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Abstract: Thunderstorm electrification has been studied for hundreds of years. Several mechanisms
have been proposed to elucidate the electrification, including convective charging, inductive
precipitation charging, and ice crystal-graupel collision charging. Field observations and model
studies have demonstrated the vital roles that graupel and ice crystals play in the electrification, but
the mechanism of the collision charging is still unclear. The fundamental essence of relative growth
rate theory used for explaining the tripole charge structure in thunderclouds also needs a further
exploration. We analyze the processes of ice crystal-graupel collision charging from charge
migration inside hydrometeors to charge separation between two hydrometeors. The driving effects
of temperature gradient and chemical potential gradient in charge migration are clarified, as well
as the applicability of the relative growth rate theory, thermoelectric effect and surface tension
gradient in different humidities. Based on the understanding from these electrification mechanisms,
we propose that the essence of charge separation is driven by non-thermal equilibrium, and future
studies on thunderstorm electrification should focus on the dynamical non-thermal equilibrium of
cloud particles.
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1. Introduction

The electrification of thunderclouds usually occur in the zone filled with water droplets, ice
crystals and graupel particles in the clouds [1]. These cloud particles (also called hydrometeors) have
different weights and structures and can acquire different charges via poly-phase interfacial
interactions that lead to charge transfer along with or without mass transfer. Several mechanisms of
thunderstorm electrification have been proposed, of which three continue to receive support:
convective charging [2]; inductive precipitation charging [3]; and ice crystal-graupel collision
charging [4]. The last one is also known as non-inductive precipitation charging. Observations and
model studies have supported the hypothesis that graupel and ice crystals play the most vital role in
the electrification and lightning of thunderstorms [5-12]. As the majority of hydrometeors in cloud,
ice crystals and graupel, which are usually different in weight and temperature, are more likely to
collide to result in the transfer of charges between them in convective thunderclouds, i.e., the ice
crystal-graupel collision charging.
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The classic tripole charge structure of thunderstorms has been supported by a wide variety of
observations [13-17]. Cloud temperature and liquid water content of the environment are the two
major parameters in controlling the polarity of charge acquired by large precipitation particles. The
crystal-graupel collision charging model proposed by Jayaratne and Saunders is used to explain the
tripole charge structure (referring to section 3). Ice crystals are charged positively through collisions
with graupel at altitudes above the charge reversal temperature; and charged negatively at altitudes
below the reversal temperature [18]. Due to the influence of the gravitation and convection [19],
charged particles are redistributed and a tripole charge structure is formed in vertical direction.

The mechanism based on the relative growth rate of cloud particles has been proposed to explain
the charge reversal [20], where the vapour-grown crystals grow faster than graupel and positively at
colder temperature charge, while graupel grow faster and charge negatively at warmer temperatures.
However, how the relative growth rates of these cloud particles vary with humidity and temperature,
and how the charge polarity of particles relates to the growth rates are unclear. Although the
thermoelectric effect [21] and surface tension gradient [22] have also been used to explain charge
transfer in particle collisions, their applicability is limited to lower and higher humidity in
atmospheric conditions, respectively.

In this perspective study, we focus on the clarification of the mechanism of charge transfer in
cloud particle collisions and the formation of the tripole charge structure in thunderclouds. Section 2
examines the existing models for charge transfer in cloud particles, from charge migration inside
hydrometeors to charge separation between two hydrometeors. Section 3 shows further
understanding of the crystal-graupel collision charging, resulting in the formation of tripole charge
structure. It starts with an investigation of the variation of the growth rates of crystal and graupel in
vertical direction with temperature and humidity in thunderclouds, followed by a combination of
the thermoelectric effect and the surface tension gradient mechanism in thunderstorms. Other factors,
including particle size, particle shape and the relative velocity of colliding particles, that may
influence the charge transfer between cloud particles are also considered. This section closes with a
discussion of non-thermal equilibrium, suggesting that the non-thermal equilibrium of hydrometeors
is very likely the fundamental cause of cloud particle charging. Finally, the conclusions and
perspectives from this work are presented in section 4.

2. Clarification of charge transfer in cloud particles

Ice crystals and graupel as the main hydrometeor particles in clouds usually have different
weights and temperatures, and frequently collide, especially under the effect of strong convection in
thunderstorms. Such hydrometeor particles would be charged after their collision, contact and
separation. However, in the following, ice crystals and graupel are regarded as different sized
particles, that is small ice particle and large graupel particle; and the temperature difference inside
cloud particle is especially concerned, together with temperature differences between particles and
their surrounding environment. To demonstrate the electrification mechanisms of particle collision,
charge transfer between colliding particles is divided into two steps: charge migration inside particles
and charge separation between particles.

2.1. Charge migration inside hydrometeors

The electrification of thunderclouds mainly occurs in the zone where all kinds of hydrometeors
coexist, primarily related to the separation of OH- ions from H* ions. Water is the most common and
most abundant condensable substance in the earth system, and hence the electrification of H20 clouds
is considered to be the main process of charge generation. Ion migration inside hydrometeors, along
with charge migration between hydrometeors, is driven by the temperature gradient and chemical
potential gradient [23].
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2.1.1. Temperature gradients inside hydrometeors

Temperature gradient drives charge migration due to the thermoelectric effects on ions mobility.
It is assumed that a spherical water droplet in a non-thermal equilibrium state would generate a
concentration gradient of ions inside the particle. The flux of an ion, Ni, goes from a region of high
concentration to a region of low concentration inside this particle, as defined by Eq. (1) [24]:
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where R is the particle radius and D is the diffusion coefficient (m? s?). D: is proportional to the
squared velocity of the diffusing ions, and depends on the temperature T, viscosity of the fluid i, and
size of the ion r:. It is defined by Eq. (2):
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where ¢i denotes the concentration of the ion (mol m?3), k is the Boltzmann constant, 1.38x1023 J K-,
and i denotes H* or OH-.

Since the ionic radius of H* is less than that of OH, the migration flux of H* is higher than that
of OH- under the same temperature gradient. In addition, the degree of water dissociation increases
with the average temperature of particle and the temperature gradient inside particle. As a result,
more H*ions would accumulate in regions of lower temperature in the particle. Especially in ice
particles, the diffusion coefficient Di=ukT/e, or the mobility u, of the H*ion is at least ten times greater
than that of the OH- ion [25]. If an ice particle moves to an environment with supersaturated water
vapour, the particle would grow and its ice-vapour interface region would acquire an excess of
negative charge due to the release of latent heat. In contrast, if an ice particle moves to a drier
environment, the sublimation happens on the surface of particle and then cools the particle surface,
and thus the polarity of surface charge would be reversed (Fig. 1).

(a) Condensation /O (b) Sublimation &
re- .__Og o © T~ 4 o
2 d =h, ) \
[Fe® & \W e © @\ A
@® lce &)@ Vapour e Ice E)@f Vapour
o® @ %/ \&® @ @

Figure 1. Charge migration inside an ice particle driven by a different temperature gradient. (a) When
an ice particle is growing by vapour diffusion, the latent heat of condensation would heat the particle
surface to a higher temperature than the temperature inside the particle, and the particle surface
would accumulate a net negative charge; (b) When the ice particle is introduced into a drier
environment, the temperature of the particle surface would be lower than the temperature inside the
particle because of sublimation, and the particle surface would accumulate a net positive charge.

According to calculations and experimental tests from Latham and Mason [25, 26], a potential
difference of magnitude Vr=2AT mV would be developed when a steady temperature difference AT
is maintained between a particle surface and its inside. Assume that an ice particle is in the mature
phase of a thundercloud with a strong updraft of 10 m s! [27]. For an ice particle with radius of 1.0x10-
4 m, it would be quickly lifted by the updraft speed and the temperature on its surface declines
linearly with elevation through the troposphere at a rate of approximately 0.6°C for 100 m [28].
Therefore, during At = 0.1 s, their rising distances are Ah =1 m, and their temperature variations are
AT = 0.006°C. Thus, there is a potential differential between the particle surface and its inside, Vr =
1.2 x10°V.
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2.1.2. Chemical potential gradient

Charge migration driven by a chemical potential gradient is based on the criterion of
spontaneity, in which an ion migrates spontaneously when its Born energy is smaller than zero. For
an ice particle in the air, the density of water molecules within the interfacial region is less than that
inside the ice.

The condition for chemical equilibrium is as given by Eq. (3):

Hio = Hy T Moy ®)
where the chemical potentials can be represented by Eq. (4), as
p. =g +xTInC (4)
and Eq. (5):
Moy = Mo +KTINC_ (5)

It is assumed that the bulk ice phase is at equilibrium with the interfacial region. Due to a
reduction in the ice density, the dielectric constant of the interfacial region will correspondingly
reduce. The chemical potential of an ion in this region will, therefore, increase by an amount known
as the Born energy. High chemical potential at an interfacial region (denoted by region 1) can cause
ions to transfer from the region 1 with a dielectric constant ¢1 to a region with a larger dielectric e
(denoted by region 2), and the expression is given by Eq. (6), [29]:

2
Au (Born) = —&{i—i} kT (T <300K) (6)
r, & &

where piis the chemical potential (J mol?); z is the valence number of ion; ri is the ionic radii (nm); «
is the Boltzmann constant, 1.38x10 ] K7; T is the thermodynamic temperature (K). Since the Born
energy is inversely proportional to the ionic radii, and the ionic radius of H*ions is less than that of
OH- ions, the following inequality applies whenever ¢1 < &2 : A,uH + <My < 0. Due to the

difference in the chemical potential gradient between H* and OH-, more H* ions would move from
the particle surface to inner part of the particle, and an excess of negative charges would accumulate
within the interfacial region, as shown in Fig. 2.
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Figure 2. Charge migration inside an ice particle driven by a potential gradient. The particle surface
accumulates a net negative charge.

The electrical potential, V¢, caused by radial chemical potential gradients of hydrogen and
hydroxyl ions inside an ice particle, can be approximated by Eq. (7), as [29]:

1
V.= E[A’UOH' (Born) —Au . (Born)] )
The ionic radii of H*ion and OH-ion are 1.2x10? m and 1.76x10-1° m, respectively [29]. The value
of vacuum permittivity €ois 8.85x10"2 C2 ] m. The permittivity constants for air and ice are 1 and 4,
respectively. Here, the permittivity constant of ice/air interface is assumed as 2. The surface charge
density could be estimated by ~4x10-° C m?2 [22]. For an ice particle with a radius of 1.0x10# m, the
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charge on particle surface is 3.2x10-°C. From Eq. (6) and Eq. (7), the electrical potential Vcis obtained,
with value of 0.98x10-12V.

2.1.3. Comparison of charge migration mechanisms

Except for the temperature gradient and chemical potential gradient, the electrical double layer
and dislocations in ice structure were explained by electrical mechanisms due to the presence of the
net negative/ positive charges on the particle surface base on the following observations [27]: (i) An
electrical double layer is defined as a dipolar layer just inside an interface between water and air, ice
and air, or water and ice. It was thermodynamically advantageous for molecules at the surface of
pure water in air to be oriented with their negative vertices outward [30]. Theoretical and
experimental studies have shown that ice in equilibrium with the vapour has a disordered quasi-
liquid layer at the ice-vapour interface and there is net negative charge on the surface [31]. The
thickness of this layer increases with temperature and also with growth rate from the vapour. In fact,
the presence of a net negative charge in the quasi-liquid layer on ice is due to temperature and
chemical factors. (ii) A dislocation is defined as a line defect in a crystal which disrupts the otherwise
ideal arrangement of atoms or molecules [32]. Contrary to liquid-like layer, the negative charge at
water-vapour interface due to electrical double layer, the dislocations would carry positive charge.
The density of dislocations increase monotonically with the growth rate of the ice crystal [33]. The
dislocation concentration in rim ice increased as deposit temperature is decreased. Thus, the
dislocation density is a function of the rime temperature and the droplet freezing time [27]. Therefore,
the dislocation theory of charge transfer implies that the dislocation depends on the temperature and
vapour pressure on particle surfaces. The charge migration inside particles is mainly attributed to the
nonhomogeneous distribution of temperature and chemical potential.

Furthermore, the electrical potential caused by temperature gradient is several orders higher
than that caused by physical potential gradient. For a hydrometeor in thermal equilibrium, the
accumulation of net negative charges on the particle surface is small if the accumulation is driven by
the chemical potential gradient only. The typical argument is numerous rain events, where chemical
effects always exist, and these are generally accompanied no thunder and lighting [34]. For a
hydrometeor in non-thermal equilibrium state, the impact of the chemical potential gradient on
charge migration would be enhanced in that the chemical potential is proportional to temperature.
Therefore, the temperature gradient itself plays a vital role in charge migration of cloud particles in
thunderclouds.

2.2. Charge separation between hydrometeors

2.2.1. Thermoelectric effect

The thermoelectric effect is based on a temperature gradient, as discussed above. For two
hydrometeors whose surfaces have accumulated H* and OH;, their internal energy and temperature
will vary during collision, generating frictional heat. Different temperature increments will result in
different water ionizations and thus different H*/ OH- ion concentrations on the surfaces of
hydrometeors. A temperature increase of a hydrometeor will increase H* and OH- concentrations on
its surface. Although the migrations of H*/ OH- from the high temperature hydrometeor to the low
temperature hydrometeor can occur simultaneously, the higher mobility of H* than that of OH- will
make the entire high-temperature hydrometeor negatively charged and low-temperature
hydrometeors positively charged.

It is generally assumed that the internal energy conversion is equally partitioned between two
colliding ice particles, so for two spherical particles with different sizes, the temperature increment
of the small particle is higher than that of the larger one after their collision, according to Eq. (10) of
the temperature increment [35]:
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where W is the internal energy released in the collision; py is the particle density; and ¢y is the specific
heat capacity. AT. is inversely proportional to the third power of the particle radius. Therefore, for
two different sized ice particles with the same initial temperature, the small particle with higher
temperature acquires negative charge and the large particle with lower temperature acquires positive
charge after collision and separation [36], as shown in Fig. 3.
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Figure 3. H+/ OH- dynamic transfer between two different sized ice particles.

In addition, assume two ice particles are completely covered with water films formed from
vapour condensation and the thicknesses of the films are the same. This is common for two ice
particles at the same altitude, where the mass increment of water film due to the flux of water vapour
by molecular diffusion is proportional to the particle surface area [37]. The temperature increment of
particle due to the release of the latent heat can be defined by Eq. (11), as:

AT — prw i 47T.R2[ _ 3QWZ .& (11)
b - - 4

where Qu is the condensation heat of water, and [ is the thickness of the water film. In this situation,
ATyis inversely proportional to the particle radius. Therefore, for two different sized ice particles with
the same initial temperature T1 = T2, the small particle attains a higher temperature after vapour
condensation to the same film thickness, that is, T1' > T2'. According to the thermoelectric effect, the
small particle acquires negative charge and the large particle acquires positive charge after collision
and separation, as shown in Fig. 4.

T1=T2

Figure 4. H"/ OH- dynamic transfer between two different sized ice particles with an equally thick

film formed from vapour condensation.

Furthermore, ice particles carrying H*/ OH-ions in different concentrations because of different
initial temperatures, are common in clouds and related to their growth histories. The ion
concentration differential (or say, surface potential differential [38] would promote charge transfer
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between two particles once they collide [39]. For ice crystal-graupel collision, the riming graupel,
usually with a higher temperature, would acquire a net negative charge after collision according to
the thermoelectric effect. However, if one high temperature particle, which has accumulated large
amounts of net negative charge on its surface, contacts and collision with another particle, more OH-
would be transferred from the high temperature particle to low temperature particle due to ion
diffusion, resulting in the high temperature particle becoming more positively charged.

2.2.2. Surface tension gradient

Graciaa et al. [22] introduced the idea that the surface tension gradient, due to temperature
differential, is a driving force behind the transport of excess negative charge from the warmer
hydrometeor to the colder body, yielding a separation of charge. As shown in Fig. 5, an ice crystal
strikes a water-covered target surface, creating a surface tension gradient that generates a flow
directly from the water-covered target surface to the cold crystal, leaving the target with a net positive
charge.

(-)

T < T.Z‘ e .

Figure 5. The surface layer of a thick water film is drawn towards a cold rebounding ice crystal.
Negative charge is, therefore transferred along with the water film.

The surface tension gradient, acting along an air-water interface, creates an interfacial flow
directly from the region of lower interfacial tension (higher temperature) to the region of higher
interfacial tension (lower temperature). As a result, the colder hydrometeor would carry a negative
charge and the warmer a positive charge. This appears to contradict with the thermoelectric effect,
where colder hydrometeors generally acquire a positive charge. In fact, the results proposed by
Gracia [22] are all premised on the outer layer of a water droplet being negatively charged, which
means that the surface tension gradient mechanism is more applicable in wet growth regions with
higher cloud water content. Under such a region, at least one of the surfaces of the colliding
hydrometeors contains a thick water film, but the thermoelectric mechanism is dominant in drier
regions having less liquid water, or when two hydrometeors have the same growth rates.

2.3. Non-thermal equilibrium of hydrometeors

Cloud particles differ remarkably in size in space and time, and are frequently present in a wide
size range of 1 - 1000 pm in the mixed-phase region of clouds [40]. Cloud particles in thunderstorms
will shuttle between different environments under strong convection. To illustrate the importance of
non-thermal equilibrium ionization of cloud particles in thunderstorm electrification, we compared
the response time and thermal relaxation time of an ice particle which comes into a new environment.

It is assumed that, if an ice particle, initially growing under the conditions near ice saturation
and having an equilibrium temperature below the temperature of particles growing at water
saturation, gets into a new environment that is at or above water saturation, the thermal equilibrium
of the particle will be broken. To get to a new thermal equilibrium, the particle surface experiences
an enhanced growth rate because the lower surface temperature reduces the equilibrium surface
vapour pressure over the ice surface. This rapid growth increases the surface temperature of the
particle due to the release of latent heat, ultimately increasing the surface vapour pressure [9].

The characteristic time for vapour diffusion on an ice particle surface to respond to a new local
environment can be determined by Eq. (12) as [41, 42]
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t = 12)

where R is the particle radius and Dv is the diffusion coefficient for water vapour. For small ice
particle, the respond time is only in the order of few microseconds, but it takes tens of milliseconds
to reach thermal equilibrium in the new environment [9, 43]. Thus, the ice particle, maintaining a
high growth rate, will accumulate more negative charge on its surface under the effect of a
temperature gradient and will acquire a positive charge after colliding with another target particle.

The droplets remain in a supercooled liquid state until they contact an ice surface, whereupon
they freeze and stick to the surface on a process called riming. Alternatively, the supercooled droplets
freeze spontaneously at sufficiently low temperature. The rate of freezing depends on the heat
transfer to the environment, and the thermal relaxation time for this kind of cloud particles is up to
several seconds [44]. Since the direction of temperature gradient inside the droplet is the reverse of
that of the foregoing crystal, the charges will be opposite each other after collision and separation.

Almost all particles at the updraft-downdraft transition zone of thunderstorms are in non-
thermal equilibrium states. Non-thermal equilibrium inside particles has been commonly ignored in
studies of precipitation and thunderstorms, and the non-thermal equilibrium ionizations inside
particles provides a new viewpoint for the elucidation of the complexity of thunderstorm
electrification.

3. Further understanding of thunderstorm electrification

The crystal-graupel collision charging model proposed by Jayaratne and Saunders to explain the
tripole charge structure is shown in Fig. 6. Ice crystals charge positively through collisions with
graupel at altitudes above the charge reversal temperature; and charge negatively at altitudes below
the reversal temperature.
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Figure 6. Charge transfer by collisions in the ice crystal-graupel mechanism of cloud electrification,
presumably at 6 km with the reversal temperature -15°C [18].

3.1. Relative growth rate theory

The relative growth rate theory holds that during ice crystal-graupel collision, the particle that
grows faster would be charged positively [45]. It has been supposed that ice crystals usually grow
faster than graupel particles above the altitude of the reversal temperature and grow slower below
the altitude, creating the so-called tripole charge structure of the clouds (Fig. 6).

In fact, in the lower (warmer) region of thunderclouds, the surface of a riming graupel grows
directly from the vapour in the cloud, as well as from the vapour supplied by droplets freezing upon
the surface. The time required for freezing is longer at warm temperatures. During this time, the
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surrounding ice surface would grow rapidly from the vapour supplied by the freezing water. Hence,
the surface of a riming graupel would grow faster because the vapour is warmer and has a higher
liquid water content, causing it to become positively charged according to the relative growth rate
theory.

In the upper (colder) region, ice crystals may grow faster on average and charge positively, while
graupel would charge negatively at colder temperatures. In the cloud, graupel pellets will be warmer
than ice crystals due to the release of latent heat from accreted droplets. Given a high enough
accretion rate, the rimer surface temperature approaches 0 °C. Experiments by Saunders et al. [46]
showed that the warming effect of a riming target is sufficient to reduce its growth rate by vapour
deposition below that of the rebounding ice crystals, resulting in the graupel target acquiring
negative charge. Thus, during ice crystal-graupel interactions, that the ice crystal grows faster at
colder temperatures is understandable, and the riming graupel charges negatively even if it is the
warmer of the interacting particles, with an opposite temperature effect to that required by the
surface tension gradient mechanism.

3.2. Thermoelectric effect and Surface tension gradient

The mechanism based on the relative growth rate of cloud particles is able to explain the charge
reversal of growth phenomena, where the vapour-grown crystals grow faster than graupel and
charge positively at colder temperatures, while graupel grow faster and charge negatively at warmer
temperatures. However, how the relative growth rates of these cloud particles would vary with
humidity and temperature, and how do the charge polarity of particles relate to the growth rates are
unclear. The thermoelectric effect and surface tension gradient also explain charge transfer in particle
collisions, but their applicability is limited to lower and higher humidty atmospheric conditions,
respectively [22]. In fact, the amount of water vapour in the troposphere generally decreases with
height [47] The thermoelectric effect and surface tension gradient would play a leading role in
different altitude of thundercloud, respectively.

In the lower (warmer) region of thunderclouds, liquid water content is high and ice particles
tend to be in wet growth. For an ice particle with liquid water film formed by vapour diffusion, the
gas-water interface would accumulate more negative charge due to the release of potential heat. The
ice-water interface also charges negatively according to the double-layer stable theory. Thus, the thick
stable water films covering the ice particles will be stabilized by electrostatic repulsion between
negatively charged ice-water and gas-water interfaces [22]. A rapidly growing surface tends to
acquire a thicker liquid layer, a higher temperature and more negative charge [48]. Due to ice crystal-
graupel interactions, the graupel will lose negative charge according to two mechanisms: (i) The
surface tension gradient-driven mechanism where the interfacial flow is drawn from the higher
temperature body to the lower temperature body, and (ii) the thermal diffusion mechanism where
ions diffuse from regions of higher concentration to regions of lower concentration. Charge transfer
in these two processes is consistent in direction when particles are in wet growth. The ice crystal
ultimately acquires a net negative charge, as shown in Fig. 7.

p —@Q:@K/ S E 4 | graupel .\

g lce | :' 1

= = al graupel ’ =
- 1 )
E r. | e
Nt rhe,,,,a, "

W dw”&‘fon —

OHp; < p2

Figure 7. Charge transfer between ice crystal and graupel in wet growth.
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In the higher (colder) region, droplets freeze quickly at lower temperatures. The probability of
an ice crystal encountering a fast-growing region around a freezing droplet would be lower. In
addition, the liquid-like layer is very thin, meaning that it cannot be explained with the surface
tension gradient theory, where water flows must exist. In the dry growth region, the ice crystal with
higher growth speed accumulates more negative charges. During the interaction between graupel
and ice crystal, the ice crystal will lose some negative charge and the graupel acquires a net negative
charge, which are mainly controlled by the diffusion mechanism, as shown in Fig. 8.
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Figure 8. Charge transfer between ice crystal and graupel in dry growth.

Therefore, the combination of thermoelectric effect and surface tension gradient would explain
the charge separation and charge reversal in thunderclouds as well, consistent with the relative
growth rate mechanism. The distribution of actual atmospheric humidity is non-uniformly varying
in vertical altitude, and horizontal humidity gradients could exist due to strong updraft-downdraft
in thunderclouds. So more complex charge structure would be formed under the combined electrical
mechanism.

3.3. Other influence factors

In addition, many researchers have suggested that charge is also related to particle size, particle
shape, and the relative velocity of collision objects, besides temperature and effective liquid water
content of clouds [9, 20, 49, 50]. First, particle size affects the growth rate of crystals. Large crystals
act to diminish somewhat the significance of the rapid transient growth relative to smaller crystals.
Relatively faster growing crystals (large or small) promote negative graupel charging (more for small
crystals), which is consistent with the relative growth rate theory. Second, changes in particle shape
could bring about a reversal of the charge sign. According to the thermoelectric effect, irregular
particles with more tips will gain more heat locally, giving rise to a higher temperature. Thus, during
collisions between graupel particles and these ice particles, the graupel particles charge positively
while the irregular particles carry away negative charges. Third, relative velocity between collision
subjects affects the charge amount. A low velocity would lead to a longer contact time, which thus
causes further neutralization between particles [51, 52]. In addition, at a higher relative velocity, the
particles will experience a higher temperature change in a short time, breaking the thermal
equilibrium inside the particles. The large temperature difference would cause a higher growth rate,
and, consequently increases the charge transfer according to the relative growth rate theory.

3.4. Non-thermal equilibrium ionization

Charge separation in ice crystal-graupel collision is driven by the non-thermal equilibrium of
the hydrometeors, i.e., non-thermal equilibrium ionization. The non-thermal equilibrium ionization
is able to uncover the fundamental essence of relative rate theory, unify the thermoelectric effect and
surface tension gradient, and explain other complex charge separation. For charge migration inside
hydrometeors, the temperature gradient-driven mechanism is to maintain the thermal equilibrium
between the hydrometeor and environment. The chemical potential gradient-driven mechanism is to
maintain the chemical equilibrium and its effect on charge migration is very limited when at a
constant temperature. When temperature increases, ion concentrations will be elevated, and thus the
charge migration due to the chemical potential gradient-driven will be correspondingly enhanced.
For charge separation between colliding hydrometeors, the relative growth rate theory is based on
the fact that the transient rapid growth occurs when the thermal equilibrium of the crystal is broken.
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The thermoelectric effect and the surface tension gradient are driven by the temperature differential.
The particle size can affect the growth rate (and thus temperature) of ice particles. The particle shape
can influence heat transfer and thus can generate a temperature differential. The relative velocity can
cause the particle to experience different atmospheric temperatures in a limited time, and this would
affect the growth rate.

In summary, the charge migration inside hydrometeor particles in principal depends on
temperature differential between particles and the environment. The subsequent charge separation
between colliding hydrometeors depends on the electric state of the surfaces. Therefore, the
fundamental cause of the ice crystal-graupel collision charging is that these particles are in a non-
thermal equilibrium state. In other words, thunderstorm is a transient and rapid-development
phenomenon, where cloud particles are strongly moving upward-downward. The relaxation time
needed to reach a new thermal equilibrium through conduction is thus relatively longer, resulting in
most cloud particles being in non-thermal equilibrium. Based on these results, we conclude that
thunderstorm electrification is actually a dynamic, non-thermal equilibrium process of cloud
particles.

4. Conclusions and perspectives

The charging of ice crystal-graupel collision could play an important role in thunderstorm
electrification, whether in the initial or developing stages of thunderstorms. Ion migration inside
hydrometeors is driven by the temperature gradient and the chemical potential gradient, and the
combined action of these two driving forces determines the surface electrical states of hydrometeors.
When the hydrometeor is in thermal equilibrium, a small amount of net negative charge would be
accumulated on the surface due to the chemical potential gradient. As the particle temperature
increases, the chemical potential of H/ OH- will be enhanced, leading to more excess negative ions
on the surface. Therefore, the effect of the chemical potential gradient on charge migration is due to
the temperature gradient.

By analyzing relative growth rate theory, the thermoelectric effect (charge transfer) and the
surface tension gradient (mass transfer along with charge transfer), we propose that the relative
growth rates theory could properly explain the charge separation in thunderstorms, while the
thermoelectric effect and the surface tension gradient are applicable in specific environmental
conditions. The combined action of the thermoelectric effect and the surface tension gradient is
consistent with the relative growth rate theory. Then, the influences of particle size, particle shape
and relative velocity on charge separation are analyzed as a complement to the relative growth rate
mechanism, which is generally controlled by temperature and relative humidity. Thus, temperature
and humidity are the key factors that impact the charge separation during the ice crystal-graupel
collisions. However, they are dynamically changed with the development of thunderstorms, so the
dynamic processes of microphysical conditions should be considered in future research on
thunderstorm electrification, especially the non-thermal equilibrium of cloud particles. Furthermore,
water droplets in clouds could also experience non-thermal equilibrium and subsequent charge
transfer as ice particles, so the mechanisms presented here could also be extended to explain warm
cloud lightning.
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