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Résumé

RESUME ETENDU DU MANUSCRIT

La famille des événements lumineux transitoires (TLES) comprend les jets bleus (BJs),
les sprites et les elfes qui se produisent sporadiquement depuis la stratosphere a la
mésosphere, de 20 km a 90 km d’altitude. Cette étude porte sur 1’é¢tude de 1'impact
chimique potentiel des BJs qui se développent dans la stratosphére depuis le sommet
des nuages d’orages. Ces décharges €électriques sont dues a un déséquilibre des charges
électriques a l'intérieur des orages [Krehbiel et al., 2008]. Les caracteéristiques de ces
décharges sont typiquement d'une durée d'environ 200 a 300 ms [Wescott et al., 1996]
avec une vitesse verticale ascendante de propagation d'environ 100 km/s. Ces travaux
de thése ont été menés dans le cadre de la mission spatiale TARANIS (Outil d’analyse
de laradiation entre la lumicre et les sprites) du Centre national d’étude spatiale (CNES)
dédiée a I’étude des TLE dont le lancement est prévu en 2020

[https://taranis.cnes.fr/fr/TARANIS/Fr/GP_mission.htm].

Les BJ sont constitués d’un ensemble de streamers (« étincelles » se propageant vers
le haut et ionisant 1’air) rassemblés dans un cone d'angle d'ouverture étroit [Raizer et
al., 2006, 2007] initiés depuis le sommet des nuages. llIs ont une structure fractale
plasmatique auto-similaire [Wiesmann et Pietronero, 1986; Petrov et Petrova et al.,
1999; Pasko et al., 2002]. La structure fractale des BJ peut étre constituée de streamers
positifs [Pasko et al., 1996] ou négatifs [Sukhorukov et al., 1996]. La dimension fractale
reste presque constante lorsque les streamers se propagent a différentes altitudes en
raison du champ électrique réduit constant dans la téte du streamer [Popov, 2002]. Le
fort champ électrique prés de la pointe du streamer influe sur sa propagation et la forme
du champ électrique domine la direction de propagation, la distribution spatiale du

champ électrique détermine la probabilité de propagation [Popov et al., 2016].

Les BJ traversent la gamme d'altitude ou se situe la couche d'ozone stratosphérique.
Les décharges électriques dans 1’atmosphere, quelle que soit 1’altitude considérée,

produisent des oxydes d'azote NOx (= NO+NO3) en raison du réchauffement intense


https://taranis.cnes.fr/fr/TARANIS/Fr/GP_mission.htm
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et/ou de I’onde de choc dans le canal d’éclairement [Chameides et al., 1987], associée
a des réactions de recombinaison et réactions ions-neutres d'oxygene et d'azote
atomiques [Griffing, 1977; Kossyi et al., 1992]. Des études antérieures ont montré que
les TLE devraient avoir un impact significatif sur la concentration de NOx dans
I'atmosphere moyenne [Neubert et al., 2008; Gordillo-Vazquez, 2008; Peterson et al.,
2009]. Dans la stratosphére, les oxydes d’azote interagissent fortement avec la chimie
de I'ozone par le biais de cycles catalytiques [Johnston, 1971; Cohen and Murphy, 2003]

perturbant 1’équilibre du systéme réactif de 1’ozone.

Avec un modele simplifié de chimie plasma, Mishin [1997] présente pour la premiére
fois I'impact potentiel des BJ sur la teneur en ozone stratosphérique. 1l met en évidence
a 30 km d’altitude une augmentation de 10% et 0,5% des teneurs en NOx et Os
respectivement. Smirnova et al. [2003] étudient I'impact des perturbations du champ
électrique sur la basse stratosphére et analysent la perturbation de la composition
chimique et de I'ionisation. Les résultats de leurs simulations indiquent que la densité
électronique du streamer qui commande le champ électrique a sa téte dépend fortement
des réactions chimiques (et leurs coefficients de vitesse) prises en compte. Plus
récemment, Winkler et al. [2015] (désignés par la suite sous le nom de W2015) ont
développé un modele de chimie-plasma détaillé (comprenant 88 especes et plus de 1000
réactions) pour étudier I'impact des streamer associés aux BJ sur la chimie de 1’ozone.
L'augmentation relative des concentrations de NOy et d'Oz rapportée par W2015 est
beaucoup plus importante que celle des deux études précédentes [Mishin, 1997;
Smirnova et al., 2003]. Par exemple, a 30 km, lI'augmentation des teneurs en oxyde
d’azote W2015 est deux fois supérieure a celle de Mishin [1997] et de Smirnova et al.
[2003]. W2015 indique une augmentation relative de 2% des concentrations en Oz a
30 km, tandis que celles de 1’étude de Smirnova et al. [2003] n’étaient que de 0,03%,
et 0,5% pour Mishin [1997]. Les études précédentes citées se concentraient sur les cent
premieres secondes suivant I'événement de décharge, alors que dans la stratosphére les
NOxy interagissent avec la chimie de I'ozone sur une échelle de temps de plusieurs jours
en raison des cycles catalytiques.
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Dans ce contexte l'objectif des travaux dans cette thése est de mener une étude
détaillée de I'impact potentiel des streamers des BJ sur la chimie stratosphérique via le
développement d’un modéle de chimie plasma pour identifier les mécanismes clés
associes aux différentes échelles temporelles (millisecondes, centaines de secondes,

jours).

Apres une revue des connaissances dans le domaine d’étude, le modéle de chimie du
plasma développé est présenté ainsi que les paramétrisations permettant de modéliser
la décharge du streamer. Puis les caractéristiques des simulations (cas d’étude et
initialisation) sont décrites. Le quatrieme chapitre est consacré a la validation du modéle
par comparaison a 1’étude de W2015 ainsi qu’a I’analyse des résultats obtenus en

fonction de la paramétrisation considérée pour représenter le streamer :

i) paramétrisation simplifiée avec impulsion électrique simple utilisée dans les
études citées.
ii) paramétrisation réaliste développée dans le cadre de ces travaux de thése avec

une impulsion électrique issu d’un modele électrodynamique.

Ce chapitre se focalise dans la moyenne stratosphere (27 km) au ceeur de la couche

d’ozone.

Le cinquiéme chapitre est dédié a 1’étude systématique de I’impact de la décharge
électrique de BJ sur la perturbation du systéme chimique en fonction de I’altitude
considéré entre 20 km et 50 km d’altitude aux différentes échelles de temps. Enfin les

conclusions et perspectives seront présentées.

En résumé cette étude tente d’identifier et d’apporter des pistes de réponse aux

guestions suivantes :

- Quelles systeme réactionnel chimie plasma et constantes de réaction associées
sont a considérer ? (chapitres 2 et 4)

- Comment représenter la décharge associée au streamer ? (chapitres 2 et 4)
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- Quel est I’'impact du streamer sur les teneurs en oxyde d’azote et 1’ozone en
fonction de 1’échelle de temps considéré (100 s, 48 h) ? (chapitres 4 et 5)
- Quel est Iimpact des décharges électriques associées au BJ sur 1’équilibre du

systéme chimique de la stratosphére en fonction de 1’altitude considérée ? (chapitre 5)



Introduction

INTRODUCTION

Transient luminous events (TLES) are high-altitude lightning flashes and large-scale
optical events which last less than one second. TLEs have been documented and
characterized above thunderstorms [Pasko et al., 2002] and over most regions of the
globe. The TLE family includes blue jets (BJs), sprites and elves which occur above
thunderstorm clouds up into the stratosphere and mesosphere (or into the lower
ionosphere, from altitudes of 20 km to 100 km). They are directly related to the
electrical activity in underlying thunderstorms [Sentman et al., 1995; Neubert, 2003;
Pasko, 2003] and are luminous manifestations of the electrodynamic couplings between
the atmospheric layers. The present research was performed in the framework of the
TARANIS (Tool for the Analysis of RAdiation from lightNIng and Sprites) space

mission dedicated to the observation and study of TLEs.

The ozone (Os) layer exists in the stratosphere between a height of ~10 km to 50 km
with its maximum concentration in the middle stratosphere in the altitude range of
15-35 km above the Earth’s surface. The O3 concentration and thickness also vary with
season and latitude, because of the large-scale stratospheric circulation and the
chemical production and destruction processes that depend on the latitude/season. The
existing stratospheric O3 layer is an important component of the chemical equilibria of
the atmosphere, which plays a key role in modulating the stratospheric vertical
temperature gradient, given that Os efficiently absorbs solar energy, protecting the
biosphere from absorbing harmful ultraviolet (UV) solar radiation (wavelengths shorter
than 340 nm). The photochemical production of stratospheric Oz modulates the solar
radiative forcing of climate [Haigh, 1994]. Stratospheric ozone thus impacts global

climate change through atmospheric radiative budget processes and chemical equilibria.

The altitude range where blue jets occur is located in the stratospheric ozone layer. It
is well known that electric discharge in the atmosphere produces NOx (=NO+NO>) as
a result of intense heating and/or shock waves from lightning channels [Chameides et
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al., 1987], by recombination reactions and ion-neutral reactions [Griffing, 1977; Kossyi
et al., 1992] of atomic oxygen and nitrogen. In addition, prior studies showed that TLES
should significantly impact NOx concentration in the middle atmosphere [Neubert et
al., 2008; Gordillo-Vazquez, 2008; Peterson et al., 2009]. In the stratosphere, NOx
species interact strongly with ozone chemistry through catalytic cycles [Johnston, 1971;

Cohen and Murphy, 2003] as well as chlorine and bromine species.

Therefore, this study will focus on the potential chemical impact of streamers
associated with blue jet (BJ) and gigantic jet (GJ) events, which develop above
thunderstorms. BJs and GJs form by the escape of conventional lightning leaders
upward from thunderclouds. They mainly occur over oceans near the tropopause
located at ~17 km of altitude in the tropics and 13 km of altitude at mid-latitudes. A
typical BJ is a slow-moving, fountain-like cone with a cone angle of ~15°, which
emanates from the top of thunderclouds up to an altitude of ~ 40-50 km [Wescott et al.,
1995, 2001; Lyons et al., 2003] with upward velocities of ~100 km/s. Its light emission
duration is ~200-300 ms [Wescott et al., 1996]. Due to a set of blue and near-ultraviolet
emission lines from neutral and ionized molecular nitrogen, BJs have a visual color of

blue [Wescott et al., 1995, 1998, 2001].

Upward streamers of BJs produce a narrow cone confined by an aperture angle of
~15° [Raizer et al., 2006, 2007]. Thus, BJs are similar to streamer coronas, where the
discharge is a self-similar plasma fractal structure [Wiesmann and Pietronero, 1986;
Petrov and Petrova, 1999; Pasko et al., 2002]. The BJ fractal structure can comprise
positive [Pasko et al., 1996] or negative [Sukhorukov et al., 1996] streamers. The fractal
dimension remains almost constant when streamers propagate at different altitudes
because of the constant reduced electric field in the streamer head [Popov, 2002]. The
strong electric field near the streamer tip impacts the streamer propagation. The shape
of the electric field dominates the propagation direction, while the spatial distribution

of the electric field determines the propagation probability [Popov et al., 2016].
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There are, however, few investigations on the chemistry of BJs. With a simplified
plasma chemistry model, Mishin [1997] reported an impact of BJ streamer discharge.
He highlighted that nitric oxide and ozone concentrations increased by 10 and 0.5%,
respectively, at an altitude of 30 km. Smirnova et al. [2003] updated the chemical
composition and ionization and attachment rates to study the impact of electric field
perturbations on the lower stratosphere. Their simulation results indicated the
importance of reactions and their rate coefficients in BJ streamer electron density
governed processes (electric field driven processes). More recently, Winkler et al. [2015]
(referred to as W2015 hereafter) developed a detailed plasma chemistry model
(including 88 species and more than 1000 chemical reactions) to investigate the impact
of BJ streamers and leaders during the first 100 s after the discharge. For the impact of
BJ streamers, the relative increases in NOx and Oz reported by W2015 are significantly
larger than those reported by the previous two studies. For instance, at 30 km, the NOx
increase in the W2015 model is two orders of magnitude larger than it is in the model
of Mishin [1997] and Smirnova et al. [2003]. W2015 indicated a relative O3 increase of
2% at 30 km, while Smirnova et al. [2003] and Mishin [1997] inferred an Oz increase
0f 0.03% and 0.5%, respectively. For the impact of BJ leaders, W2015 signified a strong
loss of O3 at altitudes below 27 km. The density of Oz decreased to ~5 orders of
magnitude smaller than the pre-leader case when the altitude decreased to 18 km. A
study by Perez-Invernon et al. [2019] estimated the global chemical influence of BJs,
considering the occurrence rate at a global scale using the Whole Atmosphere
Community Climate Model (WACCM4). They used the local chemical impact of
W2015 for a single BJ (including BJ streamer and leader) and assumed that the total
productions of N.O and NO at 30 km are dominated by the leader phase. The global
scale chemical impact indicated that BJs decrease Oz at 30 km by up to a maximum of

~5% in equatorial and polar regions.

While the model of W2015 considered the presence of chlorine family species (Cly),
it did not consider the presence of bromine family species (Bry), which also
significantly contribute to Oz destruction, particularly in the stratosphere [Yung et al.,
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1980; Prather et al., 1990]. All previous studies that have investigated the chemical
effects of BJ events have moreover focused on the first hundred seconds after the
discharge event, whereas NOx species production in the stratosphere interacts with

ozone chemistry on a timescale of several days.

Previous modeling studies assumed a constant pulse electric field to represent the
discharge associated with BJs and sprite streamers [e.g. Winkler et al., 2014, 2015;
Gordillo-Vazquez, 2008; Sentman et al., 2008], while it is well-known from
electrodynamic streamer models [Ihaddadene and Celestin, 2017] that the electric field

of streamers varies as a function of time during the discharge process.

The first part introduces the stratosphere environment focussing on ozone and the
associated chemistry (production and destruction mechanisms). Then it describes the
physical characteristics of transient luminous events with a specific focus on BJs and

the plasma chemistry processes associated with electric discharge.

In the second part, the model developed to study the potential impact of BJ streamer
on stratospheric chemistry is presented. The detailed chemistry-plasma model is named
Microphysical and Photochemical Ozone and Streamer (hereafter MiPO-Streamer)
model. The model considers 117 chemical species and 1760 chemical reactions
including photochemistry, neutral chemistry, heterogeneous chemistry and plasma
chemistry. The rate coefficients of electric-driven reactions were calculated using the
BOLSIG+ solver. The parameterization of electric-driven processes to represent the BJ

streamer discharge processes is then described.
The third part describes the case study in detail and the initialization of the model.

The fourth part focuses on the simulations at 27 km of altitude (in the ozone layer)
where the catalytic cycle of NOy is the most efficient to destroy ozone. The model
validation results on neutral chemistry and plasma chemistry by comparing with the
study of W2015 are presented. Compared to the simple pulse electric field generally
used, the streamer parameterization of a time-dependent field derived from an explicit

electrodynamic streamer model is investigated. Most of the results presented here
Y%
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correspond to a paper submitted to the Journal of Geophysical Research [Xu et al.,

2019].

The fifth part is dedicated to the analysis of the BJ streamer chemical impacts in the
stratosphere (from 20 km to 50 km). Detailed investigations as a function of altitude
are conducted to highlight the major pathways of plasma chemistry and neutral

chemistry, and their interactions on ozone abundance.

The last part presents concluding remarks and future work.
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Cette partie présente de maniére générale la chimie de 1’0zone stratosphérique et les
mécanismes de production et de destruction associés (Section 1.1). Puis les événements
lumineux transitoires sont décrits ainsi que les propriétés physiques spécifiques des
Blue Jets et les mécanismes chimiques associés aux décharges électriques (Section 1.2).
Les différents processus de chimie plasma au cours de la décharge que nous

considererons dans cette étude sont décrits (Section 1.3).

Enfin les principales questions et objectifs scientifiques de ces travaux seront

exposés (Section 1.4).
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This study discusses the potential impact of blue jet streamers on stratospheric
chemistry, especially on the ozone layer. This chapter will first show the distribution
and importance of stratospheric ozone, and it will then introduce the associated
chemistry of ozone production and destruction in Section 1.1. Secondly, a description
of transient luminous events and their potential impacts on stratospheric chemistry are
given in Section 1.2 with specific details on the physical properties and chemical
impacts of blue jet events. Section 1.3 introduces the plasma chemistry processes
associated with transient luminous events which will be considered in this study. Lastly,
Section 1.4 presents the objectives of this study and the questions which will be

answered by this study.

1.1 Stratosphere and ozone layer

1.1.1 Stratospheric ozone

The stratosphere is part of the Earth’s atmosphere at altitudes between ~ 12 km and
50 km at mid-latitudes, where temperature increases with altitude, as shown in Figure
1-1, shaded in grey. The green line in Figure 1-1 outlines the ozone (O3) layer, i.e. its
concentration as a global mean distribution. The maximum ozone concentration occurs
in the low and middle stratosphere between altitudes of ~15 km to 35 km above the

Earth’s surface. The O3 concentration and thickness vary with season and with latitude.
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Figure 1-1. Temperature (red), density (black), and ozone concentration (green) as a
function of altitude (km) for the U.S. Standard Atmosphere (1976) at mid-latitude.
Ozone data are from Krueger and Minzner [1976].

The existing stratospheric Oz layer is an important component of the chemical
equilibrium of the atmosphere. The stratospheric vertical temperature gradient is caused
by Oz absorption of solar energy. It is well known that Oz protects the biosphere from
absorbing harmful ultraviolet (UV) solar radiation (i.e. radiation with wavelengths
shorter than 340 nm). Haigh [1994] showed that the photochemical production of
stratospheric Oz modulates the solar radiative forcing of climate. The stratospheric
ozone layer thus impacts global climate change, as it affects atmospheric radiative

budget processes and chemical equilibria.

The cycle of stratospheric Oz is governed by photochemistry and chemical reactions
associated with nitrogen and oxygen. The processes associated with the stratospheric
ozone abundance are shown in Figure 1-2. Stratospheric Oz is impacted by stratospheric
chemical processes and by temperature, polar stratospheric clouds, aerosols and
greenhouse gases. During the last decades, the natural balance of chemical compounds
in the stratosphere has been disturbed. Ozone depletion is caused by human emissions

of ODSs (Ozone-Depleting Substances). ODSs include chlorofluorocarbons (CFCs),
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bromine, hydrochlorofluorocarbons (HCFCs), carbon tetrachloride (CCls), and methyl
chloroform. The emission of these species leads to the release of reactive halogen gases,
especially chlorine and bromine, which destroy ozone. Since the Montreal Protocol in

1985 emissions are controlled and chlorine and bromine are declining in the atmosphere.

Figure 1-2. Natural and anthropogenic mechanisms associated with the stratospheric
ozone layer. Credit from Barbara Summey, SSAI.

However, the ozone equilibrium is complex. The increased concentrations of
greenhouse gases, e.g. CO2, H20, and methane (CH4), warm the tropopause and cool
the stratosphere, thus diminish ozone depletion [Shindell et al., 1998; Austin et al., 1992;
Daniel et al., 1999]. In addition to directly modifying stratospheric temperature, by-
products of chlorofluorocarbons (CFCs) and nitrous oxide (N20) also cause Os
destruction, including reactions between Oz and nitrogen dioxide (NO) or chlorine
monoxide (CIO). Volcanic clouds and polar stratospheric clouds (PSC) can indirectly
contribute to Os loss by accelerating heterogeneous chemical reactions on the surface
of aerosols and clouds [e.g. Pitari et al., 2002]. The CIONO> and N2Os components
involved suppress active NOx to lower levels, and as a result of that, halogens cause

more severe Oz destruction at mid-altitude [Prather, 1992; Solomon, 1999].
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Many models and observations have assessed the influence of stratospheric O3
changes at global scale. Oz depletion in the stratosphere cools the stratospheric
temperature [Langematz, 2000], which impacts the tropopause altitude. It leads to more
UV radiation reaching the troposphere and the Earth's surface. The cooling stratosphere
could lead to increased PSC formation and more complete chemical processes [Lee et
al., 2001]. Prather and Jaffe [1990] demonstrated that the chemical propagation of the
Antarctic ozone hole also destroys ozone at mid-latitudes. Increased UV radiation at
the Earth’s surface affects human and ecosystem health, e.g. increasing the risk of skin
tumors and eye diseases. The modification of UV radiation in the troposphere also
impacts on troposphere chemistry. For instance, Bekki et al. [1994] found through a
model simulation that decreases in CH4 and CO concentrations in the troposphere are
impacted by increased UV radiation, which increases the production of hydroxyl

radicals (OH).

Concerning ozone recovery, the WMO (World Meteorological Organization) ozone

assessments [2014 and 2018] reported:

The decline of stratospheric ozone has been stopped in the late 1990s. Since about
2000, ozone levels in most parts of the stratosphere have remained approximately
constant or have been increasing slightly. About half of the ozone increase is due to
declining ozone-depleting substances (ODSs, declining due to the Montreal Protocol).
The other half is due to cooling of the stratosphere due to carbon dioxide (CO>)
increases, which slows chemical ozone destruction cycles in the upper stratosphere.
Not only ozone-depleting substances, but also increasing greenhouse gases affect the

ozone layer.

A small acceleration of the global stratospheric Brewer-Dobson circulation (BDC)
over the next century is expected from model simulations. Acceleration of the BDC will

reduce ozone in the tropics and enhance ozone at higher latitudes.

In the second half of the century, ozone columns may even exceed historical levels.



Chapter I

Model simulations have confirmed that not only ODSs and CO3, but also future levels
of nitrous oxide (N2O) and methane (CHa) will play a significant role in the recovery
of stratospheric ozone over this century. By itself, increasing N2O will increase ozone
loss. This would delay and negate part of the expected ozone recovery (due to declining
ODSs and stratospheric cooling). Increasing methane, on the other hand, will generally
increase ozone levels by tying up chlorine and by enhancing ozone production in the
lower stratosphere. In the second half of the century, lower chlorine levels,
stratospheric cooling, and other factors will reduce the efficiency by which CH4 and

N-O emissions affect ozone.

1.1.2 Stratospheric ozone chemistry

Figure 1-3 shows the vertical distribution of major gas constituents (long lived
species) in the atmosphere, including N2, Oz, CO2, H20, CH4, N20, and Os. Except for
ozone with a maximum concentration in the stratosphere, the concentrations of the other
constituents decrease with pressure (Figure 1-3a). The volume mixing ratios (VMRS)
of N2, Oz, N2, CO- are constant as a function of altitude, whereas the VMRs of CHa,
N2O and CFCs are constant in the troposphere, and those in the stratosphere are

decreased (Figure 1-3b).
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1.1.2.1 Ozone chemistry

The chemical mechanism of stratosphere ozone photochemistry was first described

by Chapman [1930]. The ground state of oxygen atoms is first produced by the

photolysis of O;:

O, +hv->0+0

(A <240 nm) (1-1)

a reaction that requires a significant amount of energy. Ozone is then rapidly produced,

recombining with free oxygen atoms and a large excess of O through the reaction:

M
0, + 0 - 0,

(1-2)
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where M is any third-body molecule, e.g. N2 or O2. Following reaction (1-2), the

interconversion of O and Os is fast via:
03+ hv » 0, + 0(*D) (A<320nm) (1-3)
M
O(lD) -0 (1-4)
Net: O3+ hv—0,+0 (1-5)

The odd-oxygen family is defined as Ox =0+Qz. Ox is slowly destroyed through:

0;4+0-0,+0, (1-6)

with a minor contribution through:

M
0+0 -0, (1-7)

Reactions (1-2) and (1-5), which cycle between O and Os, are much faster than
reactions (1-1) and (1-6), which create and destroy Ox. The Oz balance is determined
mainly by the total sum of Ox. Oz has a long photochemical lifetime in the lower
stratosphere, thus photochemistry is important for Oz production in the stratosphere,

particularly in the tropics [Avallone et al., 1996].

1.1.2.2 Ozone catalytic cycles

Besides the Chapman cycle, stratospheric Oz is particularly perturbed through
catalytic cycles [Murphy et al., 1993]. Most Oz is destroyed through potent catalytic
cycles associated with gaseous nitrogen oxide [Crutzen, 1970; Johnston, 1971],
hydrogen oxide [Bates and Nicolet, 1950] and chlorine radicals [Molina and Rowland,

1974; Stolarski and Cicerone, 1974] of the type:

0+X0-0,+X (1-9)
Net: O3+ 0 - 20, (1-10)
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with X = NO, OH, CI. The catalyst X is neither created nor destroyed through the
reactions. Therefore, the recycling of X molecules continues to destroy ozone until it
converts to a less-reactive species. The catalytic cycle rate mostly depends on the

catalyst concentrations.

There are two catalytic cycles involving halogenated compounds, which are
particularly effective catalytic compounds in the Antarctic lower stratosphere. The first

one comprises chlorinated species (odd-chlorine catalytic cycle):

2 % (Cl+ 05 = CIO + 0,) (1-11)
M
hv
C1,0, - Cl + Cl0O (1-13)
M
€100 > Cl + 0, (1-14)
Net: 20, — 30, (1-15)

The second one comprises both chlorinated and brominated compounds (CI-Br catalytic

cycle, McElroy et al., 1986):

BrO + ClO = Cl + Br + 0, (1-16a)
Br + 05 — BrO + 0, (1-17)
Cl+0; - Cl0O+ 0, (1-18)
Net: 20, > 30, (1-19)

The activation energy of light is essential for these two cycles. Furthermore, there are

two other possible reactions between BrO and CIO:

BrO + CIO - BrCl + 0, (1-16b)
BrO + CIO = OCIO + Br (1-16¢)

BrO and CIO rapidly react to BrCl overnight and the ozone destruction cycle thus stops.
However, with the beginning of daylight, the rapid photo-dissociation of BrCl re-

initiates the cycle through:

10
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hv
BrCl — Br + Cl (1-20)

Salawitch [1993] and Anderson et al. [1989] revealed that the odd-chlorine catalytic
cycle contributes up to 70% of the ozone destruction observed, while the CI-Br catalytic
cycle contributes ~23%. Because inorganic, brominated compounds are ~150 times less
abundant than inorganic chlorinated compounds in the stratosphere [Harder et al.,
2000], the CI-Br catalytic cycle has a more severe contribution to stratospheric ozone
destruction.

The left panel of Figure 1-4 shows the relative global annual mean ozone loss rates
by chemical family, namely NOx, Ox, HOx, CIOx/BrOx, computed for the year 2000 by
the NOCAR two-dimensional model [Portmann et al., 2012]. Between the altitudes of
10 km to 18 km, the HOx cycle is more efficient than the cycles of the other chemical
families. The Os loss rate of the CIOx/BrOx cycle is larger than that of the NOx cycle.
Between the altitudes of 18 km to 22 km, O3 loss is governed first by HOx and second
by the NOx cycle. The NOx cycle represents a major sink for Oz in the middle
stratosphere (from 22 km to 43 km). It is evident that the HOx cycle is dominant in the

upper stratosphere (higher than 43 km).
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Figure 1-4. The relative global annual mean ozone loss rates by chemical family
computed for the year 2000 by the NOCAR two-dimensional model (left). The global
mean ozone profile (right). From Portmann et al. [2012].
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The right panel of Figure 1-4 shows the maximum Oz in the middle stratosphere.
Since the Os loss rate through the NOx cycle is the largest in the altitude of abundant
O3, NOx concentrations are an important factor in ozone layer perturbation.

Nitrogen oxides are well known to have a crucial effect on O3 loss, and also on the
Cly and Bry species [Yung et al., 1980; Prather et al., 1990]. Cly and Bry species
effectively destroy stratospheric ozone by several catalytic cycles which vary with
latitude and altitude [WMO, 1995]. Compared to chlorine, bromine is ~45 times more
effective in destroying global stratospheric ozone [Daniel et al., 1999]. BrO is the major
bromine species throughout the stratosphere, while the combined CIO/BrO cycles are
dominant in the upper and lower stratosphere (Figure 1-4). Cly and Bry chemistry thus

cannot be neglected when characterizing and quantifying Os loss.

1.1.3 Chemistry of nitrogen

NOx comprises nitrogen monoxide (NO) and nitrogen dioxide (NO2). These two
compounds are more abundant in day-time than at night-time. At night, NO is converted

to NO2 with ozone by the reaction:

NO + 05 - NO, + 0, (1-21)

and NOy is entirely in the form of NO>. The abundance of NO> increases at night within

altitudes of up to ~30 km.

At night, NOy is preserved as N2Os by the reaction:

M

where M is any third-body molecule, e.g. N2 or Oz, whose density decreases with
increasing altitude. Thus, more NO: is transformed to N2Os at nighttime and at low
stratosphere levels than at high stratosphere levels. The main sources for NOx from the

decay of N2Os are produced by inverse thermal decomposition reactions:

12
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M
N,0s — NO, + NO, (1-23)

which are more effective when the temperature is high, and by photo-dissociation

reactions:

h
N,0s = NO, + NO, (1-24)

As the temperature increases with increased altitude in the stratosphere, and the
available light energy for a photo-dissociate molecule is higher in the upper stratosphere
than in the lower stratosphere, the reaction rates of (1-23) and (1-24) are larger in the
upper stratosphere. Therefore, N2Os is consumed faster after sunrise in the upper

stratosphere.

The primary production of reactive nitrogen NOx in the lower and middle
stratosphere comes from reactions with nitrous oxide (N20). First, N2O is broken down

via photolysis:

N,O + hv - N, + 0(*D) (1-25)
Then NO is produced via reaction with N-.O and O(1D):

N,0 4 0(D) - 2NO (1-26)
N20 and O(*D) also produce N2 and O::

N,0 + 0(*D) » N, + 0, (1-27)

where ~10% of N2O can be converted to NOx in the stratosphere [Portmann et al., 2012].

Reactive nitrogen can be destroyed via the reaction:

N+NO-N,+0 (1-28)

N20 can produce reactive nitrogen and then affect all of the chemical families, e.g.
ClOx and BrOx via the formation of CIONO2 and BrONO., ozone loss and so on.

Moreover, the global lifetime of N2O is as long as 114 years [IPCC, 2007] and it thus

13
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has a long-term effect. Therefore, the perturbation of N.O in the atmosphere is

important for chemical cycles.

1.2 Transient Luminous Events (TLES)

The TLE family includes high-altitude lightning flashes and large-scale optical
events that last for less than a second (Figure 1-5). Although eyewitness reports of TLES
above thunderstorms have been recorded for more than a century, the first image of one
was captured only in 1989, serendipitously during a test of a low-light television camera
[Franz et al., 1990]. Since then, many transient luminous events (TLEs) have been
documented and classified above thunderstorms [Pasko et al., 2002] from the ground
[e.g. Winckler et al., 1993; Lyons, 1994], from aircraft [e.g. Sentman and Wescott, 1993;
Wescott et al., 1995], from the space shuttle [e.g. Boeck et al., 1992] and from orbiting
sensors [e.g. Neubert et al., 2001; Chern et al., 2003; Chen et al., 2008]. All of them

show that TLES appear over most regions of the globe.
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Figure 1-5. The distribution of transient luminous events in the atmosphere. Credit
from: CNES. https://taranis.cnes.fr/fr/ TARANIS/Fr/GP_mission.htm
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They occur above thunderstorm clouds up to the mesosphere (or lower ionosphere).
They are directly related to the electrical activity in the underlying thunderstorms
[Sentman et al., 1995; Neubert, 2003; Pasko, 2003] and they are luminous

manifestations of the electrodynamic couplings between the atmospheric layers.

Sprites develop at the base of the ionosphere and move rapidly downwards at speeds
of up to 10000 km/s. They appear in the altitude range of ~40 km to 90 km above large
thunderstorms [Sentman et al., 1995; Boccippio et al., 1995; Lyons, 1996; Stanley et al.,
1999]. The first image of a sprite was captured by scientists from the University of
Minnesota in 1989. Sprites generally appear in clusters of three or more and they can
cover horizontal distances of ~50 km. They are reddish-orange in color and they have
various shapes, i.e. carrot-, angel- or column-like shapes with hanging tendrils below.
Sprites usually occur at altitudes of ~65 km to 75 km and their tendrils can extend down
to altitudes as low as 40 km. Sprites are associated with powerful positive
cloud-to-ground lightning [Barrington-Leigh et al., 1999; Bell et al., 1998]. The
electromagnetic pulse (EMP) is generated above the thunderstorm cloud during an
intense lightning discharge. The resulting intense electric field above the clouds can
extend over a large altitude range to the upper atmosphere and is possibly responsible
for atmospheric air breakdown or runaway electron ionization [Pasko et al., 1995, 1996;
Bell et al., 1995]. lonization and optical emissions that occur are manifested in the form

of the visible Sprite.

Elves are lightning induced TLEs, occurring at high altitude above large and intense
lightning strikes in a thunderstorm. They were first identified in 1990 in space shuttle
images. Their ring-like shapes are different from sprites. They can spread over
100-300 km laterally, occurring in the lower ionosphere [Fukunishi et al., 1996; Inan
et al., 1997]. Similar to sprites, elves are likely caused by heated lower ionospheric

electrons by EMPs [Inan et al., 1991; Taranenko et al., 1995].

Jets include gigantic jets (GJs) (e.g. Figure 1-6a), blue jets (BJs) (e.g. Figure 1-6b)
and blue starters. All jets emanate from the top of thunderclouds (~15-18 km), and they

are differentiated by their terminal altitudes. GJs propagate upwards towards Earth’s
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ionosphere to an altitude of ~90 km [Su et al., 2003], BJs up to 40 km with moving
speeds of ~100 km/s [Wescott et al., 1995, 1998, 2001; Lyons et al., 2003], while blue
starters rise to a maximum altitude of ~25.5 km [Wescott et al., 1996, 2001]. Blue
starters are considered as the initial stages of blue jets. As shown in Figure 1-6, GJs
present a visible blue color in the lower channel, like BJs, and a red color with a

streamer-like structure above 40 km.

Altitude (km)

80
70
60

50

40

Figure 1-6. Color photographs of (a) gigantic jets, captured by Patrice Huet on 7th
March 2010 [Soula et al., 2011], and (b) blue jet captured by William Nguyen Phuoc on
8th December 2015.

1.2.1 Physical characteristics of jets

BJs and GJs form by the escape of conventional lightning leaders upward from
thunderclouds. They are types of upper-atmospheric lightning and of cloud-to-air
discharge within a thunderstorm, propagating upwards. They mainly occur over ocean
[e.g. Chen et al., 2008] and in the tropics (tropopause ~17 km) and at mid-latitudes (~15
km). A typical BJ is a slow-moving, fountain-like cone with a cone angle of ~15°, which

emanates from the top of thunderclouds up to an altitude of ~ 40-50 km [Wescott et al.,
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1995, 2001; Lyons et al., 2003], moving with an upward velocity of ~100 km/s. Its light
emission duration is ~200-300 milliseconds [Wescott et al., 1996]. Due to a set of blue
and near-ultraviolet emission lines from neutral and ionized molecular nitrogen, BJs

are blue in color [Wescott et al., 1995, 1998, 2001].

The structure and apparent speed of a jet vary significantly during its lifetime [Pasko
et al., 2002 (P2002); Su et al., 2003]. The evolution of a jet is characterized by three
main stages, i.e. formation of the leading jet, fully developed jet, and trailing jet. In a
GJ event captured by P2002 (Figurel-7), the leading jet (stage A) grew at the beginning
with an average speed of ~60 km/s, increasing to a speed of up to ~200 km/s (#11-12),
and then decelerating (#12-13) and again brightening and accelerating to ~500 km/s
(#13-14). Then, the tip propagated at ~500 km/s to ~48 km and ejected fully developed
jets (stage B), which moved at ~1200 km/s. Meanwhile, bright diffuse spots appeared
at a height of ~ 70 km. At the end of the event, the top of the trailing jet (stage C) faded

away and its forked structure persisted at a height of <32 km.

altitude, km

Figure 1-7. Video fields 7-20 (~17 ms each) during the 15 Sep 2001 GJ event that
occurred ~200 km northwest of Arecibo Observatory, Puerto Rico. Credit from Mishin
and Milikh [2008]

BJ and GJ events differ in their maximum altitude and their polarities [Krehbiel et
al., 2008]. As shown in Figure 1-8, BJs develop up to a lower altitude than GJs. Studies
found that BJs are generated by electrical breakdown between upper storm charges and
the cloud top screening charge. GJs initiate as an in-cloud discharge between a mid-
level dominant charge and an upper-level screening charge, and then propagate out of

the storm top. From normal polarity thunderclouds (Figures 1-8a and 1-8b), BJs
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transport a positive charge upward, while GJs transport a negative charge upward. On
inverted polarity storms (Figures 1-8c and 1-8d), BJs produce a negative charge upward,
while GJs produce a positive charge upward. The mechanism that produces the jets is

similar to cloud-to-ground lightning, which causes a charge imbalance in the storm.
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Figure 1-8. BJ and GJ simulation for normal- and inverted-polarity storms. Modified
from Krehbiel et al. [2008].

Figure 1-9a shows the structure of BJs, which includes a tall tree with a thin trunk
(called ‘leader’) and branches above (called ‘streamer’). The numerical model of Raizer
et al. [2006, 2007] demonstrated that, firstly, the leader is caused in the bending point
after the largest electric field of the cloud charge appears, as described in Figure 1-9b.
Then it moves upward and transfers the high electron potential energy outside the cloud
top. BJ leaders emit streamers and streamers grow preferentially upward in the

atmosphere. Thus, the streamers are formed as the corona.

18



Chapter I

(a) 4h (b) h Y
T streamer 'Zt’l B
{1 zome + ) £
/ :,./’i
} et
hL - leader Q (‘/tf :
channel \_ \\,x\\ :
¢ TITIIT ~ ; - U c
~_ @ Jcloud 0 Ug

Figure 1-9. (a) A schematic of the bi-leader initiation in a thundercloud. (b) A schematic
blue jet model. [Raizer et al., 2007, 2010]

1.2.2 Chemistry associated with TLES

It is well known that electric discharge in the middle atmosphere produces NOx
(=NO+NO>) as a result of intense heating and /or shock wave from a lightning channel
[Chameides et al., 1987], by recombination reactions and ion-neutral reactions
[Griffing, 1977; Kossyi et al., 1992] of atomic oxygen and nitrogen. Thus, the lightning
produces nitrogen oxides. The production of NOy in TLEs has the same reaction steps
as in tropospheric discharges [Hiraki, 2004]. The discharge generates an electric field
which drives electron impact on air molecules and atoms by ionization, dissociation
and excitation processes. Goldenbaum and Dickerson [1993] proposed that NOx
formation in thunderstorm discharges starts with the dissociation of oxygen and

nitrogen molecules through:
e +N, >N+N+e” (1-29)

e +0,>0+0+e" (1-30)

NO is then produced by the single replacement of an oxygen or nitrogen atom with

nitrogen or oxygen molecules:

N, +0 - NO+N (1-31)
0,+N->NO+0 (1-32)
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Finally, the reaction ends with a recombination of nitrogen and oxygen atoms:

N+N-N, (1-33)
0+0-0, (1-34)

For N2 and Oz, which are common air constituents, the principal ionization reactions

are:

e” + N, > NJ + 2e” (1-35)
e” + N, > Nt + N+ 2e” (1-36)
e~ +0, > 03 + 2e” (1-37)
e”+0, > 0"+ 0+ 2e” (1-38)

The oxygen and nitrogen atoms that are produced in these reactions can be in their
ground states or in excited states. An example for O, is schematically shown in
Figure 1-10. The excitation of N2 or Oz is caused by electron collisions, which produce

electronically excited N2 or Oz molecules through vibration.

N R . (00
o : 0. Thermal ionization
W 2 2 Jonizing radiation - o~ o('D)
wrong iC
" lectromee™” oCs)  0¢P)
fields

Positive charged particles
Molecular — Clectronically > Neutral particles (excited state)
excited state Negatively charged particles

Figure 1-10. O transformation process induced by discharge

As the upward discharges from thunderstorms or discharges in the stratosphere, the
chemistry effects of TLES have recently received significant attention. The study by
Sentman and Stenbaek-Nielsen [2009], for example, determined the concentrations of

species impacted by streamers. Compared to no-discharge, the study showed that
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streamer impact leads to an increase in oxygen atom, O(*D) and N, (A3 ¥:) by a factor
of 2 and to an increase in 0, (a) by a factor of 3. The study by Gordillo-Vazquez [2008]
further concluded that H.O affects the property of CO; anions, but that there is no

significant effect on NOx formation or destruction.

Stratospheric NOx contributes to Oz depletion [Callis, 2002] and the high
concentration of NO in the mesosphere can transport downward to the stratosphere in
the polar winter. TLESs are thus important sources of middle atmosphere NOx, while the
effect of TLEs on NOx production at higher altitudes still remains largely unexplored
[Pasko et al., 2012]. The chemical effects of sprites have been investigated in a number
of model studies, e.g. those by Hiraki et al. [2008], Evtushenko et al. [2013], and
Parra-Rojas et al. [2013]. In addition, prior studies have suggested that NOy in the
middle atmosphere are locally significantly impacted by TLEs, based either on
calculation-based estimates [Neubert et al., 2008; Gordillo-Vazquez, 2008; Sentman et
al., 2008; Enell et al., 2008; Arnone et al., 2014; Perez-Invernon et al., 2019], on
observation-based estimates [Arnone et al., 2008], or on laboratory experiments
[Peterson et al., 2009]. Enell et al. [2008] inferred that NOx increases by about 1 order
of magnitude within streamers. The NOx produced is significant in its local
concentration and distribution, especially at high altitudes. The long-term behaviors of
NOx, Ox and HOx species impacted by night sprites were calculated by Hiraki et al.
[2008]. They noted that sprites can impact local chemistry for hours at high
altitudes (40-70 km). Peterson et al. [2009] estimated that the NOx production impacted
by each event comprises 1.7x10%2-7.4x10%° molecules in blue jets and
6.8x102%3-6.3% 1027 molecules in red sprites. Perez-Invernon et al. [2019] showed that
there are about 3.8 Tg (1Tg=10"? grams) N2O-N/year and 0.07 Tg NO-N/year produced

by BJs near the stratosphere by using a global climate model.

In the past, more studies on sprites have been undertaken than on jets [Chen et al.,
2008]. However, the NOx species interact strongly with ozone chemistry through

catalytic cycles [Johnston, 1971; Cohen and Murphy, 2003] and blue jets occur in the
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stratospheric ozone layer. Therefore, chemical perturbations due to BJs are of interest

as they might influence the stratospheric ozone layer.

Only a few investigations have been carried out on the chemistry of BJs. With a
simplified plasma chemistry model, Mishin [1997] reported the impact of such a
discharge on ozone content. He highlighted a 10% increase in nitric oxide and a 0.5%
increase in ozone at 30 km by a BJ streamer. Smirnova et al. [2003] further considered
chemical composition, ionization, and attachment rates to study the impact of electric
field perturbations on the lower stratosphere. Their simulation results indicate the
importance of reactions and their rate coefficients in BJ streamer electron density
governed processes (electric field driven processes). More recently, Winkler et al. [2015]
(hereafter W2015) developed a detailed plasma chemistry model (including 88 species
and more than 1000 reactions) to investigate BJ streamer impacts. The relative increases
of NOx and Os reported by W2015 are much larger than the increases that have been
reported by other studies. For instance, at 30 km, the estimates of W2015 for NOx
increase are larger by two orders of magnitude than the estimates of Mishin [1997] and
Smirnova et al. [2003]. W2015 indicated a relative Oz increase of 2% at 30 km, while
Smirnova et al. [2003] and Mishin [1997] inferred an O3 increase of 0.03% and 0.5%,
respectively. In addition, a study by Perez-Invernon et al. [2019] estimated the global
chemical influence of BJs considering the occurrence rate at global scale, by using the
Whole Atmosphere Community Climate Model (WACCM4). Their estimates indicated

that BJs decrease Oz at 30 km by up to ~5% in equatorial and in polar regions.

However, the model of W2015 did not consider bromine species (Bry), which have
an important effect on Oz destruction, especially in the stratosphere [Yung et al., 1980,
Prather et al., 1990]. The study by Perez-Invernon et al. [2019] used the local chemical
results of W2015 for a single BJ (including BJ streamer and leader) to estimate the
global chemical impact. Previous studies of local chemical models on BJs focused on
the first hundred seconds after the discharge event, whereas NOx species production in
the stratosphere and its interaction with the ozone chemistry takes place on a timescale

of several days.
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For reasons of simplicity, all previous studies used a constant pulse electric field to
model BJs or sprite streamers [e.g. Winkler et al., 2014, 2015; Gordillo-Véazquez, 2008;
Sentman et al., 2008], while it is well-established that the real streamer electric field

varies through time during the discharge process [Ihaddadene and Celestin, 2017].

1.3 Plasma chemistry processes

The plasma chemistry taking place during electric field-driven processes in BJ
streamers includes chemical reactions related to positive ions, negative ions and neutral
excited state species. They include reaction types of electron attachment, detachment
processes, associative and Penning ionization, positive ion chemistry, negative ion
chemistry, electron-ion recombination, ion-ion recombination and radiative de-
excitation. The excitation, de-excitation, ionization and recombination chemistry

processes are summarized schematically in Figure 1-11.

hot photon
photon photon e photon
e / \
\ e
@ .
Excitation De-excitation Tonization Recombination

Figure 1-11. Excitation, de-excitation, ionization and recombination processes.

An electron attachment process is the excitation of the electronic states of electrons
and the ionization of neutral particles by electron impacts. The electronic states of

particles are short-lived.
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Figure 1-12. Examples for (a) attachment reactions, (b) a detachment reaction

Examples of the two processes are shown in Figure 1-12, (a) for attachment: e™ +
NO, - NO; and e~ + NO, - NO+ 0~ , (b) for detachment: O; + N, - e™ +
0, + N,.

Electronically excited species during the discharge process are influenced by
associative and Penning ionization processes [Gritsinin et al., 1987; Baiadze et al.,
1985] and the processes are represented by the associated chemical reactions [Brunet

etal., 1985].

1.4 Summary

Recently, many TLEs have been observed. The TLE family includes blue jets (BJs),
sprites and elves, which occurs in the stratosphere and in the mesosphere. Research has
demonstrated that these electric discharge events in the middle atmosphere can perturb

stratospheric O3 through catalytic Oz loss cycles by producing NOx (=NO+NO3).

The altitude where blue jets occur is located in the stratospheric ozone layer. This
study focuses on the chemical impact of streamers associated with blue jets and gigantic
jet events, which develop above thunderstorms. These electrical discharges are a result

of an electrical charge imbalance inside thunderstorms, including the discharge of
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leaders and streamers. The discharge typically occurs upward with vertical velocities

of ~100 km/s and with a duration of ~200-300 milliseconds.

The objective of this study is to evaluate the potential impacts of blue jet streamer

discharges on stratospheric chemistry. The questions are addressed:
- Which chemical reaction system and associated reaction rates should be considered?
Chapters 2 and 4
- How should the discharge associated with the streamer be represented?
Chapters 2 and 4

- What is the impact of a streamer on nitrogen oxide and 0zone content according to

the time scale considered (100 s, 48 h)?
Chapters 4 and 5

- What are the impacts of electric discharge associated with the BJ streamer on the

balance of the stratospheric chemical system as a function of the altitude?

Chapter 5
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Le modéle MiPO-Streamer développé et utilisé dans cette étude est basé sur le
modele Microphysical and Photochemical Lagrangian Stratospheric Model of Ozone
(MiPLaSMO). Le modéle MiPLaSMO a été développé au LPC2E (Laboratoire de
Physique et de Chimie de I’Environnement et de I’Espace) et a été largement utilisé au
cours des 20 dernieres années pour interpréter les mesures sous ballon stratosphérique
et sur satellite associées a 1’ozone stratosphérique [par exemple, Croizé et al., 2015,
Grossel et al., 2010, Brogniez et al., 2003, Huret et al., 2003, Riviére et al., 2002,
Riviére et al., 2000].

Cette partie présente le modéle MiPO-Streamer, les espéces chimiques et I’ensemble
des réactions prises en compte, ainsi que les deux paramétrisations associées au BJ

streamer.
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The MiPO-Streamer model developed and employed in this study is based on the
Microphysical and Photochemical Lagrangian Stratospheric Model of Ozone
(MiPLaSMO) model. The MiPLaSMO model was developed at LPC2E (Laboratoire
de Physique et de Chimie de I’Environnement et de 1’Espace) and has been widely used
over the last 20 years to interpret balloon and satellite measurements associated with
stratospheric ozone [e.g. Croizé et al., 2015, Grossel et al., 2010, Brogniez et al., 2003,
Huret et al., 2003, Riviére et al., 2002, Riviére et al., 2000].

This part will present the MiPO-Streamer model and the model initialization. The
model description includes the introduction of the box model used, the chemical species
and sets of reactions considered, and the parameterization of electric-driven processes

that characterize BJ streamer discharge processes.

2.1 MiPO-Streamer model description

MiPLaSMO model describes the time evolution of the chemical, microphysical, and
thermodynamic properties of an air parcel through a chemistry reaction scheme (133
photochemical gaseous and heterogeneous reactions) and microphysics calculations
(size distribution and nature of aerosols) for 5 types of stratospheric particles (liquid
binary aerosols, sulfuric acid tetrahydrate particles, type la polar stratospheric cloud
(PSC, nitric acid trihydrate), liquid type Ib PSC (supercooled ternary solution,
H2S04/HNO3/H20), and type 11 PSC (ice particles)). This model is described in more
detail by Riviére et al. [2000].

2.1.1 The box model

In this thesis, the model is used in its box model version (closed system,
zero-dimension) which is briefly summarized in Figure 2-1. Each "air box" represents

the time evolution of chemical concentration, and microphysics (size distribution and
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nature of aerosols and polar stratospheric clouds) at different altitudes. This box
includes a characteristic distribution of aerosols and the chemical compounds of the
stratospheric chemical species associated with oxygen, hydrogen, nitrogen, chlorine
and bromine families. The nonlinear system of equations governing the chemical
species evolution is converted into a linear system of equations using a semi-implicit

symmetric (S1S) method. The system is given with:

o o h of, -
Yn+1 = ¥n = 3 (ﬁ)nYrHl (2'1)

where (consider an example, e.g. aA + bB — cC + dD, of a system of two chemical

species A and B)

y=Cy )t (2-2)
f=(f 207 (2-3)
h=At=22 (2-4)
and
f=f(ty) (2-5)

where t is time, h is the time step, y is the concentration of the given compounds
(1y and 2y are the concentrations of A and B in the example given here), fand ?f
represent respectively the loss and production rates of the compounds, conserving the
number of atoms and molecules. A description of this method can be found in the work
by Ramaroson et al. [1989, 1992]. The time step of the model can be easily adapted
with typically 5 minutes during day and night, reduced to 30 s for twilight periods in its
basic neutral chemistry configuration [Riviere et al. 2000]. To take into account the
very fast plasma chemistry processes occurring during a BJ streamer discharge, several
sensitivity tests were conducted to prevent instabilities due to the increase in the system

stiffness. Thus, during the BJ event the time step is reduced to 10! s,
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This numerical method has been recently adapted to manage the stiffness of the
system automatically (SIS Method). It has been used to simulate the atmospheric

chemistry of Venus [Stolzenbach, 2016].

Diurnal variation of
’ chemical compounds

50km A

in each box

<€

15 km

Figure 2-1. MiPLaSMO model properties of an air mass.

2.1.2 Chemical species

The MiPLaSMO model only includes 42 neutral species which are shown in Table

2-1.

Table 2-1. Neutral species considered in the MiPLaSMO model

N, 0, H,0 CH, H, co

0, 0 O('D)

H OH HO, H,0,

N NO NO, NO; N,O05 HNO, HO,NO,
Cl ClO HCI HOCI 0cClo CL0,

Cl, CINO, CIONO,

Br BrO HOBr HBr BrCl BrONO, Br,

CH; CH,0 CH;0, CH;0 CH;00H CHO
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In order to evaluate the potential chemistry impact by streamer discharge processes,

the chemical scheme of the MiPO-Streamer model has been enlarged to include plasma

chemistry. Taken from W2015, the additional neutral species are shown in Table 2-2.

They are excited state species, N3, N2O, N202, HNO, HNO2, CO2, CO3 and HCO3. Most

excited state species are first generated through electric field driven processes. In this

study, an abbreviated notation of excited species is also used, e.g. N2(A)= N, (A3 ¥,

depending on the context. As the background species of N2, Oz, H2O, CH4, H2, CO and

CO- have a high density, these species are held constant during the simulation.

Table 2-2. The additional neutral species considered in the MiPO-Streamer model

N,(A° S5 NuB[lp) N[l Naally)  Np(@t¥y) NED)  NCP)
o('s) O,(a) 0,(b)

N,O N,O, N; N, HNO HNO,

Co, CO; HCO,

The additional positive and negative ion species are shown in Tables 2-3 and 2-4. As

the MiPO-Streamer model considered bromine species, compared to W2015, there are

two additional negative ion species, Br~ and BrO~. After taking plasma chemistry into

account, there are 117 species in the MiPO-Streamer model.

Table 2-3. Positive ions considered in the MiPO-Streamer model

N° N Ny NS O 0 0 NO* NOY N,O* N0
NO'(Ny)  NOY(0,) H,0°  OH"  HY(H;0), H(HLOYOH) O, (H0)
H*(H,0)(CO,) H(H,0%(COy)  H'(H,0)(N,) H(H;0),(N,)
NO*(H,0),-s NO*(CO,) NO*(H,0)(CO,)

NO*(H,0),(CO,)  NO'(H,0)(N,) NO*(H,0),(N,)
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Table 2-4. Negative ions considered in the MiPO-Streamer model

e

0 0, o 0,  NO NO,~ NO,~ COy  CO,
0~(H,0) 0,7(H,0) 05~ (H,0) OH- HCO,~
cr Clo Br- BrO-

2.1.3 Sets of reactions and reaction coefficient rates

Compared to the MiPLaSMO model, the MiPO-Streamer model has 293 more
neutral chemistry reactions, which are taken from W2015. Most reaction rate
coefficients are also taken from W2015, but some of them are taken from the Jet
Propulsion Laboratory [Sander et al., 2006, hereafter JPL]. The sets of reactions
associated with plasma chemistry processes in the MiPO-Streamer model were also
taken from the W2015 study. The sets of reactions and reaction rates used are shown in

Annex 1.

However, compared to the model developed by W2015, the MiPO-Streamer model
considers more neutral species relevant for stratospheric investigations, including
additional bromine species (Bry), chlorine species (Cly), hydrogen species and their
corresponding reactions, and additional photochemistry of NOyx (for details, see

Annex 1). The rate coefficients of these reactions are taken from the JPL.

Besides, given that W2015 did not consider Bry, the bromine ion reactions added in
the MiPO-Streamer model use the reaction rates inferred by Kopp et al. [1997]. The

rate coefficients for bromine ion reactions are displayed in Table 2-5.
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Table 2-5. Reactions of bromine ions in the MiPO-Streamer model. The rate coefficients
are those of Kopp et al. [1997].

Reactions of bromine ions Rate Coefficient
(Kopp et al.,1997)
1 03 + HBr - Br™ + HO, 52x 107
2 OH™ + HBr —» Br™ + H,0 1.5 x 1077
3 NO3 + HBr —» Br™ + HNO; 3.3x 1071
4 Br~ + HNO3; — NO3 + HBr 7.0 X 10710
5 Br~ + 03 - BrO™ + 0, 5.0x 10713
6 BrO”+ 03 »Br~+0,+ 0, 6.0 x 10711
7 Br~+H - e~ +HBr 9.6 x 10710

There is a total of 1760 reactions in the MiPO-Streamer model.

The expression of the reaction rate coefficients for bimolecular reactions,
tri-molecular reactions and photo-dissociation reactions are expressed in the following

ways.

2.1.3.1 Bimolecular reactions

For two body reactions,
aA+bB - cC+dD (2-6)
the reaction constant k (cm® molec s) is defined by the relationship:

_ _ldiA]_ _1d(B] _ 1dIC] _ 1dID] 2-7)

a dt b dt c dt d dt

where [X] is the concentration of compound X in molec/cm?®. The constant k depends

on the temperature and is expressed in the form of an Arrhenius law:

k(T) = Aexp[(— D )] (2-8)
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where E is the activation energy for the reaction, R is the universal gas constant and T
is the absolute temperature (in Kelvin). The coefficients A and E/R are given by

DeMore et al. [1997] and Sander et al. [2011].

The reaction rate is often found to be expressed in the form:

r=k(T)[A]"[B]" (2-9)

Here k(T) is the reaction rate constant that depends on temperature. [A] and [B] are the
concentrations of substances A and B in molec per volume. The exponents m and n are
called partial orders of reaction. They are not generally equal to the stoichiometric
coefficients a and b, but depend on the reaction mechanism and can be determined

experimentally.

2.1.3.2 Tri-molecular reactions

For three-body reactions,

A+B+M->C+D+M (2-10)

where M represents a molecule of air. The constant rate k (cm® molec? s) can be
expressed in a three-body reaction as a constant rate of second order, which depends on

pressure and temperature:

k(M,T)z[ ko (MM ]] 0,61+ 108 koMM oM} (2-11)

1+[ko (T)[M]/Keo(T)
with
ko(T) = k3°°(T/300)™ (2-12)
koo (T) = k3°°(T/300)™™ (2-13)

where k3% is adjusted for M as a third body, k3°° is in the limit of high pressures.
More details on the calculation of data k3°°, k3°°, m and n can be found in DeMore et

al. [1997] and Sander et al. [2011].
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2.1.3.3 Photo-dissociation reactions

For photo-dissociation reactions,

A+hv->B+C (2-14)
the constant rate J (or photo-dissociation coefficient), expressed in s is:
— = —J[A] (2-15)

J is expressed in terms of the quantum yield of the reaction (®), the absorption cross-
section (o) and the solar spherical or point irradiance (F) of compound A. The quantum
yield and cross-section are dependent on the wavelength A and temperature T. The
spherical or point irradiance is dependent on the wavelength A and solar zenith angle 6.
J is in the wavelength interval between A and A+dA:

] = [ &, T)o(, TIF(B,\)dA (2-16)

where ® is < 1, 6 in cm?, and F in photons s cm™ nm™. A1 and A, define the wavelength
range within which compound A is absorbed.

The solar spherical or point irradiance at altitude z is:

Fo(7) = Fy oo™ 5050 (2-17)
Where F, ., is at the top of the atmosphere, 6 is the solar zenith angle (between the sun
and the vertical), and § is the optical depth of the atmosphere above z computed:
8 = [ (002102(z) + 003N03(2))dz (2-18)
where no2 and nos are the densities of O, and Oz. Thus, because of the efficient

absorption by O> and O3z [DeMore et al., 1997], the F values at UV wavelengths

decrease rapidly with decreasing altitude in the stratosphere.
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2.1.4 Electric field driven reactions

2.1.4.1 Sets of reactions

Various authors have inferred sets of reactions for electric field driven processes.
Gordillo-Vazquez [2008] considered Ar, O3, O, N20, NO, H20 and CO2 species through
45 electric field driven reactions (Table 2-6). They performed simulations at three
altitudes (63 km, 68 km, 78 km) and investigated the non-equilibrium plasma chemistry
triggered by a sprite streamer. They investigated the optical emission associated with
sprites. Besides visible emissions, sprites emit in the IR and UV regions. As the IR and
UV emissions come from excited species of, e.g. CO2, N2, NO and/or N3, they are
usually strongly absorbed by H20 (IR emissions) and Oz (UV emissions). In the study
by Sentman et al. [2008], a single sprite streamer at an altitude of 70 km was
investigated using a simplified set of reactions (23 reactions) associated with N2 and O2
species (Table 2-7). They focused on the chemical effect induced by the passage of a
sprite streamer and simulations during 1000 s, particularly on ion concentration

perturbations.

More recently Winkler et al. [2014] focused on daytime BJ events in the altitude
range of 30-54 km. They accounted for the electron impact reactions with N2 and O>

given in Table 2-8, considering 20 sets of electric field driven reactions.

All these studies investigated the early chemical perturbations from streamer
discharges, i.e. during the first 100 s to 1000 s after the event. They did not investigate
the potential chemical impact of the discharge on the neutral chemistry equilibrium

relevant for ozone distribution in the atmosphere, which can take several days.
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Table 2-6. Reactions associated with electron driven chemistry [Gordillo-Vazquez, 2008].
The rate coefficients for the electron-impact processes are evaluated using the calculated
electron distribution function (EDF) and the corresponding cross-section (references are
shown below the table).

Reaction

Reaction

EDF-dependent processes (1)

35

Ar+c — Ar(Py) +¢
Ar+e — Ar'+2¢

No+eee Na(v)+e;(i=1,...8)

No(vi)+e < Na(va) +e
Na(va) +e < Na(v3) +¢
Na(vs) +e < Nao(vg) +¢
Na(vs) +e < Na(vs) +¢
Na(vs) +e < N:(\},)-{-C
Na(vg) +¢ < Na(vy) +¢
Na(v7) +e <& Na(vg) +e¢
N3+C—’ N:(A"EJ)*‘C
N:+C—P N;(u'ﬂg)+c
N3+C—» N;(u"Zu )+¢
N> +e— Ny(B M) +e
N:+C—* N:(C"ﬂu)-fc
N, +e — Nj +2e

N> +e — N3(B2Z]) +2e¢
No+e— N+N+e
N,+e— N+N(CD) +e¢
N,+e— N+N(CP)+e
O,+e— 05 +2¢
Or+e— Ox(a'Ap) +e
Oy+e— Oy(b'Z)) +e
O:+e—= 0+0+e¢
O:+C—» 0O +0
O;+e— 0O +03
O:+e— 0, +0
O+e— O"+2e¢
O+e— O('D)+e
O+e— O('S)+e¢
N30+C—> N3+O
N:O"}'Cﬂ N30‘+20
NO+e— N+O

NO +e — NO* +2¢
NO+e — NOA’ZY) +e

(Reaction 17): Capitelli et al. [2000];

EDF-dependent processes (2)

36
37
38
39
40
41
42
43
44
45

H,O+e— H+OH+e
H,O+e— O('D)+H, +¢
H30+C—' H30++20
H,O+e— OH +H
H,O+e— H +OH
H20+C—> H:"‘O

CO: +C HCO:(OIO)'PC
CO: +C 4—‘CO:(|00)+C
CO: +¢c *’CO:(OOI)‘FC
CO,+e—CO+0

(Reaction 1-16, 18, 21-25): http://jilawww.colorado.edu/ avp/collision data/;

(Reaction 19, 20, 45): Christophorou [1984];

(Reaction 26, 27): Skalny et al. [1996];

(Reaction 28): Brook et al. [1978];

(Reaction 29, 30): Majeed and Strickland [1997];
(Reaction 31-35, 42-44, 42-44): Hayashi [1990];
(Reaction 36, 28-41): Itikawa and Mason [2005];

(Reaction 37): Yousfi and Benabdessadok [1996].
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Table 2-7. Data used in the analytic evaluation of the rate coefficients for electron
impact processes [Sentman et al., 2008]. Numbers given in the form 1.23(4) mean
1.23x10% the logarithm is given for a base of 10.

Reaction No. From

Table Al Process AEIN) Comment
(R5) e+ Ny —»et+etNy' log ks = —(8.3 + 363/6)
(R6) e+ 0 —etet 0, log ks = —(8.8 + 281/6)
R7) e*+ Ny — e+ Na(v>0) kg =10 kg (estimated v = 1.. .4)
(R8) e* + N, — e+ Ny(A) log ks = —(8.4 + 140/8)
(R9) et + Ny — e+ Ny(B, W2, BY) log kg (8.2 + 148/8) ko = kp + kwe + ki
Na(W?, BY) =5 No(B) log ky = —(8.3 + 154/6)
log kg = —(8.7 + 168/8)
(R10) e* + N, — e+ Ny(d', a, w) log ky = —(8.8 + 167/6) kio =k + ko + Ky
Na(a, w') 5 Ny(d) log k, = —(8.3 + 174/8)
log k.. = —(8.8 + 175/0)
(R11) e* + N; — e+ Nu(C, E, a") log ke = —(8.2 + 211/) ki =ke+ kg + ky
No(E, a") = Ny(C) log kg = —(10.1 + 254/6)
log k. = —(9.2 + 262/8)
(R12) e* + 0y — e+ 0y(a) log k2 (10.2 + 3.5/6), 6 > 40, (estimated from Kossyi et al. [1992])
= (9.0 + 52/0), 0 < 40
(R13) e* + 0y — e+ 0y(h) log ki3 = —(11.2 + 7.2/8), 6 = 30, (estimated from Kossyi et al. [1992])
= —(9.5 + 60/0), 0 < 30
(R14) e*+N; e+ N+N kia=2 ks (estimated from Borisov et al. [1993])
(R15) e* + Ny — e+ N+ N(CD) Joys = 107" [3.096 —.671 © + 0,03 &7 e =010
+1.59(—3) @° — 1.57(-5) 8] ks =0 for § < 76 Td
(R16) e#+0,—»e+0+0 log kis = —(7.9 + 134/0)
(R17) e*+ 0, — e+ 0+0('D) log k7 = —(8.0 + 169/6)
(R18) ¥ +0, e+ 0+0('S) log k5 (8.8 + 119/6)
(R19) e*+ 0, —e+0+0 log ko = —(10.4 + 57/8), 6 > 80, (estimated from Kessyi et al. [1992])
(9.575 + 123/0), 0 < 80
(R20) e* + Ny(A) — e+ et N, log kg = —(8.1 + 121/6)
(R21) e*+ Ny we+ret+ N +N ka1 = 3.18(—14) (T/300)°
% exp(—296266/T,)
T, = 6[1.16(4) 9/615] 7. (K) evaluated from (5) in text
(R22) e*+0, set+te+0 +0 ka2 = 3.18(—14) (T/300)*
x exp(—206055/T,) 7. (K) evaluated from (5) in text
7. = 6[1.16(4) 8]/615
(R23) e+ 0 —etetO log ks = —(6.5 + 440/)
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Table 2-8. Electric field driven processes in the model [Winkler et al., 2014]

Reaction Reference(s)*
Tonisation

e+ Ny — Nj+2e 1,2
e+ Ny — NT+N+2e .3
e+ N, — NFt+NED)+2e 3
e+0y — Of+2e 5
e+ 0 — O0T+0+2e 5
Attachment

e+ 0Oy — 07 +0 1
Dissociation

e+ Ny — N+N+e 3.4
e+ Ny — N+NCD)+e 3
e+N; — N+NCP) +e 3
e+ 0,y —+ 0+0+e 6
e+ 0, — o+0(lD)+e 5
e+ 0 — o+o(ls)+e 7
Excitation

e+Ny — Na(A)+e 1
e+Ny — NaB)+e 1
e+N, - Ny@h+e 1
e+Ny — Ng(a1)+e 1
e+MN, — Ny(C)+e 1
e+0y — Osa)+e 1
e+ 0y — Osb)+e 1
Detachment

0O +N; — N;O+e 8

*(1) http://jila.colorado.edu/~avp/collision_data/ (downloaded 3 January 2012); (2) Itikawa
[2006]; (3) Zipf et al. [1980]; (4) Cosby [1993a]; (5) Itikawa [2009]; (6) Cosby [1993b];
(7) LeClair and McConkey [1993]; (8) Luque and Gordillo-Vazquez [2012].

To date, there is no agreement as to which sets of reactions should best be used
because it depends on the processes investigated. However, since the altitudes at which
BJs occur are close to the simulation altitudes of Winkler et al. [2014], and as a first
step the light emission is not focused on, the same simplified sets of electric field driven
reactions as those proposed in Winkler et al. [2014] are used. This thesis will closely
compare our results to those of W2015 in order to validate our developments and
investigate the impact of the discharge far from the event by performing several-day

simulations to evaluate the potential impact of stratospheric ozone distribution.
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2.1.4.2 Reaction coefficient rates

Electric field driven processes enhance the densities of electrons, atomic nitrogen,
atomic oxygen, the excited states of atomic nitrogen and oxygen, and the excited states
of N2 and O.. The rate coefficients of reactions in electric field driven processes depend
on the electron energy distribution function (EEDF). Generally, they are calculated with

collision cross-section data by solving the electron Boltzmann equation (BE):

Lt v-Vf —ZE-V,f = C[f] (2-19)

where f is the electron distribution in six-dimensional phase space, v are the velocity
coordinates, e is the elementary charge, m is the electron mass, E is the electric field,
V, is the velocity gradient operator and C represents the rate of change in f due to

collisions. The BOLSIG+ solver [Hagelaar and Pitchford, 2005] is a user-friendly BE

solver that was used in this thesis.

In this study, the sets of reactions for electric field driven electron impact processes

were taken from W2015. The reaction rate coefficients as functions of the reduced
electric field (6 = E , with E being the time-dependent electric field strength, and N the

local air density) were calculated with the BOLSIG+ solver. As an example of 27 km
shown in Figure 2-2, the BOLSIG+ solver starts with reading the electron collision files
of cross-sections, setting calculation background conditions, e.g. reduced electric field,
temperature and gas composition, as input parametrizations. The cross-section for
electron collision depends on the free electron energy. The cross-section data used are
displayed in Annex 2. The terms presented in ‘Collisions’ on Figure 2-2 are reaction
number, species, reaction type and reaction threshold energy. The condition parameters
are temperature (set to 223 K at 27 km) and N2:O2 proportion (set to 80:20). The rate
coefficients depend on reduced electric fields and the fields are set every 25 Td from

0 Td to 600 Td (1 Td = 1077 VV cm?).
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B Bolsig- _ B Conditions
R | [ ey
Read colizions
Plat cross sections Linear E#N [Td) - 0.0000 — BO0.00 # 25
Clear callisions
Mew mn
Gas temperature (K] 223.00 [ AC field
] EE field
[ Superelastics
[ & callisions
[ & callisions
Gas composition M2 0.80000 [ Sum=1
o2 0.20000
Exit Run backwards | Cancel | Run |

Figure 2-2. The BOLSIG+ solver starts by reading the collision files of cross-section
(left) and setting calculation background conditions (right).

After running the BOLSIG+ solver, as an output, it gives the rate coefficients for all
the reactions, which are considered in electric field driven processes, at each reduced
electric field (Figure 2-3). The terms presented in ‘Runs’ on Figure 2-3 (left) are run
number, reduced electric field, and energy. Figure 2-3 (right) shows an example of rate
coefficients of the considered reactions at a reduced electric field of 600 Td. The units

of rate coefficients from the BOLSIG+ solver are m3/s.

42



Chapter 11

i) i
Caollisions Conditions
<l B A o]
I fic: [m3dg]
Ereray loss e
C1 N2 Elastic DATHIE2
C2 N2 Exctation 6.17eY DL14%6E-15
T3 N2 Exctation 7.356Y D1E19E-14
T4 NZ Escittion G.406Y 0L4554E-15
T5 N2 Esctation 8.556Y DL1B07E-14
P— TE N2 Exctation 11.03 eV 0L2931E-14
32864 C7 N2 Escitation 1350 ev 0L4507E-14
ﬁgg:E T8 NZ Esctation 1350&V DL4555E-14
481 e T3 NZ Escitation 14506 0L2544E-14
EESZE C10 NZ lonization 1560 &v 03366614
F 99 ey T11 N2 lonization 30.00 & 0122615
533??48;; C12 M2 lonization 30.00&Y 0.2378E-15
710 o T13 02 Attachment DL4208E-16
745V C14 02 Excitation 093 &Y (1.9605E-15
E?E:E T15 02 Exciation 163V DL2517E15
8486y TIE 02 lonization 13.00 &7 DL2B07E-14
gﬂ:ﬁ C17 02 lonization  23.00 &Y 0L5329E-15
9.47 e T8 02 Exciation B.12eV 0.5064E-14
FELY T13 02 Evctation 8406V 1435613
1026y C20 02 Ewxcitation 16.00&v 03Z11E16
105 ey
1096y
1.2

Figure 2-3. The rate coefficients of all reactions considered in electric field driven
processes are shown for a reduced electric field of 600 Td as an example (right).

The rate coefficients calculated as a function of reduced electric fields are displayed
in Figures 2-4, 2-5, and 2-6. The labels of curves indicate the reactions in Table 2-9.
All the curves obtained are discontinuous and their discontinuous points appear at the
reduced electric field of ~450 Td. This is caused by the EEDF. The rate coefficients
depend on the EEDF (F;) as:

ki=y [ eoiFyde (2-20)

where y = (2e/m)'/? is a constant, e = (v/y)? is the electron energy in eV, and o; is
the total cross-section for inelastic collisions. The numerical solution of the EEDF
equation assumes that F, is piecewise exponential due to the exponential factors in the
scattering-out and scattering-in integrals. For further details, see the study by Hagelaar

and Pitchford [2005].
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Figure 2-4. Reaction rate coefficients of (a) N2 ionization, (b) O, ionization and (c) O2

attachment.
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Figure 2-5. Reaction rate coefficients of (a) N, dissociation, (b) O, dissociation.
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Figure 2-6. Reaction rate coefficients of (a) N excitation, (b) O, excitation.

The reactions considered in the model, those associated with N2 and O by electron

impact and their rate coefficients are shown in Table 2-9. As suggested by the
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BOLSIG+ solver, the fit functions of rate coefficients use the form of

C.
ze(Ai+Bixln(9)+§‘+

D | Ej ; . )
k #*5x10°. The cross-section (o;) data are from published studies as
reported (for details, see Annex 2). The reaction rate coefficient of detachment is taken
from Luque et al. [2012]. As the reaction rate coefficients depend only on the reduced

electric field, they have the same fit functions for all altitudes and they are continuous.

Table 2-9. Electric field driven process reactions and their rate coefficients.

Fit coefficients (cm?/s)

Reaction Reference(s)* . e(A+Bx1n(e)+g+%+%) 106
A B C D E
lonisation
INI e  +N, > Nj+2e” 1 —42.03 1.486 —493.8 2603 —2.544 x 104
IN2 e +N, >N"+ N+ 2e” 2 —40.48 1.111 —2113 6.849 x 10* —2.933 x 10°
IN3 e”+N, > N* + N(?D) + 2e~ 3 —5.052 —3.749 —4791 3.096 x 10° —9.69 x 10°
IN4 e”+0, - O; + 2e” 5 —43.89 1.677 —235.3 8094 —1.162 x 10°
INS e +0,>0"+0+2e” 5 —44.73 1.637 —596.9 —416.6 —1.305 x 10°
Attachment
ATl e +0,-0 40 1 —35.36 —0.344 —89.9 1966 —1.906 x 10*
Dissociation
DS1 e +N,>N+N+e~ 3 —40.51 1.229 —251 5771 —8.938 x 104
DS2 e +N, >N+ N(®*D)+e" 3 —40.82 1.275 —237.6 5316 —8.426 x 10*
DS3 e +N, >N+ N(P)+e” 3 —42.75 1.505 —-231.3 1230 —2.775 x 10*
DS4 e +0,-0+0+e" 6 —38.19 0.8626 —163.9 5845 —6.728 x 10*
DS5 e +0,->0+0(D)+e" 7 —35.26 0.5619 —128.9 2634 —2.791 x 10*
DS6 e +0, >0+ 0(S)+e” 8 —44.61 1.235 —148.9 —5160 3.82 x 104
Excitation
EC1 e +N, > Ny(A)+e™ 1 —-36.88 0.1292 —250.3 7271 —7.754 x 10*
EC2 e  +N, > Ny(B)+e™ 1 —33.78 0.0307 —231.9 5823 —5.984 x 10*
EC3 e +N, > Ny@?') +e 1 —34.63 —0.028 —324.4 7935 —8.097 x 104
EC4 e +N, - Ny(@l)+e 1 —35.81 0.3662 —306.4 8103 —8.636 x 10*
EC5 e  +N; > N,(C) +e” 1 —-32.19 —0.0882 —428.4 7030 —6.059 x 104
EC6 e +0,—>0,()+e” 1 —33.51 —0.1455 -—-89.11 2641 —2.824 x 10*
EC7 e +0,-0,(0b)+e” 1 —35.75 —0.0105 -70.61 2280 —2.536 x 10*
Detachment
DT1 0~ +N, » N,0+e" 9 1x10712

*(1) http://jila.colorado.edu/~avp/collision_data/ (downloaded 27 November 2017); (2)
Itikawa [2006]; (3) Zipf et al. [1980]; (4) Cosby [1993a]; (5) Itikawa [2009]; (6) Cosby [1993Db];
(7) Eliasson B and Kogelschatz U [1986]; (8) LeClair and McConkey [1993]; (9) Luque and

Cordillo-Vazquez [2012].
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2.1.4.3 Electron temperature

For the continuity of electron temperatures in strong ionization regions from head to
tail of sprite streamers, Sentman et al. [2008] considered an electron temperature model
based on reduced electric field (0). This section examines the electron temperature
impacts on the BJ streamer discharge simulation by testing ionization and attachment

reactions, and by estimating the temperature for BJ streamer discharge processes.

Following Sentman et al. [2008], the electron mean energy E.[eV] depends on 6 as:

231x1072 %6, 8 <65Td

Fe = 13 x (&) i1+ (2)) 6>65Td (-21)

where the electron mean energy-related electron temperature is T.(0) [eV] = 2 X E/3.

Therefore, the electron temperature for discharge processes is Terg = Ty + Te(6),
where T, is the background temperature.

This part compares the bulk rate coefficients of ionization and attachment reactions
between T, and T,. The simulations were set at 27 km (in the ozone layer) where the

catalytic cycle of NOx is the most efficient to destroy ozone, with T, = 223 K, pressure

P=19.7hPa . The air density was set at 6.42x10'7 mol/cm® , with

0,=1.35x10" mol/cm3, N, = 5 x 1017 mol/cm3. The 0 range evaluated was from

0.02 Td to 600 Td. The 6 evolutions of T4 and T.(8) are shown in Figure 2-7.
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Figure 2-7. The 0 evolution of T, and T.(0) at 27 km.

Following Sentman et al. [2008], the rate coefficients of electron ionization and

attachment reactions, which depend on temperature, were calculated. The reactions and

their coefficients are summarized in Table 2-10.

Table 2-10. Electron ionization and attachment reactions and their rate coefficients

calculated for electron temperature comparison. [Sentman et al., 2008]

Process

f(E/N)

e” +N, » NI +2e”
e” +N, > N* + N+ 2e”
e~ +0, > 03 +2e

e +0,->0"+0+2e

e +0,-0+0

e +0,+0,-0;+0,
e +0,+N, =05 +N,

logk = —(8.3 + 365/6)
k = 3.18 X 10714(T,/300)%X exp(—296266/T.)
T, = 6 X 1.16 X 10* X 8/615
logk = —(8.8 + 281/6)
k = 3.18 X 10714(T,/300)%X exp(—206055/T,)
T, = 6 X 1.16 X 10* X 8/615
logk = —(10.4 + 57/6),6 > 80,
= —(9.575+ 123/6),0 < 80
k = 1.4 X 1072% X (T/300)"*X exp(—600/T)
k = 1.07 X 1073 X (T/300)"2X exp(—70/T)
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Figure 2-8 displays the 0 evaluation of bulk ionization rates with Ty and Te,g. The

reactions:

e” + N, > NJ + 2e” (2-22)

e” + N, > Nt + N+ 2e” (2-23)
are shown as black curves in Figures 2-8a and 2-8b. And the reactions:

e~ +0, > 03 + 2e” (2-24)

e”"+0, > 0"+0+2e” (2-25)

are shown as purple curves in Figures 2-8a and 2-8b. The coefficients calculated with

T, and T, for bulk ionization have no differences.

8 T T i T T
@) Ty | (b) Teug
rrw 6 - _ 4 _ 17 - + - ]
g e+ Ny > N"+ N+ 2e e"+N;=>N"+N+2e
< e"+ N, - NI+ 2e” e”+ Ny = N7 +2e”
S 4 4T 7
k=
g ] ]
2 | e+ 0, - 03 +2e | e” 40, — 03 +2e 4
Q 2 [ o - -
S e 4+0, 50" +0+2 | e"4+0,-50"+0+2e"
0 I 7“_7_7_7_,,,-—;' | L | I
0 200 400 600 800 0 200 400 600

800

Reduced Electric field 8 (Td) Reduced Electric field 8 (Td)

Figure 2-8. Reduced electric field evaluations of bulk ionization rates.
(@) Model calculated with background temperature (Tg)
(b) Model calculated with electron temperature (Te,g).

The 6 evaluations of attachment bulk rates with T, and T, are displayed in Figure 2-9.

The reaction tested in (a) and (b) is:

e”+0,+N,->0; +N, (2-26)
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With 0 increasing from 0 to 600 Td, the coefficient of Ty is constant (Figure 2-9a), while

the coefficient of T, decreases from 9.54 to 9 (x 10° cm® s™) (Figure 2-9b). For the

reactions of

e"+0,+0,>0; +0, (2-27)

e"+0,-50"+0 (2-28)

The evolution of 0 is shown in Figures 2-9¢ and 2-9d. The coefficients calculated with

T, and T, 4 have no differences. The coefficients are in 108 cm®st, which are 3 orders

of magnitude larger than those displayed in Figures 2-9a and 2-9b.

Coefficient / 10° (cm®s™)

Coefficient / 10 (cm’ s

ei+02+N2—)0£+N2 e_+02+N2—>05+N2

(a) T, (b) Torg

(d) Teg

e +0,-0"+0 e"+0,-0"+0 ’

e”+0;+0; 207 +0; e +0,40,-0;+0, -

200 400 600 800 0 200 400 600 800
Reduced Electric field 6 (Td) Reduced Electric field 6 (Td)

Figure 2-9. Reduced electric field evaluations of bulk attachment rates. (a) and (c) were
calculated with background temperature (Ty), (b) and (d) with the electron temperature

(Tes)
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Given that the electron temperature does not critically impact on ionization or

attachment reaction rates (during discharge processes with only roughly 10%) for the

reaction 2-26, this study hereafter uses background temperature (Ty) for all simulations.

2.2 Streamer parameterization

During the streamer discharge, the production and loss of e is driven by ionization
and attachment processes, which depend on the local electric field. Usually the
discharge is parameterized considering a constant pulse electric field [e.g. Winkler et
al., 2014, 2015; Gordillo-Vazquez, 2008; Sentman et al., 2008]. However, using an
electrodynamic streamer model [Ihaddadene and Celestin, 2017], it appears that during

the streamer passage the electric field of the streamer head varies as a function of time.

In our study the discharge is represented in two ways: a constant electric field pulse
and a time variation of the electric field according to realistic simulations from an

electrodynamic streamer model.

2.2.1 Pulse streamer parameterization

As in W2015, Raizer et al. [2007] and Mishin et al. [2008], the discharge associated
with the streamer passage is represented by a simple boxcar electric field (rectangular

function).

Based on the scaling relations of Raizer et al. [2007], the tip electric field of strong

streamers [Mishin and Milikh, 2008] is taken to be:

E=15x 10° ch—lNi (2-29)

0

where N is the local air density, and No the air density at the Earth’s surface, in cm,

Thus, E/N is independent of altitude:
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E _ 1.5x10°% Vem ™1 (2_30)
N No

with Ny = 2.5 x 102 cm™3. The pulse streamer is constant during the discharge
process with the reduced electric field value of 8 = E/N = 6 x 107> V cm? (600 Td)

for all altitudes. The boxcar reduced electric field is schematically shown in Figure 2-10.
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Figure 2-10. A boxcar reduced electric field (rectangular function).

2.2.2 Realistic streamer parameterization

In the present work, the outputs of a plasma fluid model to capture a realistic time
dynamic snapshot of the electric field at a given location during the passage of a
streamer was used. This electrodynamic model is based on numerical modelling of
drift-diffusion equations for charged species coupled with Poisson's equation [e.g.
Ihaddadene and Celestin, 2015; 2017]. In the case of streamer discharge in air, it is
important to note that the electron density formed in the streamer channel reaches a

maximum, similar to a saturation process [e.g. Dyakonov and Kachorovsky, 1989] on
2
the order of 101*cm™3 (Nl) , where N is local air density and N, is air density at the

0

Earth’s surface [e.g. Babaeva and Naidis, 1996; Pasko et al., 1998].
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As the electron density is exponentially dependent on the duration of the applied
electric field at a given location, and the MiPO-Streamer model does not solve for the
electric field self-consistently, small variations in the rate coefficients would lead to
dramatic discrepancies in the electron density in the streamer channel. To circumvent
this issue, an analytical fit of the electric field in the streamer head have been calculated.

This analytical fit is used in the MiPO-Streamer model in a second step (Figure 2-11).

Electric field
|

[ 4 . t; i

1

Time

Figure 2-11. Time dependent electric field

At 27 km (in the ozone layer) where the catalytic cycle of NOy is the most efficient
to destroy ozone, the fit of rising electric field (k\VV/m) obtained from the electrodynamic

streamer simulation outputs is:
E7iem si() = 1.078 X 105 x eZ105X10°Xt) 1 3 677 x ¢(1473x10°xt)  (9_37)

The electric field rises until the electron density of the streamer channel is reached (this
stage is called S;, the duration is ti). The resulting difference in the duration of the rising
field between the electrodynamic simulation and the MiPO-Streamer model is
negligible (as is obvious from Figure 4-5b, where the very sharp slope in the electron

density can be seen).
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After reaching its maximum, the field is considered to relax linearly in time down to

zero over the same timescale (Sii stage, k\VV/m, duration is t;) as a fit of:
E27kmsii(t) = —5.834 X 10" X (t —t;) + Epykm si(t)  (2-32)

The electric field fits at other altitudes are obtained by scaling the electric field fit

function and the time base at 27 km with altitude:

Naiti Naiti
Eattitude (6) = Bz o (£ X Salitide) 5 Zaltiute (2-33)
N27 km N27km

Thus, the reduced electric fields (E/N, 0) at different altitudes have different field

duration times (chapter V).

2.3 Summary

A new plasma chemistry model named MiPO-Streamer model have been developed.
It includes 117 species and 1760 reactions. Compared to the model used by W2015, the
MiPO-Streamer model considers more neutral species that are relevant for representing
stratospheric chemistry, including those that involve the bromine family (Bry), chlorine
family (Cly), hydrogen species and their corresponding reactions, and more
photochemistry of NOx. The stratospheric Oz chemistry is particularly perturbed by Cly,
Bry catalyzed cycles and by hydrogen-related reactive nitrogen compounds [Murphy et

al., 1993].

Two parameterizations are used to represent the BJ Streamer discharge. The first one,
widely used in previous studies, considers only an electrical field pulse as a boxcar. The
second one developed in this study is based on the results of a realistic modelling
approach to streamers using an electrodynamic model, with a time evolution of the

electric field during the passage of the streamer head.

Therefore, the simulation of the chemical impact of BJ streamers using the
MiPO-Streamer model should be more comprehensive in terms of both plasma

chemistry and neutral chemistry.
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Ce chapitre présente le cas de BJ étudié (Section 3.1). Il a été identifié par Chou et
al. [2011]. L’initialisation du modele associé (espéces gazeuses initiales et électrons)

est présentée dans la Section 3.2.
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This chapter introduces the BJ case investigated in Section 3.1. The model
initialisations corresponding to the study case, including the initial gaseous species and

electrons, are presented in Section 3.2.

3.1 Case study

This thesis chooses to investigate in detail an event reported by Chou et al. [2011],
which was the first type II gigantic jet observed over a thunderstorm in the Fujian
province, China, on 22 July 2007 from the Lulin Observatory (121° E, 23° N) in Taiwan
by three sight-aligned WATEC 100-N cameras. During this observation, there were 37
blue jets/starters and a gigantic jet, and 8 sprites recorded. As shown in Figure 3-1a, the
red and blue cameras viewed the field between the two red lines. The unfiltered finder
camera has a wider field of view between the two black lines. All the jets observed
occurred along the two black lines in Figure 3-1b, which were over the smaller
thunderstorm 400 km northwest of the observatory. The two white x symbols mark the
regions where the jets emerged. The radar reflectivity of these regions was maximum
while the jets occurred, as displayed in the regions’ radar reflectivity maps at 12:00,
12:30 and 13:00 UTC, shown in Figure 3-2. The maximum radar reflectivity of the
convective cell W01 at 12:00 UTC was ~52 dBZ (Figure 3-2a). W01 weakened at
12:30 UTC, while W02 intensified to a maximum radar reflectivity of ~44 dBZ (Figure
3-2b). At 13:00 UTC, the thunderstorm showed weakening reflectivity and it developed
an extended anvil region (Figure 3-2¢). The processes show the thunderstorm from the

mature to the dissipating stage.
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125 146 166 187 207 228 248 269 289 310 330
Temp (K]

Figure 3-1. MTSAT (Multifunctional Transport Satellite) infrared cloud map on 22 July
2007, 13:00 UTC. [Chou et al., 2011]

ND >0 >10 >15 >20 >25 >30 >35 >40 >45 >50 >55 >60 >65 >70 dBZ

Figure 3-2. Radar reflectivity maps of the thunderstorm regions where jets occurred
during the observation period at (a) 12:00, (b) 12:30, and (c) 13:00 UTC, 22 July 2007
[Chou et al., 2011].
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Start time (ST): 12:22:50 UTC
Altitude,

(LUDI field 1
65

55
45
35
25
15

optical
stroke

{

|
I blue starter
|
|

field 12
65

55
45
35
25
15

| ST+0.75%s.

Figure 3-3. Image sequence of type Il gigantic jet (GJ) at 12:22:50 UTC from the
unfiltered camera. [Chou et al., 2011]

Figure 3-3 describes the sequence of the type Il gigantic jet (GJ) at 12:22:50 UTC
from the unfiltered camera. At the beginning, a blue starter appeared above a 100 km
diameter thunderstorm WO01 convective cell (field 1). About 100 ms later, a blue jet
occurred near the same cloud top region (field 7). It then developed into a gigantic jet
(the fully developed jet, FDJ) reaching an altitude of at least ~65 km in 50 ms (field
10). After this GJ discharge reached the ionosphere, a trailing jet (TJ) rose up from the
cloud top to ~35 km and lasted for less than 17 ms (field 11).

Based on the event descriptions, this thesis applies the case parameters of location at

(118°E, 26°N) and of time at 12:00 UTC on 22 July 2007.

3.2 Model initialization

3.2.1 Initial profiles of neutral gaseous species distribution

The initial values of temperature, pressure and all gaseous species were calculated

using the REPROBUS (REactive Processes Ruling the Ozone BUdget in the
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Stratosphere) model. This is a three-dimensional chemistry transport model for
characterizing the ozone budget in the stratosphere [Lefevre et al., 1994] with daily
forecasts. Outputs are available on the AERIS data center for altitudes from 0 to 90 km
[http://cds-espri.ipsl.fr/]. It calculates the temporal evolution of 55 chemical species via
147 chemical reactions, including 26 species explicitly transported (including typically
long-lived species in the lower stratosphere, unstable constituents which have a rather
long lifetime in darkness) [Lefévre et al., 1998]. Heterogeneous reactions are also taken
into account. The vertical resolution of the REPROBUS model varies from ~1 km near

the tropopause level to 2.2 km in the upper stratosphere.

The temperature, pressure and neutral chemical species VMRs deduced from
REPROBUS model outputs were used as inputs to the MiPO-Streamer model. The
temperature, pressure and total density values used are given in Table 3-1 as a function

of altitude.
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) N (local air

Aéﬂﬂ;je Temperature (K) | Pressure (hPa) density)
(x 106 cm?)

20 207.14 59.2314 207.06

22 211.13 42.7826 146.73

24 218.578 31.2762 103.61

26 222.658 22.935 74.59

27 222.891 19.7486 64.21

28 224.302 17.0107 54.92

30 227.794 12.5705 39.96

32 229.219 9.37318 29.61

34 231.016 6.99516 21.93

36 236.512 5.21133 15.96

38 246.9 3.96367 11.63

40 255.561 3.03826 8.61

42 259.821 2.34255 6.53

44 260.576 1.81188 5.04

46 259.691 1.40199 3.91

48 258.881 1.08021 3.02

50 259.346 0.830615 2.32

Table 3-1. Temperature and pressure values as a function of altitude from REPROBUS.

The simulations during daytime (chapter 1V) and nighttime (chapter IV and V) are

performed. The vertical profiles of chemical species VMR at 12:00 UTC (for the case
study of Chou et al. [2011], night-time) are displayed in Figure 3-4a and those at 03:00
UTC (for the W2015 case study, noon) are shown in Figure 3-4b.
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Figure 3-4. The mixing ratio profiles of species from the REPROBUS model at (a) night
and (b) day.

From the night-time volume mixing ratio (VMR) profiles, the altitude of the

tropopause is ~15 km at mid-latitude. The maximum density of O3z occurs at ~30 km

with the value of ~9 ppm v and the abundant Oz distributes at the altitude range of

20-50 km. Therefore, this study will estimate the chemical impacts by BJ streamers at
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the altitude from 20 km to 50 km. At these altitudes, the reactive species which can
cause Os depletion display the VMRs of NOx from 10 ppb v to 102 ppb v, of CIO from
107 ppt v to 102 ppt v, and of BrO from 107 ppt v to 10 ppt v at night-time. The VMR
of NOx increases with the increasing altitude from 20 km to 40 km, then remains the
same at the altitude of 40-50 km. The VMR of CIO first increases and then decreases
with increasing altitude, and its maximum value occurs at ~40 km. The VMR of BrO

increases with the increasing altitude from 20 km to 50 km.

For daytime simulations (Figure 3-4b), the additional chemical species, such as
O(*D), O(P), NO, OH, ClI that are produced during the day are also initialized. Like
the important reservoir species of Cl and Br, the VMRs of CIONO; and BrONO: are

larger at night than in daytime.

3.2.2 Initial profiles of electron density

To determine the initial electron density at night time, this study used:

_ 1.7x1013
- N

N, (3-1)

where N is the local air density, in cm™3 [Mitchell and Hale, 1973; MacGorman and
Rust, 1998, p. 34]. The profile is shown in Figure 3-5a. Compared to the initial electron
values used by W2015 (Figure 3-5b), the initial values of electron densities used in this
study are smaller. For the day time simulation, this study used the same initial values

of electron densities as W2015.
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Figure 3-5. The initial electron values (a) at night used by this study, (b) at night and day
used by W2015.

To compare plasma chemistry and neutral chemistry results among simulations at the
same altitudes, it is necessary to produce the same number density of electrons at the
end of the streamer discharge. Following Raizer et al. [2007], the electron density at
the end of the electric field was calculated as:

€eng = 10*cm™3 (Ni)z (3-2)

0

where N is the local air density and Ny, is the air density at the Earth’s surface.
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Dans cette partie, nous nous focalisons sur une étude a 27 km d’altitude dans la
couche d’ozone. Nous menons tout d’abord un exercice de validation du modele de
chimie du plasma détaillé (MiPO-Streamer) par comparaison aux résultats de W2015.
Pour cette validation comme W2015 (Section 4.1), les simulations sont effectuées de
jour et nous utilisons la paramétrisation Pulse streamer pour représenter le champ

électrique associé a la décharge.

Puis nous menons une ¢étude détaillée de I'impact de la représentation du champ
électrique associé a la décharge en comparant les résultats obtenus avec la
paramétrisation pulse streamer et la paramétrisation réaliste du streamer (Section 4.2).
Cette partie correspond a 1I’événement de BJ détecté par Chou et al. [2011]. La
décharge ¢lectrique est initiée durant la nuit. L analyse des résultats est conduite tout
d’abord juste aprés 1I’événement au cours des 100 premieres secondes pour étudier les

perturbations engendrées sur les espéces excités et les ions.

Puis I’analyse est conduite durant les deux jours suivant 1I’événement afin d’étudier
les perturbations engendrées sur les especes neutres associées a la chimie de 1’ozone

(oxydes d'azote, chlores et bromes) et 1’ozone (Section 4.3).
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The objective of our study is the accurate evaluation of the potential impact of blue
jet streamers on atmospheric chemistry. As the altitude of 27 km is in ozone layer where
the catalytic cycle of NOx is the most efficient to destroy ozone, the validations and
simulations of the new detailed plasma-chemistry (MiPO-Streamer) model at 27 km are
performed in this part. Instead of using a reduced electric field with constant value
during the blue jet streamer discharge process, a time-dependent reduced electric field
coming from an explicit streamer model are used. It includes two investigations under
different duration times after the event: firstly, at the small time scale of a few seconds
(100 s), to investigate the perturbation of excited species and ions; secondly, at the long
time scale of a few days, to investigate the perturbation of the NOx, bromine and

chlorine families, and the induced O3 modification.

This part first presents the results of the model validation on neutral chemistry and
plasma chemistry which are compared to W2015 in Section 4.1. Then, Section 4.2
presents the results obtained of the chemistry impact by electric field parameterization
between a simplified pulse streamer and a realistic streamer. The last part (Section 4.3)

shows the results of the long-time (two-day) chemistry impact by a realistic streamer.

4.1 Model validation

This part presents the validation results of neutral chemistry and plasma chemistry by
the MiPO-Streamer model. All the results are compared to the W2015 study to
demonstrate the MiPO-Streamer model validity for neutral chemistry reactions and

their rates studies, and its ability to simulate the impact of BJ streamer chemistry.

4.1.1 Neutral chemistry

For neutral chemistry validation, the results obtained considering JPL reaction and

photolysis rates are compared to those used in W2015. With the same species and sets
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of reactions as W2015, the rate coefficients of neutral chemistry in the MiPO-Streamer
model are based on JPL. The reactions that have different rate coefficients between
W2015 and JPL are noted in Annex 1. There are no discharge processes considered in
this validation part. The model starts during night time (~8 pm, LT) with a two-day

simulation, using a time step of 30 s.

Figure 4-1 shows the time evolution of volume mixing ratios (VMRs) of
atomic oxygen, NO», CIO, BrO, which are the reactive species in the oxygen, nitrogen,
chlorine and bromine families. Whatever the version of rate coefficients used, the same
shape of diurnal variations and the same order of magnitude for all reactive species are
obtained. For atomic oxygen, BrO and CIO, JPL rate coefficients induce a slightly
smaller maximum of VMR (not more than 15%). For NO., the VMR simulated is

greater with the rate coefficients of JPL than with those of W2015 (1.5 ppb v).
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Figure 4-1. Time evolution of volume mixing ratios of (a) atomic oxygen, (b) NO,
(c) CIO, (d) BrO representative oxygen, nitrogen, chlorine and bromine species,
respectively. Rate coefficients of the W2015 version are in dotted line and of JPL in solid

line.
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The VMR of atomic oxygen with the rate coefficients of JPL is smaller than with
those of W2015 (Figure 4-1a), mainly because the rate coefficients of neutral chemistry
reactions (15, 16, 19, see Annex 1) from JPL are larger than those from W2015.
Meanwhile, the larger rate coefficients of neutral chemistry reactions (16, 19), and the
smaller rate coefficient of (25) mean that more NO2> VMR is produced over the two-
day simulation with JPL (Figure 4-1b). There are lower VMRs of CIO and BrO in the
MiPO-Streamer model mainly due to their loss processes by NO and NOz, such as the

following chemical reactions:

Cl0/Br0 + NO — Cl/Br + NO, (4-1)

M
Cl0/BrO + NO, » CIONO,/BrONO, (4-2)

Moreover, the diurnal variation of NO> with JPL initialization is better in equilibrium
than that with W2015, it is not. Since there is no perturbation factor in this neutral
chemistry simulation, the diurnal variation of species should be in equilibrium. As the
JPL reaction rate coefficients are used and recommended for atmospheric chemistry

models, the JPL reaction rates are considered as standard for neutral chemistry.

4.1.2 Plasma chemistry

For the sake of comparison, in the initialization of the plasma chemistry validation
part, the initial n,-, plasma chemistry reactions, rate coefficients, and BJ streamer
starting time (03:12:30 UTC, Solar zenith angle ~14°, noon) are set as in W2015.
Moreover, the BJ streamer discharge in the MiPO-Streamer model is considered as a

boxcar field constant pulse as in W2015.

It is necessary to produce the same n,- as W2015, in order to compare plasma
chemistry and neutral chemistry results to W2015. The same sets of reactions for
electric-field-dependant processes as in W2015 are used, and their rate coefficients are

calculated by using the BOLSIG+ solver. As the production of electrons grows
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exponentially, a small difference in reaction rates leads to a strong change in n,- and
as a consequence in the production of all excited species. Therefore, to obtain the same
maximum n,- as in W2015, the pulse duration is adapted. A 13.12 ns pulse (smaller
than the one used in W2015, ~50 ns) is used to produce n,-=5.1204x10° cm3,
similar to n,-=5.1529%101% cm™ from W2015 [e.g. Raizer et al., 2007]. Scaled to
ground-level, this value of n,- is very close to 10'* cm™3 [e.g. Pasko et al., 1998], and

hence representative of the electron density in a streamer channel.

As in W2015, during the streamer pulse, the density of excited N states increases
significantly (Figure 4-2). They are generated by electron impact excitation, radiative
and collisional deactivation, and the rapid decay starts at the end of the pulse, due to
radiative de-excitation, quenching, and chemical reactions. The shapes, timescales, and
values obtained by the MiPO-Streamer model are similar to those of W2015 (see Figure

6 of W2015).
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Figure 4-2. Time evolution of excited molecular nitrogen species at 27 km when the
streamer pulse occurs.

70



Chapter IV

Compared to W2015, the time evolution of nitrogen species (Figure 4-3a) shows the

same shapes and similar densities for the time evolution of N(°D) and N(P), due to the

following reactions :
e"+N, >N+ N#D) +e” (4-3)
e+ N, > N+ N(CGP) +e” (4-4)

The rapid increase in NO density after the electric pulse at 10 s is caused by the loss
of N(°D) and N(?P) by the reactions:

N(®D) + 0, - NO+0 (4-5)
N(?P) + 0, > NO+0 (4-6)
25 Pulse ' ! I l ' 4
(a) I (b)
‘T’E N " \‘ -
5} kY
= H ]
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2
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Figure 4-3. (a) Time evolutions of NO and other nitrogen radicals at 27 km when the
streamer pulse occurs. The shaded area indicates the time period of the electric pulse.
(b) Loss and production rate densities of NOy associated with reactions (4-8), (4-9), (4-

10), (4-11), (4-12) and (4-13) after 10?s.

The maximum densities of NO and NO; are larger than those obtained by W2015
(maximum density of NO ~ 6.25x10%° cm™, of NO, ~ 3.2x10%° cm™®) and the
maximum density of atomic nitrogen is much higher (~19.2x10%° cm?®) in our
simulation compared to W2015 (~2.2x101° cm?3) at ~108 s. These differences are not

due to reactions (4-3), (4-4), (4-5) and (4-6), because the maximum densities of N(°D)
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and N(?P) are similar to those of W2015. The atomic nitrogen (N) is also produced by

the dissociation reaction (4-7):
N,+e” > N+N+e” (4-7)

With the rate coefficient at 27 km with 6 = 600 Td calculate using the BOLSIG+

solver is 4.56x10° cm3/s , a value between those of Andre [1997]

(~ 2.31x1071% cm3/s) and Sentman [2008] (~ 4.22 x10® cm3/s).

Note that whatever the rate considered for reaction (4-7), the density of
atomic nitrogen (O) must be greater than the densities of N(2D) and N(?P) due to
reactions (4-3), (4-4) and (4-7), which is not the case in W2015. Feldman and Doering
[1975], Rees and Jones [1973] and Doering et al. [1975] also reported a higher density
of atomic nitrogen compared to the densities of N(°D) and N(?P). The large difference

in atomic nitrogen density is due to reaction (4-7).

As in W2015, atomic nitrogen density starts to decrease after 0.01 s mainly due to

the reactions:

N+ NO » 0+N, (4-8)
N+ NO, - 0+N,0 (4-9)
N+ NO, - 0+0+N, (4-10)
N+ 0, > NO+0 (4-11)

These reactions lead to the production of atomic oxygen ((4-8), (4-9), (4-10) and
(4-11)) and NO (4-11), the loss of NO, NO2 ((4-8), (4-9) and (4-10)). The loss in
atomic nitrogen is also associated with the reactions related to HOx (odd-hydrogen

family) (4-12) and (4-13), which produce NO:
N+ OH- NO+H (4-12)

N + HO, » NO + OH (4-13)
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Figure 4-3b presents the time evolution of the production and loss rates of NOx

associated with reactions (4-8), (4-9), (4-10), (4-11), (4-12) and (4-13) after 0.01 s.

Among these reactions, the total loss rate of NOx is Lyo =-(L4-8)*L4-9)+Ls-10))

(in red), the total rate of NOx produced is Pyo, =P4-11)+P4-12)+Pu-13) (in green) and

the net rate of NOx is Tyo, =Pno,+Lno, (in blue). The production of NOx is mainly due
to reactions (4-11), (4-12) and (4-13), and loss of NOy due to (4-8). The net rate value
of NOx is negative from 0.01s to 2 s, corresponding to the decrease in NOx during the

same period in Figure 4-3a. After 2 s, Tyo, is equal to zero.

The time evolution of the densities of ground state atomic oxygen, excited state O(*S)
and the Oz change by discharge (AOz) (Figure 4-4a) also present a similar shape to
those in W2015. The density of atomic oxygen produced through electric field driven
processes is slightly larger in our simulation (~3.7 x10'! cm®) than in W2015
(~3.2x10'! cm™®). This is mostly due to the small difference in the rate coefficients of
electric field driven process reactions. The negative density value of AOs occurs around

108 s, due to the increased density of O(*S) by the reactions:
0(*S)+ 0; - 0, + 0, (4-14)

0(*S)+ 0; - 0(*D)+0+0, (4-15)
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Figure 4-4. (a) Time evolution of densities of ground state atomic oxygen and excited
O(!S), AOs at 27 km. The shaded area indicates the time period of the electric pulse. (b)
Loss and production rate densities of atomic oxygen associated with reactions (4-8)-(4-

13) after 102 s.

The density of AOs starts to increase at 10™* s when the atomic oxygen density

decreases through

M
0+ 0, > 0, (4-16)

The density of AO3z shows a similar behavior to W2015 until all the atomic oxygen
has been consumed at ~0.01 s, after which the density of AOs rapidly increases until
~3's. The maximum density of AOs obtained in our study (~4.56x10'! cm™3) is larger
than in W2015 (~2.9x 10! cm™3), and the maximum density of AOs is larger than that
of atomic oxygen produced during the discharge. Figure 4-4b presents the time
evolution of the production and loss rates of atomic oxygen associated with reactions

(4-8)-(4-11) after 0.01 s. The total production rate of atomic oxygen is
Po=P(4.8)+P4.9)+2XP4.109)+P4-11) (in green), the total loss rate of atomic oxygen is
Lo=L-1¢) (in red) and the net rate of atomic oxygen is To=Py+L¢ (in blue). The net

rate value of atomic oxygen is positive from 0.03 s to 3 s, corresponding to the increase
in AOz density during the same period, as seen in Figure 4-4a. It means that the AO3
density produced in this part is mainly due to reactions (4-8)-(4-11) with atomic

nitrogen, which can produce atomic oxygen. Because of reaction (4-12) and (4-13), the
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AOj3 density produced from 0.03 sto 3's (1x10'' cm™3) is smaller than the consumed
atomic nitrogen density (1.9 x 101! cm™3). When all the atomic nitrogen has been
consumed, Os density decreases slowly from 3 s by reaction with nitric oxide (see

Figure 4-4a):
0; + NO - 0, + NO, (4-17)

As displayed above, the plasma chemistry validation results of the MiPO-Streamer
model show a good agreement in shape but not in density when compared to W2015.
Investigating the sets of reactions in detail, it appears that the atomic nitrogen

production is critical for both NOx and O3 production.

4.2 Investigation of electric field shape impact

This part performs a comparison of results obtained using a simple electrical field
pulse (pulse simulation) and the electric field time evolution, derived from an
electrodynamic streamer model [Ihaddadene and Celestin, 2017], to represent the

streamer.

4.2.1 Initialization

Most BJs are observed at night when convective clouds are in the mature stage.
Simulations were therefore performed during night-time starting at a zenith angle of
104°. The initial n,- used is: n,-=1.7x10'3 N'1cm™, N is the local air density
[Mitchell and Hale, 1973; MacGorman and Rust, 1998, p. 34]. As in previous sections,
this part focuses on the middle stratosphere at 27 km where reactive nitrogen interacts

strongly with ozone.

75



Chapter IV

4.2.2 Reduced electric field

The two electrical field time evolutions considered are presented in Figure 4-5a. For
the pulse simulation case, the reduced electrical field 6 = 600 Td is considered during
15.57 ns (stage Pi) and then 6 = 0 Td (stage Pii). In the case with field obtained from
streamer simulation, the electric field shows a slight increase during 60 ns and then a
strong increase up to 773.08 Td. The duration of this stage (called S;) is 78.3 ns. Then,
the field decreases exponentially down to 52 Td during 7.9 ns (Sii stage), and then 6 =0

(Siii stage). The total duration of the electrical field perturbation due to the streamer is

86.2 ns.
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Figure 4-5. At 27 km, time evolution of (a) reduced electrical field 6 (Td), (b) electron
densities (ne- , cm=3) with the pulse and simulated streamer cases, respectively in red
and black.

As in the previous part, the duration of pulse simulation is adapted to get a similar
n.- (Figure 4-5b) as in the streamer simulation (streamer simulation n.- is
8.56289x10'° cm™3 and pulse simulation n,- is 8.48007x10° cm™3). The decreases
in n,- from the two simulations occur at the same time (~ 10 s) and are quite similar

for both simulations.
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4.2.3 Results during the first 100 s

Results obtained for N2 excited species, atomic oxygen and atomic nitrogen reactive
species with both parameterization pulse simulation and streamer simulation are

presented in Figure 4-6 during the first 100 s.

For densities of excited N2 (Figure 4-6a), their time evolutions are roughly similar
except for the small delay for the maximum production of each species in the streamer
simulation, which comes from the delay of electron production (Figure 4-5b). The

de-excitation of N excited species with density values lower than 102° cm occurs in

simulation cases at 10°-10* s for N,(A™* X3) and Ny(a'[lg), and at 10 s for

N2 (A% 31) and N, (B® [1g).
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Figure 4-6. Time evolutions in 100 seconds for (a) excited N, (b) oxygen, (c) nitrogen
family at 27 km from streamer simulation (in black) and pulse simulation (in red). The
same line style in each graph indicates the same species.

For atomic oxygen and atomic nitrogen species (Figures 4-6b and 4-6c¢), the similar
small delay for the production of atomic oxygen, O(*S), N(?D), and N(P) by the
streamer simulation is observed, but each time the evolution presents roughly the same
shape. Surprisingly, stronger density productions of atomic oxygen, O(!S), N(?D),

atomic nitrogen, NO and NO> with the streamer simulation are obtained compared to

the pulse simulation.
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The maximum density values of electron, N, (A3 Y1), atomic oxygen, O(*S), AOs,
atomic nitrogen, N(°D), N(?P), NO and NO; for the two simulations are reported in
Table 4-1. Whereas the electron densities produced are similar for both simulations, the
maximum density values of N, (A3 Y1), atomic oxygen, O(*S), N(°D), and N(?P) are
multiplied by a factor ~2 for the realistic streamer simulation case as compared to the
pulse simulation case. This impact directly enhances the densities of Oz and NOx (NO
and NOy). After 100 s, the Oz density is higher by a factor of two, and NO: density by
a factor of 1.5, in the streamer simulation case as compared to the pulse simulation case

(Figures 4-6b and 4-6c¢).

Table 4-1. Maximum densities of electron (e™), N, (A3 ¥, atomic oxygen (O), O(*S),
AQg, atomic nitrogen (N), N(D), N(?P), NO, and NO; obtained in the pulse simulation
case and in the streamer simulation case at 27 km.

Maximum Density .
e NZ(A3Z) o O(S) | AO, N N(D) | N(P) | NO | NO,
10 (cm3) u

Pulse simulation 0.85 0.18 6.22 0.3 7.69 3.19 0.89 0.54 1.45 0.74

Streamer simulation | 0.86 0.47 16.48 0.89 18.77 5.21 1.46 0.77 2.25 0.96

4.2 .4 Discussion

As seen in the previous section, the time profiles of two types of electric fields have
an effect on the oxygen and nitrogen production through the production and heating of
electrons. To investigate the differences obtained, as the two simulations had the same
maximum n,.-, the density correlations between N, (A3 Y1), atomic nitrogen (N),
atomic oxygen (O), and electrons are plotted in Figure 4-7, and represent the different
sequences of the field evolution (three stages for the simulation-derived streamer, and

two stages for the pulse case, see Figure 4-5a).

Figure 4-7 shows the density correlations between N, (A3 Y1), atomic oxygen, and

nitrogen, and electrons with streamer simulation in black and pulse simulation in red.
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The correlation between the densities of N, (A3 Y1) and electrons (Figures 4-7a and

4-7b), and densities of N, (A3 Y1) in the simulation-derived streamer case is lower than

that obtained in the pulse case at the end of S; (the first stage of streamer field evolution).

At this point, the two simulations corresponded to the same n,- ~ 10° cm=,
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Figure 4-7. Density correlations between N, (A3 ¥'+), atomic oxygen and nitrogen to
electrons. Densities for the case of field derived from electrodynamic simulations are

shown in black and in red for the pulse simulation. Among them, a), c¢), ) are in log-log

scale and b), d), f) are in linear scale. The sequences of the field are indicated by
line-style as in Figure 4-5a.

79



Chapter IV

As the decreasing part of the streamer field (Sii) continues to produce N, (A3 ') and
heat electrons, the N, (A3 Y1) density in the streamer simulation case is larger than that
in the pulse simulation case when the two simulations obtain a similar maximum n,-.
In order to look at the details close to the maximum of N, (A3 %) density and explain
the difference, its correlation in linear scale is plotted (Figure 4-7b). After n,- reaches
its maximum, N, (A3 ¥.}) density continues to increase for both simulations whereas
the field starts to decrease (Sii and Pii). For both simulations, n,- does not decrease
directly with the decreasing field, due to the sets of reactions of associative and Penning

ionization:

N,(a''Zy) + No(A3Z) - e” + N} (4-18)
This is also due to the characteristic time of

e+ 0,-0"+0 (4-19)

Moreover, a delay between excited electronic states and the maximum of n,- in the
streamer head was demonstrated by Celestin and Pasko [2010] and predicted by Naidis

[2009]. This is caused by the reaction:
e~ + N, » e + N,(A3ZD) (4-20)

which maintains the N, (A3 Y}) production density. Moreover, in the simulation-
derived streamer field, the increase in N, (A3 Y1) density at the end of Sii (6 > 0 Td) is
partly impacted by the decreasing electric field. After reaching a maximum in
N,(A3Y 1) density, the simulation-derived streamer field maintains a higher
N, (A3 Y1) density than that in the pulse simulation. The maximum value of N, (A3 Y1)
density from the simulation-derived streamer field is ~3 times larger than that from the
pulse simulation case (as shown in Table 4-1). The correlations for density of atomic
oxygen and nitrogen to n,- (Figures 4-7¢ and 4-7e) are similar to N, (A3 Y') density.
The density of atomic nitrogen depends only on field and there is no delay in the
production of atomic nitrogen, since there is no related associative and Penning

ionization reaction.
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4.3 Impact of streamer discharge after two days of simulation

The perturbations of atomic oxygen, NO., CIO, and BrO reactive species impacted

by streamer discharge during two days at 27 km are analyzed in this part, as well as the

time evolution of Os.

Figure 4-8 shows the time evolution of atomic oxygen, NO2, CIO, and BrO VMRs

during two days with streamer simulation in black, pulse simulation in red and a no-

discharge simulation case in blue. These four reactive species present classical diurnal

variation with maximum VMRs at noon for atomic oxygen, CIO and BrO, and at night

for NO..
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Figure 4-8. Two-day evolutions of VMRs of (a) atomic oxygen, (b) NO-, (c) ClO and (d)
BrO at 27 km with streamer simulation (in black solid line), pulse simulation (in red

dashed line) and the no-discharge simulation case (in blue dashed line).

Figure 4-8a shows that the first-day maximum VMR of atomic oxygen with the

streamer simulation is 45 ppt v, 37 ppt v for the pulse simulation and 31 ppt v for the
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no-discharge simulation case. The additional atomic oxygen VMRs exist in both
discharge simulations. On the second day, the atomic oxygen VMRs with streamer and
pulse simulations decrease and there are no significant differences with the no-
discharge case (streamer simulation ~38 ppt v, pulse simulation ~32 ppt v). Reactive
atomic oxygen has a short lifetime and the perturbation of the atomic oxygen VMR
time evolution for the streamer simulation is slightly longer than that for the pulse
simulation. Figure 4-8b shows that the simulations just after discharge strongly increase
the NO2 VMR (maximum VMR of NO. ~150 ppb v by streamer simulation, ~115 ppb
v by pulse simulation). The produced NO2 VMR is 20-30 times higher than that in the
no-discharge simulation case (maximum VMR of NO, ~5.5 ppb v) and this
enhancement of NO2 VMR is maintained during the two-day simulation. The maximum
VMRs of O and NO: decrease day by day. The discharge simulations cause
non-equilibrium in the neutral gas system (see Figure 4-1). This means that the excess

of O and NO2 VMRs due to discharge are available for chemical reactions.

Figure 4-8c shows that the maximum VMRs at noon (~16 hours after the discharge
occurred) of CIO from the discharge simulations (streamer simulation ~7 ppt v, pulse
simulation ~9 ppt v) are significantly lower than that in the no-discharge simulation
case (~120 ppt v). BrO also showed a lower VMR maximum from the discharge
simulations (~2.5 ppt v for streamer simulation and ~2.9 ppt v for pulse simulation)
than from the no-discharge simulation (~12.5 ppt v) (Figure 4-8d). There is no
significant difference in terms of ClIO and BrO VMR values between streamer and pulse
simulation results. The difference between discharge simulations and the no-discharge
simulation is caused by the excess of NO. VMR production (Figure 4-8b), which leads
to the production of the reservoir species CIONO; and BrONO> through the following

reactions:
M
ClO0 + NO, — CIONO, (4-21)

M
BrO + NO, - BrONO, (4-22)
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The VMRs of CIONO2 and BrONO: at noon (the maximum value during day-time) in
the discharge simulations are larger than those in the no-discharge simulation

(~200 ppt v for CIONO2 and ~9 ppt v for BrONO>).

The perturbation in the Oz VMR during the two-day simulation is shown in Figure
4-9. The variation of Oz in the streamer simulation case just after the discharge is shown
in black, the pulse simulation is in red and the no-discharge case is in blue. The Os
VMRs at the end of discharge are higher with the streamer simulation (~9.9 ppm v) and
the pulse simulation (~8.2 ppm v) than with the no-discharge simulation (~7 ppm v).

Due to the discharge, Oz VMR is increased as a first step.

Mixing Ratio

0 10 20 30 40 50
Time (h)

Figure 4-9. The same as Figure 4-8, but for ozone.

Concerning the time evolution during the two-day simulation, O3 VMRs with
streamer and pulse simulations remain constant during the night and decrease during
the day. The large amount of NOx produced by the discharge (Figure 4-8b) leads to the
associated catalytic cycle in the stratosphere [Brasseur and Solomon, 1986], which is
the main mechanism of Os destruction in the middle stratosphere (here at 27 km)
[Portmann et al., 2012]. Due to the neutral chemistry associated with NOx production,

the enhanced Oz VMRs caused by the discharge are consumed in the two-day

83



Chapter IV

simulations (45 hours for the streamer simulation, 34 hours for the pulse simulation).
After two days, O3 VMRs in discharge simulations are lower compared to the no-
discharge simulation case. The loss of O3z due to the discharge is slighter for the pulse

simulation than that for the streamer simulation.

4.4 Summary and conclusions

A new plasma chemistry model named MiPO-Streamer model is developed. It
includes 117 species and 1760 reactions. Simulations were performed at an altitude of

27 km in the middle stratosphere where the maximum Oz VMR is found.

The neutral chemistry model is validated using rate coefficients with a consistency
between initialization and the sets of reactions provided by the JPL. The diurnal
variations of reactive species are in equilibrium. The plasma chemistry validation
reveals differences in the production of NO and Oz between the MiPO-Streamer model
and W2015. The densities of NO and Oz depend on the densities of excited states of
atomic nitrogen and oxygen, which are mostly produced during the BJ streamer
discharge period. Analysis of NO and O3 production and loss highlights that the major
difference is due to the rate coefficient of N, + e~ - N + N + e~, which produces

atomic nitrogen.

The impact of the streamer representation is investigated by using two types of
electric field time-profiles, one is a constant field for a limited duration (pulse), which
has been previously used in the literature to estimate the chemical impact of TLEs, and
the other one is produced through an electrodynamic discharge model. The results on
the densities of neutral species through an electrodynamic streamer simulation show an
impact of a factor 2 as compared to the pulse-based simulation at 27 km. Analyzing
correlations between electrons and N, (A3 Y1), atomic oxygen, and nitrogen species
during the discharge process, it is found that the shape of the electric field evolution

considered is critical for an accurate estimate of the streamer impact on chemistry.
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Higher densities of N, (A3 Y1), atomic oxygen, O(*S), AOs, atomic nitrogen, N(°D),
N(?P) and NOy are produced using the more realistic streamer field. Moreover, the
higher density of N2 excited states is directly linked with the light emission density of
BJs. This is an important result that could be confirmed by observations. Our results
highlight the importance of using a realistic streamer parameterization to model the

time-evolution of the electric field.

Looking at neutral chemistry during the first 100 seconds of the simulation, Oz and
NOy are produced by BJs. Because of the excess of NOx VMR produced, the two-day
simulation reveals that Oz VMR is destroyed through the NOx catalytic cycle in the
middle stratosphere. The Oz VMR produced by streamer discharge is consumed in one
or two days (depending on the streamer parameterizations considered). After two days,
O3 loss appeared and O3z VMR decreases to a lower VMR than that in the no-discharge

simulation case.
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CHAPTER V

CHEMICAL IMPACT OF BJ STREAMER IN
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L’objectif de ce chapitre est d’étudier les perturbations chimiques associees a la
décharge d’un BJ streamer en fonction de I’altitude. En effet la Figure 1-4, montre que
les taux de perte d’ozone dépendent a la fois de la famille chimique considérée et de
I’altitude. Dans cette partie les simulations du modele MiPO-Streamer sont effectuees
tous les 2 km, de 20 km a 50 km. Le cas d’étude considéré est celui de Chou et al. [2011]
avec une initialisation de nuit. Suite au chapitre précédent, nous utilisons la
paramétrisation réaliste de streamer développée pour représenter le champ électrique
au cours de la décharge. Dans cette partie, nous analysons les résultats obtenus en
comparant systématiquement deux simulations: avec et sans la décharge du streamer de

BJ.
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The objective of this chapter is to investigate the chemical processes associated with
the BJ streamer discharge as a function of altitude. As shown in Figure 1-4, the ozone
loss rates depend on both the chemical family considered and the altitude. MiPO-
Streamer model simulations are performed every 2 km from 20 km to 50 km, starting
during the night as most BJs occur during night-time when thunderstorms are in the
mature stage. According to Mitchell and Hale [1973] and MacGorman and Rust [1998],
the initial electron density at night-time is n,- = 1.7 x 1013 N~tcm™3, N is the local
air density. The initial densities of chemical species are displayed in Figure 3-4.
Following on from the previous chapter, the realistic parameterization is used to
represent the electric field of the BJ streamer. In this chapter, the results obtained by
comparing systematically the two simulations are analysed: with and without the BJ

streamer discharge.

5.1 Reduced electric field and electron density

According to Raizer et al. [2007], the electron density at the end of the electric field

2
€enq) 1S ON the order of 10**cm™3 X , Where N is local air density and Ny, is air
( e d) N y 0

0

density at the Earth’s surface. The e.,q density at each altitude reported in Table 5-1 is

deduced from the eepnq 271m density at 27 km by using the scale factor of (—Nl‘\j“““de)z.
- 27km

Thus, the e.,q density decreases as the altitude increases (Table 5-1). This value also
constrains the duration of the reduced electric field time evolution at each altitude.
Several simulations were performed to adapt both Si and Sii stages (increase and
decrease stages) of the electric field time evolution by successive approximation. The
best simulated eg .,q densities obtained are reported in Table 5-1, as well as the

durations of the two field stages.
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Table 5-1. The duration times of electric field and maximum electron densities at
altitudes from 20 km to 50 km.

Reduced electric field Calculated Simulated
Altitude duration time (ns) maximum maximuin
(km) electron density | electron density
S; Sis (x 108 cm™) (x 108 cm™)

20 243 0.1 8918.85 8536.02
22 341 1.9 4478.86 4234.46
24 48.5 2 22333 1807.75
26 674 3.6 1157.3 1058.36
27 78.3 7.9 856.29 856.29
28 91.6 4.8 627.35 623.5
30 125.8 7.2 332 322

32 169.8 8.4 182.4 178.9
34 2293 10 100 98

36 315.1 11.9 52.96 52.27
38 4324 14.2 28.11 27.62
40 583.9 16.3 15.42 15.24
42 769.9 18.4 8.87 8.79
44 998.3 20.2 5.27 523
46 1284.7 239 3.18 3.16
48 1663.3 234 1.90 1.88
50 2166.8 242 1.12 1.12

Figure 5-1 presents the relative difference between e.,q (electron density) deduced
from the scale factor and simulated electron density es ¢4 at €ach altitude considered.
Most of the relative differences obtained are lower than 10% (absolute value). Note that
the increase part of the reduced electric field (Si) leads to an exponential increase in the
electron density (Figure 2-11). This suggests that a small variation in the S; duration
time could lead to a dramatic discrepancy in the eg ¢nq Value. As shown in Section 4.2.4
above, the decrease part of the reduced electric field (Si) also contributes to electron

production.
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Figure 5-1. Relative differences in the electron densities at the end of the streamer
between those deduced from scale factors (calculations) and those obtained from
simulations at altitudes of 20-50 km.

The time evolutions of the reduced electrical fields considered and the simulated
electron densities at altitudes of 20-50 km are presented in Figures 5-2a and 5-2b,
respectively. To obtain the e.,q at each altitude, the total field duration of both stages
at high altitude is longer than those at low altitude. The time evolutions of electron

density at all altitudes present the same shape.
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Figure 5-2. Time evolutions of (a) electrodynamic reduced electrical fields (Td), and (b)
simulated electron density (cm) at altitudes from 20 km to 50 km (every 2 km).
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5.2 Impact of BJ streamer on ozone

The impact of the BJ streamer on stratospheric ozone is analyzed by systematically
comparing the simulation results obtained with and without discharge at each altitude
from 20 km to 50 km (every 2 km). Six time points after the electric breakdown of BJ
streamers are selected: 10 s, 1025, 100 °s, 12.9 h, 24 h and 48 h. The first three times
are selected in order to present the early impacts of BJ streamers, whereas the last three
are selected to investigate the interactions between the plasma chemistry induced by
the BJ streamers and the neutral chemistry of Os. Among them, 12.9 h corresponds to

daytime (zenith angle is 45°), and 24 h and 48 h to nighttime.

Figure 5-3 shows the vertical profiles of Oz and atomic oxygen (O) volume mixing
ratios (VMR) at the six selected simulation times with and without the BJ streamer

discharge (solid lines and dotted lines respectively) at altitudes from 20 km to 50 km.
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Figure 5-3. Vertical profiles of Oz (in black) and atomic oxygen (O, in red) volume
mixing ratios at altitudes from 20 km to 50 km of six selected simulation times with and
without the BJ streamer discharge (solid lines and dotted lines respectively).
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Atomic oxygen produced directly by electric driven reactions can be observed at
10% s and 107 s. The atomic oxygen VMRs are larger in the lower stratosphere than
those in the middle stratosphere, e.g. ~6 ppm v at 20 km and ~1 ppm v at 34 km at
10%s. No significant production signal of atomic oxygen occurs in the upper
stratosphere. Between 10 s and 102 s, the O3 VMRs increase simultaneously with the
corresponding atomic oxygen VMR decrease in the low-middle stratosphere (20-40
km). For instance, the consumed atomic oxygen VMR is ~6 ppm v when the O3 VMR
increases from ~3 ppm v to ~9 ppm v at 20 km. This fast conversion of atomic oxygen

into O3 is due to the reaction:

M
0+ 0, > 0, (4-16)

At 100 s (Figure 5-3c), compared to the no-discharge simulations, the Oz VMRs
exhibit no obvious perturbations from BJ streamers in the upper stratosphere (~40-50
km), while they are greater in the low and middle stratosphere due to the BJ streamer

discharge.

After 12.9 h of simulations (Figure 5-3d, during daytime), Oz loss appears at the
altitudes of ~32-50 km (middle and upper stratosphere). As shown in Figures 5-3e and
5-3f, the O3 loss at these altitudes increases after 24 h and 48 h of simulation in the
middle stratosphere. The excess of Oz VMRs produced by BJ streamers remains

roughly constant after a two-day simulation in the lower stratosphere.

To analyze the O3 VMR perturbations from the BJ streamer discharge in detail, the
O3 VMR differences (AOz) obtained by simulations with and without discharge as a

function of altitude at each selected time are plotted (Figure 5-4).
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Figure 5-4. Vertical profiles of Oz VMR differences between with and without discharge
of six selected times at altitudes from 20 km to 50 km.

During the first 100 s after the streamer discharge (Figures 5-4a, b, c), the AO3 VMRs
are positive at the altitude of 20-40 km, due to the recombination of atomic oxygen
produced from discharge processes and the molecular oxygen present. Atomic oxygen
can also be formed on account of the atomic nitrogen formed from discharge processes

through the sets of reactions:

N+ NO - O+N, (4-8)
N+ NO, - 0+N,0 (4-9)
N+ NO, > 0+0+N, (4-10)
N+ 0, > NO+0 (4-11)

Negative values of AOz appear at 12.9 h in the altitude range of 33-50 km. After
24 hours (Figure 5-4e), the maximum Os loss is observed at 38 km with a AOs value
of -4 ppm v. After 48 hours (Figure 5-4f), the maximum Oz loss is located at 36 km
with -4.8 ppm v and Os loss exists in the altitude range of 26-50 km. This range of
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altitude corresponds to the one where Oz loss by NOx species is efficient (see Figure
1-4) [Portmann et al. 2012]. Note that the Oz loss rates in Figure 1-4 are based on an
ozone layer centered at 28 km, whereas the maximum of ozone is at ~34 km in our
study due to the tropical conditions of the case studied. Therefore, all the chemical
system in our study, including the efficiency of Oz loss by NOy, is shifted to higher
altitudes compared to that in Figure 1-4. The O3 loss caused by BJ streamer in this range

of altitude is primarily due to the catalytic cycle with NOx:

0; + NO - 0, + NO, (1-8)
0+ NO, - 0, + NO (1-9)
Net: 0; + 0 — 20, (1-10)

5.3 Impact of BJ streamer on the nitrogen family

To better understand the interaction between plasma chemistry and neutral chemistry
associated with the nitrogen family, three altitudes at 22 km, 34 km and 42 km are
selected. After 48 hours of simulations, O3 is produced by the BJ streamer at 22 km
whereas Oz is destroyed at 34 km and 42 km. The maximum of ozone is at 34 km in the

case studied.

5.3.1 NOy investigations

The time evolutions of Oz and NOx (NO+NO3) at the three selected altitudes are
shown in Figure 5-5. The time evolutions of O3 and NOx VMRs are very different for

the three selected altitudes.
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Figure 5-5. Time evolutions of O; and NOx VMRs at 22 km, 34 km and 42 km for BJ
streamer simulations (solid lines) and no-discharge simulations (dotted lines). Nighttime
periods are in grey.

At 22 km, the O3 VMR after the BJ streamer discharge is ~6.6 ppm v, while that of
the no-discharge simulation is ~2.5 ppm v (Figure 5-5c). The O3 VMR produced by the
BJ streamer decreases slowly down to 6 ppm v during the two-day simulation, while
the time evolution of the O3 VMR from the no-discharge simulation is constant. The
NOx VMR after the discharge is ~130 ppb v, while that of the no-discharge simulation
iIs ~2 ppb v (Figure 5-5f). At this altitude, the NOx VMRs produced by discharge
decrease day by day in the diurnal cycle of the two-day simulation (90 ppb v at the first
sunset and 80 ppb v at the second sunset). Clearly, the Oz and NOx VMRs produced by
the streamer discharge are ~3 times and ~60 times larger than those without discharge

at 22 km.
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At 34 km, just after the BJ streamer discharge, the Oz VMR is marginally enhanced
from 8.8 ppm v up to 9.2 ppm v (Figure 5-5b). The Oz VMR time evolution presents a
diurnal cycle decreasing during the daytime and unchanging during night-time. The Oz
VMR destroyed during the second daytime is smaller than that during the first daytime,
whereas the Oz VMRSs of the no-discharge simulation display enhancements during the
two daytimes. Compared to 22 km, the NOx VMRs at 34 km are consumed less during
the diurnal cycle (Figure 5-5e). The level of NOx produced by the BJ streamer is

maintained during the two days of simulation.

At 42 km, the BJ streamer only produces 0.1 ppm v of Oz VMR (Figure 5-5a). During
the first 24 hours, the Oz VMR decreases to ~3.1 ppm v for the no-discharge simulation,
while it decreases to ~1.3 ppm v for the streamer simulation. The NOx VMRs of the
streamer simulation are ~3 times larger (~65 ppb v) than those of the no-discharge
simulation (~15 ppb v), and the high NOx VMRs are maintained during the two-day
simulation (Figure 5-5d).

Compared to the no-discharge simulation, the obvious Oz loss by streamer discharge
at 34 km and 42 km is caused by the NOx catalytic cycle, as the NOx produced by
streamer discharge are maintained. Due to neutral chemistry, the Oz VMRS decrease
critically during the two days of simulations at 34 km and during the first diurnal cycle

at 42 km.

5.3.2 Investigations into other chemical species of the NOy
family

To investigate the perturbations induced by the nitrogen oxide family, the time
evolutions of N2Os and HNOs VMRs are presented in Figure 5-6. These chemical

species interact with NO and NO> through several sets of chemical reactions (Annex 1),

and HNOs has longer life time than NO and NO: in the stratosphere.
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Figure 5-6. As in Figure 5-5, but for N.Os and HNOs.

Whatever the altitude considered, N2Os and HNOz are produced by the BJ streamer
discharge. The N2Os production is consumed day after day at 34 km and 42 km, whereas
at 22 km the enhancement signal is maintained (Figure 5-6¢). At 22 km, HNO3
increases continuously during both the two daytimes and night-times of simulation
(Figure 5-6f). At 34 km and 42 km, the initial production of HNOs is strongly enhanced
only at the beginning of the first daytime. Then the HNOs VMRs stabilize during the

night and decrease during the second daytime.

Figure 5-7 presents the changes in the VMRS of O3z, NOx, N2Os and HNOs during the

first 24 hours and second 24 hours of streamer simulations at 42 km, 34 km, and 22 km.
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Figure 5-7. Changes in the VMRs of Os, NOy, N2Os and HNOs during the first 24 hours
and second 24 hours of streamer simulations at a) 42 km, b) 34 km, c) 22 km.

At 22 km, during the first 24-hour period (Figure 5-7c), 40 ppb v of NOy is
consumed (L[NOy] ). Meanwhile, 14 ppb v of N.Os VMR and 11 ppb v of HNOz VMR
are produced (P[N,Oz] and P[HNOs]). As L[NOy] = 2 X P[N,05] + P[HNO3], most
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of the consumed NOy are converted into N2Os and HNOs through the following

reactions:

NO, + 03 - NO3 + 0, only during night-time (5-1)

M
NO, + NO3 = N,O5 (1-22)
M
OH + NO, —» HNO;3 only during day-time (5-2)
N,Os + H,0 -2 HNO, (5-3)

The NOx produced by the BJ streamer discharge are mainly converted to N2Os and

HNO:s at 22 km and they have little impact on Os.

During the first 24-hour period, at 34 km, L[NO,] is ~6 ppb v, P[N,0c¢] is ~1 ppb v,
and P[HNO;] is ~1.6 ppb v (Figure 5-7b), and at 42 km, L[NOy] is ~2 ppb v, L[N, 05]
is ~0 ppb v, and P[HNOs] is ~0.5 ppb v (Figure 5-7a). Compared with the results at
22 km, the NOx are consumed more slowly as the altitude increases. Regarding the
budget at these altitudes, L[NO,] is greater than 2xP[N,05]+P[HNO;], the excess of
NOx produced by the BJ streamer discharge contributes less to the production of N2Os
and HNOs, and it probably contributes to other reservoirs. At these two altitudes, the
production/loss of NOx, N20Os and HNOs during the second 24 hours is very small. This
indicates that a new “equilibrium” is reached in the NOy family with a higher NOx

content from the BJ streamer discharge.

5.4 Impact of BJ streamer on other chemical species

The time evolutions of reactive chlorine CIOx (=CI+CIO), bromine BrOx (=Br+BrO)
and hydrogen HOx (=OH+HO3) at 22 km, 34 km and 42 km are presented in Figure 5-8.
These chemical species present diurnal variations. All the VMRs obtained considering
the BJ streamer discharge are smaller than those without discharge, particularly for

ClOx and HOx chemical species.
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Figure 5-8. As in Figure 5-5, but for ClOx, BrOx and HOx.

The NOx chemical species interact directly with the reactive chlorine, bromine and

hydrogen through the following reactions:

HOx in part controls the amount of HCI and HBr through:

The chlorine and bromine families interact together through:

M
Clo, /BrO, + NO, —» CIONO,/BrONO,

Cl04/BrO4 + HOy - HCI/HBr

BrO + CIO - Cl + Br + O,

BrO + Cl0 — BrCl + O,

BrO + ClO — OCIO + Br

(5-4)

(5-5)

(1-16a)

(1-16b)

(1-16¢)

The VMRs of NOx chemical species are in ppb v, whereas the VMRs of CIOx, BrOx

and HOy reactive species are in ppt v. The excess of NOx due to the BJ streamer

discharge leads to a very fast conversion of ClOx/BrOx and HOx into CIONO2/BrONO-
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and HCI/HBr reservoirs. Figure 5-9 shows the time evolutions of CIONO and BrONO-
VMRs at the altitudes selected.

The BJ streamer early impacts on the CIONO> produced. Then the CIONO2 VMRs
produced are destroyed day by day at 42 km (Figure 5-9a) and 34 km (Figure 5-9b),
while a very small production occurs at 22 km (Figure 5-9¢). However, for BrONO>
VMRs, their loss occurs after the BJ streamer discharge and then they are produced day
by day. At 22 km, the diurnal variations of CIONO; and BrONO; have almost
disappeared due to the BJ streamer discharge. At 34 km and 42 km, the CIONO:

reservoir is reduced and the BrONO: reservoir is enhanced after two days of simulations.
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Figure 5-9. As in Figure 5-5, but for CIONO; and BrONO:..

Figure 5-10 shows the time evolutions of HCI and HBr VMRs at the three selected

altitudes. The HCI and HBr abundances are smaller considering the BJ streamer
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simulation at 22 km, while those at 34 km and 42 km increase strongly during the first
daytime. During the second daytime, the HBr content is reduced at 34 km and 42 km
(Figures 5-10d and 5-10e). In the middle and upper stratosphere after two days of
simulations, the HCI and HBr VMRs remain greater than those obtained with the

no-discharge simulations (Figures 5-10a, b, d, e).

3.2

3 42 km a)HCl { &
2, =9
RS RS
2 i)
= =
& g
5 5
2 2
2 =)
¥ 26 . , , \ -

0 10 20 30 40 50
/;‘ 2'6 T T T T .
z 34 km b) HCI1 =
E =3
2 &
Q
g 24 . é
= =
R < 14
s ” pECETEEN B
E ~~--] £
G G}
2 &

2.0 L N . L - 0.0 L N ; L

0 10 20 30 40 50 0 10 20 30 40 50
= 105 T T T T ] 0.6 . . _—y ,
2 22 km o HCl | %= 22 km f) HBr

E - —— - 1 =
& AN 1 2
2] I — = —— [ 1
2 1.04F ~- N 1 & osf -
&0 — ] - —_——— -
g 1 5 P
E 1.03| ~ ﬁ 0.4-——/—JT
= |
e =)
> =

1.02 : . . . 0.3 , , , .
0 10 20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)

Figure 5-10. As in Figure 5-5, but for HCI and HBr.

Figure 5-11 presents the difference in ClOx, BrOx, HOx, CIONO2, BrONO>, HCI and
HBr VMRs between the discharge and the no-discharge simulations at 42 km, 34 km,
and 22 km. As the reactive species ClOx, BrOx and HOx are abundant in daytime, the
differences at 16 h and 40 h (LT is 12:00) are investigated. Because the chemical
processes of the bromine family are the same as those of the chlorine family, and the
former is less abundant than the chlorine family in the stratosphere, therefore the

chlorine family will be discussed in the following.
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Figure 5-11. The CIOy, BrOx, HOy, CIONO,, BrONO;, HCI and HBr VMRs differences
between the discharge and the no-discharge simulations at 16 h and 40 h (corresponding
to 12:00 LT) for altitudes of 42 km, 34 km, and 22 km.

Less CIOx and HOy exist at both 12:00 LT of the BJ streamer simulation. This is
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particularly evident in the upper stratosphere.

At 22 km, the CIONO- reservoir is enhanced by the BJ streamer (Figure 5-11c),
while ClOx and HOx reactive species are reduced. The ClOy reactive species are
converted into CIONO: (reaction 5-4) due to the NOx production associated with the

BJ streamer discharge. As large amounts of atomic oxygen are produced by the
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discharge at this altitude, the HCI content is reduced by the BJ streamer through the

reactions:
HCl+ 0 - Cl + OH (5-6)
HCl 4+ OH - Cl + H,0 (5-7)

The mechanisms producing CIONO:; and reducing HCI abundance persist at the second

daytime.

At 34 km, both CIONO; and HCI VMRs are enhanced whereas CIOx and HOx VMRs
are reduced (Figure 5-11b). These reactive species are converted into reservoirs through

reactions 5-4 and 5-5 during the two days.

Compared to those at lower altitudes, the smaller values of CIOx and HOx VMRs and
the higher value of HClI VMR in the streamer simulation at 42 km highlights that CIOx
and HOx mainly contribute to HCI production by reaction 5-5 (Figure 5-11a). Moreover,
the Oz loss rates due to ClOx and HOx at 42 km are very efficient (Figure 1-4), their
smaller values in the BJ streamer simulation reduce their contributions to the Oz loss at
this altitude. The conversion of CIOx and HOx reactive species into HCI reservoir specie

persist during the second day.

These CIONO2, HCI and BrONO: chemical species enhancements due to the BJ
streamer discharge in the middle and upper stratosphere are important, because these
reservoir species have long lifetimes (HCI is ~2 years) in the stratosphere and they can

be transported over long distances and be reactivated later to destroy ozone.

5.5 Summary and conclusions

The detailed investigations in the whole stratosphere of the BJ streamer discharge

impact on the chemical system are performed.

The increased atomic oxygen VMRs by the BJ streamer discharge cause O3

production during the first 100 s in the low and middle stratosphere. Then the plasma
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chemistry perturbations of the chemical system interact strongly with the neutral

chemistry during the two days of simulations.

The investigations of streamer simulations at different altitudes reveal that the Os
losses in the middle and upper stratosphere are mainly due to the NOx chemical species
produced by the discharge through the catalytic cycle. Because the NOx VMRs
produced by the BJ streamer discharge are very efficient for Oz loss in the middle
stratosphere, the Oz layer after two days of simulation is weaker and appears to “shifted”
to lower levels (roughly by 4 km). In the lower stratosphere, the BJ streamer discharge
increases Oz abundance by the very fast conversion of the atomic oxygen produced into
Oz which persists. In the lower stratosphere, the NOx produced by the BJ streamer

discharge is mainly converted into N2Os and HNOz and has little impact on Os.

Whatever the altitude considered, the perturbations on the reactive species ClOx/BrOx
and HOyx which interact with ozone, lead to the enhancement of chlorine and bromine
reservoirs. With their long lifetimes in the stratosphere, they can be transported over

long distances and be reactivated later to destroy ozone.
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6.1 Conclusions

The aim of this thesis is to evaluate the potential impact of blue jet streamer on
stratospheric chemistry. To carry out this study, firstly a new detailed ion-neutral
chemistry model named MiPO-Streamer model is developed, which based on the
MiPLaSMO (Microphysical and Photochemical Lagrangian Stratospheric Model of
Ozone) model that has been widely used over the last 20 years to interpret balloon and
satellite measurements associated with stratospheric ozone. Compared to the preview
study W2015, the MiPO-Streamer model considers in addition the bromine family and
more neutral chemistry reactions. There are 117 species and 1760 reactions in the
MiPO-Streamer model. The rate coefficients of reactions in the electric field driven

processes were calculated with the Bolsig+ solver.

This thesis focused on the event reported by Chou et al. [2011]. That event is the first
type II gigantic jet to occur over a thunderstorm in the Fujian province of China. It took
place on 22th July 2007 and was observed from Lulin Observatory (121°E, 23°N) in
Taiwan by three sight-aligned WATEC 100-N cameras. The initial values of

temperature, pressure and all gaseous species volume mixing ratios come from a three-
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dimensional chemistry-transport model for ruling the Ozone Budget in the Stratosphere

(REPROBUS).

As the maximum ozone volume mixing ratio (VMR) is in the middle stratosphere,
the MiPO-Streamer model validations, electric field investigation and BJ streamer

simulation were first presented at 27 km.

For neutral chemistry validation, the results obtained with the JPL reaction and
photolysis rates to those used in W2015 are compared. The results present good
agreement. For the plasma chemistry validation, the model considered the BJ streamer
discharge as a boxcar field constant pulse, as in W2015. While producing the same
maximum electron density as W2015, the plasma chemistry validation revealed
differences in the productions of NO and O3 between the MiPO-Streamer model and
W2015. The detailed analysis of NO and Oz production and loss highlighted that the
major difference is due to the rate coefficient of N, + e~ - N+ N +e~, which

produces nitrogen atom.

Then the impact of the streamer representation during the first 100 s at 27 km is
investigated by using two types of electric field time-profiles: a constant field for a

limited duration (pulse), and the electrodynamic simulation of a streamer discharge.

The results on the density of neutral species through the realistic streamer simulation
showed an impact of a factor 2 as compared to the pulse-based simulation at 27 km. On
analyzing the correlations between electrons and N,(A3Y#), oxygen atom, and
nitrogen atom species during the discharge process, it was found that the shape of the
electric field evolution considered is critical for an accurate estimate of the streamer
impact on chemistry. Higher densities of N,(A3Y#), oxygen atom, O('S), AOs,
nitrogen atom, N(°D), N(?P) and NOx were produced using the more realistic streamer
field. Moreover, the higher density of N> excited states is directly linked with the light
emission density of the BJ, an important result which could be confirmed by
observations. The model results indicated that the impact on both ion and neutral

species volume mixing ratios from the realistic streamer (i.e. using a time-varying
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electric field) differs from previous model studies considering the streamer electric field
as a simple constant pulse. The results pointed out the importance of using a realistic

streamer parameterization to model the time-evolution for the electric field.

Moreover, the simulations were performed at an altitude of 27 km in
day-time/night-time and over a long-term two-day duration. Among the 117 species
considered, this study focused on nitrogen, oxygen, chlorine and bromine species, and
ozone perturbation. Looking at neutral chemistry during the first 100 seconds of the
simulation, Oz and NOx are produced by the BJ. Because of the excess of NOx VMR
produced, the two-day simulation revealed that the O3 VMR is destroyed through the
NOy catalytic cycle in the middle stratosphere. The O3 VMR produced by streamer
discharge is consumed in one or two days (depending on the streamer parameterizations
considered). After two days, Os loss appeared and O3z VMR decreased to a lower VMR

than that in the no-discharge simulation case.

Then the impact of the BJ streamer discharge on the chemical system in the whole
stratosphere was investigated. The simulations at different altitudes from 20 km to 50
km revealed that the O3 loss in the middle and upper stratosphere are mainly due to the
NOx chemical species produced by the discharge through the catalytic cycle. Because
the NOx VMRs produced by the BJ streamer discharge are very efficient for Oz loss in
the middle stratosphere, the Oz layer after two days of simulation is weaker and appears
to “shift” to lower levels (roughly by 4 km). In the lower stratosphere, the BJ streamer
discharge increases Oz abundance by the very fast conversion of the atomic oxygen
produced into Oz which persists. In the lower stratosphere, the NOx produced by the BJ
streamer discharge is mainly converted into N2Os and HNO3 and has little impact on
Os. Whatever the altitude considered, the perturbations on the reactive species
CIO«/BrOyx and HOx which interact with ozone, lead to the enhancement of the chlorine
and bromine reservoirs. With their long lifetimes in the stratosphere, they can be

transported over long distances and be reactivated later to destroy ozone.
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6.2 Perspectives

As previous studies have indicated, the BJ structure comprises two parts, the streamer
and the leader. The leader is caused in the bending point after the largest electric field
of the cloud charge appears, then it moves upward and transfers the high electron
potential energy outside the cloud top. BJ leaders emit streamers and streamers grow
preferentially upward in the exponential atmosphere. Compared to the streamer, the
main difference of the leader is its high temperature. It can induce chemical
perturbations such as thermal ionization, or the thermal decomposition of nitrogen and
oxygen species. This thesis discussed the chemical impacts of BJ streamers. To
investigate the realistic impacts of BJ events, a detailed chemical model of the BJ leader

is required.

Subsequently, based on the simulation results of the streamer model and the leader
model, a macroscopic estimate of the chemical impact of a single blue jet can be
investigated. The factors about the density of streamers and leaders, and the real size of
streamer and leader in the volume of a single blue jet should be considered. A feasible
method is evaluating the electric potential carried by a BJ with the length of the jet
(taking the part inside the cloud into account) and an estimate of the ambient field.
Then the impacts of BJs on a regional or global scale can be investigated together with
BJ frequency. Perez-Invernon et al. [2019] conducted this research with the simulation
results of W2015, and assumed the production of species in a BJ based on its
electrodynamical radius. Since the model used in W2015 is not accurate (no realistic
streamer discharge and no bromine chemistry), and the results based on some simplified
physical assumptions, it will be interesting to apply the developments of this study on

a global scale by considering the electric potential carried by a BJ.

The possibly observable is very interesting for validating the results of model
simulations. The variation of ozone vertical mixing ratio by BJ discharge can be
validated by satellite chemical measurements, like MIPAS (the Michelson

Interferometer for Passive Atmospheric Sounding), GOME (Global Ozone Monitoring
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Experiment). Meanwhile, the diffusive mixing and the transport process in the real
environment should be taken into account, especially in the long-term (hours, days)
simulations. The expected total light output can be compared directly to a spectral ratio
measurement or a photometric measurement, if the MiPO-Streamer model considers
the excited state distribution ratio, and to couple the results with a light emission model

[Romand et al., 2016].
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Annex 1

ANNEX 1

Sets of chemical reactions

The sets of chemical reactions considered in the MiPO-Streamer model are presented
below.

The reactions that have different coefficient rates from Winkler et al. [2015] are in blue.
The reactions that are not considered in Winkler et al. [2015] are in red.

The rate coefficients are in units of S for unimolecular, cm3s? for two-body, and
cm®s* for three-body reactions. T is the gas temperature in Kelvin. M stands for N2 and
O2 molecule.

Refer

Reaction Rate coefficient ence
Electron attachment

1 e +0,+0, > 0; +0, 1.4 x 1072 x (T/300)~* x exp(—600/T) 15
2 e +0,+N, 507 +N, 1.07 x 10731 x (T/300)~2 x exp(—70/T) 15
3 e +0+0,->0 +0, 10731 9
4 e +0+0,>0 +0, 10731 9
5 e"+0;->0;+0 10~° 9
6 e"+0;->0"+0, 10711 9
7 e”+0;+0, > 035 +0, 10731 3
8 = +NO N0~ 1073 9
9 e~ +NO, —» NO3 3x 10711 9
10 e” + N0, » 0~ + NO 10711 9
11 e~ +H,0+ 0, - 0; +H,0 1.4 x 10720 3

Electron detachment

1 0; +N, > e +0, + N, 1.9 x 10712 x (T/300)5 X exp(—4990/T) 9

2 0; +0, > e~ +0,+0, 2.7 x 10719 x (T/300)°5 X exp(—5990/T) 9
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3 0; +0,(a) > e +0,+0, 2x 10710 9
4 0; +0,(b) > e~ +0,+0, 3.6 x 10710 9
5 0; +N,(A) > e  +0, +N, 2.1x107° 9
6 07 +N,(B) > e +0, + N, 2.5x%x107° 9
7 0; +0->e +04 1.5 x 10710 9
8 0; + N - e” + NO, 5x 10710 9
9 0; + H,0 » e~ + 0, + H,0 5 x 107° X exp(—=5000/T) 3
10 0™+ 0,(a) > e + 05 3x 10710 9
11 0=+ 0,()—>e"+0+0, 6.9 x 10710 9
12 0~ +N,(A)»e +0+N, 22x%x107° 9
13 0" +N,(B) e +0+N, 1.9 x 107° 9
14 0~ +N, » e~ +N,0 10712 3
15 0~ +H, »e” +H,0 7x 10710 3
16 0"+0-e 40, 5x 10710 9
17 0" +N-e +NO 2.6 x 10710 9
18 0" +0,>e +0; 5x 10715 9
19 0~ +NO - e +NO, 2.6 x 10710 9
20 0 4+0;-5e 4+0,+0, 5x 10710 x (T/300)°5 15
21 03 +0-e +0,+0, 3x 10710 9
22 03 +03; »e™ +30, 10-10 3
23 NO~ + CO, — e~ + NO + CO, 83 x 10712 3
24 NO~ 4+ N,0 — e~ + NO + N,0 5.1x 10712 3
25 NO™ + NO —» e~ + NO + NO 5x 10712 3
26 NO; +0 - e™ + NO; 10712 9
27 OH™ +0 - e™ + HO, 4 x 1071 x (T/300)°° 15
28 Cl- +H - e+ HCl 9.3 x 10710 x (T/300)°> 15
Associative and Penning ionization
1 N,(@") + Ny(A) » e” + NJ 1.5 x 10711 3
2 Ny(@*) + Ny(a't) » e” + NJ 10711 3
3 Ny(a') + Np(al) » e~ + NJ 2x10710 3
4 N(?P) + N(®°P) » e~ + NJ 10~ 12
5 N(?P) + 0 » e~ + NO* 10~ 12
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6 N(®P) + N(®D) » e~ + NJ 10712 9
Positive ion chemistry
1 N +N+N, > Ni +N, 9 x 1073 x exp(400/T) 9
2 NJ +0, - 0 + N, 6 x 10711 x (T/300)7%5 9
3 N +0 - NO* +N 1.3 x 1071 x (T/300)7%5 9
4 Ny +0-0"+N, 10711 x (T/300)~02 9
5 Ni+0; >0 +0+N, 10710 9
6 N + N,0 - N,0* + N, 5x 10710 9
7 Nf + N,0 -» NO* + N+ N, 4x 10710 9
8 N3 + NO - NO* + N, 3.3x 10710 9
9 N +N, +N, > Nf +N, 5.2 x 10729 x (T/300)7%2 3
10 NI +N,(A) > NI +N 3x 10710 9
11 N} +N->N*t+N, 24x 107 x T 9
12 N +0, - NOF +N, 44 x 1071 9
13 Nf+0, 503 +N+N, 23 x 1071 9
14 N3 + NO - N,0* + N, 7 X 1071 x (T/300)%5 15
15 N¥ + N,(A) > Nf + N, 3x 10710 3
16 Ni+N->Nf+N, 6.6 x 10711 9
17 N +NO - NO* + N +N, 7 x 10711 9
18 Ni 4+ NO - N,0* + N, 7 x 10711 9
19 Ni+0,->03 +N+N, 23x10™11 3
20 Nf +N; >Nf +N, +N, 2.1 x 10716 x (T/300)°° 15
21 Nf+0,->0f+N,+N, 2.5x 10710 15
22 Nf+0->0"+N,+N, 2.5 x 10710 9
23 Nf+N->N*+N, +N, 10~ 9
24 Nf + NO - NO* + N, + N, 4% 10710 9
25 N* 4+ N, + N, > N¥ + N, 9 x 1073% x exp(400/T) 9
26 N+ +NM>N£“ 10729 9
27 N* + 05 NO* 1072 9
28 N*+0->0"+N 10712 9
29 Nt + 03 - NO* +0, 5x 10710 9
30 N*+0, -5 03 +N 2 x 10710 x (T/300)%5 15
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31 N* + 0, » 03 + N(?D) 8.4 x 10~ x (T/300)°° 15
32 N* +0, > NO*+0 5x 10711 x (T/300)%5 15
33 N* + 0, » NO* + 0('D) 2 x 10710 x (T/300)%5 15
34 N*+0, » 0" + NO 2.8 x 1071 9
35 N* +NO - NO* +N 8 x 10710 9
36 N*+NO->Nf +0 3x 10712 9
37 N* +NO - 0% + N, 10712 9
38 N* + N,0 —» NO* + N, 5.5 x 10710 9
39 0% +0,+0, > 0f +0, 2.4 x 1073% x (T/300)~32 9
40 0% + N, + N, » N,0% + N, 9 x 10731 x (T/300)72 9
4 0% + N, » NO* + NO 4 x 10721 x (T/300)72 16
42 03 +N->NO*+0 1.2 x 10710 9
43 0% + NO - NO* + 0, 4.4 x 10710 9
44 0% + NO, » NO¥ + 0, 6.6 x 10710 9
45 0% + NO, » NO* + 04 10~ 9
46 0% + N,05 » NOF + NO3 + 0, 8.8 x 10710 9
47 0} +0,->03+0,+0, 3.3 %107 x (T/300)* x exp(—5030/T) 9
48 0f + 0,(a) » 03 + 0, + 0, 10-10 9
49 0F + 0,(b) » 03 + 0, + 0, 10710 9
50 0f+0- 03 +0; 3x 10710 9
51 0f + NO -» NO* + 0, + 0, 10-10 9
52 0} + N, » N,0% + 0, 4.61x 10712 x (T/300)%° x exp(—2650/T) 9
53 N,03 + N, - 0F + 2N, 1.1 x 107° X (T/300)753 X exp(—2357/T) 9
54 N,0F +0, » 0 + N, 107° 9
55 N,07% + H,0 - 03(H,0) + N, 4x107° 4
56 0t +05 07 10720 9
57 0* + N5 NO* 1072 9
58 0t*+0,-03+0 2 x 1071 x (T/300)7%4 15
59 0t + N, > NO*+N 1.2 x 10712 x (T/300)"! 15
60 0* + N, SNO* + N 6 x 10729 x (T/300)~2 9
61 0* +NO, » NOJ + 0 1.6 x 107° 9
62 0%t + NO - NO* + 0 24x10711 9
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63 0*+NO -0 +N 3x10712

64 0t +N(®D) > N* +0 1.3x 10710

65 0% +N,0 - N,0* + 0 4x10710

66 0* + N,0 » NO* + NO 2.3 x 10710

67 0* +N,0 - 0} +N, 2x 10711

68 0t +0; - 0% +0, 10710

69 NO% + NO » NO* + NO, 2.9 x 10710

70 N,0% + NO - NO* + N,0 2.9 x 10710

71 NO* + N, + N, = NO*(N,) + N, 2% 10731 x (T/300) %4
72 NO* + 0, + N, » NO*(0,) + N, 3x1073!

73 NO* + 0, + 0, » NO*(0,) + 0, 9 x 10732

74 NO* + 0; - NOY + 0, 10715

75 NO* + N,05 - NOJ + 2NO, 5.9 x 10710

76 O* +H, » OH* +H 1.62 x 1079

77 0t +H,0 -» H,0" +0 2.6 x107°

78 H,0* + 0, - 03 + H,0 3.3x 10710

79 H,0% + NO, — NO} + H,0 1.2x107°

80 H,0* + NO - NO* + H,0 46x107°

81 OH* + 0, —» 03 + OH 3.8x 10710

82 N} + H,0 — H,0* + 2N, 3%x107°

83 Nf + H,0 - H,0% + N, 2.4 x107°

84 N* + H,0 - H,0* + N 2.7x107°

85 H,0* + H,0 — H*(H,0) + OH 1.85 x 1077

86 H,0% + H,0 - H*(H,0) + H 7.6 x 10710

87 H*(H,0) + H,0 > H* (H,0), 4.6 X 10727 x (T/300)~
88 H*(H,0), + HZOB_A, H*(H,0); 8.6 X 10727 x (T/300)~7
89 H*(H,0)5 + H,0 = H*(H,0), 3.6 x 10727 x (T/300)~81
90 H* (H,0), + H,0 = H* (H,0)5 4.6 x 1072% x (T/300)"**
91 H (H,0)5 + H,0 5 H* (H,0)q 5.8 x 1072° x (T/300)7'%3
92 H* (H,0) + H,0 = H* (H,0), 5.74 x 1072° x (T/300)~153
93 H* (H,0), = H* (H,0) + H,0 2.5 x 1072 x (T/300)75 x exp(—15900/T)
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94 H*(H,0)3 1\_/1)H+(H20)2 + H,0 1.2 X 1072 X (T/300)785 x exp(—9800/T) 6
95 H*(H,0), ﬂH+(H20)3 +H,0 1.5 X 1071 x (T/300)7°1 x exp(—9000/T) 6
96 H* (H,0)s — H* (H,0), + H,0 1.7 X 1073 X (T/300)~5 x exp(—6400/T) 6
97 H* (H,0), — H* (H,0)s + H,0 4 %1073 x (T/300)~163 X exp(—5800/T) 6
98 H*(H,0), I\_A>H+(H20)6 +H,0 7.17 X 10™* x (T/300)7163 x exp(—5390/T) 6
99 0} + H,0 - 03 (H,0) + 0, 1.5 x 1079 x (T/300)°5 15
100 0% (H,0) + H,0 - H*(H,0) + OH + 0, 2 x 1071° x (T/300)°5 15
101 0% (H,0) + H,0 » H*(H,0)0H + 0, 1072 x (T/300)°° 15
102 H*(H,0)O0H + H,0 - H*(H,0), + OH 1.4 x 10~° x (T/300)°5 15
103 0 + H,0+ N, » 03 (H,0) + N, 2.5%x 10728 6
104 0% + H,0 4+ 0, —» 0% (H,0) + 0, 2.6 x10728 6
105 NO* + H,0 5 NO* (H,0) 1.8 x 10728 x (T/300)~*7 15
106 NO* (H,0) + H,0 5 NO* (H,0), 10727 x (T/300)~*7 15
107 NO* (H,0), + H,0 5 NO* (H,0)s 10727 x (T/300)~*7 15
108 NO*(H,0); + H,0 - H*(H,0)5 + HNO, 7 x 10711 6
109 NO* + €O, 5 NO*(CO,) 7 x 1073 x (T/300)7 15
110 NO*(CO,) + H,0 — NO*(H,0) + CO, 1079 x (T/300)°5 15
111 NO*(CO,) ]\—/[>NO+ +CO, 6.2 x 1077 x (T/300)~5 x exp(—4590/T) 6
112 NO* (H,0) + CO, - NO* (H,0)(CO,) 7 %1073 x (T/300)7° 15
113 NO*(H,0)(CO,) +—I>{21\(I)O+(H20)2 s co, 10-° x (T/300)°5 15
114 | NO*(H,0), + CO, > NO* (H,0),(CO,) 7 X 1073 x (T/300)~? 15
115 NO*(H,0),(C0O,) + H,0 - NO*(H,0); + CO, 107° x (T/300)73 15
116 NO* (H,0),(CO,) 5 NO* (H,0), + CO, 3.8 x 1076 x (T/300)"5 x exp(—3335/T) 6
117 NO*(H,0)(C0,) M NO*(H,0) + CO, 3.8 X 107° x (T/300)~5 x exp(—4025/T) 6
118 NO* (H,0), + N, — NO* (H,0),(N,) 2% 10731 x (T/300) 7 15
119 NO*(H,0)(N,) + CO, - NO*(H,0)(C0,) + N, 107° x (T/300)°° 15
120 | NO*(H,0),(N,) + CO, » NO*(H,0),(CO,) + N, 107% x (T/300)°° 15
121 NO*(H,0) + N, > NO* (H,0)(N,) 2x 1073 x (T/300)~** 6
122 NO*(H,0)(N,) i NO*(H,0) + N, 6.3 x 1078 x (T/300)5* X exp(—2150/T) 6
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123 NO* (H,0),(N,) = NO* (H,0), + N, 6.3 x 1078 x (T/300)~54 X exp(—1800/T) 6
124 NO*(N,) 4+ CO, - NO*(CO,) + N, 7.99 x 10710 6
125 NO*(N,) + H,0 - NO*(H,0) + N, 2.35x 1072 x (T/300)7%5 + 2.41 x 10710 6
126 NO*(N,) 5 NO* + N, 1.5 x 1078 x (T/300)753 x exp(—2093/T) 6
127 NO*(N,) + 0, » NO* + N, 107° 16
128 NO*(0,) + N, —» NO* + 0, 10° 16
129 H*(H,0) + CO, > H*(H,0)(CO,) 8.5 x 10728 x (T/300)~* 6
130 H*(H,0) + N, = H* (H,0)(N,) 3.5 x 10731 x (T/300)* 6
131 | H*(H,0)(CO,) + H,0 - H*(H,0), + CO, 2.33 X 107° x (T/300) %5 + 2.39 x 1010 6
132 H*(H,0)(CO,) = H*(H,0) + CO, 5.5 x 1073 x (T/300)~5 X exp(—7700/T) 6
133 | H*(H,0)(N,) + CO, » H*(H,0)(CO,) + N, 8.38 x 10710 6
134 H*(H,0)(N,) + H,0 - H*(H,0), + N, 2.6 x107° 6
135 H*(H,0)(N,) - H*(H,0) + N, 1078 x (T/300)~54 x exp(—2800/T) 6
136 H*(H,0), + CO, ﬂH+(H20)2(C02) 8.5 x 10728 x (T/300)~* 6
137 H* (H,0), + N, = H* (H,0),(N,) 3.5 x 10731 x (T/300)~* 6
138 | H*(H,0),(CO,) + H,0 — H*(H,0); + CO, 2.27 x 1072 x (T/300)~%5 + 2.33 x 10~1° 6
139 H* (H,0),(CO,) - H* (H,0), + CO, 1073 x (T/300)"5 x exp(—6200/T) 6
140 H*(H,0),(N,) + CO, » H*(H,0),(C0,) + N, 7.8 x 10710 6
141 H*(H,0),(N,) X[,H+(H20)2 +N, 1.2 X 1078 X (T/300)~>* X exp(—2700/T) 6
Negative ion chemistry
1 e"+0;3-e +0,+0 1078 3
2 0"+0,-05+40 53x 10710 9
3 0-+0,50; 1.1 x 1073° x (T/300)"? 9
4 0" +0,a)—>0;+0 10-10 9
5 0;+0-0"+0, 3.3x 10710 9
6 05 +0,50; 3.5 x 10731 x (T/300)"* 9
7 07 + 03 - 05 + 0, 4 x 10710 9
8 03 +0- 03 +0, 3.2x 10710 9
9 0; 505 +0, 10710 x exp(—1044/T) 9
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10 0; +0- 03 +0, 4x10710 9
11 07 +0 - 0™ + 20, 3 x 10710 9
12 07 + 0,(a) - 03 + 20, 10710 9
13 03 + 0,(b) - 03 + 20, 10710 9
14 0~ +C0,5C0;5 3.1 x 10728 x (T/300)°5 15
15 05 + CO, l\_/l) Co; 4.7x 1072° 6
16 03 + C0, - CO3 + 0, 5.5 x 10710 x (T/300)°5 15
17 07 + CO, - CO;z + 0, 4.3 x 10710 x (T/300)°5 15
18 0~ + NO 5 NO; 1072 9
19 0~ +NO, » NO3; + 0 1.2x107° 9
20 0~ +N,0 - NO~ +NO 2x 10710 9
21 0; + NO, » NO; + 0, 8x 10710 9
22 0; + NO; » NO3 + 0, 5x 10710 9
23 03 + NO - NO; + 0, 2.6 x 10712 9
24 03 +NO > NO3 +0 10711 9
25 03 + NO, » NO; + 05 7 x 10710 9
26 03 + NO, - NO3 + 0, 2x10711 9
27 03 + NO3 » NO3 + 05 5x 10710 9
28 NO~ + 0, - 0; + NO 5x 10710 9
29 NO~ + NO, » NO; + NO 7.4 x 10716 9
30 NO~ + N,0 » NO; + N, 2.8x 1071 9
31 NO; + 0; » NO3 + 0, 1.8x 10711 9
32 NO; + NO, » NO3 + NO 4x 10712 9
33 NO3 + NO; —» NO3 + NO, 5x 10710 9
34 NO3 + NO - NO; + NO, 3x 10715 9
35 NO3 + N,05 » NO3 + NO3 + NO 7 x 10710 9
36 CO3 + 0 — 03 + CO, 1.1 X 1079 x (T/300)%5 15
37 CO3 + NO - NOj3 + CO, 1.1 X 1079 x (T/300)%5 15
38 €03 + NO, —» NO3 + CO, 2 x 1071% x (T/300)°° 15
39 C0; +0 - CO03 + 0, 1.4 x 10710 x (T/300)%5 15
40 CO; + 03 » 03 +CO0, + 0, 1.3 x 10710 x (T/300)%5 15
41 CO; + NO - NO3 + CO, 4.8 x 10711 3
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42 0~ + H,0 5 0~ (H,0) 13 % 10728 3
43 05 + H,0 5 05 (H,0) 2.2x 10728 3
44 05 + H,0 5 05 (H,0) 2.7 x 10728 3
45 0~ (H,0) +0, =» 03 + H,0 6.2x 10711 3
46 0; + HNO; — NO3 + HO, 2.9x107° 3
47 03 (H,0) + NO, - NO3 + H,0 + 0, 9 x 10710 3
48 03 (H,0) + NO —» NO3 + H,0 3.1x 10710 3
49 03(H,0) + 053 - 05 + H,0 + 0, 8 x 10710 3
50 03 (H,0) + CO, -» CO3 + H,0+ 0, 1.8 x 10710 3
51 03 (H,0) + €0, — CO; + H,0 5.8 x 10710 3
52 CO3 + HNO3 - NO3 + OH + CO, 3.51x 10710 3
53 NO3; + H—- OH™ + NO 3 x 10710 x (T/300)%5 15
54 OH™ + 03 » 03 + OH 9 x 10710 x (T/300)%° 15
55 OH- + CO, S HCO;3 7.6 x 10728 x (T/300)°5 15
56 0~ + HCl - CI~ + OH 2 X 107° x (T/300)%5 15
57 03 + HCl - CI~ + HO, 1.6 x 107° x (T/300)°° 15
58 03 + HBr — Br~ + HO, 5.2 x 10710 8
59 CO3 + H - OH™ + CO, 1.7 x 10710 6
60 OH~ + HCl - CI~ + H,0 10-10 8
61 OH™ + HBr - Br™ + H,0 1.5x107° 8
62 NO; + HCl - CI~ + HNO, 1.4 x107° 8
63 NO3 + HCl - CI~ + HNO, 10712 8
64 NO3 + HBr — Br~ + HNO; 3.3x 10710 8
65 CO3 + HCl - CI™ + OH + CO, 3x 10711 7
66 Cl~ + N0, - NO; +Cl 6 x 10712 7
67 Cl~ + HNO5 - NO3 + HCl 1.6 x 107° 8
68 Br~ + HNO; — NO3 + HBr 7.0 x 10710 8
69 Cl~ + 03 - Cl0™ + 0, 5x 10713 8
70 Br~ + 03 —» BrO™ + 0, 5.0 x 10713 8
71 Cl0~ + 05 > CI~ + 20, 6 x 10711 8
72 BrO~ + 05 - Br™ + 20, 6.0 x 10711 8
73 Cl0~ + 03 - 03 + Cl0 + 0, 10711 8
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74 ClI0O™ + NO - NO3 +Cl 29x 10711 8
75 CI™ + H,0 5 CI~(H,0) 2 x 10729 x (T/300)72 8
76 CI=(H,0) 5 I~ + H,0 9.2 X 1076 x (T/300)~3 x exp(—7450/T) 8
77 ClI~(H,0) + H » e~ + HCl + H,0 8x 10711 8
78 Br~+H - e~ + HBr 9.6 x 10710 8
79 Cl- + €0, 5 Cl-(CO,) 6 x 1072° x (T/300)2 8
80 Cl-(co,) S c- + co, 2.6 X 1075 x (T/300)~3 X exp(—4000/T) 8
81 CI- + HCl 5 ¢l (HCl) 1027 6
82 Cl~(H,0) + HCl - CI~(HCI) + H,0 13%x107° 6
83 CI-(HC) 5 ¢~ + Hal 3.33 x 1073 X (T/300)! x exp(—11926/T) 6
Electron-ion recombination
1 e"+NI >N+N 2.8 %1077 x (T/300)7%5 9
2 e~ +Ni > N+ N(D) 2% 1077 x (T/300)7%5 9
3 e +0f>0+0 3.84 x 10~ x (T/300)~7 15
4 e~ + 0} > 0+0(D) 1.13 x 1077 x (T/300)7°7 15
5 e” + 0% - 0('D) + 0('D) 8.88 x 1078 x (T/300)~97 15
6 e +0: 50, 6 x 10727 x (T/300)~L5 9
7 e+ Ni 5N, 6 x 10727 x (T/300)" 9
8 e 4+ NO* 5 NO 6 x 10727 x (T/300)~15 9
9 e~ +N* AN 6 x 10727 x (T/300)~15 9
10 e+ 0" 50 6 x 10727 x (T/300)715 9
11 e +Nf >N, +N, 2 X 107° x (T/300)7%5 9
12 e~ + N} - 2N+ N, 1.4 X 1076 x (T/300)~041 3
13 e"+0f->0,+0, 1.4 X 107° x (T/300)7%5 9
14 e~ + 0} »20+0, 1.7 x 1077 10
15 e"+NO*>N+0 4x 1077 x (T/300)71 9
16 e~ +NO* > N(?D) + 0 3% 1077 x (T/300)"? 9
17 e +N*t >N 4 x 10712 x (T/300) 058 6
18 e +0t -0 3.24 x 10712 x (T/300)~066 6
19 e~ + NO*(N,) » NO + N, 1.3 % 1076 x (T/300)~°5 9
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20 e~ + NO*(0,) » NO + 0, 1.3 X 107° x (T/300)7%5 9
21 e” +N,03 >0, +N, 1.3 x 1076 x (T/300)7%5 9
22 e +NOF > NO+0 2 x 1077 x (T/300)~°5 9
23 e” +N,0t > 0+N, 1.3 x 107¢ x (T/300)7%5 9
24 e +NI > N+N, 3.5 x 1076 x (T/300)~%5 3
25 e” + NI > N+ Ny(A) 4.3 x 1077 x (T/300)~°5 3
26 e~ +Ni > N+ N,(B) 4.3 x 1077 x (T/300)7°° 3
27 e” +H,0t > 0+ 2H 3.05 x 1077 x (T/300)7°5 17
28 e~ +H,0* > OH +H 8.6 x 1078 x (T/300)7%% 17
29 e” +H,0" > 0+H, 3.9 x 1078 x (T/300)~%° 17
30 e"+O0H*>0+H 3.75 x 1078 x (T/300)7°° 17
31 e~ + H*(H,0) - OH + 2H 2.58 x 1077 x (T/300)7°° 17
32 e” +H*(H,0) » H+ H,0 1.08 x 107 x (T/300)7%5 17
33 e~ + H*(H,0) -» OH + H, 6.02 x 1078 x (T/300)7°° 17
34 e~ + H*(H,0) » 0 + H+ H, 5.6 X 107 x (T/300)7°5 17
35 e” + H*(H,0), » H + 2H,0 2.6 X 1076 x (T/300)~°° 6
36 e~ + H*(H,0); » H + 3H,0 3.8x107° x (T/300)7%° 6
37 e~ + H*(H,0), » H + 4H,0 49 x107¢ x (T/300)7°° 6
38 e” + H*(H,0)s —» H + 5H,0 5x 1076 x (T/300)~%° 6
39 e~ + H*(H,0)¢ » H + 6H,0 6.2 x 107¢ x (T/300)7%° 6
40 e~ + H*(H,0); » H + 7H,0 8.27 x 1076 x (T/300)7%5 6
41 e” + H*(H,0)(0OH) » H + H,0 + OH 1.5 x 1076 x (T/300)7%5 6
42 e~ + H*(H,0)(CO,) - H + H,0 + CO, 2 x 1076 x (T/300)7°° 6
43 e~ + H*(H,0),(C0O,) » H + 2H,0 + CO, 3 X 107° x (T/300)7%5 6
44 e” + H*(H,0)(N,) » H+ H,0 + N, 1.5 x 1076 x (T/300)7%5 6
45 e + H*(H;0),(N,) » H+ 2H,0 + N, 1.5 x 107® x (T/300)7%° 6
46 e~ + 03(H,0) » H,0 + 0, 2 X 107° x (T/300)7%5 6
47 e~ + NO*(H,0) —» NO + H,0 1.5 x 1076 x (T/300)7%5 6
48 e~ + NO*(H,0), - NO + 2H,0 2 X 107° x (T/300)7%5 6
49 e~ + NO*(H,0); —» NO + 3H,0 2 X 107° x (T/300)7%5 6
50 e” + NO*(CO,) — NO + CO, 1.5 x 1076 x (T/300)7%5 6
51 e~ + NO*(H,0)(CO,) » NO + H,0 + CO, 2 x 1076 x (T/300)7%° 6
52 | e~ + NO*(H,0),(C0O,) = NO + 2H,0 + CO, 2 x 1076 x (T/300)7°° 6
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53 e~ + NO*(H,0)(N,) » NO + H,0 + N, 2 X 107° x (T/300)7%5 6
54 e” + NO*(H,0),(N,) = NO + 2H,0 + N, 2 x 1076 x (T/300)~°5 6
lon-ion recombination

A" +B*>A+B 2 x 1077 x (T/300)~°°
1 | ForA- =[0-,03,03,NO~,NO;,NOz] 9
And B* = [0%,03,N*,NJ,NO*,NO},N,0%]
A"+ (BOt*—>A+B+C 1077
2 | For A~ =[07,03,03,NO~,NO;,NO3] 9
And (BC)* = [0F,NF,NO*,NO},N,0%, N3, Nf,NO*(N,), NO*(0,),N,03]
03 + A* -20, + A 1077
3 9
For A* = [0*,0F,N*,Nj,NO*,NO,N,0%]
0; + (AB)* 20, + A+ B 1077
* For (AB)* = [N§,NJ,0%,NO*(N,),NO*(0,),N,0%] ’
A +B*SA+B 2 x 10725 x (T/300)72%
5 [ ForA-=[0-,0;] 9
And B* = [0%,03,N*,N},NO*]
A" +B*SAB 2 x 10725 x (T/300)7%°
6 | ForA-=0; 9
And Bt = [0*,N*,NO*]
A~ +B* 5 AB 2 X 10725 x (T/300)72°
7 |ForA-=0" 9
And B* = [0%,0F,N*,NJ,NO*]
8a X" 4+YF-X+Y 6 x 1078 x (T/300)05 1
8b X~ Y S x4y 1.25 X 10725 x (T/300)~* 1
For all X~/Y* combinations not included in 1-7
Neutral chemistry
1 N+0, >NO+0 1.5 X 10711 x exp(—3600/T) 14
2 N +05; - NO + 0, 10716 14
3 N+NO—->N,+0 2.1 x 10711 x exp(—100/T) 14
4 N+ NO, » N,0+0 3 x 10712 9
5 N + NO, —» NO + NO 23x 10712 9
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6 N +NO, > N, + 20 9.1x 10713 9
7 N+NO, - N, + 0, 7 x 10713 9
8 N+NSN, 8.27 x 1073* x exp(500/T) 9
9 N+035No 1.76 x 10731 x T~05 9
10 0+0; >0, +0, 8 x 10712 X exp(—2060/T) 14
11 0+ NO, - NO + 0, 5.1 X 10712 x exp(210/T) 14
12 0+ NO; - NO, + 0, 10-11 14
13 0+0+N,—>0,+N, 2.76 X 10734 X exp(720/T) 15
14 0+0+0,-0,+0, 3.81 x 10733 x (T/300)~0-63 15
15 040,50, 6 x 10734 x (T/300)~24 14
16 0 + NO 5 NO, 9 x 10732 x (T/300)~L5 14
17 0+0;+0, > 0;+0;+0, 1.5 x 10734 X exp(750/T) 3
18 04+0+0,-50,+05;+0 2.15 x 1073* x exp(345/T) 3
19 0+ NO, = NO, 2.5 x 10731 x (T/300)~18 14
20 0+ NO - NO, 3.02 x 10711 x (T/300)~075 3
21 NO + NO; — NO, + NO, 1.5 x 1011 X exp(170/T) 14
22 NO + 0; - NO, + 0, 3 x 10712 X exp(—1500/T) 14
23 NO, + 0; - NO; + 0, 1.2 X 10713 X exp(—2450/T) 14
24 NO, + NO; - NO + NO, + 0, 2.3 x 10713 X exp(—1600/T) 9
25 NO, + NO; 5 N,0¢ 2.4 x 1073% x (T/300)~3 14
26 NO; + NO; - NO, + NO, + 0, 8.5 x 1013 x exp(—2450/T) 14
27 H+ 0, 5 HO, 4.4 x 10732 x (T/300)~13 14
28 H+H, + 0, - HO, + H, + 0, 5.79 x 10732 x (T/300)~08 3
29 H + OH > H,0 6.88 x 10731 x (T/300)"2 3
30 H+ NO, - NO + OH 2.2 X 10710 x exp(—182/T) 3
31 H+ 0; - OH(v) + 0, 1.4 x 10710 X exp(—470/T) 15
32 0+ HO, —» OH(v) + 0, 3x 10711 x (1.-0.52) 18
33 0+ HO, - OH + 0, 3 x 10711 x exp(200/T) 14
34 OH(v) + 0 > H+ 0, 2.5 x 10710 x (T/300)°5 15
35 OH(v) > OH 10713 x (T/300)°5 15
36 H+0; - HO, + 0 7.5 % 10713 3
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37 H + HO, - OH + OH 7.2 x 10711 14
38 H + HO, - 0 + H,0 1.6 x 10712 14
39 H+ HO, - H, + 0, 6.9 x 10712 14
40 H + NO; - NO, + OH 5.8 x 10719 X exp(—750/T) 3
41 OH + OH - H,0 + 0 1.8 x 10712 14
42 OH+0->H+0, 1.8 x 10~1 x exp(180/T) 14
43 OH + H, - H,0 + H 2.8 x 10712 X exp(—1800/T) 14
44 OH + 05 — HO, + 0, 1.7 X 10712 x exp(—940/T) 14
45 OH + HO, - H,0 + 0, 4.8 x 10~ x exp(250/T) 14
46 OH + HNO, — H,0 + NO, 1.8 x 1071 x exp(—390/T) 3
47 OH+N-NO+H 3.92 x 10~ x exp(72.3/T) 3
48 OH + NO 5 HNO, 7.4 x 10731 x (T/300)724 3
49 OH + NO,, 5 HNO, 1.8 X 1073 x (T/300)73 14
50 OH + NO; - HO, + NO, 22x10°11 3
51 OH + HNO; - H,0 + NO; 7.2 x 10715 x exp(785/T) 3
52 OH + HO, - H,0 + 0, 1.7 x 1071 x exp(416/T) 15
53 HO, + 0; » OH + 0, + 0, 1x 107 x exp(—490/T) 14
54 HO, + NO - NO, + OH 3.3 x 10712 X exp(270/T) 14
55 HO, + NO, - HNO, + 0, 5x 10716 14
56 HO, + NO; — HNO; + 0, 9.21x 10713 3
57 HO, + N - OH + NO 219 x 101 3
58 N,0s5 + H,0 - HNO; + HNO, 5x 10719 3
59 N,O5 + 0 — N, + 30, 3% 10716 x (T/300)°5 3
60 HNO, + 0 - OH + NO, 10712 x exp(—2000/T) 3
61 HNO, + NO; — HNO; + NO, 2% 10715 3
62 H + NO 35 HNO 7.32 x 10732 x (T/300) 1318 x exp(—184.3/T) 3
63 HO, + NO - 0, + HNO 9.1 x 10719 x (T/300) X exp(2819/T) 3
64 HNO + H - H, + NO 2.35 x 1071 x (T/300)%%* x exp(—249/T) 3
65 HNO + OH - H,0 + NO 1.26 x 10711 x (T/300)%%° x exp(—334.2/T) | 3
66 OH + OH 3 H,0, 6.9 x 10731 x (T/300) 14
67 HO, + HO, - H,0, + 0, 3 x 10713 x exp(460/T) 14
68 HO, + HO, = H,0, + 0, 2.1 x 10733 X exp(920/T) 14
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69 H,0, + H - H,0 + OH 4 x 10711 x exp(—2000/T) 3
70 H,0, + H - HO, + H, 8 x 1071 x exp(—4000/T) 3
71 H,0, + OH - HO, + H,0 1.8x 10712 14
72 H,0, + 0 - HO, + OH 1.79 x 10713 x (T/300)%92 x exp(—1394/T) | 3
73 H,0, + NO; — HO, + HNO; 41x10716 3
74 Cl+0; - CI0+ 0, 2.3 x 107 x exp(—200/T) 14
75 Cl + H,0, - HCl + HO, 1.1 x 10711 X exp(—980/T) 14
76 Cl+H, - HCl + H 3.05 x 1071 x exp(—2270/T) 14
77 Cl+ HO, - HCI + 0, 1.4 x 10711 x exp(270/T) 14
78 Cl + HO, - ClO + OH 3.6 X 10711 x exp(—375/T) 14
79 Clo+0 - Cl+0, 2.8 x 10~ x exp(85/T) 14
80 ClO + HO, — HOCI + 0, 2.6 X 10710 x exp(290/T) 14
81 ClO + NO - CI + NO, 6.4 x 1012 x exp(290/T) 14
82 Clo + NO, 5 CIONO, 1.8 X 1072% x (T/300) 34 14
83 CIONO, + O — CIO + NO; 3.6 X 10710 x exp(—840/T) 14
84 ClO + OH — CI + HO, 7.4 x 10712 X exp(—270/T) 14
85 ClO + OH — HCl + 0, 6 x 10713 X exp(—230/T) 14
86 HCI + OH — HCl + 0, 1.8 X 10712 x exp(—250/T) 14
87 HCI + 0 — Cl + OH 1071 x exp(—3300/T) 14
88 clo + clo 5 c1,0, 1.9 X 10730 x (T/300) 73 14
89 HOCI + OH — CIO + H,0 3 x 10719 x exp(—500/T) 14
90 HOCI + 0 — CIO + OH 1.7 x 10711 14
91 Cl + CH, — HCI + CHj 7.1 x 10710 x exp(—1270/T) 14
92 BrO + HO, — HOBr + 0, 4.5 x 10710 x exp(460/T) 14
93 BrO + NO, — BrONO, 5.4 x 10729 x (T/300) 73 14
94 BrONO, + 0 — BrO + NO; 1.9 x 1079 x exp(215/T) 14
95 Br + CH,0 — HBr + CHO 1.7 X 1079 x exp(—800/T) 14
96 BrO + ClO — Br + OCIO 9.5 x 107! x exp(550/T) 14
97 BrO + ClO — Br + Cl + 0, 2.3 % 10710 x exp(260/T) 14
98 BrO + CIO — BrCl + 0, 4.1 x 101 x exp(290/T) 14
99 BrO + BrO - 2Br + 0, 1.5 X 10719 x exp(230/T) 14
100 HBr + 0 - Br + OH 5.8 X 10~1% X exp(—1500/T) 14
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101 Br, + OH — Br + HOBr 2.1 X 1079 x exp(240/T) 14
102 CO + OH - H + CO, 1.505 x 10~11 14
103 OH + CH, — H,0 + CH; 2.45 x 10710 x exp(—1775/T) 14
104 0, + CH; > CH;0, 4% 1072° x (T/300)™%7 14
105 0 + CH; — CH,0 1.1x 1078 14
106 NO + CH;0, — NO, + CH50 2.8 x 10719 x exp(300/T) 14
107 HO, + CH;0, — 0, + CH;00H 4.1 x 10711 x exp(750/T) 14
108 CH;0, + CH30, - CH;0 + CH30 + 0, 9.5 X 10712 x exp(390/T) 14
109 CH;0 + 0, —» HO, + CH,0 3.9 x 10712 x exp(—900/T) 14
110 OH + CH300H - H,0 + CH50, 3.8 x 1071% x exp(200/T) 14
111 OH + CH,0 — H,0 + CHO 5.5 x 1071% x exp(125/T) 14
112 0 + CH,0 — OH + CHO 3.4 x 1072 x exp(—1600/T) 14
113 CHO + 0, — HO, + CO 5.2 % 10710 14
114 03 + CH; — CH304 5.4 x 10719 x exp(—220/T) 14
115 HO, + CH,0 — H,0, 6.7 x 10713 x exp(600/T) 14
116 NO, + CH;0, - HNO + CH,0 1x 1078 x (T/300)~*® 14
117 N(*D)+ 0, > NO+0 1.5 x 10712 x (T/300)°5 9
118 N(?D) + 0, » NO + 0(*D) 6 X 10712 x (T/300)%5 9
119 N(D) + N, > N+N, 6x 10715 9
120 N(?D) + 0 » N + 0(*D) 4 x 10713 x (T/300)%5 15
121 N(?D)+0—->N+0 4.5 x 10713 x (T/300)°5 15
122 N(?D) + N,0 - NO + N, 3.5x 10712 3
123 N(®D) + NO > N, + 0 1.8 x 10710 3
124 N(®D) + NO — N,0 6 x 10711 9
125 N(*P) + 0, - NO + 0 2.6 x 10712 9
126 N(?P) + N, » N(*D) + N, 2 x 10718 9
127 N(?*P) + N - N(*D) + N 1.8 x 10712 9
128 N(?P) + NO - 0 + N, 3x 10711 3
129 0('D) + N, » 0 + N, 2.15 x 10~ x exp(110/T) 14
130 0(*D)+ 0, > 0+0, 3.3 x 107 x exp(55/T) 14
131 0('D) + 0, » 0 + 0,(a) 3.3 x 10~ x exp(55/T) 14
132 0('D) + 0, » 0 + 0,(b) 3.3 x 10~ x exp(55/T) 14
133 0(*D) + 053 - 20 + 0, 2.4 x 10710 14
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134 0(*D) + 0; » 0, + 0, 2.4 x 10710 4
135 0('D) + 05 —» 0 + 04 2.4 x 10710 14
136 0(*D) + N,O - NO + NO 1.19 x 10710 x exp(20/T) 14
137 0(*D) + N,0 —» N, + 0, 1.19 x 10710 x exp(20/T) 14
138 0(*D) + N,0 - 0 + N,0 1.19 x 10710 x exp(20/T) 14
139 0(*D) + NO -» N + 0, 1.7 x 1010 9
140 0(*D) + NO, —» NO + 0, 3x10°10 3
141 0('D) + H,0 — OH + OH 1.63 X 10710 x exp(60/T) 14
142 0(*D) + H,0 - H, + 0, 1.63 X 10710 x exp(60/T) 14
143 0(*D) + H, > OH+H 1.2 x 10710 14
144 0(*D) + H,0, » H,0 + 0, 5.2 x 10710 3
145 0('D) + CH, — OH + CH,4 1.75x 1078 14
146 0(*D) + CH, - H + CH;0 1.75x 1078 14
147 0(*S) + H,0 - OH + OH 5x 10710 3
148 0(*S) + H,0 » H, + 0, 5x 10710 3
149 0(*S) + H,0 » 0 + H,0 3x 10710 3
150 0(*S)+ 0, > 0+0, 4.3 x 10712 x exp(—850/T) X 0.69 9
151 0(*S) + 0, » 0(*D) + 0, 4.3 x 10712 x exp(—850/T) x 0.31 15
152 0(*'S)+N, > 0+N, 5x 10" 15
153 0(*S) + 03 > 0(*D) + 0 + 0, 2.9x 10710 9
154 0(*S) + 03 - 0, + 0, 2.9 x10°10 9
155 0(*'S)+0-0(*D)+0 5x 10711 x exp(—301/T) 9
156 0(*'S)+NO—>NO+0 1.8 x 10710 9
157 0('S) + NO - 0(*D) + NO 3.2x 10710 9
158 0(*S) + N,0 -» N,0 + 0 6.3 x 10712 9
159 0(*S) + N,0 - 0(*D) + N,0 3.1x10712 9
160 0(%S) 4 0,(a) = O(*D) + 0,(b) 3.6x 10711 9
161 0(*'S)+0,(@) >0+0+0 34x1071 9
162 0,(a) + N, > N, + 0, 1.4 x 1071 3
163 0,(a)+0, > 0, +0, 3.6 X 10718 x exp(—220/T) 14
164 0,(a)+0->0+0, 7 x 10716 9
165 0,(a) +N->0+NO 2 x 1071* x exp(—600/T) 9
166 0,(a) + NO - 0 + NO, 4,88 x 10718 3
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167 0,(a) + NO - NO + 0, 248 x 10717 18
168 0,(a) + 05 > 0(*D) + 0, + O, 5.2 X 1071 x exp(—2840/T) 15
169 0,(a)+03;>0+0,+0, 5.2 x 10711 x exp(—2840/T) 14
170 0,(a) + 05(a) + 0, > 05 + 03 + 0, 10731 x (T/300)%5 15
171 0,(a) + H,0 - H,0 + 0, 3x 10718 3
172 0,(b) + N, » N, + 0,(a) 1.8 x 10715 x exp(45/T) 14
173 0,(b) + 0; = 0, + 0,(a) 3.73 x 10710 x (T/300)%* x exp(—241/T) 3
174 0,(b) + 0 > 0, + 0,(a) 8 x 10714 9
175 0,(b) + 0 - O(*D) + 0, 3.39 X 107 x (T/300)7% x exp(—4201/T) 9
176 0,(b) + 0; > 20,(a) + O 3.5 x 107! x exp(—135/T) 14
177 0,(b) + NO - 0,(a) + NO 4% 1071 9
178 0,(b) + H,0 - H,0 + 0, 3.9 x 10712 x exp(125/T) 14
179 N,(A) + N, » N, + N, 3x 10718 9
180 N;(A) + 0, » N, + 20 1.63 x 10712 x (T/300)%55 15
181 N,(A) + 0, > N,0+ 0 7.8 x 10714 9
182 N,(A) + 0, » N, + 0,(a) 1.29 x 10712 15
183 N,(A) + 0, > N, + 0,(b) 1.29 x 10712 15
184 N,(A) + 0 > 0(*S) + N, 2.1x 10" 9
185 N;(A) + 0 - N(*D) + NO 7 x 10712 9
186 N;(A) + N > N(?P) + N, 5x 10711 9
187 N,(A) + N> N, + N 2x 10~ 3
188 N,(A) + NO -» N, + NO 7x10"1 9
189 N,(A) + N,0 - N, + N + NO 10~ 9
190 N,(A) + N,(A) > N,(B) + N, 3 x 10710 x (T/300)%5 15
191 N, (A) + N, (A) » N,(C) + N, 1.5 x 1071 x (T/300)°5 15
192 N,(A) + H,0 > H+ OH + N, 5x 10714 3
193 N;(A) + 0,(a) » N (B) + 0 10710 x (T/300)%5 15
194 N,(B)+0,->N,+0+0 3x 10710 9
195 N,(B) + N; > N, (A) + N, 3x1071 3
196 N,(B) +N; = N, + N, 2 x 10712 3
197 N,(B) + NO - N, (A) + NO 2.4 x 10710 9
198 N + N = N, (B) 2.4 x 10733 x (T/300)%5 15
199 N,(C) + 0, > 0(*S) + 0 + N, 3 x 10710 9
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200 N,(C) + N, - N,(a'}) + N, 1011
201 N,(@)+0, >N, +0+0 2.8x 10711
202 N,(a!) + N, - N,(B) + N, 4x10715
203 N,(@)+NO—>N, +N+0 3.6 x 10710
204 Ny(@a)+0, >N, +0+0 2.8x 10711
205 Nz(al) + Nz d Nz + Nz 2 X 10_13
206 Ny(@a) +NO > N, + N+ 0 3.6 x 10710
207 N,(a!) + H,0 > N, + OH+ H 5x 10714
h
208 0,50+0 f (hv)
hv
209 0;->0,+0 f(hv)
hv
210 0; -0, + 0(*D) f(hw)
hv
211 NO—>N+0 f(hv)
hv
212 NO, -»NO +0 f(hv)
hv
213 NO; - NO, + 0 f(hv)
h
214 HNO; — NO, + OH f(hv)
h
215 N,0 = 0('D) + N, f(hv)
216 Y h
N,05 — NO, + NO; f(hv)
h
217 N,05 - 0 + NO + NO, f(hv)
hv
218 H,0—>H + OH f(hv)
hv
219 HO, >0 + OH f(hv)
h
220 H,0, 5 OH + OH f(hv)
hv
221 HCl—H + Cl f(hv)
hv
222 Clo—>Cl+0 f(hv)
h
223 HO,NO, — HO, + NO, f(hv)
h
224 HO,NO, — OH + NO f(hv)
hv
225 HOCl = OH + Cl f(hv)
hv
226 HOBr — OH + Br f(hv)
h
227 CIONO, = CI + NO; f (hv)
h
228 BrONO, — Br + NO; f (hv)
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h
229 Cl,0, > 2C1 + 0, f (hv) 2
hv
230 Cl, > Cl+Cl f(hv) 2
231 CINO, 25 Cl + NO, f(hv) 2
232 0C10™3 clo + 0 f(hv) 2
h
233 BrONO, — BrO + NO, f (hv) 2
hv
234 BrO—-Br+0 f(hv) 2
hv
235 BrCl - Cl 4+ Br f(hv) 2
h
236 CH;00H = OH + CH50 f (hv) 2
237 CH,0 5 CHO + H f(hv) 2
h
238 CH,0 > H, + CO f (hv) 2
hv
239 CH, - H + CH, f(h) 2
h
240 Cl,0, - ClO + CIO f (hv) 2
Radiative de-excitation
1 0('D) -» 0 + hv 9.1x 1073 15
2 0('S) -» 0(*D) + hv 1.43 15
3 0,(a) » 0, + hv 2.22%x107* 15
4 0,(b) » 0, + hv 7.7 x 1072 15
5 OH(v) -» OH + hv 218 15
6 N,(B) - N,(A) + hv 1.5 x 105 9
7 N,(C) » N,(B) + hv 3 x 107 9
8 N,(a!) » N, + hv 8.55 x 103 3
9 N(2D) - N + hv 1.06 x 1075 13
10 N(2P) - N(°D) + hv 7.9 x 1072 13
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ANNEX 2

Cross-section data

The cross-sections used for the calculations of reaction rate coefficients during

electric-field-driven processes with the BOLSIG+ solver are listed below.

lonization

e+ N, - NJ +2e 2] e+N, > NT+ N+ 2e 23] e+ N, > NT+NCED) + 2e 6]
threshold energy: 15.6 eV ’ threshold energy: 30 eV ’ threshold energy: 30 eV’
Energy (eV) Cross section (m?) Energy (eV) Cross section (m?) Energy (€V) Cross section ()
15.6 0.0000e+0 205 0.000000e+0 m 5730000533
16 1.9500e-22 30 3.250000e-22
16.5 4.2800e-22 35 9.040000e-22 33 2.050000e-22
17 6.6000e-22 40 1.660000e-21 36 3.750000e-22
17.5 9.1100e-22 45 2.450000e-21 30 5.400000e-22
18 1.2000e-21 50 3.190000e-21 2 = 850000023
18.5 1.5160e-21 55 3.900000e-21
19 1.8410e-21 60 4.380000e-21 15 9-600000-22
19.5 2.1300e-21 65 4.820000e-21 50 1.350000e-21
20 2.5020e-21 70 5.230000e-21 55 1.700000e-21
21 3.1810e-21 75 5.610000e-21 60 1.950000e-21
22 3.8690e-21 80 5.870000e-21 70 2.350000e-21
23 4.5570e-21 g5 6.050000e-21 m > 65000021
25 5.9240e-21 90 6.320000e-21
30 9.5790e-21 95 6.450000e-21 o0 2:900000e-21
34 1.1718e-20 100 6.560000e-21 100 3.050000e-21
45 1.6461e-20 110 6.600000e-21 120 3.150000e-21
60 2.0181e-20 120 6.610000e-21 140 3.100000e-21
75 2.2134¢-20 140 6.520000e-21 160 3030000021
100 2.3436e-20 160 6.330000e-21
150 2.2692e-20 180 5.950000e-21 180 2:920000e-21
200 2.1018e-20 200 5.660000e-21 200 2.800000e-21
300 1.7763e-20 225 5.160000e-21 250 2.480000e-21
500 1.3485e-20 250 4.930000e-21 300 2.220000e-21
700 1.0788e-20 275 4.580000e-21 350 1.980000e-21
1000 8.5560e-21 300 4.380000e-21 700 1530000021
1500 7.4400e-21 350 3.930000e-21

400 3.510000e-21

450 3.240000e-21

500 2.990000e-21

550 2.740000e-21

600 2.480000e-21

650 2.340000e-21

700 2.170000e-21

750 2.050000e-21

800 2.000000e-21

850 1.920000e-21

900 1.830000e-21

950 1.760000e-21

1000 1.670000e-21
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148

e+ 0y, — 05 +2e (5] e+0, > 0" +0+ 2e 5]
threshold energy: 13 eV ] threshold energy: 23 eV ]
Energy (eV) Cross section (m?) Energy (eV) Cross section (m?)
13 1.1700e-22 23 1.670000e-22
15.5 7.3000e-22 28 7.810000e-22
18 1.6400e-21 33 1.690000e-21
23 3.6600e-21 38 2.580000e-21
28 5.6300e-21 43 3.330000e-21
33 7.5800e-21 48 4.190000e-21
38 9.2900e-21 53 4.900000e-21
43 1.0800e-20 58 5.530000e-21
48 1.1900e-20 63 6.210000e-21
53 1.2900e-20 68 6.790000e-21
58 1.3600e-20 73 7.170000e-21
63 1.4200e-20 78 7.510000e-21
68 1.4700e-20 83 8.010000e-21
73 1.5000e-20 88 8.270000e-21
78 1.5100e-20 03 8.550000e-21
83 1.5300e-20 08 8.710000e-21
88 1.5500e-20 108 9.000000e-21
93 1.5600e-20 118 9.100000e-21
98 1.5600e-20 138 9.130000e-21
108 1.5400e-20 158 9.050000e-21
118 1.5300e-20 178 8.910000e-21
138 1.5000e-20 198 8.040000e-21
158 1.4800e-20 223 8.300000e-21
178 1.4300e-20 248 7.940000e-21
198 1.3900e-20 273 7.550000e-21
223 1.3700e-20 208 7.210000e-21
248 1.3100e-20 348 6.590000e-21
273 1.2400e-20 398 6.110000e-21
208 1.2000e-20 448 5.620000e-21
348 1.1300e-20 498 5.260000e-21
398 1.0500e-20 548 4.870000e-21
448 9.8300e-21 598 4.570000e-21
498 9.2300e-21 648 4.320000e-21
548 8.8200e-21 698 4.150000e-21
598 8.2700e-21 748 3.880000e-21
648 8.0000e-21 798 3.690000e-21
698 7.6100e-21 848 3.550000e-21
748 7.2000e-21 898 3.360000e-21
798 6.8600e-21 048 3.260000e-21
848 6.7100e-21 098 3.170000e-21
898 6.4300e-21

948 6.1700e-21

998 5.9700e-21
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Attachment
et+0,—-0"+0 (1]
threshold energy: 5.38 eV
Energy (eV) Cross section (m?)
4.4 0.0000e+0
4.9 0.0000e+0
5.38 2.3000e-23
5.86 7.2000e-23
6.1 1.0800e-22
6.48 1.3800e-22
6.77 1.5200e-22
7.05 1.5600e-22
7.3 1.4800e-22
7.53 1.3100e-22
7.77 1.1000e-22
8 8.4000e-23
8.25 5.4000e-23
8.73 2.8000e-23
9.2 1.4000e-23
0.68 8.0000e-24
10.15 8.0000e-24
11.35 8.0000e-24
10000 0.0000e+0
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Dissociation
e+N, - N+N+e (4] e+N, > N+ND)+e 53] e+N, = N+NEP)+e 5]
threshold energy: 13.5 eV threshold energy: 13.5 eV threshold energy: 14.5 eV
Energy (eV) Cross section (m?) Energy (eV) Cross section (m?) Energy (eV) Cross section (m?)
13.5 4.000000e-22 13.5 4.000000e-22 14.5 2.200000e-22
14 8.600000e-22 14 8.600000e-22 15 3.500000e-22
14.5 1.250000e-21 14.5 1.250000e-21 15.5 5.400000e-22
15 1.670000e-21 15 1.670000e-21 16 8.000000e-22
15.5 2.040000e-21 15.5 2.040000e-21 17 1.270000e-21
16 2.420000e-21 16 2.420000e-21 18 1.830000e-21
17 3.120000e-21 17 3.120000e-21 19 2.380000e-21
18 3.750000e-21 18 3.750000e-21 20 2.900000e-21
19 4.370000e-21 19 4.370000e-21 22 3.920000e-21
20 4.910000e-21 20 4.910000e-21 24 4.780000e-21
22 5.850000e-21 22 5.850000e-21 26 5.560000e-21
24 6.670000e-21 24 6.670000e-21 28 6.220000e-21
26 7.350000e-21 26 7.350000e-21 30 6.750000e-21
28 7.820000e-21 28 7.820000e-21 33 7.220000e-21
30 8.230000e-21 30 8.330000e-21 36 7.570000e-21
33 8.730000e-21 33 8.940000e-21 39 7.770000e-21
36 9.120000e-21 36 9.500000e-21 42 7.900000e-21
39 9.420000e-21 39 9.960000e-21 45 8.000000e-21
42 9.700000e-21 42 1.050000e-20 50 8.100000e-21
45 9.900000e-21 45 1.090000e-20 55 8.070000e-21
50 1.020000e-20 50 1.160000e-20 60 8.050000e-21
55 1.030000e-20 55 1.200000e-20 70 7.950000e-21
60 1.040000e-20 60 1.240000e-20 80 7.700000e-21
70 1.060000e-20 70 1.300000e-20 90 7.420000e-21
80 1.080000e-20 80 1.350000e-20 100 7.170000e-21
90 1.070000e-20 920 1.360000e-20 120 6.630000e-21
100 1.050000e-20 100 1.360000e-20 140 6.220000e-21
120 1.010000e-20 120 1.330000e-20 160 5.850000e-21
140 9.600000e-21 140 1.270000e-20 180 5.530000e-21
160 9.100000e-21 160 1.210000e-20 200 5.250000e-21
180 8.650000e-21 180 1.160000e-20 250 4.700000e-21
200 8.230000e-21 200 1.100000e-20 300 4.300000e-21
250 7.250000e-21 250 9.730000e-21 350 3.950000e-21
300 6.500000e-21 300 8.720000e-21 400 3.700000e-21
350 5.850000e-21 350 7.830000e-21
400 5.320000e-21 400 7.150000e-21
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et+0,-0+0+e
threshold energy: 6.12 eV

(6]

e+0,-0+0(S)+e
threshold energy: 15.6 eV

(7]

Energy (eV) Cross section (m?) Energy (eV) Cross section (m?)
6.12 0.000000e+0 16 3.500000e-23
13.5 2.200000e-21 20 9.200000e-23
18.5 5.290000e-21 24 1.260000e-22
21 5.650000e-21 28 1.470000e-22
23.5 5.250000e-21 32 1.610000e-22
28.5 5.870000e-21 36 1.730000e-22
33.5 6.630000e-21 40 1.820000e-22
38.5 6.100000e-21 45 1.920000e-22
48.5 5.340000e-21 50 1.970000e-22
58.5 4.440000e-21 60 2.040000e-22
73.5 3.660000e-21 70 2.070000e-22
98.5 3.310000e-21 80 2.080000e-22
148.5 2.960000e-21 90 2.060000e-22
198.5 2.910000e-21 100 2.040000e-22
120 1.980000e-22
e+0,—-0+0(D)+e o 140 1.900000e-22
threshold energy: 8.4 eV 1 160 1.820000e-22
Energy (eV) Cross section (m?) 180 1.750000e-22
8.4 0.000000e+0 200 1.670000e-22
9.4 1.000000e-20 250 1.530000e-22
30 1.200000e-20 300 1.390000e-22
50 1.170000e-20 350 1.260000e-22
100 9.400000e-21 400 1.160000e-22
1000 0.000000e+0 450 1.080000e-22
1100 0.000000e+0 500 1.020000e-22
600 9.200000e-23
700 8.200000e-23
800 7.500000e-23
900 6.900000e-23
1000 6.500000e-23
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Excitation
e+N, = N;(4) +e e+N, = N>(B)+e e+N; = Np(C) +e
threshold energy: 6.17 eV 1] threshold energy: 7.35 eV (1] threshold energy: 11.03 eV [1]
Energy (eV) Cross section (m?) Energy (eV) Cross section (m?) Energy (V) | Crosssection (m?)
51 50000510 735 0.0000e+0 11.03 0.0000e+0
8 3.6200e-22 11.5 2.7000e-22
7 1.0000e-23 9 9.3800e-22 12 5.2000e-22
7.8 2.8000e-23 10 1.5080e-21 125 1.3100e-21
8.5 4.3000e-23 11 1.8630e-21 13 2.9000e-21
9 5.70008-23 12 2.0030e-21 13.5 4.9000e-21
10 8.2000e-23 13 1.9900e-21 13.8 6.2000e-21
11 1.0000e-22 14 1.8160e-21 14 6.5000e-21
B 13000032 15 1.6150e-21 14.2 6.4000e-21
= 000033 16 1.4470e-21 145 6.3000e-21
17 1.3070e-21 15 5.5000e-21
14 1.4000e-22 18 1.19908-21 16 4.3000e-21
16 1.5000e-22 20 1.1120e-21 17 3.5000e-21
17 1.5000e-22 22 9.5100e-22 18 3.0000e-21
18 1.4000e-22 26 §.0400e-22 19 2.7000e-21
20 1.2000e-22 30 6.7700e-22 20 2.5000e-21
> T 0000022 34 5.6300e-22 22 2.1000e-21
40 4.2900e-22 24 1.7700e-21
b §.9000e-23 30 2.6800e-22 26 1.5000e-21
26 7.6000e-23 70 5.70002-23 28 1.2800e-21
30 5.9000e-23 150 0.0000e+0 30 1.1100e-21
34 4.9000e-23 36 7.8000e-22
40 3.9000e-23 40 6.3000e-22
50 3.4000e-23 50 3.9000e-22
70 7.0000e-24 70 1.5000e-22
5 5300050 100 1.5000e-23
150 0.0000e+0
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e+N, = Ny(al)+e

e+ 0, = 0;(a)+e

threshold energy: 8.55 eV 1] threshold energy: 0.977 eV (1
Energy (eV) Cross section (m?) Energy (eV) Cross section (m?)
8.55 0.0000e+0 0.977 0.0000e+0
5 13700022 1.5 5.8000e-23
14 1.4740e-21 2 1.5300e-22
15 1.7150e-21 2 2.8000¢-22
— —Te0oa] 3.5 4.9000e-22
4 5.7000e-22
17 2.0230e-21 5 e
18 1.9900e-21 5.62 3.2500e-22
19 1.9230e-21 5.01 8.6200e-22
20 1.8490e-21 6.19 8.8800e-22
24 1.6210e-21 6.53 9.0800e-22
26 1.5280e-21 6.99 9.1400e-22
30 1.3670e-21 7.61 8.9100e-22
40 1.0650e-21 7.89 8.6300e-22
0 85100022 8.96 7.6800e-22
™ 6.0300022 1.004 6.7900e-22
100 4.0200e-22 1.3 3.2700e-22
= S 300ea 1.51 4.5500e-22
o0 10053 1.75 3.8700e-22
— —— 2.05 3.2400e-22
- : 2.49 2.5600e-22
300 1.3400e-22 3.00 1.9600e-22
500 8.2000e-23 71 13700022
700 6.0000e-23 4.5 1.2000e-22
1000 4.2000e-23 10000 0.0000e+0
e+N, = Ny(aD)+e ] e+0,— 0,(b)+e -
threshold energy: 8.4 eV threshold energy: 1.627 eV
Energy (eV) Cross section (m?) Energy (eV) Cross section (m?)
8.4 0.0000e+0 1627 0.0000e+0
9 6.7000e-23 B T 5000023
11 3.0100e-22 3 S T000e33
13 5.3600e-22 ' 300e5
14 6.4300e-22
15 6.9700e-22 4 1.4900e-22
16 5.7000e-22 5 1.8200e-22
17 4.2000e-22 5.69 1.9400e-22
18 3.4800e-22 6.54 1.9400e-22
19 3.0800e-22 7.34 1.9100e-22
20 2.7500e-22 8.41 1.8300e-22
24 2.0100e-22 9.26 1.7400e-22
30 1.5400e-22 To 16000022
40 1.2400e-22 3 3000023
50 1.2100e-22
= T 000002 149 1.3000e-22
150 6.7000e-23 17 1.3000e-22
500 0.0000210 19.4 1.2500e-22
207 1.2500e-22
225 1.1000e-22
24 1.0000e-22
28 8.0000e-23
351 6.3000e-23
41.9 1.8000e-23
45.1 5.0000e-24
1000 0.0000e+0
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Chen XU

L'impact du streamer de bleu jet sur la chimie stratosphérique

Résumé :

L'objectif des travaux dans cette thése est de mener une étude détaillée de I'impact potentiel des streamers
des jets bleus (BJs) sur la chimie stratosphérique via le développement d’un modéle de chimie plasma
pour identifier les mécanismes clés associés aux différentes échelles temporelles (millisecondes,
centaines de secondes, jours). Apres une revue des connaissances dans le domaine d’étude, le modéle de
chimie du plasma développé est présenté ainsi que les paramétrisations permettant de modéliser la
décharge du streamer. Puis les caractéristiques des simulations (cas d’étude et initialisation) sont décrites.
La comparaison a 1’étude de W2015 est consacrée & la validation du modéle ainsi qu’a I’analyse des
résultats obtenus en fonction de la paramétrisation considérée pour représenter le streamer:
i) paramétrisation simplifiée avec impulsion électrique simple utilisée dans les études citées,
ii) paramétrisation réaliste développée dans le cadre de ces travaux de theése avec une impulsion
électrique issue d’un modéle électrodynamique. L étude se focalise sur la moyenne stratosphére (27 km)
au ceeur de la couche d’ozone. L’étude systématique de I’impact de la décharge électrique des BJ sur la
perturbation du systéme chimique est dédiée en fonction de 1’altitude considérée entre 20 km et 50 km
d’altitude aux différentes échelles de temps.

Mots clés: streamer de jet bleu, ozone stratosphérique, modéle de chimie a plasma neutre, paramétrisation
de streamer électrodynamique, azote, chlore, brome

The effect of blue jet streamer on stratospheric chemistry

Summary:

This thesis carried out a detailed study of the potential impact of blue jet (BJ) streamers on stratospheric
chemistry with the development of a plasma chemistry model, and identified the key mechanisms
associated with different time scales (e.g. milliseconds, hundreds of seconds, days). After a review of
knowledge in the field of study, the model development of plasma chemistry is presented, as well as the
parameterizations of streamer discharge. Then the characteristics of the simulations (case study and
initialization) are described. Compared to the study of W2015, the model validations focus on the altitude
of 27 km, where ozone is abundant. The results were analyzed according to the parametrization used to
represent the streamers, namely: i) a simplified parameterization with simple electrical impulses used in
the cited studies, ii) a realistic parameterization from an electrodynamic model. A systematic study of
the BJ streamer impacts on the disturbance of the chemical system is then performed at the altitudes
between 20 km and 50 km. The chemical impact study focuses mainly on the nitrogen, chlorine and
bromine families at different time scales.

Keywords: blue jet streamer, stratospheric ozone, neutral-plasma chemistry model, electrodynamic
streamer parametrization, nitrogen, chlorine, bromine
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