Exponential relaxation of optical emissions in sprites
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Fig. 1: Photometric features of a bright sprite. The sig-
nal from one narrow field-of-view photometer is shown
for part of an event at 04:38:27 UT on 19 July 1998. This
sprite occurred 0.5 s after a series of intense sprites asso-
ciated with a series of positive cloud-to-ground lightning
discharges. Theinset showsavideo field of the spritefrom
the Fly's Eye camera, superposed by a box showing the
approximate field-of-view of the photometer and a scale
showing atitudes overlying a causative CG.
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Fig. 2: Lightning/sprite ULF, VLF, and photometric sig-
natures from 6 August 1998. The ULF magnetic field is
obtained by integrating in time data (provided by Mar-
tin Flllekrug) from a magnetic loop receiver. Photome-
ters5 and 6 have narrow (2.2° x 1.1°) fields-of -view, while
the dimensions of Photometer 11 are three times as large.
Dashed lines are exponential fits to the curves.
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Fig. 3: Model ionization and dissociative attachment rates
at 70 kmaltitude. Also shown are the electronimpact exci-
tation coefficients vy, for the states B3I1, and C3I1,, produc-
ing optical emissionsin the No(1P) and No(2P) bands, re-
spectively. Each rate shown is proportional to atmospheric
density, so values at 60 km are ~3.5 times higher than
those shown (for 70 km).
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Fig. 4: Exponential decay times in sprites. Values shown
asx’'sando’'sarefromfitsgiving R > 0.7 using datafrom
one or more red or blue filtered photometers in each of 27
events; each point corresponds to one photometer during
one optical pulse of asprite. The x's show the result of fits
to photometric signatures of elves.
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Abstract

The optical emissions in a large number of bright sprites observed over one storm in
1998 exhibit a relaxation that is closely exponential in time. This feature was unex-
pected but might be explained by the presence of quasi-constant electric fields over
times of several milliseconds, in which case the optical relaxation would be adirect in-
dication of the exponentially changing electron density. The relaxation rates for sprites
appear to have an upper bound that is consistent with the dissociative electron attach-
ment rates expected at sprite altitudes. The experimental results are consistent with
existing large scale electrodynamic models of sprites aswell aswith the streamer mech-
anism as the underlying physical process for spriteionization.

M acroscopic model

We assume that the system is driven by the lightning current I(t) = dQ(t)/dt which
effectively depositsthundercloud charge Q(t) at the dltitude hy. The total chargewhich
accumulates at the lower end of the spriteis

Qilt) = Qt)hg/hi(t)
The current flowing through the sprite is therefore
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The first term here has to do with the portion of sprite current due to the source (light-
ning) current, and the second term is due to the descending lower edge of the sprite.

The quasi-constant electric field £ can persist in the highly conducting medium of a
sprite only of thereisanet current flow through the sprite body Zgprite 70. Zsprite=0 ES,
where ¢ is conductivity and S is the effective horizontal cross section area of sprite.

Microscopic model
We solve the following set of dynamic equations for number densities of electrons ne,
positive n.. and negative n_ ions:

dne

E = (”z(E) - Va(E))"e 2
dg—; = vi(E)ne ©)]
n- = N4y —ne 4

At the initiadl moment of time =0 it is assumed that ne=ni=ne o, ad n_=0, where
ne,0 is the electron number density of stable streamers derived from similarity laws
(ne0=5.5x10° cm™ at 60 km and 7 ¢=4.6x10°cm ™3 at 70 km). The electric field
E in the above equations is assumed to be a function of time determined by current
continuity as
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where p. and u; are mobilities of electrons and ions which in the present model are
assumed to be constants. The time dependent streamer current density J(t) is defined at
timet = 0asJ(0) = Jo = (eneope+ene,opi) Ex (Ex=761V/mand 219 V/m at dtitudes
60 and 70 km, respectively), and then assumed to decay as J(t) = Jyr7/(t + 77). The
characteristic time scale 77 of current decay in the spriteis considered as the only input
parameter in our model, with all the rest calcul ated self-consistently.

Before considering the results of numerical calculations let us qualitatively inspect a
case when J(t)=J,=const. The above equation (5) for the electric field can be rear-
ranged as

(enepe + e(n+ +n_) ) E = Jo (6)

Even a small increase in ion concentration would lead to an increase in the ion con-
ductivity contribution to J, and therefore to a drop in the E field. However, even a
small reduction in the electric field leads to exponential relaxation of the electron den-
sity, which quickly compensates for the increase in the ion conductivity. A remarkable
feature of this system is that the electron density relaxes exponentialy in time, while
the electric field is reduced by a very small amount and essentially remains constant in
time with high accuracy.

Summary

Quasi-steady currents in sprites are described in terms of two large scale physical pro-
cesses — the slow variation of either the lightning source current or the descent of the
sprite’s lower edge. In turn, sprite currents which vary slowly compared with the time
scale of electron dissociative attachment to O, lead to quasi-constant total conductiv-
ity, even while the electron contribution to conductivity is decreasing. This resultsin
a property of streamers driven by strong external electric fields, namely, that the local
electric field is maintained self-consistently near the breakdown electric field, Ey.

A quasi-constant electric field just below E, leads straightforwardly to an exponential
relaxation of the electron density and the optical emission rate in sprites. According
to our model total ion densities become significant and may dominate the conductivity.
Exponential decay of photometric features associated with sprites has been observed
in a number of bright sprites and appears to be a form of non-spectroscopic evidence
for large ionization changes in sprites. The observed photometric behavior is consistent
with the streamer mechanism as the underlying physical process for sprite ionization.
In future sprite measurements, more attention could be paid to this phenomenon, in
particular in the context of multicolor photometry and photometry with fine atitude
discrimination.
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Fig. 5: Macroscopic model: Diagram of charge systemsin
sprites.
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Fig. 6: Macroscopic model: Spatial variation of the model
electric field shown at the moment of time 5 ms
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Fig. 7: Macroscopic model: Temporal variation of the mode!
electric field.
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Fig. 8: Microscopic model: Numerical model of optical
relaxation. (a) Electron and ion densities for 7;=1 ms;
(b) the corresponding conductivities; (c) the correspond-
ing electric field; and (d) resulting optical emissions.
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Fig. 9: Microscopic model: Dependence of 7, the optical
relaxation time constant, on 7, the time scale of changein
the sprite current.
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