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Abstract Sprites have been recorded at ∼100,000 frames per second. One hundred and sixty five
essentially vertically propagating streamers, 110 downward and 55 upward, have been selected for analysis.
The initial velocity increase is exponential as predicted by theory. Growth rates could be determined for 76
downward and 46 upward propagating streamers, and, in individual streamers, they are independent of
altitude. The average growth rate increases from 1.6 103 in C‐sprites, to 2.6 103 in carrots, to 8.4 103/s in
jellyfish sprites. With a streamer model the driving electric field can be derived. Evaluating the field at
70 km altitude, we find fields of 98 (0.45 Ek), 121 (0.56 Ek), and 188 (0.87 Ek) V/m for the 3 sprite types,
indicating that jellyfish sprites are the most energetic. High‐speed imaging can provide streamer growth
rates and combined with a streamer model, the electric fields associated with various sprite features can be
investigated.

Plain Language Summary Sprites are electrical discharges in the atmosphere at ∼50–90 km
altitude caused by low altitude lightning strikes moving electric charges from the clouds to the ground. In a
sprite's early phase so‐called streamers are observed moving rapidly first downwards and, in some also
upwards from altitudes typically in the 70–80 km range. Streamer are small, ∼100 m, but very bright
ionization fronts moving at velocities around 10,000 km/s. Because of their large velocity high‐speed
cameras are needed to provide images for analysis. We have recorded sprites at ∼100,000 frames per second
and we present here an analysis of 165 sprite streamers. Our analysis shows that the streamers indeed
accelerate according to the equations predicted by theory. The observed accelerations vary widely and also
depend on the type of sprite discharge. This presumably reflects the ambient electric fields which may be
derived using suitable modeling. The data presented show that high‐speed imaging offers an easy way to
derive the ambient electric field driving the streamers, which can then be used to investigate the electric
field structures driving the sprites.

1. Introduction
Sprites are electric discharges in the mesosphere observed at altitudes typically between 50 and 90 km. In early
video the sprites were seen with red tops and thin blue tendrils reaching down into the lower atmosphere (Sentman
et al., 1995; Wescott et al., 1995). When video recordings with higher frame rates became available (Stanley
et al., 1999; Stenbaek‐Nielsen et al., 2000), it was clear that the tendrils actually are the trails of smaller, bright
streamer heads propagating down (review by Stenbaek‐Nielsen et al., 2013). Such streamers are well known in
electrical discharges (Nijdam et al., 2020; V. P. Pasko, 2006). Reviews of both theoretical and experimental
optical work including the many categories of sprites defined by observations have been presented by V. P.
Pasko (2010); Pasko et al. (2012); Bor (2013): Stenbaek‐Nielsen et al. (2013); and Liu et al., 2015. Streamer
models (Kosar et al., 2012; Kulikovsky, 1997; Liu et al., 2009) predict that in a constant electric field the velocity
will increase exponentially, and that the growth rate will increase with increasing electric field. We present here
observations confirming this prediction.

We analyzed 165 streamers propagating up and down several 10s of km from onset to fade. The streamer path
typically starts with a section in which the velocity and brightness increases rapidly. Later, the velocity slows and,
eventually, the streamer fades. The analysis covers the initial section with increasing velocity only. The velocity,
and subsequently the growth rate, is derived from the change in altitude observed over a sequence of images. The
growth rate derivation is relatively simple, and coupled with a streamer model it can be used to map the ambient
electric field in the vicinity of the streamers.
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2. Data and Streamer Selection
The high speed sprite recordings were made on the nights of June 2 and 3, 2019, from the Langmuir Laboratory
for Atmospheric Research near Socorro, New Mexico. The Observatory is at an altitude of 3.3 km at 33.975° N,
107.181° W. The sprites were clustered over an intense thunderstorm complex in western Texas due east of the
observing site. On the two nights of observations, the sprite clusters were 690 and 465 km, respectively, from the
observatory. A map giving the locations was presented by Contreras‐Vidal et al. (2021)—their Figure 2.

The images were recorded using a Phantom V2611 camera (12 bit images) with a VS‐1845HS intensifier (1 µs
decay phosphor). At ∼100,000 fps the hardware limits the size of the images. On 2 June 2019 we used an 85 mm
lens giving a 9.9° × 6.3° image (512 × 320 pixels) which typically will contain the entire sprite. The pixel
resolution at the distance of the sprites is ∼250 m. On 3 June 2019 we used a 300 mm lens for better spatial
resolution, ∼45 m pixel resolution at the sprites. The image size was varied during the night, but most recordings
used a 1.4° × 2.8° image (256 × 512 pixels). While the smaller field limits the sprite coverage the 512 pixel height
gives good altitude coverage, a feature very valuable for the study reported here. Co‐mounted with the Phantom
camera was a low light‐level video camera (Watec 902H) to provide scene awareness and to record the star
background critical for accurate pointing information. All images have GPS time.

The altitude of the streamers was calculated from look angles (azimuth and elevation derived from the star
background) and range to the sprite. For some sprites observed on 3 June 2019 the range could be triangulated
using images recorded by T. Ashcroft at Lamy, NM. Otherwise, we used the range to the causal lightning strike as
recorded by NLDN or ENTLN. The sprites may not be over the lightning strike (discussion in Stenbaek‐Nielsen
et al., 2020); a 40 km uncertainty on range will give an altitude uncertainty of 3–4 km (∼half of the atmospheric
neutral density scaleheight).

The data set has 53 high‐speed Phantom recordings some of which have several sprites, and we identified for the
analysis streamers in 41 individual sprites (21 on 2 June 2019, and 20 on 3 June 2019) with onset within the
Phantom field of view and with simultaneous Watec images for directional information. In each of the 41 sprites
we identified a number of streamers for analysis. We selected dominant downward and upward propagating
streamers with onset within, or very near to, the Phantom field of view and which could be followed in many
frames until they faded or exited the image field of view. Many streamers split one or more times. In this case we
followed only the dominant sub‐streamer out of the split. Many of the sprites have a large number of streamers. In
one large sprite we counted more than 50 downward propagating streamers. In these sprites, we selected ∼5
representative examples for analysis. Not considered were streamers propagating across the image.

The selection yielded a total of 165 streamers; 110 were downward propagating streamers and 55 upward
propagating streamers. Of the 165 streamers 37 were in C‐sprites; 105 in Carrots; and 23 in jellyfish sprites. We
define jellyfish sprites as large, short duration, sprites with a diffuse upward propagating feature instead of
streamers, as described by Pasko et al. (2012). Thus, upward streamers are in carrots only. For each streamer we
recorded the pixel location in successive Phantom images, and with direction (azimuth and elevation) and range
the altitude can be calculated to provide profiles of altitude versus time.

The pixel location of the streamers in the images was done visually. Various computer routines were tried to get
better than one pixel resolution, but they could not be applied consistently across the data, and, more seriously,
they resulted in shorter time‐series. It would have been desirable to have streamer brightness and diameter,
however, to add these parameters significantly complicate the analysis, and we decided to leave that for a later
analysis effort.

A typical streamer altitude/time profile starts with a section with increasing velocity. Later, the velocity slows,
and eventually, the streamer fades. In upward propagating streamers the fade is often associated with a transition
into a diffuse glow that fades exponentially (Stenbaek‐Nielsen et al., 2023). For the study presented here we are
only looking at the initial section with increasing velocity, which is not present in all 165 streamers in our data set.
Some are only getting bright enough for detection well after onset when the velocity is essentially constant, and in
very bright sprites the initial phase may not be properly resolved even in recordings at 100,000 fps. Also, the rapid
increase in brightness leads to saturation which limits analysis. Nevertheless, analysis of the initial velocity in-
crease was possible for 122 out of the 165 streamers in the data set.
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3. Streamer Velocity Analysis
The altitude profiles, h(t), have the streamer altitude as function of time. Corresponding velocity profiles, v
(t) = dh(t)/dt, were derived from the slope of the altitude profile, which, for each point in the profiles, is calculated
by a least squares fit to a line using 11 altitude points centered on the point. The 11‐point fit to derive the velocity
profiles appears to be a good compromise. Fewer points result in more noise in the profiles, and more points,
while providing visibly smother profiles, will limit the resolution in streamers with rapidly changing velocities as
is often observed in bright streamers.

In a constant ambient electric field theory predicts that the initial downward streamer velocity will increase
exponentially (Kosar et al., 2012; Kulikovsky, 1997; Liu et al., 2009). Hence, on a log‐velocity plot the increase
will be linear and the slope is the growth rate. It is worthwhile to note that since we assume a constant range to the
streamer, the derived growth rate is essentially independent of the range.

Another way to derive streamer velocities and growth rate is by fitting the altitude profile to an assumed analytic
function. With the expected exponential velocity increase the streamer velocity should fit a function of form

v(t) = v0 exp((t − t0)γ) (1)

where γ is the streamer growth rate defined by theory and ultimately tied to the external electric field driving the
streamer, and v0 is the streamer velocity at time t0.

The streamers selected for analysis propagate essentially vertically. Thus the altitude can be derived from the
velocity function by integration:

h(t) = h0 + (v0/γ) (exp((t − t0)γ) − 1) (2)

where h0 is the streamer altitude at time t0. The exponential function is overlaid the observed images initially
using values from the log‐velocity plot. The growth rate and the beginning and end altitudes can then be adjusted
for a best “visual fit” or for a least‐squares fit between the function altitudes and the observed altitude profile, h(t).
In streamers with longer altitude time series the “visual fit” is clearly affected with a change in growth rate of 100/
s. This is why we found it important to follow the selected streamers over as large an altitude range as possible.

Velocity growth rates were derived using both analysis methods, and the two methods complement each other
well as would be expected. Our streamer data set has 110 profiles for downward and 55 profiles for upward
propagating streamers, and we could derive velocity growth rates for 76 and 46 profiles, respectively. In the
following we present analysis results for 3 streamers; two downward propagating streamers, one emerging from a
dark sky and one emerging from a sprite halo, and the third, an upward propagating streamer. The three streamers
are quite representative of the larger data set.

3.1. Downward Streamers

Figure 1 shows a downward propagating streamer recorded at 100,000 fps on 3 June 2019 at 04:45:48 UT in a
bright carrot. Most of the activity was outside the 2.9° × 1.8° (42 m pixel resolution) Phantom field of view. The
streamer was first detected near 75 km altitude with onset in “dark sky”; no halo was detected. This is not unusual
and likely just reflects insufficient camera sensitivity (Liu et al., 2015). The streamer slowly brightened and
propagated down. It was followed for 90 frames (0.90 ms) until it exited the field of view at 63 km altitude. At this
time the streamer was slowing and fading. The top plots show the altitude profile for the streamer and the streamer
velocities. The velocity increases exponentially (linear increase on the log scale plot) over the first 80 points of the
profile, and the fitted line gives the growth rate, 2.5 103/s. At the bottom is a time series of image sections centered
on the streamer with the exponential function overlaid.

Some downward propagating streamers are observed emanating from the bottom of a sprite halo as reported by
Cummer et al. (2006); McHarg et al. (2007) and modeled by Liu et al. (2009, 2015) and Luque and Ebert (2009).
The streamer velocities are generally higher than for streamers emerging from essentially a dark sky (Figure 1),
and they develop significantly faster. Figure 2 shows a downward propagating streamer emerging from the halo at
the start of a jellyfish sprite recorded at 98,073 fps on 3 June 2019 at 05:07:18 UT. The Phantom field of view is
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1.4° × 2.8° with a pixel resolution of 45 m. The streamer is bright and eventually saturates the imager, but the
downward propagation is well defined. The upper left image shows the streamer having just emerged from the
structured halo. The box gives the 0.2° × 1.8° image section used to create the image strip time series. The plots
are the altitude streamer profile and the velocities derived from the profile.

The streamer is first identifiable at an altitude of 78.5 km. This is frame 0 in the strip image panel. The streamer
velocity has an initial rapid increase, followed by a relatively constant velocity section, and then a decrease as the
streamer propagates down into the lower, denser atmosphere. We see that in many downward propagating
streamers. In this streamer the velocity increase is over 12 frames only. Our older sprite recordings at ∼10,000 fps
would not have resolved this; the streamer would have emerged at maximum velocity (example in Stenbaek‐
Nielsen et al. (2020)—their Figure 3).

The initial growth rate from the altitude profile is 1.2 104/s (top right), and the corresponding exponential function
fits the observed streamer motion well (bottom panel). The exponential velocity increase ends near frame 11 in the
image strip figure, and a few frames earlier in the profile velocity plot. The difference is an artifact of the 11‐point
profile section used to calculate the velocity. The downward velocity at frame 0 is 1.5 107 m/s increasing to 5.6
107 m/s at frame 11. After that the velocity levels off and starts to decrease near frame 25. At streamer onset the
downward velocity is similar to that of the descending halo; we see that as well in other sprites with streamer onset
in the descending halo.

To allow the reader to evaluate the streamer onset we inserted in the strip figure a small segment of the strip image
time series without the exponential. A similar temporal development as shown here, but from a computer model,
has been given by Liu et al. (2009)—their Figure 2.

Figure 1. Altitude profile and streamer velocities derived for a downward propagating streamer in a carrot recorded at
100,000 fps on 3 June 2019 at 04:45:48 UT. The velocity increases exponentially over its initial path, frame 0 to 80, and the
growth rate, 2.5 103/s, appears to be independent of altitude. The data points used for the fit are shown in red. Video at
Stenbaek‐Nielsen et al. (2024).
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3.2. Upward Streamer

Figure 3 shows an upward propagating streamer recorded in a carrot sprite on 2 June 2019 at 07:46:35 UT at
100,000 fps. The onset was at 66 km altitude in the top of glow from the initial downward propagating streamer.
The streamer was followed for 90 frames (0.90 ms) until the streamer slowed and faded near 90 km altitude. At
about 82 km it started to transit from a small discrete streamer to a more diffuse feature. This temporal devel-
opment is quite typical of many of the 55 upward propagating streamers analyzed. The streamer is one of four
isolated streamers in 2 carrots discussed in Stenbaek‐Nielsen et al. (2023). The fade of the diffuse streamer head is
exponential, and we suggested that the time constant for the fade together with the altitude can provide infor-
mation about the ambient electron density.

The top plots show the streamer altitude profile and the velocities. The velocity increases exponentially over the
first 68 frames with a growth rate of 3.3 103/s. The velocity increase near the top relative to the growth rate line is
almost certainly not real, but an artifact of the scaled streamer center locations which were done visually. The
increase may reflect an expansion of the streamer head as it transits to a more diffuse appearance. As was the case
for the downward propagating streamer in Figure 1, the streamer growth rate during the initial phase of the
streamer propagation does not change with altitude; no effects from the changing atmospheric density are evident
in the derived velocities.

Figure 2. Streamer with onset, frame 0, in the bottom of a bright descending halo. The sprite is a jellyfish recorded at 98,073 fps on 3 June 2019 at 05:07:18 UT. The
growth rate is 1.2 104/s. After frame 11 the streamer departs from the initial exponential growth. The downward velocity at streamer onset, frame 0, is 1.5 107 m/s
increasing to 5.6 107 m/s at frame 11. The exponential growth rate is based on frames 0 to 11 (points in red). In the bottom panel the exponential function altitude outside
the 0–11 image section is shown in blue. Video at Stenbaek‐Nielsen et al. (2024).
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4. Summary of Growth Rate Analysis
A summary of the streamer growth rate analysis is given in Figure 4. The 2 plots in the top row show histograms of
the streamer growth rates, and the bottom 2 plots show the altitude range over which we observe a constant growth
rate. The plots to the left are for downward propagating streamers in C‐sprites, Carrots, and Jellyfish sprites, and
to the right growth rate data for carrots. With our sprite classification definitions only carrots have significant
upward propagating streamers; jellyfish have instead of upward propagating streamers an upward propagating
diffuse glow. Mean values and standard deviations, STD, for the growth rates in the different sprite classes are
given in the top row histogram plots, and the streamers in Figures 1–3, are identified in the bottom row plots.

The distribution of the derived growth rates differs between the sprite classes. The lowest growth rates are in C‐
sprites followed by carrots with mean values 1,574 and 2,629/s, respectively. In contrast, the growth rates in
jellyfish streamers are generally higher with a mean at 8,363/s. The distribution is also much broader; actually, the
12,000–14000 bin includes 2 streamers with growth rates above 14,000/s, the highest being 1.7 104/s. The his-
togram plot for streamers in carrot sprites show upward propagating streamers with generally higher growth rates
than downward propagating streamers.

5. Discussion
The analysis presented here shows that sprite streamers after onset grow exponentially confirming predictions by
theory (Kosar et al., 2012; Kulikovsky, 1997; Liu et al., 2009). Although not explicitly discussed, the exponential
growth is also present in recent simulations by Bouwman et al. (2024). We analyzed 110 altitude profiles for
downward and 55 profiles for upward propagating streamers, and we could derive velocity growth rates for 76 and
46 profiles, respectively. The observations show the streamer growth rate to be independent of altitude. Some
streamers propagate over altitudes larger than the atmospheric scale height, for example, from onset at 74–66 km
(Figure 1) and from 65 to 80 km (Figure 3), but the observed velocity growth rate does not change.

In bright streamers the initial exponential velocity increase is typically short, 10 to 20 frames, and those streamers
have higher growth rates. This is clearly evident in Figure 4 where streamers with higher growth rates, in

Figure 3. Altitude profile and streamer velocities derived for an upward propagating streamer in a carrot recorded at 100,000
fps on 2 June 2019 at 07:46:35 UT. On the logarithmic velocity plot the increase is linear showing that the increase is
exponential. The growth rate, 3.3 103/s, is independent of altitude. The section of the streamer profile used to determine the
growth rate is shown in red. The function beyond this section (bottom panel) is in blue. Video at Stenbaek‐Nielsen
et al. (2024).
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particular jellyfish streamers, have altitude ranges less than 5 km. For the streamer in Figure 2 the altitude range
is 4 km.

The 76 observed growth rates for downward propagating streamers include 19 for C‐sprites, 41 for carrots, and 16
for jellyfish sprites (summary in Figure 4 above). The growth rates vary considerably, but the figure clearly shows
the lowest growth rates are in C‐sprites and the highest in jellyfish sprites. The analysis also shows the growth
rates in upward propagating streamers are generally higher than in the downward propagating carrot streamers.
This is much as expected; the only surprise is the much larger growth rates in jellyfish sprites.

The streamers are driven by an external electric field (Liu et al., 2009), and with a suitable streamer model the
external field may be derived. Kosar et al. (2012) using a streamer model by N. Liu and Pasko (2004), simulated
short streamers at different altitudes. They found that the growth rate scales with air density, and they presented
plots from which the external electric field can be derived from streamer growth rate and altitude. The study
concentrated on growth rates for electric fields below the local break‐down electric field, Ek, however, the N. Liu
and Pasko (2004) model itself is valid also for higher fields. We used Kosar et al. (2012) Figure 5a to scale the
growth rate to 75 km altitude, and then Figure 5b to give the ambient electric field. The Kosar plots cover a large
fraction of the streamers in our data set, but not many of the higher growth rate streamers observed primarily in
jellyfish. While the observed growth rate is insensitive to the distance to the sprite, the derived streamer altitude is
not, and this must be kept in mind when using the observations to derive the ambient electric fields.

The mean growth rates for streamers in C‐sprites, carrots, and jellyfish are 1,574, 2,629, and 8,353/s, respectively.
Evaluated at 70 km altitude the model gives 98, 121, 188 V/m, showing the jellyfish sprites are associated with the
largest electric fields. As a fraction of the local electric break‐down field, Ek, the fields are 0.45, 0.56, and 0.87 Ek.
Ek scales with the atmospheric density, and the Kosar model uses a value of 32 kV/cm at ground level.

Figure 4. Summary of the streamer growth rate analysis. Top plots show histograms for the downward propagating streamers, and the downward and upward
propagating streamers in carrots. Bottom plots show the altitude range with constant growth rate for the streamers analyzed.
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The streamers in Figures 1 and 3 are covered by the model, but the growth rate for the streamer in Figure 2 is too
high. The growth rate in Figure 1 is 2.5 103/s between altitudes 74 and 66 km leading to an ambient electric field
varying from 82 to 162 V/m or 0.67 to 0.45 Ek. Figure 3 has an upward propagating streamer with a growth rate of
3.3 103/s between 66 and 79 km altitude leading to a field varying from 181 to 47 V/m or 0.50 to 0.93 Ek. In both
cases the electric field decreases with altitude. The decrease with altitude is a factor of 0.50 (Figure 1) and 0.29
(Figure 3), but the atmospheric density decreases faster, factors of 0.34 and 0.14, over the same two altitude
ranges. Thus, the observations show that the lightning field at sprite altitudes decreases slower than the air density
confirming the prediction by C.T.R. Wilson (1925).

Our analysis suggests that high‐speed imaging can provide streamer growth rates for a majority of streamers
observed, and with a streamer model the mesospheric electric field structures in the vicinity, even in spatially
complex sprites, can be mapped. Imaging at high speed provides a relatively simple and easy way to derive the
electric fields driving the streamers. The fields can then be related to the many and varied observed luminous
sprite features to further our understanding of sprite streamer physics.

Data Availability Statement
Videos of the sprites are available at Center of Open Science, OSF (H. C. Stenbaek‐Nielsen, 2024).
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