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ABSTRACT

Using an approximate numerical technique, we investigate the influence of coagulation, sedimentation
and turbulent motions on the observed droplet size distribution in the upper layers of the Venus clouds. If
the cloud mass mixing ratio is <1078 at 250 K or the eddy diffusivity throughout the cloud is >10¢ cm? s™,
then coagulation is unimportant. In this case, the observed droplet size distribution is the initial size dis-
tribution produced by the condensation of the droplets. We find that all cloud models with droplet formation
near the cloud top (e.g., a photochemical model) must produce the observed droplet size distribution by
condensation without subsequent modification by coagulation. We find, however, that neither meteoritic
or surface dust can supply sufficient nucleating particles to account for the observed droplet number density.
If, on the other hand, the cloud droplets are formed near the cloud bottom, the observed droplet size distribu-
tion can be produced solely by the interaction of coagulation and dynamics; all information about the initial
size distribution is lost. The eddy diffusivity is ~5X10% cm? s™. If droplet formation occurs near the cloud
bottom, then the lower atmosphere of Venus is oxidizing rather than reducing.

1. Introduction

The only clues to the structure of the extensive
cloud system on Venus come from the properties of
the topmost layers. The particles near the 50 mb
pressure level are liquid droplets with a narrow size
distribution about a mean effective radius of 1.05
+0.1 ym (Hansen and Hovenier, 1974) composed of
a 75-85%, concentrated sulfuric acid solution in water
(Young, 1973, 1975; Pollack e al., 1975). The mass
mixing ratio at different pressure levels has been in-
ferred from observations at different wavelengths:
~2X 107" near 5-10 mb (Goody, 1967; O’'Leary, 1975)
from ultraviolet and visible wavelength observations
of the limb, ~107% near S0 mb (Hansen and Hovenier,
1974) from visible wavelength polarization measure-
ments, ~2X107% near 200 mb (Regas e/ al., 1972,
1975) from near-infrared absorption line measure-
ments, and ~5X107% near 300 mb (Samuelson ¢ al.,
1975) from infrared observations. These values are
consistent with the microwave upper limit of ~10-3
(Rossow and Sagan, 1975). Lateral homogeneity was
demonstrated by the thermal infrared emission maps
analyzed by Ingersoll and Orton (1974), while Mari-
ner 10 limb photographs showed vertical inhomo-
geneity in the form of thin, detached haze layers
near the cloud top.

! Work begun while the author was at the Laboratory for
Planetary Studies, Cornell University.

These observations do not yet define uniquely the
structure of the top layers of the cloud. In this paper
we investigate the interaction of atmospheric dynamic
motions and cloud microphysics in order to learn what
role this interaction plays in determining the structure
of the upper cloud layers. Specifically we are interested
in whether or not this interaction can produce an
upper layer of nearly uniform size droplets of 1 pm
radius.

The physical processes which can influence the cloud
structure are winds, sedimentation, collisions between
droplets, and condensation or evaporation of the
droplets. Unlike water droplets on Earth, the evapora-
tion and condensation of the cloud droplets on Venus
involves two vapors, water and sulfuric acid. Since
the equilibrium vapor pressure of sulfuric acid over
the droplets is an extremely strong function of tem-
perature, we argue in Section 2 that the formation
and destruction of the droplets involving the active
condensation or evaporation of sulfuric acid vapor
occurs only in two localized regions of small vertical
extent. Throughout the bulk of the Venus clouds,
then, water is the only active vapor, condensing and
evaporating to maintain equilibrium composition of
the droplet at all levels (Young, 1973; Rossow and
Sagan, 1975). However, for these highly concentrated
solutions, the mass increase due to condensing water
is only ~25% and can be neglected. Since the equi-
librium vapor pressure of water over the droplets is
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such a strong function of composition, the droplets
are stabilized against vapor exchange. Thus, except
for the small formation and destruction regions of the
cloud, the droplets of sulfuric acid can be considered
condensationally inactive.

Of the two collisional growth processes, gravita-
tional coalescence and Brownian coagulation, the former
process is inefficient for droplets <10 um in radius
because the hydrodynamic forces exerted by gas flow
past them prevent collisions (Klett and Davis, 1973).
Therefore, Brownian coagulation is probably the only
microphysical process which can influence the droplets
once they have formed. The structure of these clouds
can then be determined by accounting for the effects
of coagulation, sedimentation and atmospheric mo-
tions, with the condensation and evaporation regions
acting as a source and sink of particles.

Assuming no mean winds and horizontal homo-
geneity, and parameterizing the time-variable winds
by an eddy diffusivity parameter E, we can write
the equation for the time rate of change of the droplet
number mixing ratio q(m,s,t) as a function of droplet
mass and altitude as ’
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where ¢(m,z,!) is the number of droplets per gram
of atmosphere per mass interval at time ¢, p is the
atmospheric density, V, the sedimentation velocity
and K (m,m’,2) the coagulation rate coefficient.

The first two terms in Eq. (1) represent the creation
and destruction of droplets by coagulation. The next
term represents the transport of droplets into and out
of a volume element by eddy motions and sedimenta-
tion. We model condensation of the cloud droplets
by the constant source term S(m,s); while destruction
of the droplets implies a lower boundary condition.,
Rossow and Gierasch (1977) (hereafter Paper I) have
shown that, under Venus conditions, qualitatively cor-
rect and reasonably accurate approximate solutions
to (1) for d¢/8t=0 may be obtained in terms of the
first three moments of the size distribution, Xo, X
and X,. They replace Eq. (1) by the following system
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where Ko=8kT /3y, k is Boltzmann’s constant, T the
absolute temperature, 7 the dynamlc viscosity of the
temperature, and
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where p, is the density of a droplet, g the accelera-
tion of gravity, A the gas mean free path and 8 the
Cunningham factor.

We use Egs. (2)-(5), together with the boundary
conditions outlined in the next section, to investigate
two general models of the effect of dynmamics and
microphysics on the cloud structure. The two models
are as follows:

1) The number of droplets formed is controlled by
the supply of dust to the formation level. The grains
act as nucleating centers and the size of the droplets
is controlled by the steady-state mass flux through
the cloud (Model I).

2) The number of droplets is controlled. by the
interaction of coagulation with transport by dynamic
motions and sedimentation (Model II).

The first model assumes that, for a cloud of fixed
mass, the number of cloud droplets is governed by
the number of nucleation centers supplied to the level
where the .cloud droplets are formed. The source of
dust is assumed to be meteoritic dust, but we also
investigate the contribution of dust from the surface
of Venus. The second model assumes that the number
of cloud droplets is governed by a balance between
coagulation and transport. That is, coagulation reduces
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the number of droplets until the coagulation time is
of the order of the lifetime of a droplet in the cloud
which is controlled by transport rates. The size of
the droplets in both cloud models is then given by
the mass of the cloud. :

The boundary conditions to Eq. (2) for each of
the cloud models are presented in Section 2. The
general behavior of the solutions is illustrated and
discussed in Section 3, while in Section 4 the results
of the calculations are presented. Finally, in Section 3
we summarize our conclusions.

2. Boundary conditions

There are four levels of interest in the atmosphere-
cloud system:

1) The top of the model atmosphere.
2) The droplet pyrolysis level (PL).
3) The droplet formation level (FL).
4) The planetary surface.

a. The lop

In Model I, we must find a solution to (2) for the
meteoritic dust as well as for the cloud droplets.
The source of dust is assumed to be a constant flux
of particles Fo, of mass m,, into the top of the model
atmosphere well above the visible cloud tops. The
magnitude of Fy is discussed in Paper 1 and is cer-
tainly <1 em™2 s~ for 0.1 um particles.

For the cloud droplets, we assume that the forma-
tion level is below the top of our model atmosphere.
Therefore the boundary condition on the cloud droplets
at the top is that the net downward flux is zero.

The top boundary condition is written

[ 0
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where Fo=0 for cloud droplets and m, for dust grains
assumes a radius of 0.1 ym and a density of 2 g cm™3,

b. Droplet pyrolysis level (PL)

The evaporation of a sulfuric acid droplet is a sen-
sitive function of the abundance of water in the
atmosphere. Heating an aqueous solution of sulfuric
acid and water drives off primarily water vapor
forcing the droplets toward higher concentrations until
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the ratio of water to sulfuric acid in the vapor
at equilibrium is equal to the total abundance ratio
of water to sulfuric acid. Sulfuric acid vapor appears
in abundance in the vapor only very near the evapo-
ration temperature.

The location of the pyrolysis level can be estimated
given the abundances of sulfuric acid and water in
the atmosphere. Arguing from inferred cloud-top
masses and the optical properties of the droplets,
Young (1973) derives both a “wet” cloud with its
bottom near 26 km altitude and a “dry” cloud with
its bottom near 45 km altitude consistent with ob-
servations. Wofsy (1974) derives a somewhat drier
cloud model with its bottom near 50 km, while mi-
crowave data imply a cloud mass intermediate be-
tween these models (Rossow and Sagan, 1975). The
results of the Venera photometer experiment can be
interpreted in terms of a cloud bottom between 30
and 35 km altitude (Marov e al., 1973). Since all
of these altitudes are within one scale height of each
other, we adopt 32 km as the altitude of the pyrolysis
level. (Some earlier calculations were performed with
a pyrolysis level at 36 km.)

The condensation (or evaporation) time constant
for a sulfuric acid droplet can be estimated from the
time required by a droplet to e-fold its mass (Mason,
1971), i.e.,

3psS

a™*D, Q)

rila=
Pe
where p, is the saturation vapor density, S the
supersaturation (or undersaturation) of the vapor,
pe the density of the condensed phase, a the drop-
let radius, and D is the diffusion coefficient which
is inversely proportional to the atmospheric density.
Assuming a value of $2 19, a saturation vapor pres-
sure ~10~% (approximately the mass mixing ratio
of sulfuric acid) and a droplet size of ~1 pm, we
have 7ena S 10% s.
The coagulation time constant is given by (Fuchs,
1964)
. 4T
Tco;g='_'_ﬂ, (8)
3n

where 7 is the dynamic viscosity of the atmosphere.
For a droplet number density near the cloud tops,
n~10° cm™® (Samuelson ef al., 1975), Teone~107 s.
The sedimentation time constant for 1 pm droplets
throughout the cloud is 7@u~H/V ,~3X107 s, where
H is the gas scale height, while the eddy mixing time
constant is 7eqay~H?/E.

Thus, as long as the droplet number density is
L10° cm™ and the eddy diffusivity <108 cm? s,
condensation or evaporation is more rapid than any
other process near the cloud bottom. Since evapora-
tion is so rapid and the equilibrium vapor pressure
of sulfuric acid over the droplets is such a strong
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function of temperature (i.e., altitude), droplets reach-
ing the pyrolysis level are almost instantly destroyed.
Therefore we model evaporation at the cloud bottom
by setting the droplet number density at the pyrolysis
level equal to zero.

The fate of the sulfuric acid vapor in the lower
Venus atmosphere depends on the atmospheric com-
position. If the lower atmosphere is reducing, as
.proposed by Lewis (1968, 1970), then gas phase
reactions could destroy sulfuric acid to oxidize the
reduced compounds. Prinn (1973) specifically proposes
the oxidation of carbon monoxide to carbon dioxide
and the formation of carbonyl sulfide. If, however,
the lower atmosphere is oxidizing, as proposed by
Walker (1975), then sulfuric acid would be stable in
the lower atmosphere. Carbon 'monoxide has been
detected in the upper atmosphere of Venus in amounts
consistent with Lewis’ (1970) model, but photo-
chemical reactions involving carbon monoxide may
account for its observed abundance (McElroy ef al.,
1973). We have no definitive evidence about the
composition of the lower atmosphere. Therefore we
consider two extreme cases: 1) the lower atmosphere
is reducing and the gas phase reactions are sufficiently
rapid to irreversibly destroy all of the sulfuric acid
below the clouds, and 2) the lower atmosphere is
oxidizing and sulfuric acid is completely stable below
the clouds. :

In Model I the dust grains act as nucleation sites
for the formation of cloud droplets. With the evapora-
tion of the droplets at the pyrolysis level we expect
to find the dust grains left behind. If the dust par-

ticles are not broken apart or combined while in the

droplets, then the dust number flux across the bottom
of the cloud must equal the specified dust flux at the
top of the atmosphere. If no significant coagulation
of the dust entering the formation layer has occurred,
then the dust left behind at the pyrolysis level is
0.1 pm in radius. Therefore, for simplicity, we assume
that the net downward dust flux into the pyrolysis
level is equal to the net downward flux at the top
of the atmosphere at the same uniform size. We show
later that this assumption has no significant effect
on our conclusions.

c. Droplet formation level (FL)

The two models of what occurs at the pyrolysis
level lead to two models of the formation of the cloud
droplets: 1) photochemical formation of sulfuric acid
near the cloud top and 2) recondensation of sulfuric
acid droplets near the cloud bottom. We model droplet
condensation by specifying the mass formation rate
per unit volume S(m,z). For Model I clouds, the
number of dust grains entering the formation level
determines the number of new droplets created while
in Model II clouds, the number of new droplets is
specified. The specified number of droplets, together
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with the mass formation rate, determines the initial
droplet radius. We assume all of the droplets are
the same size.

The same arguments about evaporation apply to
condensation near the cloud bottom. Therefore, we
assume that condensation occurs entirely in the lowest
layer of the cloud above the pyrolysis level. '

For the photochemical model, the formation level
is taken to be the line formation level at 62 km
(Young, 1973). The formation region for this model
is also assumed to have a small vertical extent because
a consistent model of the particle growth and the
structure of the upper cloud layers requires rapid
conversion of vapor to particles. As discussed in the
next section, the observed vertical cloud structure
implies a source of particles at the bottom of or below
the observed levels. Since the supply rate of vapor
from below is approximately equal to the particle
removal rate (or less than, in a weak mixing case),
the size of the cloud particles is determined by 7eona
~ Tremoval. FOr 1 um particles in steady state at 60 km
with Tremovai~ 100-107 s, the vapor density of sulfuric
acid must be 210% of the equilibrium value [~4
X107 g cm~? (Hamill e al., 1977)]. This very low
vapor density, ~10=¢ lower than the cloud density,
together with the deep location of the particle source
implies that the upwelling vapor is rapidly converted
to particles as soon as it encounters sufficient sunlight.

For Model I clouds, the dust density at the forma-
tion level is set to zero to maximize the efficiency of
the dust as condensation nuclei.

d. Planetary surface

The surface boundary condition applies only to the
dust particles since there are no cloud droplets below

* the pyrolysis level. The deposition of dust onto the

planetary surface is assumed to occur by turbulent
deposition. The boundary condition from Paper I is

F,(surface) = pV'X, (surface), O]

where F,(surface) is given by the left-hand side of
Eq. (6) evaluated at the surface and V’ is the tur-
bulent velocity near the ground taken to be ~7U,,
the friction velocity. For most of the results presented
here, V'=1 cm s, but cases with V'=10 cm s
and V'=V, are also considered. Paper I discusses
the approximation required for the case V'=V,.

e. Summary of boundary conditions

Model I calculations involve three distinct clouds:
1) a dust cloud from the droplet formation level to
the top of the atmosphere, 2) a dust cloud from the
planetary surface to the droplet formation level and
3) a droplet cloud above the droplet pyrolysis level.
The first cloud has a specified flux as its top boundary
condition and a specified density (zero) as its bottom
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Fr1c. 1. Total number density as a function of altitude for dust grains and droplets for vary-
ing eddy diffusivities: (a) 10? cm? s72, (b) 104 cm? 571, (¢) 10% cm? s7! and (d) 108 cm? s71.
The location of the formation level (FL) and the pyrolysis level (PL) is indicated.

boundary condition. The second cloud has a specified
density (zero) as its top boundary condition and a
surface deposition bottom boundary condition with
a source of dust at the droplet pyrolysis level. These
two clouds do not interact since there is no transport
of dust across the droplet formation level. The third
cloud has a zero flux top boundary condition and
a specified density (zero) as its bottom boundary
condition with a source in between at the droplet
formation level. Model II calculations involve only
the droplet cloud.

3. General behavior of the solutions
a. General shape of cloud vertical profile

Paper I illustrates and discusses the behavior of
a single population of particles, with a source at the
top of the atmosphere and a sink at the surface,
influenced by coagulation, sedimentation and turbulent
mixing. There are three cases: 1) the sedimentation
rate is faster than either the mixing or coagulation
rate (Fig. ta, upper and middle cloud), 2) the mixing
rate is faster than either the sedimentation or coagu-
lation rate (Fig. 1d, middle cloud) and 3) the coagula-
tion rate is equal to the transport rate producing
steeper vertical gradients (Figs. ia and id, lower
cloud).

Since the droplets are assumed created “instan-
taneously,” the number density at the formation level
remains very much larger than the number density
set by strong coagulation at all other levels. This

produces such a sharp gradient in the droplet mixing
ratio that mixing transport must predominate in the
narrow region near the droplet formation level. Since
the finite difference scheme used to solve Eq. (2)
cannot handle such large gradients in the solution,
we are forced, in strong coagulation cases, to choose
values of the eddy diffusivity £210* cm? s~ in order
to obtain a stable solution.

For a cloud or region of a cloud above a source
of particles (a case not discussed in Paper I), the
solutions have an important property: the maximum
vertical gradient of the mixing ratio is zero. (The
gradient is always negative for net upward transport.)
When the net upward flux is zero, the mixing ratio
is given by a balance between upward mixing and
downward sedimentation, i.e.,

g
pE—=~—pV 4. (10)
0z
The solution, assuming V, is constant, is
) o
=gg exp| — — 1,
g=40 €Xp)| zJ)u

where g¢o is the mixing ratio at the source and H the
gas scale height. When V,H/E>>1, the mixing ratio
decreases with altitude much more rapidly than the
atmospheric density. When V,H/E<«<1, the mixing
ratio is nearly constant with altitude. When the net
upward flux is not zero, the most rapid transport is
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F16. 2. Total dust number density as a function of altitude below the formation
level for two eddy diffusivities {(a) 10¢ cm? 571 and (b) 108 cm? 571 ] and two values

of the deposition velocity.

by the strongest mixing. In this case, neglecting
sedimentation, we have

. 9q
pE—=—F, (12)
dz
FH<1 1) 13)
g=go——{-——), 13
E \p  po

where, as before, p=pexp(—2/H). We can see that
for large E, g=~g¢o until very near the top where ¢g—0
as p1; for small £, g goes rapidly to zero. This be-
havior is illustrated by the droplet cloud above the
formation level, and the dust cloud above the pyrolysis
level in Fig. 1. -
Comparing the general shape of the cloud vertical
profiles discussed above with the observed vertical
profile of the uppermost layers of the Venus clouds
(O’Leary, 1975; Lacis, 1975) which has a number
mixing ratio decreasing with altitude, we can rule
out any cloud model with a source of droplets above
the observed levels, since all such models have a
number mixing ratio constant or increasing with
altitude. ' ‘

b. Effect of V' on the dust vertical profile

The value of V' determines the transport rate of
dust grains from the droplet pyrolysis level to the
surface of Venus: The effect on the dust vertical
profile of changing from a very low value (V'=V,)
to a very high value (V'=10 cm s™) is illustrated in
Fig. 2 for a weak and strong mixing case. Even though
V’ changes by approximately four orders of magnitude,
the dust density near the cloud bottom changes by

only one order of magnitude for the strong mixing
case. Thus the dust density at and above the droplet
pyrolysis level is not a very sensitive function of our
choice of V. :

c. Effect of E on the vertical profile
For clouds with a source of droplets near the top

-and a sink for droplets at the bottom, the net trans-

port is downward. The number density of cloud
particles is then given by the supply rate divided by
the transport rate. Therefore the maximum cloud
density occurs for the slowest transport rate, which
is the sedimentation rate. Turbulent mixing only
serves to increase the transport rate and decrease the
cloud density. This conclusion holds for strongly
coagulating clouds as well.

When the source of droplets is near the bottom
of the cloud, the largest cloud density above the
source occurs when the mixing is strong above the
source. In this case, increasing the mixing increases
the density of the cloud until a nearly constant mixing
ratio is attained. A further increase of the mixing
has little effect. The -dust cloud above the pyrolysis
level is supplied from a source whose strength is a
function of the mixing; thus its behavior is more
complex. Increased mixing serves to redistribute the
mass in this layer rather than to increase the total
mass. Therefore, the increase of the droplet cloud
density caused by an increased dust supply from the
pyrolysis level is less sensitive to increased mixing
than the decrease of the droplet cloud density caused
by increased transport to the pyrolysis level. This is
shown by comparing Figs. 1b, 1c and 1d.

We consider two cases for the variation of the eddy
diffusivity with altitude. The simplest case assumes
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that £ is constant throughout the atmosphere. This
assumption is almost certainly unrealistic, but allows
us to investigate the behavior of the droplet clouds
for a simple case. On the other hand, if the eddy
motions are thermally driven, it is possible that
mixing is strong within the cloud, where radiation is
primarily absorbed and emitted. Therefore, we also
investigate cases with weak mixing above and below
the cloud layer and strong mixing within the cloud
layer.

4. Results and discussion

The numerical method used to solve Eq. (2) is
described in Paper I. The dust and droplets in Model I
calculations are treated as separate populations coupled
by the boundary conditions at the droplet formation
and pyrolysis levels. An additional sink for dust above
the pyrolysis level is coagulation with cloud droplets,
but this was found to be a small effect. We assume
for simplicity that coagulation destroys the dust
grains while adding negligible mass to the droplet.
The model atmosphere is taken from Marov (1972).

We consider five distinct cases:

Model T

(i) The droplet formation level is at or near 62 km
and the eddy diffusivity is assumed constant
throughout the atmosphere.

(i) The droplet formation level is at or near 62 km
and the eddy diffusivity is larger in the cloud
layer.

(ili) The droplet formation level is at 33 km.

Model 1T

(i) The droplet formation -level is at 62 km and
the eddy diffusivity is larger in the cloud layer.

(ii) The droplet formation level is at 33 km and
the eddy diffusivity is constant throughout the
atmosphere.

a. Model T

(i) We use this case to investigate the influence
on the cloud structure not only of the meteoritic dust
but also of the dust supplied to the formation level
from below. In the calculations presented here this
source of dust is at the pyrolysis level. We maximize
the upward dust flux by choosing V’=V, to minimize
downward transport of dust and by choosing a large,
constant eddy diffusivity to maximize the upward
transport. The sequence of cloud profiles in Fig. 1
illustrates that increased mixing fails to increase the
cloud density over that given by sedimentation. Thus
dust from the pyrolysis level cannot increase the cloud
density over that produced by the meteoritic dust
alone falling into the formation level from above.
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ROSSOW 423

Turning to the maximum mass clouds, which are
the two sedimentation-dominated cases (Figs. 1la
and 1b), we find that the mass mixing ratio of these
clouds at the top is ~1077, which is much smaller
than the derived mass mixing ratios of Samuelson
et al. (1975), Belton et al. (1968), Regas et al. (1972,
1975) and Hansen and Hovenier (1974) for these
regions. (In order to match the observed vertical
profile in the upper layers, we must assume slightly
stronger mixing above the formation level.) For 1 um
droplets, this corresponds, in both cases, to a droplet
number density near the cloud top of ~10 cm™®. Thus
a meteoritic dust flux of ~1 cm? s7! fails to produce
sufficient number density in the cloud to match ob-
servations.

Fig. 3 illustrates the important result that the dust
number density in the lower atmosphere is limited
by coagulation. This can be understood by equating
a mixing time of ~H?/E to the coagulation time,
giving

nE
kTH?

=

(14

For E=10% cm? s7! as in Fig. 3, #~10° cm~2 at the
surface. Thus, coagulation serves to limit the maxi-
mum density of a potential source of dust at the
surface of the planet. Since the droplet formation
level is approximately five or six scale heights above
the surface, the dust number density at this level
(which can be converted to a droplet number density)
is more than two orders of magnitude smaller than
the surface number density. Even if very strong
mixing could produce a dust number density at the
droplet formation level of the right magnitude, this
same strong mixing transports the droplets so rapidly
to the pyrolysis level that the cloud density again
falls well below observed values. Therefore, we con-
clude that a potential source of nucleation centers at
the surface also fails to account for the observed
cloud number density.

(if) We attempt to maximize the effect of the
meteoritic dust flux from above by assuming an eddy
diffusivity which varies with altitude. Fig. 4 shows
a sequence of cloud profiles where the mixing is first
increased in the whole atmosphere and then decreased
below the cloud. The important result is that the
cloud density never exceeds that of the weak mixing
cloud (Fig. 4a). If we further decrease the transport
to the pyrolysis level by moving the lower “kink”
in the eddy diffusivity profile to a higher altitude,
this only serves to redistribute the density in cloud c,
increasing the density at the bottom at the expense
of the density at the top. Thus stronger mixing within
the cloud cannot increase the cloud density. Note
that, even though the assumed meteoritic dust flux
here is 10> cm™2 71 these clouds also fail to attain
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F16. 3. Total number density as a function of altitude for dust grains and droplets for two
values of the meteoritic dust flux: (a) 10> cm™2 571 and (b) 10* cm™2 571,

the observed number density by almost an order of
magnitude.

(1il) We investigate one final model with the droplet
formation level at the bottom of the cloud. The maxi-
mum droplet number density at the cloud top for a
given number density at the cloud bottom is produced
by strong mixing in the cloud which leads to a number
density proportional to the atmospheric density. Thus,
- even though the formation level is now two to three

100 T

scale heights closer to a potential source of dust at
the surface, the fact that the cloud top is two to three
scale heights still higher results in a low number
density. This model also fails to account for the ob-
served droplet number density.

Thus we conclude from Model I results that a
meteoritic flux of 1 cm™2 s fails to account for the
observed cloud number density even if we assume
that the dust grains are 1009, efficient as nucleation

Height {(km)

e
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20~ -_.-Dust X
Droplets (b)
0 I 1 I N T
1072 1ot ! 10 102 103 ot 1k 108
Total Number Density (crm™3) E(em®s')

Fi1c. 4. Total number density as a function of altitude for dust grains and droplets for
three different eddy diffusivity variations with altitude: (a) constant, (b) high below FL,

and (c) high only in cloud layer.
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Fi1a. 5. Total droplet number density as a function of altitude for four values of
the cloud mass creation rate: (a) 4X107% g cm™ 5%, (b) 4X 107 g cm™ 57, (c)
4X10 " gecm™3 st and (d) 4X1078 g cm™3 57,

centers. The clouds which do result are so sparse that
no significant coagulation occurs. The meteoritic dust
flux required to produce the observed cloud density
is approximately three orders of magnitude greater
than the flux into Earth’s atmosphere. A source of
0.1 pm dust or larger meteorites (to produce ablation
products) many orders of magnitude greater than
near the FEarth is inconsistent with observations
(Dohnanyi, 1972).

b. Model IT

(i) We examine cases which have the observed
cloud density. We optimize conditions for strong
coagulation by assuming weak mixing near the py-
rolysis level to maximize the lifetime of a droplet in
the cloud and by assuming strong mixing through
the remainder of the cloud in order to rapidly remove
the initial droplet sizes from observed levels and to
replace them with sizes created by coagulation which
is most rapid near the cloud bottom. If mixing
throughout the cloud is weak, then the larger droplets
created by coagulation are not brought up to ob-
servable levels. Therefore we choose the eddy dif-
fusivity E=10° cm? s™! throughout the bulk of the
cloud with weaker mixing E=10* cm? s! near the
pyrolysis level. For droplets with radii 21 wm, this
insures transport by sedimentation at these levels.
We also assume weaker mixing above the formation
level, i.e., E=7X10% cm? s71,

Figs. 5 and 6 illustrate results for clouds with initial
droplet radii of 0.1 and 0.5 um, respectively. Samuelson
et el. (1975) and Rossow and Sagan (1975) together
imply an upper limit to the cloud mass mixing ratio
near 62 km between 5X10¢ and 10~5 We have not

performed calculations for values larger than 10%.
The properties of these clouds at the droplet forma-
tion level are shown in Table 1. The mean droplet
radius is the radius which gives the mean mass as
defined by Eq. (5).

The evolution in the shape of the cloud profile
with increasing droplet creation rate (compare Figs.
5a, 5d and 6c) is the result of the increasing mean
droplet radius near the cloud bottom. Since the trans-
port of droplets to the pyrolysis level is by sedimenta-
tion, increasing the mean droplet radius rapidly in-
creases the transport rate to the pyrolysis level until
in Fig. 6c, the solution has switched from n«p be-
havior to #«<p~! behavior as discussed in Section 3.
This effect explains the evolution of the mean droplet
radius at the formation layer exhibited in Table 1.
As the droplet creation rate increases, the mean radius
at 62 km is increased by the upward mixing of larger
droplets created by coagulation. A further increase
in the droplet creation rate, however, produces such
large droplets by coagulation that they are removed
by sedimentation rather than contributing to an in-
crease of the mean radius at 62 km. Thus the cloud
model with an initial droplet radius of 0.1 pm failed
to attain a 1 wm mean droplet radius at 62 km.

Faster mixing at the pyrolysis level inhibits sig-
nificant coagulation even for clouds with mass mixing
ratios ~107% at the droplet formation level. Therefore,
we conclude that cloud models with the droplet for-
mation level near the top (photochemical model) can
only produce, at most, a factor of 2 or 3 increase
in the mean droplet radius by coagulation. This is
a general consequence of the formation level being so
close to the observed levels that the initial size dis-



426

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 34

100 T T

80

E 60
=
=
o
@
I
40
201
o 1 ! 1 1 - '
10 102 103 104 10° 0% 108 108
Total Number Density (cm-3) E(em2s)

F1c. 6. Total droplet number density as a function of altitude for three values of
the cloud mass creation rate: (a) 5X10° g cm™ 571, (b) 2X107% g cm™ 57 and

(c) X102 g cm™ 571,

tribution predominates at these levels. Thus, to ac-
count for 1 um droplets we must assume for .the
photochemical model, that the initial droplet radius
is 20.5 pm.

Hansen ‘and Hovenier (1974) not only derived from
the polarization observations a mean droplet radius,
defined by

e[ [ o] J[[ o] s

where 7,=1.05-40.1 um, but also the variance of the
size distribution defined by

v.,+1=[ /0 i gn(r)df][ /0 " rzn(r)dr] /
[ /0 ) ran(r)dfr:r, (16)

TasBLE 1. Properties of photochemical cloud model
at droplet formation level.

Droplet Initial Mean
creation  droplet droplet Mass
Curve rate radius  radius mixing
label (cm™3s™) (am) (um) Variance ratio
8a 1071 0.1 0.25 4 9.1X1078
8b 1 0.1 0.30 190 6.5X1077
8¢ 10 0.1 0.30 1000 3.3X107¢
8 - 102 0.1 0.24 8200 1.2X1078
9a 107! 0.5 099 32 5.5X107¢
9b 4X107 0.5 1.0 66 1.4X1078
9¢ 10 , 0.5 0.80 380 1.4X107%

where 7,=0.07241.02. In our calculations, we derive
a mean radius defined by

F=[ /0 - r3n(r)dr]é / l: /0 i n.(")d";l§ a7

and a variance of the size distribution defined by -

a2+1=[ /0 ) r“n(r)dr]l: [o " n(r)dr] /
[ fo ” rsn(v.')drjri (18)

Using the same size distribution function as Hansen
and Hovenier (1974), we derive the relations

F=[(1—v,)(1—22.) Jr,, (19)
202+ 30,43
0'2=3|:—-———:|ve. (20)
202—=3v,+1d -

These expressions are physically meaningful only when
1,<0.5, since the bottom integral in (17) has a sin-
gularity at v,=0.5. However, since the choice of the
size distribution function is only a matter of con-
venience, Eqs. (19) and (20) are not fundamental in
any sense, so we use the qualitative relations derivable
from (19) and (20), i.e., F=r, and ¢?*~10 v, The
results are approximately the same for other func-
tions. The order of magnitude of ¢* is sufficient to
choose between the results of the models; that is,
our conclusions are not sensitive to the precise values
of 7 and o?.
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F1G. 7. Total droplet number density as a function of altitude for two values of the eddy diffusi-
vity [10® cm? s~ and 108 cm? s71] and two values of the initial droplet radius [(a) 0.5 um and (b)

0.05 um].

Since the photochemical cloud model can only
produce a twofold or threefold increase in the mean
droplet radius by coagulation, the initial droplets are
larger than the shortest wavelengths analyzed by
Hansen and Hovenier and cannot escape detection.
The large variance (~10%) for these cloud models is
thus inconsistent with their results. Since ‘the ab-
sorption of long wavelength radiation is independent
of droplet radii, the mass determinations of these
clouds include the mass of any population of smaller
droplets; whereas, droplets with radii much smaller
than the wavelengths of the polarization observations
are not effective scatterers and would escape detection.

100,

Thus the upper limit on the mass mixing ratio is firm.
If the photochemical model is correct, then the ob-
served droplet size distribution is the initial size dis-
tribution with little (<509) increase of the mean
droplet radius by coagulation. Droplets of nearly 1 um
radius must be produced directly by photochemistry
and condensation in order to match the observations.

If coagulation is to be negligible in these clouds
then either the cloud mass mixing ratio is smaller
than 105, reducing the coagulation rate, or the trans-
port rate near the pyrolysis level is higher than the
sedimentation rate, reducing the lifetime of a droplet
in the cloud. Figs. 5a and 6a suggest that the droplet

80
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F1c. 8. Total droplet number density as a function of altitude for four values of the cloud mass creation
rate: (a) 4X107 gem™ s, (b) 4 X108 gecm™3s71, (c) 4 X108 g cm™3 s71and (d) 4 X107 g cm™3 g7,
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F1c. 9. Total droplet number density as a function of altitude for three values of the eddy
diffusivity : (a) 10% cm? 571, (b) 10% cm? s™! and (c) 108 cm? s7%.

number density near the droplet formation level must
be less than 102 cm™ in order to inhibit coagulation,
but this value is only barely consistent with some
observations (Belton ef al., 1968). If the number den-
sity near the formation level is ~10° cm™3, then the
lifetime of a droplet in the cloud must be less than
the coagulation time in order to prevent significant
coagulation. For #~10° cm™2, 7.,,~107 s. For faster
transport to the pyrolysis level, the cloud number
density is roughly constant with altitude. The droplet
residence time is then given by the column number
density (~nD), where D is the depth of the cloud
layer, divided by the flux of droplets to the pyrolysis
level (~nE/H). Then

Tres™ DH/E< Teoag™ 107 s

implies E>3X10° cm? s and a cloud mass flux
>10~? gm cm—2 571,

(ii) The photochemical cloud model is unable to
produce a narrow, coagulation-dominated size dis-
tribution primarily because the droplet formation level
is near the observed levels and the rapidly forming
droplets dominate the size distribution. The recon-

TABLE 2. Properties of recondensation
cloud model at 62 km level. ’

Droplet Initial Mean

creation droplet  droplet
rate radius radius Mass mixing

(em™3g71) (um) (um)  Variance ratio
10? 0.5 1.7 41 4.6X1078
104 0.1 14 6.0 3.7X10°8
108 0.05 14 6.8 4.4X1078
107 0.01 1.3 7.3 3.6X1078

densation cloud model places the droplet formation
level at the bottom of the cloud (at 33 km), several
scale heights below the observed levels. The solution
in this case involves a balance between upward mixing
transport and downward sedimentation, with coagula-
tion acting as a sink at all levels. For simplicity we
consider only a constant eddy diffusivity.

The results are displayed in Figs. 7, 8 and 9. Fig. 7
shows that the eddy diffusivity must be >10° cm? s7?
in order to mix 1 um droplets upward to the observed
levels. This result is independent of the assumed
initial droplet size. Fig. 8 illustrates the effect of
coagulation on the solution. For E=10° ¢m? s, the
number -density throughout the cloud is limited by
the balance between coagulation and transport rates.
Further increase of the droplet creation rate only
increases the resulting mean droplet size 7. If we
adjust the droplet creation rate to give a mean droplet
radius of 1 wm at 62 km, then Fig. 9 demonstrates
that the eddy diffusivity must be between 10° and
10° ¢cm?® s in order to obtain a mass mixing ratio
~10-% in coagulation-limited clouds.

The most important property of these results is
shown in Table 2 which indicates that for these co-
agulation-limited clouds, the mean droplet radius at
62 km reaches micron size independently of the as-
sumed initial droplet radius. All of these results
together imply that since the number density of the
droplets is a function only of the eddy diffusivity,
the resulting mean droplet radius is determined only
by the assumed mass creation rate, which is ~35
X107 gm cm™3 57! for all of the cases in Table 2.

The variance of the size distribution is a function
of the initial droplet radius as Table 2 shows, growing
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larger as the initial radius decreases. However, unlike
the photochemical cloud model, the initial droplets
can now be much smaller than the shortest wave-
lengths analyzed by Hansen and Hovenier (1974) and
therefore may escape detection. The effective variance
may then be smaller than indicated in Table 2. We
note that the variance of a coagulation-dominated
size distribution as calculated by Friedlander and
Wang (1966) is unity, which is consistent with Hansen
and Hovenier’s results.

5. Summary and conclusions

The calculations presented here are an attempt to
understand whether the observed size distribution in
the upper regions of the Venus clouds is a direct
consequence of the condensation process or is produced
by an interaction of coagulation and dynamics. That
is, since the only modification of a size distribution
produced by turbulent mixing and sedimentation is
the removal of the larger droplets, the observed mean
droplet radius and narrow size distribution could be
determined solely by the minimum radius in the
originally formed size distribution. On the other hand,
the observed size distribution could be determined by
the interaction of coagulation and dynamics inde-
pendent of the initial size distribution. Our conclu-
sions, therefore, fall into two categories: 1) the con-
ditions present in the clouds necessary to prevent
significant modification’ of the initial droplet size
distribution by coagulation, and 2) the conditions
which produce the observed size distribution by the
interaction of coagulation and dynamics.

Since we have underestimated the coagulation co-
efficient at these altitudes somewhat (Hidy and Brock,
1965), a number density as high as 10° cm™* implies
that coagulation will occur at the observable levels
unless the turbulent mixing is sufficiently rapid.
Mixing represented by E>10° cm? s is required
throughout the whole cloud layer. The mixing ratio
resulting from an eddy diffusivity this large is ap-
proximately proportional to (p~'—ps™!) which implies
a number density nearly constant with altitude be-
tween the droplet formation level and the pyrolysis
level. Strong mixing also implies negligible modifica-
tion of the size distribution by sedimentation.

When coagulation is insignificant, condensation must
determine both the number and the size of the droplets
present in the clouds. One simple model for the in-
fluence of dynamic motions on the formation of
droplets is that the dynamics control the supply of
nucleation centers upon which the droplets form.
Since the coagulation rate for the smaller condensa-
tion nuclei is roughly equal to or less than that for
the same number density of droplets (Hidy and
Brock, 1965), the number density of condensation
nuclei is not strongly controlled by coagulation either.
We have investigated two sources of supply for these
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nucleation centers, meteoritic dust and surface dust,
and find that neither supply is adequate to explain
the observed cloud droplet number density. Thus, the
number density of the droplets is not controlled by
the number of available nucleation centers unless some
more prolific source is found.

One consequence of this investigation is that the
number density of dust grains near the surface of
Venus is limited by coagulation. The limiting number
density is given by a balance between the coagulation
and transport rates as given in Eq. (14), eg., if
E=10° cm? s, then # <103 e,

Significant coagulation in a photochemical cloud
model can only produce a factor of 2 or 3 increase
in the mean droplet radius but in so doing produces
a variance at least in order of magnitude too large
to be consistent with the-analysis of Hansen and
Hovenier (1974). Thus if the photochemical model
correctly describes the location of the droplet forma-
tion level, the observations rule out significant co-
agulation and imply a lower limit on the eddy dif-
fusivity £210% cm? s7* in the lower cloud layer (below
~60 km) and a lower limit on the mass flux through
the cloud of

Frass> 53X 1070 g cm™2 571,

If we need one UV (A=3000 A) photon for each
molecule, this mass flux requires an efficiency factor
of 10~® for production of sulfuric acid molecules to
account for this mass flux. The mass flux may be
limited by the supply of photons available. The
photochemical model also requires a prolific source
of condensation nuclei.

If the droplet number density is indeed ~10% cm—3,
then significant coagulation occurs if the eddy dif-
fusivity is 10°<E<10% ¢m? s~ In this case the
droplets must be formed near the bottom of the
cloud in order to be consistent with the analysis of
Hansen and Hovenier (1974). The 1 pm mean droplet
size is a function only of the mass creation rate per
unit volume, which is proportional to the mass mixing
ratio of vapor below the cloud, and the number den-
sity is a function only of the eddy diffusivity in these
coagulation-limited clouds. All information about the
initial droplet size distribution, except that the mean
radius is initially <0.1 pm, is lost; the details of the
droplet condensation process are unimportant. The
initial droplets must be $0.1'um so that they do not
influence the polarization results. This cloud model
also requires a very prolific source of condensation
nuclei in order to produce initial droplets <0.1 pm
in radius.

In a comparison of the solutions of Eq. (1) obtained
by the approximate technique used here and by a
more accurate discrete size distribution calculation
(Paper I), we find that the approximations employed
result primarily in inaccurate values of the third
moment of the size distribution. The accuracy of this
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technique is highest for strong mixing cases, since it
is the sedimentation term which requires approxima-
tion. Thus we expect our results to be quite accurate
for all cases with mixing stronger than ~10° cm? s—!
for 1 um droplets. Since we were able to discount
most of the weak mixing cases on qualitative grounds,
our conclusions based on this approximate technique
are firm.

On the basis of the results presented here, we cannot
choose between the two cloud models that are con-
sistent with the polarization results of Hansen and
Hovenier (1974): a photochemical model in which the
droplet size is determined by the balance between
the condensation growth time and the lifetime of a
droplet in the formation region and a stable vapor
model in which the number density of the droplets
is determined by the balance between the coagulation

- growth time and the lifetime of the droplets in the
cloud. The unsatisfactory feature of the first model
is that the mechanism which determines the number
density of the droplets is not specified. Comparing
the photochemical model to an equivalent model of
sulfuric acid growth in Earth’s stratosphere (Hamill
et al., 1977), we find that the lower steady-state super-
saturation required in the Venus clouds suggests that
nucleation must ‘occur on Aitken particles at these
low temperatuyres, but only inefficiently. Condensation
on ions, for example, would probably require larger
supersaturations. We have shown that neither me-
teoritic or surface dust can supply sufficient conden-
sation nuclei to the formation region and that, with
some other more prolific source of condensation nuclei,
coagulation cannot efficiently control the number den-
sity of condensation nuclei without noticeable effects
on the cloud droplets.

On the other hand, the size of the droplets in the
second model is determined solely by the mass density
of the cloud independently of the nucleation process.
However, in order to escape detection in the polariza-
tion observations the initial droplets must be quite
small, again requiring the nucleation of numerous
droplets. (The uncertainties in the derived values of o?
are sufficiently large that this requirement may not
be necessary.) Comparing this model to the observed
“sulfate’” Aitken particles forming urban smogs in
Earth’s troposphere, we suggest that the nucleation
of numerous, small sulfuric acid droplets by gas phase
chemical reactions (Vohra and Nair, 1970) may be
quite efficient at the higher temperatures at the cloud
base. The uncertainties in the chemical composition
of the Venus atmosphere, as well as in the theory
of nucleation, are solarge, however, that neither of
these models can be disregarded.

Choosing between these two models observationally
may prove quite difficult because of the difficulty in
detecting particles of Aitken size. The photochemical
(top forming) model has a nearly constant droplet
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number density with depth below the formation level
(Fig. 1) with mean droplet radius increasing slightly
(to ~2 um) because of more rapid coagulation in the
lower levels. The recondensation (bottom forming)
model has an increasing droplet number density
(nop) with depth (Fig. 8), but with a decreasing
mean droplet radius as we approach the formation
level. Although the vertical profile of cloud droplet
number density and mean size for a cloud forming
near the top is very different from that for a cloud
forming near the bottom, the very small mean radius
of the droplets in the lower portions of the stable
vapor model (Fig. 8) may make these droplets in-
visible to detection by optical wavelengths. Deter-
mining which of these two models best describes the
clouds of Venus has important consequences for the
chemistry of the lower atmosphere. In order for
sulfuric acid vapor to be stable in the lower atmo-
sphere, in contrast to the photochemical model, the
atmosphere must be completely oxidized as might
occur after the loss of massive amounts of water from
the primeval atmosphere of Venus (Walker, 1975).
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