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Sprites as evidence of vertical gravity wave structures

above mesoscale thunderstorms

Victor P. Pasko, Umran S. Inan, and Timothy F. Bell
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Abstract. Large area multicell thunderstorms lead to
the formation of vertically oriented cylindrical structures
of gravity waves at mesospheric altitudes closely resembling
those observed in optical emissions associated with transient
luminous glows called sprites.

Introduction

Sprites are vertically oriented clusters of luminous
glows lasting several milliseconds at ~50 to 90 km alti-
tudes above large mesoscale thunderstorms [e.g., Sent-
man et al., 1995; Rairden and Mende, 1995, and ref-
erences therein] that are believed to be produced by
quasi-electrostatic thundercloud fields [e.g., Pasko et
al., 1997a, and references therein]. They typically ap-
pear several hours after the onset of a storm, even in
extremely active (high flash rate) storms [Lyons, 1996].
We propose that the occurrence of sprites may be fa-
cilitated by vertical gravity wave (GW) structures sup-
ported by mesoscale storm systems. Gigantic multi-
cell storms with nearly circular cloud shape covering an
area more than 300x300 km?, called Mesoscale Convec-
tive Complexes (MCC) [e.g., Djuric, 1994, p. 220], are

- expected to significantly enhance the energy launched
upward in the form of GW. These types of storms are
often observed in the Great Plains of North America,
which is a region in which sprites are commonly ob-
served [e.g., Sentman et al., 1995; Rairden and Mende,
1995; Lyons, 1996]. The oscillations of air due to pene-
trative convection at thundercloud tops can lead to the
upward launching of GW with periods near the local
Brunt-Vaisila period at the source altitude and with
the velocity of vertical oscillations as high as ~30 m/s
extended over an area ~10 km by 10 km [Pierce and
Coroniti, 1966; Stull, 1976]. GW arise mainly from
mechanical forcing by vertical displacements associated
with oscillatory updrafts and down drafts rather than
thermal effects [Fowell et al., 1992]. Rowland et al.
[1996] suggested that modulation of atmospheric neu-
tral density associated with GW motions may cause
spatial variations in high altitude (>80 km) optical
emissions and ionization produced by lightning elec-
tromagnetic pulses. Vertically oriented structures ob-
served in sprites at ~50-90 km altitudes can also be
expected to be related to GWs; however, until now no
particular mechanism of GW generation leading to ver-
tically striated structures has been identified.

In this paper we use a cylindrically symmetric treat-
ment of the upward propagation and diffraction of GW
in an isothermal compressible atmosphere to demon-
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strate that GW launched by large area MCC can lead
to significant (tens of %) modulation of atmospheric
density at mesospheric altitudes in vertically oriented
cylindrical structures closely resembling those observed
in optical emissions associated with sprites.

Model

The generation of GW by updrafts and downdrafts
associated with penetrative convection [e.g., Stull, 1976]
is considered as a linear boundary value problem in
cylindrical coordinates (r, 2, ), where z is altitude. The
vertical velocity v, is a given function of 7, ¢ and time ¢
at the thundercloud top (2,=10 km). We use linearized
equations of motion, of adiabatic state, and of contin-
uous mass conservation [e.g., Hines, 1960], and assume
variation of ~exp[i(wt — k2)], where w is the wave fre-
quency and k, is the complex wave number in the 2
direction. Hankel transformation [e.g., Bracewell, 1986,
p. 244; Poularikas, 1995, p. 721] leads to the following
solution for vertical velocity v,:

(o]
Vy = Vg ees? / dkr kyr Am(kr) Jm (krr) gilwt—ksz'—mp)
0
(1)

where 2’ = z — z,, v, is the amplitude of vertical wave
velocity at 2’ = 0, k. is the radial wave number, m is the
integer azimuthal number, the radial spectral function
Am(kr) = Hm{vz0(r)}/vo, where Hp,{-} is the Hankel
transform operator of the m-th order, w, = gv/(2¢s) is
acoustic cut-off frequency, ¢, is speed of sound, v is the
specific heats ratio, and g is the gravitational constant.
The dispersion relation can be shown to be
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where wy = g/7 — I/c, is the Brunt-Viiséla frequency.
The fractional densn;y perturbation g/ p associated with
the wave motion is similar in form to (1) with the ini-
tial (in general complex) amplitude 5,/p at the thun-
dercloud top defined by v, as
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For a source perturbation in the form v,, = v Jm(kror)
expli(wt — me)] for r < 7y (v0=0, for r > r;) with
characteristic radial wavelength \.,=27/ kro and effec-
tive aperture radius r; such that Jp,(krori)=0, Am(k:)
can be calculated using Lommels integrals [e.g., Korn
and Korn, 1961, p. 731] and expressed in the form:
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Sprites are believed to be produced as a result of the
electrical breakdown of the neutral atmosphere by large
mesospheric electric field transients following intense
cloud—to—ground discharges le.g., Pasko et al., 1997a,
and references therein]. Since the ionization and the
optical emission excitation rates are sensitive functions
of atmospheric neutral density and may be enhanced
several orders of magnitude in response to only several
1008 Paokn

pernpnf denletions in 53/5 [Rowland of nl 1996; Pasko
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et al., 1997a] the appearance and spatlal structure of
sprites may be related to GW formations.

Results

Since the dispersion relation k, = k,(w,
the same form as in cartesian coordi natw
ously derived dispersion properties of GW [e g., Hines,
1960; Gossard and Hooke, 1975] are applicable to the
cylindrical case. Assuming k, > w,/cs (typically valid
for A\, <100 km) and considering solutions in gravity

kr) (2) has

the previ-

wave range of f ucqucuucb \w < Wy ), known solutions
for waves with upward propagatmg energy (angle 6 be-
tween the group velocity [ and the vertical is defined
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as f = a.rccos(w /wg)) and downward propagating phase

(U LV, where V is phase velocity) can be utilized [e.g.,
Hmes, 1960]. The group velocity components are

Arw w?
(2
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For a given A, U, is maximum at w/wy=4/2/3 and U,
at w/wg=1/V/3, and U, = U, at w/w,=1/v/2. In the
range /2/3 <w/wy< 1, both U, and U, are rapidly
decreasing functions of frequency. In order to produce
measurable effects associated with GW, cloud to ground
discharges producing sprites [Pasko et al., 1997] should
remove charge roughly (+ 50 km) from the same area
of MCC as occupied by penetrative convection. Waves
generated with frequencies w < wgy/ V2 Uy > U,) travel
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Figure 1. The fractional density change §/p associated
with a single mode GW. Left panel: A cross sectional
vertical (r,z) view in =0 plane, where z is marked
as altidude. The bottom image illustrates three di-
mensional distribution (shown not to scale) of j/p at
altitude 10 km. Right panel: A cross sectional horizon-
tal (z,y) view in z =70 km plane. Parameters used:
v=1.4, g=9.8 m/s?, ¢, =300 m/s, wy=0.0207 rad/s,
we=0.0229 rad/s, (scale of atmosphere H = c2/gy ~6.7
km), Aro=25 km, m=2, w/wy=0.95, v,=2.5 m/s.
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Figure 2. The fractional density change §/p associ-
ated with the diffraction of cylindrical GW on a cir-
cular aperture with radius r;=22 km. The format. and
parameters used are the same as indicated in Figure 1,
except m=0.

predominantly in horizontal direction out of the storm
and do not reach mesospheric altitudes above MCC
where sprites are observed. Assuming U, > U, the
minimuin U, required for GW to reach ~ 0 km on the
time scale of a typical storm (~1 hour) is U,~22 m/s.

For the frequency range of interest (0.7< w/wy <0.95)
the minimum A, of the waves should be in the range
17-25 km, implying that only large MCCs can produce
mesospheric density modifications that may facilitate
the production of sprites. The observed several hours
delay between the onset of a thunderstorm and the ap-
pearance of sprites [Lyons, 1996] may thus be a conse-
quence of the time required for the GW to reach meso-
spheric altitudes.

Single radial mode solutions can be obtained from (1)
by assuming r; — oo, since Apm (kr) = 1/krob(kr — kro).
Figure-1 shows results of calculations of g/p for m=2,
Aro=25 km, w = 0.95w,, and v,=2.5 m/s (correspond-
ing to p/p ~ 2.5x1073 at z = z,). Results indicate
that even for this simplest single mode case the system
naturally supports vertically oriented columnar struc-
tures. These single mode structures are simply vertical
for m=0. For m 0, the structures are in the form of
a helix, following lines ¢(2) = k,z/m, as function of
-altitude.

Figure 2 shows results of calculations for an azimuthally
symmetric (m=0) penetrative element consisting of char-
acteristic “wisp” and “dome” regions [e.g., Stull, 1976].
To find the solution in this case we define r; = 5.5201/k,,,
corresponding to the second zero of J,(kror;) to deter-
mine the spectral function A,(k,) (4), and then inte-
grate (1) numerically. The problem under study here is
equivalent to the diffraction of a single mode cylindri-
cal GW incident from below on a circular aperture with
radius r;. Each point on the aperture is a source of sec-
ondary Huygens’wavelets [e.g., Elmore and Heald, 1969,
p. 323]. At each observation point contributions of all
the Huygens’ wavelets emanating from different points
on the aperture are superposed. Dashed lines in Figure
2 schematically show directions of waves emitted from
two radially opposite points on the aperture, defining
spatial boundaries for allowed wave motions. Directions
of group () and phase (V) velocities are also shown for
reference (U being directed along the lines of constant
phase, i.e., U J_V). The upward propagation of energy
is possible only for waves with downward propagation
of phase. The characteristic focusing point is at an al-

titude just below 2} = r;/, /wZ/w? — 1 ~67 km, (below



z = 2} + 2o=77 km) with a relatively large localized
negative density perturbation (5/p ~-0.3) in a region
less than 10 km in lateral extent.

The modulation of the neutral atmosphere is likely
to lead to a significant modification of the structure of
optical emissions associated with sprites [Pasko et al.,
1997a). Several tens of % depletions in the neutral den-
sity would lower the effective altitude of the breakdown
region by only several km. However, the characteris-
tic scale of atmospheric conductivity at 70-90 km alti-
tudes is mostly determined by lower ionospheric elec-
trons and is typically expected to be 1-2 km or even
less [e.g., Pasko et al., 1997a). Since the penetration
of postdischarge electric fields to higher altitudes is de-
pendent upon the effective dielectric relaxation time in
the conducting medium at these altitudes (see [Pasko
et al., 1997a]), several km changes in the altitude of
breakdown ionization can be instrumental in initiating
the breakdown process associated with sprites. Addi-
tional factors showing potential importance of GW cre-
ated modulation of the neutral density at mesospheric
altitudes are related to possibility of initiation of small
scale (lateral extents <100 m) streamer type processes
with very fast (~10 km/ms) upward/downward propa-
gation [Pasko et al., 1997b] which under certain circum-
stances may ‘significantly modify the breakdown region
associated with sprites consistent with recent observa-
tions of highly stratified filamentary structure of optical
emissions [e.g., Sentman et al., 1996; Taylor and Clark
1996; Stanley et al., 1996; Fukunishi et al., 1996].

Discussion

Although based on physically reasonable assump-
tions, the proposed mechanism still remains a subject
for future experimental verification, mainly due to the
limited amount of available experimental data related
to mesospheric GW generated by thunderstorms, espe-
cially atmospheric neutral density variations associated
with them. The currently available data on short period
(~5-8 min) GW generated by thunderstorms [Balachan-
dran, 1980; Larsen et al., 1982; Taylor and Hapgood,
1988], and the presence in the mesosphere of density
fluctuations up to several tens of percent with charac-
teristic horizontal wavelengths ~10 km [Hines, 1960;
Fritts et al., 1989; Walterscheid and Schubert, 1990],
generally support the mechanism put forth in this pa-
per.

GWs break at high altitudes due to nonlinear over-
turning which occurs when the wave velocity exceeds its
phase velocity, which itself may lead to a complicated
spatial structure of wave motions with significant local-
ized enhancements of the density perturbations [Wal-
terscheid and Schubert, 1990]. Analysis of results pre-
sented in Figure 1 indicates that at ~80 km altitude
the horizontal wave velocity is still two times less than
its phase velocity (source amplitude v,=2.5 m/s was in
part chosen to justify a linear analysis in the altitude
region of interest, up to ~80 km). A nonlinear analysis
is required in order to accurately follow wave dynamics
above this altitude or for higher values of v,.

Our simplified single frequency analysis assumes steady-
state emission of GWs by the penetrative element with
finite radial extent. The fact that such oscillations
would actually be limited in time [e.g., Stull, 1976]
would lead to the excitation of a range of frequencies

[Fowell et al., 1992; Alerander, 1996]. Of the total
energy emitted in (w, k,) space, only the fraction cor-

responding to frequencies comparable to the ambient
Brunt-Viiséls frequency (w ~0.7-0.95wg). and horizon-
tal wavelengths ~20-25 km would propagate upward
over the time scale of the thunderstorm and would lead
to vertical density structures producing sprites during
intense lightning discharges. Recent squal line simula-
tions [Alezander, 1996] show that up to 35% of GW
energy may correspond to modes with period 8 min
(w ~0.013 rad/s), horizontal wavelengths 12 and 24 km,
and vertical velocity amplitudes 1.8 m/s at =13 km.

Waves with A, «20-25 km (w/wg ~0.7-0.95) are slow
(U, x Ar), and can be effectively removed by eddy vis-
cous damping [Fritts, 1984]. Using a maximum value
of eddy kinematic viscosity veqdy ~107 cm?/s for lower
ionospheric altitudes [Gossard and Hooke, 1975, p. 222]
we estimate the minimum allowable wavelength as Apin
~ 27\/Veddy/w ~ 1.4 km (a different approach to this
problem leads to a factor of 27 higher values, thus giving
Amin ~9 km [Hines, 1960]). GWs can heat the neutral
atmosphere through loss of wave energy due to viscous
friction as dT'/dt ~ Veadyv?k2/c, [Hines, 1965; Tay-
lor, 1979], where T is temperature in °K and ¢, is the
specific heat at constant volume. For the parameters
shown in Figure 1 (max(v,) ~70 m/s, A, ~75 km) we
estimate dT'/dt ~ 0.35 °K/hour which on a time scale
of ~10 hours may compete with integral daily heating
produced by solar radiation (see discussion in [Hines,
1965]). This type of mesospheric heating associated
with thunderstorms is confirmed experimentally [Tay-
lor, 1979].

Waves with A, >20-25 km (w/wg ~0.7-0.95) have
U, > U, and travel out of the storm along slanted paths.
A part of the energy of the total wave spectrum A, (k)
corresponding to large wavelengths (A, > Amax , Where
Amax = 27rcs/w\/(w§/w2 —1)/(w?/w? — 1)) corresponds
to evanescent waves and does not propagate upward.

In a more realistic non isothermal atmosphere, wg in-
creases with altitude from ~0.01 rad/s to ~0.02 rad/s in
a narrow region around 10 km, remains approximately
constant up to ~45 km, decreases relatively slowly to
a value ~0.015 rad/s at ~65 km altitude and then in-
creases again to ~0.02 value at ~80 km [e.g., Gossard
and Hooke, 1975, p. 19]. Only wave groups gener-
ated at 10 km altitude with w < 0.015 rad/s would
have a chance to reach sprite producing mesospheric re-
gions. These waves initially would propagate with large
angles ~45° with the vertical and have characteristic

wavelength ratio A, /A, = 1/, /w2/w? — 1 ~1, becoming

more and more vertically directed (8 — 0, \,/\, <1) as
they approach the altitude of minimum wg at ~ 65 km.
Waves with higher frequencies would be removed by re-
flection, while waves with much lower frequencies would
propagate horizontally out of the storm. Reflection at
altitudes ~65 km may form standing wave structures,
doubling the amplitude of the density perturbation.

The cylindrical model does not allow the investigation
of effects of ambient atmospheric winds on GW motions
(i-e., critical levels [e.g., Brethenton, 1966]) and is accu-
rate only for quasi-static storms (similar to convective
storm cells associated with sprites observed in northern
Peru [Sentman et al., 1995b]), or storms moving with
ground related wind speed (called S(0) case in [Fowell
et al., 1992)).

Diffraction focusing points at mesospheric altitudes
(e.g., z; ~60 km) with large density perturbations
would generally occur for large aperture sizes r; (for
w/wg in the range 0.7-0.95, r; should be ~20-60 km




for isothermal atmosphere, and even greater for a more
realistic atmosphere) and can thus be most readily ex-
cited by multicell storms with large horizontal extent
(e.g., MCC). For small aperture sizes r;, the focusing
point z} moves down to the thundercloud top and GW
as shown in Figure 2 take the form of two cylindrical
“rays” emerging upward with angle 26 between them,
each having width ~r;, and producing no perturbations
at mesospheric altitudes right above the aperture. Rays
take the form of cylindrical filaments for modes with
m > 1. If a range of wave frequencies is excited, rays
with different angles 8 appear as originating from a sin-
gle point at the thundercloud top (ignoring scale ;).
These types of structures were demonstrated in numer-
ical simulations of convectively generated GW [Fowell et
al., 1992; Alexander, 1996] and are sometimes observed
in sprite phenomena |Winckler et al., 1996; Stanley et
al., 1996].

Summary

Cylindrical GWs generated by penetrative convection
in large area MCCs with periods comparable to the
local Brunt-Vaisild period (~5-8 min) and horizontal
wavelengths ~20-25 km can form mesospheric cylindri-
cal structures closely resembling those observed in opti-
cal emissions associated with sprites. Diffraction effects
of GW produced by large area sources can lead to fo-
cusing of the wave energy in localized regions of space
(<10 km in lateral extent), with significant associated
enhancements of atmospheric perturbations.
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