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ABSTRACT

Previous calculations of the rate at which falling droplets in clouds collide with aerosols have led to the
conclusion that except in thunderclouds any electrical charges on the aerosols or droplets have little effect on
the collision rate. However, it had been assumed that the aerosols would have only a few elementary charges
on them, whereas it is now known that at the tops of nonthunderstorm clouds the evaporating droplets may
have several hundred elementary charges on them and that much of this charge remains on the residual aerosol
for 5 min or so after the evaporation. Also, most previous calculations neglected image charge forces that provide
strong attraction at close range even when droplet and aerosol have charges of the same sign and of comparable
magnitude.

The authors present numerical calculations showing that electrical effects dominate collision rates for charged
evaporation aerosols. The calculations are for the size range of 0.1- to 1.0-mm radius with the collision efficiency
compared to that for phoretic and Brownian effects being greater by up to a factor of 30 greater for droplets
from 18.6- to 106-mm radius with relative humidity in the range 95%–100% and only 50 elementary charges
on the aerosol. The results imply that electrical effects can be important for the scavenging of evaporation
aerosol particles in the size range of the Greenfield gap.

The authors call this process ‘‘electroscavenging.’’ Electroscavenging of charged particles, when the particles
are mostly of the same sign, is a previously unrecognized droplet charging process. Electroscavenging also
provides a pathway for contact ice nucleation when charged aerosol particles from evaporated charged droplets
collide with supercooled droplets. Ice nucleation can occur because aerosol particles from the evaporation of
cloud droplets have been found to be more effective as ice forming nuclei than other aerosol particles that have
not been processed through droplets.

1. Introduction

Calculations of the collision efficiency for aerosol
particles in the path of falling water droplets have been
reviewed by Pruppacher and Klett (1997, section
18.6.6). Collision efficiency is defined as the fraction
of the particles in the cylindrical volume swept out by
a falling droplet that makes contact with the droplet.
The tendency for particles in the range of radii 0.001–
10 mm to be carried around the droplet by the flow,
instead of making contact with it, results in collision
efficiencies considerably less than unity. The collision
efficiencies are less than 1023 for aerosol particles of
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radius 0.1–1.0 mm when in the path of droplets of radii
a few tens of mm. At the low end of this aerosol particle
size range the probability of collision is larger because
of increasing amplitude of Brownian motion of the par-
ticle. At the upper end it is larger because of the in-
creasing inertia of the particle that resists the tendency
to be carried by the stream flow around the droplet. The
region of low collision efficiency in the middle is known
as the Greenfield Gap, following the work of Greenfield
(1957), and in this region the collision efficiencies are
susceptible to enhancement by electrical and other ef-
fects.

Numerical calculations of electric charge effects on
particle–droplet collisions were made by Grover and
Beard (1975), who considered 38 cases of various charg-
es on 42- and 142-mm radius droplets and 0.4- and 4.0-
mm radius particles. They found significant increases in
collision efficiency, for charges of thunderstorm mag-
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nitude (.7 3 104 elementary charges) on droplets, with
charges on the particles of opposite sign. The particle
charges assumed were generally greater in magnitude
than for charged particles in Boltzman equilibrium with
bipolar ions (see section 4). Calculations were made for
the droplets and particles assumed to be conducting
spheres (i.e., image charges taken into account) and al-
ternatively for point charges at the centers of noncon-
ducting spheres. Two of the cases considered were for
42-mm droplets and 0.4-mm particles treated as con-
ducting spheres with zero charge on the droplets and
67 and 6.7 elementary charges on the particles. The
present results are in reasonable agreement with these
two cases as will be discussed in section 3.

Comprehensive numerical calculations were made by
Wang et al. (1978) and were based on the assumption
that the droplet and the particle had charges of opposite
sign and that the electrical force between them was due
to point charges at the particle centers. Also, the relative
amounts of charge on the particle and droplet were con-
sidered to be proportional to the square of their radii so
the droplet charge was always much greater than the
particle charge. Modest increases in collision rate were
found in the Greenfield gap provided that there were
thousands of elementary charges on the droplet. This
droplet charge is of the order of magnitude produced in
thunderstorms. The charge (of opposite sign) on typical
aerosol particles in the Greenfield Gap ranged from less
than 1 to more than 40 elementary charges, again being
generally greater than the average charge found on par-
ticles when ion diffusion in the atmosphere charges them
to the Boltzman equilibrium charge levels. The impli-
cations that were drawn from these and other results
were that for clouds in the atmosphere that were not
electrified by thunderstorm processes, the effect of elec-
trical forces on particle–droplet collisions would be in-
significant.

The situation is different, however, for aerosol par-
ticles resulting from evaporation of charged droplets
(Beard 1992). Nonthunderstorm clouds often include
droplets with several hundred elementary charges on
them (Pruppacher and Klett 1997, Fig. 18.1), and when
such droplets evaporate little charge is removed. Thus,
particles with several hundred elementary charges are
produced. This charge is lost only slowly by conduction
on a timescale of 102–103 s, partly because the con-
ductivity within clouds is considerably less than that
outside, as will be discussed in section 5. In this situ-
ation, where the particle charge is not extremely small
compared to any droplet charge, the attractive force due
to the generation on the droplet of an image charge of
opposite sign can no longer be neglected. When evap-
oration occurs in downdrafts and there is a distribution
of drop sizes in the parcel, the evaporation of the smaller
droplets will occur with the air remaining close to 100%
relative humidity (RH). Evaporation also occurs due to
mixing at the cloud–dry air interface. As the smaller
droplets evaporate down to haze particle size, or dry

aerosol particle size, they stop falling, while the re-
maining larger droplets continue to fall and approach
them. As the separation becomes only a fraction of the
droplet radius, the attractive force between the aerosol
particle and its image on the droplet increases rapidly.
Even in the case where there is net charge on the droplet
that is of the same sign as that on the particle and there-
fore causes repulsion at a relatively long range, the im-
age charge force can become great enough at short range
to overcome it and ensure a collision when the motion
of the droplet reduces the separation faster than the par-
ticle can recede.

Thus for droplets with a net charge that is zero, or
of the same sign, or of opposite sign to that on the
particle, the electrical effects due to image charges can
dominate collision efficiencies. As we will show, this
can occur even if much of the initial particle charge has
leaked away and only tens of elementary charges remain
on it. We call this process electroscavenging.

Electroscavenging is applicable to the atmosphere in
the situation (Beard 1992) where charged droplets are
evaporating and producing charged ‘‘evaporation’’ aero-
sol particles, that is, evaporation nuclei, which are
thought to be effective ice-forming nuclei (Rosinski and
Morgan 1991; Rosinski 1995). These charged evapo-
ration nuclei may then undergo collisions with incom-
pletely evaporated supercooled droplets and act as con-
tact ice nuclei. The results are thus applicable to the
modeling of ice nucleation processes and to the problem
of accounting for the unexpectedly high ice particle con-
centrations in many clouds (see for example Hobbs and
Rangno 1985; Beard 1992).

Electroscavenging is also applicable to the process of
scavenging of radioactive aerosol particles. These be-
come charged because of emissions of ions or electrons
(Rosinski et al. 1962; Clement and Harrison 1992).

2. Theory for image charge effects on collision
efficiency

Figures 1a and 1b illustrate the flow of aerosol par-
ticles around a falling droplet with and without electrical
forces, and Figs. 1c and 1d define the relevant geometry.
The origin of coordinates is taken at the droplet center,
so that the droplet is stationary, with the air flowing
upwards past the droplet. The electrical forces always
act along the line of centers of the particle and droplet.
The particle is taken as a point and the droplet is taken
as a conducting sphere, undistorted by the electrical
forces or by the airstream. The effects of Brownian mo-
tion and inertia and thermophoresis and diffusophoresis
have been accurately evaluated in prior work (Wang et
al. 1978; Pruppacher and Klett 1997, section 18.6.6),
and in the present calculations we will consider that
only electrical forces are moving the particle relative to
the flow. The net phoretic force usually increases the
collision efficiency when droplets are evaporating, that
is, when the relative humidity is less than 100%. We
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FIG. 1. (a) Schematic of aerosol flow around a falling droplet in
the absence of electrical forces. (b) Schematic of the effect of elec-
trical image forces on aerosol flow. (c) Location of aerosol particle
and its image charge on a droplet of radius A. (d) Polar coordinate
system used for numerical integration of particle trajectories.

will compare the magnitudes of the electrical effects
with the magnitudes of the nonelectrical effects calcu-
lated by previous workers.

In Fig. 1c the droplet of radius A has a net charge Q,
and the aerosol particle has a charge q and is at a dis-
tance b from the origin. It can be shown from the theory
of electrostatics (e.g., Jackson 1975) that the particle
charge causes the charge on the conducting droplet to
redistribute itself, to be equivalent to two point charges.
One is the image charge q9 of amount q9 5 2(A/b)q,
located on the line of centers at a distance c from the
origin, plus the second, which is a point charge q0 at
the droplet center, such that Q 5 q9 1 q0. The distance
c is given by c 5 A2/b. The conductivity of the droplet
need not be large; only large enough so that the electrical
relaxation time is small compared to the time for a sig-
nificant change in spacing between particle and droplet.
This is usually the case (Davis 1969).

Adding together the forces between the point charges
in Fig. 1c, the total electrical force between droplet and
particle is

qq9 qq0
F 5 1 , (1)

2 24pe (b 2 c) 4pe b0 0

where a positive F is repulsive. Substituting for q9 and
q0 and c we obtain

2q A /b A Q b
F 5 2 1 1 1 , (2)

2 2 31 2[ ]4pe (b 2 A /b) b q A0

that is,

2 3q b /A A Q b
F 5 2 1 1 1 . (3)

2 2 2 2 31 2[ ]4pe A (b /A 2 1) b q A0

In Fig. 1d the geometry necessary for evaluating the
motion of the particle under the combined effects of
flow and the net electric force is illustrated. It is con-
venient to normalize the calculation to that for a droplet
of unit radius, so that the normalized distance of the
particle is r 5 b/A. We define C 5 q2/(4pe0A2) and K
5 Q/q, so that

r 1
F 5 C 2 1 (Kr 1 1) . (4)

2 2 3[ ](r 2 1) r

We define the term in square brackets as P, so that F
5 CP.

In Figs. 1a, 1b, and 1d the terminal fall velocity of
the droplet is reflected in the upward stream velocity of
asymptotic magnitude U`. In the atmosphere U` de-
pends on the weight of the droplet and on the viscosity
of the air. To determine the trajectory of the aerosol
particle it is necessary to solve numerically the equa-
tions of fluid flow around the spherical droplet with the
addition of the motion of the particle across streamlines
due to the net electrical force F. We define the polar
angle u as being zero in the downward (upstream) di-
rection and the radial velocity ur 5 Dr/Dt as being pos-
itive in the outward direction with the tangential velocity
uu 5 rDu/Dt. We approximate the flow around the drop-
let by the equations for Stokes flow, which is a reason-
able approximation for the size range of droplets in the
troposphere considered in these calculations.

The equations for Stokes flow can be obtained, for
example, from Pruppacher and Klett [1997, Eqs. (10.12)
and (10.36)], and when expressed in terms of the nor-
malized radius r yield

3 1
u 5 2U cosu 1 2 1 , (5)r ` 31 22r 2r

3 1
u 5 U sinu 1 2 2 . (6)u ` 31 24r 4r

The electrical force F produces a radial velocity ue

relative to the flow, where ue 5 BF, with B being the
mobility of the particle, which depends on its radius and
the viscosity of the air. Combining Stokes flow with the
effect of the electrical force (no Brownian or inertial or
phoretic effects) we have
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FIG. 2. The variations, with normalized radial distance r from the droplet, of the force parameter
P for various values of the ratio K of the droplet to aerosol charge when the droplet and aerosol
particle have charges of the same sign.

3 1
Dr 5 2U cosu 1 2 1 Dt 1 BFDt, (7)` 31 22r 2r

3 1 Dt
Du 5 U sinu 1 2 2 , (8)` 31 24r 4r r

so that with F from Eq. (4)

21
Dr r 3 1 3 1

5 2 1 2 1 1 2 2
3 31 21 2Du tanu 2r 2r 4r 4r

21
BCP sinu 3 1

1 1 2 2 , (9)
31 2[ ]U r 4r 4r`

where

r 1
P 5 2 1 (Kr 1 1). (10)

2 2 3(r 2 1) r

Thus the calculations of aerosol particle trajectories
need only be made for values of two variables: the
lumped constant BC/U` and the variable K 5 Q/q. If
we had considered the aerosol particles as being rep-
resented by spheres rather than points, the equations

become considerably more complex (Grover and Beard
1975) and the numerical integrations must be made for
more than the above two variables. In can be shown
that instead of point charges, the charge of the aerosol
and its image would be represented by small line charg-
es, and the forces between them would be represented
by the forces between monopole, dipole, quadrupole,
and higher-order moments. For increasing aerosol par-
ticle size the dipole moments are the next that need to
be considered and the orientation of the dipoles is such
as to increase the attraction due to the monopoles. So
the present results provide a lower limit to the attractive
force.

3. Results of numerical integrations for collision
efficiency

Figure 2 shows the variation of the parameter P as a
function of r for various positive values of K (i.e., same
sign of charge on droplet and particle). At large dis-
tances the second term on the right-hand side of Eq.
(10) dominates, representing Coulombic repulsion, but
there is a transition to image charge attraction at a nor-
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FIG. 3. A sample of trajectory calculations similar to those utilized, for like droplet and particle charges, with K 5 2 and various values
of the parameter BC/U`. The value of xmax, representing the maximum offset from the axis of symmetry for which the particle collides with
the droplet, increases up to a maximum as BC/U` increases, then it decreases to zero. The increase is due to the increasing strength of the
attractive force. This subsequent decrease of xmax with increasing BC/U` is due to the electrical repulsive force becoming large enough to
prevent the particle being carried toward the droplet by the flow, so that it is diverted around it instead of getting to a point close enough
so that the repulsive force is overcome by the attractive force.

malized distance that depends on K. For K values of
500, 100, 20, 5, and 1 the change from repulsion (P
positive) to attraction (P negative) is at values of r of
1.02, 1.05, 1.12, 1.26, and 1.62. Thus, for equal and
same sign charges on the droplet and particle, the image
charge force dominates for the particle as far away from
the droplet surface as 60% of the radius of the droplet.
The air flows relative to the droplet at a speed whose
asymptotic value is U` and carries the charged particle
towards the droplet against the repulsion. If K and the
lumped parameter BC/U` are not so large that the par-
ticle is repulsed as fast as the radial component of the
flow carries it towards the droplet, then the particle will
pass through the radial distance of maximum repulsion,
and then in most cases it will pass through the transition
to attraction and collide with the droplet, as the image
forces increase very rapidly as r tends to 1.

Equation (9) was integrated numerically with a stan-
dard numerical integration package on a VAX 4000/500
computer, for K values of 0, 61, 62, 65, 610, etc., to
61000, in combination with BC/U` values of 2 3 1029,

5 3 1029, 1 3 1028, 2 3 1028, etc., to 2 3 101. Fig.
3 shows a sample of calculated trajectories similar to
those utilized for like charges on droplets and aerosols
and BC/U` ranging from 2 3 1026 to 7 3 1021. For
each combination of K and BC/U` a family of trajec-
tories was calculated, with increasing offset x from the
axis of symmetry, as illustrated. There is a maximum
initial offset xmax for which an aerosol collision with the
sphere will occur, that is, the trajectory with x equal to
xmax is a trajectory that crosses r 5 1, and the trajectory
with x greater than xmax passes by. The initial placement
of the aerosol particle was offset horizontally from the
vertical axis through the center of the droplet at a dis-
tance of six radii below the droplet center although Fig.
3 (to save space) only shows the trajectory from three
radii below.

For small BC/U` and small K there will always be a
capture for a small x, that is, the electrostatic repulsion
force does not produce a vertical component of drift
velocity as large as U`. The value of xmax initially in-
creases with BC/U` as the electrically induced velocity
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FIG. 4. Variation of xmax with BC/U`, for positive, zero, and negative
values of K, the ratio of droplet to particle charge. Each curve in the
family is labeled by its value of K. The collision efficiency is equal
to .2xmax

increases relative to U`, provided that the particle is
able to pass through the distance of maximum repulsion.
As BC/U` continues to increase this is no longer true,
and in Fig. 3 for K 5 2 and BC/U` 5 5 3 1021 the
repulsive force is great enough to prevent collisions for
any x.

Figure 4 is a plot of xmax values versus BC/U` in the
form of a family of curves for different values of K.
For small BC/U` the xmax values remain constant or
change only very slowly with K, that is, the net charge
on the droplet has little effect. For larger BC/U` with
positive K the values of xmax become zero with repulsion
preventing close approach, as discussed earlier. For larg-
er BC/U` values and increasingly negative K, the values
of xmax continue to increase.

Given that the collision efficiency E is the ratio of
the initial volume occupied by those aerosol particles
that collide in a time interval of say Dt compared to the
volume swept out by the falling droplet in the same time
interval, the collision efficiency is just

2 2 2E 5 px U Dt/[p(1.0) U Dt] 5 x .max ` ` max (11)

Figures 5–8 contain plots of collision efficiency
as a function of aerosol radius, which we denote a,2xmax

for a given droplet radius A and net charge Q. A family
of curves is given in each case covering different values
of aerosol particle charge q. (The values of Q and q on
the figures are in terms of elementary charges e, where
e 5 1.602 3 10219 Coulombs.) The family of curves
corresponds to the family of K values selected previ-

ously with Q determining q in each case, which together
with a and A determine the BC/U` values used to obtain
the required xmax value. This xmax value is an interpolation
of the array of xmax values obtained from the numerical
integrations from which Fig. 4 was derived.

The value of the mobility B as a function of particle
radius a is given by

B 5 (1 1 aNKn)/(6phaa), (12)

where NKn is the Knudsen number, which is the ratio of
the mean free path of air molecules to the radius of the
particle, a is a slowly varying constant of order unity
(Pruppacher and Klett 1997, section 11.3), and ha is the
dynamic viscosity coefficient of air that we take as being
1.68 3 1025 kg m s21 to represent midtropospheric air.
For a particle of radius 0.1 mm the value of B used was
8.67 3 1010 kg21s. The values of U` as a function of
droplet radius are taken from the curves of Pruppacher
and Klett (1997, section 10.3.6) as appropriate for drop-
lets falling in air of density and temperature of the mid-
troposphere. All of the families of curves for positive
K (i.e., for droplet and particles with charges of the same
sign) are similar and can be transformed to match each
other for a given K value by appropriate displacements
along the horizontal axis. The same is true for the fam-
ilies of curves for zero K and for negative K. The dis-
placements are nonuniform in a.

The curves of Fig. 5 are for droplets of 42-mm radius
and include some of the results from Wang et al. (1978).
In Fig. 5a the heavy solid and dashed curves are for
collision efficiencies in the absence of electrical effects
for RH of 100%, 95%, and 75%. The charges on the
droplet and particles were of opposite sign and propor-
tional to the square of their radii, so that the particle
charge varies along the length of the two light lines,
which are for the electrically enhanced collision rates
at 95% and 75% RH, with a charge of 273 400e on
the droplet. The continuous lines change to dashed lines
when inertial effects are included and Brownian motion
is neglected. The charges on the aerosol particles range
from less than 1e up to 42e, between 0.1- and 1.0-mm
radius. Implications were drawn, from the enormous
charge required on the droplet for a significant increase
in collision efficiency, that electrical effects on droplet–
aerosol particle collisions would be insignificant except
in thunderclouds.

Figures 5b, 5c, and 5d show the collision efficiencies
from the present calculations, with zero droplet charge
in 5b, and 1500e and 2500e in 5c and 5d. The particle
charges range from 5 to 500e. The curves for the ab-
sence of electrical effects at 100% and 95% RH are
included for comparison. These RH values are repre-
sentative of an environment that is at or above ice sat-
uration for a temperature less than 258C. The results
demonstrate that when image charges are considered it
is possible to obtain more than one order of magnitude
increase in collision efficiency with only 100e on the
aerosol particles, and this applies for aerosols of radii
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FIG. 5. Collision efficiency for aerosol particles of radius a with droplets of radius A 5 42 mm and charge Q. The heavy solid curves2xmax

are from Wang et al. (1978) for Brownian and phoretic effects, and the dashed curves are for phoretic and inertial effects, with RH as
indicated. For (a) the light curves are the results of Wang et al. (1978) for the sum of the electrical and other effects, with particle charges
varying as a2, of magnitude 0.4e for a 5 0.1 mm, and 42e for a 5 1.0 mm. The droplet charge is of opposite sign to that of the particles
and is 273 400e. For (b), (c), and (d) the light curves are the present calculations for electrical effects only, with the family of curves for
particle charges q independent of a and ranging from 5 to 500e as designated. The droplet charge is zero, 1500e, and 2500e in (b), (c),
and (d). The circled points in (b) are for the image charge calculations of Grover and Beard (1975).

0.1–1.0 mm even when there is a charge of the same
sign of as much as 500e on the droplet.

In Fig. 5b (zero droplet charge) the circled points are
from Grover and Beard (1975) and are in reasonable
agreement with the present results. The small differ-
ences could be due to the use of midtropospheric tem-
peratures and pressures and the Stokes flow approxi-
mation in the present calculations.

A comparison of Figs. 5b, 5c, and 5d indicates that
varying the droplet charge from 2500e to 1500e has
significant effects only for aerosol particles smaller than
about 0.1 mm. For the larger particles almost all of the
increase in collision efficiency is due to image charges
and the effect of the droplet charge Q is minor. For the
smaller particles a same-sign change on the droplet re-
duces the collision efficiency, which goes to zero if Q
5 1500e and the particle size is less than 0.01 mm, as
shown in Fig. 5c. For opposite-sign changes on the drop-
let, the collision efficiencies are markedly increased for
the smaller aerosol particles, as shown in Fig. 5d.

Figure 6 shows results in the same format for droplets
of radius 30 mm and charges of zero, 1500e, 2500e,
and 1100e. In the latter case the range of particle charg-
es was from 1e to 100e. From a comparison of Figs.
5b, 5c, and 5d on the one hand with Figs. 6a, 6b, and
6c on the other we can see the effects of droplet size
on collision efficiency for a given charge (say 100e) on
the aerosol particle. Confining ourselves for simplicity
to considering the larger-sized particles, the effect of a
smaller droplet (smaller U` at constant B and C) is a
larger absolute collision efficiency. The increase for the
30-mm droplets as compared to that for the 42-mm drop-
lets is about 30%. In terms of Fig. 4, a smaller U`

implies a larger BC/U` and a larger xmax in the region
of independence of K. It should be noted however, that
when the relative change in collision efficiency over
values for uncharged aerosol particles (heavy curves) is
considered, rather than the change in absolute collision
efficiency, the decrease in droplet size produces about
a 30% decrease in the relative collision efficiency.

The effect of the decrease in droplet charge on the
aerosol particle radius at which maximum collision ef-
ficiency occurs (for like charges on droplet and particle)
is illustrated by a comparison of Figs. 6b and 6d. The
peak in moves to smaller values of a with the re-2xmax

duction in Q.
Figures 7, 8, and 9 show results in the same format

as Fig. 6 for droplets of radii 18.6, 72, and 106 mm. As
expected from the previous result, the trend for smaller

absolute collision efficiencies with increasing droplet
size is confirmed over the whole range of droplet radius
from 18.6 to 106 mm. But again, when the relative
change in collision efficiency over values for uncharged
aerosol particles is considered, an increase in droplet
size produces an increase in the relative collision effi-
ciencies.

A droplet falling through a population of charged
aerosol particles will continuously collect particles and
their charge until it has accumulated so much charge
that the long range repulsion force prevents more col-
lection. It is possible to evaluate the maximum charge
collected by considering the artificial situation where
the aerosol particles are all of the same size and charge.
This leads to a result that has implications for the more
general atmospheric situation, as we will see. It is rel-
evant to cloud conditions such as in a downdraft where
a population of charged droplets is evaporating to main-
tain near 100% RH. The evaporation of the smaller
charged droplets down to haze particles, or in some
cases to dry aerosols, brings their fall velocity to zero
and facilitates their capture by image charge forces as
the larger droplets continue to fall through them. One
consequence of such a situation is that if the falling
droplets are supercooled, some of the aerosol particles
they collide with are likely to be active as ice forming
nuclei, and freezing of the droplets could result, as we
will discuss later. Another consequence is that the drop-
let will collect the charge of the particles it collides with.
The maximum charge that a falling droplet will collect
can be inferred from Table 1, which contains an array
of xmax values for positive K, arranged according to val-
ues of BC/U` and K. Consider a droplet of radius A
with some small or zero initial charge. The droplet ra-
dius and the radius of the aerosol particles and the
charge q that is on them together determine the value
of BC/U`. The initial value of K is small, and it increases
each time a collision occurs and a particle and its charge
are collected as the droplet descends. The values of
BC/U` remain essentially constant with K increasing,
so that the situation is equivalent to starting with a value
of K and xmax near the bottom of the table and ascending
a column in the table with increasing K. (The droplet
radius increases as particles are collected, but only very
slightly.) The maximum charge that can be collected by
the descending droplet before the collision efficiency
goes to zero is defined by Kmax, which is the value of
K for which xmax goes to zero on ascending the column.
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FIG. 6. Collision efficiency for aerosol particles of radius a with droplets of radius A 5 30 mm and charge Q. The heavy solid curves2xmax

are from Wang et al. (1978) for Brownian and phoretic effects with RH as indicated. The families of light curves are the present calculations
for electrical effects only. For (a), (b), and (c) the light curves represent droplet charges of zero, 1500, and 2500e, respectively, and particle
charges of 1e–500e. For (d) the light curves represent a droplet charge of 1100e and particle charges of 1–100e.
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FIG. 7. Collision efficiency for particles of radius a with droplets of radius A 5 18.6 mm and other parameters as in Fig. 6.2xmax
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FIG. 8. Collision efficiency for particles of radius a with droplets of radius A 5 72 mm and other parameters as in Fig. 6.2xmax
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FIG. 9. Collision efficiency for particles of radius a with droplets of radius A 5 106 mm and other parameters as in Fig. 6.2xmax
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TABLE 1. The selected values of xmax for various BC/U` and K values to show the maximum value of K that can be gained by collision
with charged aerosol particles. When the particle charges are all the same this is equivalent to estimating the maximum charge that can be
gained by the droplet. Fixing the value of droplet radius fixes the value of U`, and then there are combinations of values of aerosol particle
radius and charge that apply to each column designated by a BC/U` value in the table.

BC/U` 2 3 1026 1 3 1025 5 3 1025 2 3 1024 1 3 1023 5 3 1023 2 3 1022 1 3 1021 5 3 1021 2 3 100

K xmax as a function of BC/U` and K

1000
500
200
100

50
20
10

5
2
1

0
0.02
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05

0
0.03
0.05
0.07
0.07
0.07
0.08
0.08
0.08

0
0.04
0.08
0.10
0.11
0.11
0.11
0.12

0
0.06
0.12
0.15
0.16
0.16
0.16

0
0.11
0.18
0.22
0.24
0.25

0
0.15
0.27
0.34
0.36

0
0.22
0.42
0.48

0
0.40
0.61

0
0.52 0

(BC/U`)K2
max 2 2.5 2 2 2.5 2 2 2.5 2 2

Thus, the descending droplet charges up to a maximum
charge of Qmax 5 qKmax.

The range of BC/U` values in the table for a given
droplet radius and particle radius corresponds to dif-
ferent charges on the particle. The set of zeros running
as a diagonal through the table suggest a power-law
relationship between Kmax and BC/U`. The row of num-
bers at the bottom of the table gives the product
(BC/U`) and it can be seen to be approximately2Kmax

constant. (The lack of smooth variation is due to the
finite step size in K.) The approximate constancy of the
product can be fitted to an approximate relationship Kmax

ø 1.5(BC/U`)21/2. Substituting for C we have
2 2 1/2 21/2Q ø 1.5q(4pe A /q ) (B /U ) , (13)max 0 `

1/2Q ø 1.5(4pe U /B) A. (14)max 0 `

Thus we find Q to be approximately independent of the
charge on the aerosol particles. The expression for max-
imum charge is thus appropriate when there is a distri-
bution of charge on aerosol particles in a field, provided
that they are monodispersive in size. Also, U` varies
approximately as A2 (Pruppacher and Klett 1997, section
10.3.6) so that Qmax varies approximately as A2. As ex-
amples of Qmax values from this formula, we consider
a 42-mm radius droplet and particles of radii 1 and 0.1
mm, respectively. The maximum charge accumulated by
this droplet is then 30 000 and 6000e, respectively. For
a 72-mm droplet with particles of radii of 1 and 0.1 mm
the maximum charges are 50 000 and 10 000e.

While the situation in the real atmosphere is consid-
erably more complicated, it does appear that the capture
of charged particles by a descending droplet represents
a droplet charging mechanism not hitherto recognized.

4. Lifetime of the charge on aerosol particles

The importance of these electrical effects in clouds
will depend directly on the time available for interaction
before the charge ‘‘leaks away’’ from the aerosol par-

ticle. The loss of charge by breakdown ionization of air
is unimportant for particles in the size and charge range
of interest here, because the electric field near the par-
ticle diverges rapidly, in a distance small compared to
that needed to initiate an electron avalanche.

The most important process for loss of charge is col-
lisions with, and capture of, air ions with charge of
opposite sign. The rate of neutralization of particle
charge by capture of air ions depends on their concen-
tration and their mobility. The major source of air ions
above the lowest 1 or 2 km in the atmosphere is cosmic
ray ion pair production. The initial positive and negative
ions immediately attach to air molecules, which in turn
attach to water molecules, with the size of the clusters
dependent on the RH. For clear dry air the concentration
and mobility of the air ions are fairly well known, but
for hazy and cloudy air both parameters are reduced to
a large and variable extent by the water vapor, haze
particles, and droplets. The ions attach to haze particles
and to water droplets, and mutual neutralization of pos-
itive and negative ions can occur on them. A large de-
crease in conductivity occurs in clouds and has been
found in layers of haze for which the RH is approaching
100% (Reiter 1992, section 4.2.2.1). Also, Dolezalek
(1963) and Anderson and Trent (1966) and others have
found a decrease in the conductivity of apparently clear
air before fog formation. Additional considerations are
the initial amount of charge on the droplet before evap-
oration, which will depend on the charging process, and
which is likely to involve the presence of excess charge
of one sign (space charge) in a volume of air. Some of
the excess charge may persist after the droplets have
evaporated, further slowing the rate of loss of charge
from the aerosol particle. We will now discuss factors
influencing the lifetime against loss of charge for par-
ticles in clear dry air in the midtroposphere, leading to
an estimate of the values in cloudy air.

The equations relevant to charging and discharging
aerosol particles by air ions are given in Pruppacher and
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TABLE 2. Values of the right-hand side of Eq. (22) that scale the initial lifetime of charge, on charged aerosol particles of radii a ranging
from 0.01 to 1.00 mm and with charge ranging from 1 to 500 elementary charges, with other parameters as in the text. The negative values
represent conditions for a particle to gain charge rather than lose it. The diagonal separating the positive and negative values represents
charge equilibrium with the lifetime tending to 6`.

a (mm)

q (e)

1 2 5 10 20 50 100 200 500

0.01
0.02
0.04
0.10
0.20
0.40
1.00

1.01
1.34

21.84
20.17
20.06
20.03
20.01

1.00
1.01
1.34

20.74
20.17
20.06
20.02

1.00
1.00
1.00
1.34

21.84
20.25
20.06

1.00
1.00
1.00
1.01
1.34

21.84
20.17

1.00
1.00
1.00
1.00
1.01
1.34

20.74

1.00
1.00
1.00
1.00
1.00
1.00
1.34

1.00
1.00
1.00
1.00
1.00
1.00
1.01

1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00

Klett (1997) in sections 18.1 and 18.2. They lead to the
following expressions for the case of a positively
charged particle, with charge qa and radius a, experi-
encing collisions with both positive and negative ions,
with each ion singly charged. We here denote the mag-
nitude of the elementary charge by qe to avoid confusion
with our usage in this section of e to denote the base
of natural logarithms. The flux of colliding positive ions
is

kT t
j 5 4pB n a (15)1 1 1 t1 2q e 2 1e

elementary charges per second and the flux of colliding
negative ions is

kT t
j 5 4pB n a (16)2 2 2 2t1 2q 1 2 ee

elementary charges per second where

q qa ct 5 (17)
4pe kTa0

with qa and qe in SI units, and where n1 and n2 are
the concentrations of positive and negative ions far
from the aerosol; B1 and B2 are the mobilities of the
positive and negative ions, and T is the absolute tem-
perature. The parameter t depends on the ratio of the
electrical potential of the ions at the particle surface
to their thermal energy. The decay of charge is ap-
proximately exponential when the charge is far from
its equilibrium value with an initial lifetime L against
decay given by

L 5 qa /(qe j1 2 qe j2) (18)

so that

1 qe 2t 21 t 215 {B n (1 2 e ) 2 B n (e 2 1) }. (19)2 2 1 1L e0

For t large compared to 1 (larger qa and/or smaller
a) the term (1 2 e2t )21 tends to 1 and the term (et 2
1)21 is small, so that the magnitude of j2 is large com-
pared to that of j1 and

L ; e0/s2, (20)

where s2 is the negative conductivity, given by

s2 5 qeB2n2. (21)

For t not large compared to 1 (smaller qa and/or
larger a) the decay is no longer quasi-exponential; the
thermal velocity of the ions becomes important and
also j1 tends to restore positive charge to the particle.
Given enough time, an equilibrium will be reached
with j1 5 j2 and with the magnitudes of the two terms
within the curly brackets on the right-hand side of (19)
being equal. In clear air B2 is 25%–40% larger than
B1 (Pruppacher and Klett 1997, section 18.1) and if
n1 5 n2 then t is approximately 20.3 at equilibrium
and there is on average a small negative charge on the
particle. Taking T 5 256 K and particles of radii 0.01,
0.1, and 1.0 mm the equilibrium average values of q
are 20.05qe , 20.5qe , and 25qe , respectively. How-
ever, if n1 is considerably greater than n2 as in the
cases of space charge layers in clouds to be discussed
later then the equilibrium charge on the particles will
remain positive and 1/L will go to zero before the par-
ticles have lost all their positive charge. For the same
temperature and n1 5 10n2 equilibrium is attained for
t ; 2.0, so that the equilibrium average charges on
particles of radii 0.01, 0.1, and 1.0 mm are 0.3qe , 3qe ,
and 30qe , respectively.

Equation (19) can be rewritten as

21
Ls B n2 1 12t 21 t 215 (1 2 e ) 2 (e 2 1) , (22)5 6e B n0 2 2

which again can be seen to reduce to (20) when t is
large with the expression within the curly brackets tend-
ing to 1. In Table 2 we show the values of the right-
hand side of this equation taking B2 as 36% larger than
B1 and n1 5 10n2 and a temperature of 256 K. The
values in this table can be multiplied by e0/s2 to give
the initial lifetime L against loss of charge for the spe-
cific values of particle radius and charge being consid-
ered. The negative values in the table represent condi-
tions for a particle to gain charge rather than lose it and
the boundary between positive and negative values is
for the Boltzman equilibrium with infinite lifetime. The
effect of the image charge of the ion in the particle has
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been neglected; it may have a small effect for particle
radii less than 0.04 mm.

When one applies this theory to an atmospheric en-
vironment, there is considerable uncertainty in deter-
mining the applicable values of atmospheric conduc-
tivity or the ion concentrations and mobilities that de-
termine the conductivity. One environment of interest
is the interface, at the tops of clouds, between cloudy
and clear air, where charged droplets are evaporating.
Provided the altitude is above the top of the mixing
layer, the conductivity of the clear, low humidity air
above the interface is fairly well determined and de-
pends on altitude, latitude, and phase of the solar cycle
(all affecting the cosmic ray flux and the ion production
rate) and on the amount of volcanic aerosol present.
Within the mixing layer the presence of dust and at-
mospheric pollutants of various kinds reduces the con-
ductivity, while radioactive materials lifted up from
the land surface increase it. These factors are reviewed
by Gringel et al. (1986). As noted, the concentration
of air ions and the conductivity within clouds are con-
siderably reduced by the attachment of air ions to drop-
lets and recombination of ions with those of opposite
sign on the surface of droplets. (Pruppacher and Klett
(1997, section 18.3) compare theory and observation
and report that within clouds the conductivity is re-
duced by a factor of between 3 and 40. Rust and Moore
(1974) found that the conductivity of cloudy air was
10% that of clear air at the same altitude. Thus to
estimate a value for s2 to use when applying the results
of Table 2 to clouds we take the representative value
of s2 5 10 3 10214 V21m21 at 5-km altitude (Gringel
et al. 1986) and reduce it by a factor of 10 for cloudy
air. For the limiting case of large aerosol particle charge
and small radius and with the above conductivity we
find the lifetime L 5 1014 e 0 , which is about 15 min.
Table 2 provides scaling factors for aerosols with
smaller charge and larger radii.

5. Implications of electroscavenging of evaporation
nuclei

a. Production of highly charged evaporation aerosols

At the tops of clouds the interface region between the
cloudy and clear air has been found to develop a positive
space charge, especially for stratus or stratocumulus
clouds (Reiter 1992, section 4.2.2.2; Pruppacher and
Klett 1997, section 18.4.1; MacGorman and Rust 1998,
chapter 2). A layer of negative space charge is often
found at cloud base. One of the authors (KB) is eval-
uating charges on cloud droplets from 1997–98 aircraft
observations during the Lake–ICE (Lake-Induced Con-
vection Experiment) project. Preliminary data indicate
positive charges in cloud-top turrets (Ochs et al. 1998)
and negative charges of 100e and greater within con-
vective elements of a stratocumulus cloud deck. The
presence of these space charge layers can be understood

as a consequence of the gradients of conductivity at the
cloud boundaries interacting with the current density
(Jz), which flows between the ionosphere and the surface
(Tinsley 1996; MacGorman and Rust 1998).

In the idealized case of horizontal stratification the
application of the Poisson equation ¹2f 5 2r/e0,
where f is the electrical potential and r is the space
charge density, leads to the relation r 5
2e0Jz(d/dz)(1/s). An illustration in terms of space
charge in the measured conductivity gradient at the top
of the mixing layer is given by Sagalyn and Faucher
(1956). The limiting case of conductivity going to zero
in an ideal horizontally stratified layer results in positive
space charge accumulating above it and negative space
charge below it, so that in ;103 s (the time constant of
the ionosphere–earth as a plane-parallel capacitor) the
full 250 kV of ionosphere–earth potential difference
would appear across the layer of zero conductivity. But
in real clouds this limit is not reached, even if the con-
ductivity was effectively zero, because of the transport
of charge by turbulence and the finite horizontal extent
of the cloud.

For nonthunderstorm warm clouds charges of up to
several hundred elementary charges are measured on
droplets of radius 25–40 mm (Pruppacher and Klett, Fig.
18-1). The process by which the space charge is trans-
ferred from ions and aerosol particles to droplets may
include drift charging and other processes not well un-
derstood (including that suggested at the end of section
3, when repeated cycles of evaporation and collection
in downdrafts are occurring, as in weak turbulence).
Whatever the charging mechanism, the droplets with
charges up to several hundred elementary charges will
be subject to evaporation in downdrafts. At cloud top
mixing with dry air (which may contain space charge)
can occur with evaporation proceeding down to dry
aerosol particles. Further mixing then brings these into
the cloud in microscale dry layers and larger droplets
fall into these.

Little charge is lost from droplets by the evaporation
process (Robertson 1969) resulting in a population of
highly charged evaporation nuclei (Beard 1992), which
are then subject to a slow loss of charge with lifetime
L as discussed. It is apparent from the present calcu-
lations that the action of image charges ensures that
electrical effects dominate collision rates of these evap-
oration nuclei with other droplets, with as little as a few
tens of elementary charges on the aerosols.

b. Evaporation aerosols as ice nuclei

Aerosol resulting from evaporation of cloud droplets
have surface properties that enhance ice nucleation, such
as soluble surface impurities (see Beard 1992) and in-
soluble organic compounds previously scavenged from
the air (Garrett 1978). As previously noted, evaporation
nuclei have been found to be considerably more effec-
tive as ice forming nuclei than aerosol particles that have
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not been processed through clouds (Rosinski and Mor-
gan 1991; Beard 1992; Rosinski 1995). The processes
described above produce charged evaporation nuclei and
enhanced collision rates, and when the cloud droplets
are supercooled they may result in significant amounts
of ice nucleation.

It is beyond the scope of this paper to attempt quan-
titative evaluation of ice nucleation rates in the atmo-
sphere via the processes described above, but it seems
possible that the rate could be high enough to be the
dominant initial ice nucleation process in many clouds.
At present we are unable to compare it with possible
alternative processes, for example, the cooling enhance-
ment of ice nucleation for evaporating droplets sug-
gested by Cooper (1995).

Much could be learned from laboratory measure-
ments of freezing rates for collisions of charged evap-
oration nuclei with suspended supercooled droplets.
Also, it is desirable to extend the present calculations
to include Brownian, phoretic, and inertial effects si-
multaneously with the electrical effects, and to include
the effects of the finite size and mass of the evaporation
nuclei.

The uncertainties could be greatly reduced by at-
mospheric in situ measurements of droplet size and
charge distributions, aerosol particle size and charge
distributions, ice crystal concentrations, small ion con-
centrations and mobilities, electric fields and conduc-
tivity. Measurements to quantify mixing rates would
also be valuable. Measurements should be focused on
weakly electrified clouds and in clouds where ice is just
beginning to form.

6. Conclusions

We have calculated the effect of electrostatic charge
on aerosol particles on their collision efficiencies with
droplets. Such charged aerosol particles are formed from
evaporating charged droplets in space charge layers at
the tops of clouds. The image charge forces produce a
large increase in the collision efficiency compared to
that for uncharged particles, even in cases where there
is a droplet charge of the same sign and magnitude as
on the aerosol particles. The results are contrary to the
general assumption that for nonthunderstorm clouds any
electrical effects on cloud microphysics are unimpor-
tant. Thus, scavenging rates for charged evaporation
aerosols are considerably enhanced, and this also con-
stitutes a previously unrecognized droplet charging pro-
cess.

The results also suggest that contact ice nucleation
processes will be enhanced, especially since evapo-
ration aerosol particles are considered to be good ice-
forming nuclei, but a number of uncertainties preclude
an accurate evaluation of ice nucleation rates at pre-
sent. The results are relevant to the long-standing prob-
lem of ice nucleation rates in some clouds being much

higher than can be accounted for by counts of ice-
forming nuclei.
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