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Abstract. Using Venus nightside data obtained by the
Galileo Near-Infrared Mapping Spectrometer, we have
studied the correlation of 1.74 and 2.30 ym radiation
which is transmitted through the clouds. Since the scat-
tering and absorption properties of the cloud particles
are different at these two wavelengths, one can dis-
tinguish between abundance variations and variations
in the properties of the cloud particles themselves. The
correlation of intensities shows a clustering of data into
five distinct branches. Using radiative transfer cal-
culations, we interpret these branches as regions of
distinct but different mixes of Mode 2" and 3 particles.
The data and calculations indicate large differences in
these modal ratios, the active cloud regions varying in
content from nearly pure Mode 2’ particles to almost
wholly Mode 3. The spatial distribution of these bran-
ches shows large scale sizes and both hemispheric sym-
metries and asymmetries. High-latitude concentrations
of large particles are seen in both hemispheres and there
is banded structure of small particies seen in both the
North and South which may be refated. The mean
particle size in the Northern Hemisphere is greater than
found in the South. If these different branch regions
are due to mixing of vertically stratified source regions
(e.g. photochemical and condensation source mech-
anisms), then the mixing must be coherent over very
large spatial scales.

Introduction

A large body of evidence, based upon Pioneer. Venera
and Vega probes, indicates that the clouds of Venus are
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vertically stratified, with three main cloud lavers identified.
The uppermost cloud layer, the “Upper cloud™, is that
level generally seen in visible remote-sensing and tends
to be a uniformly opaque and featureless cloud layer,
exhibiting contrasts which are observable mainly in the
ultraviolet region. This, and the underlying “*“Middle" and
“Lower™ clouds are characterizations derived from in situ
measurements of particle densities and sizes (Knollenberg
and Hunten, 1979, 1980). Prior to the discovery of the
near-infrared windows in the Venus spectrum by Allen
and Crawford (1984). the Middie and Lower clouds were
unobserved by remote sensing techniques.

In addition to this vertical stratification, these cloud
layers appear to possess at least three different particle-
size components, referred to as modes: Mode 1 particles,
present in the Upper cloud and, at lesser relative con-
centration. also in the Middle and Lower cloud regions,
are submicron size particles with average diameters of
approximately 0.6 um. Mode 2 and 2" particles are larger,
with mean diameters of roughly 2 and 3 um. respectively.
Mode 2 particles occur in the Upper cloud and produce
the dominant optical opacity in that region, while the
slightly targer Mode 2’ particles are present in the Lower
and Middle clouds. These bottom two regions (Middle
and Lower clouds) also exhibit the large Mode 3 particles,
with average diameter of 7 pm. A summary of Venus
cloud properties is given in Esposito er al. (1983).

This simplified scheme of vertical stratification and size
parameterization attempts to describe the global and time-
averaged properties of the Venus clouds. However, the
various probe data show considerable differences in these
cloud properties, indicating that there are spatial and/or
temporal variations occurring as well. In particular, the
Pioneer Venus nephelometer experiments (Ragent and
Bilamont. 1980) sampled four widely separated sites, find-
ing large differences at Lower cloud levels from one site
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to another. In contrast, the higher (Middle cloud) regions
were found to be nearly identical in scattering properties
for all four locations. Similar indications of variability at
Jower levels were obtained by the nephelometers on the
Venera 9, 10 and 11 probes (Marov er al., 1980). A
comparison of Pioneer Venus particle size spectrometer
data (Knollenberg and Hunten. 1979. 1980) with those
from the two Vega spectrometers (Moshkin et al., 1986)
shows considerable differences in the large-particle abun-
dances at the bottom cloud levels, with the Vega data
indicating an absence of large particles where the Pioneer
data show large abundances. Spatial and temporal vari-
ations in cloud opacity have been observed in ground-
based (Crisp e «l.. 1989) and Guliteo (Carlson et al.. 1991)
infrared images and these opacity variations have been
attributed to changes occurring in the lower cloud regions
(Crisp ¢t al.. 1989 ; Carlson et al., 1991 ; Grinspoon ¢t al..
1993). For images obtained at a single wavelength one can
merely sense opacity changes : with multiple wavelengths.
one can distinguish between changes in abundance and
changes in the cloud particles. In this paper we use high
spatial resolution images obtained at two wavelengths to
discern the spatial variations of cloud particle properties
(for a particular instant in time).

The source of these data is the Near-Infrared Mapping
Spectrometer Experiment NIMS (Carlson ¢r al., 1992)
and they were obtained during the February 1990 Galileo
fiyby of Venus. During this flyby, NIMS imaged the night-
side of Venus in 17 spectral channels. from the visible
(0.8 um) to the thermal infrared (5.2 pm). The longer
wavelength channels are useful for probing the upper
cloud regions and their corresponding thermal emission
properties [see the accompanving papers by Roos er al.
{1993) and Grinspoon et «l. (1993)]. At shorter wave-
lengths. there is less absorption by cloud particles and the
clouds become translucent. This allows thermal emission
produced below the clouds to be observed in transmission,
and images of this transmitted radiaton can show spatial
variations in cloud properties.

In the work presented here. we utilize the well-known
spectral windows at 2.30 gm and 1.74 pm. which were
imaged simultancously by NIMS during the February
1990 Venus encounter. These measurements are briefly
described in Carlson ¢ a/. (1991). The tmages at both of
these wavelengths show simitar patterns of cloud struc-
ture. but with differing amounts of contrast. The contrast
at 2.30 pum is ~20:1. whereas the corresponding 1.74 um
value is ~ 5:1. Tt is reasonable to associate these contrast
differences with the wavelength-dependent scatiering and
absorption properties of sulphuric acid cloud particles.
known to exist in the Venus clouds. In particular. these
particles absorb more at 2.30 jam than at 1.74 gm. so
multiple scattering events will produce more net absorp-
tion and therefore more contrast for the longer wavelength
radiation.

Assuming the correctness of the above assertion that
the contrasts are due to cloud particle characteristics
then a useful 100l to study the propertics of the Venus
clouds is a comparison of the 1.74 and 2.30 um radiances.
sometimes referred to as a scatter or correlation plot. This
method was used in our preliminary analysis (Carlson ¢/
al.. 1991). where it was found that the relationship between
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intensities, 1.€. [, 74 vs 15 3. showed two different curves or
“branches”. These two branches were found to cor-
respond to a North-South hemispherical asymmetry.,
along with a hinear feature, occurring at ~435'N and with
a northerly slope (as seen by a corotating observer).

In this work, we extend this line of investigation, finding
additional branches. The spatial distribution of these
branches is investigated and compared with images of
cloud extinction and cloudtop thermal emission. In an
attempt to find a physical basis for the different branches,
we then investigate the specific shape of individual branch
curves using radiative transfer calculations.

Venus cloud branches

In our earlier and preliminary work, we used a rudi-
mentary method to assign data values to individual image
pixels and did not take into account the spatial response
profile of the instrument. Furthermore, the scatter plot
analysis used data from a limited amount of the observed
disc. In this work. we used a more accurate description
of the instrumental response and include more observed
points.

In addition. we have found that a correction for emis-
sion angle is necessary for radiances near the limb. To do
so, we have used the radiative transfer model of Kamp
and Taylor (1990) to find the theoretical variation of
radiance with emission angle for a nominal cloud model
developed by Pollack er «f. (1993). These calculations use
21 angular points per hemisphere, and were mono-
chromatic at the NIMS band centre wavelengths (1.74
and 2.30 um). Tests were performed which show that the
results are essentially unchanged over the NIMS band-
passes. so the monochromatic assumption is not expected
to introduce significant error, It can be seen in Fig. 1 that
the results follow the upper envelope of the observational
data reasonably well, which can be expected to define a
locus of points for a given cloud thickness (i.¢. the optically
thinnest cloud in the observation). The theoretical values
at low values of cos{{),) are not to be trusted due to the
breakdown of the plune-parallel assumpuon at these steep
zenith angles, c.g. the upturn in Fig. 1B is probably
spurious.

The dashed curves in Fig. 1 are lincar approximations
to the model curves shown, and were used to generate the
emission-angle-corrected radiances /7 shown below. The
cquations for the corrected radiances (indicated by a
prime) are:

[y =1, 2,[0.316+0.685cos 0],
Iy = 1-+,[0.232+0.768 cos 0,] . H

The scatter plots generated using the above corrections
are shown in Fig. 2A and B. The corrected intensities I’
are shown on a linear scale in Fig. 2a which best resolves
the branching behaviour at high radiances. The branching
behaviour at low intensitics is better shown in the log-
arithmic presentation {Fig. 2B). A visual inspection of
these two figures clearly shows the existence of several
distinct branches, There are four obvious branches, indi-
cating at least four distinct types of behaviour. We will
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Fig. 1. Theoretical and observed limb darkening. Data and theoretical results for 2.30 and 1.74 ym
radiation are shown in (A) and (B) respectively. The radiances I are plotted as a function of the
cosine of the emission angle (.. The upper boundary of the data. which have been normalized at
), = 0. agrees well with the theoretically predicted limb darkening, shown as the solid curve. The
accuracy of the theoretical curves at high emission angles is suspect duc to the sphericity of the
atmosphere. The dashed line 1s a hinear approximation to the theoretical curve

show below that there are in fact five branches, which are
called out in Fig. 2A, although branches 4 and 35 are not
well resolved in this presentation.

In order to quantify this branching behaviour and study
its spatial structure. we have defined the following empiri-
cal quantity D

D =logy (I -)—mlogyy (I5:30)—D,. (2)

where m log, (13 3,) + D, represents a straight line running
through the centre of the data in the logarithmic plot (Fig.
2B). Here, m is the slope of this ine (m = 0.53). and D, s
an arbitrary constant that determines the scaling of D. A
value of D i1s computed for each observed point (144,
17 53). which measures its distance above or below this
reference line. A tendency for points to cluster along a
branch will be evident by the occurrence of preferred
values of D.

Histograms of D for two different regions over the
surface are shown in Fig. 3. The top panel of Fig. 2
corresponds approximately to the upper third of the
observed disc. while the lower panel deseribes the bottom
two-thirds. With this twofold division. five maxima arc
evident in these distributions. indicating five branches.
The maximum which 1s labelied | and occurs at a bin
number of 70 in the upper histogram corresponds o
the uppermost branch in Fig. 2. The other histogram
peaks likewise follow the numbering schemie shown in
Fig. 2A.

The histogram assigned as Number 2 may be a double:
however. this bifurcation is difficult to estublish with cer-
tainty. The widths of the histograms are fairly large com-
pared with the distance between adjacent maxima. Never-
theless, they show that the clouds of Venus are segregated
into several distinct sets of cloud particle properties.

A false-colour image of the spatial distribution of the
branching parameter D is shown in Fig, 4A. Itis repeated.
with a superimposed latitude-longitude grid. in Fig: 4D.
Also shown for comparison are maps related 1o the 2.30

um cloud opacity and 4.56 um thermal emission from the
cloud tops. The colour coding of the branching dis-
tribution varies from magenta (for large D values, i.e. the
upper branch in Fig. 2) to blue {(corresponding to small
D values and the lowest branch in Fig. 2).

The five branches, previously identified in the scatter
plots and histograms, are located as follows: Branch 1 is
the magenta-coloured area centred at 60 N and extend-
ing from the left side of the observed disc to ~330"W
longitude. This branch is surrounded by the possibly dou-
ble Branch number 2, shown as orange and yellow.
Immediately South of these two branches is a linear
feature, appearing green and corresponding to Branch
number 4. This linear band shows definite spatial struc-
ture, exhibiting central streaks of differently behaving
material. To the South of this band is Branch number 3,
shown as the gold/brown arca. Below this is the hem-
ispherically sized greensblue region corresponding to
Branch number 5, which may actually be composed of
several narrower histogram peaks that merge together
when superimposed. (This structure emerges when his-
tograms are constructed for smaller spatial regions.) The
boundaries between the various regions show varying
degrees of sharpness. The transition between Branches |
and 2 is fairly gradual, whereas the boundaries of Branch
regions 3 and 4 are more sharply defined.

The general trend of the branch distribution is for the
upper branches to occur in the Northern Hemisphere, with
the lowest branch occurring in the Southern Hemisphere.
This hemispherical asymmetry is consistent with our earl-
ter findings (Carlson et al., 1991). The Northern Hemi-
sphere shows the greatest amount of discrete branching
vartation ; the Southern Hemisphere shows a fairly con-
tinuous variation, except for the appearance of a higher
branch in the southern polar region. This latter feature
may be an artifact due to incorrect emission angle cor-
rections. However, other regions along the limb, for which
the emission angle is the same, do not exhibit such behav-
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Fig. 2. Scatter diagram for emission-angle-corrected radiances.
Two representations of the same data are shown; lincar scales
arc used in (A) and logarithmic scales in (B). Each point rep-
resents a pixel and gives the corresponding corrected radiances
at 2.30 and 1.74 um (/% .. 77 4,). The data follow distinct tracks
and visual examination suggests that there are four or more of
these different branches. Further analysis shows at least one
more. and these branches are enumerated in (A)

iour. If this 1s indeed a true feature, then there is possible
hemispherical symmetry in the high latitudes. with high
values of the branching parameter occurring poleward of
~ 50N and S latitude. Another possible symmetry is the
suggestive correspondence of the 45 N linear structure
with a set of weak linear streaks occurring in approxi-
mately the same southern latitude region. This is remi-
niscent of the bow-shaped bands seen in spacecraft ima-
gery (cf Rossow et al., 1980) and explained by Schinder
et al. (1990) as streamlines.

The spatial scales of the individual branch regions are
quite large. A typical longitudinal width is of order 5°-15-,
or 500-1500 km. The latitudinal extent for many of the
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Fig. 3. Histograms of the branching parameter. D. The bin value
is proportional to D. the logarithmic distance from a reference
line running through the centre of the data of Fig. 2B. Peaks in
the histogram correspond to the branches indicated in Fig. 1.
The upper panel uses data from the upper one-third of the
obscrved disc. while the bottom panel uses data from the bottom
two-thirds. Extreme emission angles have been excluded. Branch
number 2 may consist of two separate branches, and the fifth
branch may also be a composite of overlapping branches

regions is al least one-quarter of the planetary cir-
cumference, or > 10.000 km.

It is of interest to compare this branching map with a
corresponding map of cloud extinction which is shown in
Fig. 4B. This “extinction map’ is simply the radiance
levels at 2.30 um, so high extinction appears dark. There
are some obvious correlations, particularly for the streaks
in the Southern Hemisphere. Correlations in the Northern
Hemisphere are less obvious. The low-latitude boundary
of the Branch 3 region (e.g. at 15 N) correlates with a
cloud brightness boundary, and the centre of this region
(at 0 longitude. 25 'N) corresponds to a very dark area



Fig. 4. Venus cloud maps. (A) is a map of the branching parameter which we interpret here as being
related to particle size and the mix of Mode 2" and Mode 3 particles. This false-colour image uses 32
colours, with high values of the branching parameter shown as magenta, progressing to blue for
small values. If interpreted in terms of mean particle size, red corresponds to large particles (i.e. a
large Mode 3 to Mode 2’ ratio) while green/blue indicates the converse. (B) is a 2.30 um image,
uncorrected for emission angle. Note the correlation between this image and (A), particularly in the
Southern Hemisphere. In this, and the other images, the black pixels are generally due to spacecraft
obscuration. {C) Cloud-top thermal emission image obtained at a wavelength of 4.56 um. (D) a
repeat of the image in (A) along with a reference grid. West longitude values are given
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Fig. 6. Theoretical and observed radiances. Four theoretical curves are shown. For each curve, the
ratio of Mode 3 to Mode 2’ content is constant and the total opacity of the lower cloud is varied.
The central curve is for a nominal cloud model, while curves lying above and below correspond to
rclative enhancement or depletion of relative Mode 3 content. In (A) we compare these theoretical
curves with the scatter plot for Branch number 3. Note that the slope of the run of these data is
nearly identical to the theoretical curves, indicating a relatively constant modal ratio for this branch,
In (B) we compare the curves to the composite scatter plot of Fig. 1B. The dispersion of these
branches indicates that large variations in the modal ratio occur among the different branches
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in the 2.30 um image. The Northern Hemisphere linear
structure which is evident in both images appears to be
related, but not in an obvious fashion.

Also shown in Fig. 4C is a cloudtop thermal emission
map, obtained at a wavelength of 4.56 um. There may be
a small amount of correlation in the region of the 45°N
linear feature and elsewhere, although the structure in the
thermal map is quite diffuse and correlations are difficult
to establish. Since the observed 4.56 uym emission orig-
inates far above the level which produces the near-infrared
contrasts, little correlation is expected.

Suggested interpretation of the branches

In this section we attempt to explain the cloud properties
which influence the transmission properties of the clouds
and produce the different curves (branches) shown in Fig,
2. In particular, we explore the simplest explanation, con-
sidering the effect of particle size on the transmission at
the two wavelengths of interest. The changes in cloud
extinction have been shown to occur in the bottom few
kilometres of the cloud deck [see Carlson er al. (1991)
and Grinspoon et al. (1993)] where most of the infrared
opacity is largely due to Mode 2" and Mode 3 particles.
We therefore examine the effect of variable proportions
of these two populations only; we can derive very little
information about Mode 1 particles since their influence
on infrared transmission variations is minimal,

Based upon Mie scattering calculations, it is found that
the ratio of optical depths 1, 44/14 3 15 greater for the Mode
2’ particles, compared with the larger Mode 3 particles.
Thus, for a given 2.30 um radiance, the 1.74 um radiance
will be less for a cloud of Mode 2" particles than for a
cloud of Mode 3 particles. This suggests that the upper
branches contain more of the larger size particies than the
lower branches.

We can sharpen this rough argument by performing
radiative transfer calculations. This was done using the
radiative transfer method of Kamp and Taylor (1990),
which includes Mie scattering and uses a difference-equa-
tion algorithm. Figure 5 shows the computed relationship
between the two radiances, for three cloud cases, one
consisting of only Mode 2’ particles, one consisting of
only Mode 3 particles, and the intermediate case of a
mixture with roughly equal 2.30 um opacities for both
modes. Comparison of Figs 5 and 2A shows considerable
similarity, encouraging us to explore this suggestion and
compare theoretical calculations with the observed values.

For these quantitative comparisons, we start with an
accurate cloud model of Venus, previously developed by
Pollack er al. (1993) to represent the average properties
of the Venus atmosphere as observed in ground-based
spectroscopic measurements. Starting with this reference
model, we vary the total optical depth of the lower cloud,
but maintain constant proportions of Mode 2* and Mode
3 particles. Using this variable opacity, we compute radi-
ances at the wavelengths of interest. Their relationship is
shown as the centre, solid curve in Fig. 6A and B. We then
consider deviations from this reference cloud model. Two
cases of relative mode concentrations are considered:
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Fig. 5. Theoretical radiances for three cloud cases. The 1.74 and
2.3 um radiances are computed for three cases: a cloud of only
Mode 2’ particles, a cloud of only Mode 3 particles, and an
intermediate case, with roughly equal 2.30 opacities for both
modes. Note the similarity of the shapes of these curves to the
scatter plot of Fig. 1A

either an enhancement or depletion of the relative abun-
dance of Mode 3 particles, relative to Mode 2', by a factor
of approximately S in each case. This enhance-
ment/depletion is considered for another two con-
ditions: they either occur within the lower cloud only, or
within both the lower and middie clouds taken together.
In each case, it is only the lower cloud that is allowed to
vary in opacity. The two cases of enhancement/depletion
and the two cases of Lower-cloud only/Lower-plus-
Middle-cloud yield four additional curves, shown on Fig.
6A and B. The normalization of these calculations is some-
what arbitrary, depending upon the extinction in the upper
cloud. However, this is unimportant for the points made
below.

For comparison with experimental data. we show these
five cases along with a scatter plot for a single branch,
number 4 (Fig. 6A), and for all of the branches (Fig. 6B).
The single-branch behaviour illustrated in Fig. 6A
indicates that, even though there is a large variation in
optical depth, the proportion of Mode 3 particles to Mode
2" 18 relatively constant. This conclusion was also found
in an independent study by Grinspoon et al. (1993) who
have analysed a selected mid-latitude area with small emis-
sion angles.

When one considers all of the branches, illustrated in
Fig. 6B, this conclusion still stands. All of the individual
branches appear to lie approximately along lines of con-
stant modal ratios. It is also clear that there are large
variations between the branches in relative Mode 3
content, varying by at least a factor of 25. This range
(25:1) of relative Mode 3 concentration is a lower limit,
arrived at by assuming that both the middle and lower
clouds vary in modal concentration. If only lower cloud
variations are responsible, then a much larger con-
centration range is indicated. At this stage of analysis, it is
difficult to separate out the range of particle size variation
from the altitude range over which this variation occurs.
We can only conclude that large variations in the ratio of
Mode 3 to Mode 2" occur in the lower levels of Venus’s
clouds. In some regions, these clouds are nearly pure
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Mode 3, in other regions they are nearly pure Mode 2”.

The spatial distribution of the branches, if interpreted
as variations in Mode 3 to Mode 2’ concentrations, implies
that during the time of the Venus encounter the Northern
Hemisphere consists of particles with larger mean radius,
i.e. a higher Mode 3/Mode 2" ratio, than is generally found
in the South. A deviation from this general rule occurs in
a narrow linear band located at ~45 N. Compared to
nearby regions. the particles here are much smaller in
average size.

In proposing this explanation in terms of cloud particle
size. we do not mean to imply that other explanations are
not possible. In particular, variations in sulphuric acid
concentration of the cloud particles might be envisioned.
We have briefly examined this hypothesis by performing
theoretical calculations for two extreme cases of sulphuric
acid concentrations, 75% and 95% (by weight). We con-
sider clouds of only Mode 3 particles, for which absorp-
tion effects are the greatest, and compute radiances for
various optical depths. The influence of sulphuric acid
concentration on the absorption coefficient is small at 1.74
um, decreasing by ~4% as the concentration increases
from 75% to 95% (Palmer and Williams, 1975). At 2.30
um there is a factor of 8 larger decrease. Radiative transfer
calculations show that the net effect is to increase the 2.30
um radiance by ~ 30%. However. the observations show
an increase of 125% in the 2.30 um radiance {for constant
I, -;). Consequently, changes in sulphuric acid content
can account for only about one-quarter of the observed
variation. Based upon the relatively narrow concentration
range (+5%) suggested by Knollenberg and Hunten
{1980}. we submit that concentration changes are a minor
effect in formation of the branches.

In addition to size and sulphuric acid content, there is
the possibility that the large Mode 3 particles are not
sulphuric acid droplets at all. but are in fact solid particles
of unknown composition (Knollenberg and Hunten.
1980). Our wavelength coverage is insufficient to provide
any information or constraints regarding this possibility.
We can only note that our results are consistent with
sulphuric acid cloud particies of varying sizes.

One might also consider the effect of varying the tem-
perature in the lower atmosphere, which will affect 7744
more than 7%, because of the lower depth of formation
of the former. We feel that 1t is unlikely that this sort of
explunation can be the sole cause of the observed
branches. since their spatial structure 1s closely correlated
to cloud features. which rotate at a much faster rate than
the deep atmosphere. However, it is conceivable that some
farger scale features less obviously connected with the
clouds might be due to such an effect ; e.g. the asymmetry
between the Northern and Southern Hemispheres in
Fig. 4A.

Conclusions and speculations

We have investigated the correlation of 1.74 and 2.30 um
radiation transmitted through the Venus clouds. These
data cluster into distinet branches which we interpret as
regions of distinct and different mixes of small and large
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particles (Modes 2" and 3). There is a tendency for more
large particles in the Northern Hemisphere, although this
may not be representative of the average situation. The
spatial scale for a particular concentration (branch) is
quite large. at least during the instance of the Galileo flyby.
Itis natural to assume different origins for these differently
sized particles, and that formation of the Mode 2" and 3
particles occur in different altitude regimes (e.g. photo-
chemical processes near the cloud tops and conden-
sation near the bottom of the clouds). The observed mix-
tures of these modes—the branches—might therefore in-
dicate mixing of air parcels between these two vertically
stratified source regions. However, the large horizontal
scales of this constant-mixing ratio behaviour is surpris-
ing, and far different from terrestrial examples, where
horizontal mixing scales are only a few times the local
scale height.
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