
cles with the atmosphere where the dipole 
field line enters it can be obtained from the 
directional variations in the particle fluxes. 
We determined relative directional fluxes 
of particles using counting rates in the E2 
and P2 channels (Fig. 3) and the sirnulta- 
neouslv measured magnetic field 15). The ~, 

directibnal fluxes varred considerably with 
decreasing radial distance from the planet, 
becoming increasingly anisotropic closer to 
the planet. Thus, only particles whose ve- 
locity vectors have large angles relative to 
the local magnetic field can remain trapped 
at the closer distances. 

The electron flux urofile in Fie. 1B is 
similar to that deduced previously Pi- 
oneer 11 measurements during its closest 
approach to the planet (10). The earlier 
Pioneer 11 profile was shown, in turn, to be 
consistent (for certain assumvtions about 
the electron energy spectra and about non- 
radiative losses) with ground-based nnea- 
surelnents of the jovian decilnetric radio 
emissions 114). The data from the urobe E2 , , 

electron coincidence channel are within a 
factor of 3 of urevious Pioneer levels in the 
region where there is overlap. Examination 
of the electron soectra indicates that rela- 
tively more higher-energy as compared to 
lou-er-energy particles were measured with 
the probe instrument than reported from 
the Pioneer missions for the salnle energy 
range. 
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Radio Frequency Signals in Jupiter's Atmosphere 
L. J. Lanzerotti, K. Rinnert, G. Dehmel, F. 0. Gliem, 

E. P. Krider, M. A. Uman, J. Bach* 

During the Galileo probe's descent through Jupiter's atmosphere, under the ionosphere, 
the lightning and radio emission detector measured radio frequency signals at levels 
significantly above the probe's electromagnetic noise. The signal strengths at 3 and 15 
kilohertz were relatively large at the beginning of the descent, decreased with depth to 
a pressure level of about 5 bars, and then increased slowly until the end of the mission. 
The 15-kilohertz signals show arrival direction anisotropies. Measurements of radio fre- 
quency wave forms show that the probe passed through an atmospheric region that did 
not support lightning within at least 100 kilometers and more likely a few thousand 
kilometers of the descent trajectory. The apparent opacity of the jovian atmosphere 
increases sharply at pressures greater than about 4 bars. 

Electrical discharges in Earth's atmosphere 
have long been of interest to humans as 
cultural, scientific, and technical phenom- 
ena ( I  ). Electrical discharges in the atmo- 
spheres of other planets ( 2 )  are important 
for ~~nderstanding atmospheric dynamics 
and may be significant in non- 
equilibrium chemical processes in a plane- 
tary atmosphere (3). For Jupiter, it has been 
shown theoretically that the nontherrl~al 
radio emissions (which are easily detectable 
from Earth) are not caused by lightning (4) .  

Optical evidence of lightning in the 
nightside jovian atmosphere found by the 
Voyager imaging systenns (5) and the mea- 
surement of whistler-mode waves in the 
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jovian magnetosphere (6)  suggested that 
electrical signals might be found hy the 
Galileo probe. The lightning and radio 
e~nission detector (LRD) was designed (7)  
to be as flexihle in its measuring cauabilities " 

a> the probe on-board resources would al- 
low. Many of the des1.n declslons ~nvoked - 
knowledge of Earth l~ghtning and extended 
the uaralneter limits by several factors of 10 
in 60th directions. ~ecause  Jupiter has no 
well-defined surface close to the cloud sys- 
tem, it was believed that there would be no 
cloud-to-ground discharges, which are the 
best understood type of lightning on Earth. 
Cloud discharges on Earth are complex 
physlcal phenomena that generate a variety 
of radio frequency (RF) pulses and pulse 
trains ( 1  ). 

Substantial efforts were made during 
probe development to reduce the electro- 
magnetic interference (EMI) In the LRD 
from the subsystems in the probe. The LRD 
was tested during two flybys of Earth by 
Galileo in order to characterize the EM1 
noise expected during atmospheric entry. 
The acquired data demonstrated that only 
the net flus radiometer (NFR) (8) produced 
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significant EM1 in the LRD, and much of 
this was at low frequencies. In addition, the 
instrument was tested on Earth lightning 
(9) on several occasions. The EM1 signature 
from the NFR during the flybys and the 
information gained from the laboratory and 
field tests on Earth have been used in in- 
terpretation of the data presented here. 

The LRD calibration sequence after the 
instrument was turned on at the beginning 
of the descent showed that the LRD oper- 
ation was nominal. The signal amplitudes 
measured in the first two intervals of pres- 
sure (Fig. 1, A and B) occupied four wave 
form analyzer (WFA) amplitude levels, in- 
dicating magnetic fields of up to 500 nT. 
The counting rate in the first interval was 
quite high (-144,000 counts total), with so 
many pulses that there were no interpulse 
gap times >72 ms. The counts dropped by a 
factor of -10 during the second interval; - 
longer interpulse gap times, up to -1 S, 
were measured. The majority of the ~ u l s e  
durations were near the upper limit of mea- 
surement, -0.5 ms, during these first two 
intervals. The ~ u l s e  amplitudes at pressures 
of 8.4 and 16.0 bars (Fig. 1, C and D) were 
<50 nT. In both intervals. the instrument 
switched back to its most sensitive mode, 
and the 3-kHz amplitude at 8.4 bars was the 
lowest measured during descent. The dura- 
tion distributions in the vicinity of the 
small peak at 8 to 24 ~s resemble those for 
the noise signals from the NFR, although 
the overall counting rates and amplitudes 
are larger (by a factor of perhaps 5 or more) 
than those of the noise level. 

Significant anisotropies are seen in the 
direction of arrival of the RF signals (Fig. 
2). The variation in the period of the probe 
spin during a measurement interval pre- 
vents identification of an arrival direction 
with respect to the local horizontal magnet- 
ic field. There is also a ?IT ambiguity in the 
arrival direction determined by the spin- 
ning antenna. Displaying in this fashion 
only the largest amplitude signals and the 
largest and next largest amplitude signals 
gives similar anisotropies. With the possible 
exception of a distribution acquired at -2.8 
bars, all of the other measuring intervals 
tended to show anisotropies similar to those 
in Fig. 2. 

Most wave forms (10) captured during 
the descent were dominated by relatively 
low-frequency spectral content (-500 Hz) 
(Fig. 3). The wave form from 1.1 bars (Fig. 
3A) was the only one in the descent that 
was coincident with an optical fluctua- 
tion. Of the 544 optical events that were 
counted in this interval, 320 were coinci- 
dent with a wave form. A high, thin cloud 
was detected by the probe nephelometer 
(I 1 ) at  this pressure interval. It is probable 
that the coincidence of the photodiode 
(OPT) signal with a wave form was acci- 

dental. Although the wave form is not a 
perfect sinusoid, a sine wave fit shows a 
dominant frequency of -725 Hz. Al- 
though a sinusoid cannot be fit to the 
other wave forms in Fig. 3, several others 
measured during descent do resemble par- 
tial sine waves, similar to some signals 
detected during the Earth flybys. The qua- 
si-sinusoidal wave forms during the de- 
scent had much larger amplitudes than 
any recorded during the Earth flybys. It 
has not been possible to determine if the 
NFR caused these wave forms and, if so, 
how they are produced in that instrument 
because no similar NFR frequencies have 

Ampl. Duration Gap iEBB 4 2 

0 
4 
2 
0 

550500 2 4 6 8  2 4 6 8  
Field Bin no. Bin no. 
(nT) 
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Fig. 1. Statistics measured for the RF signal quan- 
tities in four selected pressure measuring inter- 
vals: (A) 0.7 to 1.5 bars; (B) 1.5 to 2.5 bars; (C) 7.6 
to 9.3 bars; and (D) 15.0 to 17.3 bars. The col- 
umns correspond to the amplitude, duration, and 
gap time (or interpulse) distributions. The scale on 
the left is forthese three leftmost distributions. The 
rightmost column contains the integrated ampli- 
tudes of the signals measured during the intervals 
in each narrowband channel: 3, 15, and 90 kHz. 
The four amplitudes for the 15-kHz channel (la- 
beled 1 through 4) correspond to the amplitudes 
in each of the four directionally sectored channels 
(each multipled by 4 to give a comparison with the 
other two channels). Total counts and bin sizes 
are in (18). 

Fig. 2. Directional distributions of the signal oc- 
currences in the 15-kHz narrowband channel for 
the four pressure intervals in Fig. 1 : (A) 0.7 to 1.5 
bars; (6) 1.5 to 2.5 bars; (C) 7.6 to 9.3 bars; and 
(D) 15.0 to 17.3 bars. The instrument measures 
four sectors but cannot distinguish in which direc- 
tion the local field is pointing. Each plot is normal- 
ized to the sector-summed power density in the 
measuring interval, giving the same total gray area 
in each plot. The occurrences recorded in each 
sector are proportional to the sector area. 

been identified. The second wave form 
(Fig. 3B), acquired below the thin cloud 
layer at 2.1 bars, was the largest signal 
detected in the descent. The fourth wave 
form (Fig. 3D) was the last acquired in the 
descent (at a pressure of 16 bars) and is 
characterized by a relatively high domi- 
nant frequency of -5 kHz. 

Figure 4 shows the RF amplitudes (pow- 

Time (ps) 

Fig. 3. Wave forms measured by the WFA during 
the four pressure intervals in Figs. 1 and 2. In each 
panel, the dotted line across the center is the zero 
amplitude line. The WFAtrigger point is the vertical 
dashed line at 250 ps. The maximum signal am- 
plitudes from the zero amplitude lines are (A) 32.2 
nT, (B) 41 2.5 nT, (C) 37.5 nT, and (D) 32.8 nT. 

m 
u, 3 15 90 

Frequency (kHz) 

Fig. 4. Plot of the spectral power density (log 
values) measured in each narrowband frequency 
channel (3,15, and 90 kHz) as a function of atmo- 
spheric pressure during probe descent into the 
atmosphere. The corresponding atmospheric 
depth is shown along the top axis. The amplitudes 
in the 15-kHz channel correspond to the sector- 
summed amplitudes. The power levels at 30 bars 
(dashed line) show a typical LRD response to a 
close (-20 km) thunderstorm on Earth. 
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er densities) in the three narron; band fre- 
qilency cllanilels 17ersus mcreasing pressure, 
or equivalentl\: depth  or time. T h e  jovian 
spectrum is concentrated in the lolv-ire- 
quency (3  IiH:) band (Fig. 4 ) )  consistent 
1~1 th  the statistics in Fig. 1 and the  rna1.e 
forms in Fig. 3. A t  pressures greater than 
-3 bars, the 9G-kHz values are at  the in- 
strument background level. Both the 3-  and 
the 15-kH: amplitudes begin to increase 

slo~vly below about the 5-bar le~lel ,  continil- 
inii to the  end of the m~ssion.  " 

The opacity of the jovian atmosphere 
llleasllred b\; the OPT did not chanee s~lbstan- 

0 

tlally from the initial measurement at  about 1 
bar to -5 bars iFitr. 5 ) .  Belo\v -5 bars. the , <. , 

atlllosphere rapldly became darlier such that 
at the end of the mission, the light level was 
50.0l0/b of that at the hegii-ining of LRD 
measurellilents. The  sharp increase 111 oracity 

A .  

belolv -5 bars (about the same depth at 
n~hich the RF signal amplitudes began to 
increase) is not believed to be due to a cross- 
ing of the terminator by the probe, ~vhich 
should have occurred some 15 mill later than 
\vhen the increase began. T h e  reason for this 
sig~-ilflcant mcrease 1s unlino\vn. Perhaps 
there lvere i>ptically thlck clouds near 5-bar 
nressure. 

h,lodel.ray tracings show that direct line- 
of-sight p r o p a g a t i o ~ ~  ~ c c ~ l r s  ill the jovian 
atmosphere to distances o n  the order of Id4 
It111 (12) .  Observations beyond thls distance 
reijure one or lllore reflectioils off of the 
lonosphere. T h e  Iva\,e forill measured a t  the 
depth of 16 bars (Fig. 3 D ) ,  with a n  ampli- 
tilde of -30 n T ,  1s s~mi la r  111 amplit i~de to 
Earth lightning (current I - 10' A)  a t  a 
dlstance of 50  to IGO ltm. It has the  appear- 
ance of distant Earth litrhtnine that  has 

0 

esperlenced multiple iollospheric retlec- 
tions. If the  source of this signal is jovian 
lightning a t  a distance of -10G0 km,  then  
1 -10' A. T h e  wa1.e for111 detected a t  2.1 
bars \vith a n  alllplitilde of -4G0 n T  (Flg. 
3A) has a illaenetic field discontiinlity " 

a h o s e  rise time is a factor of 1G greater 
thail  those of typical discontinuities ob- 
sen-ed in Earth lightning. A change in  
lllagnetic field in 5 0  ps  iinplies a radiating 

- 
log Brightness (lux) 

Fig. 5. Atmospheric opacity, measured with the 
two-photodiode OPT system, as a function of at- 
mospher~c depth. 

source of order 10  ltm in  dlrne~lslon 
It may be lllisleadillg to colllpare the rate 

of RF signals detected b\; the LRD in the 
jovian atmosphere to Earth atmospheric elec- 
trical discharges because, with the exception 
of the nrave for111 at 16 bars, the measured 
ji7vlan sigi~als dlffer drastically from those 011 

Earth. Furthermore. n.e do not ltllolv the 
lllechailisms that produce the jovian RF sig- 
nals, Just as recent disco\-eries related to Earth 
l~glltnmg have noni identifled phenomena 
connect ill^ Earth's clouds to the 1on.e~ iono- 
sphere (13), 1t is possible that some jovial1 
atmospheric electrical processes are quite dif- 
ferent than any t11eori:eJ. Glven these cave- 
ats. it 1s kno\vl-i that on Earth, wor1dn;ide 
lightning produces - 1dG total flashes per sec- 
ond, or equl\,alently, -6 tlashes kmp' yearp1 
(1).  If the RF signal counting rate.; of the LRD 
iluring the descent are corrected for knolvn 
probe RF noise (which principally i>rlglnate.; 
from the NFR instrument), and the direct 
llne-of-sight detection distance is used as the 
effective operati1.e radlus of the LRD, the11 
the number of jovlan s~gnals seen \vould be 
about 1/1C the llumber of equivalent Earth 
discharges in an equal area. Also, maliing 
reasonable assumptions about the source dis- 
tai-ices. the iovian discharee currents are 
some~vhat larger than typical discharge cur- 
rents in Earth llghtl-ilng. Finally, the rate of 
any electrical ilischarges ill the area of sensl- 
tlvity of the LRD is not very different fri?m the 
minimum flash rate ( 4 . 1 3  kmp' yearp1) 
derlved (14. 15) from al~alysis of Voyager 
optical data in a band arolllld 49"N jo\,ian 
latitilde, ~vhere the majority of the reported 
optical bright spots seem to be located. The  
LRD rate is far less than the illasimum rate 
derived i 16. 17) under other assumt~tii>ns of 
tlasll energy and observabllity (perhaps a.; 
high as 40 kmp' yearp1). 
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es are 11 ~ii~croseccnds. C~lraton dstrbuticn bns:  1 
<8; 2. 8 to 2L: 3. 24 to 4C; 4, 4C to 72, 5, 72 tc 1 3 8  
6 138 to 258, 7. 286 to 522: 8. '522. Gap t i~ne 
d is t rb~ l ton bns '  1, <8; 2, 8 to 40; 3. 4C to 168; i. 
168 to 68C: 5. 680 tc 8,7CC: 6, 8.7CC to 72.200, 7. 
72,200 to 1 IC0.0CC: 8, .1C0,0CC. 

19 Ths  bnatona ccaborati~!e project wcud  not ha\$e 
been possbe  w t h o ~ l t  the ent l i~~s ias t~c  suppclt and 
help of numercus nd? .duas  n both Gerlnany and 
the United States cvel ti\o decades L'V I .  Axford, 
Drector of tiie \!lax-Panck-nsttut filr Aeroncrny, 
\::as tlie o lg ina s t r rua l i t  for the ~i?.estgation and 
pro\$ided encouragement over ttie many years. \We 
than.< the Galieo Project Oiiice at NASA Ames for 
t s  assstance throughout the program, especaly 
B Chin, A \!~/iltielmi, C. Sobeck, \!I S m t i ,  R E. 
Young. P, k4ela. J. Sperans, and N S. Vc:\!od~ch. 
The help of ttie Hughes organzatcn under t i e  
management of U Lapins :vas cr~ t~ca l  for sol\$ing 
many teclin~cal Issues. LVe espec~ay  thank h4 
Zado:v (Universty cf Braunsciweg3 and G. Um- 
auft ~ Iv lax-panck- Ins t t~~t  f i ~ r  Aeronomy3 for their 
technca assistance and desgn adlice. Tlie tech- 
nical staff of Dornier Systerrs. Fredrctishafe~i, was 
respons'be for :tie ccnst*uc:;on of ttie f ~ n a  fgh: 
u l i~ t  L'de thank Y. SLI and V. Raltov (Unversty cf 
Florida) fcr assstance 11 tests of the LRD and C. G. 
Ivlaclennan ( B e  Labcratcr~es) fcr help o\!er the 
years \.vitli data e v a ~ ~ a t o n s  'rcrn tests and ttie de- 
scent T t is  collaborat~ve prcgrarr \.vas suppclted n 
Germany by Deutsche Agent~lr fur Raurrfaiiltan- 
geegenheten grant 50 QJ 90C5 and in ttie Unted 
States by NASA Ames Research Center contract 
NAG 2-687 wt t i  the Universty of Florda 
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