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Abstract Electric field values measured inside thunderclouds have consistently been reported to be up
to an order of magnitude lower than the value required for the conventional electrical breakdown of air.
This result has made it difficult to explain how lightning frequently occurs in thunderclouds. A few different
theories have been offered to explain the lightning initiation process, one of them being the theory of
lightning initiation from hydrometeors. According to this theory, lightning can be initiated from electrical
discharges originating around thundercloud water or ice particles in the measured thundercloud electric
field. These particles, called hydrometeors, are believed to cause significant enhancement of the
thundercloud electric field in their vicinity and then initiate streamers that are the precursor discharges for
the hot lightning leader channel. Previously, Liu et al. (2012a) reported streamer formation from a model
hydrometeor in an electric field value of half of the conventional breakdown threshold (Ek) for air. In this
paper, we present modeling results for streamer formation in electric fields as low as one third of the
breakdown threshold. According to our results, initiation of stable streamers from thundercloud
hydrometeors in a 0.3Ek electric field is possible, only if enhanced ambient ionization levels (e.g., the
ionization created by corona discharges around the same or other nearby hydrometeors) are present ahead
of the streamer. The magnitude and distribution of this ambient density may be a determining factor on
whether the streamer branches, recovers after the prebranching stage, or continues propagating stably.
We investigate the streamer branching behavior and characteristics and test a theory that has recently
been proposed to explain this phenomenon. We find that the geometry of the streamer head plays an
important role in the streamer branching phenomena. The fast radial movement of the maximum streamer
head curvature, combined with the slow reduction of the maximum curvature value, eventually leads the
streamer head to branching. Finally, we compare our modeling results with laboratory experiments and
realistic thundercloud conditions and discuss the implications of this study to lightning initiation and other
lightning-related phenomena.

1. Introduction

One of the important unanswered questions in atmospheric electricity is how lightning is initiated inside
thunderclouds. One theory of air electrical breakdown that has been applied to explaining the initiation of
lightning discharges is the conventional breakdown theory [e.g., MacGorman and Rust, 1998, p. 86; Rakov and
Uman, 2003, p. 121]. According to this theory, in order for a lightning leader to form, the electric field value
inside some part of the cloud must exceed the conventional breakdown threshold field of air. The conven-
tional breakdown threshold field (Ek) is defined as the equality of the ionization and dissociative attachment
coefficients in air [Raizer, 1991, p. 135]. It has a value of 3.2 × 106 V/m at ground pressure and is scaled with
air density. Despite the constant lightning activity observed in the atmosphere, years of in situ measurements
of the thundercloud electric fields have consistently shown electric field values of well below the breakdown
field. For example, Stolzenburg et al. [2007] have measured the maximum thundercloud electric fields to be
equivalent to 400−900 kV/m (0.13–0.3Ek) at ground pressure. This value is insufficient to initiate electron
avalanches and then the electrical breakdown process. To overcome this obstacle, the theory of lightning ini-
tiation from thundercloud hydrometeors (water drops, ice crystals, etc.) was brought forward [e.g., Dawson,
1969; Griffiths and Latham, 1974; Crabb and Latham, 1974], because hydrometeors are abundant in the thun-
dercloud environment. When they are subject to an external electric field, they can cause significant field
enhancement in their vicinity.

A critical component of applying the conventional breakdown theory to lightning initiation is to demonstrate
that streamers are able to form and propagate in an electric field magnitude similar to the observed thun-
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dercloud electric fields. Streamers are filamentary plasma discharge channels, which are the precursors of
the lightning leader [Rakov and Uman, 2003, p. 137]. Experimental studies conducted by Griffiths and Latham
[1974] have shown that positive streamers and various forms of corona discharges (e.g., steady glows, Trichel
pulses, breakdown streamers, and sparks) can be produced from ice hydrometeors a few millimeters in length
suspended in a uniform electric field, for temperatures above −18∘C. They studied many different types of ice
specimen, all showing that the currents obtained upon onset are sufficient to produce all the mentioned types
of discharges, including the continuous initiation of positive streamers. They suggested that hydrometeors
with longer lengths can produce streamer discharges easier than shorter lengths, due to higher polariza-
tion charge and field enhancement at their tips. They concluded that the role of streamer corona discharges
from ice hydrometeors in a thunderstorm is of great importance to lightning initiation, and the ambient fields
necessary for corona emission from ice in the central regions of thunderclouds are probably in the range of
400–500 kV/m at ground pressure.

Crabb and Latham [1974] measured the electric field values required to produce streamer corona discharges
from a pair of colliding water drops. According to their experiments, a pair of raindrops colliding within a
thundercloud produces a deformed elongated object whose shape is particularly favorable for corona emis-
sion in weak electric fields. They primarily focused on positive corona emission, as it may play an important
role for lightning initiation. From their measurements in the laboratory, maintained at ground pressure, elec-
tric field values for corona onset ranged from about 250 to 500 kV/m for the combined length of the filament
between 5 and 25 mm. They also confirmed the pattern of decreasing onset field with the increasing com-
bined length of the liquid filament suggested by Griffiths and Latham [1974] for ice specimen. They concluded
that the emission of positive coronas from colliding raindrops can readily occur in thunderclouds and there-
fore be a possible source for triggering lightning. Schroeder et al. [1999] conducted a modeling study of
positive corona emission around a simulated coalesced water drop. They modeled positive discharges using
a one-dimensional drift-diffusion equation, paired with an analytical solution to the electric field. They stud-
ied the positive corona mechanism and obtained results appearing to be consistent with the laboratory
observations of Crabb and Latham [1974].

More recently, Petersen et al. [2006] conducted a series of laboratory experiments on positive streamer emis-
sion from ice hydrometeors. The vertical dimensions of the ice crystals ranged from 0.5 to 3 mm. Their results
show that positive streamer discharges are able to occur at temperatures as low as −38∘C when subject to
electric fields between 500 and 850 kV/m at ground pressure. This result is in contrast with the finding by
Griffiths and Latham [1974], which indicates that positive streamers can only occur at temperatures greater
than −18∘C for pure ice crystals. They concluded that the results from their experiments suggest that positive
streamers from frozen precipitation particles in the high-altitude regions of the thundercloud may occur and
may in fact be a necessary element for the lightning initiation process.

Although there are important experimental studies on streamer corona discharges from hydrometeors, the
lack of theoretical studies on this topic is obvious. Recently, Liu et al. [2012a] presented a modeling study on
streamer initiation from thundercloud hydrometeors in subbreakdown (below the conventional breakdown
threshold electric field) conditions. They conducted a simulation for an electric field value of 0.5Ek at ground
pressure. Their model hydrometeor had a length of 5 mm and radius of 0.1 mm. Theirs was the first theoretical
study to show streamers are able to form from isolated model hydrometeors in electric fields close to the
measured thundercloud field.

For the present study, we further investigate the idea proposed by Liu et al. [2012a] to study streamers from
hydrometeors in thundercloud conditions. We have performed simulations for a 0.5Ek ambient electric field
at thundercloud altitudes and obtained successful streamer formation, thus confirming the work of Liu et al.
[2012a]. It should be mentioned that no enhanced level of ambient ionization is included in their simulation.
However, when reducing the ambient electric field to 0.3Ek , the maximum observed thundercloud electric
field, initiation of stable streamers from isolated thundercloud hydrometeors becomes impossible. In this case,
the streamer either does not form or branches during initiation. The branching of the streamer interrupts the
stable streamer formation and changes the dynamics of the streamer.

Branching of streamer discharges is a complex phenomena that is not clearly understood. Many studies have
tied streamer branching to the photoionization process, indicating it to be a critical factor defining the branch-
ing dynamics of streamers [e.g., Liu and Pasko, 2004; Pancheshnyi, 2005; Luque and Ebert, 2011, and references
therein]. The photoionization process is responsible for generating seed electrons to increase preionization
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ahead of the streamer head, and the occurrence of branching is quite sensitive to the preionization level. A
higher preionization level overall acts to suppress the occurrence of branching, while a lower preionization
level typically leads to the streamer branching phenomena. According to our simulation results for the lower
electric field value of 0.3Ek , the photoionization process being the sole source for increasing the preionization
level has proven inadequate to initiate a stable streamer from isolated thundercloud hydrometeors.

Pancheshnyi [2005] has investigated the effects of other sources of preionization production like “natural”
ionization sources (cosmic radiation, terrestrial radiation, etc.) or accumulation of residual charged particles
in repetitive discharges, on streamer branching. His results imply that preionization ahead of the front of a
positive streamer discharge affects the streamer head structure and properties and may be the parameter
determining streamer branching. A recent experimental study by Takahashi et al. [2011] has explored the sit-
uation in which streamer branching can be controlled in atmospheric argon, by increasing the amount of
background ionization before the streamer discharge. In their study, branching structures were suppressed
as the streamer propagated through a region with enhanced ionization density produced by laser irradiation.

Inside thunderclouds, background ionization could be present due to several mechanisms such as cosmic
radiation, corona discharges, or electrons remaining from a previous discharge. As a result, streamers may not
be developing and propagating through virgin air. In particular, other forms of electrical discharges may have
preceded the streamer initiation stage, causing enhancement in the background ionization levels. According
to experimental studies on corona discharges [e.g., Blyth et al., 1998], the probability of corona discharges
being produced from hydrometeors increases as the ambient electric field varies between 150 and 550 kV/m.
Liu et al. [2012b] have investigated the positive corona inception conditions around spherical thundercloud
hydrometeors, and their results indicate that sustaining corona discharges can occur before streamers are
initiated.

Consequently, electrical corona can be present in observed thundercloud electric fields, prior to streamer ini-
tiation, with only the stronger fields resulting in streamers. Griffiths and Phelps [1976] suggested a theory in
which a situation arises inside the thundercloud where a system of streamers exists. This system of stream-
ers may propagate sequentially, each one passing through the channel that is established by the previous
streamer. This channel contains excess ionization from the previous discharge, easing the propagation of the
next streamer.

As mentioned above, in this paper we report modeling results for streamer discharges in thunderclouds in the
vicinity of isolated hydrometeors in an ambient electric field of 0.3Ek . A background electron density distribu-
tion was introduced in the computational domain before the simulation was started. This addition increases
the preionization level ahead of the electrically stressed hydrometeor to control the branching behavior
of the discharge. According to our results, introducing a proper background ionization distribution stabilizes
the initiation and propagation of the streamer. We investigate the dynamical properties of the streamer that
lead its head to branch by analyzing the curvature of the streamer head surface prior to branching and test
a theory that has recently been proposed to explain streamer branching [Savel’eva et al., 2013]. Although the
model is cylindrically symmetric, the prebranching dynamics of the system are accurately represented. Finally,
we compare our results with laboratory experiments and realistic thundercloud conditions and discuss the
implications of this study to lightning initiation and other lightning-related phenomena.

2. Numerical Model

To describe the dynamics of a single streamer, we use the cylindrically symmetric streamer discharge model
developed by Liu and Pasko [2004]. In this model, the streamer dynamics are described by the electron and
ion drift-diffusion equations coupled with Poisson’s equation:

𝜕ne

𝜕t
+ ∇ ⋅ nev⃗e − De∇2ne = (𝜈i − 𝜈a2 − 𝜈a3)ne − 𝛽epnenp + Sph, (1)

𝜕np

𝜕t
= 𝜈ine − 𝛽epnenp − 𝛽npnnnp + Sph, (2)

𝜕nn

𝜕t
= (𝜈a2 + 𝜈a3)ne − 𝛽npnnnp, (3)

∇2𝜙 = − e
𝜀0

(np − ne − nn), (4)
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where ne, np, and nn are the electron, positive ion, and negative ion number densities, respectively; v⃗e = −𝜇eE⃗
is the drift velocity of electrons, with 𝜇e being the absolute value of electron mobility and E⃗ the electric field;
𝜈i is the ionization frequency; 𝜈a2 and 𝜈a3 are the two-body and three-body electron attachment frequencies,
respectively; 𝛽ep and 𝛽np are the electron-positive ion and negative-positive ion recombination coefficients,
respectively; De is the electron diffusion coefficient; Sph is the electron-ion pair production rate due to pho-
toionization; 𝜙 is the electric potential; e is the absolute value of electron charge; and 𝜀0 is the permittivity
of free space. Ions have much smaller mobilities compared to electrons, and for the timescales involved in
this study (a few tens of nanoseconds), they can be considered immobile. All the coefficients in the model are
functions of the reduced local electric field E∕N, where E is the magnitude of the electric field and N is the neu-
tral air density. The coefficients are obtained from the solution to the Boltzmann equation [Moss et al., 2006]
with a few exceptions discussed by Liu and Pasko [2004]. The photoionization rate Sph is calculated using the
methods developed in Bourdon et al. [2007] and Liu et al. [2007]. The boundary conditions on the sides of the
simulation region are Dirichlet boundary conditions. The direct integral to the electric potential is used to
calculate the potential at the boundary [Liu and Pasko, 2006].

For this study we model the hydrometeors (chosen to be liquid water filaments) using an isolated column
consisting of free electrons and positive ions. The column consists of two hemispherical caps attached onto
a cylindrical body. The initial distributions of electrons and positive ions in the column are described by the
following equations:

for z > zt ,

ne0(r, z) = np0(r, z) =
n0

2

[
1 + tanh

(
a −

√
r2 + (z − zt)2

𝜎

)]
; (5)

for z < zb,

ne0(r, z) = np0(r, z) =
n0

2

[
1 + tanh

(
a −

√
r2 + (z − zb)2

𝜎

)]
; (6)

and for zb < z < zt ,

ne0(r, z) = np0(r, z) =
n0

2

[
1 + tanh

(a − r
𝜎

)]
, (7)

where zt and zb are the altitudes of the center of the top and bottom hemispherical caps, respectively; n0

is the peak density; a represents the radius of the column; and 𝜎 controls the sharpness of the distribution.
Equations (5) and (6) represent the distribution in the two hemispherical caps, while equation (7) describes
the cylindrical body. This column shape for the model hydrometeor best models an elongated water drop or
ice needle that is aligned with the direction of the thundercloud electric field. In Liu et al. [2012a], by approx-
imating the column as a perfect conductor, the required dimension of the column in order for a streamer to
be initiated was provided as a simple relation. We have used their relation to estimate the required length for
our hydrometeors. It is noteworthy to mention that although Liu et al. [2012a] have used a Gaussian profile for
the initial distribution of electrons and positive ions in the column, we have mostly used a hyperbolic tangent
(tanh) profile for this study. This is because the sharper density drop of the tanh profile in comparison to the
Gaussian results in a compact space charge region when it is polarized and reduces the simulation run time.

In addition, if we assume our hydrometeors to be liquid water filaments, we can calculate an initial density for
the model hydrometeor by allowing the Maxwellian relaxation time of the column hydrometeor to be equal
to the dielectric relaxation time of liquid water. Liquid water has a dielectric relaxation time (𝜏D) on the order
of tens of picoseconds [Raju, 2003]. Following the relation 𝜏M = 𝜀0∕𝜎, where 𝜏M is the Maxwellian relaxation
time of the column and 𝜎 is the conductivity, the column conductivity should be about 0.885 S/m, if 𝜏M = 𝜏D

and 𝜏D = 10−11 s. For example, this conductivity yields an initial electron density of 1×1020 m−3 if the column
is placed inside a uniform electric field E0 = 0.3Ek at ground pressure, where E0 determines the mobility
of electrons.

Using an ionization column in place of a liquid water or ice dielectric filament is justified by the following rea-
sons. First, both water and ice have a very high dielectric constant. When they are polarized, the same field
enhancement factor can be obtained as a polarized dense plasma column. This is the most important factor
determining the streamer initiation. Second, the seed electrons initiating the electron avalanches that prop-
agate toward the positive tip are entirely created by photoionization of air molecules. The discharge activity
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Figure 1. Cross-sectional views of distributions of (a) electron density and (b) electric field of a streamer from a hydrometeor in E0 = 0.3Ek at 7 km altitude. The
length and radius of the model hydrometeor are 6.6 and 0.75 mm, respectively.

around the positive tip of a dielectric filament is therefore accurately modeled. In addition, it can be expected
that corona discharges surrounding both of the positive and negative tips prior to streamer initiation create
an ionization cover around each tip, similar in nature to the ionization column. Finally, the timescale of ambi-
ent field variation is much longer than the dielectric relaxation time of water and ice. Steady state polarization
of the water and ice hydrometeors can therefore be assumed; i.e., their dielectric constant takes its DC field
value. However, the space charge field varies on a much shorter timescale than the dielectric relaxation time
of ice, so inaccuracies might be introduced when modeling the ice particles by using an ionization column.
Given that the space charge field is highly localized and the high field region quickly moves away from the ice
particle, we assume that the inaccuracies are negligible but future studies are required to verify it.

3. Results

3.1. Streamers From 0.3Ek

In this section, we present the results of our streamer simulations. We place the model hydrometeor inside the
simulation domain and apply a uniform ambient electric field E0 = 0.3Ek in the downward direction to start
the simulation, which simulates the electric field inside the thundercloud. The simulation domain is placed at
7 km altitude in all of our simulations, which fits within the range of lightning initiation altitudes [Stolzenburg
et al., 2003]. However, the principal conclusions of this study stay the same for other thundercloud altitudes.
Note that Ek is about 1.4 × 106 V/m at 7 km altitude. In Figure 1, the model hydrometeor is 6.6 mm long and
0.75 mm wide and has n0 = 2 × 1019 m−3 (initial column density as calculated in the previous section, scaled
to 7 km altitude pressure, i.e., 1 × 1020 m−3 (N∕N0)2, where N and N0 are air densities at 7 km altitude and
ground, respectively). An ambient electron density distribution was included in the computational domain
before the simulation was started. This addition increases the preionization level ahead of the electrically
stressed hydrometeor to control the formation and propagation of the discharge. This background density is
uniform along the axial direction and follows a Gaussian distribution along the radial direction. The Gaussian
distribution has a radius of 0.88 mm, on the order of spatial corona region extents, and a peak plasma density
of ne0 = 2 × 1015 m−3, consistent with typical corona densities (see section 4.2 for further discussion).

The figure shows cross sections of electron density and electric field distributions at a few different moments
of time. At 27.7 ns, the hydrometeor is nearly fully polarized and an enhanced electric field is present at the
positive tip. At 31.0 ns, the streamer is born from the positive tip. Each panel shows a snapshot of the streamer,
while propagating through the domain. The last panel corresponding to 47.6 ns shows a fully formed streamer
that has stably propagated to the end of the simulation region. If we compare this result with that reported
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Figure 2. Time evolution of axial profiles of (a) electron density and
(b) electric field corresponding to the streamer in Figure 1, for
several moments of time. Note that Ek = 1.4 × 106 V/m at 7 km
altitude.

in Liu et al. [2012a] (Figure 4 in that study), a

few differences are noteworthy. The streamer

from that study is formed from a column

hydrometeor with an applied electric field

of about 0.5Ek at ground pressure. The col-

umn is 5 mm long and 0.1 mm wide, with an

initial column density of 2 × 1020 m−3. The

timescale of the simulation from that study

(16 ns at 7 km) is shorter, due to the higher

value of initial column density and ambient

electric field (the ionization column is polar-

ized faster in 0.5Ek which causes the streamer

to form faster in 0.5Ek than in 0.3Ek). The

change in the density of the column during

and after streamer formation is also interest-

ing. For the streamer in 0.5Ek , the column

density does not change much. On the other

hand, Figure 1 shows an obvious drop in the

column density. The processes that might

be responsible for changes in electron den-

sity of the column include two-body elec-

tron attachment, three-body electron attach-

ment, and recombination. A simple estima-

tion shows that three-body attachment is the

dominant process responsible for the den-

sity drop in the column, as shown in Figure 1.

Assuming the electric field in the column to

be about 0.0025Ek , the three-body attach-

ment frequency at 7 km altitude is equal to

5.5 × 107 s−1. Consequently, the three-body

attachment timescale is equal to about 18 ns,

explaining the reduction in density during

the simulation time of 47 ns.

Figure 2 shows the time evolution of electron density and electric field profiles of the streamer from Figure 1,

along the symmetry axis, at a few representative moments of time. The direction of propagation of the positive

streamer is to the left. As the simulation starts, the ionization column starts to polarize. Electrons in the column

start moving in the opposite direction of the electric field, toward the top of the column. As electrons move

upward, positive ions are left behind. Due to their low mobilities, positive ions are assumed to be stationary in

our model, being more and more exposed as electrons move upward. This results in a compact positive tip at

the bottom of the column. On the other hand, electrons are constantly moving upward and out of the column,

resulting in a diffuse region on the upper tip of the column. As the column is polarizing, a space charge electric

field starts to build up due to the resultant charge separation. This space charge field reduces the electric field

inside the column, while enhancing the electric field at the tip. Polarization of the column continues and the

electron density distribution at the positive tip looks sharper and sharper, while the negative tip looks more

and more diffused due to electrons spreading outward. During this time, the electric field value continues

increasing at the positive tip. The bump in electron density around z = 4.5 mm at 27.7 ns results from the

ionization due to the highly enhanced field at the positive tip. After 31 ns, the electric field at the hydrometeor

tip has increased to about 6.4Ek and starts to quickly move forward. At this moment, the positive streamer is

born from the positive tip. New electron avalanches continuously move toward the streamer head, leaving

a new positive charge region behind and advancing the streamer head forward. The streamer continues to

propagate stably through the low field region until it reaches the bottom of the domain. The streamer head
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(a) (b)

Figure 3. (a and b) Demonstration of the effect of the hydrometeor
dimension on streamer initiation in an electric field value of 0.3Ek . A
Gaussian background electron density distribution with a peak density of
2 × 1015 m−3 and 0.88 mm radius is included.

field is about 4.25Ek during this prop-
agation stage, while the channel
density is about 2 × 1019 m−3.

3.2. Effects of Hydrometeor
Dimension

According to the results obtained
from our simulations, the dimension
of the model hydrometeor plays a
significant role in the streamer initia-
tion. As mentioned above, in Liu et al.
[2012a] the dimension required for
streamer initiation from an ionization
column was estimated by treating
the initial column as a perfect con-
ductor. The required enhanced elec-
tric field Em at the tip of a cylindrical
conductor in a uniform electric field
was assumed to be the value of typ-
ical streamer head fields 3–5Ek , if
the radius of the conductor takes a
value of typical streamer radii. This
would result in the following relation:

l = a
[

1
0.56

(Em∕E0 − 3)
]1∕0.92

, where l

and a are the length and radius of the conductor, respectively. Using this relation, the length of the model
hydrometeor in Figure 1 should be about 4.6–9.6 mm, if Em = 3–5Ek . The length of the model hydrometeor in
Figure 1, 6.6 mm, is consistent with that relation, even though our case differs slightly from Liu et al. [2012a] due
to the inclusion of ambient density. We have performed simulations for a wide variety of dimensions for the
model hydrometeor, using this relation as a guideline. The dependence of streamer initiation on the length of
the hydrometeor is illustrated in Figure 3. The figure shows that at t = 0 s two model hydrometeors are placed
inside a uniform ambient electric field value of E0 = 0.3Ek , with background electron density included, which
has a Gaussian distribution with a peak density of 2×1015 m−3 and 0.88 mm radius. Both model hydrometeors
have the same radius and initial column density of 0.75 mm and 2 × 1019 m−3, respectively, as the simulation
case for Figures 1 and 2. The hydrometeor in Figure 3a has a length of 5.5 mm, while Figure 3b has a length
of 4.4 mm. After about 99.6 ns, from the two hydrometeors that are identical otherwise, only the one with
the longer length is able to initiate a streamer. The length of the hydrometeor in Figure 3a is in agreement
with the estimate obtained by the relation. However, additional simulation shows that streamers can be initi-
ated from the shorter hydrometeors when E0 is increased to 0.5Ek . The dependence of the discharge initiation
on the length of the sample hydrometeor has also been shown by laboratory experiments. In the study by
Griffiths and Latham [1974], although they did not present a clear-cut relationship between Ec (critical applied
electric field necessary to initiate a streamer corona, as defined in that study) and the length of the sample
through their experiments, they concluded that longer crystals have lower values of the critical applied field.
In other words, the critical applied field value required for streamer corona initiation is lower when the length
of the sample hydrometeor is longer. This is also suggested by the relation between the required dimension
and the applied field discussed above.

3.3. Effects of Ambient Density
Introducing ambient electron density into our simulations promotes the formation of stable streamers in the
ambient electric field of 0.3Ek . Recently, Qin and Pasko [2014] show that the stable propagation of streamers
originating from a highly stressed electrode connected to an external circuit is not solely controlled by the
external field but also by the physical dimensions of streamers. Depending on different initial conditions (i.e.,
the dimension of the model hydrometeor and the magnitude and distribution of background density), the
streamer initiation from our model can result in a few different scenarios. One case is that the streamer is
able to form and propagate stably through the simulation domain (Figure 1). For some cases, the forming
streamer goes through prebranching and recovery stages many times. This results in an interesting form of
the streamer channel with fluctuating radius demonstrating the same variation of the streamer head radius.
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Figure 4. Time evolution of axial profiles of electric field corresponding
to the streamer in Figure 3.

We have named it a “wavy” streamer.
The streamer from Figure 3a is an exam-
ple of such a case. Figure 4 shows the
time evolution of electric field profiles
along the symmetry axis of this streamer.
The wavy-like structure of this streamer is
more apparent from the profiles. For this
streamer, at some moments of time, for
instance, 76.3 ns, the transverse radius of
the streamer increases, and the streamer
head flattens. At this point, the streamer
is in a prebranching state, and the elec-
tric field in the streamer head drops. After
this widening, some streamers continue
widening until the streamer head splits.
For this particular simulation case, after
the widening of the streamer head, the
streamer recovers from the prebranching
stage, reducing its transverse radial size,
and hence continuing propagation with
one single head. This process corresponds
to the dips and rises in the streamer head
electric field as shown in the time evolu-
tion of the axial electric field profiles and
is repeated a few times throughout the
streamer propagation.
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Figure 5. Cross-sectional views of electron density distributions of (a) a
streamer that is about to branch and (b, c) stable streamers, from
model hydrometeors at 7 km altitude. The background electric field is
0.3Ek , and a background ambient electron density is included in each
case. For all three cases, the length and radius of the hydrometeor are
7.7 and 0.75 mm, respectively. For Figure 5a, the ambient density is
uniform with a value of 2 × 1015 m−3. For Figure 5b, the ambient
density has a uniform distribution along the axial direction and
Gaussian distribution along the radial direction. The radius of the
Gaussian distribution is 0.88 mm, and the peak density is 2 × 1015 m−3.
For Figure 5c, all parameters are the same as Figure 5b except that the
radius of the ambient density distribution is 0.44 mm.

The distribution of the background den-
sity is also a key parameter for the stable
streamer formation. According to our
simulation results, a nonuniform ambient
density distribution is required for a sta-
ble streamer to form. In some cases, even
with the inclusion of a significantly large
uniform ambient electron density, the
forming streamer still branches. Figure 5
demonstrates the effects of different
background density distributions. Three
different simulation cases are shown.
Each case includes a model hydrome-
teor 7.7 mm long and 0.75 mm wide. For
Figure 5a, the background electron den-
sity included is uniform and has a value
of 2 × 1015 m−3. For Figure 5b, the back-
ground density is uniform along the axial
direction and Gaussian along the radial
direction. The radius of the Gaussian dis-
tribution is 0.88 mm, and the peak plasma
density is 2 × 1015 m−3. For Figure 5c,
all the parameters are the same as in
Figure 5b, except that the radius of the
ambient density distribution is 0.44 mm.

The three simulation cases show quite dif-
ferent results. The simulation case with
uniform background density has resulted
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Figure 6. Time evolution of the splitting of the streamer from Figure 5a. The figure shows cross-sectional views of electron density.
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in a branched streamer (Figure 6), while
the other two cases have formed sta-
ble streamers. The two cases with stable
streamers are also different, demonstrat-
ing different streamer characteristics. In
order to better illustrate the effects of the
different ambient density distributions on
the streamers, the axial electric field and
electron density profiles at t = 46.5 ns cor-
responding to each case are depicted in
Figure 7. As can be seen from the figure,
the streamer with the Gaussian distribu-
tion and 𝜎 = 0.44 mm has the highest
peak electric field and channel density.
Table 1 summarizes the streamer char-
acteristics associated with the streamers
from Figure 7, where all the parame-
ters have been calculated at roughly the
same streamer length. In Table 1, ls is
the streamer length, Eh is the peak elec-
tric field in the streamer head, Eb is the
electric field in the streamer body, Ns is
the streamer electron density, rs is the
streamer radius, and vs is the streamer
speed.

As can be seen from Table 1, the streamer
radius decreases as the background ambi-
ent density becomes nonuniform. The
streamer with 𝜎 = 0.44 mm has the
smallest radius, while propagating with
the highest speed. This streamer also
has the maximum streamer head elec-
tric field-to-breakdown field ratio (Eh∕Ek).
The calculated streamer speeds show that
the branched streamer was propagating
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Table 1. Characteristics of the Streamers in Figures 5 and 7

Distribution ls (mm) Eh∕Ek Eb∕Ek Eh∕Eb Ns (m−3) rs (mm) vs (m/s)

Uniform 1.80 3.9 0.07 51.6 1.5 × 1019 0.33 1.93 × 105

Gaussian (𝜎 = 0.88 mm) 1.77 4.3 0.09 48.7 2.5 × 1019 0.28 2.08 × 105

Gaussian (𝜎 = 0.44 mm) 1.82 4.9 0.10 47.3 3.2 × 1019 0.25 2.40 × 105

slower than the other two cases, which lead to stable streamers. The streamer that eventually branched
has the smallest streamer head peak electric field and displays the largest radius. In brief, the inclusion of a
background density decreasing radially causes the streamer to propagate faster with a smaller radius.

The slower the streamer propagates, the more time the dynamically extending streamer channel will
have to be polarized, and the closer the electric field inside the channel will approach zero. A decrease in the
channel electric field increases the value of the Eh∕Eb ratio. The larger Eh∕Eb value for the branched

streamer indicates that the streamer channel approaches the “ideal conductivity” condition, similar to the
streamer branching study reported by Arrayás et al. [2002]. However, in that study, the splitting of the
streamer head in the limit of ideal conductivity was analytically demonstrated when perturbations were

present near the streamer head front. For the case of our study, even without the presence of perturbations, the
streamer head is unstable when the ideal conductivity limit is reached, and it tends to split.

3.4. Streamer Branching and Head Curvature Analysis
A more recent study by Savel’eva et al. [2013] has investigated the reasons for branching of a positive streamer
in a nonuniform electric field in a point-to-plane electrode setup. They have found that flattening (or as they
call it, “blunting”) of the streamer head is a premonitory sign of branching, consistent with earlier model-
ing studies [Arrayás et al., 2002; Liu and Pasko, 2004]. In a blunting streamer, the maximum curvature of the
streamer head is moving away from the “pole” (the tip of the streamer head on the symmetry axis). As a
result, the maximum electric field and the maximum ionization rate shift away from the symmetry axis as
well. This causes the streamer to start branching at an angle to the symmetry axis. In that study, a standard
two-dimensional drift-diffusion model is used to describe the streamer dynamics. They analyze the results of
their model in the context of a simplified analytical model for the streamer head. In this analytical model, the
streamer is approximated as an ideally conductive semielliptical head with a cylindrical channel. It is assumed
that the streamer head grows due to ionization on its surface. The growth rate of a point on the streamer head
surface is determined mainly by the ionization frequency of that surface point. The ionization frequency of
each point depends on the magnitude of the local electric field. For an ideal conductor, the distribution of the
electric field depends on its shape. So with a known shape for the streamer head, the electric field distribution
can be determined and hence the growth rates of the streamer head. Considering the semielliptical surface
of the streamer head, the half-axis along the symmetry axis is a, and the half-axis perpendicular to the sym-
metry axis is b. If charged to a constant potential, the electric field distribution of an ideal conductor in the
shape of a cylinder with a semielliptical head can be determined by solving Laplace’s equation numerically.
Figure 8 illustrates the electric field distribution on the surface of the streamer if the results are reduced to a
dimensionless form.

For a semispherical head (a = b), the maximum electric field is on the symmetry axis, at the streamer head
pole. From Figure 8a, for values of a and b with a∕b ≥ 0.95, the maximum electric field continues to remain
at the pole. However, for a∕b ≤ 0.90, the maximum of the electric field shifts off of the symmetry axis. In
other words, for a sharp streamer head, the maximum electric field remains on the pole, while for a blunt
streamer head, the maximum electric field shifts off-axis. This result also implies that the maximum electric
field does not necessarily move off-axis as soon as the streamer head deviates from a semispherical form. It
is only when b exceeds a by about 10% that the maximum field starts to shift. With an initial semispherical
streamer head, the maximum electric field moves away from the pole in a rapidly widening streamer provided
that b grows faster than a, i.e., db∕dt >da∕dt. This conclusion has been verified by their simulation results
from the two-dimensional drift-diffusion model.

According to the simulation results from the present study, flattening of the streamer head is indeed a pre-
monitory sign of streamer branching. In order to analyze the surface dynamics of a streamer, we need to define
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(a) (b)

Figure 8. (a) Electric field distribution on the surface of an ideal conductor in the shape of a cylinder with a semielliptic
head. The semiaxes of the ellipsoid are a and b. U is the conductor potential with respect to ground, and z is the
symmetry axis (reproduced from [Savel’eva et al., 2013]). (b) Determination of points A–C on the streamer surface
(modified from Figure 6 in [Savel’eva et al., 2013]). Point A is located on the pole of the streamer head, B is the point on
the streamer surface with a distance b∕2 away from the symmetry axis, and C is on the surface with a distance b away
(b being the maximum transverse distance of the streamer surface from the symmetry axis).

the streamer surface. One way to define the streamer surface is the points along the streamers’ transverse
direction with the maximum electric field value. Another can be the points along the streamers’ transverse
direction with the maximum value of charge density. For the analysis presented here, we define the streamer
surface as the points along the streamer’s transverse direction, beyond the maximum charge density, that are
1∕e of this peak value. This definition results in a smoother streamer surface in comparison with the others.

Using a similar convention as that used by Savel’eva et al. [2013], we focus on three points A–C on the streamer
surface as shown in Figure 8b. Point A is located on the pole of the streamer head, B is the point on the streamer
surface with a distance b∕2 away from the symmetry axis, and C is on the surface with a distance b away
(b being the maximum transverse distance of the streamer surface from the symmetry axis).

Considering the three streamer simulation cases presented in Figure 5, Figure 9 shows the electric field values
on the streamer surfaces corresponding to each of the cases. The two points A and B are marked on each
profile. For two cases in Figures 5b and 5c, all the profiles show the electric field on the streamer surface is
maximized at point A. Also, the maximum electric field value stays about constant throughout the streamer
propagation. On the other hand, for a case in Figure 5a, initially at t = 44.3 ns, the surface electric field values
drop in the direction away from the streamer’s symmetry axis, with the maximum field value being at point A.
As time passes, the electric field value of point A decreases, and the difference between A and B is reduced. At
t = 48.7 ns, the electric field at point B exceeds the value of point A and the maximum field has shifted off of the
symmetry axis. This trend continues as the streamer propagates, moving the maximum electric field farther
and farther away from the axis. If we mark the time when the maximum electric field has moved off-axis to be
the branching initiation time, this streamer has started branching at t = 48.7 ns.

In the study by Savel’eva et al. [2013], the maximum electric field moves off of the symmetry axis after the max-
imum curvature of the streamer surface has moved off-axis. We have performed a similar curvature analysis
for our streamer simulation results. Figure 10 presents streamer surface curvature profiles corresponding to
the moments of time presented in Figure 9. To calculate the curvature value for each point on the streamer
surface, the surface of the three-dimensional streamer body is obtained by rotating the two-dimensional
streamer surface profile around the symmetry axis. Each point on the streamer surface may have different
curvatures for different normal planes containing that point. Each curvature value measures how much the
surface bends away from a particular tangential direction at that point. The principal curvatures at each point
on the surface, denoted by 𝜅1 and 𝜅2, are the maximum and minimum values of all the different curvature
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Figure 9. (a–c) The electric field values on the streamer surfaces corresponding to the cases in Figure 5, shown at a few different moments of time. The diamonds
correspond to point A, and circles correspond to point B on the streamer surface. The direction of propagation of the streamer in each case is from right to left.

values at that point. In other words, as defined in differential geometry, the principal curvatures are the eigen-
values of the shape operator at that point. The average of the two principal curvatures at every point is the
mean curvature, denoted by H, where H = 1

2
(𝜅1 + 𝜅2). We use this definition for H to calculate the mean

curvature (henceforth denoted as “curvature”) of every point on the streamer surface, corresponding to the
moments of time presented in Figure 9.

Looking at Figure 10, the main feature that distinguishes our results from Savel’eva et al. [2013] is that neither
of the curvature profiles has a maximum value on the symmetry axis. This means that even at the begin-
ning of the streamer propagation, the streamer tip is not the sharpest point of the streamer head. This is
true even for the two streamer cases that do not branch at all. For these two cases, our results show that the
maximum electric field is on the symmetry axis, and until the end of the simulation, it does not shift off-axis
with the shifting of the maximum curvature. A common misconception is that the electric field at the surface
of an isolated conductor is greatest where the curvature is greatest. In fact, it has been shown by Price and
Crowley [1985] that in general, these two maxima are located at different points on the surface. This is based
on the fact that these two parameters depend on the shape of the surface in entirely different ways. Curvature
depends only on the local shape of the surface, while the electric field is determined by the charge density dis-
tribution on the entire surface. Changing the shape of the surface away from a particular point does not affect
the curvature at that point. However, changing the shape of the surface in one region influences the charge
density distribution over the entire surface. This suggests that the noncollocation of the maximum curvature
and maximum electric field cannot be the sole parameter responsible for streamer branching, since the two
streamer cases that have not exhibited branching have not shown collocation of these two parameters either.
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Figure 10. (a-c) The curvature of the surface of the streamer, corresponding to the same moments of time illustrated in Figure 9. The diamonds correspond to
point A, circles correspond to point B, and squares correspond to point C on the streamer surface.
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Table 2. List of Different Hydrometeor Types and Typical Sizes
[From Pruppacher and Klett, 1978]

Hydrometeor Type Dimension (mm)

Water droplets < 1

Unrimmed snow crystals < 4

Rimmed snow crystals < 5

Graupel, ice pellets 0.5–6

Snowflakes 2–5

Hailstones 5–150

From Figure 10, a main feature of the branching streamer (case (a)) is that the maximum curvature of the
streamer surface moves away from the symmetry axis with a faster rate than the other two cases. Focusing
on the moments of time before the streamer has branched (until t = 48.7 ns), the location of the maximum
curvature at the time of branching is considerably farther than the first profile. The curvature profiles for
the other two cases show much less shifting of the maximum values, with some profiles hardly shifting at all.
The farther the maximum curvature value is from the symmetry axis, the flatter the streamer head becomes.
On the other hand, the two nonbranching cases show a fast drop in the maximum curvature value as time
progresses. This is consistent with acceleration and radial expansion of the streamer channel as it propagates
forward [Liu and Pasko, 2004]. The curvature profiles for the branching case, however, do not show much
reduction in the maximum values, and the rate of reduction is definitely less than the other two cases.

According to the discussion above, our simulation results suggest that the geometry of the streamer head
plays an important role in the streamer branching phenomena. The fast radial movement of the maximum
streamer head curvature, combined with the slow reduction of the maximum curvature values, causes the
streamer head to eventually pull the maximum electric field off of the symmetry axis. The redistribution of the
electric field profile with the maximum moving away from the axis is a critical turning point for the streamer
head. As the location of the maximum electric field is also the fastest growth point of the streamer head
surface, this phenomenon results in the streamer propagating off-axis and hence branching.

4. Discussion

We have demonstrated that streamers can be initiated from model hydrometeors in subbreakdown elec-
tric fields as low as 0.3Ek , which is a measured maximum electric field value inside the thundercloud. It is
also important that these hydrometeors possess similar physical properties as the hydrometeors present in
the thundercloud. A summary of different types of hydrometers and their corresponding dimensions can be
found in Table 2. The most favorable configurations for streamers to originate from hydrometeors have been
concluded to be glancing collisions of two water drops [Crabb and Latham, 1974] and individual ice crystals
[Griffiths and Latham, 1974]. The simple columniform shape that we have chosen for our model hydrometeor
characterizes the geometries of both cases.

As summarized in Table 2, except for hailstones, most types of hydrometeors are in the subcentimeter range.
The minimum length necessary for the model column hydrometeor to initiate a streamer depends on its radius
and the ambient electric field [Liu et al., 2012a]. As discussed in the previous section, the value for the mini-
mum length increases with decreasing ambient electric field value, and the presence of background ambient
electron density shortens the required length to some extent. For example, in an ambient electric field of
0.5Ek , if there is no ambient density present, the length of the hydrometeor must be ∼3 mm in order to initi-
ate a streamer. If an ambient density with a peak of 2×1012 m−3 is present, the streamer is able to form from a
hydrometeor as short as∼2 mm. For an ambient electric field value of 0.3Ek , a stable streamer has always failed
to form in the absence of background density. The minimum length required to initiate a stable streamer for
this field depends on the magnitude of the background ambient density, increasing with decreasing back-
ground density. As shown in Figure 3, the minimum length of a model column hydrometeor with a radius
0.75 mm to initiate a streamer in 0.3EK is about 5 mm, when a nonuniform background density with a magni-
tude comparable to corona discharges (see section 4.2) is included. We can conclude from these results that
realistic hydrometeors can initiate streamers in the measured thundercloud electric fields, with the presence
of ambient ionization density.
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4.1. Comparison With Laboratory Experiments
In this section, we compare the results of the present study with experiments conducted on streamer emission
from hydrometeors. In the work of Griffiths and Latham [1974], corona streamers initiated from ice hydrom-
eteors were studied. They experimentally determined the relation between air pressure (P) and the critical
applied electric field (Ec) required to produce corona streamers, for various ice specimen at −12∘C. They con-
sidered ice needles, prismatic ice crystals, flat plates of ice, and hailstones as different ice hydrometeor groups.
The ice needles considered are the most similar case to the model hydrometeors in the present study. For
their experiments, they used chambers that were carefully maintained at a constant temperature and the
desired pressure. The ice sample was placed inside the chamber with its long axis parallel to the field lines.
After the chamber was sealed, no other source could contaminate the experiment. Then the electric field was
turned on and slowly increased until a corona streamer discharge was initiated from the sample. The onset
of the discharge was marked by the appearance of glow around the ends of the sample. This was viewed from
the window in the chamber lid, with the room previously darkened to allow the eye to adapt. They reported
the range of lengths that can produce streamer activity around ice hydrometeors to be between 4 and
17 mm, for a 0.3Ek ambient field at 7 km pressure.

From the results of our current study, the range of minimum hydrometeor lengths necessary for streamer
initiation has been obtained to be approximately 5−8 mm (for an ambient electric field value of 0.3Ek at 7 km
with a background density range between 1015 and 1017 m−3), which overlaps with the range reported by
Griffiths and Latham [1974]. This range fits into the upper boundary of typical hydrometeor sizes listed in
Table 2. In these experiments, the slowly varying electric field inside the chamber results in corona discharges
preceding the streamer formation. This can be similar in nature to the ambient density that we have included
in our simulations.

Petersen et al. [2006] have also observed positive streamer discharges from ice crystals grown under controlled
temperature and pressure. The dimension of the longer axis of the ice crystals in their study ranged from 0.5
to 2 mm for thicker crystals and from 2 to 3 mm for thinner crystals. In their experiments the electric field
values necessary to start positive streamer discharges were recorded to be between 500 and 850 kV/m at
ground pressure. This range is a bit smaller than the value used in our study (960 kV/m at ground pressure).
Similar to the experiments conducted by Griffiths and Latham [1974], the potential difference applied to the
two parallel plate electrodes used to establish a uniform electric field was increased manually. The threshold
electric field was recorded upon observation of luminous filamentary traces around the ice crystal, via the
image intensifier. The corona discharges occurring before streamers in these experiments could be the cause
of the difference between the threshold electric fields reported in the literature (as low as 500 kV/m for a
∼2 mm long hydrometeor) and our study. However, at present it is unclear how a stable streamer can be
formed at such a low-magnitude electric field.

When streamers are fully formed, they are known to be able to propagate far even after branching, as shown by
laboratory experiments on the discharges originating from highly stressed electrodes connected to a power
supply [e.g., Nijdam et al., 2010]. However, experiments on streamers from isolated hydrometeors in an exter-
nal electric field close to the measured thundercloud field display a single channel that propagates without
branching, much similar to what we have observed from our simulation results. In particular, Petersen et al.
[2014, 2006] have observed positive streamer discharges from simulated ice hydrometeors in the labo-
ratory. The positive streamers from their study display a single illuminated channel moving from the ice
hydrometeors anodic tip into the electrode gap.

Recently, Petersen et al. [2014] have conducted laboratory experiments on corona initiation from ice crystals.
They have observed different discharge types from glow corona to positive and negative streamers. Figure 12
in that paper provides a plot of positive streamer threshold electric fields as a function of ice crystal length
for 570 mbar pressure. The threshold ambient field for positive streamer initiation from a 6–7 mm long ice
crystals is about 650 kV/m, which is in good agreement with our value of 0.3Ek = 550 kV/m.

Overall, the results presented here complement the experimental studies mentioned above. The general
trend of the decreasing electric field necessary for streamer initiation with increasing hydrometeor length
(Figure 3) obtained from our study is consistent with the results of these studies, as well as with other previous
experimental and theoretical work [e.g., Crabb and Latham, 1974; Schroeder et al., 1999].
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4.2. Corona Discharges
An important conclusion from this study is that streamer initiation from hydrometeors in a 0.3Ek electric field
is impossible without the presence of a nonuniform background electron density distribution. Corona dis-
charges inside the thundercloud can be a possible source for this ambient density. Positive and negative
corona discharges normally occur in the vicinity of an electrically stressed discharge electrode. Chen and
Davidson [2002] have numerically determined the electron density distribution for a positive direct current
corona discharge along a wire. The electron density distribution is obtained from the 1-D charge carrier con-
tinuity equations and Maxwell’s equation. In order to study corona discharge in a wire-cylinder electrode
geometry, the computational domain is a thin cylindrical annulus, which only includes the plasma region. For
the wire-cylinder electrode setup, the corona discharge consists of a corona plasma region directly around the
high voltage electrode and a unipolar ion region that is spread outward to the grounded electrode. The two
regions are separated by the ionization boundary, defined as the radial position where the ionization coeffi-
cient and the attachment coefficient are equal. Electron number density in the positive corona plasma was
obtained for six different wire radii and six linear current densities. For a 100 μm wire radius and a 100 μA/cm
current density, the electron density drops from 1015 m−3 at the wire surface to 1010 m−3 as the distance
from the wire surface increases, up to 300 μm away. The electron density increases with increasing current,
and smaller electrodes produce thinner plasmas, compared to those produced by larger wires. According to
this study, the provided range is sufficient to represent the most common uses of dc coronas. Another study
by Chen and Davidson [2003] has been conducted on negative dc coronas. This study suggests that in nega-
tive corona, except very near the surface of the wire, the density of electrons is nearly 4 orders of magnitude
greater than that in the positive corona. For a wire radius of 100 μm and a current density of 100 μA/cm, the
electron density increases from 1010 m−3 at the wire surface to 1014 m−3 at 500 μm away. The electron density
increases with increasing gas temperature and current density.

Recently, Sin’kevich and Dovgalyuk [2014] have presented a review of theoretical and laboratory studies of
corona discharge initiation in clouds. Theoretical estimation of the rate of corona discharge appearance in
clouds was reviewed. This rate is necessary to estimate the role of corona discharges in the formation of
ambient density in the cloud. A study by Shishkin [1968] used a simple numerical model of the cloud and
assumed that each collision of large hydrometeors leads to a discharge. He showed that if the intensity of pre-
cipitation in a cloud amounts to 10 mm/h, the rate of collisions of large hydrometeors and, correspondingly,
the discharge rate per unit volume is equal to 10 m−3 s−1. Later studies considered that corona discharges
will occur not only during collisions but also when hydrometeors approach each other. They estimated the
approach number for different distances between falling hydrometeors. This number is from 1018 up to 1030

times greater for small hydrometeors (radius = 0.2 mm) compared to large ones (radius = 4–5 mm) when the
precipitation intensity varies from 100 mm/h to 0.5 mm/h. This means that the approach rate per unit volume
for smaller hydrometeors is 1019 –1031 m−3s−1. Since the lifetime of the electrons at thundercloud altitudes
is about 100 ns, the number of encounters will be 1012 –1024 m−3. If we consider the volume of a corona dis-
charge around a small hydrometeor is about 10−9 m3, the number of encounters is 103 –1015. Even if a small
fraction of these small hydrometeor encounters lead to corona discharges, a persistent ionization may be
expected in the thundercloud high field region. It is noteworthy to mention that to the best of our knowledge,
no other recent papers have been published on this subject.

The total number density of cloud particles is different for various types of clouds as well as various types and
sizes of hydrometeors. For water drops, the total number of drops with diameters from 0.1 to 0.4 mm can be
as large as 108 m−3, which means that the average distance between two particles is about 2 mm. From our
simulation results, the cross-sectional area of the initial streamer channel is about 0.3 mm2. Therefore, it is
very likely that a streamer will encounter a small hydrometeor after propagating through a short distance on
the order of a few millimeters. The total number density of large water drops with diameters between 2 and
7 mm is about 104 m−3 with an average distance between them about 4 cm. Hence, there will be a few small
hydrometeors in the vicinity of a large hydrometeor. This presents a great chance that corona discharges will
appear near a large hydrometeor, before streamer formation, and then in the path of the streamer after it
has formed.

According to the results of the studies discussed above, a nonuniform ambient density with a maximum value
of 1015 m−3 may exist in a localized region inside thunderclouds. The spatial extent of the corona region
depends on the discharge geometry and corona polarity, but the spatial scale in the transverse direction of the
background density distribution used in this study (∼400–800 μm) fits within the range of common coronas.
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4.3. Role of Electron Detachment
The role of electron detachment from O− in increasing ionization in the upper atmosphere has recently been
studied [e.g., Luque and Gordillo-Vázquez, 2012; Liu, 2012; Neubert and Chanrion, 2013]. Liu [2012] investigated
the role of electron detachment from O− ions in sprite halo dynamics. This study indicates that the detachment
process affects the dynamics of the halo by allowing the growth of electron density in the upper atmosphere
under subbreakdown conditions. Below, we show that this detachment process can be ignored for streamer
formation in subbreakdown fields at the thundercloud altitudes considered here.

O− ions are created by two-body dissociative electron attachment to molecular oxygen. However, for an
ambient electric field of 0.3Ek at 7 km altitude, the three-body electron attachment has a frequency of about
1.7 × 106 s−1, while the two-body electron attachment frequency is 2.2 × 105 s−1, an order of magnitude
smaller than the three-body reaction. Consequently, the three-body attachment reaction is faster, convert-
ing electrons to O2

− ions. In addition, even when the two-body attachment is faster than the three-body
attachment, converting most of the electrons to O− ions, at stronger electric fields, O− ions are mainly lost
due to a three-body attachment process transforming them to much more stable ozone ions [Luque and
Gordillo-Vázquez, 2012], instead of releasing electrons through the detachment process. Therefore, the role of
electron detachment from O− ions can be ignored at thundercloud altitudes.

4.4. Negative Streamers
In this study, we have conducted simulations mainly for two electric field values of 0.5Ek and 0.3Ek . The lengths
of the ionization column hydrometeors used vary between 4 and 10 mm, which is consistent with the dimen-
sion of ice crystals and snowflakes presented in Table 2. For these simulations, the negative streamer has
always failed to form. This is also true for the case reported by Liu et al. [2012a], and the sprite streamer
initiation from ionization patches in subbreakdown fields reported by Kosar et al. [2012, 2013]. For sprite
streamers, it has been discussed that positive streamers developing in an electric field greater than their criti-
cal propagation field draw exponentially increasing currents, which deposit a large amount of negative charge
in the trail of the streamer faster than the charge removed by the conducting trail [Liu, 2010]. Luque and Ebert
[2010] have also suggested negative charging of the positive sprite streamer channel, which may eventually
lead to the emergence of negative streamers. The positive streamers formed from our ionization column sim-
ulations propagate very short distances, and the negative charging of the positive streamer channel is not
yet able to initiate negative streamers. This is due to the high computational time that restricts the use of a
longer computational domain. It is very likely that continuous propagation of the positive streamer from the
ionization column may lead to initiation of negative streamers.

Experimental studies of Dawson [1969] (individual water drops) and Crabb and Latham [1974] (colliding water
drop filaments) also had difficulty producing the negative streamer. However, it may as well be possible
that the discharge around the negative tip of a physical hydrometeor cannot be resolved with our cur-
rent model. Perhaps replacing the ionization column by a dielectric hydrometeor may offer a more accurate
understanding of processes around the negative tip to fully address the problem of the negative streamer
initiation.

4.5. Implications to Lightning Initiation
The modeling study presented here has direct implications to lightning initiation, since streamers are known
to be the precursors of lightning leaders. The obtained results demonstrate that hydrometeors present in
measured thundercloud electric field values can give rise to streamer discharges. This is the first detailed theo-
retical modeling study that has been able to confirm the experimental work previously done on this topic [e.g.,
Crabb and Latham, 1974; Griffiths and Latham, 1974; Petersen et al., 2006, 2014]. The maximum of the observed
thundercloud electric field values hundreds of meters away from the lightning initiation point just before
lightning discharges is typically between 300 and 450 kV/m (scaled to ground pressure) [Marshall et al., 1995],
while higher values as large as 929 kV/m (scaled to ground pressure) have also been measured [Stolzenburg
et al., 2007]. The ambient electric field value used in this study is equivalent to 960 kV/m at ground pres-
sure. For this electric field, the initiation and stable propagation of the streamer has been shown to depend
on the amount and distribution of background ionization present inside the cloud. Nevertheless, confirma-
tion of streamer formation from hydrometeors inside thundercloud electric fields positively impacts lightning
initiation studies.

This study also has implications to lightning-related phenomena such as the relativistic feedback discharges
that are thought to produce Terrestrial Gamma-ray Flashes (TGFs) [Dwyer, 2012; Dwyer et al., 2012a; Liu and
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Dwyer, 2013]. Terrestrial gamma-ray flashes are bursts of extremely high energy radiation coming from thun-
derclouds and have been observed from space [e.g., Fishman et al., 1994] and from ground [Dwyer et al.,
2012b]. One theory to explain TGF production from thunderclouds is relativistic feedback discharges [Dwyer,
2012; Liu and Dwyer, 2013]. According to Dwyer [2012] and Liu and Dwyer [2013], TGF pulses can be produced
naturally by the relativistic feedback discharge that develops in thundercloud electric fields. These studies
introduced a self-propagating discharge resulting from the relativistic feedback discharge mechanism, called
the relativistic feedback streamer. The relativistic feedback streamer tends to propagate unstably, and the
electric field in the streamer head continually increases. This head field can reach up to one third to one half
of the conventional breakdown threshold field, raising the possibility that if a hydrometeor is present inside
the relativistic feedback streamer head field, a conventional streamer is able to form.

From our study, for electric field values lower than 0.3Ek , it is unlikely that the conventional streamer is initi-
ated from realistic hydrometeors. At an early stage of the relativistic feedback streamer, when the peak electric
field in the head is smaller than 0.3Ek , conventional streamer activity may therefore be ignored. Figures 6a
and 10 from the study by Liu and Dwyer [2013] present axial profiles of the electric field of a relativistic feed-
back streamer propagating in uniform and nonuniform thundercloud electric fields, respectively. From their
Figure 6a, the relativistic feedback streamer propagates for about 12 ms before the electric field at the
head exceeds 0.3Ek . During this time, the first two TGF pulses have already been produced [Liu and Dwyer,
2013, Figure 7]. The relativistic feedback streamer propagating in a nonuniform field [Liu and Dwyer, 2013,
Figure 10] demonstrates a similar behavior. The electric field in the head of the feedback streamer exceeds
0.3Ek after about 15 ms, by which at least three TGF pulses have been produced. This means that the relativis-
tic feedback discharge streamer can produce TGF pulses before any conventional streamers might be initiated
from positive hydrometeors.

Based on what has been demonstrated here, when the electric field in the relativistic feedback streamer head
reaches and exceeds 0.3Ek , with the presence of hydrometeors around the relativistic feedback streamer head,
it is possible that conventional streamers may form. Liu and Dwyer [2013] have estimated the residence time of
the high electric field of the relativistic feedback streamer to be 200 μs, which is sufficient time for polarization
of water or ice hydrometeors. Therefore, it may be expected that bursts of streamers are produced in the later
stage of the relativistic feedback discharge. The importance of these conventional streamer discharges in the
dynamics of the feedback streamer has yet to be investigated.

5. Conclusions

The main conclusions from this study can be summarized as follows:

1. Modeling results show that streamers can be initiated from model hydrometeors in subbreakdown con-
ditions at thundercloud altitudes. According to our results, the lowest ambient electric field capable of
initiating a streamer from realistic hydrometeors at 7 km altitude is 0.3Ek , where Ek is the conventional
breakdown threshold value. This ambient field is within the range of measured maximum values of the
thundercloud electric fields.

2. Introducing background ambient electron density promotes the formation and propagation of stable
streamers. Depending on the magnitude and distribution, this density affects the streamer formation stage,
and can be a determining factor on whether the streamer branches, recovers after the prebranching stage,
or continues propagating stably.

3. Our simulation results suggest that the geometry of the streamer head plays an important role in the
streamer branching phenomenon. The fast radial movement of the maximum streamer head curvature,
combined with the slow reduction of the maximum curvature value causes the streamer head to eventually
pull the maximum electric field off of the symmetry axis. The redistribution of the electric field profile with
the maximum moving away from the axis is a critical turning point for the streamer head. As the location of
the maximum electric field is also the fastest growth point of the streamer head surface, this phenomenon
results in the streamer propagating off-axis and hence branching.

4. The dimension of the model hydrometeor is critical for streamer formation. The minimum length required
for the hydrometeor in order to initiate streamers in a 0.3Ek field has been obtained to be between 5
and 8 mm, with a background ambient density on the order of 1015 m−3. The minimum length decreases
slightly with increasing background density. This range overlaps with the range of lengths obtained from
experimental studies.
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5. This study indicates that during the initial phase of the relativistic feedback streamer propagation, conven-
tional streamers are unlikely to be initiated from thundercloud hydrometeors. When the peak electric field
in the relativistic feedback streamer head reaches and exceeds 0.3Ek , it becomes possible that bursts of
conventional streamers are produced from hydrometeors around the relativistic feedback streamer head.
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