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Abstract Sprites are electrical discharges in the mesosphere powered by the quasi-electrostatic

field following a cloud-to-ground lightning stroke. They are luminous structures with tendrils formed

by a space charge wave with high electric fields that ionizes the atmosphere, excites optical emissions
and leaves a trail of enhanced densities of electrons, and negative and positive ions. The duration of

the luminous streamers in sprites is usually ~1-10 ms. In this study, we present observations of sprite
streamer filaments where the upper and lower ends continue to glow for more than 80 ms while the

two ends slowly converge and fade. Simultaneous magnetic observations suggest that the field in the
mesosphere is maintained at a high value by the long-lasting continuing current of the causative stroke.
We propose that the observation is a signature of currents in the filaments fed by electrons detached from
negative ions at the lower origin.

Plain Language Summary Sprites are electrical discharges above thunderstorms that occur
after a cloud-to-ground lightning stroke. Most commonly observed by video cameras at standard frame
rates, they appear as luminous structures with tendrils that can extend from 85 to 50 km in altitude.
They can be shaped like carrots, jellyfish or columns, the latter of which usually propagate downwards.
The filaments in sprites are actually streamers that remain luminous for ~1-10 ms and propagate with
velocities in the order of 10’ m s™". In this study, we present video camera observations of streamer
filaments in column sprites where the upper and lower ends continue to glow for more than 80 ms while
the two ends slowly converge and fade. Simultaneous magnetic observations suggest that the electric
field at the altitude of the observations is maintained at a high value by a long-lasting continuing current
of the causative stroke. We propose that the observation is a signature of currents in the filaments fed by
electrons detached from negative ions at the lower origin.

1. Introduction

Sprites are optical flashes above thunderclouds that occur at altitudes between 50 and 85 km (Sentman
et al., 1995). They are discharges powered by the quasi-electrostatic field in the mesosphere produced by
the sudden charge removal from a cloud by a cloud-to-ground (CG) lightning stroke (Pasko et al., 1997),
usually of positive polarity (Williams et al., 2007). Sprites are most commonly observed with video cameras
at ~25 frames per second and are often seen in one or two frames only, where they appear as luminous fil-
aments that may range in numbers from a single to a bundle of filaments with a complex structure (Pasko
et al., 2012). These filaments are streamers: wave packets of enhanced space charge and electric field that
adds to the ambient field in front of the wave and reduces the field behind it. The enhanced field at the
wavefront allows streamers to propagate into regions where the background field is below the threshold
for discharge. The threshold field, Ej, is the field at which the source of free electrons, created by electron
impact ionization of the neutral atmosphere, equals the loss of electrons by attachment to neutrals. It is
approximately proportional to the neutral density, n,, and is often expressed as the reduced field E;/n,, (Raiz-
er, 1997). Atsea level Ex~3.2MVm™', n,~ 2.8 x 10 m™, and at 70 km E, ~190 V™', n,, » 1.7 X 10°' m~>.
The neutral density is also important for the time scales of discharges, which is approximately proportional
to 1/n, (Ebert et al., 2010) and therefore varies by 1 to 2 orders of magnitude along a streamer channel.
The duration of the luminous streamers is usually ~1-10 ms and is determined by the time scale of the
quasi-electrostatic field in the mesosphere or the transit time of the luminous wavefront. Incepted at high
altitudes by the sudden onset of a high electric field in the region, the space charge waves plow downwards
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through the atmosphere at ~10” m/s, leaving in their wake a trail of free electrons, and negative and positive
ions.

The structure and dynamics of sprites can have various degrees of complexity depending on the number of
filaments generated. Although not completely understood, it appears that the electromagnetic fields radi-
ated by lightning currents may play a role in the formation of their luminous patterns (Asano et al., 2009;
Cho & Rycroft, 2001; van der Velde et al., 2006), as well as small-scale inhomogeneities of the mesosphere
(Kohn et al., 2019; Qin et al., 2014; Suszcynsky et al., 1999). Imaging at several thousand frames per second
shows that the filament channels are not luminous during their whole length, but rather at the streamer
wavefront, with growing emission intensities at the upper end, sometimes with localized luminous beads
in the filament channel, and emission of secondary streamers (Montanya et al., 2010; Stenbaek-Nielsen
et al., 2013). These glows and beads can propagate within the ionized channel formed by the streamers
at velocities of 10* m s™' (Gerken & Inan, 2002) or be stationary (Cummer et al., 2006; Luque et al., 2016;
Malagon-Romero et al., 2020; Stenbaek-Nielsen et al., 2013).

In rare cases, converging motion of the luminosity within an ionized channel can occur such as the obser-
vation presented in Figure 11 of Stenbaek-Nielsen and McHarg (2008). Here, we present observations of
streamer filaments of a sprite that exhibits converging upward and downward luminosity in 8 columns.
The long duration of the luminous event, ~160 ms, brings not only electron ionization and attachment into
play, the most commonly discussed processes of streamer dynamics, but also electron detachment, which
operates at lower field intensities and longer time scales. We first present the observation of the eight simul-
taneous converging sprites and the overall storm context of these, and then offer a discussion.

2. Data Acquisition

The optical observations were made with a video camera from Observatoire Midi Pyrénées on the summit
of Pic du Midi at 2,877 m altitude. The camera used was a low-light Watec 902H model with 1/2” Sony ICX-
429ALL ExView CCDs with a sensitivity rated at 0.0001 lux. The lens was F1.4 with a 31° horizontal field-
of-view. The software Cartes du Ciel was used to obtain the azimuth and elevation of the observed events by
comparing the background stars in the images, and the altitude of the sprite elements was estimated using
the location of the causative lightning stroke as the distance to the events. The velocity of each sprite ele-
ment was calculated using their change in altitude in successive de-interlaced fields recorded 20 ms apart.

The data on lightning activity is from the Lightning Network (LINET), which detects radio waves from
lightning sources in the VLF/LF band (3-300 kHz). The network determines the 3D position of the sources,
which allows for detection of both intra-cloud (IC) and CG lightning, and gives the peak current, time and
location of each stroke as well as the altitude of the IC strokes (Betz et al., 2009). ELF measurements in the
frequency range 0.03-300 Hz from the Hylaty Geophysical Station (Kulak et al., 2014) were used to deter-
mine the current moment and charge moment change (CMC) of the sprite associated lightning discharge,
which suggest the presence of a long-duration electric field in the mesosphere. The current moment change
was calculated using the method presented by Mlynarczyk et al. (2015). The overall storm properties are
characterized by cloud top temperature data measured by the SEVIRI instrument (Spinning Enhanced Vis-
ible and Infrared Imager) on the Meteosat Second Generation satellite.

3. Observations and Analysis

On July 5th, 2017, we observed 13 sprite events over the trailing stratiform region of a mesoscale convective
system passing through northern Spain. One event consisted of eight column sprites generated by the same
lightning stroke. It is shown in Figure 1a. Each element consists of two luminous regions; a longer one at
higher altitudes and a shorter region at lower altitudes. The two regions converge in time, as seen in the
consecutive images discussed below. The cloud-top temperature is shown in Figure 1b and zoomed to the
region of the lightning activity in Figure 1c. The lowest cloud-top temperature of the system was ~—60°C at
19:55 and 20:55 UTC, typical for the convective region of thunderstorms in Europe (Savtchenko et al., 2009;
Soula et al., 2009). The sprite columns are numbered from 1 to 8, counting from left to right in the image in
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Figure 1. (a) Observation of eight column sprites with converging luminosity from Pic du Midi. The image is the
cumulative luminosity obtained by combining all of the frames in the 1.04 s video starting at 22:39:30.663 UTC on 2017-
07-05. (b) The cloud-top temperature map at 22:40 UTC with the line-of-sight of each column and (c) zoomed to the
region of the sprite producing CG (SPCG) stroke (highlighted with the white cross) and related lightning activity.

Figure 1a. The sprite producing CG (SPCG) stroke is marked with a white cross and the related activity by
red, green, and blue markers depending on the type of stroke.

The main stroke had a peak current of 69 kA and the related lightning strokes had peak currents less than
+5 kA. The search criteria for finding the flash producing the sprite event was defined as the group of
strokes occurring within 10 km and 1 s of each other. This resulted in 4 strokes that occurred within a time
window of 300 ms and within ~4 km from the line-of-sight of the second column sprite. The horizontal
ground distance between each column sprite was calculated by keeping a constant latitude at the location
of the parent CG stroke and calculating the ground distance between the lines of sight of each column. The
distances between the columns are ~6 km for 1 and 2, ~3 km for columns 3-5, and ~1 km for 6-8. Columns
6-8 are probably ~18 km closer to the observer as they appear at a higher altitude in the image in Figure 1a.
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Figure 2. Sprite activity and charge and current moments of the causative stroke. (a) Images of the event with a gray
scale in arbitrary units. The altitude scale is approximate and only applies for columns 1-5 (counting from the left). The
red line indicates an altitude of 73 km and the red circles identify elements that are still visible until the 8th field. (b)
The charge- and current moment waveforms. Time is from the causative CG stroke at 22:39:31.064 UTC. The + and —
CG strokes from Figure 1c are also plotted with their peak current in kA corresponding to the left axis.

This distance is an approximation assuming that these columns also initiated at ~80 km and using the
ground distance from the camera to the SPCG.

The full video is provided in the supporting information, however the sequence is shown in Figure 2a. The
images shown are the de-interlaced fields, each representing 20 ms (the interlaced fields have 40 ms expo-
sure), showing the full ~160 ms duration of the event. The sprite event started with the causative stroke
at 22:39:31.064 UTC and the 8 column sprites are first seen in the field beginning at 22:39:31.063 UTC.
Although the field starts 1 ms before the stroke, the sprite is likely observed after it as the de-interlaced
fields show the luminosity integrated over 20 ms. The full length of the columns, including the upper and
lower luminous regions, appears in the second field and continues to glow in this configuration during the
following fields. In field 6 most columns disappear except the lower regions of columns 4-6, which persist
until field 7 (highlighted by red circles) the latter of which lasts until field 8. The red horizontal line is an
altitude reference that helps to show how the upper and lower luminous regions appear to approach each
other in time, the lower element moving upwards and the upper one moving downwards. The average ver-
tical velocity of the approaching elements was estimated as ~3 x 10*m s™".

The charge and current moments of the causative flash are shown in Figure 2b. The peak currents of the
strokes, including the SPCG, are also plotted and correspond to the left axis. There were also two negative
CG and IC strokes during the second field of the sequence, with smaller peak currents of —4.6, and —2.9 kA,
respectively and a positive CG stroke 301 ms after the SPCG also of a small peak current (3.6 kA); their
contributions are ignored. The CMC during the event is substantial with a value of 3,769 C km due to the
continuing current which ends 320 ms after the return stroke. The CMC continues to increase during the
event, suggesting that a high electric field is maintained in the mesosphere as predicted by models (Gam-
erota et al., 2011).

GOMEZ KURI ET AL.

40f9



~1
AGU

Geophysical Research Letters 10.1029/2020GL090364
F1 F2 F3 F4 F5
82+
801
781
£ 76
(]
e
2
<

V

724
>
68
0 20 40 60 80 100

Time [ms]

Figure 3. Altitude of the luminous regions of column sprite two in the first 5 consecutive fields of the event. The
curves show the sum of the pixel values above the noise level within a camera pixel row. Each row is translated into an
estimated altitude. Time is measured from the start of the exposure of the first field of the sequence: 22:39:31.063 UTC.
The amplitudes of the integrated luminosities are on an arbitrary scale, but unchanged between fields.

We have quantified the motion of the luminous regions by analyzing column sprite 2. The columns are
almost vertical, making it simple to estimate a unique altitude to each row of the camera CCD (the cam-
era is mounted horizontally). The integrated luminosity of the column has been determined for each row
(altitude) by summing the values above the noise level of pixels in the column and is shown in Figure 3a.
This figure illustrates that the luminous regions converge, the lower region moving upwards as fast as
1.1 x 10’ m s~ and the upper region moving downwards at a maximum velocity of 0.8 x 10> m s™". The
convergence of the regions is discussed in the next section.

4. Discussion

The column sprites that we analyze here have perhaps the simplest structure seen in sprites. The luminous
regions are caused by electron impact excitation of the neutral constituents of the atmosphere. Reaching
observable emission rates requires high electric fields to accelerate electrons to sufficient energies. The
luminous regions of sprite streamers are therefore usually in the streamer heads, where the space charge
electric field is large. In the observations we report here, we first see a rapid formation of the column sprites
to their full altitudinal extent. The streamer tip velocity during this stage is not resolved with our camera’s
low frame rate and sensitivity, but it is likely of the order of 10" ms™, as reported by others (Stenbaek-Niels-
en et al., 2013). The ambient quasi-electrostatic field from the positive, causative lightning discharge is
pointing downwards, and the streamer is then a positive streamer with positive excess space charge in the
tip. As the wave propagates downwards through the atmosphere, the constituents are ionized, leaving be-
hind a trail of free electrons and positive ions. The ions can be considered as stationary on the time scales
reported here, thus the currents are carried by the drift of electrons. The currents are driven by an electric
field in the channels that is small relative to the ambient field because of the higher conductivity inside the
channels. The current amplifies, or maintains, the positive space charge at the tip of a streamer, assisting its
propagation (Raizer, 1997).
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The background electric field is maintained by the CMC caused by the lightning continuing current in the
cloud below, as predicted by models (Li et al., 2008). The duration of the CMC, and the glow of the lower tip
and the upper segment of the streamer filament, is several tens of milliseconds, suggesting that the current
in the filaments continues to transport electrons upwards in the filaments, thereby maintaining regions of
positive space charge at the lower end and a negative space charge in the upper end. It further appears that
the two space charge regions are associated with high electric fields that make both ends of the filaments
glow. The above scenario is according to the model proposed by Luque and Ebert (2010). Since we do not
observe secondary streamers at either end of the filaments, secondary streamer activity is likely modest and
the magnitude of the total field in the glowing regions (the space charge and the ambient field) is likely
of the order of E;. The limit on the ambient field for positive streamer propagation (after they have been
formed) is ~1/7 E and ~1/2.5 E; for negative streamers (Pasko et al., 2000), which then are the likely max-
imum of the background field of the mesosphere at the lower and upper regions.

We next discuss why the glowing regions at the upper and lower ends of a filament appear to converge with
time. The main processes that affect the density of electrons are ionization, attachment to N, and O,, and
associative detachment from negative ions (Gordillo-Vazquez & Luque, 2010) such as:

O +N, > N,0+e

The reaction rates increase with the amplitude of the electric field. Detachment dominates at lowest am-
plitudes but the reaction rate is small and is not important for sprites that last less than ~10 ms (Neubert
& Chanrion, 2013). Ionization dominates at the highest amplitudes and the threshold field for discharges
is usually defined as the value where attachment balances ionization, that is, where the source and loss
of electrons are equal (Raizer, 1997). The rapid establishment of the sprite filaments to their full extent
can then be understood in terms of ionization and attachment alone, whereas the dynamics on a scale of
several tens of milliseconds, when the luminous regions converge, suggest we also consider the effects of
detachment.

We can get some insights from the analytical formulation of Neubert and Chanrion (2013), where the rate
of change with time ¢ in the electron and negative ion densities, n,; is:

M = (71 - }/a)l’l‘,(t) + ]/‘Ini(t)
ot

1)
on,(t
na’l( ) = 7{1”6(Z) - 7{1”1'0)

The ionization, attachment, and detachment rates, y;, 4, depend on the electric field. In the simple formu-
lation above, we have no electron charge transport from currents. Furthermore, the parameters include the
neutral density and, for simplification, we do not distinguish between O, and N, densities, as these are in-

cluded in the rates with the assumption that ny, = 4n,,. The formulation is similar to the one of Luque and
Ebert (2010), except for the addition of the detachment term. This term makes the problem more complex
because it involves n; and then requires two equations.

The solutions to the electron and ion densities are a combination of two exponential functions with time
constants 7, and — 7, with 73, 7, > 0. In the asymptotic limit where ¢ > 7, only function 1 contributes, which
corresponds to densities increasing with time. In this limit, one finds:

n;(t)
0 = E)>0

") n,(E) (2)
The parameter 7, is a combination of reaction rates (a stands here for “asymptotic”) (Neubert & Chanri-
on, 2013). Equation 2 implies that, barring charge transport from currents, the densities grow for all values
of the electric field. Inserting Equation 2 into Equation 1 we get:

on, ()

=i = Vot t 3
ot (71 Va 7([7751)”8( ) ( )
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Figure 4. A snapshot in time of the electric field in the lower positive
glowing region of the streamer filament at its maximum extent. The field is
on the axis of symmetry (dashed line in the sketch on the right), pointing
downwards. The negative ion and electron densities that develop from
Equation 1 are shown (arbitrary scale). The shaded region is dominated

by attachment and it corresponds to the lower luminous region as shown
with the red dashed lines. The darkest region is where E/E; > 0.75
corresponding to the dashed line in the plot. The arrows under J&""

and
Jffament are in the direction of the electron drift velocities (see text). The

arrows on the curves indicate the direction of their displacement during
the migration of the luminous regions.

ing from the region into the filament channel is J;

which defines the time constant as 7, = y; — ¥, + Y49, > 0. The time scale
7, determines how fast we approach the asymptotic limit. It is 0.1-1 ms

E
for z < lin the altitude range considered here, which brings us into the
k

asymptotic regime after ~1-10 ms, i.e. within the first field. After this
time, the electron and negative ion densities continue to grow, even in

E
regions where z < I; however, the growth rate decreases rapidly with
k

decreasing field amplitude. The time scale that is relevant for the dynam-
ics we study here is several tens of milliseconds, suggesting that the time
constant of growth 7; should be < 10 ms to be relevant. We find that

E
at altitudes around 75 km we must have R > 0.75 (Neubert & Chanri-
k

on, 2013, Figure 4). As 1; « 1/n,, the growth rate is faster at the lower end
of the streamers than at the upper end by an order of magnitude or more.

In the formulation outlined above, the electric field is imposed from the
outside and is unaffected by ionization, attachment and detachment, be-
cause without currents and gradients, the space charge density remains
constant. This is not the case in the problem we want to study, where we
expect there are gradients and currents in the luminous regions. Howev-
er, since these are maintained for tens of milliseconds, we suggest that
the high electric fields of the regions are maintained and that the electric
field structure is almost constant. From the above analysis, we then con-
clude that in regions of a luminous structure, where E/E; > 0.75, we may
have a reservoir of free electrons.

A conceptual model of the processes in the lower positive luminous re-
gion, based on Equations 1-3, is outlined in Figure 4. The figure shows

E
the normalized electric field magnitude, A on the axis of symmetry of
k

a filament between the red lines. The electron current from the ambient

Jambient
e

atmosphere flowing into the region is , the electron current flow-

Jiament “The sign of the current is in the direction of the

electron drift. The negative ion density arising from attachment is »; and the density of free electrons is n,.
We do not follow the positive ion densities which form a background of positive space charge. Detachment,
attachment and ionization occurs throughout the region. In the unshaded region, detachment dominates,
but with a small rate, and in the shaded regions, attachment dominates. Exponential growth of n,, n;, oc-
curs throughout the region, but is only of a magnitude relevant to our problem in the dark shaded region

E ilamer . .
where — > 0.75, which forms a source of free electrons feeding J;""“". The overall polarity of the region

k

is positive (positive ion densities are not shown). The region is observed to migrate upwards, which limits
the time that a volume of the atmosphere is exposed to the high fields, and thereby limits the growth of n,,

n; in that volume.

We suggest that the electron current from the ambient atmosphere (

ambient
J e

) tends to dissipate the overall

positive space charge of the lower tip, while the electron current from the tip upwards in the filament

channel (Jeﬁ’“’”””), driven by the continued background electric field, tends to enhance the overall space

charge. As the tip continues to glow, the electric field and the overall positive space charge in the tip are

maintained, from which follows that

Jambient . jfilament e suggest that the luminous region migrates up-

ward because the neutralizing negative space charge of the ambient electron current tends to accumulate at
its lowest edge (outside), whereas the electron current upward in the filament channel tends to increase the

positive space charge at its upper edge (inside). Without the continued background electric field powering
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J fiament - jambient <y uld neutralize the positive space charge, the space charge field would decrease and the

glow would extinguish, as commonly observed in sprites. A similar process occurs in the upper luminous re-
gion resulting in the two regions migrating toward each other, reducing the length of the filament channel.

5. Summary

The observed sprite event displayed eight simultaneous columns that showed converging luminosity in
individual streamer channels lasting up to 160 ms. This observation suggests that detachment of electrons
becomes important, driving long-lasting currents in streamer filaments, when there is a continuous current
in the parent CG stroke. The current in the streamer filament drives the space charge upward in the positive
(lower) tip and feeds the space charge in the negative (upper) tip of the streamer channel explaining the
converging motion of the luminosity. The analytical formulation presented here can be used for modeling
the phenomenon in future work.

Data Availability Statement

The video is provided in the supplementary material and all other data are available at https://doi.
0rg/10.5281/zenodo.3994236.
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