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[1] The lightning current waveforms observed simultane-
ously with high-speed video records of a column and a carrot
sprite event are incorporated in a plasma fluid model to
provide quantitative explanation of these two distinct mor-
phological classes of transient luminous events. We calculate
the strength of the lightning-induced electric field at sprite
altitudes using a time integral of the ionization frequency
fot vi(E/N)dt. For the studied two events, modeling results
indicate that these integral values never exceed 18 in the
lower ionosphere, which is the minimum value required for
the initiation of streamers from single seed electrons accord-
ing to the Raether-Meek criterion. It is therefore suggested
that the presence of electron inhomogeneities is a necessary
condition for the initiation of sprite streamers. It is further
demonstrated using streamer modeling that a minimum
value of the integral ~10 is necessary to initiate upward
negative streamers from inhomogeneities, corresponding to
a minimum charge moment change of ~500 C km under typ-
ical nighttime conditions. If the integral values in the entire
upper atmosphere are smaller than ~10, only column sprites
can be produced, dominated by downward positive stream-
ers. Citation: Qin, J., S. Celestin, V. P. Pasko, S. A. Cummer,
M. G. McHarg, and H. C. Stenbaek-Nielsen (2013), Mechanism of
column and carrot sprites derived from optical and radio observa-
tions, Geophys. Res. Lett., 40,4777-4782, doi:10.1002/grl.50910.

1. Introduction

[2] Sprites are large-scale luminous gas discharges in the
upper atmosphere that exhibit a variety of morphologies
resembling straight columns, carrots, jellyfish, or fire-
works in normal-rate (<1000 fps) video observations
[e.g., Stenbaek-Nielsen et al., 2000; Pasko et al., 2011; Bor,
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2013]. In higher-speed (Z5000 fps) video observations, the
morphological complexity of sprites is manifested as the sig-
nificant variation of halo luminosity, the absence or presence
of upward negative streamers, and the complicated initi-
ation sequence of downward and upward streamers [e.g.,
Cummer et al., 2006; McHarg et al., 2007; Stenbaek-Nielsen
and McHarg, 2008]. Simultaneous observations of sprites
and ELF/VLF sferics suggest that the morphological fea-
tures of sprites are closely related to the characteristics of
their causative positive cloud-to-ground lightning discharges
(+CGs) [e.g., Wescott et al., 1998; van der Velde et al.,
2006; Suzuki et al., 2011]. Observations of “negative sprites”
(produced by —CGs) lend further support to the dependence
of sprite morphology on lightning characteristics, showing
that all negative sprites have similar morphological features,
in accordance with the similarity of the characteristics of
their causative —CGs [Li et al., 2012].

[3] Recent modeling studies provide a testable theory for
understanding of the origin of different sprite morphologies
[Qinetal.,2012a,2013]. In that theory, column sprites, char-
acterized by predominantly vertical downward streamers,
and carrot sprites, exhibiting both upward and downward
propagating streamers, are, respectively, produced by +CGs
associated with charge moment changes smaller and larger
than a threshold of ~500 C km under typical nighttime
conditions. For a sufficiently large charge moment change
capable of producing carrot sprites, the specific shape of the
carrot sprites (e.g., the luminosity of the halo, the size and
brightness of the upper diffuse region) is determined by the
time dynamics of the charge moment changes (i.e., the rise
time, peak current, and the strength of the continuing cur-
rent) [Qin et al., 2013]. In the present work, the lightning
current moment waveforms observed simultaneously with
a column and a carrot sprite events are incorporated into
a plasma fluid model with the goal to subject the above-
mentioned theory to a quantitative test by comparing the
morphological features predicted by the model with those
appearing in video observations.

2. Observations

[4] Since we are specifically interested in comparing
sprite observations with streamer modeling to understand
the fundamental physics related to different sprite mor-
phologies rather than conducting a statistical analysis on
the lightning characteristics producing sprites with different
morphologies, in the present work, we numerically simu-
late only one column and one carrot sprite event, recorded,
respectively, on 15 July 2010 and 20 July 2012 using a
12,500 fps camera. Figure 1 shows six images of the col-
umn sprite event with a time interval of 0.24 ms in the
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Figure 1. Image series of (top) a column sprite event observed on 15 July 2010 and of (bottom) a carrot sprite event
observed on 20 July 2012, each labeled with its time from the onset of the related lightning return stroke.

top panels and six of the carrot sprite event with a time
interval of 0.16 ms in the bottom panels. The most sig-
nificant difference of these two events in terms of their
morphologies is that in the carrot sprite event, an extensive
upper diffuse region formed by upward propagating nega-
tive streamers is present, whereas in the column sprite event,
only small and fuzzy luminous structures around the ori-
gins of the downward propagating streamers are perceptible
but insufficient to create an obvious carrot characteristics,
similar to those discussed by Stenbaek-Nielsen and McHarg
[2008]. By contrast, the dynamics of the downward posi-
tive streamers in these two events are almost identical, both
showing clear processes of streamer propagation, brighten-
ing, and branching as well as some bright spots near the
location of streamer branching. Therefore, it is essential to
investigate the initiation and propagation of the upward neg-
ative streamers in order to understand the origin of different
sprite morphologies.

[s] The reason why we choose these two particular events
for analysis rather than many others available in our database
is because their causative +CGs were temporarily isolated.
For both events, there is no National Lightning Detection
Network-reported flash or stroke within 200 km in the 2 s
period before the sprite-producing stroke. The ULF data
confirm that there is no unreported stroke that produced
detectable continuing current during the same preceding
2 s period. This prevents any possible contributions from,
if present, the lightning events that occurred prior to the
ones directly responsible for the sprites. Figure 2 shows
the lightning current waveforms extracted by deconvolv-
ing the observed ELF sferic waveforms with a modeled
ELF impulse response, employing methodology similar to
that used by Cummer and Inan [1997]. The return stroke
of the +CG responsible for the column sprite event has a
large peak current moment of ~1230 kA km and a short
duration of ~0.8 ms, producing a charge moment change
of ~406.0 C km in 0.8 ms and followed by weak con-
tinuing current associated with ~52.7 C km in 4.2 ms
(i.e., total 458.7 C km in first 5 ms). The return stroke of
the +CG related to the carrot sprites has a smaller peak
current moment of ~738.7 kA km and a longer duration of
~1.5 ms, producing ~564.9 C km charge moment change

and followed by stronger continuing current associated with
92.6 C km charge moment change in ~3.5 ms (i.e., total
657.5 C km in first 5 ms).

3. Model

[6] A two-dimensional cylindrically symmetric (v, z
dependent) plasma fluid model developed by Qin et al.
[2013] is used to simulate the time dynamics of sprite
halos and sprite streamers. In this model, the chemical
reactions accounted for include electron impact ionization
of N, and O,, electron dissociative attachment to O,, and
the electron detachment process O +N, —e+N,O [Qin
et al., 2013, equation (1)—(4)]. Photoionization processes
are included using the three-group SP; model developed by
Bourdon et al. [2007]. The motion of charged species is sim-
ulated by solving the drift-diffusion equations for electrons
and ions coupled with Poisson’s equation [e.g., Qin et al.,
2013, equation (5)—(9)]. The transport equations for charged
species are solved using a flux-corrected transport technique
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Figure 2. Current waveforms of the +CGs producing
(solid) the column sprite event on 15 July 2010 starting at
07:06:09:808 880 UT and (dashed) the carrot sprite event
on 20 July 2012 starting at 06:27:17:157 860 UT. The
charge moment changes illustrated by right vertical axis are
obtained by integrating the current moments over time.
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Figure 3. (a, b) Spatial variation of the reduced electric
field Eya10/E) along the axis of symmetry of the halo at differ-
ent moments of time, respectively, in the column and carrot
sprite events. (c, d) Temporal variation of the reduced elec-
tric field along the axis of symmetry of the halo at different
altitudes, respectively, in the column and carrot sprite events.
Dashed lines in Figure 3d correspond to the altitudes at
which upward negative streamers can be initiated. The col-
umn event starts at 07:06:09:808 880 UT on 15 July 2010,
and the carrot event starts at 06:27:17:157 860 UT on 20 July
2012. The numbers in parentheses represent the ad values
obtained by integrating v; as a function of £/N in the 5 ms
timescale at each altitude.

[Zalesak, 1979] that combines an eighth-order scheme for
the high-order fluxes and a donor cell scheme for the low-
order fluxes. The profile of the ambient ionospheric electron
density n, is expressed as follows [Wait and Spies, 1964]:

ne(l) = 1.43 x 1013 0151 (B0 ) g3 O

where /' (in kilometers) and B (in km™') are given param-
eters describing reference altitude and sharpness, respec-
tively, and 4 is the altitude of interest. In the present work,
we choose 4’ =85 km and #=0.5 km™! to represent typical
nighttime conditions [Han and Cummer, 2010]. The ambi-
ent positive ion density equals the electron density at high
altitudes where electron density is higher than 10 m=, and
is 10 m™ at low altitudes [e.g., Qin et al., 2013]. The
ambient negative ion density is then calculated based on
charge neutrality. The drift of ions is incorporated assum-
ing the mobility of ions as a function of altitude p; =~
2.3Ny/N cm?/V/s [Davies, 1983], where N is the air density at
altitude of interest and N, ~ 2.688 x 10% m™ is its reference
value at ground level.

[7] A two-step simulation technique proposed by Qin
et al. [2012a] is used to model the initiation of streamers
during the development of the halo. In the first step, we
model the large-scale halo dynamics in a simulation domain
that extends from the ground up to 95 km, with a radius of
95 km and perfectly conducting boundary conditions on the
upper (ionosphere), lower (ground), and lateral (95 km away
from the center) boundaries using a numerical grid with a
spatial resolution of 237.5 m. We keep track of the electric

field Ehalo(r, z,t) in the upper atmosphere during this step,
and then use this field as an externally applied electric field
during the second step to model possible small-scale sprite
streamer initiation using a much finer numerical grid. The
simulation domain in the second step extends 2 km vertically
and has a radius of 0.25 km with open boundary conditions
[Liu and Pasko, 2006], and it is discretized using grids with
3201 x 401 grid points, corresponding to a spatial resolu-
tion of 0.625 m. The variation of air density with altitude
is accounted for, and the initial electron and ion densities
in the streamer simulation domain are the same as those in
the corresponding region in sprite halo modeling, defined
by the equation (1). To model the streamer initiation, we
place a test inhomogeneity at different altitudes on the axis
of the halo and use a streamer model to simulate its evolution
under application of Ey, (7, z, f). The test inhomogeneities
have Gaussian density distributions:

2 z— hy)?
Ninhomo = Mpeak EXP |:_ﬁ - ( 2 ) ] )
0 0

where hg, npeak, ¥o, and zp are the altitude, the peak den-
sity, and the characteristic size of the inhomogeneity in
radial and axial directions, respectively. In the present study,
Npeak =2 x10° m™ and 9=z, =30 m, identical to those used
by Qin et al. [2013]. We note that the chosen inhomogeneity
is the most optimal for initiation of streamers [Qin et al.,
2013, and extensive discussion therein] and allows care-
ful quantitative description of differences in initiation of
sprites and their morphology for experimentally specified
current/charge moment dynamics, which represents the goal
of the present study.

4. Results

[8] In the first modeling step, we simulate the halo
dynamics to investigate the variation of the large-scale light-
ning electric field in the upper atmosphere. Figure 3 shows
the reduced electric field (i.e., En0/Ex) on the axis of sym-
metry of the halo in two different ways: Figures 3a and 3b
show the spatial variation of the reduced electric field at dif-
ferent moments of time, whereas Figures 3¢ and 3d show the
temporal variation of the reduced electric field at different
altitudes. Comparing these spatial and temporal variations
of the reduced electric fields calculated using experimen-
tally measured lightning current waveforms with theoretical
results presented by Qin et al. [2013], we see that the elec-
tric fields shown in Figure 3a are very similar to those shown
by Qin et al. [2013, Figure 4b] that are predicted to produce
column sprites, and the electric fields shown in Figure 3b are
similar to those shown by Qin et al. [2013, Figure 6b] that are
suggested to produce carrot sprites. A critical difference in
the dynamics of the reduced electric fields shown in Figure 3
is that in the carrot sprite event, there is a large region below
~76 km altitude (i.e., at 75, 74, 73 km and lower altitudes)
where the electric field exceeds 0.8E; with a peak value of
~1.2E}, and persists for longer than ~2 ms, whereas in the
column sprite event, only at ~78 km altitude, the electric
field slightly exceeds 0.8E; and persists for ~2 ms.

[9] An electric field that exceeds 0.8F; and persists for
=2 ms is a requirement to initiate upward negative streamers
at typical sprite altitudes (~75 km) according to the analysis
of Qin et al. [2013]. This criterion is approximate because
at different altitudes, the timescale required for streamer
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Figure 4. Cross-sectional view of optical emissions on the axis of symmetry for a streamer produced (a) in the column
sprite event and (b) in the carrot sprite event. Each frame is labeled with its time from the onset of the related lightning
return stroke. The arrows point to the initial position of the inhomogeneities.

initiation, which is inversely proportional to the air density
[Pasko et al., 1998], could be significantly different. This
means that at different altitudes, an electric field of 0.8E}
that lasts for 2 ms leads to different ad values as discussed
below. The ability of the lightning electric field to initiate
streamers can be estimated more accurately using a single
value (rather than a combination of its magnitude and per-
sistence) by integrating the reduced electric field dependent
ionization frequency v;(E/N) over time (i.e., fot vi(E/N)d?).
This value is equivalent to the ad value in the Raether-Meek
criterion in regard to the avalanche-to-streamer transition
between two electrodes, which states that when an electron
avalanche propagates a long enough distance d from the ini-
tial position of the primary electron so that the product of
d and the ionization coefficient a(£/N) approaches a value
of 18 (i.e., od ~18), the electron avalanche will transform
into a streamer [Raizer, 1991, section 12.2.5, p. 332]. For
a given reduced electric field, the ionization coefficient «
scales with altitude as N, whereas d scales as 1/N so that the
criterion ad ~18 can be used as an approximation at sprite
altitudes. We note that when the problem can be considered
as purely local with « only dependent on time [Qin et al.,
20117, which is true in all simulations in the present work,
the quantity fot vidt= fo’ av.dt, where v, is the electron drift
velocity, effectively carries the same meaning as od in the
original Raether-Meek criterion. Hereafter, for convenience
fot Vi(E/N)dt is referred to as the ad value. The value e*“

(i.e., /o iEMI) represents the total number of free electrons
produced by a single seed electron through ionization under
the application of an electric field £ with a duration of ¢. The
numbers in parentheses in Figures 3¢ and 3d represent the
ad values obtained by integrating v; as a function of E/N
[Morrow and Lowke, 1997] over the 5 ms time interval at
each altitude.

[10] In the second modeling step, we place a test inhomo-
geneity at different altitudes and apply the spatially and tem-
porally varying electric field obtained in the first modeling
step (see Figure 3) to model the initiation of streamers. In the
column sprite event, we find that streamers cannot be initi-
ated above 80 km altitude, and downward positive streamers
can be initiated from inhomogeneities placed below 80 km
down to 74 km altitude by the end of our 5 ms simulations.
Note that downward positive streamers may also be able to
initiate at altitudes lower than 74 km but with a delay longer
than 5 ms. Figure 4a shows the streamer initiation from a test

inhomogeneity placed at 78.25 km altitude, at which upward
negative streamers have the best chance to be initiated since
the ad value at this altitude is the largest according to the
results shown in Figure 3c. Nevertheless, we see in Figure 4a
that the upward luminous structure decays quickly and no
negative streamer can be launched, which indicates that an
electric field with ad=4.0 is not strong enough to initiate
negative streamers. We emphasize that according to streamer
simulations similar to those shown in Figure 4a, upward neg-
ative streamers cannot be initiated at any other altitudes with
ad values even smaller than 4.0 in the column sprite event.
A similar parametric study has also been conducted for the
carrot sprite event, for which downward positive streamers
are found to be able to initiate below 78 km altitude and
upward negative streamers below 76 km altitude. It appears
that the magnitude and persistence of the electric fields at
75, 74, and 73 km altitudes, which correspond to ad values
of 210 (see Figure 3d), are enough for the initiation of
negative streamers. Figure 4b shows the initiation of an
upward negative streamer from an inhomogeneity placed at
74.25 km altitude. We note that the simulation domains for
streamer initiation extend 2 km vertically (i.e., 77-79 km
in Figure 4a and 73-75 km in Figure 4b). We show in
Figure 4 only the streamer dynamics in the upper part of the
simulation domain because the downward positive streamer
initiates earlier and becomes very bright when the upward
negative streamer initiates. The upward structure cannot be
seen clearly when the entire domain is shown using com-
mon color scale. We also note that the downward positive
streamers in the two cases have almost identical dynam-
ics, both experience significant acceleration and exponential
growth, similar to those modeled by Liu et al. [2009] and
Qin et al. [2012a] and in good agreement with the similarity
of the experimentally observed downward streamers shown
in Figure 1.

5. Discussion

[11] Qin et al. [2013] theoretically studied the depen-
dence of sprite morphology on lightning characteristics and
concluded that column sprites and carrot sprites are, respec-
tively, produced by +CGs associated with charge moment
changes smaller and larger than a threshold of ~500 C km
under typical nighttime conditions (i.e., the same ambient
conditions as those used in the present study). A large charge
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moment change can produce a strong electric field at low
altitude where the ambient conductivity is low so that the
electric field can persist above 0.8E) for longer than ~2 ms,
which is an empirical minimum requirement for the ini-
tiation of upward negative streamers [Qin et al., 2013].
Therefore, statistically, the onset altitude of column sprites
should be higher than that of carrot sprites [Qin et al., 2013],
in agreement with the observations of Stenbaek-Nielsen
et al. [2010]. The simulation results obtained using experi-
mentally observed lightning current waveforms in compari-
son with high-speed video observations in the present study
support the conclusions of Qin ef al. [2013].

[12] We have proposed a more accurate approach using
the ad value in the Raether-Meek criterion to estimate the
strength of the electric field at sprite altitudes. One impor-
tant fact is that at none of the altitudes in either event,
the ad value exceeds 18, which is the minimum «od value
required for the initiation of positive and negative streamers
from single seed electrons. This indicates that electron
inhomogeneities in the lower ionosphere are necessary to
initiate sprite streamers, as has been emphasized by Qin
et al. [2011], and it is also why we assume the existence
of such inhomogeneities in the first place. The polariza-
tion of those inhomogeneities produces strong space charge
field in a localized region and therefore greatly facilitates
the initiation of positive streamers by reducing the require-
ment of the ad value to as small as 0.4 if the electric field
persists long enough (see Figure 3c¢). However, the initia-
tion of negative streamers still requires a minimum ad value
of ~10 (see Figure 3d). This is because the polarization of
the inhomogeneity can lead to a more compact space charge
distribution around its positive head than that in its negative
head due to the fact that electrons are much more mobile
than ions [Qin et al., 2012b]. We note that the existence
of such inhomogeneities in the lower ionosphere has not
yet been demonstrated experimentally. Based on the above
discussion, we see that an ad value of ~10 can be used as
estimate of the minimum requirement for the initiation of
upward negative streamers in sprite events. In other words,
if the ad values in the entire upper atmosphere are smaller
than 10, only column sprites can be produced. Note that the
initiation mechanism of negative sprite streamers discussed
above, which shows that the strength of ambient electric
field needs to be large enough to initiate negative streamers,
is different from the mechanism related to the negative
charging in the positive streamer trail facilitating emergence
of upward negative streamers suggested by Lugue and Ebert
[2010] and Kosar et al. [2012].

[13] It should be emphasized that the ambient conduc-
tivity in the lower ionosphere affects the threshold charge
moment change producing carrot sprites, and under typical
nighttime conditions, a minimum of ~500 C km is required
[Qin et al.,2013]. It appears that the charge moment changes
producing the two events in the present study (respectively,
458.7 C km and 657.5 C km) agree with this threshold.
This implies that the ambient conditions at the moments of
these two events were close to the typical nighttime condi-
tions (i.e., #’ =85 km and 8 =0.5 km™! in equation (1) [Han
and Cummer, 2010]). In principle, variation of the threshold
charge moment changes producing carrot sprites observed
at different nights can be used as an indicator of the short-
term or long-term variation of the lower ionospheric ambient
conductivity.

[14] We finally summarize specific requirements needed
for the formation of carrot sprites. We first note that the
ambient electron density in the lower ionosphere decreases
exponentially with decreasing altitude so that the lightning
electric field can persist longer at lower altitudes. Moreover,
a larger lightning charge moment change leads to larger elec-
tric fields at sprite altitudes. In a sprite event, if the causative
lightning discharge produces a large charge moment change
(2500 C km under typical nighttime conditions), the light-
ning electric field can exceed 0.8F; at low altitudes where
the electric field can persist for longer than ~2 ms. In such a
case, the lightning electric field at those low altitudes could
have a large strength leading to «d =10 so that upward neg-
ative streamers can be initiated, forming the upper region
characteristics of a carrot sprite.
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