
Send Orders for Reprints to reprints@benthamscience.ae

88 The Open Atmospheric Science Journal, 2017, 11, 88-104

1874-2823/17 2017  Bentham Open

The Open Atmospheric Science Journal

Content list available at: www.benthamopen.com/TOASCJ/

DOI: 10.2174/1874282301711010088

RESEARCH ARTICLE

Impact of Energetic Electron Precipitation on the Upper Atmosphere:
Nitric Monoxide

A. Vialatte1,*, M. Barthélemy1 and J. Lilensten1

1Univ. Grenoble Alpes, CNRS, IPAG, F-38000 Grenoble, France

Received: October 20, 2016 Revised: March 07, 2017 Accepted: March 11, 2017

Abstract:

Background:

Nitric oxide concentration in the upper atmosphere is known to be highly dependent on the solar activity. It can be transported to the
stratosphere  by  the  atmospheric  circulation.  In  the  stratosphere  it  is  responsible  for  the  destruction  of  ozone  and  consequently
stratospheric  heating  rates  are  affected.  This  is  one  of  the  mechanisms  by  which  solar  variability  has  been  suspected  to  drive
variability in the energetic budget of the Earth climate. Therefore, it is essential to know every physical and chemical processes
leading to the production or to a destruction of nitric oxide.

Aim:

The aim of this work is to calculate the production rate of NO+ and some of the NO electronic states created by electron impact on
NO at night in the auroral zone using an electron transport code.

Conclusion:

We study this variability under different precipitation conditions and taking into account the variability of the neutral atmosphere
with the geomagnetic and solar activity. We find that the energetic electron precipitation has a very small effect on the absolute value
of the NO+ and NO* production rates. In order to help further research to consider the effect of NO+ and NO*, we provide a table of
all the production rates in a medium solar and geomagnetic activity case.

Keywords: Nitric oxide, Thermosphere, Climate, Stratosphere, Solar Variability, Atmosphere.

INTRODUCTION

The IPCC Fifth Assessment Report [1] analyses the radiative forcing at Earth1. In this analysis, the positive radiative
forcing due to human activity is clearly predominant (2.29 Wm-2 ±1.1 W.m-2). The one due to solar activity is much
smaller (about 0.05 W.m-2 ± 0.05 Wm-2) [1].

A recent monograph reviews all the possible mechanisms by which the solar activity could impact Earth climate [2,
3].  Amongst  them is  the  impact  of  the  nitric  oxide  NO in  the  upper  atmosphere  [4].  From these  authors,  NOx are
produced in the stratosphere and mesosphere through molecular ionisation of the ambient gas, including the minor NO
specie, and subsequent recombination. NOx are known to have lifetime up to several months. The main destruction
mechanism is through photo absorption. Therefore, they remain a long time in the atmosphere during the polar night.
Then they experience horizontal and vertical transport. The latter likely happens in the polar vortex and may transport
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NO produced in the thermosphere down to low atmospheric layers where it destroys the ozone [5]. NO can also be
ionized and excited. The main ionisation source in the polar night is through electron precipitation. Their influence on
atmospheric chemistry is reviewed [6]. However, the production of excited NO or NO+ in the thermosphere has never
been addressed up to now. This is important because NO+ and excited NO can change species reactivity and therefore
accelerate  or  slow  down  destruction  processes.  Computing  the  productions  under  different  electrons  precipitations
conditions is the aim of this work. It may not have a major impact, but we are hopeful that this analysis will offer new
insights for atmospheric modelers.

1. NITRIC MONOXIDE IN THE ATMOSPHERE

At  ground,  NO  and  NO2  are  mainly  produced  during  the  combustion  of  fossil  fuels  and  are  released  into  the
troposphere. However, NO is also produced at much higher altitudes above the stratosphere. The more the solar activity,
the more NO is produced with potential effects in Europe and North America [3]. To quantify its effects it is important
to know all the mechanisms of production and destruction of NO and of its derivatives NO+ and NO*.

The nitric monoxide density in the thermosphere peaks around 110 km [7]. It is commonly larger at high latitudes
and  may  exceed  2.1014  molecules  per  m3  [8].  The  Student  Nitric  Oxide  Explorer  (SNOE)  satellite  provided  NO
measurements from March 11, 1998 to September 20, 2000. It had a sun-synchronous orbit inclined at 97.7 degrees to
the equator and made 15 orbits per day. This allowed an almost global coverage of the Earth's atmosphere between
latitudes 82°S and 82°N. SNOE measured the concentration of nitric monoxide between 97 and 150 km. Fig. (1) shows
some of the SNOE measurements at the equator and high latitude, between 60° and 70° for low geomagnetic and solar
activity (Ap smaller  than 6,  f10.7  smaller  than 132),  medium (Ap from 6 to 12,  f10.7  between 132 and 165) and high
activity (Ap larger than 12, f10.7 larger than 165). From these data, it is obvious that the NO content is directly linked to
the solar and geomagnetic activity.

Fig. (1). Average NO density at the equator for low solar activity (dark blue), medium (gold) and high (orange). Average NO density
at high latitudes (60° - 70°) for low geomagnetic activity (light blue), medium (green), and high (purple). From [9].

We used SNOE data [9] to build our NO model. As we did not find extensive data for NO concentration above 150
km,  we  performed  a  logarithmic  extrapolation  based  on  SNOE  data.  This  choice  is  motivated  by  the  scale  height
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evolution.

1.1. NO Production

Photons and electrons can dissociate molecular nitrogen thereby producing excited atomic nitrogen. The latter then
reacts with molecular oxygen according to the following chemical reactions:

(1)

(2)

Below 130 km, the reaction 1 mainly produces NO during the day. It is much less effective at night. Above 130 km,
the reaction 2 is the main source of NO during the day, and the main source during the night under 130 km [8].

There  are  two  sources  of  NO.  The  energetic  electrons  participating  in  reactions  come  either  from  particle
precipitations  at  high  latitudes  or  from  the  interaction  of  the  solar  electromagnetic  flux  in  the  soft  X-ray  with  the
molecules of the thermosphere, where the effect is maximum in the equatorial region [8 - 9].

1.2. NO Destruction

NO is mainly destroyed by the photon flux in the extreme ultraviolet which dissociates it according to [9]:

(3)

and by N(4S) through [8]:

(4)

Therefore, NO is negligible in the dayside thermosphere. The case is radically different in the polar nightside.

1.3. NO Vertical Transport

The WACCM model (Whole Atmosphere Community Climate Model) combines chemistry and dynamics of the
atmosphere from the surface to 140 km altitude. It computes an upward air mass flow in the vicinity of the summer
pole, and a downward air mass flow near the winter pole [10]. Above each tropospheric convection cell, another cell is
created, moving in the opposite direction: upward flow around the winter pole and a downward flow around the summer
pole. Vertical density gradients of nitric monoxide are created, resulting in a transport of NO to the higher altitudes in
summer pole and a downward transport around the winter pole. NO is thus injected into the stratosphere where it can
destroy ozone by NO + O3 NO2 + O2 [3] thus contributing to the energy budget of the atmosphere. Indeed, stratospheric
ozone O3  filters  almost  all  the solar  ultra-violet  radiation.  In  addition,  horizontal  transport  of  NO was observed,  in
particular  by [9].  The nitric  oxide produced at  high latitudes  can be  transported to  lower  latitudes  but  the  physical
phenomena behind these transports remain poorly known.

One of the major flaws of this scheme is that the reaction rates take no account of the NO electronic states nor of its
potential ion NO+, simply because these have not been studied yet. Ionisation and excited states could have a role in NO
chemical reactivity and thus the climate. Moreover, the connection between energetic precipitations and climate has
already been assessed in review articles [11] and [4] though both articles state that effects (direct and indirect) persist in
the upper atmosphere down to the stratosphere.

2. MODELING

Part of the magnetospheric electrons is driven along the Earth magnetic field lines to end in an oval centered around
the  magnetic  poles.  They  enter  the  thermosphere  with  energies  up  to  a  few  hundreds  of  keV.  These  suprathermal
electrons ionize, excite and dissociate the atmospheric atoms and molecules and produce the population of ions and
excited species. During these collisions, the electrons gradually lose their energy. The Boltzmann equation describes the
evolution of these precipitated electrons during collisions with other particles through the stationary electron flux Φ (in
cm-2.s-1.eV-1.sr-1) depending on the altitude z, the electron energy E and pitch angle θ relative to the magnetic field:

                                        N(2D) + O2    NO + O                                     
 

                                         N(4S) + O2    NO + O                                     

                                                NO + h�    N(4S) + O                                     

                                            NO + N(4S)    N2 + O                                      
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(5)

Where μ is the cosine of the electron pitch angle, ne the thermal electron density, E their energy, and L(E) represents
the stopping power cross section which is active in the friction force between ambiant and suprathermal electrons, and
is computed under continuous slowing down approximation [12]. The losses are characterized by the flow that degrades
itself towards lower energies, to other angles and altitudes, when the electrons ionize and excite. The sources are the
precipitated electrons and the electrons of higher energies.

Once  is  computed,  the production of any state st (excitation, ionisation or dissociation) of a species sp
at altitude z writes:

(6)

Where  is the collision cross section of the species sp with electrons of energy E to gives state st, and nsp its
density.

In the case of nitric monoxide, the electrons can ionize and dissociate into NO+, N+ and O+. NO can also be excited
into 22 states, see Table (1). The corresponding cross sections come [13] for incident electron energies of 10, 20, 30, 40
and 50 eV, and we performed a logarithmic extrapolation for larger energies.

Table  1.  Electronic  states  of  NO*production  by  electron  impact  on  NO.  The  second  column  stands  for  the  excitation
threshold for most the NO electronic states. [13]

Electronic States Threshold (eV)
X2Π -

a4Π 4.747

A2S+ 5.480

B2Π 5.642

b4S- 5.725

C2Πr 6.499
L’2Φ 6.599
D2S+ 6.607
B’2Δ 7.442
E2S+ 7.546

F2Δ 7.692

L2Π 7.757
H’2Π 7.773
H2S+ 7.773

K2Π 7.997

M2S+ 8.017

S2S+ 8.324

N2Δ 8.383

O‘2Π, O2S+ 8.430

Q2Π 8.515

T2S+ 8.674

W2Π 8.772

Z2S+ 8.860

The TRANSSOLO code uses a multi-stream approach [14 - 16], which solves the Boltzmann equation for electron
transport  in  the  atmosphere.  We  can  then  derive  the  excitation  and  ionisation  rate  from  the  flux  intensity  and  the
corresponding  cross-sections.  The  model  has  been  proven  valid  through  laboratory  experiment  [17]  and  in-situ
observations  [18  -  20]  2.
2This kinetic model can be coupled with a fluid one, which is not the case here (Lilensten & Blelly, The TEC and F2 parameters as tracers of the
ionosphere and thermosphere, 2002).

𝝁
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We  also  compared  our  computation  with  [21]  where  the  authors  compute  the  electron  production  in  different
atmospheric cases and with different methods such as the same transport code used here.

We  find  a  similar  altitude  of  deposition  but  surprisingly  a  smaller  production  rate.  We  could  not  explain  this
discrepancy.

Fig. (2). Neutral density profiles at 70°N. At 400 km, one gets from left to right : NO (gold line), O2 (green), N2 (purple) and O
(blue).

Fig. (3). Production (from right to left) of the b4Σ- (green), B'2Δ (gold), L'2Φ (blue), C2Π (purple) and L2Π (orange) electronic states of
NO.
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3. RESULTS

Figs. (3, 4, 5) show the productions of all the 22 NO excited states in the same thermospheric conditions as in Fig.
(2). The total energy of the precipitated electrons is 3.2 erg. cm-2s-1, which corresponds to the energy in a strong aurora
[22]. Fig. (3) corresponds to the strongest productions of excited states [23]. provide an up to date energy diagram of
NO. Comparing our results with this diagram, one concludes that the most excited states are not the lowest ones but are
scattered over a large span. Fig. (5) represents the states that are little excited. Logically, they are provided by high
energy states (see [23]).

Finally, Fig. (4) show middle term excited states, which all correspond to low energy states. The altitude of the
maximum remains the same whatever the excitation state, corresponding to the maximum in NO density, i.e. 110 km.

Fig. (4). Production (from right to left) of the A2Σ+ (purple), D2Σ+ (green), a4Π (blue) and B2Π (orange) electronic states of NO.

Fig. (5). Production (from right to left) of the W2Π (black), K2Π (dark blue), H2Σ+ (light blue), F2Δ (brown), M2Σ+ (red), H'2Π (dark
green), O'2Π (light green), N2Δ (gray), E2Σ+ (purple), T2Σ+ (orange) and Z2Σ+ (gold) electronic states of NO. The states S2Σ+ (magenta)
and Q2Π (pink) are also almost hidden behind the state O'2Π.
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Fig. (6) compares different ion productions. We show the result of NO dissociative and simple ionisation. The most
important mechanism is the simple ionisation, which is comparable to the total excitation rate. The ions N+ and O+ are
negligible, and correspond to less than 10% of the total absorption.

Fig. (6). Production of NO+ (purple), N+ (green), O+ (blue) and total excited NO (orange).

We aim at showing the effect of the solar and geomagnetic activity on the NO excitation and ionisation [24]. shows
that the state A2Σ+ is one of the brightest in the Earth's atmosphere in general. It therefore constitutes the most attractive
for studying NO in the upper atmosphere. However, the γ-band, related to the A2Σ+ state, is the desexcitation from an
excited state to the ground state.

This may raise some difficulties, as self-absorption may occur, data can be distorted. Even though, since the relative
behavior  of  the  different  excitation  heigh  profiles  remains  the  same,  we  will  focus  on  this  single  excitation  in  the
following. We checked that it can be considered as the representative of the other states.

The  geomagnetic  (through  Ap)  and  solar  activity  (through  f10.7  influence  the  productions  through  the  neutral
atmosphere given above, and through the characteristics of the electron precipitation spectrum. To study the effects of
these  parameters,  we  will  use  the  statistical  model  of  [25]  to  describe  the  precipitation.  Finally,  we  will  study
independently the impact of different precipitation conditions. Even though those parameters are linked to each other,
we chose to study them separately.

3.1. Influence of the Geomagnetic Activity

Here, we change the Ap index with influence both on the neutral atmosphere and on the electron precipitations.

Not surprisingly, the production increases with increasing geomagnetic activity Fig. (7). Following the SNOE data,
we show three cases corresponding to Ap = 3, 9, 18. The neutral NO density increase results in an increase of the A2Σ+

state  production,  from about  0.04 cm-3s-1  to  0.05 in  the mid case and 0.07 in  the most  active case at  the peak.  The
geomagnetic variability is physically partly due to the enhancement of the mean energy of the electron precipitation.
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Indeed, in Hardy's model, increasing Ap therefore enhances this mean energy, resulting mainly in a decrease in the
altitude of the peak, from 152 km in the quiet case down to about 142 in the most active.

Fig. (7). Production of the A2Σ+ state of NO for Ap=3 (purple), 9 (green) and 18 (blue).

3.2. Influence of the Solar Activity in the Nightside

Again, following SNOE data, we show in Fig. (8) three cases corresponding to f10.7 = 100, 150, 210. Surprisingly, an
enhancement in the solar activity results in an decrease of the A2Σ+ state production, from about 0.065 cm-3s-1 in the min
f10.7 case to 0.05 in the mid case and 0.04 in the most active case. However, this is only an apparent surprise. Increasing
f10.7 from 100 to 210 results in an increase at 150 km in the O density by 33\% as modeled by NRLMSISE. N2 - the main
specie by far at this altitude - increases by 16%. O2  decreases by 26% while NO remains quite stable, with a small
decrease of 1%. Therefore, the precipitated electrons collide preferentially with nitrogen. Less electrons are available
for NO, of which the quantity is approximately constant. We would like to note that the 16% increase in N2 and the 33%
increase in O are sufficient to compensate the 26% O2 density diminution.

3.3. Influence of the Precipitation

We  study  the  impact  of  different  precipitation  conditions  for  3  distinct  cases.  Although  [26]  mention  electron
energies up to 400 keV, we follow [27] with a mean energy of 100 keV. The second one is a mean case with E= 10
keV. The last one is a faint case, which represents the conditions when an aurora becomes visible with naked eyes, with
E 0=1 keV [22]. The neutral atmosphere remains the same in the 3 runs (Ap = 9, f10.7 = 150, i.e. the mean SNOE case) in
order  to  only  distinguish  the  effect  of  precipitating  electrons.  The  distribution  function  for  the  precipitation  is  a
maxwellian. For each case, we chose to keep a constant number of precipitating particles.

In the first case, the A2Σ+ production peaks at 108,2 km, at 0.048 cm-3s-1. The second one peaks at 109,6 km for a
production of 0.044 cm-3s-1. Finally, the last one peaks at 128,6 km with a production rate of 0.042 cm-3s-1. The neutral
atmosphere remains the same in the 3 runs (Ap = 9, f10.7 = 150, i.e. the mean SNOE case).
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These altitudes are in agreement with [27] (which however focus on the neutral atmosphere) and [28]. [28] studies
the  altitude  profile  of  the  ionization  rate  in  the  Earth's  atmosphere  due  to  precipitating  energetic  electrons.  The
deposition peaks at 110 km, i.e. about 10 km above our maximum. This discrepancy is only apparent, as [27] shows the
deposition  profile  for  the  full  atmosphere  while  we  focus  on  NO only.  When  considering  the  full  atmosphere,  we
retrieve [28]'s results.

Fig. (8). Production of the A2Σ+ state of NO state of NO for f10.7 =100 (purple), 150 (green) and 210 (blue).

In agreement with the work of [29] we find that the stronger the mean energy of the electrons flux, the deeper in the
atmosphere the production peak. We also notice a small increase (less than a factor 2) in NO production when the total
energy increases.

Fig. (9) shows the production of different ions. Here, the precipitating electrons carry a mean energy of 100 keV and
a  integrated  one  of  1  erg.cm-2  s-1.  It  is  important  to  notice  that  most  of  the  energy  carried  by  the  electrons  go  to
ionization,  therefore,  less  energy  is  available  for  excitation.  However,  this  last  phenomenon  should  not  be
underestimated.  As  shown in  Fig.  (9)  peaks  may vary  in  altitude,  depending  on  the  gas  and  process  (ionization  or
excitation). Indeed, N2

+ and O2
+ production peaks at 78 km whereas NO+ production peaks at 108 km.

DISCUSSION AND CONCLUSION

NO is a very minor specie in the upper atmosphere. However, its role in the global change remains unclear. It has
been suggested that the upper atmospheric circulation favors the stratosphere-troposphere exchange in link with climate
change through the greenhouse gas N2O [30]. In parallel, chemical reactions implying NO in the atmosphere produce a
significant production of various nitrous oxide (see The Physical Science Basis.

Contribution of Working Group I in [1]). However, all the current studies deal only with the ground state, neglecting
the excited ones. It has been questionable in which extend the nitric oxide in the upper atmosphere responds to the solar
activity and then, whether the solar activity could act as a global warming cause through this effect.
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Several previous studies show that NO density in the atmosphere depends on solar activity [29], [31]. However, NO
being a minor specie in the thermosphere, the variations are very low in absolute value and compared to the variations
of the major species. Because of this, variations in the excitation rate NO*remain very low as well and depend very
little on solar activity.

The variability of NO (ground state) in the upper atmosphere using a diffusive transport code and a chemistry code
has been studied [28,29,32]. Their computation of the ion production is made through the assumption of a value of 35
eV lost  per creation of pair,  close to what was computed in different gases and atmospheres in [33].  Using a more
sophisticated transport code and computing not only the ion production but also all the excitation ones, we find the
same amplitude of variability than what they get for the neutral atmosphere.

Fig. (9). Production of N2
+ (purple), O2

+ (green), O+ (light blue), NO+ (orange) and the production of the A2Σ+ state of NO (gold).
Precipitating electrons carry a mean energy of 100 keV and a integrated energy of 1 erg.cm-2s-1.

In order to help further work to improve their models, we provide in the Appendix the productions of all the 22
excited states and of NO+ in the middle case above (Ap = 9, f10.7 = 150) at a latitude of 70°. From our study, this case is
representative of any solar and geomagnetic activity level at high latitude. The electron flux mean energy is E=500 eV
for a total flux 0.1 erg.cm-2s-1. We used a maxwellian distribution in energy and an isotropic distribution in pitch angles.

Although the suggested mechanisms to link the solar activity to the climate through excited NO production are
typically  nocturnal,  it  would  be  interesting  in  the  future  to  proceed  to  the  same  computation  in  the  daytime.  NO
excitation by photons is a resonant phenomena.

This means that there is only one cross-section at a single energy for each excited state. However, we could not find
extensive data on this subject. The most complete photo absorption cross section set is found in [34]. It provides the
oscillator strengths for a reduced set of states. A thorough effort should be performed to determine these cross sections.
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APPENDIX

Table A1. - Productions of excited states of NO in the middle case (Ap = 9, f10.7 = 150) at a latitude of 70°.

Altitude (km) A2Σ+ E2Σ+ S2Σ+ C2Πr K2Π
311.8 3.24136083E-4 4.44507859E-5 9.57884040E-5 5.67610201E-4 1.32800778E-4
296.4 6.12605887E-4 8.40435459E-5 1.80912335E-4 1.07267790E-3 2.51253194E-4
281.9 1.11186912E-3 1.52428402E-4 3.27660586E-4 1.94482552E-3 4.55857546E-4
268.4 1.94494531E-3 2.65546405E-4 5.69326105E-4 3.39099392E-3 7.93835905E-4
255.7 3.27894744E-3 4.44308011E-4 9.48742323E-4 5.68689173E-3 1.32655748E-3
243.9 5.32044750E-3 7.13591173E-4 1.51567301E-3 9.16634686E-3 2.12621037E-3
232.9 8.31865612E-3 1.10115390E-3 2.32281000E-3 1.42148891E-2 3.27144237E-3
222.6 1.25213405E-2 1.63184770E-3 3.41405394E-3 2.11963411E-2 4.83039021E-3
213.0 1.81594305E-2 2.32359464E-3 4.81486227E-3 3.04119084E-2 6.84783142E-3
204.0 2.53816694E-2 3.17941024E-3 6.51771482E-3 4.19956110E-2 9.32268053E-3
195.5 3.41938622E-2 4.18109167E-3 8.47187452E-3 5.58244810E-2 1.21910153E-2
187.7 4.44030575E-2 5.28541533E-3 1.05795106E-2 7.14492574E-2 1.53173655E-2
180.3 5.55794463E-2 6.42436976E-3 1.27002522E-2 8.80661309E-2 1.84983723E-2
173.4 6.70461133E-2 7.50977267E-3 1.46640185E-2 1.04539819E-1 2.14795973E-2
167.0 7.79009461E-2 8.44119862E-3 1.62884369E-2 1.19472869E-1 2.39812080E-2
161.0 8.70796144E-2 9.11564939E-3 1.73960421E-2 1.31317630E-1 2.57259700E-2
155.4 9.34326500E-2 9.43696778E-3 1.78277381E-2 1.38499111E-1 2.64634956E-2
150.1 9.59092826E-2 9.33474861E-3 1.74739230E-2 1.39689490E-1 2.60194205E-2
145.3 9.76296812E-2 9.14342515E-3 1.69753600E-2 1.39624968E-1 2.53427736E-2
140.7 9.77537856E-2 8.79598968E-3 1.62112340E-2 1.37159988E-1 2.42539961E-2
136.4 8.87375325E-2 7.66204204E-3 1.40329553E-2 1.22041911E-1 2.10312735E-2
132.4 7.47273713E-2 6.18946645E-3 1.12792198E-2 1.00655057E-1 1.69261545E-2
128.7 6.51035458E-2 5.17850928E-3 9.40296706E-3 8.58438686E-2 1.41230524E-2
125.2 5.07099777E-2 3.88378114E-3 7.03526381E-3 6.54534474E-2 1.05731934E-2
121.9 3.71462665E-2 2.74761487E-3 4.96851513E-3 4.69427779E-2 7.47104408E-3
118.8 2.38748211E-2 1.70817482E-3 3.08344606E-3 2.95351818E-2 4.63936105E-3
116.0 1.29206292E-2 8.92954879E-4 1.60847208E-3 1.56301707E-2 2.42183893E-3
113.3 5.89089748E-3 3.91888578E-4 7.04307109E-4 6.95394538E-3 1.06119958E-3
110.8 2.04529846E-3 1.30669272E-4 2.34364838E-4 2.35177577E-3 3.53326846E-4
108.5 5.81915316E-4 3.57156860E-5 6.39553546E-5 6.51469687E-4 9.64577557E-5
106.3 1.18983837E-4 7.02937132E-6 1.25714478E-5 1.29779335E-4 1.89648727E-5
104.3 1.80104926E-5 1.02628974E-6 1.83349221E-6 1.91581839E-5 2.76617243E-6
102.4 2.13485259E-6 1.17488909E-7 2.09687229E-7 2.21631740E-6 3.16336497E-7
100.6 1.74723240E-7 9.29231092E-9 1.65673555E-8 1.77101953E-7 2.49900634E-8
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Altitude (km) A2Σ+ E2Σ+ S2Σ+ C2Πr K2Π
98.9 1.09624807E-8 5.63581237E-10 1.00372100E-9 1.08516129E-8 1.51371027E-9
97.4 5.08252274E-10 2.52671599E-11 4.49481737E-11 4.91477192E-10 6.77723710E-11
95.9 1.84649882E-11 8.88177932E-13 1.57808131E-12 1.74501993E-11 2.37896465E-12
94.6 5.35313222E-13 2.49331382E-14 4.42441155E-14 4.94711856E-13 6.66880017E-14
93.3 1.25928414E-14 5.68455828E-16 1.00738624E-15 1.13885486E-14 1.51825499E-15
92.1 2.44329221E-16 1.06976737E-17 1.89308836E-17 2.16376128E-16 2.85303262E-17
91.0 3.96891019E-18 1.68639405E-19 2.97970593E-19 3.44371295E-18 4.49088969E-19
90.0 3.31947935E-20 8.71365406E-22 1.46491001E-21 2.19200536E-20 2.24140601E-21

Table A2. - Productions of excited states of NO in the middle case (Ap = 9, f10.7 = 150) at a latitude of 70°.

Altitude (km) Q2Π D2Σ+ M2Σ+ H‘2Π H2Σ+
311.8 9.72447451E-5 3.63965635E-4 8.44511451E-5 8.20756832E-5 1.18636744E-4
296.4 1.83505996E-4 6.86594634E-4 1.59700561E-4 1.55115486E-4 2.24302203E-4
281.9 3.32128344E-4 1.24281668E-3 2.89630989E-4 2.81188899E-4 4.06713196E-4
268.4 5.76845661E-4 2.16395734E-3 5.04182186E-4 4.89351980E-4 7.07828032E-4
255.7 9.61133337E-4 3.62499361E-3 8.42243084E-4 8.17374559E-4 1.18210097E-3
243.9 1.53562182E-3 5.83791593E-3 1.34952937E-3 1.30969111E-3 1.89346226E-3
232.9 2.35428149E-3 9.04791895E-3 2.07577064E-3 2.01472081E-3 2.91126058E-3
222.6 3.46243894E-3 1.34871416E-2 3.06392973E-3 2.97430810E-3 4.29516705E-3
213.0 4.88706585E-3 1.93490162E-2 4.34201024E-3 4.21575643E-3 6.08365517E-3
204.0 6.62155123E-3 2.67219730E-2 5.90886408E-3 5.73790586E-3 8.27425718E-3
195.5 8.61479249E-3 3.55318524E-2 7.72352424E-3 7.50072766E-3 1.08089186E-2
187.7 1.07667726E-2 4.54970673E-2 9.69988946E-3 9.42026451E-3 1.35668823E-2
180.3 1.29332161E-2 5.61094806E-2 1.17092477E-2 1.13712214E-2 1.63684264E-2
173.4 1.49391415E-2 6.66479766E-2 1.35910111E-2 1.31974965E-2 1.89899057E-2
167.0 1.65974144E-2 7.62211457E-2 1.51687702E-2 1.47278449E-2 2.11860370E-2
161.0 1.77264586E-2 8.38374197E-2 1.62678901E-2 1.57926530E-2 2.27140151E-2
155.4 1.81640070E-2 8.84833038E-2 1.67304426E-2 1.62388310E-2 2.33542733E-2
150.1 1.77989025E-2 8.93002898E-2 1.64465252E-2 1.59601476E-2 2.29538344E-2
145.3 1.72845460E-2 8.93091410E-2 1.60161145E-2 1.55393397E-2 2.23501530E-2
140.7 1.64982863E-2 8.77743587E-2 1.53256487E-2 1.48664117E-2 2.13845577E-2
136.4 1.42723583E-2 7.81292245E-2 1.32873142E-2 1.28865112E-2 1.85391735E-2
132.4 1.14624249E-2 6.44545257E-2 1.06921922E-2 1.03674876E-2 1.49178989E-2
128.7 9.54634976E-3 5.49770705E-2 8.92023649E-3 8.64747167E-3 1.24456640E-2
125.2 7.13453814E-3 4.19179685E-2 6.67718146E-3 6.47160038E-3 9.31638386E-3
121.9 5.03256870E-3 3.00597921E-2 4.71744128E-3 4.57121525E-3 6.58227503E-3
118.8 3.11939744E-3 1.89098008E-2 2.92900740E-3 2.83763208E-3 4.08698618E-3
116.0 1.62530341E-3 1.00057963E-2 1.52877660E-3 1.48079079E-3 2.13322532E-3
113.3 7.10886321E-4 4.45132004E-3 6.69786998E-4 6.48641319E-4 9.34626441E-4
110.8 2.36312946E-4 1.50537537E-3 2.22978895E-4 2.15902139E-4 3.11153941E-4
108.5 6.44293395E-5 4.17014380E-4 6.08671762E-5 5.89266056E-5 8.49390781E-5
106.3 1.26556433E-5 8.30804420E-5 1.19665747E-5 1.15837784E-5 1.66997033E-5
104.3 1.84493354E-6 1.22669053E-5 1.74539423E-6 1.68947190E-6 2.43584464E-6
102.4 2.10961943E-7 1.41959231E-6 1.99609502E-7 1.93215854E-7 2.78583030E-7
100.6 1.66700662E-8 1.13492526E-7 1.57702011E-8 1.52660071E-8 2.20103900E-8
98.9 1.01029984E-9 6.95813451E-9 9.55355572E-10 9.24905375E-10 1.33342892E-9
97.4 4.52666168E-11 3.15342585E-10 4.27794536E-11 4.14210714E-11 5.97105976E-11
95.9 1.59030374E-12 1.12039275E-11 1.50187794E-12 1.45438674E-12 2.09632181E-12
94.6 4.46202184E-14 3.17843923E-13 4.21075291E-14 4.07817158E-14 5.87740441E-14
93.3 1.01678057E-15 7.32176889E-15 9.58781580E-16 9.28720487E-16 1.33826971E-15
92.1 1.91241213E-17 1.39198430E-16 1.80194563E-17 1.74567634E-17 2.51511528E-17
91.0 3.01287691E-19 2.21676277E-18 2.83676059E-19 2.74851800E-19 3.95936747E-19
90.0 1.48366849E-21 1.41734151E-20 1.41504642E-21 1.37176606E-21 1.97295703E-21

(Table A1) contd.....
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Table A3. -Productions of excited states of NO in the middle case (Ap = 9, f10.7 = 150) at a latitude of 70°.

Altitude (km) F2Δ N2Δ O‘2Π, O2Σ+ W2Π T2Σ+

311.8 9.61780679E-5 1.24693048E-4 9.97359530E-5 1.73277382E-4 2.86338654E-5
296.4 1.81856507E-4 2.26016185E-4 1.88071717E-4 3.26979032E-4 5.41332556E-5
281.9 3.29782371E-4 3.93747265E-4 3.40156490E-4 5.91826567E-4 9.81351477E-5
268.4 5.74201578E-4 6.60012069E-4 5.90387615E-4 1.02780957E-3 1.70645755E-4
255.7 9.59833676E-4 1.06498040E-3 9.83054284E-4 1.71197637E-3 2.84514739E-4
243.9 1.53961312E-3 1.65442668E-3 1.56969158E-3 2.73360894E-3 4.54624387E-4
232.9 2.37193774E-3 2.47564982E-3 2.40513496E-3 4.18685051E-3 6.96649309E-4
222.6 3.50850564E-3 3.56803578E-3 3.53541900E-3 6.14905776E-3 1.02345517E-3
213.0 4.98545496E-3 4.95396787E-3 4.98786336E-3 8.66304152E-3 1.44215394E-3
204.0 6.80687698E-3 6.62647840E-3 6.75571756E-3 1.17104510E-2 1.94971450E-3
195.5 8.93193111E-3 8.53966270E-3 8.78709648E-3 1.51938926E-2 2.53000041E-3
187.7 1.12672877E-2 1.06040947E-2 1.09805008E-2 1.89314801E-2 3.15287383E-3
180.3 1.36681069E-2 1.26891397E-2 1.31894015E-2 2.26678234E-2 3.77591210E-3
173.4 1.59483682E-2 1.46319550E-2 1.52358888E-2 2.60996409E-2 4.34856163E-3
167.0 1.78978927E-2 1.62502788E-2 1.69293024E-2 2.89086532E-2 4.81758267E-3
161.0 1.93022192E-2 1.73579808E-2 1.80841926E-2 3.07909306E-2 5.13215549E-3
155.4 1.99610498E-2 1.77843366E-2 1.85342059E-2 3.14779952E-2 5.24756592E-3
150.1 1.97271425E-2 1.74133461E-2 1.81649104E-2 3.07886656E-2 5.13376016E-3
145.3 1.93075519E-2 1.68855879E-2 1.76424272E-2 2.98583005E-2 4.98019112E-3
140.7 1.85602792E-2 1.60863660E-2 1.68413818E-2 2.84737255E-2 4.75142943E-3
136.4 1.61563773E-2 1.38863120E-2 1.45696141E-2 2.46191379E-2 4.11087694E-3
132.4 1.30429156E-2 1.11292936E-2 1.17008276E-2 1.97691675E-2 3.30392341E-3
128.7 1.09062959E-2 9.25220642E-3 9.74409748E-3 1.64675526E-2 2.75520002E-3
125.2 8.17526598E-3 6.90458389E-3 7.28140818E-3 1.23123843E-2 2.06268695E-3
121.9 5.78074437E-3 4.86370875E-3 5.13536576E-3 8.68957955E-3 1.45783066E-3
118.9 3.59192793E-3 3.00994469E-3 3.18256579E-3 5.38910599E-3 9.05430818E-4
116.0 1.87662919E-3 1.56508212E-3 1.65792543E-3 2.80933944E-3 4.72665211E-4
113.3 8.23137525E-4 6.82828308E-4 7.25029677E-4 1.22937886E-3 2.07111836E-4
110.8 2.74329766E-4 2.26364107E-4 2.40975583E-4 4.08869935E-4 6.89633962E-5
108.5 7.49529354E-5 6.15678364E-5 6.56915217E-5 1.11526453E-4 1.88300019E-5
106.3 1.47474930E-5 1.20785435E-5 1.29024666E-5 2.19143931E-5 3.70276553E-6
104.3 2.15272757E-6 1.76196431E-6 1.88091894E-6 3.19516107E-6 5.40068925E-7
102.4 2.46421024E-7 2.02012416E-7 2.15099533E-7 3.65318556E-7 6.17446645E-8
100.6 1.94898302E-8 1.60282916E-8 1.70004810E-8 2.88569737E-8 4.87496354E-9
98.9 1.18216292E-9 9.75942549E-10 1.03060427E-9 1.74789994E-9 2.95045877E-10
97.4 5.30078724E-11 4.39248672E-11 4.61908359E-11 7.82580181E-11 1.31963763E-11
95.9 1.86366135E-12 1.54916629E-12 1.62331075E-12 2.74705150E-12 4.62678236E-13
94.6 5.23287942E-14 4.35959218E-14 4.55615668E-14 7.70051069E-14 1.29531870E-14
93.3 1.19334851E-15 9.95383992E-16 1.03857230E-15 1.75303940E-15 2.94487971E-16
92.1 2.24632575E-17 1.87378759E-17 1.95401038E-17 3.29383717E-17 5.52564301E-18
91.0 3.54207837E-19 2.95130701E-19 3.07931787E-19 5.18372583E-19 8.68402771E-20
90.0 1.81834312E-21 1.51500169E-21 1.51681286E-21 2.53928292E-21 4.24937534E-22

Table A4. -Productions of excited states of NO in the middle case (Ap = 9, f10.7 = 150) at a latitude of 70°.

Altitude (km) Z2Σ+ a4Π b4Σ- B2Π L’2Φ
311.8 4.28197600E-5 2.27855926E-4 1.12964888E-3 3.46435583E-4 7.76943110E-4
296.4 7.75392691E-5 4.32586618E-4 2.13899463E-3 6.51242328E-4 1.44519156E-3
281.9 1.34954680E-4 7.88232137E-4 3.89077002E-3 1.17605645E-3 2.58267135E-3
268.4 2.25992088E-4 1.38418120E-3 6.82849763E-3 2.04707030E-3 4.44732560E-3
255.7 3.64270381E-4 2.34341132E-3 1.15624303E-2 3.43463616E-3 7.38287205E-3
243.9 5.65248192E-4 3.81981488E-3 1.88567713E-2 5.54817496E-3 1.18072424E-2
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Altitude (km) Z2Σ+ a4Π b4Σ- B2Π L’2Φ
232.9 8.44780938E-4 6.00410858E-3 2.96564307E-2 8.63792002E-3 1.82097591E-2
222.6 1.21590006E-3 9.09130275E-3 4.49241921E-2 1.29504660E-2 2.70627346E-2
213.0 1.68568571E-3 1.32753663E-2 6.56012520E-2 1.87114961E-2 3.87762152E-2
204.0 2.25112867E-3 1.87010691E-2 9.23584923E-2 2.60603298E-2 5.35663217E-2
195.5 2.89601320E-3 2.54180748E-2 1.25359043E-1 3.49895880E-2 7.13362098E-2
187.7 3.58955795E-3 3.33341099E-2 1.64025664E-1 4.52910960E-2 9.15761217E-2
180.3 4.28740541E-3 4.21770737E-2 2.06864476E-1 5.65205850E-2 1.13309607E-1
173.4 4.93478030E-3 5.14736027E-2 2.51384497E-1 6.79902732E-2 1.35098279E-1
167.0 5.47094783E-3 6.05507791E-2 2.94149697E-1 7.87914395E-2 1.55109286E-1
161.0 5.83447702E-3 6.85739219E-2 3.31015646E-1 8.78571719E-2 1.71256334E-1
155.4 5.96962729E-3 7.45952055E-2 3.57438534E-1 9.40398797E-2 1.81385368E-1
150.1 5.83913829E-3 7.76939243E-2 3.69182736E-1 9.63004082E-2 1.83660626E-1
145.3 5.65882120E-3 8.03197324E-2 3.78089726E-1 9.77886021E-2 1.84253260E-1
140.7 5.39051648E-3 8.17589164E-2 3.80853415E-1 9.76698846E-2 1.81644812E-1
136.4 4.65556653E-3 7.55292848E-2 3.47785950E-1 8.84393230E-2 1.62181124E-1
132.4 3.73547757E-3 6.47803545E-2 2.94570088E-1 7.42921680E-2 1.34198338E-1
128.7 3.11096432E-3 5.74977137E-2 2.58032084E-1 6.45712465E-2 1.14791527E-1
125.2 2.32695346E-3 4.56064418E-2 2.01986164E-1 5.01848459E-2 8.77482668E-2
121.9 1.64344360E-3 3.39824781E-2 1.48629770E-1 3.66871879E-2 6.30648211E-2
118.8 1.01983780E-3 2.21916214E-2 9.59344655E-2 2.35345513E-2 3.97505984E-2
116.0 5.31712605E-4 1.22023262E-2 5.21385707E-2 1.27122784E-2 2.10736487E-2
113.3 2.32575752E-4 5.66707877E-3 2.38759294E-2 5.78477606E-3 9.39337164E-3
110.8 7.72849235E-5 2.01260275E-3 8.32594745E-3 2.00471212E-3 3.18268104E-3
108.5 2.10638482E-5 5.87925955E-4 2.37857620E-3 5.69405907E-4 8.83176050E-4
106.3 4.13846738E-6 1.23775098E-4 4.88139223E-4 1.16261486E-4 1.76236150E-4
104.3 6.04038974E-7 1.93365067E-5 7.41302210E-5 1.75790665E-5 2.60630713E-5
102.4 6.92175561E-8 2.37129575E-6 8.81251708E-6 2.08202914E-6 3.02110743E-6
100.6 5.48354695E-9 2.01320418E-7 7.23157655E-7 1.70299401E-7 2.41925505E-7
98.9 3.33124806E-10 1.31381670E-8 4.54839046E-8 1.06800595E-8 1.48555008E-8
97.4 1.49516285E-11 6.35080766E-10 2.11362594E-9 4.94969843E-10 6.74209855E-10
95.9 5.25708329E-13 2.40979858E-11 7.69550257E-11 1.79761466E-11 2.39839884E-11
94.6 1.47466607E-14 7.30317282E-13 2.23551060E-12 5.20964131E-13 6.81107514E-13
93.3 3.35587969E-16 1.79599665E-14 5.26890746E-14 1.22511161E-14 1.57030049E-14
92.1 6.29638633E-18 3.64026703E-16 1.02412975E-15 2.37614765E-16 2.98735656E-16
91.0 9.88416144E-20 6.17036619E-18 1.66647975E-17 3.85838810E-18 4.75981024E-18
90.0 5.08027938E-22 7.63577984E-20 1.42946012E-19 3.19797912E-20 3.12542246E-20

Table A5. - Productions of excited states of NO in the middle case (Ap = 9, f10.7 = 150) at a latitude of 70°.

Altitude (km) B’2∆ L2Π NO+

311.8 6.67512359E-4 1.36652926E-3 5.22510149E-2
296.4 1.26430148E-3 2.52947374E-3 9.11568254E-2
281.9 2.29624636E-3 4.49672528E-3 1.53000951E-1
268.4 4.00202721E-3 7.68505782E-3 2.47368962E-1
255.7 6.69141626E-3 1.26281986E-2 3.85618418E-1
243.9 1.07278312E-2 1.99473891E-2 5.80007553E-1
232.9 1.65045727E-2 3.03071626E-2 8.42178285E-1
222.6 2.43579261E-2 4.42822799E-2 1.18093812E0
213.0 3.45012024E-2 6.22446314E-2 1.59965885E0
204.0 4.69131768E-2 8.41856897E-2 2.09359336E0
195.5 6.12573549E-2 1.09575912E-1 2.64771080E0
187.7 7.68450201E-2 1.37288138E-1 3.23576665E0
180.3 9.26580802E-2 1.65617332E-1 3.82094598E0
173.4 1.07432716E-1 1.92399427E-1 4.35803461E0

(Table A4) contd.....
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Altitude (km) B’2∆ L2Π NO+

167.0 1.19783729E-1 2.15188190E-1 4.79630518E0
161.0 1.28343686E-1 2.31448010E-1 5.08323574E0
155.4 1.31886348E-1 2.38765985E-1 5.17037582E0
150.1 1.29568756E-1 2.35358790E-1 5.02600622E0
145.3 1.26134411E-1 2.29659081E-1 4.86681318E0
140.7 1.20694168E-1 2.19982043E-1 4.62754059E0
136.4 1.04679413E-1 1.90690428E-1 3.98436427E0
132.4 8.43017176E-2 1.53209701E-1 3.18331861E0
128.7 7.04176947E-2 1.27438113E-1 2.63684511E0
125.2 5.27947769E-2 9.49878693E-2 1.95970976E0
121.9 3.73667143E-2 6.67649955E-2 1.37392139E0
118.8 2.32433174E-2 4.12247516E-2 8.45590830E0
116.0 1.21531393E-2 2.13992242E-2 4.36923653E0
113.3 5.33325225E-3 9.32635833E-3 1.89306632E0
110.8 1.77814066E-3 3.08959791E-3 6.2310729E-2
108.5 4.86012257E-4 8.39807501E-4 1.68419052E-2
106.3 9.56446893E-5 1.64650584E-4 3.29220272E-3
104.3 1.39577387E-5 2.40058798E-5 4.80613060E-4
102.4 1.59624074E-6 2.75202774E-6 5.54053440E-5
100.6 1.26044313E-7 2.18491053E-7 4.43558338E-6
98.9 7.62841434E-9 1.33241178E-8 2.72954964E-7
97.4 3.41153245E-10 6.01179106E-10 1.24167725E-8
95.9 1.19589928E-11 2.12746001E-11 4.42212184E-10
94.6 3.34730643E-13 6.01226751E-13 1.25488543E-11
93.3 7.60818800E-15 1.37956502E-14 2.88447434E-13
92.1 1.42722365E-16 2.61179301E-16 5.45769247E-15
91.0 2.24251042E-18 4.13992151E-18 8.62606045E-17
90.0 1.11451658E-20 2.12417736E-20 4.54282836E-19
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