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A New Detailed Plasma-Chemistry Model for the Potential
Impact of Blue Jet Streamers on Atmospheric Chemistry
C. Xu", N. Huret' (), M. Garnung’, and S. Celestin'

'LPC2E/CNRS - Université d'Orléans, Orléans, France

Abstract A detailed ion-neutral chemistry model named MiPO-Streamer model has been developed to
simulate the impact of blue jet streamers on stratospheric chemistry. It is based on the MiPLaSMO

model (Microphysical and Photochemical Lagrangian Stratospheric Model of Ozone) widely used over the
last 20 years to interpret balloon and satellite measurements associated with stratospheric ozone. In this
study, instead of using a reduced electric field with constant value during blue jet streamer discharge
process, we used a time-dependent reduced electric field coming from an explicit streamer model. The
simulations are performed on daytime/nighttime and in 2-day long-term duration at 27 km where the
catalytic cycle of NO, is the most efficient to destroy ozone. Among 117 species considered, we put the focus
on nitrogen, oxygen, chlorine, and bromine species, and ozone perturbation. The model results indicate
that 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.

1. Introduction

The transient luminous events (TLEs) family includes blue jets (BJs), sprites, and elves, which occur in the
stratosphere and mesosphere (roughly from 20 to 100 km). This study focuses on the chemical impact of the
streamers associated with blue jets and gigantic jet events, which are developed above thunderstorms. Such
electric discharges are believed to be due to electric charge imbalance inside the thunderstorms (Krehbiel
et al., 2008). The characteristics of the discharge are typically upward by the vertical velocity of ~100 km/s
with a duration of a ~200-300 ms (Wescott et al., 1996).

Upward streamers of BJs produce a narrow cone confined by an aperture angle (Raizer et al., 2006, 2007).
Thus, BJ is similar to streamer corona where the discharge is a self-similar plasma fractal structure (Pasko
et al., 2002; Petrov & Petrova, 1999; Wiesmann & Pietronero, 1986). The BJ fractal structure can be positive
(Pasko et al., 1996) or negative (Sukhorukov & Stubbe, 1997) streamers. The fractal dimension stays almost
constant when the streamers propagate at different altitudes because of the constant reduced electric field in
streamer head (Popov, 2002). The strong electric field near the streamer tip impacts the streamer propaga-
tion and the shape of electric field dominates the propagation direction. The spatial distribution of electric
field determines the propagation probability (Popov et al., 2016).

The altitude range where blue jets happen is located in the stratospheric ozone layer. It is well known that
electric discharges in the middle atmosphere produce NO, (NO, = NO + NO,) as a result of the intense heat-
ing and/or shock wave from a lightning channel (Chameides et al., 1987), by the 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 impact NO,, concentration significantly in the middle atmosphere
(Gordillo-Vazquez, 2008; Neubert et al., 2008; Peterson et al., 2009). In the stratosphere, the NO, species
interacts strongly with ozone chemistry through catalytic cycles (Cohen & Murphy, 2003; Johnston, 1971).

With a simplified plasma chemistry model, Mishin (1997) reported the impact of such discharge on ozone
content. They highlight an enhancement of 10% of nitric oxide and 0.5% of ozone at 30 km by blue jet
streamers. Smirnova et al. (2003) updated chemical composition and ionization, 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 (n.-) governed processes
(electric field-driven processes). More recently, Winkler and Notholt (2015) (referred to as W2015 here after)
have developed a detailed plasma chemistry model (including 88 species and more than 1,000 reactions) to
investigate BJ streamers and leaders impact. The relative streamers caused an increase of NO,, and O3
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reported by W2015 are much larger than the previous two studies (Mishin, 1997; Smirnova et al., 2003). For
instance, at 30 km, the NO, increase of W2015 is two orders of magnitude larger than that of Mishin (1997)
and Smirnova et al. (2003). W2015 indicated a relative increase of 2% of O3 at 30 km, while an increase of
0.03% in O3 was found by Smirnova et al. (2003) and an increase of 0.5% O; by Mishin (1997). Concerning
the impact of the leader part in NO, and O3 by W2015, which is not significant at 27 km, it will not be
considered as a first approach in this study. The previous studies focus on the first hundred seconds after
the discharge event, whereas NO, species production in the stratosphere interact with the ozone chemistry
on a timescale of several days.

The objective of our study is the accurate evaluation of potential impact of blue jet streamers on atmospheric
chemistry. It includes two investigations under different duration times after the event: first, at the small
time scale of a few seconds (100 s), for investigating the excited species and ions perturbation; second, at
the large time scale of a few days, for investigating the NO,, bromine and chlorine family perturbation,
and the induced O; modification.

In this study, we first present the developed plasma-chemistry model, the streamer parameterizations, and
the characteristics of the simulations. Then the results of model validation on neutral chemistry and plasma
chemistry are compared to W2015. The last part presents the obtained results of the chemistry impact by
electric field parameterization between a simplified pulse streamer and a realistic streamer. Moreover, the
results of long-time (2-day) chemistry impact by realistic streamer are presented.

2. Model Description
2.1. MiPO-Streamer Model Description

The MiPO-Streamer model developed in this study is based on the Microphysical and Photochemical
Lagrangian Stratospheric Model of Ozone (MiPLaSMO), which was widely used over the last 20 years to
interpret balloon and satellite measurements associated with stratospheric ozone (e.g., Brogniez et al.,
2003; Croizé et al., 2015; Grossel et al., 2010; Huret et al., 2003; Riviére et al., 2000; Riviere et al., 2002).
This model describes the time evolution of the chemical, microphysical, and thermodynamical properties
of an air parcel through both a detailed chemistry scheme (133 photochemical gaseous and heterogeneous
reactions) and microphysics calculations (size distribution and nature of aerosols) for five types of
stratospheric particles. This model is described in more detail by Riviére et al. (2000). In this study, it is used
in its box model version and considers oxygen, hydrogen, nitrogen, chlorine, and bromine gaseous chemical
families. The nonlinear system of equations governing the chemical species evolution is converted into a
linear system of equations using a semi-implicit symmetric (SIS) method. It allows to conserve the number
of atoms and molecules. A description of this method can be found in the work by Ramaroson et al. (1992).
The time step of the model can be easily adapted with typically 5 min during day and night, reduced to 30 s
for twilight periods, and to 107" s during the electrical discharge.

Compared to MiPLaSMO model, the chemical scheme considered in MiPO-Streamer model has been
enlarged following W2015, including plasma-chemistry reactions. Now MiPO-Streamer model considers
117 species and 1,760 reactions. The set of species are listed in Table S1 of the supporting information.

Compared to the model used in W2015, the MiPO-Streamer model considers more neutral chemistry rele-
vant for stratospheric investigations. Such as more bromine family (Bry), chlorine family (Cl,), and hydrogen
species and their corresponding reactions, and more photochemistry reactions of NO, (for details, see
Table S2). Cl,, and Br, chemistry make significant effect on O3 destruction, especially in the stratosphere
(Prather & Watson, 1990; Yung et al., 1980). O; has a long photochemical lifetime in lower stratosphere;
thus, photochemistry is vital for O; production in the stratosphere, particularly in the tropics (Avallone &
Prather, 1996). The stratospheric O3 chemistry is particularly perturbed through catalytic cycles associated
with Cl, Br,, and hydrogen-related reactive nitrogen compounds (Murphy et al., 1993). For instance, ql,
chemistry is coupled to NOj3 via CIONO, and the hydrogen cycle is coupled to NO, via HO,NO,.
Therefore, the simulation of chemistry impact by BJ streamer used MiPO-Streamer model is more
comprehensive and reliable on stratospheric chemistry mechanism than that in W2015. The rate coefficients
of neutral chemistry and photolysis rates are taken from those provided by the Jet Propulsion Laboratory
(referred to as JPL here after) (Sander et al., 2006).
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The set of reactions associated with plasma chemistry processes in the model is that of W2015, including
electric field-driven processes, electron attachment, electron detachment, associative and penning ioniza-
tion, positive ion chemistry, negative ion chemistry, electron-ion recombination, and ion-ion recombination.
The electric field-driven processes enhance the densities of electrons, atomic nitrogen, atomic oxygen, and
the densities of excited states of atomic nitrogen and oxygen, molecules of nitrogen and oxygen. The reaction
rate coefficients of electric field-driven processes are calculated using the Boltzmann solver BOLSIG+
(Hagelaar & Pitchford, 2005). The rate coefficients of other plasma chemistry reactions are taken
from W2015.

2.2. Streamer Parameterizations

In the streamer discharge, the production and loss of electrons are driven by ionization and attachment
processes, which depend on the local electric field. In the present work, we use two model cases of streamer
electric fields: one is a simple constant pulse of electric field widely used in blue jet research (e.g., Gordillo-
Vazquez, 2008; Sentman et al., 2008; Winkler & Notholt, 2014; Winkler & Notholt, 2015); the other one is a
realistic streamer electric field during the discharge process obtained from a self-consistent electrodynamic
streamer model (Thaddadene & Celestin, 2017).

2.2.1. Pulse Streamer Model

As used in W2015, at a given location passed by streamer tip, the electric field is approximated with a simple
boxcar field (rectangular function) (Mishin & Milikh, 2008; Raizer et al., 2007). Thus, the streamer field is
constant during the discharge process with a reduced electric field value of © = £ =6 x 107"° V cm?
(600 Td) for all the altitudes. In the following, we refer to this model as the pulse streamer case.

2.2.2. Electrodynamic Streamer Model

In the present work, we also make use of a plasma fluid model to capture a realistic time dynamics of the
electric field at a given location during the passage of a streamer. This electrodynamic model is based on
the numerical modeling of drift-diffusion equations for charged species coupled with Poisson's equation
(e.g., see Thaddadene & Celestin, 2015, 2017). In the case of streamer discharges in air, it is important to note
that the electron density formed in the streamer channel reaches a maximum analogous to a saturation

2
process (e.g., Dyakonov & Kachorovsky, 1989) on the order of 104cm=3 (%) ,where N is the local air density

and Ny is the air density at the Earth's surface (e.g., Babaeva & Naidis, 1996; Pasko et al., 1998).

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, we have found an analytical fit of the rising electric field in the streamer head. This
analytical fit is used in the MiPO-Streamer model in a second step. The field rises until the typical electron
density of the streamer channel is reached. The resulting difference in the duration of the rising field
between the electrodynamic simulation and the analytical fit is negligible (as obvious in Figure 5b of this
study, where one can appreciate the very sharp slope in the electron density). After reaching its maximum,
the field is considered to relax linearly in time down to 0 Td over the same timescale as that found in the
electrodynamic streamer simulation.

2.3. Initialization

We take the event reported by Chou et al. (2011) as an example. That event is the first type II gigantic jet
observed from the ground. It occurred over a thunderstorm in Fujian province of China on 22 July 2007
and was observed from Lulin Observatory (121°E, 23°N) in Taiwan by three sight-aligned WATEC 100-N
cameras. During the event process, a blue starter appeared above a 100 km diameter thunderstorm. About
100 ms later, a blue jet occurred near the same cloud top region. And then it developed into a gigantic jet
reaching at least ~65 km in 50 ms (Chou et al., 2011). All the MiPO-Streamer model validations and BJ
streamer simulations are shown at 27 km, in the middle stratosphere where the catalytic cycle of NO, is
efficient to destroy ozone (Portmann et al., 2012).

The initial values of temperature, pressure, and all gaseous species volume mixing ratio (VMR) come from a
three-dimensional chemistry-transport model for ruling the Ozone Budget in the Stratosphere (REPROBUS)
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Figure 1. Time evolution of volume mixing ratio of (a) atomic oxygen, (b) NO,, (c) ClO, and (d) BrO for the representative of oxygen, nitrogen, chlorine,
and bromine species, respectively. Rate coefficients of W2015 version is in dotted line and of JPL is in solid line.

Model (Lefevre et al., 1994, 1998) with daily forecasts on AERIS data center from 0 to 90 km (http://cds-espri.
ipsl.fr/). At 27 km, the atmospheric temperature is 223 K and the pressure is 19.75 hPa on 22 July 2007.

3. Model Validation

This part presents the validation results of neutral chemistry and plasma chemistry by MiPO-Streamer
model. All the results are compared to W2015 study to demonstrate the MiPO-Streamer model rationality
of neutral chemistry reactions and their rates, and the capability of simulating the impact of BJ
streamer chemistry.

3.1. Neutral Chemistry

For neutral chemistry validation, we compare obtained results considering JPL reaction and photolysis rates,
to those used in W2015. With the same species and set of reactions as W2015, rate coefficients of neutral
chemistry in MiPO-Streamer model are based on JPL. The reactions that have different rate coefficients
between W2015 and JPL are listed in Table S3. We do not consider any discharge processes in this validation
part. The model starts during nighttime (~8 pm, LT) with a 2-day simulation, using a time step value of 30 s.

Figure 1 shows the time evolution of VMRs of atomic oxygen, NO,, ClO, and BrO, which are the reactive
species in the oxygen, nitrogen, chlorine, and bromine families, respectively. Whatever the version of rate
coefficients used, we obtain the same shape of diurnal variations and same order of magnitude for all reac-
tive species. For atomic oxygen, BrO, and CIO, JPL rate coefficients induce a little smaller maximum of VMR
(not more than 15%). For NO,, the VMR simulated is higher with the rate coefficients of JPL as compared to
those of W2015 (1.5 ppbv).

The VMR of atomic oxygen with the rate coefficients of JPL is smaller than that of W2015 (Figure 1a), mainly
because the rate coefficients of (R1), (R2), (R23), (R24), and (R25) from JPL are larger than those from W2015
(see Table S3). Meanwhile, the larger rate coefficients of (R23), (R24), and (R25) and the smaller rate coeffi-
cient of (R43) make more NO, VMR produced over the 2-day simulation with JPL (Figure 1b). There are
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10 10 10 10 10
Time (s) 3.2. Plasma Chemistry

Figure 2. Time evolution of excited molecular nitrogen species at 27 km
when streamer pulse occurs.

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

If we want to compare plasma chemistry and neutral chemistry results to W2015, it is necessary to produce
the same n.- as W2015. We use the same set of reactions for electric-field-dependant processes as in W2015
and calculate the rate coefficients using BOLSIG+ solver (see Table S4 for details). As the production of
electrons is growing 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, we adapt the pulse duration. We use a 13.12 ns pulse (smaller than the one used in W2015,
~50 ns) to produce n,- = 5.1204 X 10'° cm™3, similar to n,- = 5.1529 x 10'° cm™3 from W2015 (e.g., see
Raizer et al., 2007). Scaled to ground-level, this value of .- is very close to 10'* cm™ (e.g., see Pasko et al.,
1998), and hence representation of the electron density in a streamer channel.

As in W2015, during the streamer pulse, the density of excited N, states increases significantly (Figure 2).
They are generated by electron impact excitation, radiative and collisional deactivation, and the rapid decay
starts at the end of pulse, which is due to radiative de-excitation, quenching, and chemical reactions. The
generated shapes, timescales, and values obtained by MiPO-Streamer model are similar to those of W2015
(see Figure 6 of W2015).

Compared to W2015, the time evoslution of nitrogen species (Figure 3a) shows the same shapes and similar
densities for time evolution of N(*D) and N(*P), due to the following reactions:

€ +N;»N+N(°D) +e7, @

e +N;»>N+N(*P) +e". )

The rapidly increased density of NO after the electric pulse at 107> s is caused by the loss of N(*D) and N(*P)
by the reactions:

N(*D) + 0,—»NO + O, ©)

N(*P) + 0,—NO + 0. 4)

The maximum densities of NO and NO, are larger than those obtained by W2015 (maximum density of NO
~6.25 10" cm™3, of NO, ~3.2 x10'° cm ™) and regarding the maximum density of atomic nitrogen, it is
strongly higher (~19.2 %x10' cm™) in our simulation compared to W2015 (~2.2 x10'° cm™) at ~107% s.
These differences are not due to reactions (1-4) because the maximum densities of N(*D) and N(*P) are
similar to those of W2015. The atomic nitrogen is also produced by the dissociation reaction (5):
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Figure 3. (a) Time evolutions of NO and other nitrogen radicals at 27 km when the pulse streamer occurs. The shaded area indicates the time period of the electric
pulse. (b) Loss and production rate densities of NO, associated with reaction (6)-(11) after 10 2.

N, +e -»N+N+e, %)

The rate coefficient at 27 km with 6 = 600 Td we calculate using BOLSIG+ solver is 4.56 X 10~° cm’/s,
which value is in between those of André (1997) (~2.31 x 107'° cm?/s) and Sentman et al. (2008)
(~4.22 x107% cm’/s).

Note that whatever the rate considered for reaction (5), the density of atomic nitrogen must be greater than
the densities of N(°D) and N(°P) due to reactions (1), (2), and (5), which is not the case in W2015. Feldman
and Doering (1975), Rees and Jones (1973), and Doering et al. (1975) also reported 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 (5).

As in W2015, atomic nitrogen density starts to decrease after 0.01 s mainly due to the following reactions:

N 4+ NO—=O + Ny, (6)
N 4 NO,—0 + N0, (7
N +NO,—0 + 0 + Ny, ®)

N+ 0,-NO + 0. )

These reactions lead to the production of atomic oxygen (6-9) and NO (9), the loss of NO, NO, (6-8). The loss
in atomic nitrogen is also associated with the reactions related to HO, (odd hydrogen family) (10) and (11),
which produce NO:

N + OH—NO + H, (10)
N + HO,—NO + OH. (11)

Figure 3b presents the time evolution of production and loss rates of NO, associated with reactions (6-11)
after 0.01 s. Among reactions (6), (9), (10), and (11), the total loss rate of NOy is Lno, = —(L¢ + L7 + Lg)
(in red), the total produced rate of NO, is Pxo, = Py + P1o + P11 (in green), and the net rate of NO, is
Tno, = Pno, + Lno, (in blue). The major production of NO, is due to reactions (9-11) and loss of NO,
due to (6). The net rate value of NO, is negative from 0.01 to 2 s; it corresponds to the decrease of NO, during
the same period in Figure 3a. After 2 s, Txo, is equal to zero.

The time evolution of densities of ground state atomic oxygen, excited state O(*S), and the O change by dis-
charge (AO3) (Figure 4a) present also a similar shape as in W2015. The density of atomic oxygen produced
through electric field-driven processes are slightly larger in our simulation (~3.7 x10'* cm ™) than in W2015
(~3.2 10" cm™). It is mostly due to the small difference on the rate coefficients of electric field-driven
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Figure 4. (a) Time evolution densities of ground state atomic oxygen and excited O(IS), 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 reaction (6)-(11) after 10 2.

process reactions. The negative density value of AO; occurs around 10~ s, due to the increasing density of
o('s) by reactions:

O(ls) + 03—0; + Oy, (12)
0('S) + 03—0('D) + 0 + 0,. (13)
The density of AO; starts to increase at 10~ s when the atomic oxygen density decreases through
M

The density of AO5 shows a similar behavior as W2015 until all the atomic oxygen have been consumed at
~0.01 s. After then, the density of AO; increases quickly until ~3 s. Maximum density of AO; obtained in our
study (~4.56 x 10" cm™>) is larger than in W2015 (~2.9 X 10*' cm™?), and the maximum density of AO5 is
larger than that of atomic oxygen produced during the discharge. Figure 4b presents the time evolution of
production and loss rates of atomic oxygen associated with reactions (6-9) after 0.01 s. The total production
rate of atomic oxygen is Po = Pg+P;+2 X Pg+Pg (in green), and the total loss rate of atomic oxygen is
Lo = Ly4 (in red) and the net rate of atomic oxygen is To = Po+Lo (in blue). The net rate value of atomic
oxygen is positive from 0.03 to 3 s, it corresponds to the increase of AO; density during the same period,
as seen in Figure 4a. It means that the AO5 density produced in this part is mainly due to reactions (6-9) with
atomic nitrogen, which can produce atomic oxygen. Because of reactions (10) and (11), the produced AO;
density from 0.03 to 3 s (1 x 10" cm™) is smaller than the consumed atomic nitrogen density
(1.9 x 10" cm ™). When all the atomic nitrogen has been consumed, O; density decreases slowly from 3 s
by reaction with nitric oxide (see Figure 4a):

As displayed above, the plasma chemistry validation results of MiPO-Streamer model show a good
agreement in shape but not in density when compared to W2015 (Table 1). Investigating in detail the set
of reaction, it appears that the atomic nitrogen production is critical for both NO,, and O; production.

4. Investigation of the Impact of the Electric Field Time-Profile

In this part, we perform a comparison of results obtained using a simple electrical field pulse (pulse simula-
tion) and the electric field time evolution, derived from an electrodynamic streamer model (Thaddadene &
Celestin, 2017), to represent the streamer.
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Table 1

Maximum Densities of Electron (e), N, (A3 ZI ) Atomic Oxygen (O), O(IS), AO3, Atomic Nitrogen (N), N(ZD), N(ZP), NO, and NO; Obtained at 27 km from the
W2015 During the First 100 s, and from the MiPO-Streamer During the First 100 s and at 48 hr

Maximum density x101° (cm_3)

Timescale Pulse model e N (A*TY) 0 od's) AO; N NCD) NCP) NO NO,

During the first 100 s W2015 5.15 5 315 3 29 22 338 23 6.2 32
MiPO-Streamer 5.12 2 37.5 2 45.5 19 54 3.5 9 34

At 48 hr MiPO-Streamer 0 0 0 0 -30 0 0 0 0 2.2

4.1. Initialization

Most of BJs are observed at night when convective clouds are in mature stage (e.g., Chanrion et al., 2017;
Chou et al., 2011). Therefore, simulations are performed during nighttime starting at zenith angle of 104°.
The initial n, used is ne- = 1.7 x 102 N~lcm™3, N is the local air density (Mitchell & Hale, 1973;
MacGorman & Rust, 1998, p. 34). As in previous paragraphs, we focus in the middle stratosphere at
27 km where reactive nitrogen interacts strongly with ozone.

4.2. Reduced Electric Field

Both electrical field time evolutions considered are presented in Figure 5a. For the pulse simulation case, the
reduced electrical field 8 = 600 Td is considered during 15.57 ns (stage P;, solid line) and then 6 = 0 Td (stage
Py;, dotted line). In the case with field obtained from streamer simulation, the electric field shows a light
increase during 60 ns and then a strong increase up to 773.08 Td. The duration of this stage (called S;, solid
line) is 78.3 ns. Then, the field decreases exponentially down to 52 Td during 7.9 ns (S;; stage, dash-dot line),
and then 6 = 0 (Sj; stage, dotted line). The total duration of the electrical field perturbation due to the
streamer is 86.2 ns.

As in the previous part, we adapt the duration time of pulse simulation to get a similar n,- (Figure 5b) as
obtained in streamer simulation (streamer simulation n,- is 8.56289 x 10'° cm™ and pulse simulation 7n,-
is 8.48007 x 10" cm™>). The decreases of n,- from two simulations occur at the same time (<10 s) and
are quite similar for both simulations.

4.3. Results During the First 100 s

Results obtained for N, excited species, atomic oxygen and atomic nitrogen reactive species with both para-
meterization pulse simulation and streamer simulation, are presented in Figure 6 during the first 100 s.

For densities of excited N, (Figure 6a), their time evolutions are roughly similar except for the small delay
for the maximum production of each species in streamer simulation, which comes from the delay of electron
productions (Figure 5b). The de-excitation of N, excited species with density values lower than 107'° cm™>

1000 [ T T T T ] 105 T T T T T

r A [—p ey (783 ns, 773.08 Td) ] [
~ 800 =S =S Sy . 10"
o r B 1 L
g [ P 4 ] C
3 600 ——%& (15.57 ns, 600 Td) i 1. 10
B= ' i ]
2 i Pulse ' H E
S 400 2 10
2 i R
© C 5
B 200 Q10
g F
o r L
Q L -
~ of . 1010 -

(15.58 ns, 0 Td) (86.2 ns, 0 Td) - L
. . L . ] 107"°L . . . . . ]
0 2x107®  4x107®  6x107® 8x107® 1x10”7 107 107® 107° 107 1072 10° 10?
Time (s) Time (s)

Figure 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.
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Figure 6. Time evolutions in 100 s for (a) excited N5, (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.

occurs in either simulation cases at 107°-10~*s forN, (A"}, ) and Ny(a'[ ), and at 10 s for N, (A*Y) and
No(B*T o)

For atomic oxygen and atomic nitrogen species (Figures 6b and 6c¢), the similar small delay for production of
atomic oxygen, O('S), N(*D), and N(*P) by streamer simulation is observed, but each time 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 pulse simulation.

The maximum density values of electron, N, (A3Z:’1 ), atomic oxygen, O(ls), AOs;, atomic nitrogen, N(ZD),
N(*P), NO, and NO, for both simulations are reported in Table 2. Whereas the electron densities produced
are similar for both simulations, the maximum density values of N, (A3 ZI ), atomic oxygen, O(IS), N(ZD),
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 O; and NO, (NO and NO,). After 100 s,

the O3 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 pulse simulation case (Figures 6b and 6¢).

4.4. Results in the 2-Day Simulations

The perturbations of atomic oxygen, NO,, ClO, and BrO reactive species impacted by streamer discharge
during 2 days at 27 km are analyzed in this part, as well as the time evolution of Os.

Figure 7 shows the time evolution of atomic oxygen, NO,, C10, and BrO VMRs during 2 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, ClO, and BrO,
and at night for NO,.

Figure 7a shows that the first-day maximum VMR of atomic oxygen with the streamer simulation is 45 pptv,
37 pptv for the pulse simulation and 31 pptv for the 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 they have no significant difference from the no-discharge case
(streamer simulation ~38 pptv, pulse simulation ~32 pptv). The reactive atomic oxygen has short lifetime,
and the perturbation of the atomic oxygen VMR time evolution for streamer simulation is a little bit longer
than that for pulse simulation. Figure 7b shows the simulations just after discharge strongly increase the
NO, VMR (maximum VMR of NO, ~150 ppbv by streamer simulation, ~115 ppbv by pulse simulation).
The produced NO, VMR is 20-30 times compared to that in the no-discharge simulation case (maximum
VMR of NO, ~5.5 ppbv), and this enhancement of NO, VMR is maintained during the 2-day simulation.
The maximum VMRs of O and NO, decrease day by day. The discharge simulations cause
non-equilibrium in the neutral gases system (see Figure 1). It means that the excess of O and NO, VMRs
due to discharge are available for chemistry.

Figure 7c shows that the maximum VMRs at noon (~16 hr after the discharge occurred) of C1O from the dis-
charge simulations (streamer simulation ~7 pptv, pulse simulation ~9 pptv) are strongly lower than that in
the no-discharge simulation case (~120 pptv). BrO also showed less VMR maximum from the discharge
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Table 2

Maximum Densities of Electron (e~ ), N, (A3Zu+) Atomic Oxygen (0), O( IS), AQO3, Atomic Nitrogen (N), N(ZD), N(ZP), NO, and NO, Obtained in the Pulse Simulation
Case and in the Streamer Simulation Case at 27 km

Maximum density

10M (em™) e N, (A’Y)) 0 o('s) AO; N NCD) NCP) NO NO,
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

simulations (~2.5 pptv for streamer simulation and ~2.9 pptv for pulse simulation) than from the
no-discharge simulation (~12.5 pptv) (Figure 7d). There is no significant difference in terms of ClO and
BrO VMRs 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 7b),
which leads to the production of reservoirs species CIONO, and BrONO, through the following reactions:

ClO + N0, CIONO,,
M
BrO + NO,— BrONO,.
The VMRs of CIONO, and BrONO, at noon (the maximum value during daytime) in the discharge simula-

tions are larger than those in the no-discharge simulation (~200 pptv for CIONO, and ~9 pptv for BrONO,).

The perturbation in O; VMR during the 2-day simulation is shown in Figure 8. The variation of O3 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 increased O; VMRs at the end of discharge (streamer simulation ~9.9 ppmv,

Mixing Ratio

Mixing Ratio

T T ] 150 T T T T
(b)NO, (ppbv)
- 1005'\ N .
\\ ' \\
N AN |
i /
50 - // -
~ U
L (0] Pt S e AN arn derer P = B el
30 0 10 20 30 40 50
T T 15 T T T T
[ (d) BrO (pptv)
~ L "~ -
;o\ 1 or , \ l \
| \ L , \ f I
| \ i , | | |
! \ - , ‘l r |
[ | f\ ]
, ’f’—.\\\A\ 0 [/\.\ \ \ l
30 40 50 0 10 20 30 40 50
Time (h) Time (h)

Figure 7. 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).
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10F ' ' ' ' E pulse simulation ~8.2 ppmv) are compared to ~7 ppmv with no-discharge

03 (pp mV) simulation. Due to the discharge, O3 VMR is increased as a first step.
9 E Concerning the time evolution during 2-day simulation, O3 VMRs with
Ke) ; streamer and pulse simulations stay constant during the night and
< 8 decrease during the day. The large amount of NO, produced by the dis-
Q:D charge (Figure 7b) leads to the associated catalytic cycle in stratosphere
= 7 ; (Brasseur and Solomon, 1986), which is the main mechanism of O;
e 3 ~ ~ E destruction in the middle stratosphere (here at 27 km) (Portmann et al.,
= ~ — 2012). Due to neutral chemistry associated with NO, production, the
6 3 E enhanced O; VMRs caused by the discharge are consumed in the 2-day
3 simulations (45 hr for streamer simulation, 34 hr for pulse simulation).
St L L L L 3 After 2 days, O; VMR in discharge simulations are lower compared to
0 10 20 30 40 50 the no-discharge simulation case. The loss of O; due to the discharge for

Time (h) the pulse simulation is lighter than that for the streamer simulation.

Figure 8. Same as Figure 7, but for ozone. 5. 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,-, we
plot density correlations between N, (A3ZI) atomic nitrogen (N), atomic oxygen (O), and electrons in
Figure 9, 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 5a).

Figure 9 shows the density correlations between N, (A3Z:r ), atomic oxygen, and nitrogen, and electron with
streamer simulation in black and pulse simulation in red. The correlation between the densities of N,
(A%Y,) and electrons (Figures 9a and 9b), and densities of N, (A%} ) in the simulation-derived streamer
case is lower than that obtained in the pulse case at the end of S; (the raising streamer field stage). At this

point, the two simulations corresponded to the same n,- ~ 10° cm™>.

As the decrease part of streamer field (S;;) continues to produce N, (A>Y " ) and heat electrons, N, (A*Y))
density of streamer simulation 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, (A3ZI ) density
and explain the difference, we plot the correlation in linear scale (Figure 9b). After n,- reaches its maximum,
N, (A3 Z: ) density continues to increase for both simulations, whereas the field starts to decrease (S; and
P;;). For both simulations, n.- does not decrease directly with the decreasing field, due to the set of reactions
of associative and penning ionization:

N2(a'Zy) + No(A’Z))—e™ + Nj.
This is also due to the characteristic time of
e +0,-0" +0.

Moreover, a delay between excited electronic states and the maximum of n,- in the streamer head has been
demonstrated by Celestin and Pasko (2010) and predicted by Naidis (2009). This is caused by the following
reaction:

e +Ny—e + N (A’Z]),

which maintains the N, (A3Z:) production density. Moreover, in simulation-derived streamer field, the
increase of N, (A3ZI ) density at the end of S;; (6 > 0 Td) is partly impacted by the decreasing electric field.
After reaching a maximum in N, (A3ZI ) density, simulation-derived streamer field maintains higher N,

(A%Y)) density than that in pulse simulation. The maximum value of N,(A®Y)) density from
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Figure 9. Density correlations between N; (A > ), atomic oxygen and nitrogen to electron. 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), and (e) are in log-log scale and (b), (d), and (f) are in linear scale. The sequences
of the field are indicated by line-style as in Figure 5a. The crosses indicate the transitions of electric field stages.

simulation-derived streamer field is approximately three times larger than that from pulse simulation (as
Table 2 showed). The correlations for density of atomic oxygen and nitrogen to n,.- (Figures 9c and 9e) are
similar to N, (A3Z;r ) density. The density of atomic nitrogen only depends on field, and there is no delay
in the production of atomic nitrogen, since there is no related associative and penning ionization reaction.

6. Summary and Conclusions

We developed a new plasma chemistry model named the MiPO-Streamer model. It includes 117 species and
1,760 reactions. Simulations have been performed at an altitude of 27 km in the middle stratosphere where
the maximum O; VMR is found. The neutral chemistry model is validated using rate coefficients with a
consistency between initialization and the set of reactions provided by the JPL. Reactive species have
equilibrium diurnal variations. The plasma chemistry validation reveals differences in the productions of
NO and O; between MiPO-Streamer model and W2015. The densities of NO and O5 depend on the densities
of excited states of atomic nitrogen and oxygen, which are mostly produced during the BJ streamer discharge
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period. Analysis of NO and O; production and loss highlights that the major difference is due to the rate
coefficient of N,+e~ — N+N+e ™, which produces atomic nitrogen.

We have investigated the impact of the streamer representation 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 TLESs, 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; (A® > ), atomic oxygen, and nitrogen species during discharge process, it is found that the
temporal electric field profile considered is critical for an accurate estimate of the streamer impact on
chemistry. Higher densities of N, (A3ZI ), atomic oxygen, 0('S), AOs, atomic nitrogen, N(°D), N(*P), and
NO, are produced using the more realistic streamer field. Moreover, the larger density of N, excited states
is directly linked with light emission density of BJ, and it 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 for the electric field.

Looking at neutral chemistry during the first 100 s of the simulation, O; and NO, are produced by BJ.
Because of the excess of NO, VMR produced, the 2-day simulation reveals that O; VMR is destroyed through
the NO, catalytic cycle in the middle stratosphere. The produced O; VMR by streamer discharge is
consumed in 1 or 2 days (depending on the considered streamer parameterizations). After 2 days, O3 loss
appeared and O; VMR decreases to lower VMR than that in the no-discharge simulation case.

This study focused on the impact of BJ streamer discharge at 27 km. It is planned to extend the study
considering the leader process. For the observation validation, as diffusive mixing is negligible at the altitude
of interest in this work, transport processes in the real environment will be considered in the future study.
Moreover, we will apply streamer and leader models accounting for the density of streamers and leaders
in a BJ, and the frequency of BJ to investigate the regional and global scale impacts.
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