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Abstract This paper presents a literature survey on the recent developments related to

modeling studies of transient luminous events termed sprites and sprite halos that are

produced at mesospheric and lower ionospheric altitudes in the Earth’s atmosphere by

lightning. The primary emphasis is placed on publications that appeared in the refereed

literature starting from year 2010 and up to the present date. The survey focuses on the

interpretation of morphological features observed in sprites. We introduce parameters

typically used for quantitative description of electron avalanches and discuss the impor-

tance of space charge effects on different spatial scales, including sprite halos (exhibiting

10s of km transverse extents) and sprite streamers (requiring submeter resolution for

accurate description). A special emphasis is placed on the interpretation of initiation and

development of sprite streamers captured in high-speed video observations and a critical

review of the most recent modeling efforts related to these observations. We also discuss

fundamental reasons for polarity asymmetry in existing sprite observations indicating that

vast majority of sprites with well-developed streamer structure are produced by positive

cloud-to-ground lightning discharges.
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1 Introduction

Sprites are large-scale transient luminous events that are produced at altitudes *40–90 km

by lightning discharges (Sentman et al. 1995; Lyons 1996). They typically develop at the

base of the ionosphere and move rapidly downwards at speeds up to 10,000 km/s (Stanley

et al. 1999; Gerken et al. 2000; Cummer et al. 2006; McHarg et al. 2007; Stenbaek-

Nielsen et al. 2007; Stenbaek-Nielsen and McHarg 2008). Sprites consist of a large number

of vertically oriented filamentary plasma structures referred to as sprite streamers (e.g.,

McHarg et al. 2011, and references therein). Sprite halos, or simply halos, are brief

descending glows with lateral extent 40–70 km and upwardly concave shape, which

sometimes (but not always) are observed to accompany or precede more structured sprites

(Barrington-Leigh et al. 2001; Frey et al. 2007).

The experimental and theoretical findings related to sprites and other types of transient

luminous events have been summarized in several extensive review articles (Boeck et al.

1998; Rodger 1999; Inan 2002; Inan et al. 2010; Lyons et al. 2003; Pasko 2006, 2007,

2008, 2010; Raizer et al. 2010; Neubert et al. 2008; Roussel-Dupre et al. 2008; Mishin and

Milikh 2008; Ebert and Sentman 2008; Ebert et al. 2010; Siingh et al. 2008; Pasko et al.

2012; Kuo 2012; Surkov and Hayakawa 2012). The goal of the present paper is to focus on

the most recent progress in understanding of observed morphological features of sprite

streamers, emphasizing refereed literature that appeared starting from 2010 and up to the

present date. Morphological features of sprite streamers as documented in recent high-

speed video observations have been summarized in an accompanying Surveys in Geo-

physics paper (Stenbaek-Nielsen et al. 2013) and readers are referred to that document, in

particular, for the description of extensive experimental evidence related to column and

carrot sprites.

2 Physical Mechanism of Sprites

In this section, we review some background information relevant to sprite streamers and

sprite halos.

2.1 Large-Scale Electrodynamics

The possibility of large-scale gas discharge events above thunderclouds, which we cur-

rently know as sprite phenomenon, was first predicted in 1925 by the Nobel Prize winner

Wilson (1925). He first recognized that the relationship between the thundercloud electric

field, which decreases with altitude r (Fig. 1) as *r-3, and the critical breakdown field Ek,

which falls more rapidly (being proportional to the exponentially decreasing air density N)

leads to the result that ‘‘there will be a height above which the electric force due to the

cloud exceeds the sparking limit’’ (Wilson 1925). Here, and in subsequent parts of this

paper, Ek is used to denote the conventional breakdown threshold field defined by the

equality of the ionization and dissociative attachment coefficients in air (Raizer 1991,

p. 135). The recent studies commonly employ a model value Ek ^2.87 9 106 V/m at

atmospheric pressure (Morrow and Lowke 1997). It should be noted that due to the finite

atmospheric conductivity above thunderclouds, the dipole field configuration shown in

Fig. 1 is realized at mesospheric altitudes only during very transient time periods

*1–10 ms following intense lightning discharges, in part defining a similarly transient

nature of the observed sprite phenomenon (Pasko et al. 1997, and references cited therein).
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The mechanism of the penetration of the thundercloud electric fields to the higher-

altitude regions is illustrated in Fig. 2. As the thundercloud charges slowly build up before

a lightning discharge, high-altitude regions are shielded from the quasi-electrostatic fields

of the thundercloud charges by the space charge induced in the conducting atmosphere at

the lower altitudes. The appearance of this shielding charge is a consequence of the finite

vertical conductivity gradient of the atmosphere above the thundercloud. When one of the

thundercloud charges (e.g., the positive one as shown in Fig. 2) is quickly removed by a

lightning discharge, the remaining shielding charges of opposite sign produce a large

quasi-electrostatic field that appears at all altitudes above the thundercloud and endures for

a time equal to approximately (see related discussion in Pasko et al. 1997) the local

relaxation time (sr ¼ eo=r, where r is the local conductivity and eo is the permittivity of

free space) at each altitude. These temporarily existing electric fields lead to the heating of

ambient electrons and the generation of ionization changes and optical emissions known as

sprite phenomenon.

Figure 3 illustrates the above-discussed scenario by showing model calculations of the

vertical component of the electric field at altitudes 50, 60, 70, and 80 km directly above a

positive lightning discharge removing 200 C of charge from altitude 10 km in 1 ms (Pasko

et al. 1997). During a very transient time period *1 ms, mostly defined by atmospheric

conductivity profile, the electric field can reach values on the order of the critical break-

down threshold field Ek at mesospheric/lower ionospheric altitudes. The quasi-static

approximation employed here is valid for relatively slow source variations with timescales

[0.5 ms (Pasko et al. 1999).

It should be emphasized that the simplified schematics shown in Fig. 2 is employed to

discuss the physical concept of penetration of large electric field transients to mesospheric

altitudes and by no means reflects the complexity of charge distributions observed in

thunderclouds. In cases of more realistic charge distributions in the thundercloud, which

sometimes involve up to six charge layers in the vertical direction (Marshall and Rust

1993; Shepherd et al. 1996), each of the charge centers can be viewed as generating its

own polarization charge in and above the thundercloud, and the resultant configuration of

the electric field and charge density can be obtained by using the principle of superposition.

This consideration is helpful in visualization of the fact that the electric field appearing at

mesospheric altitudes after the charge removal by a cloud-to-ground lightning discharge is

defined mostly by the absolute value Q and altitude hQ of the removed charge and is
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essentially independent of the complexity of the charge configuration in the cloud. The

charge removal can also be viewed as the ‘‘placement’’ of an identical charge of opposite

sign. The initial field above the cloud is simply the free space field due to the ‘‘newly

placed‘‘ charge and its image in the ground, which is assumed to be perfectly conducting.

The charge moment change QhQ (i.e., charge removed by lightning Q times the altitude

from which it was removed hQ mentioned above) represents the key parameter that is used

in sprite literature to measure the strength of lightning in terms of sprite production

potential (e.g., Lang et al. 2011, and references therein). In spite of the apparent simplicity

of the basic mechanism of penetration of large quasi-electrostatic fields to the mesospheric
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Fig. 2 Illustration of the mechanism of penetration of large electric fields to mesospheric altitudes
following a positive cloud-to-ground (?CG) lightning discharge (Pasko et al. 1997). Reprinted by
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altitudes described above and depicted in Fig. 2, the observed sprite morphology and time

dynamics appear to be quite complex. In terms of general gas discharge theory (Raizer

1991; Pasko 2006), the sprite situation corresponds to relatively large pd values, where p is

the gas pressure and d is effective discharge gap length, fully sufficient for the develop-

ment of streamers. The sprite discharges are therefore expected to proceed in the form of

streamers. Some additional corrections are required to account for relatively dense plasma

at the lower ledge of the Earth’s ionosphere at altitudes 80–90 km where diffuse optical

emissions of sprite halos are sometimes observed. Basic properties of both sprite streamers

and sprite halos are introduced in the next subsection.

2.2 Vertical Structuring of Sprites

Pasko et al. (1998a) proposed a theory indicating that sprite structure as a function of

altitude should exhibit a transition from essentially nonstructured diffuse glow at altitudes

C 85 km to the highly structured streamer region at altitudes B75 km (Fig. 4). It was

proposed that the vertical structuring in sprites is created due to interplay of three physical

timescales: (1) The dissociative attachment timescale sa (which is defined by the maximum

net attachment frequency as 1/(ma - mi)max, where mi and ma are the ionization and

attachment frequencies, respectively); (2) The ambient dielectric relaxation timescale

sr ¼ eo=r; (3) The timescale for the development of an individual electron avalanche into

a streamer ts (this is an effective time over which the electron avalanche generates a space

charge field comparable in magnitude to the externally applied field (Pasko et al. 1998a)).

The persistence of the electric field at lower altitudes on timescales s exceeding those

required for the initiation of streamers (s[ ts) is the basic reason for the appearance of

streamers, while the diffuse glow is predominant at higher altitudes (s\ ts). The most

recent work indicates the importance of electron detachment and existence of relatively

large plasma inhomogeneities in the lower ionosphere to facilitate the initiation of sprite

streamers with observed values of lightning charge moment changes. These most recent

results will be discussed in Sect. 3. In view of the importance of accurate representation of

the avalanche-to-streamer transition for understanding of the initiation of sprite streamers,

we also include a separate discussion on this concept as part of introduction in Sect. 2.4.

Barrington-Leigh et al. (2001) conducted one-to-one comparison between high-speed

video observations of sprites and a fully electromagnetic model of sprite-driving fields and

optical emissions. Sprite halos are brief descending glows with lateral extent 40–70 km,

which sometimes observed to accompany or precede more structured sprites. The analysis

conducted in Barrington-Leigh et al. (2001) demonstrated a very close agreement of model

optical emissions and high-speed video observations, and for the first time identified sprite

halos as being produced entirely by quasi-electrostatic thundercloud fields. Sprites indeed

often exhibit sprite halos that appear as relatively amorphous nonstructured glow at sprite

tops and that convert to highly structured, streamer-dominated regions at lower altitudes

(e.g., Stanley et al. 1999; Gerken et al. 2000, and references therein). This vertical

structure in sprites is apparent in many existing high-speed video observations and can be

clearly seen in Fig. 4b.

Sprite halos and sprite streamers are closely interlinked phenomena as both are driven

by quasi-static electric fields produced by lightning. The optical manifestation of these

phenomena depends on magnitude and time dynamics of the charge moment change and

lower ionospheric conditions (i.e., electron density profile and presence of inhomogenei-

ties). When the diffuse glow of sprite halo is the only visible emission, it does not mean

that sprite streamers are not present in the same volume as they usually require additional

Surv Geophys (2013) 34:797–830 801
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exponential growth to become visible (see discussion in Sect. 2.3 below). Similarly, when

only sprite streamers are observed optically, the diffuse sprite halo emissions may remain

subvisual (Qin et al. 2013). The observability of sprite streamers and halos depends on the

specifics of the observational instruments used and the distance. It is therefore not

appropriate to describe sprite streamers with no visible halo emissions as ‘‘pure sprites’’ or

halos with no visible streamer structures as ‘‘pure halos‘‘ in observations.

2.3 Basic Properties of Sprite Streamers and Similarity Relations

Streamers mentioned in the previous section can be defined as narrow filamentary plasmas,

which are driven by highly nonlinear space charge waves (Raizer 1991, p. 327). At ground

level, the streamer has a radius of 10-1–10-2 cm and propagates with a velocity of 105–107

m/s. The dynamics of a streamer is mostly controlled by a highly enhanced field region,

known as a streamer head. A large amount of net space charge exists in the streamer head,

which strongly enhances the electric field in the region just ahead of the streamer, while

screening the ambient field out of the streamer channel. The peak space charge field can

reach a value many times the Ek threshold. The large space charge field leads to a very

intense electron impact ionization occurring in the streamer head. This ionization rapidly

raises electron density from an ambient value to the level in the streamer channel, resulting

in the spatial extension of the streamer. The streamer polarity is defined by a sign of the

charge in its head. The positive streamer propagates against the direction of the electron

drift and requires ambient seed electrons avalanching toward the streamer head for the

spatial advancement (Dhali and Williams 1987). The negative streamer is generally able to

propagate without the seed electrons since electron avalanches originating from the

streamer head propagate in the same direction as the streamer (Vitello et al. 1994; Rocco
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et al. 2002). The minimum field required for the propagation of positive streamers in air at

ground pressure has been extensively documented experimentally and usually stays close

to the value Ecr
? = 4.4 kV/cm (Allen and Ghaffar 1995), in agreement with the results of

numerical simulations of positive streamers (Babaeva and Naidis 1997; Morrow and

Lowke 1997). The absolute value of the similar field Ecr
- for negative streamers is a factor

of 2–3 higher (Babaeva and Naidis 1997; Raizer 1991, p. 136). One of the estimates of this

field is Ecr
- = 12.5 kV/cm, in accordance with Fig. 7 in (Babaeva and Naidis 1997). The

value Ecr
- ^12.5 kV/cm is not well established, and different sources list various values

ranging from 7.5 kV/cm (Gallimberti et al. 2002) to 10 kV/cm (Bazelyan and Raizer 2000,

p. 198). The fields Ecr
? and Ecr

- are the minimum fields needed for the propagation of

individual positive and negative streamers, but not for their initiation (Petrov and Petrova

1999). Streamers can be launched by individual electron avalanches in large fields

exceeding the Ek threshold, or by initial sharp points creating localized field enhancements,

which is a typical case for point-to-plane discharge geometries (Raizer et al. 1998; Briels

et al. 2006). The possibility of simultaneous launching (in opposite directions) of positive

and negative streamers from a single midgap electron avalanche is documented experi-

mentally (Loeb and Meek 1940; Raizer 1991, p. 335) and reproduced in numerical

experiments (Vitello et al. 1993; Liu and Pasko 2004; Bourdon et al. 2007).

The above-mentioned values of Ek, Ecr
?, and Ecr

- correspond to ground pressure. It is

commonly assumed in sprite studies that these fields can be directly scaled proportionally

to atmospheric neutral density N to find corresponding values at sprite altitudes. This

approach is generally justified by similarity laws (Pasko 2006). We note, however, that the

actual scaling of Ecr
? and Ecr

- for the sprite altitude range has not yet been verified

experimentally.

Similarity laws mentioned above (Roth 1995; Liu and Pasko 2006, and references

therein) represent a useful tool for the analysis of gas discharges since they allow to use

known properties of the discharge at one pressure to deduce features of discharges at

variety of other pressures of interest, at which experimental studies may not be feasible or

even possible. Similarity laws for streamers propagating in nonuniform gaps in air at high

(i.e., several atmospheric) pressures have been studied in (Tardiveau et al. 2001; Achat

et al. 1992). The similarity properties of streamers at different air pressures are also of

great interest for the interpretation of morphology observed in high-altitude sprite dis-

charges (Pasko et al. 1998a; Liu and Pasko 2004).

Figure 5 illustrates similarity scaling of streamers using results of model calculations of

electron densities corresponding to double-headed streamers developing at altitudes 0, 30,

and 70 km in electric field E0 = 1.5Ek. In accordance with the similarity relationships, the

streamer timescales, the streamer spatial scales, and the streamer electron densities scale

with the air density as *1/N, *1/N, and *N2, respectively, and the scaled streamer

characteristics remain otherwise identical for the same values of the reduced electric field

E/N (Pasko et al. 1998a). In order to facilitate the discussion of similarity properties of

streamers at different altitudes/air densities, the results presented in Fig. 5b, c are given at

the moments of time, which are obtained by scaling (*1/N) of the ground value, 2.7 ns,

specified in Fig. 5a. The horizontal and vertical dimensions of the simulation boxes in

Fig. 5b, c also directly correspond to scaled (*1/N) ground values shown in Fig. 5a. The

electron density scale in Fig. 5b, c also corresponds to scaled (*N2) values given in

Fig. 5a. The differences observed between model streamers at the ground and at 30 and

70 km altitudes in Fig. 5 are primarily due to the reduction in photoelectron production at

high atmospheric pressures through the quenching of UV emitting excited states of N2 (Liu

and Pasko 2004). In all shown cases, model streamers exhibit fast acceleration and

Surv Geophys (2013) 34:797–830 803
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expansion (Liu and Pasko 2004). The fast expansion and acceleration are fundamental

properties of streamers that will be discussed in Sect. 3 in the context of the most recent

high-speed video observations of sprites.

It is important to emphasize that the effective streamer diameters observed by an imager

focusing on sprite structures at different altitudes would inevitably depend on the geometry

of the mesospheric electric fields and the history of the sprite development (i.e., the altitude

of the initiation point(s)). Gerken et al. (2000) and Gerken and Inan (2002, 2003)

employed a telescopic imager to measure effective streamer diameters at different altitudes

in sprites. The measured diameters are 60–145 m (±12 m), 150 m (±13 m), 196 m (±13

m), for altitude ranges 60–64 km (±4.5 km), 76–80 km (±5 km), 81–85 km (±6 km),

respectively. Although the 60–145 m (±12 m) is more than one order of magnitude greater

than the scaled initial diameters of streamers shown in Fig. 5c (at 60 km, 2rs ^4 m), given

realistic charge moments available for the sprite initiation (Hu et al. 2002), it is likely that

(a) (b) (c)

Fig. 5 A cross-sectional view of the distribution of the electron number density of the model streamers at
altitudes a 0 km, b 30 km, and c 70 km (Liu and Pasko 2004). Reprinted by permission from American
Geophysical Union

804 Surv Geophys (2013) 34:797–830
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streamers appearing at these low altitudes were initiated at much higher altitudes and

propagated long distances experiencing substantial expansion (e.g., Liu et al. 2009a).

2.4 Avalanche-to-Streamer Transition

The classic Meek breakdown condition allows simple quantitative determination about

when streamers can be formed from electron avalanches by evaluating the product of

electric field-dependent Townsend ionization coefficient a(E) [m-1] and discharge gap

length d [m], a(E) d ^18-20 (Meek 1940). Physically, this condition indicates when the

electric field created by space charge of the avalanche becomes comparable to the exter-

nally applied field (e.g., Raizer 1991, p. 336). Montijn and Ebert (2006) recently

emphasized the importance of inclusion of electron diffusion for quantitative description of

the avalanche-to-streamer transition. Qin et al. (2011) have noted that in order to monitor

the inception of sprite streamers, which cannot be modeled with present computer

resources in the framework of fluid models, it is critical to accurately quantify avalanche-

to-streamer transition processes. In particular, it is critical to accurately quantify the growth

of the avalanches initiated by preexisting plasma inhomogeneities at lower ionospheric

altitudes (see further discussion in Sect. 3.2). Given the broad range of length scales

involved in the problem, and the related numerical requirements, an alternative way to

performing the plasma fluid modeling is to employ a criterion on the particle level to check

possible initiation of sprite streamers. In comparison with previous work, Qin et al. (2011)

introduced a simple numerical procedure (summarized below) based on the solution of two

ordinary differential equations, which allowed effective monitoring of streamer initiation

for arbitrary either time or spatial variation of the applied electric field, and accounting for

space charge repulsion and diffusion of the avalanche.

An avalanche of electrons is approximated by a sphere with time-dependent radius Ra

that is described by the ordinary differential equation (Qin et al. 2011):

dRa

dt
¼ leE0 þ 2De

Ra

ð1Þ

where le and De are the mobility and the diffusion coefficient of electrons, respectively,

and E0 ¼ qeNe

4pe0R2
a

is the space charge field of the avalanche, where Ne and qe, respectively,

represent the total number of electrons inside the avalanche and the absolute value of the

charge of the electron. The related geometry is illustrated in Fig. 6. The first term on the

right-hand side of (1) describes the expansion of the electron avalanche due to electrostatic

repulsion. The second term accounts for the effects of diffusive spreading of the avalanche.

We note that, in the absence of repulsion force, the solution of Eq. (1) correctly captures

classic diffusive expansion of the radius Ra
2 = Ra0

2 ? 4Det, where Ra0 is the effective initial

radius of electron cloud. The initial avalanche size Ra0 does not affect the results as long as

it is chosen so that the initial space charge field of the avalanche is much smaller than the

breakdown field. The time dynamics of Ne is described by the following equation:

dNe

dt
¼ ðmi � maÞNe ð2Þ

where mi and ma are ionization and two-body dissociative attachment frequencies, respec-

tively. Three-body attachment processes are negligible at air pressure corresponding to

mesospheric/lower ionospheric altitudes. It was assumed in (Qin et al. 2011) that E0 �Ek=3

corresponds to the avalanche-to-streamer transition (Raizer 1991, Section 12.2.6). This is a

Surv Geophys (2013) 34:797–830 805
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simple criterion that indicates that the electric field created by space charge effects becomes

comparable to the conventional breakdown field Ek. The specific choice of the Ek/3 reference

is supported by high-resolution fluid simulations of avalanche-to-streamer transition indi-

cating that, once the space charge field reaches Ek/3, it increases up to 5Ek very quickly.

Equations (1) and (2) are solved numerically. For discussion of practical computational

aspects related to monitoring of temporal and spatial growth of electron avalanches, the

readers are referred to Qin et al. (2011).

The above-described formulation is presented by Qin et al. (2011) and provides a useful

review of processes involved in avalanche-to-streamer transition. Additionally, this for-

mulation provides a robust and computationally efficient way to monitor the inception of

sprite streamers in regions where E [ Ek and for arbitrary position and size of the plasma

inhomogeneity. The obvious limitation of this approach is that it cannot be used for strong

plasma inhomogeneities initiating streamers in fields E \ Ek, when the space charge field

created by polarization of the inhomogeneity enhances the electric field to values E [ Ek

on timescales shorter than the removal of electrons by attachment. An alternative approach

in this case is to introduce a small high-resolution subdomain and to model avalanche-to-

streamer transition directly using plasma fluid model utilizing the driving field distribution

derived from a large-scale halo modeling Ehalo(r, z), where r and z are coordinates in

cylindrically symmetric simulation domain (Qin et al. 2012a). This technique is referred to

as ‘‘two-step’’ technique with the first step involving accumulation of the complete time

history of Ehalo(r, z) and with the second allowing careful exploration of streamer initiation

at any location of interest using small simulation domains with typical horizontal 9 ver-

tical dimensions 0.25 km 9 2 km (Qin et al. 2012a).

3 Recent Progress and Outstanding Issues in Sprite Modeling

3.1 Acceleration, Expansion, and Diameter–Speed Relationship of Sprite Streamers

Liu et al. (2009a) compared sprite streamer modeling results with high-speed video

recordings of sprites made with 50 ls temporal resolution (McHarg et al. 2007; Stenbaek-

Nielsen et al. 2007). Both the modeling results and the sprite videos show that sprite

streamers propagate with acceleration and expansion during the initial stage of sprite

development. The acceleration computed from the modeling for the applied electric fields

close to the conventional breakdown threshold field Ek is on the order of (0.5-1) 9 1010 m s-2

and is in good agreement with the peak values observed experimentally (McHarg et al. 2007).

Fig. 6 Schematic representation of parameters involved in the formulation of a revised Meek criterion (Qin
et al. 2011)
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Mainly due to the increasing radius of the streamer head of an accelerating streamer, the

brightness of the streamer head increases as well (see Fig. 7). The results reported in Liu et al.

(2009a) demonstrate that the brightness of a sprite streamer head increases exponentially with

time and can span more than 4 orders of magnitude in a very short period of about 1 ms. The

rate of increase depends on the magnitude of the applied electric field. Liu et al. (2009a)

proposed a method for remote sensing of the sprite-driving electric field in the mesospheric and

lower ionospheric region by measuring the rate of the change of the brightness. In particular,

Liu et al. (2009a) reported that the sprite event presented in McHarg et al. (2007) and Sten-

baek-Nielsen et al. (2007) was initiated by fields close to the conventional breakdown threshold

Ek. Qin et al. (2012c) recently suggested that, in addition to optical manifestation, the expo-

nential growth of sprite streamers is associated with exponential growth of streamer current,

which can radiate electromagnetic radiation in the low-frequency (LF, 30–300 kHz) band for

strong positive cloud-to-ground lightning discharges, allowing propagation of sprite streamers

to low altitudes B40 km.

Luque and Ebert (2010) applied a model with adaptively refined grids to study the

propagation of long sprite streamers with transverse dimension on the order of 1 km

through the altitude range with a significant variation of ambient air density. Luque and

Ebert (2010) assumed a constant electric field as a function of altitude (40 V/m) and

observed that, in their model, the optical emission intensity varied proportionally to air

density and therefore exponentially in time for the streamer with velocity and radius that

remained relatively stable. We note that due to the assumed large initial dimension of

model streamers (^1 km), modeling results of Luque and Ebert (2010) do not capture the

experimentally observed initial acceleration of streamers and more than two orders of

magnitude increase in their brightness, which are believed to be the results of exponential

expansion of streamers with time constant *0.1–0.2 ms and over relatively short distances

B3 km (i.e., not exceeding the atmospheric scale height) when streamers grow from initial

seeds with several tens of meters dimensions (e.g., Liu et al. 2009a; Kosar et al. 2012). The

modeled streamer transverse dimension of 1 km exceeds the experimentally measured

transverse dimensions *400 m of streamers propagating without branching (McHarg et al.

2010) in the same altitude range as considered in Luque and Ebert (2010).

We note that the exponential expansion and acceleration of streamers is an important

effect that was recently identified to be also accompanied by exponential growth of electric

potential differences in the streamer heads (Celestin and Pasko 2011). These electric
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Fig. 7 A time sequence of intensity distributions in Rayleighs of the first positive band system of N2 for a
downward propagating model positive streamer at 75 km altitude (Liu et al. 2009a). The sequence of images
is shown with 20-ls interval, starting at 100 ls and ending at 300 ls. The formatting is consistent with that
of Fig. 2 of Stenbaek-Nielsen et al. (2007). Reprinted by permission from American Geophysical Union
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potential differences have significant implications for the energy that thermal runaway

electrons can gain once created and quantitative results of Celestin and Pasko (2011)

indicate that under realistic conditions associated with lightning leaders, streamers can

create *100 keV electrons capable of further acceleration to several MeVs energies

needed for the explanation of terrestrial gamma ray flashes (TGFs) in the Earth’s atmo-

sphere (e.g., Fishman et al. 1994; Smith et al. 2005). We note that the energy of photons in

TGFs can reach up to 100 MeV (Tavani et al. 2011), and the most recent observations

indicate that many TGFs are produced during upward negative leader progression pre-

valent in normal polarity intra-cloud flashes (Lu et al. 2010, 2011).

Kanmae et al. (2012) have recently explored the diameter–speed relationship of sprite

streamers based on triangulated high-speed observations in July 2010. The sprite streamers

were observed using two intensified high-speed cameras recording at 10,000 and 16,000

frames per second in addition to two low-light level video cameras deployed at two remote

sites and used for triangulation of sprites. More information on the triangulation technique

can be found in Stenbaek-Nielsen et al. (2010). According to Kanmae et al. (2012), the

uncertainty range on the altitude of the triangulated objects is as low as 0.6 km, while the

lowest pixel resolution is 17 m. Using this system, Kanmae et al. (2012) were able to

perform accurate measurements of sprite streamer diameters (D) and velocities (VS). They

have found that bigger streamers tended to involve higher speeds in a linear fashion. Owing

to their triangulation technique, they were able to go further and scale the streamer

diameters with respect to the air density (D 9 N/N0) and plot this quantity with respect to

VS (see Fig. 8). Naidis (2009) suggested that it is possible to evaluate the peak electric field

in a streamer head if one knows the streamer diameter and velocity simultaneously, and

proposed a relation that linked these three quantities (dashed lines in Fig. 8). Using this

idea, Kanmae et al. (2012) used their measurements in order to evaluate the electric field in

streamer heads (see additional discussion on this topic in Sect. 3.8). They found peak

electric fields from 3 to 5 times the breakdown threshold Ek, which is in good agreement

with simulations (e.g., Liu et al. 2006).

We note that the linear relationship between D and VS was discussed in Liu and Pasko

(2004) and was also used by Liu et al. (2009a) to show the consistency between sprite

streamer models and observations, as well as to develop a new remote sensing technique to

probe the sprite-driving ambient electric field in the mesosphere. As was noted above in

this section, Liu et al. (2009a) showed that the diameter and the luminosity of sprite

streamers varied exponentially with time, and that the exponential rate of this increase

could be used to determine the reduced sprite-driving ambient electric field. It is interesting

to point that applying both techniques described by Kanmae et al. (2012) and Liu et al.

(2009a) to a given observed sprite would lead to the determination of the peak electric

fields in the sprite streamer head and simultaneously the sprite-driving ambient electric

field, therefore leading to a very good characterization of the sprite streamers.

Additionally, Kanmae et al. (2012) have observed that narrow sprite streamers rarely

split and some of them even exhibit deceleration of approximately 109 m s-2. Compara-

tively, Li and Cummer (2009) recorded decelerations of sprite streamers in a different

observation campaign of approximately 1010 m s-2, but one ought to note that these values

should depend on the exact ambient electric field in which these streamers propagate.

Nevertheless, Li and Cummer (2009) and Kanmae et al. (2012) measured consistent

minimum velocities for the dimmest/narrowest sprite streamers on the order of 106 m s-1

and consistent maximum velocities on the order of 107 m s-1.

In contrast to the observation of narrow streamers, Kanmae et al. (2012) also noted that

expanding sprite streamers would branch into multiple daughter streamers with a greater
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number than those for laboratory streamers at ground pressure. In their study, they also

observed that the diameters of sprite streamers (scaled with the air density) are larger than

their ground pressure counterparts. As predicted by Liu and Pasko (2004, 2006), these

results possibly indicate a deviation from the similarity laws due to the quenching of the

excited states of nitrogen responsible for the photoionization process below *25 km

altitude.

3.2 Initiation of Positive and Negative Streamers in Sprites

Although it has been suggested that sprites may be initiated through simultaneous up and

down propagating streamers (Liu and Pasko 2004), the recent observational evidence

indicates that the preferential form of sprite initiation is through downward development of

positive streamers launched in the region of the lower ledge of the Earth’s ionosphere [see

discussion in (Stenbaek-Nielsen et al. 2007; McHarg et al. 2011)]. The exact mechanism

of initiation of sprite streamers is still not well understood and related recent studies are

reviewed below. The mechanism may be related to the formation of upwardly concave

ionization regions near the lower ionospheric boundary associated with sprite halos

(Barrington-Leigh et al. 2001). As was discussed recently in Pasko (2010), the double-

headed streamers may be involved in initiation of sprites; however, due to the fast

exponential increase in streamer brightness in time (see review of Liu et al. (2009a)

above), the initial appearance of positive streamers is likely realized because of a relatively

slow application of the electric field at sprite altitudes (duration *1 ms) (Marshall and

Inan 2006; Hu et al. 2007) coupled with lower propagation threshold for positive streamers

in comparison with negative ones (Pasko et al. 2000). This creates asymmetric conditions

with predominant initial propagation of positive streamers. Other factors have also been

proposed, and a review of recent research work on this subject is provided below.

Luque and Ebert (2009) have recently reported a high-resolution modeling of inception

of sprite streamers as a result of sharpening and collapse of screening-ionization wave

Fig. 8 The speed VS as a
function of reduced diameter
D 9 (N/N0) for two observed
sprite events on July 14, 2010
occurring over a large
thunderstorm near the
southeastern corner of Arizona at
04:29:32 UT (blue) and at
04:39:33 UT (red). The reduced
diameters plotted with black
error bars are at the upper limits
of the measurement. Lines are
obtained from the model of
Naidis (2009) (see text) evaluated
at selected peak electric fields in
the streamer head (Kanmae et al.
2012). Reprinted with permission
of IOP Publishing
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associated with a sprite halo. The streamer emerged as a result of halo dynamics on the axis

of symmetry in a two-dimensional axisymmetric plasma fluid model that employed a

nonuniform, dynamically adapted computational grid (Luque and Ebert 2009). The

transverse dimension of the modeled streamer was on the order of 1 km, and its time

dynamics was resolved on a fine grid with C3 m spatial resolution (Luque and Ebert 2009).

This result is qualitatively similar to the dynamics reported in early low-resolution sprite

modeling in which columns of ionization with transverse extent on the order of 10 km,

were observed to emerge from upwardly concave regions of sprites and to propagate down

to altitudes *45 km (Pasko et al. 1996). We note that, although the upwardly concave

regions of luminosity forming during sprite development were fully resolved and quanti-

tatively described in early papers (Pasko et al. 1995, 1996, 1997; Veronis et al. 2001), the

name sprite halo that is now used in association with these events was introduced several

years later when these events, driven primarily by quasi-static electric fields, were

experimentally discovered, clearly identified, and separated from elves phenomena using

comparisons of high-speed video observations and fully electromagnetic modeling (see

discussion in Barrington-Leigh et al. 2001, and references cited therein). A significant

difficulty of both the early (Pasko et al. 1996) and more recent (Luque and Ebert 2009)

modeling is that streamers appear in these models as a continuous process of halo

development, while in many existing high-resolution photometric and video records, the

sprite streamers exhibit significant spatial (both vertical and horizontal) as well as temporal

separations with respect to position and timing of the sprite halo (Qin et al. 2011, and

extensive list of references therein). The asymmetry in initiation of sprite streamers by

cloud-to-ground lightning discharges with different polarities and sprite streamers trig-

gered by cloud-to-ground lightning with very low charge moment changes are also not

reproduced by models reported by Pasko et al. (1996) and Luque and Ebert (2009).

Additionally, Qin et al. (2011) recently indicated that the collapse of sprite halo reported in

(Pasko et al. 1996; Luque and Ebert 2009) is due to numerical instability, which can be

somewhat postponed but not eliminated by increasing resolution of numerical grid.

In order to monitor the inception of sprite streamers, which cannot be modeled with

present computer resources in the framework of fluid models, Qin et al. (2011) have used

an improved avalanche-to-streamer transition criterion and have investigated the response

of the lower ionosphere to the charge moment changes induced by lightning discharges as a

system of avalanches. Qin et al. (2011) established a direct link between the charge

moment change and the ambient electron density profile as required for triggering of sprite

streamers. The related condition is defined as htran C hcr, where htran represents the altitude

at which the electron density is low enough so that the distance between electrons is equal

to the radius of the electron avalanche at the moment of avalanche-to-streamer transition,

and hcr represents the altitude at which the ambient electric field E0 created by the charge

moment change in the thunderstorm is equal to the conventional breakdown field Ek. An

analysis of the origin of polarity asymmetry between ?CGs and -CGs in triggering for

sprite streamers conducted by Qin et al. (2011) indicated that the vertical extent of the

streamer initiation region (SIR) created by a -CG was smaller than the SIR created by the

opposite ?CG that corresponded to the same charge moment change. This is due to the fact

that the positive SIR is basically equivalent to the high field E0 [ Ek region created by the

halo because upward avalanches generated in a low-electron-density region can penetrate

deep into the high-electron-density region of the halo. In contrast, the negative SIR is

limited to the high field region where the electron density is low enough for avalanches to

develop without overlapping. Qin et al. (2011) also demonstrated as part of the asymmetry

study that the triggering of long-delayed sprites is a unique property of halos produced by
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positive cloud-to-ground lightning discharges due to the formation of a long-lasting high

field region that can be significantly enlarged by the lightning continuing current. Qin et al.

(2011) demonstrated the importance of initial inhomogeneities in the lower ionosphere for

the initiation of sprite streamers and indicated that a large number of initial seed electrons

distributed in a compact region of space N0e creates more favorable conditions for the

initiation of sprite streamers. It is important to emphasize that the initial inhomogeneities

were discussed in many early papers on sprite modeling (Pasko et al. 1996, 1997; Raizer

et al. 1998; Zabotin and Wright 2001; Raizer et al. 2010). Raizer et al. (1998, 2010), for

example, introduced a seed inhomogeneity with radius 60 m and electron density

150 cm-3 (corresponding to N0e *1014) at 80 km altitude. The approach of Qin et al.

(2011) is different as it considers the seed electrons in the framework of competition of

many avalanches in which only a perturbation with a larger number of initial electrons

reaches the avalanche-to-streamer transition, becomes dominant in defining the macro-

scopic electric field, and also eventually becomes observable. Qin et al. (2011) quantita-

tively demonstrated that in the framework of avalanche-to-streamer transition, even values

twelve orders of magnitude lower than those employed by Raizer et al. (1998, 2010) (i.e.,

N0e *102) play a definitive role in initiation of sprite streamers. The possible role of

inhomogeneities in electron density in the formation of bright beads and branching of

sprite streamers has recently been discussed by Luque and Gordillo-Vazquez (2011).

As was already mentioned in this and the preceding subsection, the sprite streamers

initiate from electron inhomogeneities in the lower ionosphere and undergo significant

acceleration and expansion growth before their optical emissions become observable. Qin

et al. (2012a) demonstrated recently that electron inhomogeneities located at high altitudes

in the region of sprite halo, which may be subvisual, only transform into single-headed

downward streamers, and corresponding upward streamers quickly merge into the sprite

halo due to fast relaxation of lightning-induced electric field. In contrast, the inhomoge-

neities located at and below the lower edge of the sprite halo, where a high field region

persists significantly longer, can transform into double-headed streamers (Qin et al.

2012a). The upward negative streamer heads start from the existing bright structures in the

channel of previous downward streamers as observed by Cummer et al. (2006), McHarg

et al. (2007) and Stenbaek-Nielsen and McHarg (2008) because, at low altitudes, electron

density enhancements associated with these channels are much stronger than in preexisting

inhomogeneities in the ambient ionosphere. Figure 9 provides a schematic summary of the

above-discussed scenarios. Figure 10 provides a model illustration of differences in ini-

tiation of single-headed (initial altitude of inhomogeneity 77.25 km, left panel) and dou-

ble-headed (initial altitude of inhomogeneity 75.25 km, right panel) streamers for a charge

moment change of 600 C km. We note that the scale shown by a color bar underneath the

panels in Fig. 10 is a logarithmic scale. The steamers that are observed in sprites usually go

through a relatively short stage of exponential growth before their optical emissions

become observable (Liu et al. 2009a) (see Fig. 7). The growth is significant (i.e., four

orders of magnitude as was demonstrated in Liu et al. (2009a)). In both the left and right

panels of Fig. 10, one can see initial stage of this growth vividly for the downward going

positive streamers. As streamer gets in this regime, it continues to grow exponentially. The

process has very sharp dependence on ambient conditions—if the duration of the electric

field is short and ambient electron density is high as at high altitude in the sprite halo,

streamer weakens, does not expand/grow, and is not visible/observable. This is why the

upward streamers are different in left and right panels of Fig. 10. The left panel shows

upward streamer that does not grow and fades, but the right panel shows an upward

steamer that is fully formed and continues its exponential growth (Qin et al. 2012a).
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Note that when demonstrating the necessity of preexisting plasma inhomogeneities in

the initiation of sprite streamers in Qin et al. (2011, 2012a), the plasma density in the

inhomogeneities is assumed to have a spherical Gaussian distribution. Liu et al. (2012)

emphasized that the shape of the inhomogeneities has a significant impact on the initiation

of sprite streamers, especially in sub-breakdown conditions. These authors studied the

Fig. 9 Schematic illustration of development of either single- or double-headed streamers depending on
altitude position of initial inhomogeneity with respect to sprite halo (Qin et al. 2012a)

Fig. 10 Cross-sectional views of optical emissions of the first positive band system of N2 in Rayleighs
produced by streamers initiated from inhomogeneities that are located at 77.25 km (left panel) and
75.25 km (right panel), respectively (Qin et al. 2012a)

812 Surv Geophys (2013) 34:797–830

123

Author's personal copy



initiation of streamers from vertically elongated ionization columns at sub-breakdown

conditions (i.e., in a uniform applied electric field, E \ Ek, where Ek is the conventional

breakdown field) and found that the polarization of the ionization columns produces sig-

nificant space charge field that enables streamer initiation at the tip of the columns.

Figure 11 shows an example of streamer initiation at 70 km altitude in applied field E0

^0.5Ek (Liu et al. 2012). Liu et al. (2012) estimated the requirements for the dimension

and density of the initial column for streamer initiation and showed that the length l of the

column could be approximated by

l ¼ a
1

0:56
ðEm=E0 � 3Þ

� �1=0:92

ð3Þ

where Em corresponds to typical field around the streamer head *3–5Ek, and the peak

plasma densities ne0 and np0 in the ionization column should be

ne0 ¼ np0 ¼
2e0ð3aþ lÞE0

qep0:5a2
ð4Þ

where qe is the charge of the electron, a is the radius of the ionization column, and E0 is the

magnitude of the uniform ambient electric field (Liu et al. 2012). Liu et al. (2012) sug-

gested that the proposed mechanism related to the initiation of streamers at sub-breakdown

conditions may explain the initiation of lightning flashes in the troposphere where the

measured ambient electric field is well known to be below conventional breakdown field,

as well as the initiation of sprite streamers in the lower ionosphere in the case of a

lightning-induced electric field of 0.2–0.6Ek.

3.3 Afterglow Region in Sprite Streamers

Liu (2010) has recently discussed the mechanisms for the luminous trail or ‘‘afterglow’’

region often observed at higher altitudes in downward propagating sprite streamers

(McHarg et al. 2007; Stenbaek-Nielsen et al. 2007). The physical mechanisms of the

(m-3)
108

109

1010

1011

1012

 

−20 0 20
0

50

100

150

200

(m)

(m)

0 ms 0.05 ms 0.1 ms 0.15 ms 0.2 ms 0.25 ms 0.3 ms 0.4 ms0.35 ms

Fig. 11 Cross-sectional views of distributions of electron density during the initiation of a sprite streamer at
70 km altitude in applied 5 km field E0 ^ 0.5Ek (Liu et al. 2012). Copyright 2012 by the American Physical
Society
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observed phenomenon discussed in the existing literature include emissions produced due

to energy transfer from N2 and O2 metastable electronic states, energy pooling between

low energy metastable states, and energy pooling between the metastable states and the

vibrationally excited ground electronic state of N2 (e.g., Morrill et al. 1998; Bucsela et al.

2003; Kanmae et al. 2007; Pasko 2007; Sentman et al. 2008; Sentman and Stenbaek-

Nielsen 2009). Liu (2010) demonstrates that the luminous trail also naturally appears in

numerical modeling of sprite streamers in which the above-mentioned chemical processes

are not taken into account. The effect is due to increase in current that flows in the sprite

streamer body when streamer expands, accelerates, and brightens. The increasing current

self-consistently leads to the rise of the electric field in the streamer channel far behind the

streamer head, which leads to effective production of N2 excited states by electron impact

excitation and then to the glowing trail (Liu 2010).

The results of Liu (2010) concerning the luminous trail are in agreement with more

recent work of Luque and Ebert (2010) reviewed in Sect. 3.1. Luque and Ebert (2010) also

observed a negative charging of the upper section of the positive streamer that propagated

downward and suggested that this negative charging may facilitate the emergence of

upward negative streamers and attraction of positive streamer heads to previously formed

channels as observed experimentally (Luque and Ebert 2010, and references therein).

Li and Cummer (2011) have recently used lightning-driven background electric fields

at mesospheric altitudes deduced from ELF electromagnetic measurements in combina-

tion with high-speed images of sprite streamers to estimate charges that are present in

bright columnar cores appearing at the upper extremities of sprites. The analysis assumed

that the observed negative streamers that emerge from the bright negatively charged cores

propagate along the directions of the local electric field lines, and the amount and vertical

distributions of charge were iterated until good agreement was achieved with high-speed

video images in terms of angles of emergence of negative streamers with respect to the

vertical cores. The authors were able to establish a lower bound on the electric charge in

six observed sprites driven by positive lightning. They found, in particular, that individual

bright sprite cores contain significant negative space charge between -0.01 and -0.03 C.

Given the significant negative charge, Li and Cummer (2011) interpreted the sprite core

region as the partial and perhaps dominant sink of the negative charge created by the

downward positive polarity streamers. This further suggests that when downward

streamers supply more charge than can be absorbed by the sprite core, slightly delayed

upward negative streamers initiate from the sprite core to disperse this charge (Li and

Cummer 2011). This is consistent with observations that show that the subsequent upward

streamers are not always present, especially in smaller sprites (Li and Cummer 2011). The

findings of Li and Cummer (2011) that the emergence of secondary negative streamers

may be related to the negative charging of the upper section of the downward positive

streamers are consistent with similar ideas advanced in (Luque and Ebert 2010). An

important original finding of the analysis of Li and Cummer (2011) is that it allowed for

the first time to use sprite imagery to find whether approximately 10-km-long bright sprite

core regions were electrically attached to the high-conductivity regions of the lower

ionosphere. The analysis indicated a weak or nonexistent electrical connection between

the ionosphere and the downward streamers (Li and Cummer 2011). In addition to other

important factors discussed above in the context of halo-streamer transition (Pasko et al.

1996; Luque and Ebert 2009), the new findings of Li and Cummer (2011) also support the

idea that sprite streamers do not represent a continuous process of sprite halo development

as they appear to be disconnected from the high conductivity region of the Earth’s

ionosphere above.
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Following the work of Liu et al. (2012), Kosar et al. (2012) further investigated sprite

streamer formation at sub-breakdown conditions and emphasized specifically the bright-

ening of the initial isolated ionization columns following streamer formation as an

explanation for the persistent luminous trails left by positive streamer heads in sprites (i.e.,

afterglow region in sprite streamers). The brightening of the ionization columns results

from the exponential increases of the total current flowing along the streamer body as the

streamer accelerates, expands, and brightens, leading to the increase of the electric field in

the column (Liu and Pasko 2010; Kosar et al. 2012). Kosar et al. (2012) have also

investigated the exponential growth rates of the sprite streamers initiated at sub-breakdown

conditions and concluded that the exponential growth rates of speed and brightness of the

streamer heads are mainly determined by the magnitude of the ambient electric field and

scale with neutral air density as *N. We note that both Liu et al. (2012) and Kosar et al.

(2012) emphasized that it is more difficult to initiate negative streamers than positive

streamers, as negative streamers do not initiate on the timescale of their simulations even if

the ambient field is as large as 0.8Ek. These authors conjectured that the initiation of

negative streamers might occur at a later moment of time due to the accumulation of

negative charge around the origin of the positive streamer with a rate faster than its

dissipation during the propagation of positive streamers. This inception mechanism of

negative streamers in sprites is different from the one proposed by Qin et al. (2013) who

considered initiation of negative streamers from preexisting ionization patches or from

high-electron-density channels produced by previous positive streamers under the condi-

tions of a sufficiently large ambient field of J0:8Ek that persists longer than *2 ms.

3.4 Carrot and Columniform Sprites

Carrot sprites, exhibiting both upward and downward propagating streamers, and col-

umniform sprites, characterized by predominantly vertical downward streamers, represent

two distinct morphological classes of lightning-driven transient luminous events in the

upper atmosphere. Figure 12 illustrates double-headed and single-headed streamer initia-

tion regions (SIRs) corresponding to the production of carrot and columniform sprites,

respectively, assuming different values of charge moment changes QhQ and an impulsive

lightning discharge with duration of 1 ms (Qin et al. 2013). This particular study assumed

the ambient electron density profile (Wait and Spies 1964):

neðhÞ ¼ 1:43� 1013e�0:15h0eðb�0:15Þðh�h0Þ½m�3� ð5Þ

where h0 = 85 km and b = 0.5 km-1 are parameters describing reference altitude and

sharpness for a typical nighttime electron density profile (e.g., Han and Cummer 2010),

and h is the altitude variable.

In order to divide the upper atmosphere into different streamer initiation regions, Qin

et al. (2013) placed test inhomogeneities at different mesospheric altitudes and simulated

their evolution under the application of lightning-induced electric field Ehalo(r, z, t) (see

discussion at the end of Sect. 2.4 about the two-step simulation technique). Figure 12

shows the subdivisions for a given Gaussian plasma inhomogeneity with peak density

2 9 109 m-3 and a characteristic radius 30 m (Qin et al. 2013). For positive cloud-to-

ground lightning discharges (?CGs) that produce large charge moment changes, such as

the cases shown in Fig. 12a, b, c, the upper atmosphere can be divided into four sub-SIRs.

An important feature in these cases is that Double-SIRs are present and each is sandwiched
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by two Single-SIRs. We note that the presence of Double-SIR is a necessary condition for

the initiation of upward negative streamers and therefore the formation of carrot sprites.

Qin et al. (2013) found that upward negative streamers are only able to initiate in a

region where the mesospheric electric field Ehalo(r, z, t) persists with J0:8Ek for J2 ms,

whereas downward positive streamers are able to initiate as long as Ehalo(r, z, t) persists

with J0:5Ek for several milliseconds. This difference leads to two important results shown

in Fig. 12d. First, in the case of a ?CG with a small charge moment change such as 400 C

km, the double-SIR is absent due to the fact that the entire lower ionosphere is under sub-

breakdown condition (see Fig. 12d), and it is found that *500 C km is the minimum

charge moment change that can produce carrot sprites under typical nighttime conditions

(i.e., h0 = 85 km and b = 0.5 km-1). Second, for large charge moment changes such as

800 C km, it is expected that carrot sprites are able to initiate close to the center of the

sprite halo in a region where the lightning-induced electric field persists at above *0.8Ek

for J2 ms, whereas in the same event, columniform sprites may appear at the periphery of

the sprite halo where the electric field lasts for only *1 ms above 0.8Ek or persists at 0.5Ek

J Ehalo J 0.8Ek for several milliseconds (see additional results and discussion in (Qin

et al. 2013; Vadislavsky et al. 2009)). We also note that in the context of this discussion,

the inhomogeneity is placed in the upper Single-SIR in the left panel and in the Double-

SIR in the right panel of Fig. 10 discussed in Sect. 3.2.
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Fig. 12 Reduced electric field Ehalo/Ek along the axis of symmetry of sprite halos at t = 0.1, 0.2, 0.4, 0.7,
1.1, 1.6, 2.4, 3.4, 5.0 ms produced by ?CGs associated with total charge moment changes of a 800 C km,
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a given Gaussian plasma inhomogeneity with peak density 2 9 109 m-3 and characteristic radius of 30 m.
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(Qin et al. 2013). Reprinted by permission from American Geophysical Union
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Qin et al. (2013) also established that, for a sufficiently large QhQ, the time dynamics of

the QhQ determines the specific shape of the carrot sprites. In the case when the sufficiently

large QhQ is produced mainly by an impulsive return stroke, a strong electric field is produced

at high altitudes and manifests as a bright halo, and the corresponding conductivity

enhancement lowers/enhances the probability of streamer initiation inside/below the sprite

halo. A more impulsive return stroke leads to a more significant conductivity enhancement

(i.e., a brighter halo). This conductivity enhancement also leads to fast decay and termination

of the upper diffuse region of carrot sprites because it effectively screens out the electric field

at high altitudes. On the contrary, if the sufficiently large QhQ is produced by a weak return

stroke (i.e., a dim halo) accompanied by intense continuing current, the lightning-induced

electric field at high altitudes persists at a level that is comparable to Ek, and therefore an

extensive upper diffuse region can develop (Qin et al. 2013).

3.5 Asymmetry in Initiation and Propagation of Sprite Streamers Produced by Cloud-

to-Ground Lightning Discharges with Different Polarities

Williams et al. (2012) have recently discussed a sprite polarity paradox that emphasizes

dramatic differences in observational statistics of sprites with well-developed streamer

structures that are produced by positive and negative cloud-to-ground lightning discharges

(CGs). The essence of the paradox is that a global survey of charge moment changes

associated with -CGs indicates that there is a small, but non-negligible number of -CGs

that have magnitudes of charge moment changes as large as those that are known to

produce sprite discharges in case of ?CGs. Williams et al. (2012) estimated that the

number of -CGs possessing these properties is approximately 10 % of the related ?CG

population worldwide. The paradox is that sprites produced by -CGs are extremely rare

(much less that 10 % mentioned above), with very few events observed over many years of

ground and satellite-based observations worldwide (Williams et al. 2012, and references

therein). Williams et al. (2012) also pointed to a significant number of observed halos

produced by -CGs and emphasized the importance of more impulsive lightning currents in

-CGs in facilitating this phenomenology. With respect to sprite halos, the results of Qin

et al. (2013) reviewed in the previous subsection are generally consistent with ideas of

Williams et al. (2012). Additionally, Qin et al. (2011, 2012a, 2013) provide evidence

related to physics of streamers, not discussed by Williams et al. (2012), indicating that the

significant differences in the development of sprite streamers in case of ?CGs and -CGs

are the most important factor for understanding why sprites produced by -CGs are so rare.

The key factors for the understanding of polarity asymmetry of sprites are as follows: (1)

The threshold charge moment changes of positive and negative sprites are, respectively,

*320 and *500 C km under typical nighttime conditions (Qin et al. 2013); (2) A factor of

3 lower minimum electric field required for the propagation of positive streamers in

comparison with negative streamers (the related information is summarized in Sect. 2.3 of

this review; this plays a role in the observability of sprites (see (4)) in addition to the

effects included in (1)); (3) Positive cloud-to-ground discharges much more frequently

produce large charge moment changes (e.g., Cummer and Lyons 2005; Williams et al.

2007, 2012; Lu et al. 2012); (4) Observability of sprites is a significant factor as streamers

in sprites go through a significant growth before they become observable (Liu et al. 2009a;

Qin et al. 2012a).

It should also be emphasized that, for the initiation of both positive and negative sprites,

a strong inhomogeneity should be present in the ambient ionosphere (Qin et al. 2012b,

2013) that by itself may represent a significant limiting factor for the initiation of sprites.
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This also directly reiterates the idea that the charge moment change alone is a necessary

but not sufficient factor for sprites (Lang et al. 2011) and the state of the lower ionosphere

and presence of inhomogeneities are important factors, especially for low charge moment

changes.

The charge moment changes above 500 C km estimated by Qin et al. (2013) for the

initiation of negative sprites under typical nighttime conditions are rare according to the

analysis of Williams et al. (2007) and Williams et al. (2012, Fig. 8), and do not even occur

in the measurements reported by Lu et al. (2012). We note that Li et al. (2012) have

recently reported that very impulsive -CGs (produced at least 450 C km charge moment

change in 0.5 ms or less) associated with essentially no continuing current could indeed

produce negative sprites. The charge moment changes responsible for the 6 negative sprites

were 750, 1050, 600, 650, 460, 450 C km, in remarkable agreement with the prediction of

*500 C km threshold by Qin et al. (2013).

The downward streamers in negative sprites appear to be dimmer than their upward

counterparts due to a higher critical field required for the propagation of negative streamers

(Qin et al. 2011; Li et al. 2012). As already discussed in Sect. 2.2 of this review, streamers

in sprites may remain subvisual and many negative sprites may have been produced but left

undetected by observational techniques employed. A simple estimate based on the charge

moment change data documented by Williams et al. (2007) and the charge moment

thresholds for positive and negative sprites derived by Qin et al. (2013) (respectively, 320

C km and 500 C km under typical nighttime conditions) leads to the theoretical result that

*5 % of sprites should be negative. However, it should be noted that due to the differ-

ences in fields required for the propagation/growth of streamers of different polarity (i.e.,

key factor (2) mentioned above) and the resultant intrinsic dimness of negative streamers

propagating in a given field as compared to positive streamers (i.e., key factor (4) men-

tioned above, please see also Fig. 14b and related discussion in Sect. 3.6 that follows), this

estimate must be considered as an upper limit for observations. More measurements and

observations on the impulsiveness of sprite-producing -CGs, dim streamers in negative

halos produced by -CGs, and the charge moment contrast of ?CGs and -CGs are

necessary to further test the theories of sprite asymmetry.

Most recent experimental evidence indicates that the impulsiveness of charge transfer

by lightning (i.e., during the first 2 ms) as well as the follow-up charge transferred by a

lightning continuing current on timescales of 10s of ms, both significantly affect large-

scale dynamics of electric field at high altitudes and sprite initiation processes (Lang et al.

2011). The lightning-driven electric fields not only initiate sprite streamers at high altitudes

but also control their propagation to lower altitudes until termination. The charge moment

change dynamics derived from electromagnetic remote sensing of lightning can be used to

infer the background lightning-driven electric fields during the full extent of downward

propagation of sprite streamers. With respect to polarity asymmetry of sprites, two recent

studies on this subject by Li and Cummer (2012) and Li et al. (2012) are of special interest

as they directly highlight differences between downward positive streamers propagating in

positive sprites and analogous downward negative streamers in negative sprites.

Figure 13 illustrates the analysis of Li and Cummer (2012) indicating that positive

streamers for two sprite events produced by positive CGs advanced downward to altitudes

approximately corresponding to 0.05Ek. The field at the termination altitude of streamer is

a factor of 3 lower than minimum field required for the propagation of positive streamers at

the same altitude Eþcr calculated assuming that the ground value 4.4 kV/cm is scaled with

altitude directly proportionally to air density N (see discussion about E�cr in Sect. 2.3).
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Similar analysis for downward negative streamers in negative sprites conducted in Li et al.

(2012) indicates that negative streamers terminate at field values 0.2–0.3Ek that are a factor

1.3–2 lower than minimum field required for the propagation of negative streamers E�cr

calculated assuming scaled with air density ground value of 12.5 kV/cm. We note that, for

above-discussed estimates, Li and Cummer (2012) and Li et al. (2012) assumed a ground

value of Ek ^ 3.14 9 106V/m based on a model of Moss et al. (2006). It is generally

expected that collective action of space charge of many streamers at lower extremities of

sprites is able to enhance the electric field at the bottom of a conducting sprite body for

both positive and negative sprites, facilitating propagation of streamers downward several

kilometers beyond the point where the originally applied electric field is equal to Eþcr for

positive sprites and E�cr for negative sprites, respectively, as was demonstrated in e.g.,

Pasko et al. (2000). It is interesting to note in this context that if values of E�cr discussed

above and their scaling with N are correct, the positive sprites appear to be more con-

ducting providing a stronger focusing/enhancement of electric field in comparison with

negative ones.

3.6 Minimum Charge Moment Changes Producing Sprites

Measurements indicate that surprisingly small charge moment changes of *200 C km

(e.g., Hu et al. 2002; Hayakawa et al. 2004), in positive cloud-to-ground lightning dis-

charges (?CGs), can initiate sprites. Qin et al. (2012b) recently used a plasma fluid model

developed in Qin et al. (2012a, 2013) and reviewed in previous subsections to demonstrate

that, for a spherically symmetric initial electron density inhomogeneities, the initiation of

sprites by such small charge moment changes is only possible when the ionospheric

D-region electron density profile is characterized by a reference altitude h0 greater than

90 km (see Sect. 3.4 for model definition of ionospheric electron density profile). Verti-

cally elongated inhomogeneities are found to be more favorable for sprite initiation,

consistent with recently published studies (Kosar et al. 2012; Liu et al. 2012). It is cal-

culated that for the same ionospheric conditions (i.e., inhomogeneities and h0 values) that

lead to initiation of sprites by ?CGs associated with *200 C km charge moment changes,

the minimum charge moment change required for the initiation of sprites by -CGs is 300

C km (Qin et al. 2012b).

Figure 14a shows the simulated optical emissions of the first positive band system of

N2 (1PN2) as well as the reduced electric field E/Ek on the axis of symmetry for a streamer

initiated from an inhomogeneity under the conditions defined by QhQ = 200 C km and

h0 = 91 km (Qin et al. 2012b). The streamer shown in Fig. 14a is initiated at 84.25 km

altitude. We note that the sprite onset altitude of *84 km is consistent with triangulation

measurements of Stenbaek-Nielsen et al. (2010) and Kanmae et al. (2012) showing that

sprites could have onset altitudes as high as 88 km.

Figure 14b shows the dynamics of a streamer initiated by a -CG associated with

QhQ = 300 C km under the same ambient conditions as in Fig. 14a (Qin et al. 2012b). It

appears that the downward negative streamer shown in Fig. 14b is much more diffuse than

the upward positive streamer shown in Fig. 14b, as well as the downward positive streamer

shown in Fig. 14a. This is because the negative space charge, which defines the location

and shape of the negative streamer head, is formed by radially spreading electrons, whereas

the positive space charge in the positive streamer head is formed by almost motionless

ions. This, combined with different directions of electron drift with respect to applied

electric field, leads to more compact size and higher electric field in positive streamer head
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in comparison with the negative one (e.g., Liu and Pasko 2004) as evident in Fig. 14.

During the inception stage, the space charge in the negative streamer head is distributed in

a larger volume and thus creates smaller electric field, when compared to that in the

positive streamer head. Moreover, the weaker space charge field in negative streamers is

also responsible for the fact that the initiation of negative sprites requires larger charge

moment changes (i.e., higher external field) than that for positive sprites, since the total

electric field in the streamer head must be higher than the conventional breakdown field Ek

to create a region dominated by ionization.

To conclude discussion in this subsection, we note that results presented in Fig. 14b are

similar to those in Fig. 7b in Qin et al. (2013) and provide a good visual illustration of

(a)

(b)

Fig. 13 a High-speed image and inferred lightning-driven ambient electric fields for a sprite that occurred
at 03:25 UT on August 13, 2005. Left high-speed images of different sprite elements fully developed at
4.7 ms after the parent lightning. Right normalized electric fields at the same instance. b High-speed image
and inferred lightning-driven ambient electric fields for a sprite that occurred at 04:14 UT. Left high-speed
images of different sprite elements fully developed at 3.2 ms after the parent lightning. Right normalized
electric fields at the same instance. The yellow circles represent the termination location of each sprite
element. The figure is adapted from (Li and Cummer 2012). Reprinted by permission from American
Geophysical Union
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prediction advanced by Qin et al. (2013) that negative sprites (produced by -CGs) should

necessarily be carrot sprites and most likely accompanied by a detectable halo, since the

initiation of upward positive streamers is always easier than that of downward negative

streamers, and -CGs are usually associated with impulsive return stroke with no contin-

uing current.

3.7 Role of Electron Detachment in Sprites

Recent work indicates a possible importance of associative electron detachment processes

for the initiation of long-delayed sprites (Luque and Gordillo-Vazquez 2012) and in def-

inition of time dynamics of sprite halos (Liu 2012), in particular suggesting that additional

downward progression of sprite halo due to the electron detachment may explain initiation

of some sprites at altitudes as low as 65–70 km (Liu 2012). Luque and Gordillo-Vazquez

(2012) emphasized that the associative detachment process is a fundamental process in

upper-atmospheric electrodynamics. This process is important on timescales of 10s of

milliseconds at sprite altitudes and allows electrons to multiply under electric field

strengths significantly below the conventional breakdown field Ek (Luque and Gordillo-

Vazquez 2012), where Ek is defined by equality of ionization and dissociative attachment

coefficients in air, as introduced in Sect. 2.1.

The detachment process discussed above is represented by the reaction O� þ N2 !
eþ N2O (Luque and Gordillo-Vazquez 2012; Liu 2012) and is a process by which elec-

trons produced by ionization of N2 and O2 and removed by dissociative attachment eþ
O2 ! O+O� are returned back to free electron population. The timescale of electron

multiplication when this process is taken into account therefore cannot be shorter than

timescale of ionization. At typical sprite altitudes of *75 km and at fields 10 % below Ek

the characteristic ionization timescale (i.e., 1/mi, where mi is the ionization frequency) is

^0.5 ms, which is a long timescale in comparison with typical timescales of growth of

sprite streamers observed experimentally. The actual timescale is longer because the

detachment process is not instantaneous and depends on the concentration of O- ions.

Quantitative analysis indicates that detachment process becomes pronounced on timescales

of 10 s of milliseconds at typical sprite altitudes (Luque and Gordillo-Vazquez 2012; Liu

2012).
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Fig. 14 Cross-sectional view of optical emissions and reduced electric field E/Ek on the axis of symmetry
for a streamer produced by a a ?CG associated with QhQ of 200 C km, and b a -CG associated with QhQ

of 300 C km. All the other conditions in these two cases are the same. The electron density profile is
characterized by h0 ¼ 91 km and b = 0.5 km-1, and the initial inhomogeneity is characterized by peak
plasma density 2 9 109 m-3 and effective radius 30 m (Qin et al. 2012b). Reprinted by permission from
American Geophysical Union

Surv Geophys (2013) 34:797–830 821

123

Author's personal copy



Liu (2012) performed accurate time dynamic modeling of sprite halos with inclusion of

the electron detachment and noted that no pronounced electron attachment ‘‘hole’’

observed in previous halo studies was formed below the halo front. These results are in

good agreement with earlier findings obtained using a similar electron detachment model

by Neubert et al. (2011, Fig. 12b). Recent work of Marshall (2012) on the interaction of

lightning electromagnetic pulses (EMPs) with the lower ionosphere also indicated that the

detachment process reduces the ability of EMPs to deplete the lower ionospheric electron

density. In this context, we also note that the most recent experimental evidence based on

the measurements of subionospherically propagating VLF/LF electromagnetic waves does

indicate significant (orders of magnitude) depletions in lower ionospheric electron density

(Shao et al. 2013).

The results of Liu (2012) indicate that electron density can grow during the halo

dynamics in regions of space where electric field never exceeds Ek. Liu (2012) explains

growth of electron density in E \ Ek when there are abundant O- ions in space as follows.

Electrons are still produced below the breakdown threshold field Ek due to electron impact

ionization and they are constantly converted to O- by the attachment process at the same

time. Therefore, the total density of electrons and O- ions increases as long as the ioni-

zation is effective (recombination takes place on a much longer timescale). When O- ions

accumulate to certain level, the detachment process becomes faster than the attachment

process and then electron density increases together with the O- density if significant

ionization is continuously produced by the electron impact ionization (Liu 2012). Liu

(2012) also points that detachment of electrons from O- ions makes the photoionization

process less important, because the detachment also can generate free electrons ahead of

the halo front.

It is important to emphasize that in the context of initiation of sprite streamers (see Sect.

2.4), the electron avalanche cannot develop and transform into a streamer under E \ Ek

conditions (Liu 2012). Solutions of kinetic equations presented by Liu (2012) indicate that

for initial conditions with zero density of O- ions and nonzero electron density under

E \ Ek conditions, the initial dynamics of the system always shows reduction in electron

density due to the predominance of the dissociative attachment (until significant number of

O- ions accumulates). For a small initial inhomogeneity (emulating an electron avalanche

suddenly introduced in the region with E \ Ek) moving under the influence of electric

field, the electrons dynamically shift to new regions of space free of O- ions and therefore

the density of electrons is expected to be dynamically reduced, as opposite to exponential

growth in case when E [ Ek (Liu 2012).

Pachter et al. (2012) recently investigated the role of electron detachment in inception

of long-delayed sprites, specifically focusing on modification (i.e., lowering) of effective

Ek values due to the detachment process following formulation of Luque and Gordillo-

Vazquez (2012). Pachter et al. (2012) investigated the effective Ek as a function ratio of

density of O- ions to density of electrons and observed several percent reduction in Ek

when the ratio varied from zero to 1. In the context of dynamical behavior of the

system, Pachter et al. (2012) noted also that additional release of electrons due to

detachment leading to increase in ambient conductivity led to a factor of four greater

relative reduction in electric field due to relaxation in conducting medium. Pachter et al.

(2012) therefore concluded that the detachment process is unfavorable for the initiation

of long-delayed sprites as it reduces the magnitude of the electric field that otherwise

would be available to drive electron avalanches from preexisting inhomogeneities into

streamers.
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3.8 Diagnostics of Electric Field in Streamers in Sprites and Other Transient Luminous

Events

The electric fields associated with streamer discharges in TLEs are now routinely measured

considering the ratios of spatially integrated radiation intensities of band systems with

different energy excitation thresholds (e.g., Kuo et al. 2005; Liu et al. 2006; Adachi et al.

2006; Kuo et al. 2009; Liu et al. 2009b). In a streamer, the head is usually responsible for

the most part of ionization and excitation of species and therefore is responsible for the

most part of emissions. However, the spatial nonuniformity of streamer discharges is such

that the maximum excitation rates are not exactly located at the spatial position of the

maximum electric field (Naidis 2009). Following recent work by Naidis (2009), Celestin

and Pasko (2010) demonstrated that, due to strong spatial variations of the electron density

and electric field in streamer heads, previous measurements may lead to a significant

underestimation of the peak values of electric fields in TLEs. The modeling analysis of

streamers, as a function of altitude, applied reduced electric field, and streamer polarity

conducted by Celestin and Pasko (2010) indicated that the ratio-based electric fields

derived from spectrophotometric data need to be multiplied by a corrective factor[1.4 for

positive streamers and [1.5 for negative streamers, to obtain the true peak values of

electric fields.

The study of Celestin and Pasko (2010) brings the values of electric field previously

deduced from observations (e.g., Kuo et al. 2005; Adachi et al. 2006) much closer to

streamer simulations. Moreover, one can note that the value 5.5Ek documented in (Kuo

et al. 2009) for negative gigantic jet discharge would lead to the very high field

[1.5 9 5.5Ek ^ 8Ek approaching or exceeding magnitudes for which thermal electron

runaway process becomes possible (e.g., Moss et al. 2006; Li et al. 2009; Chanrion and

Neubert 2008, 2010; Celestin and Pasko 2011). These results, therefore, have direct

implications for the production of runaway electrons in jet discharges. We note that these

electric field magnitudes are significantly greater than those observed in early sprite studies

(*Ek) (Morrill et al. 2002, and references therein), and the difference can be explained by

low temporal resolution of their observations (Liu and Pasko 2005).

3.9 Conductivity Perturbations Associated with Sprites

Recent results reported by Haldoupis et al. (2010) once again reiterate an important point

made in previous sections that some sprites may remain subvisual in spite of their initiation

and significant conductivity perturbations they produce in the lower ionosphere. Haldoupis

et al. (2010) reported narrowband VLF observations in which multiple transmitter–receiver

VLF pairs with great circle paths passing near a sprite-producing thunderstorm were

available and presented an evidence that visible sprite occurrences are accompanied by

early VLF perturbations in a one-to-one correspondence. The early VLF events are abrupt

perturbations of subionospherically propagating VLF waves (including both perturbations

in amplitude and phase) that occur within 20 ms of a lightning event. The observations of

Haldoupis et al. (2010) imply that the sprite generation mechanism may cause also sub-

ionospheric conductivity disturbances that produce early VLF events. However, the one-to-

one visible sprite to early VLF event correspondence, if viewed conversely, appears not to

be always reciprocal (Haldoupis et al. 2010). This is because the number of early events

detected in some case studies was considerably larger than the number of visible sprites.

Since the great majority of the early events not accompanied by visible sprites appeared to

be caused by positive cloud-to-ground (?CG) lightning discharges, it is possible that
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sprites or sprite halos were concurrently present in these events as well but were missed by

the sprite-watch camera detection system (Haldoupis et al. 2010). More recent work of

Haldoupis et al. (2012) indicates that lower ionospheric modifications caused by intense

?CGs can last up to 30 min. In terms of general discussion of conductivity/chemical

perturbations associated with sprites, the average conductivity in the sprite volume

deduced from ELF radiation emitted by sprite current is *10-7 S/m (Pasko et al. 1998b).

A recent study of Gordillo-Vazquez and Luque (2010) indicates that larger conductivity

changes are possible due to associative detachment of electrons from O- ions in the

trailing regions of long sprite streamers when electric field in these regions approaches the

conventional breakdown threshold field during the later stages of sprite evolution (see

related discussion of (Liu 2010) and (Luque and Ebert 2010) in Sect. 3.3, and also dis-

cussion about other effects of electron detachment in Sect. 3.7).

4 Summary

In this review, we presented a brief overview of basic physical mechanisms and parameters

needed for understanding of sprite phenomenology, followed by a survey of recent liter-

ature relevant to initiation, morphology, and polarity asymmetry of sprite streamers. Sprite

mechanisms based on the penetration of quasi-static electric field to mesospheric/lower

ionospheric altitudes are described and the lightning charge moment change is introduced

as an important parameter that allows to quantify lightning potential to create sprites. It is

emphasized that a large charge moment change is a necessary but not sufficient condition

for the creation of sprites with well-developed streamer structures. Reasons for conversion

of sprite luminosity from diffuse form at high altitudes to more structured forms at lower

altitudes are presented, followed by a brief summary discussion of critical fields required

for the propagation of streamers of positive and negative polarity and similarity relations

allowing to scale properties of streamers as a function of air density. The importance of

inhomogeneities is emphasized and basic processes involved in avalanche-to-streamer

transition are then reviewed. The acceleration, expansion, and exponential growth of

brightness of streamers propagating in fields exceeding minimum fields required for the

propagation of positive and negative streamers are introduced as important properties of

streamers in sprites observed experimentally.

This discussion is followed by overview of conditions of initiation of positive and

negative streamers in sprites from preexisting plasma inhomogeneities. Recent literature

targeting understanding of afterglow region in sprite streamers and dependence of initia-

tion of sprite streamers on vertical elongation of plasma inhomogeneities is then discussed.

The exact conditions leading to the initiation of columniform and carrot sprites that are

linked to conditions of initiation of single- and double-headed streamers, respectively, are

presented. A sprite polarity paradox is reviewed and emphasis is placed on the physics of

streamers and their observability as critical factors contributing to extremely rare occur-

rences of observable negative sprites. The minimum charge moment changes required for

the initiation of sprites of negative and positive polarity are discussed, followed by the

analysis of effects of electron detachment on sprite initiation and dynamics. The maximum

electric fields that can exist in streamers in sprites and in other types of transient luminous

events are reviewed along with remote sensing techniques used for their detection. The

large-scale conductivity perturbations associated with sprites are discussed, emphasizing

that in spite of the significant conductivity changes, many sprites remain subvisual and are

missed during optical observations.
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