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ABSTRACT

An outdoor site adjoining Durham Observatory was instrumented
to measure the atmospheric potential gradient and precipitation
current at the ground during periods of steady,quiet precipitation.
A system was constructed to automatically record these quantities
and to present the data in a form suitable for input to a computer.

Examination of most periods of quiet precipitation between
January and June 1972 shows that rain is usually positively
charged,with the potential gradient being negative,while during
snow these signs are reversed.There is nearly always significant
correlation between the two electrical quantities,with during'
rain variations in potential gradient most often leading those
in precipitation current by several minutes;during snow the
precipitation current leads by a similar amount.These two effects
correspond to the so-called "inverse relation" and "mirror-image’
effect" often quoted in previous work.

These results are shown to be consistent with the precipitation
charge being due to two charging processes,one acting on solid
precipitation within the cloud,and the second occumng during the
melting of snow to rain.Examination of acrological data shows that
the time lags between corresponding variations of the electrical
quantities can be explained during rain by the effects of the wind
shear between the cloud and the ground on the falling precipitation.

The different clectrical behaviour of a few periods of
precipitation can be explained by .the effects of a slow-moving
cloud where clectrical devclopment is talking placc,rathcr than by
a passing cloud with constant clectrical activity.

Comparison of periods of quiet precipitation with "disturbed”
periods,when the electrical activity is much greater,suggests
that the transition to disturbed precipitation occurs when the
rate of electrical sign reversals exceeds 2 per hour and the
precipitation rate exceeds 1.0 mm hri1The connection between the
degrees offelectrical and meteorological activity agrees with
the suggestion that the electrical activity reflects the degree

of atmospheric stability within the cloud.
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CHAPTER ],

A
J
1

The Study of “uiet Precipitation Electrification

1.1 Introduction

Cloud and precipitation electrification is studied
to discover the nature of charge separation and transfer
in the cloud and the free atmosphere, and how these
processes are related to the prevailing meteorological
condivions. Cloud electrification is most evident, of
course, in the thundercloud, where the electirical and
accompanying meteorological effects can constitute one
of the most violent and hazerdous of weather phencmena,
Unfortunately, the thunderstorm is a difficult subject

of study, and so a precise knowledge of the processes
leading to the intense charging of the thundercloud has
vet to be obtained. Continuous, non-stormy precipitation
offers much steadier conditions in wnich cloud electrif.
ication can be studied, but has received much less attention
despite its more frequent occurrence in many'parts of the
verld. vWiiile the electrical effects essociated with su;h
precipitation are considerably smaller in magnitude than
those observed in the thundercloud, knowledge of the
electrical processes in ”qﬁiet” precipitation mnay give an
indicaetion of possible processes in the thundercloud, more
particulerly in its earlier stages of development. Also

there is increasing evidence that, in most types of cloud,




electrical processes may be an important factor in the
growth and release of precipitation.

The observation that quieb precipitetion carries down
charge to the Earth's surface means that it mekes a contrib-
ution Lo the transfer of charge between the atmosphere and
the Barth's surface, and influencesthe maintenance of the
Farth's charge. hile the chiarge transferred during a
thunderstorm is considerably greater, the more frequent
occurrence of quiet precipitation over rnuch larger areas of
the Barth's surface may lead to a significant transfer of
charge by this mezns.

Throughout the present worle, the description "guiet"
will be reserved for pericds of continuous precipitation
where violent or frequent variations in electrical activity
are absent, and the mzgnitude of the activity is small.
Continuous precipitation which cannot be described as "quiet!

will be termed '"disturbed"”.

1.2 Ovservations of quiet precipitation electricity

1.2.1 Sarly observations

ELSTER and CGEITEL (188%) and SLwPSON(1909) were among
the earliest workers to find that the atmospheric potential
gradient is different in steady precipitation from that in
fair-weather conditions, and often of opposite sign. Thus
steady rain was found to produce excesses of positive charge,
with the potential gradient generally beiung negative.

SCRASE (1938) and CHALMER3 and LITTLE{(LGL0) guoted cases of
positive rain charge and negative potential gradient continue

ing for long periods. The observation that the precipitation




charge and potential gradient are of opposite sign nhas been
termed the "inverse relation', although strictly this would

mean they were inversely proportional.

l.2.2 The electrification of guiet rain

During periods of steady, quiet rain, potential gradient
values rarely exceed 1500 Vm_l in magnitude, while the
nrecipitation current density has values typically of up to
30 pr’\nf_2 although higher currents of up to 100 pAm"2 are
sometimes observed, By comparison, in KWezvy showers or
storms, currents of up to 10 0CO pAm"2 nave been measured;
with potentisl gradients at the earth's surface of 10 Q0O
oL
Vi o mMore.

Trhe total vertical current density during steady rain,
including the atmospheric conduction current and any effects
of splashing, has been found by CHALMAERS (1956) to be usually
positive downwards, that is oi the same sign as the precipit.
ation current. Since the potential gradient was usually
negative at the time, the precipitation current appears o
be the predominant current.

SIMPSCN (1949) found that not only did the rain current
and potential gradient usually have opposite signs, but that
when conditions were not changing violently any change in
sipn occurred nearly simultaneously for both records. This
‘was termed the "wmirror-image'" effeclh, because time variastions
of the rain current and potential gradient appeared as mirror
images of each other, about either the zero line or one

parallel to it. Later work, such as that of RAMSAY and




CHALXERS (1660), showed that apprecisble time differences

of up to several minutes could exist between corresponding
festures on records exhibiting the mirror-image effect.

Tre effect was then most noticeable for one or other record
shifted by this time difference (Fig.l.l). Both the potential
gradient and precipitation current have been seen to lead the

other on different occasions; there is evidence, however,

that the potential gradient leads more nften during rain.

1.2.3 The electrification of auiet snow

Observatinns during quiet - snow have been much fewer in
number, but SIMPSON (1949) reported an overall negative charge
on - snow and a positive potential gradient. CHALMERS (19595)
confirmed thisz, finding an average precipitation current density
of - 3.5 pAm‘_2 during steady snow compered with + 3.8 pAm~2
during steady raine. The presence oi blowing or wet snow
usually produces different results.  REITER (1965) found
similar results for steady snowfalla

The mirror image effect has been observed during snow,
but usually with the precipitsetion current variations leading

(RAMSAY and CHALMERS, 1960).

1.3 Charging processes in stesdy precipitation

1.3.1 The location of charging processes
v £

The observed charging of both rain and snow may be due
to processes operating in or below the cloud, or at the ground.
CHALMERS (1956), however, argued that in the case of snow,

separation of charpge must occur in the cloud, whether or not
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there is charge separatinn close to the ground. Tris
conclusicn is supperted by measurements on individual snow-

flakes, which show them Lo be charged long before they reach
the ground.

Chalmers further argued that most precipitation which
reaches the ground as rain will hsve been in the solid state
during part of its time in the cloud. Any charge separation
process in the cloud will then operate whether the precipitation
reaches the ground as rain or snow, and so a second charging
process is recuired in the case of rain, which reverses the
sign of the original precipitaticn charge. This second process
must oe of greater megnitude and of opposite sign to the process

in the cloud, and operste at or helow the melting level.

1.3.2 "Tnfluence! theories of cha2rge separation

Barly theories of cloud electrificztion werc mostly of
the "influence” type, involying the selective capture of ions
by precipitstion fslling in a vertical potential gradient.
ELSTER and GEITEL (1913) proposed thet raindrops would become
polerized in a positive potential gradient, such as exXists in
fair-weather conditions, so that cloud droplets rebounding
from the bettom of the falling raindrop would carry away positive
charge, leaving thie dreop with 2 negative charge. The falling
drops, in cerrying their negative charges towards the cloud
" base would enhance the existing potential gradient in the
cloud. This theory was labter extended to the case of falling
ice crystals by CHALMERS (1cL7).

WILSCN (1929) proposed that, under certain conditions,an
electrically polarized raindrop would acquire a net charge by

a process of selective ion capture. A drop falling through




a positive potential gradient more rapidly than the positive
ions, tor example, would acquire a negative charge which then
tends to increase the existing potential gradient. A
mathematical theory of the process has been developed by
WHIPPLE and CEALMEES (19LL), and confirmed experimentally by

ABBAS and LATHAM (1967).

1.3.3 Llectrification associsated with the freeging and
melting of water.

It has been suggested by CHALMERS (1956) that because at
least lwo charging processes,. of opposite direction and
magnitude are involved in continuous rain, they might be
converse processes, one being a freezing process and the other
a melting process. A possible freezing process could be
thet suggested by WORKMAN and REYNOLDS (1950), in which the
partial glezihg of supercooled water droplets on felling ice
particles results in positive charges being thrown off on the

fragments of thne water droplets, with a negative charge

©

remaining on the iceo. The charges would be separated due to
the gravitational separation of the ice particles and the
water droplets.

HASON (1953) put forward a theory similar to that of
Workman and Reynolds, but involving the riming of cloud
droblets on falling ice particles. Positive chezrge was
ejected into the air as ions, rather than on fragments of
" water splashing off. LATHAM and #ASON (1961) modified the
theory, with the positive charge being carried off on small
ice splinters ejected during the freezing of the droplets.

Electrical charging during the melting of ice was found

by DINGER and GUNN (1946), who passed a light current of sir




over melting ice, producing positive charge in the.melt

water and negative charge in the air. MAGONO and KIKUCHI
(1963, 1965) melted freely falling natural suow crystals

and also féund positive charging to result. The separation
of charge was found by IRIBARNE and MASON (1967) to result
from the bursting of air bubbles released from the ice during
melting. The amount of charge appeared to be sensitive to
the ﬁresence of impurities in the ice, the fate of melting,
and the original rate of freezihg of the ice specimen.

DRAKE (1968) however, found that the effects of impurities

were different in a well-ventilated specinen.

1.3.4 fce impact electrification

Charge separétion connected with the impact of Jce
nystals wés first suggested by SIHfSON (1919) to account
for large positive potential gradients obéefved_by him in
blizzards. SINMPSON and SCRASE (1937) suggested that the
‘impact ol ice crystals would lead to 2 negative charge on
the ice fragments and a positive charge, in the form of
ions, in the airo Generally, however, observational evidence
about charge separation by ice impact has shown little . "
' agréement. |
Later work, such as that of LATHAM (1963), has explained
ice impact charging in terms of therhoelectric effects produced

by temperature gradients in the ice particles.




l.3e5 Llectrilication produced by the rupture of water drops

Jeparation of charge produced by the disruption of water
drops was noted by LENARD (1£92), who found that the spray
from the base of a waterfall was positively charged, while
the mists of small droplets had an overall negative charge.
STMPSON (1909) established that the breaking of drops in a
strong vertical air current also produced strong positive
charging of the large fragments, with the éurrounding air
having an excess of negative ionic charge. Later work,

‘such 2s that of CHAPMAN (1952), has indicated that the charge
generated depends on the violence of the disruption of the
drope.

SMITH (1955) attempted to explain the observed behaviour
of the potential gradient end precipitation current at the
ground in terms of charging due to the gplashing of raindrops:
at the ground, which would be expected to gpive a negative
charge to the air and a positive charge to the splashed water.

The break-up of large, freely-falling water drops in
still air has been found by MATTHEWS and MASON (1904 ) to
produce electrification, particulerly in 5 large potential
gradients, The breék-up of large unstable drops formed from

melted snowflakes may thus produce electrification.

1.3.6 Processes relevant to guiet precipitatioen

The few observations which have been made of the charge
distribution in nimbostratus clouds producing steady precipit-
ation (see Sec.2.2) indicate that charpging occurs mostly in

the 0° C to -12° C region, where ligquid and solid particles

most probably coexiste. The riming of cloud droplets on




falling ice particles would be most likely to occur in this
region; processcs involving glazing are likely to be import-
ant only at lower tamperatures.

CHALMERS (1967), however, pointed out that ice impact
theories lead to the expectation of much larger effects in
the very turbulent cumulo-nimbus cloud than the quiet nimbo-
stratus cloud, as is indeed observed. Ice impact cherging is
Certéinly possible in the region of the cloud where charging
is observed to be grestest; it 1s also possible, though, at
nigher levels.

Flectrification almost certainly occurs on melting,
with the Dinger - Gunn process being the most likely mecnanism,
Break«up of water drops could cause cnarging, however, if
snowflakes melted to produce large, unstable, wéter drops
which subsequently disintegrate,

Ion capture processes operating beneath the cloud are
unlikely to be important, as thesc processcs appear to ve
at legst an order of ma 5nlbdd0 too small to produce the
observed electrification. In the absence of nigh potential
gradients or heavy rain, splashing at the ground is also

unlikely to be of importance (ADKINS, 1959).

1.4 Charge trensfer in the atmosphere

ko)

It has been postuleted by meny workers that the Barth
czn be considered ss the imner elcctrode of a giant spherical
condenser, the outer electrode being the "electrosphere',
a highly ionized and conducting region of the satmosphere

extending upwards® from an altitude of about 50 km. The

potential of the electrosphere, estimated at 2.0Q x 105 v,
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is maintained despite the transfer of charge by various
processes between the Earth and the electrosphere.

The overall positive charge brought o the Earth by
the fair-weather conduction current and precipitabion tends
to discharge the condenser, and so it must be balanced by
an upward transfer of positive charge by other processes,
such as point discharge or lightning currents. WORMELL (1930)
measured the transfer of chearge to a portion of the Darth's
surface by all means and found that the charge brought down
by precipitation was a significant factor. His estimates
of the total charge transferred by the various currents are
shown in Table 1.1, together with later ones given by HMASON
(1971). Paeh of the precipitation charge may have been
transferrved during quiet rain; while the precipitatinon currents
from shower and thunder clouds are often larger, the more
frequent occurrence of sisgn reversals reduces thé net, charge

transferred by such precipitation.
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CHAPTER 2

The Physical and Electrical Characteristics

of Quiet Precipitation.

2.1 The origin of auiet precipitation

2.101 The formastion of clouds giving guiet precipitation

Electrically quiet precipitation generally falls from
extensive stratiform clouds which are much less unstasble than
shower or thunder clouds and produce precipitation which is
steadier and of much longer duration. In temperate latitudes,
thé conditions necessary for the formation of such stratiform
clouds, namely the gradual ascent of a deep and extensive layer
of moist warm air, are usually found in the frontal systems
associated with depressions.

The air motions relative to a typical mid-latitude frontal
depression, as given by BROWNING (1971), are shown in Fig.2.1.
Formation of precipitation occurs within s well-defined tongue
of warm air which flows 2head of the cold front before ascending
ebove the warm front. Becsuse of the narrowness of this flow,
it has been sometimes termed the "warm conveyor belt". Large
scale ascent within the warm conveyor belt is typically of

the order of 10 ms-l

» but can be modified by wesk, small-scale
convection generated where the upper air overruns the warm
escending air. The ascent of the warm conveyor belt becomes
most uniform shead of the surface warm front, typically a

distance of about 100 km marking the transition from convective

to uniform ascente.




FIG. 21 The Large Scale Air Flow ata Frontal
System

( From Browning,1971)
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2¢1.2 The large~scale pattern of precipitation

The general extent of the ares of precipitation associated
with a typicsal mid-latitude depression is shown in Fig. 2.2.
A large area of precipitation, resultihg from the region of
uniform ascent aboﬁe the warm front, occurs ahead of the surface
warm front and extends along the surface occluded fronte. Bands
of enhanced precipitation are sometimes found roughly parallel
to the front, separated by about 200 km, but otherwise there are

few significant large scale features of the ares of precipitation.

2.1:.3 The meso-scale pattern of precipitstion

Cluster§ of individusl convective cells producing regions
of enhanced precipitation, or "meso-scale precipitation areas",
can be arranged in bands inside the oversall region of precipit-
ation (Fig.2.2). These bands, a few tens of kilometres across,
take two forms. In the warm sector they run roughly parallel
to the warm conveyor belt and may be at a large angle to the
surface warm front. Ahead of the surface warm front, the bands
tend to run parallel to it, appearing to originate at the front
and to then travel away from it.

A detailed analysis of an actusl frontal system by BRCWNING
and HARROLD (1969) showed that the warm sector bands appéared to
have orographic origins, giving swaths of heavy rain in certain

geographical locations as they passed.

2.1k The vertical structure of a warm frontal system

The vertical air motions st a typical frontal system are

shown in Figs. 2.3 and 2.4. These are detailed time - height




FIG. 2.2 The Meso-scale Patterns within the
wWarm Conveyor Belt
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sections through an actual warm front, as given by BROWNING
and HARROLD (1969); they show downward motion beneath the
warm frontal surféce, and the upwerd motion of the "conveyor
belt" above the surface.

As the frontal system moves past an observer on the ground,
iight precipitation generally falls first from a layer of
altostratus cloud with a base at about 3 km. Heavier, steady
precipitation follows from nimbostratus cloud at asbout 1 - 3 km,
beneath which may be layers of stratocumulus and strstus cloud
down to a few hundred metres altitude. The total durstion of

precipitation can vary from an hour to 12 hours or nore.

2.1.5 Aircraft observsations of precipitating layer clouds

A number of aircraft investigstions of precipitating layer
clouds are summarised by MASON (1971), who concludes that in
middle latitudes, although rain may occasionally fall from
non-freezing clouds, it is usually produced from clouds which
extend above the 0°C level. In general, clouds need bases
warmer than -5°C and a thickness greater then 1 km to produce
céntinuous precipitation; for moderate rates the thickness is
2 km or mofe.

Precipitation at the ground is thus unlikely when the
cloud base is gresater than sbout 1 km above the melting level,
and STEWART (1964) deduced from his observations that a cloud
base higher than 1 km above the ground is unlikely to produce
snow at the ground, due to evaporation of the crystals during
foll.

| The cloud top can extend to temperstures below -20°C,

some workers finding this in over half the clouds observed.




wlle

Clouds producihg snow at the ground are always observed to
have tops colder than -12°C.
Ice crystals are found in such clouds, vith supercooled
droplets in the lower parts, particularly at temperatures
- between 0°C and _QOCD However, precipitaticn is observed in
a Tew cases when a cloud is entirely at temperatures above o°c,
or when no ice crystels are detected; the formation of rain in
such cases is almost certainly due to coalescence of droplets.
Frecipitation rstes measured in the cloud often show a
considerable incresse at the lower levels. It has thus heen
suggested that the majority of the rsin received ot the ground
must have come from theﬁlowest levels of/frontal clouds, with
ice crystals from higher levels "seeding" ﬁhe region just above

the melting layér.

2.1.6 Radar observetions of precinitating layer clouds

Radar displays of the precipitation areas sssocizted with
warm fronts usuelly shkow few features in the horizontsl
structure, the echoes usuzlly being widespresd 2nd diffuse.
Vertica2l cross-sections, however, ususlly show & nsrrow band
of intense echo in the vicinity of the melting level, csused
by enhoanced reflection by melting snowflakes.

Above the melting level, the snow echoes often have
considerable nsttern, with strong echees descending through
the region to merge with the melting band and subsequently
appearing at the ground s periods of increased rainfall.
These regions of enheuced echo, termed "upper bands" by BOWEN

(1951), often appesr to originate in compact generating cells




at a height of 3 or L km and with dimensions of the order of
1 km? LANGLEEEN (1956) found generating cells tending to
form in line arrays. Streaks of precipitation fall from
thesé cells, becoming distorted in the wind shesr to form the
slmost horizontal upper bandse. LANGLEBEN (1954) hss deduced
from the behaviour of the pattern that the stresks sre formed
of snowflskes rather than crystals, which must have been
sggregated at temperatures perhaps as low as -20°¢.

Below the melting region, the precipitation shows little
large scale pattern, but the more powerful radar used in recent
years can show a celluiar structure on the smaller scale; for
instance HARROLD and BROWNING (1669) observed structure of
horizontal dimensions about l.5 km, travelling at the speed of
the wind at the melting layer. Larger scale fluctuations on
the scale of the meso -scale precipitation areas have been |

found by ATLAS et al (1969).

2.1.7 The process of formation of the precipitation

In middle latitudes, precipitating layer clouds nearly
always extend well above the 0°C level, and so the initiation
of precipitation is generally considered to be due to the
Bergeron process of ice crystal growth.

BERGERON (1935) concluded that the release of precipitation
was due to the appearance of a few ice crystals among a much
larger populsation of supercooled water dreplets in the regions
of the cloud where the temperature is helow -10°c, The ice
crystals, probasbly formed by the occasionzl freezing of

droplets, grow rapidly at the expense of the water droplets
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due to the difference in the saturation vapour pressure
between water and ice at the sgme temperature. In such
mixed clouds, a state of approximate water saturstion represents
8 sﬁpersaturetion with respect to ice of, for example, 104 a2t
~10°C.

MASON (1952) showed that condensation or coslescence of
water droplets cannot be the main process in layer clouds
heving the usuelly observed vslues of water content and updraught.
Thus it sppesrs thst, in such cases, precipitation is due to
the growth of ice crystals in the regions of cloud below OOC;

subsequently aggregation of crystals produces snowflakes.

22 The electrical structure of cuiet precipitstion

Direct ‘electrical observations of steady, quiet precipitastion
and the clouds producing it are comparatively few. The most
extensive investigstions have probsably been those of REITER
(1965, 1968) and IMYANITOV and CHUBARINA (1665), which are

summarised below.

2.2.1 The work of Reiter

The results quoted by Reiter are based on synoptic
observations made over a number of years zt a network of
stations in a high mountain area. The stations renge in
altitude from 675 m to 3000 m, and have small horizontal
separations.

Records of potentisl gradient and precipitation current
generally show the inverse relsation end mirror-image effects
at ali 2ltitudes during steady precipitation; as usual, the
precipitation current is positive during rein and negative

during snow. However light precipitation from altostratus,




-17-

either in the form of rain or snow, ususlly results in both
potential gradient and precipitation current being negstive.

Reiter's most important conclusions concern the effecté
of the melting lével and the degree of atmospheric stability

on the electrication of the precipitstion. In the former

. case, he finds that reversal of the signs of potentiel gradient

and precipitation current occurs across the melting layer
(OOC to 2°C layer), both for simultaneous observations above
and below the layer ana for when the melting layer rises or
falls past & single stetion. Reiter concludes that the
melting layer is an electrically bipolsr lsyer, the existence
and structure of which is independent of its locaticn inside
or below the cloud, or its sltitude.

The effect of the melting level is evident in Fig.2.5,
where the percentage frequency of positive potential gradient
is plctted against atmospheric temperasture; the change from
mostly positive to mostly negative values occurs exactly inside
the melting layer.

Reiter found thst the above conclusions spplied only when

stable stratification existed in the cloud space, and conseguently

stmospheric turbulence wazs at a minimum. This was indicated
electricslly by the sverage frequency of sign reversals of
potential gradient being less than 1.5 per hour (Fig.2.6).

He suggests that the electriczl pattern of turbulence reflects
the meteorological pattern, the observed decrease in electrical
turbulence with altitude tending to support this idea. No

melting layer effect is discernible in unstable conditions.
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Frequency of positive potential gradient (E ;)
and number of sign reversals per hour (S;)
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FIG. 2,6 Number of sign reversals per hour (S,;)
of potential gradient as function of stability
in atmospheric 500 -700mb layer.

From Reiter (1965)
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2e262 The work of Imyanitov =and Chubarins

These workers report the results of systematic aircraft
soundings of niﬁbostratus clouds made between 1958 and 1963
2t middle lstitudes in the Soviet Union. From the measured
profiles of potentisl gradient, the charge distributions in
end below the cloud were also deduced,assuming that conditions
were uniform horizontslly.

Their observations show that nimbostratus clouds are
polarized, whether‘they produce rain or snow at the ground
and whether or not they are "mixed", i.e. contain both solid
and liguid precipitation. The cloud can te polarized either
positively, with a positive upper charge snd & negstive lower
charge, orinegatively. All the various combinations of cloud
type and polarizetion were found, with the two signs of polar-
ization being nearly equally probable for "mixed" clouds.

Typical generalised profiles of potentisl gradient in
nimbostratus clouds are shown in Fig. 2.7, together with the
deduced charge distributions. These generalised profiles
vere obtained by reducing the measured cloud thickness in
ezch csse to 3 normalised value before averaging the potentisal
gradient Qalues. Tre mean values of charge found in this Way
for easch type of cloud are given in Table 2.1.

Imyanitov 2nd Chubarines deduce thet the main region of
charge separation in mixed clouds occurs in the 0°C to -10°C or
-12°¢ regions, indicating the probable rocle of melting and
freezing processes of electrification. However the potentisl
gradients and clarges found in warm cloudswere.often comparable,
which indiceztes the possibly considerable role of drep charging

by processes not associnted with phase transformations. They




FIG. 2.7 Potential gradient and charge distribution

In a polarized nimbostratus cloud.
(adapted from Imyanitov & Chubarina,1967)
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Table 2.1 Average cloud characteristics (as
measured by Imyanitov and Chubarina,

1967 )
| DENSITY OF
CLOUD TYPE CLOUD CHARGE CURRENT CHARGING
" (pCm™2) CLoup (pAam~?)

BENEATH | WITHIN

(a) Positively

polarised
Mixed +6700 |[-8300 | <700 12 30
warm +3800 |-5300 | «300 16 35
Snow +2000 | -1700 =200
(b) Negatively
polarised
Mixed . -11300{ +9300 | +700
Warm -+ | -3300|+4000 | 100
Snow | -2000 | +3300 | =300
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attribute the inverse relaticn as observed at the ground to
the falling précipitation charging the cloud oppositely;
this results in the fall of charged precipitstion in a

potential gradient of opposite sign.

2.2.3 The conclusions of Chalmers

From their systematic observations of potentisl gradient
below, in and sbove precipitating clouds,.Imyanitov and Chubzrina
also deduced generslised height distributions of potential
between the ground and tﬁe ionosphere for the various types
of cloud. Their results give support to the conclusions of
CHALMERS (1958) concerning the probable height distributions
of potential for snow snd rain clouds.

As meﬂiioned in Chapter 1, CHALMERS (1¢56) argued thet
most or a2ll quiet precipitation must have been in the solid
state during psrt of its time in the cloud, so that if there
is a process of charge separation connected with solid precipit.
ation in the cloud, this will opersate in sll cases, whether the
precipitztion reaches the ground as snow or whether it first
melts. To account for the observed electrification of snow
by a single process, it must be one that brings negstive charge
downwards. A second prdcess of opposite sign 3and greater
magnitude must operate st or below the melting level in the
case of rain.

The observed electrificetion could be accounted for
differently if the precipitation leaves the cloud uncharged
and obtagins its charge close to the ground. Different processes
‘could operzte for rsin and snow, producing different signs of

charge.
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CHALMERS (1958) presents height distributions of potentisl
for rain and snow clouds, based on these arguments. These
are shown in Fig.2.8, together with some of Imyanitov and
Chubarina's experimentsl profiles. In the case of snow,

CHALMERS (1956) deduced qualitatively that charge separation.

must occur in the cloud wheﬁher or not it occurred nesar the
ground. He argued that charging of snow 5t the ground will

lead to the cloud base hzaving & negative potential with respect

to the ground and the cloud top a positive pbtentiél; this

means that é charge separétion must s8lso occur in the cloud
whether or not it was first postulated. The consequent varistion
of potentiel with height is shown a2s curve 1 in Fig. 2.8(a).

Such an'argument was not possible in the cese of the~ﬁmixed”
rain cloud, and so two height profiles of potential are possible;
these are shown in Fig. 2.8(b), one representing charge sepsration
in the cloud only (curve 3) and one representing charging at the
ground (curve L). |

Also shown in the two figures are the appropridte generalised
experimental curves of Imyenitov and Chubarins.  In the case of
snow clouds (curve 2) the profiles agree quite well, while for
"mixed" rein clouds the experimentsl curve agrees most closely
with the one for charge sepsration in the cloud. They »also
support the surprising conclusion that the potential of the
cloud top depends on whether the precipitstion reaches the
ground as rain or snowe.

2.3 The relationship tetween potential gradient and
precipitatinn current.

2.3.1 The inverse relation

Observations of quiet preciniteztion electrification have



FIG. 2.8 Potential distribution in nimbostratus
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led seversl workers to express the relationship between

potential gradient snd precipitation current in a form such sas:
I= -2a (F-C) o (2.1)

where I is the precipitation or total current density,
F the potential gradient, and a and C constants. Bvidently
a must be positive for the inverse relastion to apply. The
inverse relation cen thus be treated as s statistical one,
the values of a and C being found statistically from observetions
of I and F. _

SIMPSON (1¢49) suggésted that the constant C might represent
the normal fair-weather potentisl gradient, having obtained
-~ the éxpression for the charge g per unit yolume of rain:

-8 (Fr _ 1,00)

.eand F in Vm'l. The value of C was thus

qQ = - 4.8 x 10
where g is in Cn™>
400 Vm"l. REITER-(1965) also found thée current to depend on
(F - C), finding a value of 4O Vm_l for C, which sgreed well with
the local fair-westher potential gradient. Similarly CHALMERS
(1656) measured the total current K to the Earth during rain,
and obtained the relationship ) -

K=~ 1.18 x 107% (F - 150)
where K is in Am'z.

CHALMERS (1956) gave a genersal explanation of the inverse
relation-by considering some process giving a charge of one
sign to the precipitstion, while the opposite charge remasined
in the cloud. The observations of the electrical structure of
quiet precipitation clouds outlined in the previous section
support this ides. Chalmers slso concluded that, when there
is no point discharge, the precipitation éurrent will be larger

than the other currents such as the conduction current, and so



-22..

the potentisal gradient can be considered as being a consequence

of the charging of the precipitation.

2.3.2 The mirror-imsege effect -

CHALMERS (1965) extended the ideas mentioned sbove to
discuss qualitatively how the mirror-imsage effect might arise
during auiet precipitstion. If there is a primary process
in the cloud which separates charge, then changes in potential
grzdient and precipitstion current at the ground will be due
to one of three causes. A region of cloud in which the charge
seperation is more or less intense may pass over the observer,
the cloud itself being in s steady state; a change with time
of the intensity of the charge separation may occur in a
statiqnary-cloud; or a combingtion of the two caseé may occur.

In the first case, assuming the potehtial gradient is
sufficiently low so that point discharge cannot occur, the
likely electricsl behaviour at the ground of the pfecipitation
is shown in Fig. 2.9, As the portion of cloud in whiéh there
is more intense negative»charging passes over the observer,
Crhalmers considers there should be sufficient charge in the
cloud to give a negative potential gradient at the ground,
despite the positive space charge of the precipitation. The
effect of wind shear between the cloud and the ground will be
to delay the arrival of the precipitation at the ground until
after the portion of cloud in which it originated hes passed.
Wren the precipitation cdoes arrive, a minimum of negative
potentiel gredient will result (or a maximum of positive
gradient); thus the pezk in potential gradient appears to
lead the peak in precipitation current.

As,for ex»mple,will be seen in Chapter 7, wind shear



Fig. 2.9 Electrical Behaviour of Approaching Cloud
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(from Rewter, 1965)

Cloud charge

Potential gradient
at ground.

Precipitation
current dt ground

<  Direction ofcloyd motion

‘ Time



-23=

between cloud and ground is nearly always present, and so

the potential gradient would he expected to lead the precipit-
ation current; ‘the above argument also leads to the conclusion
that if no wind shesar is present, then the peaks in potentisl
gradient and precipitation current would be simultaneous.

The second case, that of a stationary developing cloud
sbove the observer, is less simple as steady Conditions do
not prevail within the cloﬁd. Initislly, the potential
gradient is affected by the increasing positive space charge
of the fa2lling precipitation; when the precipitation starts
to reach the ground, the effect of the negative cloud charge
"will be dominant. Consequently a peak of positive precipit-
ation current leads a pesk of negative ﬁotential gradient

(Fig., 2.10).

As Chelmers points out, the examples taken are very much
simplified, with actusl conditions most prbbably being repres-
.ented by fhe third csse, that of a moving cloud which is also
changing.. Neverthéle§s, time lags between potentisl gradient
and precipitation current nave been observed with either leading
on different occasinns (for example RAYSAY and CHALIERS,19560);
there may'wéll be clouds where movement is more important than
development, or vice versa.

One:prediction of Chslmers is that, due to snow falling
more slowly, its space charge will have s greater effect, and
so the case of precipitation current leading would be most
likely in & developing snow cloud. Observations during aquiet
snow have certainly shown instances when the precipitation
current leads. Another interesting consequence of his ideas
is that time lags in the mirror imsge effect would be due to

both the time of fall of the precipitation from the cloud and
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any wind shesar between cloud and ground in the case of a
stationary developing cloude. In a moving cloud, only the
wind shear could produce any time lag. These ideas oare

developed in a subsequent chapter.

2.4 The relstionship between the meteorologicsl and
electrical activity in. ocuiet precipitation.

Electrically quiet precipitation falls from extensive
layer clouds which produce steady, uniform precipitation,
while showers and thunderstorms produce heasvier rain and much
more violent conditions, both electricelly and meteorologically.
An interdependence between the degree of meteorologicsl and
electricel activity of clouds thus seems possible, The
conclusion of REITER (1965, 1968) {hgttbe electrical behaviour
of steady precipitetion is controlled by the degree of stability,
and hence turbulence, in the atmosphere supports this idea.

The melting layer appears to be an important feature both
electricsally and meteorologically. Radar observations normally
show a‘distinct echo from the melting region, and electrical
observations have also shown it to be a region of strong elect-
ricsl activitye. Charging'haé been found in clouds up to about
the -10°C ;evel, almost certainly associated with the presence
of ice. However, there is also evidence for charging in "warm"
clouds, where no ice is presen£ and so different charging process-
es are at work. The type of charging process, and the degree of
electricsal activity, may well then be determined by the meteoro-
logical conditions, in pérticular temperature, within the cloud.

As mentioned in the previous section, the time lags
observed in the mirror-image effect may be the consequence of
the wind profile between the cloud and the ground affecting
the falling precipitation. If this is so, the wind profile

will have a considersble influence on the electrical features
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of guiet precipitation as seen 2t the ground. GRGOM and
CHALMERS (lQéi) have suggested that the apparent absence of
the inverse relation in summer observations of RAMSAY and
CHALMERS (1960) and themselves could‘be due to the greater
height of the melting level; a longér time of fall of the
precipitation coﬁld produce a consequently longer time lag
in the mirror image effect, disguising any inverse relation.
Recent work by STRINGFELLOW (1969) and ASPINALL (1970)
has indicsted the existence of '"cells" of electrical activity
within the cloud,of horizontel dimensions of a few kilometres,
and independent of wind speed. Convective cells within meso-
scale precipitation a2reas hzve already been mentioned (Sec.2.1.3);

these also have dimensions of‘the order of kilometres.

245 The Drgposed investigation.

The purpose of the presert work is to investigate the
electrical behaviour of-quiet precipitation with the sim of
explaining the observed effects in terms of possible charging
processes in and below the cloud. The influencé of the prevail-
ing meteorological conditions will also be considered. It is
hoped that a systematic investigation of pericds of gquiet
precipitation over 2 period of several months will help to
clarify the nsture and origin of the inverse relation znd the

| mirror-image effect by considering the relevent meteorological
conditions on esch occasion.:

2.5.1 nenresentation of the inverse relation and the
mirror-insce eifect.

In order to compare different periods of precipitstiocn,

[\b]

some method is needed of representing the degree to which the
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inverse relation and the mirror-imege eifect are present.
Previous workers have used various methods, not all strictly
compareable, with often only short intervals during & period

of steady precipitation being exsmined. Methods of evaluating
any time lags in the mirror-imsge effect have also differed;
sometimes time lags between corresponding maxima or minims

have been used, or time differences between the instants when
the records changed sign.

More recent work, staerting with that of OWOLABI and
CHALMERS (1965), has expressed the relstion between potentiel
gradient and precipitation current in terms of the correlation
between the two records. A period of precipitetion exhibiting
the inverse relation and mirror-image effect with no additional
random effects would show perfect correlation between potentisl
- gradient and precipitation current. Any time lzg in the mirror-
imege effect is then shown by maximum correlstion occurring for
one record skifted with respect to the other by the aporopriaste
time difference.

The correlstion between the records can be expressed as
a statistical quantity, the correlation coefficient, which
describes‘both entire recordse. This coefficient. has a value
of + 1.0 for a direct relstionship end - 1.0 for an inverse
relationship between the records (Fig. 2.11). As random
effects increase, so the correlation coefficient approaches a
value of zero when the two records are completely random.

The correlation coefficient and its statistical background
are described in Chapter 5.

The availability of modern digital computers permits the
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processing bf the large quentities of data involved in the
calculation of correlstion coefficients and other statistical
quantities from sets of reedings taken st frequent intervals

over long periods of time. In the éase of the electrical
behaviour of precipitation, the effects of the great varizbility
in conditions both within a.single set of records and between
different occasions can be minimised by sdopting a statistical
acproache. Such an epproach is thus now possible by using

the digital computer to handle the dats and calculate the

relevant statistical quantities.

2e5e2 A statistical method of representstion

It has already been described how the relastionship
between potentiel gradient F and precipitation current I
in quiet precipitation can be described by functional relstion-
shipsof the form:

I=-2a(F-2C) (2.1)

Such an expression indicates the presence of both the inverse
relation and the mirror-image effect. The former is present
if the constant a is positive, while the latter will be most
noticeable if the simulteneous values of I and F fit the
expression at all times (ignoring for the moment the effect
of any time lag). In actusl cases, such an expression as
sbove will fit simultaneous~values of I and F to a greater or
lesser degree; the extent to which this is true i1s indicated
by the value of the correlstion coefficient between the two
recordse. It is thus proposed in the present work to express
the mirror-imsge effect in terms of the correlation coefficient
between the two records of potential gradient and precipitation

current. This method aslso has the advantage of indicating any
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time lag by the maximum correlstion coefficient occurring
for one record shifted with respect to the other by this
amount. The expression 2.1 will then apply to values of

I and F when one record has been shifted by the appropriate
time lag.

The inverse relation»and mirror-image effects can occur
independently of each other if their ususl definitions are
taken; this is illustrasted in Fig. 2.12. In Fig 2.12(a),
both effects'occur; a perfect mirror-image effect would
result in a‘correlation cbefficient of - 1.0, as there is

inverse correlation between the records. Fig 2.12(b) shows

-a case of mirror—-image effect with no inverse relation; the

correlstion coefficient will still be negative. Finally,
Fig. 2.12(c) shows the case of neither effect being present,

with the correlation coefficient being positive (direct

_correlation).

It csn therefore bhe said that the'inverse relstion is
present if the mean values of the potentisl gradient and
preciovitation current records are of opposite sign (constant
a in Eq. 2.1 is positive); and the mirror-imege effect can
be sszid to be present if a significant inverse correlation
exists between the two records (i.e. s negative correlation
coefficient). It is proposed to z2dopt this convention in
the present work, thus treasting both effects in statistical

termse.

2+5.3 The descrintion of oprecisitstion as "gquiet"

So far, while the term M"guiet" has teen often mentioned,

no precise definition has been given. This is partly because
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previous workers have not gll used exactly equivalent
definitions. " The purpose in limiting the present investigstion
to periods of quiet precipitation is to ensure that conditions
in and below the cloud sre as straigﬁtforward as possible,

and so,in pérticﬁlar, periods when point discharge currents
occur between cloud and ground sre excluded.

Such periods are usually evident from the higﬁ values

. of potentisl gradient and the much more violent behaviour of
the record. Thus, for exeample, ASPINALL (1970) restricted
measurements to periods when the potential gradient was less
than 1000 Vm™1 in magnitude, and only slow changes in potentisal
gradient were occurring. This practice will be followed,
except that experience showed that the limitastion oh potential

.gradient values could bé increased to 1500 Vm'; Before there
was ususlly any significant change in the character of the
record.

To avoid showers or other short periods of precipitation,
records of duration shorter than one hour will not be considered
as "quiet"; neither will records exhibiting frequent and
large veriations: and producing sign reversals above a rate
of, say, five per hour. It is hoped that the conclusions
of the present work will make possible a much more precise

definition of quiet precipitation.
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CHAPTER 3

The Instrumentation of the Recording Site

3.1 The measurement of precipitation current density

3.1.1 General principles

The precipitetion current is one of‘several atmospheric
electric currents present during steady precipitation. = In
order to measure the precipitation current density (current
per unit surface area), the effects of other currents collected
by the messuring apparatus must be considered.

The conduction current is the ohmic electric current
caused by the movement of atmospheric ions under the influence
of the potentiai gradient, and is present in both fair weather
and disturbed conditions. In quiet precipitation, the
conduction current density is unlikely to exceed 10 pAm"’2 in
mzgnitude but can still be compearable with the precipitation
current densityo.

The vertical movement of ionic charges in convective or
turbulent motions of the air can produce a "convection current”
to any portion of the Earth's surface isolated in order to
measure the precipitation current density. For the convection
current to be significant, vertical air motions greater than
the ionic velocities due to conduction are needed, together
with a space charge gradient between adjacent levels. The
mzgnitude of this current is also unlikely to exceed 10 pAm—
in quiet precipitation.

When the potential gradient is sufficiently high, point

discharge will produce astmospheric ions of opposite sign to
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the potential gradient; this may modify the precipitation
current,due to ion capture by the falling precipitation.

The wvalue of potentisl gradienﬁ above which point discharge
becomes significant is difficult to specify. An isolated
metal point will start to discharge at a potential gradient

of about 1000 Vm™Yt

s but there is evidence that natural objects
such as trees do not discharge until much higher values have
been reached. In the present work, periods when point
discharge occurs are excluded, such periods usually being
evident from the behavioﬁr of the potential gradient sand
precipitatidn curreht records.

If a portion of the Earth's surface is isolated to measure
the current flowing to it, a bound charge proportional in
magnitude to the atmospheric potentisl gradient will be produced
on ite. A change of potential gradient will cause a correspond=
ing change in the bound charge,with consequently a "displacement
current”™ being measured in addition to the other atmospheric
currents, The displacement current is proportionsl to the
rate of change of potential éradient and could be a serious
source of error; a rate of change of potential gradient of
5 mel s'l will produce a displacement current density of
about 50 pAm“Q, as large as precipitation current densities
often recordéd - during guiet precipitation. It is essentigl

- that any apparatus designed to measure precipitation currents

allows for the effects of displacenment currentse.

36162 The design of apparatus to measure precipitation
current density

.The cbvicus methed of measuring the precipitation current

density is to isolate a portion of the Earth's surface, and

p—
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to measure the charge or current transferred to this portion

by precipitation, having first eliminated conduction, convection
and displacement currentse. Precipitation current collectors
based on this principle can be classified as "exposed" or
"shielded", depending oﬁ whether or hot the collecting surface

is exposed to the atmospheric potential gradients

30163 The exposed collector

This type of collector normally consists of a circular
plate mounted level with, but isolated from, the earth's
surface. Conduction, convection and displacement currents
will be measured in addition to the precipitation current,
and so some method of compensation for these additional currents
must be devised.

One method, originally devised by WILSON (1916), uses a
second inverted plate to measure the additional currentsg,
but not the precipitation current. The currents measured
by the two blates are subtracted to estimate the precipitation
current densityo A System.of instantaneous compensation for
conduction and displacement currents was devised by KASEMIR
(1955), A current-measuring circuit,effectively having a
time constant equal to the relaxation time of the atmosphere,
instantaneously subtracts the conduction and displacement
currents from the total current to a single isolated plate.
This method has the disadvantage, however, of integrating
the precipitation current density with the time constant of
the measuring circuito

An alternotive opprocch is teo - measure the potential
gradient and conéuctivity separately, from which the displace-

ment and conduction currents can be determined for subtraction



from the total collector current. R AMSAY and CHALMERS(1960)
used a double electrometer valve in the current-mneasuring
circuit to perform the subtraction at the same time as the
current was being measured, while ASPINALL (1970) used a
computer to calculate the pfeqipitation current density from
recorded potential gradient,conductivity and collector current
values.

It is doubtful whether any of these methods effectively
compensates for convection currents; furthermore ASPINALL
(1972) has found evidence of a "mechanical transfer current”

of ions to an exposed receiver, due to small-scale air motionse.

3elek The shielded collector

In this type of collector, the collecting surface is
shielded from the stmospheric potential gradient, eliminating
the conduction snd displacement currents. The collecting
surface is usually shielded by & raised and esrthed metallic
cylinder surrounding it,which also largely eliminates tne
effects of conﬁection currentse.

This type of collector has the disadvantage, however,
of not collecting &ll the precipitation, particulsrly under
windy conditions. Selective capture of larger precipitation
particles is possible under such conditions, as these are
.affected less by the wind. If larger particles are charged
differently from smaller ones, a distortion as well as
reduction of the precipitation current could result.

RAMSAY and CHALMERS (1960), however, operated both
exposed. and shie}ded receivers in quiet precipitation, and

did not detect any significant differences in the measured



precipitation currents. During similar precipitation,
OWOLABI and CHALMERS (1965) found two shielded collectors
to give consistent readings when situated up to 1 km aparts
Under quiet'conditions, it would therefore seem tﬁat a

shielded receiver can give meaningful readings.

30165 The choice of collector

Since quiet precipltetion conditions were to be studied,
and the associated meteorological conditions were also expected
to be quiet, it was aecided to use a shiclded collector.

As this type of collector is easier to maintain and operste,
it should prove more reliable for continuous operation in both
rain and snow than an ekposed collector.

The design -of the collector is shown in Fig. 3.1, and
is based on thst of SCRASE (1938), but using a larger diasmeter
- shield and modern P.T.F.E. insulators. A shielding cylinder
of height twice its diameter has been shown by OWOLABI and
OLOAFLE (1969) to provide the best shielding of the collecting
surfsce, and so a shield of 1 m height and 0.5 m diameter was
chosen. The collecting surface is an inverted cone of dia-
meter 30 cm. A shield to prevent‘drOps splashing from the
rim of the cylinder into the collecting cone limited the
effective diameter of the collecting surface to 25 cm, giving
a collecting area of 0,049 m . The collecting cone empties
through a hole in its bsse into a brass cup, from which the
water runs out thrcugh a rubber tube. The collector is
constructed from aluminium.

The precipitation current is ﬁeasured by a Rank Nucleonics
d.c. amplifier, housed in‘the space beneath the collecting cone,

The connection from the collecting cone to the amplifier input
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is by coaxial cable, firmly attached to the collector to
prevent any spurious signals due to movement of the cable.
A O to 1 mA recorder output was fed from the amplifier to
the Observatory laboratory.

To minimize condensation on the P.T.F.E. insulators
and in the amplifier, two 60 W mains bulbs were continually
run béneath the cone, connected in sefies to prol;ng their

life.

The constructed collector is shown in Fig. 3.2,

3,1.6. The operation of the collector

The collector proved as reliable in operation as had
been hoped, any failures»usually being due to loss of insulation
of the collecting cone. To maintain the necessary high
resistance of about 108 ohm across the P.T.F.E. insulators,
they were cleaned about once a fortnight to remove sny dirt
or grease by wiping with a clean tissue dampened with carbon
tetrachloride. Loss of insulation was noticeable by a
gradual drift of the Rank output from zero until a constant
full-scele deflection resulted.

During the summer, the formation of spiders' webs across
the insulators and between the collecting cone and the shield~
ing cylinder sometimes caused loss of insulation, particularly
when they became dampe. This problem could be minimized by
each morning running a screwdriver arcund the space between
the cone and shield to break the webs, but they often re-formed
by night.

The collector was run continuously, with the Rank amplifier
usually set to give a full scale reading of 1 pA, representing

a precipitetion current density of about 20 pAm'zo The
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shielding weas perféctly adequéte, with no deflections
attributable toApotential gradient changes or conduction
currents being observed when precipitation was not falling.
The collector also functioned during snow, but the
effects of wind were then far more noticeable, with any wind

‘8speed in excess of about 5 ms~1

considerably reducing the
precipitation current measutred. The collector, however,
continued to operate when up to 15 cm of snow was lying on
the ground, which would almost certainly have prevented an
exposed collector from opersating. Eventually the shielded
collector failed when the outlet pipe froze, causing the

brass cup to fill with water, which shorted to the collecting

cone whenever a drop fell from it.

3017 Recommendationa for future work

For messurement in quiet precipitation, use of the
shielded receiver is probebly as accurate a method of measure-
ment as use of the exposed receiver. Both types of collector
could benefit from the use of integrated circuit F.E.T. amp-
lifiers;, a wide range of which are now available. These
units may offer a performance equal tvo that of the conventional
Rank d.c. amplifier or Vibrating Reed Electrometer, but occupy
far lesé space, can be made completely weatherproof and avoid

the need for an outside a.c. mains supply.

302 The measurement of potential gredient

3.2.1 The field mill

Of the various instruments used to megsure potentisl

gradient, the field mill was chosen for the present work as
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it offers the best combination of sensitivity, response and
ease of use. The principle of operation of the field mill
has been described elsewhere (for example CHALMERS, 1967),
and so only the methods of sign discrimination will be
considered here. - —

As the conventional field mill produces a sinusoidal
output voltage signal, it camnot directly distinguish between
positive and negative potential gradients, and so some method
of sign discriminstion is needed.

One method is to offset the zero of the field mill by
. applying a bias voltage to a second stator mounted above the
rotor (see Fig. 3.3),which applies a constant artificial
potential gradient to the lower statore. Any external‘potential
gradient. is then added to or subtracted from this artificial
value. A similar gpproach is to apply a known voltage at
intervals to a normally earthed guard ring surrounding the
stator and rotor. The sign of the potential gradient is
found by the direction of the deflection produced on the
field mill output,.

Alternatively, a phase sensitive device can be used, as
the phase of the alternating field mill signal will shift by
180° when the sign of the potential gradient changes. By
comparing the phase of the field mill signal with that of a
reference signal of constant phase, the potential gradient
sign can be determined.

In the present work, the field mills were expécted to
operate continuously under adverse weather conditions, and
S0 a simple desigh was requirede A new design of field mill,

that of LANE - SMITH (1967), avoided the need for separate



FIG.33 Basic design of a field mill

(a) PLAN VIEW . (b) SIDE vIEW

-J LOWER FIXED

t

STATOR
S EARTHED ROTOR
I I/
22—

o o l j ISOLATED
ARTHED ROTOR C 2R 1 STATOR

FIG.35 Field mill output voltage ( Lane-Smith design)
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sign discrimination, and so this design was adopted.

34202 The field mill design of Lane - Smith

This design of field mill avoids the need for a separate
method of sign discrimination by producing an asymmetric
triangular waveform, whereas conventional field mills produce
a symmetric sinusoidal waveform. This is achieved by using
a stator and rotor with 22%0 arms, instead of the usual hSO
arms . The waveforms from the stator of both types of mill
are shown in Fig. 3.4, after integration by the parallel
resistance and capacitance between the stator and earth.

The waveforms produced by the Lane - Smith field mill for’
equal positive and»negative potential gradients are shown in
Fig. 3.5, where it can be seen that reversal of the potential
gradient results in an inverted waveforn.

Since the waveform is asymmetrical about the zero voltage
level, there is a greater pesk voltage in one direction than in
the other, depending on the sigr of the potential gradient.

After amplification, the signal from the field mill is passed

into a "detector" circuit, which gives a d.c. output proportional
to the difference between the peak voltages reached by the signale.
The sign of this output will be the same as that of the potential
gradient. High frequency spurious noise or low frequency
sinusoidal pick-up do not usually affect the detector output,

as these produce equal positive and negutive voltage deflections.

3.2.3 The constructed field mills

Three identical field mills were constructed, two for

use at the Observatory and one for calibration purposes
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(see Sec. 3.2.5) and to act as a spare. The design and
dimensiocns are shown in Fig. 3.6,

The field mills were constructed from aluminium, with
the stator insulated from the base plate by nylon boltse.
" Originally gramophone-type a.c. synchronous motors were
used, but these proved liable to overheating, and in one
éése burnt out. Capacitor start a.c. m&tors were substituted,
and these proved completely reliables

The motor and electronic amplifier which was constructed
on Veroboard, were housed in a weatherproof aluminium box, and
separated by an earthed screen to prevent hum pick=up by
the amplifier (Fig. 3.7). The d.c. supply for the amplifier
was provided externallf through coaxial cable, and the output
to the Observatéry laboratory was also by coaxial cableo
The input to the amplifier from the stator was by means of
screened microphone cable. The mills were moﬁnted inverted

to protect them from the rain (Fig. 3.8).

3204 The electronics

The frequency of the input signal from the stator was
about 200 Hz, and so an audio amplifier was used to amplify
the input signal, typically of a few millivolts amplitude.
The circuit, based on the design of STRINGFELLOW (1969), is
shown in Fig. 3.9. The first two stages form a "bootstrapped"
current amplifier, providing the necessgary high input impedance
of the circuit. The third stage is a voltage amplifier of
gain about. 100, being set by the potentiometer Ry. The
final stage is an emitter follower, acting as a buffer between

the amplifier and detector circuits.
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The detector circuit is shown in Fig. 3.10, and is
a 4 - diode network, giving a d.c. output proportional to
the difference between the peak voltages attained by the
a.c. signal f rom the amplifier. The detector circuit
output is set to zero by adjustment of resistor R

The detector circuits for. the outside field mills were

housed in the Observstory laboratory, connected to the

amplifiers in the field mills through coaxial cable.

3.2.5 Calibration of the field mills

The field mills were calibrated by applying known
potential gradients, and measuring the corresponding detector
circuit outputs. Al m diameter circular metal plate was
mounted around the stator, the centre of the plate having
been suitabiy cut out, and another 1 m diameter plzte mounted

5 cm above. Known voltage differences were applied across

"the plates; for example a difference of 20 V produced a

. potential gradient of 1000 Vil st the stator.

A typical calibration is shown in Fig. 3.1l1. The
slight difference in slopes for positive and negative
potential gradients is probably due to small differences in

tre chsaracteristics of the diocdes in the detector circuite.

A more serious feature is the reduced response at low potential

gradients, due to the presence of noise and other spurious
signals of amplitude comparable to the detector output.
These effects were allowed for during the calculation of the
potential gradient vslues from the detector output values

on the computer, by using suitable calibration equations for

each part of the, calibration curve,




FIG, 3.10 The detector circuit_
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Serious errors could arise at high vslues of potential
gradient, when the input signal from the Stator may-be S0
great that the amplifier "clips" the waveform, as iliustrated
in Fige 3.12. Any circuit, such ag the detector circuit,
measuring the amplitude of the signal will give a spuriously
low cutput in such an instance, and in extreme cases the
output may even decrease with increasing potential gradient.

To avoid this happening, the amplifier gain was set so
that clipping wes certain not to occur,not only within the
calibrated range, but for potential gradients about 20% in
excess of the calibrated range. Thus, for the calibrated
range of 0 to £ 1500 Vm"l, reduction in the detector output
did not occur until.the potential gradient was in excess of
2000 Vm'l., The few occasions when spuriously low Values
of potential gradient still resulted could usually be
- recognised from the behaviour of the chart records.

Unless a field mill is run level with the Earth's
surface, the atmospheric potential gradient will be distorted
by whatever structure the mill is mounted upon. The field
mill mounted inverted on a stand 2t 1 m height and the mill
on the mast at 10 m will both distort the potential gradient
they are measuring. To allow for this, an "exposure factor"
is determined for each mill by comparing its output with that
of a mill running upright with its stator at ground level,well
away from the stand or mast. The ratio between the poténtial
gredient - messured by the upright and inverted mills is the
"exposure factor" of the inverted mill. To minimize the

effects of any lecalised space charges on either of the mills,
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the exposure factor is evaluated for several hours of
readings, taken in calm, feir-weather conditions.

The exposure factor for the ground inverted mill was
found to be 1;2, while that for the 10 m mast mill was 1l..4.
To find the true potential gradient vélues, the inverted field

mill readings must be multiplied by this factors

3.2.6 Operation of the field mills

The ground inverted mill has operated continuously since
August 1971, with only occasional interruptions for cleaning
and re-=calibration. The mast field mill has proved less
reliable, being more exposed to the weather and less accessible
in the event of failure,tbut nevertheless has been availeble
for most recording periods. The calibretions of both mills
have been checked monthly, and no significant variations were
noticed apart from slight drifting of the zero readings, due
to becklash in the preset resistors used in the detector

circuitoe

3.3 The rain switch

3.301 Introduction

The precipitation current collector and the field mill
outputs were initially recorded on a Honeywell Brown potentio-
'_metric chart recorder, later to be replaced by the data handling
system described in Chapter 4. It was obviously wasteful to
record the instrument outputs continuously, and so a method of
automatic switching of the recording system was needed. This
would switch on the recording system at the start of precipitation,

and if possible switch it off when precipitation ceased.




FIG. 3.12  Clipping of field mill signal

(a) Unaffected signal : peak voltage V,

(b) Clipped signal : peak voltage V. instead of true value vV, _.
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It i possible to use the precipitation current
collector for this purpose, as it gi%esan output only during
periods of rain or snow. However any drift due to loss of
insulation or shorting of the insulators would have also
initiated recording, and there may have been uncertsainty at
" low values of pfecipitation current. It was thus decided to
use a separate device which did not rely on the collector

Output °

. 36362 The rain switch design

Previous designs of rain switch or detector, such as
that of COLLIN (1967), have used two exposed contacts separated
by blotting paper, or similar materislg;which loses its insulae
tionlwhen dampe. A current cen then flow, triggering a relay
or other device-.

A switch was thus built, consisting of a lower metal
plate, sepsrated from an upper wire grid by a sheet of blotting
papers. Connections were made to the plate and the wire grid,
which passed sufficient current when the paper was dampened
by rain to close a transistor-driven relasy (Fig. 3.13).

An improvement -was soon made by replacing the wire grid and
plate arrangement by a single sheet of "Veroboard", which
consists of narrow copper strips fixed to an insulating
backing sheet. The connections were made to two strips,
separated by enother two strips, which short when dampened by
rain. or snow. Placipg a sheet of blotting paper over the
strips prevented the rain switch drying during short breaks
in precipitation. The constructed rain switch is shown in

Fige 3a1k.
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The relay was connected to the on-off switch of the
chart recorder, switching it on when the relay closed, and
switching it off again when the rain switch dried after the
end of precipitation. when the chert recorder was replaced
by the dats handling system, the relay was used to start the

channel selector and tape recorder (see Chapter 4).

3.3.3 Operation of the rain switch

The rain switch proved very useful, particularly when
precipitation started or finished overnighte. The relay
would close a few minutes after-the stert of precipitstion,
and open again about an hour after the end of precipitatione.
Heating of the rain switch might have made it dry out faster,
but it was felt that this could cause uncertainty in switching
during light precipitation.

The switch also functioned during snow, but tended to
-ffeeze, causing the relay to remain closed. Heating may
well have been useful in these conditions, and it is recommended
that it is adopnted in any future design of rain switch, espec-

ially for use in snow,

3.4 The recording site

3.4l The Observatory

Durham Observatory is located about 1 km S.W. of Durham
(Ordnance Survey grid reference NZ 207424} on a slight hill,
at a height of 120 m above sea level (Fig. 3.15). The

precipitation current collector, field mills and rain switch

o

were set up in a field adjoining the Observatory, shown in

*

i

Figs. 3.16 and 3.17. The field slopes gently downwards away
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from the Observatory.

To avoid any distortion of the potential gradient at
the ground by the 21 m msst; the ground field mill and
precipitation current collector were locéted away from the
mast, at a distance neafly equal to its height. They were
also located away from the toﬁ of the field,‘where a hedge
and some bushes could have caused shielding effects, The
mast field mill was located at 10 m height, as the distortion
of the potential gradient is considerably larger at higher
points on the maste.

Meteoroclogical readings are continually made at the
Observatory, and these records were used to obtain the
meteorological conditions during each recorded period of

precipitation,

3oy ol Power supplies a2t the recording site

The field mills and precipitation current collector
required a.c. mains supplies, and in aadition the field mills
used a + 12V d.c. supply fo; thé amplifiers. A power distrib-
ution board, housed in-a weatherproof cabinet, was set up in
the Obsgervatory field, fed from the Observatory laboratory
through an isolation transformer. A d.c. power supply,
providing the + 12 V supply,was also run from the bosard to
minimize any voltage drop along the connecting csbles running
to the field mills.

All connecting cables were carriéd about 1 ft. above the

ground, to protect them zgainst snow and dampnesse. An

L

outsic

-

¢ esrth wss provided by 2 copper earthing strip running
1
from an earthing plate buried beneath the mast to the Observ-

atory laboratory. All outside equipment and d.c. supplies
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inside the laboratory were earthed to this strip to avoid

earth loops.

3.5 The recording of the data

3.561 The chart recorder

-

Initially, a Honeywell-Brown multi-point potentiometric
chart recorder was used to record the instrument outputs.
This recorder has 16 channels, printed sequentially  each
with its number for identification. Each instrument output,
after reduction to the 0 to X 2.5 mV recorder range, was
connected to two channels. Thus the ground field mill was
connected to channels 1 and 9, the mast field mill to channels
3 and 11, and the precipitation current collector to channels
5 and 13, the remaining channels being shorted to give a
zero reading. Each instrument resading was printed every 15 so
The on-off recorder switch was connected tnrough the rain
switch (Sec. 3.3), so that the recorder operated automatically

during periods of precipitation.

3.502 The deta hendling system

To facilitate computer analysis of the recorded data,
the chart recorder was subsequently replaced by the data
_ handing system, fully described in the next chapter. The
data was then recorded on magnetic tape for subsequent playback
into a "Data Capture Unit", a device which prints the recorded
data values on a paper roll. The values on the paper roll
ere then punched on to computer cardse.

The system has an input renge of -1 V to - 11 V, and so

three d.c. amplifiers were constructed to amplify the field
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mill detector and precipitation current outputs to this

range.

3.563 The d.c., amplifiers

Two designs of d.c. emplifier wéré required, one to
convert the O to I 500 mV detector circuit output to the
- 1V to - 11 V range of the deta handling system, and the
other to similarly convert the O to ¥ 1 mA output from the
Rank amplifier in the precipitation current collector.

The circuits, using Radiospares 709 integrated circuit
. operationel amplifiers, are shown in Fig. 3.18. Two
operational amplifiers are used in the second circuit, one
to produce most of the voltsge gain, and the second to bias
the output to a negative polarity. The characteristics of

the constructed circuits are shown in Fig. 3.18.

3.5.4 The finsl system

The instrumentation in its final form is shown in
Fig.4.13 .. The right-hand instrument rack contains the
field mill detector circuits and d.c. amplifiers, with the
Pis v povier supply beneath. The left-hand rack contains
the rain switch relay circuit, the recording system of the
data handling éystem and at the top the Farnell L30T power
supply. The inputs to the recording system were monitored
on a 4 channel O to 1 mA pen recorder, which was allowed to
record continuously. This system was used for the entire

series of recordings from January to June, 1972,
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FIG. 319 The d.c. amplifier characteristics

(a) Field mill detector amplifier

OUTPUT (V)
~10V+

-500. - 0 . C 45000
S - ' ' INPUT (i)

(b) Precipitation current colléctor amplifier

OUTPUT (V )
f10\/~ ,

-1.0 - | 0 ' +1-0
INPUT( V)
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CHAPTER 4

The Data Handling System

L.l The need for a data handling system

To perform the statistical analysis of the data
recorded during periods of precipitation, it is essential
to use a digital computer for the large amount of calculation
involved. To do this, the recorded data must be presented
in a form suitable for input to the computer. At Durham
.Universitygthe computer( an IBM 360/6?) uses punched cards
as the usual form of iﬂput, and less commonly punched paper
tape. A system was thus required to present the field
'mill and precipitation current collector outputs either as
values punched on cards or paper tape, or in a form readily
convertible to such.

These requirements would have been met by a data
logging system, many types of which are available commercially.
A data-logging system converts a number of analogue inputs
from measﬁring instruments into an output of punched cards,
punched paper tape or magnetic tape suitable for direct
input to a computer, and can also give a printed record
of the data values. Inquiries showed that such a system,
even on the comparatively small scale needed for the author's
requirements, was beyond the resources of the research group,

and so aslternative methods had to be considered.
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L2 The "D - Mac'" chart reader

Initially, a chart recorder was used to record the
field mill and precipitation currenﬁ collector outputs.
It soon becéme evident that reading the chart values by
eye fér subsequent punching on to cards would be'tedious
and time consuming, and so some form of chart reading
device was necessary.

The Computer Unit at Durham possessed a "D - Mac"
chart reader, a device which enables chart reéords, maps
and diasgrams to be produced as a series of values punched
on paper tape. By tracing the chart record with a pen
connected to the reader, the x and y co-ordinates of any
pen positibn can be puﬁched on the paper tape by pressing
a trigger button. Thus by following the potential gradient
and precipitation current records with the pen, their values
in terms of the pen co-ordinates could be obtained on a
punched paper tape.

This method still proved somewhat tedious, however,
perticularly with long records. Moreover, the "D - Mac™"
had been designed to interface with the previous computef
at Durham, an Elliott 803, and so a considerable proportion
of the overall computing time would have been needed to
convert the paper tape data to a format suitable for the
present computer. Also, the Computer Unit could not give
an assurance that the "D - Mac" could be repaired if a
serious fault occurred, and so this method of handling

- the .data was not adopted.
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L3 The chosen system

At the same time as the author was considering
various methods of data handling, a colleague, Mr. C.D. Jones,
had a similsr requirement for processing data from mobile
equipment being used for outdoor turbulence measurements.
His intention was to record the data on a portable magnetic
tape recorder for playback at the laboratory in Durham
and subsequent conversion to computer input. By recording
the author's dsta also on magnetic tape, it seemed possible
to use a common system of data recording and playbacke.
A Weyfringe "Data Capture Unit" was thus obtained
for use in both playback systems. This device consists
of a digital voltmeter with a printer, enabling the voltmeter
~readings to be automatically printed as a series of values
on a paper roll. By using a suitable playback system to
enable the magnetic tape to be replayed on to the Data Capture
Unit, & printed record of the data values can be obtained.
The data values on the paper roll can then be punched on to
computer cards by the Punching Staff of the Computer Unit.
This system proved capable of producing the data as
computer'input with a minimum of intervention by the
observer, as both recording and playback could be performed
automatically once stsrted. A chart recorder was, however,
retained to provide an immediste visual record during
recording, wnich enabled any faults or errors to be recognised
before playback, together with any sections of tape containing

data unsuitable for playbacke.
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Lely The recording system

Lol ol Introduction

This system was adapted from that designed by
Mr. C.De. Jones for his portable equipment, differing mainly
in the detail design of circuits and the use of a single
polarity power supply. The author is indebted to Mr. C.D.
Jones for the use of his original design.

A schematic outline of the recording system is given
in Fige 4.1. The inpﬁts from the measuring instruments
are switched successively by the channel selector to the
voltage-to-frequency converter; This conversion is
necessary as the tape recorder can record only a.c. signals,
and so the d.c. signals from the measuring instruments
must be converted to enable them to be recorded.

A “blanking pulse'" is necessary to separate the signals
from adjacent channels; it provides a triggering pulse for
the printer when the tape is replayed into the Data Capture
Unit. The input to the tape recorder is thus shorted for
0.5 s by the blanking unit during the switch from one
channel to the next. To ensure that the blanking pulse
remains synchronised with the channel switching, the

blanking unit is driven by the channel selector drive.
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Lelo? The channel selection

The channel selection is performed by a 1l2-way
uniselector, triggered every 7.5 s by the channel selector
drive. Each input channel is connected to 3 inputs of
the uniselector, msking it in effect a L-way selector,

The channel selector drive circuit, shown in Fig. 4.2,
consists of an astable multivibrator of period 7.5 s,
and a monostable multivibrator of period 50 ms. The
output of the astagble circuit is Pifferentiated to provide
a trigger pulse for the monostable circuit every 7.5 s;
this causes the reed switch Sl to close for 50 ms which
in turn triggers the uniselector to advance to the next
channel. _Each input channel is thus sampled for 7.5 s
every 30 s, during which it is connected through the
voltage-to-frequency converter to the tape recorder.
The astable multivibrator is also used to provide a

trigger pulse for the blanking unit, described in Sec.l.l.L.

L.4e3 The voltage-to-frequency converter

The circuit design of MOLYNEUX and DE'SA (1963) was
adopted for this purpose, as it gives a good linear
relationship between input voltage and output frequency
over a wide voltage range. The circuit is shown in
Fig. L.3, and the characteristic of the conatructed circuit
in Fig. 4.4

As can be seen from the characteristic a minimum input
of about - 0.5 V is necessary for the circuit to fire, and

so an input range of - 1.0 V to - 11.0 V was chosen, giving
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FIG. 4.4 Characteristic of the voltage-to-
frequency circuit
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an output frequency range of “100-Hz to f.?lQ_OQ_Hz.

The d.c. amplifiers used to amplify the field mill and
precipitation current collector outputs (Sec. 3.5.3)

were conseqﬁently bissed to give - 6.0 V output for a
zero input signal, and so producing a 1 kHz signel for
recording. A negative potential gradient, for instance,
increases the d.c. amplifier output from - 6.0 V, while
a positive potential gradient decreases the output to

below - 6.0 V. Hence the higher frequency signels on

the tape recorder correspond to negative potential gradients
or precipitation currents, and the lower frequencies to
positive inputs. |

The voltage-to-freﬁuency converter output consists
of a series of "spikes";\shown in Fige L4e5. This form
of output proved unsuitable for recording due to the
frequency response of the tape recorder at the low running
speeds used, which caused considerable attenustion of the
higher frequency signals. The converter output is thus
passed through a monqstable circuit to convert the spikes
to square pulses, which proved far more suitable for

recording. This improvement in the frequency response

of the recorder can be seen from Fig. L.6.

Lol The blanking unit

The blanking pulse, described in Sec. L.L.l, 1is
produced by a monostable circuit, triggered by the astable

circuit of the channel selector drive. The monostable

circuit, shown in Fig. L.7, has a period of 0.5 s, during




FIG.46  The playback signal
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which the reed switch S; closes, shorting out the input
to the tape recorder. A blank pulse of 0.5 s duration
is thus produced on the tape each time the input channel

switches.

L.5 The tape recorder

A Philips model 4308 tapé recorder was used for
recording the data. As it was expected that recording
would sometimes be necessary overnight, a recording time
of about 12 hours per tape was thought necessary. The
lowest running speed of the tape recorder, 1.7/8 i.p.se
(L.75 cms'l) gave 4.1/ hours running time with a 7 inch
spobl of double-play tape, so the recorder was altered
to run at just less than 15/16 i.p.s. (2 cms™1) by
adjusting its pulley drive system. This gave a running
time of 9 hours for double play tape; subsequently some
triple-play tape was obtained, which gave the required
‘running time of 12 hours.

As mentioned in Sec. L4.L4.3, reducing the running
:speed caused attenustion oflthe higher frequency signals
if the voltage-to-Irequency converter output was recorded
directly. For example, a “10Q Hz signal had an amplitude
of 3.5 V when played back, while a 1.8 kHz signal had an
amplitude of-only 0.5 V, which prevented correct operation
of the playback system. Changing the output of the
converter to square pulses successfully overcame this
problem.

The microphone input to the tape recorder was used
to rscord spoken comments at the start or end of the tape,

and for identification of the tape. The recording and
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playback could be monitored through the t ape recorder

loudspeaker if required.

L.6 The playback system

L.6.1 - Introduction

This system; outlined in'Fig. L.8, enables the
recorded tape to be replayed inio the Data Capture Unit,
which prints the recorded data values on a paper roll.
The recorded series of ffequency modulated signals from
successive input chanﬁels is reconverted to a series of
anaiogue voltage signals‘by the frequency-to-voitage

converter, having first passed the signal through the

pulse shaper to ensure that all the frequency pulses are

identical square pulses. The converter provides two
outputs; a 0 to 200 mV output to the digital voltmeter
of the Data Capture Unit, and a O to 5 V output to the

print trigger unit.

L 6.2 The pulse shaper

While the difficulty of the poor frequency response
of the tape recorder had been largely overcome, the output
frequency pulses still tended to be rounded and slightly
attentuated at the higher frequencies. ‘To restore the
square shape of the pulses a Schmitt trigger circuit was
used, producing 4 V amplitude square pulses throughout
the frequency range of recording. The circuit is shown

in figure 4.9.
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Le6.3 The frequency-to-voltage converter

This circuit (Fig.4.10) consists of a monostabie
multivibrator and an integrating circuit, buffered by
an emitter follower. - As the pulée length of the Schmitt
trigger output could varylslightly at differing frequencies,
the monostable circuit ensures that all the pulses have a
length of 0.5 ms. These pulses, when passed into the
integrating network Ry, Cjy, will then produce a voltage
output dependent solely on the pulse repetition frequency.

The output from the converter is thus a series of
d.c. voltages proportional to the original recorded signals
from the input channels, separated by O.S 8 blanking pulses.
The full 6utput is used as input to the print trigger unit
(Sec. 4.6.4), while a O to 200 mV output is taken for
display on the digital voltmeter of the Data Capture Unit;

the value of this voltage is printed out.

L.6oL The print trigger unit

The print trigger unit (Fig. 4.11) produces the
trigger pulse needed for automatic printing of the digital
voltmeter reading. The voltage output from the fregquency-
to-voltage converter is first differentiated by the network
Rﬁ, Cpe The next stage is a reverse-bisssed emitter
follower circuit, which only passes the required trigger
pulse, eliminating any spurious pulses or noise of lesser
emplitude.

The trigger pulse is then amplified to provide an

input suitable for the first monostable circuite. This
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circuit acts as a 5 s time delay, so that the printer
is triggered énly when the voltage on the digital voltmeter
has reached a steady value between blanking pulses. This
is achieved by taking the output from the collector of
transistor T23, where the output appéars only after the
time constant of the circuit has elapsed. The second
monostable circuit, of period 1 s, is then triggered,
closing reed switch 83 for this time interval, which
causes the current digital voltmeter reading to be printed
by the Data Capture Unit. |

The triggering process is illustrated in Fig. 4.1l2,
where waveforms at various points in the circuit are shown.
The method adOpted has the advantage that the printing can
be triggeréd from the same track on the tspe on which the

data values are recorded.

Le7 Construction of the data handling system

The electronic circuitry of the recording and playback
units was constructed on "Veroboard", a circuit board
consisting of copper strips fixed to an insulzting backing
board. The circuit boards were constructed as plug-in
boards mounted on 1lG-inch aluminium panels suitable for
standard instrument racks. Any alteration or replacement
of components was then easily performed by removing the
appropriate board. Power supplies for thé system were
provided by a Farnell L30T twin power unit for the recording
system, which was located at the Observatory, and a single
L30 power unit for the playback system, located at the

Atmospheric Physics laboratory at Durham.
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The constructed recording system is shown in Fig. 4.13,

and the playback system in Fig. L.1lL.

L.8 Operation of the system

The recording unit at the Observatory was arranged

" to switch on automatically when precipitation started by
having the uniselector power supply and the tape recorder
mains supply connected through a relay operated by the
rain switch (described in Chapter 3). When a period of
precipitation was expected, the tape recorder would be
set, the recording unit switched on and tested, and the
Uniselector power supply and tape recorder mains supply
then connected through the gain switch relay. When
precipitatién started, the relay.would close, starting the
uniselector and tape recorder. When the precipitation had
stopped, and the;ﬁainiswitch dried, then the reley would
open, and the recording stop. The system could also be
switched on or off manually if required.

To replay a tape recording, the relevant tape was
taken with the tape recorder to the laboratory in Durham
for replay into the Data Capture Unit. The paper roll
containing the printed data values, after checking for
eny printing errors or missing values, was then taken to
the Computer Unit for punching on to cards.

The overall performance of the system proved quite
sdequate, as can be seen from the linear relationship
between the input voltage and the digital voltmeter
reading shown in Fig. L4.15. The main problem to arise

was an uncertainty in the printer triggering during replay









FIG. 4.15 The recording system transfer characteristics
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of very high or very low voltage values. High values,
producing digital voltmeter readings close or equal to
the 2.000 mV full scale reading, sometimes resulted in
premature triggering of the printer, with a false low
value being printed. Very low voltage values failed
to fire the voltage—to-freéueney converter, resulting
in a blank signal for that channel, and also occasionally
produced uncertainties in triggering. Such points could
be noticed on the printout, and any missing or incorrect
values corrected before the printed roll was taken for
punching on to cards. |

A reference voltage was recorded on one channel to
detect any fluctuation in the tape speed, during either
recording or playback, which would affect the frequency
signel replayed from the tape recorder, and consequently
the calibration of the system. If a noticeable fluctuation
had occurred (the greatest observed was 5%), the printed
voltage valués were suitably corrected by the computer
during the analysis of the data.

It was found convenient to open-circuit one channel
of the uniselector, causing every twelfth channel reéorded
on the tape to be blank. This enabled any point on the
tépe to be located easily, say, for correction of the printout,
by noting the location of the preceding blank channel on
the indicator on the tape recorder which metered the running
of the tape. The "blanked" channel was chosen as one of
the reference voltage channels, so that no precipitation

current or potential gradient values were lost.
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The calibration of the system was checked at intervals
by recording and replaying a series of input voltages
covering the - 1 V to -~ 11 V range. No noticeable drift

was detected during the 9 months the system was in use.

L.G Suggestions for future use

The Data Handling System proved as versatile as had
been hoped, fulfilling the requirements of both the author
snd his collesgue, Mr. C.D. Jones. Its main application
in the future will most likely be for outdoor recording,
and so the use of integrated circuits would be advantageous
for reducing the physical size and the power requirements.
Several designs of intégrated.circuit which have recently
become available can perform both the d.c. amplication
of the measuring instrument outputs and the channel selector

function, which would enable the uniselector to be eliminated.
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CHAPTER 5

Statisticel Anslysis of the Data

5el Stetistical theory

In this chapter, the statistical ﬁethodsused in the
enalysis of the precipitation dats will be described, and
ean outline given of the series of computer progrems written
to perform this taske. Detailed explanstions or proofs of
the statistical principles involved will not be given, as
they are readily available in standsrd text books such as
BENDAT and PIERSOL (1966).

It hss élready been explained in Chapter 2 how the
relationship between potential gradient and precipitstion
current during quiet precipitation can be expressed in terms
of the correlation between the two recofds. The properties
of correlation functions and some of their uses, as relevant

to the present work, will now be described.

5.1.1 The correlation functicn

Correlation functions can be used to discover whetner
a functionsl relationship exists between two variables x
and y, such that y = f(x). In the present applicaticn in
atmospheric electricity, the possibility of a linesr relation-
ship between potential gradient and precipitation current is
being investigated. The linear correlation between the two

variables x and y can be expressed in terms of the correlation



~62-

coefficient o , given by
N

ra 1 (x.-X)(y.-V) 5
N G0, L . (5.1)

i=

where the-veriables x and y are expressed as a series of

N observations (xl, yl), (x5, y2)......(xN, Yy)» with mean

values X, y, and stendard deviations = &y, d}-
The value of r varies between + 1.0 for an absolute

direct relationship between the two‘variables, and - 1.0 for

an absolute inverse relationship. A coefficient r = O implies

no relationshipe. In practice, errors in the values of x; and

. Y5 due to measurement or random effects will cause a deviation

from sny linear relationship, and so coefficients of magnitude

1.0 will néver be attained. Similarly, two series (x3i, ¥ji)

which are not relsted may still give 8 non-zero correlation

coefficient, due to random varietions in their measured velues.

5e1.2 Cross-correlation with time lags

Maximumn correlapion between two time series mey not
necessarily occur for simultanecus values, as was assumed
above; from the expected bshaviour of the potential gradient
and precipitation current during quiet precipitation, maximum
correlation may occur for one or othér record leading.

The correlation coefficient can also te expressed as 3 function

of a time lag ¢ between the series:

r(ry = 1 Z (x,

+ + + .
where T = 0, = 1, = 2,.00..=L, The meximum lag number
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L is of necessity less than N; the number of observations
of x and vy,

The expression 5.2 will be used to calculate the correia-
tion coeffiéientr(f)for each set of potential gradient and prec-
ipitation current values. A plot of r(T) against the time
lag r for either record lagging‘will'enable the time lag
for maximum correlation to be determined.’ Such a plot is termed

a "cross-correlogrem™; o typical exsmple is shown in Fig. 5.le

56163 Autocorrelation

Just és two time series cen be cross-correleted, a single
time series csn be correlated with itself to determine the corr-
elstion of given values'xi with previous'ones X{ -y .

This is known as '"autocorrelation', with an autocorrelation

coefficient a( T ) given by

alT) = _1__12(&-}?)(3&;3?) (5.3)
where again T =0, 2 1, 22, ....2L (L < N)

A plot of a( T ) against time lag ¢ is termed an
"sutocorrelogram'. Its m2in use is in determining the degree
of "persistence' in the series, and in detecting any periodic
variastions. Thus, if o series xj; exhibits a high degree of
persistence, the value of ak T ) will be larger for a partic-
ular value of U than for a series with a small degree of
persistence (Fig. 5.2) This may mean that subsequent values
of x; sre not completely independent of their predecessors, as
is reouired for many statistical results to be valid. The
problem of deciding il thg values x; are independent 1s discusse
later (Sect. 5.1.6).
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5elel Correlstion of periodic series

The autocorrelogram is useful in detecting any periodic
behaviour of the series x;.  In the case of a purely

sinusoidal varistion

x(t) = X sin 2nt
LT
vhere T is the period and X the amplitude, the autocorrelo-

gram will have the form
a(r) = cos 2u¥
T
(5.4)
This is a cosine function with a period equal to that of the

series x(t): positive correlation mexima will occur at € = O,

T, 2Teoss.o and negative maxima at ¢ = T, 3T, 5T...(Fig.5.3).
: 2 2 2

Random noise in the observations x; of a periodic series will

i
reduce the amplitude of the periodicity of a( T ), but it
will often still be evident.

The cross-correlogram of two sinusoidal series will also
be a cosine function, again with maxima recurring with the
time period of the series. -In the present work, the correl-
ation of two series separated by a time interval t/ is more

relevant. The cross.correlogram between the series.

Cam—

x(t) = Xsin 2mt
T
and ) K

y(t) = Ysin 2m(t+t)
will have the form T
r(t) = cos 2m(¥ +1")
T (5.5)
which hes maximum positive values at ¢’ y T + g/ , 2T «+ t/ tece

. . - /7 g VR /
and moximum negotive velues at L + t7, 3T + t, 57 + t eoscs
L
: 2 2 2

(Fig.5.4). The maxima are again occurring st intervals of T,




Fig. 5.4 Cross -correlation of two sinusoidal time
series separated by a time lag t.
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but are now shifted by the time lag t’ of x(t) behind y(t).

5.165 The statistical significance of correlastion maxima

It cen be shown that two time series which are not
infinite in length can produce spurious vaslues of correlation
coefficient, even if they are completely unrelated. Random
unrelated series, for instance, seldom give & zero cross-
correlation coefficient. A given correletion coefficient
value must therefore bé tested for significanee, as it may
have arisen purely by chance.

The usugl tests of significance éstimate the probability
of the cszlculsated correletion coefficient arising by chance
out of random desta. If this probability is less than 0.05,
i.e. less than 5 times in 100 estimates, the coefficient is
ususlly considered to be significent, the "significence level"
being in this case 95%. Values which would zrise less than
.once in 100 estimates are considered to be highly significsnt,
the significance level then being 99%.

If the random data of the time series are distributed
normelly, the correlstion coefficient values cslculated from
a number of samples of the given series will be similsrly |
distributed about the ﬁrue value. The probsbility of a
certasin value of correlstion coefficient arising by chance
can then be estimated by 2 standard statisticsl procedure
known as the "Student t-test'". A value of the coefficient
t can be calculated from the correlation coefficient r by
the relationship:

t= rvNg~2

.1_r2
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where NI is the number of independent observations of the

series, The cquantity N, - 2 is often termed the "number of

_ I
degrees of freedom."
Statistical tebles are available which give values of
t corresponding to vaglues of r which could srise from
uncorrelated data; these values are given at various levels
of significance.
The number of independent observaﬁions, N1, depends on
the persistence of the individual series, and is not necess-

arily the same as.the number of observations N. The method

of estimating Ny is outlined in the following section.

5¢1le6 The autocorrelstion interval

The;autocorrelation function described in Section 5.1.3
can be used tb est.imate an "autocorreiabion interval" for.
a time'series; observations of this time series made at a
time separsation less than this interval are not independent.
AWE (1964 ) has shown @nalytically ﬁhat the autocorrelation

interval Ly 1is given by

oo
L, = juzm J7
B (5.7)
He @lso showed that a good estimmﬁe ¢an be obtained by
evalusting 82( T ) over only the centrsl maximum of thre
sutocorrelogran. As 2n autocorrelogram is symmetrical
about the 7 =0 ex'é, the autocorrelation interval can be

evsluated for a time series by:

: ™
L, = 220"(‘()-& | (5.8)

L=>1
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where the first minumum of.the autocorrelogram occurs at
the Mth time lag, and At is the sampling interval between
successive values of the time series.

The total number of observations of the time series,
N is then divided by Lg to determine the effective number

of independent observations NI’ i.e.

L, (5.9)
Usually Ny will be less then N, snd is therefore used as

the number of observetions for tests of significance,

5017 The nature'ofgpbysical data

Dats representing physical phenomens can be generally
classified as being either deterministic or.random.
Deterministic data csan be describéd'by an explicit mathematical
expression, and so an asccurate prediction of future behaviour
can be made. For random data no such explicit expression can
be deduced, snd so probability functions and statisticeal
auantities have to be used to describe their behsaviour.
Atmospheric electrical processes will renerally produce
largely random data, and so statisticel methods of analysis
are required;

Rendom dsta cen in turn be divided into two cetegories;
stationary and non-stztionary. The statistical properties
of non-stationary dests, such as the mesn or the variance,

continually vary with time, so that different samples of the

data would give different ststistical values. Stationary
data show no such variation. Fig 5.5 illustrates the

differenpes between the two types of datae

)
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The statistical theory and results of the preceeding
sections assume that the datsa ore stationarye. No theory
hos yet been developed for non-stationary deta, and so sll
the data in the present investigsation have to be treated es
stationary. It_will be evident, however, from the precipit-
ation records shown in subsequent Chapters that this is not
strictly true in these cases, psrticularly if only short
records are being analysed. However, when the means and
standard deviations of a parameter do not vary significantly
between statistical samples, it is said to be "weskly ststion-
ary", and the a2bove statisticel theory can be considered to
be applicable. -

lMény of the records of potential gradient snd precipit-
ation in the present work appear to be weakly stationary,
particularly if lasting many hours. Thé main effect on the
correlograms if s record is in fact non-stationary will be
to increase the values of correlstion coefficient, rather
than alter the general form of the correlogram.

For stationzry or weakly~stationéry data, a useful
feature of the cross-correlation coefficient r is that it
indicates how much of the varisbility of one parameter is
due to the varisbility of the other. This proportion is
given bj r? y so that a maximim cross-correlation coefficient
of, for exsmple, 0.80, implies that 0.6L of the variability

of the one psrameter is due to the othere.

5.2 The computer programs

Calculation of the varicus statistical quantities for

each set of precipitation data was carried out on the I.B.IM.
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360/67 computer at Durhsm University. A series of
programs was written which first converted the "raw'" data
values (i.e. digital voltmeter readings) to potential
gradient and precipitation current density values, then
calculasted the auto and cross-correlestions and other
statisﬁical quantities, and finslly presented the results
in printed and graphical form.

The programs were written in the computer languzge
Fortran IV, and so, becsuse of the specialised nature of
this language, will not be presented in detail. By using
the system of computer operation knowh as the "Michigan
Terminal System", or M.T.S., each program could be stored
in the computer in s unit of storage space known as a '"file'l.
Each file has &n identifying nzme which ensbles the program
(or data) stored in it to be called (or accesséd) as required.
The program to calculete the auto and cross correlations;,
for instance, was stored in the file CORPROG; on each
computer run, this file would be accessed and the program
executed)using the current set of dats to calculete the

correlationse.

5.2.1 A typical computer run

Figure 5.6 shows schematically the various stages of
a typical computer run. The raw data, consisting of the
digital voltmeter values produced by the data handling
system, are converted to potential gradient and precipitation
current density values by the program CALPROG; these values

RN ]

are then stored in the file RAINDATA. The opportunity to
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correct for any non-uniformity in the field mill calibrations
(see Sect. 3.2.5) was tasken at this stage.

The auto and cross correlations are then calculested by
the progrem CORPROG, using the data stored in RAINDATA as
input, 2nd placing the calculasted correlation values in
CORREDATA. The correlation values are slso printed out sas
required.

A useful feoture of the Durham computer facilities
is the availability of a series of standard programs, or
"subroutines", which can be adapted to the requirements of
- an individusl usero The ”Scientific'Subroutines Package"
(or S.5.P.) includes‘programs for calculating 2uto snd
cross correlations and mny other statistical quantities,
and was thus extensively used.

The third stage of the computer run is the plotting of
the correlograms by the computer graph plotter. This device
ensbles any set (or sets) of data to be sutometically plotted;

its use in the present work is described below.

5e262 The presentation of the comnputer output

Altogether, three types of computer ocutput proved useful:
the standard print-out, plotted output, and punched output.
The standard form of print-out monitors the progress of a
particular computer run, or "job", and the results of the
various calculations can &lso be listed.

The pleotting fecility was extensively used, with two
main applications. The first was plotting the correlograms
. for each set of dats, using the calculated vaslues of correlation

éoefficient stored in the CORREDATA file (Fig.5.6). The other
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application was in presenting wind and temperature profiles
for periods of precipitation, using data from the Dszily
Aerological Record published by the Meteorological Office.
A program was written to calculate wind speed, direction
and temperatﬁre values from the coded data presented in

the Aerological Record, and plot these against height.
Examples of these plots and their applications sre given
in subsecquent Chapters.

The contents of the RAINDATA file were punched on to
cards on each occasion; if needed, this enabled the dats to
be run 2t a later date more readily, as conversion to true
values of potential gradient and precipitatioﬁ current. density

is not then requirede.
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CHAPTER 6

Examples of Precipitstion Records

6.1 Introduction

Three periods of quiet precipitation recorded during the
present work will now be presented in detail to illustrate the
electrical aznd meteorological behaviour typical of such precipi-
tation. A period of disturbed precipitation will also be exam-
‘ined briefly, by way of comparison.

Except for the disturbed precipitation, when no statistical
calculations could be made &s the recorded instrument values
were often off-écale or changing rapidly, the electrical 2nd met-
eorclogicsl behaviour will be presented in the following order:

(2) The synoptic meteorological situation, using inform-
ation from the Daily Weather Report of the Meteorolog-
ical Office.

(b) The electrical records of potential gradient and prec-
ipitation current density, as obtasined at Durhem.
Observstory.

(c) The correlograms and other statistical qusntities,
calculated from the electrical recordings.

(d) The meteorological conditions at Durham during the
precipitation, obtained ffom the Observatory records.

(e) Appropriate Aerologicsl profiles, i.e. temperature -
height and wind - height, at either Shsanwell, Hemsby
or Aughton, the nearest meteorological stations taking

upper - air measurements. These were calculated and
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plotted by computer from dets in the Daily Aerological
Record of the Meteogrological Office.
Information on all the periods of quiet precipitation

during which records were obtained is presented in Chapter 7.

6.2 The records of the 17'and 18 Januery, 1972

An occluded front running from the west of Scotlend
through to south - west England produced periods of rain, sleet
and snow from 08 20 on the 17th to 07 00 on the 18th. The
front remained virtually stationary throughout this period, and
so provided a good example of the different characteristics of
rain and snow in otherwise similer conditions, as both originated

from the ssme frontal system.

6.2.1 The reriod of rain

Rain started at Durham at 08 20 and continued throughout
the morning until about 14 00, when sleet began to fall. The
synoptic situztion at 12 C0 is shown in Fig. 6.1, together with
the approximate extent of the areas of precipitation.

The chart record of potential gradient and precipitation
current deﬁsity from 10 00 to 15‘30 is reproduced in Fig. 6.2.
The reccord during steedy rain shows the inverse relation and,
to a lesser extent, the mirror image effect, with the potential
gradient apparently leading. After 1L 00, sleet was falling
and the electrical record becomes much more disturbed, sometimes
going off - sc2le and showing larger and more rapid variztions.
Only the portion of record up to 14 00 is thus considered to be

QU.ieta
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6.2.2 The statistical properties of the record

The auto and cross-correlograms were calculated for the
_portion of record between 08 QC and 14 00. Fig. 6.3 shows
the cross-correlogram between potentisl gradient and precipit-
.ation current; maximum, negative, correlstion occurs for pot-
ential gradient leading by 6 minutes, the value of correlation
coefficient, - 0.67, being very nearly significant st the 99%
-level. It should be noted that the cross-correlation at zero
lag iS»very Small, and so if only simultaneous values of potent-
ial gradient and precipitation current had been considered, no
"significant correlation would hsve been found.

The negative cross-correlation maximum, with the potential
gradient leading, agreésvwith the situation suggested by the
chart record, of & mirror - image effect with potential gradient
lesding.

The autdcorrelograms (Fig. 6.4) indicate that the precipi-
tation current has more persistence than the potential gradient,
88 at a given time lzg. the precipitation current generslly has
a larger value of autoéorrelation coefficient than the potentisl
gradient.

Table 6.1 gives some other statistical quentities calculsted
for this record. The inverse relaztion is evident, the mesan
potential gradient being negative, and the mean precipitation

current positive.

6.2.3 The meteorological properties

Table 6.1 also summarises the meteorological situation

at Durham during the period of rain. The mesan rate of rasinfall
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and surface wind speed were sohewhet above the ususl values
~ found during quiet precipitation.

Figs. 6.5 té 6.8 are aserological profiles at 12Z (12 00 G.M.T)
st Shanwell and at 117 st Hemsby. The location of these stat-
ions, together with a third, Aughton, is shown in Fig. 6.1.
Unfdrtunately Durham is a considerable distance from any of these
stations, at respectively 200, 300 and 175 km, and so locsl
conditions at Dﬁrham may vafy considerably from those at any of
the stations. However, by choosing the station at which the
meteorological situstion is closest to that at Durham a good
indication of the local aerological situation should be avail-
able, particularly in the extensive éloud sy stems producing
quiet precipitation.

The temperature profile at Shanwell clearly shows the
frontal surface, between 1.0 end 1.2 km. altitude. The melting
level is st 0.5 km. No wind dsts from Shanwell was available
end so the profiles at Hemsby are also shown, slthough this
was outside the area of precipitation. The frontal surface 1is
again evident in the temperature profile, while the wind speed
profile_shows a8 region ofvnegative shear (speed decreasing
with heighi), between 0.9 and 1.2 km altitude. Such a region
proved to be a characteristic fezture of most profiles during
auiet precipitation, whether or not a frontal surface was present.
The wind direction veers slightly up to 1.9 km, buﬁ otherwise

hardly varies.

6.2.4 The period of snow

The sleet which had started at 14 00 graduelly turned to

snow, and a period of quiet snow followed from 20 30 on the 17th
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FIG.66 Hemsby 11Z 17 January.1972
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FIG.6.7 Hemsby 11Z 17 January 1972
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FIG. 6.8 Hemsby 11Z 17 January 1972
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until 07 OO0 the next morning, spart from a short period from
23 15 to 23 50 when conditions were disturbed. The synoptic
situation at 00Z on the 18th (Fig. 6.9) showed little change,
with the occluded front hardly moving.

The electrical record from 23 40 to O4 30 is shown in
Fig. 6.10. Initially conditions are disturbed, but after
23 50 guiet snow is falling, with both the inverse relation énd
mirror-image effect being prominent.. The signs of the potential
gradient snd precipitation current are largely opposite to those
during quiet rain, the férmer‘bejng positive and the latter neg-
lative.

The prominence of the mirror-image effect is confirmed by
the cross-correlogrsm of Fig. 6.11, with a maximum correlation
coefficient of -0.77, highly significsnt at the 99.9% level,
between potential gradient and precipitation current. In
this case, however, precipitation current leads by about 1 min.
The autocorrelogrems (Fig. 6.12) again show the precipitétion
current to have more persistence.

The meteorological Eonditions at Durham (Table 6.1) show
little change from those during the rain earlier, the mean rate
of rainfall being the same 2nd the wind speed slightly less.

The aserological profiles at Skanwell are also similar to those
earlier, with a prominent frontal zone in the temperature profile
(Fig. 6.13), a2nd a region of negative wind shear from 0.3 to

1.8 km (Fig. 6.14). It should be noted, however, thet the surf-

ace wind speed at Shanwell (15.5 ms"l)

1

is considerably greater

than that at Durham (5 ms~™

6.3 The record of the 2nd and 3rd May. 1972

While the records of the 17 and 18 January were in many
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FIG. 613 Shanwell 237 17 ° January 1972
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ways typical of the majority of periods of quiet precipitation,
a few instances showed different behaviour. Severasal periods
of cuiet rain were characterised by the very quiet conditions
and the long duration of the rain, as well as by the electricel

behaviour: one of these periods is now presented.

6.3.1 The period of rain

Quiet rain fell at Durham for no less than 20 hours, from
18 00 on the 2nd May to sbout 14 00 the following day. The
synoptic situetions at'OOZ3rm112Z of 3rd Msy are shown in
Fig. 6.16; a very slow moving region of precipitation persisted
- over northern England, probably associsted with the wesk occluded
front which gppesars on the syﬁoptic situation st 12Z. Condi-~
tions were very quiet, with winds being 1ight.and variable.

The electriczl record is reproduced in Fig. 6.17 for the
entire period of precipitation. An interesting feature is the
different behaviour of the potential gradient and precipitétion
current in the earlier and later parts of the record. Initially,
until about 03 30, the two records appear to follow each other
closely, with the potentisl gradient leading by about 15 minutes.
There is neither an inverse relation nor mirror-image effect
evident. Subseouently, the character of the record chenges,

{

with both‘effects being evident at times, and with the precip-

itation current now appearing to lead.

6.3.2 Statistical results

The electrical behaviour spparent from the chart record is
confirmed by the cross-correlogram of Fig. 6.18. Two maxima
are evident; one, significant st the 95% level, for precipitation

current leading by 22 minutes, with a second broad maximum for
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FIG.6.18 23 May 1972
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potential gradient leading by about 20 minutes. The first
maximum is negative, indicating s mirror-image effect with the
precipitation current leading by 22 minutes. The second is
positive, corresponding to the eerlier psrt of the record, where
the potential gradient and precipitztion current follow each
other closely.

‘The sutocorrelograms (Fig. 6.19) indicste considersble
persistence in both the potentisl gradient and precipitstion
current, due to their show variation; maxima on the chart
record recur at intervals of sbout 90 minutes. There is also
a suggestion of a secondery, faster, periodicity of about 35

minutes in the precipitation current.

6.3.3 Meteorological situation

The quietness of the electrical behaviour is reflected in
the meteorological conditions. The mean wind speed at Durham
(Tatle 6.1) is particularly low. The serological profiles sat
Shanwell, 2t 232 on the 2nd May also show particularly low wind
speeds (Fig. 6.21) of less than 5 ms~L at as high-as 3 km
sltitude. Also noticeable is the absence of any region of
negative Qind shear. The wind direction profile of Fig. 6.22
does however show a considerable cheznge in wind direction bet-
ween 1 and 2 km; this may well be erroneous, 3s no similar
shift occurs in the profile at 1172 on 3rd Msy , when conditions

otherwise are very similar.

6.4, A period of disturbed precipitation: 26 Jsnuary, 1972.

By way of comparison, a period of disturbed precipitation

will now be briefly exsamined. One such period occurred during
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FIG.6.20 Shanwell 23Z 2 May 1972
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the late afternoon and evening of the 26 Janusry 1972,
producing heavy continuous rain at Durham from about 13 30
to 22 10, except for the period from 17 L5 to 19 15, when the
rain was Somewhat lighter. The synoptic situafion is shown
in Fig. 6.23; a fast-moving frontal system associated with

a depression moving eastwards across northern England.

6.4,.1 The electrical behsviour

A portion of the precipitation current record is sbgﬁn.
in Fig. 6.24. Tﬁe record shows much more rapid and freqﬁent
changes in precipitation current than during quiet precipit-
ation; note that the precipitation current density values are
also much greater. No relisble potentisl gradient record is
available on this occasion, ags for much of the time the record
was off-séale, or changing too quickly to be distinguished.

An idea of the behaviour during disturbed precipitation can be
obtained from Fig. 6.25, where the electrical record during a
less violent period of disturbed precipitation on 3 Februrery
1972 is reproduced. On this occasion a mirror-image effect
is also noticezble, indicating that i is not limited to

conditions of cGuiet precipitation.

6elie? The meteorological situation

The meteorologidal conditions at Durhkaem ere shown in

Table 6.1; the rate of rainfall was much higher, at 2.3 mm hrt
than usual in guiet precipitation, #s was the mean surface

wind speed, at 10 ms'l. Aerological profiles at Shanwell

at 1172 (Figs. 6.26 to 6.28) show a similar situation, with
considersable wind shear neer the sround, and wind speeds of

up to 15 ms-l, at 3 km. altitude.
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FIG.6.26  Shanwell 11Z 26 January 1972
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FIG. 6.28 Shanwell 11Z 26 January 1972
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CHAPTER 7

Results of the Quiet Precipitation Mezsurements

7.1 Introduction

The results of the quiet precipitstion measurements at
Durhsm during the period Janusry to June 1972 are now presented,
together with the associsted meteorological conditions for each
occasion. The data handling system recorded nearly all instan-
ces of quiet precipitation during this period, and so the results
‘can be taken as characteristic of quiet precipitation in general
during these six months. A few chart records of quiet precip-
itation had‘been obtained during the previous spring snd summer,
but with one or two exceptions were not suitable for analysis.
The results of the precipitation meesureménts will conseouently
be confined in this Chapter to the periods recorded during 1972,
although some earlier records will be considered later.

762 The electrical properties of the ouiet precipitztion
records. :

Toble 7.1 lists the electrical characteristics of all the
periods of quiet precipitation recorded between Januery and June,
1972.. The mean values and standard deviations of the potential
gradient and precipitation current density are given, together
with the percentage of positive velues of these parasmeters during
thke record. The values are those recorded every 30 seconds by
the data handling system. Altogether 35 periods of quiet preci-
pitation, smounting te 195 hours, were recorded; this represented

about 907 of 511 quiet precipitation during the six months,
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records being unavailable on the other occazsions due to instrum-
ental failure, or fsulty recording.

It should be noted that periods of light or intermittent
drizzle and very light rain were excluded due to the very small
precipitation currents and donsequenﬁly the uncertain behaviour

of the collector in such conditions.

7.2.1 Quiet rain

Apart from two instances of snow and two of sleet, all the
recordings were made during rain. The mean potential gradient
on most occasions of ra2in was negative, and the mean precipita-
tion current was positive. The "inverse relation" thus applied
oversall in these cases. The same conclusions can be made if
the percentsge of positive values of these two parameters is exam-
ined; 22 of the 29 periods of rain had mostly negative values of
potential gradient 2nd at the sazme time mostly positive precipit-
ation current.

Toaking the records when this situstion applied, the over-

all measn potential gradient was =490 Vm"l, and the overall mean

precipitation current density + L.6 pAm_Q.
There were, however, a number of instances when overall the
inverse relation did not apply, or the usual signs of the electr-
ical gquantities were not found. Record 6/16 of the 26 June, for
instance, shows the inverse relestion, but with a mean positive
potential gradient and mean negative precipitation current. Tre
long record 5/1 of the 2 and 3 May, 2lresdy referred to in
Chapter 6, has me2sn potential gradient and mean precipitation
current both negative; & similer instance is record 2/3 of the

6 and 7 February. There was, incidentally, no instance of the
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mean potential gradient 2nd precipitation current both being

positive.

7.2;2 Quiet snow and sleet

The two periods of quiet snow (récords 1/7 and 2/1) both
showed an inverse relation, but with a negative precipitation
current and 2 positive potential gradient. Their msgnitudes
were similar to those during rsin, although it should be rememb-
ered that the collector is‘likely to be less efficient at collect-
ing snow than rain, particularly at wind speeds in excess of a3
few metres per second.

The two periods of sleet, records 1/1 and 2/5, differed in
behaviouf, with negative potential gradient in both cases but
an overall inverse relstion only in the latter case. All other
periods of sleet between January snd April produced disturted

precipitation.

73 The potentisl gradient and precipitstion current correl-
ograms

Auto and cross-correlograms were calculsted for 21 of the
periods of quiet precipitation, the data on other occasions being
unsuitable or unavasilable. All the cross-correlograms between
potential gradient and precipitation current showed a maximum,
with one or other record le2ding. Cross-correlogréms between
the ground and mast potential gradient records were also calcul-
ated on a number of occasions, and showed a very high correlstion
for simultaneous readings, hence indicating that there was no
significant difference between the two records. Consequently

only the ground potentisl gradient will be considered when analys-
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ing the precipitation records.
Table 7.2 lists the important features of the quiet
precipitation correlograms. The autocorrelation intervals,
as well as indicsting the degree of persistence 15 a record,
were used in evaluating the significance of the cross-correlstion

maxima, 28 was explained in Chapter 5.

7.3.1 fuiet rain cross-correlozrams

Nearly all records showed a maximum of negstive cross-
correlation, usuellyiﬁith the potentisl gradient leading the
precipitation current. The "mirror-image'" effect was thus
present in nesrly all records. Most of the cross-correlstion
maxima are statistically;significant, some at the 99.9% level,
indicating s high degree of significance. The time lags are
mostly of a few minutes, ranging from 0.5 to 7.5 minutes for the
potential gradient leading. One exception is record 6/5, where
there is a much ionger time lag of 61 minutes. The correlation
is not Significant in this case, however, and so the maximum
may well have no physicsl significance; moreover point discharge
may have occurred during part of the record.

~ A number of records, however, show different behsviour.
Three {4/5, 5/1 and 6/16) still have a maximum of negestive corr-
elation, and hence show the mirror-imsge effect, but with the
precipitation current leading, by as much as 22 minutes. The
- first two cases show significant cross-correlation, and it is
likely that the third cese is also physically mesningful, as it
is significant at the 90% level.

Two records, h/2 and 5/2, have a maximum of positive correl-

ation, with the precipitation current leading by 11 and 29 minutes
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respectively. The latter record also hes a secondary meximum
of negative correlation for potential gredient leading by l.5
minutes, but although this is not statistically significant,
the chart record (see Chapter 6) does suggest that this may be
a real feature for part of this period of rain.

| It is interesting to note that two of the periods of rain,
5/1 and 6/16, which did not show the most common correlation
behaviour, also did not have the usual electricsal propérties;
in the former case there was no overall inverse relation, and
in the latter case the signs of the'potential gradient and
precipitation current were cpposite to those usually found
during rain. Also, the three cases of a maximum of positive

correlation all occumed for the precipitation current leadinge.

7e342 Quiet snow and sleet cross-correlations

The two periods of snow, 1/7 and 2/1, both show s strong
hegative cross-correlation, the precipitation current lesding
by 1.0 minutes in both cases. This implies a strong mirror-
image effect, and this indeed was seen in the chart record 1/7
reproduced in Chapter 6. The direction of the time lag is, of
course, opposite to that ususlly found during quiet rain, when
the potential gradient ususally leads. It should be noted that
the correlation for record 2/1 was calculated for only part of
the period of snow, when the data were almost certainly non-
stationary, and so the cross~correlation coefficient is probably
enhanced in value.

The behaviour of the periods of sleet, 1/1 and 2/5, again
differed. The former record behaved similarly'to snow, with
the precipitation current leading by 5.5 minutes; there was no

overall inverse relation in this case. The second period, when
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there was an inverse relation, behsved similarly to rain, with
a maximum of negative correlation for potential gradient leading.
There was, however, a second,more significant  maximum of positive

correlation for precipitation current leading by 19 minutes.

7.303 The autocorrelograms

The sutocorreclograms show both the potentiazl gradient and
precipitstion current to have considerable persistence, with
autocorrelation invervals ranging from A to as much as 65 minutes.
Particularly noticeable is the similarity between the values for
the two electrical quantities,although occasionelly, as for records
3/5 and 6/16, the persistence of the precipitation current appears
to be approximetely doubie that of the potential gradient.
Generslly, the precipitation current shows slightly greater pers-

istence than the potentisl gradient during a given record.

7l The meteorological conditions during cuiet precipitation

Table 7.3 summarises the meteorological conditions et Durham
during each period of quiet precipitstion, and 2lso gives the
general synoptic situation at the time. The meteorological
readings were those from Durhsm Observatory, a2djecining the site
where ﬁhe electrical measurements were made.

The mean rates of rainfall rarely exceeded 1.0 mm hr-l,
with 1.2 mm hr-1 being the greatest rate. By comparison, periods
of disturbed precipitation rarely produced rates of rzinfell less

then 1.0 mm hr'l, and often 2.0 mm hr~l or higher. A heavy

! 2 -1
shower can produce rain at a rate of 5 mm hr or more. Some

of - the vslues of rainfall rete given for quiet precipitation may

be somewhat high, as on occasion hesvier rain preceding or follow-
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ing a period of quiet precipitation could not be easily disting-
uished on the rainfsll record: the minimum rainfall detectable
was 0.04 in. (very nearly 1 mm.).

> Mesn wind speeds were quite low, usually in the range 3 to
5 ms—l, the highest being 9.5 ms"l during &he period of sleet on
*15 February. The mean wind speed during the 9 June record was
as low as 0.5 ms’l. ' .

The periods of quiet precipitation mdstly originated in
frontal systems, typically from an occluded front crossing the
British Isles from a westerly direction. The claésic frontal
system as presented in Chapter 2,with separate warm and cold
fronts, was not common during the six-month period; when it did
occur, the precipitation wes nearly always disturbed. On a
few occasioﬁs_ no large scale synoptic feature such as a front
was evident, and so precipitation was probably due to weak troughs
of low pressure, or to convergence causing the large-scale

ascent of moist eir needed to produce the precipitation.

7.5 ihe charge on cguiet precipitation

For a period of precipiteation producing a total rainfall
(depth) H, and a mesan precipitation current density I, the mean
charge per unit volume Q is IT/H, where T is the duration of the
precipitation period. Expressing I in pAm-z, Hin mm and T in

3

hr, and tasking the density of reinwaster as 1 gm cm °, Q is then

given by )
| Q = 3.6 IT (7.1)
and represents either the Qharge per unit volume (pC cm™2) or
the charge. per unit mass (pC gm-l). An slternative form is:
QR = 3.6 I
R

where R is the mean rate of rainfall (mm hr‘l)o
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Table 7.4 presents the -values of Q for most of the recorded
periods of precipitation, and salso the total charge per unit ares
broﬁght down by the precipitetion on each occasion. The periods
of rain with the usual positive precipitation .current and negative
potential gradieht produced an o?erall mezn charge per unit mass

of 32 pC gm-l.
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CHAPTER 8

Analysis of the Quiet Precipitation Results

8.1 The relationship between potentisl gradient snd
precipitation current

The quiet precipitstion meassurements between January
and June 1972 showed that the inverse relation and mirror-
image effect were ususlly present. These findings will
now be compared with those of previous investigations, and

the possible origins of the two effects discussed.

g.1.1 Previous work : the inverse relation

The behaviour of quiet rsin and snow found in the
present work lergely agrees with that found by previous
workers. CHALMERS (1956)- concluded from measufements
during 38 periods of quiet rain that the precipitstion
current was most often positive, with an average density of
+ 3.8 pAm , snd the potentisl gradient negative, with an
average of - 176 va~L, In the present work, those periods
of rain when the usual inverse reletion apnlied had oversll
averages for the two =2lectrical quazntities of respectively
+ 1.6 pAm-2 and - 490 Vm'l.

RAMSAY snd CHALMERS (1660) quote mean values from

31 periods of rain, but classified by precipitation rate.

Their values are from one - minute aversges however, whereas



those quoted above from Chalmers are for L3 minute averages.
Table 8.1 lists Ramsay and Chslmers mean values for rates
of rainfall up to 1.80mm hr'l; their overall mean values
are + 3.27 p,!\m-"2 for precipitation current density and

- 93 Vm"l for potential gradient.

The mean potentisl gradient fcound in the present work
is thus greater thsn both the values quoted above. This
may well be due to the slightly differént definition of
guiet precipitation, with a limit of I 1500 Vm~L taken for
the potential gradient,whereas Chalmers, for instance,.limits
his messurements to the = 800 Vm~1 range. Alsc the electrical
ouantities were ususlly averaged over the entire period of
precipitation.

Although only two periods of snow were recorded during
the period Jenuery to June 1972, both showed the same
electricsl feature: of a strong inverse relation, with
negative snow falling in a positive pctential gradient.
CHALMERS (1956), using the same method as for rain,concluded
that during quiet snow, the precipitation current was usually

2

negative, with a mean density of - 3.5 pAm™~ for 25 separate

periods of snowe. This vslue compares with mean values of

- 3.5 and - 0.8 pAm"2 for the two periods in the present

work. Chalmers, however, found the mean potential gradient

l. Cther

to be 2lso negative, with a value of - 57 Vm
workers such as REITER (1965), however, have more often
found the potential gradient to be positive. AGONO and

ORIKASA (1966) found the charge of individusl snowflakes

N



TABLE 8.1,

The quiet precipitation measurements

of Ramsay and Chalmers (1960)

( Readings during Winter 1957/8)
RAINFALL NO. 1-MINUTE ME AN MEAN
RATE AVERAGES POTENTIAL PRECIPITATION
1 GRADIENT ° | CURRENT DENSTTY
(mm hr) (v ( pAm™2)
<0:18 962 -~ 89 + 034
0-18-0'60 219 - 83 + 5-33
0:60-1-20 267 -116 + 848
1:20-1-80 . 147 - 95 + 9.88

TABLE 8,2, Distribution of the mirror-image effect
( from Ramsay and Chglmers, 1960 )

No,of quiet precipitation periods showing stated time lag:

_ "WET
RAIN SNOW SLEET SNOW " TOTAL
No time delay 6 1 9 -
Ppt.current leads 1 0 '
Pot. gradient leads 5 0 0 5
Total 14 2 1 21
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in light, ouiet snow to be usuélly negative with the
potential gradient stitive, as had been concluded earlier
by MAGONO end KIKUCHI (1963). It would appear then that
the two periods of snow in ﬁﬁe présent work are typical

~of quiet snow,.

-

8.1.2 Previous work : the mirror-image effect

RAMSAY and CHALMERS (1960) were probably the first
to make any systematic investigation of the mirror-image
effect and the time delays between corresponding features
of the potential gredient and precipitation current variations.
One of the problems ih dealing with this effect is the differ-
ent conditions under which records have been tsken, and the
different methods of determining whether the effect is present,
SIMPSON (1649), who first dre& attention to the effect, mainly
considered electrical records where the potential gradient
was high enough to produce point discharge, and. so the
precipitation was not quiet. As can be seen from a record
of "disturbed" precipitation reproduced in Chapter 6, a
mirror-image effect can indeed be present in such conditions.”
RAMSAY and CHALMERS (1660) investigated 21 occasions
when the mirror-image effect was detected in quiet precipit-
ation. They considered the effect to be present if the
precipitation current and potentisl gradient had maxima in
opposite directions at or close to the same time, and
determiped any time lags by plotting the precipitation
~current values against the simultanecus vslues of potentiel

gradient. A time lag results in successive points follow-
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ing roughly an ellipse, the direction of rotation indicat-
ing which electriczl quantity is leading.

Their distribution of time lags is given in Table 8.2,
where it appears that»the'potentiél gradient most commonly
‘leads during rain, ana the ﬁrecipitation current during snow,
although other situstions did occur. This largely agrees
with the observations of the present work, except that no
case of zero time lag was found. This may well bé due to
Ramsay and Chalmers method being unable to distinguish time
lags which were small, or possibly varying during the period
of orecipitation.

The use of the cross-correlation coefficient to detect
the mirror-image effect and associated time lags was first
suggested by OYOLABT and CHALKERS (1965), who found maximum
correlation during a shower of sleet snd snow for the
potential gradient leading by LO seconds. They used a
graphical method, however, to determine this lag. The
correlation approach has éeen used extensively in more .
recent studies by ASPINALL (1970.) and STRINGFELLOY (196¢9),
who used a computer to calculate the correlation coefficients
directly from the potential gradient and precipitation current
values. Their results also suggest that the potential
gradient generally leeds during rain and the precipitation
current during snow.

Later in this chapter, the possible origins of the
inverse relation and mirror-image effect will be considered.
Those occasions when different clectricel behaviour of

quiet precipitstion has been observed will be discussed in
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Chapter 9. Before this bowever, some relationships found
between the electrical and metenrological conditions must

be mentioned,

8.2 The variation of electrical &nd meteorolozical
activity -

8.2.1 Rate of rainfall

A connection between the potential gradient F,
precipitation current density 1 and rate of reinfall R
was first suggested by SIMPSON (1949), who found that the

relationship between these ocuantities could be expressed as

= - 0.0133 R(F - L00O)

where I is in pAm‘z, R in mm hr™% end F in Va1,

The results of Ramsay and Chalmers have already been quoted;
they suggested that the average values of precipitation
current incressed with the ratve of rainfall at phe time,
although the potential gradient showed no such relationshipe.
STRINGFELLOY (1969) has found a significent correlation on
certain occasions between the precipitation current and the

rate of rainfall.

L)

Fig. €.1 shows the values of mean potential gradient ©
and mesn precipitation current density I plotted.against
the mean rate of rainfall R for many of the periods of quiet
rain at Durham. In this instance there épneers to be a
relationship between the potential gradient and rate of
rainfall, rather than for the precipitation current.

The closest connection in fact is apparent if the



) FIG.8.1 Mean valyes of potential gradient and
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standard deviations of F and I are plotted sgainst R.

This is done for the same precipitation periods in Fig. &€.2,
where a clear relationship is seen for both F and I. The
standard devistion of the precipitation current, G} ,

tends to zero for no rainfsll, as might be expected.

These reiationships c¢an also be expressed in terms of the
variances S: end SF of respectively I and F, as they ere
just the square of the standard deviations. The relstion-

ships suggested by Fig. 8.2 are thus:

2

-S S;«< R o

F

The connection between the meteorological and electrical
activity 1is thus seen more in the variability of the electrical

quantities, rather than in their meen values.

8e2.7 The freouvency of sien reversals

The work of REITER (1965, 1968) was mentioned in
Chapter 2, and in particular his conclusions on the relation-
ship between the degree of stability in the lower satmosphere
and éhe degree of electrical activity shown by cuiet precipit-
ation. He represented the latter quantity by the frequency
of sign reversals of the potential gradient, which is easily
‘obtainéd from a chart record. This may not always be an
accurate measure of the varisbility of the potential gradient,
however, particulsrly during very quiet precipitation when
few; if any, sign changes will occur. Nevertheless, if it

can be taken es an approximate indication, the conclusions



FIG.8.2 Standard deviations of potential gradient (S;)

and precipitgtion current density (&) Ggomst mean rate
of rainfall R for quiet rajn

OIF (V[n"‘)

800

b00

400

(a)

© ©oo

POTENTIAL GRADIENT

200
0. i L i 1 ] l
‘ 0-2 0-4 06 0-8 -0 [+2
‘ E (mm ‘n--')
o, (pAw?) . (b) PRECIPITATION CURRENT DENSITY
0
[
g8 -
b -
4 r [
o ;
L]
°
2 } o 0 °
9
€ 0 0
o
0 J ] | d 1 4
0-2 0-4 0'b 0-8 -0 1.2
R (mmbe™')



-95.

of the previous section suggest that this frequency should
also depend on the mean rate of rainfall during a record.

The number of sign reversals per hour of both the
potentiel gradient and. precipitatien current is plotted
against the mean rate of fainfall in Fig. &.3, for most of
the periods of rain, sleet and snow observed st Durham.

An increase in the frequency of sign reverssls with rate
of rainfall is seen for both electricsl quantities.

Reiter related the frequency of sign reversals to the
degree of stability in the 500 - 700mblsyer of the atmos-
phere (approximately between 2.0 and 5.5 km in altitude),
and deduced that the transition from stability to instability
occurred when the frequency exceeded l.5 reversals per hour.
This will be considered in Chapter 9, where it is shown
that a similar vslue of freguency can be used to distinguisn

between quiet and disturbed precipitatioin.

8.3 The origin of the dectrical behaviour

/

The origins of the usual behaviour of quiet precipit-
ation will now be discussed, the main features for explan-
ation being:
(i) The inverse relation, whereby during rain the
mean precipitation current is positive and the
mean potential gradient negative, and during snow
these signs are reversed.
(ii) The mirror-image effect, whereby there is a
significant negative cross-correlation between
potential gradient and precipitation current, with

the former usually leading during rain and the



FIG.8.3 Rate of sign reversals (S) against mean rate
of rainfall (R) during quiet precipitation
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latter during snow.

(iii) The connection between the degrees of electrical-
and meteorological activityo. This is evident
in the increase of mean potential gradient with
rate of rainfall, and more particulsarly for the
standard deviation (and hence variznce) of both
potential gradient and precipitation current
density. This connection is elso evident in the
incresse in the freaguency of electricsal sign

reversals with precipitstion rate.

8.3.1 The inverse relation

It has already been explained in Chspter 2 how Chalmers
showed that the inverse relation could be explained by two
precipitétion charging processes. One process would be
situated within the cloud and above the 0°C level, giving
negative charge to solid precipitation and leaving behind
positive charge within the charging region. The second
process would operate at or below the 0% level, reversing
the sign of the precipitation charge and leaving behind a
negative charge within the charging region. For snow only
the first process will operate, producing the positive
potential gradient at the ground, while for rain both
proceéses will operate, resulting in a negstive potential

gradient at the ground.

It is worthwhile examining the meteorological conditions

at Durham during the periods of quiet precipitation to see

~
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Sif Chalmersjtheory is consistent with the conditions at
the time: if, for instance, the clouds are found to be
mostly at temperatures sbove OOC, or only thin layers of
low cloud are present, then his explanation in terms of

the two charging processes is unlikely.

a

8.3.,2 The meteorological conditions durings the aquiet
precipitation veriods

From the data in the Daily Weather Report and the
Daily Aefolog;cal‘Record of the Meteorological Office, it
is possible to gain some idea of the structure of the cloud
systems producing quiet precipitation, and of the conditions
within them. The relevant data were obtained as far as
possible for the precipitation periods recorded at Durham,
some of the gerologicsal profiles having been presented in
Chapter 6. 0f particulsr interest is the cloud structure,
but unfortunately this information was not always available,
for instance if low cloud at a particulsr meteorologicsl
station obscured higher layers. It has thus only been
possible to draw general conclusions as to the sltitudes
of the cloud layers and the temperatures within them.

The cloud observations published in the Deily Weather
Report suggest that three main layers of cloud are‘usually
present during periods of quiet precipitation. An upper
layer of cirrus has a base at about 6 km altitude, with a

medium layer of 31t stratus down to about 3 km and a
_1mver layer of stratocumulus or nimbostratus with z base

~around 0.5 to 1.5 k. Still lower layers of stratus end
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stratus fractus sre sometimes present. This cloud structure
agrees well with that of precipitating cloud in a frontal
system as outlined in Sect. 2.1.4. The layer of nimbostratus
is sometimes absent_however, particularly at the leading edge
of the cloud system; such'instances were occasionally observed
at Durham, ususlly when light rsin was falling at the start

of a period of rain.

An ides of the temperatures within these cloud layers
can be obtained by comparing the cloud base values with an
appropriate temperature profile. This is done,for the
particulsr case of 122 ofl7 Januery 1972 at Shahwell,in
Fig. 8./, where the cloud base heights at nearby Leuchars are
superimposéd on the temperature profiie. The altrostratus
layer, with a bese 2t 3 km end a temperature of —lOOQ, will
extend upwards through the -lSOC level, The nimbostratus |
layer will extend upwards from 1 km through the -5°C level.
Taking the melting region as that between OOC and 2°C, it
is 200 m in thickness, and.lies below the nimbostratus layer
between 500 m and 300 m altitude. On other occesions the
melting region was often within the nimbrostratus lsyer, but
was never above for any of the periods of rain recorded between
Janusry and June 1972,

A clesrer idea of the possible locetions of the two
charging processes proposed by Chalmers can thus be obtained.
The'upper process, if associated with solid precipitation,
can be in either the nimbostratus or z2ltostratus layers.

If the melting level is high, it would be restricted in the

nimbpostratus layer to the upper portions, at sltitudes above



- FIG.8.4 Temper‘ature profile and cloud levels at
Shanwell, 12Z 17 January 1972
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about 1.5 kme The lower process, if associsted with
melting, could be within or beneath the nimbostratus layer,
and so must operate whether or not the melting layer is

within the c¢loud.

8.1 A ouiet precipitstion cloud model

a

By making a number of assumptions doncerning the
charge sepsrastion processes within the cloud and the dimensions
of the cloud systeﬁ, spproximate mathematicel expressions can
be deduced for the réiationship between the ground potential
gradient and the precipitetion current density during quiet
precipitation. The theory below is based on that of
STRINGFELLOW (1959) and MAGONO and ORIKASA (1961),'9nd its
predictions will be compared with the results of the quiet
precipitation measurements. The charging processes proposed

by Chalmers will be assumed to applye

8.4.1 The snow cloud

The simplest case to consider is the snow cloud, as
only one charge.separation process is concerned. The
potential gradient at the ground, F, is considered to be

“due éo the charge within a cylindriczl cloud zone directly
sbove, and to the space charge on the falling precipitation
between the cloud and the ground (Fig. 8.5).

A number of assumptions concerning the electrical

behaviour of a quiet precipitation cloud are made:
(i) The cloud charges are independent of outside

electrical effects.
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(ii) Any»ionic or space charges in the cloud dissipate
only by ionic conductione
(iii)} .The rate of charge dissipation depends only on
the charge megnitude and the conductivity of
the immediste ares of the cloud.
(iv) Any charge separation process gives rise to an
~ionic or cloud charge, and a precipitation charge
of opposite sign.

(v) The precipitstion current at the ground represents
the total current flowing downwards from the
charging region.

In the case of the snow cloud, the potential gradient

st the ground, F, will be the resultant of that due to the
cloud ionic charge( Fp)and that due to the space charge of

the falling precipitation (Fgo

i.e. F = F_ 4+ F (8.1)

By integrating over the cloud volume of Fig. 8.5, the
potential gradient-at any point due to the cloud charges
can be found. MAGONO and ORIKASA (1961) showed that, at
the ground under the centre of the cylinder, this is

Foa o fH-oJuan?Zerre 4R }

P -~
€,

(8.2)

where p is the cloud spaceé charge density, €, is the
perm1tt1v1ty of free space, h the cloud base height, H the

thlckneos of charging region and R its radius.




-

FIG.8.5 Charging Regions in a Snow Cloud
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Hence, if the horizontal dimensions of the cloud

are large, i.e. R ®» H,; h. Eq. 8.2 becomes

g

It is simplest to consider charging of the precipitation to
occur uniformly throughout the cloud charging region: then
" the cloud charge density p will be constant throughout the
fegion and the precipitation current dénsity I will incresse
lineerly with decreasing altitude until the base of the
charging region is reached (Fig. 8.5). Assuming that the
precipitation current is constant between the cloud and'the
ground, and again taking R » H, h, the potential gradient
at the ground due to the precipitation space charge, FS,

will be

Fs ~ I (H + 2h) (8.L)

where v 1is the fall speed of the precipitation.
Hence, the ground potentisl gradient will be given from

Eq. 8.1 by

F . eH . I (H + 2h) (8.5)

The only quentity which is not known 1In this expression is
the cloud space charge density Q- This can be evaluated
by the following method.

Consider the cylindrical cloud zone of radius R and

height H of Fig. 8.5. Let a precipitetion current of
A ‘:ét-ff:/_y, .
29 SEP 1978

SE 1NN
P ARY




-102-~

density I lesve the base (at height h).  The total

precipitation current leaving the cloud is then

2 (8.6)

IPPT = nR™ 1

and the total conduction current leaving the cloud will be

2
Teonp = TRTHR . ;‘ (8.7)

o

A is the

(since TTR2 HP is the total cloud charge).

conductivity of the region outside the cloud.

Now, the total current leaving the cloud equals the rate of

decresse of the cloud charge, and so

TR I+ mRPHp A . . d (mE Ho) (8.8)
F i xrs e

and so the cloud cherge density p is given by the differ-

ential equation

H gg - -1 - Ha~ (809)
dt T
where U = €o/A is the relaxation time of the region
outside the cloud. Integrsting Eq. 8.9 gives
-t ,
rT o M) (€.10)

H

assuming p = O when t = O. If it is assumed that the

cloud is in quasi-static equilibrium, so that the charge

densities are constant, then after about t > 57

p = - 1 (8.11)
H
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which is the required expression for p.- Substituting this

in Eq. 8.5 gives

il

2h + H r ) | (8,12)

o ‘T 2v )

This expression implies thﬁt, for the inverse relation to
hold during gquiet snow, the quantity in brackets in Eq. &.12
must be negative, so that;
E + -Ii- < T (8.13)
v

In the present work, the inverse relation was seen to
hold for two long periods of quiet snow. If the above
analyéié is reasonably correct; the inequality of expression
8.13-should hold in these cases. Unfortunately, accurate
values of € during snow are not available, but it has teen
estihated by MAGONO and ORIKASA (1661) to be in the range
10 to 20 minutes. |

If the snow charging proceés is indeed situsted wicthin
one of the main cloud léyeré,.it should be possible to
estimate likely values of h and H snd substitute them in
éxpreséion 8.13. This is done in Table 8.3, with values of
h corresponding to the lower nimbostratus and higher alto-
stratus cloud bases. While the values representing charging
within the lower layer just satisfy the conditions for t he
inverse relation, the same does not apply for the higher
cloud layer. Even if the fall speed of snow was twice that
estimated, this would still be true. In fact it appears
that, the lower the height of the charging region, the more

likely is the inverse reletion,



TABLE 8.3

THE SNOW CLOUD MODEL

Values of T = h/ve + H/2v,

snow charging region dimensions:

for vorious

height h thickness H T
m m o min
500 500 <13
506 10C0 17
500 1500 21
1000 500 21
1.000 1000 25
1000 1500 29
3000 500 5l
3000 1000 58
3000 1500 63

Fall speed of snow, v,

taken as

)

1l ms”

1
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Belpo? The rein cloud

The theory for the snow cloud can be extended to
the case of the rsin cloud by considering en extra charging
region between the snow charging région and the ground.
The most likely location of this second charging region is
the melting region, yﬁere charging is associated with the
transition from snow to raine. The situation for the rain
cloud will then be as shown in Fig. 8.0; the potential
gradient at the ground will then be the resultant of thé
cloud‘space charge in the snow end rain charging regions
and tle precipitation.space charge.

The potential gradient at the ground due to the space
charge of the snow cherging region, from Egqs. &£.3 and 8.11,

will be

Fl = 'QSHS = - Ts IS (801-[#)

€ | &,

v}

(where the suffix s refers to the snow regions and R to
the rain regions).
Similerly the potentisl gradient due to the rain charging

region will be

| H I, . I

R R 14 -

F2 = _L_ = - R ( R S) (8-15)
€ €4

The potential gradient due to the space charge of
the falling snow will be, from Eq. 8.4
3 s {Hs+ Ho+ 2(h, - hm)} (8.16)
2€_v
0S5
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and, similarly for the falling rain

- .l' co ” ’ .
F, = LI (H_ + 2n_) (8.17)
- 260 \/R R R

It is assumad that the fall speed of the precipitation

chenges from v, to vy = 7 oon melting., i Taking
1 -1 -
vp = 5 msTT and v = 1 msT, we can write
vV = Ve o= P AV

If the effect of the melting region is just to reverse the

sign of the precipitation current; then

1 = Ty ¥ - o€
A S
and teking U, ® U.=7 , the ground potential gradient
I is
F = Fy + Fy 4 Py & Fp | (6.18)

_ L { ) (H.+ Hyt2hg - Ehm)-a- 2%- (}-_ER " 2}]}2)_ -[/}

- Go 2v
L 1 (- 5B 64 10h, =+ 5ﬁ\ ) 14 (¢.19)
= E‘ 5y o~ 77s TR T 15+ 1&gyl - .-
‘Q '

Hence, for an inverse relation to aoply, the expression

in sguare vtrackets in Eg. €.1G is negative and sc’

2l. (- 5Hg - BHy - 10hg +.12h) < T (8.20)
v
Some typicel values of HS, HR? hS and hm are used in
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Table 8.4 to-test the relationship 8.20 above. ( is
again taken to be in the range 10 to 20 minutes. The
snow charging region is assumed to lie within either the
nimbostratus cloud (with a base at. about 1 km) or the
~altostratus lajer at sbout 3 km. The inverse relation resultseven
when fhe melting level hp is high and close to the altostratus
layer (e.g. when the value of hyp is 2.5 km and hg is 3.0 km).
While this theory is very approximate, its general
conclusions do agree with the most typicelly observed behav-
iour of quiet rain. In the present work the melting level
hp was usually in the range 0.5 to 1.5 km, when the theory
predicts an inverse relation, psrticularly if the snow was
charged af higher levels. A few occasions when rain was
observed to fsll from altostratus cloud alone also showed
.an inverse relation, which the theory predicts; this is
particularly true if the melting level was low, as would
actually have been the case.
The main factors which, according to the theory, determine
the presence of the inverse relation are the heights hpy and
hg of the two charging regions. The inverse relation would
be most probable for a low hpy and a high hg, when the space
charge of the falling snow would have the most effect on

the ground potential gradient.

8¢5o3  Summary

A simple mathematicsl model of the electrical structure

and behaviour of a cloud system producing quiet precipitation

has been seen to account for the observed inverse relation




TABLE 8.4 THE RATIN CLOUD MODEL

Values of T = ( - 5Hy = GHR - 10hg = 12hm)/?v
for various charging region dimensions:
Height hy, haight hg thickness Hg T
m m m min
200 1000 | 500 - 19
500 1000 500 -. 13
&00 1000 500 -7
- 200 500 500 - 1.
500 750 500 .9
200 500 1000 - 15
500 750 1000 - 13
500 3000 500 - 46
1600 3000 500 ~ 36
2000 3000 500 - 16
2500 3000 500 + 6
1000 3000 1000 - 40.
2500 3000 1600 - 1Q

Fz11l speed of rein, Vv

taken as 5 ms

Thickness of rain charging layer, hpy taken as 200 m
L
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at the ground. In the case of snow, it is most probable

for charging occurring in the nimbostratus cloud layer,
which wil; typically have a base at sbout 1 km and be
centred around the -5°C temperature level.

For quiet rain, a second charge sepsration process
in the melting region, acting in the opposite direction
to the snow charging process, can account for the inverse
relation. The snow charging process csn in this case be
located at altitudes as high as 3 km, even though- the
melting level can:be also high. The negative potential
gradient at the ground could be due to the negstive space
charge of the falling snow as well as to the negative ionic
charge'left within the melting region.

It is interesting to compare these conclusions with
the observations of precipitating layer clouds mentioned in
Sect. 2.1.5, assuming that precipitaetion charging is indeed
associated with its genersation. Snowfall was seen to be
unlikely from clouds with a base sbove 1 km, in which case
snowfall from altostratus cloud alone is unlikely. The
theory of the previous section would not predict an inverse
relation in such a case anyway, which suggests that charging
was-taking place_within the nimbostratus layer during the
periods of snow observed at Durham.

The origin of the inverse relation in the case of rain
is less certain, with charging at the altostratus or
nimbostratus layers being possible; there could well be
some charging at both levels. The possibility of lower
. cloud levels being "seeded" by ice crystals falling from

upper levels was also mentioned in Sect., 2.1.5. Some
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charging at both levels would be consistent with the few
cases observed at Durhem of rain from sltostratus cloud

alone, when the inverse relation was still present.

8.5 The origin of the mirror-image effect

It has been seen how the inverse relation during quiet
precipitation can be explasined in terms of charging processes
operéting at different heights in the cloud system.

Since the mirror-imsge effect is usually also present,; any
explanation of its origin will have to be based on an elect-
rical stfucture in and below the cloud consistent with the
presence of the inverse relation.

The mirror-imsge effect can be considered in the case of
guiet precipitetion as being a consequence of small variations
in electrical esctivity superimposed on the overall inverse
relation. These variastions sre scen at the ground as
fluctustions in the potentisl gradient and precipitation
current. Thus CHALMERS (1967) considered that the same
factors which produce the inverse relation also operate in
the case of the mirror-image effect, that is the leaving
behind in the cloud of a charge opposite to that on the
precipitation. The mirrofnimage effect involves changing
conditions, however, and not necessarily the "quasi-static™
state assumed for discussion of the inverse relation.

Chalmers' theories as to the possible origins of the
mirror-image effect were discussed in Sect. 2.3.2; these
will now be examined in terms of the observations of the

present work.,
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8:.5.1 Movineg end stationary clouds

Chalmers argued that if the mirror-image effect was
a consequence of the varietion of electrical activity in
the cloud, it could be due to either a moving cloud with
‘regions of greéter snd lesser activity paessing the observer,
or to a stationary, developing cloud. In an actual pericd
of precipitation, of course, both situations may be present
to some extent, bhut it seems reasonable to expect that in
at least some cases one or other situation will predominate.

To decide which situation applies in a perticular case,
an estimate of the likely period of variation of electrical
activity within the cloud is needed. Some indication can
be gained from the electrical relaxzstion time of the atmos-
phere, which as mentioned earlier is generally tasken to
be of the order of 10 te 20 min. for quiet precipitation.

1 will travel 12 km in a time of

A cloud moving st 10 ms”™
20 min., so that any developmwent in activity with this timse
period seems unlikely to be detected by a statibnary observer,
unless the cevelopment is particulsrly widespread over a

large area of cloud. At low wind speeds, say 2 to 3 ms‘l,
the cloud would only travel a kilometre or so in an hour,in
which case the effects of electricsl development could well
be predominant as seen at a fixed location on the ground.

For most of the Durham records, the ground wind speeds
were in the range 3 to 6 ms™L (or above), s0 that the moving
cloud situation might be expected. According to Chelmers,
this results in a mirror-image effect at the ground with

-

the potential gradient leading, which was indeed usually
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found (Table. 7.2).

| Chalnmers attributed the time difference between the

two electrical records to the time of fall of the precip--
itation from the charging region being longer éhan the

time taken by the portion of cloud from which it originated
" to travel across to be vertically above the observer. One
possible reason for thié difference could be wind shesr
between the cloud and the ground,resulting in the horizontal
velocity of the precipitatibn decreasing as it nears the

ground and so falling behind the portion of cloud in which

it originated.

8.5.2 Theory of the time lags

A method. will now be derived for estimating time lags
(and their direction) for the mirror~image effect during
quiet rain, assuming that they sare due solely to wind shear
between the charging region and the ground. This involveg
a number of assumptions concerning the physical behaviour
of the precipitation as it falls from the cloud, These
are:
(1) The precipitation perticles travel horizontally
at the speed of the wind, and vertically at their
terminal fall speed: this is taken as 5 ms~1
for rain end 1 ms™> for snow.
(ii) The terminal fall speed of the precipitation
changes from that of snow to that of rain at the
0°C 1evel.

Also, with regard to the wind:
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(ii1) The variotion of wind speed with height
will be taken from the aerologicsl profile
at the nearest station to Durham at which the
weather conditions are. comparable. The surface
wind speed will be taken as that at Durham, as
this is most likely to be affected by local
conditions,.

(iv) A region of wind shear will be considered to be

one where the wind speed changes with height
(positive for an increase with incressing
height). Changes in wind direction will not
be considered; the aerologicel profiles show
this to be a reasonable assumption, except
occasionally in the first few hundred metres
above the ground.

It is assumed that the precipitation is charged at a
height H above the ground, and that the potentisl gradient
at the ground is largely due to the space charge (of opposite
sign) remaining in the cloud. Such a situation would result
in the observed inverse relation at the ground, whereas if
the pround potentisl gradient was due largely to the space
charge of the falling precipitation, no inverse relation
would result.

The mirror-image effect is taken as due to the passage
of portions of cloud which are slightly more or less active
electricelly, but the difference not being sufficient to
affect the presence of the oversll inverse relation. A

column of slightly incressed (or decressed) precipitation
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current will fall from the region of cloud to the ground,
being deflected by any wind shear. It is this deflection
which will determine whether there is a time lag between

the potential gradient and precipitation current at the
ground; 1if there is no shesar, thére will be no lag, ss

then the region of enhznced cloud charge will be sbove an
observer at the ground at the same time as the precipitation
current from this region arrives.

A typical situation is shown in Fig. €.7 where the
behaviour of a precipitation particle during fall from
charging at height Z = 0 is considered. The origin of
the co-ordinate system is taken to be the point of charging
P for convenience of celculation. The frame of reference
moves with the charging level a2t the horizontal wind velocity
V (note that positive Z is downwards).

If the wind shéar k is constant with altitude

- d " -
oo Sy - g - ) (8.21)

(taking k to be positive if the wind speed increasses with
height asbove the ground).
A precipitation particle charged at P will experience a

horizontal acceleration dv.,  due to the wind shear as it
dt

falls to the ground.

N V-
dt dg dt

Now -kw _ (8.22)

where w is the fall velocity of the particle.
The horizontal distancé X travelled st time t after charging

~

will be




FIG. 8.7

Calcuiation of time lags in the

mirror-image effect

X
§ > . V=V

( fall speed w)

vaV

Ce—px—>

Precipitc_ltioh collector is at point C

Co-ordinate system (origin at P) moves with the
cloud at wind speced V.,

wind siiear- _

-H
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2
« = 1 av ot _ 1w’ (8.23)
2 dt 2
But b = 2
w
2 .
and so x = =1 kz (8.2L)
2 - W
Therefore, when the particle reaches the ground, the
horizontal distance Ax travelled from the point of
charging, P will be
. | Ax = - L1 xn?
The time difference At between the point P being
directly zbove the precipitation collector and the
precipitetion arriving at the collector will be
. Ax .
Dt . (8.26)

This will be the time lag of the mirror-image effect if

the assumptions made earlier in this section are true.

1 2
5 ki (8.27)

“Vw

-Then Z&t = -

This expression predicts a negstive value of time lag At

if the wind increeses with height above the ground, a
situation when the pnotential gradient would lead. This
agrees with the arbitrary convention adopted ezrlier, of a
negative value of time lag representing the potential gradient

leading,
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For zero wind shear, no time lag results if the
precipitation always travels at the horizontal wind speed.
This boundary condition is satisfied by Eg. 8.28, since

At = 0 when k = 0.

This theory strictly'applies only in the case of »

strong inverse relation due to a single charging region

above the ground, when the effects of the space charge of
the falling precipitation can be neglected. The presence
of more than one region of wind shear is allowed for by

¢slculating the time lag due to each region, but in each caée
using the value of V for the uppermost region, since this
will be the horizontal speed of the cherging region. The

resultant time lag at the ground is then

i

where t; is the value of time lag for the ith region.

8.5.3 Calculatinn of time lags during ouiet precivi-ation
periods

Tre sbove method was used to calculate time lags for
periods of cuiet precipitation at Durhem when. both the
inverse relstion and mirror-image effect were prominent.

The calculated values, assunming vérious charging heights,
are given in Table £.5, together with the actusl measured
values. The wind profiles were taken from the eerological
records at either the Shanwell or remsby stations, dependent
on which station had weather conditions most similer to
Durham. Ground wind sneeds were aggain taken as the aversge

at Durnam during the precipitation period, as these were the
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most likely to be affected by local conditions.

Considering the approximations involved in this method,
the calculated values of time lag in Table 8.5 agree
surprisingly well with the actual wvalues,assuming charging
ot the ~5°C level (typicslly sbout 1.5 km altitude).

The large time lag for record 1/3 of 11 January is predicted,
as is the near-zero lag of record 2/5 of 15 February.

The caolculsated time lags assuming charging at the melting
level are all too small, while charging at the ~15°C 1level
(about 3.5 km) would usually result in the precipitation
current leading. This latter result is due to the effects
of the region of negetive wind shear ususlly present in or
asbove the nimbrostratus cloud layer (see for instance Fig.
6G.1L). This region was particularly prominent for the

sleet record l/l and the roin record A/S, and so these periods
were included in the csalculetions, although not showing the

usuzl direction of time lage.

8¢5l Conclusions from the calculasted time lags

This method of calculating the time lag of the mirror-
image e{fect surgests that when the msin charging region
is locsated epproximstely around the -5°C level the calculated
time legs are in ressonable agreement with the actusal values.
Certainly, if these time lazgs are largely determined by the
height of the charging region and the wind shezr beneath,
charging 2t altrostratus levels {z2bout the -1500 level)
appears to be inconsistent with the usual magnitude and
direction of time lag.

It must be borne in mind that cuite considerable
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assumptions have been made in calculating these time lags.

In particular, the ra2in below the melting level is unlikely

to travel horizontally at the wind speed, although it will

be influericed by it. ASPINALL (1970) has in féct deduced

an exoression relating the behaviour of the falling raindrops-

to the horizontsl wind speed in this situation,‘but it involved

an unconvincing solution‘to a complicated differential eouation.
The wind profiles were taken on each occasicn from a

single set of aerological data at a station a considerable

distance from Durham. Despite careful comparison of the

weather conditions at the station with those at Durham, they

may have been considerably different, and possibly unrepresent-

ative of average conditions over the whole period of precip-

itation. Howevér, this method does show that the observed

time la2gs during the mirror-image effect can be explained in

terms of & cloud charging process, probably above the melting

region, and the effects of wind shear between the cloud and

the ground.

3.6 Genersl conclusions

This Crapter has shown that many of the periods of
quiet precipitation observed a2t Durham hed electrical
behaviour typical of thazt found by previous investigations.
Both the inverse reletiocon and mirror-image effect during
rain csn be explained qualitatively by two cherging processes,
one charging solid orecipitation negatively and the second

charging the precipitation positively on melting. Both

hi]

processes are assumed to leave an opposite charge in the

appropriate charging region. Some degree of quantitative
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explanation has slso been given, in particular for the
time lags associasted with the mirror-image effect.

The upper charging process appezrs most likely to be
located in the lower,nihbpstratus,cloud layer surrounding
~approximately the —SOC level. Charging in the upper, alto-
stratus,layer would be consistent with the inverse relstion
during rain, but would not produce the usual time lag in
the mirror-image effect. This conclusion agrees with the
aircraft observations of Imysnitov and Chubarins, reported
in Chapter 2, who found most charging in the 0°C to - 10°C
regions of the cloud.

The inverse relstion during snow can be explained by
the upper charging process slone, located in the nimbostratus
cloud layer. The theory of the hirror-image effect does
not, however, explein the usual direction of time lag unless
the wind sheer between the cloud and the ground is consist-
ently different during snow from that during rain; there
is no evidence that this is so.

In 211 these cases a3 "quasi-static'" state has been assumed,
such that the precipitation currents and space cherge densities
do not very significsntly with height outside the chargihg
regions, znd that there are no significent horizontal varia-
tions in current or chsrge. The mirror-imege effect is
considered to be due to cloud regions of sligntly greater

or lesser activity psssing 2 stationary observer at the
ground; these variastions are superimposed on the overall

inverse relation at the ground.
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The observed conncction between the degrees of
electrical md meteorological activity (the latter represented
by the-rate of reinfsll) is consistent with the assumption
that precipitetion chsrging is ocssociated with its formation.
In particuler the verisnce of the electricel guentities was

found to increase wilth rate cof rainfall,

.
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CEAPTER 9

Other Periods of Precipitation and Some Other Topics

9.1 Periods of guiet precipitation

Most periods of quiet precipitation were examined in
the previous Chapter, where their behsviour was seen to
be generally consistent with the theories of Chalmers
regarding the chsrging of quiet precipitation. Some of

the periods which did not behave in this manner will now

be considered.

0.1.1 The mirror-image effect

Most éf the exceptions to the general psttern of
behaviour are apparent if the mirror-imsge effect is
considered. If Table 7.2 is exsmined, it can be seen
that these exceptions are of two types:

(1) Periods with a maximum of ﬁegative cross-correlsation
(and hence mirror-image effect) for the precipiteation
current leading. Some of the time lags are much
greater than usual, but not all the correlations
are significant.

(ii) Three periods with a maximum of positive cross-
correlation (and so no mirror-image effect) for

the precipitation current leading. Again the

)

time lags are much greater than usual,

There is only one record, 6/5 of the L4 and 5 June, which
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does not fitrthese classifiéations,nor that of Chapter 8.
This shows negative correlation, but for the potential
gradient leading by 61 minutes. The correlation coeffic-
ient is not statistically significent in this case and
point discharge currents masy have occurred during a short
part of the record when the potential gradient was high,
and so this record will not be Cbnsidered further.

9.1.2 The mirror-image effect with the precipitation
current leading

If the two periods of snow are included, six records
come into this category. Period /5 of the 8 and 9 Aprii
jcould be explained by wind shear effects (see the previous
Chapter), as on this occasion aerological profiles show a
considerable vertical region of wind speed decreasing with
ihcreasingbaltitude, wnich would cause the falling precip-
itatiog/to 2dvence shead of the cloud. The time lag
(1.5 min) is much smaller than for the two other periods
of rain (5/1 and 6/16), suggeéting that there may heve been
different factors acting in this case than for the other
two periodse.

A common festure of the records 5/1 snd 6/16 is the
low surface wind specds throughcut the period of rain;
Table 7.3 shows the mean wind spceds at Durham to be
respectively 1.5 and 1.0 ms"l. The appropriate serological
profile at Shanwell for the record. 5/1; shows the wind
speed to be low right up to the altostratus cloud level at
m sltitude, with the wind not excceding 5 ms=1 until

1

3.2 km (see Fig. 6.21), with similar conditions persisting

Q0
53
0]
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12 hours later. A similar period of quiet rain was also
recorded on the 3 and 4 August 1971, before-the data hand-
ling system was developed. Stezdy rain fell in low wind
conditions for neesrly 19 hours, with a statistically sign-
ificent cross-correlation coefficient of - O.4L8 for the
precipitation current leading by 10.5 min. The surface
wind speed at Durham averaged 105 ms-l,.and the serological
profiles at both Sharwell and Aughton sgsin show wind speeds
mostly less than 5 ms_l at up to.3 km eltitude (Fig. Q.1).

Tt will be recalled that Chalmers' explanation of the
mirror-imaege effect slso included the case of & stationsry
developing cloud, for,wh;ch he predicted ¢ meximum of neg-
ative cross-correlation for the precipitstion current leading.
Thié could exblain the periods of precipitztion mentioned
above, as the wind speeds in two of the cases were low right
up to the gltostretus cloud level, so that the cloud system
vould have been particularly slow-moving.

The much longer time lags during these veriods of
rain may elso be consistent with this explanstion, for if
the voriation in the electrical quantities at the ground
is due largely to variation in electrical activity in the
cloud, then the time lag msy be wssociated with the time of
fall of the precipitation from the cloud. Precipitaetion
folling from nimbostratus cloud at 2 km through 2 melting
level at 1 km would have a time of fall of about 20 min,

assuming fall speeds of 1 ms™L for snow and 5 ms'l for rain.
The recorded time lags were respectively 22 and 20 min for

'records 5/1 and 6/16 and 10.5 min for the 3 and I, August 1971,



FIGC. 9.1 Wind profile at Aughton 237 3 August 1S71
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the melting level in fact being much higher in the lstter
case than in the other two caseso.

“While Chslmers' theory agsin may explein the behgviour
of some of these periods of rain, there is still no explan-
ation of the behaviour of the two periods of snow (and one
of the periods of sleet). Conditions were not perticularly
auiet during these periods, 2lthough the electrical behaviour
was similsr to thet in the perilods mentioned above. The
greater space charge of falling snow, due to its fall speed
being less than rain,secems unlikely to be a factor. since
tne inverse relstion is still pfesent; Cherging ﬁrocesses
within the cloud,therefore may not be sufficient to explain
the electrical properﬁies of quiet snow, and so possibly
other ejifects may be responsibles

9.1.3 Other veriods with the precinitation current
Aeading

Two pé;Ibds of rain (4/2 oand 5/2) and one of sleet (2/5)
show a statistically significant positive cross-correlation
Tor the precipitation current leading. There are no common
features of the three periods, however, which - © suggest
possible reagsons for this behaviour. Record 5/2 occurred
during varticulsarly auiet conditions when wind speeds were
low, while record 2/5 was during particulzrly high wind
speeds, with a mean of G.5 ms"l 2t Durham, Two of the
records show minor peaslks of negative correlation for the
potentisl gradient leading, which is the usual behaviour of
auiet rain, but this may be due to the periodicity of the

electrical rccords producing a similar periocdicity in the
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cross-correlation function, as explained in Sect. 5.1.4.

The inverse reloation was present during all three records.

Q,1.14 The inverse relation

Some periods of rain did nbt show an inverse relation,
in which case both the potentisl gradient and precipitation
current were negative. Referring to Teble 7.1, these
pericds were 2/3, 3/10, 5/1, 6/7 and 6/13.  In all but
the last case the synoptic situation st the time, given
in Table 7.3, was different from the usual one of a passing
occluded or warm front. Thus for record 2/3 there was no
evidence of any frontzl feature, the precipitetion at Durham

4
being largely hesvy drizzle, with the sres of precipitation
being confined to near the east cosst of Northern England

and Scotlsand. There wss also no frontal festure which

could sccount for pericd 3/10, but the high rate of rainfsll
N

L)

(1?2 mm hr"l) makes it unlikely to have been drizzle.

Record 5/1 has slready been exemined in detail in Chapter 6,
where it can be seen that the lack of any inverse relstion
is in fact confined to the first half of the record; the
second half has different electrical properties, as exsmined
in Sect 2.1.2, The ususal frontal situsation was again
absent, except towards the end of the period when an
occluded frent had developed. (see Fig. 6.106).

Another aspect of the conncction between trne meteoro-
lozicasl and electrical properties of guiet precipitaetion is
thus suggested; thet precipitstion periods not showing an
inverse relation tend to originate in different meteorolog-

icol situations from those that do. More observsastions are
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needed to clarify this relationship, and to suggest reasons
for the different electricsl behaviour.
Occasionally there was a period of rain with a mean

positive potential gradient and a mean negative precipit-

ation current; instsonces are records 6/11 and 6/16.
The latter record showed the mirror-image effect, but with
the precipitation current leading. In both cases the
usual frontal feature was not evident, the latter record

being rein associated with a cold front.

9.1.5 Summary

The conclusions of this section can be summerised as

/

" follows:
(i) Most of the meteorogically quietest periods of
rain, i.e. when wind speeds were lowest, showed
electrical behaviour different from that generally
observed during quiet rain. This E;’particularly
evident when the‘mirror-image effect is considered.
(ii) The electrical behaviour of these periods can
be explained to some extent in terms of a pre-
dominantly stationary cloud in which the electricsal
activity is verying, as suggested by Chalmers.
The presence of the inverse relation would suggest

that the same charging processes are concerned as
£ p

for the moving cloud situation.

(1i3) The electrical behaviour of quiet snow issimilar
to very quiet rain, but the situstion is not that

of a stationary developing cloud.
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(iv) Periods of quiet precipitation showing electrical
behaviour different from that generally observed
often originate in meteorological situations also
different from'usualo

The idesa of a stationary, developing cloud sometimes
being the origin of the electrical behaviour of quiet
precipitation is supported by some observations of precip-
itation currents to horizontally sepsrated receivers.
CHALMERS (1967) feports simultaneoﬁs variations of current
at distances up to 12 km apart, while more recently
STRINGFELLOW (1969) found on seversl occasions significant
correlation between simultaneous currents to receivers several
kilometres aparte. More often, of course, séch messurements
result in maximum correlation for a time difference approx-
imately equal to the time of trevel of the cloud from one
receiver to the other (STRINGFELLOW, 1969; OWCLABI and
CHALMERS, 1965). This finding is in accordance with the
electrical behaviour of quiet- precipitation being due to
the movement of the cloud system past the observer on the

ground.

9.2 Quiet =2nd disturbed precipitation

While the present work is concerned with the electrical
behaviour of quiet precipitation, the characteristics of a
nﬁmber of periods of disturbed precivitation will now be
considered. It will be recalled that the term "disturbed!
was proposed for periods which showed more violent electrical
behaviour, and:an example was given in Chapter 6. No

common method of distinguishing quiet and disturbed precip-

AN
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itation has ever been given by workers investigeting the
subject; however the most ususl method has been to describe
as quiet those periods when the potential gradient does

not exceed a certain magnitude, for instance 1000 Vm-l;and
all other periods would then presumsbly be classed as
disturbed.

A similar approach has been taken initially in the
present work, with : 1500 Vm—l being used as the limiting
values of potential gredient (see Sect. 2.5.3). More
detailéd consideration of the electrical and meteorological
conditions during some of the periods of disturbed precip-
itation at Durham sﬁggest a more precise means of disting-

—

uishing quiet and disturbed precipitation.

9.2.1 Periods of disturbed precipitation

S—

As the potentisl gradient and precipitation current
were continuously recorded on chart whether or not precip-

itation was falling, records of many of the periods of

“disturbed precipitation at Durham were also obtained.

Despite the chart records often being off-scale or changing
rapidly, the ffequency of sign reversals of the potential
gradient and precipitation current could be obtained for all
but the most disturbed periods. This frequency has already
been seen to give a ressonable imeasure of the degree of
electrical activity during quiet precipitation, snd so
should at least indicate whether the degree of zctivity
during disturbed precipitsation is considerably different.
Values of the frequency of sign reversals and details

of the meteorologicel conditions during some of the periods
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of disturbed>precipitation recorded 2t Durham are given
in Teble 9.1. Both the meteorological and electrical
quantities are generally greater than during quiet precip-
itation,; with the frequency of sign reversals being mostly
above 1.5 hr-l, and precipitztion rates as high as 2.6 mm hr"l.
To comperé periods of disturbed end quiet precipitetion,
the frequency of sign reversals of potential gradient and
precipitation current are plotted against rate of rainfall
in Figs. 9.2 and 9.3. . Periods are classed as guiet from
the criteria given previously in Sect. 2.5.3, and 2ll others
are considered to be disturbed. There is a clear transition
from guiet to disturbed precipitétion for a mean rate of
rainfall of about l;O mm hr'l and a frequency of sign reversals
of about 2.0 hr'l for both the potential gradient and the
precipitation current. \\

Q.2,2 The distinction between auiet and disturbed
precipitation

~The prominencg of the transition from quiet to disturbed
precipitation suggests that the freaquency of sign reversals
of either the potentiel gradient or the precipitation current
could be used to distinguish the two types of precipitation,
this quantity having the advantage of being readily obtain-
able from chart records. Figs. 9;2 and 9.3 suggest a
value of 2.0 hrnl as the transition point, although there
is some overlap between the two types of precipitastion.

This value can be compared with that of 1.5 hy=t

given by
REITER (1965) as the maximum frequency of potential gradient

sign reverssals in a stable 500 - 700 mb layer of the atnos-



6°1 G°g 8°0 ae¢ 0% L1 67 €1 61
qey | ! 6°0 €€ 00 80 oY 0 I
6°1 €2 6°0 el o€ $0 oT 22 NP %/€
- &°T 6°0 T°2 ¢ €1 on 11 2
6°2 L°g 6°T g°% cs T2 00 LI
§°1 9°2 9°T 0L 00 80 00 10 Vi
0°% 0°€T $°T o'z ST S0 ¢T €0 VI
0°¢ : 26 He1 9°2 0¢ 02 ST 8T
0°*7 : T°1T 0°2 0°W 5 BT SH T UV
Leg € €2 0°9 0€ 22 0f 9T gz g ¢
6°% | $°6 £ez S*0T 0f €<z 00 €1 NV P
ag
- . _JIy U W IY *LHNtO LoD
INTEEAD wATayun - 4 +
NOTIIVITdIOTHd TYIILNZLOd
STV SHEATY TIVANIVY 20 (zL
NDIS 40 AONEMSEHS TIVH NV NOIIvHAd LSINIA I8V IS CRA]

-t
L]
ON

WVHENQ 1Y SCOI¥Fd NOILYIIdICEYd QZgENLSICT A0S 40 SEILYEIOUd

-1




FIG. 9.2 Freguency of potential gradient sign reversals

against mean rate of rainfall.
( Disturbed and.: quiet precipitation)
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FIG, Q3 Freguency of :precipitotion current sign reversals
- against mean rate of rainfall

( Disturbed and quiet precipitation)
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phere (see Sect.22.1). If, as according to Reiter,
this-frequency reflects the transition in the cloud from
stable to unstable conditions, it would appear that disturbed
precipitation is associaﬁed‘with unstable conditions within
the cloud, when the degreec of atmospheric turbulence is
much greater. Certsinly, wind profiles during periods
of disturbed precipitation, such as Fig. 6.27, generally
show much grester wind speeds and wind shear within the
cloud than usual during quiet precipitation.

The connection between ﬁhe mean rate of rainfall and
the degree of electrical activity is interesting, as all
the pericds of disturbed precipitation at Durham have a

AN
-1 and all quiet periods

rate greater then about 0.8 mm hr
have a rate less than sbout 1.2 mm hr_l; indeed the mean
rate of rainfsll could also be used to distinguish the two
types of precipitation. There is a definite trend for the
electrical asctivity to increase with rate of rainfall, part-
icularly when the precipitation current is considered.

The sudden transition from quiet to disturbed precip-
itation at sbout 1.0 rm hr~+ rainfall rate could be due
to the potential gradient then reaching valués high enough
to generate significént point discharge currents, with
consequent ion captwre by the falling precipitation. vihile
this would explain the sudden transition, clearly meteoro-

logical factors are also involved in the light of Reiters'
conclusions as to the degree of atmospheric stability during

the two types of precipitation.



0203 Criteria for quiet precipitation

VIn view of the above conclusions, the following
criteria for classifying steady precipitation as quiet are
proposed: | |

(1)  The botential gradient does not exceed 1500 Vm~t

in magnitude for a significant period of the
record (say more than 10% of its duration).

(1i) The frequency of sign reversals of potential
gradient or precipitation current does not exceed
about 2.0 hr-l.when averaged over the record,

(iii)  The mean rate of rainfall during the record does

not exceed sbout 1.0 mm hr'lo

—

(iv) To exclude showers and other short periods of ,

/

rain, and to provide a sufficiently Jong averaging
time for conditions (ii) and (iii), the duration
of the precipitation period is at least 2 hours.
The ~conditions (1i1) and(iii) are more or less equivalent,
and if more records had been considered snd the mean rates
of rainfall known with more accuracy, it might have been
possible to give more precise vslues to the transition points.
In many cases conditions (ii) and (iv) alone will be
sufficient; had they been used in the present work, condi-
tion (i) would nearly always have been satisfied.

There will always be some periods, of course, which
~for various reasons are difficult to classify. In
particular there will be periods which are partly quiet and
partly disturbed, in which case it is probably better to

consider them as disturbed. unless the different parts of
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the record can be easily distinguished. Periods of

snow may prove difficult to classify as there is evidence
that, in even a moderate wind, blowing snow may become
considerably charged, possibly due to collision of the
snowflakes. Such pefiods are cherecterised by high poten-
tial gradients although the‘precipitation rote is low.

Such a period was observed at Durham on 18 January 1972,
when light snowfall in a blustery wind resulted in a
negative potential gradient often grester than the - 1500

Vm"l limit for quiet precipitation.

9.3 Further work of Reiter

Since Chapter & was written, a recent pape#/of
REITER (1972) has come to the authors' attention. In - Vs
this paper =re quoted more results of electrical measure-
ments during quiet precipitation, based on eight yeers of
observations at the same mountain stations as described
previouslye. Reiter also briefly discusses possible ~harg-
ing processes which could accbunt for the observed electrical

behaviour.

9.3.1 The electrical observations

Reiter again finds the inverse relation and mirror-
image effect to be prominent during quiet precipitation,
as well as the reversal of precipitetion charge on the
melting of snow to rain. The relationship between the
precipitation current and potentisl gradient is found to

J

be little affected by a2ltitude or precipitation rate, although
’ [

the precipitation current density shows a tendency to increase
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with rate of rainfall. This latter finding was suggested
in the present work (see Fig. £,1) although a more prominent
relstionship was found between potentisl gradient and

precipitation ratee.

Q.3,2 Charge separation processes

The relationship between potential gradient and
precipitation current density is considered by Reiter to
be best explained by a charge separstion proocess acting
during the fall of the precipitation, rather than by an
ion-capture process whereby the—falling precipitstion
ceptures point-discharge ions of opposite charge( The
main evidence against the ion-capture theory is:

(i) The charge per unit volume brought down by
precipitation is inconsistent with values likely
from icn-capturee.

"(ii) The potential gradient must be sufficiently high
immediestely before a period of precipitetion for
the ion-capture process to operate at the start
of precipitation, or else the inverse relation
would not immediately apply. An initially high
potential gradient is not ususlly seen in Reiters'
observations (or in those of the present work).

Reiter concludes that the charge separation process
consists of the separstion of oppositely charged, minute
snow particles or rain droplets during the fall of precip-
itation. This results in negaﬁively charged snow falling
in a positive space charge, producing a positive potential

gradient at the ground. A similar situstion would apply
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during rain, but with the signs reversed., Two features
of guiet precipitation are quoted as particulerly support-

ing this view:

(i) Just before precipitation reaches the ground,
the potential gradient often becomes (in the
case of snow) negstive, returning to positive
when the snow arrives. This could be due to
the effect of the negative charge of the falling
snow nearest to the ground, which is subsequently
‘replaced by the effect of the positive space charge
of the small ice perticles when the snow has reached
v_the ground. - (

(ii)  After precipitstion has ceased, the potential
gradient takes sbout 15 to 30 minutes to recover
to its normal, fair-weather Value, which could
be due to the time teken for the minute snow
particles (or rain droplets) to disperse or to
be dissipated by conduction.

This explsnation of the origin of the electrical behsviour
differs from that proposed by Chalmers in one important
aspect: Reiter locates the charging in the falling precip-
itation, while Chalmers locates it within thke cloud. Both
agree in considering a second charging process to be assoc-
isted with the-melting of snow to rain.

One feature of the electrical behaviour which neither

theory adequately explesins is why the time lag of the

mirror-image effect is different during snow, when the

precipitstion current léads, from that during rain, when
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the potential gradient leadse. While Reiter does not
consider time l2gs, it seems reasonable to expect the
precipitation current to lead in a stetionary, developing
cloud situation, since the space charge generated by the
falling precipitation will 'need some time to build up
following an increase in precipitation current. In the
moving, quasi-static cloud situation, however, time lags
would presumably e controlled by the same processes es
ir the Chalmers' theory,viae. wind shear.

It is difficult to decide which theory offers a
better explanstion of quiet precipitation electrification.
Chelmers' theory offers a rcasonable explasnation of the
electrical behaviour, and experimental work of Imyenitov
and Chubarinag has been quoted as supporting the view of
charging located primsrily within the cloudo. Reiter's
theory may still offer an explanation of the behaviour of
snow, since there is considerable evidence for charging
effects associsted with the collision and break up of

snow particles (see Chapter 1).

9.3.3 Atmospheric turbulence and the degree of electrical
activity

Reiter also elaborates his previous conclusions on
this subject and expresses the frequency of sign reversals
of the potential gradient as a function of the "vertical
exchange coefficient" in the cloud layer between 1.8 km
and 3.0 km sl titude. This coefficient represents the
degree of turbulence in this layer, and his summary of

results is given in Fig. Q.Lo The tronsition from stable

A S
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to unstable stratification is again given at about 1.5
reversals per hour, with rates of 4.0 and above represent-
ing extremely turbulent conditionse. These results are inter-
esting. "5y as they suggest that it is possible to draw
conclusions sbout the weather conditions,since heavy rain
or even thunderstorms may be likely if the frequency of
sign reversals is high. Conversely, a low frequency (or
absence) of sign reversals indicstes stable cloud conditions
and heavy precipitation to be unlikelyo

These conclusions have been seen to be supported by
the observations at Durham, except that a transition
frequency of 2 sign reversals pér hour is more appropriates.
This mey be due to the different type of site at Durham
from the mountain ststions where Reiter made his observs-
tions. The increase in the frequency of sigr reversals of
both potential gradient énd precipitation current with
precipitation rate found st Durham (see Figs. G.2 and G.3)
was not found by Réiter, although he included shower
observations when the freguency will often be high and
difficult to. assess. The clearer relationshiip found at
Durham between the standard deviation (and heunce variance)
of the electrical quantities and the rate of rainfall
suggests that the frequeﬁcy of sign réversals is in fact
an gpproximaztie expression of the degree of varisation of
the electrical cuantities, which is better expressed by the

standoard deviation or variance,.
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CHAPTER 10

General Conclusions and Recommendatilons

for FPurther Vork

10.1 The cuiet precivitation results

Observation of nearly all periods of quiet precipitation
st Durham between January snd June 1972 show that both the
inverse relation and mirror-image effert are ususlly present,
and during such periods of rain the precipitation current is
positive and the potential gradient negstive, while during snow
these signs ere reversed. While the snow results are based on
only two long periods of snow, they agree with the observations
of earlier workers such as REITER (16565, 1968) and MAGONO and
CRIKASA (1966).
The electrical properties of quiet pirrecipitation heve been
specified in this work by:
(i) Tﬁe mean values of potentisl gradient snd precipitation
current density during the period of precipitaticn.
If these are of opposite sign then the inverse relzstion
applies,

(ii) The cros=z-correletion coefficient between the potential
gradient and precipitetion current. If this is negative
and statistically significant, then the mirror-image
effect applies,

(iii) The time lag between the two electricel records for
wirich the sabove cross-correlation is a maximum.
This time lag will be of the order of a few minutes,

with the potentisl gredient leading during rain, and



the precipitation current during snow.

It is considered that this method of statistically express-
ing the electrical properties of guiet precipitztion corresponds 10
closely the methods of previous workers, who either by visually
examining a chart record or by using graphical methods, determined
whéther the inverse relation and mirror-image effect were present.
In addition it provides a quantitative method for describing the
degree to which these effects are present during a period of
precipitation.

It has also been seen that some pefiods of quiet rain show
different electrical bBehaviour from the majority of periods, with
for instence the potential gradient and precipitation current
both being negative, the cross-correlation coefficient being
positive, or the time lag being different in either megnitude or
direction. While such periods are less common, they are certsin-
ly not isolsated cccurrences, and so any theory accounting for
quiet precipitation electrification must also be capable of

explaining how these less common periods arise,

10.2 Theories of ouiet precipitation electrification

The theories of Chalmers concerning quiet precipitastion
electrification have been quoted in various chapters, and some
theoretical work bssed on these theories was presented in
Chspter 8 to test his conclusions in a8 more quantitative manner.

To summarise, Chalmers considers two main charging processes
to account for both snow and rain electrification. The first
process,operating a2t temperatures below 09C, charges solid
precipitation negatively while at the same time leaving &

positive space charge within the charging region. If the falling
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precipitation subseauently melts before reaching the ground,
8 second process chahges the sign of the precipitation charge
to positive, leaving behind a negsative charge in this second
charging regioi. The most likely location of this second
process is within the melting region' and there is strong
‘ekperimental evidence that this is so.

The theoretical work in Chapter & attempted to find if
these two charging processes can indeed account for the inverse
relation at the ground, given the observed magnitudes of potent-
isl gradient and precipitation current density, the likely
dimensionsg of the cloud system, and for rain typical heights of
the melting level. Assuming that there are no significant hor-
izontal veriations in the cloud system (and hence in the degree
of electrical activity), then Chalmers' theories were seen to
be quite adequate during both rain and snow. The most likely
location of the upper charging process was within the cloud up
to roughly the -10°C level, with the lower processlassumed to
be at tlhe melting region.

Chalmers' work csn also be extended to explain the mirror-
image effect and the time lags between the electrical varistions.
In the case of a moving cloud where the electricsl activity is
effectively constant, his prediction of a mirror-image effect
with the potential gredient lesding is borne out by the observ-
etions at Durham. Also, it has proved possible to calculate
likely volues cf time lag assuming that the lag is due solely to
wind shear between the cloud and the around. The calculated
values agree surprisingly well in direction and megnitude with
those observed, for charging again within the regions of the

cloud up to about the _IOOC level,
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This latter result should jperhaps be tresated with some

ceution

(1)

(ii)

(1i1)

for seversl reasons:

The wind profiles used to calculate the wind shesar,

and hence time lag, were .from stations a considerable
distance from Durham (up to 150 km) where conditions
could have been significantly differeént.. Also,
conditions will have changed with time, particularly

for the longer recordse.

The behaviour of falling precipitation is uncertain,

and is unlikely to be controlled entirely by the wind.
During snow, when this assumption is most likely to

be true, the actusl time lags were of opposite direction
to those calculsted.

The ¢ 2lculation of time legs during rain in effect
assunied thet melting electrification resulted only in
the chanpe in the precipitation charge snd potentisal
gradient signs: the effect on any time leg immediately
before this charging process was considered to he
negligible. Nevertheless the magnitude of the time
lags observed at the ground was too lsrge to be explsined
sclely by wind shear between the melting level and the
ground, suggesting that the initial charging was at a

higher level.

ore sunport for Chslmers' theory is, however, given by the

behaviour of a few of the precipitation periods where conditions

were particulsarly cuiet both meteorologiczlly and clectrically,

and where the precipitatiom current was leading the potentizal

gradient.

Wind profiles showed the cloud system to be particul-

arly slow—moving,'with the electrical situation being that



predicted by Chalmers for a ststionery cloud where the effects
of electricel development are predominant. Different behsaviour
of the time lag might also be expected,ass on these occasions
there was little or no wind shesr.

One feature of guiet precipitatinn which Chalmers' theory
does not explain is the electrical behaviour of snow, when the
precipitation current leads the potential gradiént. The
situation is certasinly not thet of a stationary, developing
cloud, and evidently some other explanation is needed in this
cases.

In Chapter 9 some suggestions of Reiter as to possible
charging processes were noted, whereby he proposed chargiﬁg to
be due to the breaking off of minute rosin droplets or snow particles
from the felling precipitation. If these droplets or mrticles
carried en opposite charge to the precipitetion then an inverse
relation would arise. Reiter does not consider possible time
logs in the mirror-image effect, and so in this respect it is
difficult to compere this theory directly with thset of Chalmers.
The bresking process during snowfall seems more possible ., as
strong electrificstion of .snow in high winds, due to the collision
of snow flakes or jce particles, has teen observed. Such 3
process during rain seems less likely, with the results of
SMITH (1955) being mentioned in Chapter 2, which showed that
even the impact of rain drops on the ground during quiet precip-
itation did not produce significant electrification. Reiter's
theory may offer an explenation of tie electfical behaviour of
snow,therefore, and could bte worth considering in any future

investigation of the subject.
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10.3 Pegsible charging processes

A number of charging processes which could be responsibtle
for quiet precipitation electrification were outlined in
Chapter 1, and these will now be reconsidered in the light of
the results of the present work.

Charge s eparation on melting is almost certainly the
explanstion of the .reversal of charge between snow snd rain,
2nd an estimate of the likely msgnitude of this process can be
obtained from Table 7.4, which lists the average values of
précipitation charge per unit mass for the periods of precipita-
tion at Durham, While individusl values vary widely, & [igure
of + 20 pC gmwl is typicel for rain, with the two snow periods
having values of - 17 and - 31 pC gm‘le These figures supggest
about 4,0 pC gm“l as the charge separation on melting: however,
allowing for the collection efficiency of the precipitation
collector (it has been estimsted st about 50%), a figure closer
to 80 or 100 pC gm'l might be more appropriete.

Measurements of the charge separation during melting have
been mede by several workers. The earliest investigation,
thiat of DINGER and GURN (1946); found & charge separation in
gm™L (just over 300 pC gm“l), but

o

ice samples of about 1 e.s.u.
.later work showed the experimental conditions to be unrealistic.
More recently, ice samples melted in a controlled air streem
hzve been found to produce charge of arcund 100 pC gm“l by
KIKUCKT (1965) =2nd over 300 pC gm'l by DRAKE (1968). The
charge separation was found, however; to be very derendent on

‘ . 2 . . .
such factors ss impurity concentrations and sir bubble structure.
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The amounts of charge separated sre nevertheless sufficiently
close to those suggested by the auiet precipitetion observations
to enzble cherge separation in melting snow to account for the
charge reversal between snow a2nd rain.

The charging process acting on sélid precipitation is still
uncertsin, but severzl clues as to its behaviour are available
from the quiet precipitetion results. Again assuming 50%
collector efficiency, a charge per unit mass of around LO pC gm'l

"is suggested. Tts most likely location hes been seen to be in
the cloud between the 0°C level and approximstely the -~ 10°C
level. This is the region where both ice and supercooled water
droplets are most likely to coexist, with the Bergeron process
(see Sec. 2.1.7) being the likely origin of the precipitation.
The cherging process is also apparently affected by the degree
of atmospheric stebility and hence turbulence in the cloud
region, and so mechanical effects may be involved.

These factors suggest ice impact processes (2s proposed by
CHALMERS, 1667) or, since supercooled water droplets are almost
certsinly present, riming processes. LATH AM and MASON (1961)
have shown that s hail pellet czn become negatively charged by
the impaction znd freezing of large supercooled cloud droplets,
but these conditions 2re more relevant to shower or thunder
clouds thsn to oulet precipitetion clouds. Charging was found
to be grestest in the - 6 °C to - 1700 region, moreover, which
is somewhat higher than the region for oquiet precipitation charg-'
ing suggested above. There are other possible theories, for
instance that of WORKMAN and REYNOLDS (1650), concerned with
charge separation st aﬂ ice-liquid interface during freezing,

althongh later workers have doubted its effectiveness.
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The problem of snow charging has been investigated by

MAGONO and ORIKASA (1666), who suggested that, in the quietest
snowfall, Wilson's induction mechanism was responsitle for
charging. This seems unlikely, howe#er, since it does not
explain why the pfecipitnﬁion current lesds the potential gradient
during auiet snow. More importantly, they {ound that predomine
antly non-rimed crystals fell in these periods of snow, which

thus excludes riming electrification as a charging process.

In heavier snowfall, for'example, at a rste of 1.7 mm hr'l when
the electrical record was distufbed, rimed crystals were observed,
but often with a positive charge. This meoans that riming elect-
rification may indeed only be effective in more showery, unstable
conditions, as suggested above.

Ice.impect or friction processes sre still a possibility,
since aggregation of ice porticles to form snowflakes must occur,
and Magono and COrikassa often observed occasional positively
‘charged snow crystals in a snowfzll of oversll negative charge.
This latter observatidn-could be consistent with random ccllisions
or frictional effects during the formation or fall of the snow.

Clearly the precise charging mechanism producing the observed
electrical. properties of guiet snow has yet to be identified,
although it does appesr to be a process which is predominant

only in the auietest conditions.

10.4 The relationship between meteorolomical and electrical
activity

The other impertsnt conclusions of this work concern the
U, N —

connection vetween the meteorologicsl wnd electrical conditions

during steasdy precipitstion. While there is some evidence for
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an incresgse of potential pradient and precipitetion current
density with rate of rainfzll during quiet precipitation, the
clearer relationship is between the degree of electrical activity
(as expressed,for instance,by the standard deviation of the
electrical quentities) and the rate of rainfall. -Eventually
this sctivity becomes so gréat that the precipitation becomes
disturbed, with the electrical behaviour being completely differ-
ent from that during quiet precipitation, similer in fact to
that during showery precipitsatione. Tkis transitien from guict
to disturbed precipitstion has been seen to be quite definite,
with 8 rate of rainfall of 1.0 mm hr‘l and a freguency of
electrical sign reversals of 2 hr"l being surgested as the tran-
sition point between the two types of precipitatione

Since showery precipitation results from predominsntly
convective activity within the cloud, it could well be that this
transition frem quiet to disturbed précipitation reflects the
trensition from stable to unstsble, convective, conditions whithin
the cloud. This proposition is in effect made by REITER (1965,
1968), whose results concerning the relstionship between the
degree of stability in the 500 - 700 mb satmospheric layer and
the rate of electricael sign reversals have been discussed in
Chapters 2 and 9. The simil=srity between the values of 2 hr™
from the present work and 1.5 hr_l from Reiter for the frecuency
of electrical sign reversals just reflecting instability supgcorts
this view. This feature of precipitation also suggests thst
the electrical behaviour st the ground is controlled mainly by
conditions within the cloud, rather than by purély local effects
such as drop splashing or by the surface wind. However, in

very heavy rain or high potentiel gredients, drop splashing at
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the ground and point discharge currents might then have a
significant effect on the electrical conditions.

These conclusinns raise the possibility of using electrical
measurements at the ground, in particular of potential gradient,
for investigating conditions within the cloud, for instance in
detecting convective or unstatle conditions which could lead to
hegvy rain or thunder. One insteance =t Durhem was g period of
heavy drizzle and ﬁistAwhich showed & surprising degree of
electrical sctivity more typical of disturbed precipitation;
subsequently thundery showers occurred with several short periods
of thunder and lightning.

The connection between meteorological and electrical ‘
conditions was also evident in some periods of aquiet precipitation
when the usual inverse relation or mirror-image effect were not
present . A period of heavy drizzle in Februsry 1972 a2t Durham
is one instance, when both the potentisl gradient and precipit-
ation current were negstive, The drizzle was not originsting
in the usual frontal system, suggesting that coslescence processes
could be responsible for its formation; in such a case different
electrical behaviour might well be expected, since solid precip-

itation is not then invelveds

10.5 Instrumentation for cuiel precipitstion messurements

r

fony of the problems of operating outdoor eouipment for
the measurement of atmospheric electrical parasmeters such as
potential gradient, conductivity, space charge density and
alr - earth currents have been discussed by previous workers at
Durhsm, for instance SHARPIE3S (1048) ond ASFINALL{1070).

Consequently these problems will not be discussed st length here,
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vith only the following points being mentioned.

Regular inspection and maintenznce of the equipment is
considered to be of most importance, particulsrly for instruments
such as the precipitation.collector where very high electrical
iﬁsuletion must be mainteained. “hen equipment is to be operated
during the winter months, tﬁe effects of ice and frost must be
considered, since it is under these conditions that any repsir
work is most difficult. For continuous mezsurement of precipit-
ation periods, equipﬁent such as field mills is test run continu-
nusly, so that only recording equipment need be switched on at
the start of the period of precipitation.

The continual develbpment of new electronic devices mesns
that new techniouves of. messuring asnd amplifying the low currents
ond charges met with’in atmospheric electricity sre now availmbieo
In particular, future work could benefit from the use of integrated
ciréuit amplifiers,which require much less power and space than
conventional circuits and are less sensitive to the mechsnical
and thermal probtlems of outdoor instrumentation. Also logarith-
mic devices could be useful for the investigation of different
scoles of electrical behaviour, such as in the cese of guiet and
d;sturbed precipitation, &sd @8 svoiding duplication of instrumenés
of differernt range or sensitivity.

Automatic recording of the potential gradient, precipitation
- current and eny other quentities is considered essentiazl in any
systematic study of precipitation electricity. Periods of
precipitation rarely arrive at conveniént times, ag can be scen
from Table 7;1i and even with careful exzmination of current
weather [orecssts, periods.cnn still arrive unexpectedlye. Ir

2 tope recording system is used, ss in the present work, some
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method of sutomatic switching such as performed by the rain
switch prevents precipitation periods being missed snd minimises
the amount of chart or tape to be exemined.

The c¢alculation of autocorrelation intervals in Chapter 7
provides some useful informahign concérning the frequency at
which electrical messurements need to be made during quiet
precipitation periods. The shortest sutocorrelation interval
was L minutes, while wmore ususlly being 10 to 15 minutes, so
that measurements taken about every 5 minutes will usually be
more than asdeouste to obtain statistically significant values
of such qgusntities as mesans, variances a2nd correlation coeffi-
cients. Only if time lsgs of the mirrcr-image effect are being
considered need the electricsl cuantities be sampled more freg-
vently: a sazmpling interval of 30 s, &s chosen in the present
work, will be cuite satisfactory since most time lags were of the
order of & few minutes.

An obvious need in the present work was for a better method
of measuring the rate of rainfsall than the standerd rain gauge
at Durham Observatory,which had a resolution of 0.04inlebout 1 mm);
Some work was done in designing such eon instrument, which counted
electrenically the individuel rein drops falling from s large
funnel. Unfortunately time precluded completion of the
instrument, the main problem being the determinstion of the
“optimum size of funnel for the range of rainfall rate being

measured.

10.6 Recammendatinns for further work

The present work hzs clerified the electrical properties of
L

auiet precipitation md suggested a definite transition point
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in terms of eiﬁher electrical sctivity or rate of rainfall above
which the precipitation becomes disturbed. The most common
type of electricsl behaviour of qﬁiet precipitation, when both
the inverse relstion and -mirror-image effect is present, has
been established, and so future work might consider the less
common behaviour of certain periods, and the origin of these
differencese.

Explanation of the usual inverse relation and mirror-image
effect in terms of cloud charging and melting electrification
is adequate, with the main problem being the origin of the time
lags in the mirror-image effect. Further investigeation is
clearly needed to find if the wind shear explasnation can indeed
explain the behaviour of rasin, and to find an explanation for
the behaviour of snow. In the latter case, the origin of the
recipitation charge is still uncertain, partly because of the
difficulty of explaining why the varistions in precipitation
current lead those of potential gradient;

Simulteneous serological- snd electricsl mesasurements at
the same site would be helpful in investigsting not only the
effect of wind sheer on the - time lags in the mirror-image
effect, but also the connection between the degrees of stmos-
pheric stability and electrical sctivity. Such measurements may
aléo be useful in deﬁéfﬁing whethérhon some 6ccasions the elect-»
rical behaviour of cuiet precipitation is due to slow-moving
clouds where the effects of electrical development are being
seen at the ground.

A network of measuring stations recording potential gradient
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and precipitatibn current could be useful in deciding whether
the electrical varistions at the ground are due to the passage
of regions of cloud with slightly different degrees of electrical
activity, or to widespresad development of activity within the
cloud. Some attémpts at such messurements, notably by
STRINGFELLOW (1969) =nd OWNOLABT and CHALMERS (1965), have been
encouraging, but no systematic study has been made. Such 2
study would be useful in confirming the extent to which Chelmers'
ideas as to the origin of the clectricel btehavicur of quiet
precipitation are correct. -
Previously the meteorolegical snd electrical aspects-of
precipitation have often been treated as largely independent
effects: many of the conclusions of this work have shown this
not to be true and it is to be hoped that future work will
establish fully the role that electrical chorging vlsys in the

physical processes of the atmosphere.
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