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Chemical and thermal influence of sprite streamers in
the upper atmosphere of the Earth
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A pseudo 1D model has been developed to study the nighttime chemical and thermal local effects
of a single sprite streamer in the Earth mesosphere between 50 km and 80 km of altitude. The
model predicts strong increases in all the species concentrations investigated during and after (up
to 1000 seconds) the streamer occurrence. We found that the thermal influence of sprites is
proportional to the driving streamer current duration (between 5 ms and 100 ms) after the passage
of the streamer head. This produces variations of more than 40 K (for the 100 ms driving current)
at low altitudes (50 - 55 km) and about 10 seconds 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 electrical activity in the
troposphere (0 - 10 km) of the Earth as hypothesised
by Wilson [1]. The most common of these
phenomena are the so-called sprites, which were
discovered serendipitously in 1989 [2]. Sprites are
huge weakly ionized plasma structures that exhibit a
top diffuse region (above 75 km), a transition region
(75-70 km) and a streamer region in the bottom (70
km - 40 km) characterized by individual electron
avalanches and local inhomogeneities evolving into
streamers. Sprites are produced by air electric
breakdown caused by mesospheric electrons heated
by the quasielectrostatic (QE) electric fields induced
by lightning discharges. The QE field generating
sprites is mostly due to positive cloud-to-ground
(+CG) lightning strokes.
A present line in TLE research is focussed in
understanding how sprites and their postdischarge
phase affect locally the electrical properties
(conductivity), thermal balance (temperature) and
chemical composition of the atmosphere with
particular emphasis in NOx, N2O and O3 and some
atomic and molecular metastable species. Moreover,
there is a wide interest in determining if sprites are
able to excite species (other than N2) such as OH
and/or CO2 that could allow detecting sprites optical
emissions associated with the possible enhancements
in the concentrations of OH (visible range) and CO2
(with emissions in the infrared range).
Variations in the concentrations of NO and O3
due to Blue Jets exhibit enhancements between,
respectively, 10 % and 0.5 % at 30 km of altitude
[3]. However, according to [4], the concentrations of

NO and O3 exhibit a negligible variation due to
halos (the most commonly detected type of TLEs).
Halo simulations by Hiraki et al. [2004] [5]
predict a substantial increase in the concentration of
O(1D). On the other hand, recent measurements
made by UARS (Upper Atmosphere Research
Satellite) [6] indicate sudden and significant 557.7
nm optical outbursts from O(1S) between 73 km and
87 km in coincidence with lightning flashes (or
some seconds after lightning) that could have
produced sprites in the upper atmosphere. The
transient enhancement of the O(1S) concentration
(and subsequent sudden optical outbursts) can be
produced by electron impact dissociative excitation
(e + O2 → O + O(1S) + e) due to the abundant
presence of energetic free electrons released by
sprite streamer ionization events.
Concerning the kinetic modeling of sprites,
Sentman et al. [7] developed a kinetic model with
more than 800 chemical reactions to study the
impact of a streamer pulse with Emax = 5Ek (where Ek
is the breakdown electric field, Ek/N = 120 Td) and
Δt = 6 µs at 70 km of altitude in the mesosphere.
With this model, Sentman et al. [7] estimated an
increase of the streamer head electron density of up
to 106 cm-‐3 persisting about 1 second. These authors
also estimated an increase in the concentration of
NO by 50 % while Hiraki et al. [8] estimated an
increase of four orders of magnitude in the density
of NO at the same altitude. Enell et al. [9], however,
predicted an increase of 50 % in the concentration of
NOx at 73 km and Gordillo-Vázquez [10], [11]
employing a reduced electric field of 400 Td, found
increases of an order of magnitude in the
concentration of NO and NO2. Moreover, GordilloVázquez [10] was also able to calculate the
brightness of the sprite-related CO2 4.3 µm IR
emission predicting a value as high as 100 MR at 68
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km of altitude that pointed to its possible detection
from space (1 Rayleigh (1 R) is defined as a column
emission rate of 1010 photons per square metre per
column per second).
The substantial differences found between the
predictions of several sprite kinetic models may be
due to the different initial conditions employed and
to the use of different rates, cross sections and
number of processes.
In the present paper, we aim to contribute to the
fundamental understanding of the chemistry of non
equilibrium plasmas produced by nighttime sprite
streamers in the mesosphere and their influence on
the mesosphere chemical composition and thermal
evolution.
2. Model
Although
sprites
have
a
downward
development, the present kinetic model does not aim
to study the vertical evolution of the sprite streamer
but to understand how a single sprite streamer can
chemically and thermally affect each layer of the
mesosphere [12]. It is known that a single streamer
tends to branch as it propagates downwards. For the
sake of simplicity we are neglecting here this
branching dynamics and, consequently, our model
can only be considered as a pseudo 1-D model. 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.
In our sumulations, the externally imposed
current consists of three phases: (a) a peak
corresponding to the passage of the streamer head,
(b) a constant plateau and (c) an exponential decay
with a time constant of 4 ms. For the streamer head
(a) we run microscopic streamer simulations similar
to those described by Luque et al. [13] and Luque
and Ebert [14].
For each altitude h we run a streamer simulation
with the electron density resulting from the
electronic relaxation stage of the kinetic model and a
gaussian ionization seed a few kilometers above h.
We then recorded the resulting electric current at h,
which are similar to the currents estimated by da
Silva and Pasko [15] between 200 A and 2000 A for
the peak current of sprite cores. The currents
resulting from these streamer simulations contain
first a strong peak due to the field enhancement at
the streamer head and then a re-enhancement of the
field that, as argued by Liu [16] and Luque and
Ebert [14], corresponds to the streamer afterglow.
Microscopic simulations are limited to only a
few milliseconds but Stenbaek-Nielsen and McHarg
[17] 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
assuming that all currents are terminated by an
exponential decay (c) lasting 4 ms.
The present kinetic model includes 97 chemical
species and more than 900 kinetic processes, which
intergrates a set of differential equations to model
the chemical and thermal behaviour of the air
plasma generated by sprite streamers [12]. The
temporal evolution of the density of each of the
species is controlled by its corresponding balance
equation, the electron energy distribution function
(EEDF) is also obtained to calculate the reaction
rates of the electron-impact processes. To do this,
the balance equations are solved self-consistently
with the steady state Boltzmann transport equation.
Finally, we studied the thermal impact of sprite
streamers in the surrounding atmosphere by
incorporating an energy balance equation that takes
into account the processes that introduce energy into
the gas and the mechanisms that take energy away
from it.
3. Results
We start our analysis with the reduced electric
field, which drives many of the chemical processes
in our model. Figure 1 shows the evolution of the
field at 50 km when the driving current lasts 50 ms.

Figure 1. Reduced electric field (black solid line) and
current density (blue dotted line) temporal behaviour of a
single sprite streamer at 50 km of altitude with a driving
current duration of 50 ms.

In Figure 1 the time evolution of the reduced
electric field (E/N) is characterized by three features:
(1) a strong peak reaching 700 Td, produced by the
passage of the streamer head and approximately
coinciding with the peak of the driving current, (2) a
re-enhancement of the field to values close to the
breakdown field 120 Td that lasts about 0.1 ms and
(3) a train of periodic oscillations starting around 6
ms that persists up to the end of the driving current.
With the exception of feature (3), which appears
only at low altitudes (< 60 km), the overall behavior
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of the reduced field shown in Figure 1 is similar at
all altitudes.

e + N2 → N(2D) + N + e

(1)

These maximum values of the N(2D) density
persist during the high-field phase due to the balance
between the electron-impact dissociative excitation
of N2 (1) and quenching by O2:
N(2D) + O2 → NO + O(1D)

(2)

At the end of the high-field phase, the concentration
of N(2D) decreases slightly since (1) is less effective
than quenching by O2. When the reduced electric
field vanishes, the density of N(2D) still increases up
to 2 orders of magnitude due to dissociative
recombination of electrons with NO+:
Figure 2. Altitude-time evolution of the reduced electric
field (top panel) and current density (bottom panel) due to
a single sprite streamer with a driving current of 5 ms
((a)-(d)), 50 ms ((b)-(e)) and 100 ms ((c)-(f)).

This is shown in Figures 2(a)-2(c) and 2(d)2(f), which extend the plots of reduced electric field
and driving current to the complete range of
altitudes considered in our model and to the three
durations of the driving current used: 5 ms ((a)-(d)),
50 ms ((b)-(e)) and 100 ms ((c)-(f)).

e + NO+ → N(2D) + O

(3)

once this process (3) stops, the density of N(2D)
slowly returns to its background value due to
quenching by O2 (2) at longer times. Between 65-50
km and in the cases of 50 ms and 100 ms of current
durations (see Figures 3(b) and 3(c) respectively),
the density of N(2D) 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 is shown in Figures 3(d), 3(e) and
3(f). 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 (2) and
N(2D) + O2 → NO + O

(4)

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
Figure 3. Altitude-time evolution of the N(2D) density
(upper plots) and NO density (lower plots) due to a single
sprite streamer with a driving current of 5 ms ((a)-(d)), 50
ms ((b)-(e)) and 100 ms ((c)-(f)).

	
  
	
  	
  	
  	
  	
  	
  	
  	
  Figures 3(a), 3(b) and 3(c) plot the density of

excited (mestastable) atomic nitrogen N(2D). The
evolution of these species is closely related with that
of the reduced electric field. Consequently, when the
reduced electric field reaches a maximum, the N(2D)
density reaches values of up to 107 cm-3 and 105 cm-3
at, respectively, 50 km and 80 km of altitude. The
main production process of N(2D) is direct electronimpact N2 dissociative excitation:

O + NO2 → NO + O2

(5)

O2+ + NO → NO+ + O2

(6)

and

In the rest of the considered cases, we see a
secondary increase of up to 109 cm-‐3 in the
concentration of NO. The oscillations of the reduced
electric field underlie this strong NO enhancement
since they induce the production of N(2D) which,
after quenching (processes (2) and (4)), generates
NO.
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Finally, Figure 4(a), 4(b) and 4(c) shows the
thermal impact in the Earth mesosphere of sprite
streamers with driving currents of 5 ms, 50 ms and
100 ms. The most important increase in the gas
temperature occurs at lower altitudes, between 60
km and 50 km, and it is proportional to the afterglow
duration. At higher altitudes the variation of the gas
temperature is negligible compared to that produced
at lower layers.
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Figure 4. Altitude-time evolution of the gas temperature
variation due to a single sprite streamer with driving
currents of (a) 5 ms, (b) 50 ms and (c) 100 ms.
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