
Galileo Doppler Measurements of the Deep 
Zonal Winds at Jupiter 

tests of the  probe and orbiter USOs, we 
generated a profile of Doppler residuals that 
included adj~~stnlents  for short-term drift (7, 
8). T h e  exact Doppler shift equation was 
used with second- and higher-order Doppler 
terms and special and general relativistic 
(gravitational redshift) effects included. 
Measurements were obtained every 413 s 
throughout the 57.5 min of probe data, to- 
taling 2590 frequency samples. T h e  zonal 
winds were modeled by a polynomial in the  
logarithm of atlnospheric pressure that gave 
a best fit to the freouencv residuals in the  
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Changes in the speed of the Galileo probe caused by zonal winds created a small but 
measurable Doppler effect in the probe relay carrier frequency. Analysis of the probe relay 
link frequency allows direct measurements of the speed of Jupiter's zonal winds beneath 
the cloud tops. The deep winds were prograde and strong, reaching a sustained 190 to 
200 meters per second at an altitude marked by a pressure of 24 bars. The depth and 
strength of the zonal winds severely constrain dynamic modeling of the deeper layers and 
begin to rule out many shallow weather theories. 

least squares sense. T h e  slope of the  mea- 
sured Donnler residuals was nearlv constant 
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and parallel t p  the reference case' of 200 m 
s p l  (Fig. I ) ,  suggesting that the zonal winds D i r e c t  measurements of olanetarv winds dur- hundred hertz during the  6-vear cruise to  

ing earlier missions provide an impressive leg- 
acy for the Galileo Doppler wind experiment. 
The Pioneer, Venera, and Vega missions to 
Venus used a colnbinatio~l of Earth-based 
Doppler tracking, radio interferometric tech- 

Jupiter. T h e  wind rsr ieval  algorlthln was 
develoned to reduce the  effects of uncer- 

were also relatively constant and strong to 
the end of the  nrobe mission. 

tainties in the absolute frequency (4) by 
instead considering differe~lces in measured 
Doppler frequencies. This approach also 
greatly diminished contributions to  the  
Doppler profile that were slowly varying 

T o  the depth at which contact with the 
probe was lost, marked by an  atmospheric 
pressure of about 24 bars, the measured 
winds were prograde and strong, with speeds 
above 190 m s-' (relative to System 111) 
from 3 to 20 bars. Two noticeable fluctua- 
tions avnear in the otherwise relativelv con- 

niques, and in situ measurements to deduce 
the two- and three-dimensional motion of the 
spacecraft as it descended from altitudes of 65 
km to the surface 11 ). Meas~lrenlents of winds 

with time, including targeting errors in the  
longitude and latitude of probe entry and 

on Mars were also successf~~lly made at a h -  
tudes between 1.5 and 4.5 km by instrumen- 
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stant profile: ( i )  a drop in the  speed bf the 
winds between about 0.4 and 3 bars and iii) 

descent. 
T h e  inversion algorithm develoned to 

tation on board the Viking landks, including 
Doppler radar, radar altimeter, and the accel- 
erometers and gyroscopes of the inertial refer- 
ence unit (2).  With  the success of the recent 
Galileo probe mission to Jupiter, it is now 
possible to extend this heritage of in situ wind 
measurelnents to the outer planets. Although 

" 
retrieve the wind speed accounted for both 
the instantaneous and the  time-inteerated 

~, 

a sudden upturn in the winds near 20 bars. 
T h e  winds measured in these regions could " 

effects of the winds o n  the longitude of the  
probe's descent (5). Doppler residuals were 
obtained by subtracting the challge in the  
nominal (modeled) link frequencies, flIc,,,,(t) 
- i;,<,,,,(t,), from the change in the measured 
frequencies at time t, f(t)  - f(to), where t, is 
the time at which the orbiter receivers 

" 

have alternate explanations. If the winds 
were constant at 200 m s-', the dip in wind 
speed in the upper atmosphere could be ex- 
plained by the probe encountering a down- 
flow of 4 In s-' in this region. T h e  apparent 

similar to previous missions in concept, the 
Galileo Donnler wind lneasurelnents differ in 

increase in winds deep in the atmosphere is 
likelv related to excursions of the nrobe U S 0  

application for three significant reasons: (i)  
the size and rapid rotation of Jupiter, (ii) the 
restriction of probe tracking to Doppler mea- 
surements along the line of sight by the Ga- 
lileo orbiter ( 3 ) ,  and (iii) the poor viewing 
geometry dictated by the orbital mechanics of 
the Galileo orbiter trajectory. T h e  Galileo 
Doppler wind measurements begin to place 
constraints 011 the sources of energy contrib- 
uting to the atmospheric dynamics at different 
levels. In  addition. the in situ nleasurelnents 

locked onto the  probe signal. T h e  nominal 
freuue~lcies were calculated from the recon- 

frequency caused by the extreme tempera- 
tures. reaching 388 K at 24 bars. 

structed probe and orbiter trajectories gen- 
erated bv the  Galileo navigation team (6 )  

Although detailed error analyses have 
not been completed, Fig. 2 shows the  re- 
trieved winds with a constant 2 5 %  error in 
probe descent speed, combined (root sum 
squared) with the  lo (0.3") and 30 (0.82") 
errors in probe descent longitude. T h e  error 
bars for probe descent speed decrease as the  

and best'esti~nates of the pyobe and o rb ie r  
U S 0  frequencies and drift rates. O n  the 
basis of prelaunch and ill-flight performa~lce 

of the winds by the probe will provide ground- 
truth verification for observations of Tuviter 
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froin the Galileo orbiter, as well as Earth- 
orbiting and ground-based observatories. 
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O n e  of the  two redundant data strings 
transmitted by the  probe to  the  orbiter was 
driven by an  ~~l t ras table  oscillator ( U S O ) .  
Although tile probe U S 0  was designed for 
maxiinuln stahilitv over intervals of several -700 L--- ' bL----+ 
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tens of minutes, tLe U S 0  absolute frequen- 
cy may have changed by as much as several 

Fig. 1. Measured probe frequency residuals (light 
D. H. Atkinson, University of Idaho, Moscow, ID 83844, 

Solid line, and frequency residuals from probe de- I ICA  
Pressure (bars) uu, \ ,  

J. B. Pollack, NASA Ames Research Center, Moffett Scent through a atmosphere with no er- 
F~eld, CA 94035, USA. rors (shot? dashes), a constant 100-m s-' wind 
A. Seiff, San Jose State Un~versity Foundat~on, NASA (long dashes), a constant 200-m s-' wind (dot- 
Ames Research Center, Moffett Field, CA 94035, USA dash), and a windless atmosphere with an error in 
-Deceased probe descent longitude of 1 .0" (heavy solid line). 

Fig. 2. Retreved wind profile from 0.49 to 24 bars 
with error barsfor 1 u (0.3") and 30 (0.82") descent 
long~tude offsets and 5% error in probe descent 
soeed. 
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probe moves away from the point of over- 
flight where the  geometry favors the  verti- 
cal velocities. T h e  error bars from probe 
longitude errors also decrease late in the  
descent because of the increasing iinpor- 
tance of the  integrated effect of the  winds 
o n  the  probe location relative to  the  dimin- 
ishing effect of the initial longitude offset. 

Since the late 19th century, optical mea- 
surements of Jupiter's winds have remained 
extremely repeatable. Optical tracking can, 
however, underestimate wind speeds in nar- 
row zonal jets; this is especially true when 
the motions of larger and smaller clouds are 
compared (9) .  Although our measured 
winds are high compared to  earlier results 
( l o ) ,  Beebe et al. ( I  I )  point out that Voy- 
ager and Earth-hased observations track the  
lnotion of large, organized cloud systems 
and are therefore not ideal tracers of the  
winds. T h e  smallest clouds observed by 
Beebe et al, show an eastward jet at the  
latitude of the  probe entry with a speed well 
within the  measured Doooler wind error 
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bars. In  addition, under the assumption of 
hydrostatic equilibrium and geostrophic 
flow (balanced Coriolis and pressure forc- 
es), interpretation of Voyager infrared data 
shows that the  winds in the  stratosphere 
increase with decreasing altitude, at least to  " 

the cloud tops (about 0.4 bar). Interpreta- 
tion of the  results from Voyager beneath 
this altitude is difficult because of the  com- 
plicating effects of aerosols (1 2 ) .  

The  zonal winds remain strong to deoths 
L3 

far greater than those at which solar energy is 
deposited (1 3) ,  thereby providing support for 
the theory that the energy responsible for 

Time from entry (s) 

much of the atmospheric circulation origi- 
nates in convective upwelling from the deep 
interior of Jupiter. T h e  atmospheric motions 
associated with convective processes [nay 
provide the transport of moinentuin needed 
to power the zonal circulation. If this is 
indeed the case. then the deeo interior of 
Jupiter is expected to configure itself into 
counterrotating cylinders concentric with 
the planetary spin axis (14). A t  the very 
least, the  circulation at the cloud toos is 
indicative of deep atmospheric processes, 
and our results seem to rule out the theorv of 
dynamic control of the winds attributabl; to 
solar absorvtion alone. Of course, we do  not 
comp1etel;abandon the possibi1i;y of contri- 
butions to the dvnainic vrocesses from solar 
absorption, laten; heat, layering of lnolecular 
weight associated with a water condensation 
altitude, and buoyancy differences attribut- 
able to horizontal gradients in the ortho/para 
ratio of hydrogen (1 5). 

After the  initial wind retrieval, the probe 
descent longitude was uodated to include the u 

effect of the winds, and the wind recovery 
was reveated. This orocess reduced the effect 
of second- and higher-order errors and rap- 
idlv converged to the  resultant wind orofile. 
Afier s e v e k  iterations, the effect 'of the 
winds had been removed, and the  freouencv 

L ,  

residuals showed a fine structure (Fig. 3 ) ,  
possibly related to the  probe spin, swing be- 
neath the parachute, or some other dynam- 
ical effect. T h e  arnpl i t~~de of the residuals 
tended to increase as the probe descended 
beyond the point of overflight (about 3.9 
bars), exactly as expected for spin or a pen- 
dulum lnotion of the probe beneath the  
parachute. T h e  peak to  peak amplitudes of 
the  oscillations were 2 to 3 Hz, correspond- 
ing to a variation in the line-of-sight velocity 
u u 

of about 0.5 m s l .  Casual counting of peaks 
show about 8 to 10 ~ e a k s  in each 200-s - 
Interval, co~ lespond~ng  to a p e ~ ~ o d  of 20 to 
25 s Upon closer exatnlnatlon, a highei 
f r e ~ e n c  conponent  1s seen w ~ t h  a period 
of about 5 s (Flq 4 )  This corresponds closely - 

-8--+ 
' 

to Woo's ineasYrrernents of signal ampl~tude 
LL 5 10 15 20 25 variation (16),  the  result of 

Pressure (bars)  robe sn.ing. Because the antenna was not " 

Fig. 3. Frequency residuals (after the effect of aligned with the spin axis, the probe spill 
measured winds was removed) from about 230 to contributes to the residuals with a period 
3680 s after entry (0.49 to 24 bars). that decreases during descent. T h e  peak to 

ueak amvlitude of the suin colnuonent was 
- expected to be about 0.2 Hz near overflight, 
2 8 ,  increasing to 1.0 Hz at 24 bars. Other likely 
-i I a 4.- i contributors to the rneasured residuals in- 
2 
V) 1,s 

E! .. o f :  , :# , r , , ,: , I , ,  ,t,,~v,~,~'i,~Fl/\~~$/l~%"d ,' I 
clude aerodynamic atmosplleric buffeting. n'aves. t''rb'ie'lce) ''1' 
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