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[1] We study the initial downward propagation of long
sprite streamers in naturally varying air density with
numerical simulations on adaptively refined grids. We find
that the ionization rate and the light emission from the
streamer head increase approximately linearly with air
density (therefore exponentially with time) while the radius
hardly changes, in contradiction with a naive application of
scaling laws. Charge conservation creates a negative charge
and a consecutively enhanced electric field in the upper
section of the streamer channel, while the head carries a
growing positive charge. The high electric field in the
upper part of the channel generates a secondary ionization
wave and a luminous trail. The negative charging explains
the emergence of upward, negative streamers from a
channel and the attraction of positive heads to a previously
formed channel. Finally we show that the vertical gradient
in the air density initially accelerates the streamer head and
subsequently slows it down, in agreement with recent
observations. Citation: Luque, A., and U. Ebert (2010), Sprites
in varying air density: Charge conservation, glowing negative trails
and changing velocity, Geophys. Res. Lett. , 37 , L06806,
doi:10.1029/2009GL041982.

1. Introduction

[2] Sprites are mesospheric filamentary electric discharges
created by an intense, normally positive, cloud‐to‐ground
lightning stroke; they propagate over tens of kilometers. The
filaments in sprites are streamers [Pasko et al., 1997; Ebert et
al., 2006]: thin channels of ionized air that extend due to an
enhanced electric field at their tip. This has been confirmed
by telescopic imaging by Gerken et al. [2000] and by high‐
speed recordings that show sprites starting as downwards‐
propagating bright spots of increasing luminosity [McHarg
et al., 2007]; these spots mark the high‐field regions of
streamers. Other features observed by Stanley et al. [1999],
Cummer et al. [2006], McHarg et al. [2007], Stenbaek‐
Nielsen and McHarg [2008], and Li and Cummer [2009]
with increasingly high temporal resolution are: (a) glowing
regions in the streamer trail, (b) the emergence of upward‐
propagating negative streamers from existing channels of
previous streamers, (c) the attraction of streamers towards
existing channels, and (d) that sprite streamers initially often
accelerate very fast to later gradually slow down.

[3] Many properties of sprites have recently been explained
by adapting streamer models [Liu and Pasko, 2006; Liu et
al., 2009a, 2009b]. These models, however, neglect the
variation of air density and are therefore limited to sprite
propagation over distances much smaller than the decay‐
length of the air density (h = 7.2 km). Besides, they often use
pointed metal electrodes to initiate the streamer discharge.
[4] We recently overcame these limitations [Luque and

Ebert, 2009] by adaptive grid refinement and we showed
how sprite streamers emerge from the collapse of a wide
screening‐ionization wave propagating downwards in the
ionosphere. Here we apply similar techniques to the subse-
quent evolution of long sprite streamers. The results provide
a natural explanation for the sprite phenomena discussed
above.

2. Model

[5] In our previous work [Luque and Ebert, 2009] we
investigated how a positive lightning stroke first generates a
screening‐ionization wave that can be visible as a halo
[Barrington‐Leigh et al., 2001], and how then the initial
sprite streamer shoots out of the destabilizing wave (as
observed by Cummer et al. [2006]). In this letter we inves-
tigate the next step of evolution: the propagation of a longer
sprite after the initial wave stage. Therefore, we implement a
late stage of wave evolution as initial condition here,
namely the stage where a steep front between the interior of
the ionospheric E region and the attachment hole below it
already has formed. To compare with the observations of
McHarg et al. [2007] and Stenbaek‐Nielsen and McHarg
[2008], we set the wave front at 85 km altitude and the
ionization density above 85 km to 10 electron‐ion pairs per
cm3. The developing instability at the lower edge of the
ionospheric wave is mimicked by a gaussian ionization seed
of width 200 m at 85 km altitude and with a highest density
of 90 electron‐ion pairs per cm3. The initial ionization is
electrically neutral everywhere.
[6] The simulated domain extends from 55 to 90 km in the

vertical direction with radial extension of 25 km; the finest
grid resolution is 2.4 m. Focusing on the propagating narrow
sprite streamer, we ignore the spatial variation of the cloud‐
generated electric field and set it to 40 V/m everywhere.
[7] Otherwise our atmospheric discharge model is the

same as in our previous work [Luque and Ebert, 2009]; it
is described in detail in the supplementary material of that
article. As electric conductivity is dominated by electron
transport, we neglect ion mobility. Electrons drift in the
local electric field, they are approximated as densities
with altitude‐dependent transport coefficients. Additional
electron‐ion‐pairs are generated by impact ionization and
photo‐ionization, while electrons get lost mainly through
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dissociative attachment. Electric fields are calculated in
electrostatic approximation.
[8] Similar models were used in previous sprite studies

[Liu and Pasko, 2004; Luque et al., 2008], but we incor-
porate the altitude dependent air density and the ionosphere
with its limited conductivity rather than an electrode.

3. Results and Interpretation

3.1. Properties of the Streamer Head

[9] Figures 1 and 2 illustrate the main features of a pos-
itive streamer propagating in air of increasing density. The
overall structure of the discharge is similar to that of a
streamer in homogeneous air. But in our simulation, the

streamer propagates from 85 to 72 km altitude, where the air
density N(z) increases by a factor of 6. Some salient features
show the effect of the varying density, and do not agree with
some simple minded applications of similarity laws.
[10] We recall that according to Townsend scaling [Ebert

et al., 2006; Liu and Pasko, 2006], streamers in different air
densities N are related by approximate similarity laws. If the
reduced electric field E/Ek (where the breakdown value Ek is
proportional to N) at the streamer head stays the same during
propagation, then the ionization density in the streamer head
should increase like N2. The streamer diameter as well as the
width of the space charge layer around the head should
decrease like 1/N.

Figure 1. (top) (left) Electron number density (in 1/cm3)
and (right) charge density (in e/cm3, where e is the elemen-
tary charge) of the sprite streamer after 1.5 ms of evolution.
Movies of the complete evolution and plots of the reduced
electric field and the radial component of the electric field
are available in the auxiliary material.1 (bottom) Optical
emissions in the first positive band of N2 averaged over the
preceding 50 ms. The emissions are integrated along a line
of sight and are measured in Rayleigh (R), (1010 photons/
m2/s). The scale is truncated to emphasize the trail emissions
(the highest intensity reaches 2 · 108 R). Usually, observa-
tions are strongly over‐exposed in the head region [see, e.g.,
Stenbaek‐Nielsen et al., 2007]. The horizontal line at about
85 km is the lower boundary of the ionized region: emis-
sions from that plane are very faint but yield high intensities
when integrated along exact horizontal lines.

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GL041982.

Figure 2. (a–d) Solid lines: reduced electric field E/Ek on
the symmetry axis at several time‐steps. Dashed lines:
Space charge density integrated over the radial cross section
of the discharge channel. The integrated space charge
shows a growing positive charge followed by a negatively
charged region (shaded). The diverging positive space
charge layer at higher altitudes is the screening layer at
the lower edge of the ionosphere. The irregularities in the
charge density at 2.0 ms mark the onset of numerical errors,
so we stop our simulation there. (e) Streamer head position
as a function of time. (f) Reduced maximal electric field at
the tip (Emax/Ek) and reduced screened field just behind the
front (Emin/Ek). (g) Ion density on the axis just behind the
front taken from the simulation and from equation ioniza-
tion with the electric fields in Figure 2b; for comparison,
the slope for an ion density proportional to N/N0 is also
plotted. (h) Streamer radius calculated by fitting a sphere
by least‐squares. The oscillations appear because a coarse
grid with resolution ∼40 m was used here.
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[11] In our simulations this does not occur, and this is
not a numerical artifact due to insufficient numerical res-
olution. Our simulations (see Figure 2) show that instead of
decreasing, the streamer radius grows from about 300m to
500m. Both the maximal and the minimal E/Ek decrease
during propagation, and the ionization density in the head
increases approximately like N, rather than like N2.
[12] The consistency of these results can be tested by

applying an estimate from the appendix of Li et al. [2007]. It
relates the ionization density n− behind a planar ionization
front to the maximal electric field Emax ahead of the front
and to the field dependent a(E) through

n� ¼ �0
e

Z jEmaxj

0
�ðeÞde; ð1Þ

where �0 is the dielectric constant, and e is the elementary
charge; here photo‐ionization is neglected. The dashed line
in Figure 2g shows the ionization density predicted by ion-
ization when the Emax from the simulation is inserted. The
values lie at ∼2/3 of the actual simulation values. If Emax

would increase like Ek / N, the ionization density n− would
increase like N2 according to this formula. But Emax increases
less, and in such a manner that practically the ionization
density increases like N. We have no explanation for this
surprising fact yet. Another observation is that the minimal
electric field Emin in the streamer head stays approximately
constant.

3.2. Negative Charging of the Streamer Trail

[13] Figure 2 shows a region inside the channel where E ≈
Ek. Looking at Figure 1, we can identify this region with a
negative charging of the streamer channel.
[14] As discussed in the previous section, the densities

of charged particles increase like N so an exponentially
increasing number of electrons is liberated around the head.
These electrons drift upwards, where the ion density is
basically frozen (neglecting small variations due to attach-
ment). Hence at some point the electron density surpasses
the ion density and creates a net negative charge that is
responsible for the increase in the electric field, eventually
to values above Ek; then a second ionization wave sets in.
[15] Many observations show an increase of luminosity

in the streamer channel after about 1 ms. Some authors
[Kanmae et al., 2007; Sentman et al., 2008] called this
“afterglow” and attributed it to the release of energy stored
during the passage of the head in the vibrational levels of
N2. Our simulations point to a different mechanism: a
secondary wave of impact ionization and excitation of N2 in
electric fields E ≈ Ek, in agreement with observations by
Morrill et al. [2002]. This issue and the comparison with
observed spectral features of sprites will be discussed in the
next section.
[16] Other observations in high‐speed sprite imaging also

suggest a negative charging of the streamer channel. The
first is the emergence of negative (upward‐propagating)
streamers, always reported to occur from a previous channel
and some milliseconds after the passage of a positive streamer
head. In some observations [Stanley et al., 1999; Cummer et
al., 2006; Stenbaek‐Nielsen and McHarg, 2008] the emer-
gence of negative streamers coincides with the lower edge of
the trailing emissions.

[17] Also, the attraction of downward‐propagating sprite
streamers to a neighboring channel has been reported in
high‐speed observations [Cummer et al., 2006; Stenbaek‐
Nielsen and McHarg, 2008]. This appears to occur more
frequently in sprites than in laboratory discharges [Nijdam et
al., 2009]. A negative charging of the streamers explains the
observations and also why, up to our knowledge, upward
propagating streamers have not been observed to reattach to
previous channels.
[18] This charging mechanism is present as long as the

charge content of the streamer head increases fast enough.
For sprites this increase is dominated by the exponential
increase in air density, but the acceleration or expansion of
the streamer will create similar effects even in air of constant
density. In our view, this phenomenon has not been studied
properly in the streamer literature, although it was visible
already in the figures of Vitello et al. [1994].

3.3. Light Emission From Streamer Head and Trail

[19] It is now well established [Sentman et al., 1995;
Pasko, 2007; Kanmae et al., 2007; Liu et al., 2009b] that
optical emissions from sprites are dominated by the first
positive band of nitrogen. Figure 1 shows the emissions
from that band in our model streamer. They are calculated
according to the radiation model developed by Pasko et al.
[1997] and Liu and Pasko [2004]. The negatively charged
region with E ≈ Ek discussed above is here seen as a glowing
filament separated from the streamer head and slowly ex-
tending downwards. This pattern of optical emissions ap-
pears in observations from high‐speed cameras (see, in
particular, Stenbaek‐Nielsen and McHarg [2008, Figure 5]).
Previous work [Morrill et al., 1998; Bucsela et al., 2003;
Kanmae et al., 2007] (see Sentman et al. [2008] for a recent
discussion on this issue) proposed a two‐stage chemical
mechanism to explain light‐emissions from low‐field re-
gions. However, detailed chemical studies [Sentman et al.,
2008; Gordillo‐Vázquez, 2008] where electric fields are
modeled as a single pulse do not show a delayed increase in
optical emissions.
[20] We explain the glowing trail by an increase of the

reduced electric field. The mechanism of light emission is
the same as in the streamer head: excitation of nitrogen by
electron impact. This has also been very recently proposed
by Liu [2010]. Morrill et al. [2002] measured the intensity
ratio between the second positive band of N2 and the first
negative band of N2

+ integrated during the complete sprite
evolution (about 10ms), suggesting that the emitting states
were excited under E ≈ Ek. On the other hand, Liu et al.
[2009a] analyzed data from the ISUAL instrument in the
FORMOSAT‐2 satellite and concluded that in the early
stages a sprite emits light mostly from regions where E ≈
4Ek. Our simulations explain both observations: initially
most light is emitted from the streamer head where E ≈ 4Ek

but as it propagates a larger proportion of light is emitted
from the trail, where E ≈ Ek.
[21] In our simulations the light emission from the

streamer head increases strongly as it propagates; the in-
tensity is approximately proportional to the air density, and
hence it increases exponentially in time in agreement with
Stenbaek‐Nielsen et al. [2007], as long as the velocity does
not vary too much.
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3.4. Streamer Acceleration and Deceleration

[22] We now focus on the streamer velocities. The
streamer velocity depends significantly on the imposed
electric field, so in our main run we selected an electric field
to match the observed velocities [Li and Cummer, 2009;
Cummer et al., 2006; Stenbaek‐Nielsen and McHarg, 2008]
of about 107 m/s. Figure 3a shows the velocity of the
streamer head measured by the position of the highest
positive space charge as a function of time. Within the first
0.6 ms, the streamer accelerates up to a velocity of about
107 m/s. Then it decelerates at a slower pace down to a
velocity of about 6 × 106 m/s at 1.5 ms. A similar behavior
was observed with high‐speed cameras by Li and Cummer
[2009].
[23] Figures 3b and 3c shed some light on streamer accel-

eration and deceleration. Figure 3b shows the reduced
electric field at the altitude of the streamer head but far
away in the radial direction (E0(z)/Ek). The streamer keeps
accelerating in regions where E0(z) > Ek whereas it decele-
rates where E0(z) < Ek. This is further illustrated by Figure 3c,
showing the acceleration of the streamer head.
[24] This picture suggests that sprite streamers are initi-

ated in a region of super‐critical field E > Ek. Then, they
accelerate and propagate much faster than the screening
wave, running into sub‐critical regions where they decel-
erate at an almost constant rate.

4. Summary and Conclusions

[25] We have shown that the variation of air density along
the propagation length of sprite streamers explains many of
the observed and hitherto unexplained features of sprites. In
addition, these results support our proposed mechanism of
sprite inception [Luque and Ebert, 2009] and the relevance
of a finite air conductivity in the region where sprite strea-
mers are initiated. Many of our conclusions are based on
phenomenological observations in our simulations. Future
studies have to address the physical mechanism behind these
phenomena.

[26] Acknowledgments. AL acknowledges a visit to CWI paid by the
Dutch STW‐project 10118 and partial support of MICINN under project
AYA2009‐14027‐C05‐02.
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