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[1] A one-dimensional electrochemical model is developed to describe, in a
self-consistent way, the response of the Earth mesosphere to different types of lightning
discharges between 50 and 87 km of altitude. This model is applied to the case of sprite
halos, one of the most common types of transient luminous events (TLE). We have
studied the time-altitude evolution of more than 20 chemical species. Our model predicts
an increase of up to 70 cm–3 in the electron density from ambient electron density values
between 55 and 81 km of altitude in the +CG lightning cases and a negligible mesospheric
electron density perturbation in the –CG lightning case. For all the +CG and some –CG
(200 kAkm) cases considered, the model also shows an enhancement of several orders of
magnitude in the concentration of ground-state negative (O– , O–2 , NO–2 ) and positive (O+2 ,
O+4 ) ions and electronically excited positive ions such as N+2 (A2 …u ) responsible for the
N+2 Meinel emissions and N+2 (B2 †+u ). On the other hand, for the ﬁrst positive group of N2
the calculated emission brightness exceeds the threshold of visibility (1 MR) for a halo of
100 km of diameter at an altitude of 77 km for all the CG lightning discharges studied
(except for the –CG case with 100 kAkm current peak) and for relatively lower altitudes
when +CG lightnings are considered. Moreover, the calculated concentration of the
metastables N2 (A3 †+u ) and O(1 D) exhibit an enormous enhancement (of more than 10
orders of magnitude) over their ambient values that, for +CG, remains high (5–7 orders of
magnitude above ambient values) for long times (up to 500 s), below 55 km.
Citation: Parra-Rojas, F. C., A. Luque, and F. J. Gordillo-Vázquez (2013), Chemical and electrical impact of lightning on the
Earth mesosphere: The case of sprite halos, J. Geophys. Res. Space Physics, 118, doi:10.1002/jgra.50449.

1. Introduction

the same as that of sprites (quasi-electrostatic ﬁeld model
developed by Pasko et al. [1996]), although the electric ﬁeld
causing halos is much lower than that associated with sprites,
so halos are subtle and more difﬁcult to observe.
[3] It has been reported that lightning discharges affect
the electron density and thus the electric conductivity
in the mesosphere and ionosphere [Shao et al., 2013].
Moreover, the chemical balance in the mesosphere is driven
by the lightning-modiﬁed electron density. Several models
have predicted the inﬂuence of thunderstorms on the chemical balance of the mesosphere, in particular the interaction of
the EMP (electromagnetic pulses) caused by lightning producing electron heating, ionization, and dissociative attachment in the lower ionosphere affecting the local conductivity
and electron density [Taranenko et al., 1993; Fernsler and
Rowland, 1996; Pasko et al., 1997; Marshall et al., 2008;
Cho and Rycroft, 1998, 2001; Lay et al., 2010]. In the study
presented here, our goal is not only to quantify the inﬂuence
of the mesospheric electric ﬁeld generated by +CG and –CG
lightnings on the ambient electron density between 50 and
' 90 km but, also, to analyze the evolution in time and altitude of the background chemical species densities under the
action of sprite halo electric ﬁelds.
[4] Previous studies based on the inﬂuence of atmospheric
gravity waves showed neutral density ﬂuctuations between

[2] Transient luminous events (TLE) are huge ﬂashes of
light that occur between the lower stratosphere (15 km)
and the lower ionosphere (100 km) in connection with
thunderstorms in the troposphere. Their existence was postulated in the 1920s by Wilson [1921], but they were not
discovered until the late 1980s by Franz et al. [1990]. There
are several types of these phenomena, but the most frequent
and commonly studied to date are sprites and sprite halos. As
established by the work of Barrington-Leigh et al. [2001],
sprite halos are ﬂattened diffuse reddish ﬂashes of light that
usually appear between 75 and 85 km associated with positive and negative cloud-to-ground lightnings (CG). Halos
can spread to diameters of up to 100 km with a vertical
width of up to 10 km altitude. The generation mechanism is
Additional supporting information may be found in the online version
of this article.
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dimensional approach to high altitudes and must be kept in
mind in discussing the results that we present below. The
kinetic model used is an upgrade of the model by Gordillo-Vázquez [2008, 2010], where we now use more than 80
species and over 800 chemical processes (excluding photochemical processes) including electron-impact ionization
and excitation of atomic and molecular species, whose rates
depend on the EEDF (electron energy distribution function) as well as processes involving vibrational excitation
exchange (VV-like (vibrational-vibrational process) and VTlike (vibrational-translational process)). All these processes
are shown in detail in the appendix included as supporting
information to this paper. The model solves the statistical
balance equation

60 and 90 km due to storm activity [Taylor and Hapgood,
1988; Dewan et al., 1998; Sentman et al., 2003; Yue et al.,
2009]. In the case of O(1 D), Hiraki et al. [2004] proposed
that the source mechanism of metastable oxygen atoms
O(1 D) in the mesosphere due to sprite halo events during
nighttime conditions was electron-impact dissociation of O2
molecules. They estimated an accumulated O(1 D) production density of 104 cm–3 integrating in time during 1 ms and
assuming a charge moment of 1000 Ckm. These authors also
studied the dependence of the maximum O(1 D) production
density on the CG discharges with charge moment between
500 and 2000 Ckm at daytime and nighttime conditions. In
our model, we present results of lightning discharges with
100 and 200 Ckm of charge moment for negative cloudto-ground lightning discharges and 2060 and 2160 Ckm for
positive cloud-to-ground lightning discharges.
[5] Sentman et al. [2008] investigated, through plasmachemical simulations, the chemical response of the mesosphere (at 70 km of altitude) to the passage of a sprite
streamer with Emax = 5 Ek . The results by Sentman et al.
[2008] showed strong increases in practically every relevant
chemical species. Particularly, the NO density presented a
fractional enhancement of about 75% within the streamer
channel. A comprehensive study of the kinetics of air plasmas under the inﬂuence of sprites was also presented by
Gordillo-Vázquez [2008], where he studied the evolution of
77 chemical species for three different altitudes in the mesosphere subjected to an impulsive electric discharge similar
to that of sprite streamers and including the inﬂuence of
water. Among other features, the model by Gordillo-Vázquez
[2008] predicted local NO density enhancement for the three
different altitudes studied.
[6] In the sprite halo kinetic model developed in the
present work, we have calculated the variation of the concentrations of a large number of species under the inﬂuence
of halos by self-consistently calculating electric ﬁeld proﬁles
and nonequilibrium air plasma kinetics (including the solution of the Boltzmann equation) for altitudes between 50 and
87 km in the mesosphere.

@ni
= Gi – Li ,
@t

(1)

which represents a set of differential equations, one for each
species i (electrons, ions, and excited and ground-state atoms
and molecules) present in the air plasma. Equation (1) gives
the evolution of the concentrations of chemical species (ni )
over time as a result of the difference between the rates of
the processes that contribute to the generation (Gi ) and loss
(Li ) of species i. Balance equation (1) is solved coupled with
the steady state Boltzmann transport equation. In its general
form, the Boltzmann equation reads
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where f (r, v, t) is the velocity distribution function of free
electrons at time t and velocity v. Considering both steady
state and spatial uniformity conditions, we can cancel the
ﬁrst and third terms in the sum on the left-hand side. If we
want to ﬁnd the nonequilibrium f (r, v, t) within an electric
ﬁeld, the previous equation will be
eE(t)
 rv f (v, r, t) =
me
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,

(3)

collisions

where the symbols e, me , E(t), and rv represent the electric charge and mass of the electron, the electric ﬁeld in
the mesosphere generated by a lightning discharge, and the
velocity gradient operator, respectively. The right-hand side
of equation (2) represents the variation rate of f (r, v, t) due
to different collisions between electrons and heavy species
including neutral molecules and atoms as well as ions. The
electron-electron collisions are not taken into account due
to low electron density, which makes the Coulomb interactions negligible. Inclusion in the model of the Boltzmann
equation is a great advantage because through this we can
obtain the electron velocity or energy distribution function
and therefore the reaction rates of the processes driven by
direct electron impact. We also impose as a condition the
macroscopic electrical neutrality of the plasma; that is, the
net balance of electric charges in the plasma is zero

2. Model
[7] Generally, a halo has a convex and saucer-like shape,
with its center descending down to lower altitudes than
its borders. Here we are neglecting this curvature and
assuming instead a perfectly planar geometry that reduces
the problem to one dimension. Furthermore, as we will
discuss below, in 1-D the conservation of total current
allows us to avoid dealing explicitly with space charges
and the conduction current and thus we can integrate the
equations independently at each altitude. Hence the onedimensional problem is further reduced to a series of zerodimensional problems. The two main drawbacks of this
computational simpliﬁcation are that (a) we underestimate
the peak electric ﬁelds at the center of the halo and (b) a
planar model does not allow the formation and propagation
of ﬁlamentary structures (streamers). Point (a) was discussed by Luque and Gordillo-Vázquez [2012], where they
compared one-dimensional and two-dimensional results and
showed that neglecting the enhancement of the electric
ﬁeld due to the curvature of the halo did not introduce
qualitative changes. Point (b) limits the validity of the one-

X
j

n+j = ne +

X

n–k ,

(4)

k

where n+j , n–k and ne represent, respectively, the concentrations of positive and negative ions and electrons in
the plasma. In this occasion the model simulations were
performed with the ZDPlasKin software developed by
Pancheshnyi et al. [2008] that incorporates the BOLSIG+
2

PARRA-ROJAS ET AL.: CHEMICAL AND ELECTRICAL IMPACT OF HALO

Figure 3. Altitude variation of the initial ambient densities
where the dashed lines are the initial (before the relaxation
stage) ambient densities extracted from WACCM and the
solid lines are the initial ambient densities obtained after the
relaxation stage.

Figure 1. Altitude variation of the initial ambient N2 (solid
blue line), O2 (dashed purple line), Ar (dotted black line),
and CO2 (dash-dotted red line) densities with altitude taken
from the Whole Atmosphere Community Climate Model
(WACCM). The solid black line is the gas temperature
variation with altitude taken from WACCM.

initial densities used at each altitude, under nighttime conditions, are taken from the Whole Atmosphere Community
Climate Model (WACCM) and are shown in Figure 1.
Figures 2 and 3 show the altitude variation of the initial densities used in our model, where the dashed lines are the initial
densities extracted from the Whole Atmosphere Community
Climate Model (before the relaxation stage) and the solid
lines are the same densities obtained after the model relaxation stage. The densities obtained after the relaxation act
as initial conditions for the halo simulations. The ambient
electron density concentration ne is shown in Figure 4 and is
taken from Hu et al. [2007].
[9] Figures 5, 6, and 7 show the altitude variation of the
ambient initial densities of the negative, positive, and neutral excited species, respectively. These initial densities were
obtained after the relaxation stage. We do not show the
ambient initial density of other species because their initial
density values are negligible.
[10] Once the system of equations is relaxed, we implement the effect of –CG and +CG lightning strikes in the
range of altitudes considered (50–87 km). To do this, we
assume triangular shaped lightning current moments with

solver to calculate the EEDF [Hagelaar and Pitchford,
2005]. Although ZDPlasKin is a zero-dimensional solver,
we have slightly modiﬁed it by including an electrostatic
electric ﬁeld equation (see equation (5) below) that is selfconsistently solved with equations (1)–(4) in an array of
altitudes covering the Earth mesosphere.
[8] The simulation process basically consists of two
stages. The ﬁrst step is what we have called “relaxation” of
the system of equations. Following Sentman et al. [2008]
in order to isolate the impact of a lightning-generated electric ﬁeld, we ﬁrst look for a chemical equilibrium consistent
with the ambient electron density proﬁle estimated by Hu
et al. [2007]. To do so, we searched, at each altitude, for
the value of the cosmic-ray ﬂux that, once the equations are
evolved with a reduced electric ﬁeld E/N  0 for a long time
t  106 s, match the desired electron density. The dry air

Figure 2. Altitude variation of the initial ambient densities
where the dashed lines are the initial (before the relaxation
stage) ambient densities extracted from WACCM and the
solid lines are the initial ambient densities obtained after the
relaxation stage.

Figure 4. Variation of the initial ambient electron density
with altitude taken from Hu et al. [2007].
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Figure 5. Altitude variation of the negatively charged
species considered in our model, as obtained after the relaxation stage.

Figure 7. Altitude variation of the neutral excited species
considered in our model, as obtained after the relaxation
stage.

different peak values as shown in Figure 8 with the corresponding charge moment changes shown in Figure 9.
Following Luque and Gordillo-Vázquez [2012], our model
calculates the electric ﬁeld E in the mesosphere associated
with lightning by self-consistently solving equations (1), (3),
and (4) coupled with

equation (5). This equation can be easily derived from the
charge conservation equation

0

dE
= – E + JT (t),
dt

@q
= –r  ( E),
@t

and the Poisson equation
q = 0 r  E.

(5)

@Ep hI(t)
=
@t




1
1
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z30 z31


,

(8)

If we assume a planar geometry (1-D model) in equations
(7) and (8) and we differentiate equation (8) with respect to
time, we obtain

where  is the electric conductivity and JT (t) is the total
current given by Luque and Gordillo-Vázquez [2012] as
JT (t) = 0

(7)

@q
@ @E
= 0
.
@t
@t @z

(6)

(9)

Combining equations (7) and (9), we obtain

where Ep is the electric ﬁeld created by the electric dipole
p = 2hQ (the cloud charge and its image with respect
to the conducting surface of the Earth), which is approximately homogeneous in a layer over the thunderstorm
between z0 = 60 km and z1 = 80 km, and where hI(t) is the
imposed current moment, h being the cloud altitude and I(t)
the lightning electric current liberated to the ground from
the cloud. A more extended derivation of equation (6) is
shown by Luque and Gordillo-Vázquez [2012]. The space
charge is considered in the model in an implicit way through



@
@E
@
0
+  E = JT (t) = 0,
@z
@t
@z

(10)

Figure 8. Time dependence of the various lightning electrical signals implemented in the model. All signals are
triangular with 2 ms width. The –CG lightnings (solid green
line for 200 kAkm of current peak and dash-dotted blue
line for 100 kAkm of current peak) have a negligible current moment from 2 ms. The +CG lightnings (dashed black
line for 200 kAkm of current peak and dotted violet line
for 100 kAkm of current peak) have a continuous current
moment of 20 kAkm from 2 to 100 ms. From 100 ms the
current moment is considered negligible.

Figure 6. Altitude variation of the positively charged
species considered in our model, as obtained after the relaxation stage.
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While –CG are usually associated with current moments
without continuing current, +CG current moments almost
always exhibit a continuous low value current (see Figure 8)
connected to the occurrence of delayed sprites [Cummer and
Füllekrug, 2001]. In the case of +CG we will also discuss
the results of our kinetic simulation using measurements of
lightning current moments recently published by Gamerota
et al. [2011] (see Figure 10).
[13] The present simulations were performed by using triangular current moment signals of 2 ms duration, with the
peak intensity occurring at  = 1 ms and parameterizing the
maximum current moment peak with the values of 100 and
200 kAkm and by disregarding the impact of low value continuous current for –CGs (see Figure 8). In a similar way,
two signals are considered for the case of a +CG with the
peak intensity occurring at  = 1 ms with a constant continuous current of 20 kAkm that lasts up to 100 ms, and
parameterizing the +CG maximum current moment peak
with the values of 100 and 200 kAkm. We have assumed
that the +CG low value continuous current is negligible after
100 ms (see Figure 8). The maximum current moment peak
values of 100 and 200 kAkm are selected following Williams
et al. [2012] showing statistics on the maximum lightning
peak currents of –CG and +CG producing sprite halos [see
Williams et al., 2012, Figures 5, 7, and 8].

Figure 9. Time dependence of the charge moment change
(CMC) for the different lightning electrical signals implemented in the model. The –CG lightnings (solid red line for
200 kAkm of current peak and solid black line for 100 kAkm
of current peak) have a negligible current moment beyond
2 ms (see Figure 8). The +CG lightnings (solid green line for
200 kAkm of current peak and solid blue line for 100 kAkm
of current peak) have a continuous current moment of
20 kAkm from 2 to 100 ms (see Figure 8). From 100 ms the
current moment is considered negligible. Finally, the solid
pink line shows the charge moment change of the realistic
+CG lightning measured by Gamerota et al. [2011].

3.1. Reduced Electric Field
[14] Applying the current intensity signals (hI) in equation
(6) for a cloud-to-ground distance h = 10 km and solving
equations (1)–(5) in a self-consistent way, we obtain the
reduced electric ﬁeld for the cases considered. We can see
in Figure 11 that the reduced electric ﬁeld increase in time
coincides with that of the peak current moment. Moreover,
the duration of the electric ﬁeld follows closely that of the
current moment. As is shown in Figures 11a, 11b, and 11d
for the realistic and 100 kAkm +CG and –CG cases, the ﬁeld

where the ﬁrst term of the left-hand side is the displacement
current and the second term of the sum is the conduction current. Note that equation (5) is coupled to the set of
chemical balance equations (1) through the ambient electric
conductivity  which is proportional to the electron density:
 = ene (E/N),

(11)

where  is the electron mobility extracted from the solution
of equation (3). The electron mobility is calculated internally
by ZDPlasKin code in each timestep.
[11] It is also worth mentioning that equation (5) relies
on the assumption of a perfectly planar geometry and hence
remains valid only as long as the horizontal divergence of
the electric ﬁeld can be neglected. This assumption breaks
down at the onset of ﬁlamentary structures such as sprite
streamers; these have short characteristic horizontal length
scales on the order of tens of meters and therefore electric
ﬁelds with nonnegligible horizontal components. Although
our results are reliable only as long as sprites are not present,
in order to avoid introducing a criterion for sprite inception,
we have extended our calculations to low altitudes and high
CMC, a situation where sprite emergence is likely. For a discussion of sprite inception and its relation to our model, the
reader is directed to the supplementary material of Luque
and Gordillo-Vázquez [2012].

Figure 10. Time dependence of the measured (empirical)
electrical signal used in the model, extracted from Gamerota
et al. [2011], corresponding to a real +CG lightning
discharge. The lightning discharge data were obtained with
ELF data recorded in Yucca Ridge Field Station (40.702ı N–
105.031ı E) on 3 July 2008. The frequency range of the
station covers from a few hertz up to 25 kHz. The authors
do not specify the particular signal resolution used for these
measurements.

3. Results and Discussion
[12] We present and discuss here the chemical and electrical impact of lightning in the terrestrial mesosphere in
the particular case that lightning produces halos, a type of
TLE characterized by diffuse optical emissions. We have
considered different peak values for the lightning current
moments. In particular, we have distinguished between current moments with and without a continuing current signal.
5
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Figure 11. Altitude-time evolution of the reduced electric ﬁeld due to cloud-to-ground lightnings with
(a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current
moment, (c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm
peak current moment, and (e) 200 kAkm peak current moment.
the conventional breakdown threshold or if it remains signiﬁcant long enough for associative detachment to act, as in
Figures 11a–11c, the electron density increases signiﬁcantly.
Then the relaxation time decreases correspondingly and produces the sharp decays shown in the ﬁgures. Below about
55 km the reduced ﬁeld is lower due to a higher air density
and hence does not signiﬁcantly alter the electron density,
keeping the decay time on the order of hundreds of seconds.

at the time (1 ms) of the current peak is just above 40 Td
between 75 and 82 km. For the cases of 200 kAkm (+CG and
–CG) (Figures 11c and 11e) the reduced electric ﬁeld reaches
100 Td between 80 and 81 km at the time of the peak current.
In the cases of +CG (Figures 11b and 11c) we can see that
the 20 kAkm continuous current plays an important role in
the extension of the reduced electric ﬁeld up to 200 ms with
values ranging from 100 ( 80 km) to 60 Td ( 55 km). It is
important to note that, in all the cases studied, the E/N values remain under subbreakdown (120 Td) levels [Luque and
Gordillo-Vázquez, 2012; Liu, 2012].
[15] Regarding the lightning intensity waveform measured by Gamerota et al. [2011], we can see in Figure 11a
that the E/N altitude-time variation is similar to that of the
case of 100 kAkm of the +CG (see Figure 11b). The latter
might be due to the fact that, although the current signals are
not identical, they are very close in their peak and continuous
current values as well as in their duration.
[16] The behavior of the reduced electric ﬁeld is strongly
coupled to the evolution of the electron density through
equation (5) and can be understood qualitatively in simple terms as the counteraction of ﬁeld increases due to the
ground current and decreases due to Maxwell relaxation.
Above about 80 km, at the ionosphere’s lower edge, the
relaxation is so fast that the electric ﬁeld barely increases. At
lower altitudes, the electrons are fewer and not so mobile,
and so the electric ﬁeld is allowed to increase. If the electron
density remains low, the electric ﬁeld then simply decays
after the ground-current pulse with the relaxation time of the
unperturbed atmosphere, as seen in the tails of Figures 11b
and 11c; their durations increase exponentially as the altitude decreases. On the other hand, if the electric ﬁeld reaches

3.2. Negatively Charged Species
[17] We discuss in this section the result shown in
Figure 12 through Figure 16 showing the behavior of the
electron density and negative ion concentrations. In the
results presented in Figures 12b and 12c, we can see similar proﬁles for the electron concentration as a function of the
altitude either at 100 or 200 kAkm of peak current moments
for the case of +CG lightnings. In addition, we see a small
drop in the density of electrons at the time of the current peak
followed by an abrupt increase which lasts up to 100 s at high
altitudes ( 78 km). As we descend in altitude, the increase
in electron density occurs later in time and is lasts less.
Below 53 km there is no noticeable variation in the electron
density. The same (no variation) happens above 80 km due
to the high ambient electron concentration (see Figure 4).
[18] The small initial decrease in the electron concentration at the time of the current peak is due to dissociative
attachment of O2 by direct electron impact
P35 : e + O2 ! O– + O.

The increase in the electron density just after the peak current is steeper as we descend in altitude. That is, at 75 km,
the electron density increases by 1 order of magnitude, while
6
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Figure 12. Altitude-time evolution of the electron density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
late enhancement of the electron density has been proposed
as the key precursor kinetic mechanism responsible for the
appearance of delayed sprites [Luque and Gordillo-Vázquez,
2012].
[19] Regarding –CG lightnings, we can see in Figures 12d
and 12e that the electron density does not exhibit substantial
changes at the time of the peak current. However, when we
use a peak current of 200 kAkm, the model shows a factor of
2 decrease in the electron density between 77 and 81 km altitude and between 102 and 103 s simulation time mainly due
to dissociative attachment of O2 by direct electron impact
(P35) as reported very recently by Shao et al. [2013]. Moreover, 100 ms after the peak current, and between 67 and
57 km, our model predicts a hole-like structure consisting in
1 order of magnitude decrease and subsequent increase in the
density of electrons caused by electron-impact O3 dissociative attachment (see below). As we descend in altitude, the
hole lasts longer (we have a reduction of 1 order of magnitude at 65 km). This reduction in ne is mainly caused by the
dissociative attachment of ozone.

at 55 km the increase in the electron concentration is more
than 4 orders of magnitude. For intermediate altitudes of
65 km, our model predicts ne enhancements of more than 3
orders of magnitude. Regarding the mechanisms responsible
for the growth of the electron density, we have found that the
dominant processes are associative detachment of O– by N2
producing N2 O and electron-impact ionization of O2
P369 : O– + N2 ! N2 O + e,
P33 : e + O2 ! O+2 + e + e.

Note the fact that the electron density is maintained at
high values during the simulation mainly due to associative detachment of O– by CO (P382) as long as the O–
concentration remains high (see Figures 13b and 13c).
P382 : O– + CO ! CO2 + e.

The electron concentration begins to decrease between 1 and
12 s after the parent lightning due to three-body electron
attachment
P86 : e + O2 + N2 ! O–2 + N2 ,
P39 : e + O2 + O2 !

O–2

P40 : e + O3 ! O– + O2 .

+ O2 ,

In the realistic case (see Figure 12a), we ﬁnd the same behavior for the electron density as the one already described for
the case of +CG lightning (Figures 12b and 12c). The electron density decreases a factor of 3 between 20 and 40 ms
due to electron-impact dissociative attachment of O2 (P35)
followed by an increase of more than 1 order of magnitude
produced by the associative detachment of O– by N2 (P369)
and electron-impact ionization of O2 (P33) and N2 (P22).
The electron density above 80 km and below 65 km does not
exhibit noticeable changes.

returning the electron concentration to its baseline ambient
values controlled by the cosmic rays ionization of N2
P688 : h + N2 ! N+2 + e.

The inﬂuence of associative detachment of O– by N2 producing N2 O and free electrons can be visualized in Figures 12b
and 12c, where an increase of 1 order of magnitude can
be seen in the electron concentration between 10 and 100 s
after the current peak of the parent lightning discharge. This
7
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Figure 13. Altitude-time evolution of the O– density due to cloud-to-ground lightnings with (a) realistic
current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment, (c)
200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
[20] The behavior of the O– concentration in the case of
+CG lightnings (see Figures 13b and 13c) follows that of the
electrons. At the time of the current peak (see Figure 13c),
the density of O– exhibits an abrupt increase (more than
5 orders of magnitude at its maximum located at 67 km)
that gently descends to ambient values toward longer times
or lower altitudes down to 53 km approximately. At midaltitudes (76 km), the increase in the concentration of O–
can be of up to 4 orders of magnitude during approximately
10 ms after the peak current and the mechanism responsible
for this mid-altitude O– increase is

while the mechanisms that recover the ambient concentration of O– are the ozone charge transfer (P379) and the
associative detachment of O– by O3 (P374)
P379 : O– + O3 ! O–3 + O,
P374 : O– + O3 ! O2 + O2 + e.

Unlike the cases of +CG lightnings, where the evolution
of the concentration of O– does not depend on the peak

P35 : e + O2 ! O– + O.

The processes responsible for returning the O– density to its
natural (ambient) values are associative detachment of O–
by N2 producing N2 O as long as the reduced electric ﬁeld is
nonzero (up to 100 ms)
P369 : O– + N2 ! N2 O + e,

due to the (P369) rate dependence with the electric ﬁeld and,
when the reduced electric ﬁeld goes back to zero (beyond
100 ms), associative detachment of O– by CO producing
CO2 dominates
Figure 14. Altitude-dependent behavior of the concentration of O– under the conditions of a single sprite halo event
generated by a –CG lightning with 200 kAkm peak current
moment for three different altitudes. The dashed blue line is
for an altitude of 67 km, the dotted red line indicates O– density at 60 km, and the solid black line corresponds to the case
of an altitude of 53 km.

P382 : O– + CO ! CO2 + e.

[21] In addition, an increase in the O– concentration is
predicted at ionospheric altitudes (85 km) due to electronimpact dissociative attachment of O3
P40 : e + O3 ! O– + O2 ,
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Figure 15. Altitude-time evolution of the O–2 density due to cloud-to-ground lightnings with (a) realistic
current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment, (c)
200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
tration of O– tends to its ambient values due to associative
detachment of O– by O2 (P370),

current intensity but on the 20 kAkm continuous current,
in the case of –CG lightning we have found a remarkable
dependency with the peak current intensity (see Figures 13d
and 13e). The O– density shows an increase of almost an
order of magnitude between 78 and 81 km for the case
of a –CG lightning with 100 kAkm of current peak (see
Figure 13d). For the case of 200 kAkm current peak –CG
lightnings, our model predicts a large increase of up to 2
orders of magnitude at 81 km (Figure 13e). For the latter
case (e) of negative lightning, the behavior of the O– density exhibits the form of two lobes, one located between 77
and 81 km that extends in time up to 100 ms after the current peak (see Figure 13e) and another lobe between 72 and
81 km where the density of O– increases in up to 3 orders of
magnitude and whose duration does not exceed 40 ms after
the current peak. The main mechanism underlying the production of O– at the moment of the current peak in both
–CG cases (100 and 200 kAkm) is the electron-impact dissociative attachment of O2 (P35), whereas the mechanism
responsible for the O– density relaxation after the current
pulse is the associative detachment by O3 (P374) and O– -O3
charge transfer (P379) processes, together with the associative detachment (P369) of O– by N2 for the 200 kAkm case.
For intermediate altitudes ( 76 km) and 200 kAkm of peak
current (see Figure 13e), the production processes of O– are
the same as for higher altitudes; however, the O– loss mechanisms are different, the most important being the associative
detachment of O– by N2 (P369) and by CO (P382). For low
altitudes (between 53 and 67 km) the density of O– exhibits
an increase that can be about 1 order of magnitude at the
moment of the peak current and that lasts for about 100 s
(see Figure 14) mainly due to the action of electron-impact
O3 dissociative attachment (P40). After 100 s, the concen-

P370 : O– + O2 ! O3 + e.

[22] For the realistic case (see Figure 13a) we found an
O– increase of more than 4 orders of magnitude located
between 65 and 79 km altitudes starting 30 ms after the current peak. This important increase in O– is mainly due to
electron-impact dissociative attachment of O2 (P35).
P35 : e + O2 ! O– + O.

For lower altitudes one can observe in Figure 13a small
increase of up to 1 order of magnitude in the density of
O– starting at approximately 4 ms after the current peak
and caused by electron-impact dissociative attachment of O3
(P40)
P40 : e + O3 ! O– + O2 .

[23] We can see in Figures 15b and 15c, corresponding to
the evolution of the concentration of the ion O–2 under the
action of +CG lightnings, that there is a substantial increase
in the density of O–2 about 100 ms after current peak. The 1
order of magnitude increase in O–2 shown between 83 and
87 km is due to electron-impact dissociative attachment of
O3 (P41)
P41 : e + O3 ! O–2 + O,

and the transition region between 78 and 73 km where the
increase in the concentration of O–2 may be more than 1
order of magnitude is mainly caused by the aforementioned
mechanism (P41). Below 78 km (down to almost 50 km altitude) higher increases in the density of O–2 are predicted but
9
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Figure 16. Altitude-time evolution of the NO–2 density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
and the loss of NO–2 is due to

during shorter times (see Figures 15b and 15c). For example, at 63 km and for the case of 200 kAkm current peak
(Figure 15c) we can see an increase of more than 3 orders of
magnitude for more than 1 s. However, at 53 km the increase
in the density of O–2 is slightly larger than at 63 km, but at
53 km the O–2 enhancement lasts only 350 ms. The process
responsible for this sudden increase in the O–2 concentration
is the electron-impact dissociative attachment of O3 (P41)
and the O2 three-body attachment

P411 : NO–2 + O3 ! NO–3 + O2 .

In the realistic case (see Figure 16a) no changes are predicted
as in the case of the O–2 ion.

drives the O–2 density to its ambient values. For the cases of
–CG lightnings (see Figures 15d and 15e) there barely exists
a variation in the density of O–2 ions by a factor of 3 between
67 and 70 km due to electron-impact dissociative attachment
of O3 (P41).
[24] For the realistic case (see Figure 15a) no signiﬁcant
changes in O–2 density are noticeable since the time proﬁle of
the current moment used in the simulation [Gamerota et al.,
2011] only provides values up to 0.08 s.
[25] Finally, for the NO–2 ion, only in the case of +CG
lightnings (see Figures 16b and 16c), and 100 ms after the
current peak between 73 and 51 km, our model predicts an
enhancement of the NO–2 density above 2 orders of magnitude that remains for about 20 s. This enhancement in the
NO–2 density is caused by

3.3. Positively Charged Species
[26] We now present and discuss the results for the most
characteristic positive ions. Out of the 14 positive ions
included in the model we have chosen to show those with
the greatest variability. We begin by analyzing the evolution in time and altitude of O+2 ions. We see in Figures 17b
and 17c an abrupt increase in the concentration of O+2 ions
during the 20 kAkm continuous current moment signal of
+CG lightnings. This increase appears later in time and more
intensely as we descend in altitude. The delay between the
parent stroke and the peak of the O+2 density increases as we
descend in altitude. The O+2 density enhancements for the
200 kAkm current peak case (see Figure 17c) can change
from almost 2 orders of magnitude at 77 km to 5 orders of
magnitude at 57 km. In the case of 100 kAkm current peak
(see Figure 17b), the variations of the O+2 density are identical to those ones taking place for the case of 200 kAkm
current peak (see Figure 17c) which suggests that they are
only due to the 20 kAkm continuous current. Above 80 km
there are no changes in the concentration of O+2 . The mechanisms responsible for the predicted O+2 increases are the O2
ionization by direct electron impact (P33) and the charge
transfer between N+2 and O2 (P327)

P377 : O– + NO2 ! NO–2 + O,

P33 : e + O2 ! O+2 + e + e,

P392 : O–2 + NO2 ! NO–2 + O2 ,

P327 : N+2 + O2 ! N2 + O+2 ,

P39 : e + O2 + O2 ! O–2 + O2 ,

while
P393 : O–2 + O3 ! O–3 + O2
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Figure 17. Altitude-time evolution of the O+2 density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
while the main relaxation process of the enhanced O+2 densities toward ambient values is

and the process that brings the O+ concentration back to its
ambient value is

P360 : O+2 + N2 + N2 ! N2 + N2 O+2 .

P346 : O+ + O2 ! O+2 + O.

O+2

In the realistic case (see Figure 17a), the behavior of
densities is almost identical to the one already described for
the case of +CG strokes. In the case of –CG strokes (see
Figures 17d and 17e) the variation of the O+2 density is barely
noticeable. Only in the case of 200 kAkm current peak and
between 78 and 82 km we see a slight increase in the O+2
concentration of factor two that extends in time for a few
seconds. This few-second increase in the O+2 concentration
is also seen in the 200 kAkm case of +CG lightning (see
Figure 17c). The mechanisms of O+2 ion production and loss
for –CG lightnings are the same as those presented above for
the +CG cases.
[27] The concentration of O+ ions in the case of +CG
strokes shows a sharp increase between 10 and 100 ms after
the peak current and a very fast relaxation (see Figures 18b
and 18c). The time instant when the sharp O+ increase occurs
depends on the altitude considered so that as we descend in
altitude the sudden increase takes place later and with less
duration. This increase in the O+ concentration exceeds the
3 orders of magnitude at 77 km. However, below 60 km, the
model does not predict any signiﬁcant change in the density
of O+ . In the case of 200 kAkm current peak (see Figure 18c)
and for altitudes between 79 and 82 km, a ﬁrst increase in
the O+ density is predicted due to the initial pulse of the current moment. The mechanism underlying the increase in the
concentration of O+ is dissociative ionization of O2 by direct
electron impact

In the case of –CG lightnings we see in Figure 18e an
increase in O+ slightly over 2 orders of magnitude at the time
of the current peak for the 200 kAkm case. This enhancement in the concentration of O+ is located between 79 and
82 km of altitude. The mechanisms of O+ production and
loss are the same as for the +CG lightning cases, that is,
electron-impact O2 dissociative ionization (P79) and the O+ O2 charge transfer process (P346). When the signal with
100 kAkm current peak is used, no changes are observed (see
Figure 18d).
[28] The results obtained for the realistic case are similar
to those obtained for the +CG lightning cases (18b and 18c)
but restricted to 80 ms (see Figure 18a).
[29] In Figure 19 we can see the altitude-time evolution of the concentration of N+2 ions. The trend followed
is the same as that of the O+ ions. In the +CG lightning case (see Figure 19c), the highest values are reached
between 74 and 81 km and in the 10–100 ms range after the
200 kAkm electric pulse going through the air plasma. The
main kinetic mechanism controlling the production of N+2 ,
which increases by more than 4 orders of magnitude before
the end of the current peak, is
P22 : e + N2 ! N+2 + e + e.

On the other hand, the losses of N+2 before the end of the
current peak are mainly due to the charge transfer between
N+2 and oxygen molecules

P79 : e + O2 ! O+ + O + e + e,
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Figure 18. Altitude-time evolution of the O+ density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
P327 : N+2 + O2 ! N2 + O+2 .

[31] Figure 21 shows the altitude and time-dependent
behavior of the concentration of the ion O+4 . The evolution
of the concentration of the O+4 ion in the terrestrial mesosphere is controlled by the reduced electrical ﬁeld created
by a cloud-to-ground lightning as in the case of the O+2 ion.
We see in Figures 21c and 21e that the behavior of the O+4
density does not exhibit any current peak dependence but
only a dependence on the continuous current, and, consequently, there is no variation of the O+4 density in the case
of –CG lightnings (see Figures 21d and 21e). By contrast,
in the case of +CG lightnings, we notice a sharp variation
in the density of O+4 (of more than 4 orders of magnitude at
60 km) extending downward from 80 to 50 km and remaining at high values for over 10 s. The main mechanism of O+4
production is

N+2

At 60 km, the increase in
can be of more than 5 orders
of magnitude, although it is concentrated in a short time
interval of about 20 ms. For the case of –CG lightnings with
200 kAkm of current peak (see Figure 19e) the N+2 density
increases by 3 orders of magnitude but conﬁned within the
75–82 km altitude range and with the same mechanisms of
production and loss as already commented above for the
+CG lightning cases. When the peak current is 100 kAkm,
no signiﬁcant changes in the concentration of N+2 ion are
visible (see Figure 19d).
[30] The time evolution of the concentration of N+4 ions is
shown in Figure 20. The trend followed is the same as that
of the O+ and N+2 ions. For +CG lightnings with 200 kAkm
of current peak (see Figure 20c), the N+4 density increases
by more than 4 and 5 orders of magnitude at 75 and 60 km,
respectively. The main production process of N+4 ions is

P359 : O+2 + O2 + O2 ! O2 + O+4 ,

while the losses of O+4 are controlled by

P332 : N+2 + N2 + N2 ! N2 + N+4 .

On the other hand, the loss of N+4 before the end of the
current peak is

P366 : O+4 + O2 ! O+2 + O2 + O2 .

P343 : N+4 + O2 ! O+2 + N2 + N2 .

3.4. Excited Species
[32] In this section we discuss the evolution and values
exhibited by some of the excited species included in our
model. We start by analyzing the behavior of electronically
excited neutral species of molecular nitrogen (N2 (A3 †+u ),
N2 (B3 …g ), and N2 (C3 …u )).
[33] The time evolution of the metastable N2 (A3 †+u ) density at different altitudes and in the –CG lightning case is
shown in Figures 22d and 22e. We can see that there is a
sharp increase (of more than 102 cm–3 ) in the concentration

As with N+2 , already discussed, in the case of a –CG lightning
with 200 kAkm (see Figure 20e) of current peak the increase
in the N+4 concentration by more than 2 orders of magnitude is located within the 75–81 km altitude region and is
controlled by the same mechanisms discussed above for the
+CG lightning case. When the peak current is 100 kAkm,
no signiﬁcant changes in the concentration of N+4 ion is
predicted (see Figure 20d).
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Figure 19. Altitude-time evolution of the N+2 density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
of N2 (A3 †+u ) at the time (1 ms) of the current peak extending to 100 ms when it decays to its ambient values. These
N2 (A3 †+u ) enhancements can occur from 83 to 70 km for the
case of a maximum current of 100 kAkm (see Figure 22d)

and from 84 to 65 km for 200 kAkm current peak (see
Figure 22e). The mechanisms responsible for the increase
in the density of N2 (A3 †+u ) are, in order of importance,
the radiative decay of N2 (B3 …g ) ! N2 (A3 †+u ) and the

Figure 20. Altitude-time evolution of the N+4 density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
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Figure 21. Altitude-time evolution of the O+4 density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
P11 : e + N2 ! N2 (A3 †+u ) + e,

collisional excitation from ground electronic state N2 by
electron impact
3

3

P670 : N2 (B …g ) ! N2 (A

†+u )

and the main N2 (A3 †+u ) loss process that contributes to
the recovering of its ambient values is the same as for the
–CG lightning case, that is, quenching by O2 (P227). The
results of the behavior of N2 (A3 †+u ) for the realistic case (see
Figure 22a) are very similar to the 100 kAkm –CG lightning
case but restricted to 80 ms.
[34] Figure 23 shows altitude and time evolution of the
N2 (B3 …g ) density. Our model predicts a behavior similar
to that of the reduced electric ﬁeld (see Figure 11), that is,
the N2 (B3 …g ) density increases to values of 101 cm–3 at the
time instant of maximum reduced electric ﬁeld and decays
to ambient values when the electric ﬁeld becomes negligible. The mechanisms responsible for the increase in the
N2 (B3 …g ) density are, in order of importance, the electronic
excitation of N2 by electron impact and the radiative decay
N2 (C3 …u ) ! N2 (B3 …g )

+ h,

P11 : e + N2 ! N2 (A3 †+u ) + e,

while the quenching of N2 (A3 †+u ) by O2 reduces its concentration to ambient values
P227 : N2 (A3 †+u ) + O2 ! N2 + O + O + E,

where E is the energy released in this reaction that can
contribute to heat up (through fast heating) the surrounding
atmosphere. The behavior of N2 (A3 †+u ) in the +CG lightning
case is shown in Figures 22b and 22c where we can see that
at 1 ms it exhibits identical trends as found for the –CG lightning case. The difference is that for +CG lightnings there is a
large increase in the concentration of N2 (A3 †+u ) even at low
altitudes (50–65 km) accompanying the maximum values of
the reduced electric ﬁeld (see Figures 11b and 11c) that occur
at lower altitudes. When the reduced electric ﬁeld becomes
zero, the density of N2 (A3 †+u ) returns to its ambient values.
Between 100 ms and 100 s after the current peak, as occurs
with the reduced electric ﬁeld (see Figures 11b and 11c),
there is a further increase in the density of N2 (A3 †+u ) (up to
10–3 cm–3 ambient values) below 55 km that is maintained in
time. The metastable N2 (A3 †+u ) with a lifetime ' 2 s is an
energy reservoir that can play an important role in the possible fast heating of the local atmosphere. The mechanisms
that produce this second sharp increase in the concentration
of N2 (A3 †+u ) are, in order of importance,

P15 : e + N2 ! N2 (B3 …g ) + e,
P671 : N2 (C3 …u ) ! N2 (B3 …g ) + h,

while the radiative decay of N2 (B3 …g ) to N2 (A3 †+u ) reduces
the concentration of N2 (B3 …g ) to its ambient values.
[35] The emission brightness (EB) measured in Rayleighs
(R, 1R = 106 photons cm–2 s–1 ) of the N2 ﬁrst positive band
system (1PN2 ) associated with its radiative decay (B3 …g !
A3 †+u ), which is the most important spectral band in the
sprite halo visible optical emission spectrum from 450 to
800 nm, is shown in Figure 24. The calculation of the EB is
done through the expression

P670 : N2 (B3 …g ) ! N2 (A3 †+u ) + h,
3

3

P223 : N2 (B …g ) + N2 ! N2 (A

†+u )

EB(R) = 10–6

+ N2 ,

Z
V(l)dl,
L
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Figure 22. Altitude-time evolution of the N2 (A3 †+u ) density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
valid for an optically thin atmosphere and where V(l) is the
so-called volume emission rate (in photons cm–3 s–1 ) and the
integral is taken along the line of sight through the emission
volume over an effective column length L. The magnitude

L refers to the diameter of the halo, where in all cases we
have chosen a value of 100 km. The volume emission rate
–1
–3
V(l) is equal to the product Aeff
k (s )  Nk (cm ), that is,
the product of the effective Einstein coefﬁcients (Aeff
k ) for

Figure 23. Altitude-time evolution of the N2 (B3 …g ) density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
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Figure 24. Altitude-time evolution of the ﬁrst positive band system (1PN2 ) emission brightness due
to cloud-to-ground lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment
and 20 kAkm continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous
current moment, (d) 100 kAkm peak current moment, and (e) 200 kAkm peak current moment.
mechanisms that produce this increase in the concentration
of N2 (C3 …u ) are, in order of importance, the direct electronic
excitation of N2 by electron impact and the radiative decay
N2 (E3 †+g ) ! N2 (C3 …u )

spontaneous emission and the concentration of the k emitting excited state (Nk ). We can see in Figure 24 that the
maximum brightness occurs at the time of maximum electric ﬁeld, exceeding the threshold of visibility (1 MR) in all
+CG lightning cases (see Figures 24a–24c) and in the –CG
lightning case with 200 kAkm peak current (see Figure 24e).
This indicates the possibility of detecting the emission due
to 1PN2 for +CG and –CG lightnings above a certain value
(200 kAkm) of current moment peak. For +CG lightnings,
the emission brightness can exceed 10 MR at certain altitudes during the time that the 20 kAkm continuous current
is on. Due to the continuous current stage associated to +CG
lightning discharges, we can see a relatively strong increase
in the electron concentration persisting in time mainly due to
the associative detachment of O– by N2 (with a reaction rate
that depends on the reduced electric ﬁeld) and of O– by CO.
The electrons released in the associative detachment process excite the nitrogen molecules and produce an increase
in the N2 (B3 …g ) and N2 (C3 …u ) densities whose subsequent
radiative decays could produce an instantaneous emission
brightness that exceeds the threshold of visibility for the
1PN2 and 2PN2 . On the other hand, we must be careful with
these results because, at low altitudes, sprite streamers are
likely to emerge and the model assumptions might not be
completely valid.
[36] Figure 25 shows the behavior of the density of
N2 (C3 …u ) under the action of various types of lightning
(–CG and +CG). We can see, for the +CG lightning cases
(see Figures 25a–25c), that the N2 (C3 …u ) density reaches
values of 10–2 cm–3 at the time of the maximum electric ﬁeld,
while for –CG lightnings the concentration of N2 (C3 …u )
only changes when the current peak is 200 kAkm. The main

P17 : e + N2 ! N2 (C3 …u ) + e,
P676 : N2 (E3 †+g ) ! N2 (C3 …u ) + h,

while the process that reduces the concentration of
N2 (C3 …u ) to its ambient value is the radiative decay
responsible for the emission of the second positive band
system of N2
P670 : N2 (C3 …u ) ! N2 (B3 …g ) + h.

Of the three radiative processes that deexcite N2 (E3 †+g ),
the P676 process contributes more than 54% to the total
decrease in the N2 (E3 †+g ) concentration. The other two
mechanisms, i.e., P675 and P674, contribute about 34% and
10%, respectively.
[37] The time-dependent emission brightness due to the
second positive band system of N2 (2PN2 ) (responsible for
the emission spectrum in the spectral region between 250
and 450 nm) is shown in Figure 26. The calculation is done
using expression (12), and we can see how, as in the case
of the emission brightness of 1PN2 , the maximum brightness occurs at the time of maximum electric ﬁeld due to
the short radiative decay lifetime of N2 (C3 …u ). For the +CG
lightning cases (see Figures 26a–26c), the N2 (C3 …u ) EB
maximum can reach 1MR, while in the –CG lightning cases
(see Figures 26d and 26e) it barely reaches the threshold of
visibility in the case of using 200 kAkm current peak.
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Figure 25. Altitude-time evolution of the N2 (C3 …u ) density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
[38] We can compare the previously reported instantaneous emission brightness (Figures 24 and 26) with the
possible emission brightness captured by a 30 and 1000 fps
(frames per second) camera in a sprite ground campaign.

Figure 27 shows the altitude evolution of the possible emission brightness captured by a 30 fps camera (standard
camera) due to +CG lightning discharges where emission
brightness of the 1PN2 can exceed the threshold of visibility

Figure 26. Altitude-time evolution of the second positive band system (2PN2 ) emission brightness due
to cloud-to-ground lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment
and 20 kAkm continuous current moment, (c) 200 kAkm peak current moment and 20 kAkm continuous
current moment, (d) 100 kAkm peak current moment, and (e) 200 kAkm peak current moment.
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ion N+2 (A2 …u ) both in time and in altitude. In this case
(see Figure 30), our model predicts an increase to 10–5 cm–3
above ambient (background) values. The main production
process of N+2 (B2 †+u ) ions is the direct electron-impact ionization of ground-state N2
P23 : e + N2 ! N+2 (B2 †+u ) + e + e,

while the losses of N+2 (B2 †+u ) are controlled by the radiative
decay
P683 : N+2 (B2 †+u ) ! N+2 + h.

It is worth mentioning that the calculated maximum emission brightness (not shown) of the ﬁrst negative band of N2
is 10 times greater than that of the Meinel emission which
could explain the reported difﬁculties in the detection of
Meinel emission in sprite halos and also in sprite optical
emission [Morrill et al., 1998; Bucsela et al., 2003].
[41] The altitude-time evolution of the N(2 D) density
due to cloud-to-ground strokes are shown in Figure 31.
The behavior of the N(2 D) density is associated with the
reduced electric ﬁeld (see Figure 11) so that when E/N is
maximum, the concentration of N(2 D) may exceed 10 cm–3
above ambient values in the case of +CG lightnings (see
Figures 31a–31c) and 10–1 cm–3 in the case of –CG lightning with 200 kAkm of current peak (see Figure 31e). The
main production process of N(2 D) is the electron-impact N2
dissociative excitation

Figure 27. Altitude evolution of the emission brightness
due to a positive cloud-to-ground lightning discharge with
different current peaks as would be measured by a 30 fps
camera. The red symbols correspond to the ﬁrst positive
band system, and the blue symbols correspond to the second
positive band system.
(1 MR) in the 100 and 200 kAkm cases between 60 and
70 km of altitude. However, in the case of a camera recording at 1000 fps (see Figure 28) the emission brightness
can well exceed the threshold of visibility in the 1PN2 and
2PN2 cases for all the +CG lightning discharges considered. According to our model, the 2PN2 emission brightness
from relatively low layers, between 60 and 75 km of altitude, could be observed. In the case of 1PN2 , we could see
emission brightness from up to 80 km of altitude. However,
the reader must be careful with these results because at low
altitudes the sprite emergence is likely.
[39] The altitude and time evolution of the concentration
of N+2 (A2 …u ) ions (responsible for the Meinel band emission in the red and near infrared spectral region) is shown
in Figure 29. As with the previous electronically excited
N2 species, the behavior of the N+2 (A2 …u ) density follows
the reduced electric ﬁeld (see Figure 11). Our model predicts an enhancement to 10–3 cm–3 above ambient values
between 75 and 60 km of altitude in the +CG lightning
cases (see Figures 29a–29c). For the cases of –CG strokes
(see Figures 29d and 29e), we can see similar values as in
the previous cases around 76 km but only when the lightning reaches 200 kAkm of current peak. The increase in the
N+2 (A2 …u ) density is due to

P25 : e + N2 ! N + N(2 D) + e.

On the other hand, the loss of the previously produced N(2 D)
density is dominated by
P204 : N(2 D) + O2 ! NO + O.

[42] Figure 32 shows the altitude and time-dependent
behavior of the concentration of the metastable (110 s lifetime) oxygen atom O(1 D). Its temporal evolution is similar
to that of the reduced electric ﬁeld shown in Figure 11. The

P24 : e + N2 ! N+2 (A2 …u ) + e + e,

while the mechanisms that recover the ambient concentration of N+2 (A2 …u ) are, in order of importance,
P333 : N+2 (A2 …u ) + N2 ! N+2 + N2 ,
P334 : N+2 (A2 …u ) + O2 ! N+2 + O2 ,

and

Figure 28. Altitude evolution of the emission brightness
due to a positive cloud-to-ground lightning discharge with
different current peaks as would be measured by a 1000
fps camera. The red symbols correspond to the ﬁrst positive
band system, and the blue symbols correspond to the second
positive band system.

P682 : N+2 (A2 …u ) ! N+2 + h,

the latter (P682) with a N+2 (A2 …u ) lifetime of 0.1 ms.
[40] The behavior of the N+2 (B2 †+u ) concentration (responsible for the ﬁrst negative band emission in the ultraviolet spectral region) is the same as the previous excited
18
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Figure 29. Altitude-time evolution of the N+2 (A2 …u ) density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
main production mechanism of O(1 D) is the electron-impact
dissociative excitation of O2

The instantaneous density of O(1 D) can overtake 10 cm–3 in
+CG lightnings (see Figures 32a–32c) as well as in –CG
lightning (see Figure 32e) with signiﬁcant charge moment
change in time and locations where the maximum reduced

P37 : e + O2 ! O + O(1 D) + e.

Figure 30. Altitude-time evolution of the N+2 (B2 †+u ) density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
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Figure 31. Altitude-time evolution of the N(2 D) density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
electric ﬁeld takes place. When the reduced electric ﬁeld
goes back to zero, the O(1 D) is lost through quenching with
N2 molecules

concentration exhibits a sharp increase (by more than 5
orders of magnitude) in the current peak time when the maximum current moment is 100 kAkm (see Figure 33d) and by
more than 8 orders of magnitude when the current moment
peak is 200 kAkm (see Figure 33e). In addition, it remains
at relatively high values during almost 1 s in the altitude
range of 75 and 82 km. The main O(1 S) production processes are the same as in the +CG lightning case (P38 and
P222), while the key loss mechanism is the quenching by O2
(P250).
[44] The metastables O2 (a1 g ) (45 min lifetime) and
O2 (b1 †+g ) (12 s lifetime) densities have been also studied.
Due to their long lifetimes, they can store energies for a long
time that later on can be released heating up the local atmosphere. Regarding the +CG lightning strokes, the metastable
O2 (a1 g ) density (see Figures 34a–34c) shows a similar
behavior in the three cases independently of the current peak.
Our model predicts an important increase in the O2 (a1 g )
concentration which is higher as we descend in altitude
so that at 76 km the O2 (a1 g ) density reaches a value of
about 5  103 cm–3 , and at 57 km the O2 (a1 g ) concentration
exceeds 5  104 cm–3 . The main source of O2 (a1 g ) production is the excitation of O2 by collisions with electrons
previously energized by the electric ﬁeld

P235 : O(1 D) + N2 ! N2 + O + E,

where E is the energy released in this exothermic reaction.
Hiraki et al. [2004] obtained maximum nighttime production of accumulated O(1 D) density above 104 cm–3 located
at 73 km of altitude with charge moment change values
(1000 C km) higher than the ones used in our model. These
authors used a simpliﬁed kinetic model with initial densities
and cross sections different than ours.
[43] As shown in Figures 33a–33c, the increase in the
metastable (0.7 s lifetime) O(1 S) density by more than 10
orders of magnitude with respect to ambient values occurs
while the reduced electric ﬁeld reaches its maximum in the
+CG stroke cases. The main source of O(1 S) production
is dissociative excitation of O2 by collisions with electrons energized by the electric ﬁeld followed by dissociative
quenching of N2 (C3 …u ) by O2
P38 : e + O2 ! O + O(1 S) + e,
P222 : N2 (C3 …u ) + O2 ! N2 + O + O(1 S),

P31 : e + O2 ! O2 (a1 g ) + e,

while the O(1 S) loss process is exothermic quenching
through collisions with O2 molecules

while the O(a1 g ) loss process is exothermic quenching
through collisions with O2 molecules

P250 : O(1 S) + O2 ! O2 + O + E.

P260 : O2 (a1 g ) + O2 ! O2 + O2 + E.

Between 75 and 82 km of altitude the O(1 S) density remains
at relatively high values (over 1 cm–3 ) about 1 s after the
current peak. For the –CG lightning cases, the O(1 S)

Regarding –CG lightning strokes, we can see in Figures 34d
and 34e a sharp increase (but lower than in the case of +CG
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Figure 32. Altitude-time evolution of the O(1 D) density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
lightning strokes) in the O2 (a1 g ) concentration, this being
higher at lower altitudes. The mechanisms responsible for
this increase at high altitudes ( 76 km) are the excitation
of O2 by collisions with electrons (P31) only until 40 ms

after the current peak and the quenching of O2 (b1 †+g ) by N2
molecules
P265 : O2 (b1 †+g ) + N2 ! O2 (a1 g ) + N2 ,

Figure 33. Altitude-time evolution of the O(1 S) density due to cloud-to-ground lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment, (c)
200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
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Figure 34. Altitude-time evolution of the O2 (a1 g ) density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
and at lower altitudes ( 57 km), the O2 (a1 g ) production
process is only due to the excitation of O2 by collisions with
electrons (P31). The main O2 (a1 g ) loss mechanism, in the
–CG lightning strokes, is the same as that of the previous
cases (P260).
[45] The behavior of the metastable O2 (b1 †+g ) concentration (see Figure 35) is similar to the trend of the O(1 S) density (see Figure 33). Our model predicts a strong increase,
in the cases of +CG lightning strokes (see Figures 35a–35c),
in the time period coinciding with the reduced electric ﬁeld
activation from the background values. This enhancement of
O2 (b1 †+g ) density is higher as we descend in altitude, and
at high altitudes ( 76 km), the main O2 (b1 †+g ) concentration production is the excitation of O2 by collisions with
electrons

1 s. The O2 (b1 †+g ) production and loss processes are the
excitation of O2 by collisions with electrons (P32), and the
quenching of O2 (b1 †+g ) by N2 molecules (P265), respectively.
3.5. Neutral Species
[46] Finally, we study the variations of neutral species in
the ground stated under the action of a sprite halo. Only
atomic oxygen and nitrogen out of the 13 ground-state
neutral species considered in our model exhibit substantial variation. Neither nitrogen oxides (NOx and N2 O) nor
CO2 modiﬁes its density. The evolution of the densities of
ground-state N and O is very similar as shown in Figures 36
and 37, respectively. We only see a signiﬁcant variation in
the density of these species in the case of +CG lightnings,
which suggests that their behavior signiﬁcantly depends on
the intensity of the continuous current. Both N and O begin
their increment at the time when the electric ﬁeld begins to
grow (see Figure 11), remaining with high values for most
of the simulation time. In the case of atomic nitrogen (see
Figures 36b and 36c) we can see that, from 80 to 61 km,
there is an increase in the N density of up to 300 cm–3 over its
ambient values. Between 55 and 61 km the density of atomic
nitrogen reaches values of 160 cm–3 , while below 55 km it
exhibits values close to 50 cm–3 . The mechanism responsible
for the production of atomic nitrogen is

P32 : e + O2 ! O2 (b1 †g ) + e,

only until 3 ms after the current peak, and the quenching of
O(1 D) by O2 molecules
P236 : O(1 D) + O2 ! O + O2 (b1 †+g ).

The O2 (b1 †+g ) loss process is, like in the previous excited
species, quenching of O2 (b1 †+g ) by N2 molecules
P265 : O2 (b1 †+g ) + N2 ! O2 (a1 g ) + N2 .

P25 : e + N2 ! N + N(2 D) + e.

At lower altitudes (57 km), the main O2 (b1 †+g ) production
mechanism is the excitation of O2 by collisions with electrons (P32). On the other hand, in the cases of –CG lightning
strokes, we can see in Figures 35d and 35e an enhancement in the O2 (b1 †+g ) density concentrated at high altitudes
(between 65 and 82 km) which remains high (40 cm–3 ) until

[47] Similarly, atomic oxygen shows an increase in its
mesospheric concentration at the time when the electric ﬁeld
is highest (see Figures 37b and 37c). The density of atomic
oxygen reaches values of 5  104 cm–3 for practically all the
altitudes analyzed and maintains these high values over time.
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Figure 35. Altitude-time evolution of the O2 (b1 †+g ) density due to cloud-to-ground lightnings with (a)
realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment,
(c) 200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.

Figure 36. Altitude-time evolution of the N density due to cloud-to-ground lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment, (c)
200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
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Figure 37. Altitude-time evolution of the O density due to cloud-to-ground lightnings with (a) realistic current moment, (b) 100 kAkm peak current moment and 20 kAkm continuous current moment, (c)
200 kAkm peak current moment and 20 kAkm continuous current moment, (d) 100 kAkm peak current
moment, and (e) 200 kAkm peak current moment.
remains high in time due to the AD of CO by O– . This
suggests that the ion O– plays an important role in the electron density evolution. Therefore, a strong O– production
is needed at the time of the maximum current moment for
a subsequent increase in electron concentration due to AD
processes. The important enhancement in the O– density is
due to the strong dissociative attachment of O2 in coincidence with the maximum of the reduced electric ﬁeld. The
relatively high electron concentration (70 e– /cm–3 ) produced
by +CG lightning discharges also provides a strong excitation of metastables N2 (A3 †+u ), O2 (a1 g ), O2 (b1 †+g ), O(1 D),
and O(1 S) due to electron-impact collisions. These electronically excited species can be very important in the thermal
behavior of the mesosphere because, due to their long
lifetime, they are able to store energy, transferring it later
to the surrounding gas through fast heating [Flitti and
Pancheshnyi, 2009]. We have evaluated the emission brightness of the ﬁrst (1PN2 ) and the second (2PN2 ) positive band
systems of N2 associated with the visible optical emission
of sprite halo events. Our model predicts that the reddish
instantaneous emission associated to the 1PN2 can exceed
the threshold of visibility (1 MR) by 1 order of magnitude
for the +CG lightning discharges considered. Using a 1000
fps camera, we could measure the red and blue emission
associated with the 1PN2 and the 2PN2 over the threshold
of visibility. Our model for sprite halos does not predict
a signiﬁcant variation in ground-state neutral species such
as CO2 , NOx , and N2 O. However, we have found a strong
increase in the atomic nitrogen and oxygen densities due to
the electron-impact dissociation of N2 and O2 during +CG
lightning discharges. Future work will extend our present
simulations to lightning clusters with different polarities, and

The mechanisms responsible for the O density increase are,
in order of importance,
P36 : e + O2 ! O + O + e

and
P227 : N2 (A3 …+u ) + O2 ! N2 + O + O.

4. Conclusions
[48] We have estimated the local electrochemical impact
on the Earth’s mesosphere of tropospheric lightnings with
different polarities and different current moment peak. The
simulations have been performed using a sophisticated
air kinetic scheme. We solve the statistical equilibrium
equations of each species (1) coupled with the Boltzmann
transport equation (3) and with the quasi-electrostatic electric ﬁeld equation (5). This scheme is applied over a range
of altitudes (50–87 km). Due to lower air pressures, the
reduced electric ﬁeld associated to –CG lightning discharges
at high altitudes reaches values close to breakdown (120 Td)
when the maximum of the current moment is greater than
200 kAkm. However, in the +CG lightning cases, we see a
behavior similar to that in the –CG lightning discharges at
the time of the maximum of the current moment. We can
also ﬁnd electric ﬁeld values close to breakdown at relatively low altitudes due to the high charge moment (more
than 2000 Ckm) provided by the lightning continuous current stage (20 kAkm during the ﬁrst 100 ms). In the last
case (+CG), despite subbreakdown conditions, we can see
an enhancement in the electron density due to the electric ﬁeld dependence of the associative detachment (AD)
of N2 by O– . Moreover, the enhanced electron density
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we will study the chemical, electrical, and thermal impact of
sprite streamers in the terrestrial mesosphere.
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