Fig. 4. Energy spectrum of precipitating electrons: solid
semi-thick curve shows the reconstructed spectrum,
dashed curves show energy spectrum measured on board
the satellite [1].

The intensity of the ING band that corresponds to
the transition N;(B2 hvi = X Z;,v") is deter-
mined by the expression

I = AV'V" |:N; <B2 Z:’V'):" (6)
where [ is the intensity of the band in the photon
cm~3 s7! units, A4,.,. are the Einstein coefficients,
and [N; (B2 YoV )] is the concentration of N in the
(B2 Z:,V') state.

The concentration [N;(Bz TV )] is found by
solving the balance equation of continuity (1). Tak-

ing into account the short lifetime of the B> Y| term
(~1077s), it is possible to neglect the collisional deac-
tivation of that state and to assume that it is completely

quenched due to spontaneous transitions to the X? Z;
term. Then, its concentration under the conditions of
a stationary-in-time precipitating electron flux will be
determined by the following equation:

0= QV' - [N;B22:,v' ]Z Av‘v"' (7)
Taking into account (6) and (7), we obtain
A,
] =—=¥Yv"_0O.. 8
ZAV'V” QV ( )

On the other hand, if any measured vertical profile
of the intensity /(h) is known, then generalizing the

functional Q,. of formulae (2), expression (8) could be

considered as an integral equation relative to the F(FE)
function:

1(h)= B[ K (hE)F(E)dE, 9)
g,
ZAVV N h) (h)S_,-’
K(hE) = : (IR(E)(E))ME,X), (10)

where Py (h) is the portion of the energy spent to
excitation of N, ¢_, are the Franck—Condon factors
that correspond to the transitions from the ground

state. Ny(X> X7 ,v" = 0)

N; (B2 Z:,v'), and g, is the energy price of the B? >
level of the molecular nitrogen ion. The energy dissi-
pation function A(E, %), integral free paths R(E),
value of the albedo-flux T(F), and the energy price €
obtained in [6—8] were used in the calculations. The
Einstein coefficients A, and Franck—Condon fac-

tors g _, were taken from [51].

to the excited levels

We present the integral in formula (9) as the sum via

the trapezium formula
I(h) = B{K(h’Elz)FlAEl}

N K(hE,)F, (AE, + AE, )
+ 1> ;
k=2
4 K (hE,)F,AE,
2

where # is the number of points in the vertical profile
of the emission intensity measured experimentally.

After introducing additional limitations that F,
should be positive, whereas the sought for F(E) should
be fairly smooth function of the energy, we come to
the problem on minimization of the following func-
tional:

L:Zn:(l(h +Z

The energy spectrum of prec1p1tat1ng electrons was
reconstructed for a height of 500 km using the mea-
sured vertical profile of the intensity of the 391.4 nm
emission intensity obtained in the experiment [4]. At
the same time, the functional (12) was minimized
using the gearing method. The solid curve in Fig. 4
shows the energy spectrum of the precipitating elec-
trons reconstructed using the algorithm proposed
above. The mean energy of the reconstructed spec-
trum is 8.5 keV at the flux of 10.5 erg cm—2?s~!. Dashed

1)

b

- Fe) (12)

COSMIC RESEARCH  Vol. 55 No.2 2017
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Fig. 5. Vertical profile of the intensity of the A391.4 nm
emission: (/) calculated using the reconstructed spectrum
of precipitating electrons and (2) measured on board the
rocket [4].

curves in Fig. 4 correspond to three sequent measure-
ments conducted on board the satellite during the
experiment [3]. It can be seen that the experimental
and calculated spectra does not contradict each other.
On the other hand, it should be taken into account

300 -
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108 1010

1010
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95

that, during the measurements, the satellite was
located at a distance of 800—500 km from the rocket
and the energy spectra of electrons measured by the
satellite could differ slightly from the spectra directly
over the rocket flight region. That is why, subse-
quently, during modeling, the processes that occur in
the disturbed ionosphere during electron precipita-
tion, we will use the reconstructed precipitating elec-
tron flux that adequately describe the vertical profile
of the 391.4 nm emission intensity. It is demonstrated
in Fig. 5 where the comparison of the vertical profile
of the 391.4 nm emission intensity measured in the
experiment and calculated in accordance with (6)
using the reconstructed energy spectrum of precipitat-
ing electrons is shown.

4. MODELING RESULTS

The results of the coordinated rocket—satellite
experiment [3], in which the energy spectrum of auro-
ral electrons, concentrations of the atmospheric gases
N,, O,, and O within the height range of 160—240 km,

vertical profiles of the concentrations of N3, O;, O*,
and NO™ ions, vertical profiles of the intensities of
emissions of the 557.7 and 630.0 nm of atomic oxygen,

391.4 nm of the first negative system of N; bands,
337.1 nm of the second positive system of N, bands,
and 320.0 nm of the Vegard—Kaplan bands system
were used to test the model. A detailed description of
the experiment is presented in [3, 4]. It should be

102 104 107 10° 10t 108

1

Fig. 6. Vertical profiles of the concentrations of atmospheric gases N,, O,, and O: (/) profile used in the model calculations,

(2) experimental data [4], and (3) MSIS-90 [57].
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line shows the measurement error).

noted that, according to the data of ground-based
photometric measurements during the period of
rocket flight, the intensity of the 391.4-nm emission of
the auroral arc underwent no substantial variations for
20 min. This fact makes it possible to take the precipi-

tating electrons flux to be constant in the period when
rocket measurements were conducted.

Based on the experiment condition [3], integration
using formula (2) was performed with the assumption
that the electron precipitation lasts 20 min. The neu-
tral atmosphere model was adapted to the observation
conditions. The MSIS-90 [57] model was chosen as
an initial neutral atmosphere model. Above 160 km,
the N,, O,, and O concentrations were adjusted to the
concentrations of these gases measured in the experi-
ment. Below 160 km, the concentrations of molecular
and atomic oxygen were corrected to obtain the best
agreement between the calculated and experimental
concentrations of the corresponding ions. Figure 6
shows the vertical profiles of concentrations of N,, O,,
and O used in the calculations. The spectrum recon-
structed from the vertical profile of the 391.4 nm emis-
sion measured in the experiment using the procedure
described above was used as an initial electron spec-
trum. The pitch-angle distribution was taken to be iso-
tropic over the lower hemisphere, this fact corre-
sponding to the experimental data [3].

Figure 7 shows the calculated time dynamics of the

concentration of the N, O;, O*, and NO* ions and
the emission intensity in the 391.4, 320.0, 337.1, 557.7,
and 630.0 nm lines. Figure 7 shows that a 20-min
interval is sufficient for ion concentrations and emis-
sion intensity to reach a stationary state. For nitric
oxide NO, the time of reaching a stationary state, as
well as its lifetime after the end of precipitation, is a
few days. In publication [58], which is dedicated to
studies of the NO, continuum, the authors estimated
the nitric oxide concentration for the day of the exper-
iment equal to 1.1 x 10° cm~ at a height of 110 km.
This amount of NO molecules could not be achieved
for 20 min. That is why the profile of NO obtained
from the profile calculated for the 20-min interval by
its normalizing based on minimization of deviations of
calculated concentrations of all ions and emission
intensities from the values obtained in the experiment
was used in the model calculations. That profile is
shown in Fig. 8 by solid curve. The NO concentra-
tion peak is obtained equal to 6 x 108 cm~3 at a height
of 105 km. At a height of 110 km, the obtained value
lies within the errors in [58]. The same figure shows
the profiles obtained over the 20-min interval in this
paper and in [4]. Neither one nor the other profile sat-
isfies the estimates in [58], and such amount of nitric
oxide cannot be sufficient to obtain for the ion con-
centrations measured in the experiment.

Figures 9 and 10 show the height profiles of the

concentrations of the N3, O, OF, and NO™ ions and
the electron concentration and the height profiles of
the intensity of the 557.7, 630.0, 391.4, 337.1, and
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Fig. 9. Vertical profiles of the concentration of the N;, O;,
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eling results and solid curves show experimental data [4].
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the modeling results, circles and crosses show experimen-
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320.0 nm emissions calculated by the model under
consideration and measured in the experiment. For
the sake of comparison, Fig. 11 shows the height dis-
tribution of the ratios of the measured concentrations

of N3, O;, O*, NO*, and n,, as well as ratios of the

measured intensities of the emissions 391.4, 320.0,
337.1, 557.7, and 630.0 nm to the corresponding values
COSMIC RESEARCH Vol. 55

No.2 2017

calculated using the given model. Horizontal lines
show the errors in measurements of ion concentrations
and intensities. The error for an intensity of 320.0 nm
emission and for the rest of the emissions is approxi-
mately 35 and 30%, respectively. It can be seen that, in
the majority of cases, the ratios of the model and
experimental values lie within the measurement errors
and, in some cases, oscillate around unity. Thus, the
model presented here correctly describes the processes
in the Earth’s upper atmosphere under the conditions
of aurorae.

5. CONCLUSIONS

A numerical model describing processes of interac-
tion of the main excited and ionized atmospheric con-
stituents during auroral electron precipitations is pre-
sented in this paper. The model is based on the data
available in scientific publications and contains
56 physicochemical reactions, rate constants of which
are taken with allowance for recent measurements.
Moreover, in order to correctly calculate the intensity
of the emissions of the molecular nitrogen band sys-
tems, physicochemical reactions that describe the
energy redistribution between vibrational levels of the
N, triplet states are included in the model.

The method of calculating vertical profiles of the
atmospheric gases excitation rates into the basis of
which a functional that makes it possible to analyti-
cally relate the vertical profiles of excited constituents
of the atmosphere into the energy spectrum of precip-
itating electrons is a distinctive feature of the model.
The numerical model makes it possible to calculate
vertical profiles of 14 ionospheric constituents,
including electrons; time dynamics of the ionospheric
constituent concentrations and vertical profiles of the
intensity of the main auroral emissions including 557.7
and 630.0 nm; and emissions of the first negative, sec-
ond positive, and Vegard—Kaplan band systems.

The presented model was approbated using the
data of a unique coordinated rocket—satellite experi-
ment in which the following parameters were mea-
sured: the energy spectrum of auroral electrons; con-
centrations of the atmospheric gases N,, O,, and O
within a height interval of 160—240 km; vertical pro-

files of the N5, O, O*, and NO" ions; and vertical pro-
files of the intensities of emissions 557.7 and 630.0 nm

of atomic oxygen, 391.4 nm of the first negative N;
band system, 337.1 nm of the second positive band sys-
tem, and 320.0 nm of the Vegard—Kaplan band sys-
tem. A comparison of the calculated and experimental
data shows that the presented model well describes the
processes in the Earth’s upper atmosphere under the
auroral conditions and is currently the best possible
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way obtain mutual agreement with the values mea-
sured in the experiment.
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