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Model study of electric field growth in thunderstorm---_ .....•••--~-~ .....
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"""The electric field growth inside Montana cumulonimbus cloud is tested using a parallel plate capaci­

tor model. It is found that the results of laboratory char,ge transfer experiments of ic~, -hailstonenon-inductive mecham'" "'" explain the o""",,,ed electric field growthy \3. ~
1 Introduction

Thunderstorms are generally found to have a
pocket of net positive charge at the top and negative
charge at the bottom. A subsidiary small positive
charge may also exist at the base of the cloud. The
negative charge centres are found to be co-located
with precipitation particles in well-defined tempera­
ture regions between - 10 and - 1rc regardless of
the geographical location of the storm, whilst those
of the main positive charge are several kilometres
higher. A number of charging mechanisms have
been proposed to explain the thundercloud charg­
ingl-3

The efficiency of convective mechanism is limited
by the weak downdrafts around the cloud bounda­
ries and longer time ( > lOs) that is required to trans­
port the ions to the cloud heights. The efficiency of
inductive mechanism is limited by the fact that the
rebounding probability in water-water collisions
falls to zero above the electric field of 25 kV/m. The
charge buildup in the ice phase due to this mechan­
ism is limited by the higher relaxation time (of about
100 f..ls) of surface against the contact time ( < 1 f..ls).

Significant charge transfer is found to occur in the
non-inductive collisions between rimmed targets
and un rimmed ice crystals. The other mechanisms
are shown to have severe limitations and, therefore,
not significant to thunderstorm electrification.

In this paper, laboratory results from the experi­
ments of ice crystals-hailstone interactions4-6 have
been used in the model calculations and compared
with the observed electrification of a small isolated
Montana cumulonimbus clouds 7•

2 Field observations
Four instrumented aircrafts were used to probe

the microphysical and electrical properties of the
thunderstorm that occurred on 19 July 1981. While
three aircrafts, i.e. King Air, Aerocommander and
Sailplane probed inside the thunderstorm, the
fourth aircraft Queen Air flew below the cloud base.
The important microphysical and electrical observ­
ations of this storm 7 are summarized in Tables 1 and
2. The King Air was equipped for making only mic­
rophysical measurements, but during the same time
and at the same isotherm of """"10°C the, Sailplane
was observing the electrical evolution of the storm.
Between 1631 and 1632 hrs LT, the Sailplane ob­
served an electric field of 800 V1m and between
1637 and 1638 hrs LT it observed that the electric.
field has increased to 8 kV/m. Measurements of
electric field made by Aerocommander (Table 2)
from its three penetrations at - 6°C isotherm show
an electric field of 500 Vim at 1632 hrs LT, a
rapid increase to about 15 kVlm at about 1636 hrs
LT and a decrease to 4 kV/m at about 1640 hrs LT.
Thus both the aircrafts observed the same general
history for the electrical development, i.e. 500-1000
Vim at around 1630 hrs LT with a rapid increase to
8-15 kV/m by 1637 hrsLT.

The observations in the - 10°C isotherm when
the electric field was about 800 Vim showed that
the liquid water content (LWC) was 1.77 g m -3 and
the vertical velocity of wind in the cloud wa 9 ms - I.
The distribution of ice particles during this period
(1629-1630 hrs LT}was found to be7

N(d}=104e-2dinm-3mm-l ... (1)
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Table I - Properties of thunderstorms as observed by King Air penetrations 7

Time AltitudeTemp.LWCVerticalIce concen-Largest
hrs LT

km"Cgm-3windtrationgraupel size
ms I

per litremm

1617-1618

6.0-151.3750.20.6

1620-1621

6.0- IS1.0130.60.8

1622-1623

6.0- ]51.75]()(l61.6

1625-1626

6.0-152.19]()4.72.2

1629-1630

5.4-]01.7792.05.0

1632-1633

5.2-]()0.7160.77.2

]640-1641

5.3-]()0.34329.37.2

1642-1643

5.6- ]10.040.3 4.5

]647-1648

6.0-150.06I63.85.0

1650-1651

6.1-150.04-245.34.5

Table 2- Properties of thunderstorms as observed by Aerocommander penetrations 7

Time AltitudeTemp.LWCVerticalIce concen-LargestE]ectric
hrs LT

kmDCgm3windtrationgraupe]field
ms-I

per litresIzekY/m

mm1631-1633

4.3-50.3190.33.90.5

1635-1637

4.5-60.36320.43.215

1639-1641

4.6-60.04221.74.44

where d is the particle size in mm. By the end of the
electrical life of the storm (1640-1641 hrs LT) the
LWC in this region was 0.34 g m - 3 and the vertical
velocity of wind in the cloud was 3 ms - I. The ice
particle distribution during this period (1640­
1641 hrs LT) was found to be

N(d)=105e-27odinm-3mm-1 ... (2)

The two distributions indicate an increase in the
concentration of ice particles during 1629-1640
hrs LT. The presence of large and small ice particles
co-existing with supercooled water in the fringes of
updraft may be playing an important role in the
electrification of the cloud.

3 Laboratory observations
In the laboratory experiments4 - o.H significant

charge transfer was found to occur during collision
between unrimmed ice crystal and rimmed ice target
in the presence of supercooled water druplets.

At the temperatures bdow -10°C and LWC of 1
g m -3, a charge transfer of about - 16.5 x 10-15 C
was found4 when a 100-,um size crystal collided with
rimmed target at an impact velocity of 9 ms - I;and a
charge transfer of -12 x 1O-15C was reported5
when a 100-,um ice sphere collided with a hailstone
at an impact velocity of 8 ms - I, the LWC in the
chamber being 0.8 g m-3•

Similar experiments were performedH at an im­
pact velocity of 3 ms - I and it was found that the
charging of rimmer per collision is proportional to
the fourth power of the size of the ice crystal. These
experiments were further extendedo and it was
found that at temperature of - 15°C with LWC of 1
g m - 3 and an impact velocity of 3 ms - I a 800-,um
size crystal separated a charge of - 220 x 10 -15C, a
450-,um crystal separated -160 x 1O-'5C and a
200-,um size ice crystal separated a charge of
- 40 x 10- 15C.

4 Model calculations
Assuming a d4-dependent charge transfer (q) per

collision based on the dataH for small ice crystals
(< 125 ,urn), the charge density inside the Montana
storm was assessed and the observed features were

reproduced reasonably wcllY• However, some later
experimentso. 10 indicated that q is limited by the on­
set of corona among the interacting particles when
the large ice crystals ( > 450 ,urn) are involved in the
collision with rimmer: It was found that the depend­
ence of q on crystal size falls to dO.5 at larger crystal
sizes. As it is difficult to deduce the char,ge and size
relationship from the field observations inside Mon­
tana storm 1I, we have taken the approach of calcu­
lating the growth of ~lectric field. The electric field
growth is examined for different leakage currents

II 'I!'''llfINl illl 11I11~111II n IIII ill I' 1'1';
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utilizing the laboratory charge transfer values as
closely as possible.

The parallel plate _capacitor model for electric ­
field growth rate due to non-inductive process 12 is
used for the present calculations. The time variation
of electric field inside a thundercloud can be ob­
tained from current density equation as follows.

dE -',
f ~-= -[NQ( V- v)- )'E]

dt

dQ=.11'R2(V-v)nqadt

, 2d E dE "
f-, +).--= -Nn.11'K(V-vtqa

de dt

E(I)= En + ~ + (En- ;) (l-e-"')

where

... (3)

... (4)

... (5)

... (6)

5 Discussion

Figures't-3 show the growth oIeleCtric field with
time for different conductivities for the variables

that have been given in Table 3. If the interactions
between ,the various crystal sizes with graupel are in­
tegrated then the charge transfer rates observed in
the earlier laboratory experimentsh•ll and used in
this crude model are sufficient to generate the ob­
served electric field of Montana thunderstorm in
7 min. This is true even if a normal fair weather con­

ductivity value is 'assumed to be present inSIde the
cloud (Fig. t). '

The experiments performed earlier.j,5 at high im­
pact velocirtes of 9 ms - 1 seem to be unrealistic as is
evident from the electric field growth shown in
Figs 1-3 for the variables of sets 4 and 5 of Table 3.
In actual situations, as seen from Tables 1 and 2, al- ,
though such values of vertical wind are present, the
ice crystals and hail pellets would be colliding with a
velocity which is the difference of their terminal vel­
ocities and, therefore, will be of the same order of
impact velocities as used in the later laboratory ex­
perimentsh•ll•

Fig. I-Electric field growth with time for normal conductivity
A= 2.22 x HI - '4 Sm - 1 (the curve nos. correspond to the set nos.

of Table 3)
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Eq. (4) gives the rate of graupel electrification due
to non-inductive process. The model assumes the
radius of the graupel to be constant throughout its
fall in the cloud. Therefore, the model provides the
rate. of electric field growth only due to charging of a
particular size of the graupel.

In this paper we have calculated the field growth
for particle concentrations Nand n observed in the
Montana thundercloud described by Eq. (2) for as­
sumed conductivities ).,= 2.22 x lO - 1.1 Sm - 1 (nor­
mal), ).,= 2.22 x 10- 13 Sm -I (one order higher) and
).,= 2.22 x lO- I'; Sm-I (one orderlower) of air with­
in the cloud domain.

.11'Nn , ,B=- Kqa(V- v)­f

N Number density of hail pellets of radius R
n Number density of ice crystals
V Terminal velocity of hail pellet
v Terminal velocity of ice crystal
q Charge transferred per collision
a Event probability and the values have been tak­

en from the observations reported by Keith 13

Eo Initial electric field
E Permittivity of free space which is

8.89 x lO-12N- IC2m-2

)., Conductivity inside the cloud

A=).jf
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Fig. 2-Same as Fig. Ibut for A.= 2.22 x 10 - 11 Sm - I Fig. 3-Same as Fig. 1 but for A.= 2.22 x 10 -15 Sm-I

Table 3- Variables used for electric field growth calculations

Sietof

qndV-vaRef. No.

calculation
Lc.m-3!-tm

ms-I +
1

22021980030.586

2

40115120030.206

3

16057845030.356

4

40151710090.435

5

16.5151710090.434

Note: Eo=500V/m, (= 7 min, N=34m-3,R= 1.5 mm, 1 f.c.= 1O-15C.

From the above model calculations it can be seen

that charge transfer during ice crystal-hailstone in­
teractions in the presence of supercooled droplets
can explain the observed thunderstorm electric field
growth. As seen from Tables 1 and 2 the presence of
large and small ice particles co-existing with super­
cooled water in the fringes of updraft is playing an
important role in the electrification of the cloud. Al­
so it is seen from Table 2 that even though the maxi­
mum ice diameter and concentration of ice have in­

creased during 1635-1639 hrs LT, the electric field
in the vicinity has dropped from 15 to 4 kV/m which

is associated with the decrease of LWC from 0.36 to

0.04 g m - 3. In the laboratory experiments6,8 also a
decrease in charge transfer with decrease in LWC
has been observed. However, more measurements
from inside the thunderstorm and more laboratory
experiments, using uniform sizes of rimmed hail ob­
served in different stages of cloud growth with real­
istic impact velocities, are necessary for better as­
sessment.
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