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1.  INTRODUCTION

The principal objective of this research is to simulate the generation
and distribution of electric charge in a three-dimensional model of a thunder-
storm incorporating the ice phase. The sensitivity of the results to various
electrical parametrizations can be tested andthe effect ofdifferent micro-
physical assumptions explored. This presupposes that a) sufficient qualitative
informationconcerning the electrical behaviour of a thunderstorm is available in order
to distinguish realistic results from tﬁc merely plausible and that b) the
implicit assumptions of the model basis allows an adequate description of the
electrical interactions. Both these suppositions will be considered later.
Providing that a satisfactory representation can be obtained, the gross
characteristics of different charging mechanisms can be examined.

Early attempts to simulate thundersiorm electrifications With electric

field strengths sufficient for lightning to occur, utilized models with

éimple dynamics and a crude calculation

of electric field strength, such as in the infinite parallel plate approximation.
Some of these models incorporated detailed microphysical calculations, such as
in Scott and Levin (1974). More recent papers (Illingworth and Latham (1977),
Chiu (1978)) have taken account of the finite cloud size at the expense of
discarding some of the microphysicai complexity. All these models were

axisymmetric. The present model follows this trend, containing a fully three-

dimensional non-axisymmetric description of a élaciated cumulonimbus together with a

. g ~
-

simple parametrization of microscale electrical effects.

-1-



Initially effort has been concentrated on the inductive electric growth

mechanism in which ice particles collide with hail pellets which are polarized in an

external field. The basic dynamical and electrical modelling is described

in the next two sections. In order to investigate the effect of some

inherent limitations, such as the finite grid size, a simple axisymmetric

model was also formulated and is described in Appendix 1. This allowed

the rapid testing of a number of the less accessible assumptions included

in the scheme.



2. CLOUD MODEL

For a full description of the dynamical model the reader is referred to
Miller and Pearce (1974). This is a non-hydrostatic primitive equation scheme
with pressure as the vertical co-ordinate. The domain is 16 km x 16 km x 950 mb
with horizontal and vertical grid spacings of 1 km and 50 mb respectively and
a time step jﬁgt of 15 seconds. The model is used to study the dynamical
response of a cumulonimbus to a variety of conditions so that a wide range of
ambient wind and thermodynamic fields can be specified. It is assumed for this
purpose that, for large scale convection, advective processes dominate the
turbulent effects - hence there is a coarse grid and only a simple representation
of mixing and diffusion.

The microphysical representation of moist processes follows Kessler (1359)
and includes water vapour, cloud water and rain as model variébles. The
processes described are: the autoconversion of cloud water to rain, the accretion
of cloud water by rain and the evaporation of rain. Supersaturated water vapour
is assumed to be instantly condensed.

The ice phase parametrization is fully described in Bennetts and
Rawlins (—-). Briefly, the scheme is similar to that of Wisner, Orville and
Meyers (1972), carrying hail ( radius SOOkaQ and three size classes of ice °

(radius 0-100,100-200,200-300 3“\) as model variables. The ice phase is .
2 e Ll : : el

initiated by the activation of ice nuclei, assumed to be already in supercooled



cloud drops, following the Fletcher (1962) expression

N.= 1072 exp (=0.6T) (2.1)

3

where N is the number of ice nuclei activated per m and T is the temperature in

degrees Ce

Ice phase calculations include the accretion of cloud water by hail, the
freezing of rain by accretion of cloud ice, the accretion of cloud water by clowd ice,
the melting of hail, the sublimation of water vapour by ice particles and the rcsultant
transfer between the ice size classes. Contact nucleation is not included and
splintering is neglected although the effect of any extra freezing thereby produced

can be partly accounted for in the specification of the iceac%iv&tiorxexPreSSi°n {2.1):
Hence bulk qqant;ties of rain,hail,ice,cloud Qater and water vapour

are calculated and can be specified for each grid

volume. The microphysical scheme was chosen and developed to be suitable for Ml G

latitude convection, allowing the correct distribution of hcat sources and sinks

throughout the cloud evolution. To this end comparisons were made with observed

clouds in which the regions of precipitation were known from radar studies. It is to

Se stressed that the emphasis of the model is towards the large scale structure; which

then offers a constraint to the microphysical parametrization., Providiag that this

constraint is met, a number of different assumptions can be made which cannot be

distinguished by the model results,




v " 3. ELECTRICAL PARAMETRIZATION

It is assumed that charge separation occurs by the differential advection
of chargs carrying hydrometeors. Accordingly two charge distributions QC and Q\)
are specified: the former being the total positive charge residing on cloud
particles and the latter being the total positive charge carried by precipitation
particles. Hence Qc is assumed to follow the internal cloud motions alone
whereas QP will also have some representative group fallspeed.

The electric field E iy calculated throughout the cloud by solving Poisson's

\

equation for the electrostatic potential C\, :

r ’ c 8 '{)
Pl s (C: + (EB (3.1)

Le T

~

where T; is the grid volume.

L 2
Then, e
\:‘ - — Of U\X D (3.2)
Under normal atmospheric conditions the conductivity of the air (at sea level)
e :
is G ~2 .\C ohm m  with a charge decay time constant of '\'L\ =% ~ 450 seconds
c
« which is large compared to BT « In the cloud interior the conductivity is
i probably several orders of magnitude lower, due to the small ions (whose transport

forms the conduction current) being collected on cloud drops of low ionic

mobility. This justifies the electi‘ostatic'approximation and the neglect of



leakage currents within the cloud, except possibly in the proximity of very high electric

fields. However the conductivity gradient across a cloud boundary will itself produce a
space charge accumulation in the presence of an external electric field. This
effect is important for weakly electrified clouds but is ignored in the present
case.

The inversion of Poisson's equation was performed by implementing a two
dimensional Fourier synthesis in the horizontal directions and a Gaussian
elimination method for the vertical co-ordinate. In the early stagee of this
research some problems were encountered with the boundary values, which were
assumed fixed during an integration period in this procedure, since Xk falls
off relatively slowly with distance from a single charge or dipcle. This was
resolved by evaluzting a charge total QT for each level at a weighted position
§T and calculating the boundary values at 5 explicitly through the Gaussian

relation:

: S b !
* (‘Q : (3.3)

l‘\*“ic\; n‘.ér\

Contributions from Qe'and Q? were summed separately since their respective
charge centre positions could differ considerably. This allowed an accuracy
of about 10% for the few largést fields and considerably better for regions
away from the main charge as compared to the very time consuming, completely

explicit Gauss calculation.
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The greater part of the evidence concerning thunderstorm electrification
suggests that the production of strong electric fields is associated with the
presence of the ice phase together with precipitation. It has therefore been
considered that a principal method of charge generation is by the interaction of
ice and hail. A number of mechanisms have been proposed and one seen as likely
to account for the high.growth rate of the electric field is the inductive
electrification of hail as described in Mason (1971). In this process ice
particles rebouna from the underside of a falling hail pellet which is polarized
in the external field. If the external electric field vector is pointed down-
wards, i.e. in the direction of the fair weather field, the ice crystals remove
positive charge leaving the hail particle negatively charged.

The rate of charge generation for a single hail particle of radius r can

be represented (in M.K.S.):

(\ngc f”coséE s qy\_ (3.4)

Vo, L
.2§%y “T/

where q is the negative charge carried by the hail particle. GB is the angle
between the line joining hail and ice particle centres and the hail velocity V.

E is the electric field strength in the direction of V and

i i 2 2
\/gr— = ‘ZE__-\/-SL\ELZ.‘}ug.‘QigaL«

. (3.5)

G

where ey is the collision efficiency, es is ‘the rebound probability and N;_. is
o

the number of ice particles per unit volume of cloud, with =ome average radius

r
ice.




This formula assumes that the hail and ice particles are spherical with

rt2>rice; that the ice crystals are originally uncharged and stationary
relative to the hail and that the relaxation time of charge transfer is small
compared to the time of contact. The validity of all these assumptions has
been challenged.

The approximation e, = 1.0 is used for the ice/hail collision efficiency
in the absence ofquantitative data. For water drops in an electric field the
hydrodynamic flow may be quite complicated ( Wang et al (1979)) and e, is
generally a function of r and T However from (3.4) and (3.5) it can be seen
that the most effective ice crystals for charge transfer are those of large
radius and these are more likely to have collision efficiencies approaching
unity. The rebound probability is assuméd to be e, = 1.0 although this is
certainly not true for the larger hail particles under wet growth conditions
when the surface water film will tend to capture incident ice crystals.
Large hail will also be of increasingly non-spherical shape, as material is
accreted onto the undersides of the particles.

If an ice crystal undergoes multiple collisions with hail the charge

transfer mechanism will be inhibited. Equation (3.4) then becomes

é& s (\Z.Ttic&'"coséE-‘i/ - OVUL. (3.6)
&

e T

where qiée is the average positive charge résiding on an ice particle. However,

! 9 : 7
providing ’chat:l’__‘\l ) is small, where N is the concentration of hail particles,
p Y 4
.ﬁ N“’L(\‘.j-
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‘ y : the last term can be meglected. This is not a good approximation for the
smallest hail pellets.

The relaxation time for charge transfer from hail to ice is '{c N,/10-2

Cics
-3

seconds whereas the time of contact is of order Y\»*. ~_10 ~ seconds for large

—

Vv

fallspeeds. This constitutes a limitation to the size of hail for which charge
transfer is efficient. Takahashi (1978), in measurements involving a rotating
riming surface, gave a threshold collision speed of 7 ms-1 which corresponds to
a hail radius of about 1 mm.

In order to parametrize the total charge generation the spectrum of hail
size was assumed to follow a Marshall-Palmer distribution with the number of
hail particles/unit volume/unit radius given by

N(r) = 2 No exp(-r/mm)

where No is a constant. (Compare with the usual notation N(D) = No exp(-ID)).
The characteristic radius mm is defined by the volume density of hail (2}V i.e.

the mass of hail/unit volume of air.

6-'\ e S.DO L}:{.ST\(:(@m;LN((BXY (3.7)

_ \bw @u_ -

where (?sLL— is the density of ice.

Integrating the charge over all hail sizes ard over the grid volume we obtain
D \\\(L k
Q =\ g Ny,
0 .

. -9-
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since r<<300 microns contributes very little to the integral).

Then from (3.4)

< CLE g C\js (3.8)

= A ! RN 078

:L{"S‘\\ib(LBB \c \’V/)c\, B 77.4.. \C /\"’GL

<\()TP”~}'§L 1Y

Since \( may be of comparable order to the timestep D}Xﬂ we

consider (3.8) over this time.

providing that C2 and E are assumed constant during the timestep. This is a

reasonable assumption for atmoepheric growth rates.

QN su&/‘r- CQQ s (&./N/\;_ 3
AQ = Qu-Q, = (CLE‘fCQ\(N/% X(s.s)

=10~
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and in the model @ = & + AQ, =%~ NQ_ where

A= (e E

to represent the charge generation.

-

Differential advection then creates a charge separati. . the hail falling

with a group velocity V where

\ = \\,u{gf\(3 \/U\N((SX( \/UB in (\/
Buﬁm] N(r) s | (3.10)
\

o Mg s
Ve Vo ob (?\,

For a hail pellet falling in equilibrium with an applied electric field

we have the balance of forces:

- LR @VU\ LF/"‘@»«-S*‘%‘Bh (3.11)

where C = 0.6 is a drag coefficient which is approximately constant for large

particles.
, : e
Let ' (VB i \]QC-\ e, C(\
= :
where \/ is a retardation velocity and
Vo —V5 : \
N =l <°‘L=9_OOO ‘~¢-
: o <)

e \4-1_ (LLPV*(( ( (j\ + V. (\‘% ci/ tBE
and ‘making t%le approximation V (‘-S = VQ (YX ~ 4_ Vc ((B

*(fB =L qr((\'\: (3.12)
'_T\VLC(DVO ;
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Taking a mass weighted average of the retardation velocity, by analogy to

the undisturbed case (3.10) we have

v - l% e -\/*((B\*(ﬁ\.\tv

y*é'r\ SN c\(
. \ P .
' Vo G & E (3.13)

, ) \I‘ —\ i I
- 73 f, Vo WENC TV 72\ /1
Cy = Eg@% QWL'A@ T \S \ < 22 ' l(“”>

For electric fields much less than for the lightning case ‘\/'k <L \/

The values for the constants were initially taken as

(?“_L, = 0.5 10° kg >
- L - -3
No = 4.10" m (for r ~10 “m, as the meximum in this case,
—_ this implies 80 hail particles per m3).
‘ CCS% = 0.71
C = 006
E 3y
: 23290 A0 DDy
leading to c, s : (
i3 -9 V. "7/8
and C = \35.10 F ().N

For simplicity the starting vertical electric field Eo was assumed constant
throughout the cloud with a value of 500 Vm-‘1 and lightning was considered to
occur when E =500 ka'1. In fair weather the elgctric field decreases
exponentially with height but the initial stages of a cloud, even before
precipitation is formed, is likely to show a quite different structure. A real

cloud may also be charged initially due to remnants of previous storms in the

a5




same airstream.
In practice two or three electrical timesteps were implemented in every

model timestep. Firstly, the electric field was calculated from (3.1) and (3.2),

then equations (3.9) and (3.13) were used to determine the charge transfer and

velocity retardation. An advection scheme was operated on Qz:and Q ?with the

given model velocities, together with the retardation velocity for Q}?only. The

. \(-‘k 4
hail fallspesd was also adjusted by the fraction /4¢\ and this constituted

the only feedback of electrical processes into the dynamics of the model.



4, RESULTS OF THREE-DIMENSIONAL SIMULATIONS

A winter maritime sounding ( an observed case) was used to initiate an ice
and hail bearing cloud integration. The cloud grew to 7 km with a width of
order 3 km. The adiabatic water content was 4.5 gm kg-1 which gave a maximum
ice mixing ratio of A~ 1 gm kg'1 and a maximum precipitation rate of 30 mm
hr-1 at the ground, the precipitation continuing for over 30 minutes. The
charging zone, i.e. the region of coexistence of hail and ice under our assumptions;
was of order 3 km in vertical extent. The observed cloud did not produce

lightning, . ° . ‘ ' :

Advection scheme

The growth of the elect?ic field was found to be partly dependent on the
advection scheme used for the movement of charge. This indicates that the
numerical method is insufficient to deal with the detail of the positive feedback
mechanism. However, conclusions can be drawn concerning the general structure of
electrical tehaviour and the reasons for the various shortcomings are instructive.
Advection in the basic cloud quel is performed using a centre difference
formulation with even and ogd timesteps giving an unconditionally unstable scheme
but with a Qery small amplification factor. La;ge smoothing of the advected variables

then reduces the instability. In the charge system large gradienta are necessary

T L



to produce strong electric fields and so therefore no smoothing was applied in this first
attempt of modelling. The scheme preserves the shape of wavenumber disturbances

but at the expense of creating spurious upstream negative values. At the level

of the charging zone there were strong winds which produced an upstream

perturbation and which became manifest as a counter dipole in the charge
distribution. The inverted dipole then interferred with the original dipole
structure (which enhanced the fair weather field).

It was next attempted to use a scheme which preserves the advected
quantity, i.e an upstream method. A simple upstream forward difference method
was introduced and was found to produce very smooth fields. Hence the electrical
growth rates were greatly retarded whatever other conditions were applied since
this scheme is highly damping and does ﬁot preserve small scale structure.

A more computationally expensive method was then tried in order to resolve
the small scale gradients whilst preserving positive quantities in the advected
fields. This was an upstream finite element spline method which has good damping
properties for high wavenumbers. This method gave similar results to the centre
difference scheme for early stages of growth but with much less spurious upstream

. advecticn. Total charge cbnservation over the cloud as a whole was also improved
- significantly. This method was therefore preferred for all later work.

Field structure

For a certain range of microphysical aésumptions the maximum electric field

surpassed the lightning threshold (see next section). Less rapid rates of growth

-15-



generally gave the same mode of development however. Initially, once sufficient

hail was formed in the up-draught, charge was created in a region at.which

T ~ -25°C. As the production and advection of charge progressed a dipole
distribution developed with positive charge, associated with ice crystals, in a
relatively compact region above the negative charge, associated with hail - see
Figure \ . The position of the maximum field strength became higher in the
cloud as hail was taken up in the updraught and field strengths grew at a near
exponential rate, see Figure E% .

However, once field strengths exceeded about 30 ka-1, the charge structure
was noticeably that of a multipole with a reverse field underneath the principal
dipole, as in Figure :Z_ . This reverse field grew and became extended upwarcs;
finally a series of alternating charges was formed. This is in agreement with
the results of Illingworth and Latham (1977) for the inductive effect with a narrow
axially symmetric cloud, and who also quoted some observational evidence for such field
reversals. Chiu (1978), with an inductive model including the water phase only,
also simulated a field reversal underneath the main dipole but ascribed this effect
to another cause, concerning the flow of charge to the boundary.

The reverse dipole is.produced in this case by highly negatively charged graupel
falling to a level below the main negative charge. The graupel then .
transfers negative charge on impact with the colliding ice crystals,

since the charge amount exceeds the inductive limit, and strengthens the main

negative charge zone until the field reverseﬁ in this region. Then the
charging down (i.e. charge transfer in the opposite sense to formerly)

-16-



proceeds rapidly since now both terms in equation (3.8) are of the same sign

and the counter dipole grows strongly.

A simple analytic model indicating how oscillatory modes of devélopment of

the type discussed above can occur and the effect of the cloud charging zone

dimensions is described in Appendix 2. The present results were further

supplemented by a simple axially symmetric scheme, described in Appendix 1. This

formulation was used to check the consistency of the numerical methods employed
and to examine isolated parameters that were not easily varied in the three
dimensional model.

Once a lighthing stroke was adjudged to have occurred (with E >500kVm™ )
the charge concentration was reduced everywhere in the model by the same fraction
(usually to 30% of the original values). Since the growth rate was near
exponential the charge was quickly refurbished snd more lightning strokes were
produced at intervals of about 2 minutes of cloud time. This is a very crude
treatment of the lightning discharge process and is not intended as a serious
represeniation of the many extremal effects of very high thunderstorm electric
fields. It does indicate, however, the relative ease of producing multiple
flashes in such a rapidly regenerating process.

Microphysical parametrizations

There are large variations in the measurements of ice and graipel size and
numbers concentrations in the atmosphere, which allow some latitude in the

choice of parametric constants. The ice particle concentrations are a direct
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model result and have not been modified. The hail size concentration is assumed

to follow a Marshall-Palmer distribution, with the proportion of smaller hail
particles being determined by the intercept No, taken as a constant.
Initially No = 4.104 m-u was chosen, the value appropriate from measurements

of large particles where usually r . 2 mm (Federer and Waldvogel (1975); jusil et

al.(1976); Waldvogel, Schmid and Federer (1978)), also used by Orville and
Kopp (1977) for numerical modelling of a hailstorm. The correct representation
of large hail is important for reproducing precipitation rates and latent heat
changes since most of the total hail water content is made up of the larger
particles. However for the electrical interactions the hail is generally small
with a low precipitation rate. Measurements of graupel with rw<i2 mm, where
the greater part of charge transfer is expected to occur, have produced very
different estimates, with N up to 108m-u (Simpson and Wiggert (1571),

hm-u little field growth was obtained, whatever

Harimaya (1978)). With N = 4,10
other cohditions were applied. When No = 4.106m'h was used there was sufficient
field growth for lightning to occur under the given assumptions of the cloud
simulation gee Figure E; .

The Marshall-Palmer representation of the hail spectrum is a time and space

average, derived mostly from samples of the larger hail particles, particularly atA

the surface, There is some evidence that over short periods in the cloud

interior the size spectrum is essentially monodispersed (Auer and Marwitz (1972)).
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, and

However over the volume of the charging region, perhaps several km

the time of growth ( ~/ 20 minutes) an exponential distribution will probably
be the best estimate. An alternative size spectrum of the form N(r) = N,

(rm/r)} exp (-r/rm) allows some compatibility between the various measurements
(Auer (1972) also deduced an inverse cubic dependence) and may be examined in

the future.

It must be remembered that the model microphysics was developed and refined
to account for the large scale precipitation and evolution of some average members
in a range of clouds. Therefore only bulk quantities are predicted and elaborate
microphysical assumptions canno£ be justified within the limitations of the model
framework. Providing reasonable approximations are made, however, the model
variables are more closely constrained than in some axisymmetric schemes since the
cloud evolution as a whole must be considered to be acceptable.

Cloud type

The spatial distribution of ice and hail in the simulation is controlled by
the ice phase parametrization, thch was oriéinally choser to give the best agree-
ment with cloud observations i.e. cloud size; growth and regions of precipitation.
Changes in the parameters of the microphysical processes were used to investigate
the effect on the charging zones.

The ice/hail interaction zone is shown in Figure kS; for the original

Fletcher activation dependence Ny = 102 exp eO.GT) crystals m>. The effective
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2 cWS :
forcing in equation (3.8) is given by ‘Lgmﬁkl- and this is indicated in the
M

figure. It can be seen that the vertical extent of the charging zone is relatively

narrow and that the large hail concentrations lower in the cloud do not contribute

to the electrical growth. Increasing the ice activation to XL ‘o= ‘IO-1 exp (-0.6T)
produced more ice at higher temperatures and extended the charging zone - see
Figure é} . However the strength of the ice/hail interaction was generally
reduced and the electrical growth rate was smaller than in the previous case. (n
the other hand a decrease in the ice activation, with N. = ’IO'3 exp (-0.6T),
gave less hail (see Figure _77 ) and a narrow charging zone, again reducing
the growth rate of the maximum electric field, as indicated for these cases in

-~ Figure [+— .

- The effect of other parameters can be investigated if required, provided that
the constraints of the ice phase representation already indicated are not exceeded.
That the simple size and shape of the charging zone are major governing factors
for fielé growth is considered in the Appendices.
Shear

In the case under consideration thess was a relatively strong shear,

8 ms-1 over the charging layer which produced a marked inclination of the main
dipole. Clearly this reduces the vertical field strength for a given charge

separation. When the effect of shear was removed from the electrical

parametrization onlj, i.e. the horizontal vglocities of the charge distributions

-20-



were adjusted, the rate of electric field growth doubled in about 8 minutes.

However when the ambient wind field of the model as a whole was amenged to
nullify the upper level shear it was found that the electric field actually grew
more slowly than in the undisturbedcase. .This appeared to be due to a reduction
in the duration of precipitation.

Thus it seems probable that some optimum degree of shear will produce the
maximum field growth for this type of cloud with a balance between separation of
updraught and downdraught for long lived precipitation and the proximity of charge
centres of opposite sign. This is an area of research that could be pursued in

the future.
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5,  DISCUSSION

Early calculations using a parallel plate significantly overestimate the
electric field strength. Axisymmetric models take account of the fiﬁite lateral
spread of charge but will still, in general, produce vertical electric fields
that are too large (for the quantity of charge separated). This is because such
models assume an optimum distribution, with charge aligned along the vertical
which will not be the case in a cloud with shear. Also the effect of lateral
variations in the electric field are not necessarily included. Processes which
involve a positive feedback mechanism, such as in the inductive method, are
very sensitive to field overestimates especially with the degree of uniformity
imposed by the condition of 5xisymmetry. Therefore a local calculation of field
strength through the electrostatic potential is less likely to produce
systematically high values. In fact, the inversion of Poissons equation in the
present scheme will smooth out the charge distribution if the model grid
separatiqn is not sufficiently small.

Other models of electric field growth have allowed a greater flexibility in
changing the large scale electrical parameters in order to obtain rapid growth
but have strong constraints on their microphysical behaviour. This model imposes
limitations on the permitted charge distributions but at the expensé of the accuracy
of the microphysical representation. The sum of such schemes, however, enables a
more closely defined range of possible solutions for comparison with

observations.
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The simplicity of the ice phase representation requires the estimates of

hail and ice concentrations to be regarded as very approximate but capable of
imposing limitations on arbitrarily specified thunderstorms. The effect of the
omission of splintering, wet hail growth and contact nucleation from the model is
not known, but all would be expected to have more influence at rather warmer
temperatures thanobtain in the main regions of charge generation. in this model.

For compariyive purposes it was thought desirable to decouple the micro-
physical and electrical assumptions in the formulation of electric field growth.
The microphysical requirements for reproducing the large scale dynamics are that
the latent heat charges and distribution of water substance should be adequately
treated. In order to account for electrical effects, however, the size dependent
interactions of wvarious particles must be correctly described, a much more difficult
problem. Major changes in the microphysical characteristics influencing electrical
behaviour may have little effect on the cloud dynamics. Tﬁis is not be to confused
with feedback of the electric field into the dynamics via the retardation of
falling hail which is the only link the model allows. This is a separate problem
which may be elucidated in the future, given the terms of reference of this model.

It has been stressed that the connection between the large scalc precipitation,
which is acce;sible to the modelling effort, and the electrical interactions, for
which little definite information is available, is not direct. From Figure :;-

it can be seen that the major charge generation occurs when E?h~ = 3.10-h

kg m (approximately equivalent'to 1 mm hr‘1). The maximum precipitation rate
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at the ground for this cloud was 30 mm hr'1 but it is possible to envisage

circumstances for which little growth of the hail would occur so that strong

fields could be produced with a low precipitation rate, providing that the
circulation was maintained.
In the model rapid electrical growth was possible when No was large implying

that many small graupel are required which in turn predicts a relatively low ice/

hail collision speed. This alleviates one of tne major assumptions, that the ice/

hail contact time is sufficient for full charge transference. However the assumption

that ice crystals are initially uncharged becomes less probable - the effect of
"multiple collisions is yet to be investigated.

The major consequence of treating the inductive effect alone concerns the
structure of the electric field, which is also examined in the Appendices. Ilost
observations of electrical structure have indicated the simple main dipole, with
positive charge above negative, together with a smaller positive charge at
approximately the freezing level (e.g.Kuettner (1950)). This differs from the

model results, which predicts a more complicated multipole system at high field

strengths for the relatively narrow cloud studied. It is intended, if possible, .

to examine the effect of the cloud being wider in extent when a simpler and more

rapid dipole growth is expected.
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6. CONCLUSIONS

The electrification of a cumulonimbus sufficient for lightning to occur with
only the inductive ice/hail generation mechanism can be simulated in a three-
dimensional model with the given assumptions, for convenience listed in the latter
part of this section. The numerical scheme is considered to be adequate to
examine the qualitative gffects of charge production through a careful treatment
of the advection terms but that a finer grid is required in cases where the
charging region is small. A smaller grid is generally expected to produce
slightly higher rates cf electric field growth. It is to be noted that the
deficiencies of advection schemes are usually alleviated by some sort of smoothing
operator, perhaps based on a physical process (diffusion) but this has not yet been
attempted.

The most sensitive parameter is No, which controls the hail size spectrum
in the electrical parametrization only. For rapid electrical growth a large value
of No is required, commensurate with measurements obtained for samples of small
hail or graupel. Thus for electrification bylinduction tobe fawvoured there should
be a preponderance of small graupel. This is quickly ascertained by an examination
of equations (3.4) and (3.7).

An important result obtained for the inductive effect is that the charge
structure becomes complicated at high field strengths with the electric vector
direction ;lternating with height for the relatively narrow cloud studied. The

cumulative effect of large clouds allows a greater latitude in the descriptions
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of the microphysical interactions contributing to the electric charge build up.

Thus it should be easier to distinguish the implications of various charging
mechanisms in those smaller clouds which only just produce a lightniﬁg flash.

Major changes in the activation of ice crystals produced rather smaller changes
in the electrical growth rates since it is the interaction zone where ice and hail
co-exist which determines the charging process. In this way the position and
extent of the charging zone was adjusted rather than the strength of the interaction.
In fact 2 balance of effects was obtained so that there was a maximum field zrowth
rate for a particular ice activation rate. It is interesting that the activation
spectrum chosen for a best fit with the observed precipitation distribution also
gave the maximum field growth. This is perhaps a consequence of the requirement
for a steady and long lived development in both cases.

Further effort is required to examine the effect cf vertical wind shear in
the charging zone.

A future stage of research is to introduce other postulated electric generation
mechanisms which will provide alternative, and hopefully observable, predictions.
This study has shown the need fér a more complete representation of the ice phase
in regard to those processes contributing to the electrical effects and this may
be even more important in other processes. For instance very large values of ice
content do nof lead to excessive electrical growth with the inductive process since
a maximum equilibriumcharge content is soon reached, as is shown by an inspection of

equations (3.5) and (3.9). In an iee=ice process this would be critical however,

-26-
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There are obvious drawbacks in deriving electrical behaviour from the
simulation of a cloud which did not itself produce lightning and for w#ich no
electrical measurements were made. It is therefore considered important to
obtain a more complete comparison, with some information concerning the electric
field growth rate and charge distribution to supplement the necessary
thermodynamic description. Microphysical measurements would also aid an assessment
of the various assumptions incorporated in the model.

Assumptions in the present electrical scheme

1. Generation of charge is by the inductive hail/ice collision mechanism only;
charge separation is by the differential advection of hail with respect to icej
ice crystals are initially uncharged.

2. The stochastic collision process can be represented using bulk values of ice
and hail in a coarse grid.

Do The hail size spectrum follows a Marshall-Palmer distribution.

L, The rebound probability and collision efficiency for ice/hail both equal unity.

5. The ice/hail contact time is sufficient to allow a full transference of
charge.

6. The average angle of the line joiring the hail and ice particle centres is
h5°; spherical particles are assumed with rhail>>>»rice.

7. The cloud microphysical interactions are unaffected by the electric field

except for the direct electrical forces acting on charged hail particles. This

AW o

B L

PP ———



velocity perturbation is assumed small compared with gravity until very high

fields are encountered.

8. Boundary effects are unimportant.

9. Melting layer effects are not included.

10. Leakage currents are neglected.

11. The cloud physics variables are considered fixed for the duration of a
timestep (15 seconds).

12. The initial vertical electric field is constant at 500 Vm-1; lightning

occurs when the field exceeds 500 KVm™ .

=28



7. NOTATION

The following list describes the constants used in the main sections of this

paper. The symbols in the Appendices are defined where they are introduced. -

Vm-1. Electric field vector.

£ Electrostatic potentiale

E
E = gbﬁf Vm~1. Component of electric field in direction of hail velocity.
C Drag coefficient of hail.
N m—j. Number of hail particles per unit volume.
) i(r) o ¥, Concentration of hail particles per unit hail radius.
Na m-j. Number of ice nuclei activated per unit volume.
N, P e i R . . _
ice m “. Number of ice particles per unit volume.
NO m—h. l.zrshall-Palmer hail size distribution intercept.
QC Ce Total charge carried by cloud and ice particles in one grid
volume,
Qp C. Potal charge carrisd by precipitation particles in one grid
volue.
T oC. Temperature.
e, Ice-hail collision efficiency.
e, Ice-hzil reobound probability.
. g mvs~2. Acceleration due to gravity.
o] Ce. Negative charge carried by a single hail pellet,
Sy m, Radius of hail particle.
Bs o m. Radius (mean) of ice particle.
T I, ! Characteristic mean hail radius .
v ms_ o Hail velocity (positive downwards).
¥, ms-1. Hail velocity in the absence of an electric field.
v = ¥ ¥ ms-1. Retardation of hail velocity due to an electric field.
tﬁt‘ Se lodel timestep.
e C. Model charge increment.,
Eg CzN-1m—2.Permittivity of free spacee

Angle between hail velocity vector and the line joining
hail and ice particle centres in contazt.
kgm_B.Density of air.

kgm-B.Volume density of hail i.e. mass of hail per unit volume air.

7

2 PY Y
r

kem 2. Density of ice.
Se Ice-hail interaction time constant.

L

« Model grid volume.

<
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FIGURE CAPTIONS

Fig. 1

Pig. 2

Fige 3

Fig.h

Fig. 5

Fig. 6

Fig. T

The total charge in a horizontal layer, Q,C’,QP distributions (C)
and electric field maxima (ka-1) against pressure in mb. For this
case No -4.106 m-u and t = 32 minutes of cloud time,

As for (1), except that t = 4. minutes of cloud tiume.

The maximum electric field E (ka—1) as a function of cloud time
for different values of No'

As for (3), for different values of the Fletcher spectrum q(T),

with N_ = 4108 ok,

Cloud physical quantities at t = 40 wminutes cloud time : the max.

hail density éX\ (kgm‘j), ice concentration (radius)2 ar? (m-1)
C 623 - Y

and the forcing term C?k Nu.ah~4,6> Es a function of pressure

in mb.; approximate temperatures are also indicated.

As for (5), with the Fletcher spectrum N{?) - 10-1exp(-0.6T).

As for (5), with the Fletcher spectrum N(T) = 10‘3exp(-o.6T).
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APPENDIX 1

The three dimensional model is intended to offer a reasonably detailed account

of the total cloud evolution and much of the numerical formulations are
interrelated in order to obtain a balanced system. The effect of the basic numerical
parameters employed are best investigated using a simple model, where the results
can be quickly and easily evaluated. Therefore a finite axisymmetric model was
constructed similarly to that of Illingworth and Latham(1977).

The model contained N levels of radius R, height z;9 with -cloud and precipitation
o

total charges & »

advected with a constant fallspeed V and the precipitation rate was assumed

\ 5
Qi for each cylindrical slab layer i. Tae . CQ‘_ charges were

constant throughout the charging zone. The charging zone was described by an
ice/hail interaction time constantY , which was related to the ice concentation,
and was a function of height. The electric field Ei was assuued to be verticzl and

was calculated directly from

v\
"‘\ / C Y\ Y . e
‘; _l_&ﬁ\ rf;‘& Gl \ — L o
T L_ \\ ),.. 7‘73'— 8 A.1)
i} Lr AN < \\ x:‘ \\-i., z'“
) o3
where Z.. = 2. = 2.
1J J i
( Note that this expression differs slightly from that of Illinsworth and Latham

(equation 10)).

This is the vertical field at the centre of each disk and the average field over the
disk as a whole will be sumaller. Ihnspection of the field vuriation for the rang- of
c:ses considered here has shown this error to be small however.

Then from equation (3.9)

1"5 ; ? = / ; ¥
e é%i : A\% = "vI\%t“(C«LE\ r CQ\? (4.2)
a Q

where 02 is taken as a constant throughout the integration

and c, = a132 Dz (4.3)

waere Pas zN/N and 2y is fixed at 14 km — which is approximately

the three dimensional model height domain.
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A default set of constants were chosen as follows :
N= 40 giving h;z.: 350m
2.0 km

T.5 seconds

=v}
n

TZ&

-1 ) ! ; . .
a,= 2.0 10 h (m.x.s. uplts) which is equivalent to
1077 K& w2 or 36 wm hr—1
V= 10 m4-1

-1

and Wy 18 $u0 =0 =8P sse™ Cointn) smd
only positive values are allowed.,
The advection procedure was the finite element spline metnod.

The parameters were varied about these mean values in a number of compariscns
described oeclow,

I'ield growth

the coniitions chosen were relatively favourable for srowth, although not
physically unrealistic, and z2llowed a near exponential increase in the maximun
electric field to values exceeding the lightning threshold within a typical cloud
lifetime.

In agreement with results for the three dimensional wodel a complicated,
alternating charge structure was observed, as shown in F
Vertical 4rid length

The maximum electric field growth rate for various vzlues of NZ is shown in

igure A.1.

Figure A.4. In the three diuensional model the vertical spacins is of order 0.7 xm
and this can be seen to slightly upderestimate the electrical development. However
a liait to the growth curves is obtained for smaller zrid spacings, which are

still sufficiently large to satisfy the C-F-L criterion in this test. The critical
length scale is the charging leng:th 1c = VY , i.e. the path length which falling
hail require to reach their maximum equilibrium charge. In this example lc has a
minimum value of 75 m but will, in general, be rather larger, commensurate with the
more modest fallspeeds and ice concentrations assumed in the main model (e.g.

l =400 m for N

c ic
The shape of the charge structure was preserved for all choices of t>z., with

e.-.1021ce crystals/litre).

the positions of field reversals being unchanged, subject to their separation being
defined by the grid resolution. As would be expected, the amplitudes of charge and
field variations were dampened by the increasing grid size.

Cloud width ;

The field growth curves for a selection of cloud radii R are shown in Figure A.S5,
together with the number of field'rgversals within the charging zone. This clearly
indicates the strong dependence of the rzte of electr;éal growth on the cloud width,
providing that the assumption is met, that cloud physical interactions are coherent

across the horizontal domain.



The charge structures obtained for different radii are shown in Fi: ures A.1,A.2
and A.3 and these demonstrate the increasing complexity of the charge configuration
with decreasing cloud width. Another pertinent length scale is lE s the vertical
distance over vhich the electric field has the same direction. This is a function
of béth R and a,

1. exceeds soise fraction of the total charging zone e.tent, therefore, the charge

y With lE-\,1.5 xm for the standard case, increasing with R. When

configuration will be dominzted by a simple dipole.

Time step and advection scheue

Figure A.6 indicates the minimal effect of using a shorter time step ig the
calculations. This justifies the usze of a large time step, providing that the C-F-L
condition is satisfied. |

The three advection schemes described in the wain section are compared in Figure
A.7 for the standard case. The earlier conclusions are reinforced by the differing
behaviour shown : the cent¥e difference method produces rapid growth but with
spurious negative quantities outside the main charging zonej the simple upstream
method damps down all the gradients leading to a reduced rate of generation. In
the three dimensional model the extra degrees of freedom will exacerbate the
problems.

Charging zone

A simple symmetric dependence on height about 9 ki: was chosen in all cases for
the ice crystal concentration, with no ice outside a + 3 im range. Figures A8 and
A.9 show the field growth for broad and sharp ice'coqcentraticn distributions
within these limits, and which are to be compared with the default case in Figure
A.5. Similar plots are obtained but with the most rapid groWih for the broader zone
case, as would be expected. It can be noted that the electric field showed fewer
changes of direction when the distribution was sharp; the larg- values of ¥ cutside
the very centre of the charrsing zone restrict the electric charge carried oy the
hail to well below the maximum equilibrium value.

The results for a weakened interaction zone, i.e. with less ice, are also
shown in Figure A.10 for comparison.

Fallspeed

The effect on the electric Tfield srowth of varying the fallspeed V is shown in
Figure A.11. This indicates that sufficiently rapid rates of charge generation may
be obtained prcviding that a reaiistic fallspeed is specified.

Discussion

The results listed above indicate that the numerical scheme can treat the
positive feedback of the inductive mechanism comsistently, although a smaller
vertical grid spacing is to be preferred for the present range of parameters.

The alternation of field direction with height is also shown to be largely independenY
of the chosen numerical scheme and that tﬁe electrical evolution is broadly
similar to that of the three dimensional model.

- A3 -



Two scale lengths , 1 and lE are considered important in deciding the nature
’

of the charge structure, together with the actual charging zone dimensions.

An estimate of lﬁ can be made from the following arguments 3 consider a
cylindrical region of height 2z, radius R with uniform charges +q and =q, separated
vertically, each in a volume 32z, From equation (4.2) it can be seen that the

maximum charge producee for a vertical field E before discharging occurs 1is

Loy = Ea1 R2z (Ask)

From equation(A.1) the field produced by the opposing charge q is

=N

b= ‘jf l\ T = \ (4.5)
LR Ec AN -2

G o q) - discharging will create a new equilibrium -distribution. If qliqmax a
unidirectional field is allowed and in the limiting case we have 1 = 2 which
gives the vertical distance over which the electrical field is of tue same sign,

consistent with the attendant charges.

From (A.4) and (4.5) q = 9 ax if 2 KE. = A,z | — ‘ \
\.\1)‘*:’_‘- /:
. “__Z“M__ R & P
or 2. - T S — \ (Ao 6)
e A
‘RL A -_;_4.

where z1'\.2 xm for the default case and is a function of the microphysical terms,
not the cloud scale.
Now for wide clouds z = 1, X Rz1/(R + z1)s» z, and 1; is large, possibly

greater than the charging zone ext:ut so that a simple dipole is formed.
For R of order 24 Z = lE 41' 2, and an alternating electric field is allowed
it lE is smaller than the vertical cloud charging zone dimension.

Since the equilibrium charge given oy (A. 4) is not applicable within the
finite distance 1 this constitutes a lower limit so that 1 ), =

The length scales R,z,z1,1“,l are, in general, of much the same order in a
real cloud and the interplay of effects suggested here will lead to a complex

overall behaviour.

-
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APPENDIX 2

This section indicates how an oscillatory electric field can arise with
the inductive effect, as discussed previously; instead of the dipole sfructure
usually assumed. This is an elementary aunalytic treatment, requiring somewhat
unrealistic assumptions but it does outline a range of conditions for which the
simple dipole configuration can be obtained.

<
The cloud is assumed to be axisymmetric with charge densities ; ) with

vertical advection of the charge species G‘ only. Equation (3.8) then becoumes
3 o—
5,&' o | (ul_\: *C)?B - \/5{_{
A) T S© (4.7)

3 L [aE «b)

and ‘,éi = |

OY '

where B is the downward pointing field aztrensth, v is the (positive) fallspeed

(A.8)

y 8, = a1/ga and a1,ﬁ' are defined in section 3. For this analysis a1,}', and v
are assumed constant throughout the cloud. Poisson's cquation for the

cylindrical co-ordinates (z,R) becomes

- \\‘\ ¢ ?: / c \
LD ( LT TP | ((s + o)
o B IR - 1) 1 ;
ROV /i B e -
where ER is the radial electric field.
Consider the small region near the axis of a wide cylindrical cloud. Here
E_ and Q:E} will be small, tending to zero for an infinite cloud. We therefore

g 9% S H
approximate (A.9) by

B_XL‘ = *\— ((BC+ 3?3 <\_°§3 (4.10)

SOz o
where o{ is a form factor, dependent on the cloud aspect ratio and is taken to be
a constant. Then (4.7),(A4.8),(4.10) constitute a linear set in Ef; E&,E for
wave disturbances of the form exp i(kz + € t) . This is stricily valid only for
the 1limit 4 —>0 corresponding to an infinitely wide cloud.
Combining the harmonic linear set one obtains an eigenvalue relation with

(\"‘ UA = O (A.11)

allowed solutions providing that

6° — 6(‘/‘1’*\@\ T

¥
€a ¥
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1

(Either sign of k leads to the same solution.) We assume W’: 10 seconds, v = 10ms”
%%x-[\‘“:> = 2.5 10_3 8-2 as representative values and consider solutions of
thecf‘"orm 0= Gr \n io‘. . The time dependence for each species is now ;A").\C:TW}#?“(;.T
$the growing modes given by a negative CH are shown in Figure A.13. In regions
of solution space where\é.\)\CﬁWthe mode growth will be dominant over the
oscillation term and, noting that the fastest growth occurs for the largest
length scales, a simple dipole structure will oe observed.
Figure A.14 identifies the threshold of vertical length scales L = 2 ® /k

for Which..\él\ = \ C:\ as a function of the forcing term QEQL (\-u¢>
sy and also the limit for which\(ﬁ\> 6.10'-3 secm1 , which is the‘fequired rate of
growth for lightning to occur within a typical cloud lifetime. Weak clouds, i.e.
those with a small value of a1, have\ﬁ.\--\él\ at L = 2 T v which can be
considered as being equivalent to the charging lergth liait lc. For increasing
cloud strength a simple cloud structure is allowed for decreasing length scales,
in agreement with the numerical slab model experiments in Appendix 1, as shown
oy a comparison of Figures A.5 and 1.12,

This analysis indicates how oscillatory charge structures can occur in the
inductive effect, and not just the simple dipole, even in infinite clouds
providing that the electrical forcing is weak. The effect of the cloud aspect
ratio, through a finite <4 , is expected to increase this tendency. The
extremely simplified nature of the basic agsuwmptions in t.is case suggests that

a more detailed examination of the given derivation will be of doubtful validiuy.
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APPENDIX FIGURE CAPTIONS

Pig. A.1

Fig. A.2
Fig. A.3

Fig. A.L

Fié;- I\XQ 5

N

ig. A.

Fig. A.9
Fig. A.10

Fig. A.11

Fig. A.12

Fig. A.13

Charge distributions QF,QP (C) und electric field B (ka-1)
variation with hei;:ht 2z (km) in the charging zone of a narrow
cloud at t = 30 minutes for the slab model. The cloud parameters
are those for the default case except that t:.e cloud radius ,

R = 1.0 km,

As in (A.1) , except that t 25 minutes and R = 2.0 km.

As in (A.1) , except that t = 20 minutes and R = 4.0 km.

The maximum electric field in ka—1 as a function of time in
minutesfor the slab model. The values of I refer to the number of
gridpoints lescribing the vertical dimension, which is of constant
total zeizght 14 k.

as in (A.4) for the default paramcters with differing cloud radii

R in . The figures plotted on the growth curves zive the number

o

of reversals of electric field direction within the charging zone.

As in (4.4) for the defzult cuse with different time integration

periods .

AS in (A.A) for different advection schemes., The full line is the

simple upsteam; the dashed line is the upsream .finite element;
the dot-dash line is the centred difference method.

As in (A.5) for the 'broad' caarging zone

-1

sec  (z in km ).

As in (A.8) for the'sharp' charging zone
-1

sec (z in km ).

As in (A.5) for the 'weak' charging zone
-1

sec (z inkm ).

As in (A.4) for different fallspeeds v in ms-1.

As in (A.S) for the weak electrical forcing given by a, = 10-14

(mekes. units).

The dependence on the vertical length scale L = 211/k.of the modulus
of the real and imaginary parts of the frequencyﬁ":éri-\ €; (sec-1)

-for allowed modes of growth. The wave disturbance is then of the

Fon &T(‘\u— ey wﬁ \6\T .

-A.?—



Fig. A.14

The full line describes the threshold length scale L for which
\6r\:.\6.\ versus the electrical forcing; the region above this
line allows simple growth. The dashed line describes the limit
for which \(]\ = 6,107 gec_1; the region above this line allows
sufficient growth for lightning to occur within the lifetime of

a cloud.
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