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Statistics on the temporal variability of uv cloud features on Venus during 66 days of nominal
mission imaging by the Pioneer Venus Orbiter Cloud Photopolarimeter reveal at least five types of
systematic variability on large scales: (1) a low-latitude global-scale wave of period 3.94 + 0.1 days
corresponding to longitudinal motion of the dark equatorial band and propagating westward relative
to the mean flow: (2) a midlatitude wave of period 5.20 + 0.2 days corresponding to wavenumber |
oscillations of the latitude of the bright polar bands and propagating eastward relative to the mean
flow; (3) ~2- to 3-week fluctuations in the slope of longitudinal cloud brightness power spectra at
intermediate wavenumbers manifested by variations in the intensity of large bow-shaped features;
(4) ~2-month variations in polar region brightness consistent with polar brightening episodes ob-
served from Earth; and (5) a monotonic decrease in the disk-integrated brightness of Venus during
the nominal mission which may be either a true time variation or a solar-locked longitudinal
dependence of brightness. Small-scale features appear to correlate with large-scale albedo patterns.
Specifically, cellular features exist primarily where large-scale dark material is present, while the
orientation of streak features with respect to latitude circles oscillates with the same ~4-day period
as the large-scale features at low latitudes. The wide range of time scales present in the data
suggests the complexity of Venus stratospheric dynamics. Extended observations over many years

may be necessary to define the general circulation.

I. INTRODUCTION

Definition of the general circulation of the
upper cloud region of the Venus atmo-
sphere (60-70 km) and elucidation of the
dynamic and radiative processes which
maintain it are two of the primary goals of
the Pioneer Venus mission. The flow at
these levels is dominated by a strong east-
erly zonal wind at all observed latitudes,
some 50 times faster than the planetary ro-
tation velocity (Counselman et al., 1980:
Rossow et al., 1980). The angular momen-
tum of this flow is small, though, compared
to that of the circulation in the atmosphere
below the clouds (cf. Fig. 7 in Schubert et
al., 1980). This suggests that a relatively
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inefficient mechanism transports a small
fraction of the lower atmosphere angular
momentum up to cloud levels to produce
the observed winds. Of prime interest is the
extent to which this vertical transport is ac-
complished by eddies stimulated by diurnal
heating (cf. Young and Schubert, 1973; Fels
and Lindzen, 1974) or by a mean meridional
circulation driven by latitudinal variations
of insolation (Gierasch, 1975). The latter
mechanism also requires eddies in order to
work, but these must be quasi-barotropic,
transporting angular momentum primarily
equatorward while exchanging negligible
amounts of heat (Rossow and Williams,
1979).

Insight into the problem can be gained by
studying the variability of the Venus atmo-
sphere and searching for signatures of the
relevant eddy processes. The images from
the Pioneer Venus Orbiter Cloud Photopo-
larimeter (OCPP) experiment (Travis et al.,
1979a,b; Rossow et al., 1980) provide cru-
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cial information about variability in the
form of cloud-tracked wind velocities and
the changing morphology of ultraviolet
cloud albedo patterns at 365-nm wave-
length. The OCPP data complement pre-
vious observations of atmospheric fluctua-
tions at upper cloud levels. For example, a
comparison of Mariner 10 and preliminary
OCPP observations has already demon-
strated that the latitudinal profile of zonal
wind can change significantly with time
(Rossow et al., 1980). Ground-based uv ob-
servations of short- and long-term evolution
of the appearance of Venus (Dollfus, 1975)
also suggest a time-dependent flow and in-
vite comparisons with OCPP images. These
observations imply that monitoring of Ve-
nus over long periods of time may be neces-
sary to determine the ‘‘mean’ state of the
atmosphere. Furthermore, given the sto-
chastic nature of atmospheric processes,
even the shorter time scales of variation can
be characterized only by good temporal sta-
tistics of fluctuations over a wide range of
spatial scales. The Pioneer Venus mission
provides us with a unique opportunity to
assemble better global eddy statistics for
this region of the atmosphere.

To understand the processes which main-
tain the strong zonal winds, we would ide-
ally like to calculate eddy momentum trans-
ports, Kinetic energy levels, and energy
conversion rates over the globe. Eventu-
ally, some of this information may be re-
trievable from cloud-tracked winds, but
thus far, only limited attempts have been
made, using Mariner 10 data spanning only
3 days (Limaye and Suomi, 1981). The 10-
20 m/sec uncertainties in individual velocity
determinations require averaging to im-
prove accuracy and limit results to only the
largest-scale eddies on time scales on the
order of 1 week or longer. To resolve a
wider range of space and time scales, we
employ an alternative approach utilizing
the uv cloud brightness distribution itself.
Unfortunately, the identity of the absorb-
er(s) responsible for uv features at wave-
lengths longer than 320 nm is still un-
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known,®> so a direct correspondence
between uv contrasts and fluctuations in
dynamic state variables (e.g., velocity,
temperature) cannot yet be deduced.

The complexity of the Venus cloud sys-
tem only exacerbates the problem of inter-
preting cloud features. Contrasts in the uv
images are caused by at least three types of
substances: (1) bright ~1-um H,SO, drop-
lets which compose the main visible cloud;
(2) the unknown uv absorber(s), which may
be gaseous and/or particulate, embedded
within the 1-um aerosol layer; and (3) a
brighter submicron haze which exists
within and above the 1-um cloud (Kawa-
bata et al., 1980, 1982; Lane and Opst-
baum, 1982). Given the microphysical con-
straints on the lifetimes and relative
motions of such particles, the wide range of
observed space and time scales in the im-
ages is not easily explained (Rossow et al.,
1980). The haze has its greatest uv optical
depth in the polar regions and probably ac-
counts for much of what we see there. At
lower latitudes the haze uv optical thick-
ness is very small so that only the 1-pum
droplets and uv absorber(s) are important in
producing uv patterns. As a result, we may
see to varying depths over the ~60- to 70-
km altitude range at low latitudes, and gen-
erally a few kilometers higher nearer the
poles due to increased haze and longer slant
paths. Thus, care must be exercised in in-
terpreting the image data, particularly when
comparisons of different latitudes are in-
volved.

Despite these uncertainties, cloud bright-
ness spectra based on Mariner 10 and Pio-
neer Venus uv images of Venus (Travis,
1978; Rossow et al., 1980), if interpreted to
represent the eddy kinetic energy spec-
trum, appear to be consistent with expecta-
tions about the nature of large-scale turbu-
lence in a slowly rotating stratosphere
(Rossow and Williams, 1979). Travis (1978)

7 80, has been identified as the major uv absorber in
the 200- to 320-nm wavelength range. However, it can-
not by itself account for the contrast at 365 nm (Espo-
sito, 1980).
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has also calculated terrestrial cloud bright-
ness spectra in the same manner and repro-
duced the major features of the terrestrial
eddy Kkinetic energy spectrum. In fact,
cloud brightness has often been used di-
rectly to reveal the propagation characteris-
tics of tropical disturbances on Earth (cf.
Chang, 1970; Zangvil, 1975). These results
lend some confidence in applying similar
procedures to Venus, but the microphysical
processes responsible for the maintenance
of the Venus clouds are very different from
those characterizing terrestrial water
clouds (Rossow, 1978), so the use of terres-
trial clouds as tracers of eddy processes
does not guarantee similar success on Ve-
nus. Nonetheless, the uv features must re-
flect the cloud level dynamics in some man-
ner, and systematic description of the cloud
brightness distribution and its variation
may enable us to glimpse the nature of the
eddies and their interaction with the mean
flow.

In Section Il we describe the properties
of the OCPP image data set and the pro-
cessing techniques used for quantitative
analysis. We then examine short-term vari-
ations of uv cloud brightness (Section III)
suggestive of propagating planetary-scale
waves. Evidence of longer-term uv variabil-
ity, 1.e., on time scales in excess of one to
two cloud-level rotation periods, is pre-
sented in Section IV. Possible implications
of these findings for certain aspects of the
stratospheric dynamics are discussed in
Section V. We summarize our results in
Section VI.

1. IMAGE CHARACTERISTICS AND
PROCESSING

OCPP images are obtained during the
high-altitude apoapsis portion of the highly
inclined and eccentric 24-hr Pioneer Venus
orbit by a spin-scan technique (Russell e#
al., 1977; Traviset al., 1979a; Travis, 1979).
An average of ~4 hr is required to generate
a full-disk image in this way. It is therefore
possible to produce as many as four com-
plete images per day, although no more
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than three were acquired on any nominal
mission orbit due to the necessity for com-
plementary polarimetry, limb-scan, and
partial-disk imaging observations during the
same period. In order to have a time record
with regular sampling, we averaged all data
used in quantitative temporal analyses over
1-day intervals.

Since the spacecraft orbit is fixed in an
inertial reference frame, the phase angle
(Sun-planet-observer) of disk center
changes by 1.6°/day. The images used in
this paper come from a 66-day period in
1979 (orbits 34-99) during which at least
one full-disk image per day was acquired
and the phase angle never exceeded 60°.
Thus variations on time scales from several
days up to 1-2 months can be examined.
Unfortunately, there are reasons to suspect
that the zonal circulation and eddy kinetic
energy level may vary over time intervals
as long or longer than this (Rossow et al.,
1980). Information on these longer time
scales can be obtained reliably only by
comparing results from many imaging peri-
ods.

Coverage of the southern hemisphere is
generally somewhat better than that of the
northern hemisphere due to the 17°N lati-
tude of periapsis of the orbit. As a result,
coverage poleward of ~55°N latitude is
sporadic, while in the southern hemisphere
good coverage always exists up to at least
7(° latitude. The earliest images in the nom-
inal mission sequence show the morning
quadrant; they shift gradually to full phase
(orbit 71) and thereafter show the afternoon
quadrant at increasing phase angles. There-
fore, long-term variations cannot be distin-
guished from large-scale longitudinal varia-
tions on the basis of nominal mission data
alone.

Variations in scattering geometry over
the disk and with time and position in the
orbit produce apparent brightness varia-
tions in the raw data which do not reflect
actual variations in cloud structure. These
variations are removed by normalization,
using a scattering model for the clouds. We
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first navigate the image, utilizing informa-
tion on the spacecraft’s instantaneous posi-
tion relative to Venus and the pointing di-
rection of the OCPP telescope. The input
cloud model is a vertically homogeneous
deck of pure 1.05-um H,SO, droplets with
optical properties as determined by Hansen
and Hovenier (1974). Using this cloud
model, we calculate the theoretical inten-
sity for unit solar flux as a function of posi-
tion on the visible disk for a horizontally
uniform atmosphere whose spherical al-
bedo matches that of Venus at A = 365 nm.
We use a current version of the fast invari-
ant imbedding technique for multiply-scat-
tering atmospheres based on the work of
Sato et al. (1977). Next, a normalizing fac-
tor designed to be independent of scattering
geometry is defined as the ratio of the disk-
integrated (summing equally over all pixels)
raw and theoretical intensities; this factor
is, in effect, the intrinsic brightness of Ve-
nus as observed from a very large distance.
Finally, the appropriate theoretical inten-
sity (I') for each pixel is scaled by the nor-
malizing factor (I9) and subtracted from the
raw brightness (/7). Thus the normalized
brightness (/") at each point is an estimate
of the intrinsic cloud brightness deviation
from the disk-integrated intensity:

]n :Ir —_ IdIt — 11'

_p (2 1;) / (2 K. m

The simple cloud model we employ ne-
glects any contribution from the submicron
haze, because the large temporal and hori-
zontal variability in haze optical depth at
the levels observed by OCPP polarimetry
(Kawabata et al., 1980, 1982) precludes any
attempt to define either a “*standard’” haze-
cloud model valid at all times and locations
or separate equatorial and polar cloud
models. To estimate the range of behavior,
we also used a pure submicron haze model
to normalize a subset of the images. This
normalization is not ideal either, even at
high latitudes where the haze is thickest,
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because the disk-integrated brightness is
heavily weighted toward low latitudes,
where the haze optical thickness is small.
However, it does provide a basis for com-
parison of the effects of different scattering
models. At low latitudes, the results of the
two schemes differ only slightly, because
errors in I' are largely canceled by similar
errors in /¢ [see Eq. (1)]. However, the
departures are significant in the polar re-
gions, where no such compensation occurs.
We have therefore been careful to consider
our conclusions about the behavior of high-
latitude regions in light of these uncertain-
ties. We shall return to this point in Section
Iv.

As a final step in the processing of each
image, the image pixels are sorted into 1 x
1° latitude—longitude bins. Pixels for which
the cosine of either solar or observer zenith
angle is less than 0.15 are discarded, be-
cause errors in navigation and normaliza-
tion are greatest near limb and terminator
and because the increased slant path
through the bright submicron and 1-pm
aerosols subdues uv contrasts in these ar-
eas. The mean normalized brightness in
each bin is then used to produce a rectangu-
lar latitude-longitude map of each image at
1° resolution. This largely eliminates the
bias caused by the variation of resolution
with distance from the subspacecraft point
in each image. This data set is the basis for
all the analyses to follow.

III. PERIODICITY OF UV FEATURES

Prior to Pioneer Venus, what little data
we had on the propagation characteristics
of planetary-scale wave disturbances at up-
per cloud levels came primarily from stud-
ies of Mariner 10 uv images. The latitudinal
profile of zonal wind derived by tracking
small cloud features in the images revealed
a broad jet structure at midlatitudes in both
hemispheres (Limaye and Suomi, 1981).
However, the large-scale uv features ap-
peared to exhibit a near solid-body rotation
rather than being sheared out by these jets.
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This led to the suggestion that the global
patterns are actually the manifestation of
planetary-scale waves propagating slowly
relative to the winds at ~5-15 m/sec west-
ward near the equator and ~20-30 m/sec
eastward at midlatitudes (Belton et al.,
1976a,b). Two separate waves were pro-
posed, but a single nonlinear wave of per-
manent shape has also been proposed to ex-
plain the observations (Rossow and
Williams, 1979).

The conclusions drawn from Mariner 10
are tentative because wind measurements
were acquired for less than 4 days and im-
ages for only 8 days, less than two rotation
periods of the atmosphere at cloud levels.
The OCPP data set is better suited to deter-
mining the rotation periods of large-scale
features because of its length; its temporal
resolution, while not as good as that of the
Mariner 10 data, is sufficient to resolve peri-
ods >2 days. The comparison of the two
data sets is of interest because the OCPP
nominal mission cloud-tracked wind profile
is very close to solid-body rotation (Rossow
et al., 1980), in striking contrast to the Mar-
iner 10 profile. To characterize the large-
scale wave properties, we consider both ob-
Jjective quantitative estimates and the more
subjective visual evidence of the image pat-
terns themselves.

A. Time Series Analysis of Large-Scale
Brightness

Time series of normalized brightness, av-
eraged over all longitudes observed in each
image,? were assembled for the 66 days of
continuous imaging for latitudes from 70°S
to S9°N and were subjected to Fourier anal-
ysis, using the procedure described in Ros-

4 Using the longitudinal average brightness ensures
that only features with zonal wavenumbers <4 contrib-
ute to time variations. The variation of phase angle
over 66 days only changes the averaging length scale
by ~35%. Fourier analysis of brightness variations
along latitude circles shows that the variations are
dominated by the very largest scales (see Fig. 4; also
Rossow et al., 1980), so that the phase angle variation
will not affect the results.
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sow et al. (1980). Two examples of these
time series, at the equator and 45°S, are
shown in Fig. 1. The resulting power spec-
trum estimates were averaged logarithmi-
cally over 20° latitude bands starting at 70°S
to increase statistical significance and iso-
late large-scale features. The shortest re-
solvable (Nyquist) period is 2 days, twice
the temporal resolution. The longest re-
solved time scale is identical to the length of
the data set, 65 days [prewhitening reduces
the length of the original data set by 1 day;
see Rossow et al. (1980)].

The statistical significance of peaks in the
spectra can be determined by comparison
to the power levels of an appropriate spec-
trum which estimates the background
power remaining in the absence of any peri-
odicities. Since images on adjacent days are
significantly correlated with each other, a
white noise spectrum is not appropriate. In-
stead, a red noise continuum, which repre-
sents the characteristics of time series with
both persistence and randomness, was used
(Bartlett, 1960; Mitchell, 1966). The ‘‘raw’’
spectral estimates have 2 degrees of free-
dom apiece. Averaging of power over 20°
latitude bands was estimated to further in-
crease this by a factor of at least 2, since
time series at adjacent latitudes are neither
perfectly correlated nor completely inde-
pendent. Confidence levels were finally
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assigned by multiplying the red noise con-
tinuum by factors representing appropriate
random fluctuations about this noise level
for 5.2 degrees of freedom in each latitude
band.?

The results of the time series analysis are
shown in Fig. 2. The spectra contain signifi-
cant peaks in all latitude bands at frequen-
ciesn = 12—-13 and 16-17, corresponding to
periods of 5.20 = 0.2 and 3.94 + 0.1 days,
respectively (the uncertainties reflect the
frequency resolution of our data set). The
3.94-day peak dominates the signal at low
and high latitudes, while the 5.20-day peak
has comparable or greater strength only at
midlatitudes. The only other peak of any
significance is at n = 25 (period 2.60 = 0.05
days); this may be the second harmonic of
the 5.20-day peak, which is expected for a
nonsinusoidal periodicity, not a separate
wave with this period. Minor peaks also oc-
cur at # = 18-21 and 28-30 but are either
too small, irregular, or close to the Nyquist
frequency to warrant attention.

The observed periodicities refer to large-
scale features, since the brightness has
been averaged longitudinally over the visi-
ble disk and the power averaged latitudi-
nally over 20° bands. It is therefore of inter-
est to compare them with the zonal wind
rotation period derived by tracking small-
scale cloud features (see Fig. 17 in Rossow
et al., 1980). A linear least-squares fit to the
nominal mission mean wind rotation period
profile between 50°S and 50°N gives a rota-
tion period of 4.65 + 0.3 days.® Both the

> The particular red noise spectrum used was the
Markov continuum. The data were passed through a
hanning window before Fourier analysis. This in-
creases the number of degrees of freedom by ~30%
(Blackman and Tukey, 1958); hence, our final estimate
of 5.2. Deviations from the noise level were assumed
to be distributed as x* divided by 5.2,

6 The uncertainty derives from the actual rms devia-
tion of the data of 0.2 about the linear fit plus 0.1 due to
differences depending on whether the data are
weighted equally, by area, or by number of vectors. It
is consistent with the estimated ~7 m/sec uncertainty
in determining the mean velocity at any latitude (see
Rossow ef al., 1980).
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5.20-day period and the 3.94-day period are
more than one standard deviation away
from the wind rotation period. Interpreta-
tion of these differences is, unfortunately,
not straightforward, since at least three dif-
ferent scenarios are capable of producing
the observed results:

(1) Two planetary-scale waves, with peri-
ods P, = 3.94 days and P, = 5.20 days,
were present simultaneously during the
nominal mission. The discrepancies with
the zonal wind rotation period represent
propagation phase speeds of the waves rela-
tive to the wind. For P, the relative phase
speed is westward 17 = 10 m/sec at the
equator and 12 = 9 m/sec at 45° latitude,
while for P,, the relative phase speed is
eastward 10 = 10 m/sec at the equator and 7
+ 9 m/sec at 45°,7 given the apparent zonal
wavenumber 1 structure of the features (see
Fig. 4). This interpretation is qualitatively
similar to that of Belton ef al. (1976a,b) for
the Mariner 10 images.

(2) Only one of the waves was present at
the beginning of the observation period, but
its period evolved from one of the two val-
ues to the other. Tests on hypothetical data
sets made up of simple sine waves suggest
that, for a 66-day series, such a change in
frequency with time can produce the ob-
served spectrum if the transition occurs
over a sufficiently short interval (=2
weeks).

(3) The spectral peaks reflect the long-
term amplitude modulation of global fea-
tures simply advected around the planet at
the ambient zonal wind speed and not prop-
agating at all. Strictly speaking, in fact,
since the power at # = 14—15 is not below
the 5% confidence level, we cannot really
claim to have resolved two separate peaks,
but must admit the possibility of a singie

" The uncertainty is determined by adding the uncer-
tainties in the wave phase velocity and the wind veloc-
ity. A least-squares fit just to the data from 50°S to
30°S gives a wind rotation period of 4.5 days. Thus,
despite the large error bar, it seems reasonable to clas-
sify the 5.20-day wave as eastward propagating with
respect to the wind.
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broad band centered at a period of ~4.5
days. However, if we assume that the two
peaks are indeed separate, then for P, and
P, to be merely sidebands of a modulated
advection period the required carrier and
modulation periods would be

2
PC = m = 4.48 _fgjgg days,
P, 2 = 32.5 1333 days. (2)

T QA/Py — 1/Py)
P, is exactly half the length of the data set,
because frequency resolution is 7/65 and
period resolution is therefore poor at the
lowest frequencies. Consequently, P
could be anywhere from 3 weeks to several
months. The important point is that P, is
consistent with the cloud-tracked wind ro-
tation period, making modulation a possi-
bility. Thus, even though the spectrum of
brightness variation has a deficit of power
at periods =2 weeks (Fig. 2), other types of
variations might be occurring on these
longer time scales.

The second of these three possibilities
seems the least likely, because there is no
obvious frequency shift in time series such
as those in Fig. 1. At 45°S, 12 brightness
minima can be counted in 62 days, giving an
average period of 5.2 days, while 16 minima
occur over 63 days at the equator, fora 3.9-
day period. This suggests that the spectral
peaks reflect two distinct planetary-scale
disturbances. However, there is some sug-
gestion, at least at 45°S, of beats in the
brightness record with an ~1-month time
scale, implying an amplitude modulation
period just within the uncertainties of P ,.
On balance, it is not certain from this analy-
sis alone whether two propagating waves
are present or whether the long-term modu-
lation of a simple advecting pattern is oc-
curring. Fortunately, other lines of evi-
dence distinguish between these two
alternatives.

B. Four-Day Composite Images

In some ways the best indicators of
brightness variations are the images them-
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selves, because pattern recognition can
provide a kind of ‘‘ground truth’ for the
results of objective analyses. We therefore
constructed a series of 12 latitude vs time
composite images (Fig. 3), each covering
one 4-day cycle and spanning latitudes
70°N-70°S, from the normalized mapped
image data set. The width of each image
segment is determined by the time interval
between the centers of consecutive images
and the assumption that the large-scale
cloud features rotate with a 4.0-day period,
consistent with the dominant periodicity
deduced above. The procedure is similar to
that used by Belton et al. (1976a) on the 8
days of Mariner 10 imaging of Venus. To the
extent that this assumption is valid and the
large-scale clouds do not evolve dramati-
cally in <4 days, the composites can be
thought of as rectangular projection **maps
of the world’” for the uv features and pro-
vide a convenient 48-day history of the evo-
Jution of large-scale cloud albedo patterns.
Latitude-dependent rotation rates based on
cloud-tracked wind profiles and the domi-
nant period at each latitude in the time se-
ries analysis results were also experimented
with, as well as cross-correlation tech-
niques for determining image boundaries,
but none of these dramatically improved
the visual appearance of the composite im-
ages or changed the qualitative features dis-
cussed below.

One striking feature of Fig. 3 is the reap-
pearance of the dark equatorial band on the
first day of each cycle. The details of the
band morphology change from one cycle to
the next, but in general this is the most sta-
ble feature in the images. It is obviously the
cause of the dominant 3.94-day peak in the
low-latitude time series power spectra. The
last 2 days of each cycie are characterized
by large tilted bow shapes and/or V- or Y-
like features, but these are more ephemeral.
At midlatitudes, the brightness variation is
dominated by the bright polar bands, one in
each hemisphere, which oscillate in latitu-
dinal position between ~45 and 55° (Ros-
sow et al., 1980). A comparison between
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adjacent composite images, however,

shows that the bands oscillate with a period
of ~5 days rather than ~4 (Fig. 3c illus-
trates this particularly well). This is com-
pelling evidence for the authenticity of the
5.20-day peak, which is strongest in the
midlatitude power spectra. We therefore
conclude that the two spectral peaks reflect
real propagating waves.

Feature discontinuity across image
boundaries indicates changing conditions,
either in the zonal flow speed or simply in
the clouds themselves. In several instances,
most notably Days 39-42 and 47-50, fea-
tures can be traced easily from one image to
the next, and obvious Y-like features are
seen. At other times, though (e.g., Days
27-30 and 55-58), compositing produces
poorer results. In these images, periodici-
ties are difficult to discern, yet the progres-
sion of features in subsequent cycles re-
mains in phase with that of previous cycles.
This suggests that the cloud “‘tracer’ is
changing and not the dynamics. Thus the
amplitude fluctuations in Fig. 1 may merely
reflect variations in the upper cloud struc-
ture.

It remains to determine the longitudinal
structure of the waves. The general conti-
nuity of the composite images suggests that
both the equatorial band and the bright po-
lar bands are zonal wavenumber 1 perturba-
tions. This has been noted previously on
the basis of Mariner 10 data (Belton et al.,
1976a,b). On the other hand, the Y feature
has at times been interpreted as wavenum-
ber 3 (Dollfus, 1975) and the bright polar
bands as wavenumber 2 (Suomi and Li-
maye, 1978). Unfortunately, Fourier analy-
sis of individual images can only resolve
scales as large as planetary wavenumber 3,
since less than half of any latitude circle is
observed. We can remove this constraint by
using the mosaics to represent a complete
range of longitude, albeit at the cost of addi-
tional noise due to the discontinuities be-
tween adjacent images and to scattering ge-
ometry variations over the orbit not
adequately removed by the normalization
scheme.

Figure 4 shows the power spectra ob-
tained by Fourier analyzing the intensity
values in each completely filled composite
latitude circle and then averaging the power
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logarithmically over 20°-wide latitude
bands and over all 12 composites. The spu-
rious power is concentrated at wavenumber
4 and all its harmonics, because the space-
craft orbital period is one-fourth the length
of the composite, and the artifacts are
quasi-periodic but not sinusoidal. Despite
this, wavenumber 1 dominates the spec-
trum in every latitude band. This verifies
the impressions of Belton et al. (1976a,b)
about the longitudinal structure of the
large-scale features. It is also consistent
with expectations if the dynamics of Venus’
stratosphere are roughly two-dimensional
and vorticity conserving (Rossow and Wil-
liams, 1979). When forcing for the flow is
weak, inertial nonlinear interactions domi-
nate, and energy cascades from high to low
wavenumbers. Given Venus’ slow rotation
rate, the cascade can proceed up to the
very largest scales. There is no sign of
wavenumber 2 or 3 dominance.
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We therefore propose the following ex-
planation of all the observations. Two dis-
tinct planetary-scale waves, centered at dif-
ferent latitudes and propagating in opposite
directions relative to the zonal wind, were
present during the Pioneer Venus nominal
mission. The periods and phase speeds are
those calculated in part A of this section.
Both waves have a zonal wavenumber |
structure and are symmetric about the
equator, as suggested by Figs. 2 and 3, but
the latitudinal widths of the two differ. The
3.94-day wave, centered on the equator, is
global in extent, while the 5.20-day oscilla-
tion, centered at ~45-55° latitude, is more
confined meridionally. Both waves appear
to be present throughout most of the 66-day
imaging period. The interaction between
the two waves in midlatitudes apparently
results in long-period variations, as will be
seen in Section IV.

C. High-Pass-Filtered Composite Images

Thus far we have discussed the behavior
of large-scale features exclusively, but the
images also contain a wealth of interesting
small-scale details. To isolate these fea-
tures, we digitally high-pass filtered some of
the composite images (Fig. 5). First, the in-
tensities were smoothed using a normalized
two-dimensional 13-point Gaussian func-
tion with standard deviation o = 2°, The
smoothed intensities were then subtracted
from the originals (/;;) to give the intensi-
ties (7;;") of the high-pass-filtered images:

1 i+6 j+6
IL.h=1. — ~—
~ i 2’".0-2 m=i—6 n=j—6
—[(m = ip + (n = j?
o exp L= P (P

The half-power point of this filter is near
wavenumber 34, so features with spatial
scales < 1100 km are subdued in Fig. 5.
Small-scale features fall into two general
classes described by Rossow et al. (1980).
Cellular features dominate the structure at
low latitudes. These may be the manifesta-
tion of small-scale convection at visible
cloud levels or below. Elsewhere the pre-
ferred morphology is a streak texture which
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Fi1G. 3. Four-day latitude vs time composite uv images spanning latitudes 70°N-70°S and covering 48
days in 1979 during the nominal mission. The width of image segments is determined by the assumption
that features move in longitude 90°/day. The irregularity of the upper boundaries of the images is due to
variations in viewing geometry over each orbit. (a) Days of year 19-30, (b) Days 31-42, (c) Days 43—
54, (d) Days 55-66.
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Fi1G. 3—Continued.
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FiG. 3—Continued.
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Fi1G. 3—Continued.
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Fic. 4. Longitudinal cloud brightness power spectra of the composite images in Fig. 3 averaged
logarithmically over 20°-wide latitude bands and all 12 composites. (Left) Northern hemisphere and

equatorial region. (Right) Southern hemisphere.

forms the basis of the tilted bow-shaped
patterns seen to some extent in every im-
age. Each type of structure exhibits a defi-
nite correlation with the large-scale albedo
patterns, as can be seen by comparing Figs.
3¢ and S.

The cells are generally located in regions
of large-scale dark material, occurring pri-
marily in low latitudes when the dark equa-
torial band is present, but penetrating far-
ther poleward in the vicinity of the dark
arms of the Y feature. The correlation with
dark material has been noted before (Belton
et al., 1976b; Rossow et al., 1980), and two
explanations have been proposed: (1) the
cells are ubiquitous but most visible in dark
regions because of the higher contrast
there: or (2) they exist preferentially in and
are physically interrelated with dark re-
gions. The former was our initial impres-
sion (Rossow et al., 1980), but based on the
appearance of the composite images, we
now favor the latter explanation. If cell visi-
bility were solely dependent on contrast

level, we would expect to see few small-
scale features in bright regions. Instead, the
transition from large-scale dark to bright,
especially at midlatitudes, is marked simply
by a gradual change from cellular to streak
features. The contrast seems to be adequate
in bright regions (except the polar bands) to
reveal small features, but cells are generally
not present.

Streak features are apparent in both
bright and dark regions, though somewhat
obscured by cellular features within the lat-
ter. Rather than albedo, they correlate with
the orientation of planetary-scale markings
relative to latitude circles. Comparison of
Figs. 3¢ and 5 shows that they line up al-
most zonally when the dark equatorial band
is present but tilt as much as 45° near the
arms of the Y and larger bow-shaped fea-
tures. The tilt of these streaks thus oscil-
lates with the same 4-day periodicity as the
large-scale patterns, not the 4.65-day ad-
vection period determined by tracking the
translational motions of these same fea-
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FiG. 5. High-pass Gaussian filtered version of the composite images in Fig. 3c. The filter subdues
features on scales larger than ~1100 km.




406

tures. Again, the impression is that of a dy-
namical interaction between features on dif-
ferent scales.

The rotation of uv patterns dominates the
signal in almost any kind of time series one
constructs from OCPP image data. To re-
veal fluctuations on longer time scales, all
of the time series discussed in this section
were smoothed using 4-day equally
weighted running means. This emphasizes
cycle-to-cycle variations at the expense of
day-to-day changes. In addition, 3- and 5-
day running means were computed for sev-
eral time series and compared with the 4-
day running mean to ensure that the choice
of smoothing interval does not bias our con-
clusions.

A. Single-Image Longitudinal Power
Spectra

Longitudinal cloud brightness power
spectra were calculated by Fourier analyz-
ing the normalized brightness distribution
along latitude circles in 114 individual im-
ages (Fig. 6). The method used was essen-
tially that described in Rossow et al. (1980),
with one minor difference: the longitudinal
length of the data sets was restricted to a
121° segment at each latitude centered as
close as possible to the subsolar meridian.
This eliminates a possible source of latitudi-
nal and temporal bias® and minimizes the
spurious power introduced by foreshorten-
ing and slant path variation effects.

The basic features of the spectra are simi-
lar to those deduced from a preliminary
subset of images (Rossow et al., 1980). The
only real peak occurs at or below the lowest
resolved wavenumber (k = 3). There exists
a “‘kink’’ in the spectrum at approximately
wavenumber 10 in all latitude bands. The
slopes of the spectra, as determined by
least-squares linear fits, generally increase

® The images selected are all at low enough phase
angles so that 121° of longitude are observable.

DEL GENIO AND ROSSOW

TABLE 1

TiME MEAN LONGITUDINAL CLOUD BRIGHTNESS
POWER SPECTRUM SLOPES

nde Wovamim hor roooa
uae YYavenuimnoer range

5-50 5-10 10-20 20--30 30-50
50°S-70°S -2.9] ~5.63 -3.10 -2.38 -1.74
30°S-50°S -2.67 -3.91 -2.64 -2.49 —2.51
10°8-30°S —2.44 -3.23 —2.83 -1.86 -2.18
1°N-10°S —2.40 -3.07 —2.40 —2.55 -2.08
1°N-30°N -2.35 ~3.92 —2.04 ~2.63 —1.64
3°PN-50°N —2.98 —4.31 —2.96 -2.27 -3.12

in magnitude (i.e., the spectra steepen) with
increasing latitude (see Table I) at the lower
wavenumbers. This is exactly opposite the
latitudinal variation in slope determined by
Travis (1978) from Fourier analysis of 2
days of Mariner 10 images.

This difference can be explained by sig-
nificant temporal variability in the cloud
feature size spectrum. We plotted the spec-
tral slope in the wavenumber range 10-20
vs time (Fig. 7) and indeed found that the
fluctuations can be quite large (>1) at all
latitudes. At certain times, in fact, the slope
magnitude decreases with latitude (e.g.,
Days 30-31), as it did at the time of Mariner
10 observation. Of particular interest is the
quasi-periodic variation of slope at latitudes
30°S~50°S with an apparent time scale of 2—
3 weeks (Fourier analysis of this time series
yields a peak at 19 + 3 days). The visual
manifestation of this periodicity is an appar-
ent fluctuation in strength of the large (zonal
wavenumber ~ 20) bow-shaped features as-
sociated with the Y, as can be seen from
Fig. 3. For example, the slope magnitude is
at or near a minimum on Days 34, 50, and
66, and the images on these days are domi-
nated by numerous large, high-contrast
bow shapes. In between (e.g., Days 26, 42,
58), when the slope is maximum, the images
contain less bow-shaped activity and Y fea-
tures are more zonally oriented and latitudi-
nally confined.

In the former case, the V- or Y-shaped
features coincide with the highest latitudi-
nal extent of the bright polar bands, while in
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the latter case the bands are furthest equa-
torward when tilted features appear at low
latitudes. Therefore, the periodicity may
reflect a 4 **‘commensurability’’ between the
3.94- and 5.20-day waves discussed in Sec-
tion III. In other words, the bow-shaped
features may be the result of a dynamical
interaction between eddies in low and
midlatitudes. Alternatively, the bow shapes
may merely represent the addition of over-
lapping wave amplitudes at varying relative
phase, analogous to the suggestion of Bel-
ton et al. (1976b) for the Y feature. In ei-
ther case, it implies that the two propagat-
ing waves exist at the same level even
though we see to different depths in equato-
rial and midlatitude regions. Unfortunately,
data in the 30°N-S50°N latitude band are too
sparse to reveal whether a similar variation
exists there simultaneously.

Systematic fluctuations in slope occur at
other latitudes, but with different time
scales. For example, at 10°S-30°S and
10°N-10°S a 20- to 30-day periodicity is
suggested. The cause of this behavior is not
evident, although it roughly correlates with
the time interval over which recognizable Y
or V features persist (Fig. 3). Elsewhere, no
obvious periodic behavior occurs.

Nonetheless, at all latitudes, a strong
negative correlation exists between the
spectral slopes at low and intermediate
wavenumbers. Table II presents cross-cor-
relation coefficients between the time series

TABLE 11

CRr0OSS-CORRELATION COEFFICIENTS BETWEEN
POWER SPECTRUM SLOPES IN VARIOUS
WAVENUMBER RANGES

Latitude Wavenumber ranges
band
5-10/10-20 10-20/20-30 5-10/20-30

50°S-70°S ~0.38 -0.51 +0.12
30°S-50°S —0.30 -0.11 —0.11
10°S-30°S -0.74 -0.01 -0.16
10°N-10°S -0.57 -0.74 +0.62
10°N-3(°N -0.57 —0.16 +0.04
36°N-50°N -0.54 -0.17 -0.00

DEL GENIO AND ROSSOW

of slopes in three wavenumber ranges for
six latitude bands. The large negative corre-
lations throughout the first column of this
table demonstrate that the slope increases
at low wavenumbers while decreasing at in-
termediate wavenumbers, and vice versa,
that is, the spectrum flexes about a pivot
point near wavenumber 10. This flexing can
result in a spectral shape similar at times to
that derived by Travis (1978). The variation
in shape could be due either to sporadic
injection of power near wavenumber 10 or
to simultaneous forcing at low (A < 10) and
intermediate (10 < & < 20) wavenumbers.
We favor the latter, because the spectrum is
generally much steeper at larger scales than
at intermediate scales (see Table I). In other
words, the kink at wavenumber 10 reflects a
relative deficit of power there rather than a
relative excess. The slope at high
wavenumbers, in contrast, does not corre-
late especially well with that at either low
or intermediate wavenumbers, except in
the equatorial region, where it is correlated
with the former and anticorrelated with the
latter. This is further evidence for contem-
poraneous forcing at large and intermediate
scales. Regardless of whether the cloud
brightness spectrum reflects the spectrum
of eddy kinetic energy or some other quan-
tity, our results suggest coordinated inter-
actions between features on very different
spatial scales.

B. Disk-Integrated Intensity

The normalization factor described in
Section 11 is also a good approximation to
the total intrinsic brightness of Venus at A =
365 nm as observed from a large distance.
Its temporal variation is dominated by the
4-day quasi-periodicity of the dark horizon-
tal Y. However, after multiple smoothing
with a 4-day running mean, variation on
longer time scales is revealed (Fig. 8).

Two types of variability are present in
this figure. The dominant feature is a gen-
eral monotonic decrease in brightness over
the length of the record, which could imply
a vacillation of global brightness on a time
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FiG. 8. Time series of the disk-integrated uv bright-
ness of Venus, smoothed by three successive applica-
tions of an equally weighted 4-day running mean.

scale greater than 2 months.® Kawabata et
al. (1982) do in fact observe a systematic
decrease in polar haze optical thickness on
time scales of several hundred days. How-
ever, our view of Venus shifted gradually
from the morning quadrant to the afternoon
quadrant during the nominal mission, so
that a solar-locked longitudinal variation of
brightness, with the afternoon side being
darker than the morning, can also explain
this observation. The nominal mission data
alone do not permit us to distinguish be-
tween temporal and fixed longitudinal de-
pendence of the disk brightness.
Superimposed on this trend is a small-
amplitude oscillation with a periodicity of
about 2-3 weeks. Once every ~15-20 days
the dark Y feature or its equivalent is in
view at the same time that the bright polar
bands are farthest poleward and most fore-
shortened (see Fig. 3). Because the disk-
integrated brightness is usually weighted to-
ward low latitudes due to foreshortening
and the nature of the Pioneer Venus orbit,
on these days (e.g., 38, 50, 66) the disk
brightness is at a local minimum. This may
be a manifestation of beating between the
3.94- and 5.20-day planetary-scale waves.

9 OCPP observations are calibrated by observing
both an internal calibration lamp and an external dif-
fuse target illuminated by the Sun. Variations of instru-
ment response are small compared to the variations
discussed here.
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C. Longitudinally Averaged Normalized
Brightness

Time series like those in Fig. 1 exhibit
several types of variability, but underlying
long-term changes are difficult to see in the
presence of the 3.94- and 5.20-day signals.
Figure 9 shows the longitudinally averaged
normalized brightness vs time after smooth-
ing in time and averaging over 20°-wide lati-
tude bands. Of particular interest is the
strong ~2-month brightness fluctuation in
both polar regions (50-70° in each hemi-
sphere and to a lesser extent at 30°N-
S50°N). Part of this variation is an artifact
resulting from our use of a pure 1-um aero-
sol model for normalization. The phase
function [and therefore It in Eq. (1)] for 1-
pm particles at A = 365 nm is greater at
small phase angles than that for the }-pm
particles which actually dominate at high
latitudes, but it drops off more sharply and
becomes smaller than the 4-um phase func-
tion at intermediate phase angles (Hansen
and Travis, 1974). Therefore, a 1-um nor-
malization introduces an artificial mono-
tonic trend of the normalized brightness
with increasing phase angle in the polar re-
gions (0° phase angle occurs on Day 44).

To study this, we normalized a subset of
the images covering a wide variety of phase
angles using a cloud model for a pure §-um
haze. The amplitude of the fluctuation de-
creased (~50%) but was not eliminated, be-
cause the observed variations are oscilla-
tory in nature rather than monotonic
functions of phase angle. We therefore con-
clude that some of the variability is real and
we are seeing the poles brighten and darken
on an ~2-month time scale. This behavior
is consistent with ground-based observa-
tions of polar brightening events (Dollfus,
1975). OCPP polarimetry may also indicate
a concurrent variation in polar haze optical
depth (Kawabata er al., 1982).

At lower latitudes, long-term brightness
variations relative to the disk-averaged in-
tensity are much smaller and more irregu-
lar. Near the equator, especially, no trend
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F1G. 9. Time series of zonal mean normalized uv brightness averaged over 20°-wide latitude bands
and smoothed by an equally weighted 4-day running mean. Latitude bands in each hemisphere: (a) 50—

70°, (b) 30-50°, (c) 10-30°, (d) 10°N-10°S.

is obvious. However, at 10°S-30°S we ob-
serve an —2-month fluctuation almost ex-
actly out of phase with that at 50°S-70°S:
that is, while high latitudes darken, a region
at lower latitudes brightens, and vice versa.
It is tempting to suggest that these two phe-
nomena are connected. On the other hand,
the evidence for similar behavior at 10°N—
3(°N is poor by comparison. Of course, the
north pole was somewhat darker than the
south pole during the nominal mission (Fig.
9 and Rossow et al., 1980) so there may
have been less haze available in northern
latitudes to produce such an effect. Data
from several more imaging periods should
reveal whether the variability reported here
is systematic and repeatable or not.

V. DISCUSSION

The previous sections demonstrate that
the Venus clouds undergo highly complex
brightness variations on time scales ranging
from a few days to a few months or longer.
Our difficulty in qualitatively describing

changes in the uv appearance of Venus
(Rossow et al., 1980) largely stems from
this intermingling of time scales. Although
we do not know which dynamic state varia-
ble we observe, the variations suggest some
properties of the dynamics near the cloud
tops. The following ideas should be consid-
ered as hypotheses to be tested against the
results of future analyses.

Some insight into the nature of the waves
we observe may be gained by considering
the possible instability mechanisms which
can produce waves on Venus. If the strato-
spheric dynamics are roughly two-dimen-
sional and vorticity conserving (Rossow
and Williams, 1979), planetary-scale advec-
tion waves (Thompson, 1948) should be
common. Advection waves are the general-
ization of Rossby—-Haurwitz waves on a
slowly rotating planet, advecting mostly
relative rather than planetary vorticity. One
mechanism for generating such waves is
barotropic instability (cf. Kuo, 1949). Two
features of neutral and unstable barotropic
waves are significant in light of our obser-
vations of brightness variability. (1) Since



TIME VARIATION OF VENUS UV FEATURES

5
10°S-30°S
ok
s
10
w
@oel 4L 111111111
Z 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
I
o
5 s
10°N-30°N
0_
-5k
10}
YY1 N R N WU SR N NN N NN S A M B
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
c DAY OF YEAR
)
10°N -10°8
w S
w
w
z
E -0
Q
@
@ -5t
-20 S TR SN N VR TN AN NN TR S S A |
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
d DAY OF YEAR

F1G. 9—Continued.

an unstable disturbance acquires its kinetic
energy from that of the mean flow by trans-
porting momentum out of and smoothing
out a jet, the streamlines of a barotropically
unstable perturbation are tilted in a direc-
tion opposite to the sense of the gradient of
the angular velocity of the mean zonal flow.
A neutral wave perturbation, on the other
hand, is not tilted and therefore does not
transport momentum latitudinally. (2) The
phase speed of an unstable disturbance is
slower than the zonal flow speed at the
point where the absolute vorticity has an
extremum but is faster than the minimum
speed of the zonal flow. A neutral wave
phase speed is less than the minimum flow
speed if no absolute vorticity extremum ex-
ists, but if an extremum is present, a neutral
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perturbation can also have a phase velocity
which matches the flow velocity at the
point of extremum.

The Mariner 10 cloud-tracked wind pro-
file contained midlatitude jets with a maxi-
mum in absolute vorticity at 48°S latitude
(Travis, 1978), thus satisfying Rayleigh’s
criterion, one of two necessary conditions
for barotropic instability. The absence of
these jets in Pioneer Venus nominal mission
cloud-tracked winds suggests that barotro-
pic instability may have acted to produce
the more stable Pioneer Venus wind profile
(Rossow et al., 1980). The 5.20-day latitudi-
nal oscillation of the bright polar bands at
midlatitudes has a phase speed which ap-
pears to be somewhat slower than the zonal
flow; its apparent wavenumber 1 structure
implies that it is the product of a nonlinear
energy cascade from high to low wavenum-
bers. Therefore, we suggest that the 5.20-
day periodicity represents a neutral global-
scale advection wave which evolved by
two-dimensional processes from a previ-
ously barotropically unstable flow at cloud
levels. The morphology of the bands corre-
sponds most closely to the streamfunction
of the total flow [cf. Figs. 4 and S in Rossow
and Williams (1979) for an example]. In
other words, the bright material at midlati-
tudes appears to trace the flow field di-
rectly. The eastward relative propagation of
the midlatitude wave is consistent with that
deduced from the Mariner 10 images, de-
spite the large difference in midlatitude
wind velocities at these times, but a de-
tailed comparison is not possible due to the
short duration of the Mariner 10 observing
period.

The 3.94-day equatorial wave, which is
presumably the same phenomenon ob-
served in the Mariner 10 images, may be
different in character from the oscillation at
midlatitudes. It does not appear to be an
advection wave, since it propagates signifi-
cantly faster than the zonal flow at all lati-
tudes. The longitudinal structure of Mariner
10 cloud-tracked zonal eddy velocities (Li-
maye and Suomi, 1981) suggests that the
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band may be a region of flow divergence.'®
If the meridional eddy velocities measured
by Limaye and Suomi (1981) are correct,
their nonzero values near the equator pre-
clude a Kelvin wave interpretation of the
equatorial band, as suggested by Belton et
al. (1976b). However, it is still possible that
some type of gravity wave (Covey and
Schubert, 1981) is responsible for this fea-
ture. The forcing mechanism for the equa-
torial band is not obvious from the image
data, although the correlation of cells with
the band (Figs. 3c and 5) suggests a possible
forcing by mesoscale convection. Alterna-
tively, the convection might be stimulated
by temperature perturbations associated
with dark material either indirectly due to
the wavelike nature of the band or directly
via radiative feedback in areas of strong uv
absorption.

Information from other Pioneer Venus
experiments may shed light on the vertical
propagation characteristics of these waves.
Nominal mission time series of infrared
brightness temperature in four sounding
channels acquired by the Orbiter Infrared
Radiometer (OIR) have been Fourier ana-
lyzed by Apt and Leung (1982) and found to
contain a primary peak at 5.3 = 0.4 days at
high and midlatitudes. This may reflect the
same phenomenon we see at midlatitudes in
the uv. The phase of this wave appears to
vary with height, suggesting vertical propa-
gation (Taylor et al., 1980). However, the
4-day oscillation so obvious in the uv is not
seen at all by the OIR, which views levels
higher than those represented by the uv fea-
tures. This may mean that the 3.94-day
wave does not propagate vertically, while
the 5.20-day wave does. The 3.94- and 5.20-
day waves propagate faster and slower than
the mean zonal wind at cloud levels, re-
spectively. Thus, if the zonal wind con-
tinues to increase in magnitude throughout

10 Conclusions about eddy velocities should be
viewed as tentative because of the uncertainties in-
volved in determining individual cloud-tracked wind
vectors and in defining the zonal mean flow from the
short Mariner 10 observing period.
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and above the clouds (where its structure is
presently unknown), the 3.94-day wave
would soon reach a critical level, where its
phase speed matches the wind speed, and
be absorbed or reflected there, while the
5.20-day wave would not. Because the
zonal wind decreases monotonically with
depth below uv cloud levels (cf. Coun-
selman et al., 1980), the critical level for the
latter wave is at ~55-60 km altitude, below
the region we see, so it could propagate
freely if generated above this level. The
barotropic instability explanation of the
5.20-day wave is consistent with this con-
straint, because in this scenario the pertur-
bation is forced locally by momentum
transport along the poleward branch of the
cloud-level Hadley cell.

The large bow-shaped features [see Ros-
sow et al. (1980) for definition] are particu-
larly intriguing, because of their character-
istic tilt, symmetry, and sporadic nature.
The ~4-day periodicity of these features
(Fig. 3) seems to indicate that their origins
are tied to the dark equatorial band. The
~2- to 3-week quasi-periodicity in their
strength suggests that this comes about via
a dynamical interaction between the 5.20-
and 3.94-day waves, although it is possible
that a simple beat phenomenon involving
the two overlapping waves can in some way
explain the observed morphology. The
large-scale pattern is reminiscent of a baro-
tropically unstable disturbance, but one oc-
curring at low latitudes. If the tilt of the
large bow shapes implies instability, the as-
sociated eddy momentum transport would
be poleward in both hemispheres, and this
might be manifested by the varying tilt of
the small streak features. Such a transport
was calculated in cloud-tracked winds by
Limaye and Suomi (1981) over 3 days of
Mariner 10 imaging, when bow shapes were
prominent. However, this eddy transport
was much smaller than, and of the wrong
sign to balance, the transport by the mean
meridional circulation, so the bow shapes
may not play a primary role in the momen-
tum balance. If barotropic instability is re-
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sponsible for smoothing out midlatitude jets
built up by the meridional circulation on Ve-
nus, then at times of instability we can in-
stead expect to observe large equatorward
eddy momentum transports and different uv
feature characteristics. The features seen in
the nominal mission images may represent
only one stage in the variation of the dy-
namics and cloud features of Venus. Until
we observe an instability in progress and
can correlate the disturbance with the uv
features, we must regard these ideas as
speculative.

The observed —~2-month oscillation of
polar brightness also has possible implica-
tions for the dynamical balances in the Ve-
nus stratosphere. Rossow er al. (1980) sug-
gested that the rapid zonal wind at cloud
levels is a consequence of a vacillation cy-
cle involving momentum transport by a
mean meridional circulation and quasi-
barotropic eddies. They further suggested
in that paper that ground-based observa-
tions of occasional polar brightening
(Dollfus, 1975) might be caused by this vac-
illation as follows. Quasi-barotropic eddy
parcel exchanges would mix bright submi-
cron haze particles into low latitudes and
somewhat less bright 1-um H;SO, droplets
into high latitudes when eddies were active,
thus darkening the pole. When eddies were
dissipating, haze would build up at high lati-
tudes, thereby brightening the pole. Our
results tentatively support this interpreta-
tion, for two reasons: (1) the time scale we
observe for the polar brightness variation is
consistent with that suggested for the vacil-
lation cycle (Rossow and Williams, 1979;
Rossow et al., 1980); (2) the brightness vari-
ation at 10°S-30°S, which is out of phase
with that at 50°S-70°S, suggests that lower-
latitude brightening is tied to polar darken-
ing. Suggestions of polar haze optical depth
fluctuations deduced from OCPP polarime-
try (Kawabata et al., 1982) may also corre-
late with this behavior. However, the verifi-
cation of this connection between polar
brightening and vacillation of the zonal flow
will depend ultimately upon the observation
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of temporal variations in eddy kinetic en-
ergy levels and momentum transports from
cloud-tracked wind measurements.

VI. SUMMARY

The observed temporal variability of ul-
traviolet cloud brightness in over two
months of Pioneer Venus OCPP imaging
can be characterized as follows:

1. The longitudinal mean brightness rec-
ord shows evidence of two planetary-scale
waves. One appears to be centered on the
equator but has significant amplitude at all
latitudes. It has a pertod of 3.94 = 0.1 days
and propagates westward relative to the
mean zonal flow at an equatorial phase
speed of 17 = 10 m/sec. The other is cen-
tered at midlatitudes and is more confined
latitudinally, has a period of 5.20 = 0.2
days, and propagates eastward relative to
the zonal wind with a phase speed of 7 = 9
m/sec at 45° latitude. Visually, the two
waves correspond to the longitudinal mo-
tion of the dark equatorial band and the os-
cillation in latitude of the bright polar
bands, respectively.

2. The slope of the longitudinal cloud
brightness power spectrum at intermediate
wavenumbers fluctuates with a periodicity
of ~2-3 weeks in southern midlatitudes.
This appears to coincide with variations in
the strength of large bow-shaped features in
the images. The ratio of the periods of the
dark equatorial band and bright polar bands
suggests a dynamical interaction between
the two being responsible for this phenome-
non.

3. The polar regions in both hemispheres
vary in brightness on a time scale of ~2
months. This is consistent with ground-
based observations of sporadic polar bright-
ening and with the inferred advection time
scale of the mean meridional circulation at
cloud levels.

4. The disk-integrated brightness de-
creased with time throughout the nominal
mission. It cannot yet be determined
whether this represents a real time variation
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or a solar-locked longitudinal dependence
of brightness.

5. Small-scale feature behavior corre-
lates with the large-scale albedo patterns.
Specifically, cellular features exist primar-
ily where large-scale dark material is
present, despite adequate uv contrast else-
where. In addition, the orientation of streak
features with respect to latitude circles os-
cillates with the same ~4-day periodicity as
the large-scale features at low latitudes.

Our conclusions must be regarded as ten-
tative, since they are based on an analysis
of only ~2 months of uv feature contrasts
whose physical nature is not yet under-
stood. The numerous time scales present in
the data only underscore the possible com-
plexity of the dynamical regime and empha-
size the need for continuing observations
covering many hundreds of days. Existing
and future Pioneer Venus extended mission
data should partly alleviate this deficiency,
but even so, there is no guarantee that we
will ever be able to understand all of the
operative eddy—mean flow interactions un-
derlying the general circulation of the Ve-
nus stratosphere by utilizing observations
alone. To proceed further, extensive nu-
merical modeling of Venus-like fluids is
necessary, from fully three-dimensional
general circulation models to simple baro-
tropic two-dimensional models. By study-
ing the spatial and temporal variability of
the eddy transports, energy conversions,
and jet formation and destruction in such
idealized turbulent fluids, we can better un-
derstand the processes responsible for the
present dynamical state of the Venus atmo-
sphere.
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