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Identification of sprites and elves with intensified video
and broadband array photometry
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Abstract. Confusion in the interpretation of standard-speed video observations
of optical flashes above intense cloud-to-ground lightning discharges has persisted
for a number of years. New high-speed (3000 frames per second) image-intensified
video recordings are used along with theoretical modeling to elucidate the optical
signatures of elves and sprites. In particular, a brief diffuse flash sometimes observed
to accompany or precede more structured sprites in standard-speed video is shown
to be a normal component of sprite electrical breakdown and to be due entirely
to the quasi-electrostatic thundercloud field (sprites), rather than the lightning
electromagnetic pulse (elves). These “sprite halos” are expected to be produced by
large charge moment changes occurring over relatively short timescales (~1 ms),
in accordance with their altitude extent of ~70 to 85 km. The relatively short
duration of this upper, diffuse component of sprites makes it difficult to detect and
to discriminate from elves and Rayleigh-scattered light using normal-speed video
systems. Modeled photometric array signatures of elves and sprites are contrasted
and shown to be consistent with observations. Ionization in the diffuse portion
of sprites may be a cause of VLF scattering phenomena known as early/fast VLF

events.

1. Introduction

Classification of high-altitude optical flashes caused
by tropospheric lightning as “sprites” and “elves” has
been guided as much by theorized physical causes as it
has by distinct sets of observed phenomena. The elec-
tric field which causes heating, ionization, and optical
emissions in sprites is caused by the charge moment
changes (e.g., 250-3250 C-km in the work of Cummer
and Inan [1997]) associated with the movement of large
thundercloud charges, usually in association with in-
tense positive cloud-to-ground lightning. In contrast,
the electric field causing heating, ionization, and op-
tical emissions in elves is that of an electromagnetic
wave which is launched by, and occurs in proportion to,
changing current moments associated with very impul-
sive (>60 kA) return stroke currents [e.g., Barrington-
Leigh and Inan, 1999]. As a result, elves last no longer
than ~1 ms, while the durations of sprites vary greatly,
ranging from a few to many tens of milliseconds.
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1.1. High-Speed Array Photometry

Owing to their fleeting (<1 ms) existence, elves have
been somewhat harder to study optically than have
sprites, whose lifetime is more on par with the expo-
sure time of standard video fields (~17 ms). Never-
theless, a predicted telltale signature of elves was dis-
covered using a horizontal array of high-speed (~30 us
resolution) photometers, the “Fly’s Eye” [Inan et al.,
1997]. By aiming well above the ionospheric D region
overlying a strong lightning cloud-to-ground (CG) re-
turn stroke, this array is used to unambiguously iden-
tify optical emissions (elves) due to a lightning-launched
electromagnetic pulse (EMP). An example is shown in
Plate 1; on the basis of the short (~150 us) delay be-
tween the reception of the return stroke’s radio pulse, or
“sferic” (dashed curves), and the reception of the first
phiotometric signature from the ionosphere, the optical
emission can be located to be hundreds of kilometers
from the lightning. This timing constrains the physical
mechanism to be one involving speed-of-light propaga-
tion only [Inan et al., 1997).

All elves events as identified by the Fly’s Eye have
been found in direct association with the sferic signa-
ture of a CG. Furthermore, the timing always indicates
that the elve is caused by the CG rather than by any
associated sprite.
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Plate 1. Geometry for photometric observations of
elves at 500-900 km range from a cloud-to-ground (CG)
lightning stroke. Of the two VLF /optical paths shown,
the one seen by the observer (situated at Langmuir Lab-
oratory, LL) at a higher elevation angle is shorter. Light
from this path arrives ~150 us after the radio sferic but
before light from the longer, lower elevation path. The
lightning storm is beyond the observer’s horizon, which
is indicated by the straight dashed line.
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Plate 2. Distinctive signatures of elves (with onset
delay and dispersion) and scattered light (with neither)
as seen in the Fly’s Eye. The relative fields of view of
the narrow (P1-P9) and broad (P11) photometers are
shown in Plate 4.
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Plate 3. Horizontal extents of optical emissions in 38
elves from one mesoscale convective system observed
over northwestern Mexico.
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Plate 4. (a) Figure from Barrington-Leigh and Inan
[1999], showing what was at the time thought to be the
video signature of a (—CG) elve. In retrospect, and
based on the discussion in the present paper, this dif-
fuse glow is not an elve but is instead the “sprite halo”
produced entirely by quasi-electrostatic (QE) heating.
(b) The photometric signature of elves, not apparent in
the video, was also seen for this event.
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Timing considerations also enable a photometer array
to distinguish between elves and scattered light. Plate 2
shows examples of the signatures of these two phe-
nomena for a horizontal array. The VLF /optical path
lengths involved in photometric measurements at dif-
ferent azimuths result in a horizontal dispersion among
the signal onsets in the photometers. In contrast, light
from the cloud-to-ground lightning return stroke can
be Rayleigh-scattered in the lower atmosphere but pro-
duces neither the characteristic delay nor the dispersion
in photometry.

Although the small total optical output of elves (of
the order of 0.1-1 MR lasting 0.1 ms, or an integrated
energy of ~0.2-2 pJcm™2sr~! between 650- and 750-
nm wavelength) makes spectroscopic studies exceed-
ingly difficult, two-color photometric observations have
been made. For instance, the ratio between emissions
from the first positive and second positive bands of Ny is
much higher for elves (and sprites) than for the broad-
band emissions of lightning. Such spectral ratios have
been used by Armstrong et al. [1998], Barrington-Leigh
and Inan [1999], and Uchida et al. [1999] as another
criterion for discriminating between elves and scattered
light from lightning.

With knowledge of lightning location, supplied by the
National Lightning Detection Network (NLDN) [Cum-
mins et al., 1998], the onset delay of an optical pulse af-
ter a sferic can be used to locate the source of the flash
[Inan et al., 1997). Barrington-Leigh and Inan [1999]
used this technique to place minimum bounds on the
horizontal extents of 38 elves from one storm (Plate 3).

1.2. Normal Video Rate Observations

In recent years, ostensible “elves” have also routinely
been identified on the basis of the existence of diffuse
glows, often preceding or accompanying more filamen-
tary “sprites,” in intensified video recordings. While
we have not claimed to identify elves without the pho-
tometric evidence described in section 1.1, these diffuse
glows seemed generally to occur when the photometric
signature of elves also existed. For instance, Plate 4
shows a (dim) diffuse optical emission which was asso-
ciated with a negative cloud-to-ground lightning return
stroke and with the photometric signature of elves, but
without any subsequent streamer-type sprites. These
optical flashes are very rarely observed on more than
one successive video field, indicating that the luminos-
ity persists for much less than 17 ms. However, upon
critical inspection, these closely localized (~40 km hor-
izontally) flashes do not bear a strong resemblance to
the expected form of an elve, which is predicted to be
relatively uniform in brightness over a horizontal scale
of >150 km [Inan et al., 1997).

In this paper we demonstrate that the diffuse glows
previously misidentified as elves are well described by
models of electrical breakdown in sprites due to the
thundercloud quasi-electrostatic (QE) field. The recent
analysis of the temporal and spatial scales which char-
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acterize the electrical breakdown at different altitudes
above sprite-producing thunderstorms has demonstrated
that the upper extremities of sprites are expected to
appear as amorphous diffuse glows, while the lower
portions exhibit a complex streamer structure [Pasko
et al., 1998]. We refer to the diffuse region of sprite
breakdown, especially as observed optically, as a “sprite
halo,” and we refer to the lower portion as the streamer
region of sprites.

In Plate 4 the intensified video shows the signature of
a sprite halo while the photometric array shows primar-
ily that of an elve for the same lightning event. This
reflects the capabilities of each instrument. It should be
noted that in especially rare (i.e., bright) cases, elves
are detectable in a 17-ms video field. Plate 5 shows
the video record of such an event, which was due to an
unusually impulsive —CG. Note the large (=250 km)
spatial extent of the luminosity. Without the accompa-
nying photometry, however, one could not tell whether
this was an elve or scattered light from lightning [Inan
et al., 1997].

As shown in section 5, the optical signature of an elve
caused by the EMP from a strictly vertical lightning
current is expected to exhibit a central “hole” corre-
sponding to the minimum in the radiation pattern of a
vertical dipole. Such a central dimmed region may be
perceptible in Plate 5, but it is ambiguous, given the
existence of intervening cloud bands.

The vertical scales in Plates 4 and 5, as well as in
subsequent video images for which the NLDN located
an associated CG stroke, show the azimuth of the parent
CG and indicate altitudes directly overlying it. Because
the images are taken from the ground and are not in
limb view, these altitudes do not necessarily correspond
to the altitude of any horizontally extended luminosity
in the image. Moreover, sprites are known not always to
lie over their parent CG [Lyons, 1996]; for a horizontal
range uncertainty of ~50 km, the uncertainty in the
altitude scales is ~10 km.

1.3. High-Speed Video

Stanley et al. [1999] reported the use of a high-speed,
triggered, image-intensified video system for sprite ob-
servations which included recordings of several cases of
diffuse flashes preceding streamer formation in sprites.
The recordings reported here were acquired at 3000
frames per second on October 6, 1997, from Langmuir
Laboratory, New Mexico (33.98°N x 107.19°W), while
observing the atmosphere above a storm ~875 km to the
south. These data provide an opportunity to compare
in more detail the appearance of diffuse video flashes to
the predictions from a numerical model.

2. Model Description

The effect of vertical tropospheric lightning currents
on the electron population at altitudes up to 100 km
is modeled with a finite difference time domain calcula-
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tion in cylindrical coordinates, adapted from that used
by Veronis et al. [1999]. The model solves Maxwell’s
equations around a vertical symmetry axis, solving for
the vertical and radial electric field, azimuthal magnetic
field, electron density, and conduction current. Optical
emissions in the No first positive band are calculated
from the electron density and net electric field, and the
instrumental response is predicted for a given geometry
and field of view. Ionization, attachment, electron mo-
bility, and optical excitation coefficients used by Pasko
et al. [1999] were implemented in the updated model,
which is available from the authors.

A cloud-to-ground lightning return stroke (CG) is
modeled by imposing a current between the ground
and a spherical gaussian charge distribution at 10-km
altitude. For lightning currents of ~30 us duration,
mesospheric electric fields are dominated by those of
the lightning electromagnetic pulse (EMP), while for
~500 pus currents the quasi-electrostatic (QE) field dom-
inates. Both EMP and QE fields are inherently ac-
counted for in the fully electromagnetic model [ Veronis
et al., 1999].

3. Time Resolved Imagery of Sprite
Halos

Plate 6a shows VLF sferic, wide field of view pho-
tometer, and high-speed video recordings from Lang-
muir Laboratory for an event at 0500:04.716 UT on Oc-
tober 6, 1997. The data are time-tagged and coaligned
to <50 us accuracy. Less than 0.5 ms after the arrival
of the sferic, a photometric enhancement corresponds
to a diffuse, descending glow in the imagery. Follow-
ing this by ~1 ms, a group of sprite columns develops
and subsequently brightens in a manner similar to that
described by Cummer and Stanley [1999].

Plate 6b shows the two hypothetical lightning cur-
rents used to model emissions resulting predominantly
from the EMP and QE fields. While all fields are en-
compassed within the full electromagnetic model, the
slow and fast input currents will be referred to as the
“QE case” and the “EMP case,” respectively. The EMP
case has a 30 us current rise time and thus radiates ~10
times as intensely as the QE case, which has a 300 us
rise time. However, on timescales >0.2 ms the QE case
brings about a much larger charge moment change.

The three sequences shown in Plate 6¢ compare ob-
servations of the diffuse flash to video signatures pre-
dicted by the model, given the lightning currents shown
in Plate 6b and the precise video frame timing (with
respect to the lightning return stroke) and viewing ge-
ometry in effect during the observations. Scales show
the altitude above the source lightning discharge. The
optical signature for the EMP case is that of elves, but
the field of view shown reveals only a small part of the
elve around its center. A wider field of view would re-
veal that the elve extends over hundreds of kilometers
horizontally and begins before the luminosity recorded
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in high-speed video and well above the recorded field of
view.

A more realistic lightning current profile may have a
fast rise time, like that of our EMP case, but a slow
relaxation, like the QE case. For the parameters used
in the model the elve (EMP case) is less than one-sixth
as bright as the diffuse flash of the QE case. Thus,
even if both optical emissions were produced in the ob-
served event, the elve may not have been bright enough
to be detected by the high-speed imager. Neverthe-
less, the timing, altitude, shape (including upward con-
cavity), and development of the observed luminosity
match closely those of the modeled response to a slow
lightning current producing a charge moment change of
~900 C-km in ~1 ms.

By comparison with the model, it can be inferred
that this luminosity occurs at altitudes of 70-85 km,
localized (~70 km wide) over the source currents, and
that it descends in altitude in rough accordance with the
local electrical relaxation time 7 = €,/0, where €, is the
permittivity of free space and o is the local conductivity
[Pasko et al., 1997). In contrast, the luminosity in elves
is confined to higher (80-95 km) altitudes, and its time
dynamics are dominated by an outward expansion in
accordance with the speed of light propagation of the
lightning EMP.

Modeling also indicates that the upward curvature
apparent in the luminosity (Plate 6¢) after its first ap-
pearance is due to the “expulsion” of the electric field
by the enhanced ionization. This ionization enhance-
ment is presented in Plate 7. While optical luminosity,
especially at the higher altitudes (>80 km) of the dif-
fuse upper portion of a sprite, can occur without extra
ionization, the upwardly curved shape of the observed
event indicates that significant ionization did occur.

Plate 7 compares the ionization changes produced in
elves and in the diffuse upper portion of sprites. The
central minimum in the EMP case is due to the radi-
ation pattern of a vertical dipole, and it suggests that
even when elves and sprites occur together, the extra
ionization in elves is not likely to affect the breakdown
processes in sprites occurring overhead the causative
CG. On the other hand, it would not be surprising
for the large ionization enhancements evident in the
QE case to affect the formation of subsequent streamer
breakdown. Indeed, there is an apparent correlation be-
tween the tops of the columnar features and the curved
lower boundary of the diffuse region seen in Plate 6c.
This correlation is seen also in other events.

Two other similar events were observed in high-speed
video recordings from October 6, 1997. The three
events showed varying delays between the beginning of
the sprite halo and the first development of streamer
structure. In particular, in the two events not shown
in Plate 6, the streamers initiated ~0.3 and ~3.6 ms
after the halo onsets, on the basis of the the high-speed
video. Altogether 42 sprite clusters were recorded at
video frame rates of 1000-4000 per second during ob-






