Electric charge on raindrops grown in warm clouds
over the island of Hawaii

By TSUTOMU TAKAHASHI and KENJI ISONO, Water Research Laboratory,
Faculty of Science, Nagoya University, Nagoya, Japan

{Manuscript received January 27, 1967)

ABSTRACT

Measurements of electric charge on raindrops in and beneath warm clouds over the
Island of Hawaii were carried out with the use of radiosonde and ground equipment
in the summer of 1965. In the case of shower type rain, raindrops were observed to have
a considerable amount of positive electric charge while a reversal of the normal fair
weather electric field intensity was observed at the ground level.

Radiosonde observations revealed that raindrops with positive charge were present
in the lower part of clouds and that raindrops with negative charge predominated in the
upper part.

In the case of continuous rain, the electric field intensity at the ground level showed
increased positive values, and raindrops with negative charge were sometimes observed
at the ground stations. The features of the electrification of raindrops in these different

precipitation types are described.

Introduction

Measurements of electric charges on raindrops
in clouds aloft and at the ground stations were
made during the Japan-U.S. cooperative pro-
gram in Hawaii in the summer of 1965. The pur-
pose of our measurements was to obtain basic
data important in the elucidation of electrifica-
tion mechanisms in warm clouds. It has been
widely believed that precipitation particles of
the ice-phase play a weighty part in the charge
generation in the thundercloud (Workman,
1950; Brook, 1958; Mason, 1953, etc.). Vonnegut
(Vonnegut, 1954), on the other hand, observed
that there was lightning even in warm clouds,
and proposed a mechanism for the electrifica-
tion of a warm cloud by atmospheric ions.

Measurements of electric charges on raindrops
beneath warm clouds will give us an important
clue as to the role which precipitation particles
of the liquid phase play in the electrification
process.

In middle latitudes, raindrops usually grow
from particles of the ice phase and electrification
occurs in both the ice-stage and the liquid stage.
In order to elucidate the electrification processes
it is desirable to learn more about electrically
charged precipitation particles in a pure solid-
state and in a pure liquid-state separately.

The electric charge measurements of snow
crystals and graupel pellets were carried out
in the Hokuriku region during the winters of
1963 and 1964 by our group (Isono, Komabayasi
& Takahashi, 1966).

The result of the present study on the electri-
fication of raindrops will give us an important
suggestion on the electrification process even
in cold clouds.

Description of the instruments used

(a) Electric charge radiosonde

The radiosonde transmitter used for measur-
ing the electric charge on precipitation elements
(Takahashi, 1966) consists of a receiving dish
for collection of precipitation particles and a
D.C. electrometer amplifier with sufficient
power to drive a radiosonde transmitter. The
collecting dish is 7 cm in diameter and 15 cm
in depth and contains a sheet of filter paper in
order 10 minimize the splash of raindrops. This
dish is held coaxially within an outer aluminium
cylinder 15 cm in diameter and 100 ecm in height
and is insulated from the outer cylinder by
teflon (Fig. 1). In order to avoid splashing of
raindrops at the outer aluminium wall onto the
dish, an aluminium cap with a 5 x 5 cm? opening
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Fig. 1. Schematic diagram of radiosonde transmitter
for measuring electrie charge on raindrops.
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at the center is mounted over the collecting dish.
The voltage across the resistor (4 x'10°Q) be-
tween the dish and the outer cylinder is mea-
sured with a D.C. electrometer amplifier which
has nearly the same electronic network as that
used for measuring potential gradient in the
atmosphere by Hatakeyama and others (1958).

A circuit diagram of the amplifier of the radio-
sonde transmitter is shown in Fig. 2. The time
constant of the input part of this sonde is 1
second. A radiofrequency oscillator operates at
1680 MC and the modulator for imposing infor-
mation on the radiofrequency carrier is a block-
ing oscillator whose repetition rate of 20 ¢/s to
200 ¢/s is controlled by the output voltage of the
D.C. electrometer amplifier. The modulator
works at a frequency of about 110c/s when a
water drop without charge falls onto the inner
dish and works between 110 ¢/s and 200 c/s for
positively charged drops and between 110 c¢fs
and 20 c/s for negatively charged drops. An
electric charge of 5 x10-¢ e.s.u. is the limit of
detection of this radiosonde. The signals are
received by a GMD-IA type receiving set with
a recorder. The relation between the indication
of the recorder and the amount of electric
charge was calibrated before each ascent by
using water drops having various values of
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Fig. 2. Circuit diagram of the electric charge radiosonde.
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Fig. 4. Sites of Observation, the 9 mile station and Hilo Weather Bureau.

electric charge. An example of the calibration
is shown in Fig. 3. The radiosonde transmitter is
hung 50 m below the balloon to avoid large
water drops shed by the balloon.

(b) Instrument for continous recording of electric
charge on raindrops at the ground station

The voltage across the resistor, a 1 Q19 tube
(10°Q2), between the collecting dish for raindrops
and ground is amplified by a UX54B tube and
a 12AT7 tube. The electric power of this signal
is amplified and recorded by a Mini-writer. 104
e.s.u. of electric charge is the limit of detection
of this instrument. In order to avoid the induc-
tion effect due to abrupt variations of electric
field, an aluminium cylinder of 19 cm in dia-
meter and 150 em in height was mounted over
the imner collecting dish and connected to
ground. A sheet of filter paper was put in the
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inner dish (7 cm in diameter and 1 cm in depth)
to minimize the effect of splashing of raindrops.
The number of raindrops was counted by use of a
filter paper soaked with dyes (water blue).

(¢) Instrument for measuring the electric field

The instrument for measuring of electric
field is the field mill type (see Chalmers, 1949).

Observation sites

The ascent of electric-charge radiosondes,
measurements of electric charge on raindrops
and measurements of electric field were mainly
carried out at the 9 mile station, which was on
the slope of Mauna Kea, 9 miles to the south-
west of Hilo city, Hawaii Island (Fig. 4). Such
observations were also made at the Hilo Wea-
ther Bureau for one week at the end of the pe-
riod of the observations.
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Fig. 5. (a). Electric charges on individual raindrops (dots) and electric field intensity observed at the
9 mile station during a shower, 17th July 1965. (b) Frequency of electric charge on single raindrops.

Observational results

(a) Shower

A typical example of the mode of time varia-
tion of electric charge on individual raindrops
and of the electric field obtained at the ground
station (9 mile station) measured in units of
electric field intensity in fine weather are shown
in Fig. 5a.

The time variation of electric field showed a
concave curve and the field was negative during
the shower. Positively electrified raindrops were
recorded while the electric field was negative.
The maximum electric charge on raindrops was
10-2 e.s.u. The relative frequency of raindrops
as a function of the amount of electric charge
per drop is shown in Fig. 5b. About one per cent
of raindrops (limit of diameter ascertained by
the filter paper soaked with dyes was 0.2 mm)
had an electric charge larger than 5 x 10-* e.s.u.

The results of three electric charge radiosonde
observations are shown in Fig. 6. The first two
radiosonde transmitters were launched from the
9 mile station and the third was launched from
Hilo Weather Bureau. The electric field and the
precipitation current at the ground are shown
below the figures for each electric sign separately.
In every case of shower type rains, the electric
field showed a concave parabolic curve. Both
negative and positive electric charges were ob-
served on raindrops at the ground station on
29th July, 1965. Those cases in which raindrops

were negatively electrified while the electric
field was also negative, was very small in num-
ber for shower type rain, and the ratio of the
number of such cases to those cases having
positively electrified raindrops combined with
negative fields was 1/12.

Positively charged raindrops were observed
by radiosonde ascent No. 3 on 29th August. The
height of maximum electric charges and the
maximum number of electrified raindrops was
at a level of nearly 2.5 km. No electrified rain-
drops were found above the 3 km level.

The results obtained on 9th August are shown
in the middle of Fig. 6. Negative electric field
intensity and raindrops with positive charge
were observed at the ground station. The radio-
sonde ascent, No. 9, also showed raindrops with
positive charge up to the 2.1 km level, above
which raindrops with negative charge were ob-
served. No charged raindrops were found above
3.2 km.

Radiosonde transmitter No. 11 was launched
on 22nd August from the Hilo Weather Bureau
near the coast. The electric field intensity record
showed a concave curve with negative values.
At levels between 2 km and 3 km negatively
charged raindrops were observed in this sound-
ing. Above the 3 km level electric charges on
raindrops decreased abruptly. Transmitter No.
10, launched from the 9 mile station, was
tracked by the radar of the Illinois Group. The
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Fig. 7. The locus of radiosonde transmitter No. 10;
horizontal projection (upper) and vertical projection.

locus of the transmitter is shown in Fig. 7. The
transmitter at first was carried toward the west
and came back toward the east at a height of
5 km. Radar observations showed that echoes
over the sea were of the solid type and that they
became diffused over the 9 mile station. From
this information, transmitter No. 10 may be
presumed to have ascended across the top part
of a cumulus cloud. Similar consideration of the
flight paths of transmitters No. 13 and No. 9
launched from the 9 mile station lead to the
inference that they passed through the upper
part of clouds and measured the electric charge
distribution in that part. Further it appears that
transmitter No. 11 launched from the Hilo
Weather Bureau passed through the middle
part of clouds. A model of electric charge distri-
bution deduced from these radiosonde observa-
tions is shown in Fig. 8. As shown in the figure,
raindrops with positive charge were found in the
upper part of the cloud. The height of the
boundary between positive and negative do-
mains in shower type clouds was above 2 km in
height. Electric charge densities in each part
were —1 es.u./m.? and +0.5 e.s.u./m? respec-
tively, values which are one order of magnitude
smaller than would be expected in & thunder-
cloud. These rather large values of electric
charge density indicate that there is some possi-
bility of having lightning even in warm rain
clouds by the electrification of raindrops. The
frequency distribution of charge magnitude in
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Fig. 8. A model of electric charge distribution of
shower type clouds composed from results obtained
by soundings by the electric charge radiosonde. The
diagrams on the left side shows the frequency distri-
bution of positive and negative charges respectively.

electrified raindrops is shown in Fig. 8 b.
The upper diagram is the result of radiosonde
3 and the lower diagram is that of radiosonde
11. Negative electric charges of 5 x 103 e.s.u.
in the upper part of the cloud and positive
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Fig. 9. Vertical distribution of charges on raindrops
(dots) (upper) and electric field intensity (full line)
and electric charges on raindrops (dots) during a
continuous rain.

electric charges of 1 x10-% e.s.u. in the lower
part of cloud were the modal values.

(b) Weak shower type cloud

When a shower was light, the electric field
intensity was positive during the shower and
showed a slight concave curve as shown in Fig.
9. Radiosonde transmitter No. 15 launched dur-
ing this period indicated both positive and nega-
tive electric charges in the cloud. This cloud may
be at the premature stage of a shower cloud and
it is felt that electric charge separation in the
cloud was still poorly developed at this stage.

(c) Continuous rain

A case of continuous rain which fell over an
extensive region is shown in Fig. 10. Electric
field intensity became more positive during the
precipitation in contrast with the cases of
shower type rains described above. Negative

Tellus XIX (1967), 3
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electric charge was sometimes observed at the
ground station. Radiosonde ascent No. 13 at the
Hilo Weather Bureau indicated large positive
electric charges at a height of 1.5 km, and there
were no electrified raindrops above 2 km. In this
case, the electric charge distribution may be
considered to be such that positive electric
charges existed in the upper part of the cloud
with negative electric charges in the lower part.
The electric charge distribution in cloud is in
contrast with that of the shower type cloud.

Discussion

The inverse relation between the sign of
electric charges on raindrops and field intensity,
has been reported by many workers (cf. Chal-
mers 1957). Smith (1955) has suggested that the
charge is produced by the splashing of the rain-
drops at the earth’s surface with charged splash
droplets remaining in the air. In the case of the
apparatus used for measuring charge on indivi-
dual raindrops at the ground station, the rain-
drops fell through an aluminium funnel (19 cm
in diameter and 150 em in height) before being
measured. If there fell many small negatively
charged droplets which were so small that they
did not leave stains on filter paper, negative
charge would still be detected by the charge
recorder. But in the case of showers which were
accompanied by negative electric fields such
negative charges were usually not detected.

This seems to suggest that splashed droplets
were not responsible for the negative electric
field intensity near the ground. However, there
is a possibility that splashed droplets were so
small that they could not fall through the funnel
and reach the collecting dish due to wind or
evaporation.

Concerning the positive charges on raindrops,
if the ion capture theory by Wilson (1929) and
Chalmer (1944) is assumed to hold, the maximum
amount of charge acguired by a raindrop of
radius r during its fall is given by

Q =0.52 Fre,

where F is the electric field intensity. If we take
the value of electric intensity observed at the
ground station for F and if the radius of the
raindrop is assumed to be 2 mm, the amount of
charge will be given by the line plotted in Fig.
11. These values are very much smaller than
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Fig. 10. Vertical distribution of charges on raindrops (dots) (upper) and electric field intensity (full line)
and electric charges on raindrops (dots) during a continuous rain.

those observed. 1t is therefore difficult to con-
sider the positive electric charges on raindrops
as being due to the capture of ions below clouds.

Though the charging mechanism of raindrops
has not been clarified, it seems likely that the
negative potential gradient observed during
showers was due to larger quantities of negative
charge in the upper part of the cloud. A tenta-
tive crude model of electric charge distribution

in cells of shower clouds based on our observa-
tions made at the ground stations and by
radiosonde is shown in Fig. 12a. Some unspeci-
fied charge separation mechanism works at a
certain level above the ground; raindrops are
charged positively and smaller droplets negati-
vely. The shower clouds move from the coast
along the slope of the mountain. At the prema-
ture stage and the dissipating stage of a cell the

Tellus XIX (1967), 3



429

*(9x09 oYy o98) L100y3 emydeo uor ey} uo peseq ‘AjIsuejur ployy oLIj0e[e eANgoedsel oYy 9B Jojowrelp W wur Z Jo sdorpures
£q peambor aq PIROM 38y} 80SIVYO JO SOU[BA O3 9BIIPUL SO[OI]) "A31sUeIul PIOY oLIje[e pus sdospursL UC SeSIBYD DW00[ USIMIOq UOTIR[RY “IT “Brd

ELECTRIC CHARGE ON RAINDROPS

‘s e_ o199 00£4 _
B ek aderah (WO0L=H)
Do, ol OQ—HII.mIHMRlQH.— uoupis 3 6
ing J9YyipoM et
‘P
DAY = ——
op
@+ woos
Fl - Ll -
ALIONILNI ALIONILNI : °
a4 21¥Lo3N3 at3id oLd3I3 .
S+ S - s )
T — 1 T T T T T T T T a T T
- )
-3
-]
m g m
2 [ - 2 = . -
x Q . N e R
> 3Lt 2l AN -
2= =3
Fo . 2 S -
o . o .
22 . g3
= SB
2 3 . .
R # gy
Lz + Lz +
A.:.n.oub—x. a.:.m.v«.ova

Tellus XIX (1967}, 3



430

1 2 3 4 5
HEIGHT - - -
e - - --- T - LEVEL OF
@ ? @ ® CHARGE SEPERATION
J ¥
L )4 g ?
7777777577 7777777777777 7777, 777~ GROUND
—
ta} @ &,’}’rﬁ"?&’ﬁm
CHARGE
ELECTRIC - E‘S‘i‘;&:f

FIELD INTENCITY

| /"

tby

Fig. 12. A model illustrating the change in vertical
distribution of charges on raindrops with develop-
ment of convective warm clouds.

charge scparation activity may be weak. At the
mature stage the charging rate and the rainfall
intensity may be intensive. Positive charges are
carried down to the ground by raindrops, and
consequently negative charges are accumulated
in the upper part of the clouds.

As the result of such a process, the ficld inten-
sity becomes negative under the cells at the
mature stage because of the larger negative
charge, while raindrops carry positive charge.
Under the clouds at the premature and dissipat-
ing stage or under the clouds whose convective
activity is weak, the field intensity may be less
negative or slightly positive. The characteristics
of the variation of electric field intensity ob-
served at the 9 mile station and of the charge
distributions aloft revealed by electric charge-
radiosondes may be explained by this model.

The smaller charges on raindrops and corre-
spondingly smaller variations of field intensity
observed at the Hilo Weather Bureau Office as
compared with the observations made at the
9 mile station cannot be explained only by the
simple model described above. The discrepancy
may be explained by assuming negative ions in
the layer under clouds and neutralization of
positively charged raindrops falling through this
layer. If this effect is to be brought about during
fall distance of 700 m, ionic conductivity should
be about 6 x10-* e.s.u. This value is much
larger than 10-% e.s.u. over the Pacific Ocean
obtained by Coroniti et al. (1953). For the eluci-
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dation of this problem, further measurements
of the distribution of ions are needed.

Conclusion

Observation of electric charge on raindrops
by use of radiosondes and ground observations
of raindrop charges and electric field were
carried out in Hawaii during summer 1965.
Rains in Hawaii were classified with respect to
electric charge distribution in clouds; shower,
weak shower and continuous rain. A consider-
able number of electrified raindrops were ob-
gerved in the clouds. In the case of shower type
rains, the electric charge on raindrops reaching
the ground was positive, while electric field in-
tensity became negative and varied with time
along a smooth concave curve. Positive electric
charges were present in the lower part of clouds
and negative electric charge in the upper part of
cloud. The electric charge density was one order
of magnitude smaller than that expected in
thunderstorms.

In the case of continuous rain-type cloud, the
electric charge distribution of positive and nega-
tive charge with height was the inverse of that
described above for the shower type cloud.

Since the features of electric field intensity
variations and charges on raindrops in Hawaii
were much simpler than those usually observed
in Japan and in continuous areas, further stu-
dies on the electrical characteristics of clouds in
this region will provide us with important in-
sight into the nature of the charge separation
mechanism in clouds.
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QJERTPUYECKUN 3APAL HA JOMKAEBLIX KAIJIAX, PABBUBHINXCA B TENJLIX
OBJIAKAX HAJI OCTPOBOM T'ABANU

Jletom 1965 r. Hag ocrpoBom TaBaitu ¢ mo-
MOIIbIO PAJIMO30HAOBOTO U HazeMHoOro oGopyno-
BaHUA OBIIM TNpOBeJeHB M3MepeHUA DIEeKTpU-
YeCKUX 3apANOB Ha HOMAEBHX KAMJIAX BHYTPHU U
nox TemibiMu oGaakamu. B cayvae pompeft,
THNA NPOJUBHHX, Obl710 00papyHeHo, YTO OK-
AeBBle KAIJIM MMEIOT BHAYNTENbHBI MOJOMKU-
TeJbHHII 3apfAj, B TO BPeMA Kak Ha YpOBHe
seMsM Habmogasicsa o6paTHBI X0[ WHTEHCUBHO-
CTH HIIEKTPUUECKOTO MOJIA XOpouei morogsl.
Hab6aopnenusa ¢ paguos3oHfoB o0papy:kuam,
YTO JIOKAEBbIe KAIIM C MOJOMNTENBLHBIM 3apsH-
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JAOM HaXoJATCA B HMMHelt yactu o6IakoB, a
KAl ¢ OTPUIIATEIbHBIM 3apPALOM — B BepXHelt
4acTU 00JIAKOB.

B cayuyae HempepHIBHHIX HpPOJOJKUTEIBHBIX
Z0Mell MHTEHCUBHOCTH 3JIEKTPUYECKOro IOJIA
HA ypOBHe 3eMIIU UMeJla yBeJdHYeHHBIe IOJIO0MHM-
TedbHBIE 3HAYEHUS, U HA HA3eMHBIX CTAHIMAX
HHOTAA HAGIIOAAMNCH KAl C OTPUIATEIbHBIM
3apAgoM. ONUCHBAIOTCA 0CO0EHHOCTH NMPOIECCOB
slIeKTpUUKALNU AO0KIEBEHIX Kalelb B HA3BaH-
HBIX PA3JUYHBIX TUIAX OCAAKOB.



