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Thermal Structure of Jupiter's Upper 
Atmosphere Derived from the Galileo Probe 

Alvin Seiff,* Donn B. Kirk, Tony C. D. Knight, Leslie A. Young, 
Frank S. Milos, Ethiraj Venkatapathy, John D. Mihalov, 

Robert C. Blanchard, Richard E. Young, Gerald Schubert 

Temperatures in Jupiter's atmosphere derived from Galileo Probe deceleration data 
increase from 109 kelvin at the 175-millibar level to 900 2 40 kelvin at 1 nanobar, 
consistent with Voyager remote sensing data. Wavelike oscillations are present at all 
levels. Vertical wavelengths are 10 to 25 kilometers in the deep isothermal layer, which 
extends from 12 to 0.003 millibars. Above the 0.003-millibar level, only 90- to 270- 
kilometer vertical wavelengths survive, suggesting dissipation of wave energy as the 
probable source of upper atmosphere heating. 

T h e  exospheric temperature of Jupiter's 
upper atmosphere as determined by Voyag- 
er solar occultation was 1100 2 200 K at 
1400 km above the 1 bar level (1 ). This is 
much hotter than expected based on Jupi- 
ter's remoteness from the sun (2). In subse- 
quent fly-by's, Voyager occultations found 
hot exospheres at the other giant planets 
(3-5), suggesting that common, non-solar 
mechanisms were acting to heat giant plan- 
et exospheres. Three mechanisms have 
been proposed: (i) heating by collisions of 
energetic particles with the neutral upper 
atmosphere (6), (ii) heating by dissipation 
of upward propagating gravity waves (7, 8) ,  
and (iii) Joule heating by currents in the 
ionosphere (9). Further progress toward un- 
derstanding the heating mechanism(s) has 

been hampered by the lack of a well-char- 
acterized temperature profile (8). 

Early analysis of the Galileo probe entry 
data indicated a jovian exospheric temper- 
ature of 1350 K at 800 km altitude, essen- 
tially confirming the occultation result 
(1 0). Long vertical wavelength oscillations 
in the temperature profile suggested gravity 
waves. This analysis assumed that the atmo- 
spheric composition did not vary with 
altitude, the heat shield ablation mass loss 
was defined by pre-encounter calculations, 
first-approximation aerodynamics, zero- 
readings (offsets) of the acceleration sensors 
on the most sensitive range were un- 
changed after pre-entry calibration, and a 
pressure at 1000 km of 2.2 nbar, equivalent 
to a threshold temperature of 1150 K. Here, 
we explore the effect of initial pressure, 
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cillations in the temperature structure 
above the trononause. 

L .  

The probe entered the atmosphere at the 
edge of a 5-pm hot spot (1 1 )  in a near- 
easterly direction (that is, aligned with 
planetary rotation) at a relative velocity of 
47.4054 km/s along a descending flight path 
at an  angle 8.4104' below horizontal (12). 
Data acquisition began at 1028 km, where 
the deduced nressure was - 1 nanobar and 
the molecular mean free path was -0.5 km. 
This placed the probe deep in the rare gas 

or free-molecular flow regime. The transi- " 

tion from free-molecular to continuum flow 
was between -400 and 300 km altitude. 
Drag coefficients in rare gas and continuum 
flow regimes were determined within -1% 

u 

by ballistic range tests of scale models and 
by computational fluid dynamics analysis 
prior to  encounter (1 3). Probe deceleration 
was measured over a dynamic range of lo7 
by multi-range accelerometers (14), with 
uncertainties in sensor scale factor -0.01% 
and, in offset (zero reading), -1 count. 
Data obtained from two independent sen- 
sors agreed within -1 count. We  have cor- 
rected the data for drift in the offset on the 
most sensitive ranee based on data taken " 
during a cruise (in-flight) mission simula- 
tion test in November 1992. The initial r ,  

-I 

offset was increased by 5.7 counts, with 1 
count uncertainty. The resulting 17 x 
g correction is important near measurement 
threshold. 

During entry, the probe heat shield was 
ablated by radiative and convective heating 
from the shock-layer plasma, which calcu- 
lations indicate attained a temperature of 
-16,000 K near the 5 mb level (15). Sen- 
sors embedded in the heat shield measured 
the surface recession as a function of time, 
and were used to calculate changes in probe 
mass and frontal area as functions of time 
(16). About one-fourth of the probe mass 
(90.2 2 5.8 kg of carbon) was vaporized 
and/or spalled from the heat shield surface. 
Variations in  robe mass occurred in the 
late stages of the entry, between 150 km 
and 80 km altitude, but minor pyrolitic 
vapor loss occurred after that and was in- 
cluded in the nrobe mass model. The un- 
certainty in the mass loss, ?7%, left a for- 
mal uncertainty of 22.3% in the residual 
probe mass, and hence in the atmospheric 
density below -100 km altitude. A t  the 
start of descent, density calculated from 
pressure and temperature measurements 
agreed closely with the final density from 
the entry profile, demonstrating small den- 
sity uncertainty. 

The density of the atmosphere was de- 
rived from probe decelerations through 
Newton's second law and the defining 
equation for drag coefficient, 

Here, D is the aerodynamic drag on the 
probe; p, the atmosphere density; V, the 
probe velocity; C,, its drag coefficient; A, 
the frontal area, m, the probe mass; and a, 
the deceleration. Probe velocity was deter- 
mined as a function of time by integrating 
the measured probe decelerations. Altitudes 
above the start of descent were determined 
by integrating the vertical component of 
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Pressure or density 

Fig. 1. Densities measured and pressures derived 
from the density data. Threshold density was 3 x 
lo-' ' kgLq3; pressures extend from 1 nanobar to 
400 mb. Pressures are compared with Voyager 
occultation results (squares) (5). 

velocity over time, for which path angle 
relative to a horizontal plane is needed. 
Time histories were obtained by recon- 
structing the probe trajectory by use of the 
equations of motion, the measured acceler- 
ations, and knowledge of planetary gravity 
and radius (23.237 m/s2 and 71350 km at 
the entry site 1-bar level), and rotation rate 
(0.00017585 radlsec). The derived density 
~ ro f i l e  and ~ressures obtained from the den- 
sity profile with the assumption of hydro- 
static eauilibrium are shown in Fie. 1. A n  " 
initial pressure of 0.95 nanobars was as- 
sumed, corresponding to an  initial temper- 
ature of 900 K at 1027 km. For exosphere 
temperatures from 800 to 1200 K, pressure 
at the experiment threshold varies from 0.9 
to 1.3 nanobars. Voyager solar and stellar 
occultation pressures differ from the pres- 
sure profile by up to a factor of 10 (Fig. 1). 

Temperatures were derived from these 
pressures and densities and the equation of 
state, P = pRT (Fig. 2) for threshold tem- 
ueratures from 800 to 1200 K. The eas " 

constant, R,  varies with altitude according 
to a comuosition model, which defines at- 
mospheric mean molecular weight as a 
function of altitude (17). The uncertaintv , , 

arising from the undefined initial tempera- 
ture at measurement threshold subsides rau- 
idly within the first decade of pressure in- 
crease. The present sounding is consistent 
with the Voyager solar occultation exo- 
spheric temperature measurements at 1400 
km altitude, considering its uncertainty in 
temperature ( + 200K) and altitude ( + 200 
km) (Fig. 1). The point at 830 km, inferred 
from stellar ultraviolet (UV) absorption by 
hydrogen, is, however, 400 K below the in 
situ profile. 

The isothermal layer at T -160 K, 
which extends from 12 to 0.003 mb (80 to 
300 km) (Fig. 2) suggests efficient mixing, 
with warming supplied by downward heat 
conduction from above 300 km. Tempera- 
ture oscillations with altitude occur 
throughout the sounding. Within and be- 

1500 Fig. 2. Temperatures given by data 
in Fig. 1 and the equation of state 
(circles). The four profiles which as- 
sume upper boundary tempera- 

3 1000 10.6 tures from 800 to 1200 K converge 
x - 
0 

to within 215 K at 700 km. Voyager 
u E solar and stellar occultation results - .- are shown as squares (5). The exo- 
2 500 spheric temperature from solar oc- 

cultation and the point at 400 km [;I?' altitude agree with the present 
1 .o 
10.0 sounding, but the temperature de- 

'0 200 400 600 800 1000 1200 rived from hydrogen absorption of 

Temperature (K) UV starlight at 800 km differs from 
the present results by >400 K. 

low the isothermal layer, vertical wave- 
lengths are short, 10 to 50 km. Above 300 
km, they are much longer, 90 to 280 km. 
The shorter waves may be damped at low 
altitudes by breaking, while the longer 
waves with lower temperature gradients do 
not break, but instead, persist upward. Such 
filtering removes shorter waves, leaving the 
long waves to warm the upper atmosphere. 
Gravity waves may explain the upper atmo- 
spheric warming (7, 8 ,  18). 

Near 300 km (Fig. 2), there is a feature 
with a steep lower edge and an  overshoot at 
its peak. This could be a short wavelength 
peak at the start of the upper region heat- 
ing, or it may be an artifact, since the drag 
coefficient mav not have been modeled ex- 
actly in this region where the flow changes 
from free-molecular to continuum. Moving 
upward from 300 km, there is a hitch in the 
curve at 355 km, a weak temperature pla- 
teau at 400 km, and other plateaus with 
progressively increasing amplitudes starting 
at 460, 550 km, and 820 km. From these 
inflections, estimated vertical wavelengths 
are 50, 60, 90, and 270 km. This nonuni- 
form stucture suggests the presence of more 
than a single wave. Amplitude growth with 
decreasing density is observed, as 1s expect- 
ed if these oscillations are caused by gravity 
waves. 

The mean temperature gradient is un- 
certain above 800 km. Where heat deuosi- 
tion ceases, the temperature gradient at 
equilibrium must go to zero so that there is 
no heat loss downward, or more heat loss 
upward than can be radiated to space. Ap- 
proach to an  isothermal state above 800 km 
is suggested with initial temperatures of 800 
to 1000 K, although wavelike inflection in 
these profiles suggests continuing wave 
propagation. In Seiff et al. ( lo ) ,  tempera- 
tures decrease upward above 800 km, im- 
plying upward conduction of heat to an  
unknown sink. Here we excluded initial 
temperatures <800 K that would indicate 
strong upward conduction. 

The tropopause, the level at which lower 
atmospheric mixing ceases, is characterized 
by a temperature minimum. It was encoun- 

tered during late stages of probe entry rather 
than after the start of descent on the para- 
chute, as planned (19). In general, the re- 
mote sensing measurements of the Voyager 
Infrared Interferometer Spectrometer 
(IRIS) (20) agree with the probe sounding 
(Fig. 3). The exact location of the tropo- 
pause is somewhat obscured in the higher 
resolution data by probe buffeting at sub- 
sonic speeds and by temperature oscilla- 
tions. The latter appear immediately at al- 
titudes above (pressures below) the temper- 
ature minimum. where the atmos~here be- 
comes statically stable, and they grow in 
amplitude with decreasing density, as is 
characteristic of gravity waves. The near- 
adiabatic lower atmos~here terminates at 
pressures just above 175 mb (altitudes be- 
low 35 km) at the 109 K temperature min- 
imum. This is identified as the tropopause. 
The Voyager IRIS tropopause was at 104 K 
and 150 mb at 10°N in the North Equato- 
rial Belt (NEB). The IRIS urofile is smooth 
and perturbation-free because of profile av- 
eraging and relatively coarse altitude reso- 
lution. Broad smoothing of the AS1 data 
would likewise tend to lower the trououause 

& 

pressure. Thermal structure differences are 
also urobable between a 5-mm hot suot, 
wheri the probe descended, and the mkan 
state of the NEB. These observations uro- 
vide a basis for improved analysis of the 
processes controlling the structure of the 
middle and upper atmosphere of Jupiter. 

Fig. 3. The tropopause region of the AS1 sounding 
results (expanded from Fig. 2) (circles) compared 
with the Voyager IRIS results (squares). 
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Hot exospheres seen in other giant plane- below the homopause to 1.99 J/kg K at 1000 km. ibid. 272, 837 (1 996)l. 

tary atmospheres are likely produced by 18. L. A. Young, R. V. Yelle, R. E. Young, A. Seiff, and D. 20. R. Hanel eta/., ibid. 204,972 (1979); V. Kundeetai., 
B. Kirk, Science 276, 108 (1 997). Astrophys. J. 263, 443 (1 982). 

mechanisms similar to  those on  Jupiter. 19. This resulted from 53 s late deployment of the probe 
parachute [R. E. Young, M. A. Sm~th, C. K. Sobeck, 22 January 1997; accepted 14 March 1997 
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Equatorial X-ray Emissions: Implications for 
Jupiter's High Exospheric Temperatures 

J. H. Waite Jr.,* G. R. Gladstone, W. S. Lewis, P. Drossart, 
T. E. Cravens, A. N. Maurellis, B. H. Mauk, S. Miller 

Observations with the High Resolution Imager on the Rontgensatellit reveal x-ray emis- 
sions from Jupiter's equatorial latitudes. The observed emissions probably result from 
the precipitation of energetic (>300 kiloelectron volts per atomic mass unit) sulfur and 
oxygen ions out of Jupiter's inner radiation belt. Model calculations of the energy 
deposition by such heavy ion precipitation and of the resulting atmospheric heating rates 
indicate that this energy source can contribute to the high exospheric temperatures 
(>800 kelvin at 0.01 microbar) measured by the Galileo probe's Atmospheric Structure 
Instrument. Low-latitude energetic particle precipitation must therefore be considered, 
in addition to other proposed mechanisms such as gravity waves and soft electron 
precipitation, as an important source of heat for Jupiter's thermosphere. 

X-rays from Jupiter's northern and south- 
ern auroral zones are believed to be line 
emissions from precipitating sulfur and ox- 
ygen ions (1-4). Observations made in July 
1994 with the High Resolution Imager 
(HRI) on  board the Earth-orbiting Ront- 
gensatellit (ROSAT) reveal, in addition to 
the expected high-latitude auroral emis- 
sions ( 5 ) ,  well-defined emissions emanating 
from near Jupiter's equator (6), suggesting 
that energetic ion precipitation occurs at 
low as well as high latitudes. Charged par- 
ticle precipitation in the auroral zones, to- 
gether with Joule heating, is thought to  play 
a major-and perhaps the dominant-role 
in the global energetics and dynamics of 
Jupiter's upper atmosphere (7-9). Energetic 
ion precipitation at lower latitudes would 
thus be expected to have aeronomical ef- 
fects and must be considered, along with soft 
electron precipitation at  middle and low 
latitudes (10) and breaking gravity waves 
(1 1) ,  as a possible thermospheric energy 
source. Such heating mechanisms must be 
invoked to account for thermospheric tem- 
peratures that are much higher than can be 
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explained solely in terms of solar extreme 
ultraviolet (EUV) heating of Jupiter's upper 
atmosphere (12). Here, we analyze Jupiter's 
equatorial x-ray emissions, which we assume 
are excited by precipitating sulfur and oxy- 
gen ions, and present calculations of the 
effects of such energetic ion precipitation on 
the thermal structure of the jovian equato- 
rial thermosphere. 

W e  observed Jupiter with the ROSAT 
HRI in July 1994, shortly before and during 
the i m ~ a c t  of comet Shoemaker-Levv 9 
(13). Although x-ray emissions from Jupi- 
ter's equatorial and auroral regions were 
detected before and during the impact pe- 
riod. we consider for this studv onlv the 
preikpact data to avoid biasing ;he anilysis 
by including any unique events associated 
with the impacts. 

Low-latitude x-rav emissions (like 
those at  higher latitudes) are organized in 
solar local time, occurring predominantly 
between local noon and dusk in these data 
(Fig. 1A) .  Local time organization of the 
equatorial and auroral x-ray emissions is 
also evident in  HRI observations from 
March and September 1996. Like the July 
1994 observations, the September 1996 
observations show that the x-rays emanate 
principally from the planet's noon-dusk 
sector. In  the case of the  March observa- 
tions, however, the  emissions occur pref- 
erentially in  the morning, rather than the 
afternoon, sector. T h e  reasons for the lo- 
cal time organization of the jovian x-ray 
emissions and for the variation between 
morning and afternoon sectors are not 
currently understood. 

In addition to their organization in local 

104 SCIENCE VOL. 276 4 APRIL 1997 http://www.sciencemag.org 




