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Abstract

A one-dimensional electrochemical model is developed to describe, in a self-

consistent way, the response of the Earth mesosphere to different types of

lightning discharges between 50-87 km of altitude. This model is applied

to the case of sprite halos, one of the most common types of Transient Lu-

minous Events (TLE). We have studied the time-altitude evolution of more

than 20 chemical species. Our model predicts an increase of up to 70 cm−3

in the electron density from ambient electron density values between 55-

81 km of altitude in the +CG lightning cases and a negligible mesospheric

electron density perturbation in the -CG lightning case. For all the +CG

and some -CG (200 kAkm) cases considered, the model also shows an en-

hancement of several orders of magnitude in the concentration of ground

state negative (O−, O−2 , NO−2 ) and positive (O+
2 , O+

4 ) ions and electroni-

cally excited positive ions such as N+
2 (A2Πu) responsible for the N+

2 Meinel

emissions and N+
2 (B2Σ+

u ). On the other hand, for the first positive group

of N2 the calculated emission brightness exceeds 1 MR for a halo of 100

km of diameter at an altitude of 77 km for all the CG lightning discharges

studied (except for the -CG case with 100 kAkm current peak) and for rel-

atively lower altitudes when +CG lightning are considered. Moreover, the

calculated concentration of the metastables N2(A3Σ+
u ) and O(1D) exhibit

an enormous enhancement (of more than ten orders of magnitude) over

their ambient values that, for +CG, remains high (5-7 orders of magnitude

above ambient values) for long times (up to 500 s), below 55 km.

We have studied laboratory low pressure (0.1 mbar ≤ p ≤ 2 mbar) glow air

discharges by optical emission spectroscopy to discuss several spectroscopic

techniques that could be implemented by field spectrographs, depending on

the available spectral resolution, to experimentally quantify the gas tem-

perature associated to TLEs occurring at different altitudes including blue



jets, giant blue jets and sprites. Laboratory air plasmas have been analysed

from the near UV (300 nm) to the near IR (1060 nm) with high (up to

0.01 nm) and low (2 nm) spectral resolution commercial grating spectro-

graphs and by an inhouse intensified CCD grating spectrograph that we

have recently developed for TLE spectral diagnostic surveys with ' 0.45

nm spectral resolution. We discuss the results of lab tests and comment

on the convenience of using one or another technique for rotational (gas)

temperature determination depending on the altitude and available spectral

resolution. Moreover, we compare available low resolution (3 nm ≤ ∆λ ≤ 7

nm) N2 1PG field recorded sprite spectra at 53 km (' 1 mbar), and resulting

vibrational distribution function (VDF), with 1 mbar laboratory glow dis-

charge spectrum (∆λ = 2 nm) and synthetic sprite spectra from models. We

found that while the relative population of N2(B3Πg, v = 2− 7) in sprites

and laboratory produced air glow plasmas are similar, the N2(B3Πg, v = 1)

vibrational level in sprites is more efficiently populated (in agreement with

model predictions) than in laboratory air glow plasmas at similar pressures.

Concerning sprites, a one-dimensional self-consistent model has also been

developed to study the chemical and thermal effects of a single sprite streamer

in the Earth mesosphere. We have used sprite streamer profiles with three

different driving current durations (5 ms, 50 ms and 100 ms) between 50 and

80 km of altitude and considering a kinetic scheme of air with 20 chemical

species. Our model predicts strong increases in practically all the concen-

trations of the species studied at the moment of the streamer head pas-

sage. Moreover, their densities remain high during the streamer afterglow

phase. The electron concentration can reach values of up to 108 cm−3 in

the three cases analysed. The sprite model also predicts an important en-

hancement, of several orders of magnitude above ambient values, of nitrogen

oxides (NOx and N2O) and the considered metastables molecular species

(N2(A3Σ+
u ), O2(a1∆g), O2(b1Σ+

g )). Metastables are capable of storing en-

ergy for relatively long time (hundreds of seconds). On the other hand, we

found that the 4.26 µm IR emission brightness of CO2 can reach 10 GR

at low altitudes (< 65 km) for the cases of intermediate (50 ms) and long

(100 ms) driving currents. These results suggest the possibility of detecting



sprite IR emissions from space with the appropiate instrumentation. More-

over, according to our model, the Meinel emission brightness of N+
2 could

also reach 1 MR below 50 km. Finally, we found that the thermal impact

of sprites in the Earth mesosphere is proportional to the driving current

duration. This produces variations of up to 30 K (in the extreme case of a

100 ms driving current) at low altitudes (< 55 km) and at about 10 seconds

after the streamer head.

Finally, we have also studied the chemical effects of intracloud lightnings

with different Charge Moment Change (CMC) and with different ambient

electron density profiles on the lower ionosphere of Saturn. We have devel-

oped a self-consistent kinetic model that allows us to estimate the time- and

altitude-dependence of the electric field and the chemical species included

in our model as well as photon emissions. We have tested two ambient

electron density profiles on Saturn and found that the conservative estima-

tion of lightning CMC = 105 C km could lead to faint halos and possibly

sprites if the base of the ionosphere is located at 1000 km of altitude over

the 1-bar reference level. If the base of the ionosphere is at 600 km above

the 1-bar level, then only the extreme case of 106 C km could produce

considerable ionization, halos and possibly sprites. We also found that H+
3

ions are rapidly produced from the parent H+
2 ions through the reaction

H+
2 +H2 → H+

3 +H, so that H+
3 becomes the dominant ion in all the cases

considered. The resulting light emissions, mainly in the blue and ultraviolet

spectral region, are below the detection threshold of Cassini.



Resumen

En la tesis se ha desarrollado un modelo electroqúımico unidimensional

que describe, de forma autoconsistente, la respuesta de la mesosfera de La

Tierra a diferentes tipos de descargas eléctricas asociadas a rayos entre 50

km y 85 km de altitud. Este modelo se ha aplicado al caso de halos de

sprites, uno de los tipos de Eventos Lumı́nicos Transitorios (TLEs) más

conocidos y frecuentes. Hemos estudiado la evolución en tiempo y altura

de más de 20 especies qúımicas. Nuestro modelo predice un incremento

de hasta 70 cm−3 en la densidad de electrones desde valores ambientales

de la densidad de electrones entre 55-81 km de altitud para el caso de un

rayo positivo (+CG) y una perturbación despreciable en la concentración

mesosférica de electrones en el caso de un rayo negativo (-CG). Para to-

dos los casos de rayos +CG y algunos rayos -CG (200 kAkm) estudiados,

el modelo también muestra aumentos de varios órdenes de magnitud en la

concentración de iones negativos (O−, O−2 , NO−2 ) y positivos (O+
2 , O+

4 ) en

el estado fundamental, e iones positivos electrónicamente excitados como

N+
2 (A2Πu) responsable de la emisión Meinel del N+

2 y el N+
2 (B2Σ+

u ). Por

otra parte, para el primer positivo del N2, el brillo de emisión calculado

excede en 1 MR para un halo de 100 km de diámetro a una altitud de 77

km y para todos los casos de rayos CG estudiados (excepto para el caso de

un rayo -CG con 100 kAkm de pico de corriente) y a alturas relativamente

bajas cuando consideramos rayos +CG. Además, las concentraciones calcu-

ladas de especies metaestables como N2(A3Σ+
u ) y O(1D) exhiben enormes

aumentos (de más de diez órdenes de magnitud) sobre sus valores ambi-

entales que, para rayos +CG, se mantienen en valores altos (5-7 órdenes

de magnitud sobre valores ambientales) un largo tiempo (hasta 500 s), por

debajo de 55 km.



Por otra parte, hemos estudiado espectroscópicamente descargas eléctricas

tipo “glow” producidas en aire y generadas en el laboratorio a baja presión

(0.1 mbar≤ p≤ 2 mbar). Hemos discutido algunas técnicas espectroscópicas

que podŕıan ser implementadas en espectrógrafos de campo de forma que

dependiendo de la resolución espectral disponible nos permitieran cuan-

tificar la temperatura del gas asociada a TLEs (incluyendo blue jets, giant

blue jets y sprites) que ocurren a diferentes altitudes. Los plasmas de aire

generados en laboratorio han sido analizados desde el ultravioleta cercano

(300 nm) hasta el infrarrojo cercano (1060 nm) con alta (hasta 0.01 nm) y

baja (2 nm) resolución espectral y por un espectrógrafo CCD intensificador

que hemos desarrollado recientemente en el grupo para el estudio de las

caracteŕısticas espectrales de TLEs con ' 0.45 nm de resolución espectral.

Hemos discutido los resultados de los trabajos de laboratorio y comentado

la conveniencia de usar una u otra técnica para la determinación de la

temperatura rotacional (gas) dependiendo de la altitud y de la resolución

espectral disponible. Por otra parte, hemos comparado los espectros del

1PN2 obtenidos a baja resolución espectral (3 nm ≤ ∆λ ≤ 7 nm) a 53

km de altitud (' 1 mbar) y su función de distribución vibracional (VDF),

con espectros de descargas tipo glow realizadas en laboratorio a 1 mbar

(∆λ = 2 nm) y con espectros sintéticos de sprites obtenidos con modelos.

Hemos encontrado que mientras la población relativa de N2(B3Πg, v = 2-

7) en sprites y en plasmas de aire tipo glow producidos en laboratorio son

similares, el nivel vibracional N2(B3Πg, v = 1) para sprites es más eficien-

temente poblado (en concordancia con predicciones de modelos) que en los

plasmas de aire tipo “glow” producidos en laboratorio a presiones similares.

En relación con el estudio de sprites, se ha desarrollado un modelo unidi-

mensional autoconsistente para el estudio de los efectos qúımicos y térmicos

de un filamento (streamer) de sprite en la mesosfera terrestre. Para ello,

hemos usado perfiles de corriente de streamers de sprites con tres duraciones

de afterglow diferentes (5 ms, 50 ms y 100 ms) entre 50 y 80 km de altitud

considerando un esquema cinético de plasma de aire con más de 90 especies

qúımicas. Nuestro modelo predice fuertes aumentos en prácticamente todas

las densidades de las especies estudiadas en el instante del paso de la cabeza



del streamer. Por otra parte, dichas densidades se mantienen en valores

relativamente altos durante la fase de “afterglow” del streamer. La concen-

tración de electrones puede alcanzar valores de hasta 108 cm−3 en los tres

casos analizados. El modelo también predice un importante aumento, de al-

gunos órdenes de magnitud sobre el valor ambiental, de las concentraciones

de óxidos de nitrógeno (NOx y N2O) y de las especies metaestables con-

sideradas (N2(A3Σ+
u ), O2(a1∆g) y O2(b1Σ+

g )). Las especies metaestables

son capaces de almacenar enerǵıa un tiempo relativamente largo (cientos de

segundos).

Por otra parte, hemos encontrado que el brillo de emisión en IR a 4.26 µm

del CO2 puede alcanzar 10 GR a bajas altitudes (< 65 km) para los casos de

duración intermedia (50 ms) y larga (100 ms) del “afterglow” de corriente.

Estos resultados sugieren la posibilidad de detectar emisión infrarroja de

sprites desde el espacio con la instrumentación adecuada. Además, acorde

con nuestro modelo, el brillo de emisión Meinel del N+
2 podŕıa alcanzar

también 1 MR por debajo de 50 km. Finalmente, hemos encontrado que el

impacto térmico local de sprites en la mesosfera terrestre es proporcional a la

duración del “afterglow” de corriente. Este produce variaciones de hasta 30

K (en el caso extremo de 100 ms de afterglow de corriente) a bajas altitudes

(< 55 km) y 10 segundos después del paso de la cabeza del streamer.

Por último, hemos estudiado los efectos qúımicos de rayos intranube con

diferentes momentos de carga (CMC) y con diferentes perfiles de densi-

dad de electrones en la baja ionosfera de Saturno. Hemos desarrollado

un modelo cinético autoconsistente unidimensional el cual puede estimar

la dependencia en tiempo y en altura del campo eléctrico y las especies

qúımicas consideradas aśı como la emisión de fotones. Hemos probado dos

perfiles de densidad de electrones ambiental encontrando que con la esti-

mación más conservadora de CMC de un rayo, esto es 105 C km, se podŕıan

producir halos débiles y posiblemente sprites si la base de la ionosfera esta

situada a 1000 km sobre la presión de referencia de 1 bar. Si la base de

la ionosfera esta situada a 600 km sobre el nivel de 1 bar, entonces solo

el caso extremo de 106 C km de CMC podŕıa producir una considerable



ionización, halos y posiblemente sprites. También hemos encontrado que

el ion H+
3 es producido rápidamente a partir del H+

2 a través del proceso

H+
2 +H2 → H+

3 +H, con lo que el H+
3 llega a ser el ion más dominante en

todos los casos considerados. La luz emitida por halos o sprites, principal-

mente en azul y ultravioleta estaŕıa por debajo del umbral de detección de

la nave Cassini que ha detectado rayos en la atmósfera de Saturno.



xii



To Juan Pablo and Manolita.



Acknowledgements
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1

Introduction

“I’ve seen things you people wouldn’t believe: Attack ships on fire off the shoul-

der of Orión. I’ve watched c-beams glitter in the dark near the Tannhäuser

Gate. All those ... moments will be lost in time, like tears...in rain. Time to

die.”

– Roy Batty, Blade Runner

1.1 The atmosphere of the Earth

1.1.1 Definition and origin

The atmosphere is a gaseous layer that surrounds some planets and other celestial

bodies. The Earth’s atmosphere is constituted by a gas mixture (air) and it presents

in its composition nitrogen (78 %), oxygen (21 %), and some minor components like

carbon dioxide (necessary for photosynthesis), and water vapor whose condensation

leads to precipitation and thus supplies freshwater. The whole atmosphere acquires

a characteristic blue coloration due to the dispersion (Rayleigh scattering) of sunlight

by air molecules. The Earth’s atmosphere regulates temperature and radiations from

the Sun. Some decades ago, scientists considered that the primitive atmosphere must

be reducting, that is, that it lacked free oxygen and it was composed by NH3, CH4

and H2. A lot of data collected during the seventies changed this idea. The primitive

atmosphere consisted probably in common gases in the Solar System: Hydrogen (H)

and Helium (He). Due to its low atomic weight these light chemical species were lost

to space.
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1. INTRODUCTION

Figure 1.1: The Iberian peninsula taking by an astronaut aboard the International space

Station. This photograph from space also shows the airglow, a faint green arc seen along

the horizon that’s caused by chemical reactions among the gas molecules of Earth’s upper

atmosphere (Courtesy of NASA).

Nowadays it is believed that the primitive atmosphere originated from the incessant

volcanic activity and cooling of magma in the early stages of the planet formation.

This must have been a slightly reducting atmosphere formed mainly by water vapor,

N2, CO2, SO2 and Cl2. Cooling of the primitive atmosphere allowed the condensation

and precipitation of the water vapor to form the oceans. A portion of CO2 was dissolved

in water droplets joining the ocean.

Between 2500 and 2000 million years ago, free oxygen emerged in the atmosphere due

to the first photosynthetic organisms. These anaerobic bacteria (cyanobacteria) in the

ocean began to produce O2 through the photosynthetic reaction

H2O + CO2 → CH2O +O2.
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Another possible oxygen source could have been the photodissociation of hydrogen by

ultraviolet (UV) radiation

hν(UV ) +H2O +H2O → H2 +H2 +O2.

The oxygen present in the primitive atmosphere was initially consumed in the oxidation

of rocks. However, 600 million years ago, the level of O2 had reached between 1-10

% of the present values. This amount was sufficient to form the ozone layer in the

stratosphere through the reactions

hν(UV ) +O2 → O +O,

and

O2 +O +M → O3 +M.

The creation of the ozone layer allowed living organisms to flourish in the ocean’s

surface and, eventually, to go on land (400 million years ago). Subsequent changes in

the atmosphere mainly consist in variations in the CO2 concentration related to the

glaciations, the existence of the biosphere and the human activity [Wallace and Hobbs,

2006].

1.1.2 Composition of the atmosphere

The atmosphere is formed by a gas mixture called air, and a number of solid and liquid

particles in suspension called aerosols. The air is composed of different gases (Table

1.1):

• Majority: Nitrogen (N2) with a proportion of 78 %, oxygen (O2) with a propor-

tion of 20.9 %, argon (Ar) with a proportion of 0.93 % and carbon dioxide (CO2)

with a proportion of 0.03 %.

• Minority: constitute the remaining 0.14 % and their proportions are so small

that they are measured in parts per million (ppm). These include carbon monox-

ide (CO), ozone (O3), hydrogen (H2) and helium (He).

• Variables: there are other components whose proportion varies, such as water

vapor or atmospheric pollutants.

3



1. INTRODUCTION

In Figure 1.2 we can see the density vertical distribution of the main species present

in the atmosphere from the ground to the lower ionosphere (85 km of altitude). Up to

80 km of altitude, the atmospheric composition is uniform due to the air turbulence,

so it is called homosphere. Above 80 km of altitude, the composition of the gases is

not uniform (heterosphere) so that several layers can be differentiated according to the

predominant gas component:

• Sodium layer: between 80-105 km.

• Nitrogen layer: between 80-500 km.

• Atomic oxygen layer: between 200-1000 km.

• Helium layer: between 1000-3500 km.

• Atomic hydrogen layer: from 3500 km.

Aerosols are solid and liquid particles of submicron size. Their atmospheric lifetime

is small, around 5 days, but they have a great importance in the atmosphere: they

trigger the rain, have high reflectivity and are the key component in heterogeneous (gas-

surface) chemical reactions. The aerosols can have a natural origin, being generated by

the volcanos, the wind or forest fires, or an anthropogenic origin.

1.1.3 Vertical structure

Using as criterion the temperature and its variations with respect to the altitude, the

Earth’s atmosphere can be divided in a set of horizontal layers (see Figure 1.3) that

from bottom to top are the following:

Troposphere

The troposphere is the lowest layer in the atmosphere and the one of greatest envi-

ronmental importance since virtually all weather phenomena take place in it: cloud

formation, rain, etc. It contains 75 % of the mass of the atmosphere and most of

the water vapor and carbon dioxide. The troposphere has a first part influenced by

the Earth’s surface. This first stratum is called “planetary boundary layer” (or “dirty

layer”) where there is a continuous friction with the ground surface and an elevation of

the air when heated. This layer can have a thickness of 600-800 m although it depends
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Figure 1.2: The plot shows the total number density profile (thin solid line) of the

atmosphere in cm−3 and those of five species, namely, N2 (dotted line), O2 (dash-dot-

dot-dotted line), H2O (dashed line), CO2 (long-dashed line), and O3 (dash-dotted line).

Temperature (thick line up to 80 km) and mixing ratios of the different species are those

of Earth. The thickest horizontal line shows the position of the cloud layer [Ehrenreich

et al., 2006].

on the topography, the wind force, the heating grade of the surface, etc. As we ascend

in the troposphere, we can note an average drop in temperature at a rate of 6.5 ◦C/km.

The atmosphere is heated mainly due to the heat transfer from the surface, therefore

the temperature decreases with the altitude in the troposphere (except in the cases of

thermal inversion). The upper limit of the troposphere is called tropopause, and it is

where the temperature reaches a minimum value of -70 ◦C, at which the temperature

stops decreasing. The tropopause altitude is not constant but it has a maximum value

in the equator (at about 16 km of altitude) and a minimum value at the poles (at about

8 km of altitude).
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Table 1.1: Composition of the Earth’s atmosphere below 100 km [Wallace and Hobbs,

2006]

Constituent Molecular weight Content

Nitrogen (N2) 28.013 78.08 %

Oxygen (O2) 32.00 20.95 %

Argon (Ar) 39.95 0.93 %

Water vapor (H2O) 18.02 0 - 5 %

Carbon dioxide (CO2) 44.01 380 ppm

Neon (Ne) 20.18 18 ppm

Helium (He) 4.00 5 ppm

Methane (CH4) 16.04 1.75 ppm

Krypton (Kr) 83.8 1 ppm

Hydrogen (H2) 2.02 0.5 ppm

Nitrous oxide (N2O) 56.03 0.3 ppm

Ozone (O3) 48.00 0 - 0.1 ppm

Stratosphere

The stratosphere extends from the tropopause up to 50 km of altitude approximately,

in the stratopause. In this layer we can find most of the ozone of the atmosphere,

concentrated between 20 and 25 km of altitude (see Figure 1.2) (ozonosphere). In

the stratopause, the temperature peaks at about 0 ◦C (sometimes reaching 15 ◦C),

associated to the absortion of solar ultraviolet radiation by ozone. There is no vertical

circulation in the stratosphere, although the horizontal fluxes can reach 200 km/h

(this feature give its name to this layer). The horizontal winds facilitate the global

spreading of any substance that reaches the stratosphere, which is what happens with

ozone-depleting chlorofluorocarbons (CFCs).

Mesosphere

Above the stratopause and up to 80 km, approximately, we can distinguish another layer

called mesosphere whose upper limit is the mesopause. In this layer, the temperature

falls with altitude to less than -80 ◦C. This is the region where the ice-crystal noctilucent

clouds and sprites (associated with lightning) are observed. The mesosphere contains

only 0.1 % of the total mass of the atmosphere. This is the reason why planes and
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1.1 The atmosphere of the Earth

Figure 1.3: Vertical structure of the Earth’s atmosphere. The solid yellow line is the

global (averaged over all latitudes except the polar ones) vertical gradient of the air tem-

perature and the dotted red line is the vertical gradient in the polar regions.

balloons can not reach it due to its low density, but it has too much density for satellites.

Due to its difficult access, the mesosphere is not well known and for that reason it

is sometimes called “ignorosphere”. Despite its low mass, the mesosphere is a very

important layer due to the existence of turbulent flows and atmospheric waves as well

as ionization and chemical reactions taking place in it. In the upper mesosphere there

is also a region of the ionosphere called D layer. The D layer is only present during

daytime due to ionization of NO by Lyman-alpha radiation from the Sun. At nighttime

this ionization disappears and the conductivity decreases due to recombination between

free electrons and ions.
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Ionosphere (or Thermosphere)

The ionosphere extends from the mesopause (∼ 80 km) to the thermopause between

600-800 km of altitude, where the exosphere begins. Sometimes, the ionosphere is also

called thermosphere due to the coinciding intervals of both layers. The term thermo-

sphere is based simply on the vertical temperature profile while the criterion for desig-

nating the ionosphere refers to the remarkable presence of ions. In the thermosphere

and the exosphere the densities are extremely low and the gases are not well-mixed,

so these layers are also called heterosphere. The composition of the thermosphere is

mainly molecular and atomic nitrogen and oxygen up to about 200 km of altitude,

while above 200 km the predominant chemical species is atomic oxygen. Due to the

solar ultraviolet absortion of the molecular and atomic oxigen, the temperature rises

again to about 1000 ◦C. The UV, X and γ radiations from the Sun, strongly ionize

oxygen atoms and nitrogen molecules above 100 km of altitude. The deexcitation of

these species during the night is the responsible of a weak greenish emission called air-

glow (or nightglow) (see Figure 1.1). The interaction of the solar wind with the polar

ionosphere produces the famous (boreal and austral) auroras (see Figure 1.4). It is

Figure 1.4: Boreal aurora captured in Nordresia, Norway by Ivar Næss on December 9,

2013. The green color is due to the radiative deexcitation of the atomic oxigen present in

the ionosphere.

also in the ionosphere where radio waves from the Earth are reflected facilitating the

communication between continents.
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1.2 Lightning

Exosphere

The exosphere is the last layer of the atmosphere and it extends from the thermopause

to space. The exosphere is composed by atoms of hydrogen and helium whose far-

ultraviolet (FUV) scattering from the Sun produces the geocorona emission (see Figure

1.5).

Figure 1.5: A far ultraviolet (FUV) photograph reveals the geocorona, a halo of low

density hydrogen which surrounds the Earth. The photograph was taken by astronaut

John W. Young, Apollo 16 mission commander, during the first spacewalk of his trip to

the moon on April 21, 1972.

1.2 Lightning

We can define lightning as a very longitudinal electrical discharge which is produced

in a cloud as a consequence of stormy activity (see Figure 1.6). Early scientific studies

related to lightning were carried out by Benjamin Franklin in the eighteenth century
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with rudimentary instrumentation (the famous kite experiment). He demostrated that

some clouds are electrically charged and that lightning stroke are huge electrical dis-

charges [Cohen, 1941]. In the last century, lightning research was relaunched by, among

others, C.T.R. Wilson, Nobel Prize winner in 1927. Wilson could estimate the charge

distribution inside the cloud as well as the individual charge involved in the lightning

discharge [Wilson, 1921, 1920]. In the second half of the twentieth century, with the de-

velopment of new techniques of data acquisition and analysis and largely driven by the

motivation of minimizing lightning damages to aircraft and ground-based instalations,

progress was made in the understanding of these natural phenomena.

Figure 1.6: Positive cloud-to-ground lightning captured by Kara Swanson in the coast of

the Bahamas.

Within a thunderstorm, the primary charge transfer process is collisions between

soft hail (graupel) particles and small crystals of ice. After charge has been trans-

ferred to the particles, the positively charged ice crystals are carried to the top part of

the thunderstorm, to an altitude near 10 km (in template summer storms); while the

negatively charged hails are placed at a height of 6-8 km [MacGorman and Rust, 1998].

The lightning discharges can be divided into two categories: (1) those that go

from the cloud to the ground and (2) those that do not. The latter group are called

cloud discharges and they can occur totally within a single cloud (intracloud lightning),

between clouds (intercloud lightnings) and from cloud to surrounding air (cloud-to-
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1.2 Lightning

air lightning) (see Figure 1.7). There are four types of lightning flashes that occur

Figure 1.7: The charge structure of two simple thunderstorms, the types of lightnings

and the locations where lightning can occur. Courtesy of British Encyclopedia.

between the cloud and the ground (CG) which are differentiated by the leader electric

charge and its direction of propagation. About 90 % of the CG flashes are initiated

by negatively charged leaders in downward propagation (the so-called negative cloud-

to-ground lightning, or -CG), as shown in Figure 1.8a. Most of the remaining 10 % of

the lightning discharges between the cloud and the ground are initiated by positively

charged leaders with downward propagation (positive cloud-to-ground lightning, or

+CG), as shown Figure 1.8c. The remaining types of (ground-to-cloud) lightning are

very rare and are initiated usually from montain tops, tall man-made towers and other

tall objects (see Figures 1.8b, d). The most common downward electrical discharge

is the negative cloud-to-ground flash, which begins with a local discharge between

the bottom of the main negative charge region within the cloud and the small lower

positive charge region beneath. The free electrons move to the lower positive region,

neutralizing a significant fraction of the positive charge and continue their journey

towards the ground. The physical mechanism for moving the charges to the ground

is called “stepped leader”. The stepped leader’s movement from cloud to ground is

not continuous, but rather it moves downward in discrete luminous segments (steps)

of tens of meters length [Dwyer and Uman, 2014]. The time between luminous steps is

about 50 µs when they are close to the cloud and about 10 µs when the segments are

near the ground. The average downward velocity of the stepped leader from the cloud

to the ground is about 2 × 105 m/s so that it takes the trip in 20 ms approximately.
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Figure 1.8: The four types of cloud-to-ground lightning flashes defined through the di-

rection of leader propagation and the charge of the initiating leader [Dwyer and Uman,

2014].

A typical stepped leader has 5 C of negative charge distributed along its body when

it is close to ground and an average current of 100-200 A must flow during the leader

process [Dwyer and Uman, 2014].

When the stepped leader is close to ground, its relatively large negative charge

attracts the positive charge concentrated in the ground (mainly at elevated objects),

generating a positive upward discharge from ground to leader. When the two (posi-

tive and negative) electrical discharges contact each other, they produce the primary

lightning current channel between cloud and ground. Since the negative charges of the

leader are very close to the ground, they move violently into the Earth, causing a large

flow of current to ground and producing a great luminosity at the bottom of the leader

channel. Inside the luminous channel, the current flows continuously upward with a
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.

Figure 1.9: Detailed development of a negative cloud-to-ground lightning discharge from

the first electrical breakdown to the second return stroke. Adapted from Uman [2001] by

Dwyer and Uman [2014].

typical velocity between one-third and one-half of the speed of light. This process is

called “return stroke”. In Figure 1.9, it occurs between 20.10 ms and 20.20 ms after

the lightning initiation. This phase is the responsible of the strong brightness of the

main channel and the heating of the surrounding air (the highest temperature recorded

is 30000 ◦C). The sudden expansion of the heated air produces most of the thunder

we hear. After the first stroke the current has ceased to flow, the luminous flash can

finish in which case the discharge is called “single-stroke flash”. However, 80 % of the

lightning produced in template regions exhibit between 3 and 5 strokes separated 40

ms from each other in time [Uman, 2001].

Sometimes, the residual channel of the first stroke is crossed down by another leader

which seems to move continuously, this is so-called “dart leader”. Between the end

of the first stroke and the beginning of the dart leader the J- and K-processes can
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occur. The J-process is a charge redistribution into the cloud, taking place in tens of

milliseconds as a consequence of the previous return stroke. This process is often viewed

like a relatively slow positive leader which extends from the origin of the lightning

discharge in the negatively charged region into the cloud. The K-process is a relatively

fast backward motion streamer which begins in the tip of the positive leader and it

propagates to the flash origin [Rakov and Uman, 2003].

The dart leader moves downward into the leader stroke channel and deposits the

negative charge along the channel about 60 ms after the lightning initiation. The dart

leader trip to ground is produced in a few milliseconds but transports less charge than

the stepped leader so the subsequent return stroke will have less charge than the first

return stroke. The first stroke currents are typically 30 kA in a few microseconds, while

the currents of subsequent strokes can be between 10-15 kA in 0.1 microseconds.

There are three possible modes of charge transfer between the cloud and the ground

in a lightning discharge. In negative subsequent strokes these three modes are repre-

sented by [Rakov and Uman, 2003]:

• In a leader-return-stroke sequence, the downward leader develops a conductive

path between the charge source into the cloud and the ground depositing negative

charge along the path. The following return-stroke travels through this path from

the ground to the charge source into the cloud and neutralizes the negative leader

charge.

• The continuous lightning current can be seen as a quasi-stationary arc between the

charge source and the ground. This continuous current can be tens to hundreds

of amperes and with a duration up to hundreds of milliseconds.

• The M-component of a lightning discharge can be viewed as perturbations in the

continuous current and in the channel luminosity. The spatial front lenght of

the M-component waves can be up to one kilometer while for dart-leader and

return-strokes waves it can be of the order of 10 and 100 meters, respectively.

About 10 % of the cloud-to-ground lightning strokes have positive polarity, that is,

they are originated in the upper positive charge region of the cloud. The stepped leader

of a positive lightning is optically almost undistinguishable from that of the negative

stepped leader. However, the +CG return stroke can exhibit current peaks of 300 kA
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(three times higher than -CG return stroke). Positive cloud-to-ground lightning flashes

generally have a single return stroke followed by a relatively long period of continuous

current. In upward lightning, the first leader propagates from ground to cloud. When

the leader contacts the cloud, nearly half of the ground-to-cloud lightning flashes can

present subsequent return strokes with the same features of the CG return strokes.

The so-called CIDs (Compact Intracloud Discharges) can also occur inside the

clouds [Smith et al., 1999]. CDIs are vertical and short electrical discharges (about

1 km lenght) in the upper region of the cloud accompained by copious VHF ( Very

High Frequency) radiation and visible light. Ball lightnings are the weirdest electrical

phenomena in thunderclouds. There are almost 5000 ball lightning observations but no

theory so far can explain them satisfactorily. Ball lightnings are red or yellow sphere-

like plasma structures with a size comparable to that of a grapefruit. Their duration

may be of up to few seconds and they often occur just after a cloud-to-ground lightning.

1.3 Transient Luminous Events

In the summer of 1989 several US researchers, supervised by J. R. Winkler, recorded a

few bright flashes [Franz et al., 1990] at 50 km of altitude above very far thunderclouds.

They had performed the first detection of mesospheric plasmas (50-90 km of altitude)

hypothesized in 1925 by the scottish Nobel prize C.T.R. Wilson [Wilson, 1925, 1956]

although since the late nineteenth century several witnesses reported observations of

very fast transient luminous phenomena above thunderstorm systems [Toynbee, 1886,

Everett, 1903]. Wilson [1925] thought that as one ascends into the atmosphere, the

density of the air decreases, therefore less collisions will be undergone by free electrons

and they will gain energy from an imposed electric field more easily. The electric field

created by the charge inside the cloud decreases slowly with height while the atmo-

spheric density decays much faster (exponentially). Therefore, there will be a height

at which free electrons gain so much energy from the electric field that they can easily

ionize oxygen and nitrogen molecules releasing new electrons. The resultant avalanche

multiplies the number of free electrons and starts an electrical discharge. This mech-

anism offers us a first explanation for the formation of some TLEs, particulary that

of sprites which are the most frequently observed. However, there are many kinds of

TLEs (see Figure 1.10) occurring at different altitudes, whose generation mechanisms
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are not well known nor their influence in the atmosphere properties quantified. Since

the summer of 1989, many different types of transient upper atmospheric electrical dis-

charges have been discovered. Nowadays these electrical discharges are generally called

Transient Luminous Events (TLE) which occur from the upper troposphere to the

lower ionosphere. The names of most of TLEs have been inspired by W. Shakespeare’s

“A Midsummer Night’s Dream” due to their elusive and mysterious nature.

Figure 1.10: Lightning related Transient Luminous Events (TLEs). The picture shows

the most common TLEs produced in the Earth atmosphere. Courtesy of Maria Passas.

1.3.1 Blue Jets and Blue Starters

The first publications about the detection of bluish streamer-like electrical discharges

from the upper side of thunderclouds (see Figure 1.11), between 15-18 km of altitude,

date back from the summer of 1994 in Arkansas [Wescott et al., 1995]. However, in

1989, a similar phenomena was accidentally captured from the Space Shuttle [Boeck

et al., 1995]. These discharges are called Blue Jets and can reach up to 40 km of

altitude from the top of the initial stage thundercloud while a lot of negative cloud-

to-ground lightnings are occuring (see Figure 1.11). Blue jets usually have a duration

of about 200-300 ms. Present theories describe Blue Jets as streamer-like electrical
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discharges with positive polarity, that is, they have a positive charge concentration in

the streamer head. Blue jets can propagate upward at 100 km/s and typically exhibit

a conic-like structure with an angle of about 15 degrees [Wescott et al., 1995, Lyons

et al., 2003, Wescott et al., 1998, 2001]. In 1998, Wescott et al. [1998] used TV images

obtained with two different filters (red and blue) to conclude that significant ionization

of N+
2 was required to match the available observations of blue jets.

Figure 1.11: Blue Jet captured by Patrice Huet, La Réunion in 1997 above a thudercloud

system.

The first results about Blue Starters were published in 1996 [Wescott et al., 1996].

Blue Starters seem to be the first stages of Blue Jets since they only propagate up

to 25 km of altitude and exhibit a streamer-like appearance with velocities between
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27-153 km/s [Wescott et al., 1996]. Blue Starters (also blue jets) are very difficult to

observe from the ground due to Rayleigh scattering of blue light [Wescott et al., 1998,

Heavner, 2000]. Blue Starters are no related to any particular type of lightning but

when they occur the rate of -CG flashes decreases abruptly during 3 seconds after the

event, followed by the resumption of lightning activity [Wescott et al., 1996].

1.3.2 Gigantic Jets

Gigantic Jets (see Figure 1.12), which were discovered in 2002 [Pasko et al., 2002],

emerge from the top of the thundercloud (10-20 km of altitude) and they can reach

the lower ionosphere (90 km of altitude) and connect electrically both the troposphere

and the ionosphere [Pasko, 2003, Su et al., 2003]. Both blue jets and gigantic jets

play an important role in the global electric circuit which mantains a potential differ-

ence of several hundrends of thousands of volts between the ground and the terrestrial

ionosphere.

The polarity of Gigantic Jets (GJ) is usually negative [Krehbiel et al., 2008], they

are not associated to any particular type of lightning and it has been speculated that

they may be responsible of the lightning-related X-ray and γ-ray emissions [Fishman

et al., 1994, Moore et al., 2001, Dwyer, 2005, Smith et al., 2005, Moss et al., 2006]

detected from the space. The average upward velocities of Gigantic Jets are between

5 × 104 m/s in the lower side and 2.7 × 105 in their upper side [Uman, 2001]. Su

et al. [2003] classified Gigantic Jets in two categories depending of their morphology:

Tree Jets and Carrot Jets, and distinguished three different evolutive stages: leading

jet (Figures 1.12a-b), fully developed jet (Figures 1.12c-d) and trailing jet (Figures

1.12e-i).

1.3.3 Sprites and Halos

Sprites are the most commonly observed TLEs. In fact, the first detected TLE in

1989 was a sprite, which is a huge and short (a few milliseconds) electrical discharge

produced by a positive cloud-to-ground lightning. In a first approximation, it can

be considered as being produced at a given height where the dipolar electric field

generated by an intense +CG discharge is higher than the dielectric breakdown field

of the air [Pasko et al., 1998]. Sprites usually cover heights between 85 km and 40-45

km, it is common to observe at their top (above 70 km of altitude) a diffuse optical
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Figure 1.12: Evolutive stages of a Gigantic Jet recorded from Puerto Rico in 2001 [Pasko

et al., 2002].

emission (glow-like discharge) while in the lower region (below 70 km of altitude) they

have a filamentary structure (streamer-like) (see Figure 1.13a, 1.13c and 1.13d). The

optical emissions of sprites are mainly in the red and in the blue spectral range due

to the radiative deexcitation of the first (1PN2) and second (2PN2) positive systems of

molecular nitrogen, respectively.

With sprites, halos are another common type of TLE. Halos are electrical discharges

with red color and diffuse disc shape of 80-100 km of diameter that are produced at

80-85 km of altitude approximately (see Figure 1.13d). Halos can be associated with

sprites or not and they are produced by both positive and negative cloud-to-ground

lightning strokes.
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Figure 1.13: Images of sprites, sprite halo and elve captured by Maria Passas using

GRASSP from the Calar-Alto Observatory, Almeŕıa, Spain (2013).

1.3.4 ELVES

Elves (Emissions of Light and Very Low Frequency Perturbations due to Electromag-

netic Pulse Sources) are the faster TLEs detected to date and they were first postulated

by Inan et al. [1991] and observed in 1992 by Boeck et al. [1992] from the Space Shuttle

and by Fukunishi et al. [1996] from ground stations. Elves are electrical phenomena

exhibiting a donut-like shape with a diameter between 100-300 km and located around

90-100 km of altitude (see Figure 1.13b). These elusive phenomena usually occur before

sprites and they seem to be associated with the electron heating occurring in the lower

ionosphere as a consequence of the EMPs (electromagnetic pulses) produced by very

intense +CG lightning strokes [Inan et al., 1991].

1.3.5 Other TLEs

Trolls

A Troll is a reddish jet-like structure, very similar to a Blue Jet, which propagates

upward from near the top of the cloud to 40-50 km of altitude and with an average
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speed of 150 km/s. Trolls usually appear after tendrils in the larger sprites [Lyons

et al., 2000].

Gnomes

Gnomes are probably a different manifestation of a blue jet but with a more compact

shape (< 1 km). They can be located in the top of convective thunderclouds [Lyons

et al., 2003].

Pixies

Pixies are pinpoints of light (about 100 m of diameter) with a duration of up to 10 ms

which appear in the upper surface of a convective supercell [Lyons et al., 2003].

Smooth Crawlers

Smooth Crawlers are like beads of slowly varying luminosity moving upward with

typical velocity of 104 m/s. They seem to have no apparent connection to clouds

[Moudry, 2003].

Embers

An Ember is a small bead (< 2 km of diameter) which typically develops and brightens

during 1 ms within decayed sprite tendrils (< 60 km of altitude) [Moudry, 2003].

Palm Trees

Another TLE with a very similar appearance of the Gigantic Jet is the Palm Tree.

This is a single stem coming up from the cloud top and spreading out into a wider

crown near 60-70 km of altitude [Moudry, 2003, Heavner, 2000]. Marshall and Inan

[2007] estimated Palm Trees upward velocities at about 1.5 × 106 m/s.

1.3.6 Non-Luminous emissions

TIPPs

TIPPs (Trans-Ionospheric Pulse Pairs) are extremely intense pairs of VHF (Very

High Frequency) pulses originating from thunderstorm regions, but some 10000 times
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stronger than sferics produced by normal lightning activity [Zuelsdorf et al., 1997].

They were first observed by the ALEXIS satellite [Massey and Holden, 1995].

TGFs

TGFs (Terrestrial Gamma Flashes) are gamma-ray bursts of short duration (1 ms) of

terrestrial origin and first detected by the Compton Gamma Ray Observatory in 1994

[Fishman et al., 1994]. They occur in regions with high thunderstorm activity and their

source seem to be located at altitudes < 30 km [Dwyer et al., 2012], though this is not

yet well known.

1.4 Scientific contributions

During my PhD Thesis We have studied, both with numerical simulations and with lab-

oratory experiments, the chemical and thermal evolution of the terrestrial atmosphere

under the action of sprites and halos, including the analysis of spectral fingerprints of

their laboratory electric discharge analogs.

First, We carried out simulations (using CSIC computer clusters in Granada (IAA)

and Madrid) of the electrochemical impact of lightning flashes (synthetic and realistic

[Gamerota et al., 2011]) with different polarities (+CG and -CG) and different current

moment peaks (100 kAkm, 200 kAkm and 500 kAkm) between 50 km and 87 km of

altitude [Parra-Rojas et al., 2013a]. In doing this, We previously carried out the re-

laxation of the statistical equilibrium equations to obtain the initial ion and neutral

densities from the ambient neutral species provided by the WACCM model and the

ambient electronic density by Hu et al. [2007]. In this relaxation stage, we also ob-

tained the ionization and dissociative ionization rates of N2 and O2 by galactic cosmic

rays that are consistent with the ambient electron density profile that has been used.

After calculating the initial densities, we ran the simulations in a range of 37 altitudes

in the Earth mesosphere for each of the different lightning cases considered. We em-

ployed a kinetic model with almost 100 chemical species and more than 900 processes

based in the model by Gordillo-Vázquez [2008] and Gordillo-Vázquez [2010] solving the

equations in a self-consistent way.

In 2012, we carried out laboratory studies of air plasmas under different pressures

(ranging from 0.1 mbar to 2 mbar) in a hollow cathode reactor [Parra-Rojas et al.,
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2013b]. We generated air halo-like plasmas to obtain their characteristic spectroscopic

and thermal features with different spectral resolutions. We estimated the rotational

(gas) temperature of the plasmas using non-invasive diagnostic techniques at different

pressures and with three different spectral methods: a) analyzing the rotational struc-

ture of the (0,0) band of the first negative system of N+
2 (1NN2) [Herzberg, 1950], b)

using the sub-band head peaks of the (3,0) vibrational transition of the first positive

system of N2 (1PN2) [Simek and DeBenedictis, 1995] and c) using the spectral fitting

of the rovibrational band of the 1PN2.

We also performed simulations to understand the chemical and thermal impact of

sprite streamers at different altitudes in the mesosphere (between 50 km and 80 km)

using streamer current density profiles obtained with the streamer model proposed by

Luque et al. [2008] and Luque and Ebert [2010]. The streamer current density profiles

were extended with afterglows of 5 ms, 50 ms and 100 ms of duration, always within the

observed values [Stenbaek-Nielsen and McHarg, 2008]. Similarly to the simulations of

halos, we did a previous electronic relaxation to obtain the ambient initial densities of

all the species. After the electronic relaxation, we also carried out a thermal relaxation

of the energy equations to correct for some differences between WACCM and our model

(regarding the number and type of species, etc...). The kinetic and thermal equations

of our model were solved in a self-consistent way in each time step [Parra-Rojas et al.,

2015].

Finally, we have studied the chemical effects of lightning flashes in the lower iono-

sphere of Saturn through a detailed self-consistent one-dimensional kinetic model. We

have estimated the changes in the electron density, in the ion concentration and the

photon emission. The electron density profiles have been obtained from two different

models based in radio occultation measurements of the Cassini spacecraft. The first

of them, by Moore et al. [2004] does not include a CHx layer, so the base of Saturn’s

ionosphere is located around 900-1000 km over the 1-bar pressure altitude. The second

model, by Galand et al. [2009] includes the CHx layer and thus places the ionosphere

around 600 km above the 1-bar level. With these two configurations of the ionosphere,

we have studied the possibility of generation of sprites and halos in Saturn’s upper

atmosphere.
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1.5 Organization of the thesis

The theoretical and experimental background of halos will be treated in chapter 2.

Here, in the firt section of the chapter, we will explain and describe the theoretical

model employed to study the time-altitude dependence of the chemical species present

in the Earth mesosphere. Most aspects of our experimental set-ups and measurement

techniques are discussed in the second section of chapter 2. We show and explain

the three methods used to obtain the rotational (gas) temperature of the air halo-like

plasma generated inside a hollow cathode reactor.

Chapter 3 is devoted to the modeling of the chemical and thermal impact of sprites

in the Earth mesosphere. In the first section we show the self-consistent model which

we have used to study the chemical evolution of the mesosphere under the action of a

sprite streamer. The second section of this chapter treats the contribution of a single

sprite streamer to the possible local heating of the mesosphere. We discuss the different

energetic channels and chemical mechanisms that can produce a variation of the gas

temperature in the surrounding atmosphere after the sprite streamer passage.

In chapter 4 we investigate the effects of the electrical discharges and possible TLEs

in the upper Saturnian atmosphere, using different electron density profiles and different

charge moment changes of the parent lightning.

We conclude with chapter 5 where we summarize the most important results and

conclusions and gives ideas for future work.

Finally, we have added some appendices in which we show the chemical reactions

employed in the halo and streamer models on the Earth and Saturn atmospheres. Other

appendices describe the normal vibrational modes of the CO2 molecule and explain

how we obtained the statistical weights of the vibrational levels of CO2 as well as the

standard enthalpies of formation of the chemical species employed in the sprite model.
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Sprite Halos

“And that, I think, was the handle-that sense of inevitable victory over the

forces of Old and Evil. Not in any mean or military sense; we didn’t need

that. Our energy would simply prevail. There was no point in fighting on our

side or theirs. We had all the momentum; we were riding the crest of a high

and beautiful wave. So now, less than five years later, you can go up on a

steep hill in Las Vegas and look West, and with the right kind of eyes you can

almost see the high-water mark-that place where the wave finally broke and

rolled back.”

– Raoul Duke, Fear and Loathing in Las Vegas

2.1 State of the art

As we have explained in Section 1.3, sprite halos are flattened diffuse reddish flashes

of light that usually appear between 75 km and 85 km associated with both positive

and negative cloud-to-ground flashes (CG) [Barrington-Leigh et al., 2001]. Halos can

spread to diameters of up to 100 km with a vertical width of up to 10 km. The

generation mechanism is the same as that of sprites (quasielectrostatic electric field

caused by thunderclouds [Pasko et al., 1996]) although the electric field causing halos

is much lower than that associated with sprites, so halos are subtle and more difficult

to observe.

It has been reported that lightning discharges affect the electron density and thus the

electric conductivity in the mesosphere and ionosphere (Shao et al. [2013]). Moreover,

the chemical disbalance caused by halos in the mesosphere is driven by the lightning
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2. SPRITE HALOS

modified electron density. Several models have predicted the influence of thunderstorms

on the chemical balance of the mesosphere, in particular the interaction of the EMP

(electromagnetic pulses) caused by lightning-producing electron heating, ionization and

dissociative attachment in the lower ionosphere, affecting the local conductivity and

electron density (Taranenko et al. [1993], Fernsler and Rowland [1996], Pasko et al.

[1997], Marshall et al. [2008], Cho and Rycroft [1998, 2001] and Lay et al. [2010]). In the

study presented here, our goal is not only to quantify the influence of the mesospheric

electric field generated by +CG and -CG lightning on the ambient electron density

between 50 km and ' 90 km but, also, to analyze the dependence on time and altitude

of the background chemical species densities under the action of sprite halo electric

fields.

Previous studies based on the influence of Atmospheric Gravity Waves showed neu-

tral density fluctuations between 60-90 km due to storm activity (Taylor and Hapgood

[1988], Dewan et al. [1998], Sentman et al. [2003] and Yue et al. [2009]). In the case of

the metastable species O(1D), Hiraki et al. [2004] proposed that the source mechanism

of oxygen atoms O(1D) in the mesosphere due to sprite halo events during nighttime

conditions was electron impact dissociation of O2 molecules. They estimated an accu-

mulated O(1D) production density of 104 cm−3 integrating in time during 1 ms and

assuming a charge moment of 1000 Ckm. These authors also studied the dependence

of the maximum O(1D) production density on the CG discharges with charge moment

between 500 Ckm and 2000 Ckm at daytime and nighttime conditions. In our model,

we present results of lightning discharges with 100 Ckm and 200 Ckm of charge mo-

ment for negative cloud-to-ground lightning discharges, and 2060 Ckm and 2160 Ckm

for positive cloud-to-ground lightning discharges.

Sentman et al. [2008b] investigated, using plasmachemical simulations, the chemical

response of the mesosphere (at 70 km of altitude) to the passage of a sprite streamer

with Emax = 5 Ek, where Ek is the breakdown field of air. The results by Sentman et al.

[2008b] showed strong increases in practically every relevant ambient chemical species.

Particularly, the NO density presented a fractional enhancement of about 75% within

the streamer channel. A comprehensive study of the kinetics of air plasmas under the

influence of sprites was also presented by Gordillo-Vázquez [2008] where he studied the

evolution of 77 chemical species for three different altitudes in the mesosphere subjected

to an impulsive electric discharge similar to that of sprite streamers and including
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2.1 State of the art

the influence of water. Among other features, the model by Gordillo-Vázquez [2008]

predicted local NO density enhancement for the three studied altitudes.

On the other hand, spectroscopic studies of TLEs started in the mid 1990s, when

the simultaneous works by Mende et al. [1995] and Hampton et al. [1996] provided

the first spectroscopic studies of the red N2 first positive group (1PG) sprite optical

emissions at standard video rate (40 fps) in the 550 nm - 840 nm spectral range at low

(between 10 nm and 6 nm) spectral resolutions. In a paper published in 2001, Wescott

et al. [2001] used a narrowband (1.25 nm) filter to measure the N+
2 first negative group

(1NG) (0,1) band emission at 427.8 nm, which provided the first direct evidence for

the ionization of blue starters and blue jets reaching a maximum altitude of about 40

km. In 2002, Morrill et al. [2002] also reported aircraft UV observations of the N+
2

1NG (0,1) band at 427.8 nm and N2 2PG (0,0) band at 337.0 nm from sprites. The

1NG/2PG intensity ratios measured by Morrill et al. [2002] showed two distinct regions,

above and below 55 km. They suggested a relative enhancement of ion emission below

55 km (region of sprite “tendrils”) based on high speed (1000 fps) video recordings

by Moudry et al. [2002] showing that while sprite “tendril” emissions last for ∼ 1 ms,

sprite “body” emissions occur during a longer time gap of ∼ 10 ms and, as reported

by Morrill et al. [2002], these time scales are consistent with ionization taking place

during short times (∼ 1 ms) at 40 - 55 km [Armstrong et al., 1998, Suszcynsky et al.,

1998, Armstrong et al., 2000] and with longer neutral emissions dominating above 55

km [Morrill et al., 2002]. So, depending on the altitude, the species responsible for

the TLE optical emissions change from being mostly excited neutrals (N2(B3Πg) and

N2(C3Πu) for higher altitudes (55 km up to 85 km) to a balance at lower heights (55

km and below) between the emissions from excited neutrals (mainly N2(C3Πu)) and

excited ions (N+
2 (B2Σ+

u )).

The rotational temperature derived from the optical emissions produced by an ex-

cited electronic state of a diatomic molecule is a correct measurement of the gas tem-

perature only if the rotational distribution of a given electronically excited state is

thermalized, that is, if it follows a Boltzmann distribution of rotational levels of the

ground electronic state. The latter occurs when the characteristic rotation-translation

relaxation time is much smaller than the characteristic time of the primary deexcitation

process (the radiative lifetime at sufficiently low pressure or the collisional quenching

time at higher pressures [Lavrov et al., 2003]). The radiative lifetime of the highest
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2. SPRITE HALOS

vibrational level (v = 12) of N2(B3Πg) is around 4 µs and the corresponding values

of v = 3, 2, 1, and 0 of N2(B3Πg) are, respectively, about 7.3, 8.5, 9.7 and 12.1 µs.

On the other hand, the radiative lifetimes of N+
2 (B2Σ+

u ) and N2(C3Πu) are 60 ns and

40 ns, respectively. Assuming that 2 - 3 collisions are usually enough to thermalize

the rotational distributions of N2(B3Πg), N2(C3Πu) and N+
2 (B2Σ+

u ), we can determine

the pressure dependent characteristic rotation-translation relaxation time of N2 [Biloiu

et al., 2007]. Therefore, due to these differences in radiative lifetimes, the low pressure

(high altitude) limit for achieving thermalization (assuming Tgas = 220 K) of the rota-

tional manifold of the N2(B3Πg) changes with vibrational level. The highest altitude

limit is in fact associated only with the v′ = 0. Therefore, for the (0, v′′) bands of the

N2(B3Πg → A3Σ+
u ) transition (N2 1PG) it has a value around ' 75 km (0.03 mbar),

whereas the highest altitude limit is ' 68 km (0.08 mbar) for the (12, v′′) bands of the

N2 1PG, 60 km (0.70 mbar) for N+
2 (B2Σ+

u ) and it is 50 km (1 mbar) for N2(C3Πu).

On the other hand, quenching rate coefficients of N2(B3Πg) by N2 are (1-8) × 10−11

cm3 s−1 for v = 0 - 12 [Piper, 1988]. Then, for the 0.03 mbar lowest pressure limit ('
75 km altitude), the characteristic time of the quenching process, which is the other

channel that competes with the deactivation of the N2(B3Πg) state, is roughly one

order of magnitude longer than rotational-translational relaxation time. As we de-

crease in altitude, collisional (quenching) deactivation tends to dominate over radiative

decay of N2(B3Πg), N+
2 (B2Σ+

u ) and N2(C3Πu). The quenching heights (hq) indicate

the altitudes above which quenching is negligible, while below hq collisional deactiva-

tion begins to be severe. The values of hq for N2(B3Πg), N+
2 (B2Σ+

u ) and N2(C3Πu)

are around 53 km, 48 km and 30 km, respectively [Vallance, 1974]. For sufficiently

high pressures (when quenching dominates), the rotational temperatures derived from

surviving N2(B3Πg), N+
2 (B2Σ+

u ) or N2(C3Πu) optical emissions from some TLEs (like

blue jets and/or giant blue jets) below hq can only be considered reliable if collisional

quenching times (τq) remain longer that rotational-translational relaxation times. The

previous considerations can be useful as an indication of the emitting species in TLEs

that could be tracked to determine the rotational (gas) temperature by spectroscopic

means at different altitudes.

In the sprite halo kinetic model developed in section 2.2, we have calculated the

variation of the concentrations of a large number of species under the influence of halos

by self-consistently calculating electric field profiles and non equilibrium air plasma
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2.1 State of the art

kinetics (including the solution of the Boltzmann equation) for altitudes between 50

km and 85 km in the mesosphere.

In section 2.4 we present three main scientific goals: (a) To test hollow cathode

(HC) air discharges as laboratory analog discharges of TLEs; (b) to test and compare

three different spectroscopic techniques to quantify the rotational (gas) temperature in

air discharges with the aim to use them in TLE spectral diagnosis and, (c) to test the

capabilities of a recently inhouse developed field instrument called GRAnada Sprite

Spectrograph and Polarimeter (GRASSP), with a nominal spectral resolution of 0.45

nm, that we will use for TLE spectroscopic surveys in Europe.

We test three different methods of gas temperature determination that employ (a)

the rotational R - branch (∆J = +1) of the vibrational transition (0,0) of the first

negative system of N+
2 (B2Σ+

u → X2Σ+
g ) when the resolution of the spectrograph is

high enough (0.005 nm - 0.05 nm) to resolve the rotational structure (this is the so

called Boltzmann plot method [Herzberg, 1950]), (b) a method proposed by Simek

and DeBenedictis [1995] based on the analysis of several peaks appearing in low lying

vibrational transitions, specifically (3,0), (2,0), (1,0) and (0,0), of the first positive

group of N2(B3Πg → A3Σ+
u ), or N2(B3Πg) 1PG, that can be used when medium (0.1

nm - 0.5 nm) resolution spectrographs are available, and (c) a method based on the

numerical fitting of synthetic spectrum to the observed (measured) spectrum of the

envelope of selected (v′, v′′) bands of the N2(B3Πg) 1PG recorded with medium (0.1

nm - 0.5 nm) resolution spectrographs.

The spectra recorded in the laboratory will be used as a test for the GRAnada Sprite

Spectrograph and Polarimeter (GRASSP) instrument recently developed in our group

in order to start spectroscopic field campaigns of TLEs in Spain as ground support to

the Atmosphere Space Interaction Monitor (ASIM) mission of ESA and to the TARA-

NIS mission of CNES, to be launched in June 2016 and 2017, respectively. In this sense,

the spectra (corrected by instrument spectral response) of a 0.2 mbar air commercial

discharge lamp taken by GRASSP will be compared with the spectra of air discharges

produced at similar (0.23 mbar) pressure within DC hollow cathode reactors recorded

by laboratory commercial spectrographs. After the gas temperature is obtained, we

will be able to extract the vibrational distribution function (VDF) of N2(B3Πg) by

fitting a synthetic spectrum of the N2(B3Πg) 1PG to the recorded/observed spectrum

at low resolution (2 nm). The latter will be used to obtain partial (1 ≤ v ≤ 7) VDFs
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2. SPRITE HALOS

of N2(B3Πg) in air plasmas produced in laboratory DC hollow cathode discharges (0.1

mbar - 2 mbar) that will be compared with the experimental N2(B3Πg) VDF in sprites

derived by Bucsela et al. [2003] at 53 km (' 1 mbar) and Kanmae et al. [2007] at 53

km and with theoretical predictions of N2(B3Πg) VDF in halos and sprites [Gordillo-

Vázquez, 2008], [Gordillo-Vázquez, 2010, Luque and Gordillo-Vázquez, 2011, Gordillo-

Vázquez et al., 2011, 2012]. Previous experimental and modeling works on the kinetics

and vibrational level populations of N2 triplet states were done to investigate N2 emis-

sions in low altitude auroras [Cartwright, 1978, Morrill and Benesch, 1996] and N2

afterglow discharges [Piper, 1988, 1989].

2.2 Model

2.2.1 Model description

Generally, a halo has a convex, saucer-like shape, with its center descending to lower

altitudes than its borders. Here we are neglecting this curvature and assuming instead

a perfectly planar geometry that reduces the problem to one dimension. Furthermore,

as discussed below, in 1D the total electric current conservation allows us to avoid

dealing explicitly with space charges and the conduction current and, consequently, we

can integrate the equations independently at each altitude. Hence the one-dimensional

problem is further reduced to a series of zero-dimensional problems. The two main

drawbacks of this computational simplification are that (a) we underestimate the peak

electric fields at the center of the halo and (b) a planar model does not allow the for-

mation and propagation of filamentary structures (streamers). Point (a) was discussed

by Luque and Gordillo-Vázquez [2012], where they compared one-dimensional and two-

dimensional results and showed that neglecting the enhancement of the electric field due

to the curvature of the halo did not introduce qualitative changes. Point (b) limits the

validity of the one-dimensional approach to high-altitudes and must be kept in mind in

discussing the results that we present below. The kinetic model used here is an upgrade

of the model by Gordillo-Vázquez [2008, 2010] (Appendix E), where we now use more

than 80 species (neutral and excited ones) and over 800 chemical processes (excluding

photochemical processes) including electron impact ionization and excitation of atomic

and molecular species, whose rates depend on the EEDF (electron energy distribution
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function) as well as processes involving vibrational excitation exchange, vibrational-

vibrational (VV)-like and vibrational-translational (VT)-like. All these processes are

shown in detail in one of the appendices included as supplementary material to this

thesis.

The kinetic model solves the statistical balance equations

∂ni
∂t

= Gi − Li, (2.1)

which represents a set of differential equations, one for each species i (electrons, ions

as well as excited and ground-state atoms and molecules) present in the air plasma.

Equation (2.1) provides the evolution of the concentrations of chemical species (ni) over

time as a result of the difference between the rates of the processes that contribute to

the generation (Gi) and loss (Li) of species i. The balance equations (2.1) are coupled

and solved together with the steady-state Boltzmann transport equation. In its general

form, the Boltzmann equation reads

(
∂

∂t
+

F

m
· ∇v + v · ∇r

)
f(v, r, t) =

(
∂f

∂t

)
collisions

, (2.2)

where f(r,v, t) is the velocity distribution function of free electrons in the plasma at

time t and velocity v. Considering both steady state and spatial uniformity conditions,

we can cancel the first and third terms in the sum on the left hand side. If we want to

find the nonequilibrium f(r,v, t) within an electric field, the previous equation will be

eE(t)

me
· ∇vf(v, t) =

(
∂f

∂t

)
collisions

, (2.3)

where the symbols e, me, E(t) and ∇v represent the electric charge and mass of

the electron, the electric field in the mesosphere generated by a lightning discharge

and the velocity gradient operator, respectively. The right hand side of equation (2.2)

represents the variation rate of f(v, t) due to different collisions between electrons and

heavy species including neutral molecules and atoms as well as ions. The electron-

electron collisions are not taken into account due to low electron density, which makes

the Coulomb interactions negligible. Inclusion in the model of the Boltzmann equation

is a great advantage because, through this, we can calculate the electron velocity or

energy distribution function and therefore the reaction rates of the processes driven

by direct electron impact. We also impose as a condition the macroscopic electrical
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neutrality of the plasma, that is, the net balance of electric charges in the plasma is

zero

∑
j

n+
j = ne +

∑
k

n−k , (2.4)

where n+
j , n−k and ne represent, respectively, the concentrations of positive and

negative ions and electrons in the plasma. In this occasion the model simulations

were performed with the ZDPlasKin software developed by Pancheshnyi et al. [2008]

that incorporates the BOLSIG+ solver to calculate the EEDF (Hagelaar and Pitchford

[2005]). Although ZDPlasKin is a 0-dimensional solver, we have slightly modified it

by including an electrostatic electric field equation (see equation (2.5) below) that is

self-consistently solved with equations (2.1)-(2.4) in a range of altitudes covering the

Earth mesosphere.

The simulation process basically consists of two stages. The first step is what we have

called “relaxation” of the system of equations. Following Sentman et al. [2008b], in

order to isolate the impact of a lightning-generated electric field, we first look for the

chemical equilibrium of our kinetic scheme consistent with the ambient electron density

profile. In this case we have chosen the ambient electron density estimated by Hu et al.

[2007]. To do so, we searched, at each altitude, for the value of the cosmic-ray flux

that, once the equations are evolved with a reduced electric field E/N ∼ 0 for a long

time t ∼ 106 s, match the desired electron density. The dry air initial densities used at

each altitude and under nighttime conditions, are taken from the Whole Atmosphere

Community Climate Model (WACCM) for midlatitudes and are shown in Figure 2.1.

Figures 2.2 and 2.3 show the altitude variation of the initial densities used in our model,

where the dashed lines are the initial densities extracted from the Whole Atmosphere

Community Climate Model (used to initiate the relaxation stage) and the solid lines

are the densities of the same species obtained after the model relaxation stage. The

densities obtained after the relaxation act as initial conditions for the halo simulations.

The ambient electron density concentration ne is shown in Figure 2.4 and is taken from

Hu et al. [2007].

Figures 2.5, 2.6 and 2.7 show the altitude variation of the ambient initial densities of

the negative, positive and neutral excited species, respectively. These initial densities
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Figure 2.1: Altitude variation of the initial ambient densities of N2 (solid blue line),

O2 (dashed purple line), Ar (dotted black line) and CO2 (dashed dotted red line) taken

from the Whole Atmosphere Community Climate Model (WACCM) under the nighttime

conditions. The solid black line is the gas temperature variation with altitude taken from

WACCM.

were obtained after the relaxation stage. We do not show the ambient initial density

of other species because their initial density values are negligible.

Once the system of equations is relaxed, we implement the effect of -CG and +CG

lightning strikes in the range of altitudes considered (50-85 km). To do this, we assume

triangular shaped lightning current moments with different peak values as shown in

Figure 2.8 with the corresponding charge moment changes shown in Figure 2.9.

Following Luque and Gordillo-Vázquez [2012], our model calculates the electric field

E in the mesosphere associated with lightning by self-consistently solving equations

(2.1), (2.3) and (2.4) coupled with

ε0
dE

dt
= −σE + JT (t), (2.5)

where σ is the electric conductivity and JT (t) is the total current given by Luque
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Figure 2.2: Altitude variation of the initial ambient densities where the dashed lines are

the ones (before the relaxation stage) taken from WACCM, and the solid lines are the

initial ambient densities obtained after the relaxation stage.

and Gordillo-Vázquez [2012] as

JT (t) = ε0
∂Ep
∂t

=
hI(t)

π

(
1

z3
0

+
1

z3
1

)
, (2.6)

where Ep is the electric field created by the electric dipole p = 2hQ (the cloud

charge and its image with respect to the conducting surface of the Earth), which is

approximately homogeneous in a layer over the thunderstorm between z0 = 60 km and

z1 = 80 km, and where hI(t) is the imposed current moment, h being the cloud altitude

and I(t) the lightning electric current liberated to the ground from the cloud. A more

extended derivation of equation (2.6) is shown by Luque and Gordillo-Vázquez [2012].

The space charge is considered in the model in an implicit way through equation (2.5).

This equation can be easily derived from the charge conservation equation

∂q

∂t
= −∇ · (σE), (2.7)
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2.2 Model

Figure 2.3: Altitude variation of the initial ambient densities where the dashed lines are

the initial (before the relaxation stage) ambient densities extracted from WACCM, and

the solid lines are the initial ambient densities obtained after the relaxation stage.

where σ is the local conductivity, and the Poisson equation

q = ε0∇ ·E. (2.8)

If we assume a planar geometry (1-D model) in equations (2.7) and (2.8), and we

differentiate equation (2.8) with respect to time we obtain

∂q

∂t
= ε0

∂

∂t

∂E

∂z
. (2.9)

Combining equations (2.7) and (2.9), we obtain

∂

∂z

[
ε0
∂E

∂t
+ σE

]
=

∂

∂z
JT (t) = 0, (2.10)

where the first term of the left hand side is the displacement current, and the second

term of the sum is the conduction current. Note that equation (2.5) is coupled to the
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Figure 2.4: Variation of the initial ambient electron density with altitude taken from Hu

et al. [2007].

set of chemical balance equations (2.1) through the ambient electric conductivity σ

which is proportional to the electron density:

σ = eneµ(E/N), (2.11)

where µ is the electron mobility extracted from the solution of equation (2.3). The

electron mobility is calculated internally by ZDPlasKin in each timestep.

It is also worth mentioning that equation (2.5) relies on the assumption of a perfectly

planar geometry and hence remains valid only as long as the horizontal divergence of the

electric field can be neglected. This assumption breaks down at the onset of filamentary

structures such as sprite streamers; these have short characteristic horizontal length

scales on the order of tens of meters and therefore electric fields with non-negligible

horizontal components. Although our results are reliable only as long as sprites are not

present, in order to avoid introducing a criterium for sprite inception, we have extended

our calculations to low altitudes and high CMC, a situation where sprite emergence is
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2.3 Results and discussion

Figure 2.5: Altitude variation of the negatively charged species considered in our model,

as obtained after the relaxation stage.

likely. For a discussion of sprite inception and its relation to our model, the reader is

directed to the supplementary material of Luque and Gordillo-Vázquez [2012].

2.3 Results and discussion

We present and discuss here the chemical and electrical influence of lightning in the

terrestrial mesosphere in the particular case that lightning produce halos, a type of

TLE characterized by diffuse optical emissions. We have considered different peak

values for the lightning current moments. In particular, we have distinguished between

current moments with and without a continuing current signal. While -CG are usually

associated with current moments without continuing current, +CG current moment

almost always exhibit a continuous low value current (see Figure 2.8) connected to the

occurrence of delayed sprites [Cummer and Füllekrug, 2001] . In the case of +CG we

will also discuss the results of our kinetic simulations using measurements of lightning

current moments published by Gamerota et al. [2011] (see Figure 2.10).
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Figure 2.6: Altitude variation of the positively charged species considered in our model,

as obtained after the relaxation stage.

The present simulations were performed by using triangular current moment signals

of 2 ms duration, with the peak intensity occurring at τ = 1 ms and parameterizing the

maximum current moment peak with the values of 100 kAkm and 200 kAkm and by

disregarding the impact of low value continuous current for -CGs (see Figure 2.8). In

a similar way, two signals are considered for the case of a +CG with the peak intensity

occurring at τ = 1 ms with a constant continuous current of 20 kAkm that lasts up to

100 ms, and parameterizing the +CG maximum current moment peak with the values

of 100 kAkm and 200 kAkm. We have assumed that the +CG low value continuous

current is negligible after 100 ms (see Figure 2.8). The maximum current moment peak

values of 100 kAkm and 200 kAkm are selected following Williams et al. [2012] showing

statistics on the maximum lightning peak currents of -CG and +CG producing sprite

halos (see Figures 5, 7 and 8 in Williams et al. [2012]).
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2.3 Results and discussion

Figure 2.7: Altitude variation of the neutral excited species considered in our model, as

obtained after the relaxation stage.

2.3.1 Reduced electric field

When we introduce the current intensity signals (hI) in equation (2.6) and solve equa-

tions (2.1)-(2.5) in a self-consistent way, we obtain the reduced electric field for the

cases considered. We can see in Figure 3.3 that the largest increase of reduced electric

field coincides with the peak current moment. Moreover, the duration of the electric

field closely follows that of the current moment. As it is shown in Figures 3.3a, 3.3b

and 3.3d for the realistic and 100 kAkm +CG and -CG cases, the field at the time (1

ms) of the current peak is just above 40 Td between 75 km and 82 km. For the cases

of 200 kAkm (+CG and -CG) (Figures 3.3c and 3.3e) the reduced electric field reaches

100 Td between 80 km and 81 km at the time of the peak current. In the cases of

+CG (Figures 3.3b and 3.3c) we can see that the 20 kAkm continuous current plays an

important role in the extension of the reduced electric field up to 200 ms with values

ranging from 100 Td (∼ 80 km) to 60 Td (∼ 55 km). It is important to note that, in

all the cases studied, the E/N values remain under sub-breakdown (< 120 Td) levels
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Figure 2.8: Time dependence of the various lightning electrical signals implemented in

the model. All signals are triangular with 2 ms width. -CG lightnings (solid green line

for 200 kAkm of current peak and dashed dotted blue line for 100 kAkm of current peak)

have a negligible current moment beyond 2 ms. +CG lightnings (dashed black line for

200 kAkm of current peak and dotted violet line for 100 kAkm of current peak) have a

continuous current moment of 20 kAkm from 2 ms to 100 ms. Beyond 100 ms the current

moment is considered negligible.

(Luque and Gordillo-Vázquez [2012] and Liu [2012]).

Regarding the lightning intensity waveform measured by Gamerota et al. [2011], we

can see in Figure 3.3a that the E/N altitude-time variation is similar to that of the

case of 100 kAkm of the +CG (see Figure 3.3b). This might be due to the fact that,

although the current signals are not identical, they are very close in their peak and

continuous current values as well as in their duration.

The behaviour of the reduced electric field is strongly coupled to the evolution of the

electron density through equation (2.5) and can be understood qualitatively in simple

terms as the counteraction of field increases due to the ground current and decreases

due to Maxwell relaxation. Above about 80 km, at the ionosphere’s lower edge, the
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Figure 2.9: Time dependence of the charge moment change (CMC) for the different

lightning electrical signals implemented in the model. -CG lightnings (solid red line for

200 kAkm of current peak and solid black line for 100 kAkm of current peak) have a

negligible current moment beyond 2 ms (see Figure 2.8). +CG lightnings (solid green line

for 200 kAkm of current peak and solid blue line for 100 kAkm of current peak) have a

continuous current moment of 20 kAkm from 2 ms to 100 ms (see Figure 2.8). Beyond

100 ms the current moment is considered negligible. Finally, the solid pink line shows the

charge moment change of a realistic +CG lightning measured by Gamerota et al. [2011].

relaxation is so fast that the electric field barely increases. At lower altitudes, the

electrons are fewer and not so mobile so the electric field is allowed to increase. If

the electron density remains low the electric field then simply decays after the ground-

current pulse with the relaxation time of the unperturbed atmosphere, as seen in the

tails of Figures 3.3b and 3.3c; their durations increase exponentially as the altitude

decreases. On the other hand, if the electric field reaches the conventional breakdown

threshold (' 120 Td) or if it remains significant long enough for associative detachment

to act, as in Figures 3.3a-3.3c, the electron density increases significantly. Then the

relaxation time decreases correspondingly and produces the sharp decays shown in the

figures. Below about 55 km the reduced field is lower due to a higher air density and
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Figure 2.10: Time dependence of the measured (empirical) electrical signal used in the

model, extracted from Gamerota et al. [2011], corrensponding to a real +CG lightning

discharge. The lightning discharge signal was obtained from ELF data recorded in Yucca

Ridge Field Station (40.702N-105.031E) on July 3, 2008. The frequency range of the

station covers from a few Hz up to 25 kHz. The authors do not specify the particular

signal resolution used for these measurements.

hence does not significantly alter the electron density, keeping the decay time on the

order of hundreds of seconds.

2.3.2 Negatively charged species

We discuss in this section the result shown in Figure 2.12-2.16 showing the behaviour of

the electron density and negative ion concentrations. In the results presented in Figure

2.12b and Figure 2.12c, we can see similar profiles for the electron concentration as a

function of the altitude both at 100 kAkm and 200 kAkm of peak current moments for

the case of +CG lightnings. In addition, we see a small drop in the density of electrons

at the time of the current peak followed by an abrupt increase which lasts up to 100 s

at high altitudes (∼ 78 km). As we descend in altitude, the increase in electron density
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Figure 2.11: Altitude-time evolution of the reduced electric field due to cloud-to-ground

lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and

20 kAkm continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm

continuous current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak

current moment.

occurs later in time and it lasts less. Below 53 km there is no noticeable variation in

the electron density. The same (no variation) happens above 80 km due to the high

ambient electron concentration (see Figure 2.4).

The small initial decrease in the electron concentration at the time of the current

peak is due to dissociative attachment of O2 by direct electron impact

P35 : e+O2 → O− +O.

The increase in the electron density just after the peak current is steeper as we

descend in altitude. That is, at 75 km, the electron density increases by one order

of magnitude while at 55 km the increase of the electron concentration is more than

four orders of magnitude. For intermediate altitudes of 65 km, our model predicts
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Figure 2.12: Altitude-time evolution of the electron density due to cloud-to-ground light-

nings with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

ne enhancements of more than three orders of magnitude. Regarding the mechanisms

responsible for the growth of the electron density, we have found that the dominant

processes are associative detachment of O− by N2 producing N2O and electron impact

ionization of O2

P402 : O− +N2 → N2O + e,

P33 : e+O2 → O+
2 + e+ e.

Note that the electron density is maintained at high values during the simulation

mainly due to associative detachment of O− by CO (P415) as long as the O− concen-
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tration remains high (see Figures 2.13b and 2.13c).

P415 : O− + CO → CO2 + e.

The electron concentration begins to decrease between 1 second and 12 seconds after

the parent lightning due to three-body electron attachment

P86 : e+O2 +N2 → O−2 +N2,

P39 : e+O2 +O2 → O−2 +O2,

returning to its baseline ambient values controlled by the cosmic ray ionization of N2,

P579 : hν +N2 → N+
2 + e.

The influence of associative detachment of O− by N2 producing N2O and free elec-

trons can be visualized in Figures 2.12b and 2.12c, where an increase of one order of

magnitude can be seen in the electron concentration between 10 s and 100 s after the

current peak of the parent lightning discharge. This late enhancement of the elec-

tron density has been proposed as the key responsible of delayed sprites (Luque and

Gordillo-Vázquez [2012]).

Regarding -CG lightning, we can see in Figures 2.12d and 2.12e that the electron

density does not exhibit substantial changes at the time of the peak current. However,

when we use a peak current of 200 kAkm the model shows a factor 2 decrease in

the electron density between 77 km and 81 km altitude and between 102 s and 103 s

simulation time which is mainly due to dissociative attachment of O2 by direct electron

impact (P35) as reported very recently by Shao et al. [2013]. Moreover, 100 ms after the

peak current, and between 67 km and 57 km, our model predicts a hole-like structure

consisting in one order of magnitude decrease and subsequent increase in the density

of electrons caused by electron impact O3 dissociative attachment (see below). As we

descend in altitude, the hole lasts longer (we have a reduction of one order of magnitude

at 65 km). This reduction in the electron density is mainly caused by the dissociative

attachment by ozone,

P40 : e+O3 → O− +O2.

In the realistic case (see Figure 2.12a), we find the same behaviour for the electron

density as the one already described for the case of +CG lightning (Figures 2.12b and
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2.12c). The electron density decreases a factor 3 between 20 ms and 40 ms due to

electron impact dissociative attachment of O2 (P35) followed by an increase of more

than one order of magnitude produced by the associative detachment of O− by N2

(P402) and electron impact ionization of O2 (P33) and N2 (P22). The electron density

above 80 km and below 65 km does not exhibit noticeable changes.

The behaviour of the O− concentration in the case of +CG lightnings (see Figures

2.13b and 2.13c) follows that of the electrons. At the time of the current peak (see

Figure 2.13c), the density of O− exhibits an abrupt increase (more than five orders of

magnitude at its maximum located at 67 km) that gently descends to ambient values

towards longer times or lower altitudes down to 53 km approximately. At mid altitudes

(76 km), the increase in the concentration of O− can be of up to four orders of magnitude

during approximately 10 ms after the peak current and the mechanism responsible for

this mid altitude O− increase is

P35 : e+O2 → O− +O.

The processes responsible of returning the O− density to its natural (ambient) values

are associative detachment of O− by N2 producing N2O as long as the reduced electric

field is non zero (up to 100 ms)

P402 : O− +N2 → N2O + e,

due to the detachment rate (P402) dependence with the electric field. When the reduced

electric field goes back to zero (beyond 100 ms), associative detachment of O− by CO

producing CO2 dominates

P415 : O− + CO → CO2 + e.

In addition, an increase of the O− concentration is predicted at ionospheric altitudes

(85 km) due to electron impact dissociative attachment by O3

P40 : e+O3 → O− +O2,

while the mechanisms that recover the ambient concentration of O− are the ozone

charge transfer (P412) and the associative detachment of O− by O3 (P407)

P412 : O− +O3 → O−3 +O,
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Figure 2.13: Altitude-time evolution of the O− density due to cloud-to-ground lightnings

with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

P407 : O− +O3 → O2 +O2 + e.

Unlike the cases of +CG lightning, where the evolution of the concentration of O− does

not depend on the peak current intensity but on the 20 kAkm continuous current, in the

case of -CG lightning we have found a remarkable dependency with the peak current

intensity (see Figures 2.13d and 2.13e). The O− density shows an increase of almost an

order of magnitude between 78 km and 81 km for the case of a -CG lightning with 100

kAkm of current peak (see Figure 2.13d). For the case of 200 kAkm current peak -CG

lightnings, our model predicts a large increase of up to two orders of magnitude at 81

km (Figure 2.13e). For the latter case (e) of negative lightning, the behaviour of the

O− density exhibits the form of two lobes, one located between 77 km and 81 km that

extends in time up to 100 ms after the current peak (see Figure 2.13e) and another one
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between 72 km and 81 km where the density of O− increases in up to three orders of

magnitude and whose duration does not exceed 40 ms after the current peak. The main

mechanism underlying the production of O− at the moment of the current peak in both

-CG cases (100 kAkm and 200 kAkm) is the electron impact dissociative attachment

of O2 (P35) whereas the mechanism responsible for the O− density relaxation after

the current pulse are associative detachment by O3 (P407) and O−-O3 charge transfer

(P412) processes, together with associative detachment (P402) of O− by N2 for the

200 kAkm case. For intermediate altitudes (∼ 76 km) and 200 kAkm of peak current

(see Figure 2.13e), the production processes of O− are the same as for higher altitudes.

However, the O− loss mechanisms are different, the most important being associative

detachment of O− by N2 (P402) and by CO (P415). For low altitudes (between 53

km and 67 km) the density of O− exhibits an increase that can be of about one order

of magnitude at the moment of the peak current and that lasts for approximately 100

seconds (see Figure 2.14) mainly due to the action of electron impact O3 dissociative

attachment (P40). After 100 seconds, the concentration of O− tends to its ambient

values due to associative detachment of O− by O2 (P403),

P403 : O− +O2 → O3 + e.

For the realistic case (see Figure 2.13a) we found an O− increase of more than four

orders of magnitude located between 65 km and 79 km of altitude starting 30 ms after

the current peak. This important increase of O− is mainly due to electron impact

dissociative attachment of O2 (P35).

P35 : e+O2 → O− +O.

For lower altitudes, one can observe in Figure 2.13a a small increase of up to one order

of magnitude in the density of O− starting at approximately 4 ms after the current

peak and caused by electron impact dissociative attachment of O3 (P40)

P40 : e+O3 → O− +O2.

We can see in Figures 2.15b and 2.15c, corresponding to the evolution of the con-

centration of the ion O−2 under the action of +CG lightning, that there is a substantial
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Figure 2.14: Altitude-dependent behaviour of the concentration of O− under the con-

ditions of a single sprite halo event generated by a -CG lightning with 200 kAkm peak

current moment for three different altitudes. The dashed blue line is for an altitude of 67

km, the dotted red line indicates O− density at 60 km and the solid black line corresponds

to the case of an altitude of 53 km.

increase in the density of O−2 about 100 ms after current peak. The one order of mag-

nitude increase of O−2 , shown between 83 km and 85 km, is due to electron impact

dissociative attachment of O3 (P41)

P41 : e+O3 → O−2 +O,

In addition, the transition region between 73 km and 78 km in Figures 2.15b and

2.15c where the increase of the concentration of O−2 may be more than one order of

magnitude is mainly caused by the aforementioned mechanism (P41). Below 78 km

(down to almost 50 km altitude) higher increases in the density of O−2 are predicted

but during shorter times (see Figures 2.15b and 2.15c) as the altitude is lower. For

example, at 63 km and for the case of 200 kAkm current peak (Figure 2.15c) we can

see an increase of more than three orders of magnitude for more than one second.
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Figure 2.15: Altitude-time evolution of the O−2 density due to cloud-to-ground lightnings

with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

However, at 53 km, the increase in the density of O−2 is slightly larger than at 63 km

while at 53 km the O−2 enhancement lasts only 350 ms. The process responsible for this

sudden increase in the O−2 concentration is the electron impact dissociative attachment

of O3 (P41) and the O2 three-body attachment

P39 : e+O2 +O2 → O−2 +O2,

while

P426 : O−2 +O3 → O−3 +O2,

drives the O−2 density back to its ambient values. For the cases of -CG lightning (see

Figures 2.15d and 2.15e) there barely exists a variation in the density of O−2 ions by a
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factor of 3 between 67 km and 70 km due to electron impact dissociative attachment

of O3 (P41).

For the realistic case (see Figure 2.15a) no significant changes in O−2 density are no-

ticeable since the time profile of the current moment used in the simulation (Gamerota

et al. [2011]) only provides values up to 0.08 s.

Finally, for the NO−2 ion, our model predicts an enhancement of the NO−2 density

above two orders of magnitude that remains for about 20 s only in the case of +CG

lightning (see Figures 2.16b and 2.16c), and 100 ms after the current peak between 73

km and 51 km. This enhancement in the NO−2 density is caused by

P410 : O− +NO2 → NO−2 +O,

P425 : O−2 +NO2 → NO−2 +O2,

and the loss of NO−2 is due to

P444 : NO−2 +O3 → NO−3 +O2.

In the realistic case (see Figure 2.16a) no changes are predicted as in the case of the

O−2 ion.

2.3.3 Positively charged species

We now present and discuss the results for the most representative positive ions. Out

of the 14 positive ions included in the model we have chosen to show those with the

greatest variability. We begin by analyzing the dependence on time and altitude of

O+
2 ions. We see in Figures 2.17b and 2.17c an abrupt increase in the concentration

of O+
2 ions during the 20 kAkm continuous current moment signal of +CG lightnings.

This increase appears later in time and more intensely as we descend in altitude. The

delay between the parent stroke and the peak of the O+
2 density increases as we descend

in altitude. The O+
2 density enhancements for the 200 kAkm current peak case (see

Figure 2.17c) can change from almost two orders of magnitude at 77 km to five orders

of magnitude at 57 km. In the case of 100 kAkm current peak (see Figure 2.17b),

the variations of the O+
2 density are identical to those taking place for the case of 200

kAkm current peak (see Figure 2.17c), which suggests that they are only due to the 20

kAkm continuous current. Above 80 km there are no changes in the concentration of
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Figure 2.16: Altitude-time evolution of the NO−2 density due to cloud-to-ground light-

nings with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

O+
2 . The mechanisms responsible for the predicted O+

2 increases are O2 ionization by

direct electron impact (P33) and charge transfer between N+
2 and O2 (P362)

P33 : e+O2 → O+
2 + e+ e,

P362 : N+
2 +O2 → N2 +O+

2 ,

while the main relaxation process of the enhanced O+
2 densities towards ambient values

is

P391 : O+
2 +N2 +N2 → N2 +N2O

+
2 .

In the realistic case (see Figure 2.17a), the behaviour of O+
2 densities is almost

identical to the one already described for the case of +CG strokes. In the case of
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-CG strokes (see Figures 2.17d and 2.17e) the variation of the O+
2 density is barely

noticeable. Only in the case of 200 kAkm current peak and between 78 km and 82

km we see a slight increase in the O+
2 concentration of a factor two that persists for a

few seconds. This few seconds increase in the O+
2 concentration is also seen in the 200

kAkm case of +CG lightning (see Figure 2.17c). The mechanisms of O+
2 ion production

and loss for -CG lightnings are the same as those presented above for the +CG cases.

Figure 2.17: Altitude-time evolution of the O+
2 density due to cloud-to-ground lightnings

with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

The concentration of O+ ions in the case of +CG strokes shows a sharp increase

between 10 ms and 100 ms after the peak current and a very fast relaxation (see Figures

2.18b and 2.18c). The time instant when the sharp O+ increase occurs depends on the

altitude considered so that as we descend in altitude the sudden increase takes place

later and with less duration. This increase of the O+ concentration exceeds three
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orders of magnitude at 77 km. However, below 60 km, the model does not predict any

significant change in the density of O+. In the case of 200 kAkm current peak (see

Figure 2.18c) and for altitudes between 79 km and 82 km, a first increase in the O+

density is predicted due to the initial pulse of the current moment. The mechanism

underlying the increase in the concentration of O+ is dissociative ionization of O2 by

direct electron impact

P79 : e+O2 → O+ +O + e+ e,

and the process that brings the O+ concentration back to its ambient value is

P377 : O+ +O2 → O+
2 +O.

In the case of -CG lightning we see in Figure 2.18e an increase of O+ slightly over

two orders of magnitude at the time of the current peak for the 200 kAkm case. This

enhancement in the concentration of O+ is located between 79 km and 82 km of altitude.

The mechanisms of O+ production and loss are the same as for the +CG lightning cases,

that is, electron-impact O2 dissociative ionization (P79) and the O+-O2 charge transfer

process (P377). When the signal with 100 kAkm current peak is used no changes are

observed (see Figure 2.18d).

The results obtained for the realistic case are similar to those obtained for the +CG

lightning cases (2.18b and 2.18c) but restricted to 80 ms (see Figure 2.18a).

In Figure 2.19 we can see the altitude-time dependence of the concentration of N+
2

ions. The trend followed is the same of the O+ ions. In the +CG lightning case (see

Figure 2.19c), the highest values are reached between 74 km and 81 km and in the

10-100 ms range after the 200 kAkm electric pulse going through the air plasma. The

main kinetic mechanism controlling the production of N+
2 , which increases in more than

four orders of magnitude before the end of the current peak, is

P22 : e+N2 → N+
2 + e+ e.

On the other hand, the losses of N+
2 before the end of the current peak are mainly due

to the charge transfer between N+
2 and oxygen molecules

P362 : N+
2 +O2 → N2 +O+

2 .

At 60 km, the increase of N+
2 can be of more than five orders of magnitude, although it

is concentrated in a short time interval of about 20 ms. For the case of -CG lightning
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Figure 2.18: Altitude-time evolution of the O+ density due to cloud-to-ground lightnings

with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

with 200 kAkm of current peak (see Figure 2.19e) the N+
2 density increases in three

orders of magnitude but confined within the 75-82 km altitude range and due to the

same mechanisms of production and loss as already commented above for the +CG

lightning cases. When the peak current is 100 kAkm, no significant changes in the

concentration of N+
2 ion are visible (see Figure 2.19d).

The time evolution of the concentration of N+
4 ions is shown in Figure 2.20. The

trend followed is the same of the O+ and N+
2 ions. For +CG lightning with 200 kAkm

of current peak (see Figure 2.20c), the N+
4 density increases in more than four and five

orders of magnitude at 75 km and 60 km, respectively. The main production process

of N+
4 ions is

P367 : N+
2 +N2 +N2 → N2 +N+

4 .
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Figure 2.19: Altitude-time evolution of the N+
2 density due to cloud-to-ground lightnings

with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

On the other hand, the losses of N+
4 before the end of the current peak are dominated

by

P374 : N+
4 +O2 → O+

2 +N2 +N2.

As with N+
2 , already discussed, in the case of -CG lightning with 200 kAkm of current

peak (see Figure 2.20e), the increase in the N+
4 concentration by more than two orders

of magnitude is located within the 75-81 km altitude region and is controlled by the

same mechanisms discussed above for the +CG lightning case. When the peak current

is 100 kAkm no significant changes in the concentration of N+
4 ion are predicted (see

Figure 2.20d).

Figure 2.21 shows the altitude and time-dependent behaviour of the concentration

of the ion O+
4 . The evolution of the concentration of the O+

4 ion in the terrestrial
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Figure 2.20: Altitude-time evolution of the N+
4 density due to cloud-to-ground lightnings

with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

mesosphere is controlled by the reduced electrical field created by a cloud-to-ground

lightning as in the case of the O+
2 ion. We see in Figure 2.21c and Figure 2.21e that

the behaviour of the O+
4 density does not exhibit any current peak dependence but

only a dependence on the continuous current and, consequently, there is no variation

of the O+
4 density in the case of -CG lightning (see Figure 2.21d and Figure 2.21e). By

contrast, in the cases of +CG lightnings, we notice a sharp variation in the density of

O+
4 (of more than four orders of magnitude at 60 km) extending downwards from 80

km to 50 km and remaining at high values for over 10 s. The main mechanism of O+
4

production is

P390 : O+
2 +O2 +O2 → O2 +O+

4 ,
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while the losses of O+
4 are controlled by

P397 : O+
4 +O2 → O+

2 +O2 +O2.

Figure 2.21: Altitude-time evolution of the O+
4 density due to cloud-to-ground lightnings

with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

2.3.4 Excited species

In this section we discuss the evolution and values exhibited by some of the excited

species included in our model. We start by analyzing the behaviour of electronically

excited neutral species of molecular nitrogen (N2(A3Σ+
u ), N2(B3Πg) and N2(C3Πu)).

The time-evolution of the metastable N2(A3Σ+
u ) density at different altitudes and in

the -CG lightning case is shown in Figures 2.22d and 2.22e. We can see that there is a

sharp increase (of more than 12 orders of magnitude) in the concentration of N2(A3Σ+
u )
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at the time (1 ms) of the current peak extending to 100 ms when it decays to its ambient

values. These N2(A3Σ+
u ) enhancements can occur from 83 km to 70 km for the case of

a maximum current of 100 kAkm (see Figure 2.22d) and from 84 km to 65 km for 200

kAkm current peak (see Figure 2.22e). The mechanisms responsible for the increase in

the density of N2(A3Σ+
u ) are, in order of importance, the radiative decay of N2(B3Πg)

→ N2(A3Σ+
u ) and the collisional excitation from ground electronic state N2 by electron

impact

P709 : N2(B3Πg)→ N2(A3Σ+
u ) + hν,

P11 : e+N2 → N2(A3Σ+
u ) + e,

while the quenching of N2(A3Σ+
u ) by O2 reduces its concentration to ambient values

P195 : N2(A3Σ+
u ) +O2 → N2 +O +O + ∆E,

where ∆E is the energy released in this reaction that can contribute to heat up (through

fast heating) the surrounding atmosphere. The behaviour of N2(A3Σ+
u ) in the +CG

lightning case is shown in Figures 2.22b and 2.22c where we can see that, at 1 ms, it

exhibits identical trends as found for the -CG lightning case. The difference is that for

+CG lightnings there is a large increase in the concentration of N2(A3Σ+
u ) even at low

altitudes (50-65 km) accompanying the maximum values of the reduced electric field

(see Figures 3.3b and 3.3c) that occur at lower altitudes. When the reduced electric

field becomes zero, the density of N2(A3Σ+
u ) returns to its ambient values. Between

100 ms and 100 s after the current peak, as occurs with the reduced electric field (see

Figures 3.3b and 3.3c), there is a further increase in the density of N2(A3Σ+
u ) (up to

10−3 cm−3 ambient values) below 56 km that is maintained in time. The metastable

N2(A3Σ+
u ), with a lifetime ' 2 s, is an energy reservoir that can play an important role

in the possible fast heating of the local atmosphere. The mechanisms that produce this

second sharp increase in the concentration of N2(A3Σ+
u ) are, in order of importance:

P709 : N2(B3Πg)→ N2(A3Σ+
u ) + hν,

P192 : N2(B3Πg) +N2 → N2(A3Σ+
u ) +N2,

P11 : e+N2 → N2(A3Σ+
u ) + e,

and the main N2(A3Σ+
u ) loss process that contributes to the recovering of its ambient

value is the same as for the -CG lightning case, that is, quenching by O2 (P195). The
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results of the behaviour of N2(A3Σ+
u ) for the realistic case (see Figure 2.22a) are very

similar to the 100 kAkm -CG lightning case but restricted to 80 ms.

Figure 2.22: Altitude-time evolution of the N2(A3Σ+
u ) density due to cloud-to-ground

lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and

20 kAkm continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm

continuous current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak

current moment.

Figure 2.23 shows altitude- and time-dependence of the N2(B3Πg) density. Our

model predicts a behaviour similar to that of the reduced electric field (see Figure

3.3), that is, the N2(B3Πg) density increases to values of 10 cm−3 at the instant of

maximum reduced electric field and decays to ambient values when the electric field

becomes negligible. The mechanisms responsible for the increase of the N2(B3Πg)

density are, in order of importance, the electronic excitation of N2 by electron impact

and the radiative decay N2(C3Πu) → N2(B3Πg),

P15 : e+N2 → N2(B3Πg) + e,

P710 : N2(C3Πu)→ N2(B3Πg) + hν,
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while the radiative decay of N2(B3Πg) to N2(A3Σ+
u ) reduces the concentration of

N2(B3Πg) to its ambient values.

Figure 2.23: Altitude-time evolution of the N2(B3Πg) density due to cloud-to-ground

lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and

20 kAkm continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm

continuous current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak

current moment.

The emission brightness (EB) measured in Rayleighs (R, 1 R = 106 photons cm−2

s−1, [Hunten et al., 1956]) of the N2 first positive band system (1PN2) associated with

its radiative decay (B3Πg → A3Σ+
u ), which is the most important spectral band in

the sprite halo visible optical emission spectrum from 450 nm to 800 nm, is shown in

Figures 2.24. The calculation of the EB is done through the expression

EB(R) = 10−6

∫
L
V (l)dl, (2.12)

valid for an optically thin atmosphere and where V (l) is the volume emission rate (in

photons cm−3 s−1) and the integral is taken along the line of sight through the emission
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volume over an effective column length L. The magnitude L refers to the diameter of

the halo, where in all cases we have chosen a value of 100 km. The volume emission

rate V (l) is equal to the product Aeff
k (s−1) × Nk (cm−3), that is, the product of the

effective Einstein coefficients (Aeffk ) for spontaneous emission and the concentration

of the k emitting excited state (Nk). We can see in Figure 2.24 that the maximum

brightness occurs at the time of maximum electric field, exceeding 1 MR in all +CG

lightning cases (see Figures 2.24a, 2.24b and 2.24c) and in the -CG lightning case with

200 kAkm peak current (see Figure 2.24e). This suggests the possibility of detecting the

emission due to 1PN2 for +CG and -CG lightning produced halos above a certain value

(200 kAkm) of current moment peak. For +CG lightning, the emission brightness can

exceed 10 MR at certain altitudes while the 20 kAkm continuous current is on. Due to

the continuous current stage associated to +CG lightning we can see a relatively strong

increase in the electron concentration that is maintained in time due to the associative

detachment of O− by N2 (with a reaction rate that depends on the reduced electric

field) and of O− by CO. The electrons released in the associative detachment process

excite the nitrogen molecules and produce an increase in the N2(B3Πg) and N2(C3Πu)

densities whose subsequent radiative decays could produce an instantaneous emission

brightness that exceeds 1 MR for the 1PN2 and 2PN2. Regarding these results, we

must be careful because, at low altitudes, sprite streamers are likely to emerge and our

model assumptions might not be completely valid.

Figure 2.25 shows the behaviour of the density of N2(C3Πu) under the action of

various types of lightning (-CG and +CG). We can see, for the +CG lightning cases

(see Figures 2.25a, 2.25b, and 2.25c), that the N2(C3Πu) density reaches values of

10−2 cm−3 at the time of the maximum electric field while for -CG lightnings the

concentration of N2(C3Πu) only changes when the current peak is 200 kAkm. The

main mechanisms that produce this increase in the concentration of N2(C3Πu) are, in

order of importance, direct electronic excitation of N2 by electron impact and radiative

decay N2(E3Σ+
g ) → N2(C3Πu)

P17 : e+N2 → N2(C3Πu) + e,

P715 : N2(E3Σ+
g )→ N2(C3Πu) + hν,

while the process that reduces the concentration of N2(C3Πu) to its ambient value is

the radiative decay responsible for the emission of the second positive band system of
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Figure 2.24: Altitude-time evolution of the first positive band system (1PN2) emission

brightness due to cloud-to-ground lightnings with (a) realistic current moment, (b) 100

kAkm peak current moment and 20 kAkm continuous current moment, (c) 200 kAkm peak

current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current

moment and (e) 200 kAkm peak current moment.

N2, that is,

P710 : N2(C3Πu)→ N2(B3Πg) + hν.

Out of the three radiative mechanisms that deexcite N2(E3Σ+
g ), the process P715 con-

tributes more than 54 % to the total decrease of the N2(E3Σ+
g ) concentration. The other

two reactions, i.e. P714 and P713, contribute in about 34 % and 10 %, respectively.

63



2. SPRITE HALOS

Figure 2.25: Altitude-time evolution of the N2(C3Πu) density due to cloud-to-ground

lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and

20 kAkm continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm

continuous current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak

current moment.
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The time-dependent emission brightness due to the second positive band system of

N2 (2PN2) (responsible for the emission spectrum in the spectral region between 250

nm and 450 nm) is shown in Figure 2.26. The calculation is done using expression (2.12)

and we can see how, as in the case of the emission brightness of 1PN2, the maximum

brightness occurs at the time of maximum electric field due to the short radiative

decay lifetime of N2(C3Πu). For the +CG lightning cases (see Figures 2.26a, 2.26b and

2.26c), the N2(C3Πu) EB maximum can reach 1MR while in the -CG lightning cases

(see Figures 2.26d and 2.26e) barely reaches 1 MR in the case of 200 kAkm current

peak.

Figure 2.26: Altitude-time evolution of the second positive band system (2PN2) emission

brightness due to cloud-to-ground lightnings with (a) realistic current moment, (b) 100

kAkm peak current moment and 20 kAkm continuous current moment, (c) 200 kAkm peak

current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current

moment and (e) 200 kAkm peak current moment.

We can compare the previously reported instantaneous emission brightness (Figures

2.24 and 2.26) with the possible emission brightness captured by 30 fps and 1000 fps
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cameras during TLE ground campaigns. Figure 2.27 shows the altitude evolution of

the possible emission brightness captured by a 30 fps camera (standard camera) due

to +CG lightning discharges where emission brightness of the 1PN2 can exceed 1 MR

in the 100 kAkm and 200 kAkm cases between 60 km and 70 km of altitude. However,

in the case of a camera recording at 1000 fps (see Figure 2.28) the emission brightness

can exceed 1 MR in the 1PN2 and 2PN2 cases for all the +CG lightning discharges

considered. According to our model, the 2PN2 emission brightness from relatively low

layers, between 60 km and 75 km, could be observed. In the case of 1PN2, we could see

emission brightness from up to 80 km of altitude. However, the reader must be careful

with these results because at low altitudes the emergence of sprites is likely.

Figure 2.27: Altitude evolution of the emission brightness due to a positive cloud-to-

ground lightning discharge with different current peaks as would be measured by a 30 fps

camera. The red symbols correspond to the first positive band system and the blue symbols

correspond to the second positive band system.

The altitude and time-evolution of the concentration of N+
2 (A2Πu) ions (responsible

for the Meinel band emission in the red and near infrared spectral region) is shown in

Figure 2.29. As with the previous electronically excited N2 species, the behaviour of
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Figure 2.28: Altitude evolution of the emission brightness due to a positive cloud-to-

ground lightning discharge with different current peaks as would be measured by a 1000

fps camera. The red symbols correspond to the first positive band system and the blue

symbols correspond to the second positive band system.

the N+
2 (A2Πu) density follows the reduced electric field (see Figure 3.3). Our model

predicts an enhancement to 10−3 cm−3 above ambient values between 75 km and 60

km of altitude in the +CG lightning cases (see Figures 2.29a, 2.29b and 2.29c). For

the cases of -CG strokes (see Figures 2.29d and 2.29e), we see similar values as in the

previous cases around 76 km but only when the lightning reaches 200 kAkm of current

peak. The increase of the N+
2 (A2Πu) density is due to

P24 : e+N2 → N+
2 (A2Πu) + e+ e,

while the mechanisms that recover the ambient concentration of N+
2 (A2Πu) are, in order

of importance,

P248 : N+
2 (A2Πu) +N2 → N+

2 +N2,

P249 : N+
2 (A2Πu) +O2 → N+

2 +O2
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and

P721 : N+
2 (A2Πu)→ N+

2 + hν,

the latter (P721) with a N+
2 (A2Πu) lifetime of 0.1 ms.

Figure 2.29: Altitude-time evolution of the N+
2 (A2Πu) density due to cloud-to-ground

lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and

20 kAkm continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm

continuous current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak

current moment.

The behaviour of the N+
2 (B2Σ+

u ) concentration (responsible for the first negative

band emission in the ultraviolet spectral region) is the same as the previous excited

ion N+
2 (A2Πu) both in time and in altitude. In this case (see Figure 2.30), our model

predicts an increase to 10−5 cm−3 above ambient (background) values. The main

production process of N+
2 (B2Σ+

u ) ions is the direct electron impact ionization of ground

state N2

P23 : e+N2 → N+
2 (B2Σ+

u ) + e+ e,
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while the losses of N+
2 (B2Σ+

u ) are controlled by the radiative decay

P722 : N+
2 (B2Σ+

u )→ N+
2 + hν.

It is worth mentioning that the calculated maximum emission brightness (not shown)

of the first negative band of N2 is 10 times greater than that of the Meinel emission

which could explain the reported difficulties in the detection of Meinel optical emission

in halos and sprites (Morrill et al. [1998] and Bucsela et al. [2003]).

Figure 2.30: Altitude-time evolution of the N+
2 (B2Σ+

u ) density due to cloud-to-ground

lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and

20 kAkm continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm

continuous current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak

current moment.

The altitude-time dependence of the density of N(2D) due to cloud-to-ground strokes

are shown in Figure 2.31. The behaviour of the N(2D) density is associated with the

reduced electric field (see Figure 3.3) so that when E/N is maximum, the concentration

of N(2D) may exceed 10 cm−3 above ambient values in the case of +CG lightnings (see
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Figures 2.31a, 2.31b and 2.31c) and 10−1 cm−3 in the case of -CG lightning with 200

kAkm of current peak (see Figure 2.31e). The main production process of N(2D) is the

electron impact N2 dissociative excitation

P25 : e+N2 → N +N(2D) + e.

On the other hand, the loss of the previously produced N(2D) density is dominated by

P168 : N(2D) +O2 → NO +O.

Figure 2.31: Altitude-time evolution of the N(2D) density due to cloud-to-ground light-

nings with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

Figure 2.32 shows the altitude and time-dependent behaviour of the concentration

of the metastable oxygen atom O(1D) (110 s lifetime). Its evolution is also similar to
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that of the reduced electric field shown in Figure 3.3. The main production mechanism

of O(1D) is the electron impact dissociative excitation of O2

P37 : e+O2 → O +O(1D) + e.

The instantaneous density of O(1D) can overtake 10 cm−3 in +CG lightnings (see

Figures 2.32a, 2.32b and 2.32c) as well as in -CG lightning (see Figure 2.32e) with

significant charge moment change in time and locations where the maximum reduced

electric field takes place. When the reduced electric field goes back to zero, the O(1D)

is lost through quenching by N2 molecules

P207 : O(1D) +N2 → N2 +O + ∆E,

where ∆E is the energy released in this exothermic reaction. Hiraki et al. [2004] ob-

tained a maximum nighttime production of accumulated O(1D) density above 104 cm−3

located at 73 km considering lightning charge moment change values (1000 C km) much

higher than the ones used in our model. These authors used a simplified kinetic model

with initial densities and cross sections different than ours.

As shown in Figure 2.33a, 2.33b and 2.33c, the increase of the O(1S) metastable (0.7

s lifetime) density in more than ten orders of magnitude with respect to ambient values

occurs while the reduced electric field reaches its maximum in the +CG stroke cases.

The main source of O(1S) production is dissociative excitation of O2 by collisions with

electrons energized by the electric field followed by dissociative quenching of N2(C3Πu)

by O2

P38 : e+O2 → O +O(1S) + e,

P190 : N2(C3Πu) +O2 → N2 +O +O(1S),

while the O(1S) loss process is exothermic quenching through collisions with O2 molecules

P224 : O(1S) +O2 → O2 +O + ∆E.

Between 75 km and 82 km the O(1S) density remains at relatively high values (over 1

cm−3) about 1 second after the current peak. For the -CG lightning cases, the O(1S)

concentration exhibits a sharp increase (of more than five orders of magnitude) in

the current peak time when the maximum current moment is 100 kAkm (see Figure

2.33d) and of more than eight orders of magnitude when the current moment peak is
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Figure 2.32: Altitude-time evolution of the O(1D) density due to cloud-to-ground light-

nings with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

200 kAkm (see Figure 2.33e). In addition, it remains at relatively high values during

almost 1 second in the altitude range between 75 km and 82 km. The main O(1S)

production processes are the same as in the +CG lightning case (P38 and P188) while

the key loss mechanism is quenching by O2 (P224).

The metastable O2(a1∆g) (45 min lifetime) and O2(b1Σ+
g ) (12 s lifetime) densities

have also been studied. Due to their long lifetimes, they can store energy for a long time

that, later on, can be released to heat up the local atmosphere. Regarding the case of

+CG lightning strokes, the metastable O2(a1∆g) density (see Figures 2.34a, 2.34b and

2.34c) shows a similar behaviour in the three cases studied independently of the current

peak. Our model predicts an important increase in the O2(a1∆g) concentration which

is higher as we descend in altitude so that, at 76 km, the O2(a1∆g) density reaches a
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Figure 2.33: Altitude-time evolution of the O(1S) density due to cloud-to-ground light-

nings with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

value of about 5 × 103 cm−3 and, at 57 km, the O2(a1∆g) concentration exceeds 5 ×
104 cm−3. The main source of O2(a1∆g) production is the excitation of O2 by collisions

with electrons previously energized by the electric field

P31 : e+O2 → O2(a1∆g) + e.

while the O(a1∆g) loss process is exothermic quenching through collisions with O2

molecules

P236 : O2(a1∆g) +O2 → O2 +O2 + ∆E.

Regarding -CG lightning strokes, we can see in Figures 2.34d and 2.34e a sharp increase

(but lower that in the case of +CG lightning strokes) in the O2(a1∆g) concentration,

this being higher at lower altitudes. The mechanisms responsible for this increase at
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high altitudes (∼ 76 km) are the excitation of O2 by collisions with electrons (P31),

only active during 40 ms after the current peak, and the quenching of O2(b1Σ+
g ) by N2

molecules

P241 : O2(b1Σ+
g ) +N2 → O2(a1∆g) +N2,

while, at lower altitudes (∼ 57 km), the O2(a1∆g) production is only due to the ex-

citation of O2 by collisions with electrons (P31). The main O2(a1∆g) loss mechanism

during -CG lightning strokes is the same of the previous cases (P236).

Figure 2.34: Altitude-time evolution of the O2(a1∆g) density due to cloud-to-ground

lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and

20 kAkm continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm

continuous current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak

current moment.

The behaviour of the metastable O2(b1Σ+
g ) concentration (see Figure 2.35) is similar

to the trend of the O(1S) density (see Figure 2.33). Our model predicts a strong

increase, in the cases of +CG lightning strokes (see Figures 2.35a, 2.35b and 2.35c), in

the time period coinciding with the reduced electric field activation from background
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values. This enhancement of O2(b1Σ+
g ) density is higher as we descend in altitude. At

high altitudes (∼ 76 km), the main O2(b1Σ+
g ) concentration production is the excitation

of O2 by collisions with electrons

P32 : e+O2 → O2(b1Σg) + e,

only active during 3 milliseconds after the current peak, and the quenching of O(1D)

by O2 molecules

P209 : O(1D) +O2 → O +O2(b1Σ+
g ).

The O2(b1Σ+
g ) loss process is, like in the previous excited species, quenching of O2(b1Σ+

g )

by N2 molecules

P241 : O2(b1Σ+
g ) +N2 → O2(a1∆g) +N2.

At lower altitudes (∼ 57 km), the main O2(b1Σ+
g ) production mechanism is the ex-

citation of O2 by collisions with electrons (P32). On the other hand, in the cases of

-CG lightning strokes, we can see in Figures 2.35d and 2.35e an enhancement in the

O2(b1Σ+
g ) density localized at high altitudes (between 65 km and 82 km) that remains

high (40 cm−3) during 1 second. The O2(b1Σ+
g ) production and loss processes are the

excitation of O2 by collisions with electrons (P32), and the quenching of O2(b1Σ+
g ) by

N2 molecules (P241), respectively.

2.3.5 Neutral species

Finally, we study the variations of ground state neutral species under the action of a

sprite halo. Only atomic oxygen and nitrogen out of the 13 ground state neutral species

considered in our model exhibit substantial variation. Neither nitrogen oxides (NOx

and N2O) nor CO2 modify their ambient densities. The evolution of the densities of

ground state N and O is very similar, as shown in Figures 2.36 and 2.37, respectively.

We only see a significant variation in the density of these species (N and O atoms) in

the case of +CG lightnings, which suggest that their behaviour significantly depends on

the intensity of the continuous current. The concentrations of both N and O begin their

increment at the time when the electric field begins to grow (see Figure 3.3), remaining

with high values for most of the simulation time. In the case of atomic nitrogen (see

Figures 2.36b and 2.36c) we can see that, from 80 km to 61 km, there is an increase

of the N density of up to 300 cm−3 over its ambient values. Between 55 km and 61
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Figure 2.35: Altitude-time evolution of the O2(b1Σ+
g ) density due to cloud-to-ground

lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and

20 kAkm continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm

continuous current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak

current moment.

km, the density of atomic nitrogen reaches values of 160 cm−3 while below 55 km, it

exhibits values close to 50 cm−3. The mechanism responsible for the production of

atomic nitrogen is

P25 : e+N2 → N +N(2D) + e.

Similarly, atomic oxygen shows an increase in its mesospheric concentration at the

time when the electric field is highest (see Figures 2.37b and 2.37c). The density of

atomic oxygen reaches values of 5 × 104 cm−3 for practically all the altitudes analyzed

and maintains these high values over time. The mechanisms responsible for the O

density increase are, in order of importance,

P36 : e+O2 → O +O + e
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Figure 2.36: Altitude-time evolution of the N density due to cloud-to-ground lightnings

with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

and

P195 : N2(A3Π+
u ) +O2 → N2 +O +O.

2.3.6 High current moment (500 kAkm) case

We now discuss an extreme case corresponding to a parent lightning with a peak current

moment of 500 kAkm. This case represents an extreme scenario within the lightning

CMC’s causing halos as reported by Williams et al. [2012]. Now, the parent lightning

has a peak current moment of 500 kAkm so that the reduced electric field, whose

behaviour is similar to the cases of 100 kAkm and 200 kAkm (both -CG and +CG)

reaches values close to 200 Td between 75 km and 81 km of altitude (see Figure 2.38a

and 2.38b). As it is shown in Figure 2.38b, the reduced electric field reaches values close
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Figure 2.37: Altitude-time evolution of the O density due to cloud-to-ground lightnings

with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm

continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous

current moment, (d) 100 kAkm peak current moment and (e) 200 kAkm peak current

moment.

to breakdown below to 75 km of altitude due to the continuous current stage. The large

electric field produced at high altitudes has important consequences in the electron

density. In Figures 2.38c and 2.38d we show the temporal evolution of the electron

density under the action of -CG and +CG lightning respectively. At the time of the

electric field peak and between 75 km and 81 km of altitude, the electron density grows

to 5 × 102 cm−3. In these cases the reduced electric field exceeds the breakdown limit

(120 Td) and, consequently, the dominant processes are the electron-impact ionization

of N2 and O2

P22 : e+N2 → N+
2 + e+ e
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and

P33 : e+O2 → O+
2 + e+ e.

Between 75 km and 70 km and for both -CG and +CG lightning, the electron density

increases almost one order of magnitude from its background value due to associative

detachment (AD) of O− by N2 which has a strong dependence with the reduced electric

field

P402 : O− +N2 → N2O + e.

These quantities persist in time (between 70 km with 2.8 cm−3 of electron density

and 81 km with 280 cm−3 of electron density) for more than 10 s due to the balance

between production electron processes

P402 : O− +N2 → N2O + e,

P415 : O− + CO → CO2 + e

and loss electron processes

P86 : e+O2 +N2 → O−2 +N2,

P40 : e+O3 → O− +O2.

For low altitudes (below 70 km) and for the case of +CG lightning, a reduced electric

field close to breakdown produces an increase in electron density of more than 5 orders

of magnitude from background values mainly due to the AD process (P402). This

rise in electron density occurs later in time and lasts less. The electron concentration

begins to decrease to ambient values between 1 and 30 s after the parent lightning due

to dissociative attachment of ozone (P40) and three-body electron attachment of N2

and O2 (P86).

We can see in Figure 2.39 the altitude-time dependence of the concentration of N+
2

and O+
2 ions. As we have shown previously, the main mechanisms of electron produc-

tion under overvoltage conditions (Ek/N > 120 Td) are electron-impact ionization of

molecular nitrogen and molecular oxygen. For this reason, the concentration of N+
2

increases to 102 cm−3 between 74 km and 81 km at the moment of the maximum

electric field in the two cases studied (see Figure 2.39a and 2.39b). When the reduced
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Figure 2.38: Altitude-time evolution of the reduced electric field ((a)-(b)) and electron

density ((c)-(d)) due to cloud-to-ground lightnings. The plots in the left correspond to -CG

lightnings and the plots in the right correspond to +CG lightnings both with 500 kAkm

peak current moment.

electric field falls below breakdown threshold (' 120 Td), the density of N+
2 returns to

background values due to the charge transfer between N+
2 and O2

P362 : N+
2 +O2 → N2 +O+

2 .

Below 68 km the chemical impact of a -CG lightning stroke in the concentration

of N+
2 is negligible (see Figure 2.39a). However, for the case of a +CG stroke, the N+

2

density increases in more than 6 orders of magnitude above background values between

approximately 85 km and 57 km (see Figure 2.39b). The significant N+
2 growth is

mainly due to the electron-impact ionization of N2.

The altitude and time-dependent behaviour of the concentration of O+
2 positive

ion in the cases of -CG and +CG lightnings is shown in Figures 2.39c and 2.39d,

respectively. In both cases, the density of O+
2 increases in more than 3 orders of
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magnitude at the time of the maximum electric field between 80 km and 70 km of

altitude. The main kinetic mechanism controlling the production of O+
2 is electron-

impact ionization of O2

P33 : e+O2 → O+
2 + e+ e,

and the charge transfer process

P362 : N+
2 +O2 → N2 +O+

2 .

After the current moment peak, the concentration of O+
2 remains high for almost

10 s due to the balance between the chemical processes

P397 : O+
4 +O2 → O+

2 +O2 +O2

and

P391 : O+
2 +N2 +N2 → N2O

+
2 +N2.

At altitudes below 70 km the continuous current of the +CG lightning produces a

later increase in the O+
2 density close to 5 orders of magnitude (see Figure 2.39d) that

last less than at higher (> 70 km) altitudes.

Figure 2.40 shows the behaviour of the density of N2(B3Πg) and the emission bright-

ness of the first positive band system of N2, the main optical emission source of halos.

The concentration of N2(B3Πg) evolves along the reduced electric field (see Figure 2.40a

and 2.40b), reaching values of up to 2 × 102 cm−3 between 75 km and 81 km for the

two kinds of lightning studied. Due to the high electron production the main mecha-

nisms of N2(B3Πg) production are, in order of importance, electron-impact electronic

excitation

P15 : e+N2 → N2(B3Πg) + e,

and radiative decay N2(C3Πu) → N2(B3Πg)

P710 : N2(C3Πu)→ N2(B3Πg) + hν.

On the other hand, the process that reduces the concentration of N2(B3Πg) to its

ambient values is the radiative decay responsible for the optical emission of the first

positive band system of N2

P709 : N2(B3Πg)→ N2(A3Σ+
u ) + hν.
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Figure 2.39: Altitude-time evolution of the N+
2 density ((a)-(b)) and the O+

2 density ((c)-

(d)) due to cloud-to-ground lightnings. The plots in the left correspond to -CG lightning

and the plots in the right correspond to +CG lightning both with 500 kAkm peak current

moment.

For -CG lightnings and below to 75-74 km, the production of N2(B3Πg) is negligible

(see Figure 2.40a). However for +CG lightnings, from approximately 80 km to 73 km

the density of N2(B3Πg) increases to 10 cm−3 at the time of the maximum electric

field (see Figure 2.40b). In this case, the main mechanism which recovers the am-

bient concentration of N2(B3Πg) is exothermic quenching through collisions with O2

molecules

P193 : N2(B3Πg) +O2 → N2 +O +O + ∆E.

The significant increase in the N2(B3Πg) density results in a strong emission of 1PN2

which, between 80-75 km of altitude, can exceed 100 MR in the cases of -CG and +CG

lightnings (see Figure 2.40c and 2.40d). For +CG lightning (see Figure 2.40d), the

emission brightness of the 1PN2 reaches 10 MR between 75 km and 72 km while the

20 kAkm continuous current is on. Once again, we must be careful with these results
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because at low altitudes the model asumptions might not be completely valid since

sprite streamers emergence is likely.

Figure 2.40: Altitude-time evolution of the N2(B3Πg) density ((a)-(b)) and the first pos-

itive band system (1PN2) emission brightness ((c)-(d)) due to cloud-to-ground lightnings.

The plots in the left correspond to -CG lightning and the plots in the right correspond

to +CG lightning both with 500 kAkm peak current moment. The mistake at 80 km of

altitude in the case of -CG discharges (Plots (a) and (c)) is due to numerical fluctuations.

Finally, we show the variation of the neutral species in the ground state N2O (see

Figure 2.41), which is a greenhouse gas and a very important species in the ozone

cycle. The strong reduced electric field (see Figure 2.38) generated due to the presence

of -CG and +CG lightning produces important variations in the N2O concentration of

up to 200 cm−3 above its ambient density in the 70-82 km range (see Figures 2.41a

and 2.41b). The main mechanism responsible of the N2O small variation is exothermic

quenching of metastable N2(A3Σ+
u ) (lifetime ' 2 s) with molecular oxygen

P196 : N2(A3Σ+
u ) +O2 → N2O +O + ∆E.
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The enhancement, above its initial ambient value, of the N2O density is maintained

during all the time of simulation by the balance between the processes P196 and P402,

and

P409 : O− +N2O → NO− +NO,

P83 : e+N2O → N2 +O + e.

From 65 km to approximately 55 km of altitude, we show in Figure 2.41b (+CG case) a

variation in the N2O density of up to 2 × 103 cm−3 over its initial ambient density. The

mechanism responsible of this N2O increase is AD of O− by N2 since, at low altitudes,

the reduced electric field is too low to produce N2(A3Σ+
u ) but high enough to activate

the mechanism of associative detachment. The enhanced N2O density persists due to

the balance between the process P409 and

P254 : N +NO2 → N2O +O.
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Figure 2.41: Altitude-time evolution of the N2O density ((a)-(b)) variation due to cloud-

to-ground lightnings. The plot in the left correspond to -CG lightning and the plot in the

right correspond to +CG lightning both with 500 kAkm peak current moment.

2.4 Laboratory experiments

2.4.1 Experimental set-up for hollow cathode discharges in air

Non-thermal low temperature air plasmas were produced by means of a low pressure,

hollow cathode discharge reactor, which has been previously used to study plasmas

of air [Castillo et al., 2004b] and nitrogen oxides [de los Arcos et al., 1998, Castillo

et al., 2002, 2004a]. Hollow cathode discharges provide a uniform, stable, and relatively

intense light emission in the negative glow, as well as gas temperatures close to room

temperature, which render clear advantages for spectroscopic purposes related with

atmospheric research.

The detailed description of the reactor is given elsewhere [Castillo et al., 2004b, de

los Arcos et al., 1998]. It has a modular configuration, suitable for emission [Castillo

et al., 2004b] and absorption spectroscopy [de los Arcos et al., 1998], as well as for mass

85



2. SPRITE HALOS

spectrometry and the use of electrical probes [Castillo et al., 2004b, de los Arcos et al.,

1998], with the proper selection of the different adaptors or windows to be employed

at its two ends.

We can see in Figure 2.42 the experimental set up of the hollow cathode discharge

used and an image of the air plasma produced. In brief, it has a cylindrical electrode

geometry and consists of a grounded stainless steel hollow cathode, 16 mm inner diam-

eter, 90 mm long, and two circular copper anodes, placed symmetrically at the ends of

the cathode to ensure the uniformity and extension of the negative glow along the whole

cathode length. The total volume of the cell is 130 cm3. The electrodes are refrigerated

by circulating water. The discharge is fed by a DC source, able to supply up to 2 kV

and 200 mA. Plasma currents ' 20 - 100 mA and voltages ' 350 - 450 V were applied

during the present experiments. The discharge was sustained in a continuous flow of

natural air (' 5 - 20 sccm), at pressures of 0.1 - 2 mbar. Pressure and gas flow were

regulated by a needle valve at the input, and a rotary pump with a regulating valve at

the exit. Diffusion of excited species to the cathode walls, where they might collide and

experiment de-excitation, is described by Fick′s Law [Levine, 1978, McDaniel, 1989].

We have assumed a model of rigid spheres and employed the effective diameters of N2

and O2 from Hirschfelder et al. [1954] to estimate the typical diffusion times along the

cathode radius, as it was done in Castillo et al. [2004a,b] and de los Arcos et al. [1998].

Under the present air pressures ranging from 0.1 to 2 mbar these diffusion times result

to be within the interval 0.1 - 1 ms, considerably longer than the radiative lifetimes of

the excited N2 and N+
2 levels in this work, whereas the average time between successive

collisions at these pressures (equivalent to some 68 - 50 altitudes) are of some 10−6 -

10−7 s, respectively [McDaniel, 1989].

Complete emission spectra of the plasmas were recorded in the 300 - 1060 nm

wavelength range through a BK7 optical window. A red filter (cut off at 600 nm) was

used to avoid second order lines in spectra taken at wavelengths above this value. The

light from the discharge was transmitted by an optical fibre imaged on the entrance slit

of a Jobin Yvon-HORIBA FHR1000 spectrometer, 1 m focal length, in Czerny-Turner

configuration, with two concave mirrors and two interchangeable planar gratings of

1200 and 1800 grooves/mm, and was detected by a front exit SYNAPSETM CCD

camera, or a side exit photomultiplier Hamamatsu R928P. The spectral resolution

of the FHR1000 spectrometer spans from 0.006 nm to 0.13 nm, depending on the
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Figure 2.42: Experimental set up (panel A) of the DC hollow cathode discharge used

for spectroscopic diagnostics and an image (panel B) of the generated air plasma where a

more intense pink light emission can be seen in the center of the discharge
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slit widths, grating and detector used. This resolution can be numerically lowered

by convolution of the acquired spectra with a Gaussian profile of the desired width

to simulate broader line profiles. With this method, one can easily apply some of

the analytical procedures for gas temperature estimations proposed here (see below),

or can compare the originally high resolution spectra with the spectra obtained with

lower resolution field spectrometers. Alternatively, an Ocean QE65000 spectrograph

with 300 grooves/mm grating, 25 µm slit width and CCD was employed, supplying 2

nm spectral resolution spectra. The spectral efficiency calibrations of these instruments

were obtained from their spectral responses to the emission of a previously calibrated

500 W tungsten lamp. The spectra acquisition times were selected, depending on the

spectrometer, detector and spectral resolution used in each case, in order to obtain

signal to noise ratios in the spectra of the HC discharges good enough for not being

a limiting factor in the temperature estimation methods proposed here. These signal

to noise ratios increased even more with the convolution process employed to decrease

the spectral resolution of the spectra originally taken with the FHR1000. It should

be mentioned that the improvement of signal to noise ratios is of vital interest in

measurements of very short emission features like those produced by TLEs.

2.4.2 Brief description of GRASSP

The instrument GRASSP (GRanada Sprite Spectrograph and Polarimeter) is formed

by a spectrograph and a polarimeter, being each of them located in the two arms of

a mobile mount. So far, only the spectrograph is used and it consists of a f/3.4 and

170 mm focal length lens telescope which can gather an optical beam at its focal plane,

where an entrance slit of about 100 µm is placed before a F/3.8 and 190 mm focal

length field lens, in order to define the observed field of view of 4 degrees and prevent

vignetting. The slit is oriented parallel to the horizon to optimize the likelihood of TLE

detection. After the field lens, a F/2.8 and 135 mm focal length collimator is placed to

narrow the beam that will reach the dispersive element. After the 1440 grooves/mm

and 70×70 mm aperture diffraction grating, a commercial intensified (60 dB + 30 dB)

CCD camera of 1360 x 1024 pixels, 0.01 mm/px, F/1.7 and 50 mm in focal length

provides the spectral pattern on the detector. The described spectrograph provides a

free spectral range of 110 nm (650 nm to 760 nm), with a mean spectral resolution of

R = λ/∆λ = 1500; ∆λ = 0.45 nm. A calibrated halogen tungsten spectral lamp was
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used in order to obtain the spectroscopic system response and to make further spec-

tral efficiency corrections. In order to test it, the spectra of three different commercial

cylindrical lamps of N2, air and Ne at 0.2 mbar, with the electrodes separated by a

distance of 26 cm (0.5 cm width) and fed by a 5 kV, 10 mA DC source, were used.

The spectra obtained from these commercial lamps were corrected by the instrument

spectral sensitivity response function and compared to the spectra of air plasmas pro-

duced in DC hollow cathode reactors under similar gas pressure (0.23 mbar) to check

the instrument performance.

2.4.3 Gas temperature determination by spectral analysis of low pres-

sure air and N2 plasmas

In this section we will describe the three spectroscopic methods used, together with their

range of applicabiliby, to determine the rotational (gas) temperature of laboratory air

plasmas produced at pressures (0.1 mbar (' 70 km) ≤ p ≤ 2 mbar (' 45 km)), similar

to the ones under which TLE air plasmas are produced in the Earth atmosphere.

2.4.3.1 Rotational structure of N+
2 (B2Σ+

u , v’ = 0 → X2Σ+
g , v” = 0)

When the resolution of the spectrograph employed is high enough (between 0.005 nm

and 0.05 nm), we can use different bands of the first negative system of N+
2 , that is N+

2

-1NG, to determine the rotational (gas) temperature by optical emission spectroscopy.

In order to use this method, we first need to choose a particular (v′, v′′) band and

determine the conditions under which the emitting rotational levels are in thermal

(Boltzmann) equilibrium. Then, the intensity of the emission lines in a rovibronic band,

being J ′ and J ′′ the rotational quantum numbers of the upper and lower rotational

levels, is given by the thermal distribution of the emitting rotational levels as

Iem(TR) =
Cem × ν4

QR
× (J ′ + J ′′ + 1)× e−Bv′J ′(J ′+1)hc/kTR , (2.13)

where TR is the rotational temperature, Cem is a constant depending on the change

of the dipole moment and the total number of molecules in the initial vibrational level

(v’) [Herzberg, 1950] and ν, QR and Bv′ are, respectively, the frequency, the rotational

partition function and the first order rotational constant of the upper vibrational level

(v’) of the excited state N+
2 (B2Σ+

u ). The symbols c, h and k stand for the speed of light
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and the Planck and Boltzmann constants, respectively. Since the second order rota-

tional constant Dv′ is usually 10−5Bv′ , equation (2.13) remains a good approximation

for low J ′ ≤ 25 (as in our case). From equation (2.13) we have

lnF = A− Bv′J
′(J ′ + 1)hc

kTR
(2.14)

where F = Iem/(J’ + J” + 1) and A = ln(Cemν
4/QR) is almost constant for a given

rotation-vibration band at a given temperature. We can see from equation (2.14) that

by plotting ln(Iem/ (J’ + J” + 1)) against J ′(J ′ + 1) a straight line is obtained whose

slope is Bv′hc/kTR. Thus, if the relative line emission intensities (Iem) have been mea-

sured and the rotational constant Bv′ of the excited state N+
2 (B2Σ+

u ) is known, the

rotational temperature (TR) of the emitting source can be obtained [Herzberg, 1950].

The above procedure of obtaining TR remains valid as long as the excitation of the emit-

ting levels is purely thermal or if they are excited in electron-impact collisions. If other

excitation channels (such as collisions with other neutrals, dissociation of molecules

and/or recombination of molecular ions in electric discharges) come into play, the pop-

ulation distribution of the emitting levels can considerably deviate from the thermal

(Boltzmann) distribution. We see in Figure 2.43 an example of a Boltzmann plot corre-

sponding to the case of 1.5 mbar (' 48 km) obtained with the hollow cathode discharge

and the Jobin-Yvon spectrometer using the CCD and the 1800 grooves/mm grating,

with a spectral resolution of 0.023 nm. The two lines correspond to the fits of the even

(blue line) and odd (red line) J ′′ values resulting in gas temperatures of 474 K and 426

K, respectively. The difference in temperatures is within 10 % discrepancy, attributable

to the experimental uncertainty in line intensity measurements. The rotational (gas)

temperature that we consider is the mean value (450 K) of the even and odd J ′′ fits.

2.4.3.2 Subband head peaks of N2(B
3Πg, v’ → A3Σ+

u , v”) vibrational tran-

sitions

Given a certain (v′, v′′) band of the first positive group of N2, that is, N2(B3Πg, v’ →
A3Σ+

u , v”) (or simply N2 - 1PG), Simek and DeBenedictis [1995] proposed a method

to estimate the gas temperature. It is based on the use of the ratios of the intensities

of three selected peaks (I1, I2 and I3) formed by the three sub-band heads of the (3,0)

transition. The upper N2(B3Πg) state, with spin and orbital quantum numbers S = 1

and Λ = 1, consists of (2 - δ0,Λ) (2 S + 1) = 6 electronic substates 3Πe,f
Ωg , where (e, f)
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Figure 2.43: Boltzmann plots (lnF vs J ′(J ′+1) = (J ′′ + 1)(J ′′ + 2), see equation (2.13))

of the rotational R - branch (∆J = +1) transitions involving even (square symbols and blue

line) and odd (circles and red line) J ′′ of N+
2 (B2Σ+

u , v’ = 0, J’ → X2Σ+
g , v” = 0, J”) in a

1.5 mbar (' 48 km) DC hollow cathode discharge in air. The rotational (gas) temperatures

resulting from the even and odd J ′′ are 474 K and 426 K, respectively. The N+
2 (B2Σ+

u , v’

= 0, J’ → X2Σ+
g , v” = 0, J”) spectrum was recorded with the Jobin-Yvon spectrometer

using the CCD and the 1800 grooves/mm grating providing a spectral resolution of 0.023

nm

.

denotes the parity of the state and Ω = |Λ + Σ| with Σ taking (2 S + 1) values from

-S to +S. The δ0,Λ is a Kronecker delta (equal to 1 if Λ = 0 and 0 for all other values).

The method proposed by Simek and DeBenedictis [1995] makes use of two main facts:

(i) the relative populations of the 3Πe,f
Ωg substates in the N2(B3Πg) electronic state are

temperature dependent, and (ii) the subband heads formed by individual branches are

well separated in wavelengths [Simek, 1994].

The method was extended for other 1PG bands [Simek, 1994] and, actually, allows

using three (v′, v′′) bands of the N2 - 1PG corresponding to (2,0), (1,0) and (0,0)
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transitions, which usually show stronger intensities in the 1PG spectrum, compared to

the (3,0) band. The wavelength intervals for each of the selected (v′, v′′) bands are

(678 nm - 690 nm) for (3,0), (760 nm - 780 nm) for (2,0), (870 nm - 900 nm) for (1,0)

and (1020 nm - 1060 nm) for (0,0).

When applying the method using the (3,0) or (2,0) bands, one needs to take the

ratios of the intensities of the second (I2) and third (I3) peaks to the intensity of the

first sub-band head (I1) of a given band, that is, one need to experimentally estimate

R21 = I2/I1 = f1(∆λ, TR) and R31 = I3/I1 = f2(∆λ, TR) in each case. If, instead, one

wants to use the (1,0) or (0,0) bands then, in addition to R21 and R31, one can also

determine R41 = I4/I1 = f3(∆λ, TR), that is, the ratio of the fourth peak intensity (I4)

to the intensity of the first sub-band head (I1) of the (1,0) or (0,0) band, respectively.

Once R21, R31 and R41 are known for any of these two bands, Simek [1994] provided a

procedure to calculate T21 = T21(R21,∆λ), T31 = T31(R31,∆λ) and T41 = T41(R41,∆λ)

in a way that, for a given spectral resolution (∆λ), the mean value of T21, T31 and T41

provides the rotational (gas) temperature. All the data and coefficients needed to

implement this fast TR estimation method can be found in Simek and DeBenedictis

[1995] for the (3,0) band and in [Simek, 1994] for the (2,0), (1,0) and (0,0) bands.

The position of the I1, I2, I3 and I4 peaks were given by Simek [1994] and are now

reproduced in Table 2.1.

Band I1 I2 I3 I4

(0,0) 1050.0 - 1051.2 1047.5 - 1048.5 1045.6 - 1046.4 1053.0 - 1054.5

(1,0) 890.5 - 891.5 888.8 - 889.4 887.5 - 888.1 893.4 - 894.0

(2,0) 774.8 - 775.4 773.5 - 774.1 771.0 - 771.6 -

(3,0) 687.0 - 687.6 686.0 - 686.6 685.2 - 685.8 -

Table 2.1: I1, I2, I3 and I4 sub-band peak positions (nm) of the (0,0), (1,0), (2,0) and

(3,0) bands of the N2 - 1PG

The method proposed by Simek and DeBenedictis [1995] can be of wide use since

the N2 - 1PG is one of the most accesible band systems of N2 extending from the red

to the near infrared. In addition, since the method deals with optical emissions from

the N2 - 1PG, it can be applied to determine the rotational (gas) temperature in a
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variety of air plasmas produced in a wide range of pressures from 0.03 mbar (' 75 km

altitude) to high pressures (even atmospheric pressure) as long as the the rotational-

translation relaxation time at the considered pressure remains much smaller than the

characteristic time (τq) of the collisional (quenching) deexcitation. Moreover, it allows

the calculation of the rotational (gas) temperatures in the range 200 - 1500 K (with a

step of dT = 25 K) using medium spectral resolutions that depend on the N2 - 1PG (v′,

v′′) band selected. In particular, the best sensitivity of the method is achieved when

using spectral resolutions in the ranges 0.1 - 0.2 nm for the (3,0) band and 0.2 - 0.3 nm

for the (2,0), (1,0) and (0,0) bands. Lower spectral resolutions can be employed, though

the sensitivity of the method decreases. The lowest recommended spectral resolutions

are, respectively, 0.5 nm, 0.6 nm, 0.68 nm and 0.76 nm for the (3,0), (2,0), (1,0) and

(0,0) bands [Simek, 1994].

Since 1995, TLE spectroscopy campaigns have provided different spectra of the N2 -

1PG visible and near infrared optical emissions covering the spectral range between 540

nm and 900 nm. These spectroscopic recordings were done with spectral resolutions

of 13 nm (at 900 nm) and 9 nm (at 620 nm) Morrill et al. [1998] for 57 km altitude

sprite spectrum and 7 nm (across the entire analyzed range of 619 - 897 nm) for 53

km altitude sprite spectrum, 9 nm (540 - 800 nm) [Mende et al., 1995], 10 nm and

6 nm (540 nm - 840 nm) [Hampton et al., 1996] and 3 nm (640 nm - 820 nm) that

is the best resolution so far achieved [Kanmae et al., 2007]. The papers by Morrill

et al. [1998] and Bucsela et al. [2003] dealt with sprite tendril (53 km and 57 km)

spectroscopic observations and provided preliminary spectral data of the N2 - 1PG

(1,0) band up to ' 900 nm. However, as acknowledged by the authors, their results

regarding 57 km altitude spectra were affected by sensitivity calibration errors, while

those of the 53 km altitude spectrum were more certain in the same spectral range

[Bucsela et al., 2003]. These results suggest that the (3,0) and (2,0) bands of the N2 -

1PG are the most accesible bands to derive the rotational (gas) temperature using the

method proposed by Simek and DeBenedictis [1995]. However, spectral resolutions one

order of magnitude higher than the ones used so far in TLE spectroscopy campagins

are needed in order to partially resolve the rotational structure of the different N2 -

1PG (v′, v′′) bands selected.
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2.4.3.3 Spectral fitting of N2(B
3Πg, v’ → A3Σ+

u , v”) rovibronic bands

We have developed a program written in python programming language to calculate the

synthetic spectrum of the rovibronic bands for the N2 - 1PG that involves transitions

between the upper electronic state N2(B2Πg) (with Λ’ = 1) and the lower electronic

state N2(A3Σ+
u ) (with Λ” = 0). The N2(A3Σ+

u ) state (with spin-orbit constant Av′′ = 0)

belongs to the Hund’s case (b) . However, the coupling of the N2(B3Πg) electronic state

is Hund’s case (a) for the lower rotational quantum number J ’ values and Hund’s case

(b) for J ’ values higher than 15 [Herzberg, 1950]. Therefore, we have considered the

intermediate Hund case coupling for the N2(B3Πg) state. In calculating the N2 - 1PG

rovibronic band spectrum, we have taken into account the parity (Λ-type doubling) of

the 3 substates 3Πe,f
Ωg of the upper electronic state N2(B3Πg). Thus, the triplet fine

structure of the N2(B3Πg → A3Σ+
u ) rovibronic band spectrum consists of a total of 27

branches divided into the 3 sub-bands 3Πe,f
0g → 3Σ+

u , 3Πe,f
1g → 3Σ+

u and 3Πe,f
2g → 3Σ+

u

with 9 branches, each denoted P , Q and R that correspond to ∆J = J ’ - J” = -1, 0,

+1, respectively. At medium spectral resolutions (0.1 - 0.5 nm) the small spin splitting

causes the overlap of the three subbands producing the appearance of, depending on

the (v′, v′′) considered, 3 or 4 subband head peaks whose positions are listed in Table

2.1 [Simek and DeBenedictis, 1995], [Simek, 1994]. Given a set of (v′, v′′) vibrational

bands within the N2 - 1PG, the emission intensity of each of the rovibronic transitions

considered between (v′, J ′) and (v′′, J ′′) is given by [Whiting et al., 1980]

I
v′,J ′j
v′′,J ′′j

(TR) = Nv′,J ′j
(TR)Av

′,J ′

v′′,J ′′
hc

λj
= C1 ×Nv′,J ′j

(TR)Bv′
v′′

ν4
jSJ ′j ,J ′′j
2J + 1

, (2.15)

where C1 is a constant and νj , SJ ′j ,J ′′j , v′, J ′j and Nv′,J ′j
are, respectively, the frequency,

the Hönl-London (or line strength) factor, the vibrational (0≤ v′ ≤ 12) and rotational (2

≤ J ′j ≤ 39) quantum numbers, and the population of the corresponding upper rovibronic

level, each for the j-th rotational line. TR stands for the rotational temperature and

Av
′,J ′

v′′,J ′′ is the Einstein spontaneous emission probability. In equation (2.15), we have

assumed that

Av
′,J ′

v′′,J ′′ =
Av
′
v′′SJ ′j ,J ′′j

(2− δ0,Λ)(2S + 1)(2J + 1)
=

Bv′
v′′SJ ′j ,J ′′j

λ3
j (2− δ0,Λ)(2S + 1)(2J + 1)

(2.16)

where Bv′
v′′ are the (v′, v′′) Einstein spontaneous emission probabilities tabulated by

Gilmore et al. [1992]. The SJ ′j ,J ′′j rotational line intensity strength factors, that is, the
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Hönl-London factors, are normalized as
∑
SJ ′j ,J ′′j = (2 − δ0,Λ′ , δ0,Λ′′)(2S + 1)(2J + 1)

[Whiting et al., 1980] where δ0,Λ′ and δ0,Λ′′ are Kronecker deltas (equal to 1 if Λ′ = 0 or

Λ′′ = 0 and 0 for all other values) and (2 S + 1) is the spin multiplicity. The summation

in
∑
SJ ′j ,J ′′j is over all allowed transitions from (or to) the group of (2− δ0,Λ)(2S + 1)J

levels with the same value of J ′ or J ′′ and, since the
∑
SJ ′j ,J ′′j sum rule is symmetrical

in J ′ and J ′′, explicit use of the primes is omitted. In addition, the factor of 2, which

appears in the sum rule for all spin-allowed transitions, except Σ± ↔ Σ±, is present

because the summation is over both Λ (parity) substates of non Σ states. Following

Whiting et al. [1980], in Σ↔ Π and Π↔ Σ transitions, even though only the Π state

contains two Λ substates, the factor 2 is present in the sum rule of SJ ′j ,J ′′j regardless of

which state is the initial one.

Assuming equilibrium (Boltzmann) distribution within the rotational levels, the

concentration of a single rotational level (J ′jJ
′
jJ
′
j) in each of the electronic substates 3Πe,f

Ωg

can be written as [Simek and DeBenedictis, 1995]

Nv′,J ′j
(TR) = Nv′

exp(−hckTR
Av′ΛΣ)

1 + 2 cosh( hc
kTR

Av′)

(2J ′j + 1) exp(−hckTR
F (J ′j))

QR(TR)
ΦJ ′j

(2.17)

where v′ is the upper vibrational quantum number, Nv′ is the concentration of the v′th

vibrational level, QR = kTR/hcBv′ , F (J ′j) is the rotational energy of a given upper

J ′j rotational level, and ΦJ ′j
is an alternation factor which is a function of the nuclear

spin I and takes into account the parity (e, f) of the considered rotational level. For

homonuclear molecules (like N2) their values are (I + 1)/(2 I + 1) for symmetric levels

and I/(2 I + 1) for asymmetric levels. For N2, I = 1 and thus ΦJ ′j
= 2/3 or 1/3 for

symmetric levels (e) and asymmetric levels (f), respectively.

Considering equations (2.15)-(2.17) and, given a set of (v′, v′′) vibrational bands

within the N2 - 1PG, the emission intensity of each of the rovibronic transitions con-

sidered between (v′, J ′) and (v′′, J ′′) is given by

I
v′,J ′j
v′′,J ′′j

(TR) = C2 ×Nv′
SJ ′j ,J ′′j
λ4
j

1

TR
ΦJ ′j

exp(
−hc
kTR

F (J ′j)), (2.18)

where C2 is a constant and the 1/TR dependency comes from the expression of QR(TR).

In calculating the line intensities, we computed the Hönl-London factors using the for-

mulae given by Kovacs [1969] for triplet transitions in the intermediate regime between

Hund’s case (a) and case (b).
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For the electronic states N2(B3Πg) and N2(A3Σ+
u ), every rotational level N is sub-

divided in three sub-levels with quantum numbers J corresponding to J = N − 1,

J = N and J = N + 1 corresponding, respectively, to the rotational energies F3(J ′j),

F2(J ′j) and F1(J ′j). For the rotational energies of each of the three sub-states of 3Π

states, we have used the expressions given by Budo [1935], valid for any degree of spin

uncoupling [Herzberg, 1950]. For the three sub-states of the lower 3Σ electronic state,

we have used the formulae for the rotational energy terms from Mulliken [1930], Roux

et al. [1990]. In order to calculate F3(J ′j), F2(J ′j) and F1(J ′j) we have considered the

spin-orbit (Av = 0 for N2(A3Σ+
u )) rotational and centrifugal spectroscopic constants

of the N2(B3Πg) and N2(A3Σ+
u ) states given by Roux et al. [1983]. The electronic

energies T ′e and T ′′e of, respectively, the N2(B3Πg) and N2(A3Σ+
u ) electronic states, to-

gether with the spectroscopic constants (ωe, ωexe, ωeye and ωeze), needed to evaluate

the vibrational energy terms of the N2(B3Πu) and N2(A3Σ+
u ) electronic states, were

taken from Naghizadeh-Kashani et al. [2002]. For a given (v′, v′′) transition within

the N2 - 1PG, the wavelengths of each of the 27 rotational lines involved in a (J ′, J ′′)

rotational band are λJ
′,J ′′

kl (cm) = 1/(νev(cm
−1) +F ′k(J

′)−F ′l (J ′′)), where νev(cm
−1) =

(T ′e − T ′′e ) +G′(v′)−G′′(v′′) with 1 ≤ k, l ≤ 3 and ∆J = J ′ − J ′′. Given the rotational

levels J ′ and J ′′, the three possible transitions between the subrotational levels (k, l)

of, respectively, (J ′, J ′′), correspond to those fulfilling ∆J = -1 (branch P ), 0 (branch

Q) and +1 (branch R) selection rules. So, we end up having 3 allowed rotational

transitions in each of the 9 pairs (k, l).

In order to compare the synthetic spectra with the observed (measured) spectra,

each line of the synthetic spectrum needs to be convolved with an instrument function

taking into account the finite spectral resolution of the spectrograph used. To model

the instrument spectral broadening, we have used a combination of a Gaussian and a

Lorentzian function, that is, a Voight function as [Biloiu et al., 2007]

Sp,w(λ) = p

√
4 ln 2√
πw

exp

(
−4 ln 2

w2
(λ− λJ

′,J ′′

kl )2

)
+

2

π

(1− p)w
w2 + 4(λ− λJ

′,J ′′

kl )2
(2.19)

where p and 1−p are the relative magnitudes of the Gaussian and Lorentzian functions

contributions, respectively, w is a parameter measuring the spectral resolution as the

full width at half maximum (FWHM) of the line considered, and λJ
′,J ′′

kl is the central

wavelength or the wavelength corresponding to the calculated (synthetic) rotational
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lines. We have used Gaussian lines shapes (p = 1) in spectral fitting of laboratory

measured spectra of particular (v′, v′′) rovibronic transitions of N2(B3Πg → A3Σ+
u )

recorded with 0.43 nm spectral resolution to obtain the rotational (gas) temperature

(see Figures 2.45, 2.46 and 2.47b, 2.47c). However, Voight line shapes (p = 0.5) were

used in spectral fitting of partial N2 1PG spectra recorded with 2 nm spectral resolution

to derive the VDF of N2(B3Πg) (see Figures 2.49b, 2.49c).

2.4.4 Experimental quantification of vibrational distribution functions

In order to experimentally obtain the VDF of N2(B3Πg) from laboratory data, we have

fitted synthetic spectra of N2 1PG to experimental spectra recorded using different

pressures (0.1 mbar - 2 mbar) at low resolution (2 nm). For such fits, we have used

the rotational (gas) temperature resulting from previous fitting of certain rovibronic

bands, like (3,0) and (2,0), at medium (0.45 nm) spectral resolution of laboratory HC

discharges spectra.

The resulting VDFs were compared with those recorded for sprites by, respectively,

Bucsela et al. [2003] at 53 km and Kanmae et al. [2007] at 53 km and 74 km. In

addition, we will compare present VDF laboratory results with available sprite and halo

VDF model predictions [Gordillo-Vázquez, 2010, Luque and Gordillo-Vázquez, 2011,

Gordillo-Vázquez et al., 2011, 2012] where a gas temperature of 220 K is assumed.

2.4.5 Results and discussion

As mentioned in the introduction, the employment of the so-called Boltzmann plot

method using different bands of the first negative system of N+
2 (B2Σ+

u → X2Σ+
g ) is

justified for altitudes between ' 60 km and ' 48 km (quenching altitude), that is,

for pressures between ' 0.23 mbar and ' 1.5 mbar. This altitude (pressure) region

corresponds to the one where giant blue jets, blue jets and sprite tendrils take place.

We have implemented the Boltzmann plot method measuring the relative intensities

of the rotational R - branch (∆J = +1) of the vibrational transition (0,0) of the first

negative system of N+
2 , that is, N+

2 (B2Σ+
u , v’ = 0, J’ → X2Σ+

g , v” = 0, J”), with the

band head wavelength at 391.4 nm. Since Bv′ = Be + αe (v′ + 0.5) and the rotational

spectroscopic constants for N+
2 (B2Σ+

u , v’ = 0, J’) are Be = 2.085 cm−1 and αe =

0.0212 cm−1, we find that Bv′=0 = 2.074 cm−1 and, since hc/k = 1.438 cm K, the slope

-Bv′=0hc/kTR of equation (2.14) becomes -2.984/TR.
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The Boltzmann plot method has been applied to air plasmas produced in DC hollow

cathode discharges at 2.0 mbar (' 45 km), 1.5 mbar (' 48 km), 1.0 mbar (' 50 km),

0.23 mbar (' 60 km) and 0.11 mbar (' 70 km) using the Jobin Yvon spectrometer with

the fotomultiplier (FM) and the CCD, with the 1800 grooves/mm grating, with spectral

resolutions of ∆λ = 0.010 nm (FM), 0.020 nm (CCD) and 0.034 nm (CCD), able to

resolve nearly completely the rotational structure of the (0,0) vibrational transition of

N+
2 - 1NG. The standard deviation in the slopes of the Boltzmann plot is less than

10 %, which produces an uncertainty in the obtained TR of about 3 %. Note that

due to the even-odd alternation in the rotational quantum numbers [Herzberg, 1950],

relative line intensities with odd J ′′ must be multiplied by 2. The wavelengths and

J ′(J ′+ 1) = (J ′′+ 1)(J ′′+ 2) values for the R branch (∆J = +1) rotational transitions

of the (0,0) vibrational band of the first negative system of N+
2 (B2Σ+

u ) are shown in

Table 2.2. As commented on formerly, an example of the method is given in Figure 2.43.

The sub-band head peak and spectral fitting methods to determine the gas temper-

ature have been also applied to air plasmas produced in DC hollow cathode discharges

for pressures between 0.11 mbar (' 70 km) and 2 mbar (' 45 km) using the (3,0)

and (2,0) bands with spectral resolutions of 0.25 nm and 0.43 nm (subband head peak

method) and 0.43 nm (spectral fitting method).

The rotational (gas) temperatures derived with the three methods commented above

are shown in Figure 2.44. The temperatures obtained with the Boltzmann plot and

subband head peak methods are shown in Figure 2.44a while Figure 2.44b shows a

comparison between the gas temperatures obtained with the subband head peak and

spectral fitting methods. As shown in Figure 2.44a, the temperature obtained (using

the excited state rotational constant Bv′) with the ion N+
2 is higher than that derived

using vibrational transitions within N2(B3Πg → A3Σ+
u ). The reason of this behaviour

can be due to the different spatial distribution of the excited neutrals N2(B3Πg) and

excited ions N+
2 (B2Σ+

u ) in the hollow cathode discharges under investigation. Ions

(like electrons) are concentrated (both radially and longitudinally) in the center of

the hollow cathode discharge [de los Arcos et al., 1998, Castillo et al., 2005, Méndez

et al., 2006] while the excited neutrals N2(B3Πg) could also reach a maximum in the

center (due to the highest value of the electron density there) but with a less steep

gradient than excited ions. Consequently, more excited neutrals N2(B3Πg) could be

located towards the water refrigerated cathode/anode walls where the gas temperature
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J ′′ λ (nm) (J ′′ + 1)(J ′′ + 2)

6 390.49 56

7 390.40 72

8 390.29 90

9 390.19 110

10 390.08 132

11 389.97 156

12 389.85 182

13 389.73 210

14 389.59 240

15 389.43 272

16 389.33 306

17 389.20 342

18 389.04 380

19 388.90 420

20 388.74 462

21 388.58 506

Table 2.2: Wavelengths and J ′(J ′ + 1) = (J ′′ + 1)(J ′′ + 2) values for the R branch (∆J

= +1) rotational transitions of the (0,0) vibrational band of the first negative system of

N+
2 (B2Σ+

u )

should be smaller than in the center of the discharge, where most ions N+
2 (B2Σ+

u ) are

concentrated. In this regard, Figure 2.44b shows a comparison of the gas temperatures

derived when applying the subband head peak and the spectral fitting methods to the

(3,0) and (2,0) vibrational transitions of N2(B3Πg → A3Σ+
u ) using spectral resolutions

of 0.43 nm and 0.25 nm. We can see in Figure 2.44b that both methods based on the

excited neutral N2(B3Πg) show a good agreement.

The spectral fitting of the (3,0) and (2,0) vibrational transitions of N2(B3Πg →
A3Σ+

u ) at different pressures are shown in Figure 2.45 and Figure 2.46 for a spectral

resolution of 0.43 nm.
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Figure 2.44: Rotational (gas) temperatures measured in the hollow cathode discharge:

(Panel A) derived with the Boltzmann plot of the N+
2 (B2Σ+

u ) (solid line, right triangle

FM-0.010 nm; pentagon CCD-0.02 nm; star CCD-0.034 nm) and the sub-band head peak

methods applied to the N2 - 1PG band (dashed line, left triangle (3,0)-0.25 nm; square

(3,0)-0.43 nm; down-triangle (2,0)-0.25 nm; circle (2,0)-0.43 nm). (Panel B) derived from

the analysis of sub-band head peaks (3,0) and (2,0) recorded (each of them) with two

spectral resolutions (0.25 nm and 0.43 nm) (dashed line and symbols correspond to the

same data that in panel A) and from spectral fitting methods (solid line, left triangle

(3,0)-0.25 nm; square (3,0)-0.43 nm; down-triangle (2,0)-0.25 nm; circle (2,0)-0.43 nm) for

different pressures.
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Figure 2.45: Spectral fitting (dashed blue line) of laboratory measured (solid red line)

spectra of the (3,0) rovibronic transitions of N2(B3Πg → A3Σ+
u ) using 0.43 nm spectral

resolution for 0.11 mbar (panel A resulting in Tgas = 386 K), 1 mbar (panel B resulting

in Tgas = 353 K), 1.5 mbar (panel C resulting in Tgas = 340 K) and 2 mbar (panel D

resulting in Tgas = 334 K). The spectra shown in panels A - D were recorded in the

laboratory hollow cathode air discharge.
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Figure 2.46: Spectral fitting (dashed blue line) of laboratory measured (solid red line)

spectra of the (2,0) rovibronic transitions of N2(B3Πg → A3Σ+
u ) using 0.43 nm spectral

resolution for 0.11 mbar (panel A resulting in Tgas = 365 K), 1 mbar (panel B resulting

in Tgas = 343 K), 1.5 mbar (panel C resulting in Tgas = 334 K) and 2 mbar (panel D

resulting in Tgas = 321 K). The spectra shown in panels A - D were recorded in the

laboratory hollow cathode air discharge.
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A comparison between the N2(B3Πg) 1PG spectrum recorded by a commercial

spectrometer (Jobin Yvon-HORIBA FHR 1000) in the hollow cathode air discharge

at 0.23 mbar and the spectrum taken by GRASSP from an air commercial lamp at

0.20 mbar is shown in panel A of Figure 2.47. Both spectra are represented at the

same spectral resolution (0.45 nm). We see in Figure 2.47 (panel A) that the spectrum

recorded by GRASSP reproduces well all the spectral features visible in the hollow

cathode air discharge spectrum recorded with the commercial spectrograph. The main

significant difference between the spectra shown in panel A of Figure 2.47 is due to the

fact that the hollow cathode air discharge produces relatively cold plasmas with gas

temperature of ' 400 K (see Figure 2.44) while the commercial discharge lamps that

we use generate a plasma with higher gas temperature that promotes the excitation

of higher rotational levels (than in the hollow cathode discharge). The excitation of

higher rotational levels within each vibrational level (v′) changes the shape of the (v′,

v′′) bands of the commercial lamp spectrum recorded by GRASSP with respect to those

of the HC spectrum, producing more intense rotational emissions to the left of each

band head that are responsible for the higher intensity of the (v′, v′′) band envelope

valleys (see the 660 nm - 690 nm spectral region in panel A of Figure 2.47). Panels B and

C of Figure 2.47 show the spectral fitting of the (5,3) and (5,2) rovibronic transitions in

the air commercial lamp N2(B3Πg) 1PG spectrum resulting in gas temperatures of 524

K and 656 K, respectively. The different (higher) gas temperatures obtained in the air

commercial lamp discharge (at 0.2 mbar or 60 km altitude) and in the hollow cathode

glow discharges might be due to the different power densities in the commercial lamp

(' 10 W/cm3) and in the air hollow cathode discharges (0.05 - 0.35 W/cm3).
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Figure 2.47: Panel A shows instrument efficiency corrected partial spectra of N2 1PG

band in a hollow cathode air discharge (solid line) at 0.23 mbar recorded by a commercial

spectrograph (Jobin Yvon-HORIBA FHR 1000) and of a commerical air discharge lamp

(dashed line) at 0.2 mbar taken with GRASSP. Panels B and C show the spectral fitting

(solid line) of, respectively, the experimentally recorded (circles) (5,3) and (5,2) rovibronic

band transition spectra of N2 1PG in the commercial air lamp as recorded by GRASSP.

The gas temperatures obtained by the (5,3) (panel B) and (5,2) (panel C) fits of the

commercial air lamp N2 1PG experimental spectrum taken by GRASSP are 524 K and

656 K, respectively. The gas temperature obtained in the hollow cathode discharge at 0.23

mbar is ' 380 K (see Figure 3). The spectral resolution used in both cases (hollow cathode

and commercial lamp) is 0.43 nm.
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We have represented in Figure 2.48 the VDF of N2(B3Πg) experimentally derived

from the N2 1PG 53 km sprite emission spectra [Bucsela et al., 2003, Kanmae et al.,

2007], and 74 km emission spectra [Kanmae et al., 2007], from model calculations for

halos and sprites [Gordillo-Vázquez, 2010, Luque and Gordillo-Vázquez, 2011, Gordillo-

Vázquez et al., 2011, 2012] and from the present hollow cathode discharges in air.

Panel A of Figure 2.48 shows the VDF of N2(B3Πg) obtained from N2 1PG sprite

emission spectra recorded at low altitude (53 km) or relatively high pressure (' 1

mbar). We can see that the available sprite VDFs of N2(B3Πg) measured by Bucsela

et al. [2003] and Kanmae et al. [2007] coincide between v′ = 2 and v′ = 7 with the

VDFs of N2(B3Πg) derived from emission spectra of 1 mbar hollow cathode discharge

in air and from model predictions. The results for v′ = 1 by Bucsela et al. [2003] at 53

km follows the trend predicted by available sprite kinetic models (assuming TR = 220

K) at higher (74 km) altitudes [Gordillo-Vázquez, 2010, Luque and Gordillo-Vázquez,

2011, Gordillo-Vázquez et al., 2011, 2012] though differ from the VDF (v′ =1) obtained

from emission spectra recorded in hollow cathode discharges at 1 mbar. The latter can

be due to the more effective excitation of N2(B3Πg) (v′ = 1) in sprites than in hollow

cathode air discharges, as can be seen by looking at the ratio of the (1,0) to (2,1) bands

of, respectively, the laboratory hollow cathode (lab HC) discharge (solid line) and of

the 53 km altitude sprite spectrum (dashed line) recorded by Bucsela et al. [2003],

shown in panel A of Figure 2.49. The intensity of the (1,0) band is almost a factor of

two higher than the (2,1) band intensity in the 53 km sprite spectrum (dashed line),

while it is 40 % lower in the lab HC spectrum (solid line).

In panel B of Figure 2.48 we see a comparison between the VDF of N2(B3Πg) derived

from a sprite instrument corrected N2 1PG emission spectra at 74 km using ∆λ = 3

nm [Kanmae et al., 2007], from a kinetic model (assuming TR = 220 K) to predict the

VDF of N2(B3Πg) in sprites and halos at, respectively, 74 km and 80 km [Luque and

Gordillo-Vázquez, 2011, Gordillo-Vázquez et al., 2011, 2012] and from the N2(B3Πg)

1 PG spectrum of a hollow cathode air discharge generated at 0.11 mbar (' 70 km)

recorded with ∆λ = 2 nm. The agreement between the experimentally recorded VDF

of sprites at 74 km [Kanmae et al., 2007] and the model predicted VDF of sprites and

halos is now more evident while at 0.11 mbar the discrepancy with the VDF (v′ =1)

obtained from emission spectra recorded in hollow cathode discharges persists. It is

worth mentioning that, in order to derive the VDF of N2(B3Πg) from experimentally
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recorded N2 1PG sprite spectra, both Bucsela et al. [2003] at 53 km and Kanmae et al.

[2007] at 53 km and 74 km fitted their observed sprite spectra assuming a rotational

(gas) temperature of TR = 220 K.

Finally, we represent in Figure 2.49 (panel A) a comparison of the partial N2 1PG

instrument corrected spectra recorded from a sprite at 53 km altitude taken by Buc-

sela et al. [2003] (dashed line) and by Kanmae et al. [2007] (circles), from a hollow

cathode discharge in air produced at 1 mbar (' 53 km) (solid line) and transmission

corrected spectrum of sprites at 74 km obtained from models (dotted lines) incorpo-

rating the plasma vibrational kinetics of TLEs [Gordillo-Vázquez, 2010, Luque and

Gordillo-Vázquez, 2011, Gordillo-Vázquez et al., 2011, 2012]. All spectra shown in

panel A of Figure 2.49 were normalized to the (2,0) transition at 773.2 nm and were

recorded or calculated at spectral resolutions of ∆λ = 7 nm (sprite at 53 km, [Bucsela

et al., 2003]), ∆λ = 3 nm (sprite at 53 km, [Kanmae et al., 2007]), ∆λ = 2 nm (labo-

ratory hollow cathode discharge) and ∆λ = 3 nm (synthetic spectrum produced by a

kinetic model of sprites and halos [Gordillo-Vázquez et al., 2012]). The spectra shown

in panels B and C of Figure 2.49 were normalized to the atomic oxygen multiplet line

at 777 nm.

The shape of the different (v′, v′′) bands in the four spectra shown in Figure 2.49

(panel A) are not completely the same. For example, a sharp line around 777 nm

is clearly visible very close to the right of the (2,0) transition of the laboratory HC

spectrum (solid line) but is not present in the field recorded spectra nor in the synthetic

sprite spectra. The 777 nm feature and the one at ' 844 nm between transitions

(4,3) and (3,2) are both associated to strong radiative transitions of atomic oxygen.

Moreover, the peaks at ' 868 nm and ' 878 nm to the left and to the right of,

respectively, the (2,1) and (1,0) transitions of the N2 1 PG, might be also due to

atomic nitrogen and oxygen emissions, respectively. Finally, the small peaks at ' 811

nm and ' 823 nm just before and after the (5,4) transition could also be associated to

atomic oxygen emissions.

We see in Figure 2.49 (panel A) that, in general, the laboratory HC air spectrum,

the two sprite spectra recorded at 53 km and the synthetic spectrum of sprites at 74

km agree well between 640 nm and 820 nm. However, beyond 820 nm and up to ' 900

nm, we see that while the (2,1) and (1,0) transitions in the 53 km sprite spectrum by

Bucsela et al. [2003] (dashed line) and the synthetic sprite spectrum at 74 km (dotted
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line) exhibit similar trends (the (1,0) peak higher than the (2,1) one), though with

different quantitative values, they behave differently with respect to the trend of the

(2,1) and (1,0) transitions in laboratory HC air spectrum, where both transitions reach

more or less the same amplitude. The latter explains why the relative population of v′

= 1 takes a greater value in the N2(B3Πg) VDF of sprites than in those of laboratory

HC.

Finally, panels B and C of Figure 2.49 show the spectral fitting of the emission

spectra (normalized to the 777 nm oxygen line) from the hollow cathode discharges

in air at 0.11 mbar and 1 mbar, respectively. The VDF of N2(B3Πg) derived from

the N2 1PG spectrum observed in hollow cathode discharges, shown in Figure 2.48,

were derived from the fits shown in panels B and C of Figure 2.49 using the previously

obtained gas temperature values of 385 K (0.11 mbar) and 356 K (1 mbar). It should

be noted that, because of the not yet well understood streamer branching dynamics of

sprite streamers moving downward, there are no kinetic models available able to predict

sprite streamer optical emissions close to the mesopause (' 53 km).
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Figure 2.48: Panel A shows a comparison of the VDF of N2(B3Πg) derived from the

N2 1PG instrument corrected sprite emission spectrum at 53 km (' 1 mbar) using ∆λ

= 7 nm [Bucsela et al., 2003] and ∆λ = 3 nm [Kanmae et al., 2007], from the N2 1PG

spectrum of a hollow cathode air discharge generated at 1 mbar (' 53 km) recorded with

∆λ = 2 nm and from a kinetic model to predict the VDF of N2(B3Πg) in sprites at 74 km

[Luque and Gordillo-Vázquez, 2011, Gordillo-Vázquez et al., 2011, 2012]. In panel B we

see a comparison between the VDF of N2(B3Πg) recorded from the instrument corrected

N2 1PG sprite emission spectra at 74 km using ∆λ = 3 nm [Kanmae et al., 2007], from a

kinetic model to predict the VDF of N2(B3Πg) in sprites and halos at, respectively, 74 km

and 80 km [Luque and Gordillo-Vázquez, 2011, Gordillo-Vázquez et al., 2011, 2012] and

from the N2 1PG spectrum of a hollow cathode air discharge generated at 0.11 mbar ('
70 km) recorded with ∆λ = 2 nm. The VDF is normalized to the sum of the populations

from v′ = 2 to v′ = 6.
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Figure 2.49: Panel A shows a comparison of the instrument corrected N2 1PG spectra

recorded from sprites at 53 km using ∆λ = 3 nm (circles) [Kanmae et al., 2007] and ∆λ

= 7 nm (blue dashed line [Bucsela et al., 2003], from a laboratory hollow cathode air

discharge (green solid line) generated at 1 mbar (' 53 km) recorded with ∆λ = 2 nm

and a transmission corrected synthetic sprite spectrum (dotted line) for a sprite at 74 km

calculated with a kinetic model of sprites and halos assuming ∆λ = 3 nm [Gordillo-Vázquez

et al., 2012]. All spectra in panel A are normalized to the (2,0) transition at 773.2 nm while

experimental spectra (green solid line) in panels B and C are normalized to the oxygen

777 nm line. Panel B shows the spectral fit (blue dashed line), using Tgas = 385 K, to

the N2 1PG spectrum recorded in a hollow cathode air discharge generated at 0.11 mbar

(' 70 km) recorded with ∆λ = 2 nm. Panel C shows the spectral fit (blue dashed line),

using Tgas = 356 K, to the N2 1PG spectrum recorded in a hollow cathode air discharge

generated at 1 mbar (' 53 km) recorded with ∆λ = 2 nm.
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3

Sprites

“That is strength, boy! That is power! What is steel compared to the hand

that wields it? Look at the strength in your body, the desire in your heart, I

gave you this! Such a waste. Contemplate this on the tree of woe”

– Thulsa Doom, Conan the Barbarian

3.1 State of the art

Sprites, as we commented in Section 1.3, are huge weakly ionized plasma structures

[Neubert, 2003, Pasko, 2003] which extend from the lower ionosphere (80-85 km)

through the mesosphere down to 40 km of altitude approximately. Sprites are produced

by air breakdown caused by mesospheric electrons accelerated by the quasi-electrostatic

(QE) fields induced by lightning discharges [Pasko et al., 1995, Cho and Rycroft, 1998].

The QE field is mainly generated by positive cloud-to-ground (+CG) lightning strokes

[Boccippio et al., 1995] although it can also be produced by negative cloud-to-ground

(-CG) lightnings with a large charge moment change [Barrington-Leigh et al., 1999,

Taylor et al., 2008]. The runaway electron avalanche process can also be considered

as a sprite initiation mechanism. Some previous studies have associated sprite emis-

sions at low altitude with high energetic runaway electrons [Bell et al., 1995]. Füllekrug

et al. [2010], through low-frequency radio observations, detected electromagnetic pulses

associated with an electron avalanche a few milliseconds after the causative lightning

discharge coinciding with the sprite luminosity. These researchers concluded that rela-

tivistic runaway breakdown could emit broadband electromagnetic pulses and possibly
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generates sprites.

The first sprite images taken from a plane were published by Sentman et al. [1995].

These first sprite color pictures showed that reddish optical emission predominates

at the top of sprites while bluish emissions are the most visible at the bottom of

sprites. Since then, there have been many observations from ground [Rairden and

Mende, 1995, Lyons, 1996, Winckler et al., 1996, Stanley et al., 1999, Gerken et al.,

2000, Barrington-Leigh et al., 2001, Stenbaek-Nielsen et al., 2013], from balloons [Bering

et al., 2004, Bhusal et al., 2004], from the Space Shuttle [Vaughan et al., 1992, Boeck

et al., 1995, 1998, Yair et al., 2004] and from the International Space Station [Blanc

et al., 2004, Jehl et al., 2013]. There are also observations from other space platforms

such as FORMOSAT-2, using the instrument ISUAL (Imager of Sprites and Upper

Atmospheric Lightnings) in operation since 2004. ISUAL has recorded photometric

data in the visible and ultraviolet optical range [Kuo et al., 2005, Mende et al., 2005,

Liu et al., 2006, Adachi et al., 2006, 2008, Liu et al., 2009], as well as images [Chen

et al., 2008].

It is now well established that sprites exhibit a common structure with three distinct

regions [Pasko et al., 1998, Pasko and Stenbaek-Nielsen, 2002]: an upper diffuse region

(90-80 km), a middle transition region (80-75 km) and a lower region where streamers

are visible (< 75 km). The values of the above mentioned altitudes are average and

depend on, among others factor, the characteristics of the lightning precursor. Sub-

sequent ground-based observations with better resolution [Gerken et al., 2000, Gerken

and Inan, 2003, 2005] and with high-speed cameras [Marshall and Inan, 2005, 2006,

Cummer et al., 2006, McHarg et al., 2007, Stenbaek-Nielsen et al., 2007] have shown a

complex set of streamers in the lower part of sprites as well as various types of sprites

[Bór, 2013]. In addition, high-speed sprite imaging have also shown a great similarity

with streamer discharges at atmospheric pressure [Raizer, 1991, Raizer et al., 1998].

Sprite streamers generally develop downwards [Moudry et al., 2003, Cummer et al.,

2006, McHarg et al., 2007]. However, some upward streamer propagation have also

been reported [Cummer et al., 2006, Stenbaek-Nielsen and McHarg, 2008].

The first spectroscopic sprite observations [Mende et al., 1995, Hampton et al., 1996,

Morrill et al., 1998] with low spectral (between 10 nm and 6 nm) and temporal resolution

(at standard video rate) identified the 1PN2 transition (N2(B3Πg) → N2(A3Σ+
u )) as

the most important optical emissions from sprites in the 550-840 nm spectral range.
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Subsequent modeling studies [Pasko et al., 1997] confirmed that both 1PN2 and 2PN2

(N2(C3Πu) → N2(B3Πg)) were the molecular transitions responsible for the red and

blue optical emission features apparent in sprite spectra, as previously suggested by

Sentman et al. [1995]. Later on, Heavner [2000] and Heavner et al. [2010] also confirmed

the presence of ultraviolet (UV) emission in sprite spectra. The blue optical emission

has also been associated with N+
2 (B2Σ+

u ) [Armstrong et al., 1998, 2000, Morrill et al.,

2002], although it is not usually detected in sprite spectra [Armstrong et al., 2000].

Some studies have reported the possible presence of Meinel (N+
2 (A2Πu) → N+

2 (X2Σ+
g ))

emission in sprite spectra [Morrill et al., 1998]. Possible Meinel emission features in

sprite spectra tend to be more apparent at lower layers of the atmosphere [Bucsela

et al., 2003]. On the other hand, the confirmation of the presence of 1NN2 (N+
2 (B2Σ+

u )

→ N+
2 (X2Σ+

g )) in sprite spectra is important since it indicates that sprites can also

excite electronic levels of ionized species.

Sprites (and other TLEs) can also emit in the IR and UV [Liu et al., 2006] due to

the excitation of species such as CO2, N2, NO and/or N+
2 . However the IR and UV

emissions are mainly reabsorbed by H2O and O2 and O3, respectively. Therefore, the

detection of IR and UV features in sprite spectra need to be done from space, from

balloons or from high altitude planes. There are some models of the NUV and NIR TLE

optical emission and detection from space [Picard et al., 1997, Milikh et al., 1998, Luque

and Gordillo-Vázquez, 2011, Gordillo-Vázquez et al., 2011, 2012]. Other modeling

work on NO-γ ((NO(A2Σ+)→ NO(X2Πr))) emissions in ultraviolet and Lyman-Birge-

Hopfield (LBH, N2(a1Πg) → N2(X1Σ+
g )) optical emission in the Far-UV show that, at

70 km, UV emission from NO are less intense than those due to LBH emission from N2

[Liu and Pasko, 2005, 2007]. The LBH emission has been detected by ISUAL [Mende

et al., 2004] and compared with streamer models [Liu et al., 2006]. On the other hand,

the emission of NO-γ from sprites has not yet been detected not even from space.

Regarding precise determination of the gas temperature in the TLE surrounding

atmosphere, it is worth mentioning that the recording of TLE spectra with the instru-

ment GRASSP (GRAnada Sprite Spectrograph and Polarimeter) between 700 nm and

800 nm and with a spectral resolution of 0.06 nm/px or 0.26 nm will allow to better

resolve TLE spectra and to be able to quantify a possible local heating due to TLE

activity in the lower mesosphere [Passas et al., 2014, Parra-Rojas et al., 2013b].

113



3. SPRITES

Although spectroscopic data provide valuable information about the excited species,

the full impact of sprites in the chemical composition of the mesosphere is not well de-

termined by spectroscopic means. Measurements by ISUAL between 40 and 60 km

indicate that the mean energy of the electrons and the reduced electric field underlying

the optical spectra of sprites are, respectively, between 6.2-9.2 eV and 243-443 Td [Kuo

et al., 2005]. It is thus possible that these intense electric fields create highly reac-

tive chemical species (such as energetic electrons, ions and NOx) that can induce local

changes in the chemical [Sentman and Wescott, 1995, Stenbaek-Nielsen et al., 2000]

and electrical [Gordillo-Vázquez and Luque, 2010] properties of the mesosphere. The

dipolar electric field and the electromagnetic pulse (EMP) generated by CG lightning

strokes also affect to the electron concentration in the mesosphere and lower ionosphere

[Taranenko et al., 1993, Shao et al., 2012]. Recent kinetic simulations of halos carried

out by Parra-Rojas et al. [2013a] predicted an increase of up to 70 cm−3 in the meso-

spheric electron density due to the action of tropospheric +CG lightning. The enhanced

electron concentration can stay high between 10 and 100 s after the current peak of

the parent positive lightning discharge. In this regard, Luque and Gordillo-Vázquez

[2012] showed that the electron production due to associative detachment (AD) of O−

by N2 could be the underlying kinetic mechanism responsible of delayed sprites [Bell

et al., 1998, Cummer and Füllekrug, 2001], that occur more than 10 ms after the parent

lightning stroke.

A present line of active research is focussed on understanding how sprites and their

post-discharge phase affect the atmospheric chemistry of NOx and N2O. Variations of

NO and O3 concentrations due to Blue Jets exhibit enhancements between, respectively,

10 % and 0.5 % at 30 km altitude [Mishin, 1997]. However, according to [Parra-Rojas

et al., 2013a], the concentrations of NO and O3 exhibit a negligible variation due to

halos. Moreover, the simulations by Hiraki et al. [2004] predict a substantial increase

in the concentration of O(1D) and the measurements made by UARS (Upper Atmo-

sphere Research Satellite) indicate a substantially enhanced O(1S) emission rate [Lee

and Shepherd, 2010] probably due to the presence of sprites. Concerning kinetic mod-

eling of sprites, Sentman et al. [2008b] developed a kinetic model with more than 800

chemical reactions to study the impact of a streamer pulse with Emax = 5Ek (where Ek

is the breakdown electric field, Ek/N = 120 Td) and ∆t = 6 µs at 70 km of altitude in

the mesosphere. With this model, Sentman et al. [2008b] estimated an increase of the
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streamer head electron density of up to 106 cm−3 persisting about 1 s. These authors

also estimated an increase in the concentration of NO by 50 % while Hiraki et al. [2008]

estimated an increase of four orders of magnitude in the density of NO at the same

altitude. Enell et al. [2008], however, predicted an increase of 50 % in the concentra-

tion of NOx at 73 km. Gordillo-Vázquez [2008, 2010] employing a reduced electric field

of 400 Td, found increases of an order of magnitude in the concentration of NO and

NO2 while for the density of NO3 predicted an increase of more than three orders of

magnitude at 68 km. Moreover, Gordillo-Vázquez [2008] was also able to calculate the

brightness of the sprite-related CO2 4.3 µm IR emission predicting a value as high as

100 MR at 68 km of altitude that pointed to its possible detection from space. The

substantial differences found between the different sprite kinetic model predictions may

be due to different initial conditions employed and to the use of different rates for some

of the processes.

Regarding data analysis from instruments aboard different satellites, the results by

Arnone et al. [2008], through analysis of the data recorded by MIPAS (Michelson In-

terferometer for Passive Atmospheric Sounding) aboard ENVISAT (ENVIronmental

SATellite) showed a possible sprite induced NO2 enhancement of about 10 % at 52 km

of altitude in correspondence with active thunderstorm and with a tendency to grow

up with height. Also aboard ENVISAT but using the GOMOS (Global Ozone Moni-

toring by Occultation of Stars) instrument, Rodger et al. [2008] showed that there is

no significant global impact of sprites and other TLEs in the concentration of NOx at

altitudes between 20 and 70 km.

The possible chemical impact of the sprite streamer tails in the mesosphere was also

investigated by Sentman and Stenbaek-Nielsen [2009] at 70 km of altitude. In this

case, assuming undervoltage conditions (E=0.5Ek), the derived electron concentration

decreases smoothly due to dissociative attachment of electrons to molecular oxygen O2.

More recently, Evtushenko et al. [2013] developed a self-consistent model to study the

influence of sprites on the mesosphere as a function of the altitude. They obtained

the maximum of the electron density variation at 75 km together with an important

increase in the concentration of the metastable N2(A3Π+
u ) between 72 and 76 km.

As reported by Stanley et al. [2000], sprites can also occur during daytime triggered by

exceptionally large lightnings. Later on, Farges et al. [2005] and Kumar et al. [2008]

also detected daytime sprites through infrasound and VLF perturbations, respectively.
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The chemical fingerprint of daytime sprites on the mesosphere is presently not well

known. In this regard, the recent simulations by Winkler and Nothold [2014] suggest

a depletion in the ozone concentration (∼ 15 %) under the action of diurnal sprites.

In this thesis we aim to contribute to the fundamental understanding of the chemistry

of non-equilibrium plasmas produced by nighttime sprite streamers in the mesosphere

and their influence on the mesosphere chemical composition and thermal evolution.

This chapter describes the kinetic model used, the time evolution of the concentration

of many important species for the sprite and its afterglow through an upgrade of the

self-consistent model by Parra-Rojas et al. [2013a]. We study the processes involved in

the chemistry of the atmosphere between 50 km and 80 km under the action of sprite

streamers with three different driving currents. Although the model is less reliable as

we descend in altitude because below 70 km sprite streamers often branch, we think

that the model is quite realistic between 80 and 70 km. It is nevertheless interesting to

show the approximate chemical and thermal evolution of the atmosphere at lower (<

70 km) altitudes under the action of sprite streamers. We also discuss in this chapter

the main instantaneous optical emission of sprites in the visible (1PN2 and 2PN2) and

infrared (4.26 µm and 14.9 µm) together with the optical emission as seen by cameras

recording at 33 fps and 1000 fps. Finally, we present a detailed study of the local

thermal impact of sprite streamers in the Earth’s mesosphere describing the most im-

portant mechanisms responsible for the local energy exchange between sprite streamers

and the surrounding atmosphere.

3.2 Model

3.2.1 Model description

Although sprites have a downward development, this kinetic model does not aim to

study the vertical evolution of the sprite streamer but to understand how a single

sprite streamer can chemically and thermally activate each layer of the mesosphere. It

is known that a single streamer tends to branch as it propagates downwards. For the

sake of simplicity we are neglecting here this branching dynamics and, consequently,

our model can only be considered as a pseudo 1-D model.

The kinetic model used here is an upgrade of the one by Parra-Rojas et al. [2013a]

with 97 chemical species and more than 900 kinetic processes (see Appendix E), which
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integrates a set of differential equations to model the chemical and thermal behaviour

of the air plasma generated by sprite streamers. The temporal evolution of the density

of each species i, is obtained through equation (2.1). The Electron Energy Distribution

Function (EEDF) is also obtained to calculate the reaction rates of the electron-impact

processes. To do this, equation (2.1) is solved self-consistently with the steady state

Boltzmann transport equation (2.2). Coulomb interactions between electrons are neg-

ligible due to their low density in the upper atmosphere.

Finally, we studied the thermal impact of sprite streamers in the surrounding atmo-

sphere by considering the balance between the processes which inject energy into the

gas and the mechanisms which extract energy from it. The processes that contribute to

increase the gas temperature obtain energy from an external power source and they can

also absorb radiated energy by the surrounding atmosphere. The corresponding powers

of each of these two mechanisms are Pext and Pabs for the external power source and for

the energy absorbed from the surrounding atmosphere, respectively. The reabsorption

power per molecule is expressed by

Pabs = kcorr
∑
j

nj
Aijhνji

4πN

gi
gj

1

exp(
hνji

kbT
bg
gas

)− 1
, (3.1)

where kcorr is a correction factor of the gas temperature (we will explain it below),

nj is the population of the lower absorbing level in each considered transition. Aij is

the Einstein spontaneous emission probability, hνji is the energy needed to excite a

molecule from a lower level j to an upper level i, N is the total gas number density,

gi and gj are the statistical weights of the upper and lower excited levels respectively,

kB is the Boltzmann constant and T bggas is the ambient gas temperature. The process

represented by Pabs stands for the radiative power absorbed by air from the surrounding

atmosphere at a constant ambient temperature T bggas. The power per molecule dissipated

by the streamer electric field is what we have called external power, Pext, that is given

by

Pext = eneve
E

N
, (3.2)

where e is the elementary charge, ne and ve are the electron density and drift velocity

respectively, and E/N is the reduced electric field. The powers deposited into the gas

(Pabs and Pext) are redistributed among different channels. The term Pelec is the power
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which goes to the translational degrees of freedom of electrons in the plasma and is

obtained through

Pelec =
3

2

kB
N

d(neTe)

dt
, (3.3)

where Te is the electron temperature. A large percentage of the deposited power goes

to the translational degree of freedom of the gas, Pgas, represented by

Pgas =
γ

γ − 1
kB
dTgas
dt

, (3.4)

where γ is the specific heat ratio of dry air (γ = 1.4) and Tgas is the gas temperature.

Another important channel in which the powers Pabs and Pext are redistributed to the

internal degrees of freedom of the gas is the chemical power, Pchem, given by

Pchem =
1

N

∑
i

Qi
dni
dt
, (3.5)

where Qi is the potential energy or the standard enthalpy of formation of species i.

We note that Pchem can be positive or negative depending of the sign of Qi or dni/dt.

In the case of negative chemical power, this released power can go to the gas heating.

Finally, the power released during spontaneous radiative emission, Prad, reads

Prad =
κ∗

N

∑
i

hνijAijni, (3.6)

where hνij is the energy released during the radiative decay from an upper level i

to a lower level j. The assumed factor κ∗ (equal to 0.5) accounts for the reabsortion

coefficient calculated through the mean free path of the CO2 IR photons [López-Puertas,

1982] in a sprite streamer of 50 m of average diameter. All these terms are included in

the power balance equation

Pabs + Pext = Pelec + Pgas + Pchem + Prad. (3.7)

The 0-dimensional simulations were performed for a pressure range equivalent to alti-

tudes between 50 km and 80 km using ZDPlasKin, a tool developed by Pancheshnyi

et al. [2008] that incorporates the BOLSIG+ solver to calculate the EEDF [Hagelaar

and Pitchford, 2005].

The simulation process basically consists of three stages. The first step is what we have

called electronic relaxation of our kinetic scheme. In this stage (based in the relaxation
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stage of Sentman et al. [2008a] and Parra-Rojas et al. [2013a]) we use a reduced electric

field E/N ∼ 0 Td during a simulation time t ∼ 106 s. With this preliminary simula-

tion we obtain a chemical equilibrium consistent with the background electron density

estimated by Hu et al. [2007]. In doing this we calculated the equilibrium concentra-

tions of the ionized and excited species considered together with consistent rates of

ionization and dissociative ionization of N2, O2 due to the flux of cosmic rays [Yelinov

et al., 2009]. The initial ambient densities of the neutral species used at each altitude

were taken from the Whole Atmosphere Community Climate Model (WACCM) [Marsh

et al., 2013] for midlatitudes and nighttime conditions.

The second step is the thermal relaxation of our system of equations and it is very

similar to the previous stage. Using the concentrations obtained through the previous

electronic relaxation stage we get, for each altitude, a parameter (kcorr in Pabs) to keep

constant the gas temperature at long times (t ∼ 3× 104). In the nighttime atmosphere

(without solar photochemistry) with no external perturbations (E=0), the gas temper-

ature tends to decrease by emitting thermal radiation (cooling). The introduction of

the kcorr factor (added ad hoc) in the expression of Pabs contributes to partially com-

pensate this effect, and allow us to obtain a more accurate thermal impact of sprites

on the surrounding atmosphere.

Finally, the third stage is the main simulation in which we calculate the thermal and

chemical impact of sprites in the mesosphere. For this we need to estimate first the

local electric field as a function of time at each of the altitudes of interest. However,

externally imposing this electric field as derived from independent microscopic simu-

lations leads to unrealistic predictions since small differences in the rates of ionization

between two models grow exponentially and often result in wildly overestimated elec-

tron densities. Following da Silva and Pasko [2014], we have found it more convenient

to impose an electric current as input, instead of the electric field. As we will see now,

this provides a certain degree of self-consistency in the sense that an overshoot in the

electron density is quickly damped by the consequent decrease in the electric field.

We have calculated the electric field associated with a sprite streamer through the

microscopic Ohm law

J = σE, (3.8)

where J is the current density, σ is the electron conductivity and E is the electric

field. The electron conductivity has a strong dependence with the electron density and
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mobility, that in turn depends on the electric field as

σ = eneµe(E/N), (3.9)

where µe is the electron mobility. We used BOLSIG+ to obtain the dependence of µeN

on the reduced electric field in an air plasma with the same composition as ours. Once

calculated, we fitted µeN to a power law (see Figure 3.1).

Figure 3.1: Dependence of µeN , where µe is the electron mobility and N is the gas

density, with the reduced electric field in dry air. The solid red line is the power fit with a

correlation coefficient of 0.9808.

µeN = a

(
E/N

1Td

)b
, (3.10)

where we found a = 6.3× 1024 m−1V −1s−1 and b = −0.35. Using equations (3.8) and

(3.9), we derived and approximate expression for the reduced electric field in a sprite
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streamer channel as

E

N
=

(
J

enea

) 1
b+1

× 1Td. (3.11)

In our simulations, the externally imposed current consists of three phases (see Figure

3.2): (a) a peak corresponding to the passage of the streamer head, (b) a constant

plateau and (c) an exponential decay with a time constant of 4 ms. For the streamer

Figure 3.2: Time evolution of the current density of a sprite streamer at 75 km of

altitude. The black, red and blue lines are for driving currents of 5 ms, 50 ms and 100

ms, respectively. Label A corresponds to the streamer head, B corresponds to the driving

current and C (black, red and blue) is associated to the post-afterglow stage.

head (a) we run microscopic streamer simulations similar to those described by Luque

et al. [2008] and Luque and Ebert [2010]. For each altitude h we run a simulation

with the electron density resulting from the electronic relaxation stage and a gaussian

ionization seed a few kilometers above h. The resulting electric current at h was later

on used as an input in the kinetic model.

In Figure 14 of the work by Stenbaek-Nielsen et al. [2013], we can see an image

of a single sprite streamer which width, at 76 km of altitude, is approximately 500
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m. According to Pancheshnyi et al. [2005], the streamer electrodynamic radius can

be a factor 2 greater than the optical radius. Thus, we have rescaled the streamer

diameter with the inverse of the density (for each altitude) establishing a reference

sprite streamer diameter of 1 km at 76 km. With this sprite streamer rescaling of its

radius, the current flowing through the streamer channel is ' 190 A and ' 1120 A at

80 km and 50 km, respectively. In this way, our current density becomes consistent

with the sprite core currents estimated by da Silva and Pasko [2014].

The currents resulting from these simulations contain first a strong peak due to

the field enhancement at the streamer head and then a re-enhancement of the field

that, as argued by Liu [2010] and Luque and Ebert [2010] corresponds to the streamer

afterglow. Microscopic simulations are limited to only a few milliseconds but Stenbaek-

Nielsen and McHarg [2008] report observations of sprite afterglows lasting up to 100

ms. It is to simulate these long-lasting afterglows that we extended the current input

with a constant plateau (b) as mentioned above. We have used current durations of 5

ms, 50 ms and 100 ms and, as we can see in Figure 3.2. They are all terminated by an

exponential decay (c) lasting 4 ms. To summarize, our model solves self-consistently

the equations (2.1), (2.2), (3.7), and (3.11) for each altitude in the mesosphere (between

50 km and 80 km) for a complete set of chemical species under the action of a single

sprite streamer.

3.3 Results and discussion

In this section, we show and discuss the effects of sprite streamers in the electric,

chemical and thermal properties of the mesosphere. Therefore, we have performed

simulations with different driving current durations (after the streamer head) since we

can have relatively high electric fields (> 50 Td) during a long time (∼ 100 ms).

3.3.1 Reduced Electric Field

We start our analysis with the reduced electric field, which drives many of the chemical

processes in our model. Figure 3.5 shows the evolution of the field at 50 km when the

driving current lasts 50 ms. There the evolution is characterized by three features: (1)

a strong peak, reaching 700 Td, produced by the passage of the streamer head and

approximately coinciding with the peak of the driving current, (2) a re-enhancement of
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the field to values close to the breakdown field 120 Td that lasts about 0.1 ms and (3)

a train of periodic oscillations starting around 6 ms that persists up to the end of the

driving current. With the exception of feature (3), which appears only at low altitudes

(< 60 km), the overall behavior of the reduced field is similar at all altitudes. This

is shown in Figures 3.3a-3.3c and 3.3d-3.3f, which extend the plots of reduced electric

field and driving current to the complete range of altitudes considered in our model

and to the three durations of the driving current used: 5 ms ((a)-(d)), 50 ms ((b)-(e))

and 100 ms ((c)-(f)).

Figure 3.3: Altitude-time evolution of the reduced electric field (top panel) and current

density (bottom panel) due to a single sprite streamer with a driving current of 5 ms

((a)-(d)), 50 ms ((b)-(e)) and 100 ms ((c)-(f)).

In Figure 3.4 we plot the dependence with altitude of the maximum values of the

reduced electric field and of the streamer current density corresponding to the streamer

head. Since the reduced electric field (E/N) is driven by the imposed current density

J , the highest value of the reduced electric field and the highest value of the streamer

current density are approximately simultaneous for any given altitude. Both peak
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values decrease with increasing altitude, so the absolute maxima are at the lowest

considered altitude, 50 km (650 Td with 6.53 Am−2).

Figure 3.4: Altitude evolution of the maximum reduced electric field (black line) and

maximum streamer current density (blue line).

The second phase of the electric field evolution is the re-enhancement to values

close to the breakdown threshold. As we will see later, this re-enhancement will play

a relevant role in activating many chemical pathways; we will refer to it as the high-

field phase of the simulation. Figure 3.3a, 3.3b and 3.3c shows that the duration of

this high-field phase depends on the altitude, scaling as 1/N , and ranges from 10−4

s at 50 km to 10−2 s at 80 km of altitude. As we mentioned above, the third stage

of the evolution of the electric field consists in a set of periodic oscillations and, as

we appreciate in Figures 3.3b and 3.3c, it is present only below 60 km and when the

driving current lasts 50 or 100 ms. This is a consequence of typical times scaling as

1/N combined with a duration of the driving current that does not depend on altitude.

The high-field phase and the oscillations appear during the driving current. There-

fore, as shown in equations (3.8)-(3.9), the evolution of the electric field is partly de-

termined by the electron concentration (the reduced electric field decreases with the
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Figure 3.5: Reduced electric field (black solid line) and current density (blue dotted line)

temporal behaviour of a single sprite streamer at 50 km of altitude with a driving current

duration of 50 ms.

electron density ne and increases with the current density). The high-field phase is

produced by a small decrease in the electron concentration, just after the streamer

head, caused by dissociative attachment of O2

P35 : e+O2 → O− +O.

This process pushes upward the electric field until it is high enough to cause significant

electron-impact ionization of O2 and N2:

P33 : e+O2 → O+
2 + e+ e,

P22 : e+N2 → N+
2 + e+ e

and associative detachment of O− by N2:

P402 : O− +N2 → N2O + e.
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The strong ionization produced by the streamer head (see times between 10−6 s and

10−4 s in Figure 3.7) screens the electric field so that after 10−4 s (at 50 km) and 10−2

s (at 80 km), it drops to around 20 Td. Consequently, the reaction constant of the

associative detachment (that depends on E/N) decreases to 2 × 10−13 cm3 s−1 (see

supplementary documentation of Luque and Gordillo-Vázquez [2012]) and electrons are

removed by

P107 : e+O+
4 → O2 +O +O.

With this decrease of the electron density (due to electron recombination with O+
4 )

the reduced electric field increases strongly during the constant driving current and

activates the dissociative attachment of O2. Thus, in summary, the strong decrease of

the reduced electric field from the pulse peak is due to the contribution of the three

processes explained previously (P33, P22 and P402). Finally, when the driving current

drops to zero, the reduced electric field vanishes.

We note that the oscillations in the electric field are, to some degree, a consequence

of the imposition in our model of a constant electric current. They would probably dis-

sapear or be modified in models with a fully self-consistent calculation of the electric

field. However, they may also indicate a physical tendency of the electric field to rise

due to the removal of electrons at time scales of some tens of milliseconds. This higher

electric field would be seen as a re-brightering of the lower portions of decayed sprite

tendrils. In Figure 3.6 we show the electric field at the lowest altitudes of our simu-

lations; there we see that the oscillations appear as upward-moving spots of increased

luminosity. We speculate that these spots may be related with the so-called crawlers,

described by Moudry [2003] as bright segments that move upward with a velocity of

104-105 m/s. As seen in Figure 3.6, we obtain a velocity of about 105 m/s at 60 km.

3.3.2 Electron density and O−

We see in Figure 3.7a, 3.7b and 3.7c the altitude and time dependence of the electron

density for the three driving current durations that we considered. In the three cases,

above 65 km, the electron concentration increases between 4 and 5 orders of magnitude

in the streamer head due to N2 and O2 electron-impact ionization:

P22 : e+N2 → N+
2 + e+ e,
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Figure 3.6: Altitude-time evolution of the reduced electric field oscillations during the

driving current (50 ms duration) and between 54 and 62 km of altitude. The black line

shows the upward movement of the possible crawlers [Moudry, 2003].

P33 : e+O2 → O+
2 + e+ e,

electron-impact ionization is the main mechanism producing electrons above breakdown

(E/N > 120 Td) scenarios. When the reduced electric field falls down to sub-breakdown

values (after the streamer head), the electron concentration grows again by a factor 6

due to the associative detachment (AD) of O− by N2:

P402 : O− +N2 → N2O + e.

The electron density remains high for a few seconds due to AD and it decreases later

to background values due to the recombination processes

P107 : e+O+
4 → O2 +O +O,

and

P108 : e+O+
4 → O2 +O2.

127



3. SPRITES

Below 65 km and at the time of the streamer head, the electron density increases

between 8 and 11 orders of magnitude due to ionization of N2 and O2. Between 10−4

s and 10−3 s after the passage of the streamer head, an increase of a factor of 6 occurs

due to associative detachment (AD) of O− by N2. In the cases of 50 ms and 100

ms driving current durations (Figures 3.7b and 3.7c), and following the oscillations of

the reduced electric fields, the electron concentration changes due to the mechanisms

P22, P33, P35, P107 and P402 commented in the previous section. After the electric

field oscillations, the electron concentration remains elevated, around 105 cm−3, up to

nearly 100 s. After about 100 s, the electron density returns to ambient values due to

three-body electron attachment:

P39 : e+O2 +O2 → O−2 +O2.

The concentration of the O− anion is closely related to the temporal evolution of the

electron density. The largest increase in the concentration of O− is produced by the

streamer head field, increasing between 14 and 5 orders of magnitude above its ambient

value at, respectively, 50 km and 80 km of altitude (see Figures 3.7d, 3.7e and 3.7f). The

main chemical mechanism responsible of this strong increase is dissociative attachment

(DA) of O2

P35 : e+O2 → O− +O.

When the reduced electric field goes below ∼ 60 Td, the O− density decreases by

associative detachment of O− by N2, producing N2O and free electrons. This drop

in the O− ion concentration is directly related to the increase of the electron density

through associative detachment. In the final stage of the simulation, when the electric

field has dropped to zero, the O− density returns to its ambient value due to AD with

CO and O2:

P415 : O− + CO → CO2 + e,

and

P403 : O− +O2 → O3 + e.

For current durations of 50 ms and 100 ms, we observe in Figures 3.7e and 3.7f that

the density of O− decreases faster than in the case of 5 ms duration (see Figure 3.7d).

This is due to the stronger influence of the AD of O−. In these cases, and at middle
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altitudes, we see a small increase during the final stage (when the reduced electric field

in negligible) due to charge transfer:

P418 : O−2 +O → O− +O2,

The O− density returns smoothly to background values by associative detachment (AD)

processes

P403 : O− +O2 → O3 + e,

P407 : O− +O3 → O2 +O2 + e,

and charge transfer

P412 : O− +O3 → O−3 +O.

At low altitudes (below 60 km) we obtain variations in the concentration of O− asso-

ciated with the oscillations of the reduced electric field described above. The density

of O− remains at values between 103-105 cm−3 up to 100 s after the passage of the

streamer head.

3.3.3 N(2D) and NO

Figures 3.8a, 3.8b and 3.8c show the density of excited atomic nitrogen N(2D). The

evolution of these species is closely related with that of the reduced electric field. Conse-

quently, when the reduced electric field reaches a maximum, the N(2D) density reaches

values of up to 107 cm−3 and 105 cm−3 at, respectively, 50 km and 80 km. The main

production process of N(2D) is direct electron-impact N2 dissociative excitation:

P25 : e+N2 → N(2D) +N + e.

These maximum values of the N(2D) density persist during the high-field phase due

to the balance between the electron-impact dissociative excitation of N2 (P25) and

quenching by O2:

P169 : N(2D) +O2 → NO +O(1D).

At the end of the high-field phase, the concentration of N(2D) decreases slightly since

P25 is less effective than quenching by O2. When the reduced electric field vanishes,

the density of N(2D) still increases up to 2 orders of magnitude due to dissociative

recombination of electrons with NO+:

P101 : e+NO+ → N(2D) +O,
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Figure 3.7: Altitude-time evolution of the electron density (upper plots) and O− density

(lower plots) due to a single sprite streamer with a driving current of 5 ms ((a)-(d)), 50 ms

((b)-(e)) and 100 ms ((c)-(f)).

once this process (P101) stops, the density of N(2D) slowly returns to its background

value due to quenching by O2 (P169) at later times. Between 65-50 km and in the cases

of 50 ms and 100 ms of current durations (see Figures 3.8b and 3.8c respectively), the

density of N(2D) grows more than 7 orders of magnitude above its background value

due to the action of the reduced electric field oscillations.

The altitude and time dependence of the ground state NO density is shown in Figures

3.8d, 3.8e and 3.8f. Note that, above 74 km, the impact of a sprite streamer in the

NO concentration is almost negligible (factor 3). Below this altitude the density of NO

increases up to 8 orders of magnitude during the passage of the streamer head. The
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main mechanisms responsible for this strong variation are

P169 : N(2D) +O2 → NO +O(1D)

and

P168 : N(2D) +O2 → NO +O.

When the driving current lasts 5 ms the density of NO remains unchanged during the

complete simulation due to the balance between the gain and loss reactions

P270 : O +NO2 → NO +O2,

P389 : O+
2 +NO → NO+ +O2.

In the rest of the considered cases, we see a secondary increase of up to 109 cm−3 in the

concentration of NO. The oscillations of the reduced electric field underlie this strong

NO enhancement since they induce the production of N(2D) which, after quenching

(P168 and P169), generates NO. These results disagree with Gordillo-Vázquez [2008],

which shows an increase of one order of magnitude at 68 km of NO concentration,

mainly because we employ a stronger and more realistic streamer electric field and

different initial conditions. In the same way, Sentman et al. [2008b] estimated a growth

of 75 % in NO density at 70 km, where we predict an increase of more than one order

of magnitude for the 50 ms intermediate case.

3.3.4 N+
2 (A2Πu) and N+

2 (B2Σ+
u )

Figures 3.9a, 3.9b and 3.9c show the altitude and time dependence of the density of the

N+
2 (A2Πu) ion, responsible for the Meinel band emission, in the red and near infrared

spectral regions. Its behavior is similar to that of the reduced electric field shown

in Figures 3.3a, 3.3b and 3.3c. Due to the streamer head field, the concentration of

N+
2 (A2Πu) increases up to 105 cm−3 and 101 cm−3 at, respectively, 50 km and 80 km

of altitude due to direct electron-impact ionization of N2:

P24 : e+N2 → N+
2 (A2Πu) + e+ e.

N+
2 (A2Πu) remains constant during the high-field phase due to the chemical balance

between P24 and the collisional deexcitation process

P248 : N+
2 (A2Πu) +N2 → N+

2 +N2.
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Figure 3.8: Altitude-time evolution of the N(2D) density (upper plots) and NO density

(lower plots) due to a single sprite streamer with a driving current of 5 ms ((a)-(d)), 50 ms

((b)-(e)) and 100 ms ((c)-(f)).

Below 65 km, and in the cases of 50 ms and 100 ms of current duration (see Figures

3.9b and 3.9c), the concentration of N+
2 (A2Πu) reaches values close to 103 cm−3 due

to the reduced electric field oscillations. The evolution of the electronically excited

N+
2 (B2Σ+

u ) ion is similar to that of the previously discussed species (see Figures 3.9d,

3.9e and 3.9f). At 50 km the concentration of N+
2 (B2Σ+

u ) reaches values close to 104

cm−3 and, at 80 km, it reaches just 10−3 cm−3. At low altitudes this behavior is due

to direct electron-impact ionization of N2:

P23 : e+N2 → N+
2 (B2Σ+

u ) + e+ e,

which is activated by a very high reduced electric field in the streamer head (see Figure

3.4). After the high-field phase, the N+
2 (B2Σ+

u ) density returns to ambient values by

spontaneous radiative decay:

P722 : N+
2 (B2Σ+

u )→ N+
2 + hν.
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Figure 3.9: Altitude-time evolution of the N+
2 (A2Πu) density (upper plots) and

N+
2 (B2Σ+

u ) density (lower plots) due to a single sprite streamer with a driving current

of 5 ms ((a)-(d)), 50 ms ((b)-(e)) and 100 ms ((c)-(f)).

3.3.5 NO2 and NO3

The temporal evolution of the density of NO2 at different altitudes for the three different

driving current durations investigated is shown in Figures 3.10a, 3.10b and 3.10c. The

impact of the streamer head and the high-field phase between 58 km and 80 km is

negligible due to the balance of

P408 : O− +NO → NO2 + e,

P268 : O +NO3 → NO2 +O2,

and

P270 : O +NO2 → O2 +NO.
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At low altitudes (< 59 km), we also see a constant NO2 density due to the previous

processes (P408 and P270), except P268, and

P424 : O−2 +N → NO2 + e.

However, 0.1 s after the streamer head, the concentration of NO2 decreases up to 1 order

of magnitude because the detachment of O−2 by N (P424) is less effective. Finally, at

longer times (> 10 s), the density of NO2 increases above its background value (up to

one order of magnitude) due to an enhanced ozone concentration at these times and

the process

P275 : O3 +NO → NO2 +O2.

This NO2 increase is proportional to the duration of the driving current. Arnone

et al. [2008] show a possible enhancement of 10% in the concentration of NO2 above

thunderstorms through MIPAS/GMTR measurements at 52 km with a tendency to

increase with height. This value is significantly below our estimate because we use

a limited ozone kinetics. In this regard, we might be overestimating the production

of O3 by sprites since we did not consider H2O, H or OH species and, consequently,

did not evaluate the loss of O3 in reactions with H atoms, that could be significant

during nighttime conditions. This could be the reason why we don’t get a significat

variation in NOx (= N + NO + NO2) concentration in the extreme case of 100 ms of

driving current at 70 km in contrast to measurements obtained by Enell et al. [2008]

through ISUAL (FORMOSAT-2) that show a local enhancement of up to 5 times from

the minimum value (in extraordinary cases).

The behavior of the NO3 concentration (see Figures 3.10d, 3.10e and 3.10f) is very

similar to the previous case of NO2. The NO3 density is not affected by the streamer

passage due to the balance between

P341 : NO−3 +O+
2 → NO3 +O +O,

and

P268 : O +NO3 → NO2 +O2.

For the case of the 5 ms driving current and below 60 km starting approximately 10 s

after the streamer head, we have small increases (up to a factor 4) due to the process

P341. For the driving currents of 50 ms and 100 ms duration, and similar to the
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NO2 case, the density of NO3 decreases between 59 km and 62 km almost 2 orders of

magnitude 1 s after the streamer head due to the process P268. The concentration of

NO3 reverts to background values due to the increase of ozone and NO2 densities for

long times, which activates the process

P265 : NO2 +O3 → NO3 +O2.

Figure 3.10: Altitude-time evolution of the NO2 density (upper plots) and NO3 density

(lower plots) due to a single sprite streamer with a driving current of 5 ms ((a)-(d)), 50 ms

((b)-(e)) and 100 ms ((c)-(f)).

Due to the altitude at which sprites occur, we only have experimental data of their

optical emissions that are proportional to the concentration of the excited emitting

species. We can compare our results with previous models, i.e. [Sentman et al., 2008b]

and [Gordillo-Vázquez, 2008]. In the case of the nitrogen oxides we obtain different

results and behaviors. This is mainly due to the use of different initial conditions

and different reduced electric field characteristics. However, as in previous models, we
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obtain a higher impact in these species (NOx) at low altitudes although our values are

somewhat higher than in those models.

3.3.6 Metastable excitations of atomic oxygen

The altitude and time-dependence of the most important metastable excited species

densities of atomic oxygen, i.e. O(1D) and O(1S), are shown in Figure 3.11. The

concentration of the excited atomic oxygen O(1D), which has a lifetime of 110 s, is

shown in Figure 3.11a, 3.11b and 3.11c. At high altitudes the behavior of the density

of O(1D) is very similar in the three cases studied: the density of O(1D) increases

strongly in the streamer head and remains elevated during the high-field phase. The

O(1D) density reaches values between 108 cm−3 at 50 km of altitude and 104 cm−3 at

80 km of altitude. These increases are due to electron-impact dissociative excitation,

P37 : e+O2 → O(1D) +O + e.

After the high-field phase, the O(1D) density returns slowly to its background value

through the quenching reactions

P207 : O(1D) +N2 → O +N2,

and

P208 : O(1D) +N2 → N2(v1) +O.

For the cases of 50 ms and 100 ms current duration and at altitudes below 65 km (see

Figures 3.11b and 3.11c), there are fast variations in the O(1D) density between 10−3

s and 10−1 s associated with the reduced electric field oscillations acting during the

afterglow. The reduced electric field oscillations increase the O(1D) concentration up

to 108 cm−3 due to the direct electron-impact dissociative excitation process P37.

Similarly to O(1D), the O(1S) density, with a lifetime of 0.7 s, also increases strongly

in the streamer head reaching about 107 cm−3 and 103 cm−3 at 50 km and 80 km of

altitude, respectively (see Figures 3.11d, 3.11e and 3.11f). The main processes respon-

sible of these increases are the direct electron-impact dissociative excitation during

the passage of the streamer head and the quenching of N2(C3Πu) by O2 during the

afterglow

P38 : e+O2 → O(1S) +O + e,
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P188 : N2(C3Πu) +O2 → O(1S) +N2 +O.

Above 75 km, the concentration of O(1S) maintains these values until 1 s due to process

P188. Later, O(1S) slowly returns to its background density by collisional deexcitation

with molecular oxygen:

P224 : O(1S) +O2 → O +O2.

For the cases of 50 ms and 100 ms driving current (see Figures 3.11e and 3.11f respec-

tively) we see a number of variations in the O(1S) density between 10−3 s and 10−1 s

due to direct electron-impact dissociative excitation of O2 (P38).

Figure 3.11: Altitude-time evolution of the O(1D) density (upper plots) and O(1S) density

(lower plots) due to a single sprite streamer with a driving current of 5 ms ((a)-(d)), 50 ms

((b)-(e)) and 100 ms ((c)-(f)).

Recent measurements made by UARS (Upper Atmosphere Research Satellite) [Lee

and Shepherd, 2010] indicate sudden and significant 557.7 nm optical outbursts from

O(1S) between 73 km and 87 km in coincidence with lightning flashes (or some sec-

onds after lightning) that could have produced sprites in the upper atmosphere. The
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transient enhancement of the O(1S) concentration (and subsequent sudden optical out-

bursts) can be produced by electron impact dissociative excitation (e + O2 → O +

O(1S) + e) due to the abundant presence of energetic free electrons released by sprite

streamer ionization events.

3.3.7 Atomic oxygen and ozone

The behavior of the ground-state atomic oxygen concentration (see Figures 3.12a, 3.12b

and 3.12c) is very similar to the evolution of the NO density (see Figures 3.8d, 3.8e

and 3.8f). At the moment of the passage of the streamer head, the concentration of O

increases between 10 orders of magnitude at 50 km of altitude and 1 order of magnitude

at 80 km. This is produced by the direct electron-impact dissociative excitation process

(P37) of molecular oxygen. For longer times, the O density remains high due to the

balance between quenching and dissociation:

P37 : e+O2 → O(1D) +O + e,

P195 : N2(A3Σ+
u ) +O2 → N2 +O +O,

P80 : e+O3 → O2 +O + e,

and

P281 : O +O2 +N2 → O3 +N2.

On the other hand, below 60 km the processes producing and removing ground state

atomic oxygen are:

P193 : N2(B3Πg) +O2 → N2 +O +O,

P195 : N2(A3Σ+
u ) +O2 → N2 +O +O,

P178 : N2(a1Πg) +O2 → N2 +O +O,

P80 : e+O3 → O2 +O + e,

and

P281 : O +O2 +N2 → O3 +N2,

which decrease the density of O starting 10 s after the streamer head. For the cases

of 50 ms and 100 ms driving current (see Figures 3.12b and 3.12c respectively), low

altitudes and 10−2 s after the streamer head, the density of O increases up to 1 order
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of magnitude by quenching of N2(B3Πg) by O2 (P193) following the oscillations in the

reduced electric field.

Looking now at ozone, Figures 3.12d, 3.12e and 3.12f, show that the O3 density barely

changes between 55 km and 80 km of altitude due to the balance between

P281 : O +O2 +N2 → O3 +N2,

and

P80 : e+O3 → O2 +O + e.

Below 56 km, there is an increase of O3 by more than 1 order of magnitude for the

case of 100 ms driving current (see Figure 3.12f) due to efficient three-body recombi-

nation of atomic oxygen (P281) at lower altitudes. This increase occurs 1 s after the

streamer head because the electron density is too low and therefore the electron-impact

dissociation of O3 (P80) is not as effective as the three-body recombination of O (P281).

3.3.8 Molecular oxygen metastables

We have also studied the metastables O2(a1∆g), with a lifetime of about 45 minutes,

and O2(b1Σ+
g ), with a lifetime of 12 s (see Figure 3.13). Regarding the first one, the

O2(a1∆g) density shows a strong increase coinciding with the streamer head and reaches

values close to 109 cm−3 and 106 cm−3 at, respectively, 50 km and 80 km of altitude

(see Figure 3.13a, 3.13b and 3.13c). The main mechanism controlling the variation of

O2(a1∆g) is direct electron-impact excitation

P31 : e+O2 → O2(a1∆g) + e.

After the production of O2(a1∆g) by P31, its high concentration remains constant due

to the balance between

P241 : O2(b1Σ+
g ) +N2 → O2(a1∆g) +N2

and

P727 : O2(a1∆g)→ O2 + hν,

P236 : O2(a1∆g) +O2 → O2 +O2.

Below 55 km, there is a secondary increase of O2(a1∆g) up to 1012 cm−3 (in the 100 ms

case) due to the electron production by the oscillations of the electric field. Electrons
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Figure 3.12: Altitude-time evolution of the O density (upper plots) and O3 density

(lower plots) due to a single sprite streamer with a driving current of 5 ms ((a)-(d)), 50 ms

((b)-(e)) and 100 ms ((c)-(f)).

accelerated by a high E/N produce O2(a1∆g) by direct electron-impact excitation of

O2 (P31). After about 102 s, the density of O2(a1∆g) returns to its ambient value due

to collisional deexcitation with NO:

P240 : O2(a1∆g) +NO → NO +O2.

The behavior of the mestastable O2(b1Σ+
g ) is similar to that of O2(a1∆g). Figures

3.13d, 3.13e and 3.13f show values, inmediately after the streamer head, of between 108

cm−3 and 106 cm−3 at 50 km and 80 km of altitude, respectively. As for O2(a1∆g),

the main mechanism producing O2(b1Σ+
g ) is direct electron-impact excitation of O2,

P32 : e+O2 → O2(b1Σ+
g ) + e.
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Above 60 km, the concentration of O2(b1Σ+
g ) remains constant up to 1 s after it is

produced. This is due to the balance between the processes

P209 : O(1D) +O2 → O2(b1Σ+
g ) +O,

P206 : N2(A3Σ+
u ) +O2 → O2(b1Σ+

g ) +N2,

and the reaction

P241 : O2(b1Σ+
g ) +N2 → O2(a1∆g) +N2.

The removal of O2(b1Σ+
g ) is explained by the decay of the electron density and the

subsequent decrease of the density of O(1D) and N2(A3Σ+
u ). For this reason, the

quenching of O2(b1Σ+
g ) by N2 becomes more effective. Below 60 km, we see another

increase of O2(b1Σ+
g ) up to 1011 cm−3 for the cases of 50 ms and 100 ms driving current

(see Figures 3.13e and 3.13f) due to the quenching of O(1D) by O2 (P236).

Figure 3.13: Altitude-time evolution of the O2(a1∆g) density (upper plots) and O2(b1Σ+
g )

density (lower plots) due to a single sprite streamer with a driving current of 5 ms ((a)-(d)),

50 ms ((b)-(e)) and 100 ms ((c)-(f)).
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3.3.9 Atomic nitrogen

The evolution of the density of ground-state nitrogen atoms is shown in Figure 3.14.

We can see how the N concentration increases by 7 orders of magnitude (up to 108

cm−3) at 50 km at the moment of the streamer head and 2 orders of magnitude (up to

105 cm−3) at 80 km. There is a further increase of 1 order of magnitude in the atomic

nitrogen concentration during the high-field phase (between 10−5-10−4 s). The under-

lying mechanism of this later enhancement of N is direct electron-impact dissociative

excitation of N2:

P25 : e+N2 → N(2D) +N + e.

The density of N atoms remains high up to 10 s (at 50 km) due to the balance between

P171 : N(2D) +N2 → N +N2,

P180 : N2(a1Πg) +NO → N2 +N +O,

P330 : O−2 +NO+ → O2 +N +O,

P100 : e+NO+ → N +O,

and

P252 : N +O2 → NO +O.

Above 67 km, a high concentration of N persists for more than 1000 s due to the balance

between the processes P171, P100 and the process P252. For the cases of 50 ms and

100 ms driving current durations (see Figures 3.14b and 3.14c, respectively) and below

about 62 km, the density of ground-state N increases up to a factor 5 driven by the

oscillations of the reduced electric field. The cause of this secondary increase is direct

electron-impact dissociative excitation of N2 (P25).

3.3.10 N2O

The altitude and time dependence of the density of N2O (a greenhouse gas) is shown

in Figure 3.15. We see that after the streamer head, the N2O density increases up to

1 order of magnitude due to associative detachment (AD) of O− by N2:

P402 : O− +N2 → N2O + e.
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Figure 3.14: Altitude-time evolution of the atomic nitrogen density (N) due to a single

sprite streamer with 5 ms (a), 50 ms (b) and 100 ms (c) driving current.

As we have previously discussed, this process (P402) strongly depends on the reduced

electric field. The N2O density remains at these enhanced values during all the simu-

lation due to the AD process together with

P254 : N +NO2 → N2O +O,

and

P83 : e+N2O → N2 +O + e,

P409 : O− +N2O → NO− +NO.

In a similar way but at altitudes above 75 km, the concentration of N2O increases by

factor 6 due to AD and it remains high due to the balance between AD, P254, P409

and

P200 : N2(A3Σ+
u ) +N2O → NO +N2 +N.
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We also see in Figures 3.15b and 3.15c (50 ms and 100 ms driving current, respectively)

that the N2O density grows one additional order of magnitude due to the influence of

the reduced electric field oscillations on the AD process of O− by N2 at low altitudes

(below 62 km in the case of 100 ms driving current).

Figure 3.15: Altitude-time evolution of the N2O density due to a single sprite streamer

with 5 ms (a), 50 ms (b) and 100 ms (c) driving current.

3.3.11 N2O
+
2

The concentration of N2O+
2 ions at the moment of the streamer head passage exhibits

a sharp increase of 8 orders of magnitude at low altitudes (see Figure 3.16). The N2O+
2

density also shows a smooth increase of one additional order of magnitude following

the high-field phase. Both increases of the concentration of N2O+
2 are produced by

three-body associative recombination

P391 : O+
2 +N2 +N2 → N2O

+
2 +N2.
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Afterwards, it decays toward its ambient value due to dissociative recombination:

P401 : N2O
+
2 +O2 → O+

4 +N2,

P400 : N2O
+
2 +N2 → O+

2 +N2 +N2.

Above 75 km, the concentration of N2O+
2 increases up to 4 orders of magnitude by

three-body associative recombination (P391) but then slowly returns to its initial am-

bient value due to dissociative recombination (P401). For the cases of 50 ms and 100

ms driving currents (see Figures 3.16b and 3.16c respectively) and below 60 km, the

concentration of N2O+
2 barely changes during the oscillations of the reduced electric

field.

Figure 3.16: Altitude-time evolution of the N2O+
2 ion density due to a single sprite

streamer with 5 ms (a), 50 ms (b) and 100 ms (c) driving current.

3.3.12 N2(A
3Σ+

u )

The time evolution of the metastable N2(A3Σ+
u ) density is shown in Figure 3.17. The

behavior of the N2(A3Σ+
u ) concentration is very similar to that of the reduced electric
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field (see Figures 3.3a, 3.3b and 3.3c). Below 60 km, it increases sharply to 108 cm−3 at

the moment of the passage of the streamer head due to direct electron-impact excitation

P11 : e+N2 → N2(A3Σ+
u ) + e.

Later, the enhanced N2(A3Σ+
u ) density persists due to the spontaneous decay of N2(B3Πg)

P709 : N2(B3Πg)→ N2(A3Σ+
u ) + hν.

The density of N2(A3Σ+
u ) finally returns to its ambient values due to quenching with

O2 when the reduced electric field vanishes:

P195 : N2(A3Σ+
u ) +O2 → N2 +O +O.

Above 75 km, the density of N2(A3Σ+
u ) increases smoothly to about 106 cm−3 due to

the spontaneous radiative decay of N2(B3Πg) to N2(A3Σ+
u ). For the cases of 50 ms and

100 ms durations of the current (see Figures 3.17b and 3.17c respectively) we see fast

variations in the N2(A3Σ+
u ) density associated to the reduced electric field oscillations.

These fast variations are caused by

P192 : N2(B3Πg) +N2 → N2(A3Σ+
u ) +N2,

P709 : N2(B3Πg)→ N2(A3Σ+
u ) + hν,

P11 : e+N2 → N2(A3Σ+
u ) + e,

and

P195 : N2(A3Σ+
u ) +O2 → N2 +O +O.

3.3.13 Optical emission brightness

In this section we will show and discuss the results of the optical emission brightness

of the first and second positive band systems of N2 as well as the near infrared (NIR)

emission brightness of the Meinel band of N+
2 and those of the 4.26 µm and 14.9 µm IR

bands of CO2 under the action of a single sprite streamer. As in the previous section, we

have used three different driving current durations (5 ms, 50 ms and 100 ms) to study

the possible detection scenarios at different altitudes using suitable instrumentation.

The emission brightness measured in Rayleighs (1 R = 106 photons cm−2 s−1, [Hunten
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Figure 3.17: Altitude-time evolution of the metastable N2(A3Σ+
u ) due to a single sprite

streamer with 5 ms (a), 50 ms (b) and 100 ms (c) driving current.

et al., 1956]) is calculated through the expression (2.12). In our case, the magnitude l

is the diameter of a sprite streamer which we have rescaled with air density using the

observations by [Stenbaek-Nielsen et al., 2013] where a diameter of 500 m at 76 km, is

taken as a reference

In Figures 3.18a, 3.18b and 3.18c we can see the time evolution of the N2(B3Πg) density,

which radiative decay to N2(A3Σ+
u ) is responsible of the first positive band system

(1PN2) of N2. The emission brightness (EB) of the 1PN2 is shown in Figures 3.18d,

3.18e and 3.18f. The EB of the 1PN2 exceeds the value of 1 MR in almost all altitudes

considered. This high brightness is produced by the strong N2(B3Πg) excitation in

the streamer head and during the afterglow by, respectively, direct electron-impact

excitation

P15 : e+N2 → N2(B3Πg) + e
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and radiative cascading from N2(C3Πu)

P710 : N2(C3Πu)→ N2(B3Πg) + hν.

The main deexcitation mechanism of N2(B3Πg) is, at high altitudes, quenching by O2

P193 : N2(B3Πg) +O2 → N2 +O +O,

and, at low altitudes, the radiative decay responsible of the 1PN2 emission

P709 : N2(B3Πg)→ N2(A3Σ+
u ) + hν,

At very low altitudes (between 55 km and 50 km), the brightness of the reddish emission

of 1PN2 can exceed 10 GR. The variations in the emission brightness (and therefore in

the density of N2(B3Πg)) are associated to the reduced electric field oscillations.

Figure 3.18: Altitude-time evolution of the N2(B3Πg) density (upper plots) and the

first positive band system (1PN2) emission brightness (lower plots) due to a single sprite

streamer with a driving current of 5 ms ((a)-(d)), 50 ms ((b)-(e)) and 100 ms ((c)-(f)).
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The behavior of the 2PN2 emission brightness (see Figure 3.19) is very similar to

that of 1PN1. In this case, the EB also exceeds 1 MR at almost all altitudes for the

three cases considered due to the strong increase of the N2(C3Πu) density by direct

electron-impact excitation

P17 : e+N2 → N2(C3Πu) + e

and its subsequent radiative decay

P710 : N2(C3Πu)→ N2(B3Πg) + hν.

Similarly to the previous case, at low altitudes, the EB of the 2PN2 can exceed 10 GR

for the blue emission corresponding to 2PN2.

Figure 3.19: Altitude-time evolution of the N2(C3Πu) density (upper plots) and the

second positive band system (2PN2) emission brightness (lower plots) due to a single sprite

streamer with a driving current of 5 ms ((a)-(d)), 50 ms ((b)-(e)) and 100 ms ((c)-(f)).

In Figure 3.20a, 3.20b and 3.20c, we can see that the predicted IR (4.26 µm) emission

brightness can also exceed 1 MR below 75 km for the case of 100 ms driving current
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(reaching 100 GR at 50 km) and below 70 km for the case of 5 ms driving current

(exceeding 1 GR at 50 km ). Just before the end of the driving current, the IR (4.26

µm) emission begins to increase due to the radiative deexcitation from CO2(0001) to

the fundamental vibrational state CO2(0000).

P600 : CO2(0001)→ CO2(0000) + hν (4.26 µm).

In order to achieve this strong IR emission, a high rate of CO2(0001) production is

necessary, with direct electron-impact vibrational excitation of CO2 being the main

production mechanism of CO2(0001) during the first stages of the emission

P48 : e+ CO2 → CO2(0001) + e.

However, when the reduced electric field falls to negligible values, the production of

CO2(0001) is dominated by the vibrational-vibrational process

P572 : N2(v = 2) + CO2(0000)→ N2(v = 1) + CO2(0001).

However, for the IR emission brightness at 14.9 µm, it can reach values above 1 GR for

low altitudes (< 60 km) only for the cases of 50 ms and 100 ms driving currents (see

Figures 3.20e and 3.20f). This 14.9 µm emission is produced by the radiative decay of

the first vibrationally excited state of CO2 to the ground state

P585 : CO2(0110)→ CO2(0000) + hν (14.9 µm).

The production of CO2(0110), necessary for the 14.9 µm IR emission, is dominated by

vibrational-translational (VT) and vibrational-vibrational (VV) processes, the initial

vibrationally excited states of which have been generated by electron-impact excitation.

The sum of several VT processes explains the increase of the CO2(0110) density:

P485 : N2 + CO2(0000)→ N2 + CO2(0110),

P486 : N2 + CO2(0200)→ N2 + CO2(0110),

P487 : N2 + CO2(0220)→ N2 + CO2(0110),

together with the VV processes

P545 : CO2(0000) + CO2(0310)→ CO2(0200) + CO2(0110),
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and

P546 : CO2(0000) + CO2(0310)→ CO2(0220) + CO2(0110).

The main loss mechanisms of CO2(0110) are radiative decay (P579) and quenching of

CO2(0110) by N2

P485 : N2 + CO2(0110)→ N2 + CO2(0000).

Considering now that the atmosphere, from the mesosphere to space, behaves as opti-

cally thin we believe that the IR emissions associated to sprites could be detected with

suitable space instrumentation pointing to the limb as in the case of LBH emissions cal-

culated by Gordillo-Vázquez et al. [2011, 2012] and recorded by ISUAL [Mende et al.,

2004].

A successful detection, however, would require enough sensibility and time resolu-

tion to distinguish between the transient emissions from a sprite and the atmospheric

background. Evaluating this possibility falls outside the scope of the present thesis.

Finally, we show in Figure 3.21 the Meinel emission brightness due to a single sprite

srtreamer for different driving current durations. Our model predicts, for the three cases

studied (5 ms, 50 ms and 100 ms), that the Meinel emission brightness doesn’t reach 1

MR or barely reaches it at 50 km of altitude. Our predicted Meinel emission brightness

grows with decreasing altitudes. Therefore, we speculate that the brightness due to

Meinel emissions could reach and exceed 1 MR at tendrils altitudes and, consequently,

the chances to detect it from ground or space platforms are small or none.

Figure 3.22 shows the altitude dependence of the emission brightness as would be

recorded by a camera of 33 fps (standard video rate) due to a single sprite streamer

with 50 ms driving current. We see in Figure 3.22 that the emission brightness of all the

bands studied with our model are above 1 MR (except for the Meinel band) the highest

altitude range (70-80 km). It is also interesting to note that the CO2 IR emission

brightness (4.26 µm and 14.9 µm) could even exceed values of 1 GR. Therefore, the

possibility of detecting of sprite infrared emissions from the space depends basically

on the characteristics of the instrumentation. Even so, if we consider an optically thin

atmosphere above 50 km, the infrared absoption is negligible. The emission brightness

of the 4.26 µm band with respect the atmospheric background could be estimated

through the ratio between the population of the CO2(0001) after the streamer passage

and the background population of the CO2(0001). In this instance, the post streamer
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Figure 3.20: Altitude-time evolution of the 4.26 µm (upper plots) and 14.9 µm (lower

plots) infrared emission brightness of CO2 due to a single sprite streamer with a driving

current of 5 ms ((a)-(d)), 50 ms ((b)-(e)) and 100 ms ((c)-(f)).

infrared emission brightness of the 4.26 µm band is more than two orders of magnitude

higher than the IR emission of the atmospheric background at 50 km and one order of

magnitude higher at 65 km (Figure 3.20).

In the same way, for the case of a camera recording at 1000 fps (see Figure 3.23)

the emission brightness of all bands can exceed, according to our model, 1 MR in the

70-80 km altitude range. However, the brightest band in this case is that of 1PN2,

reaching values close to 10 GR at 70 km for the 1000 fps camera. As stated before, we

need to be careful about our model results below 70 km since at these altitudes sprite

streamers tend to branch and our model does not follow streamer branching dynamics.

As in the case of the nitrogen oxides, our emission brightness results disagree with

previous models. We obtain higher values for the optical emission brightness than

those reported by Sentman et al. [2008b] and Gordillo-Vázquez [2008]. However, at

altitudes between 68 km and 63 km, our calculations are in good agreement with the
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Figure 3.21: Altitude-time evolution of the Meinel (N+
2 (A2Πu) → N+

2 (X2Σ+
g )) emission

brightness due to a single sprite streamer with 5 ms (a), 50 ms (b) and 100 ms (c) driving

current.

results by Gordillo-Vázquez [2008] for the N2 second positive system band emission,

which predict EB between 100 MR (68 km) and 10 GR (63 km). Finally, at 75 km, our

model predicts sprite optical emissions between 10 MR and 1 GR for the first positive

band system of N2. These results also agree, in the upper limit, with the observations

reported by Stenbaek-Nielsen et al. [2007].
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Figure 3.22: Altitude dependence of the emission brightness due to a single sprite

streamer with 50 ms driving current as would be measured by a 33 fps camera. The

red, blue and purple lines correspond, respectively, to the first and second positive band

systems of N2 and to the Meinel band of N+
2 . The black and green lines correspond to the

4.26 µm IR and 14.9 µm IR bands of CO2.
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Figure 3.23: Altitude dependence of the emission brightness due to a single sprite

streamer with 50 ms driving current as would be measured by a 1000 fps camera. The

red, blue and purple lines correspond, respectively, to the first and second positive band

systems of N2 and to the Meinel band of N+
2 . The black line corresponds to the 4.26 µm

IR band of CO2. We have not included the integrated emission brightness of the 14.9 µm

IR band because our model has not enough temporal resolution at these timescales.
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3.3.14 Energy balance

Finally, we discuss in this section the result shown in Figure 3.24a, 3.24b and 3.24c

in connection with the thermal impact of sprite streamers with 5 ms, 50 ms and 100

ms driving current in the Earth mesosphere. The most important increase in the gas

temperature occurs at lower altitudes, between 60 km and 50 km, and it is proportional

to the duration of the driving current. At higher altitudes the variation of the gas

temperature is negligible compared to that produced at lower layers.

Figure 3.24: Altitude-time evolution of the gas temperature variation due to a single

sprite streamer with (a) 5 ms, (b) 50 ms and (c) 100 ms of driving current.

We can see in Figure 3.25 the altitude-dependence of the maximum variation of

the gas temperature under the action of a sprite streamer. As previously discussed,

the maximum gas temperature is reached at 50 km and it is strongly related to the

duration of the driving current so that the temperature variation is greater for longer

driving currents. The gas temperature maxima are 2.26 K, 14.9 K and 29.2 K with 5

ms, 50 ms and 100 ms driving currents, respectively.

156



3.3 Results and discussion

Figure 3.25: Altitude evolution of the maximum value of the gas temperature. The solid

black, red and blue lines are for driving currents of, respectively, 5 ms, 50 ms and 100 ms.

The chemical mechanisms responsible for the gas heating are the same in the three

cases studied and, consequently, we will only describe in detail the results for the

intermediate case (50 ms of afterglow) at 50 km of altitude. In Figure 3.26 we show,

for this case, the temporal evolution of the gas heating (blue line) and the reduced

electric field (black line). We can see two different behaviors in the temporal evolution

of the gas temperature related to the evolution of the reduced electric field. The first

one is called “afterglow stage” and corresponds to the driving current while the second

one is called “post-afterglow stage” and it is related to the regime of vanishing reduced

electric field between 54 ms and 33.6 s.

Figure 3.27 shows the evolution of the energy contained in the gas under the action

of a sprite streamer at 50 km of altitude. We can compare Figure 3.26 with Figure 3.27

for a better understanding of the energetic channels responsible for the gas heating.

The red area in Figure 3.27 shows the total energy density imposed on the gas (Pext

+ Pabs), the green area is the energy density of the chemical channel (Pchem) and the
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Figure 3.26: Temporal evolution of the gas temperature (blue line) and the reduced

electric field (black line) at 50 km of altitude for the 50 ms driving current.

yellow area is the energy density corresponding with the radiative channel (Prad). The

electron energy channel Pelec is negligible. In the afterglow stage (up to 54 ms) the

reduced electric field is the main mechanism injecting energy in the system, with a

large fraction of this electric field energy being absorbed through the chemical channel.

The difference between the energy density injected by the electric field and the energy

density absorbed by the chemical processes is the net gas heating of the afterglow stage.

When the reduced electric field goes to zero (post-afterglow stage), the energy densities

of the chemical and radiative channels decrease and the gas temperature increases again

(see post-afterglow stage in Figure 3.26).

From the thermal point of view, we can see in Figure 3.28 the time-integrated con-

tribution of each channel to gas heating in the afterglow (red bars) and post-afterglow

(yellow bars) stages. We represent in Figure 3.28 the gas temperature variations pro-

duced by absortion/emission of external, chemical and radiative power. We note that,

in the afterglow stage (up to 54 ms), the reduced electric field, through Pext, produces

an increase in the gas temperature of more than 20 K. However 15 K of those 20 K
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Figure 3.27: Time-dependent distribution of the energy density dissipated by a single

sprite streamer with 50 ms driving current at an altitude of 50 km.

are deposited into the internal degrees of freedom of the gas, i.e. Pchem (note that a

negative sign of the temperature contribution in Figure 3.28 corresponds to the tem-

perature absorbed by the gas in non-thermal processes). The temperature losses due

to radiative decay are negligible (0.04 K) during the afterglow. Therefore, the total

(net) temperature increases in the afterglow stage is approximately of 4.5 K.

The energy loss fraction of electrons by electron-impact collisions in the afterglow

stage is shown in Figure 3.29. Out of the 15.8 K deposited by the sprite streamer

in Pchem, 92.7 % goes to vibrational excitation of molecular nitrogen N2(v), 2.63 % to

rotational excitation of molecular nitrogen N2(rot) and 1.96 % to vibrational excitation

of molecular oxygen O2(v). These results are consistent with what we see in Figure

3.30, where we show the different energy loss fractions as a function of E/N for direct

electron-impact processes. The reduced electric field reached by the streamer head is

approximately 650 Td (at 50 km of altitude) but for a very short time (of about several
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Figure 3.28: Time-integrated contribution to gas temperature of each energetic channel

in the afterglow stage (red bars) and in the post-afterglow stage (green bars) after the

streamer head at 50 km of altitude and for the 50 ms driving current. Note that a negative

sign of the temperature contribution corresponds to the temperature absorbed by the gas

in non-thermal processes.

micro seconds). However, the mean reduced electric field of all the sprite streamers E/N

profile is below breakdown values and, consequently, direct electron-impact vibrational

excitation of N2 is the main kinetic mechanism where the Pchem energy is stored.

Once the reduced electric field has dropped to negligible values, the Pext channel

only provides 0.2 K to the gas (see Figure 3.28, green bars) in the post-afterglow stage.

However, the external energy, mainly stored in the vibrational states of molecular

nitrogen N2(v), is now transferred by vibrational-vibrational processes to CO2(v1 vl2

v3). The vibrational quenching of CO2(v1 vl2 v3) by N2 and the radiative decay of

vibrational excited CO2 levels are the responsibles of the ∼ 11 K gas temperature

increase during the post-afterglow stage. The main processes underlying gas heating

in the post-afterglow stage are shown in Figure 3.31.
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Figure 3.29: Electron energy loss fractions through electron-impact collision processes

producing species above 50 km of altitude for a 50 ms driving current during the afterglow

stage. Note that in O2(v) and N2(v) we have taken into accont all the vibrational levels

considered.
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Figure 3.30: Fractions of electron energy partitioned into the excitation, ionization and

dissociation of molecules. These values are calculated at 50 km of altitude for a 50 ms

driving current considering the afterglow and post-afterglow stages. Note that in O2(v)

and N2(v) we have taken into accont all the vibrational levels considered.
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Figure 3.31: Time-integrated contribution of different kinetic processes to gas heating up

to 33.6 s at 50 km of altitude for a 50 ms driving current during the post-afterglow stage.
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Electrical discharges on Saturn

“Forth! Down fear of darkness! Arise, arise, Riders of Théoden! Fell deeds

awake: fire and slaughter! spear shall be shaken, shield be splintered, a sword-

day, a red day, ere the sun rises! Ride now, ride now! Ride! Ride for ruin

and the world’s ending!!”

– King Théoden son of Thengel, The Lord of the Rings

4.1 State of the art

Atmospheric electrical activity is not confined to the Earth. Lightning flashes have been

observed directly in some planets of the Solar System and detected in an indirect way

in others [Yair, 2012]. The only terrestrial planet with signs of thunderstorm activity is

Venus. From the 80’s, all the spacecrafts that have approached to Venus have searched

for evidences of electrical activity with controversial results. The soviet lander Venera

12 in its descent through the venusian atmosphere detected the first indirect evidence

of lightning discharges in clouds on Venus [Ksanfomaliti, 1980]. This discovery was

based in set of quasi-periodic VLF pulses recorded on the planetary surface (see Figure

4.1).

Ten years later, in 1990 the NASA, spacecraft Galileo carried out a flyby over

Venus in its journey to Jupiter. Galileo detected, with its plasma wave instrument,

nine events of impulsive radio signals in the range of LF band [Gurnett et al., 1991]

associated to lightning activity. However, the spacecraft Cassini/Huygens (NASA-ESA-

ASI) carried out a flyby on Venus during its trip to Saturn but high-frequency radio
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Figure 4.1: The set of VLF pulses recorded by Venera 12 on the Venus surface, 30 min

after landing [Ksanfomaliti, 1980].

signals (characteristic of terrestrial lightnings) were not detected [Gurnett et al., 2001].

The Venus Express (ESA) mission reported observations of the venusian ionosphere that

revealed strong, circularly polarized, electromagnetic waves with frequencies near 100

Hz which is a typical feature of whistler signals generated by lightning discharges in the

atmosphere of Venus [Russell et al., 2007]. Anyway, if there are lightning discharges

on Venus’ atmosphere, these should occur at altitudes where the H2SO4 clouds are

formed (50 km of altitude over the surface of Venus) and, due to the high pressure

(90 times greater than the Earth’s) on its surface, the discharges should be intra-cloud

or inter-cloud. Electrical activity on Mars has also been detected by radio emissions

[Renno et al., 2003], but in this case they are due to the triboelectricity generated into

de dust devils.

Thunderstorm activity has been detected in the atmospheres of giant planets with

in-situ spacecraft and observations from the Earth. The first direct lightning images

out of the Earth were taken on Jupiter by the spacecraft Voyager 1 in 1979 (see Figure

4.2) [Smith et al., 1979, Cook et al., 1979, Magalhães and Borucki, 1991], by Voyager

2 in 1979 [Borucki and Magalhães, 1992], followed by observations by Galileo [Little

et al., 1999], Cassini [Dyudina et al., 2004] and New Horizons [Baines et al., 2007].

Lightning discharges on Jupiter are estimated to discharge channels of 20 km length

[Yair et al., 1995], located at pressures between 2 bar to 5 bar [Desch et al., 2002] and

releasing an energy of about 1012 J [Desch et al., 2002, Yair et al., 2008], three orders of
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Figure 4.2: Dark-side multiple-image view of Jupiter captured by Voyager 1 in 1979 from

a distance of 320000 km. The blue arc of the limb is an aurora in the north pole of Jupiter.

The white spot clusters are lightning flashes in jovian thunderstorms [Smith et al., 1979]

magnitude stronger than the median terrestrial lightning energy. The Voyager mission

also detected radio emissions attributed to lightning on Neptune [Gurnett et al., 1990,

Kaiser et al., 1991]. More recently, through the near-infrared camera NIRC2 coupled to

the adaptative optics system of the 10-m Keck telescope, de Pater et al. [2015] detected

the brightest storm ever seen on Uranus at 2.2 µm (see Figure 4.3).

Figure 4.3: Images of Uranus at K’ band (2.2 µm) obtained with the 10-m Keck telescope

on UT 5 and 6 August 2014 [de Pater et al., 2015]
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(a) Lightning flashes on Saturn (b) Storm on Saturn

Figure 4.4: (a) NASA’s Cassini spacecraft captured the first lightning flashes on Saturn

when it took these images on Nov. 30, 2009 [Dyudina et al., 2013]. (b) The huge storm

churning through the atmosphere on Saturn’s northern hemisphere (Dic. 10, 2009) over-

takes itself as it encircles the planet in this true-color view from NASA’s Cassini spacecraft

[Fischer et al., 2011].

The electrical activity in giant planets like Jupiter and Saturn is concentrated in

large dimension storms which exhibit huge convective system. Discharges on Saturn

have been detected by a lot of high frequency radio measurements called SED (Saturn

Electrostatic Discharges) by Voyager 1 [Warwick et al., 1981] and from Cassini [Fischer

et al., 2008] as well as through optical observations with Cassini spacecraft [Dyudina

et al., 2010, 2013, Fischer et al., 2011] (see Figure 4.5a) and whose electrical activity

can persist up to 9 months [Sayanagi et al., 2013] (see Figure 4.5b).

Lightning flashes on Saturn are very rare and they are usually located around the

latitude 35◦ in both hemispheres (in the respective hemisphere’s summer). The exis-

tence of powerful electrical thunderstorm in other planets [Yair et al., 2009] would allow

us to study the formation of sprites and other TLEs in extraterrestrial atmospheres.

Yair et al. [2009] compared the electric field induced by several charge configurations

with the local conventional breakdown electric field Ek [Sentman, 2004] for each at-

mospheric composition. This approach neglected the finite conductivity in a weakly

ionized atmosphere below the ionosphere.

It is reasonable to think that the above conclusion could be extended to the other

giant cold planets, and brown dwarfs. Giant gaseous planets have been the first type of
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planets detected out of the Solar System. They are defined as planets having between

0.3 and 10 Jupiter masses and an atmosphere dominated mainly by H2. These giant

planets, together with brown dwarfs, form clouds of gas and dust with enough volume

to be susceptible to discharge events [Helling et al., 2011]. Prominent continuous radio

emissions and sporadic Hα and X-ray emissions observed in substellar objects may be

the result of electrical activity on brown dwarfs [Mokler et al., 2009].

The presence of TLEs in the atmospheres of other planets has never been observed.

However, many studies have tried to obtain the properties of these ephemeral phenom-

ena through simulations and laboratory experiments using the atmospheric composition

of each planet. Yair et al. [2009] carried out theoretical simulations about the possi-

bility of sprite triggering above thundercloud in other planets of the Solar System.

They calculated the Charge Moment Change (CMC) associated with lightning in the

atmospheres of Venus (CO2-N2), Mars (CO2), Titan (N2) and Jupiter (H2-He) and

the altitudes where sprites could occur. The information collected by the numerous

spacecrafts which have visited Venus, have revealed that the Venusian atmosphere is

almost globally surrounded by a thin H2SO4 layer located around 50-70 km of altitude

[Markiewicz et al., 2007] above the surface of the planet (with v 9 MPa of pressure).

Due to the high ground pressure and the very high altitude of the clouds, the possibil-

ity of Cloud-to-Ground lightning in the Venusian atmosphere is very low. Therefore, if

the only possible electrical activity is Intra/Inter-Cloud lightnings and considering that

the ionosphere is located at 140 km of altitude [Pätzold et al., 2007], sprites generated

by a lightning of 250 C of charge can occur around 84 km above the surface of Venus

(see Figure 4.5a). These authors also estimated that electrical discharges with 1000

C between H2O clouds could trigger sprites at 280 km above the 1-bar level in the

atmosphere of Jupiter (see Figure 4.5b). This altitude is more than 100 km above the

visibe NH3 cristal clouds, so sprites and halos in Jupiter could be observed with limb

observations and suitable instrumentation.

Laboratory experiments on streamers in appropiate CO2-N2 and H2-He mixtures

have also been performed to simulate the atmospheres of Venus and Jupiter-like plan-

ets, respectively. Dubrovin et al. [2010] demostrated that the planetary sprites in the

atmospheres of Venus and Jupiter-like planets can be expected with a morphology sim-

ilar to Earth-like sprites but with significantly weaker optical brightness. Spectroscopic

measurements carried out by Dubrovin et al. [2010] showed strong N2 transitions from
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(a) Venus-charge height 50 km (b) Jupiter-charge height -30 km

Figure 4.5: (a) The electrostatic field above a Venusian charge configuration placed at 50

km over the surface with different values of total charge. (b) The electrostatic field above

a Jovian thundercloud possesing a negative charge located 30 km below the 1-bar pressure

level for different values of total charge. When the conventional breakdown field (solid blue

line) crosses the electric field, a sprite can potentially occur [Yair et al., 2009].

the second positive band and considerably weaker CO lines in the Venusian atmo-

sphere as well as a continuum in the UV-Vis range with a relatively intense Hα line for

Jupiter-like planets.

The effect of EMPs (Electromagnetic Pulses) emitted by lightning strokes in the

upper layers of gaseous giant planets have been also studied by Luque et al. [2014].

These researchers estimated that the lightning electromagnetic pulses can transport

between 107 and 1010 J of energy toward the ionosphere of giant planets and the

emission of light could be up to 108 J creating a TLE analogous to the terrestrial elve

but probably stronger.

This chapter examines the response of Saturn atmosphere to lightning flashes formed

within the ice crystal clouds. We have developed a self-consistent one-dimensional

model of the electric field and electron density to estimate the changes of the local

electron density enhancement and photon emissions through the quasi-electrostatic

field and the induction field.
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4.2 A brief description of the model

To estimate all the parameters of a lightning (current intensity, rise time of the cur-

rent wave, etc) we need to know the charge neutralized by the lightning flash and the

duration of the stroke. The total energy dissipated by a lightning discharge in the

atmosphere of Saturn atmosphere is estimated in 1012-1013 J based in direct optical

observations and SEDs [Fischer et al., 2006, 2007, Dyudina et al., 2010, 2013]. Accord-

ing to Dyudina et al. [2010] the lightning flashes observed in Saturn are 3 orders of

magnitude stronger than the average terrestrial lightning stroke (it is comparable with

terrestrial super-bolts). According to Fischer et al. [2006] the duration of a saturnian

lightning could be similar to a terrestrial Intra-Cloud discharge (tens of microseconds),

however Farrell et al. [2007] suggested that a faster discharge (v 1 µs) could fit better

to a SED frequency spectrum with energies (109 J) comparable with typical terrestrial

lightnings. Recent optical observations reported by Dyudina et al. [2010, 2013] show

an independient confirmation of the high energy super-bolt like scenario.

Here, we follow the scenario described by Farrell et al. [2007] which suggested that

the current flows through the lightning channel following a biexponential function

I(t) = I0[exp(−t/τ1)− exp(−t/τ2)], (4.1)

where τ2 is the rise time of the current wave which is typically 10 times faster than the

overall duration τ1.

It is assumed that the lighning discharge is located almost 1000 km below the region

of study (between 400-900 km over the 1-bar level). Due to the vertical orientation of

the dipole-like discharge, the vertical component of the electric field Ep is dominated

by the quasi-electrostatic and the induction fields [Bruce and Golde, 1941]

Ep(z, t) =
1

πε0

(
1

(z − zp)3
M(t− (z − zp)/c) +

1

c(z − zp)2

d

dt
M(t− (z − zp)/c)

)
,

(4.2)

where M(t) is the charge moment change (CMC), z is the altitude where we measure

the field, zp is the altitude of the center of the dipole, ε0 is the permittivity of the

vacuum and c is the speed of light. The left-hand term of equation (4.2) represents the

quasi-electrostatic (QE) component of the field, which is dominant in the Earth (see

Figure 4.6), while the right-hand term of equation (4.2) is the induction component

that prevails in Saturn (see Figure 4.6). In Figure 4.6 we can see how the QE field is
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the dominant component above lightning discharges on the Earth’s atmosphere while

on Saturn we find that the induction component dominates. The far field generated

by EMP lightning signals is neglected because we have only studied the 1-dimensional

case just over the lightning stroke (for small angles, the EMP field approaches to zero).

Figure 4.6: Top: Time evolution of the electric field at 700 km of altitude above the

1-bar pressure level due to a lightning discharge with a charge moment change of M =

105 C km located at -110 km below the 1-bar pressure level on the Saturn’s atmosphere.

Bottom: Time evolution of the electric field at 70 km of altitude over a thunderstorm due

to a cloud-to-ground discharge located on Earth induced by a charge moment change of

M = 102 C km. The center of the dipole is at 0 km. The dotted blue and green lines

represent the static and induction components of the electric field and the solid black line

represents the total electric field applied, all of them calculated through equation (4.2)

[Dubrovin et al., 2014].

The induction component rises and decays with I(t) on the Saturn’s atmosphere

(see Figure 4.6 Top), reaching its maximum value at timescales of τ2 while the quasi-

electrostatic component maintains the constant value M/(z − zp)3. After the current

has decayed to negligible values at timescales of τ1 and therefore decays in timescales

of Maxwell relaxation time (τm). The induction component is stronger and faster than

the quasi-electrostatic component and thereby it can produce a significant increase in

the electron concentration, decreasing the Maxwell relaxation time and screening fastly
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the quasi-electrostatic component.

We define the charge moment change (CMC) for cloud-to-ground lightnings as the

product of the amount of charge stored in the cloud times the distance followed by the

charge in its way to ground [Bruce and Golde, 1941]. On Saturn, we redefine the CMC

as

M(t) = Q(t)
a

2
, (4.3)

where a is the vertical separation of the charge centers and Q(t) is the charge stored in

the cloud

Q(t) =

∫ t

0
I(t′)dt′. (4.4)

Thunderclouds on Saturn are bigger than on the Earth (> 1000 km). Yair et al. [1995]

modeled the charging process in the Jovian clouds and found that the charge separations

correspond to a lightning channel of 20 km with upward flows of 50 m/s. The clouds

on Saturn are larger than on Jupiter so according to Sánchez-Lavega et al. [2011], the

vertical flows can reach up to 150 m/s. Thus we can assume that the lightning channel

on Saturn is larger than Jupiter. The typical terrestrial return-stroke has a propagation

speed, from ground to cloud, of 0.3 of the speed of light so for a lightning channel of

100 km it can’t last shorter than 1 ms. For this reason, we choose τ1 = 1 ms and

τ2 = 0.1 ms in the case of Saturn because if the lightning duration is larger than τm,

the induced field component could be partially screened before it reaches its maximum

value and the possibility of sprite/halo formation would be lower.

The CMC estimation on Saturn’s atmosphere is carried out through the knowledge

we have about the cloud characteristics, the lightning speed propagation and the light-

ning energy constraint. We know that the base of the clouds is located between 130-160

km below the 1-bar pressure level [Atreya, 1986, Atreya and Wong, 2005]. During the

thunderstorm generation, the clouds develop vertically to the 0.1 bar level (90 km over

the 1-bar reference level) [Sánchez-Lavega et al., 2011] at 150 m/s of speed. Optical

observations carried out by Dyudina et al. [2010, 2013] showed a circular footprint of

the lightning flash on the top of the clouds indicating that the light source could be

between 125-250 km below the cloud-top. Dyudina et al. [2013] observed lightning

discharges on the day-side estimating the cloud-top altitude deeper than about 1.2 bar.

We can assume that the lightning channel is located between the base of the ice

water cloud, 130-160 km below 1-bar reference level and up to 100 km above this
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altitude. With these cloud and lightning properties, we can derive the connection

between the lightning CMC and the dissipated energy Up. Dubrovin et al. [2014]

showed that the dissipated energy by a lightning discharge can be approximated by the

electrostatic energy stored by two oppositely charged spheres of radius R separated a

distance h (h > 2R)

Up =
2Q2

4πε0

(
3

5R
− 1

2h

)
, (4.5)

where Q is the total charge within each sphere and ε0 is the permittivity of vacuum.

This equation gives a good estimation of the energy released by IC discharges. Taking

into account the energy released by a Saturnian intracloud lightning, we can estimate

its charge moment change in M(t) ∼ 105 - 106 C km when the charge separation is of

a few tens of kilometers, and it can reach 106 C km in an extreme scenario with 100

km of charge separation.

The knowledge of the ambient electron density in the atmosphere allows to estimate

the Maxwell relaxation time and the triggering conditions for the electron avalanche.

However, in the Saturnian atmosphere, the electron concentration below 1000 km layer

is uncertain. Above this altitude, all measurements of the electron density have been

obtained through radio occultations. Kliore et al. [2009] reported results of several

radio occultation measurements of Saturn, of which the dawn electron density at 1000

km above the 1-bar reference level is between 102 - 103 cm−3 and the dusk electron

concentration is about one order of magnitude higher. Moore et al. [2004], through

model simulations, proposed an electron density profile with a peak of 102 cm−3 at

about 1000 km and a sharp decrease downward. On the other hand, Moses and Bass

[2000] and Galand et al. [2009] assumed the photoionization of a CHx layer between 600

km and 1000 km of altitude above the 1-bar pressure level and proposed a relatively

uniform density of free electrons of 102 cm −3 along this layer. In this work, we have

used both electron density profiles (see Figure 4.7): profile (a) proposed by Moore

et al. [2004] where the ionosphere is situated above 1000 km and, profile (b) proposed

by Galand et al. [2009] where the ionosphere is located above 600 km due to the presence

of a hydrocarbon layer.

In our simulations, we have used a 90:10 volume mixture ratio of H2:He as an

intermediate value of the results by Conrath and Gautier [2000] and Gautier et al.

[2006].
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Figure 4.7: Density profiles of the neutral background gas (solid red line) and the ambient

free electrons (solid blue lines) used in our simulations. The neutral gas density was

obtained by Festou and Atreya [1982] by interpolating two sets of measurements. [Luque

et al., 2014].

4.3 Results

The research of the possible triggering of TLEs (sprites, halos or elves) on Saturn

atmosphere requires the understanding of two issues:

• the physical mechanisms that control the generation of TLEs

• the possible chemical influence of intracloud lightning discharges in the meso-

sphere and lower ionosphere of Saturn.

For doing that, we have developed a kinetic model to explore the chemical impact

of H2/He transient plasmas generated by TLEs on the atmosphere of Saturn. The

model, which controls the chemical evolution of H2/He non-equilibrium plasmas, solves

in a self-consistent way a set of differential equations: the time-dependent spatially-

uniform Boltzmann equation (equation (2.3)) controlling the EEDF of free electrons

in the H2/He plasma, the statistical balance equation (equation (2.1)) controlling the

temporal evolution of the chemical species of the plasma, and the total current equation

(equation (2.5)) that we use to calculate the electric field generated by a lightning
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discharge above the thundercloud. This model is based on previous models developed

by Gordillo-Vázquez [2008, 2010] and Parra-Rojas et al. [2013a, 2015] for the kinetics

of TLEs on the Earth mesosphere.

For the Saturn kinetic model, like Earth’s model (Chapter 2), we need a set of

kinetic and electric inputs. The electric inputs are the CMC values considered and

the bi-exponential current function (equation (4.1)) traveling the lightning channel,

assuming a stroke duration of τ1 = 1 ms ten times longer than the rise time of the

current (τ2 = 0.1 ms). The kinetic inputs are the cross sections and the rate coefficients

of the different chemical processes considered.

The chemical species consideded in the H2/He plasma model are listed in Appendix

F.1. The 32 chemical species considered are classified into ground neutrals, electroni-

cally and vibrationally excited neutrals, electrons and negative ions and positive ions.

The total number of the chemical processes considered is 160 including electron-driven

processes, neutral-neutral reactions, Penning ionization mechanisms, ion-ion reactions,

ion-neutral processes and spontaneous radiative deexcitation channels (see Appendix

F.3 to F.7). There are 48 electron-impact reactions called “EEDF-dependent pro-

cesses” (Appendix F.3) whose rates aren’t explicitly shown because they are calculated

self-consistently using the available cross sections. This kinetic model doesn’t include

photoionization processes because we are assuming nighttime conditions without diffu-

sion.

In H2/He plasma kinetic modeling, we have also considered the electron-impact

dissociative attachment of H2. Although its cross section is quite small for the lowest

vibrational level of the ground electronic state H2(X1Σ+
g ,v=0), it increases fastly with

increasing vibrational levels [Bardsley and Wadehra, 1979]. Since the cross section for

dissociative attachment of H2 shows a peak (σpeak(v)) in the threshold energies (εth(v))

and a fast reduction in magnitude as the energy is increased above the threshold,

Celiberto et al. [2001] proposed to fit the cross sections of the dissociative attachment

of H2(X1Σ+
g ,v) just above the threshold with the analytical expression

σDA = σpeak(v) exp

(
−ε− εth

εg

)
(4.6)

with εg = 0.45 eV. We have considered dissociative attachment cross sections of H2(X1Σ+
g ,v)

up to v=9 using the values of σpeak(v) and εth(v) given by Bardsley and Wadehra [1979].
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The kinetic model covers a range of altitudes from 450 km to 1000 km above the

1-bar pressure level on Saturn atmosphere. The species and the kinetic processes con-

sidered in the model are shown in Appendix F. We have also considered a constant gas

temperature of 125 K for all altitudes studied [Nagy et al., 2009]. Finally we considered

an optically thin plasma (κ = 1) and a simulation time of 5 ms.

The results for the electron density and the ion concentrations are shown in Figure

4.8 for the altitudes where the electron density reaches its maximum value.

Figure 4.8: Temporal evolution of the reduced electric field (E/N), electron and ion

concentration calculated with the kinetic model for M = 105 C km (profiles (a) and (b))

and with M = 106 C km (profile (b)). The plots have been calculated for altitudes where

the electron density reaches its maximum value, that is, 750 km (panels (a) and (b)), 700

km (panels (c) and (d)) and 500 km (panels (e) and (f)). The panels (a) and (b) show

results for the profile (a) and the panels (c), (d), (e) and (f) for the profile (b).

Panels (a) and (b), in Figure 4.8 show the reduced electric field and the ion densities

respectively, for the profile (a) and M = 105 C km at 750 km of altitude over the 1-bar

reference level. The rest of the panels correspond to the electron density profile (b), for
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the case of M = 105 C km at 700 km of altitude (panels (c) and (d)) and for the case

of M = 106 at 500 km (panels (e) and (f)). We can see in Figure 4.8b an increase in

the electron concentration up to 50 cm−3 due to the electron-impact ionization of H2

P14 : e+H2 → H+
2 + e+ e,

that persists in time due to the balance between

P101 : He2(a3Σ+
u ) +H2 → H+

2 +He+He+ e,

and

P64 : e+H+
3 → H +H +H,

P65 : e+H+
3 → H2 +H.

Moreover, we can also see a quick conversion of the ion H+
2 into H+

3 through the reaction

P130 : H+
2 +H2 → H+

3 +H,

becoming dominant the H+
3 ion. As we show in Figures 4.8a, 4.8c and 4.8e, the maxi-

mum electric field is reached later (and becomes wider) as we ascend in altitude due to

the propagation and expasion of the lightning originated electromagnetic pulse from the

thundercloud. We can also compare, for the same CMC (105 C km), the time evolution

of positive He+ ion throught the Figures 4.8b, 4.8e and 4.8f. The concentration of this

ion after t = 3 ms is the highest after the one of H+
3 ion for the case of profile (a) while

for the case of the electron density profile (b) the density of He+ is negligible. However,

if we increase the CMC from M = 105 C km (at 700 km) to M = 106 C km (at 500 km)

for the same profile (b), we can see in Figures 4.8c and 4.8e how the reduced electric

field increases from 65 Td to 125 Td, respectively. The consequence of this variation in

the reduced electric field is a sharp growth of more than 2 orders of magnitude in the

electron density up to nearly 3500 cm−3 (see Figure 4.8f). During the time in which the

electric field is on, the electron-impact ionization of H2 is the mechanism responsible of

the important increase in the electron concentration. However, when the electric field

falls down to zero, after t = 3.2 ms (see Figure 4.8a), after t = 3.0 ms (see Figure 4.8c)

and after t = 2.25 ms (see Figure 4.8e), the electron gain is dominated by the Penning

ionization

P96 : He(3S) +H2 → H+
2 +He+ e,
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P97 : He(3S) +H2 → H +HeH+ + e

when M = 105 C km with electron density profile (a), and by detachment

P145 : H− +He→ He+H + e

for M = 105 C km and M = 106 C km with electron density profile (b).

The increase of the density of H+ right after the end of the reduced electric field

pulse (Figures 4.8b and 4.8f) is due to

P134 : He+ +H2 → H+ +H +He.

However, the behavior of the H− ion after the end of the electric field pulse is different

depending on the value of the CMC used and the electron density profile. In this

connection, the density of H− remains constant with M = 105 C km with profiles (a)

and (b), and decreases for the M = 106 C km case. This is related to the detachment

loss rate of H− that was previously produced by

P36 : e+H2 → H− +H

when the electric field is on: a small or high loss rate respect to the electric field-

dependent production rate of H− produces a constant H− density (Figures 4.8b and

4.8d) or a decreasing concentration of H− (Figure 4.8f), respectively.

The calculated concentrations of helium ions (He+, He+
2 and HeH+) are usually

very small except for He+ ion in the M = 105 C km and electron density profile (a)

case, and M = 106 C km with ambient electron density profile (b). In these cases, He+

becomes the second most important positive ion, after H+
3 for t > 3 ms and t > 4 ms,

respectively. This relative importance of He+ is caused by Penning ionization

P91 : He(3S) +He(3S)→ He+He+ + e.

Figures 4.9 and 4.10 show the altitude-dependent instantaneous and cumulative

number of H2 continuum (UV) and Fulcher photons calculated with the kinetic model

presented previously (Appendix F). The left and right panels of Figures 4.9 and 4.10

correspond, respectively, to the UV and Fulcher emissions associated with the same

CMC and ambient electron density profiles as in Figure 4.8. Generally, both UV and

Fulcher emissions are very fast, with the UV emission being slightly stronger than the
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Fulcher band emission. We can see in Figure 4.9 that the instantaneous emissions at

lower altitudes are longer. This effect is caused by a slower relaxation time at these

altitudes.

Figure 4.9: Altitude-dependent instantaneous number of UV continuum (left hand side

panels) and Fulcher band (right hand side panels) photons cm−3 s−1, calculated with the

kinetic model for the same CMC and ambient electron density profiles as in Figure 4.8.

On the other hand, if the base of the ionosphere is at 1000 km (profile (a)) above 1-

bar pressure level, the kinetic model predicts 40 and 6 photons cm−3 for UV continuum

and Fulcher band respectively, at 700 km and M = 105 C km (Figures 4.10a and 4.10b).

However, if the base of the ionosphere is at 600 km (profile (b)) over 1-bar pressure

level, the model predicts ' 9 and ' 0.6 photons cm−3 for UV continuum and Fulcher

band respectively, at 680 km with M = 105 C km (Figures 4.10c and 4.10d), and '
10000 and ' 1000 UV and Fulcher photons cm−3, respectively, at 450 km of altitude

with M = 106 C km (Figures 4.10e and 4.10f).
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Figure 4.10: Altitude-dependent cumulative number of UV continuum (left hand side

panels) and Fulcher band (right hand side panels) photons cm−3, calculated with the

kinetic model for the same CMC and ambient electron density profiles as in Figure 4.8.

Figure 4.11 shows the altitude-dependence concentration of H(n=3) (right hand side

panels) and cummulative number of Balmer band photons cm−3 (656.28 nm) which is

approximately 2 orders of magnitude lower than the cumulative number density of H2

UV continuum photons.
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Figure 4.11: Altitude-dependent cumulative number of Balmer band (left hand side

panels) photons cm−3 and H(n=3) density (right hand side panels) in cm−3, calculated

with the kinetic model for the same CMC and ambient electron density profile as in Figure

4.8.
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Conclusions

“I love it when a plan comes together”

– Colonel John “Hannibal” Smith, The A-team

We have estimated the local electrochemical impact on the Earth’s mesosphere

of tropospheric lightning with different polarities and different current moment peaks.

The simulations have been performed using a sophisticated air kinetic scheme. We solve

the statistical equilibrium equations of each species (2.1) coupled with the Boltzmann

transport equation (2.3) and with the quasi-electrostatic electric field equation (2.5).

This scheme is applied over a range of altitudes (50-87 km). Due to the low air pressures,

the reduced electric field associated to -CG lightning discharges at high altitudes reaches

values close to breakdown (120 Td) when the maximum of the current moment is greater

than 200 kAkm. However, in the +CG lightning cases, we see a similar behavior as in

the -CG lightning discharges at the time of the maximum of the current moment. We

can also find electric field values close to breakdown at relatively low altitudes due to

the high charge moment (more than 2000 Ckm) provided by the lightning continuous

current stage (20 kAkm during the first 100 ms). In the last case (+CG), despite sub-

breakdown conditions, we can see an enhancement in the electron density due to the

electric field dependence of the associative detachment (AD) of N2 by O−. Moreover,

the enhanced electron density remains high in time due to the AD of CO by O−. This

suggests that the ion O− plays an important role in the electron density evolution.

Therefore, a strong O− production is needed at the time of the maximum current

moment for a subsequent increase in electron concentration due to AD processes. The

important enhancement in the O− density is due to the strong dissociative attachment
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of O2 in coincidence with the maximum of the reduced electric field. The relatively

high electron concentration ( 70 cm−3) produced by +CG lightning discharges also

provides a strong excitation of metastables N2(A3Σ+
u ), O2(a1∆g), O2(b1Σ+

g ), O(1D)

and O(1S) due to electron impact collisions. These electronically excited species can

be very important in the thermal behavior of the mesosphere because, due to their

long lifetime, they are able to store energy, transferring it later to the surrounding gas

through fast heating (Flitti and Pancheshnyi [2009]).

We have evaluated the emission brightness of the first (1PN2) and the second (2PN2)

positive band systems of N2 associated with the visible optical emission of sprite halo

events. Our model predicts that the reddish instantaneous emission associated to the

1PN2 can exceed 1 MR by one order of magnitude for the +CG lightning discharges

considered. Using a 1000 fps camera, we could measure the red and blue emissions,

associated with the 1PN2 and the 2PN2 over the threshold of visibility. Our model

for sprite halos does not predict a significant variation in ground state neutral species

such as CO2, NOx and N2O. However, we have found a strong increase in the atomic

nitrogen and oxygen densities due to the electron-impact dissociation of N2 and O2

during +CG lightning discharges.

Spectroscopic diagnostics of low pressure (0.1 - 2 mbar) laboratory air glow dis-

charges produced in, respectively, hollow cathode reactors and commercial lamps were

used as benchmarks for rotational (gas) temperature determination in TLEs using three

different methods requiring high (0.01 nm) and medium (0.1 - 0.5 nm) spectral reso-

lutions. These methods have been implemented with commercial spectrographs (for

the glow discharge) and with a recently developed inhouse instrument called GRAnada

Sprite Spectrograph and Polarimeter (GRASSP) (used with the commercial discharge

lamp) designed for medium resolution (0.45 nm) spectroscopic surveys of TLEs. In

particular, the high spectral resolution measurements used the so-called Boltzmann

plot method to measure the relative intensities of the rotational R - branch (∆ J = +1)

of the vibrational band (0,0) of the first negative system of N+
2 , that is, N+

2 (B2Σ+
u , v’

= 0, J’ → X2Σ+
g , v” = 0, J”), with the wavelength band head at 391.4 nm. Because

of the characteristic rotation-translation relaxation time of N+
2 (B2Σ+

u ) (compared to

its radiative lifetime), the use of N+
2 (B2Σ+

u → X2Σ+
g ) as a “thermometer” should be

restricted to TLE temperature probing at altitudes equal or lower than 60 km (' 0.23

mbar) down to 48 km (' 1.5 mbar). The other two methods require medium spectral
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resolution and are based, on one side, on the analysis of several peaks appearing in

low lying vibrational transitions, specifically (3,0), (2,0), (1,0) and (0,0), of the N2 1PG

spectrum and on the numerical fitting of synthetic spectrum to the observed (measured)

spectrum of the envelope of selected (v′, v′′) bands of the N2 1PG spectrum. Since the

rotational distribution of N2(B3Πg) is already thermalized at ' 75 km altitude, the use

of N2(B3Πg) results in a good ”thermometer” in a wide range of altitudes from ' 75

km down to ' 53 km where collisional (quenching) deactivation prevails over radiative

decay. Therefore, the use of N2(B3Πg → A3Σ+
u ) rovibronic transitions seems justified

and very convenient to accurately determine the rotational (gas) temperature in TLE

produced air plasmas.

The values of the rotational (gas) temperatures measured in glow discharges pro-

duced in DC hollow cathode reactors are almost the same (410 K - 320 K, depending on

the pressure used) when the two methods employing N2(B3Πg) as the probing species

are used, while higher temperatures (with a maximum difference of 100 K at 2 mbar

or 45 km altitude) are found when N+
2 (B2Σ+

u ) is tracked. These differences can be

principally caused by the spatial distribution of ionic (N+
2 (B2Σ+

u )) and excited neutral

(N2(B3Πg)) species in the hollow cathode discharge used to perform the spectroscopic

diagnosis. On the other hand, the gas temperatures in the air commercial lamp dis-

charges (at 0.2 mbar or 60 km altitude) obtained by GRASSP relies on the spectral

fitting of certain (v′, v′′) transitions of N2(B3Πg → A3Σ+
u ). The temperatures mea-

sured were higher (up to 656 K) than in glow discharges since the power density in the

commercial lamp was higher (' 10 W/cm3) than in the air hollow cathode discharges

(0.05 - 0.35 W/cm3). In addition, the partial N2 1PG spectrum recorded by GRASSP

in air commercial discharge lamps exhibit the same features (though affected by the

different gas temperatures) as the spectrum obtained with commercial spectrographs

in air hollow cathode discharges, which supports the reliability of GRASSP for TLE

field spectroscopic recordings. It is worth mentioning that the line-of-sight through

TLEs (Sprites, Jets, Elves, Halos) is generally not so long as to cover a broad range

of temperatures so the methods described in this work can be used to extract unique

temperatures. This is not always the case with remote sensing of the atmosphere.

We found that the relative populations of the vibrational levels of N2(B3Πg) from v′

= 2 to v′ = 7 are similar in air plasmas produced in laboratory hollow cathode discharges

and TLE (sprite) plasmas at different altitudes (53 km - 74 km). However, although
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the results for v′ = 1 by Bucsela et al. [2003] at 53 km follow the trend predicted by

available sprite kinetic models at higher (74 km) altitudes [Gordillo-Vázquez, 2010,

Luque and Gordillo-Vázquez, 2011, Gordillo-Vázquez et al., 2011, 2012], they differ

from the VDF (v′ =1) obtained from emission spectra recorded in hollow cathode

discharges at 1 mbar (' 53 km). The latter can be due to the more effective excitation

of N2(B3Πg) (v′ = 1) in sprites than in hollow cathode air discharges. In fact, previous

works in auroras [Cartwright, 1978, Morrill and Benesch, 1996] show that the N2(C3Πu)

plays a significant role in populating the lower vibrational levels of N2(B3Πg). This can

also explain the observed TLE (Sprite and Halos) enhancement (with respect to lab

results) in the populations of v′ = 0 and v′ = 1 in N2(B3Πg) [Bucsela et al., 2003],

[Kanmae et al., 2007]. The findings by Cartwright [1978], and Morrill and Benesch

[1996] on the kinetics of N2(C3Πu) and its impact on the lower vibrational levels of

N2(B3Πg) were incorporated into the TLE vibrational kinetic models used in this work

[Gordillo-Vázquez, 2010, Luque and Gordillo-Vázquez, 2011, Gordillo-Vázquez et al.,

2011, 2012].

We have found that hollow cathode DC discharges in air produced at low pressure

(0.1 - 2 mbar), where wall effects on the plasma excited species are negligible, can

be used as reasonable TLE analogs to explore and quantify some TLE spectroscopic

features like key emitting species, N2 1PG spectra, VDF of N2(B3Πg) and rotational

(gas) temperature. In addition, the VDF of N2(B3Πg) found in hollow cathode DC

discharges are quite similar, except the lowest (v = 0, 1) vibrational levels, to those

derived from TLE N2 1PG emission spectra.

To conclude, we have tested several spectroscopic techniques that can be applied

to TLEs to quantify the gas temperature. According to our study, the best methods

to determine the gas temperature in TLE produced air plasmas are those employing

N2(B3Πg) as the probing species using medium (0.1 - 0.5 nm) spectral resolution spec-

trographs able to partially resolve the rovibronic band structure of different (v′, v′′)

transitions of N2(B3Πg → A3Σ+
u ). Spectroscopic methods that use medium spectral

resolution have the additional advantage, as compared with higher resolution ones,

that they enable optical systems with larger apertures resulting in better signal to

noise ratios at shorter acquisition times, of great interest in the study of very brief light

emitting phenomena such as TLEs. Finally, we have succesfully tested the capabili-
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ties of a recently inhouse developed instrument called GRASSP, with 0.45 nm spectral

resolution, that we plan to use for TLE spectroscopic surveys in Europe.

We have also studied in this thesis the electrical, chemical and thermal impacts

of a single sprite streamer with different driving current durations in the terrestrial

mesosphere (50-80 km). In order to quantify the temporal evolution of each chemical

species, our model solves a set of differential continuity equations (2.1) for each of the

chemical species considered coupled with the Boltzmann equation (2.3), the Ohm law

(3.8) and the energy conservation equation (3.7). Using as initial conditions the current

density profiles provided for a set of altitudes by the streamer model by Luque and

Ebert [2010], we have extended them using different constant driving current durations

(5 ms, 50 ms and 100 ms). For each of the driving currents we have obtained the

reduced electric field of a single sprite streamer for each of the altitudes considered so

that the maximum current density matches the maximum reduced electric field.

The constant driving current generates a high-field phase shorter than the driving

current whose duration and value is, respectively, directly proportional to the altitude

and close to breakdown (' 120 Td). At low altitudes and for the cases of 50 ms and

100 ms driving currents, we found a set of oscillations at the final stage of the E/N

afterglow. We think that these undervoltage E/N oscillations build arise from the

opposite trends of electron production by associative detachment of O− by N2 and

electron loss by dissociative recombination of electrons with O+
4 during the driving

current. At low altitudes, the electric field of the streamer head causes a huge growth

in the electron concentration of up to 12 orders of magnitude (108 cm−3) above ambi-

ent values. The tremendous increase in the electron concentration is driven by direct

electron-impact ionization of N2 and O2. In a similar way, the density of O− exhibits

a sharp enhancement past the streamer head due to dissociative attachment of O2.

Our model also predicts a quite significant enhancement in the concentration of

metastable species (N2(A3Σ+
u ), O2(a1∆g), O2(b1Σ+

g ), O(1D) and O(1S)) capable of

storing energy for a relatively long time. The production of metastables is mainly

caused by electron-impact processes fueled by the high electron concentration caused

by the streamer head electric field.

We have also found an important (more than 2 orders of magnitude above ambient

values at 50 km of altitude) and long lasting (more than 103 s) enhancement of the
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N2O density in the mesosphere. The presence of significant N2O concentrations in the

atmosphere for long times could substantially affect the ozone concentration.

We have also evaluated the emission brightness of the first (1PN2) and second

(2PN2) positive band systems of N2 associated with key visible optical emissions of

sprites, the CO2 infrared emission at 4.26 µm and 14.9 µm and the Meinel band of N+
2

associated with red and near infrared emissions. As expected, at low altitudes (< 57

km) the reddish and bluish emission brightness of 1PN2 and 2PN2 reach 10 GR both

at the streamer head and during the afterglow.

In the same range of altitudes but at the final stages of the E/N afterglow, the

4.26 µm IR emission brightness can exceed 100 GR due to the high CO2(0001) density

production by electron-impact collision and by VV processes involving N2(v). We think

that this IR emission could be recorded from space detectors pointing towards the limb.

Moreover, we found that the Meinel band emission brightness under the action of a

single sprite streamer does not reach 1 MR at any altitude considered. However, we

can conclude from our simulations that it could exceed 1 MR at tendril altitudes (<

50 km).

Our model predicts a relatively important increase in the temperature of the low

altitude (< 65 km) atmosphere surrounding a single sprite streamer. This gas temper-

ature enhancement increases at lower altitudes and depends directly on the duration

of the driving current. A gas temperature increase (∆T/T) of up to ∼ 6.1 % could

be reached at 50 km for the intermediate case considered (50 ms of driving current).

This gas temperature enhancement is mainly caused by the collisional quenching of

the vibrationally excited CO2(v1 vl2 v3) (previously excited through VV collisions with

N2(v)) with ground N2 and, also, by the radiative decays of CO2(0001) underlying the

4.26 µm IR emission. Future work will extend our simulations to blue jets at lower

altitudes where our model predicts an important local heating in the TLE surrounding

atmosphere.

Finally, we have developed a self-consistent kinetic model to analyze the atmospheric

chemical disturbances caused by possible Saturnian upper atmospheric electric dis-

charges. We have used our kinetic model to calculate the altitude and time-dependent

behavior of the electron and ion densities together with the instantaneous and cumula-

tive number of photons emitted by H2 UV continuum and Fulcher bands originated by

a halo-like event in Saturn’s mesosphere. We found that H+
3 ions are rapidly produced
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from the parent H+
2 ions through the fast reaction H+

2 + H2 → H+
3 + H, so that H+

3

becomes the dominant ion in all the scenarios considered. We also found that, after 4

ms, the concentration of the positive ion He+ becomes the second largest (after H+
3 )

when we use M = 105 C km with ambient electron density profiles (a) and M = 106

C km with profile (b). The maximum total number of UV and Fulcher photons from

a possible Saturnian halo predicted with our full kinetic model are, respectively, 1025

and 1024 when M = 106 C km and electron density profile (b) are used.

It seems that detectable halos are unlikely in Saturn’s atmosphere, but there is a

possibility of sprites if the conventional breakdown field is exceeded below the transition

altitude. The altitude of the event above the cloud tops could be estimated if images

are taken toward the planet’s limb. The lower boundary of a halo can be used to

estimate the transition altitude. Such observations could be used to probe the local

electron density.
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Appendix A

Some constants for atmospheric

sciences

Table A.1: Some constant for atmospheric sciences

Constants

Speed of light c = 2.998 × 108 m s−1

Planck’s constant h = 6.626 × 10−34 J s

Boltzmann’s constant kB = 1.38 × 10−23 J K−1

Loschmidt’s number L = 2.69 × 1025 molecules m−3

Vacuum permittivity ε0 = 8.854 × 10−12 F m−1

Elementary charge e = 1.602 × 10−19 C

Electron mass me = 9.109 × 10−31 kg

Heat capacity ratio γ (20◦C, Dry air) = 1.4

Pi π = 3.141592
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Appendix B

Vibrational modes and statistical

weights of CO2

CO2 is a linear and triatomic molecule with three normal vibrational modes:

• Symmetric strech mode v1 (}ω1 = 0.17 eV)

• Double degenerate symmetric bending mode v2 (}ω1 = 0.085 eV)

• Asymmetric strech mode v3 (}ω1 = 0.3 eV)

The level of vibrational excitation of linear triatomic molecules is denoted as CO2(v1

vl22 v3) showing the number of quanta in each mode (see p. 268 Fridman [2008]).

To calculate the statistical weights of the vibrational levels of CO2 (see p. 488-489

Ochkin [2009]), we need the required number of normal vibrations differing in frequency

that, for a linear molecule, are given by

nv = 3Na − 5− l,

where Na is the number of atoms in the molecule (Na(CO2) = 3) and l stands for the

degenerate vibrations. In CO2, we have l = 1, then nv = 3. The normal vibration

frequency v2 is doubly degenerate, that is, dv2 = 2 and for the rest we have dv1 = dv3

= 1. The statistical weight of the CO2 vibrational state (v1 vl22 v3) is

g(v1v2v3) =

nv=3∏
n=1

(vn + dn − 1)!

vn!(dn − 1)!
.

with l2 = v2, v2-2, v2-4,...,1 or 0.
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B. VIBRATIONAL MODES AND STATISTICAL WEIGHTS OF CO2

Table B.1: Statistical weights of vibrational levels of the ground electronic state of CO2

(v1 v2 v3) g

(0 0 0) 1

(0 1 0) 2

(0 2 0) 3

(1 0 0) 1

(0 3 0) 4

(1 1 0) 2

(0 0 1) 1

(0 4 0) 5

(1 2 0) 3

(2 0 0) 1

(0 1 1) 2

(0 2 1) 3

(1 0 1) 1

(0 3 1) 4

(1 1 1) 2

(0 0 2) 1

(0 4 1) 5

(1 2 1) 3

(2 0 1) 1
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Appendix C

Formation enthalpies of the

chemical species considered

The potential energies (Qi = ∆Hf ) of the species i required to calculate Pchem in the

kinetic model are shown in the Table C.1. These energies correspond to the standard

enthalpy of formation of the neutral species. For the ionic species, the energies have

been calculated as follows

∆Hf (M+) = ∆Hf (M) + IE,

∆Hf (M−) = ∆Hf (M)− EA,

where ∆Hf (M) is the standard enthalpy of formation of the neutral specie, IE is the

ionization energy, EA is the electronic affinity and ∆Hf (M+) and ∆Hf (M−) are the

standard enthalpies of formation of the positive and negative ions, respectively. The

∆Hf of electronically, vibrationally and rotationally excited species is the addition of

the potential energy of its ground neutral state to the excitation energy of the cor-

responding electronic, vibrational and rotational levels, respectively. If the standard

enthalpy of formation of the species is negative, it indicates that the reaction of for-

mation of the species is exothermic. The standard enthalpy of formation of the species

will be positive for an endothermic reaction of formation. All species in their standard

states (oxygen gas, nitrogen gas and argon gas) have a zero standard enthalpy of for-

mation, as there is no change involved in their formation. The ∆Hf (M), IE and EA

values have been obtained from Linstrom and Mallard [2015].
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C. FORMATION ENTHALPIES OF THE CHEMICAL SPECIES
CONSIDERED

Table C.1: Potential energies of the species i

i Qi (eV)

e− 0.0

N 4.88

N(2D) 7.264

N(2P) 8.376

N+ 19.429

N2(rot) 0.02

N2(X1Σ+
g ) 0.0

N2(A3Σ+
u ) 6.99

N2(B3Πg) 7.35

N2(W3Σ+
g ) 7.36

N2(B’3Σ−u ) 8.16

N2(a’1Σ−u ) 8.4

N2(a1Πg) 8.55

N2(w1∆u) 8.89

N2(C3Πu) 11.03

N2(E3Σ+
g ) 11.87

N2(a”1Σ+
g ) 12.25

N2(X1Σ+
g ,v=1) 0.291

N2(X1Σ+
g ,v=2) 0.59

N2(X1Σ+
g ,v=3) 0.88

N2(X1Σ+
g ,v=4) 1.17

N2(X1Σ+
g ,v=5) 1.47

N2(X1Σ+
g ,v=6) 1.76

N2(X1Σ+
g ,v=7) 2.06

N2(X1Σ+
g ,v=8) 2.35

N+
2 15.6

N+
2 (A2Πu) 17.0

N+
2 (B2Σ+

u ) 18.8

N+
3 11.06

N+
4 14.6

O 2.56

O(1D) 4.527

O(1S) 6.75

O− 1.122
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O+ 16.17

O2(X3Σ−g ) 0.0

O2(X3Σ−g ,v=1) 0.19

O2(X3Σ−g ,v=2) 0.38

O2(X3Σ−g ,v=3) 0.57

O2(X3Σ−g ,v=4) 0.75

O2(rot) 0.02

O2(a1∆g) 0.977

O2(b1Σ+
g ) 1.627

O2(A3Σ+
u ) 4.5

O−2 -0.448

O+
2 12.06

O3 1.478

O−3 -0.663

O+
4 11.58

Ar 0.0

Ar(3P) 11.55

Ar+ 15.759

NO 0.935

NO(A2Σ+) 6.39

NO− 0.911

NO+ 10.195

NO2 0.343

NO−2 -1.93

NO+
2 10.093

NO3 0.737

NO−3 -3.19

N2O 0.85

N2O− 0.623

N2O+ 13.74

N2O5 0.117

N2O+
2 11.82

CO -1.145

CO2(0000) -4.077

CO2(0110) -3.997
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CO2(0200) -3.917

CO2(0220) -3.911

CO2(1000) -3.905

CO2(0310) -3.836

CO2(0330) -3.827

CO2(1110) -3.818

CO2(0001) -3.784

CO2(0400) -3.760

CO2(0420) -3.755

CO2(1200) -3.74479

CO2(0440) -3.74471

CO2(1220) -3.733

CO2(2000) -3.729

CO2(0111) -3.703

CO2(0201) -3.681

CO2(0221) -3.673

CO2(1001) -3.6616

CO2(0311) -3.6615

CO2(0331) -3.648

CO2(1111) -3.641

CO2(0002) -3.627

CO2(0401) -3.621

CO2(0421) -3.615

CO2(0441) -3.605

CO2(1201) -3.601

CO2(1221) -3.592

CO2(2001) -3.586

CO−3 -5.077
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Appendix D

The correction factor of Tgas

Let’s assume a collection of particles (atoms and/or molecules) in a radiation field

characterized by the specific intensity Iν . The specific intensity Iν is related to the

radiation energy density spectrum by

uν =
1

c

∫
4π
IνdΩ (D.1)

with Ω being an element of solid angle about the direction Ω. The probability per unit

time of induced emission into the solid angle dΩ, corresponding to a transition from

level i to level j is

BijIνjidΩ. (D.2)

In a similar way, the probability per unit time of absorion from radiation propagating

in the solid angle dΩ about the direction Ω, accompained by a j → i transition is

BjiIνjidΩ. (D.3)

If there are ni and nj particles per unit volume in levels i and j, respectively, then the

condition for a steady state between (spontaneous + stimulated) emission and absortion

is

ni

(
Aij
4π

+BijIνji

)
= njBjiIνji . (D.4)

Obtaining Iνji from equation (D.4),

Iνji =

AijBij
4π(

Bji
Bij

)(
nj
ni
− 1
) (D.5)
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Assuming Boltzmann equilibrium for the populations of nj and ni, that is, assuming

the particles are in thermodynamic equilibrium

ni
nj

=
gi
gj

exp(−εji/kBTgas), (D.6)

with εji = |εi − εj |. Then, the Boltzmann relation (D.6) is used as the condition for

the radiation field to be in equilibrium with the matter. From (D.6) using (D.5), we

obtain

Iνji =

AijBij
4π

gjBji
giBij

exp(hνji/kBTgas)− 1
. (D.7)

From equation (D.1)

Iνji =
c

4π
uνji . (D.8)

When the energy gap between levels i and j is much less than the thermal energy

kBTgas, the value of Iνji is given correctly classical theory (equiation (D.1)) with

uνji =
8πν2

jikBTgas

c3
. (D.9)

Then, for hνji/kBTgas � 1, we have from equations (D.1), (D.7) and (D.9) that

2ν2
ji

c2
kBTgas =

AijBij
4π

gjBji
giBij

(1 + hνji/kBTgas)− 1
. (D.10)

For equation (D.10) to be valid for all the values of kBTgas, consistent with hνji/kBTgas �
1, Einstein found that it was needed that

giBji = giBij (D.11)

and
Aij
Bij

=
8πhν3

ji

c2
. (D.12)

Substituting (D.11) and (D.12) in equation (D.7) given the equilibrium spectral distri-

bution of specific intensity Iνji

Iνji =
2hν3

ji/c
2

exp(hνji/kBTgas)− 1
, (D.13)

related to the blackbody radiation energy density spectrum uνji in an enclosure. The

energy absorbed per unit time in all j to i transitions from radiation traveling in the

solid angle dΩ about Ω is

hνjiBjiIνjidΩ. (D.14)
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If the Einstein spontaneous emission probabilities (Aij) are known, then

Aij
Bji

=
8πhν3

ji

c2
(D.15)

with

Bij =
gi
gj
Bji, (D.16)

with gj and gi being the degeneration (or statistical weights) of emitting/absorbing

levels (in diatomic molecules, the statistical weights of vibrational levels are 1). From

(D.15) and (D.16)

Aijgi
gjBji

=
8πhν3

ji

c2
, (D.17)

then

Bji =
c2

8πhν3
ji

Aij
gi
gj
. (D.18)

Thus, using equations (D.14)-(D.18), the power density absorbed from radiation is

Pabs =
∑
j

njhνjiBjiIνji , (D.19)

with nj being the lower absorbing level population in each transition considered. Sub-

stituting the equation (D.18) and (D.13) in (D.19), we obtain

Pabs =
∑
j

nj
Aijhνji

4π

gi
gj

1

exp(hνji/kBTgas)− 1
. (D.20)

The correction factor of the gas temperature (kcorr) used in the equation for Pabs is

given by

Pabs = kcorr
∑
j

nj
Aijhνji

4πN

gi
gj

1

exp(
hνji

kbT
bg
gas

)− 1
,

where kcorr is an altitude-dependent fitting factor obtained in the thermal relaxation

of the model by imposing the condition Tgas(t = 0 s) = Tgas(t = 106 s) (see Figure

D.1).
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Figure D.1: Variation of the correction parameter (kcorr) with altitude taken from the

thermal relaxation stage of the model.
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Appendix E

Kinetic model for electrical

discharges in the Earth’s

atmosphere

E.1 Chemical species

Table E.1: Ground neutrals considered

Groud neutrals

Ar

N, N2

O, O2, O3

NO, NO2, NO3, N2O, N2O5

CO, CO2

Table E.2: Electrons and negative ions considered

Negative ions

e−, CO−3
O−, O−2 , O−3

NO−, NO−2 , NO−3 , N2O−
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E. KINETIC MODEL FOR ELECTRICAL DISCHARGES IN THE
EARTH’S ATMOSPHERE

Table E.3: Excited neutrals considered

Excited neutrals

Ar(3P), NO(A2Σ+)

N(2D), N(2P)

N2(A3Σ+
u , B3Πg, W3Σ+

g , B’3Σ−u , a’1Σ−u , a1Πg, w1∆g, C3Πu, E3Σ+
g , a”1Σ+

g )

N2(X1Σ+
g , v = 1, ..., 8), N2(rot)

O(1S), O(1D)

O2(a1∆g, b1Σ+
g , A3Σ+

u )

O2(X3Σ−g , v = 1, ..., 4), O2(rot)

CO2(v1 vl2 v3)

Table E.4: Positive ions considered

Positive ions

Ar+

O+, O+
2 , O+

4

NO+, NO+
2 , N2O+, N2O+

2

N+, N+
2 , N+

2 (A2Πu, B2Σ+
u ), N+

3 , N+
4
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E.2 Types of reactions

E.2 Types of reactions

Table E.5: Different types of reactions considered

Process Name

e+A→ A+ + e+ e Ionization

e+AB → A+ +B + e+ e Dissociative ionization

e+AB → A+B + e Dissociation

e+A→ A− Attachment

e+A+ → A Recombination

e+AB+ → A+B Dissociative recombination

e+AB → A− +B Dissociative attachment

A− +B → AB + e Associative detachment

A− +B+ → A+B Ion-Ion recombination

A− +B∗ → A+B + e Collisional detachment

e+A→ B∗ + C + e Electron-impact dissociative excitation

hν +A→ A∗ Photo-ionization

A∗(metastable) +B → A+B+ + e Penning ionization

A+ +B → A+B+ Charge transfer

A∗∗ +B → A∗ +B Quenching

A∗ → A+ hν Radiative de-excitation

e+A→ A+ e Elastic collision

e+A→ A∗ + e Electron-impact excitation

AB + C → AC +B Substitution
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E.3 Reaction rates

The electron energy distribution function f(ε) gives us the most complete information

about the state of the free electrons in the plasma. In the case of Local Thermodynamic

Equilibrium (LTE), the electron energy distribution fuction will have a Maxwellian

behavior

f(ε) = A exp(− ε

kBTe
), (E.1)

where Te is the electron temperature, kB is the Boltzmann’s constant, ε = mev
2/2 is

the kinetic energy and A is the normalization parameter

A =
2√
π

(kBTe)
−3/2 (E.2)

In general, the values of f(ε) are far from thermodynamic equilibrium due to the

presence of electric fields. therefore we calculate the Electron Energy Distribution

Function (EEDF) through the Boltzmann equation 2.3.

The electron scattering cross-sections determine the form of the EEDF and the rate

coefficients for the processes involving free electrons. For inelastic processes, ksnk is

the rate coefficient of the process n → k for the gas component s and kskn is the rate

coefficient for the inverse process, and we can calculate them as

ksnk =

√
2

me

∫ ∞
0

σsnkεf(ε)dε. (E.3)

The excitation/deexcitation rates for the electron impact processes are evaluated

using the electron energy distribution function (EEDF) and their corresponding cross

sections. When the cross sections are not available, the rates of electron driven mech-

anisms are calculated as

ke = a× T be × exp(−c/Te)

where Te (in eV) is the electronic temperature. The excitation/deexcitation rates for

the processes that include heavy species are parametrized as

kh = d×
(

300

Tg

)e
× exp(−f/Tg)

being Tg (in K) the gas temperature. The ke,h units are cm3s−1 and cm6s−1 for

two- and three-body processes, respectively. The general expression for the excita-

tion/deexcitation rates of the processes ranging from 457 to 462, from 534 to 539, from
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542 to 556 and from 571 to 578 are given as

kco2 = g × (h+ i× exp(−j/T 1/3
g )).

For the processes ranging from 466 to 471 and from 557 to 570, the expression of the

rates are given as

kco2 = g × h×
(
Tg
300

)i
.

For the processes 540 an 541, the reaction rates are parametrized as

kco2 = g × Tg,

and the reaction rates for other processes involving collisions of vibrationally excited

CO2 are parametrized as

kco2 = g × h× exp(i/Tg + j/T 2
g ).

The kco2 units are cm3 s−1. The rates of the return (backward) reactions in VV and VT

processes have been calculated multiplying the direct reaction rate by exp(−E/kBTg),
where E is the energy emitted/absorbed during the process depending on whether the

process is exothermic or endothermic, and kB is the Boltzmann constant.

The reaction rates of ionization due to cosmic rays are parametrized as

kcr = k × l,

where l = crc is an altitude-dependent factor obtained in the model electronic relaxation

stage imposing ne(t = 0 s) = ne(t = 106 s) (see Figure E.1). The units of kcr are s−1.

The reaction rate of the process (80) is

kf = a×
(

300

Tg

)b
with Tg in Kelvin and kf in cm3 s−1. The reaction rate of the process (402) is a poly-

nomial fit performed on the Rayment and Moruzzi [1978] experimental data between

0 to 88 Td.

For the VT2 and VT3 processes of the type

N2(v) +M → N2(v − 1) +M,
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Figure E.1: Variation of the cosmic rays constant (CRC) with altitude taken from the

electronic relaxation stage of the model.

with M = N, O (from 137 to 151); the reaction rates are parametrized using an

Arrhenius-type approximation of the form

kN2 = d× exp
(
−e
Tg

)
+ f × exp

(
−g
Tg

)
with the units of Tg in Kelvin and kN2 in cm3 s−1.

The reaction rate of the process (86) is taken from Kossyi et al. [1992] and it is

given by

k86 = 1.07× 10−31 ×
(

300

Te

)2

× exp
(
−70

Tg

)
× exp

(
1500× (Te − Tg)

Te × Tg

)
,

with the units of Tg and Te in Kelvin and k86 in cm6 s−1.

The reaction rate of the process (152) is taken from Capitelli et al. [2000] and it is
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given by

k152 = 1.1× 10−12 × Tg ×

(
−218

T
1/3
g

+
690

Tg

)
×
(

1− exp
(
−3375.19

Tg

))−1

,

with the units of Tg in Kelvin and k153 in cm3 s−1.

The reaction rate of the process (153) is taken from Capitelli et al. [2000] and it is

given by

k153 = 3.2× 10−15 ×
(
Tg
300

)2.5

,

with the units of Tg in Kelvin and k154 in cm3 s−1.

The reaction rate of the process (154) is taken from Capitelli et al. [2000] and it is

given by

k154 = 2.05× 10−20 × exp
(
271× 10−4 × Tg − 2.32× 10−5 × T 2

g

)
,

with the units of Tg in Kelvin and k155 in cm3 s−1.

The reaction rate of the process (159) is taken from Capitelli et al. [2000] and it is

given by

k159 = 1.35× 10−12 × Tg ×

(
−137.9

T
1/3
g

)
×
(

1− exp
(
−2203.76

Tg

))−1

,

with the units of Tg in Kelvin and k159 in cm3 s−1.

The reaction rate of the process (160) is taken from Capitelli et al. [2000] and it is

given by

k160 = 3.14× 10−12 × Tg ×

(
−173.1

T
1/3
g

+
6.2× 105

T 2
g

)
×
(

1− exp
(
−2203.76

Tg

))−1

,

with the units of Tg in Kelvin and k160 in cm3 s−1. The processes in blue have only

been included in the sprite streamer model.
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E.4 EEDF and cross section dependent processes

Table E.6: EEDF and cross section dependent processes

No. Reaction Ref.

1 Ar + e→ Ar(3P2) + e Yamabe et al. [1983]

2 Ar + e→ Ar+ + 2e Yamabe et al. [1983]

3 N2 + e� N2(v1) + e Phelps and Pitchford [1985]

4 N2 + e� N2(v2) + e Phelps and Pitchford [1985]

5 N2 + e� N2(v3) + e Phelps and Pitchford [1985]

6 N2 + e� N2(v4) + e Phelps and Pitchford [1985]

7 N2 + e� N2(v5) + e Phelps and Pitchford [1985]

8 N2 + e� N2(v6) + e Phelps and Pitchford [1985]

9 N2 + e� N2(v7) + e Phelps and Pitchford [1985]

10 N2 + e� N2(v8) + e Phelps and Pitchford [1985]

11 N2 + e→ N2(A3Σ+
u ) + e Phelps and Pitchford [1985]

12 N2 + e→ N2(a1Πg) + e Phelps and Pitchford [1985]

13 N2 + e→ N2(a′1Σ−u ) + e Phelps and Pitchford [1985]

14 N2 + e→ N2(a′′1Σ+
g ) + e Phelps and Pitchford [1985]

15 N2 + e→ N2(B3Πg) + e Phelps and Pitchford [1985]

16 N2 + e→ N2(B′3Σ−u ) + e Phelps and Pitchford [1985]

17 N2 + e→ N2(C3Πu) + e Phelps and Pitchford [1985]

18 N2 + e→ N2(E3Σ+
g ) + e Phelps and Pitchford [1985]

19 N2 + e→ N2(W 3∆u) + e Phelps and Pitchford [1985]

20 N2 + e→ N2(w1∆u) + e Phelps and Pitchford [1985]

21 N2 + e→ N2(rot) + e Phelps and Pitchford [1985]

22 N2 + e→ N+
2 + 2e Phelps and Pitchford [1985]

23 N2 + e→ N+
2 (B2Σ+

u ) + 2e Phelps and Pitchford [1985]

24 N2 + e→ N+
2 (A2Πu) + 2e Shemansky and Broadfoot [1971]

25 N2 + e→ N +N(2D) + e Phelps and Pitchford [1985]

26 O2 + e� O2(v1) + e Lawton and Phelps [1978]

27 O2 + e� O2(v2) + e Lawton and Phelps [1978]

28 O2 + e� O2(v3) + e Lawton and Phelps [1978]

29 O2 + e� O2(v4) + e Lawton and Phelps [1978]
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No. Reaction Ref.

30 O2 + e→ O2(A3Σ+
u ) + e Lawton and Phelps [1978]

31 O2 + e→ O2(a1∆g) + e Lawton and Phelps [1978]

32 O2 + e→ O2(b1Σ+
g ) + e Lawton and Phelps [1978]

33 O2 + e→ O+
2 + 2e Lawton and Phelps [1978]

34 O2 + e→ O2(rot) + e Lawton and Phelps [1978]

35 O2 + e→ O− +O Lawton and Phelps [1978]

36 O2 + e→ O +O + e Lawton and Phelps [1978]

37 O2 + e→ O +O(1D) + e Lawton and Phelps [1978]

38 O2 + e→ O +O(1S) + e Lawton and Phelps [1978]

39 O2 +O2 + e→ O−2 +O2 Lawton and Phelps [1978]

40 O3 + e→ O− +O2 Skalny et al. [1996]

41 O3 + e→ O−2 +O Skalny et al. [1996]

42 O + e→ O(1D) + e Morgan [2000]

43 O + e→ O(1S) + e Morgan [2000]

44 N2O + e→ N2 +O− Hayashi [1987]

45 N2O + e→ N2O
+ + 2e Hayashi [1987]

46 NO + e→ NO+ + 2e Phelps [1969]

47 CO2 + e� CO2(0110) + e Phelps [a]

48 CO2 + e� CO2(0001) + e Phelps [a]

49 CO2 + e� CO2(0200) + e Phelps [a]

50 CO2 + e� CO2(0220) + e Phelps [a]

51 CO2 + e� CO2(1000) + e Phelps [a]

52 CO2 + e� CO2(0310) + e Phelps [a]

53 CO2 + e� CO2(0330) + e Phelps [a]

54 CO2 + e� CO2(1110) + e Phelps [a]

55 CO2 + e� CO2(0400) + e Phelps [a]

56 CO2 + e� CO2(0420) + e Phelps [a]

57 CO2 + e� CO2(1200) + e Phelps [a]

58 CO2 + e� CO2(0440) + e Phelps [a]

59 CO2 + e� CO2(1220) + e Phelps [a]

60 CO2 + e� CO2(2000) + e Phelps [a]

61 CO2 + e� CO2(0111) + e Phelps [a]

62 CO2 + e� CO2(0201) + e Phelps [a]

63 CO2 + e� CO2(0221) + e Phelps [a]

64 CO2 + e� CO2(1001) + e Phelps [a]
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No. Reaction Ref.

65 CO2 + e� CO2(0311) + e Phelps [a]

66 CO2 + e� CO2(0331) + e Phelps [a]

67 CO2 + e� CO2(1111) + e Phelps [a]

68 CO2 + e� CO2(0002) + e Phelps [a]

69 CO2 + e� CO2(0401) + e Phelps [a]

70 CO2 + e� CO2(0421) + e Phelps [a]

71 CO2 + e� CO2(0441) + e Phelps [a]

72 CO2 + e� CO2(1201) + e Phelps [a]

73 CO2 + e� CO2(1221) + e Phelps [a]

74 CO2 + e� CO2(2001) + e Phelps [a]

75 CO2 + e→ CO +O− Phelps [a]

E.5 Electronic temperature dependent processes

E.5.1 Ionization and dissociative ionization

Table E.7: Ionization and dissociative ionization processes

No. Reaction a b c Ref.

76 NO2 + e→ NO+
2 + 2e 2.6E-9 0.5 10.0 Castillo [2004]

77 NO + e→ O+ +N + 2e 2.9E-9 0.5 21.0 Castillo [2004]

78 NO2 + e→ NO+ +O + 2e 8.1E-9 0.5 12.9 Castillo [2004]

79 O2 + e→ O+ +O + 2e 4.2E-9 0.5 23.0 Castillo [2004]

212



E.5 Electronic temperature dependent processes

E.5.2 Dissociation

Table E.8: Dissociation processes

No. Reaction a b c Ref.

80 e+O3 → O2 +O + e 1.0E-8 0.5 Gudmundsson et al. [2001]

81 e+NO → N +O + e 7.4E-9 6.50 Castillo [2004]

82 e+NO2 → NO +O + e 5.6E-9 3.11 Castillo [2004]

83 e+N2O → N2 +O + e 1.4E-9 1.67 Castillo [2004]

84 e+N2O → N2 +O(1D) + e 1.2E-9 3.64 Castillo [2004]

85 e+N2O → NO +N + e 1.0E-10 4.93 Castillo [2004]

E.5.3 Attachment

Table E.9: Attachment processes

No. Reaction a b c Ref.

86 e+O2 +N2 → O−2 +N2

87 e+O +O2 → O− +O2 1.0E-31 Capitelli et al. [2000]

88 e+O +N2 → O− +N2 1.0E-31 Capitelli et al. [2000]

89 e+NO2 → O− +NO 3.0E-11 Kossyi et al. [1992]

90 e+NO2 → NO−2 1.0E-11 Kossyi et al. [1992]

91 e+O3 +O2 → O−3 +O2 1.0E-31 Capitelli et al. [2000]

92 e+NO +N2 → NO− +N2 1.0E-30 Kossyi et al. [1992]
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E.5.4 Recombination

Table E.10: Recombination processes

No. Reaction a b c Ref.

93 e+N+
2 → N +N 4.50E-8 -0.5 Kossyi et al. [1992]

94 e+N+
2 → N +N(2D) 3.21E-8 -0.5 Kossyi et al. [1992]

95 e+N+
2 +O2 → N2 +O2 2.49E-29 -1.5 Kossyi et al. [1992]

96 e+O+
2 → O +O 1.3006E-9 -0.7 Peverall et al. [2001]

97 e+O+
2 → O +O(1D) 1.1334E-8 -0.7 Peverall et al. [2001]

98 e+O+
2 → O(1D) +O(1D) 4.645E-9 -0.7 Peverall et al. [2001]

99 e+O+
2 → O(1S) +O(1D) 1.3006E-9 -0.7 Peverall et al. [2001]

100 e+NO+ → N +O 1.66E-9 -1.5 Kossyi et al. [1992]

101 e+NO+ → N(2D) +O 7.76E-9 -1.0 Kossyi et al. [1992]

102 e+NO+ +O2 → NO +O2 2.49E-29 -1.5 Kossyi et al. [1992]

103 e+NO+ +N2 → NO +N2 2.49E-29 -1.5 Kossyi et al. [1992]

104 e+O+
2 +O2 → O2 +O2 2.49E-29 -1.5 Kossyi et al. [1992]

105 e+N+
4 → N2 +N +N 3.13E-7 -0.41 Whitaker et al. [1981]

106 e+N+
4 → N2 +N2 3.21E-7 -0.5 Kossyi et al. [1992]

107 e+O+
4 → O2 +O +O 2.30E-6 Kruger and Olander [1976]

108 e+O+
4 → O2 +O2 2.25E-7 -0.5 Kossyi et al. [1992]

109 e+O+ +N2 → O +N2 2.49E-29 -1.5 Kossyi et al. [1992]

110 e+O+ + e→ O + e 7.18E-25 -4.5 Kossyi et al. [1992]

111 e+O+ +O2 → O +O2 2.49E-29 -1.5 Kossyi et al. [1992]

112 e+N2O
+ → N2 +O 3.22E-8 -0.5 Castillo [2004]

113 e+NO+
2 → NO +O 3.22E-8 -0.5 Castillo [2004]

114 e+N2O
+
2 → NO +NO 3.61E-6 -0.5 Starikovskaia et al. [2001]

115 e+N2O
+
2 → N2 +O2 3.61E-6 -0.5 Starikovskaia et al. [2001]

116 e+N+
3 → N2 +N 5.56E-7 -0.5 Starikovskaia et al. [2001]

117 e+N+
3 → N2(A3Σ+

u ) +N 6.91E-8 -0.5 Starikovskaia et al. [2001]

118 e+N+
3 → N2(B3Πg) +N 6.91E-8 -0.5 Starikovskaia et al. [2001]

119 e+ e+N+ → e+N 1.4E-8 -4.5 Kossyi et al. [1992]

120 e+N+ +O2 → N +O2 3.11E-23 -1.5 Kossyi et al. [1992]

121 e+N+ +N2 → N +N2 3.11E-23 -1.5 Kossyi et al. [1992]
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E.6 Molecular nitrogen kinetics

E.6.1 Vibrational-Vibrational processes (VV)

Table E.11: Vibrational-Vibrational processes (VV)

No. Reaction d e f Tg(K) Ref.

122 N2(v1) +N2(v1)� N2(v2) +N2 3.0E-14 200 Cacciatore et al. [2005]

123 N2(v1) +N2(v2)� N2(v3) +N2 4.0E-14 200 Cacciatore et al. [2005]

124 N2(v1) +N2(v3)� N2(v4) +N2 5.0E-14 200 Cacciatore et al. [2005]

125 N2(v1) +N2(v4)� N2(v5) +N2 5.6E-14 200 Cacciatore et al. [2005]

126 N2(v1) +N2(v5)� N2(v6) +N2 6.0E-14 200 Cacciatore et al. [2005]

127 N2(v1) +N2(v6)� N2(v7) +N2 5.6E-14 200 Cacciatore et al. [2005]

128 N2(v1) +N2(v7)� N2(v8) +N2 5.0E-14 200 Cacciatore et al. [2005]

E.6.2 Vibrational-Translational processes (VT)

Table E.12: Vibrational-Translational processes (VT)

No. Reaction d e f Tg(K) Ref.

129 N2(v1) +N2 � N2 +N2 3.5E-21 500 Kurnosov et al. [2007]

130 N2(v2) +N2 � N2(v1) +N2 6.5E-21 500 Kurnosov et al. [2007]

131 N2(v3) +N2 � N2(v2) +N2 1.5E-20 500 Kurnosov et al. [2007]

132 N2(v4) +N2 � N2(v3) +N2 2.5E-20 500 Kurnosov et al. [2007]

133 N2(v5) +N2 � N2(v4) +N2 3.5E-20 500 Kurnosov et al. [2007]

134 N2(v6) +N2 � N2(v5) +N2 7.0E-20 500 Kurnosov et al. [2007]

135 N2(v7) +N2 � N2(v6) +N2 1.0E-19 500 Kurnosov et al. [2007]

136 N2(v8) +N2 � N2(v7) +N2 1.0E-19 500 Kurnosov et al. [2007]
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No. Reaction d e f g Tg(K) Ref.

137 N2(v2) +O � N2(v1) +O 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

138 N2(v3) +O � N2(v2) +O 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

139 N2(v4) +O � N2(v3) +O 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

140 N2(v5) +O � N2(v4) +O 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

141 N2(v6) +O � N2(v5) +O 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

142 N2(v7) +O � N2(v6) +O 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

143 N2(v8) +O � N2(v7) +O 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

144 N2(v1) +N � N2 +N 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

145 N2(v2) +N � N2(v1) +N 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

146 N2(v3) +N � N2(v2) +N 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

147 N2(v4) +N � N2(v3) +N 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

148 N2(v5) +N � N2(v4) +N 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

149 N2(v6) +N � N2(v5) +N 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

150 N2(v7) +N � N2(v6) +N 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

151 N2(v8) +N � N2(v7) +N 2.3E-13 1280 2.7E-11 10840 300 Capitelli et al. [2000]

152 N2(v1) + CO2 � N2 + CO2 Capitelli et al. [2000]

153 N2(v1) +O � N2 +O Capitelli et al. [2000]

154 N2(v1) +O2 � N2 +O2(v1) Capitelli et al. [2000]

216



E.7 Molecular oxygen kinetics

E.7 Molecular oxygen kinetics

E.7.1 Vibrational-Translational processes (VT)

Table E.13: O2 chemistry: vibrational-translational processes (VT)

No. Reaction d e f Tg(K) Ref.

155 O2(v1) +O � O2 +O 4.5E-15 Capitelli et al. [2000]

156 O2(v2) +O � O2(v1) +O 4.5E-15 Capitelli et al. [2000]

157 O2(v3) +O � O2(v2) +O 4.5E-15 Capitelli et al. [2000]

158 O2(v4) +O � O2(v3) +O 4.5E-15 Capitelli et al. [2000]

159 O2(v1) +O2 � O2 +O2 Capitelli et al. [2000]

160 O2(v1) +Ar � O2 +Ar Capitelli et al. [2000]
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E.8 Heavy particle kinetics

E.8.1 Electronically excited species

Table E.14: Electronically excited species

No. Reaction d e f Tg(K) Ref.

161 Ar(3P2) +N2 → Ar +N +N 3.6E-11 Piper et al. [1973]

162 Ar(3P2) +N2 → Ar +N2(C3Πu) 3.0E-11 Bouróne and Le Calvé [1973]

163 Ar(3P2) +O2 → Ar +O +O 2.1E-10 Piper et al. [1973]

164 Ar(3P2) + CO2 → Ar + CO +O 5.3E-10 Piper et al. [1973]

165 Ar(3P2) +NO → Ar +N +O 2.2E-10 Piper et al. [1973]

166 Ar(3P2) +N2O → Ar +NO +N 4.4E-10 Piper et al. [1973]

167 Ar(3P2) +N2O → Ar +N2 +O 4.4E-10 Piper et al. [1973]

168 N(2D) +O2 → NO +O 1.5E-12 -0.5 Kossyi et al. [1992]

169 N(2D) +O2 → O(1D) +NO 6.0E-12 -0.5 Kossyi et al. [1992]

170 N(2D) +O → N +O(1D) 4.0E-13 Capitelli et al. [2000]

171 N(2D) +N2 → N +N2 6.0E-15 Capitelli et al. [2000]

172 N(2D) +NO → N2 +O 1.8E-10 Capitelli et al. [2000]

173 N(2D) +N2O → NO +N2 3.5E-12 Capitelli et al. [2000]

174 N(2P ) +N → N(2D) +N 1.8E-12 Capitelli et al. [2000]

175 N(2P ) +O2 → NO +O 2.6E-12 Capitelli et al. [2000]

176 N(2P ) +N2 → N +N2 2.0E-18 Capitelli et al. [2000]

177 N(2P ) +NO → N2 +O 3.0E-11 Capitelli et al. [2000]

178 N2(a1Πg) +O2 → N2 +O +O 2.8E-11 Kossyi et al. [1992]

179 N2(a1Πg) +N2 → N2 +N2 2.0E-13 Kossyi et al. [1992]

180 N2(a1Πg) +NO → N2 +N +O 3.6E-10 Kossyi et al. [1992]

181 N2(a′1Σ−u ) +N2 → N2(B3Πg) +N2 2.0E-13 Kossyi et al. [1992]

182 N2(a′1Σ−u ) +O2 → N2 +O +O 2.8E-11 Kossyi et al. [1992]

183 N2(a′1Σ−u ) +O2 → N2 +O +O(1D) 2.8E-11 Kossyi et al. [1992]

184 N2(a′1Σ−u ) +NO → N2 +N +O 3.6E-10 Kossyi et al. [1992]

185 N2(a′1Σ−u ) +N2(a′1Σ−u )→ N+
4 + e 2.0E-10 Kossyi et al. [1992]

186 N2(a′1Σ−u ) +N2(A3Σ+
u )→ N+

4 + e 5.0E-11 Kossyi et al. [1992]

187 N2(C3Πu) +N2 → N2(a′1Σ−u ) +N2 1.0E-11 Kossyi et al. [1992]

188 N2(C3Πu) +O2 → N2 +O +O(1S) 3.0E-10 Capitelli et al. [2000]

189 N2(C3Πu) +N2 → N2(B3Πg) +N2 1.0E-11 Kossyi et al. [1992]

190 N2(C3Πu) +O2 → N2 +O +O(1D) 2.5E-10 Capitelli et al. [2000]

191 N2(B3Πg) +N2 → N2 +N2 2.0E-12 Capitelli et al. [2000]

192 N2(B3Πg) +N2 → N2(A3Σ+
u ) +N2 1.0E-11 Capitelli et al. [2000]

193 N2(B3Πg) +O2 → N2 +O +O 3.0E-10 Capitelli et al. [2000]

194 N2(A3Σ+
u ) +N2 → N2 +N2 3.0E-18 Kossyi et al. [1992]

195 N2(A3Σ+
u ) +O2 → N2 +O +O 2.54E-12 Kossyi et al. [1992]

196 N2(A3Σ+
u ) +O2 → N2O +O 7.8E-14 Kossyi et al. [1992]

197 N2(A3Σ+
u ) +O → NO +N(2D) 7.0E-12 Capitelli et al. [2000]

198 N2(A3Σ+
u ) +O → N2 +O(1S) 3.0E-11 Kossyi et al. [1992]

199 N2(A3Σ+
u ) +N → N2 +N(2P ) 5.0E-11 Capitelli et al. [2000]

200 N2(A3Σ+
u ) +N2O → N2 +N +NO 1.0E-11 Kossyi et al. [1992]
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No. Reaction d e f Tg(K) Ref.

201 N2(A3Σ+
u ) +N → N2 +N 2.0E-11 Capitelli et al. [2000]

202 N2(A3Σ+
u ) +NO → N2 +NO 7.0E-11 Kossyi et al. [1992]

203 N2(A3Σ+
u ) +NO → N2 +NO(A2∆+) 8.75E-11 Simek [2003]

204 N2(A3Σ+
u ) +N2(A3Σ+

u )→ N2(C3Πu) +N2 1.6E-10 Kossyi et al. [1992]

205 N2(A3Σ+
u ) +N2(A3Σ+

u )→ N2(B3Πg) +N2 7.7E-11 Kossyi et al. [1992]

206 N2(A3Σ+
u ) +O2 → N2 +O2(b1Σ+

g ) 7.5E-13 Kossyi et al. [1992]

207 O(1D) +N2 → O +N2 1.8E-11 -107 Kossyi et al. [1992]

208 O(1D) +N2 → O +N2(v1) 2.4E-11 Capitelli et al. [2000]

209 O(1D) +O2 → O +O2(b1Σ+
g ) 2.56E-11 -67 Kossyi et al. [1992]

210 O(1D) +O2 → O +O2 6.4E-12 -67 Kossyi et al. [1992]

211 O(1D) +O2 → O +O2(a1∆g) 1.0E-12 Capitelli et al. [2000]

212 O(1D) +N2O → NO +NO 7.2E-11 Kossyi et al. [1992]

213 O(1D) +N2O → N2O +O 1.0E-12 Starikovskaia et al. [2001]

214 O(1D) +N2O → N2 +O2 4.9E-11 Castillo [2004]

215 O(1D) +NO2 → O2 +NO 3.0E-10 Castillo [2004]

216 O(1D) +NO → O2 +N 1.7E-10 Kossyi et al. [1992]

217 O(1D) +O3 → O +O +O2 1.2E-10 Kossyi et al. [1992]

218 O(1D) +O3 → O +O3 2.41E-10 Linstrom and Mallard [2015]

219 O(1D) +O3 → O2 +O2 2.4E-10 Kossyi et al. [1992]

220 O(1D) + CO2 → O + CO2 7.4E-11 -120 200-300 Linstrom and Mallard [2015]

221 O(1D) + CO → CO2 7.3E-11 100-1200 Linstrom and Mallard [2015]

222 O(1S) +NO → O +NO 2.9E-10 Capitelli et al. [2000]

223 O(1S) +NO → O(1D) +NO 5.1E-10 Capitelli et al. [2000]

224 O(1S) +O2 → O2 +O 4.3E-12 0 850 Kossyi et al. [1992]

225 O(1S) +O2 → O2 +O(1D) 1.3E-12 0 850 Kossyi et al. [1992]

226 O(1S) +O2(a1∆g)→ O2 +O(1D) 3.6E-11 Kossyi et al. [1992]

227 O(1S) +O2(a1∆g)→ O +O +O 3.4E-11 Kossyi et al. [1992]

228 O(1S) +O2(a1∆g)→ O +O2(b1Σ+
g ) 1.3E-10 Kossyi et al. [1992]

229 O(1S) +O → O(1D) +O 5.0E-11 0 301 Kossyi et al. [1992]

230 O(1S) +O → O(1D) +O(1D) 5.0E-11 0 301 Kossyi et al. [1992]

231 O(1S) +O3 → O2 +O +O(1D) 2.9E-10 Kossyi et al. [1992]

232 O(1S) +O3 → O2 +O2 2.9E-10 Kossyi et al. [1992]

233 O(1S) + CO2 → O + CO2 3.09E-13 300 Linstrom and Mallard [2015]

234 O2(a1∆g) +N → O +NO 2.0E-14 0 600 Kossyi et al. [1992]

235 O2(a1∆g) +O → O +O2 7.0E-16 Kossyi et al. [1992]

236 O2(a1∆g) +O2 → O2 +O2 2.2E-18 0.8 Kossyi et al. [1992]

237 O2(a1∆g) +N2 → O2 +N2 1.4E-19 Atkinson et al. [2003]

238 O2(a1∆g) +NO → O +NO2 4.88E-18 Linstrom and Mallard [2015]

239 O2(a1∆g) +O3 → O2 +O2 +O 5.2E-11 0 2841 280-360 Linstrom and Mallard [2015]

240 O2(a1∆g) +NO → O2 +NO 2.5E-11 Kossyi et al. [1992]

241 O2(b1Σ+
g ) +N2 → O2(a1∆g) +N2 4.9E-15 253 Kossyi et al. [1992]

242 O2(b1Σ+
g ) +O2 → O2(a1∆g) +O2 3.73E-16 2.4 241 Kossyi et al. [1992]

243 O2(b1Σ+
g ) +O → O2 +O 8.0E-14 Kossyi et al. [1992]

244 O2(b1Σ+
g ) +O3 → O2(a1∆g) +O2(a1∆g) +O 1.8E-11 Kossyi et al. [1992]

245 O2(b1Σ+
g ) +NO → O2(a1∆g) +NO 4.0E-14 Kossyi et al. [1992]

246 NO(A2Σ+) +O2 → NO +O2 1.62E-10 Simek [2003]

247 NO(A2Σ+) +N2 → NO +N2(A3Σ+
u ) 5.0E-14 Thoman et al. [1992]

248 N+
2 (A2Πu) +N2 → N+

2 +N2 7.5E-10 Piper et al. [1985]
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No. Reaction d e f Tg(K) Ref.

249 N+
2 (A2Πu) +O2 → N+

2 +O2 6.2E-10 Piper et al. [1985]

250 N+
2 (B2Σ+

u ) +N2 → N+
2 +N2 7.5E-11 Piper et al. [1985]

251 N+
2 (B2Σ+

u ) +O2 → N+
2 +O2 6.2E-10 Piper et al. [1985]

E.8.2 Ground neutrals

Table E.15: Ground neutral species

No. Reaction d e f Tg(K) Ref.

252 N +O2 → NO +O 1.0E-11 0 3473 200-1000 Kossyi et al. [1992]

253 N +NO2 → O +O +N2 9.1E-13 Capitelli et al. [2000]

254 N +NO2 → O +N2O 3.0E-12 Capitelli et al. [2000]

255 N +NO2 → O2 +N2 7.0E-13 Capitelli et al. [2000]

256 N +NO2 → NO +NO 2.3E-13 Capitelli et al. [2000]

257 NO2 +NO3 +O2 → N2O5 +O2 5.9E-29 -1.27 Starikovskaia et al. [2001]

258 NO2 +NO3 +N2 → N2O5 +N2 5.9E-29 -1.27 Starikovskaia et al. [2001]

259 NO2 +NO3 +NO → N2O5 +NO 5.9E-29 -1.27 Starikovskaia et al. [2001]

260 NO2 +NO3 +N2O5 → N2O5 +N2O5 5.9E-29 -1.27 Starikovskaia et al. [2001]

261 N2O5 +N2 → NO2 +NO3 +N2 2.1E-11 -4.4 11080 Capitelli et al. [2000]

262 N2O5 +O2 → NO2 +NO3 +O2 2.1E-11 -4.4 11080 Capitelli et al. [2000]

263 N2O5 +Ar → NO2 +NO3 +Ar 2.1E-11 -4.4 11080 Capitelli et al. [2000]

264 N2O5 +O → N2 +O2 +O2 +O2 3.0E-16 0.5 Kossyi et al. [1992]

265 NO2 +O3 → NO3 +O2 1.2E-13 0 2450 230-360 Capitelli et al. [2000]

266 O +NO2 +N2 → NO3 +N2 8.9E-32 -2.0 Capitelli et al. [2000]

267 O +NO2 +O2 → NO3 +O2 8.9E-32 -2.0 Capitelli et al. [2000]

268 O +NO3 → NO2 +O2 1.0E-11 Kossyi et al. [1992]

269 NO +NO3 → NO2 +NO2 1.11E-11 Capitelli et al. [2000]

270 O +NO2 → O2 +NO 9.09E-12 0.18 Kossyi et al. [1992]

271 N +O3 → NO +O2 2.0E-16 Kossyi et al. [1992]

272 O +NO +N2 → NO2 +N2 1.2E-31 -1.682 200-2500 Capitelli et al. [2000]

273 O +NO +O2 → NO2 +O2 9.3E-32 -1.682 200-2500 Capitelli et al. [2000]

274 O +NO → O2 +N 8.93E-13 1 19494.5 200-2500 Linstrom and Mallard [2015]

275 O3 +NO → O2 +NO2 4.3E-12 0 1560 Kossyi et al. [1992]

276 N +N +N2 → N2 +N2 8.27E-34 0 500 Kossyi et al. [1992]

277 N +N +N → N2 +N 3.31E-27 -1.5 Starikovskaia et al. [2001]

278 O +O +N2 → O2 +N2 6.49E-35 0 1039 190-4000 Capitelli et al. [2000]

279 O +O +N → O2 +N 3.2E-33 -0.41 290-4000 Capitelli et al. [2000]

280 O +O2 +O2 → O3 +O2 7.6E-34 -1.9 200-4000 Capitelli et al. [2000]

281 O +O2 +N2 → O3 +N2 5.8E-34 -2.8 200-4000 Capitelli et al. [2000]

282 O +O2 +O3 → O3 +O3 1.5E-34 0 750 Starikovskaia et al. [2001]

283 O +O2 +O → O3 +O 2.15E-34 0 345 200-4000 Capitelli et al. [2000]

284 O +O3 → O2 +O2 2.0E-11 0 2300 220-1000 Kossyi et al. [1992]

285 N +O +N2 → NO +N2 1.0E-32 -0.5 200-4000 Capitelli et al. [2000]

286 N +O +O2 → NO +O2 1.0E-32 -0.5 200-4000 Capitelli et al. [2000]
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No. Reaction d e f Tg(K) Ref.

287 NO2 +N2 → NO +O +N2 6.8E-6 -2 36180 200-4000 Capitelli et al. [2000]

288 NO2 +O2 → NO +O +O2 5.3E-6 -2 36180 200-4000 Capitelli et al. [2000]

289 NO2 +NO → NO +NO +O 5.3E-5 -2 36180 200-4000 Capitelli et al. [2000]

290 NO2 +NO2 → NO +O +NO2 4.0E-5 -2 36180 200-4000 Capitelli et al. [2000]

291 NO2 +Ar → NO +O +Ar 4.0E-6 -2 36180 200-4000 Capitelli et al. [2000]

292 NO3 +N2 → NO2 +O +N2 3.1E-5 -2 25000 200-1500 Capitelli et al. [2000]

293 NO3 +O2 → NO2 +O +O2 3.1E-5 -2 25000 200-1500 Capitelli et al. [2000]

294 NO3 +NO → NO2 +O +NO 3.1E-5 -2 25000 200-1500 Capitelli et al. [2000]

295 NO3 +N → NO2 +O +N 3.1E-4 -2 25000 200-1500 Capitelli et al. [2000]

296 NO3 +O → NO2 +O +O 3.1E-4 -2 25000 200-1500 Capitelli et al. [2000]

297 NO3 +Ar → NO2 +O +Ar 3.72E-5 -2 25000 200-1500 Capitelli et al. [2000]

298 NO3 +N2 → NO +O2 +N2 6.2E-5 -2 25000 200-1500 Capitelli et al. [2000]

299 NO3 +O2 → NO +O2 +O2 6.2E-5 -2 25000 200-1500 Capitelli et al. [2000]

300 NO3 +NO → NO +O2 +NO 6.2E-5 -2 25000 200-1500 Capitelli et al. [2000]

301 NO3 +N → NO +O2 +N 7.44E-4 -2 25000 200-1500 Capitelli et al. [2000]

302 NO3 +O → NO +O2 +O 7.44E-4 -2 25000 200-1500 Capitelli et al. [2000]

303 NO3 +Ar → NO +O2 +Ar 7.44E-5 -2 25000 200-1500 Capitelli et al. [2000]

304 CO2 +O → CO +O2 2.81E-11 0 26474 300-2500 Linstrom and Mallard [2015]

305 CO +O +N2 → CO2 +N2 1.7E-33 0 1510 250-4000 Linstrom and Mallard [2015]

306 CO +O2 → CO2 +O 4.2E-12 0 24000 300-6000 Linstrom and Mallard [2015]

307 CO +NO2 → CO2 +NO 1.48E-10 0 16967 300-2000 Linstrom and Mallard [2015]

221



E. KINETIC MODEL FOR ELECTRICAL DISCHARGES IN THE
EARTH’S ATMOSPHERE

E.9 Ionic kinetics

E.9.1 Ion-Ion recombination

Table E.16: Ion-Ion recombination processes

No. Reaction d e f Tg(K) Ref.

308 N2O
+
2 +O−2 → NO +NO +O2 1.0E-7 Starikovskaia et al. [2001]

309 N2O
+
2 +O−2 → N2 +O2 +O2 1.0E-7 Starikovskaia et al. [2001]

310 N2O
+
2 +O− → NO +NO +O 1.0E-7 Starikovskaia et al. [2001]

311 N2O
+
2 +O− → N2 +O +O2 1.0E-7 Starikovskaia et al. [2001]

312 N2O
+
2 +O−3 → NO +NO +O3 1.0E-7 Starikovskaia et al. [2001]

313 N2O
+
2 +O−3 → N2 +O2 +O3 1.0E-7 Starikovskaia et al. [2001]

314 N2O
+
2 +NO− → NO +NO +NO 1.0E-7 Starikovskaia et al. [2001]

315 N2O
+
2 +NO− → NO +N2 +O2 1.0E-7 Starikovskaia et al. [2001]

316 N2O
+
2 +NO−2 → NO +NO +NO2 1.0E-7 Starikovskaia et al. [2001]

317 N2O
+
2 +NO−2 → NO2 +N2 +O2 1.0E-7 Starikovskaia et al. [2001]

318 N2O
+
2 +NO−3 → NO +NO +NO3 1.0E-7 Starikovskaia et al. [2001]

319 N2O
+
2 +NO−3 → NO3 +N2 +O2 1.0E-7 Starikovskaia et al. [2001]

320 N+
3 +O− → N +N2 +O 1.0E-7 Starikovskaia et al. [2001]

321 N+
3 +O−3 → N +N2 +O3 1.0E-7 Starikovskaia et al. [2001]

322 N+
3 +NO− → N +N2 +NO 1.0E-7 Starikovskaia et al. [2001]

323 N+
3 +NO−3 → N +N2 +NO3 1.0E-7 Starikovskaia et al. [2001]

324 O− +N+ → O +N 2.0E-7 0.5 Kossyi et al. [1992]

325 O− +NO+ +O2 → NO2 +O2 2.0E-25 -2.5 Capitelli et al. [2000]

326 O− +O+
2 → O +O2 2.0E-7 -0.5 Capitelli et al. [2000]

327 O− +O+
2 +O2 → O3 +O2 2.0E-25 -2.5 Capitelli et al. [2000]

328 O−2 +O+
2 → O2 +O2 2.0E-7 -0.5 Capitelli et al. [2000]

329 O−2 +N+ → N +O2 2.0E-7 0.5 Kossyi et al. [1992]

330 O−2 +NO+ → O2 +N +O 1.0E-7 Capitelli et al. [2000]

331 O−2 +NO+ +O2 → O2 +O2 +NO 2.0E-25 -2.5 Capitelli et al. [2000]

332 O−3 +O+ → O3 +O 2.0E-7 -0.5 Capitelli et al. [2000]

333 O−3 +N+ → O3 +N 2.0E-7 0.5 Kossyi et al. [1992]

334 O−3 +O+
2 → O3 +O2 2.0E-7 -0.5 Capitelli et al. [2000]

335 O−3 +O+
2 → O +O +O3 1.0E-7 Capitelli et al. [2000]

336 O−3 +NO+ → O3 +NO 2.0E-7 -0.5 Capitelli et al. [2000]

337 NO− +N+ → NO +N 2.0E-7 0.5 Kossyi et al. [1992]

338 NO−2 +N+ → NO2 +N 2.0E-7 0.5 Kossyi et al. [1992]

339 NO−3 +N+ → NO3 +N 2.0E-7 0.5 Kossyi et al. [1992]

340 NO−3 +NO+ → NO3 +N +O 1.0E-7 Capitelli et al. [2000]

341 NO−3 +O+
2 → NO3 +O +O 1.0E-7 Capitelli et al. [2000]

342 N2O− +N+ → N2O +N 2.0E-7 0.5 Kossyi et al. [1992]
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E.9.2 Positive ions

Table E.17: Positive ion processes

No. Reaction d e f Tg(K) Ref.

343 Ar+ +N2 → Ar +N+
2 1.1E-11 Lindinger et al. [1981]

344 Ar+ +O2 → Ar +O+
2 4.6E-11 Midey et al. [2002]

345 N+ +N2 +N2 → N+
3 +N2 9.0E-30 -400 Kossyi et al. [1992]

346 N+ +O +N2 → NO+ +N2 1.0E-29 Kossyi et al. [1992]

347 N+ +O +O2 → NO+ +O2 1.0E-29 Kossyi et al. [1992]

348 N+ +N +N2 → N+
2 +N2 1.0E-29 Kossyi et al. [1992]

349 N+ +N +O2 → N+
2 +O2 1.0E-29 Kossyi et al. [1992]

350 N+ +O2 → O+
2 +N 2.8E-10 Kossyi et al. [1992]

351 N+ +O2 → NO+ +O 2.5E-10 Kossyi et al. [1992]

352 N+ +O2 → O+ +NO 2.8E-11 Kossyi et al. [1992]

353 N+ +O → O+ +N 1.0E-12 Kossyi et al. [1992]

354 N+ +O3 → NO+ +O2 5.0E-10 Kossyi et al. [1992]

355 N+ +NO → NO+ +N 8.0E-10 Kossyi et al. [1992]

356 N+ +NO → N+
2 +O 3.0E-12 Kossyi et al. [1992]

357 N+ +NO → O+ +N2 1.0E-12 Kossyi et al. [1992]

358 N+ +N2O → NO+ +N2 5.5E-10 Kossyi et al. [1992]

359 N+
2 +N2 +N → N+

3 +N2 9.0E-30 -400 Capitelli et al. [2000]

360 N+
2 +O → N2 +O+ 1.0E-11 -0.2 Kossyi et al. [1992]

361 N+
2 +O → NO+ +N 1.3E-10 -0.5 Kossyi et al. [1992]

362 N+
2 +O2 → N2 +O+

2 6.0E-11 -0.5 Kossyi et al. [1992]

363 N+
2 +O3 → O+

2 +O +N2 1.0E-10 Capitelli et al. [2000]

364 N+
2 +N2O → N2O+ +N2 5.0E-10 Capitelli et al. [2000]

365 N+
2 +N2O → NO+ +N +N2 4.0E-10 Capitelli et al. [2000]

366 N+
2 +NO → NO+ +N2 3.3E-10 Kossyi et al. [1992]

367 N+
2 +N2 +N2 → N+

4 +N2 5.2E-29 -2.2 Capitelli et al. [2000]

368 N+
3 +N2(A3Σ+

u )→ N+
3 +N2 3.0E-10 Starikovskaia et al. [2001]

369 N+
3 +O2 → O+

2 +N +N2 2.3E-11 Kossyi et al. [1992]

370 N+
3 +O2 → NO+

2 +N2 4.4E-11 Kossyi et al. [1992]

371 N+
3 +N → N+

2 +N2 6.6E-11 Kossyi et al. [1992]

372 N+
3 +NO → NO+ +N +N2 7.0E-11 Kossyi et al. [1992]

373 N+
3 +NO → N2 +N2O+ 7.0E-11 Starikovskaia et al. [2001]

374 N+
4 +O2 → O+

2 +N2 +N2 2.5E-10 Capitelli et al. [2000]

375 N+
4 +O → O+ +N2 +N2 2.5E-10 Capitelli et al. [2000]
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376 O+ +N2 → NO+ +N 3.0E-12 Kossyi et al. [1992]

377 O+ +O2 → O+
2 +O 2.0E-11 -0.5 Capitelli et al. [2000]

378 O+ +O3 → O+
2 +O2 1.0E-10 Capitelli et al. [2000]

379 O+ +NO → NO+ +O 2.4E-11 Capitelli et al. [2000]

380 O+ +NO → O+
2 +N 3.0E-12 Capitelli et al. [2000]

381 O+ +N2O → NO+ +NO 2.3E-10 Capitelli et al. [2000]

382 O+ +N2O → O+
2 +N2 2.0E-11 Capitelli et al. [2000]

383 O+ +N2O → N2O+ +O 2.2E-11 Capitelli et al. [2000]

384 O+ +NO2 → NO+
2 +O 1.6E-9 Capitelli et al. [2000]

385 O+
2 +N → NO+ +O 1.2E-10 Kossyi et al. [1992]

386 O+
2 +N2 → NO+ +NO 1.0E-17 Kossyi et al. [1992]

387 O+
2 +NO2 → NO+ +O3 1.0E-11 Capitelli et al. [2000]

388 O+
2 +NO2 → NO+

2 +O2 6.6E-10 Capitelli et al. [2000]

389 O+
2 +NO → NO+ +O2 4.4E-10 Kossyi et al. [1992]

390 O+
2 +O2 +O2 → O+

4 +O2 2.4E-30 -3.2 Kossyi et al. [1992]

391 O+
2 +N2 +N2 → N2O

+
2 +N2 9.0E-31 -2 Kossyi et al. [1992]

392 O+
4 +O2(a1∆g)→ O+

2 +O2 +O2 1.0E-10 Kossyi et al. [1992]

393 O+
4 +O2(b1Σ+

g )→ O+
2 +O2 +O2 1.0E-10 Kossyi et al. [1992]

394 O+
4 +N2 → N2O

+
2 +O2 4.6E-12 2.5 2650 Capitelli et al. [2000]

395 O+
4 +NO → NO+ +O2 +O2 1.0E-10 Kossyi et al. [1992]

396 O+
4 +O → O+

2 +O3 3.0E-10 Kossyi et al. [1992]

397 O+
4 +O2 → O+

2 +O2 +O2 3.3E-6 -4 5030 Kossyi et al. [1992]

398 NO+
2 +NO → NO+ +NO2 2.9E-10 Capitelli et al. [2000]

399 N2O+ +NO → NO+ +N2O 2.9E-10 Capitelli et al. [2000]

400 N2O
+
2 +N2 → O+

2 +N2 +N2 1.1E-6 -5.3 2357 Capitelli et al. [2000]

401 N2O
+
2 +O2 → O+

4 +N2 1.0E-10 Capitelli et al. [2000]
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E.9.3 Negative ions

Table E.18: Negative ion processes

No. Reaction d e f Tg(K) Ref.

402 O− +N2 → N2O + e (1.156E-12 x (E/N)2)/(1892.2 + (E/N)2) Rayment and Moruzzi [1978]

403 O− +O2 → O3 + e 5.0E-15 Kossyi et al. [1992]

404 O− +O → O2 + e 5.0E-10 Kossyi et al. [1992]

405 O− +N2(A3Σ+
u )→ O +N2 + e 2.2E-9 Kossyi et al. [1992]

406 O− +O2(a1∆g)→ O3 + e 3.0E-10 Kossyi et al. [1992]

407 O− +O3 → O2 +O2 + e 5.3E-10 Kossyi et al. [1992]

408 O− +NO → NO2 + e 2.6E-10 Kossyi et al. [1992]

409 O− +N2O → NO− +NO 2.1E-10 Kossyi et al. [1992]

410 O− +NO2 → NO−2 +O 1.2E-9 Kossyi et al. [1992]

411 O− +O2 +O2 → O−3 +O2 1.1E-30 -1 Kossyi et al. [1992]

412 O− +O3 → O−3 +O 5.3E-10 Kossyi et al. [1992]

413 O− +O2(a1∆g)→ O−2 +O 1.0E-10 Capitelli et al. [2000]

414 O− +N2(B3Πg)→ O +N2 + e 1.9E-9 Capitelli et al. [2000]

415 O− + CO → CO2 + e 6.0E-10 -0.32 Bortner and Baurer [1972]

416 O− + CO2 +Ar → CO−3 +Ar 3.1E-28 -0.5 Brasseur and Solomon [1986]

417 O− + CO2 + CO2 → CO−3 + CO2 3.1E-28 -0.5 Brasseur and Solomon [1986]

418 O−2 +O → O− +O2 3.3E-10 Kossyi et al. [1992]

419 O−2 +O → O3 + e 1.5E-10 Kossyi et al. [1992]

420 O−2 +O2 → O2 +O2 + e 2.7E-18 0.5 5590 Kossyi et al. [1992]

421 O−2 +O2(a1∆g)→ O2 +O2 + e 2.0E-10 Kossyi et al. [1992]

422 O−2 +O2(b1Σ+
g )→ O2 +O2 + e 3.6E-10 Kossyi et al. [1992]

423 O−2 +N2 → O2 +N2 + e 1.9E-12 0.5 4990 Capitelli et al. [2000]

424 O−2 +N → NO2 + e 5.0E-10 Kossyi et al. [1992]

425 O−2 +NO2 → O2 +NO−2 8.0E-10 Kossyi et al. [1992]

426 O−2 +O3 → O2 +O−3 4.0E-10 Kossyi et al. [1992]

427 O−2 +N2(A3Σ+
u )→ O2 +N2 + e 2.1E-9 Capitelli et al. [2000]

428 O−2 +N2(B3Πg)→ O2 +N2 + e 2.5E-9 Capitelli et al. [2000]

429 O−3 +O → O−2 +O2 2.5E-10 Kazil [2002]

430 O−3 +O → O2 +O2 + e 1.4E-10 Kossyi et al. [1992]

431 O−3 +NO → NO−3 +O 1.0E-11 Kossyi et al. [1992]

432 O−3 +NO2 → O3 +NO−2 7.0E-10 Kossyi et al. [1992]

433 O−3 +NO2 → NO−3 +O2 2.0E-11 Kossyi et al. [1992]

434 O−3 +NO → O2 +NO−2 2.6E-11 Capitelli et al. [2000]

435 O−3 +O3 → O2 +O2 +O2 + e 1.0E-10 Kazil [2002]

436 O−3 + CO2 → CO−3 +O2 5.5E-10 0.5 Brasseur and Solomon [1986]
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No. Reaction d e f Tg(K) Ref.

437 NO− +O2 → O−2 +NO 5.0E-10 Kossyi et al. [1992]

438 NO− +NO2 → NO−2 +NO 7.4E-16 Kossyi et al. [1992]

439 NO− +N2O → NO−2 +N2 2.8E-14 Kossyi et al. [1992]

440 NO− + CO2 → NO + CO2 + e 8.3E-12 193-506 Albritton [1978]

441 NO− + CO → NO + CO + e 5.0E-13 193-506 Albritton [1978]

442 NO− +N2O → NO +N2O + e 5.1E-12 193-506 Albritton [1978]

443 NO− +NO → NO +NO + e 5.0E-12 285-506 Albritton [1978]

444 NO−2 +O3 → O2 +NO−3 1.8E-11 Kossyi et al. [1992]

445 NO−2 +NO2 → NO−3 +NO 4.0E-12 Capitelli et al. [2000]

446 NO−2 +NO3 → NO2 +NO−3 5.0E-10 Capitelli et al. [2000]

447 NO−3 +NO → NO−2 +NO2 3.0E-15 Capitelli et al. [2000]

448 CO−3 +O → O−2 + CO2 1.1E-10 0.5 Brasseur and Solomon [1986]

449 CO−3 +NO → NO−2 + CO2 1.1E-11 0.5 Brasseur and Solomon [1986]

450 CO−3 +NO2 → NO−3 + CO2 2.0E-10 0.5 Brasseur and Solomon [1986]

E.10 Carbon dioxide kinetics

E.10.1 Vibrational-Translational processes (VT)

Table E.19: Vibrational-Translational processes

No. Reaction g h i j Tg(K) Ref.

451 CO2(0001) + CO2 � CO2(0200) + CO2 0.18 7.3E-14 -850.3 86523 300 Lepoutre et al. [1977]

452 CO2(0001) + CO2 � CO2(0220) + CO2 0.18 7.3E-14 -850.3 86523 300 Lepoutre et al. [1977]

453 CO2(0001) + CO2 � CO2(1000) + CO2 0.18 7.3E-14 -850.3 86523 300 Lepoutre et al. [1977]

454 CO2(0001) + CO2 � CO2(0310) + CO2 0.82 7.3E-14 -850.3 86523 300 Lepoutre et al. [1977]

455 CO2(0001) + CO2 � CO2(0330) + CO2 0.82 7.3E-14 -850.3 86523 300 Lepoutre et al. [1977]

456 CO2(0001) + CO2 � CO2(1110) + CO2 0.82 7.3E-14 -850.3 86523 300 Lepoutre et al. [1977]

457 CO2(0001) +N2 � CO2(0200) +N2 0.1 2.2E-15 1.14E-10 76.75 300 López-Valverde [1990]

458 CO2(0001) +N2 � CO2(0220) +N2 0.1 2.2E-15 1.14E-10 76.75 300 López-Valverde [1990]

459 CO2(0001) +N2 � CO2(1000) +N2 0.1 2.2E-15 1.14E-10 76.75 300 López-Valverde [1990]

460 CO2(0001) +N2 � CO2(0310) +N2 0.9 2.2E-15 1.14E-10 76.75 300 López-Valverde [1990]

461 CO2(0001) +N2 � CO2(0330) +N2 0.9 2.2E-15 1.14E-10 76.75 300 López-Valverde [1990]

462 CO2(0001) +N2 � CO2(1110) +N2 0.9 2.2E-15 1.14E-10 76.75 300 López-Valverde [1990]

463 CO2(0001) + CO � CO2(0310) + CO 1.0 1.7E-14 -448.3 53636 300 Starr and Hancock [1975]

464 CO2(0001) + CO � CO2(0330) + CO 1.0 1.7E-14 -448.3 53636 300 Starr and Hancock [1975]

465 CO2(0001) + CO � CO2(1110) + CO 1.0 1.7E-14 -448.3 53636 300 Starr and Hancock [1975]

466 CO2(0001) +O � CO2(0200) +O 0.1 2.0E-13 0.5 300 Buchwald and Hunten [1975]

467 CO2(0001) +O � CO2(0220) +O 0.1 2.0E-13 0.5 300 Buchwald and Hunten [1975]

468 CO2(0001) +O � CO2(1000) +O 0.1 2.0E-13 0.5 300 Buchwald and Hunten [1975]

469 CO2(0001) +O � CO2(0310) +O 0.9 2.0E-13 0.5 300 Buchwald and Hunten [1975]

470 CO2(0001) +O � CO2(0330) +O 0.9 2.0E-13 0.5 300 Buchwald and Hunten [1975]

471 CO2(0001) +O � CO2(1110) +O 0.9 2.0E-13 0.5 300 Buchwald and Hunten [1975]
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No. Reaction g h i j Tg(K) Ref.

472 CO2(0110) + CO2 � CO2 + CO2 1.0 4.2E-12 -2988 303930 300 López-Valverde [1990]

473 CO2(0200) + CO2 � CO2(0110) + CO2 2.5 4.2E-12 -2988 303930 300 López-Valverde [1990]

474 CO2(0220) + CO2 � CO2(0110) + CO2 2.5 4.2E-12 -2988 303930 300 López-Valverde [1990]

475 CO2(1000) + CO2 � CO2(0110) + CO2 2.5 4.2E-12 -2988 303930 300 López-Valverde [1990]

476 CO2(0310) + CO2 � CO2(0200) + CO2 3.75 4.2E-12 -2988 303930 300 López-Valverde [1990]

477 CO2(0310) + CO2 � CO2(0220) + CO2 3.75 4.2E-12 -2988 303930 300 López-Valverde [1990]

478 CO2(0310) + CO2 � CO2(1000) + CO2 3.75 4.2E-12 -2988 303930 300 López-Valverde [1990]

479 CO2(0330) + CO2 � CO2(0200) + CO2 3.75 4.2E-12 -2988 303930 300 López-Valverde [1990]

480 CO2(0330) + CO2 � CO2(0220) + CO2 3.75 4.2E-12 -2988 303930 300 López-Valverde [1990]

481 CO2(0330) + CO2 � CO2(1000) + CO2 3.75 4.2E-12 -2988 303930 300 López-Valverde [1990]

482 CO2(1110) + CO2 � CO2(0200) + CO2 3.75 4.2E-12 -2988 303930 300 López-Valverde [1990]

483 CO2(1110) + CO2 � CO2(0220) + CO2 3.75 4.2E-12 -2988 303930 300 López-Valverde [1990]

484 CO2(1110) + CO2 � CO2(1000) + CO2 3.75 4.2E-12 -2988 303930 300 López-Valverde [1990]

485 CO2(0110) +N2 � CO2 +N2 1.0 2.1E-12 -2659 223052 300 López-Valverde [1990]

486 CO2(0200) +N2 � CO2(0110) +N2 2.5 2.1E-12 -2659 223052 300 López-Valverde [1990]

487 CO2(0220) +N2 � CO2(0110) +N2 2.5 2.1E-12 -2659 223052 300 López-Valverde [1990]

488 CO2(1000) +N2 � CO2(0110) +N2 2.5 2.1E-12 -2659 223052 300 López-Valverde [1990]

489 CO2(0310) +N2 � CO2(0200) +N2 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

490 CO2(0310) +N2 � CO2(0220) +N2 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

491 CO2(0310) +N2 � CO2(1000) +N2 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

492 CO2(0330) +N2 � CO2(0200) +N2 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

493 CO2(0330) +N2 � CO2(0220) +N2 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

494 CO2(0330) +N2 � CO2(1000) +N2 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

495 CO2(1110) +N2 � CO2(0200) +N2 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

496 CO2(1110) +N2 � CO2(0220) +N2 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

497 CO2(1110) +N2 � CO2(1000) +N2 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

498 CO2(0110) + CO � CO2 + CO 1.0 2.1E-12 -2659 223052 300 López-Valverde [1990]

499 CO2(0200) + CO � CO2(0110) + CO 2.5 2.1E-12 -2659 223052 300 López-Valverde [1990]

500 CO2(0220) + CO � CO2(0110) + CO 2.5 2.1E-12 -2659 223052 300 López-Valverde [1990]

501 CO2(1000) + CO � CO2(0110) + CO 2.5 2.1E-12 -2659 223052 300 López-Valverde [1990]

502 CO2(0310) + CO � CO2(0200) + CO 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

503 CO2(0310) + CO � CO2(0220) + CO 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

504 CO2(0310) + CO � CO2(1000) + CO 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

505 CO2(0330) + CO � CO2(0200) + CO 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

506 CO2(0330) + CO � CO2(0220) + CO 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

507 CO2(0330) + CO � CO2(1000) + CO 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

508 CO2(1110) + CO � CO2(0200) + CO 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

509 CO2(1110) + CO � CO2(0220) + CO 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]

510 CO2(1110) + CO � CO2(1000) + CO 3.75 2.1E-12 -2659 223052 300 López-Valverde [1990]
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No. Reaction g h i j Tg(K) Ref.

511 CO2(0110) +O � CO2 +O 1.0 3.0E-12 300 López-Valverde [1990]

512 CO2(0200) +O � CO2(0110) +O 2.0 3.0E-12 300 López-Valverde [1990]

513 CO2(0220) +O � CO2(0110) +O 2.0 3.0E-12 300 López-Valverde [1990]

514 CO2(1000) +O � CO2(0110) +O 2.0 3.0E-12 300 López-Valverde [1990]

515 CO2(0310) +O � CO2(0200) +O 3.4 3.0E-12 300 López-Valverde [1990]

516 CO2(0310) +O � CO2(0220) +O 3.4 3.0E-12 300 López-Valverde [1990]

517 CO2(0310) +O � CO2(1000) +O 3.4 3.0E-12 300 López-Valverde [1990]

518 CO2(0330) +O � CO2(0200) +O 3.4 3.0E-12 300 López-Valverde [1990]

519 CO2(0330) +O � CO2(0220) +O 3.4 3.0E-12 300 López-Valverde [1990]

520 CO2(0330) +O � CO2(1000) +O 3.4 3.0E-12 300 López-Valverde [1990]

521 CO2(1110) +O � CO2(0200) +O 3.4 3.0E-12 300 López-Valverde [1990]

522 CO2(1110) +O � CO2(0220) +O 3.4 3.0E-12 300 López-Valverde [1990]

523 CO2(1110) +O � CO2(1000) +O 3.4 3.0E-12 300 López-Valverde [1990]

524 CO2(1001) + CO2 � CO2(0201) + CO2 1.0 1.6E-12 300 Orr and Smith [1987]

525 CO2(1001) +N2 � CO2(0201) +N2 1.0 1.6E-12 300 Orr and Smith [1987]

526 CO2(1001) + CO2 � CO2(0221) + CO2 1.0 5.0E-12 300 Orr and Smith [1987]

527 CO2(1001) +N2 � CO2(0201) +N2 1.0 5.0E-12 300 Orr and Smith [1987]

528 CO2(0220) + CO2 � CO2(0201) + CO2 1.0 5.0E-12 300 Orr and Smith [1987]

529 CO2(0220) +N2 � CO2(0201) +N2 1.0 5.0E-12 300 Orr and Smith [1987]

530 CO2(1001) +O2 � O2 + CO2(0201) 1.0 2.0E-11 300 López-Puertas and Taylor [1989]

531 CO2(1001) +O2 � O2 + CO2(0221) 2.0 2.4E-12 300 López-Puertas and Taylor [1989]

532 CO2(0221) +N2 � O2 + CO2(0201) 1.0 2.4E-12 300 López-Puertas and Taylor [1989]

533 CO2(0221) +O2 � O2 + CO2(0201) 1.0 2.4E-12 300 López-Puertas and Taylor [1989]

534 CO2(0001) +O2 � O2 + CO2(0310) 1.0 2.3E-15 1.54E-10 76.75 300 López-Puertas et al. [1986]

535 CO2(0001) +O2 � O2 + CO2(0330) 1.0 2.3E-15 1.54E-10 76.75 300 López-Puertas et al. [1986]

536 CO2(0001) +O2 � O2 + CO2(1110) 1.0 2.3E-15 1.54E-10 76.75 300 López-Puertas et al. [1986]

537 CO2(0001) +O2 � O2 + CO2(0200) 1.0 2.3E-15 1.54E-10 76.75 300 López-Puertas et al. [1986]

538 CO2(0001) +O2 � O2 + CO2(0220) 1.0 2.3E-15 1.54E-10 76.75 300 López-Puertas et al. [1986]

539 CO2(0001) +O2 � O2 + CO2(1000) 1.0 2.3E-15 1.54E-10 76.75 300 López-Puertas et al. [1986]

540 CO2(0001) +NO � NO + CO2(1110) 1.09E-16 Bauer et al. [1987]

541 CO2(0001) +N2O � N2O + CO2(1110) 6.34E-16 Bauer et al. [1987]
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E.10.2 Vibrational-Vibrational processes (VV)

Table E.20: Vibrational-Vibrational processes

No. Reaction g h i j Tg(K) Ref.

542 CO2(0200) + CO2 � CO2(0110) + CO2(0110) 1.0 2.5E-11 300 Orr and Smith [1987]

543 CO2(0220) + CO2 � CO2(0110) + CO2(0110) 1.0 2.5E-11 300 Orr and Smith [1987]

544 CO2(1000) + CO2 � CO2(0110) + CO2(0110) 1.0 2.5E-11 300 Orr and Smith [1987]

545 CO2(0310) + CO2 � CO2(0200) + CO2(0110) 6.0 2.5E-11 300 López-Valverde [1990]

546 CO2(0310) + CO2 � CO2(0220) + CO2(0110) 6.0 2.5E-11 300 López-Valverde [1990]

547 CO2(0310) + CO2 � CO2(1000) + CO2(0110) 6.0 2.5E-11 300 López-Valverde [1990]

548 CO2(0330) + CO2 � CO2(0200) + CO2(0110) 6.0 2.5E-11 300 López-Valverde [1990]

549 CO2(0330) + CO2 � CO2(0220) + CO2(0110) 6.0 2.5E-11 300 López-Valverde [1990]

550 CO2(0330) + CO2 � CO2(1000) + CO2(0110) 6.0 2.5E-11 300 López-Valverde [1990]

551 CO2(1110) + CO2 � CO2(0200) + CO2(0110) 6.0 2.5E-11 300 López-Valverde [1990]

552 CO2(1110) + CO2 � CO2(0200) + CO2(0110) 6.0 2.5E-11 300 López-Valverde [1990]

553 CO2(1110) + CO2 � CO2(0200) + CO2(0110) 6.0 2.5E-11 300 López-Valverde [1990]

554 CO2(0001) + CO2 � CO2(0200) + CO2(0110) 1.0 3.6E-13 -1660 176948 300 Lepoutre et al. [1977]

555 CO2(0001) + CO2 � CO2(0220) + CO2(0110) 1.0 3.6E-13 -1660 176948 300 Lepoutre et al. [1977]

556 CO2(0001) + CO2 � CO2(1000) + CO2(0110) 1.0 3.6E-13 -1660 176948 300 Lepoutre et al. [1977]

557 CO2(0111) +N2 � N2(v1) + CO2(0110) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

558 CO2(0201) +N2 � N2(v1) + CO2(0200) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

559 CO2(0221) +N2 � N2(v1) + CO2(0220) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

560 CO2(1001) +N2 � N2(v1) + CO2(1000) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

561 CO2(0311) +N2 � N2(v1) + CO2(0310) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

562 CO2(0331) +N2 � N2(v1) + CO2(0330) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

563 CO2(1111) +N2 � N2(v1) + CO2(1110) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

564 CO2(0002) +N2 � N2(v1) + CO2(0001) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

565 CO2(0401) +N2 � N2(v1) + CO2(0400) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

566 CO2(0421) +N2 � N2(v1) + CO2(0420) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

567 CO2(0441) +N2 � N2(v1) + CO2(0440) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

568 CO2(1201) +N2 � N2(v1) + CO2(1200) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

569 CO2(1221) +N2 � N2(v1) + CO2(1220) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

570 CO2(2001) +N2 � N2(v1) + CO2(2000) 1.0 5.0E-13 -0.5 300 Inoue and Tsuchiya [1975]

571 CO2 +N2(v1)� N2 + CO2(0001) 3.96E-13 1.0 Moore et al. [1967]

572 CO2 +N2(v2)� N2(v1) + CO2(0001) 3.96E-13 1.0 Moore et al. [1967]

573 CO2 +N2(v3)� N2(v2) + CO2(0001) 3.96E-13 1.0 Moore et al. [1967]

574 CO2 +N2(v4)� N2(v3) + CO2(0001) 3.96E-13 1.0 Moore et al. [1967]

575 CO2 +N2(v5)� N2(v4) + CO2(0001) 3.96E-13 1.0 Moore et al. [1967]

576 CO2 +N2(v6)� N2(v5) + CO2(0001) 3.96E-13 1.0 Moore et al. [1967]

577 CO2 +N2(v7)� N2(v6) + CO2(0001) 3.96E-13 1.0 Moore et al. [1967]

578 CO2 +N2(v8)� N2(v7) + CO2(0001) 3.96E-13 1.0 Moore et al. [1967]
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E.11 Ionization processes due to galactic cosmic rays

Table E.21: Galactic cosmic rays ionization

No. Reaction k l Ref.

579 N2 + hν → N+
2 + e 5.85E-18 crc Yelinov et al. [2009]

580 O2 + hν → O+
2 + e 1.54E-18 crc Yelinov et al. [2009]

581 N2 + hν → N+ +N + e 1.85E-18 crc Yelinov et al. [2009]

582 O2 + hν → O+ +O + e 7.6E-19 crc Yelinov et al. [2009]

E.12 Rotational deexcitation processes

Table E.22: Rotational deexcitation processes

No. Reaction k l Ref.

583 N2(rot) +N2 → N2 +N2 1.02E-10 Capitelli et al. [2000]

584 O2(rot) +O2 → O2 +O2 5.35E-10 Capitelli et al. [2000]
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E.13 Radiative decay processes

Table E.23: Radiative decay processes

No. Reaction A(s−1) Ref.

585 CO2(0110)→ CO2 + hν 1.564 Garćıa-Comas

586 CO2(0200)→ CO2(0110) + hν 1.21 Garćıa-Comas

587 CO2(0220)→ CO2(0110) + hν 3.153 Garćıa-Comas

588 CO2(1000)→ CO2(0110) + hν 2.08 Garćıa-Comas

589 CO2(0310)→ CO2(0200) + hν 2.052 Garćıa-Comas

590 CO2(0310)→ CO2(0220) + hν 0.529 Garćıa-Comas

591 CO2(0310)→ CO2(1000) + hν 0.0302 Garćıa-Comas

592 CO2(0310)→ CO2 + hν 9.644E-4 Garćıa-Comas

593 CO2(0330)→ CO2(0220) + hν 4.778 Garćıa-Comas

594 CO2(0330)→ CO2 + hν 2.381E-7 Garćıa-Comas

595 CO2(1110)→ CO2 + hν 6.6E-3 Garćıa-Comas

596 CO2(1110)→ CO2(0200) + hν 0.0152 Garćıa-Comas

597 CO2(1110)→ CO2(0220) + hν 1.202 Garćıa-Comas

598 CO2(1110)→ CO2(1000) + hν 2.547 Garćıa-Comas

599 CO2(0001)→ CO2(0200) + hν 0.2 Garćıa-Comas

600 CO2(0001)→ CO2 + hν 450.0 Garćıa-Comas

601 CO2(0001)→ CO2(1000) + hν 0.35 Garćıa-Comas

602 CO2(0400)→ CO2(0110) + hν 8.866E-4 Garćıa-Comas

603 CO2(0400)→ CO2(0310) + hν 2.746 Garćıa-Comas

604 CO2(0400)→ CO2(1110) + hν 5.03E-3 Garćıa-Comas

605 CO2(0400)→ CO2(0001) + hν 3.073E-6 Garćıa-Comas

606 CO2(0420)→ CO2(0110) + hν 1.469E-3 Garćıa-Comas

607 CO2(0420)→ CO2(0310) + hν 3.472 Garćıa-Comas

608 CO2(0420)→ CO2(0330) + hν 4.982E-1 Garćıa-Comas

609 CO2(0420)→ CO2(0111) + hν 1.575E-2 Garćıa-Comas

610 CO2(1200)→ CO2(0110) + hν 2.275E-4 Garćıa-Comas

611 CO2(1200)→ CO2(0310) + hν 1.343 Garćıa-Comas
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612 CO2(1200)→ CO2(1110) + hν 7.013E-1 Garćıa-Comas

613 CO2(1200)→ CO2(0001) + hν 1.878E-4 Garćıa-Comas

614 CO2(0440)→ CO2(0330) + hν 5.866 Garćıa-Comas

615 CO2(1220)→ CO2(0110) + hν 2.293E-2 Garćıa-Comas

616 CO2(1220)→ CO2(0310) + hν 6.103E-2 Garćıa-Comas

617 CO2(1220)→ CO2(0330) + hν 9.958E-2 Garćıa-Comas

618 CO2(1220)→ CO2(1110) + hν 3.949 Garćıa-Comas

619 CO2(2000)→ CO2(0110) + hν 2.948E-2 Garćıa-Comas

620 CO2(2000)→ CO2(0310) + hν 3.272E-2 Garćıa-Comas

621 CO2(2000)→ CO2(1110) + hν 4.266 Garćıa-Comas

622 CO2(0111)→ CO2(0110) + hν 4.117E+2 Garćıa-Comas

623 CO2(0111)→ CO2(0310) + hν 4.398E-1 Garćıa-Comas

624 CO2(0111)→ CO2(1110) + hν 3.565E-1 Garćıa-Comas

625 CO2(0111)→ CO2(0001) + hν 1.451 Garćıa-Comas

626 CO2(0201)→ CO2 + hν 1.088E+1 Garćıa-Comas

627 CO2(0201)→ CO2(0200) + hν 4.008E+2 Garćıa-Comas

628 CO2(0201)→ CO2(1000) + hν 4.008E-1 Garćıa-Comas

629 CO2(0201)→ CO2(0400) + hν 7.379E-1 Garćıa-Comas

630 CO2(0201)→ CO2(1200) + hν 4.318E-1 Garćıa-Comas

631 CO2(0201)→ CO2(2000) + hν 9.068E-3 Garćıa-Comas

632 CO2(0201)→ CO2(0110) + hν 1.263 Garćıa-Comas

633 CO2(0221)→ CO2 + hν 3.963E-4 Garćıa-Comas

634 CO2(0221)→ CO2(0220) + hν 3.989E+2 Garćıa-Comas

635 CO2(0221)→ CO2(0420) + hν 4.325E-1 Garćıa-Comas

636 CO2(0221)→ CO2(1220) + hν 3.262E-1 Garćıa-Comas

637 CO2(0221)→ CO2(0111) + hν 2.877 Garćıa-Comas

638 CO2(1001)→ CO2 + hν 1.735E+1 Garćıa-Comas

639 CO2(1001)→ CO2(0200) + hν 1.704E-1 Garćıa-Comas

640 CO2(1001)→ CO2(1000) + hν 3.98E+2 Garćıa-Comas

641 CO2(1001)→ CO2(0400) + hν 9.511E-4 Garćıa-Comas

642 CO2(1001)→ CO2(1200) + hν 6.237E-1 Garćıa-Comas

643 CO2(1001)→ CO2(2000) + hν 5.543E-1 Garćıa-Comas

644 CO2(1001)→ CO2(0111) + hν 1.639 Garćıa-Comas
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645 CO2(0311)→ CO2(0110) + hν 1.008E+1 Garćıa-Comas

646 CO2(0311)→ CO2(0310) + hν 3.907E+2 Garćıa-Comas

647 CO2(0311)→ CO2(1110) + hν 1.988E-1 Garćıa-Comas

648 CO2(0311)→ CO2(0001) + hν 9.012E-4 Garćıa-Comas

649 CO2(0311)→ CO2(0201) + hν 1.91 Garćıa-Comas

650 CO2(0311)→ CO2(0221) + hν 5.551E-1 Garćıa-Comas

651 CO2(0311)→ CO2(1001) + hν 2.827E-2 Garćıa-Comas

652 CO2(0331)→ CO2(0330) + hν 3.847E+2 Garćıa-Comas

653 CO2(0331)→ CO2(0221) + hν 4.135 Garćıa-Comas

654 CO2(1111)→ CO2(0110) + hν 1.752E+1 Garćıa-Comas

655 CO2(1111)→ CO2(0310) + hν 4.651E-2 Garćıa-Comas

656 CO2(1111)→ CO2(1110) + hν 3.869E+2 Garćıa-Comas

657 CO2(1111)→ CO2(0001) + hν 6.242E-3 Garćıa-Comas

658 CO2(1111)→ CO2(0201) + hν 1.063E-1 Garćıa-Comas

659 CO2(1111)→ CO2(0221) + hν 2.987E-1 Garćıa-Comas

660 CO2(1111)→ CO2(1001) + hν 2.104 Garćıa-Comas

661 CO2(0002)→ CO2(0110) + hν 7.307E-4 Garćıa-Comas

662 CO2(0002)→ CO2(0001) + hν 4.126E+2 Garćıa-Comas

663 CO2(0002)→ CO2(0201) + hν 4.109E-1 Garćıa-Comas

664 CO2(0002)→ CO2(1001) + hν 4.063E-1 Garćıa-Comas

665 CO2(0401)→ CO2 + hν 1.567E-1 Garćıa-Comas

666 CO2(0401)→ CO2(0200) + hν 1.705E+1 Garćıa-Comas

667 CO2(0401)→ CO2(1000) + hν 1.498E-1 Garćıa-Comas

668 CO2(0401)→ CO2(0400) + hν 3.814E+2 Garćıa-Comas

669 CO2(0401)→ CO2(1200) + hν 4.571E-1 Garćıa-Comas

670 CO2(0401)→ CO2(2000) + hν 1.056E-2 Garćıa-Comas

671 CO2(0401)→ CO2(0111) + hν 1.242E-3 Garćıa-Comas

672 CO2(0401)→ CO2(0311) + hν 2.768 Garćıa-Comas

673 CO2(0401)→ CO2(1111) + hν 4.822E-3 Garćıa-Comas

674 CO2(0421)→ CO2 + hν 3.247E-5 Garćıa-Comas

675 CO2(0421)→ CO2(0220) + hν 9.901 Garćıa-Comas

676 CO2(0421)→ CO2(0420) + hν 4.774E+2 Garćıa-Comas

677 CO2(0421)→ CO2(1220) + hν 1.129E-1 Garćıa-Comas
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678 CO2(0421)→ CO2(0111) + hν 1.006E-3 Garćıa-Comas

679 CO2(0421)→ CO2(0311) + hν 3.351 Garćıa-Comas

680 CO2(0421)→ CO2(0331) + hν 4.968E-1 Garćıa-Comas

681 CO2(0421)→ CO2(1111) + hν 1.382E-2 Garćıa-Comas

682 CO2(0441)→ CO2(0440) + hν 3.695E+2 Garćıa-Comas

683 CO2(0441)→ CO2(0331) + hν 5.664 Garćıa-Comas

684 CO2(1201)→ CO2 + hν 7.169E-1 Garćıa-Comas

685 CO2(1201)→ CO2(0200) + hν 2.138E+1 Garćıa-Comas

686 CO2(1201)→ CO2(1000) + hν 1.486E+1 Garćıa-Comas

687 CO2(1201)→ CO2(0400) + hν 1.347E-1 Garćıa-Comas

688 CO2(1201)→ CO2(1200) + hν 3.75E+2 Garćıa-Comas

689 CO2(1201)→ CO2(2000) + hν 4.229E-1 Garćıa-Comas

690 CO2(1201)→ CO2(0311) + hν 1.194 Garćıa-Comas

691 CO2(1201)→ CO2(1111) + hν 7.268E-1 Garćıa-Comas

692 CO2(1221)→ CO2 + hν 3.97E-5 Garćıa-Comas

693 CO2(1221)→ CO2(0220) + hν 1.801E+1 Garćıa-Comas

694 CO2(1221)→ CO2(0420) + hν 1.308E-2 Garćıa-Comas

695 CO2(1221)→ CO2(1220) + hν 3.747E+2 Garćıa-Comas

696 CO2(1221)→ CO2(0111) + hν 2.426E-2 Garćıa-Comas

697 CO2(1221)→ CO2(0311) + hν 6.489E-2 Garćıa-Comas

698 CO2(1221)→ CO2(0331) + hν 9.08E-1 Garćıa-Comas

699 CO2(1221)→ CO2(1111) + hν 3.76 Garćıa-Comas

700 CO2(2001)→ CO2 + hν 2.363E-1 Garćıa-Comas

701 CO2(2001)→ CO2(0200) + hν 3.832E-1 Garćıa-Comas

702 CO2(2001)→ CO2(1000) + hν 2.877E+1 Garćıa-Comas

703 CO2(2001)→ CO2(1200) + hν 1.128E-1 Garćıa-Comas

704 CO2(2001)→ CO2(2000) + hν 3.749E+2 Garćıa-Comas

705 CO2(2001)→ CO2(0111) + hν 3.261E-2 Garćıa-Comas

706 CO2(2001)→ CO2(0311) + hν 3.443E-2 Garćıa-Comas

707 CO2(2001)→ CO2(1111) + hν 3.433 Garćıa-Comas

708 N2(A3Σ+
u )→ N2(X1Σ+

g ) + hν 0.5 Capitelli et al. [2000]

709 N2(B3Πg)→ N2(A3Σ+
u ) + hν 1.34E+5 Capitelli et al. [2000]

710 N2(C3Πu)→ N2(B3Πg) + hν 2.45E+7 Capitelli et al. [2000]
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711 N2(W 3∆u)→ N2(X1Σ+
g ) + hν 0.154 Capitelli et al. [2000]

712 N2(B′3Σ−u )→ N2(B3Πg) + hν 3.4E+4 Capitelli et al. [2000]

713 N2(E3Σ+
g )→ N2(A3Σ+

u ) + hν 1.2E+3 Capitelli et al. [2000]

714 N2(E3Σ+
g )→ N2(B3Πg) + hν 3.46E+2 Capitelli et al. [2000]

715 N2(E3Σ+
g )→ N2(C3Πu) + hν 1.73E+3 Capitelli et al. [2000]

716 N2(a′′1Σ+
g )→ N2(X1Σ+

g ) + hν 2.86E+5 Kam and Pipkin [1991]

717 N2(a′1Σ−u ))→ N2(X1Σ+
g ) + hν 1.0E+2 Capitelli et al. [2000]

718 N2(a1Πg)→ N2(X1Σ+
g ) + hν 8.55E+3 Capitelli et al. [2000]

719 N2(a1Πg)→ N2(a′1Σ−u )) + hν 1.3E+2 Capitelli et al. [2000]

720 N2(w1∆u)→ N2(a1Πg) + hν 1.51E+3 Capitelli et al. [2000]

721 N+
2 (A2Πu)→ N+

2 (X2Σ+
g ) + hν 4.64E+4 Gilmore et al. [1992]

722 N+
2 (B2Σ+

u )→ N+
2 (X2Σ+

g ) + hν 1.14E+7 Gilmore et al. [1992]

723 NO(A2Σ+)→ NO(X2Πr) + hν 5.0E+6 Radzig and Smirnov [1985]

724 O(1D)→ O + hν 5.1E-3 Wiese et al. [1966]

725 O(1S)→ O(1D) + hν 1.34 Wiese et al. [1966]

726 O2(A3Σ+
u )→ O2(X3Σ−g ) + hν 1.1E+1 Bates [1988]

727 O2(a1∆g)→ O2(X3Σ−g ) + hν 3.307E-4 Krupenie [1972]

728 O2(b1Σ+
g )→ O2(X3Σ−g ) + hν 8.2E-2 Krupenie [1972]

729 O2(b1Σ+
g )→ O2(a1∆g) + hν 1.7E-3 Krupenie [1972]
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Table E.24: Processes only included in the model of halos

No. Reaction Rate Ref.

730 N +NO → N2 +O k = 3.51E-11 exp(-49.84/Tg) Linstrom and Mallard [2015]

731 N2(a1Πg) +N2(a1Πg)→ N2 +N+
2 + e k = 2.0E-10 Starikovskaia et al. [2001]

732 N+
2 (A2Πu) +N2 → N+

2 +N2 k = 7.5E-10 Piper et al. [1985]

733 N2(rot) +N2 � N2 +N2 k = 7.77E-7 Capitelli et al. [2000]

734 N2(rot) +O2 � N2 +O2 k = 7.77E-7 Capitelli et al. [2000]

735 O2(rot) +N2 � O2 +N2 k = 5.45E-7 Capitelli et al. [2000]

736 O2(rot) +O2 � O2 +O2 k = 5.45E-7 Capitelli et al. [2000]
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Appendix F

Kinetic model for electrical

discharges in Saturn’s

atmosphere

F.1 Species

Table F.1: Ground neutrals considered

Groud neutrals

He

H, H2

Table F.2: Excited neutrals considered

Excited neutrals

He(2s2 3S), He2(a3Σ+
u )

H(2s 2S), H(2p 2P), H(3), H(4), H(5)

H2(B1Σ+
u , c3Πu, a3Σ+

g , C1Πu, d3Πu)

H2(X1Σ+
g , v = 1, ..., 9)
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Table F.3: Electrons and negative ions considered

Negative ions

e−

H−1

Table F.4: Positive ions considered

Positive ions

HeH+

He+, He+
2

H+, H+
2 , H+

3

F.2 Reaction rates

The rate coefficients for the direct electron-impact collisions for which we have the

corresponding cross sections, are evaluated using the calculated EEDF and the equation

(E.3). When the cross section is not available, the rates of the electronic processes are

given as

ke = a× T be × exp(−c/Te) (F.1)

where Te is the electron temperature in eV. The rate coefficients of the kinetic processes

involving heavy species (neutrals and ions) are parametrized as

kh = d×
(
Tg
300

)e
× exp(−f/Tg) (F.2)

where Tg is the ambient gas temperature in K. The units of ke,h are cm3 s−1 and cm6

s−1 for two- and three-body reactions, respectively. For radiative decay processes, the

magnitudes A (in s−1), λ (in nm) and κ are the Einstein coefficient of spontaneous

radiative de-excitation, the emission wavelenght and the optical thickness (0 ≤ κ ≤ 1)

assumed.
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F.3 EEDF and cross section dependent processes

Table F.5: EEDF and cross section dependent processes

No. Reaction Ref.

1 He(1S) + e� He(3S) + e Lis

2 He(1S) + e→ He+ + e+ e Lis

3 H2(X1Σ+
g ) + e→ H2(B1Σ+

u ) + e Phelps [b]

4 H2(X1Σ+
g ) + e→ H2(c3Πu) + e Phelps [b]

5 H2(X1Σ+
g ) + e→ H2(a3Σ+

g ) + e Phelps [b]

6 H2(X1Σ+
g ) + e→ H2(C1Πu) + e Phelps [b]

7 H2(X1Σ+
g ) + e→ H2(d3Πu) + e Phelps [b]

8 H2(X1Σ+
g ) + e→ H(1s2S) +H(1s2S) + e Phelps [b]

9 H2(X1Σ+
g ) + e→ H(2s2S) +H(1s2S) + e Phelps [b]

10 H2(X1Σ+
g ) + e→ H(2p2P ) +H(1s2S) + e Phelps [b]

11 H2(X1Σ+
g ) + e→ H(3) +H(1s2S) + e Phelps [b]

12 H2(X1Σ+
g ) + e→ H(4) +H(1s2S) + e H2L

13 H2(X1Σ+
g ) + e→ H(5) +H(1s2S) + e H2L

14 H2(X1Σ+
g ) + e→ H+

2 + e+ e Phelps [b]

15 H2(B1Σ+
u ) + e→ H+

2 + e+ e The same CS as used in reaction (14)

16 H2(c3Πu) + e→ H+
2 + e+ e The same CS as used in reaction (14)

17 H2(a3Σ+
g ) + e→ H+

2 + e+ e The same CS as used in reaction (14)

18 H2(C1Πu) + e→ H+
2 + e+ e The same CS as used in reaction (14)

19 H2(d3Πu) + e→ H+
2 + e+ e The same CS as used in reaction (14)

20 H2(X1Σ+
g , v = 0) + e� H2(X1Σ+

g , v = 1) + e+ e Phelps [b]

21 H2(X1Σ+
g , v = 0) + e� H2(X1Σ+

g , v = 2) + e+ e Phelps [b]

22 H2(X1Σ+
g , v = 0) + e� H2(X1Σ+

g , v = 3) + e+ e Phelps [b]

23 H2(X1Σ+
g , v = 1) + e� H2(X1Σ+

g , v = 2) + e+ e The same CS as used in reaction (20)

24 H2(X1Σ+
g , v = 2) + e� H2(X1Σ+

g , v = 3) + e+ e The same CS as used in reaction (20)

25 H2(X1Σ+
g , v = 3) + e� H2(X1Σ+

g , v = 4) + e+ e The same CS as used in reaction (20)

26 H2(X1Σ+
g , v = 4) + e� H2(X1Σ+

g , v = 5) + e+ e The same CS as used in reaction (20)

27 H2(X1Σ+
g , v = 5) + e� H2(X1Σ+

g , v = 6) + e+ e The same CS as used in reaction (20)

28 H2(X1Σ+
g , v = 6) + e� H2(X1Σ+

g , v = 7) + e+ e The same CS as used in reaction (20)

29 H2(X1Σ+
g , v = 7) + e� H2(X1Σ+

g , v = 8) + e+ e The same CS as used in reaction (20)

30 H2(X1Σ+
g , v = 8) + e� H2(X1Σ+

g , v = 9) + e+ e The same CS as used in reaction (20)

31 H(1s2S) + e→ H(2s2S) + e HLi

32 H(1s2S) + e→ H(2p2P ) + e HLi

33 H(1s2S) + e→ H(3) + e HLi

34 H(1s2S) + e→ H(4) + e HLi

35 H(1s2S) + e→ H(5) + e HLi

36 H2(X1Σ+
g , v = 0) + e→ H +H− Bardsley and Wadehra [1979]

37 H2(X1Σ+
g , v = 1) + e→ H +H− Bardsley and Wadehra [1979]

38 H2(X1Σ+
g , v = 2) + e→ H +H− Bardsley and Wadehra [1979]

39 H2(X1Σ+
g , v = 3) + e→ H +H− Bardsley and Wadehra [1979]

40 H2(X1Σ+
g , v = 4) + e→ H +H− Bardsley and Wadehra [1979]

41 H2(X1Σ+
g , v = 5) + e→ H +H− Bardsley and Wadehra [1979]

42 H2(X1Σ+
g , v = 6) + e→ H +H− Bardsley and Wadehra [1979]

43 H2(X1Σ+
g , v = 7) + e→ H +H− Bardsley and Wadehra [1979]
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44 H2(X1Σ+
g , v = 8) + e→ H +H− Bardsley and Wadehra [1979]

45 H2(X1Σ+
g , v = 9) + e→ H +H− Bardsley and Wadehra [1979]

46 H(1s2S) + e→ H+ + e+ e Bray and Ralchenko

47 H(2s2S) + e→ H+ + e+ e The same CS as used in reaction (46)

48 H(2p2P ) + e→ H+ + e+ e The same CS as used in reaction (46)

F.4 Electronic temperature dependent processes

F.4.1 Ionization process

Table F.6: Ionization process

No. Reaction a b c Ref.

49 He∗2 + e→ He+
2 + e+ e 9.75E-10 0.71 3.4 Liu et al. [2010]

F.4.2 Dissociation processes

Table F.7: Dissociation processes

No. Reaction a b c Ref.

50 H2 + e→ H +H + e 1.7527E-7 -1.2366 12.5924 Méndez et al. [2006]

51 H+
2 + e→ H+ +H + e 1.0702E-7 0.04876 9.69028 Méndez et al. [2006]

52 H+
2 + e→ H+ +H+ + e+ e 2.1202E-9 0.31394 23.2988 Méndez et al. [2006]

53 H+
3 + e→ H+

2 +H + e 4.8462E-7 -0.04975 19.1656 Méndez et al. [2006]

54 He2(a3Σ+
u ) + e→ He+He+ e 3.8E-9 Liu et al. [2010]

F.4.3 Attachment and dissociative attachment processes

Table F.8: Attachment and dissociative attachment processes

No. Reaction a b c Ref.

55 H + e→ H− 3.46E-16 0.5 Liu et al. [2010]

56 He+
2 + e→ H+ +H− 2.17E-10 -0.2 0.2 Liu et al. [2010]
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F.4.4 Excitation/De-excitation processes

Table F.9: Excitation/de-excitation processes

No. Reaction a b c Ref.

57 H(2s2S) + e→ H(2p2P ) + e 6.0E-5 Seaton [1955]

58 H(2p2P ) + e→ H(2s2S) + e 2.0E-5 Seaton [1955]

59 H(2s2S) + e→ H(3) + e 1.68E-6 0.1013 1.9 Liu et al. [2010]

60 H(2p2P ) + e→ H(3) + e 1.68E-6 0.1013 1.9 Liu et al. [2010]

F.4.5 Detachment process

Table F.10: Detachment process

No. Reaction a b c Ref.

61 H− + e→ H + e+ e 2.32E-8 2.0 0.13 Liu et al. [2010]
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F.4.6 Recombination and dissociative recombination processes

Table F.11: Recombination and dissociative recombination processes

No. Reaction a b c Ref.

62 H+
2 + e→ H(3) +H 5.33E-8 -0.4 Mitchell [1990]

63 H+
2 + e→ H(2s2S) +H 0.21E-8 -0.4 Mitchell [1990]

64 H+
3 + e→ H +H +H 0.75E-8 -0.8 Mitchell [1990]

65 H+
3 + e→ H2 +H 0.75E-8 -0.8 Mitchell [1990]

66 He+
2 + e→ He(3S) +He 5.38E-11 -1 Alves et al. [1992]

67 He+ + e→ He(3S) 6.76E-13 -0.5 Liu et al. [2010]

68 He+ + e+ e→ He(3S) + e 1.31E-28 -4.4 Liu et al. [2010]

69 He+ +He+ e→ He(3S) +He 1.15E-30 -2.0 Liu et al. [2010]

70 He+
2 + e+ e→ He(3S) +He+ e 2.80E-20 Liu et al. [2010]

71 He+
2 + e+ e→ He2(a3Σ+

u ) + e 1.20E-21 Liu et al. [2010]

72 He+
2 +He+ e→ He(3S) +He+He 3.50E-27 -0.8 Liu et al. [2010]

73 He+
2 +He+ e→ He2(a3Σ+

u ) +He 1.50E-27 Liu et al. [2010]

74 HeH+ + e→ He+H 1.10E-9 -0.6 Liu et al. [2010]

75 H+ + e→ H 2.62E-13 -0. Liu et al. [2010]

76 H+ + e+ e→ H + e 8.8E-27 -4.5 Liu et al. [2010]

77 H+
3 + e→ H+ +H +H + e 1.8E-8 0.95 10.5 Liu et al. [2010]
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F.5 Heavy particle kinetics

F.5.1 Ground neutral processes

Table F.12: Ground neutral processes

No. Reaction d e f Ref.

78 H +H → H2 6.04E-33 -1 Liu et al. [2010]

79 H +H +He→ H2 +He 5.80E-33 -1 Liu et al. [2010]

80 H +H +H → H2 +H 6.00E-31 -1 Liu et al. [2010]

81 H +H +H2 → H2 +H2 8.10E-33 -0.6 Liu et al. [2010]

F.5.2 Electronically excited neutral including Penning ionization pro-

cesses

Table F.13: Electronically excited neutral including Penning ionization processes

No. Reaction d e f Ref.

82 H2(d3Πu) +H2 → H2(a3Σ+
g ) +H2 1.2E-9 Bretagne et al. [1981]

83 H2(a3Σ+
g ) +H2 → H2 +H2 1.7E-10 Bretagne et al. [1981]

84 He(3S) +He+He→ He2(a3Σ+
u ) +He 2.00E-34 Liu et al. [2010]

85 He2(a3Σ+
u ) +H2 → He+He+H2 1.50E-15 Liu et al. [2010]

86 He(3S) +H2 → H(2p2P ) +H +He 1.40E-11 Liu et al. [2010]

87 He+H(3)→ H +He 1.00E-11 Liu et al. [2010]

88 H(2p2P ) +H2 → H +H +H 2.1E-11 Liu et al. [2010]

89 H(2s2S) +H2 → H +H +H 2.1E-11 Liu et al. [2010]

90 H(3) +H2 → H +H2 2.0E-9 Liu et al. [2010]

91 He(3S) +He(3S)→ He+He+ + e 8.7E-10 0.5 Liu et al. [2010]

82 He(3S) +He(3S)→ He+2 + e 1.03E-9 0.5 Liu et al. [2010]

93 He(3S) +He2(a3Σ+
u )→ He+ +He+He+ e 5.0E-10 Liu et al. [2010]

94 He(3S) +He2(a3Σ+
u )→ He+2 +He+ e 2.0E-9 Liu et al. [2010]

95 He(3S) +H → H+ +He+ e 1.1E-9 Liu et al. [2010]

96 He(3S) +H2 → H+
2 +He+ e 2.9E-11 Liu et al. [2010]

97 He(3S) +H2 → H +HeH+ + e 3.0E-12 Liu et al. [2010]

98 He2(a3Σ+
u ) +He2(a3Σ+

u )→ He+ +He+He+He+ e 3.0E-10 Liu et al. [2010]

99 He2(a3Σ+
u ) +He2(a3Σ+

u )→ He+2 +He+He+ e 1.2E-9 Liu et al. [2010]

100 He2(a3Σ+
u ) +H → He+He+H+ + e 2.2E-10 Liu et al. [2010]

101 He2(a3Σ+
u ) +H2 → H+

2 +He+He+ e 2.2E-10 Liu et al. [2010]
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F.5.3 Vibrational-vibrational processes (VV)

Table F.14: Vibrational-vibrational processes

No. Reaction d e f Ref.

102 H2(v = 1) +H2(v = 1)→ H2(v = 2) +H2 9.3E-15 Capitelli et al. [1994]

103 H2(v = 1) +H2(v = 2)→ H2(v = 3) +H2 1.7E-14 Capitelli et al. [1994]

104 H2(v = 1) +H2(v = 3)→ H2(v = 4) +H2 2.6E-14 Capitelli et al. [1994]

105 H2(v = 1) +H2(v = 4)→ H2(v = 5) +H2 3.3E-14 Capitelli et al. [1994]

106 H2(v = 1) +H2(v = 5)→ H2(v = 6) +H2 3.2E-14 Capitelli et al. [1994]

107 H2(v = 1) +H2(v = 6)→ H2(v = 7) +H2 2.5E-14 Capitelli et al. [1994]

108 H2(v = 1) +H2(v = 7)→ H2(v = 8) +H2 1.6E-14 Capitelli et al. [1994]

109 H2(v = 1) +H2(v = 8)→ H2(v = 9) +H2 9.5E-15 Capitelli et al. [1994]

F.5.4 Vibrational-translational processes (VT)

Table F.15: Vibrational-translational processes

No. Reaction d e f Ref.

110 H2(v = 1) +H2 → H2 +H2 1.6E-16 Capitelli et al. [1994]

111 H2(v = 2) +H2 → H2(v = 1) +H2 7.8E-16 Capitelli et al. [1994]

112 H2(v = 3) +H2 → H2(v = 2) +H2 3.0E-15 Capitelli et al. [1994]

113 H2(v = 4) +H2 → H2(v = 3) +H2 1.0E-14 Capitelli et al. [1994]

114 H2(v = 5) +H2 → H2(v = 4) +H2 3.2E-14 Capitelli et al. [1994]

115 H2(v = 6) +H2 → H2(v = 5) +H2 1.0E-13 Capitelli et al. [1994]

116 H2(v = 7) +H2 → H2(v = 6) +H2 3.3E-13 Capitelli et al. [1994]

117 H2(v = 8) +H2 → H2(v = 7) +H2 1.1E-12 Capitelli et al. [1994]

118 H2(v = 9) +H2 → H2(v = 8) +H2 3.3E-12 Capitelli et al. [1994]
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F.6 Ionic kinetics

F.6.1 Ion-Ion recombination processes

Table F.16: Ion-Ion recombination processes

No. Reaction d e f Ref.

119 H− +H+ → H +H 3.900E-07 Fridman [2008]

120 He+ +H− → H +He 2.3E-7 -0.5 Liu et al. [2010]

121 HeH+ +H− → H2 +He 1.0E-7 Liu et al. [2010]

122 He+
2 +H− → H +He+He 1.0E-7 Liu et al. [2010]

123 H+ +H− → H(2s2S) +H 9.0E-11 0.83 Liu et al. [2010]

124 H+ +H− → H(2s2P ) +H 9.0E-11 0.83 Liu et al. [2010]

125 H+ +H− → H(3) +H 1.8E-7 -0.5 Liu et al. [2010]

126 H+
2 +H− → H +H2 2.0E-7 -0.5 Liu et al. [2010]

127 H+
3 +H− → H2 +H2 2.0E-7 -0.5 Liu et al. [2010]
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F.6.2 Positive ion processes

Table F.17: Positive ion processes

No. Reaction d e f Ref.

128 H+ +H2 → H+
2 +H 1.19E-22 Méndez et al. [2006]

129 H+
2 +H → H+ +H2 6.4E-10 Liu et al. [2010]

130 H+
2 +H2 → H+

3 +H 2.0E-9 Capitelli et al. [2000]

131 He+ +He+He→ He+
2 +He 1.4E-31 -0.6 Alves et al. [1992]

132 He+ +H → H+ +He 1.9E-15 Liu et al. [2010]

133 He+ +H → HeH+ 1.58E-15 -0.3 Liu et al. [2010]

134 He+ +H2 → H+ +H +He 3.7E-14 Liu et al. [2010]

135 He+ +H2 → H+
2 +He 7.2E-15 Liu et al. [2010]

136 HeH+ +H → H+
2 +He 9.1E-10 Liu et al. [2010]

137 HeH+ +H2 → H+
3 +He 1.5E-9 Liu et al. [2010]

138 He+
2 +H → H+ +He+He 3.5E-10 Liu et al. [2010]

139 He+
2 +H2 → HeH+ +H +He 1.76E-10 Liu et al. [2010]

140 H+ +He→ HeH+ 8.4E-19 -4.5 Liu et al. [2010]

141 H+ +H +H2 → H+
2 +H2 1.0E-34 Liu et al. [2010]

142 H+ +H2 +He→ H+
3 +He 1.5E-29 Liu et al. [2010]

143 H+
2 +He→ HeH+ +H 1.3E-10 Liu et al. [2010]

F.6.3 Negative ion processes

Table F.18: Negative ion processes

No. Reaction d e f Ref.

144 H− +H → H2 + e 1.800E-9 Capitelli et al. [2000]

145 H− +He→ He+H + e 8.0E-12 0.5 Liu et al. [2010]
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F.7 Radiative decay processes

Table F.19: Radiative decay processes

No. Reaction A(s−1) λ(nm) κ Ref.

146 H(2p2P )→ H + hν 4.69E+8 121.56 1 Wiese et al. [1966]

147 H(3)→ H + hν 5.57E+7 102.57 1 Wiese et al. [1966]

148 H(4)→ H + hν 1.27E+7 79.25 1 Wiese et al. [1966]

149 H(5)→ H + hν 4.12E+8 94.97 1 Wiese et al. [1966]

150 H(3)→ H(2s2S) + hν 2.24E+7 656.27 1 Wiese et al. [1966]

151 H(3)→ H(2p2P ) + hν 6.31E+6 656.28 1 Wiese et al. [1966]

152 H(4)→ H(2s2S) + hν 9.66E+6 486.13 1 Wiese et al. [1966]

153 H(4)→ H(2p2P ) + hν 2.57E+6 486.13 1 Wiese et al. [1966]

154 H(5)→ H(2s2S) + hν 4.95E+6 434.04 1 Wiese et al. [1966]

155 H(5)→ H(2p2P ) + hν 9.42E+6 434.04 1 Wiese et al. [1966]

156 H(4)→ H(3) + hν 8.98E+6 1875.10 1 Wiese et al. [1966]

157 H(5)→ H(3) + hν 2.20E+6 1281.81 1 Wiese et al. [1966]

158 H(5)→ H(4) + hν 2.70E+6 4051.20 1 Wiese et al. [1966]

159 H2(d3Πu)→ H2(a3Σ+
g ) + hν 3.33E+7 612.00 1 Bretagne et al. [1981]

160 H2(a3Σ+
g )→ H +H + hν 8.77E+7 400.00 1 Bretagne et al. [1981]
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M. Bouróne and J. Le Calvé. De-excitation cross section

of metastable argon by various atoms and molecules. J.

Chem. Phys., 58:1452–1458, 1973. doi: 10.1063/1.1679379.

218

G. Brasseur and S. Solomon. Aeronomy of the middle atmo-

sphere 2nd edn. 1986. 225, 226

I. Bray and Y. Ralchenko. Electron Impact Cross Section

Database. URL http://atom.curtin.edu.au/CCC-WWW/. 240

J. Bretagne, J. Godart, and V. Puech. Time-resolved study of

the H2 continuum at low pressures. J. Phys. B: At. Mol.

Phys., 14:L761–L765, 1981. doi: 10.1088/0022-3700/14/

23/002. 243, 247

C. E. R. Bruce and R. H. Golde. The lightning discharge.

Journal of the Institution of Electrical Engineers. Part II:

Power Engineering, 88:487–505, 1941. doi: 10.1049/ji-2.

1941.0065. 171, 173

M. I. Buchwald and D. M. Hunten. Vibrational relaxation of

CO2(001) by atoms. J. Chem. Phys., 62:2828–2832, 1975.

doi: 10.1063/1.430819. 226

E. Bucsela, J. Morrill, M. Heavner, C. Siefring, S. Berg,

D. Hampton, D. Moudry, E. Wescott, and D. Sentman.

N2(B3Πg) and N2
+(A2Πu) vibrational distributions ob-

served in sprites. J. Atm. Sol.-Terr. Phys., 65:583, 2003.

doi: 10.1016/S1364-6826(02)00316-4. xxi, 30, 69, 93, 97,

105, 106, 108, 109, 113, 186

A. Budo. Uber die Triplett-Bandentermformel fur den allge-

meinen intermediaren Fall und Anwendung derselben auf

die B3Π-C3Π-Terme des N2-Molekuls. Z. Phys., 96:219,

1935. doi: 10.1007/BF01341523. 96

M. Cacciatore, A. Kurnosov, and A. Napartovich. Vibra-

tional energy transfer in N2−N2 collisions: A new semi-

classical study. J. Chem. Phys, 123:174315, 2005. doi:

10.1063/1.2101445. 215

M. Capitelli, R. Celiberto, and M. Cacciatore. Needs for Cross

Sections in Plasma Chemistry. Adv. Atom. Mol. Opt. Phys.,

33:321, 1994. doi: 10.1016/S1049-250X(08)60040-3. 244

M. Capitelli, C. M. Ferreira, B. F. Gordiets, and A. I. Osipov.

Plasma Kinetics in Atmospheric Gases. Springer Verlag,

Berlin, Germany, 2000. doi: 10.1007/978-3-662-04158-1.

208, 209, 213, 216, 217, 218, 219, 220, 221, 222, 223, 224,

225, 226, 230, 234, 235, 236, 246

D. C. Cartwright. Vibrational populations of the excited

states of N2 under auroral conditions. J. Geophys. Res.,

83:517, 1978. doi: 10.1029/JA083iA02p00517. 30, 186

M. Castillo. Spectrometry and kinetics of cold plasmas of ni-

trogen oxides and air. PhD thesis, 2004. 212, 213, 214,

219

M. Castillo, V. J. Herrero, and I. Tanarro. Characterization of

modeling of the steady state and transients of moduladed

hollow cathode discharges of nitric oxide. Plasma Sour.

Sci. Technol., 11:368–376, 2002. doi: 10.1088/0963-0252/

11/4/302. 85

M. Castillo, V. J. Herrero, I. Méndez, and I. Tanarro. Time

resolved diagnostics and kinetic modeling of a modulated

hollow cathode discharge of NO2. Plasma Sour. Sci. Tech-

nol., 13:39–47, 2004a. doi: 10.1088/0963-0252/13/1/005.

85, 86

M. Castillo, V. J. Herrero, I. Méndez, and I. Tanarro. Spec-

trometric and kinetic study of a modulated glow air dis-

charge. Plasma Sour. Sci. Technol., 13:343–350, 2004b. doi:

10.1088/0963-0252/13/2/022. 85, 86

M. Castillo, I. Méndez, A. M. Islyaikin, V. J. Herrero, and

I. Tanarro. Low-Pressure DC air plasmas. Investigation

of neutral and ion chemistry. J. Phys. Chem. A, 109:6255,

2005. doi: 10.1021/JP051318M. 98

R. Celiberto, R. K. Janev, A. Laricchiuta, M. Capitelli, J. M.

Wadehra, and D. E. Atems. CROSS SECTION DATA

FOR ELECTRON-IMPACT INELASTIC PROCESSES

OF VIBRATIONALLY EXCITED MOLECULES OF HY-

DROGEN AND ITS ISOTOPES. Atom. Data Nucl. Data

Tables, 77(2):161, 2001. doi: 10.1006/adnd.2000.0850. 176

A. B. Chen, C.-L. Kuo, Y.-J. Lee, H.-T. Su, R.-R. Hsu, J.-L.

Chern, H. U. Frey, S. B. Mende, Y. Takahashi, H. Fuku-

nishi, Y.-S. Chang, T.-Y. Liu, and L.-C. Lee. Global

distributions and occurrence rates of transient luminous

events. J. Geophys. Res. (Space Phys), 113:A08306, 2008.

doi: 10.1029/2008JA013101. 112

M. Cho and M. J. Rycroft. Computer simulation of the elec-

tric field structure and optical emission from cloud-top to

the ionosphere. J. Atm. Sol.-Terr. Phys., 60:871, 1998. doi:

10.1016/S1364-6826(98)00017-0. 26, 111

250

http://atom.curtin.edu.au/CCC-WWW/


REFERENCES

M. Cho and M. J. Rycroft. Non-uniform ionization of the

upper atmosphere due to the electromagnetic pulse a hor-

izontal lightning discharge. J. Atmos. Sol. Terr. Phys., 63:

559–580, 2001. doi: 10.1016/S1364-6826(00)00235-2. 26

I. B. Cohen. Benjamin Franklin’s Experiments: A New Edition

of Franklin’s Experiments and Observations on Electricity.

Cambridge, MA, 1941. 10

B. J. Conrath and D. Gautier. Saturn Helium Abundance: A

Reanalysis of Voyager Measurements. Icarus, 144:124–134,

mar 2000. doi: 10.1006/icar.1999.6265. 174

A. F. Cook, II, T. C. Duxbury, and G. E. Hunt. First re-

sults on Jovian lightning. Nature, 280:794, aug 1979. doi:

10.1038/280794a0. 166

S. A. Cummer and M. Füllekrug. Unusually intense contin-

uing current in lightning produces delayed mesospheric

breakdown. Geophys. Res. Lett., 28:495, 2001. doi: 10.

1029/2000GL012214. 37, 114

S. A. Cummer, N. Jaugey, J. Li, W. A. Lyons, T. E. Nelson,

and E. A. Gerken. Submillisecond imaging of sprite de-

velopment and structure. Geophys. Res. Lett., 33:L04104,

2006. doi: 10.1029/2005GL024969. 112

C. L. da Silva and V. P. Pasko. Infrasonic acoustic waves gen-

erated by fast air heating in sprite cores. Geophys. Res.

Lett., 41:1789–1795, 2014. doi: 10.1002/2013GL059164.

119, 122

T. de los Arcos, C. Domingo, V.J. Herrero, M. Sanz,

A. Schulz, and I. Tanarro. Diagnostic and kinetic mod-

eling of a hollow cathode N2O discharge. J. Phys. Chem.

A, 102:6282–6291, 1998. doi: 10.1021/jp981749n. 85, 86,

98

I. de Pater, L. A. Sromovsky, P. M. Fry, H. B. Hammel,

C. Baranec, and K. Sayanagi. Record-breaking Storm Ac-

tivity on Uranus in 2014. Icarus, 2015. doi: 10.1016/j.

icarus.2014.12.037. xxv, 167

S. J. Desch, W. J. Borucki, C. T. Russell, and A. Bar-Nun.

Progress in planetary lightning. Rep. Prog. Phys., 65:955–

997, jun 2002. doi: 10.1088/0034-4885/65/6/202. 166

E. M. Dewan, R. H. Picard, R. R. O’Neil, H. A. Gardiner,

J. Gibson, J. D. Mill, E. Richards, M. Kendra, and W. O.

Gallery. MSX satellite observations of thunderstorm-

generated gravity waves in mid-wave infrared images of

the upper stratosphere. Geophys. Res. Lett., 25:939–942,

1998. doi: 10.1029/98GL00640. 26

D. Dubrovin, S. Nijdam, E. M. van Veldhuizen, U. Ebert,

Y. Yair, and C. Price. Sprite discharges on Venus and

Jupiter-like planets: A laboratory investigation. J. Geo-

phys. Res. (Space Phys), 115:A00E34, 2010. doi: 10.1029/

2009JA014851. 169

D. Dubrovin, A. Luque, F. J. Gordillo-Vázquez, Y. Yair, F. C.

Parra-Rojas, U. Ebert, and C. Price. Impact of lightning

on the lower ionosphere of Saturn and possible generation

of halos and sprites. Icarus, 241:313–328, oct 2014. doi:

10.1016/j.icarus.2014.06.025. xxvi, 172, 174

J. R. Dwyer. The initiation of lightning by runaway air

breakdown. Geophys. Res. Lett., 32:L20808, 2005. doi:

10.1029/2005GL023975. 18

J. R. Dwyer and M. A. Uman. The physics of lightning. Phys.

Rep., 534:147–241, 2014. doi: 10.1016/j.physrep.2013.09.

004. xii, 11, 12, 13

J. R. Dwyer, D. M. Smith, and S. A. Cummer. High-Energy

Atmospheric Physics: Terrestrial Gamma-Ray Flashes and

Related Phenomena. Space Sci. Rev., 173:133–196, 2012.

doi: 10.1007/s11214-012-9894-0. 22

U. A. Dyudina, A. D. Del Genio, A. P. Ingersoll, C. C. Porco,

R. A. West, A. R. Vasavada, and J. M. Barbara. Lightning

on Jupiter observed in the Hα line by the Cassini imag-

ing science subsystem. Icarus, 172:24–36, nov 2004. doi:

10.1016/j.icarus.2004.07.014. 166

U. A. Dyudina, A. P. Ingersoll, S. P. Ewald, C. C. Porco,

G. Fischer, W. S. Kurth, and R. A. West. Detection of vis-

ible lightning on Saturn. Geophys. Res. Lett., 37:L09205,

may 2010. doi: 10.1029/2010GL043188. 168, 171, 173

U. A. Dyudina, A. P. Ingersoll, S. P. Ewald, C. C. Porco,

G. Fischer, and Y. Yair. Saturn’s visible lightning, its ra-

dio emissions, and the structure of the 2009-2011 light-

ning storms. Icarus, 226:1020–1037, sep 2013. doi:

0.1016/j.icarus.2013.07.013. xxv, 168, 171, 173

D. Ehrenreich, G. Tinetti, A. Lecavelier des Etangs, A. Vidal-

Madjar, and F. Selsis. The transmission spectrum of

Earth-size transiting planets. Astronomy and Astrophysics,

448:379–393, 2006. doi: 10.1051/0004-6361:20053861. xi,

5

C.-F. Enell, E. Arnone, T. Adachi, O. Chanrion, P. T.
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