
and low-shear "layers" 1 to 3 km in ver- 
tical thickness, throughout the range 35 
to 55 km altitude. These meridional 
shear layers may be related to alterna- 
tions in the divergence of the net radia- 
tive flux observed on the day probe (11) 
below the clouds, and to the variations in 
particle density within the clouds (12). 
High shear seems to be associated with 
local radiative heating and with high 
cloud density. Particularly large values 
of uv are seen in the regions from 43 to 47 
km and above 50 km. In the middle cloud 
at 55 km, uv -5000 m2/sec2 and the 
sense is such as to provide an equa- 
torward flux of easterly momentum. 
Convergence of this flux toward lower 
latitudes could provide easterly accelera- 
tion in equatorial regions. The very large 
values observed for both au/lz and av/az 
in these upper regions also suggest the 
possibility of very large vertical advec- 
tion of horizontal momentum. Since tem- 
peratures measured by the probes at the 
1-bar level (10) appear to increase by up 
to 9 K from the equator to 30?S, then at 
55 km v(aT/ly) : -6 K day-'; a very sig- 
nificant local heating by equatorward ad- 
vection by the meridional wind is in- 
dicated. Leovy (13) has also suggested 
that on Venus a cyclostrophic balance is 
present between the zonal winds and the 
meridional pressure gradient. A prelimi- 
nary comparison of our wind measure- 
ments with the measured pressure dif- 
ferences between the north and day 
probes (10) appears, to first order, to 
confirm this hypothesis. We will exam- 
ine the hypothesis more critically as 
soon as we have reduced the DLBI data 
for all four probes. 
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The radio links of the Pioneer Venus 
orbiter and probes offer an excellent op- 
portunity for conducting complementary 
measurements of turbulence in the Ve- 
nus atmosphere based on an analysis of 
the observed radio scintillations. So far 
only the multiprobe data have been pro- 
cessed, and these results are discussed in 
this report. 

The Pioneer Venus multiprobe mea- 
surements are especially interesting be- 
cause they should help resolve the order 
of magnitude difference between esti- 
mates of the structure constant Cn of the 
refractive index fluctuations (1) deduced 
from the earlier entry probes Veneras 4 
to 8 (2) and those inferred from the radio 
occultation measurements by Mariners 5 
and 10 (3) and Venera 9 (4). This impor- 
tant discrepancy and its implications in 
terms of the dynamics of the Venus at- 
mosphere have been the subject of much 
discussion (5). 

The mission features of the Pioneer 
Venus multiprobe Venus encounter on 4 
December 1978 have been described by 
Colin (6). The communication angles 
(the angle the line of sight makes with the 
local Venus zenith) for the four probes 
ranges from 53? to 61?. Figure 1 shows 
the power level time histories of the 
2291- to 2293-MHz radio-frequency (RF) 
signals received from the probes at the 
64-m Deep Space Network (DSN) sta- 
tion in Canberra, Australia, during the 
Venus encounter. These narrowband 
data, recorded at a sampling rate of one 
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per second, were intended for station 
monitoring purposes only, but are dis- 
played here to show major events and 
features. The corresponding altitude of 
the probes as a function of time has been 
discussed previously (7). It is clear from 
Fig. 1 that while the intensity of the am- 
plitude fluctuations increases for the 
small probes after RF blackout, it does 
not in the case of the large probe. Fur- 
thermore, the high-frequency fluctua- 
tions in the day probe signal are reduced 
considerably after landing on Venus, but 
a slowly varying component with a peri- 
od of the order of minutes persists. 

To analyze the observed amplitude 
fluctuations, we used the higher-quality 
wideband (approximately 1 kHz) record- 
ings made at the 64-m DSN stations in 
Goldstone, California, and Canberra, 
Australia. These recordings also repre- 
sent the source of data for the Pioneer 
Venus differential long-baseline inter- 
ferometry (DLBI) experiment and have 
already been described (8). The RF 
spectra for the day probe shortly before 
and after impact on Venus are shown in 
Fig. 2. We further reduced the band- 
width of the 1-kHz data to 2 Hz by using 
a digital phase lock loop procedure. 
Fluctuation power spectra of log ampli- 
tude were produced by using a fast Fou- 
rier transform (FFT) algorithm; the re- 
sults for the large and day probes for 
time intervals A through E defined in 
Fig. 1 are shown in Fig. 3. 

The downturn at about 1 Hz in every 
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Measurements of Turbulence in the Venus Atmosphere Deduced 

from Pioneer Venus Multiprobe Radio Scintillations 

Abstract. The 2.3-gigahertz log-amplitude fluctuations observed in the radio links 
of the Pioneer Venus entry probes during Venus encounter have been used to study 
turbulence in the Venus atmosphere. The deduced estimates of the upper bound of 
structure constant Cn of the refractive index fluctuations (cn < 4 x 10-8 cm-~13) are 
inconsistent with similar entry probe measurements by Veneras 4 to 8 but are 
consistent with the radio occultation measurements by flyby (Mariners 5 and 10) and 
orbiting (Venera 9) spacecraft. The Pioneer Venus measurements therefore provide 
a resolution of the long-standing order of magnitude discrepancy between these ear- 
lier measurements of Cn. 
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Table 1. Estimates of the upper bound of the 
structure constant. 

Horizontal Homogeneous Turbulence 
wind speed turbulence layer 

(m/sec) C,, (cm-'13) Co (cm-"3) 

100 2.6 x 10-8 4.2 x 10-8 
50 1.9 x 10-8 3.0 x 10-8 
10 8.4 x 10-9 1.33 x 10-8 
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Fig. 2. Radio-frequency spectra as functions of time for the day probe near impact. Time in- 
creases toward the top. Each spectrum is computed from 10 seconds of data. In the central 
spectrum, the integration period includes Doppler rates before and after impact. 
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Fig. 3. Fluctuation power spectra of log am- 
plitude for intervals indicated in Fig. 1 (see 
text). 
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spectrum reflects the filter used in the 
bandwidth-reducing process. Before RF 
blackout, the spectra (for instance, inter- 
vals A and C in Figs. 1 and 3) are basi- 
cally white with spectral density levels 
near those expected from receiver noise 
for signal-to-noise ratios (SNR) in the 
range 27 to 30 dB in a 1-Hz bandwidth. 
The discrete peaks in each spectrum oc- 
cur at frequencies corresponding to the 
fundamental probe spin rate and its har- 
monics and arise because of the azimuth- 
al ripple in the probe antenna patterns. 
The spectrum for the large probe while 
descending through the Venus atmo- 
sphere (interval B) remains essentially 
unchanged, except for an increase in 
spectral density level due to a decrease 
in SNR and a shift and broadening of the 
discrete peaks due to a changing probe 
spin rate. On the other hand, the spec- 
trum for the day probe (interval D) 
shows continuous structure, which is 
typical of all the small probes during 
their descent in the atmosphere. After 
the day probe lands on Venus its spec- 
trum (interval E) reverts to that of re- 
ceiver noise for fluctuation frequencies 
higher than about 0.02 Hz. It is clear that 
the fluctuations in signal strength of the 
small probes during their descent 
through the atmosphere were caused by 
probe motion combined with the nonuni- 
form probe antenna power pattern. In 
contrast, the large probe was more stable 
so that the signal fluctuations observed 
were essentially those of receiver noise 
and spin rate modulation. 

The characteristic fluctuation frequen- 
cy of the turbulence-induced amplitude 
scintillations is given by the Fresnel fre- 
quency (1). If we assume that turbulence 
exists over an altitude range of 60 km 
and that the horizontal wind velocity 
varies from 10 to 100 m/sec, then for a 
probe near the surface of Venus having a 
communication angle of 60?, the corre- 
sponding Fresnel frequency ranges from 
0.04 to 0.4 Hz. The measured spectra of 
the large probe in the lower atmosphere 
and of the day probe on the surface of 
Venus in this range are those of receiver 
noise. Thus, scintillations due to atmo- 
spheric turbulence were not detected by 
the Pioneer Venus probes. Estimates of 
the upper bound on the structure con- 
stant c, can be obtained by equating the 
measured noise level to the theoretical 
log-amplitude scintillation spectrum for 
fluctuation frequencies less than the 
Fresnel frequency. Two models of atmo- 
spheric turbulence were used: one in 
which the turbulence is homogeneous 
with constant cn over an altitude range of 
60 km, and one in which the turbulence 
is located in a region in the upper atmo- 
6 JULY 1979 
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Fig. 4. Time series of amplitude based on wideband recordings at the California station. (Upper 
curve) Day probe after impact; (lower curve) calibration signal injected in receiving system at 
the same time. The time series were processed identically with a time constant of about 1 
second. High-frequency noise on the calibration signal is smaller because the signal-to-noise 
ratio is larger than that of the day probe by about 12 dB. 

sphere with c, described by c,o2 exp 
[(z - L)/a]2 (where z is altitude and 
L = 60 km is the altitude and a = 6 km 
is the extent of the region of strong tur- 
bulence). The latter model is based on 
the radio occultation measurements of 
Venus (3, 4); the turbulence in the upper 
atmosphere may be caused by the region 
of instability observed by the Pioneer 
Venus probes in the middle cloud at 52 to 
56 km (9). Estimates of the upper bound 
on Cn and c,n from these two models are 
summarized in Table 1. Based on the re- 
sults of Venera 4 to 8 (Cn, - 10-7 cm-1/3), 
it is surprising that scintillations were not 
detected by Pioneer Venus. On the other 
hand, the estimates of the upper bound 
on Cn deduced from the Pioneer Venus 
measurements are consistent with the 
radio occultation results (c,,n 10-8 

cm-L~3). The Pioneer Venus results there- 
fore indicate that the fluctuations seen by 
Venera 4 to 8 were probably not caused 
by atmospheric turbulence and explain 
the long-standing discrepancy between 
these earlier measurements of cn. 

The slowly varying fluctuations (fre- 
quency c 0.02 Hz) observed in the sig- 
nal level after the day probe landed on 
Venus are not due to the receiving equip- 
ment because it occurred at both 64-m 
stations [see Fig. 4 for a comparison of 
the day probe signal with one of the cali- 
bration tones described in (8)]. These 
fluctuations may be of terrestrial origin 
since they are not significantly correlated 
between the 64-m stations. 

The results of this study imply that re- 
ceiver noise rather than phase scintilla- 
tions is the dominant noise source for the 
DLBI experiment. For frequencies high- 
er than the Fresnel frequency the phase 
and log-amplitude scintillations have 
identical spectra for weak fluctuations 
(1), and we found that the amplitude 
scintillations are lower than the receiver 
noise level. For frequencies higher than 

the Fresnel frequency the DLBI tech- 
nique of differencing the phase at two re- 
ceiving stations on Earth removes the 
phase scintillations to first order. 
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