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Abstract Simulations and parameterization of collision rate coefficients for aerosol particles with 3 μm
radius droplets have been extended to a range of particle densities up to 2,000 kg m�3 for
midtropospheric (~5 km) conditions (540 hPa, �17°C). The increasing weight has no effect on collisions for
particle radii less than 0.2 μm, but for greater radii the weight effect becomes significant and usually
decreases the collision rate coefficient. When increasing size and density of particles make the fall speed of
the particle relative to undisturbed air approach to that of the droplet, the effect of the particle falling away in
the stagnation region ahead of the droplet becomes important, and the probability of frontside collisions
can decrease to zero. Collisions on the rear side of the droplet can be enhanced as particle weight increases,
and for this the weight effect tends to increase the rate coefficients. For charges on the droplet and for large
particles with density ρ < 1,000 kg m�3 the predominant effect increases in rate coefficient due to the
short-range attractive image electric force. With density ρ above about 1,000 kg m�3, the stagnation region
prevents particles moving close to the droplet and reduces the effect of these short-range forces. Together
with previous work, it is now possible to obtain collision rate coefficients for realistic combinations of
droplet charge, particle charge, droplet radius, particle radius, particle density, and relative humidity in
clouds. The parameterization allows rapid access to these values for use in cloud models.

Plain Language Summary Atmospheric electric charges affect the rate of collision with droplets of
aerosol particles acting as condensation nuclei and ice-forming nuclei. This changes their concentrations and
can generate primary ice, affecting the development of clouds, and explains observations of cloud and
surface pressure responses to changes in atmospheric electricity. We have modeled these collision rates as
functions of electric charges, particle radii and density, and relative humidity, extending previous results for a
range of droplet radii. We give the results in a form easily incorporated into cloud models.

1. Introduction
1.1. Atmospheric Relevance

Electric charges on droplets and aerosol particles in clouds cause size-dependent changes in collision rates
and thus in collection rates of aerosol particles (in-cloud scavenging) (Pruppacher & Klett, 1997). Under some
conditions such charge effects may result in changes in the concentrations and size distributions of cloud
condensation nuclei (CCN) and ice-nucleating particles (INP) both within clouds and in air masses after the
clouds dissipate or precipitate. A scenario for this involves the space charge that is generated at cloud bound-
aries when the current density (Jz) in the global electric circuit flows downward through the conductivity gra-
dients at the boundaries of clouds, in accordance with Poisson’s equation (Zhou & Tinsley, 2007). The space
charge consists of an excess of charge of one sign and the charges attach to aerosol particles and droplets.
For small particles the same sign charges on droplets and particles tend to reduce collision rates due to the
long-range repulsive Coulomb force (Tinsley, 2010; Tinsley et al., 2006). We call this reduction in collision rates
electroantiscavenging. For opposite signs of charges on droplets and small particles the collision rates are
increased; however, in the space charge regions the net effect of the greater concentration of same sign
charges is a decrease in scavenging rates.

For large particles, irrespective of the signs of the particles and droplets, the particle charges tend to increase
the collision rates, due to the short-range image electric force (Zhang & Tinsley, 2017; Zhou et al., 2009). Thus,
even in cloud interiors in the absence of space charge, with equal numbers of charged aerosol particles of
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both signs present, the collision rates for the larger aerosol particles will increase. We call such increases in
rates electroscavenging. The electroscavenging and electroantiscavenging effects are together called
“charge modulation of aerosol scavenging” or CMAS (Tinsley, 2010).

Excluding the enormous amounts of charge generated in thunderstorms, the largest amounts of space
charge are found at the upper and lower boundaries of stratus clouds, the upper boundaries of layers of haze
and sea-salt aerosol over the oceans, and the upper boundary of tropospheric mixing. The thickness of the
layers and the dilution of the space charge depend on the strength of mixing at the boundaries. Recent mod-
els and observations of cloud charging have been given by Zhou and Tinsley (2007, 2012) and by Nicoll and
Harrison (2016); in addition, there is an extensive review by Pruppacher and Klett (1997).

Changes in scavenging rates affect the concentrations and size distributions of CCN and INP, by cumulative
losses with electroscavenging or cumulative gains with electroantiscavenging compared to the reductions
that would otherwise have appeared with Brownian and/or phoretic scavenging. Lifetimes for such changes
can be estimated from the collision rate coefficients, as in Tinsley (2010, section 8 and Table 1).

Although no quantitative models have been constructed, it was suggested by Zhou et al. (2017) that electro-
antiscavenging of ultrafine aerosol particles could provide an explanation for the increases in polar cloud
cover associated with observed pressure variations correlated with Jz changes. For stratus clouds changes
in the concentration of CCN can cause significant changes in cloud cover (Rosenfeld et al., 2006; Twomey,
1977). Statistical evidence has been advanced for responses of Antarctic and Arctic meteorology to Jz
changes, including those induced by the solar wind (Burns et al., 2008; Kniveton et al., 2008; Lam et al.,
2013, 2014, 2017; Zhou et al., 2017). The correlations of Arctic and Antarctic cloud cover opacity changes
by Frederick (2016, 2017) with magnetic activity are also correlations with Jz changes in those regions asso-
ciated with auroral current systems (Frank-Kamenetsky et al., 2012). The day-to-day timescale of these corre-
lations and the fact that they have the same sensitivity to the external solar wind-induced Jz changes as to the
internal thunderstorm-induced Jz changes (Burns et al., 2008) renders implausible explanations other than
electrically induced changes in cloud microphysics.

It was suggested by Tinsley (2012) that some or all of increases in electroantiscavenging of small CCN, elec-
troscavenging of large CCN, and electroscavenging of contact ice nuclei could provide an explanation for
observed correlations of winter storm vorticity with changes in Jz. These correlations may be due to storm
invigoration (Rosenfeld et al., 2008; Tinsley, 2012; Tinsley & Yu, 2004). For contact ice nucleation, the work
of Yang et al. (2015) adds to that of Abbas and Latham (1969) discussed by Tinsley and Dean (1991), suggest-
ing that liquid shear in the strong electric fields between the charged particle and its image, at themoment of
contact of a charged INP with a supercooled droplet, may further increase the efficiency and thus the amount
of contact ice nucleation.

Within updrafts the collection rates of INP acting as contact ice nuclei (above the freezing level) or as immer-
sion nuclei (when later carried above the freezing level) are negligible when only diffusion and the repulsive
phoretic force (that acts with relative humidity (RH) greater than 100%) are considered (Young, 1993, section
4.5.3). (Immersion nucleation involves INP that are collected at temperatures too high for freezing but that
initiate freezing when the liquid droplet is cooled down sufficiently and together with contact nucleation
are defined by Vali (1985) and Ladino et al., (2013). Thus, electric charges on the INP can significantly increase
the electroscavenging and therefore collection rates for immersion and contact nucleation in updrafts, as we
showed in Zhang and Tinsley (2017) and shown in section 3.3 of this work.

In previous work simulations and parameterizations were made for particle density ρ = 500 kg m�3 for dro-
plets of 3 μm radius (Zhang & Tinsley, 2017) and also for 6 μm and 15 μm radii droplets (Tinsley & Leddon,
2013; Tinsley & Zhou, 2015). Generally, the simulations have been made, as in this work, for midtropospheric
(~5 km) conditions (540 hPa, �17°C), but simulations for altitudes from the surface to 20 km were made by
Tinsley and Leddon (2013). For the higher-particle densities and the 3 μm radius droplets considered in this
work the interactions are more complex, due to the smaller differences in fall speeds and the larger effect of
the flow around the particle (fap) on the droplet trajectories.

In this work, we continue to investigate the CMAS effects as a function of particle density for the
smaller droplets and the larger particle sizes, such as the larger and more effective and higher-density
mineral INP with their greater numbers of nucleation sites (Ladino et al., 2013). We provide accurate
parameterizations of the results and in addition approximations where they may be useful. This work
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extends the previous work on CMAS for larger droplets to a lower range of droplet sizes. It makes
possible, for use in cloud models, more of the full range of droplet sizes and particle densities involved
in in-cloud scavenging.

2. Basic Theory and Methods
2.1. Development From Previous Work

In this work we apply a Monte Carlo trajectory model to calculate the collision rate coefficient, using the tra-
jectory model with Brownian diffusion, which has continually evolved (Tinsley, 2010; Tinsley & Leddon, 2013;
Tinsley & Zhou, 2015; Zhang, 2017; Zhang & Tinsley, 2017) and which now includes effects of weight, inter-
cept, fap, phoretic forces, electric forces, and diffusion. The Brownian diffusion is simulated by Monte Carlo
selection of three random numbers to give increments of displacement in three dimensions, as described
by Tinsley (2010, sections 2 and 3). The electric forces in this model include image electric forces as well as
the Coulomb force and are as given by Davis (1964a, 1964b) and Khain et al., (2004) with the several
approaches that have been used compared in Zhou et al. (2009, section 3.1 and Figure 1). Formulas for the
variation of the thermophoretic and diffusiophoretic forces with RH are given in Appendix A of Tinsley
et al. (2006), based on Pruppacher and Klett (1997) (see also Davenport & Peters, 1978). These are not the
same as those that are often used, for example, as given by Andronache et al. (2006) or Wang et al. (2010),
where in their equation A3 the parameter αth incorrectly uses the droplet diameter instead of the particle dia-
meter for the Knudsen number.

The air flow around the droplets and particles is given by a merging of the Proudman and Pearson and
Oseen flow fields (Tinsley et al., 2006). For the effects of fap on the droplet trajectory we use the super-
position approach (Langmuir, 1948; Tinsley et al., 2006) as will be discussed in a later section. These
effects are considerable when the particle sizes are comparable to those of the droplets and hence impor-
tant for the collision rates of micron-sized particles with the 3 μm droplets in this paper. For the slow fall
speeds and slow encounters between the objects only a few microns in size, the inertial effects are neg-
ligible and are not included. We express the results of our trajectory simulations as collision rate coeffi-
cients in units of m3 s�1, which when multiplied by the concentration of the droplets and the
concentration of the particles gives the rate of collisions per unit volume per unit time (m�3 s�1). With
our Monte Carlo approach to determine the probability of collisions, this definition arises (Tinsley, 2010,
section 4) by a summation over the probabilities for collision, for particle trajectories starting from points
below the droplet, as functions of increasing offsets from a vertical axis through the droplet center. Its use
is equivalent to, and combines, the use of collision kernel, collision efficiency, and swept volume
(Pruppacher & Klett, 1997).

2.2. Effects of Particle Density for Large Particles and Small Droplets
2.2.1. Fall Speed of Droplets and Particles
The density of particles with radius greater than 1.25 μm near the Earth’s surface is dependent on particle
species, and Hand and Kreidenweis (2002) showed that the average value of retrieved effective density for
near-surface particles in Southwest Texas was 1.85 ± .14 g cm�3 or 1,850 kg m�3. In the atmosphere and
in clouds, aerosol particles can exist in both liquid and solid forms, for example, the density of liquid sulfuric
acid is 1,100 to 1,800 kg m�3, depending on concentration. For organic carbon the density is about
1,400 kg m�3, for silicate particles about 2,000 kg m�3, and for sea salt about 2,100 kg m�3 (Hand &
Kreidenweis, 2002, and references therein). If the shape of particles is irregular and elongated, then the
effective density could be as low as 500 kg m�3 (Pruppacher & Klett, 1997). In our model, five values of par-
ticle density ρ are applied: 1, 500, 1,000, 1,500, 2,000 kg m�3. We include the case of particle density
ρ = 1 kg m�3, which is not realistic, in order to show the collision rate coefficient in the absence of the effect
of weight.

Aerosol particles fall in air due to gravity, and for particles of radius a, a constant fall speed relative to undis-
turbed air, Ua,∞, is reached when the drag force is equal to their gravitational forcemg, wherem is themass of
the particle and g is the gravitational acceleration. The drag force is given by

⇀
Fdrag ¼

⇀vf �⇀v
Bp að Þ (1)
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where vf
⇀
is the velocity of air flow, v

⇀
is the velocity of the particle, and Bp(a)

is the mobility of the particle (Tinsley et al., 2006). Thus, the fall speed of
the particle relative to undisturbed air is

Ua;∞ ¼ Bp að Þmg (2)

The fall speed of droplet relative to undisturbed air UA, ∞ can also be
obtained by replacing the particle radius a and mass m with droplet
radius A and mass M and mobility of the droplet Bd (A)
in equation (2).

For particles with radius 0.1 μm ≤ a ≤ 3.0 μm, the particle mobility is
roughly inversely proportional to radius, Bp(a) ∝ 1/a, and so that the fall
speed of particle relative to undisturbed air is approximately proportional
to particle density ρ and the square of particle radius, Ua, ∞ ∝ ρa2. The fall
speed of the particle relative to undisturbed air Ua, ∞ approaches the dro-

plet’s fall speed UA, ∞ when the particle radius a approaches the value of A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1; 000=ρ

p
. If the particle radius continues to increase, its fall speed in

undisturbed air could exceed that of the droplet, in which case it could
not be overtaken by the droplet. Therefore, in our model the maximum
radius of the particle is set to be 2.3 μm for a particle with density of
1,500 kg m�3 and set to be 2.0 μm for a particle with density of
2,000 kg m�3.
2.2.2. Stagnation Region and Rear Capture
In our trajectory model, the coordinate system is centered on the fall-
ing droplet, so that in this frame, the air flows upward around the
droplet. The speed of air flow is UA,∞ far from the droplet and gradu-
ally decreases toward the droplet, until it reaches zero at the droplet
surface. The particles are released below the droplet and then move
upward with the flow and through the flow to the extent that any
forces are present. If only the gravitational force is present, then
according to equations (1) and (2), we have

vf
⇀ � v

⇀
���

��� ¼ Ua;∞ (3)

The velocity of air flow vf
⇀
is roughly equal to the fall speed of droplet UA, ∞ relative to undisturbed air except

for the position very close to droplet surface; thus,

⇀vf �⇀vj j
⇀vfj j ≈

Ua;∞

UA;∞
(4)

As the particle radius decreases the fall speed of the particle Ua, ∞ decreases rapidly and consequently if the

particle radius is small enough that the right side of equation (4) will be negligible and the particle velocity v
⇀

will be very close to the velocity of air flow vf
⇀
; thus, for very small particles the trajectories without diffusion

will coincide with the flow lines, and the diffusion of particles is independent of particle density; therefore, the
collision rate coefficients for small particles do not depend on particle density. In the presence of electrical
and phoretic forces the particle motion departs from the flow lines, and this departure is also independent
of particle density.

However, for large particles the trajectories without diffusion will depart from the flow lines if the weight of
particle is considerable, and normally, the weight effect will reduce the collision rate coefficient through pull-
ing the particle away from the droplet. Figure 1 illustrates the trajectories of 1.5 μm particles around a 3.0 μm
droplet in the absence of electric forces, phoretic forces, and diffusion, with particle densities ρ from 500 to
2,000 kg m�3. The inner circle represents the droplet radius, the outer circle corresponds to the sum of dro-
plet and particle radii, and the particle will collide with the droplet when the trajectories reach the
outer circle.

Figure 1. Trajectories of 1.5 μm particles around 3.0 μm droplets for particle
density ρ = 500, 1,000, 1,500, and 2,000 kg m�3 and no diffusion. The inner
black circle represents the droplet, and the outer blue circle corresponds
to the sum of droplet and particle radius. As the particle density increases its
fall speed approaches that of the droplet and the particle does not penetrate
a “stagnation” region of low flow speed around the droplet, but is diverted
to the side, reducing the collision rate. For the 1,500 and 2,000 kg m�3

particles the collision rate becomes zero.
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In the coordinates of the droplet, the speed of air flowwill decrease to zero
at the droplet surface, and immediately below the droplet there must exist
a stagnation point where the upward air flow is reduced sufficiently that
the particle falls at the same speed as the droplet; that is, it comes to rest
relative to the droplet. Between it and the droplet there is a stagnation
region within which the upward drag force on the particle at rest relative
to the droplet is less than the particle weight and into which particles
could not enter without diffusion, inertia, or attractive forces, so that the
stagnation region prevents particles from colliding on the front side of
droplet and the flow diverts them to the side. As shown in Figure 1, for par-
ticles with density of 500 kg m�3 the trajectories are roughly aligned with
flow lines as the weight of particles is small, and collisions occur at the
front side of droplet. As the particle density increases, the trajectories of
particles fall across the flow lines due to the increasing weight, and it is
more difficult for particles to collide at the front side of droplet. For parti-
cles with higher density the particle could not collide on the front surface
of droplet without diffusion, as shown by the cases for particles with den-
sity of 1,500 and 2,000 kg m�3 in Figure 1. Tinsley et al. (2006) have inves-
tigated the effect of the stagnation region in consideration of the weight
and inertia (not important for A = 3 μm) of particles and electric forces
for A = 20 μm droplets.

When particles are carried into the low flow region behind the falling dro-
plet, the gravitational force will move the particle toward the droplet. In
the presence of diffusion, particles can enter the low flow region through
random movement, and with the downward gravitational force it can col-
lide with the rear side of droplet. Figure 2 illustrates the trajectories of par-
ticles around a droplet in consideration of diffusion, with droplet radius
A = 3.0 μm, particle radius a = 2.0 μm, and particle densities ρ from 500
to 2,000 kgm�3. It can be seen that collisions occur at the front side of dro-

plet for particle density ρ< 1,000 kg m�3 and at the rear side for ρ≥ 1,000 kg m�3. The process of rear-side
collision is quite nonlinear and increases the collision rate coefficient for increasing particle weight. When
the fall speed of the particle increases toward that of the droplet, the relative speed between droplet and par-
ticle becomes smaller, and more time is needed for the droplet to encounter the particles released below; in
other words, there is more time for diffusion which allows some of the particles to traverse the flow lines and
fall into the low flow region, and in this way increase the collision rate coefficient.
2.2.3. Flow Around the Particle (fap)
In our Monte Carlo Trajectory Model the effects of the drag force on the droplet exerted by fap are consid-
ered, as well as the intercept effect and the electric, phoretic, and gravitational forces. The superposition
method (Langmuir, 1948) is used to simulate fap. This approach was used by Tinsley et al. (2006, section 2
and Figures 1, 2, and 5), with the coordinates of the droplet center as affected by the stream function around
the particle being adjusted alternately with the coordinates of the particle center as affected by the stream
function around the droplet.

The control function of the droplet is

m1
d v

⇀

dt
¼ vf

⇀ � v
⇀

Bd Að Þ þ f e
⇀

þ f g
⇀

(5)

wherem1 is the mass of the droplet, v
⇀
is the velocity of the droplet, vf

⇀
is the disturbance of air flow caused by

the particle, Bd(A) is the droplet mobility, f e
⇀
are the electric forces, and f g

⇀
is the gravitational force. Assuming

that the inertia of the droplet is negligible so that the left-hand side of (5) can be taken as zero and that the
electric forces are negligible, then the velocity of the droplet is

v
⇀ ¼ vf

⇀ þU
⇀

A;∞ (6)

where UA,∞ = fgBp (A) is the fall speed of the droplet relative to the undisturbed air. When the particle is far
away from the droplet, the disturbance of air flow vf

⇀
is negligible, so that the speed of droplet is equal to

Figure 2. Trajectories of 2.0 μm particles around 3.0 μm droplets with inclu-
sion of diffusion, with particle density ρ = 500, 1,000, 1,500, and 2,000 kgm�3

respectively. The effects of diffusion are to move particles across flow lines
so that the weight of the particle then allows it to fall toward the droplet on
the backside, in the low flow speed region.
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UA, ∞. When the droplet and the particle are close, if we assume that the
disturbance of air flowvf

⇀
is similar as the fall speed of the particle relative

to undisturbed air Ua, ∞, then the relative disturbance of droplet velocity
caused by the flow around particle is roughly

v⇀ �U
⇀

A;∞

���
���

U
⇀

A;∞

���
���

≈
Ua;∞

UA;∞
(7)

According to equation (7), if the fall speed of the particle Ua, ∞ is much
smaller than the fall speed of the droplet UA, ∞, then the fap effect can
be neglected. In our model, we neglect the fap effect when the relative
disturbance is less than 1%. Due to the fall speed of the droplet and par-
ticle relative to undisturbed air being approximately proportional to the
square of their radii, the fap usually starts to take effect when the particle
radius is larger than 10% of the droplet radius.

Figure 3 shows the collision rate coefficient calculated by our Monte
Carlo Trajectory Model, in the absence of electric and phoretic forces
and with and without fap, by the solid and dashed lines, for particles
with density ranging from 500 to 2,000 kg m�3. We can see that the
fap effect is negligible for a < 0.3 μm for all particle densities. When
a> 0.3 μmand for particles with density of 500 kgm�3, the collision rate
coefficient with fap is always greater than without fap, and the differ-
ence is greater for larger particle radii. This is because the drag force
exerted on the droplet caused by fap tends to drag the droplet down-
ward. As shown in Figure 2, the collision occurs at the front side of dro-

plet for particle density less than that of the droplet, so that the fap effect drags the droplet toward the particle
and enhances the collision rates, and the larger the particle radius the greater the fap effect becomes. But for
particles with density 1,000 kg m�3 to 2,000 kg m�3 the collision rate coefficient with fap will first tend to be
greater than that without fap for the same reason as for the 500 kgm�3 particles; that is, the collision occurs at
the front side of droplet for small particles with large density. However, as shown in Figure 3, as the particle
radius becomes larger the collision rate coefficient with fap tends to be smaller than without fap. There are
two contributing effects, one is that the drag force exerted on the droplet caused by fap is always downward
and for a larger particle with larger density the collision mainly occurs at the rear side of the droplet, and the
drag force tends to push the droplet away from the particle and thus decreases the collision rate coefficients.
The second effect is that for particles with larger radius and larger density, their fall speed Ua, ∞ approaches that
of the droplet UA, ∞, and so the relative speed is small and there is more time for random Brownian diffusion to
transport the particle close to the droplet. So diffusion tends to increase the collision rate coefficient. However,
the fap effect tends to increase the relative speed between the droplet and particles and so decreases the time
for diffusion, making the collision rate coefficient with fap smaller than without fap in these cases.

2.3. Input Values and Approach to Parameterization

In the previous paper (Zhang & Tinsley, 2017), the collision rate coefficients obtained with the trajectory
model are designated as RQ, q, A, a, RH (where Q is the droplet charge, q is the particle charge, A is the droplet
radius, a is the particle radius, and RH is the relative humidity). For convenience, in that work the collision rate
coefficient is abbreviated as RQ, q, RH. The particle density ρ in previous work was fixed at 500 kg m�3, and in
this paper we evaluate the collision rate coefficient for an extended range of particle density, for midtropo-
spheric conditions P = 540 hPa, and T = 256.15 K as before. Now the collision rate coefficients are designated
as RQ, q, A, a, RH, ρ and abbreviated as RQ, q, RH, ρ. The values of ρ usedwere 1, 500, 1,000, 1,500, and 2,000 kgm

�3.
The value of A used was 3 μm, while the values of a used were 0.2, 0.3, 0.4, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0,
2.25, and 2.5 μm for particle density less than or equal to 1,000 kg m�3, while the maximum values of a were
2.3 and 2.0 μm for particle densities of 1,500 and 2,000 kg m�3, respectively. The particle charges q were 0e,
10e, 20e, and 50e, and the droplet charges Qwere 0e, ±10e, ±20e, ±50e, and ±100e, where e is the elementary
charge. The values of RH were 95%, 98%, 99%, 100%, and 101%. For a< 0.2 μm the effect of particle weight is

Figure 3. Effects of flow around the particle (fap) and density in the absence
of charges and phoretic effects. Collision rate coefficients R0,0,100%,ρ
(m3 s�1) calculated without fap (dashed lines) and with fap (solid lines), with
particle density ρ = 500, 1,000, 1,500, and 2,000 kg m�3 respectively. The
large increase in collision rate coefficient due to fap for ρ = 500 kg m�3 is for
all particle radii but is reduced to successively smaller ranges of particle radii
as the density increases. Thus, for ρ = 2,000 kg m�3 the increase is present
only between 0.4 and 0.9 μm particle radii. The nonlinear rate increases for
larger radii and densities are due to increasing weight, fap, and rear collisions
as the particle fall speeds approach that of the droplet.
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negligible so the results of the previous work for particle density of
500 kg m�3 have been utilized, as given in Tables A1 to A5 in Zhang and
Tinsley (2017).

The computational uncertainties of the collision rate coefficient in present
simulations are less than 1% for most cases, except for limiting cases of
high particle density and strong repulsive force for which the collision rate
coefficients are small. Because of computing time limitations, it is imprac-
tical to further reduce the uncertainty by increasing the number of trials.

The collision rate coefficients RQ,q,A,a,RH,ρ are affected by as many as six of
the variables Q, q, A, a, RH, and ρ, and it would be an enormous amount of
work to calculate the rate coefficient separately for each combination of
variables while running cloud models. Parameterization of the collision
rate coefficients as a function of these variables was initiated by the work
of Tinsley and Leddon (2013) and Tinsley and Zhou (2015) who parame-
terized the simulated results of RQ,q,A,a,100%,500, that is, for varying Q, q, A,
a, RH = 100%, and ρ = 500 kg m�3. Zhang and Tinsley (2017) extended
the simulations for RH variations 95% to 101% for droplet radius
A = 3.0 μm and parameterized the simulated results of RQ,q,3,a,RH,500. In
the present work, we extend the simulations for a range of particle den-
sities 1 to 2,000 kg m�3 and parameterize the collision rate coefficients
for RQ,q,3,a,RH,ρ. In future work with particle density variations, we plan
to extend the values of droplet radius and fully parameterize the collision
rate coefficients for RQ,q,A,a,RH,ρ.

To parameterize the collision rate coefficients, we first fit the simulated results of collision rate coefficient R0,0,
RH,ρ for zero droplet charge and zero particle charge as a function of a, RH, and ρ. Starting from this base level,
we then fit R0,q,RH,ρ and RQ,0,RH,ρ, which represent the effect of image electric forces induced by particles and
droplet charges, respectively. The collision rate coefficients vary differently for attractive and repulsive
Coulomb forces, so then we fit RQ,q,RH,ρ for opposite sign and same sign charges separately. For the above
fitting processes, we separate the particle density into two ranges, ρ < 1,000 kg m�3 and ρ ≥ 1,000 kg m�3,
as the weight effects are different for low and high particle densities. We provide graphical results to illustrate
the types of variations present and their physical causes and give numerical values of the results in the sup-
porting information for this paper. We have parameterized the results to allow for their use in cloud models,
with the parameters and a code to utilize them also in the supporting information.

3. Results
3.1. Collision Rate Coefficients R0, 0, RH, ρ and Parameterization for Zero-Charged Droplet and Particles

Figure 4 shows the simulated results of collision rate coefficients R0, 0, RH, ρ for zero charges on the droplet and
particles, with RH = 95%, 98%, 99%, 100%, and 101% and with particle density ρ = 1, 500, 1,000, 1,500, and
2,000 kg m�3. It is evident that for small particles with radius a < 0.2 μm the collision rate coefficient is the
same for different particle densities due to the gravitational force being negligible compared with the phore-
tic forces and diffusion or to electric forces when the particles are charged. Thus, in this paper we only deal
with particles with radius a ≥ 0.2 μm.

In Figure 4 the separation of the families of curves on the left and into the center is due to the variation of the
phoretic force. As the weight, fap, and rear collisions increase relative to phoretic effects with increasing par-
ticle radius, the curves begin to converge again on the right.

The simulated results for collision rate coefficients in Figure 4 are on a logarithmic scale and suggest that for a
given RH and density, the differences between the collision rate coefficients for particles with density of ρ and
those with density of 500 kg m�3 are very approximately about the same for all values of RH, including
RH = 100%, so that the effects of density and RH are roughly independent over most of their ranges, that is

R0;0;RH;ρ � R0;0;RH;500 ≈ R0;0;100;ρ � R0;0;100;500 (8)

Figure 4. Effects of density and relative humidity (RH) in the absence of
charges. Simulated collision rate coefficients R0,0,RH,ρ with RH = 95%, 98%,
99%, 100%, and 101% and particle density ρ = 1, 500, 1,000, 1,500, and
2,000 kg m�3. The separation of the families of RH curves on the left is the
effect of the phoretic forces. The separation within the RH families in the
center and right and the crossover for the curves for density 2,000 kg m�3 at
RH 100%and 101%are due to the increasingweight, flow around the particle,
and rear collisions as the particle fall speeds approach that of the droplet.
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The actual variation of the differences is evidently a slowly varying function of density and phoretic forces
and suggests that a useful parameterization for the difference would be in terms of polynomials of the satura-
tion s = (RH � 100), the density difference (ρ � 500), and the particle radius a.

The lower the RH, the stronger the effect of phoretic forces. As shown in Figure 4 for RH = 95% the weight
effect is negligible if the particle radius is less than 1.5 μm. We have shown in the previous paper (Zhang &
Tinsley, 2017) that for 3 μm radius droplets the phoretic forces reach a maximum at the particle radius of
about 1.0 μm. Thus, for larger particles the phoretic forces decrease and the weight increases, so that the
weight effect needs to be considered for the large particles even if the RH is less than 95%.

For the simulated results of RH = 100%, as shown by the solid lines in Figure 4, and for particles with density
ρ = 1,500 and 2,000 kgm�3, the weight effect tends to increase the collision rate coefficient when the particle
radius is large enough to make the fall speed of the particle relative to undisturbed air approach to that of the
droplet. This can be seen in Figure 4 as the line for ρ = 2,000 kgm�3 crosses the line of ρ = 1,500 kgm�3 at the
particle radius of about 1.4 μm for RH = 100%. This occurs because for large particles with higher densities the
collisions occur at the rear side of droplet, and the process is strongly nonlinear. Also, when the fall speed of
particle approaches that of droplet, there is a longer time for the random movement of particles to bring
some of them closer to the droplet.

Figure 5 shows the simulated collision rate coefficients for zero charges and RH = 100% as functions of par-
ticle density and radius. It can be seen that the rates vary approximately log linearly with particle density
when ρ < 1,000 kg m�3 and become nonlinear for particle density ρ ≥ 1,000 kg m�3. This log linear pattern
for particle density ρ< 1,000 kgm�3 still holds for RH ≠ 100% (not shown). Figure 5 indicates that the collision
rate coefficient varies with particle density in different ways for low and high particle densities, so that for
parameterization it will be necessary to fit the collision rate coefficients for particle density less and greater
than 1,000 kg m�3 separately.

The collision rate coefficients R0,0,RH,ρ will be used as the base level for the further fitting of RQ,q,RH,ρ. In
order to fit R0,0,RH,ρ with high accuracy, we have calculated the collision rate coefficients for particle densi-
ties of ρ = 250, 750, 1,100, 1,250, and 1,750 kg m�3. First, for ρ < 1,000 kg m�3, the collision rate coefficient
R0,0,RH,ρ is given in the form of a polynomial in ρ, s, and a by the following expression:

R0;0;RH;ρ � R0;0;RH;500 ¼ ∑i;j;kAi;j;k ρ� 500ð Þisjak (9)

where i= 1, 2; j= 0, 1, 2, 3; k= 0, 1, 2; and s = RH � 100 is the saturation.

The values of R0,0,RH,500 were obtained from Zhang and Tinsley (2017) using their expressions (1) to (12). The
right side of equation (9) represents the summation, for each set of i, j, and k, the product of a coefficient Ai,j,k,
and terms which are the values of ρ, s, and a raised to the powers of i, j, and k, respectively, where the specific
values of i, j, and k to be used are given above. The 24 values of the coefficients Ai,j,k for the 24 sets of the
indices i, j, and k in equation (9) are given in the file, listed as Table S2 under the label “A” in the supporting
information. We have given a code “calc_rtcoef.csv” in the file listed as Data Set S1 in the supporting informa-
tion that can be used to quickly calculate the value of the collision rate coefficient from our parameterization
for any value of ρ, s, and a. For use in this code the file “Table S2” in the supporting Information should be re-
named “parameter1.txt”. Similarly, the file “Text S2” should be re-named “parameter1.txt”.

Second, for particle density ρ ≥ 1,000 kg m�3, the collision rate coefficients R0, 0, RH, ρ are nonlinear and fitted
in logarithmic form of another polynomial:

log10R0;0;RH;r � log10R0;0;RH;500 ¼ ∑i;j;kBi;j;k ρ� 500ð Þi sjak (10)

where i=1, 2, 3, 4, 5;j=0, 1, 2, 3, 4; k=0, 1, 2, 3, 4; and the 125 values of Bi, j, k for the 125 sets of indices can be
found in the file parameter2 under the label “B” in the supporting information. As before, and for similar
expressions later in this paper, the code calc_rtcoef.csv in the supporting information can be used to quickly
obtain desired values of the collision rate coefficient.

With RH decreasing below 95%, the saturation s becomes an increasingly negative value, and the expressions
in equations (9) and (10), given in the form of polynomials that include powers of the saturation s, become
the sums of large negative and large positive terms, with increasing errors, so that they should not be
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used to estimate the collision rate coefficient in this case. However, if the
RH < 95%, equation (8) is a better approximation for R0,0,RH,ρ, and from
the trends in Figure 4 it can be seen that if RH ≪ 95%, the weight effect
is negligible and we have R0,0,RH,ρ ≈ R0,0,RH,500.

3.2. Collision Rate Coefficients R0, q, RH, ρ and Parameterizations for
Charged Particles and Uncharged Droplets

With particle charge q ≠ 0e, the image electric force induced by particles
tends to increase the collision rate coefficient, and this effect is more
significant for small particles due to their high mobility. Figure 6 shows
the collision rate coefficient R0, q, RH, ρ for RH = 100%, with zero droplet
charge; particle charge q = 0e, 10e, 20e, 50e, and 100e; and particle
density ρ = 1, 500, 1,000, 1,500, and 2,000 kg m�3. The effect of image
electric force dominates for small particles with radius less than 0.2 μm,
while intercept, fap, and weight effects become significant for larger
particles.

For particle densities ρ ≥ 1,000 kg m�3, the effect of the image electric
force decreases for large particles. This is because the stagnation region
prevents particles from moving close to the droplet as in Figures 1 and
2, which limits the range for the short-range image electric force, and
hence, its effect on the collision rate coefficient for heavy particles is
weaker. At the particle radius for which the fall speed Ua, ∞ of the particle
equals UA, ∞, the fall speed of the droplet, the rate coefficient vanishes
because the approach to the droplet does not begin.

For particle density ρ < 1,000 kg m�3, the collision rate coefficient can be approximately estimated by

R0;q;RH;ρ ≈ R0;q;RH;500 þ R0;0;RH;ρ � R0;0;RH;500 (11)

The values of R0,q,RH,500 simulated by Zhang and Tinsley (2017) have been supplemented with some new
simulations of greater accuracy. For the present work new parameterizations of R0,q,RH,500 in accordance with
the equations (17) and (18) of Zhang and Tinsley (2017) are given in the file (for use as parameter1.txt), listed
as Text S2 of the supporting information, under the label “B1” for a ≤ 0.2 μm with RH < 100%, the label “B2”
for a ≤ 0.2 μmwith RH ≥ 100%, the label “C1” for a ≥ 0.2 μmwith RH< 100%, and the label “C2” for a ≥ 0.2 μm
with RH ≥ 100%.

Figure 7 compares the two sides of equation (11) for RH = 100%, with the small squares being the simulated
results of collision rate coefficient R0, q, RH, ρ and the lines being the results of R0, 0, RH, ρ+ R0, q, RH, 500� R0, 0, RH,
500. It is clear that the two sides of equation (11) match well over most of the range. For the case of particle
charge q = 100e and droplet density ρ = 1,000 kg m�3, the collision rate coefficients are overestimated by
about 10% as shown in Figure 7; this is because the effects of image electric force and weight are both strong,
and the collision rate coefficient is not accurately estimated by the sum of the two effects. In addition, for the
cases of RH ≠ 100% which are not shown, equation (11) still holds well. In the right side of equation (11) the
term R0,0,RH,ρ � R0,0,RH,500 changes roughly linearly with particle density for ρ < 1,000 kg m�3, and as
shown in Figure 5, the collision rate coefficients R0,q,RH,ρ are also approximately linear with particle density
for ρ < 1,000 kg m�3.

For particle density ρ < 1,000 kg m�3, we make a more accurate fit for R0,q,RH,ρ in the form

R0;q;RH;ρ � R0;q;RH;500 � R0;0;RH;ρ þ R0;0;RH;500 ¼ ∑i;j;k;rCi;j;k;r ρ� 500ð Þi qj jj skar (12)

where i = 1, 2; j = 1, 2; k = 0, 1, 2, 3; r = 0, 1, 2, 3; and the 64 values of Ci, j, k, r can be found in the file parameter2
under the label “C” in the supporting information.

As the left side in equation (12) is equal to zero if ρ = 500 kg m�3 or q = 0e, the values of “i” and “j” start from 1
rather than from 0. With RH < 95% or particle charge q > 100e, we can apply equation (11) to estimate the
collision rate coefficient.

Figure 5. Effects on collision rates of the particle radius and density, in the
absence of charges and phoretic effects. Simulated collision rate coeffi-
cients R0,0,100%,ρ for a wide range of particle densities ρ and particle radii a.
On the left the rate coefficients for particle densities less than 1,000 kg m�3

vary log linearly with particle radius and particle density. On the right, with
ρ > 1,000 kg m�3 and increasing particle radii, the rates reflect increasingly
nonlinear interactions of weight, flow around the particle, and rear collisions
as the fall speed of the particle approaches that of the droplet.
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For particle density ρ ≥ 1,000 kg m�3, we fit R0,q,RH,ρ more accurately in the form:

log10R0;q;RH;ρ � log10R0;q;RH;500 � log10R0;0;RH;ρ þ log10R0;0;RH;500 ¼ ∑i;j;k;rDi;j;k;r ρ� 500ð Þi qj jjskar (13)

where i = 1, 2, 3; j = 1, 2, 3; k = 0, 1, 2, 3, 4; r = 0, 1, 2, 3, 4; and the 225
values of Di, j, k, r can be found in the file parameter2 under the label
“D” in the supporting information. With the RH < 95%, the attractive
phoretic forces are strong and the collision rate coefficient can be esti-
mated as R0,0,RH,ρ ≈ R0,q,RH,1000, for which the value of R0,q,RH,1000 can
be calculated by equation (11).

3.3. Collision Rate Coefficients RQ,0,RH,ρ and Parameterization for
Charged Droplets and Uncharged Particles

With droplet charge Q ≠ 0e the droplet can induce an image elec-
tric force on large particles, irrespective of the charge on the parti-
cle. Figure 8 shows, for particle charge q = 0 and RH = 100%, the
collision rate coefficient RQ,0,RH,ρ for droplet charge Q = 0e, 10e,
20e, 50e, and 100e and particle density ρ = 1, 500, 1,000, 1,500,
and 2,000 kg m�3, in which the effect of image electric force is
negligible for small particles and increases with droplet charge.
The curves separate in the middle of the figure because of greater
weight effects and greater image charge forces for the larger parti-
cles. The collision rate coefficients RQ,0,RH,ρ for different droplet
charges converge for particle density 1,500 and 2,000 kg m�3, as
for the collision rate coefficient R0,q,RH,ρ in Figure 6. The reason is
also that the stagnation region prevents particles from moving
close to the droplet, so the effect of the short-range droplet

Figure 6. Effects of density and particle charges. Simulated collision rate coefficients, R0,q,100%,ρ, with particle charge
q = 0e, 10e, 20e, 50e, and 100e and particle density ρ = 1, 500, 1,000, 1,500, and 2,000 kg m�3. The separation of the
families of curves on the left is due to the image attractive forces increasing with particle charge. The separation in the
center within charge families is due to increased flow around the particle, weight, and rear collisions. There is a conver-
gence as a function of density on the right, and for density of 1,500 and 2,000 kg m�3 the curves terminate when the
particle fall speed is the same as the droplet fall speed.

Figure 7. Comparison of simulations and approximate fitting for effects of particle
charges. Small squares are simulated results of collision rate coefficient R0,q,100%,ρ,
and lines are the result for R0,0,100%,ρ + R0,q,100%,500 � R0,0,100%,500; for particle
charge q = 10e, 20e, 50e, and 100e; and particle density ρ = 1 and 1,000 kgm�3. The
agreement is good over most of the range, but the approximate fit (line) overes-
timates the rates by about 10% for q = 100e.
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image electric force on the collision rate coefficient is increasingly limited as the fall speed of the particle
in the undisturbed air approaches that of the droplet. As in Figure 6 the curves for ρ = 1,500 and
2,000 kg m�3 terminate when the fall speeds are equal.

For particle density ρ < 1,000 kg m�3 the collision rate coefficient can be approximately estimated by

RQ;0;RH;ρ ≈ R0;0;RH;ρ þ RQ;0;RH;500 � R0;0;RH;500 (14)

The variation of RQ,0,RH, ρ with RH and Q is shown in Figure 9 as small squares, together with the lines which
are the variation of the right side of equation (14).

It is apparent that equation (14) is a good approximation to the collision rate coefficient over most of the
range; however, for RH = 101% the approximation overestimates the collision rate coefficient a little for dro-
plet charge Q = 50e and 100e and particle density ρ = 1,000 kg m�3, as the total effects of attractive image
force, repulsive phoretic forces, and gravitational force are not accurately estimated by the sum of
each effect.

The very low collision rates for RH = 101% result from the repulsive phoretic force negating diffusion, and the
increase due to the droplet image charge Q = 100e is about a factor of 4 at a ≈ 2 μm. A similar effect was
found for particle image charge (Zhang & Tinsley, 2017, Figure 6), where for q = 10e there was a factor of 3
increase at a ≈ 0.5 μm, and for q = 20e there was a factor of 12 increase.

For particle density ρ ≤ 1,000 kg m�3, we fit RQ, 0, RH, ρ more accurately in the form

RQ;0;RH;ρ � RQ;0;RH;500 � R0;0;RH;ρ þ R0;0;RH;500 ¼ ∑i;j;k;rEi;j;k;r ρ� 500ð Þi Qj jj skar (15)

where i = 1, 2; j = 1, 2; k = 0, 1, 2, 3; and r = 0, 1, 2, 3. A new parameterization of RQ,0,RH,500 in accordance
with Zhang and Tinsley (2017, equation 21) is given in the file parameter1 under the label “D” for
a ≥ 0.5 μm. For a < 0.5 μm there is negligible effect of droplet image charge, and RQ,0,RH,500 = R0,0,
RH,500. The 64 values of Ei,j,k,r can be found in the file parameter2 under the label “E” in the supporting
information. As the left side in equation (15) is equal to zero if ρ = 500 kg m�3 or q = 0e, the values
of i and j in the right side start from 1 rather than 0. With RH < 95% or droplet charge Q > 100e the

Figure 8. Effects of density and droplet charges. Simulated results of collision rate coefficient RQ,0,100%,ρ for droplet charge
Q = 0e, 10e, 20e, 50e, and 100e and particle density ρ = 1, 500, 1,000, 1,500, and 2,000 kg m�3. The curve separates in the
middle range of particle radii, due to the droplet image attractive force increasing with particle radii for a given droplet
charge. As in Figure 6, the amount of convergence of curves to the right increases with increasing density, and the curves
terminate at the radius where the particle fall speed equals that of the droplet.
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polynomial |Q|jsk in equation (15) may diverge, then equation (14) is a good alternative to estimate the
collision rate coefficient.

For particle density ρ ≥ 1,000 kg m�3, we fit RQ,0,RH,ρ in the form

log10RQ;0;RH;ρ � log10RQ;0;RH;500 � log10R0;0;RH;ρ þ log10R0;0;RH;500 ¼ ∑i;j;k;rFi;j;k;r ρ� 500ð Þi Qj jj skar (16)

where i = 1, 2, 3; j = 1, 2, 3; k = 0, 1, 2, 3, 4; and r = 0, 1, 2, 3, 4 and 225 values of Fi,j,k,r can be found in the file
parameter2 under the label “F” in the supporting information. When the RH < 95%, the attractive phoretic
forces are strong and the collision rate coefficient can be estimated as RQ,0,RH,ρ ≈ RQ,0,RH,1000 for which the
value of RQ,0,RH,1000 can be calculated by equation (14).

3.4. Collision Rate Coefficients RQ,q,RH,ρ and Parameterization for Opposite Sign Droplet Charge and
Particle Charge

Figure 10 shows the collision rate coefficients for RH = 100%, particle charge q = 10e, droplet charge Q = 0e,
�10e,�20e,�50e, and�100e and particle density ρ = 1, 500, 1,000, 1,500, and 2,000 kg m�3. The separation
of the families of curves of a given droplet charge for a< 1 μm is due to the combined Coulomb and particle
image attractive forces. With increasing weight the separation within charge families leads to convergence as
a function of density at the larger particle radii, together with the effects of increasing fap and rear collisions.
The density families terminate when the particle fall speed equals that of the droplet.

For particle densityρ<1,000 kg m�3, the effects of Coulomb forces for opposite sign droplet and particle
charges are approximately independent of the weight effect, and a good estimation of collision rate coeffi-
cient is given as

RQ;q;RH;ρ ≈ R0;q;RH;ρ þ RQ;q;RH;500 � R0;q;RH;500 (17)

Figure 11 compares the two sides of equation (17) for RH = 100%, particle charge q = 10e, and particle
densities ρ = 1 and 1,000 kg m�3. The small squares represent the simulated results of collision rate

Figure 9. Comparison of simulations and approximate fitting for effects of droplet charges Q. Small squares are the simu-
lated collision rate coefficients RQ,0,RH,ρ and lines are the results of R0,0,RH,ρ + RQ,0,RH,500� R0,0,RH,500, forQ = 10e, 20e, 50e,
and 100e; RH = 95%, 98%, 99%, 100%, and 101%; and particle density ρ = 1 and 1,000 kg m�3. The agreement with this
approximate formula is good except for particle charges of 50e and 100e for RH = 101%. The very low collision rates for
RH = 101% result from the repulsive phoretic forces negating diffusion. The increase due to the droplet image charge for
RH = 101% is about a factor of 4 at a ≈ 2 μm.
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Figure 10. Effects of density of particles on collision rate coefficients RQ,q,100%,ρ for opposite sign droplet and particle
charges. The droplet charges are Q = 0e, �10e, �20e, �50e, and �100e; and particle densities are ρ = 1, 500, 1,000,
1,500, and 2,000 kgm�3. The separation of curves for charge families beginning on the left is due to the attractive Coulomb
force, with droplet image charge attractive force increasing toward the right. The separation as a function of density in
the center and convergence toward the right for larger densities and increasing radii are due to increasing weight, flow
around the particle, and rear collisions as particle fall speeds approach that of the droplet.

Figure 11. Comparison of simulations and approximate fitting for effects of opposite sign particle and droplet charges.
Small squares are the simulated result of collision rate coefficient RQ,q,100%,ρ; lines are the results of R0,q,100%,ρ + RQ,
q,100%,500 � R0,q,100%,500 for droplet charges Q = �10e, �20e, �50e, and �100e and particle densities ρ = 1 and
1,000 kg m�3. For this lower range of particle densities this approximation fits the simulations reasonably well.
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coefficient and the lines representing the result of R0,q,RH,ρ + RQ,q,RH, 500 � R0,q,RH,500. It is evident that
equation (17) fits the simulation well for this lower range of particle densities. Also (not shown), for
RH = 95%, 98%, 99%, and 101% and particle charge q = 20e and 50e, equation (17) is also quite valid.
For particle density ρ ≥ 1,000 kg m�3, equation (17) is still applicable for small particles but is only a poor
estimate of the collision rate coefficient for large particles. Unlike Figures 6 and 8, in which the collision
rate coefficients of ρ ≥ 1,000 kg m�3 for different charges tend to converge at the particle radius where
the fall speed of particles in quiet air is equal to that of the droplet, the collision rate coefficients in
Figure 11 do not converge at large particle radius. This is because the long-range Coulomb force acts ear-
lier in the trajectory and its effect is not strongly influenced by the presence of the stagnation region near
the droplet.

For particle density ρ < 1,000 kg m�3, we fit the collision rate coefficient more accurately as follows:

RQ;q;RH;ρ � R0;q;RH;ρ � RQ;0;RH;ρ þ R0;0;RH;ρ
� �� RQ;q;RH;500 � R0;q;RH;500 � RQ;0;RH;500 þ R0;0;RH;500

� �

¼ ∑i;j;k;r;tGi;j;k;r;t ρ� 500ð Þi Qj jj qj jksrat (18)

where i = 1, 2; j = 1, 2; k = 1, 2; r = 0, 1, 2, 3; and t = 0, 1, 2, 3. For RQ,q,RH,500 a new parameterization for a< 0.2 μm
in accordance with equations (23) and (24) of Zhang and Tinsley (2017) is given in the file parameter1 of the
supporting information, under the label “F”. The parameterization for a ≥ 0.2 μm in accordance with equa-
tions (25) and (26) of Zhang and Tinsley (2017) is given in the file parameter1 of the supporting information,
under the label “H.” The 128 values of Gi,j,k,r,t can be found in the file parameter2 under the label “G” in the
supporting information. When Q = 0e or q = 0e or ρ = 500 kg m�3, the left side is equal to zero, so that i, j,
and k start from 1 rather than 0.

For particle density ρ ≥ 1,000 kg m�3, the collision rate coefficients vary differently from those for particle
density ρ = 500 kg m�3, so that we fit the collision rate coefficient in the following way:

log10 RQ;q;RH;ρ � R0;q;RH;ρ
� �� log10 RQ;q;RH;500 � R0;q;RH;500

� � ¼ ∑i;j;k;r;tHi;j;k;r;t ρ� 500ð Þi Qj jj qj jksrat (19)

where i = 1, 2, 3; j = 0, 1, 2; k = 0, 1, 2; r = 0, 1, 2, 3; and t = 0, 1, 2, 3, 4 and the 540 values of Hi,j,k,r,t can be found
in the file parameter2 under the label “H” in the supporting information.

3.5. Collision Rate Coefficients RQ,q,RH,ρ and Parameterization for Same Sign Droplet Charge and
Particle Charge

Figure 12 shows the collision rate coefficient RQ,q,RH,ρ for RH = 100%; particle charge q = 10e; particle charge
Q = 0e, 10e, 20e, 50e, and 100e; and particle density ρ = 1, 500, 1,000, 1,500, and 2,000 kg m�3. The collision
rate coefficients for large particle radii are strongly affected by particle density, because the repulsive
Coulomb force for the same sign charges acts in opposition to the effects of attractive forces and diffusion.
For particle charge q = 20e and 50e (not shown) the Coulomb repulsion is even greater as are the effects
of particle density. The decrease in rate coefficient for droplet charges 50e and 100e for a< 0.5 μm is because
for small particles the long-range Coulomb repulsion force has a greater effect than the short-range image
attractive forces. With increasing particle radii the separation within charge families as a function of density
is reduced, leading to convergence for specific densities at large particle radii. Again, the terminations of the
curves, at increased rate coefficients, for ρ = 1,500 and 2,000 kg m�3, are due to the increasing weight, fap,
and rear collisions as the fall speeds of the particles approach that of the droplet.

For RH ≤ 95% (not shown), and in contrast to the case for opposite sign charges on droplets and particles,
where the weight effect is small or even negligible compared with the electric and phoretic effects, the
weight effect is still considerable.

In Figure 12, for particle density ρ < 1,000 kg m�3 with RH = 100%, when the particle radius a ≥ 2.0 μm,
the collision rate coefficient RQ,q,RH,ρ for large droplet charges can be greater than that for small droplet
charges. For example R100,10,100%,1000 > R10,10,100%,1000. This is because the image electric force induced
by the droplet charges becomes greater on larger particles. This phenomenon disappears for particle
density ρ ≥ 1,000 kg m�3, because, with particles less able to enter the stagnation region near the
droplet, the effects of the long-range Coulomb force dominate over those of the short-range image
electric force.
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When the droplet and particle charges are same sign, the range of collision rate coefficients is very wide, so
that they are fitted in the logarithmic mode for the full range of ρ as follows:

log10RQ;q;RH;ρ � log10R0;q;RH;ρ � log10RQ;q;RH;500 þ log10RQ;q;RH;500 ¼ ∑i;j;k;r;tUi;j;k;r;t ρ� 500ð Þi Qj jj qj jksrat (20)

where i = 1, 2, 3, 4; j = 1, 2; k = 1, 2; r = 0, 1, 2, 3, 4; and t = 0, 1, 2, 3, 4, 5. For RQ,q,RH,500 a new parameterization
for a< 0.2 μm in accordance with equations (29) and (30) of Zhang and Tinsley (2017) is given in the file para-
meter1 of the supporting information, under the label “M.” The parameterization for a ≥ 0.2 μm in accordance
with equations (31) and (32) of Zhang and Tinsley (2017) is given in the file parameter1 of the supporting
information, under the label “V.” The 480 values of Ui,j,k,r,t can be found in the file parameter2 under the label
“U” in the supporting information.

4. Discussion and Conclusion

Simulations and parameterization of collision rate coefficients for 3 μm radius droplets have been extended
to a wide range of particle densities. For small particles with radius less than 0.2 μm the weight effect can be
neglected, while it becomes significant for greater particles. In this paper, we only calculate and parameterize
the collision rate coefficient for particle radii a ≥ 0.2 μm to investigate the weight effect.

For particle density ρ ≥ 1,000 kg m�3, the weight of the particles tends to pull them away from the droplet
and thus reduces the collision rate coefficient. The collision rate coefficients vary approximately linearly with
particle density in the absence of phoretic forces and electric forces for particle density ρ < 1,000 kg m�3.
Also, the weight effect is roughly independent of the effects of other forces, and the collision rate coefficients
can be obtained approximately by the sum of each effect if the other forces are not strongly repulsive. If the
RH is very low, the effect of phoretic forces can predominate over the weight effect and then the weight
effect can be neglected.

For particle density ρ ≥ 1,000 kg m�3, the effect of the stagnation region ahead of the droplet in conjunction
with the particle’s weight becomes significant and results in complex effects. First, the stagnation region can

Figure 12. Effects of density on collision rate coefficients RQ,q,100%,ρ for same sign droplet and particle charges. Results for
droplet charges Q = 0e, 10e, 20e, 50e, and 100e and particle density ρ = 1, 500, 1,000, 1,500, and 2,000 kg m�3. Here the
separation of charge family curves on the left is due to the stronger Coulomb repulsion than particle image attraction
forces. The separation within the charge families in the center and convergence toward the right as a function of density
are due to the increasing weight, flow around the particle, and rear collisions.
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prevent the collision occurring at the front side of the droplet while diverting particles for collisions at its rear.
When the fall speed of the particle relative to undisturbed air approaches that of the droplet, more time is
available for particles released below to pass near the droplet. Thus, diffusion can transport more particles
behind the droplet to the region through which particles can fall and collide with the rear of the droplet.
Thus, in this condition the weight effect tends to increase rather than decrease the collision rate coefficient.
Second, the tendency for the particles to be excluded from the stagnation region prevents the short-range
image electric forces acting, while it has little influence on the effects of the long-range Coulomb forces.
Thus, when the fall speed of particle relative to undisturbed air approaches to that of droplet, the effect of
short-range image electric forces is negligible. For particles with density ρ ≥ 1,000 kg m�3, the image electric
forces can be more significant than the Coulomb force and enhance the process of scavenging even if dro-
plet and particles have the same sign charge. However, for large particles with density ρ ≥ 1,000 kg m�3 with
the same sign charge as droplet, the effects of image electric forces are reduced and the repulsive Coulomb
force is predominant.

The parameterization can be applied with caution outside the temperature and pressure values of 540 hPa
and 256 K. Changes in the rate coefficients with altitude can be estimated from Figure 8 in Tinsley and
Leddon (2013). Going down from 540 hPa to the surface or up to 300 hPa, the rates change by less than 20%.

In brief, the collision rate coefficients become very complex when the weight effect is included in conjunction
with diffusion, electric forces, phoretic forces, intercept effect, and fap. We have parameterized the simulated
results of the collision rate coefficients to make it easy for them to be applied in cloud models and compared
with observations, such as discussed in the section “Atmospheric Relevance.” In previous comparisons with
field experiments of below-cloud scavenging (e.g., Andronache et al., 2006; Davenport & Peters, 1978;
Wang et al., 2010) the measured scavenging rates were found to be considerably greater than modeled.
This could partly be due to the neglect of image charges in the previous modeling, contributions from in-
cloud scavenging in air advected downward, other electrical and nonelectrical microphysical processes,
and errors in the models discussed in section 2.1, which substantially underestimate the collision rates.
There is a need for improved field measurements to compare with accurate models, for both below-cloud
and in-cloud scavenging, to resolve this.

For using the parameterized results, we have provided in the supporting information a file labeled Text S2
parameters fitted to slightly more accurate simulations for density 500 kg m�3 than in the previous paper
(Zhang & Tinsley, 2017). The files labeled Table S2 are for particle densities other than 500 kg m�3. The file
of Data Set S1 provides the code written in IDL to reconstruct the collision rate coefficients as required. We
have provided several approximate equations which could be useful in restricted applications.

In summary, we have obtained and parameterized collision rate coefficients RQ,q,A,a,RH,ρ for droplet radius
A = 3.0 μm and for a realistic set of droplet charges Q, particle charges q, particle radii a, relative humid-
ities RH, and particle densities ρ. We plan to complete the calculation and parameterization of collision
rate coefficients for greater droplet radii as a function of particle density in future work, so that, together
with previous work, the collision rate coefficients RQ,q,A,a,RH,ρ can be readily obtained for all needed cases
and applied in cloud models.
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