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Key Points:

• Upward propagating streamers in sprites were recorded at 100,000 frames
per second

• The streamer head decay is exponential; assuming it is due to electric field
relaxation the ambient D region electron density can be derived

• Analysis suggests that sprites can provide multipoint measurements of D
region impact by powerful lightning capable of triggering sprites

Abstract

Four upward propagating streamers in 2 carrot sprites over northwest Texas
were recorded at 100,000 frames per second at 07:46:35 UT, 2 June 2019, from
the New Mexico Tech Langmuir Laboratory near Socorro, New Mexico. The
streamers reached velocities of 50-80×106 m/s with accelerations up to 25×1010

m/s/s. The upward motion ended with the top of the streamers near 90 km al-
titude. At this time the streamers reached maximum brightness. The streamer
head then dissolved and the brightness decayed exponentially with time con-
stants between 0.078 and 0.097 ms. We interpret the dissolution and decay to
be the result of interaction with the bottom of the ionosphere. Assuming the
decay to be dictated by electric field relaxation, the ambient D region electron
density may be derived. The analysis suggests that sprite observations can pro-
vide multipoint measurements of the D region ionosphere impacted by powerful
lightning capable of triggering sprites.

Plain Language Summary

Sprites have been recorded at 100,000 frames per second. Analysis of the decay
of upward propagating streamers indicates that the observations may be used
to infer the ambient electron densities in the D region ionosphere impacted by
powerful lightning capable of triggering sprites.

1 Introduction

Sprites are highly structured electrical discharges in the mesosphere/lower
ionosphere driven by the quasi-electrostatic field (QE) from powerful cloud-
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to-ground lightning (CG) strikes (Pasko, 2010; Stenbaek-Nielsen et al., 2013;
Liu et al., 2015). They are predominantly caused by positive CG, with its
QE field in the upper atmosphere pointing downward. In still images, a fully
developed sprite displays a structured main body with a diffuse top (e.g.,
Pasko & Stenbaek-Nielsen, 2002). The filamentary structures of sprites are
the manifestation of their building blocks: Streamer discharges (e.g. Cummer
et al., 2006; Stenbaek-Nielsen et al., 2013; Liu et al., 2015). High speed
observations indicate that sprites caused by +CGs are initiated by downward
positive streamers, and upward negative streamers may start later from existing
structures/channels resulting from the positive streamers (McHarg et al., 2007).

The propagation characteristics of positive sprite streamers have been investi-
gated by past observational studies. It has been established that a positive
streamer accelerates, expands, brightens and frequently branches, as it propa-
gates downward, in excellent agreement with modeling results (Liu et al., 2009).
A streamer is an ionization wave driven by a strongly enhanced electric field in
its head. The field in the streamer head greatly exceeds the conventional break-
down threshold field, rapidly increasing the ionization density there via electron
impact ionization to extend the streamer plasma channel forward. As negative
sprite streamers propagate upward, they eventually encounter an increasing elec-
tron number density in the ionosphere. This affects the propagation and it may
be possible to extract the information about the D region ionosphere, partic-
ularly the state after the early ionospheric response to the powerful lightning
causing the upward negative streamer.

In this paper we present a sprite event recorded at 100,000 frames per sec-
ond with two carrots, each of which has two well-defined upward propagating
streamers. We show the 4 upward streamers as they brighten during the up-
ward propagation, transit from discrete to a more diffuse appearance and the
upward propagation stops, and finally, their rapid exponential decay. Assum-
ing the observed decay to be due to electric field relaxation we can derive the
ambient electron density at the altitude of the streamer. With several upward
streamers over a limited horizontal area (a few tens of km), the analysis method
may provide a unique opportunity for multipoint measurements to show how
the D region ionosphere is impacted by powerful lightning capable of triggering
sprites.

2 Instrumentation

The sprite high-speed images were recorded with an intensified Phantom V2611
camera. The intensifier is a VS-1845HS with extended blue sensitivity and a
P46 phosphor (1 µs decay) preventing persistence onto following images. The
Phantom V2611 camera has a 1280x800 pixel format CMOS and the images
are 12 bits (4096 gray levels). However, at 100,000 fps hardware limitations
reduce the usable image size. For the event reported here the image size is
512x320 pixels. The front lens was an 85 mm Nikon f/1.4, resulting in a field
of view of 9.92x6.26 degrees. At a range of 690 km the pixel size is 242 m. The
Phantom camera uses GPS time, and it is controlled by a laptop computer which

2



also is also used for the storage of events initially recorded in camera memory.
Co-mounted with the Phantom camera we had a low light-level video camera
(Watec 902H) to provide scene awareness and to record the star background
critical for accurate pointing information.

3 Data and Analysis

The event, with two sprite carrots, was recorded at 100,000 frames per second
on June 2, 2019, at 07:46:35 UT from the mountain top Langmuir Laboratory
west of Socorro, NM, at 34.06N, 106.90W at an altitude of 3.3 km. A video
of the event can be found at OSF project “D region electron density derived
from sprites”, https://doi.org/10.17605/OSF.IO/7WQTC. The event is 1
of 63 sprites recorded on the nights of 2 and 3 June, 2019, over a very active
thunderstorm complex in north-west Texas (Figure 1, bottom panel). An anal-
ysis of the 63 sprites and their relation to sprite currents has been presented
by Contreras-Vidal et al (2021). The 2 carrots are relatively weak compared to
most of the 63 sprites, and Contreras-Vidal et al., extracted no sprite currents
for the event.

Figure 1, top left, is an integration of images from the Phantom video to show
the general morphology of the two sprite carrots. They are both ‘classical’
carrots. The luminosity along the central axes is from the initial downward
streamer, and to the left and right we have the upward propagating streamers.
Figure 1 right has the same image with the image sections, the tall rectangular
boxes, used to show the temporal development of the upward streamers (Figure
2) as they propagate up, transit from discrete to diffuse, and then fade. The
small rectangular boxes show the image section used to analyze the fade of the
streamer head (Figure 3). The bottom of Figure 1 has a GOES map showing
the storm complex associated with the event. Note the very cold cloudtop
temperatures.
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Figure 1. Upper Left: Time integrated image showing the 2 carrot sprites as
observed from Langmuir Laboratory, NM, at 07:46:35 UT on 2 June 2019. The
recording was at 100,000 frames per second. Upper Right: Same image with
the sections (large rectangles) used to show the spatial development of the 4
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upward streamers (Figure 2 below), and the sections (small rectangles) used to
analyze the temporal development of the streamer brightness (Figure 3 below).
The bottom panel is a GOES IR map with cloud top temperatures of the storm
complex over which the carrots occurred. The assumed locations of the carrots
are the red dots, and the magenta dots are lightning strikes associated with
sprites observed within 1 hour of 07:46:35 UT.

The observations are from 1 station only so their geographic location cannot be
determined by triangulation. In this case we customarily use the range to the
causal lightning strike to determine the location, but unfortunately, we do not
have any cloud to ground strikes for the event. Data from the Earth Networks
Total Lightning Network (ENTLN) have several large intra-cloud flashes in the
direction to and at the time of the sprite. They are at a range of 690 km from
Langmuir and we will use this range for analysis. The 690 km range locates
the carrots over the coldest cloud top temperatures on the GOES map (Figure
1). The 2 carrot locations are shown by the red dots on the map together with
strikes (in magenta) leading to sprites within 1 hour of 04:46:35 UT. The range
defines the image pixel size to 242 m.

Sprites are rarely right above the causal strike. This introduces a significant un-
certainty on altitude. Sao Sabbas et al. (2003) found a median distance of 40 km
in an analysis of 40 triangulated sprites. A 40 km uncertainty on the streamer
data presented here translates in to a +-5 km uncertainty on altitude. There are
many published triangulated sprites which provide an expected altitude range
for various sprite features, and against these data the altitude scale derived us-
ing the 690 km range is quite reasonable. A recent discussion of sprite location
relative to the causal lightning strike has been given by Stenbaek-Nielsen et al.
(2020).

The temporal development of the two carrots is very similar. The onset of Carrot
1(left in figure 1) is a downward streamer with onset around 07:46:35.1534 UT
at an altitude of 85 km. The onset of Carrot 2 (right in figure 1) is around
07:46:35.1652 UT at 79 km. In both carrots no halo emissions were observed
and the initial single downward streamer appeared out of a dark background sky
which makes the onset times very difficult to pin point. This is particularly the
case for Carrot 1 where the determination of the onset time was helped by diffuse
emissions above streamer onset. We often see these emissions in our high speed
images (McHarg et al., 2007; Stenbaek-Nielsen et al., 2007; Stenbaek-Nielsen
and McHarg, 2008) and their association with the downward streamers have
been verified in simulations by Kosar et al. (2012). Only 5.50 ms after the onset
time given above would the streamer become bright enough to be consistently
present in successive frames. At that time the streamer had descended to an
altitude of 74.4 km. For Carrot 2 the corresponding values are 0.47 ms and 78.5
km. The total length of optical emissions is 29.6 ms for Carrot 1 and 11.8 ms
for Carrot 2. We note that the 4 upward streamers in the 2 carrots all appear
over a period of only 6 ms as shown in the accompanying video.

Both carrots have two well-defined upward streamers to the left and right side
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of the central axis defined by the initial downward streamer. Critical to the
analys is that the streamers appear against a largely dark background allowing
for analysis without interference from other luminous sprite structures. The
onsets of the upward propagating streamers are all in the top of lower altitude
glow from the initial downward streamer, as has been reported for other sprites
(McHarg et al., 2007; Li & Cummer, 2011). For Carrot 1, the left carrot in
Figure 1 (top), the onset altitudes are 69.3 km and 69.5 km for the left and
right streamer, respectively, and 66.7 km for both right and left streamer in
Carrot 2. The onset times for the left and right streamers in Carrot 1 are 11.0
ms and 11.1 ms, respectively, from the onset of the initial downward propagating
streamer. For Carrot 2 the left and right streamer onset times are 3.9 ms and
3.6 ms after the initial downward streamer.

The 4 upward streamers propagate with increasing velocity and brightness reach-
ing a maximum altitude of about 90 km. At or near this time the brightness
integrated over the entire streamer head also reaches a maximum. After that
they fade very rapidly. Figure 2 shows image time series for the 4 upward prop-
agating streamers centered on the maximum brightness frame. The image strip
time series cover 0.70 ms of time (70 phantom images). The individual image
strips extracted from the Phantom images are defined by the tall rectangular
boxes in Figure 1 (top right). The size of the box evaluated at the distance of
the carrots is 6x41 km. To provide a reasonable spatial resolution strips are
shown for every third image only, and to better show fainter features the inten-
sity has been scaled by the square root of the intensity in the original images.
The time shown at the bottom of the figure is ms from the onset of the upward
propagating streamer.
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Figure 2. Image strip time series showing the brightening and decay of the
4 upward propagating streamers. The time series are centered on the start of
the decay, frame 35. The sections of the Phantom images extracted for each
streamer are show in Figure 1 top right. Each time series shows image strips for
every third Phantom images and covers 0.70 ms of time. The intensities have
been scaled by the square root to better show fainter features. The altitude
scale is derived assuming a range of 690 km. The ms time scale for each series
is from onset of the upward streamer. The onsets for Carrot 1 Left and Right
differ by 0.08 ms, but the time to the start of the decay is the same.

The left half of the 4 image time series, frames 0 to 35, covers the upward
moving and brightening streamer. Note that at an altitude near 80 km the
streamer head transits from a well defined small bright head to a larger more
diffuse structure. This is likely due to the rapidly increasing volume around the
streamer head with E-fields large enough to generate optical emissions. The
right half, frame 35 to 69, covers the rapid decay of the streamer. The best
optical images are from the right upward streamer in Carrot 2 (near the right
edge of the image in Figure 1), and we show that at the top of the figure followed
by Carrot 2 Left, Carrot 1 Right, and at the bottom, Carrot 1 Left.

The brightness and upward velocity of the upward propagating streamers are
initially low, but increase steadily as the streamers propagate upwards. At
the times covered in Figure 2 the inferred velocities are among the highest we
have observed. The highest velocity we have seen is 140×106 m/s, almost half
the speed of light; it was reported by McHarg et al. (2002), using a 10 kHz
photometer array. For the carrot in the top panel of Figure 2 (Carrot 2 Right)
we infer a maximum upward velocity of 76×106 m/s. The high velocities are
over a few frames only, so given the very dynamic nature of the events, the high
values are partly a consequence of the large framing rate, 100,000 fps. Velocities
inferred for the other 3 upward streamers are similar, but smaller.

If the acceleration is constant the altitude versus time would fit a parabola. For
the Carrot 2 Right upward streamer, top panel in Figure 2, a fit shortly after
onset indicates an acceleration of 2×1010 m/s/s increasing to 25×1010 m/s/s
in a fit between 0.65 and 0.75 ms in Figure 2 (11 images in the recording).
25×1010 m/s/s is higher than previously reported. Li and Cummer (2009) give
a maximum downward acceleration of 1010 m/s/s. McHarg et al. (2007) report
an average upward acceleration of 1.8×1010 m/s/s, and note agreement with
the theoretical predictions by Liu and Pasko (2004).

The top of the 4 upward propagating streamers reach an altitude near 90 km.
At this time the streamers are also at their maximum integrated brightness. In
the images the maximum altitude for Carrot 1 appears to be about 2 km higher
than the maximum altitude observed in Carrot 2, but this may not be real. The
altitude of each streamer is determined assuming a range of 690 km, but both
carrots may not be at that range. The higher altitudes may simply be from the
left carrot being closer to the observer and therefore will appear higher in the
sky. If we assume the tops to be at the same altitude Carrot 1 would be 13 km
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closer to the observer than Carrot 2.

The streamer brightness increases steadily towards a maximum near the time
of maximum altitude and decays rapidly thereafter, as shown in Figure 3. The
time covered is the same as for Figure 2. The individual points were derived
by summing over the image pixels covering the streamer head. Initially the
image section with the streamer is set frame by frame, but after the brightness
peak the altitude does not change, and we then use a fixed image section. The
locations of the fixed image section for each streamer are the small rectangles
shown in Figure 1 top right. The sampling area and the altitude range covered
vary between the 4 streamers, but is about 5x7 km and located between 82 and
90 km.
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Figure 3. Streamer brightness derived by summing pixel values over the
streamer area in 70 consecutive images. The time covered is the same as in Fig-
ure 2. The brightness sequences are centered on image 35 where the streamer
decay starts. The left plot has the brightness plotted on a linear scale; on the
right the brightness, less a background brightness value, is plotted on a (natural)
logarithmic scale to show exponential decay. The background brightness value
is given on the linear plot, and the inferred decay time constant and altitude is
given on the logarithmic plot. The ms time axis for the 4 streamers are from
the onset of the upward streamer.

Except for Carrot 2 Right the streamers do not saturate the imager and the
brightness is simply a sum of pixel values over the area in the image of the
streamer. In Carrot 2 Right there are saturated pixels in images between im-
ages 16 and 27. The streamer brightness profile often fits a Gaussian very well
(Stenbaek-Nielsen et al., 2007), and we used that to compensate for the under-
count resulting from saturated pixels. In the affected images the number of
saturated pixels is relatively small and the correction to individual points in
Figure 3 is generally only a few % and at most 10 %. Note that the images with
saturated pixels are before the peak brightness at image 35.

The decay of the streamer is very rapid starting at image 35. The decay is clearly
exponential as shown in the right section of Figure 3 in which the brightness
less an assumed background brightness is plotted on a natural logarithmic scale.
The background level was initially set for each streamer by visually estimating
the value of an asymptotic decay and then refined by minimizing the sum of the
error on the linear display. The decay time constant and streamer head attitude
for the 4 upward propagating streamers are in the order displayed on Figures 2
and 3: 0.086 ms at 85 km; 0.097 ms at 86 km; 0.096 ms at 88 km; and 0.078
ms at 88 km respectively. These values are also on the figure. The uncertainty
on the time constants is estimated at 5 %, so the differences in the decay time
constant between the 4 streamers are statistically significant.

To look for altitude dependence in the derived decay time constants we did a
similar analysis for each streamer using smaller areas at different altitudes. The
variations in the derived decay time constants were small and there were no
consistent altitude trends. Therefore, no indication was found for an altitude
dependence of the decay time constant within each of the 4 streamers.

4 Discussion

The observations of sprite streamers at 100,000 fps have revealed accelerations
up to 25×1010 m/s/s, which is higher than previously reported in the literature.
The observed high accelerations do not last long and are in part attributable to
the high time resolution. The upward propagating streamers stop at altitudes
near 90 km after which the luminosity decays exponentially. The decay time
constants in the 4 streamers analyzed are fairly similar ranging from 0.078 ms
to 0.097 ms (Figure 3), but the range exceeds the estimated 5 % uncertainty
and therefore indicates real differences in the decay.
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We assume that the decay is a consequence of the streamers interacting with
the lower ionosphere where the electron density, and therefore conductivity,
increases rapidly with altitude. When the streamer enters the higher conduc-
tivity region it will lose charge faster than the current in the streamer channel,
driven by the propagating streamer head, can supply, and the streamer head
will rapidly dissolve.

The optical emissions from the streamers are dominated by the 1PN2 band
(Liu & Pasko, 2004; Stenbaek-Nielsen et al., 2020). Ignoring contributions from
higher-energy states, the number, n, of exited molecules leading to the emissions
is governed by (Liu & Pasko, 2004):

dn/dt + n/� = � ne, (1)

where � is the lifetime of the excited state, � is the excitation frequency, and ne
is electron density. The term � ne is the rate of excitation (source term) and n/�
is the rate of de-excitation through emission or quenching (loss term). Because
the altitude of interest (~85 km) is much higher than the quenching altitude of
53 km for 1PN2, � is equal to the natural lifetime (1/A) of 5.9 µs for 1PN2 ,
where A = 1.7 × 105 s-1 is the radiation transition rate (Vallance Jones,1974).
The product An gives the emission rate (s-1 m-3). The observed decay of the
streamer head has a time constant much longer than �, and therefore, the forcing
term �ne on the right-hand side must decay with the observed time constant.

Because � is proportional to the electric field, and the lifetime of ne is much
longer than 100 µs at ~85 km altitude (e.g., Sentman et al., 2008), the decay
of the forcing term signals that the electric field decreases, which is presumably
due to electric field relaxation. The electric field relaxation time is �E = �0/� =
�0/(eµene), where �0 is the permittivity of free space, � = eµene is conductivity, e
is the elementary charge, µe is electron mobility, and ne is electron density. If we
simply take the optical decay time constant, �o, as the electric field relaxation
time, the electron density can be estimated as ne = �0 / (e µe �o). Note µe
is a function of both electric field and neutral density (Liu & Pasko, 2004).
The observed decay time constant and average streamer head altitude for the 4
upward propagating streamers are: 0.086 ms at 85 km; 0.097 ms at 86 km; 0.096
ms at 88 km; and 0.078 ms at 88 km respectively. Assuming an electric field
of 0.5-1.5Ek, a reasonable range for sprites, the estimated electron densities, in
the same order as on figures 2 and 3, are: 7.7-9.7×107 m-3; 5.6-7.3×107 m-3;
3.9-5.1×107 m-3; and 4.8-6.3×107 m-3. Those values are about two orders of
magnitude smaller than the electron density in a streamer channel at 85 km.
Our interpretation is that they represent the ambient electron density at the
altitude of the streamer head.

Additional insight can be obtained by considering a one-dimensional model of
the continuity equation that governs electric field dynamics (equation (7) in
Kosar et al., 2012). Because the electric field relaxation time corresponding to
the streamer channel conductivity at the altitude of interests is of the order
of only 0.02 ms, the decay of the field, ~0.100 ms, must be due to a decaying
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total current with the same timescale. Because the total current is altitude in-
dependent, this explains why the observed optical decay constant has no strong
dependence on the altitude.

The derived electron densities compare reasonably well with published data. Liu
(2012) found 5×107 m-3 in a halo simulation, and later 3×107 m-3 in a negative
sprite simulation (Liu et al., 2016). Han and Cummer (2010) inferred from
an analysis of VLF observations a density of 3×107 m-3 at ~85 km altitude.
VLF observations can provide information on the variability of the D region
ionosphere (Lay & Shao, 2011; Gross & Cohen, 2020; Golkowski et al., 2021)
with horizontal spatial resolution of tens of kilometers. Using the sprite streamer
decay rates to infer electron densities would have a spatial resolution of only a
few km and can therefore refine the VLF data.

The Phantom recordings presented here are from 1 station only, resulting in
significant uncertainty on sprite location and altitude, as explained above in the
Data and Analysis section. To be able to accurately determine the streamer
head location and altitude will require extra information. The obvious solution
is to make multi-station optical observations, so that the streamer locations can
be determined by triangulation. The additional observations need not be with
high-speed cameras; a video camera or a digital camera will suffice. All that is
needed is an image in which the direction to the sprite feature of interest can
be determined and used for triangulation.

The 4 streamers in the analysis presented here have essentially the whole
streamer appearing against a largely dark sky. They were the best examples
in the 2019 high-speed sprite recordings. We do have similar good events
in data from earlier years, but at much lower frame rates. An example was
shown in Stenbaek-Nielsen et al. (2013) – their Figure 5 - recorded at 12,500
fps. At this framerate the decay is only in 3 frames which is insufficient for a
good determination of the decay time constant. This emphasizes the need for
significantly higher framerates.

The event selection criteria used in the analysis presented, with essentially the
whole streamer appearing against a largely dark sky, is very restrictive. However,
the decay time constant can be derived based on just a small area of the large
diffuse streamer head and a sufficient number of frames to determine the decay
rate. This is a much less stringent selection criterion. With upward streamers a
very common feature in sprites the analysis presented here provides a method
to remotely investigate the electron densities in the bottom of the ionosphere
above sprite producing thunderstorms.
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