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Abstract A one-dimensional self-consistent model has been developed to study the chemical and
thermal effects of a single sprite streamer in the Earth’s mesosphere. We have used sprite streamer profiles
with three different driving current durations (5 ms, 50 ms, and 100 ms) between 50 and 80 km of altitude
and considering a kinetic scheme of air with more than 90 chemical species. Our model predicts strong
increases in practically all the concentrations of the species studied at the moment of the streamer head
passage. Moreover, their densities remain high during the streamer afterglow phase. The concentration
of electrons can reach values of up to 108 cm~3 in the three cases analyzed. The model also predicts an
important enhancement, of several orders of magnitude above ambient values, of nitrogen oxides and
several metastables species. On the other hand, we found that the 4.26 um IR emission brightness of CO,
can reach 10 GR at low altitudes (< 65 km) for the cases of intermediate (50 ms) and long (100 ms) driving
currents. These results suggest the possibility of detecting sprite IR emissions from space with the
appropriate instrumentation. Finally, we found that the thermal impact of sprites in the Earth’s mesosphere
is proportional to the driving current duration. This produces variations of more than 40 K (in the extreme
case of a 100 ms driving current) at low altitudes (< 55 km) and at about 10 s after the streamer head.

1. Introduction

Transient luminous events (TLEs) are large and short-lived (< 100 ms) optical flashes that occur between the
lower stratosphere and ionosphere associated to thunderstorm activity in the troposphere as hypothesized
by Wilson [1925]. The most common of these phenomena are the so-called sprites which were discovered
serendipitously by Franz et al. [1990]. Sprites are huge weakly ionized plasma structures [Neubert, 2003;
Pasko, 2003] whose extension goes from the lower ionosphere (80-85 km) through the mesosphere down
to 40 km of altitude approximately. Sprites are produced by air electric breakdown caused by mesospheric
electrons heated by the quasi-electrostatic (QE) fields induced by lightning discharges [Pasko et al., 1995;
Cho and Rycroft, 1998]. The QE field is mainly generated by positive cloud-to-ground (+CG) lightning strokes
[Boccippio et al., 1995] although it can also be produced by negative cloud-to-ground (—CG) lightnings with a
great charge moment change [Barrington-Leigh et al., 1999; Taylor et al., 2008]. The runaway electron avalanche
process can also be considered as a sprite initiation mechanism. Some previous studies have associated
sprite emissions at low altitude with high energetic runaway electrons [Bell et al., 1995]. Fiillekrug et al. [2010],
through low-frequency radio observations, detected electromagnetic pulses associated with an electron
avalanche a few milliseconds after the causative lightning discharge coinciding with the sprite luminosity.
These researchers concluded that relativistic runaway breakdown could emit broadband electromagnetic
pulses and possibly generate sprites.

The first sprite images taken from a plane were published by Sentman et al. [1995]. These first sprite color
pictures showed that reddish optical emission predominates at the top of sprites while bluish emissions are
the most visible at the bottom of sprites. Since then, there have been many observations from ground [Rairden
and Mende, 1995; Lyons, 1996; Winckler et al., 1996; Stanley et al., 1999; Gerken et al., 2000; Barrington-Leigh et al.,
2001; Stenbaek-Nielsen et al., 2013], from balloons [Bering et al., 2004; Bhusal et al., 2004], from the Space Shuttle
[Vaughan et al., 1992; Boeck et al., 1995, 1998; Yair et al., 2004], and from the International Space Station [Blanc
et al., 2004; Jehl et al., 2013]. There are also observations from other space platforms such as FORMOSAT-2,
using the instrument ISUAL (Imager of Sprites and Upper Atmospheric Lightnings) in operation since 2004.
ISUAL has recorded photometric data in the visible and ultraviolet optical range [Kuo et al., 2005; Mende et al.,
2005; Liu et al., 2006; Adachi et al., 2006, 2008; Liu et al., 2009], as well as images [Chen et al., 2008]. It is now
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well established that sprites exhibit a common structure with three distinct regions [Pasko et al., 1998; Pasko
and Stenbaek-Nielsen, 2002]: an upper diffuse region (90-80 km), a middle transition region (80-75 km), and
alower region where streamers are visible (< 75 km). The values of the above mentioned altitudes are average
and depend on, among other factors, the characteristics of the lightning precursor. Subsequent ground-based
observations with better resolution [Gerken et al., 2000; Gerken and Inan, 2003, 2005] and with high-speed
cameras [Marshall and Inan, 2005, 2006; Cummer et al., 2006; McHarg et al., 2007; Stenbaek-Nielsen et al., 2007]
have shown a complex set of streamers in the lower part of sprites as well as various types of sprites [Bér,
2013]. In addition, high-speed sprite imaging has also shown a great similarity with streamer discharges at
atmospheric pressure [Raizer, 1991; Raizer et al., 1998]. Sprite streamers generally develop downward [Moudry
et al., 2003; Cummer et al., 2006; McHarg et al., 2007]. However, some upward streamer propagation has also
been reported [Cummer et al., 2006; Stenbaek-Nielsen and McHarg, 2008].

The first spectroscopic sprite observations [Mende et al., 1995; Hampton et al., 1996; Morrill et al., 1998] with
low spectral (between 10 nm and 6 nm) and temporal resolution (at standard video rate) identified the 1PN,
transition (NZ(B3Hg) - N2(A3Zj)) as the most important optical emissions from sprites in the 550-840 nm
spectral range. Subsequent modeling studies [Pasko et al., 1997] confirmed that 1PN, and 2PN, (N,(C3I1,) —
N2(B3Hg)) were the molecular transitions responsible for the red and blue optical emission features apparent
in sprite spectra as previously suggested by Sentman et al. [1995]. Later on, Heavner [2000] and Heavner et al.
[2010] confirmed the presence of ultraviolet (UV) emission in sprite spectra. The blue optical emission has
also been associated with N;’(BZZJ) [Armstrong et al., 1998, 2000; Morrill et al., 2002], although it is not usually
detected in sprite spectra [Armstrong et al., 2000]. Some studies have reported the possible presence of Meinel
(N;(AZHU) - N;(XZZ;’)) emission in sprite spectra [Morrill et al., 1998] that tend to be more apparent at lower
layers of the atmosphere [Bucsela et al., 2003]. On the other hand, the confirmation of the presence of 1NN,
(N;(Bzzj) — N;(xzzg)) in sprite spectra is important since it indicates that sprites can also excite electronic
levels of ionized species.

Sprites (and other TLEs) can also emit in the IR and UV [Liu et al., 2006] due to the excitation of species
such as CO,, N,, NO, and/or N;. However, the IR and UV emissions are mainly reabsorbed by H,0 and
0, and O;, respectively. Therefore, the detection of IR and UV features in sprite spectra needs to be done
from space, from balloons or from high-altitude planes. There are some models of the near-ultraviolet and
near-infrared (NIR) TLE optical emission and detection from space [Picard et al., 1997; Milikh et al., 1998; Luque
and Gordillo-Vdzquez, 2011; Gordillo-Vdzquez et al., 2011, 2012]. Other modeling work on NO-y ((NO(A2Z+) —
NO(X?I1,)) emissions in ultraviolet and Lyman-Birge-Hopfield (LBH, N,(a'Tl,) — N2(X12;)) optical emission
in the far-UV shows that, at 70 km, UV emissions from NO are less intense than those due to LBH emission
from N, [Liu and Pasko, 2005, 2007]. The LBH emission has been detected by ISUAL [Mende et al., 2004] and
compared with streamer models [Liu et al., 2006]. Contrarily, to LBH optical emissions, the emission of NO-y
from sprites has not yet been detected not even from space.

Regarding precise determination of the gas temperature in the TLE surrounding the atmosphere, it is worth
mentioning that the recording of TLE spectra with the instrument Granada Sprite Spectrograph and Polarime-
ter between 700 nm and 800 nm and with a spectral resolution of 0.07 nm/pixel or 0.25 nm will allow to
better resolve TLE spectra and to be able to quantify a possible local heating due to TLE activity in the lower
mesosphere [Passas et al., 2014; Parra-Rojas et al., 2013b].

Although spectroscopic data provide valuable information about the excited species, the full impact of sprites
in the chemical composition of the mesosphere is not well determined by spectroscopic means. Measure-
ments by ISUAL between 40 and 60 km indicate that the mean energy of the electrons and the electric field
underlying the optical spectra of sprites are, respectively, between 6.2-9.2 eV and 243-443 Td [Kuo et al.,
20051. Itis thus possible that these intense electric fields create highly reactive chemical species (such as ener-
getic electrons, ions, and NO,) that can induce local changes in the chemical [Sentman and Wescott, 1995;
Stenbaek-Nielsen et al., 2000] and electrical [Gordillo-Vdzquez and Luque, 2010] properties of the mesosphere.
The dipolar electric field and the electromagnetic pulse generated by CG lightning strokes also affect the
electron concentration in the mesosphere and lower ionosphere [Taranenko et al., 1993; Shao et al., 2012].
Recent kinetic simulations of halos carried out by Parra-Rojas et al. [2013a] predicted an increase of up to
70 cm~3 in the mesospheric electron density due to the action of tropospheric +CG lightning. The enhanced
electron concentration can stay high between 10 and 100 s after the current peak of the parent positive light-
ning discharge. In this regard, Luque and Gordillo-Vdzquez [2012] showed that the electron production due to
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associative detachment (AD) of O~ by N, could be responsible for the delayed sprites [Bell et al., 1998; Cummer
and Flillekrug, 2001] that occur more than 10 ms after the parent lightning stroke.

A present line of active research is focussed in understanding how sprites and their postdischarge phase affect
the atmospheric chemistry of NO, and N,O. Variations of NO and O; concentrations due to blue jets exhibit
enhancements between, respectively, 10% and 0.5% at 30 km altitude [Mishin, 1997]. However, according to
Parra-Rojas et al. [2013a], the concentrations of NO and O; exhibit a negligible variation due to halos. More-
over, the simulations by Hiraki et al. [2004] predict a substantial increase in the concentration of O('D), and
the measurements made by UARS (Upper Atmosphere Research Satellite) indicate a substantial enhancement
of O('S) [Lee and Shepherd, 2010] due to the possible presence of sprites. Concerning kinetic modeling of
sprites, Sentman et al. [2008] developed a kinetic model with more than 800 chemical reactions to study the
impact of a streamer pulse with £, = 5E, (where E, is the breakdown electric field, £, /N = 120 Td) and
At = 6 ps at 70 km of altitude in the mesosphere. With this model, Sentman et al. [2008] estimated an increase
of the streamer head electron density of up to 10° cm~3 persisting about 1 s. These authors also estimated
an increase in the concentration of NO by 50%, while Hiraki et al. [2008] estimated an increase of 4 orders
of magnitude in the density of NO at the same altitude. Enell et al. [2008], however, predicted an increase of
50% in the concentration of NO, at 73 km. Gordillo-Vdzquez [2008, 2010], employing a reduced electric field
of 400 Td, found increases of an order of magnitude in the concentration of NO and NO, while for the density
of NO; predicted an increase of more than 3 orders of magnitude at 68 km. Moreover, Gordillo-Vdzquez [2008]
was also able to calculate the brightness of the sprite-related CO, 4.3 pm IR emission predicting a value as
high as 100 MR at 68 km of altitude that pointed to its possible detection from space. The substantial differ-
ences found between the different sprite kinetic model predictions may be due to different initial conditions
employed and to the use of different rates for different numbers of processes. The results by Arnone et al.
[2008], through analysis of the data recorded by Michelson Interferometer for Passive Atmospheric Sound-
ing aboard Envisat (Environmental Satellite), showed a possible sprite-induced NO, enhancement of about
10% at 52 km of altitude in correspondence with active thunderstorm and with a tendency to grow up with
height. Also aboard Envisat but using the Global Ozone Monitoring by Occultation of Stars instrument, Rodger
et al. [2008] showed that there is no significant global impact of sprites and other TLEs in the concentration
of NO,, at altitudes between 20 and 70 km. The possible chemical impact of the sprite streamer tails in the
mesosphere was also investigated by Sentman and Stenbaek-Nielsen [2009] at 70 km of altitude. In this case,
assuming undervoltage conditions (E = 0.5F,), the electron concentration decreases smoothly due to disso-
ciative attachment of electrons to molecular oxygen O,. More recently, Evtushenko et al. [2013] developed a
self-consistent model to study the influence of sprites on the mesosphere as a function of the altitude. They
obtained the maximum of the electron density variation at 75 km together with an important increase in the
concentration of the metastable N, (A*IT}) between 72 and 76 km.

As reported by Stanley et al. [2000], sprites can also occur during daytime triggered by exceptionally large
lightnings. Later on, Farges et al. [2005] and Kumar et al. [2008] also detected daytime sprites through infra-
sound and VLF perturbations, respectively. The chemical fingerprint of daytime sprites on the mesosphere is
not well known presently. In this regard, the simulations by Winkler and Nothold [2014] suggest a depletion in
the ozone concentration (~15%) under the action of diurnal sprites.

In the present work, we aim to contribute to the fundamental understanding of the chemistry of nonequi-
librium plasmas produced by nighttime sprite streamers in the mesosphere and their influence on the
mesosphere chemical composition and thermal evolution. This paper describes the kinetic model used, the
time evolution of the concentration of many important species for the sprite, and its afterglow through
an upgrade of the self-consistent model by Parra-Rojas et al. [2013a]. We study the processes involved in
the chemistry of the atmosphere under the action of sprite streamers with three different driving currents
between 50 km and 80 km. Although the model is less reliable as we descend in altitude because, below
70 km, sprite streamers often branch, we think that the model is quite realistic between 80 and 70 km. It
is nevertheless interesting to show the approximate chemical and thermal evolution of the atmosphere at
lower (< 70 km) altitudes under the action of sprite streamers. We also discuss in the paper the main instanta-
neous optical emission of sprites in the visible (1PN, and 2PN,) and infrared (4.26 um and 14.9 pm) together
with the optical emissions as seen by cameras recording at 33 fps and 1000 fps. Finally, we present a detailed
study of the local thermal impact of sprite streamers in the Earth’s mesosphere describing the most impor-
tant mechanisms responsible for the local energy exchange between sprite streamers and the surrounding
atmosphere.
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The structure of this paper consists, first, of a description of the model and its basic equations together with
the processes taken into account (section 2). Then, in section 3, we describe and discuss the main results.
Finally, the conclusions are presented in section 4. Furthermore, in the supporting information we list all the
chemical processes used in the model and their reaction rates. We also provide the statistical weights of CO,
together with all the potential energies (and how they were obtained) of the chemical species that are needed
to perform the energy balance.

2. Model

Although sprites have a downward development, this kinetic model does not aim to study the vertical evo-
lution of sprite streamers but to understand how a single sprite streamer can chemically and thermally affect
each layer of the mesosphere. It is known that a single streamer tends to branch as it propagates downward.
For the sake of simplicity we are neglecting here this branching dynamics and, consequently, our model can
only be considered as a pseudo 1-D model.

The kinetic model used here is an upgrade of the one by Parra-Rojas et al. [2013a] with 97 chemical species
and more than 900 kinetic processes. It integrates a set of differential equations to model the chemical and
thermal behaviors of the air plasma generated by sprite streamers. The temporal evolution of the density of

each species i is obtained through

M G -1, M
at 1 1

where n; is the concentration of each chemical species (molecular and atomic neutrals, positive and negative
ions, free electrons, etc.) and G; and L; are the rates of, respectively, the gain and loss processes during the sim-
ulation. The electron energy distribution function (EEDF) is also obtained to calculate the reaction rates of the
electron impact processes. To do this, equation (1) is solved self-consistently with the steady state Boltzmann

transport equation
eE(1)

of
me v f( t) B < ot )collisions ' @

where f(v, t) is the velocity distribution function of free electrons at time t and velocity v and e, m,, E(t), and
V, represent the elementary charge, the mass of the electron, the local electric field, and the velocity gradient
operator, respectively. The effects of collisions between electrons and heavy particles have been included in
the right-hand side of equation (2). Coulomb interactions between electrons are negligible due to their low
density in the upper atmosphere.

Finally, we studied the thermal influence of sprite streamers in the surrounding atmosphere by considering
the balance between the processes that inject energy into the gas and the mechanisms which extract energy
from it. The processes that contribute to increase the gas temperature are partial reabsortion of radiated
energy by the surrounding atmosphere and the absortion of energy from an external power source. The corre-
sponding powers of each of these two mechanisms are P, and P, for the reabsortion and for the absortion
of an external energy, respectively. The reabsorption power is expressed by

_ 2 A hv -|
a S Corr j 47[N gj exp( ) 1 )

b gas

3)

where k., is a correction factor of the gas temperature (we will explain it below), n; is the population of the
lower absorbing level in each transition considered, A; is the Einstein spontaneous emission probability, hv; is
the energy needed to excite amolecule from a lower level jto an upper level i, N is the total gas number density,
g; and g; are the statistical weights of the upper and lower excited levels, respectively, kg is the Boltzmann
constant, and Tgfs is the background gas temperature. The process represented by P, is the radiative power
partially reabsorbed by the air plasma from the surrounding atmosphere at a constant temperature Tgfs The
power directly deposited into the gas by the streamer electric field is what we have called external power, P,

given by

abs

(4)

PARRA-ROJAS ET AL.

CHEMICAL AND THERMAL IMPACT OF SPRITES 8902



@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020933

where e is the elementary charge, n, and v, are the electron density and drift velocity, respectively, and E/N is
the reduced electric field. The powers deposited into the gas (P, and P.,,) are redistributed through different
channels. The term P, is the power that goes to the translational degrees of freedom of electrons in the
plasma, and it is obtained through
_ EE d(n,T,)
elec — 2N dr

©)

where T, is the electron temperature. A large percentage of the deposited power goes to the translational
degree of freedom of the gas, Pg,,, represented by

(6)

where y is the specific gas heat ratio of dry air (v = 1.4) and T, is the gas temperature. Another important
channel in which the powers P, and P, are redistributed into the internal degrees of freedom of the gas is

the chemical power, P, ., given by
1 dn;
Pchem = N 2 / Qi dt’ @)

where Q; is the potential energy or the standard enthalpy of formation of species i. Note that P, can be pos-
itive or negative depending on the sign of Q; or dn;/dt. In the case of negative chemical power, this released
power can go to the gas heating. Finally, the power released during spontaneous radiative emission, P,,,,
reads as

K"
Prad = W Z hviinjnis (8)
i

where hy; is the energy released during radiative decay from an upper level i to a lower level j. The assumed
factor «* (equal to 0.5) accounts for the reabsortion coefficient calculated through the mean free path of the
CO, IR photons [Lépez-Puertas, 1982] in a sprite streamer of 50 m of average diameter. All these terms are
included in the power balance equation

Pabs + Pext = Pelec T Pgas + Pchem + Prad' (9)

The zero-dimensional simulations were performed for a pressure range equivalent to altitudes between 50 km
and 80 km using ZDPlasKin, a tool developed by Pancheshnyi et al. [2008] that incorporates the BOLSIG+ solver
to calculate the EEDF [Hagelaar and Pitchford, 2005].

The simulation process basically consists of three stages. The first step is what we have called electronic relax-
ation of our kinetic scheme which translates into the relaxation of our system of kinetic equations. In this stage
(based in the relaxation stage of Sentman et al. [2008] and Parra-Rojas et al. [2013a]) we use a reduced electric
field E/N ~ 0 Td during a simulation time t ~ 10° s. With this preliminary simulation we obtain a chemical
equilibrium consistent with the background electron density estimated by Hu et al. [2007]. In doing this, we
calculated the equilibrium concentrations of the ionized and excited species considered together with con-
sistent rates of ionization and dissociative ionization of N,, O, due to the flux of galactic cosmic rays [Yelinov
et al., 2009]. The initial ambient densities of the neutral species used at each altitude were taken from the
Whole Atmosphere Community Climate Model [Marsh et al., 2013].

The second step is the thermal relaxation of our system of equations, and it is very similar to the previous stage.
Using the concentrations obtained through the previous electronic relaxation stage, we get, for each altitude,
a parameter (k.. in P,,) to keep constant the gas temperature at long times (t ~ 3 x 10%). In the nighttime
atmosphere (without solar photochemistry) with no external perturbations (E = 0), the gas temperature tends
to decrease by emitting thermal radiation (cooling). The introduction of the k,,, factor (added ad hoc) in the
expression of P, . contributes to partially compensate this effect and allows us to obtain a more accurate

thermal impact of sprites on the surrounding atmosphere.

Finally, the third stage is the main simulation in which we calculate the thermal and chemical impact of sprites
in the mesosphere. For this we need to estimate first the local electric field as a function of time at each of
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7x10% L I L L I I L the altitudes of interest. However, exter-
nally imposing this electric field as derived

6x10” 4 r  from independent microscopic simula-

< " tions leads to unrealistic predictions since
"; X107 | small differences in the rates of ionization
e 4x10% 4 | between two models grow exponentially
= and often result in wildly overestimated
1“’ 3x10% - electron densities. Following da Silva and
Pasko [2014], we have found it more con-

2x10”+ T venient to impose an electric current as
110t | input, instead of the electric field. As we

will see now, this provides a certain degree

0 100 200 300 400 500 600 of self-consistency in the sense that an

Reduced Electric field, Td overshoot in the electron density is quickly

Figure 1. Dependence of y,N, where y, is the electron mobility and damped by the consequent decrease in

N is the gas density, upon the reduced electric field in dry air. The the electric field.

solid red line is the power fit with a correlation coefficient of 0.9808. We have calculated the electric field asso-

ciated with a sprite streamer through the
microscopic Ohm law

J=ocE, (10)

where Jis the current density, o is the electron conductivity, and E is the electric field. The electron conductivity
has a strong dependence with the electron density and mobility that in turn depends on the electric field as

o =en,u,(E/N), (11)

where g, is the electron mobility. We used BOLSIG+ to obtain the dependence of u,N on the reduced electric
field in an air plasma with exactly the same composition as ours. Once calculated, we fitted p,N to a power
law (see Figure 1).

b
MeN:a(%) , (12)
1 ' 1 ' wherewefounda = 6.3 x 10 m~"v-1s!
1.5x10° 1 A —5ms §[ and b= -0.35. Using equations (10) and
o — 50ms | (11), we derived and approximate expres-
E 1.2x10° — 100 sion for the reduced electric field in a sprite
; B [ streamer channel as
= 9.0x10" - \s
z E_( 4\
é 6.0x10* - N~ <enea> x1md. - (3)
g
g 3.0x10% In our simulations, the externally imposed
current consists of three phases (see
0.0 Figure 2): (a) a peak corresponding to

T T T T
10* 10° 102 10"
Time, s

the passage of the streamer head, (b) a
constant plateau, and (c) an exponen-
tial decay with a time constant of 4 ms.
Figure 2. Time evolution of the current density of a sprite streamerat  For the streamer head (a) we run micro-
75 km of altitude. The black, red, and blue ||r?es are for driving scopic streamer simulations similar to
currents of 5 ms, 50 ms, and 100 ms, respectively. Label A h d ibed by L | 12008 d
corresponds to the streamer head, B corresponds to the driving those described by Lugue et al. | ] an

current, and C (black, red, and blue) is associated to the Luque and Ebert [2010]. For each altitude
postafterglow stages. h we run a streamer simulation with the
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e LA background electron density resulting

700+ S e from the kinetic electronic relaxation

© 600 stage and a Gaussian ionization seed
= o afew kilometers aboveh that was later
3 500+ S on used as an input in the kinetic
E 4004 g. model. We then recorded the result-
§ g ing electric current at h. In Figure 14
i 300+ & of the work by Stenbaek-Nielsen et al.
§ 2004 i [2013], we can see an image of a sin-
3 3 gle sprite streamer whose width, at
& 100+ " 76 km of altitude, could be approxi-
0l mately 500 m. According to Pancheshnyi

1070 ™ 1(‘)_8 T 12)'6 ™ 1(‘)_4 ' 16_2 ™ 1(')0 ' 162 ™ et al. [2005], the streamer electrody-

namic radius can be a factor 2 greater
than the optical radius. We have
Figure 3. Reduced electric field (black solid line) and current density rescaled the streamer diameter with the

(blue dotted line) temporal behavior of a single sprite streamer at 50 km  jnverse of the density (for each altitude)
of altitude with a driving current duration of 50 ms.

Time, s

establishing a reference sprite streamer
diameter of 1 km at 76 km. With this
sprite streamer rescaling of its radius, the current flowing through the streamer channel is ~190 A and
~1120 A at 80 km and 50 km, respectively. In this way, our current density becomes consistent with the sprite
core currents estimated by da Silva and Pasko [2014].

The currents resulting from these simulations contain first a strong peak due to the field enhancement at
the streamer head and then a reenhancement of the field that as argued by Liu [2010] and Luque and Ebert
[2010] corresponds to the streamer afterglow. Microscopic simulations are limited to only a few milliseconds,
but Stenbaek-Nielsen and McHarg [2008] report observations of sprite afterglows lasting up to 100 ms. It is
to simulate these long-lasting afterglows that we extended the current input with a constant plateau (b) as
mentioned above. We have used current durations of 5 ms, 50 ms, and 100 ms, as we can see in Figure 2. They
are all terminated by an exponential decay (c) lasting 4 ms. To summarize, our model solves self-consistently
equations (1), (2), (9), and (13) at each altitude of the mesosphere (between 50 km and 80 km) considering a
complete set of chemical species under the action of a sprite streamer.

3. Results and Discussion

In this section, we show and discuss the effects of sprite streamers in the electric, chemical, and thermal prop-
erties of the mesosphere. Therefore, we have performed simulations with different driving current durations
(after the streamer head) since we can have relatively high electric fields during a long time.

3.1. Reduced Electric Field

We start our analysis with the reduced electric field, which drives many of the chemical processes in our model.
Figure 3 shows the evolution of the field at 50 km when the driving current lasts 50 ms. There the evolution is
characterized by three features: (1) a strong peak, reaching 700 Td, produced by the passage of the streamer
head and approximately coinciding with the peak of the driving current; (2) a reenhancement of the field
to values close to the breakdown field 120 Td that lasts about 0.1 ms; and (3) a train of periodic oscillations
starting around 6 ms and that persists up to the end of the driving current. With the exception of feature
(3), which appears only at low altitudes (< 60 km), the overall behavior of the reduced field is similar at all
altitudes. This is shown in Figures 4a—4f. All six figures extend the plots of reduced electric field and driving
current to the complete range of altitudes considered in our model and to the three durations of the driving
current used: 5 ms (a—d), 50 ms (b-e), and 100 ms (c-f).

In Figure 5 we plot the dependence with altitude of the maximum values of the reduced electric field and
of the streamer current density, corresponding to the streamer head. Since the reduced field E/N is driven
by the imposed current density J, the highest value of the reduced electric field and the highest value of the
streamer current density are approximately simultaneous for any given altitude. Both peak values decrease
with increasing altitude, so the absolute maxima are at the lowest considered altitude, 50 km (650 Td with
6.53 Am™2).
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Figure 4. Altitude-time evolution of the (a—c) reduced electric field and (d-f) current density due to a single sprite
streamer with a driving current of 5 ms (Figures 4a—4d), 50 ms (Figures 4b-4e), and 100 ms (Figures 4c—4f).

The second phase of the electric field evolution is the reenhancement to values close to the breakdown thresh-
old. As we will see later, this reenhancement will play a relevant role in activating many chemistry pathways; we
will refer to it as the high-field phase of the simulation. Figures 4a—4c show that the duration of this high-field
phase depends on the altitude, scaling as 1/N, and ranges from 10~ s at 50 km to 1072 s at 80 km of altitude.
As we mentioned above, the third stage of the evolution of the electric field consists in a set of periodic oscil-
lations and, as we appreciate in Figures 4b and 4c, they are only present below 60 km and when the driving
current lasts 50 or 100 ms. This is a consequence of typical times scaling as 1/N combined with a duration of
the driving current that does not depend on altitude.

The high-field phase and the oscillations appear during the driving current. Therefore, as shown in
equations (10) and (11), the evolution of the electric field is partly determined by the electron concentration
(the reduced electric field is inversely proportional to the electron density n, and directly proportional to the
current density). The high-field phase is

700 . : . : : : : 8 produced by a small decrease in the elec-

650.] . tron concentration, just after the streamer
head, caused by dissociative attachment
o 600 [ g
[ o of 02
5 550 s €
0} ro 3 _
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(8} F4 =~
L 1 .
5 450 L, &
i 400+ g, This process pushes upward the electric
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§ 300 4 1 3 nificant electron impact ionization of O,
& 250 Lo and N,:
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Figure 5. Altitude evolution of the maximum reduced electric field
(black line) and maximum streamer current density (blue line). P22 : e+ N, — N;’ +e+e
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Figure 6. Altitude-time evolution of the (a-c) electron density and (d-f) O™ density due to a single sprite streamer with
a driving current of 5 ms (Figures 6a-6d), 50 ms (Figures 6b-6e), and 100 ms (Figures 6¢c-6f).

and associative detachment of O~ by N,:

P346 : O~ +N, - N,O +e.

The strong ionization produced by the streamer head (see times between 1076 s and 10~ s in Figures 6a—6c¢)
screens the electric field so that after 10~ s (at 50 km) and 1072 s (at 80 km), it drops to around 20 Td. Conse-
quently, the reaction constant of associative detachment (that depends on £/N) decreasesto 2 x107'3 cm3 s~
(see supplementary documentation of Luque and Gordillo-Vdzquez [2012]), and electrons are removed by

P107 : e+ 0} - 0,+0+0.

With this decrease of the electron density (due to electron recombination with Oj{) the reduced electric field
increases strongly again during the constant driving current stage (see Figure 3) and activates the production
of O~ (see Figure 6) through dissociative attachment of O,. The strong periodic decrease of the reduced elec-
tric field from the pulse peak is due to the contribution of the three processes explained previously (P33, P22,
and P346). Finally, when the driving current drops to zero, the reduced electric field vanishes.

We note that the oscillations in the electric field are, to some degree, a consequence of the imposition in our
model of a constant electric current. They would probably disappear or be modified in models with a fully
self-consistent calculation of the electric field. However, they may also indicate a physical tendency of the
electric field to rise due to the removal of electrons at time scales of some tens of milliseconds. This higher
electric field would be seen as a rebrightering of the lower portions of decayed sprite tendrils. In Figure 7 we
show the electric field at the lowest altitudes of our simulations; there we see that the oscillations appear as
upward moving spots of increased luminosity. We speculate that these spots may be related with the so-called
crawlers, described by Moudry [2003] as bright segments that move upward with a velocity of 10*—10° m/s.
As seen in Figure 7, we obtain a velocity of about 10° m/s at 60 km.

3.2. Chemical Impact

In this section we discuss the evolution of atmosphere’s chemical composition under the action of sprite
streamers. We will illustrate it with two different kinds of figures: figures with six panels represent the evolu-
tion of two directly related chemical species, while figures with three panels represent a species. In both cases,
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Figure 7. Altitude-time evolution of the reduced electric field oscillations during the driving current (50 ms duration)
and between 54 and 62 km of altitude. The black line shows the upward movement of the possible crawlers
[Moudry, 2003].

the first, second, and third columns are associated to a sprite streamer with driving current durations of 5 ms,
50 ms, and 100 ms, respectively.

3.2.1. Electron Density and O~

We seein Figures 6a-6c¢ the altitude and time dependence of the electron density for the three driving current
durations that we considered. In the three cases, above 65 km, the electron concentration increases between
4 and 5 orders of magnitude in the streamer head due to N, and O, electron impact ionization:

P22 : e+ N, = Nj +e+e,
P33:e+0, - 0] +e+e,

electron impact ionization is the main mechanism producing electrons above breakdown (E/N > 120 Td) sce-
narios. When the reduced electric field falls down to subbreakdown values (after the streamer head), the
electron concentration grows again by a factor 6 due to the associative detachment (AD) of O~ by N,:

P346 : O~ +N, > N,O +e.

The electron density remains high for a few seconds due to AD, and it decreases later to background values
due to the recombination processes

P107 : e+0; - 0,+0+0,

and
P108 : e+ 0O — 0, +0,.

Below 65 km and at the time of passage of the streamer head, the electron density increases between 8 and
11 orders of magnitude due to ionization of N, and O,. Between 10* s and 1073 s after the passage of the
streamer head, an increase of a factor of 6 occurs due to associative detachment (AD) of O~ by N,. In the
cases of 50 ms and 100 ms driving current durations (Figures 6b and 6c), and following the oscillations of
the reduced electric fields, electron concentration changes due to the mechanisms P22, P33, P35, P107,
and P346 commented in the previous section. After the electric field oscillations, the electron concentration
remains elevated, around 10> cm=3, up to nearly 100 s. Finally, the electron density returns to ambient values
due to three-body electron attachment:

P39 :e+0,+0, > 0, +0,.
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The concentration of the O~ anion is closely related to the temporal evolution of the electron density. The
largest increase in the concentration of O~ is produced by the streamer head field, increasing between
14 and 5 orders of magnitude above its ambient value at, respectively, 50 km and 80 km of altitude (see
Figures 6d-6f). The main chemical mechanism responsible for this strong increase is dissociative attachment
(DA) of O,

P35:e+0, > O +0.

When the reduced electric field goes below ~60 Td, the O~ density decreases by associative detachment of
O~ by N,, producing N,O. This drop in the O~ ion concentration is directly related with the increase of the
electron density through associative detachment. In the final stage of the simulation, when the electric field
has dropped to zero, the O~ density returns to its ambient value due to AD with CO and O,:

P359 : O~ +CO — CO, +e,

and
P347 : 0”4+ 0, - O; +e.

For current durations of 50 ms and 100 ms, we observe in Figures 6e and 6f that the density of O~ decreases
faster than in the case of 5 ms duration (see Figure 6d). This is due to the stronger influence of AD of O~ in
those cases (50 ms and 10 ms). In these cases, and at middle altitudes (60-70 km), we see a small increase of
O~ during the final stage of negligible reduced electric field due to charge transfer:

P362:0; +0 - 0™ +0,,

The O~ density returns smoothly to background values by associative detachment (AD) processes
P347 : 0"+ 0, -» O; +e¢,

P351: 0" +0; > 0,+0, +e,

and charge transfer
P356 : 07 +0; - O +O.

At low altitudes (below 60 km) we obtain variations in the concentration of O~ associated with the oscilla-
tions of the reduced electric field that we described above. The density of O~ remains at values between
103-10° cm™3 up to 100 s after the passage of the streamer head.

3.2.2. N(®D) and NO

Figures 8a-8c represent the density of excited atomic nitrogen N(2D). The evolution of these species is closely
related with the reduced electric field. Consequently, when the reduced electric field reaches a maximum, the
N(?D) density reaches values of up to 107 cm~3 and 10° cm3 at, respectively, 50 km and 80 km of altitude.
The main production process of N(2D) is direct electron impact N, dissociative excitation:

P25 :e+N, - NCD)+N +e.

These maximum values of the N(?D) density persist during the high-field phase due to the balance between
the electron impact dissociative excitation of N, (P25) and quenching by O,:

P169 : N(*D) + 0, — NO + O('D).
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Figure 8. Altitude-time evolution of the (a-c) N(2D) density and (d-f) NO density due to a single sprite streamer with a
driving current of 5 ms (Figures 8a-8d), 50 ms (Figures 8b-8e), and 100 ms (Figures 8c-8f).

At the end of the high-field phase, the concentration of N(?D) decreases slightly since P25 is less effective than
quenching by O,. When the reduced electric field vanishes, the density of N(2D) still increases up to 2 orders
of magnitude due to dissociative recombination of electrons with NO*:

P101 : e+ NO'T = N(*D) + O,

once this process (P101) stops, the density of N(?D) slowly returns to its background value due to quenching
by O, (P169) at longer times. Between 65 and 50 km and in the cases of 50 ms and 100 ms of current durations
(see Figures 8b and 8c, respectively), the density of N(?D) grows more than 7 orders of magnitude above its
background values due to the action of the reduced electric field oscillations.

The altitude and time dependence of the ground state NO density are shown in Figures 8d-8f. Note that,
above 74 km, the impact of a sprite streamer in the NO concentration is negligible. Below this altitude the
density of NO increases up to 8 orders of magnitude during the passage of the streamer head. The main
mechanisms responsible for this strong variation are

P169 : N(*D) + O, — NO + O('D)

and
P168 : N(*D) + 0, - NO + O.

When the driving current lasts 5 ms the density of NO remains unchanged during the complete simulation
due to the balance between the gain and loss reactions

P413 : 0 +NO, — NO +0,,

P333: 07 + NO — NO* +0,.

In the rest of the considered cases, we see a secondary increase of up to 10° cm~3 in the concentration of
NO. The oscillations of the reduced electric field underlie this strong NO enhancement since they induce the
production of N(2D) which generates NO after quenching (P168 and P169).
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Figure 9. Altitude-time evolution of the (a-c) N;(AZHU) density and (d-f) N;(BZZI) density due to a single sprite
streamer with a driving current of 5 ms (Figures 9a—-9d), 50 ms (Figures 9b-9e), and 100 ms (Figures 9c-9f).

3.2.3. N;(AZHU) and N;(B’Ej)

Figures 9a—9c show the altitude and time dependence of the density of the N;(AZHU) ion, responsible for
the Meinel band emission, in the red and near-infrared spectral regions. Its behavior is similar to that of the
reduced electric field shown in Figures 4a—4c. Due to the streamer head field, the concentration of N;’(AZHU)
increases a magnitude between 10° cm~3 and 10" cm™3 at, respectively, 50 km and 80 km of altitude due to
direct electron impact ionization of N,:

P24 : e+ N, - NI(A’Tl,) +e+e.

N;(AZHU) remains constant during the high-field phase due to the chemical balance between P24 and the
collisional deexcitation process

P248 : NI(A’I1,) + N, — NI +N,.

Below 65 km, and in the cases of 50 ms and 100 ms of current duration (see Figures 9b and 9c), the con-
centration of N;(AZHH) reaches values close to 103 cm~3 due to the reduced electric field oscillations. The
evolution of the electronically excited N;(BZEI) ion is similar to the one of the previously discussed species
(see Figures 9d-9f). At 50 km of altitude the N;’(Bzzj) concentration reaches values close to 10* cm™3, and at
80 km, it reaches just 1073 cm3. At low altitudes this behavior is due to direct electron impact ionization of N,

P23 : e+ N, > NJ(B’Z) +e+e,

which is activated by a very high reduced electric field in the streamer head (see Figure 5). After the high-field
phase, the N;(BZZI) density returns to ambient values by spontaneous radiative decay:

P716 : Nj(B*Z}) — NI + hv.
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Figure 10. Altitude-time evolution of the (a-c) NO, density and (d-f) NO5 density due to a single sprite streamer with
a driving current of 5 ms (Figures 10a-10d), 50 ms (Figures 10e), and 100 ms (Figures 10f).

3.2.4. NO, and NO,;

The temporal evolution of the density of NO, at different altitudes for three different driving current durations
investigated is shown in Figures 10a-10c. The impact of the streamer head and the high-field phase between
58 km and 80 km is negligible due to the balance of

P352 : 0" +NO = NO, +e,

P411 : O+ NO; — NO, + O,

and
P413 : O+ NO, — O, + NO.

At low altitudes, we also see a constant NO, density due to the previous processes (P352 and P413), except
P411,and
P368 : O; + N — NO, +e.

However, 0.1 s after the streamer head, the concentration of NO, decreases up to 1 order of magnitude
because the detachment of O; by N (P391) is less effective. Finally, at longer times, the density of NO, increases
above its background value due to an enhanced ozone concentration at these times and the process

P418 : O, + NO — NO, + 0,.

This NO, increase is proportional to the driving current duration.

The behavior of the NO; concentration (see Figures 10d-10f) is very similar to the previous case of NO,. The
NO; density is not affected by the streamer passage due to the balance between

P285 : NO; +0F — NO; + 0 + O,
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and
P411 : NO; + O = NO, + O,.

For the case of the 5 ms driving current, below 60 km and starting approximately 10 s after the streamer head,
we have small increases (up to a factor 4) due to the process P285. For the driving currents of 50 ms and 100 ms
duration, and in the same way as for the NO, case, the density of NO; decreases between 59 km and 62 km
almost 2 orders of magnitude 1 s after the streamer head due to the process P411. The concentration of NO,
reverts to background values due to the increase of ozone and NO, densities for long times, which activate
the process

P408 : NO, + O; —» NO; + O,.

Due to the altitude at which sprites occur, we only have experimental data of their optical emissions that are
proportional to the concentration of the excited emitting states. We can compare our results with previous
models [i.e., Sentman et al., 2008; Gordillo-Vdzquez, 2008]. In the case of the nitrogen oxides we obtain differ-
ent results and behaviors. This is mainly due to the use of different initial conditions and different reduced
electric field characteristics. However, as in previous models, we obtain a higher impact in these species at
low altitudes although our values are somewhat higher than in those models.

3.2.5. Metastable Excitations of Atomic Oxygen

The altitude and time dependence of the most important metastable excited species densities of atomic oxy-
gen,i.e, O('D) and O('S), are shown in Figure 11. The concentration of the excited atomic oxygen O(' D), whose
lifetime is 110 s, is shown in Figures 11a-11c. At high altitudes the behavior of the density of O('D) is very
similar in the three cases studied: the density of O('D) increases strongly in the streamer head and remains
elevated during the high-field phase. The O(' D) density reaches values between 108 cm~3 at 50 km of altitude
and 10* cm~3 at 80 km of altitude. These increases are due to electron impact dissociative excitation

P37 :e+0, - O('D)+ 0O +e.

After the high-field phase, the O(' D) density returns slowly to its background value through the quenching
reactions
P207 : O('D)+ N, - O +N,,

and
P208 : O('D) + N, — N,(v1) +O.

For the cases of 50 ms and 100 ms current duration and at altitudes below 65 km (see Figures 11b and 11¢),
there are fast variations in the O('D) density between 10=3 s and 107" s associated to the reduced elec-
tric field oscillations acting during the afterglow. The reduced electric field oscillations increase the O('D)
concentration up to 108 cm~3 due to the direct electron impact dissociative excitation process P37.

Similar to O(' D), the O('S) density, with a lifetime of 0.7 s, also increases strongly in the streamer head reaching
about 107 cm=3 and 10° em~3 at 50 km and 80 km of altitude, respectively (see Figures 11d-11f). The main
processes responsible for these increases are the direct electron impact dissociative excitation during the
passage of the streamer head and the quenching of N,(C3I1,) by O, during the afterglow

P38 :e+0, - O('S)+ O +e,

P188 : N,(C3II,) + 0, — O('S) + N, + O.

Above 75 km, the concentration of O('S) maintains these values until 1 s due to process P188. Later, O('S)
slowly returns to its background density by collisional deexcitation with molecular oxygen:
P224 : 0('S)+0, - 0 +0,.

For the cases of 50 ms and 100 ms driving current (see Figures 11e and 11f, respectively) we see a number
of variations in the O('S) density between 1073 s and 107! s due to direct electron impact dissociative
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Figure 11. Altitude-time evolution of the (a—c) O(' D) density and (d-f) O('S) density due to a single sprite streamer
with a driving current of 5 ms (Figures 11a-11d), 50 ms (Figures 11b-11e), and 100 ms (Figures 11c-11f).

excitation of O, (P38). Recent measurements made by UARS [Lee and Shepherd, 2010] indicate sudden and
significant 557.7 nm optical outbursts from O('S) between 73 km and 87 km in coincidence with lightning
flashes (or some seconds after lightning) that could have produced sprites in the upper atmosphere. The tran-
sient enhancement of the O('S) concentration (and subsequent sudden optical outbursts) can be produced
by electron impact dissociative excitation (e + O,— O + O('S) + e) due to the abundant presence of energetic

free electrons released by sprite streamer ionization events.
3.2.6. Atomic Oxygen and Ozone

The behavior of the ground state atomic oxygen concentration (see Figures 12a-12c) is very similar to the
evolution of the NO density (see Figures 8d-8f). At the moment of the streamer head, the concentration of
O increases between 10 orders of magnitude at 50 km of altitude and 1 order of magnitude at 80 km. This is
produced by the direct electron impact dissociative excitation process (P37) of molecular oxygen. For longer
times, the O density remains high due to the balance between quenching and dissociation:

P37 :e+0, - O(D)+O+e,

P195 : No(A’£H) +0, > N, +0+0,

P80 :e+0; - 0,+0+e,

and
P424 : O+ 0,4+ N, = O3 +N,.

On the other hand, below 60 km the processes are

P193 : N,(B’Il;) + O, - N, + 0 +0,

P195 : Ny(A’LH) +0, > N, +0+0,
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Figure 12. Altitude-time evolution of the (a-c) O density and (d-f) O3 density due to a single sprite streamer with a
driving current of 5 ms (Figures 12a-12d), 50 ms (Figures 12b—12e), and 100 ms (Figures 12c-12f).

P178 : Ny(a'lly) + 0, - N, + 0 + 0,

P80 :e+0; - 0,+0+e,

and
P424 : 0+ 0, +N, —» O3 +N,,

which decrease the density of O starting 10 s after the streamer head. For the cases of 50 ms and 100 ms
driving current (see Figures 12b and 12¢, respectively), low altitudes and 1072 s after the streamer head, the
density of O increases through 1 order of magnitude by quenching of NZ(B3Hg) by O, (P193) following the
oscillations in the reduced electric field.

Looking now at ozone, Figures 12d-12f show that the O; density barely changes between 55 km and 80 km
of altitude due to the balance between

P424 : 0+ 0, + N, > N, + O,

and
P80 :e+0; -0, +0+e.

Below 56 km, there is an increase of O; by more than 1 order of magnitude for the case of 100 ms driving
current (see Figure 12f) due to efficient three-body recombination of atomic oxygen (P424) at lower altitudes.
This increase occurs 1 s after the streamer head because the electron density is too low and therefore the

electron impact dissociation of O; (P80) is not as effective as the three-body recombination of O (P424).
3.2.7. Molecular Oxygen Metastables

We have also studied the metastables O,(a' A ), with a lifetime of about 45 min, and O, (b’ 7). with a lifetime
of 12 s (see Figure 13). Regarding the first one, the O,(a' A ) density shows a strong increase coinciding with
the streamer head and reaches values close to 10° cm=3 and 10 cm~3 at, respectively, 50 km and 80 km of
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Figure 13. Altitude-time evolution of the (a-c) 02(a1 Ag) density and (d-f) 02(b1 2;) density due to a single sprite
streamer with a driving current of 5 ms (Figures 13a-13d), 50 ms (Figures 13b-13e), and 100 ms (Figures 13c-13f).

altitude (see Figure 13a-13c). The main mechanism controlling the variation of Oz(a‘Ag) is direct electron
impact excitation
P31 :e+0, - 0,a'Ay) +e.

After the production of O,(a' Aj) by P31, its high concentration persists due to the balance between

P241 : Oy (b' 2;) +N, - 0,(a'A) +N,

and
P721 : 0,(a'A,) — O, + hv,

P236 : 0,(a'A,) + 0, - 0, +0,.

Below 55 km, there is a secondary increase of O,(a' Aj) up to 102 cm™~3 (in the 100 ms case) due to the electron
production by the oscillations of the electric field. Electrons accelerated by a high £/N produce O,(a' Ag) by
direct electron impact excitation of O, (P31). At very long times (longer than 102 s), the O, (a' Ag) density tends
to its ambient values due to collisional deexcitation with NO:

P240 : 0,(a'A,) + NO — NO +0,.

The behavior of the mestastable O, (b’ Z;f) is similar to that of O,(a'A). Figures 13d-13f show values, imme-
diately after the streamer head, between 108 cm~3 and 10° cm~3 at 50 km and 80 km of altitude, respectively.
As for O,(a' Ay), the main mechanism producing O, (b’ Z;f) is direct electron impact excitation of O,

P32:e+0, > O,(b'TH) +e,

Above 60 km, the concentration of O, (b’ Z;f) remains constant up to 1 s after it is produced. This is due to the
balance between the processes

P209 : O('D) + 0, — 0,(b'E}) + O,
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Figure 14. Altitude-time evolution of the atomic nitrogen density (N) due to a single sprite streamer with (a) 5 ms, (b)
50 ms, and (c) 100 ms driving current.

P206 : Np(A’Z}) + 0, = O5(b'T)) + Ny,

and the reaction
P241 1 0,(b'Z}) + Ny = 05(a'A) +N,.

The removal of O, (b’ Z;f) is explained by the lowering of the electron density and the subsequent decrease of
the density of O('D) and NZ(A3ZI). For this reason, the quenching of O, (b’ Z;) by N, becomes more effective.
Below 60 km, we see another increase of O,(b' Z;f) up to 10" cm~3 for the cases of 50 ms and 100 ms driving

current (see Figures 13e and 13f) due to the quenching of O(' D) by O, (P236).
3.2.8. Atomic Nitrogen

The evolution of the density of ground state nitrogen is shown in Figure 14. We can see how the N concen-
tration increases by 7 orders of magnitude (up to 108 cm™3) at 50 km at the moment of the streamer head
and 2 orders of magnitude (up to 10° cm™3) at 80 km. There is a further increase of 1 order of magnitude in
the atomic nitrogen concentration during the high-field phase (between 10~° and 10~* s). The underlying
mechanism of this later enhancement of N is the direct electron impact dissociative excitation of N,:

P25 :e+N, - NCD)+N +e.

The N density remains high during a long time, e.g., up to 10 s (at 50 km) due to the balance between

P171 : NCD)+N, > N+ N,,
P180 : N,(a'lly) + NO — N, + N+ 0,
P274 : O; +NO" - 0, +N+0,
P100 : e+ NO* - N+ O,

and
P395 : N+ 0, — NO +O.

PARRA-ROJAS ET AL. CHEMICAL AND THERMAL IMPACT OF SPRITES 8917



@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020933

N,O density

1010

10°

L 107

Altitude, km
Density, cm™

L 106

10*

50 T T T T T T T il T
10%10°10%10210° 10> 10®10°10*10710° 10° 10%10°10*10?10° 10°
Time, s Time, s Time, s
Figure 15. Altitude-time evolution of the N,O density due to a single sprite streamer with (a) 5 ms, (b) 50 ms, and (c)
100 ms driving current.

Above 67 km, a high concentration of N persists for more than 1000 s due to the balance between the pro-
cesses P171, P100, and the process P395. For the cases of 50 ms and 100 ms driving current durations (see
Figures 14b and 14c, respectively) and below about 62 km, the density of ground state N increases up to fac-
tor 5, driven by the oscillations of the reduced electric field. The cause of this secondary increase is the direct
electron impact dissociative excitation of N, (P25).

3.2.9. N,0

The altitude and time dependence of the density of N,O (a greenhouse gas and a very important species in
the ozone cycle) is shown in Figure 15. We see that after the streamer head, the N,O density increases up to 1
order of magnitude due to associative detachment (AD) of O~ by N,:

P346 : O~ +N, - N,O +e.

As we have previously discussed, this process (P346) strongly depends on the reduced electric field. The N,O
density remains at these enhanced values during all the simulation due to the AD process together with

P397 : N+ NO, — N,0 + 0,

and
P83 : e+ N,O0—- N, +0O+e,

P353 : 0" + N,0 - NO™ + NO.

In a similar way but at altitudes above 75 km, the concentration of N,O increases by a factor 6 due to AD and
remains high due to the balance between AD, P397, P353,

P200 : No(A’Z}) + N,0 — NO+ N, +N.

We also see in Figures 15b and 15c (50 ms and 100 ms driving current, respectively) that the N,O density
grows one additional order of magnitude due to the influence of the reduced electric field oscillations on the
AD process of O~ by N, at low altitudes (below 62 km in the case of 100 ms current afterglow).
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Figure 16. Altitude-time evolution of the NZOEr ion density due to a single sprite streamer with (a) 5 ms, (b) 50 ms, and
(c) 100 ms driving current.

3.2.10. N,O7

The concent?ation of N,O5 ions at the moment of the streamer head passage exhibits a sharp increase of 8
orders of magnitude at low altitudes (see Figure 16). The N,0O7 density also shows a smooth increase of one
additional order of magnitude following the high-field phase. Both increases of the concentration of N,03
are produced by three-body associative recombination

P335: 07 + N, + N, = N,OF +N,.

Afterward, it decays toward to its ambient value due to dissociative recombination:
P345 : N,0; +0, —» O; +N,,

P344 : N,OF + N, — OF + N, +N,.

Above 75 km, the concentration of N,OF increases up to 4 orders of magnitude by the three-body associative
recombination P335 but then slowly returns to its initial value due to dissociative recombination (P345). For
the cases of 50 ms and 100 ms driving current (see Figures 16b and 16c, respectively) and below 60 km, the
concentration of N,O} barely changes during the oscillations of the reduced electric field oscillations.
3.2.11. Nz(A3Z:)

The time evolution of the metastable N2(A3Z:) density is shown in Figure 17. The behavior of the NZ(A32:)
concentration is very similar to that of the reduced electric field (see Figures 4a—4c). Below 60 km, it increases
sharply to 108 cm~3 at the moment of the streamer head due to direct electron impact excitation

P11 :e+N, - Ny(A’SH) +e,

Later, the elevated density persists due to the spontaneous decay of N2(B3Hg)

P703 : N,(B*I1y) — N,(A*Z)) + hv.

The density of N2(A323) finally returns to initial ambient values due to quenching with O, when the reduced
electric field vanishes:
P195 : Ny(A’L}) + 0, > N, + 0 + 0.
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Figure 17. Altitude-time evolution of the metastable NZ(A3ZZ) density due to a single sprite streamer with (a) 5 ms,
(b) 50 ms, and (c) 100 ms driving current.

Above 75 km, the density of N2(A3Z:) increases smoothly to about 106 cm~3 due to the spontaneous radiative
decay of N2(B3Hg) to N,(A3Z?). For the cases of 50 ms and 100 ms durations of the current (see Figures 17b
and 17¢, respectively) we have fast variations in the N,(A3Z}) density associated to the reduced electric field
oscillations, and the N,(A’Z) density reaches its maximum at the streamer head. These fast variations are
caused by

P192 : N,(B*I)) + N, — N,(A*Z)) + N,,

P703 : N,(B’II;) — N,(A’ZH) + hv,

P11 :e+N, - Ny(A’ZH) +e,

and
P195 : No(A’£}) +0, > N, + 0 + 0.

3.3. Optical Emission Brightness

In this section we will show and discuss the results of the optical emission brightness of the first and second
positive band systems of N, as well as the NIR (near-infrared) emission brightness of the Meinel band of N
and those of the 4.26 pm and 14.9 pm IR bands of CO, under the action of single sprite streamer. As in the
previous section, we have used three different driving current durations (53 ms, 50 ms, and 100 ms) to study
the possible detection scenarios at different altitudes using suitable instrumentation. The emission brightness
measured in Rayleighs (1R = 10° photons cm~2 s7') is calculated through the expression

EB(R) = 1076 / v(hdl, (14)

where V()) is the so-called volume emission rate (in photons cm™ s7') and the integral is taken along the
line of sight through the emission volume over a characteristic length /. In our case, the magnitude / is the
diameter of a sprite streamer, and we have considered the value of ~500 m [Stenbaek-Nielsen et al., 2013] at
76 km, rescaled with the inverse of the density (for each altitude). The volume emission rate V(/) is Aj (s %N,
(cm™3), that is, the product of the Einstein coefficients (A;) for spontaneous emission times the concentration
of the i emitting excited state density (N,).
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Figure 18. Altitude-time evolution of the (a—c) NZ(B31'[g) density and (d-f) the first positive band system (1PN,)
emission brightness due to a single sprite streamer with a driving current of 5 ms (Figures 18a-18d), 50 ms
(Figures 18b-18e), and 100 ms (Figures 18c—18f).

In Figures 18a-18c we can see the time evolution of the NZ(B3H9) density, whose radiative decay to NZ(A3Z:)
is responsible for the first positive band system (1PN,) of N,. The emission brightness (EB) of the 1PN, is shown
in Figures 18d-18f. The EB of the 1PN, exceeds 1 MR in almost all altitudes considered. This high brightness
is produced by the strong N2(B3Hg) excitation in the streamer head and during the afterglow by, respectively,
direct electron impact excitation

P15 : e+ N, - Ny(B’II,) + e

and
P704 : N,(C’I1,) — N,(B*T1y) + hv,
The main deexcitation mechanism of NZ(B3H9) is, at high altitudes, quenching by O,

P193 : Ny(B*I)) + 0, - N, + 0 + 0,

and, at low altitudes, the radiative decay responsible for the 1PN, emission

P703 : N,(B’II,) — N,(A’SH) + hv,

At very low altitudes (between 55 km and 50 km), the brightness of the reddish emission of 1PN, can exceed
10 GR. The variations in the emission brightness (and therefore in the density of N,(BI1,)) are associated to
the reduced electric field oscillations.

The behavior of the 2PN, emission brightness (see Figure 19) is very similar to that of 1PN;. In this case, the
EB also exceeds 1 MR in almost all the altitudes for the three cases considered due to the strong increase of
the N, (C3I1,) density by electron impact excitation

P17 : e+ N, = Ny(C3IT,) + e
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Figure 19. Altitude-time evolution of (a-c) the NZ(C3HL,) density and (d-f) the second positive band system (2PN,)
emission brightness due to a single sprite streamer with a driving current of 5 ms (Figures 19a-19d), 50 ms
(Figures 19b-19e), and 100 ms (Figures 19c-19f).

and its subsequent radiative decay

P704 : N,(C’I1,) — N,(B’I1y) + hv.

Similar to the previous case, at low altitudes, the EB of the 2PN, can exceed 10 GR for the blue emission
corresponding to 2PN,.

In Figures 20a-20c, we can see that the IR (4.26 pm) emission brightness predicted by the present kinetic
model simulations can also exceed 1 MR below 75 km of altitude for the case of 100 ms driving current (reach-
ing 100 GR at 50 km) and below 70 km of altitude for the case of 5 ms driving current (exceeding 1 GR at
50 km). Just before the end of the driving current, the IR (4.26 pm) emission begins to increase due to the
radiative deexcitation from CO,(00°1) to the fundamental state CO,(00°0).

P594 : CO,(00°1) — CO,(00°0) + hv (4.26pm).

In order to achieve this strong IR emission, a high rate of CO,(00°1) production is necessary, being the direct
electron impact vibrational excitation of CO, the main production mechanism of CO,(00°1) during the first
stages of the emission

P48 : e+ CO, — CO,(00°1) +e,

while when the reduced electric field falls to negligible values, the production of CO,(00°1) is dominated by
the vibrational-vibrational process

P572 : N,(v2) + C0O,(00°0) — N,(v1) + CO,(00°1).
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Figure 20. Altitude-time evolution of the (a-c) 4.26 pm and (d-f) 14.9 pm infrared emission brightness of CO, due to a
single sprite streamer with a driving current of 5 ms (Figures 20a-20d), 50 ms (Figures 20b-20e), and 100 ms

(Figures 20c-20f).

However, for the IR emission brightness at 14.9 pm, it can reach values above 1 GR for low altitudes (< 60 km)
only for the cases of 50 ms and 100 ms driving currents (see Figures 20e and 20f). This 14.9 um emission is
produced by the radiative decay of the first vibrationally excited state of CO, to the ground state

P579 : CO,(01'0) — CO,(00°0) + hv (14.9um).

The production of CO,(01'0), necessary for the 14.9 um IR emission, is dominated by vibrational-translational
(VT) and vibrational-vibrational (VV) processes whose initial vibrationally excited states have been generated
by electron impact excitation. The sum of several VT processes explains the increase of the CO,(01'0) density:

P485 : N, + C0,(00°0) = N, + C0O,(01'0),
P486 : N, + C0,(02°0) — N, + C0O,(01'0),

P487 : N, + C0,(02%0) — N, + C0O,(01'0),

together with the VV processes

and

P533 : CO,(00°0) + C0O,(03'0) — CO,(02°0) + CO,(01'0),

P534 : C0O,(00°0) 4+ CO,(03'0) — CO,(02%0) + CO,(01'0).

The main loss mechanisms of CO,(01'0) are radiative decay (P579) and quenching of CO,(01'0) by N,

P485 : N, +C0,(01'0) = N, + C0,(00°0).

Considering now that the atmosphere, from mesosphere to space, behaves as optically thin, we think that the
IR emissions associated to sprites could be detected with suitable space instrumentation pointing to the limb
as in the case of LBH emissions [Gordillo-Vdzquez et al., 2011].
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Figure 21. Altitude-time evolution of the Meinel (N;(AZHU) - N;(XZZ;)) emission brightness due to a single sprite
streamer with (a) 5 ms, (b) 50 ms, and (c) 100 ms driving current.

Finally, we show in Figure 21 the Meinel emission brightness due to a single sprite streamer for different driv-
ing current durations. Our model predicts, for the three cases studied (5 ms, 50 ms, and 100 ms), that the Meinel
emission brightness does not reach 1 MR or barely reaches it at 50 km of altitude. Our predicted Meinel emis-
sion brightness grows with decreasing altitudes. Therefore, we speculate that the brightness due to Meinel
emissions could reach and exceed 1 MR at tendrils altitudes and, consequently, the chances to detect it from
ground or space platforms are small or none.

Figure 22 shows the altitude evolution of the possible detected number of photons per cm™2 per frame inte-
gration time as would be recorded by a camera of 33 fps (standard video rate) due a single sprite streamer
with 50 ms driving current. We see in Figure 22 that the number of emitted photons per unit area of all the
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Figure 22. Altitude evolution of the detected number of photons per unit area per frame integration time due to a
single sprite streamer with 50 ms driving current as would be measured by a 33 fps camera. The red, blue, and purple
lines correspond, respectively, to the first and second positive band systems of N, and to the Meinel band of N; The
black and green lines correspond to the 4.26 pm IR and 14.9 pm IR bands of CO,.
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Figure 23. Altitude evolution of the detected number of photons per unit area per frame integration time due to a
sprite streamer with 50 ms driving current as would be measured by a 1000 fps camera. The red, blue, and purple lines
correspond, respectively, to the first and second positive band systems of N, and to the Meinel band of N;. The black
line corresponds to the 4.26 pm IR band of CO,. In this case, we have not included the integrated number of photons
per unit area of the 14.9 um IR band because our model does not have sufficient temporal resolution at these timescales.

bands studied is above 10'° photons cm~2 (except for the Meinel band) in our model most reliable altitude
range (70-80 km of altitude). It is also interesting to note that the CO, IR number of emitted photons per
unit area (4.26 pm and 14.9 um) could even exceed values of 103 photons cm~2 between 60 and 50 km. The
possibility of detection of sprite infrared emissions from space depends basically on the characteristics of the
instrumentation. Even so, if we consider an optically thin atmosphere above 50 km, the infrared absoption
is negligible. The emission brightness of the 4.26 pm band with respect the atmospheric background could
be estimated through the ratio between the population of the CO,(00°1) after the streamer passage and the
background population of the CO,(00°1). In this regard, the post streamer infrared emission brightness of the
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Figure 24. Altitude-time evolution of the gas temperature variation due to a single sprite streamer with (a) 5 ms,
(b) 50 ms, and (c) 100 ms of driving current.
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Figure 25. Altitude evolution of the maximum variation of the gas temperature. The solid black, red, and blue lines are
for driving currents of, respectively, 5 ms, 50 ms, and 100 ms.

4.26 pm band is more than 2 orders of magnitude higher than the IR emission of the atmospheric background
at 50 km and 1 order of magnitude higher at 65 km (see Figure 20).

In the same way, for the case of a camera recording at 1000 fps (see Figure 23) the detected number of photons
per unit area of 1PN,, 2PN,, and 4.26 pm IR bands can exceed, according to our model, 10'° photons cm~2
below 75 km. As stated before, we need to be careful about our model results below 70 km since at these
altitudes sprite streamers tend to branch and our model does not follow streamer branching dynamics.

As in the case of the nitrogen oxides, our emission brightness results disagree with previous models. We
obtain higher values for the optical emission brightness than those reported by Sentman et al. [2008] and
Gordillo-Vdzquez [2008]. However, at altitudes between 68 km and 63 km, our calculations are in good agree-
ment with the results by Gordillo-Vdzquez [2008] for the N, second positive system band emission, which
predict EB between 100 MR (68 km) and 10 GR (63 km). Finally, at 75 km, our model predicts sprite optical
emissions between 10 MR and 1 GR for the first positive band system of N,. These results agree, in the upper
limit, with the observations reported by Stenbaek-Nielsen et al. [2007].

3.4. Thermal Impact

Finally, we discuss in this section the result shown in Figures 24a—24cin connection with the thermal impact of
sprite streamers with 5 ms, 50 ms, and 100 ms driving current in the Earth’s mesosphere. The most important
increase in the gas temperature occurs at lower altitudes, between 60 km and 50 km, and it is proportional

e B R B o e e R Bi mas p s L s V]
7001 . E/N

E 600 - R R . Tga s

R : : F270 ¢
=]
o 5004 : Afterglow %
= : stage 3
2 400 — g
‘g\ : : 265 3
° 300 4 g
= c
S 2004 3
= s F260 x
9 Post-afterglow
& 1001 stage

ol . ’ :

Wq’rﬂ_‘rﬂ_’rﬂmmq’rﬂwwwﬂm
10"™0"10°10°10710°10°10°10°10°10" 10" 10" 10° 10° 10°
Time, s

Figure 26. Temporal evolution of the gas temperature (blue line) and the reduced electric field (black line) at 50 km of
altitude for the 50 ms driving current.
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Figure 27. Time-dependent distribution of the energy density dissipated by a single sprite streamer with 50 ms driving
current at an altitude of 50 km.

to the afterglow duration. At higher altitudes the variation of the gas temperature is negligible compared to
that produced at lower layers.

We can see in Figure 25 the altitude evolution of the maximum variation of the gas temperature under the
action of a sprite streamer. As previously discussed, the maximum gas temperature is reached at 50 km and
it is strongly related with the duration of the driving current so that the temperature variation is greater for
longer driving currents. The gas temperature maxima are 2.3 K, 15 K, and 29 K with 5 ms, 50 ms, and 100 ms
driving currents, respectively.

The chemical mechanisms responsible for the gas heating are the same in the three cases studied, and con-
sequently, we will only show from now on the results for the intermediate case (50 ms of afterglow) at 50 km
of altitude. In Figure 26 we show the temporal evolution of the gas heating (blue line) and the reduced elec-
tric field (black line) at 50 km of altitude for the 50 ms afterglow case. We can see two different behaviors in
the temporal evolution of the gas temperature related with the evolution of the reduced electric field. The
first one is called “afterglow stage” and corresponds to the driving current, while the second one is called
“postafterglow stage” and is related with the regime of negligible values taken by the reduced electric field
between 54 ms and 33.6 s.
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Figure 28. Time-integrated contribution to gas temperature of each energetic channel in the afterglow stage (red bars)
and in the postafterglow stage (yellow bars) after the streamer head at 50 km of altitude and for the 50 ms driving
current. Note that a negative sign of the temperature contribution corresponds to the temperature absorbed by the gas
in nonthermal processes.
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Figure 29. Electron energy loss fractions through electron impact collision processes producing the species above at
50 km of altitude for the 50 ms driving current. Note that in O,(v) and N;(v) we have taken into account all the
vibrational levels considered.

Figure 27 shows the evolution of the energy contained in the gas under the action of a sprite streamer at 50 km
of altitude. We can compare Figure 26 with Figure 27 for a better understanding of the energetic channels
responsible for the gas heating. The red area in Figure 27 shows the total energy density imposed on the gas
(Pext + P.ps), the green area is the energy density of the chemical channel (Pg,.,), and the yellow area is the
energy density corresponding with the radiative channel (P,,4). The electron energy channel P, is negligible.
In the afterglow stage (up to 54 ms) the reduced electric field is the main mechanism injecting energy in
the system being a large fraction of this electric field energy absorbed through the chemical channel. The
difference between the energy density injected by the electric field and the energy density absorbed by the
chemical processes is the net gas heating of the afterglow stage. When the reduced electric field goes to
zero (postafterglow stage), the energy densities of the chemical and radiative channels decrease and the gas
temperature increases again (see postafterglow stage in Figure 26).

From the thermal point of view, we can see in Figure 28 the time-integrated contribution of each channel
to gas heating in the afterglow (red bars) and postafterglow (yellow bars) stages. We represent in Figure 28
the gas temperature variations produced by absorption/emission of external, chemical, and radiative power.
We can note that, in the afterglow stage (up to 54 ms), the reduced electric field, through P,,,, produces an
increase of more than 20 K (in the gas temperature). However, 15 K of those 20 K are deposited into the internal
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Figure 30. Fractions of electron energy partitioned into the excitation, ionization, and dissociation of molecules. These
values are calculated at 50 km of altitude for the 50 ms driving current. Note that in O,(v) and N,(v) we have taken into
account all the vibrational levels considered.
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Figure 31. Time-integrated contribution of different kinetic processes to gas heating up to 33.6 s at 50 km of altitude for
the 50 ms driving current.

degrees of freedom of the gas, i.e., P, (NOte that a negative sign of the temperature contribution in Figure 28
corresponds to the temperature absorbed by the gas in nonthermal processes). The temperature losses due to
radiative decay are negligible (0.04 K) during afterglow. Therefore, the total (net) temperature increases in the
afterglow stage is approximately of 4.5 K. The energy loss fraction of electrons by electron impact collisions
in the afterglow stage is shown in Figure 29. Out of the 16 K deposited by the sprite streamer in P, .., 92.7%
goes to vibrational excitation of molecular nitrogen N, (v), 2.63% to rotational excitation of molecular nitrogen
N, (rot), and 1.96% to vibrational excitation of molecular oxygen O,(v). This results is consistent with what we
see in Figure 30, where we show the different energy loss fractions as a function of E/N for direct electron
impact processes. The reduced electric field reached by the streamer head is approximately 650 Td (at 50 km
of altitude) but for a very short time (of about several microseconds). However, the mean reduced electric field
of all the sprite streamers E/N profile is below breakdown values, and consequently, direct electron impact
vibrational excitation of N, is the main kinetic mechanism where the P, energy is stored.

Once the reduced electric field has dropped to negligible values, the P,,, channel only provides 0.2 K to the
gas (see Figure 28, yellow bars) in the postafterglow stage. However, the external energy, mainly stored in
the vibrational states of molecular nitrogen N,(v), is now transferred by vibrational-vibrational processes to
CO,(v; V, v3). The vibrational quenching of CO, (v, v, v3) by N, and the radiative decay of vibrational excited
CO, levels are the responsible for the ~11 K gas temperature increase during the postafterglow stage. The
main processes underlying gas heating in the postafterglow stage are shown in Figure 31.

4, Conclusions

We have studied the electrical, chemical, and thermal impacts of a single sprite streamer with different driv-
ing current durations in the terrestrial mesosphere (50-80 km). In order to quantify the temporal evolution
of each chemical species, our model solves a set of differential continuity equations for each of the chemical
species considered (1) coupled with the Boltzmann equation (2), the Ohm law (10), and the energy conser-
vation equation (9). Using as initial conditions the current density profiles provided for a set of altitudes by
the streamer model by Luque and Ebert [2010], we have extended them using different constant driving cur-
rent durations (5 ms, 50 ms, and 100 ms). For this, we have obtained the reduced electric field of a single
sprite streamer for each of the altitudes considered so that the maximum current density occurs at the same
time as the maximum reduced electric field. The constant driving current generates a high-field phase shorter
than the driving current whose duration and value are, respectively, directly proportional to the altitude
considered and close to breakdown (~120 Td). At low altitudes and for the cases of 50 ms and 100 ms
driving currents, we found a set of oscillations at the final stage of the E/N afterglow. We think that these
undervoltage E/N oscillations built upon the opposite trends of electron production by associative detach-
ment of O~ by N, and electron loss by dissociative recombination of electrons with O during the driving
current. At low altitudes, the electric field of the streamer head causes a huge growth in the electron
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concentration up to 12 orders of magnitude (108 cm~3) above ambient values. The tremendous increase in
the electron concentration is driven by direct electron impact ionization of N, and O,. In a similar way, the
density of O~ exhibits a sharp enhancement past the streamer head due to dissociative attachment of O,. Our
model also predicts a quite significant enhancement in the concentration of metastable species (N2(A3Zj),
0,(a'A,), Oy(b! ) 0O('D), and O('S)) capable of storing energy for a relatively long time. The production of
metastables is mainly caused by electron impact processes fueled by the high electron concentration caused
by the streamer head electric field. We have also found an important (more than 2 orders of magnitude above
ambient values at 50 km of altitude) and long-lasting (more than 103 s) enhancement of the N,O density in
the mesosphere. The presence of significant N,O concentrations in the atmosphere for long times could sub-
stantially affect the ozone concentration. We have also evaluated the emission brightness of the first (1PN,)
and second (2PN,) positive band systems of N, associated with key visible optical emissions of sprites, the CO,
infrared emission at 4.26 ym and 14.9 um, and the Meinel band of N} associated with red and near-infrared
emissions. As expected, at low altitudes the reddish and bluish emission brightness of 1PN, and 2PN, exceed
1 MR by 4 orders of magnitude both at the streamer head and during the afterglow. In the same range of alti-
tudes but at the final stages of the E/N afterglow, the 4.26 um IR emission brightness can exceed 100 GR due
to the high C0,(00°1) density production by electron impact collision and by VV processes involving N, (v).
We think that this IR emission could be recorded from space detectors pointing toward the limb. Moreover,
we found that the Meinel band emission brightness under the action of a single sprite streamer does not
reach 1 MR at any altitude. However, we can conclude from our simulations that it could exceed 1 MR at ten-
dril altitudes. Finally, our model predicts a relatively important increase in the temperature of the low altitude
(< 65 km) atmosphere surrounding a single sprite streamer. This gas temperature enhancement increases at
lower altitudes and depends directly on the duration of the driving current. A gas temperature increase (AT /T)
of up to ~ 6.1% could be reached at 50 km for the intermediate case considered (50 ms of driving current).
This gas temperature enhancement is mainly caused by the collisional quenching of the vibrationally excited
CO,(v, VLvs) (previously excited through WV collisions with N, (v)) with ground N, and, also, by the radiative
decays of CO,(00°1) underlying the 4.26 um IR emission. Future work will extend our simulations to blue jets at
lower altitudes where our model predicts an important local heating in the atmosphere surrounding the TLE.

References

Adachi, T, et al. (2006), Electric field transition between the diffuse and streamer regions of sprites estimated from ISUAL/array photometer
measurements, Geophys. Res. Lett., 33, L17803, doi:10.1029/2006GL026495.

Adachi, T, et al. (2008), Electric fields and electron energies in sprites and temporal evolutions of lightning charge moment, J. Phys. D,
41(23), 234010, doi:10.1088/0022-3727/41/23/234010.

Armstrong, R. A,, J. A. Shorter, M. J. Taylor, D. M. Suszcynsky, W. A. Lyons, and L. S. Jeong (1998), Photometric measurements in the SPRITES
'95 and '96 campaigns of nitrogen second positive (399.8 nm) and first negative (427.8 nm) emissions, J. Atmos. Sol. Terr. Phys., 60,
787-799, doi:10.1016/51364-6826(98)00026-1.

Armstrong, R. A, D. M. Suszcynsky, W. A. Lyons, and T. E. Nelson (2000), Multi-color photometric measurements of ionization and energies
in sprites, Geophys. Res. Lett., 27,653 -656, doi:10.1029/1999GL003672.

Arnone, E,, et al. (2008), Seeking sprite-induced signatures in remotely sensed middle atmosphere NO,, Geophys. Res. Lett., 35, 05807,
doi:10.1029/2007GL031791.

Barrington-Leigh, C. P, U.S. Inan, M. Stanley, and S. A. Cummer (1999), Sprites triggered by negative lightning discharges, Geophys. Res. Lett.,
26,3605-3608, doi:10.1029/1999GL010692.

Barrington-Leigh, C. P, U. S. Inan, and M. Stanley (2001), Identification of sprites and elves with intensified video and broadband array
photometry, J. Geophys. Res., 106, 1741-1750, doi:10.1029/2000JA000073.

Bell, T. F, V. P. Pasko, and U. S. Inan (1995), Runaway electrons as a source of Red Sprites in the mesosphere, Geophys. Res. Lett., 22,
2127-2130, doi:10.1029/95GL02239.

Bell, T.F, S. C. Reising, and U. S. Inan (1998), Intense continuing currents following positive cloud-to-ground lightning associated with red
sprites, Geophys. Res. Lett., 25, 1285-1288, doi:10.1029/98GL00734.

Bering, E. A, Ill, et al. (2004), The results from the 1999 sprites balloon campaign, Adv. Space Res., 34, 1782-1791,
doi:10.1016/j.asr.2003.05.043.

Bhusal, L., et al. (2004), Statistics and properties of transient luminous events found in the 1999 Sprites Balloon Campaign, Adv. Space Res.,
34,1811-1814, doi:10.1016/j.asr.2003.05.045.

Blanc, E., T. Farges, R. Roche, D. Brebion, T. Hua, A. Labarthe, and V. Melnikov (2004), Nadir observations of sprites from the International
Space Station, J. Geophys. Res., 109, A02306, doi:10.1029/2003JA009972.

Boccippio, D. J., E. R. Williams, S. J. Heckman, W. A. Lyons, I. T. Baker, and R. Boldi (1995), Sprites, ELF transients, and positive ground strokes,
Science, 269, 1088-1091, doi:10.1126/science.269.5227.1088.

Boeck, W. L., O. H. Vaughan, R. J. Blakeslee, B. Vonnegut, M. Brook, and J. McKune (1995), Observations of lightning in the stratosphere,

J. Geophys. Res., 100(D1), 1465-1475, doi:10.1029/94JD02432.

Boeck, W. L., O. H. Vaughan, R. J. Blakeslee, B. Vonnegut, and M. Brook (1998), The role of the space shuttle videotapes in the discovery of
sprites, jets and elves, J. Atmos. Sol. Terr. Phys., 60, 669-677, doi:10.1016/51364-6826(98)00025-X.

Bér, J. (2013), Optically perceptible characteristics of sprites observed in Central Europe in 2007-2009, J. Atmos. Terr. Phys., 92,151-177,
doi:10.1016/j.jastp.2012.10.008.

PARRA-ROJAS ET AL.

CHEMICAL AND THERMAL IMPACT OF SPRITES 8930


http://dx.doi.org/10.1029/2006GL026495
http://dx.doi.org/10.1088/0022-3727/41/23/234010
http://dx.doi.org/10.1016/S1364-6826(98)00026-1
http://dx.doi.org/10.1029/1999GL003672
http://dx.doi.org/10.1029/2007GL031791
http://dx.doi.org/10.1029/1999GL010692
http://dx.doi.org/10.1029/2000JA000073
http://dx.doi.org/10.1029/95GL02239
http://dx.doi.org/10.1029/98GL00734
http://dx.doi.org/10.1016/j.asr.2003.05.043
http://dx.doi.org/10.1016/j.asr.2003.05.045
http://dx.doi.org/10.1029/2003JA009972
http://dx.doi.org/10.1126/science.269.5227.1088
http://dx.doi.org/10.1029/94JD02432
http://dx.doi.org/10.1016/S1364-6826(98)00025-X
http://dx.doi.org/10.1016/j.jastp.2012.10.008

@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020933

Bucsela, E., J. Morrill, M. Heavner, C. Siefring, S. Berg, D. Hampton, D. Moudry, E. Wescott, and D. Sentman (2003), NZ(B3 11 g) and N,
+(AZHL,) vibrational distributions observed in sprites, J. Atmos. Sol. Terr. Phys., 65, 583-590, doi:10.1016/51364-6826(02)00316-4.

Chen, A. B, et al. (2008), Global distributions and occurrence rates of transient luminous events, J. Geophys. Res., 113, A08306,
doi:10.1029/2008JA013101.

Cho, M., and M. J. Rycroft (1998), Computer simulation of the electric field structure and optical emission from cloud-top to the ionosphere,
J. Atmos. Sol. Terr. Phys., 60, 871-888, doi:10.1016/51364-6826(98)00017-0.

Cummer, S. A, and M. Fiillekrug (2001), Unusually intense continuing current in lightning produces delayed mesospheric breakdown,
Geophys. Res. Lett., 28, 495-498, doi:10.1029/2000GL012214.

Cummer, S. A, N. Jaugey, J. Li, W. A. Lyons, T. E. Nelson, and E. A. Gerken (2006), Submillisecond imaging of sprite development and
structure, Geophys. Res. Lett., 33, 104104, doi:10.1029/2005GL024969.

da Silva, C. L., and V. P. Pasko (2014), Infrasonic acoustic waves generated by fast air heating in sprite cores, Geophys. Res. Lett., 41,
1789-1795, doi:10.1002/2013GL059164.

Enell, C.-F,, et al. (2008), Parameterisation of the chemical effect of sprites in the middle atmosphere, Ann. Geophys., 26, 13-27,
doi:10.5194/angeo-26-13-2008.

Evtushenko, A. A, F. A. Kuterin, and E. A. Mareev (2013), A model of sprite influence on the chemical balance of mesosphere, J. Atmos. Terr.
Phys., 102, 298310, doi:10.1016/j.,jastp.2013.06.005.

Farges, T, E. Blanc, A. Le Pichon, T. Neubert, and T. H. Allin (2005), Identification of infrasound produced by sprites during the Sprite2003
campaign, Geophys. Res. Lett., 32, 101813, doi:10.1029/2004GL021212.

Franz, R. C,, R. J. Nemzek, and J. R. Winckler (1990), Television image of a large upward electrical discharge above a thunderstorm system,
Science, 249, 48-51, doi:10.1126/science.249.4964.48.

Fullekrug, M., R. Roussel-Dupré, E. M. D. Symbalisty, O. Chanrion, A. Odzimek, O. van der Velde, and T. Neubert (2010), Relativistic runaway
breakdown in low-frequency radio, J. Geophys. Res., 115, AOOEQ9, doi:10.1029/2009JA014468.

Gerken, E., and U. Inan (2005), Streamers and diffuse glow observed in upper atmospheric electrical discharges, IEEE Trans. Plasma Sci., 33,
282-283, doi:10.1109/TPS.2005.845010.

Gerken, E. A., and U. S. Inan (2003), Observations of decameter-scale morphologies in sprites, J. Atmos. Sol. Terr. Phys., 65, 567-572,
doi:10.1016/51364-6826(02)00333-4.

Gerken, E. A, U. S. Inan, and C. P. Barrington-Leigh (2000), Telescopic imaging of sprites, Geophys. Res. Lett., 27, 26372640,
doi:10.1029/2000GL000035.

Gordillo-Vazquez, F. J. (2008), Air plasma kinetics under the influence of sprites, J. Phys. D, 41(23), 234016,
doi:10.1088/0022-3727/41/23/234016.

Gordillo-Vazquez, F. J. (2010), Vibrational kinetics of air plasmas induced by sprites, J. Geophys. Res., 115, AOOE25,
doi:10.1029/2009JA014688.

Gordillo-Vazquez, F. J,, and A. Luque (2010), Electrical conductivity in sprite streamer channels, Geophys. Res. Lett., 37, L16809,
doi:10.1029/2010GL044349.

Gordillo-Vazquez, F. J., A. Luque, and M. Simek (2011), Spectrum of sprite halos, J. Geophys. Res., 116, A09319, doi:10.1029/2011JA016652.

Gordillo-Vézquez, F. J., A. Luque, and M. Simek (2012), Near infrared and ultraviolet spectra of TLEs, J. Geophys. Res., 117, A05239,
doi:10.1029/2012JA017516.

Hagelaar, G. J. M., and L. C. Pitchford (2005), Solving the Boltzmann equation to obtain electron transport coefficients and rate coefficients
for fluid models, Plasma Sources Sci. Technol., 14,722, doi:10.1088/0963-0252/14/4/011.

Hampton, D. L., M. J. Heavner, E. M. Wescott, and D. D. Sentman (1996), Optical spectral characteristics of sprites, Geophys. Res. Lett., 23,
89-92, doi:10.1029/95GL03587.

Heavner, M. J. (2000), Optical spectroscopic observations of sprites, blue jets, and elves: Inferred microphysical processes and their
macrophysical implications, PhD thesis, Univ. of Alaska, Fairbanks.

Heavner, M. J., J. S. Morrill, C. Siefring, D. D. Sentman, D. R. Moudry, E. M. Wescott, and E. J. Bucsela (2010), Near-ultraviolet and blue spectral
observations of sprites in the 320-460 nm region: N, (2PG) emissions, J. Geophys. Res., 115, AOOE44, doi:10.1029/2009JA014858.

Hiraki, Y., L. Tong, H. Fukunishi, K. Nanbu, Y. Kasai, and A. Ichimura (2004), Generation of metastable oxygen atom O(1 D) in sprite halos,
Geophys. Res. Lett., 31,L14105, doi:10.1029/2004GL020048.

Hiraki, Y., Y. Kasai, and H. Fukunishi (2008), Chemistry of sprite discharges through ion-neutral reactions, Atmos. Chem. Phys., 8, 3919-3928.

Hu, W,, S. A. Cummer, and W. A. Lyons (2007), Testing sprite initiation theory using lightning measurements and modeled electromagnetic
fields, J. Geophys. Res., 112,D13115, doi:10.1029/2006JD007939.

Jehl, A, T. Farges, and E. Blanc (2013), Color pictures of sprites from non-dedicated observation on board the International Space Station,
J. Geophys. Res. Space Physics, 118, 454-461, doi:10.1029/2012JA018144.

Kumar, S., A. Kumar, and C. J. Rodger (2008), Subionospheric early VLF perturbations observed at Suva: VLF detection of red sprites in the
day?J. Geophys. Res., 113, A03311, doi:10.1029/2007JA012734.

Kuo, C-L., R.R. Hsu, A. B. Chen, H.T. Su, L. C. Lee, S. B. Mende, H. U. Frey, H. Fukunishi, and Y. Takahashi (2005), Electric fields and electron
energies inferred from the ISUAL recorded sprites, Geophys. Res. Lett., 32, L19103, doi:10.1029/2005GL023389.

Lee, Y. S., and G. G. Shepherd (2010), Summer high-latitude mesospheric observations of supersonic bursts and O(1S) emission
rate with the UARS WINDII instrument and the association with sprites, meteors, and lightning, J. Geophys. Res., 115, AOOE26,
doi:10.1029/2009JA014731.

Liu, N. (2010), Model of sprite luminous trail caused by increasing streamer current, Geophys. Res. Lett., 37, L04102,
doi:10.1029/2009GL042214.

Liu, N., and V. P. Pasko (2005), Molecular nitrogen LBH band system far-UV emissions of sprite streamers, Geophys. Res. Lett., 32, L05104,
doi:10.1029/2004GL022001.

Liu, N., and V. P. Pasko (2007), Modeling studies of NO-y emissions of sprites, Geophys. Res. Lett., 34,L16103, doi:10.1029/2007GL030352.

Liu, N., V. P. Pasko, H. U. Frey, S. B. Mende, H.-T. Su, A. B. Chen, R.-R. Hsu, and L.-C. Lee (2009), Assessment of sprite initiating electric fields and
quenching altitude of al Hg state of N using sprite streamer modeling and ISUAL spectrophotometric measurements, J. Geophys. Res.,
114, AOOE02, doi:10.1029/2008JA013735.

Liu, N., et al. (2006), Comparison of results from sprite streamer modeling with spectrophotometric measurements by ISUAL instrument on
FORMOSAT-2 satellite, Geophys. Res. Lett., 33,L01101, doi:10.1029/2005GL024243.

Lépez-Puertas, M. (1982), Emisiones del CO, en 4.26 y 15 um en las atmdsferas de los planetas interiores, PhD thesis, Universidad de
Granada, Granada, Spain.

Luque, A., and U. Ebert (2010), Sprites in varying air density: Charge conservation, glowing negative trails and changing velocity, Geophys.
Res. Lett., 37,L06806, doi:10.1029/2009GL041982.

PARRA-ROJAS ET AL.

CHEMICAL AND THERMAL IMPACT OF SPRITES 8931


http://dx.doi.org/10.1016/S1364-6826(02)00316-4
http://dx.doi.org/10.1029/2008JA013101
http://dx.doi.org/10.1016/S1364-6826(98)00017-0
http://dx.doi.org/10.1029/2000GL012214
http://dx.doi.org/10.1029/2005GL024969
http://dx.doi.org/10.1002/2013GL059164
http://dx.doi.org/10.5194/angeo-26-13-2008
http://dx.doi.org/10.1016/j.jastp.2013.06.005
http://dx.doi.org/10.1029/2004GL021212
http://dx.doi.org/10.1126/science.249.4964.48
http://dx.doi.org/10.1029/2009JA014468
http://dx.doi.org/10.1109/TPS.2005.845010
http://dx.doi.org/10.1016/S1364-6826(02)00333-4
http://dx.doi.org/10.1029/2000GL000035
http://dx.doi.org/10.1088/0022-3727/41/23/234016
http://dx.doi.org/10.1029/2009JA014688
http://dx.doi.org/10.1029/2010GL044349
http://dx.doi.org/10.1029/2011JA016652
http://dx.doi.org/10.1029/2012JA017516
http://dx.doi.org/10.1088/0963-0252/14/4/011
http://dx.doi.org/10.1029/95GL03587
http://dx.doi.org/10.1029/2009JA014858
http://dx.doi.org/10.1029/2004GL020048
http://dx.doi.org/10.1029/2006JD007939
http://dx.doi.org/10.1029/2012JA018144
http://dx.doi.org/10.1029/2007JA012734
http://dx.doi.org/10.1029/2005GL023389
http://dx.doi.org/10.1029/2009JA014731
http://dx.doi.org/10.1029/2009GL042214
http://dx.doi.org/10.1029/2004GL022001
http://dx.doi.org/10.1029/2007GL030352
http://dx.doi.org/10.1029/2008JA013735
http://dx.doi.org/10.1029/2005GL024243
http://dx.doi.org/10.1029/2009GL041982

@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020933

Luque, A, and F. J. Gordillo-Vazquez (2011), Modeling and analysis of NZ(le'Ig) and N2(C3Hu) vibrational distributions in sprites,
J. Geophys. Res., 116, A02306, doi:10.1029/2010JA015952.

Luque, A., and F. J. Gordillo-Vazquez (2012), Mesospheric electric breakdown and delayed sprite ignition caused by electron detachment,
Nat. Geosci., 5,22-25, doi:10.1038/ngeo1314.

Luque, A., V. Ratushnaya, and U. Ebert (2008), Positive and negative streamers in ambient air: Modelling evolution and velocities, J. Phys. D,
41(23), 234005, doi:10.1088/0022-3727/41/23/234005.

Lyons, W. A. (1996), Sprite observations above the U.S. High Plains in relation to their parent thunderstorm systems, J. Geophys. Res., 101,
29641-29652, doi:10.1029/96JD01866.

Marsh, D. R., M. J. Mills, D. E. Kinnison, J. F. Lamarque, N. Calvo, and L. M. Polvani (2013), Climate change from 1850 to 2005 simulated in
CESM1 (WACCM), J. Clim., 26(19), 7372-7391, doi:10.1175/JCLI-D-12-00558.1.

Marshall, R. A, and U. S. Inan (2005), High-speed telescopic imaging of sprites, Geophys. Res. Lett., 32, L05804, doi:10.1029/2004GL021988.

Marshall, R. A,, and U. S. Inan (2006), High-speed measurements of small-scale features in sprites: Sizes and lifetimes, Radio Sci., 41, RS6543,
doi:10.1029/2005RS003353.

McHarg, M. G, H. C. Stenbaek-Nielsen, and T. Kammae (2007), Observations of streamer formation in sprites, Geophys. Res. Lett., 34, L06804,
doi:10.1029/2006GL027854.

Mende, S., H. Frey, R. R. Hsu, H. T. Su, A. Chen, L. C. Lee, H. Fukunishi, and Y. Takahashi (2004), Sprite imaging results from the ROCSAT-2 ISUAL
instrument, Eos Trans. AGU, 85(47), Fall Meet. Suppl., Abstract AE51A-02.

Mende, S. B, R. L. Rairden, G. R. Swenson, and W. A. Lyons (1995), Sprite spectra: N, 1 PG band identification, Geophys. Res. Lett., 22,
2633-2636, doi:10.1029/95GL02827.

Mende, S. B, H. U. Frey, R. R. Hsu, H. T. Su, A. B. Chen, L. C. Lee, D. D. Sentman, Y. Takahashi, and H. Fukunishi (2005), D region ionization by
lightning-induced electromagnetic pulses, J. Geophys. Res., 110, A11312, doi:10.1029/2005JA011064.

Milikh, G. M., D. A. Usikov, and J. A. Valdivia (1998), Model of infrared emission from sprites, J. Atmos. Sol. Terr. Phys., 60, 895-905,
doi:10.1016/51364-6826(98)80009-6.

Mishin, E. (1997), Ozone layer perturbation by a single blue jet, Geophys. Res. Lett., 24, 1919-1922, doi:10.1029/97GL01890.

Morrill, J., et al. (2002), Electron energy and electric field estimates in sprites derived from ionized and neutral N, emissions, Geophys. Res.
Lett., 29(10), 1462, doi:10.1029/2001GL014018.

Morrill, J. S., E. J. Bucsela, V. P. Pasko, S. L. Berg, M. J. Heavner, D. R. Moudry, W. M. Benesch, E. M. Wescott, and D. D. Sentman (1998),

Time resolved N2 triplet state vibrational populations and emissions associated with red sprites, J. Atmos. Sol. Terr. Phys., 60, 811-829,
doi:10.1016/51364-6826(98)00031-5.

Moudry, D. (2003), The dynamics and morphology of sprites, PhD thesis, Univ. of Alaska, Fairbanks.

Moudry, D., H. Stenbaek-Nielsen, D. Sentman, and E. Wescott (2003), Imaging of elves, halos and sprite initiation at 1 ms time resolution,
J. Atmos. Sol. Terr. Phys., 65, 509-518, doi:10.1016/51364-6826(02)00323-1.

Neubert, T. (2003), On sprites and their exotic kin, Science, 300, 747 -749, doi:10.1126/science.1083006.

Pancheshnyi, S., M. Nudnova, and A. Starikovskii (2005), Development of a cathode-directed streamer discharge in air at different pressures:
Experiment and comparison with direct numerical simulation, Phys. Rev. E, 71(1), 016407, doi:10.1103/PhysReVE.71.016407.

Pancheshnyi, S., B. Eismann, G. J. M. Hagelaar, and L. C. Pitchford (2008), Zdplaskin: Zero-dimensional plasma kinetics. [Available at
http://www.zdplaskin.laplace.univ-tlse.fr/.]

Parra-Rojas, F. C,, A. Luque, and F. J. Gordillo-Vazquez (2013a), Chemical and electrical impact of lightning on the Earth mesosphere:

The case of sprite halos, J. Geophys. Res. Space Physics, 118, 5190-5214, doi:10.1002/jgra.50449.

Parra-Rojas, F. C., M. Passas, E. Carrasco, A. Luque, I. Tanarro, M. Simek, and F. J. Gordillo-Vazquez (2013b), Spectroscopic diagnostics of
laboratory air plasmas as a benchmark for spectral rotational (gas) temperature determination in TLEs, J. Geophys. Res. Space Physics, 118,
4649-4661, doi:10.1002/jgra.50433.

Pasko, V. P. (2003), Atmospheric physics: Electric jets, Nature, 423, 927 -929.

Pasko, V. P, and H. C. Stenbaek-Nielsen (2002), Diffuse and streamer regions of sprites, Geophys. Res. Lett., 29(10), 1440,
doi:10.1029/2001GL014241.

Pasko, V. P, U.S. Inan, Y. N. Taranenko, and T. F. Bell (1995), Heating, ionization and upward discharges in the mesosphere due to intense
quasi-electrostatic thundercloud fields, Geophys. Res. Lett., 22, 365-368, doi:10.1029/95GL00008.

Pasko, V. P, U.S. Inan, T. F. Bell, and Y. N. Taranenko (1997), Sprites produced by quasi-electrostatic heating and ionization in the lower
ionosphere, J. Geophys. Res., 102, 4529-4561, doi:10.1029/96JA03528.

Pasko, V. P, U.S. Inan, and T. F. Bell (1998), Spatial structure of sprites, Geophys. Res. Lett., 25,2123-2126, doi:10.1029/98GL01242.

Passas, M., J. Sdnchez, A. Luque, and F. J. Gordillo-Vazquez (2014), Transient upper atmospheric plasmas: Sprites and halos, IEEE Trans.
Plasma Sci., 42, 2664 - 2665, doi:10.1109/TPS.2014.2329320.

Picard, R. H., U. S. Inan, V. P. Pasko, J. R. Winick, and P. P. Wintersteiner (1997), Infrared glow above thunderstorms?, Geophys. Res. Lett., 24,
2635-2638, doi:10.1029/97GL02753.

Rairden, R. L., and S. B. Mende (1995), Time resolved sprite imagery, Geophys. Res. Lett., 22, 3465-3468, doi:10.1029/95GL03332.

Raizer, Y. P. (1991), Gas Discharge Physics, Springer, Berlin, Germany.

Raizer, Y. P, G. M. Milikh, M. N. Shneider, and S. V. Novakovski (1998), Long streamers in the upper atmosphere above thundercloud, J. Phys.
D, 31,3255, doi:10.1088/0022-3727/31/22/014.

Rodger, C. J.,, A. Seppadld, and M. A. Clilverd (2008), Significance of transient luminous events to neutral chemistry: Experimental
measurements, Geophys. Res. Lett., 35,.07803, doi:10.1029/2008GL033221.

Sentman, D. D., and H. C. Stenbaek-Nielsen (2009), Chemical effects of weak electric fields in the trailing columns of sprite streamers, Plasma
Sources Sci. Technol., 18(3), 034012, doi:10.1088/0963-0252/18/3/034012.

Sentman, D. D., and E. M. Wescott (1995), Red sprites and blue jets: Thunderstorm-excited optical emissions in the stratosphere,
mesosphere, and ionosphere, Phys. Plasmas, 2, 2514-2522, doi:10.1063/1.871213.

Sentman, D. D., E. M. Wescott, D. L. Osborne, D. L. Hampton, and M. J. Heavner (1995), Preliminary results from the Sprites94 aircraft
campaign: 1. Red sprites, Geophys. Res. Lett., 22, 1205-1208, doi:10.1029/95GL00583.

Sentman, D. D,, H. C. Stenbaek-Nielsen, M. G. McHarg, and J. S. Morrill (2008), Plasma chemistry of sprite streamers, J. Geophys. Res., 113,
D11112, doi:10.1029/2007JD008941.

Shao, X. M., E. H. Lay, and A. R. Jacobson (2012), Reduction of electron density in the night-time lower ionosphere in response to a
thunderstorm, Nat. Geosci., 6, 29-33, doi:10.1038/NGEO1668.

Stanley, M., P. Krehbiel, M. Brook, C. Moore, W. Rison, and B. Abrahams (1999), High speed video of initial sprite development, Geophys. Res.
Lett., 26,3201-3204, doi:10.1029/1999GL010673.

PARRA-ROJAS ET AL.

CHEMICAL AND THERMAL IMPACT OF SPRITES 8932


http://dx.doi.org/10.1029/2010JA015952
http://dx.doi.org/10.1038/ngeo1314
http://dx.doi.org/10.1088/0022-3727/41/23/234005
http://dx.doi.org/10.1029/96JD01866
http://dx.doi.org/10.1175/JCLI-D-12-00558.1
http://dx.doi.org/10.1029/2004GL021988
http://dx.doi.org/10.1029/2005RS003353
http://dx.doi.org/10.1029/2006GL027854
http://dx.doi.org/10.1029/95GL02827
http://dx.doi.org/10.1029/2005JA011064
http://dx.doi.org/10.1016/S1364-6826(98)80009-6
http://dx.doi.org/10.1029/97GL01890
http://dx.doi.org/10.1029/2001GL014018
http://dx.doi.org/10.1016/S1364-6826(98)00031-5
http://dx.doi.org/10.1016/S1364-6826(02)00323-1
http://dx.doi.org/10.1126/science.1083006
http://dx.doi.org/10.1103/PhysRevE.71.016407
http://www.zdplaskin.laplace.univ-tlse.fr/
http://dx.doi.org/10.1002/jgra.50449
http://dx.doi.org/10.1002/jgra.50433
http://dx.doi.org/10.1029/2001GL014241
http://dx.doi.org/10.1029/95GL00008
http://dx.doi.org/10.1029/96JA03528
http://dx.doi.org/10.1029/98GL01242
http://dx.doi.org/10.1109/TPS.2014.2329320
http://dx.doi.org/10.1029/97GL02753
http://dx.doi.org/10.1029/95GL03332
http://dx.doi.org/10.1088/0022-3727/31/22/014
http://dx.doi.org/10.1029/2008GL033221
http://dx.doi.org/10.1088/0963-0252/18/3/034012
http://dx.doi.org/10.1063/1.871213
http://dx.doi.org/10.1029/95GL00583
http://dx.doi.org/10.1029/2007JD008941
http://dx.doi.org/10.1038/NGEO1668
http://dx.doi.org/10.1029/1999GL010673

@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020933

Stanley, M., M. Brook, P. Krehbiel, and S. A. Cummer (2000), Detection of daytime sprites via a unique sprite ELF signature, Geophys. Res. Lett.,
27,871-874, doi:10.1029/1999GL010769.

Stenbaek-Nielsen, H. C,, and M. G. McHarg (2008), High time-resolution sprite imaging: Observations and implications, J. Phys. D, 41(23),
234009, doi:10.1088/0022-3727/41/23/234009.

Stenbaek-Nielsen, H. C., D. R. Moudry, E. M. Wescott, D. D. Sentman, and F. T. Sao Sabbas (2000), Sprites and possible mesospheric effects,
Geophys. Res. Lett., 27,3829-3832, doi:10.1029/2000GL003827.

Stenbaek-Nielsen, H. C,, M. G. McHarg, T. Kanmae, and D. D. Sentman (2007), Observed emission rates in sprite streamer heads, Geophys.
Res. Lett., 34,1L.11105, doi:10.1029/2007GL029881.

Stenbaek-Nielsen, H. C., T. Kanmae, M. G. McHarg, and R. Haaland (2013), High-speed observations of sprite streamers, Surv. Geophys., 34,
769-795, doi:10.1007/s10712-013-9224-4.

Taranenko, Y. N., U. S. Inan, and T. F. Bell (1993), The interaction with the lower ionosphere of electromagnetic pulses from lightning:
Heating, attachment and ionization, Geophys. Res. Lett., 20(23), 1539-1542.

Taylor, M. J,, et al. (2008), Rare measurements of a sprite with halo event driven by a negative lightning discharge over Argentina, Geophys.
Res. Lett., 35,.14812, doi:10.1029/2008GL033984.

Vaughan, O. H., R. Blakeslee, W. L. Boeck, B. Vonnegut, M. Brook, and J. McKune (1992), A cloud-to-space lightning as recorded by the space
shuttle payload-bay TV cameras, Mon. Weather Rev., 120, 1459-1461, doi:10.1175/1520-0493(1992)120<1459:ACTSLA>2.0.CO;2.

Wilson, C. T. R. (1925), The electric field of a thundercloud and some of its effects, Proc. Phys. Soc. London, 37,32D.

Winckler, J. R, W. A. Lyons, T. E. Nelson, and R. J. Nemzek (1996), New high-resolution ground-based studies of sprites, J. Geophys. Res., 101,
6997-7004, doi:10.1029/95JD03443.

Winkler, H., and J. Nothold (2014), The chemistry of daytime sprite streamers—A model study, Atmos. Chem. Phys., 14, 3545-3556,
doi:10.5194/acp-14-3545-2014.

Yair, Y., et al. (2004), New observations of sprites from the space shuttle, J. Geophys. Res., 109, D15201, doi:10.1029/2003JD004497.

Yelinov, P. 1. Y., A. Mishev, and L. Mateev (2009), Model for induced ionization by galactic cosmic rays in the Earth atmosphere and
ionosphere, Adv. Space Res., 44, 1002-1007, doi:10.1016/j.asr.2009.06.006.

PARRA-ROJAS ET AL.

CHEMICAL AND THERMAL IMPACT OF SPRITES 8933


http://dx.doi.org/10.1029/1999GL010769
http://dx.doi.org/10.1088/0022-3727/41/23/234009
http://dx.doi.org/10.1029/2000GL003827
http://dx.doi.org/10.1029/2007GL029881
http://dx.doi.org/10.1007/s10712-013-9224-4
http://dx.doi.org/10.1029/2008GL033984
http://dx.doi.org/10.1175/1520-0493(1992)120&lt;1459:ACTSLA&gt;2.0.CO;2
http://dx.doi.org/10.1029/95JD03443
http://dx.doi.org/10.5194/acp-14-3545-2014
http://dx.doi.org/10.1029/2003JD004497
http://dx.doi.org/10.1016/j.asr.2009.06.006

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


