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ABSTRACT: Acceleration, expansion, and branching of sprite strearoan lead to concentration of
high electrical currents in regions of space, that are eksein the form of bright sprite cores. Driven by
this electrical current, a series of chemical processes pédce in the sprite plasma. Excitation, followed
by quenching of excited electronic states leads to eneagyster from charged to neutral species. The
consequence is heating and expansion of air leading to imisginfrasonic acoustic waves. Our results
indicate that>0.01 Pa pressure perturbations on the ground, observedadriason with sprites, can only
be produced by exceptionally strong currents in sprites;arceeding 2 kKA.

INTRODUCTION

Sprites are large scale electrical discharges occurrihgdes 40 and 90 km altitudé&gntman et al.,
1995]. They are generated by strong quasi-electrostatdsfigoduced by cloud-to-ground lightning dis-
charges in an underlying thunderstorm. Sprites have betem@&xely studied through measurements of
their optical emissions [e.g3enbaek-Nielsen and McHarg, 2008] and remote sensing of their electromag-
netic fields [e.g.Cummer et al., 1998]. In recent years a new possibility for sprite remetessng has been
realized: infrasound signatures recorded on the ground haen unambiguously associated with sprites
[Fargeset al., 2005]. The possibility of infrasound generation by spriteas first proposed yedard et al.
[1999]. Liszka [2004] reported the detection of infrasound signatures$ Wexe associated with sources
at mesospheric altitudes during times of intense thunolensactivity. These findings were confirmed by
Farges et al. [2005], whose authors have correlated the infrasound dawgs (in the frequency range of
0.1-9 Hz) with optical sprite observations. Typical spiitgasound amplitudes are 0.01-0.1 Pa, as mea-
sured on the ground, at distance400-400 km from the sourcédrges et al., 2005; Farges and Blanc,
2010]. Long-range sprite infrasound signatures have g-ikie feature, with low frequencies arriving at
the detector before high frequenciésiges et al., 2005].

Farges et al. [2005] estimated that energies of the orderdf.4-40 GJ have to be locally deposited
by sprites to generate the observed infrasound amplitudélseoground, far away from the source. These
values for energy deposition are well above the ones esdrfabm optical emissions, which are on the
order of several to tens of MJ [e.§entman et al., 2003;Kuo et al., 2008]. In this paper we describe the
mechanism of infrasonic acoustic wave generation by fadtesting in sprite cores, and the relationship
between infrasound amplitudes and sprite curregaslva and Pasko, 2014]. The proposed model is a tool
to investigate the above mentioned energy discrepancy engeposition estimates.

MODEL FORMULATION

The conceptual model of the sprite infrasonic source isaegiin Figure la. Sprites manifest them-
selves in the form of streamer discharges or, more precistedamer coronas. Typically, a sprite is initiated
from a local inhomogeneity present in the lower ionosphednductivity, developing as an initial down-
ward positive streamer that accelerates, expands andHasupe.g.Liu et al., 2009]. In some sprites, the
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Figure 1: (a) Schematics of air heating in a sprite core feath generation of infrasonic acoustic waves
observed on the ground, at a distangg,s from the source. The figure highlights the geometry of the
simulated region, which describes a cross section of theesmre ath =70 km altitude. The inset shows
the waveform of the current flowing through the sprite cdgg.(t). (b,c) Time dynamics of electric field
and current (b), and maximum modification in temperature@adsure (c)da Slva and Pasko, 2014, Fig.

1]. Reprinted by permission from American Geophysical Wnio

development of downward streamers is followed by the foimnadf upward streamers, depending on the
available lightning electric fieldQin et al., 2013]. Sprites with only downward streamers are referoeaist
column sprites, while those with both downward and upwarebshers are referred to as carrot sprites. A
common characteristic for both types of morphologies isakistence of a bright core associated with the
path traced by the first downward streamer. The schemat@sjafite core, shown in Figure 1, is consistent
with sprite morphology observed at submillisecond timela#on [Cummer et al., 2006]. We associate
the strong brightness of the sprite core, as evidenced in $pged imagery [e.gCummer et al., 2006;
Senbaek-Nielsen and McHarg, 2008], with the passage of a strong current through it. Teshanism is
different from the one associated with processes in théesgireamer heads, where very bright and compact
regions are formed due to the existence of strong space effi@ids of~3-5F;, [e.g.,Liu et al., 2009]
(whereFEy}, is the breakdown threshold field defined by the equality betwenization and two-body attach-
ment frequencies in air [e.gRaizer, 1991, p. 135]). As inferred from optical observations [eQummer
et al., 2006], the sprite core has a length~ 10 km. On the other hand, the transverse séalas of the
order of tens to hundreds of meters. Sidces L., we represent the sprite core by a 1-D axisymmetric
radial system, located at an altitule 70 km, as schematically shown in Figure 1a.

In this conceptual model the sprite currdgy;ic., as inferred from remote sensing of electromagnetic
fields [e.g.,Cummer et al., 1998], is not flowing in the whole cross sectional area ofrétesj~1000 kn?),
but it is rather confined within the several sprite cores,clwthave substantially higher conductivity than
the regions of the atmosphere in their vicinity. The numblesmrite coresN.... can vary from event
to event, typically from a few to tens of cores and, for quatitie analysis conducted in this paper, we
assume that on average a sprite hMags.. =10. The current flowing through a given sprite core, themfo
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Figure 2: (a,b) Time dynamics (at the axis of symmetry) ofmddiarged species (a), and effective frequen-
cies of electron production and loss (b). (c) Energy depdgier unit channel length. (d) Optical emissions.
(e) Radial expansion of pressure wada Hlva and Pasko, 2014, Fig. 2]. Reprinted by permission from
American Geophysical Union.

iS Teore = Isprite/Neore- The inset in Figure 1a shows tlig,.(t) waveform adopted in our simulations. The
waveform is characterized by three parameters: the peakntur,, the rise timer, (to rise the current
from the initial valuel, to its peakl,), and the duration of the strong current phdse. Fort > 7, + A7y
the current slowly decreases @4/t [e.g., Barrington-Leigh et al., 2002]. The maximum current flowing
through a sprite can be estimated from a moving-capacitde phodel [e.gPasko et al., 1998;Barrington-
Leigh et al., 2002] as beingvIghg/h1, wherelg is the current of the parent cloud-to-ground lightning,
hq is the altitude of charge removal from the thundercloud, /anid the lower ionospheric altitude, or the
altitude of the moving capacitor plate. For a lightning whiigh peak current-100 kA, andhg/h; ~1/5
(e.9.,hg =10 km andh; =50 km), one getd,ite < 20 kA. We note that, although rare, sprite currents of
~20 kA were already observed [e.flager et al., 2012]. ComplementarilyCummer et al. [1998] measured
peak currentd,itc >~ 2 KA. Therefore, we estimate that realistic peak currdptg bright sprite cores
should range between 200 and 2000 A. The time scalesd A7; are adjusted to make the waveform
shown in Figure 1a resemble the measurements.

To describe the physical/chemical processes in the spie glasma, we have developed a model
consisting of four main blocks: (1) a set of non-linear nalugias dynamics equations; (2) a detailed kinetic
scheme accounting for the most important processes in aigasatge plasma; (3) energy exchange be-
tween charged and neutral particles accounting for thetiparhg of the electronic power between elastic
collisions, excitation of vibrations and excitation of @®nic states; and (4) delayed vibrational energy
relaxation of nitrogen moleculesld Slva and Pasko, 2013a]. This model has also been applied to simu-
lation of leader speeds at reduced air densities and fapiiation of the phenomenology of gigantic jets
[da Slva and Pasko, 2013b]. An important feature of this model is the capapitit calculating the fraction
of discharge powes E? (whereo is electrical conductivity ande electric field) that is directly used for
heating of air in the so called “fast heating” mechanism.[d>gpov, 2011] and its dependence on ambient
air density V... The fast heating mechanism accounts for quenching ofezkeiectronics states, electron
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impact dissociation, and electron-ion recombinatida $ilva and Pasko, 2013a, Sections 2.3 and 3.2].

The initial conditions for the simulation are set to make Hpeite core resemble a single sprite
streamer channel at 70 km altitude (right after the passédiedfirst streamer head), i.e., the electron
density has a Gaussian radial distributian= ne,ae‘TQ/Tg, wheren, q = 1¢° cm~3 andr. =20 m. The value
ne,q IS the typical electron density in a streamer body as obtlafr@m sprite streamer simulations [e.g.,
Liu et al., 2009], whiler, is consistent with high-speed optical observations ofahgprite streamer radii
[Kanmae et al., 2012]. The choice for. is also consistent with observed acoustic spectral content
a cylindrical acoustic radiator with a diameter of 40 m isented to produce dominant frequencies be-
low ¢, /2r. ~8 Hz, wherec; is the ambient speed of sound. The initial condition for theteic current
is Io =qe (e + up)ne,aEkwrg ~ 26 A, whereg, is the electronic charge, and and, are the mobilities
of electrons and positive ions, respectively. The ambienmtperature and pressure at 70 km altitude are
Tomb =200 K andp,..1, = 4.68 Pa, respectively. We apply the currént. to the cross sectional area of the
sprite core and we track the plasma parameters, i.e., gengftcharged and neutral particles, electric field,
translational and vibrational temperature of neutralspeessure, etc., as a function of timeand radial
positionr, in a cylindrical domain of sizé,,. =400 m.

RESULTS

The input parameter of the model is the current flowing in firédes corel..... To illustrate the mech-
anism of infrasonic acoustic wave generation in the spote by fast air heating, we discuss in this paper
areference case. We chose a peak curfgnt2000 A in the upper range of sprite core currents (discussed
in the previous section), to emphasize that only extraargisprites can produce infrasound signatures de-
tectable on the ground. The other parameters of the curr@veferm arer, =6 ms andA7; =4 ms. Results
are shown in Figures 1b—1c and 2a—2e. Figure 1b shows thiedppirent and the calculated electric field
from Ohm'’s law, it can be seen that an electric field plateaw B, is sustained during the current growth
phase. Figure 1c shows the percent change in temperatupresslire at the axis of symmetry of the sprite
core. It can be seen that the maximum modification in predsuré % and that the highest rate of pressure
growth occurs during the current rise stage. Figures 2bk@w she time dynamics of main charged species
and effective frequencies of electron production and léswing nomenclature used bga Slva and
Pasko [2013a, Section 2.2 and Table A.1]. Ohm’s law indicates thatincrease in current should drive an
increase in the electric field, however, an incrementakiase in the electric field abov#, leads to increase
in ionization {,,) that leads to conductivity enhancement and reduction ekethctric field. Hence, the
above mentioned platealti~ E;, is formed. In these conditions two-body attachment) and ionization
rates balance each other. Figures 2b—2c show that theimgsuitrease in electron density in the sprite core
is resulting from the accumulation of Gions followed by electron detachmenty{;), in agreement with
conclusions of more detailed kinetic mode@Gofdillo-Vazquez and Luque, 2010]. On longer time scales
(t Z 1 s) the plasma decays owing to electron-ion recombinatiQp)@nd three-body attachment,).

Figure 2c shows the energy deposited in the sprite core pieofurhannel lengtiV (¢) (which is ob-
tained by integrating 2 over the cross sectional area of the sprite core and in timgi (¢) = fot TE(t)dt').
Total energy deposited per unit channel lengtiis- 1.37 kJ/m (see Figure 2c at the end of the simulation,
i.e.,t~1s), which translates in a total energy deposited in theespii,,.L.W =137 MJ. Figure 2c also
shows the calculated amount of energy transferred to teafiair W< (¢), including fast heating, elastic
collisions, heating from ion current, and vibrationalAstational energy relaxatiodi(<" is obtained by
integration of the effective heating ra@g, following nomenclature used bya Slva and Pasko [2013a,
Section 2.3]). A total amourit’<T =217 J/m is used for heating of air, which corresponds to el %
of the total deposited energy. The two major channels fotimgaf air W< are also shown in Figure
2c. During the current rise stage the fast heating mechariignit), is dominant. During latter stages,
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when electric field is signficantly below, W (¢) is dominant;i¥, accounts for energy transfer in elastic
collisions, as well as, excitation of rotations i @nd N, and vibrations in @. Comparing Figures 1b,
1c, and 2c, we can assert that the dominant contributionrsspire increase comes from the fast heating
W, during the current rise stage. Moreover, calculation dicapemissions from the sprite core shows that
the current rise is also associated with the maximum bragsrof the sprite, as shown in Figure 2d. The
sustained luminosity associated to rapid current growth egreement with the mechanism for the sprite
streamer luminous trail proposed biyu [2010]. The direct correlation between current waveform sjrite
brightness is also evident in measurements [€gmmer et al., 1998, Figs. 4-6].

Figure 2e shows the radial expansion of the pressure puismnlibe seen that the response of the
neutral gas to this weak source is approximately linear, peessure amplitudes decrease with distance
asApx1/4/r, as highlighted by the dashed line in Figure 2e. The maximuesgure amplitude at a
reference poini,.s =107, is Ap.s =6x 1072 Pa. We next estimate the infrasound amplitudes,,, as
measured by an observer on the ground far away from the sdwoce simple scaling derived from en-
ergy conservation. It can be demonstrated that the intenbidn acoustic wav&, (expressed in units of
JIn?-s) is related to the amplitude of pressure perturbatiofi,as(Ap)? /2pambcs [€.9., Blackstock, 2000,
pp. 48-51], where, ., =m.i: Namp 1S the ambient air mass density. Neglecting the effectsrobapheric
absorption, the power generated by the source is consefiarditze wave has propagated for a distance
r, i.e., fs 7Z.dS =const, where the energy flux is integrated through a reéerenrfaceS surrounding the
source. The area of this surface2isr L, and4xr?2, for a long (cylindrical) radiator and for a (spherical)
point source, respectively. Hence, the scaling of the presamplitudes with distance and altitude are ap-
proximatelyocy/Namb /+/7 andocy/ N, /7, for cylindrical and spherical sources, respectively. uksing
that for sprites the cylindrical dependence holds for aadist about the vertical size of the acoustic radiator

(i.e.,L,), we obtain:
NO Tref Lz
Aos:Aro\/—M ) 1
Pob Pret Namb Lz <Robs> ( )

whereNy andN,,, are the ambient air densities at ground level and 70 km déijttespectively. Assuming
that the observation point is at a distangg,; = 100 km from the source, as schematically shown in Figure
1a, and for the above defined length scales, this approaek gicorrecting factofp,,s/Apres >~ 1.72, to
estimate amplitudes on the ground from amplitudes at ageferposition near the source. For the reference
case, shown in Figures 1b—1c and 2a—2e, we hayg, =0.01 Pa, which is in the lower range of amplitudes
reported in literatureHarges et al., 2005;Farges and Blanc, 2010].

SUMMARY

In this paper we present the mechanism of infrasonic aeustie generation by fast air heating in
sprite cores. Our resultsld Slva and Pasko, 2014] demonstrate that0.01 Pa pressure perturbations on
the ground, observed in association with sprites, can oalgrbduced by exceptionally strong currents in
sprite cores, exceeding 2 kA.
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