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Equatorial X-ray Emissions: Implications for 
Jupiter's High Exospheric Temperatures 
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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 
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time, the equatorial x-ray emissions also 
appear to be organized in terms of surface 
magnetic field strength. They occur largely 
between 210" and 60" (System 111 longi- 
tude), inside a broad region of low field 
strength along Jupiter's magnetic dip equa- 
tor (Fig. 1B). The preferential occurrence of 
the equatorial emissions within a region of 
low magnetic field strength is not surpris- 
ing, because the weak surface magnetic field 
can be assumed to allow a widened atmo- 
spheric loss cone (14), resulting in the en- 
hanced interaction of trapped charged par- 
ticles in the inner radiation belt with Jupi- 
ter's upper atmosphere (15). 

No measurements have been made of 
the charged particle populations in Jupiter's 
inner magnetosphere in the relevant energy 
ranges (16). However, we assumed that the 
low-latitude x-ray emissions are excited by 
precipitating sulfur and oxygen ions with 
energies >300 keV amu-'. This assump- 
tion is based on earlier observational and 
theoretical studies (1-3, 17) and is support- 
ed by our analysis of Voyager Low Energy 
Charged Particle instrument data near 5 
jovian radii (RJ), which showed that inward 
diffusion of sulfur and oxveen ions near the , - 
inner edge of the 10 plasma torus can supply 
the population of charged particles needed 
to account for the observed emissions (1 8). 
The amount of energy deposited in Jupiter's 
low-latitude thermosphere by heavy ion 
precipitation can be estimated from the x- 
ray power output, which we calculated to be 
lo9 W (19). If an efficiency of 0.8 x I@'' 
for all charge states is assumed (3), this total 
x-ray output power yields an energy flux of 
-0.4 erg cm-, s-' into the observed emis- 
sion region (-30' to +30° latitude). The 
inferred power input by low-latitude ener- 
getic particle precipitation is -1.3 X 1013 
W, a value smaller than but comparable 
with estimates of auroral power input de- 
rived from analyses of observations of Jupi- 
ter's ultraviolet aurora (20). 

To investigate the effect of low-latitude 
charged particle precipitation on the ther- 
mal structure of Jupiter's upper atmosphere, 
we used a one-dimensional aeronomical 
model of an outer planet thermosphere- 
ionosphere (7, 21). We considered only 
heat transport by conduction (22) and cal- 
culated a neutral temperature profile ac- 
cording to the heat conduction equation 

where z is altitude, T is the temperature, K 
is the thermal diffusion coefficient for H, 
(23), and Hz and C, are the local heating 
and cooling rates (in erg cm-3 s-'), 
res~ectivelv. 

We assumed that heating processes as- 
sociated with heavy ion precipitation were 

the sole source of heat for the jovian 
thermosphere. Such processes include di- 
rect heating by impact-induced dissocia- 
tion of H,, electron heating, vibrational 
excitation, and heating from chemical re- 
actions involving Hz+ and have a com- 
bined heating efficiency of -50% (24). 
Using the energy flux derived from the 
observed x-ray output power (-0.4 erg 
cm-, s-') and a heating efficiency of 50%, 
we obtained a vertically integrated neutral 
heat flux of -0.2 erg cm-, s-'. For com- 
parison, the solar EUV heat input is 0.06 
erg cm-2 s-' (on the day side) (7), and 
breaking gravity waves are thought to be 

able to provide up to 3 erg cmP2 s-' (1 1 ). 
The altitude at which energy deposition 

occurs is crucial to the temperature profile. 
Heating near the homopause, where cool- 
ing by hydrocarbons is efficient, will have 
little effect. Heating far above the homo- 
pause, even a small amount, will have a 
large effect. Unfortunately, however, the 
altitude range over which the incoming 
energetic ions deposit their energy and 
heating occurs is not known. Therefore, we 
considered two limiting cases: (i) a low- 
altitude case, in which particle energy is 
deposited rapidly in one passage as the par- 
ticles penetrate directly into the atrno- 

Fig. 1. (A) HRI x-ray image of Jupiter, produced with data obtained during 13 through 15 July 1994. 
Individual photons have been smoothed by the HRI point-spread function (PSF) and converted to 
brightness unls. A graticule showing Jupiter's orientation with 30" intervals in latitude and longitude is 
overlaid. The red "x" marks the entry site of the Galileo probe in local time. (B) HRI x-ray map of Jupiter, 
produced with the data from (A), but with each PSF-smeared photon mapped into System I l l  longitude 
and latitude. Contour lines show 06 model (36) surface magnetic field strength (in gauss). The dashed 
line indicates the magnetic dip equator. The red "x" marks the entry site of the Galileo probe. In both (A) 
and (B), false color indicates emission brightness in Rayleighs (37). 
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sphere and (ii) a high-altitude case in 
which trapped particles lose energy gradu- 
ally during multiple bounces between mir- 
ror points (14). 

In a low-altitude case, most of the ions 
res~onsible for the observed x-rav emissions 
will deposit their energy rapidly as they 
penetrate Jupiter's upper atmosphere. A t  
high latitudes, peak energy deposition by a 
verticallv incident isotro~ic flux of 2 3 0 0  
kevlamd oxygen ions w i i  occur at an alti- 
tude where the atmospheric density is about 
3 x 1013 ~ m - ~  (3). Near the equatorial 
region, however, the path length will in- 
crease by about a factor of 2 because of the 
dip angle'bf the magnetic field. Moreover, 
for weak pitch-angle diffusion into the loss 
cone, the pitch angle will be close to 90°, 
resulting in a further path length increase 
by roughly a factor of 5. Assuming a 10-fold 
increase in the path length as result of these 
two factors, we estimate that ~ e a k  energv -. 
deposition at low latitudes will thus occur 
where the neutral density is -3 X 10'' 
cm-3 or at a pressure of about 85 nbar. 

In a high-altitude case, an  extended 
region of gradual energy loss may exist for 
a large number af trapped ions in the inner 
magnetosphere. Near the edge of the loss 
cone, these particles will mirror at a high 
enough altitude that they deposit only a 
small portion of their energy a t  each en- 
counter with the atmos~here.  The Dres- 
sure level at which this energy loss occurs 
can be estimated by requiring that the 
particle entirely lose its energy in the time 
it takes to diffuse radiallv inward across 
the magnetic field lines that map to the 
low latitudes where the x-rav emissions 
were observed. With an inwaid diffusion 
velocity of about 0.01 km s-' (25), this 
time is about lo6 s. Given a bounce period 
of -5 s, about lo5 bounces could occur, so 

-.. .... ... 
10.04gf1i 6-1.1 6.1; ','& '';.6.8&0-6 

Q (erg ~ r n - ~  sl) 

Fig. 2. Heating rate profiles for the low-altitude 
(Hl) and high-altitude (H2, H3) cases. HI and H2 
were calculated with the column-integrated heat- 
ing rate (0.2 erg cm-%-' ) most consistent with 
the observed x-ray emissions; H3 is the profile 
obtained when a heating rate two times the pre- 
ferred value was used (that is, 0.4 erg cm-%-I). 
The associated calculated cooling rate profiles (in- 
dicated by C)for hydrocarbons below the homo- 
pause (CH, and C2H2) and for H3+ in the iono- 
sphere are also shown. 

that the atmospheric density for the ion 
energy deposition should be about this 
factor less than if the ions deposited their 
energy directly in one passage. This gives a 
neutral density of about 3 x lo7 cm-3 or 
a pressure of about 5 X nbar. 

We adopted a two-parameter heating 
rate formula to represent the high-altitude 
and low-altitude cases in Eq. 1. We specified 
the column heating rate for each profile and 
made the heating rate proportional to the 
atmospheric pressure down to a critical 
pressure level below which the heating 
rate was set equal to zero. The  critical 
level was 2 X bar for the high-alti- 
tude case and 8.5 x bar for the 
low-altitude one. T o  obtain the cooling 
term used in Eq. 1, we calculated altitude- 
dependent rates for radiative cooling by 
thermal infrared band emissions from 
CH4, C2H2, and H3+. For the hydrocar- 
bon species, we assumed an  optically thin 
regime and calculated thermal emission 
rates as a function of altitude for the v4 
band of CH4 and the v, band of CzHz 
(26). The  hydrocarbon densities used in 
our calculations were taken from a recent 
hydrocarbon photochemistry model for Ju- 
piter's North Equatorial Belt region (27). 

Thermal infrared emissions of H3+ ob- 
served a t  equatorial latitudes (28, 29) are 
much weaker than those in the auroral 
zone, but they nonetheless represent a col- 
umn cooling rate of -0.1 erg cm-2 s-' 
(29), which is about the same order of 
magnitude as the column heating rate (0.2 
erg cm-2 s-l). Therefore, accurate calcu- 
lation of the H3+ cooling is required. We  
employed a method similar to that used for 
CH4 and C2H2. T o  achieve the observed 
column cooling rate values, it was neces- 

sary to invoke a reaction rate coefficient 
of 3.4 x 10-lo cm3 s-' for the translation- 
vibration reaction HzY + H3+ -+ Hz + 
H3+(v). This rate is consistent with the 
Langevin (gas kinetic) rates typical of 
atom transfer reactions. T o  calculate H3+ 
density, we used our one-dimensional 
model of the jovian ionosphere (7, 21), 
updated to include a new neutral atmo- 
sphere derived from the Galileo probe At- 
mospheric Structure Instrument (ASI) 
data, revised ion production rates for en- 
ergetic ion precipitation, and a revised 
rate for the reaction of H +  with vibra- 
tionally excited Hz  (v 2 4), an important 
loss process for this ion in the jovian 
ionosphere (30). The  rates for particle- 
induced ionization and high-altitude heat- 
ing were consistent with each other with- 
in the uncertainties of the model (Table 
1)  and yielded an  ionospheric profile that 
is consistent with the equatorial iono- 
spheric profile derived from Voyager radio 
occultation data (31). The  calculated col- 
umn density for H3+ is 10" cm-'. 

Our calculated heating and cooling rate 
profiles are shown in Fig. 2. H I  is the 
heating rate profile for the low-altitude 
case, with a base of 85 nbar; H2 is the 
profile for the high-altitude case, with a 
base of 2 nbar. We used a column-integrat- 
ed heating rate of 0.2 erg cm-2 s-' to calcu- 
late both profiles. This is the rate that is 
most consistent with the ion energy flux 
calculated on the basis of the observed x-ray 
output power. A third heating rate profile 
(H3),  also for the high-altitude case but 
with two times our preferred column heat- 
ing rate (that is, 0.4 erg cm-2 s-'), is shown 
as well. The column cooling rate profiles for 
the hydrocarbons and for H3+ (-0.1 erg 

Table 1. Heavy ion energy deposition in Jupiter's equatorial upper atmosphere 

Parameter Preferred value Range 

Emitted x-ray power 1 x l o 9 w  0.5-2.0 x 1 og w 
X-ray production efficiency 0.8 x I O - ~  0.1-1 .O x lo-4 
Estimated input power 1.3 x lo i3  w 5 x loi2-2 x loi4 w 
Heating efficiency 0.5 0.45-0.6 
Column-integrated heating rate 0.2 erg cm-%-I 0.08-3 erg cm-Qs-' 

Fig. 3. Model temperature proflles corresponding o 0001 
to the heatlng and coollng rates of Flg 2 The , 
dashed and solid l~nes show the proflles resulting 5 O Oo10 
from a heatlng rate of 0 2 erg cm % for the 5 0100 800 5 
low-altltude and hlgh-alt~tude cases, respectively 5 plyt 500 , The dotted lhne shows the hlgh-alt~tude proflle ob- $ o 1000 400 .E 
talned for a heatlng rate of 0 4 erg cm-% The E 350 3 
asterlsk lhne shows the temperature proflle ex- 1 0000 

300 
tracted from the denslty proflle measured by the 000 
Gallleo probe (33) (It should be noted that the 0 200 400 600 800 1000 1200 
temperatures retrieved from the probe data be- Temperature (K) 

come substantially uncertain at pressures <O 01 
pbar ) 

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



cm-' s-'1 are consistent with Vovager infra- , - 
red interferometer spectrometer (IRIS) and 
Infrared Space Observatory/Short Wave- 
length Spectrometer (ISO/SWS) observa- 
tions (8, 32) and with observations of equa- 
torial H3+ emissions ( 2 9 ) ,  respectively. 

T o  assess the effectiveness of heavy ion 
precipitation as a heat source for Jupiter's 
equatorial upper atmosphere, we compared 
our model temperature profiles with the 
thermospheric temperature profile derived 
from the Galileo probe AS1 density data 
(33). The AS1 measurements were made at 
a location (+6.54" and 4.46" System 111 
longitude) and a local time (22:04: 16 
U T C '  = -1600 solar local time) (34) at 
which, according to the ROSAT observa- 
tions, strong heating of the atmosphere by 
heavy ion precipitation would be expected 
(35). Com~arison of the ASI-derived ther- 
mal profile' with the model profiles calcu- 
lated for an  assumed heating rate of 0.2 erg 
cm-2 -1 s (Fig. 3, curves H1 and HZ) dem- 
onstrates that heavy ion precipitation can 
contribute to the heating of Jupiter's equa- 
torial thermos~here. As ex~ec t ed  (because 
the energy debsi t ion occur; well above the 
hydrocarbod cooling layer), the high-alti- 
tude source (HZ) produces a larger temper- 
ature enhancement than does the low-alti- 
tude source (HI) .  T o  achieve the best fit to 
the heating indicated by the probe data, 
high-altitude heating with a heating rate 
roughly two times that of our preferred value 
is required (H3). Although this larger value 
falls within the uncertainties of our calcula- 
tions (Table I ) ,  it represents a heating rate 
that is somewhat greater than would be ex- 
pected in light of our energy input calcula- 
tions. Thus, whereas heavy ion precipitation 
could possibly account for all of the heating 
observed by the Galileo probe, other heating 
mechanisms-such as upward-propagating 
gravity waves (I  1 ) and supersonic jets driven 
by auroral energy deposition (9)-must also 
be considered. In any case, with an input 
power of approximately 1.3 X los3 W,  
which is only a few times smaller than the 
dominant auroral zone thermospheric heat 
source, low-latltude energetic ion precipita- 
tlon must be regarded as a significant influ- 
ence on the structure and circulation of Ju- 
piter's upper atmosphere, both locally and 
globally. 
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bridge, MA, 1995), pp. 6-13]. The details of the 
method used to improve the pointing uncertainty are 
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ination by ultraviolet emissions, only data from chan- 
nels 2 4  of the HRI were used in creating the images. 

14. Trapped charged particles bounce back and forth 
along magnetic field lines between "mirror points" in 
the northern and southern hemispheres. The altitude 
at which the mirror points occur and the particles 
reverse direction depends on the strength of the 
magnetic field (which increases as the field lines con- 
verge) and on the equatorial "pitch angle" of the 
particle--that is, upon the angle between the velocity 
vector of the charged particle and the magnetic field 
line along which it is traveling with a gyrating motion. 
Particles with sufficiently small equatorial pitch an- 
gles have mirror points so low that they collide with 
atmospheric neutrals and are lost. These particles 
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responsible for the x-ray emissions are far below 
those measured by the probe. 
N. Gehrels and E. C. Stone, J. Geophys. Res. 88, 
5537 (1 983). 
This is a different population from the energetic 
(MeV) heavy ions that have been observed in the 
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Bur. Stand. Sec. A 74, 331 (1 970)l. A and s are 
empirical constants for fit to laboratory data. 
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ations are consistent with gravity waves, 
and show that viscous dissipation of these 
waves can be responsible for the elevated 
thermospheric temperatures. 

We  decomposed the AS1 temperature 
profile into a mean profile (Fig. 1A)  and 
perturbations (6). Subtracting the mean 
thermal profile from the observed thermal 
profile leaves temperature fluctuations, 
peak-to-peak, of 50 to 80 K. These ther- 
mospheric waves have extrema at 940, 
800, 665 ,550 ,495 ,447 ,  425, and 395 km. 
Taking the distance between extrema as 
the half period, we estimated an  observed 
vertical wavelength of -260 km above 
550 km, -100 km between 450 and 550 
km, and -50 km between 395 and 450 
km. The  mesopause, which is the bound- 
arv between the middle atmomhere and 
thk thermosphere, is located a; the tem- 
perature minimum near 290 km (3.3 
p,bar). The temperature gradient rises 
quickly above the-mesopause, and reaches 

The Atmosphere Structure Instrument on the Galileo probe detected wavelike temper- a maximum of 2.9 K/km at an altitude of 
ature fluctuations superimposed on a 700-kelvin temperature increase in Jupiter's ther- 357 km. The  positive thermal gradient 
mosphere. These fluctuations are consistent with gravity waves that are viscously implies that an  energy of 0.53 erg/cm2/s is 
damped in the thermosphere. Moreover, heating by these waves can explain the tem- transported downward by thermal conduc- 
perature increase'measured by the probe. This heating mechanism should be applicable tion. This conductive flux must be bal- 
to the thermospheres of the other giant planets and may help solve the long-standing anced by heating in steady state; therefore, 
question of the source of their high thermospheric temperatures. the column-integrated heating rate in the 

thermosphere is also 0.53 erg/cm2/s. The  
inferred upward flux at the top of the AS1 
observations is between 0 and 0.1 erg/cm2/ 

T h e  atmospheres of the giant planets (Ju- mechanisms which seek to explain the s, and depends on the method of defining 
piter, Saturn, Uranus, and Neptune) and thermal profile. The  Atmosphere Struc- the mean state (7). 
Earth reach high temperatures in the low- ture Instrument (ASI) directly measured We  modeled how gravity waves could 
pressure region of the upper atmosphere the temperature of Jupiter's upper atmo- produce the estimated temperature pertur- 
known as the thermosphere (1  ). O n  Earth, sphere on 7 December 1995 (5). The AS1 bations under the following assumptions: (i) 
the energy to heat the thermosphere is experiment detected wave-like fluctua- the frequency of the gravity wave is much 
supplied by absorption of solar extreme tions superimposed on  a 700 K tempera- larger than the Coriolis parameter, (ii) the 
ultraviolet (EUV) radiation. However, for ture increase in the thermosphere. Here mean state varies slowly compared to a 
the giant planets, the solar heating rate is we describe how these temperature fluctu- wavelength, (iii) the period of the gravity 
more than one order of magnitude too 
small to  explain the high temperatures. 
Suggestions for Jupiter's thermospheric Fig. 1. (A) The observed 
heat source .include charged particle im- AS1 temperatures (thick 
pacts, Joule heating, or the dissipation of dotted curve), an esti- 
gravity waves ( 2 ,  3,  4). It has been diffi- mateofthe mean thermal - 
cult to  evaluate these energy sources be- profile and 5 
cause, until recently, the shape of the the t h e r m a l  profile which 

we ultimately derive by in- 2 
thermal profile above the 1-pbar level was tegrating the heating by 
poorly constrained. Without knowing the the observed gravity H 
first and second derivatives of the temper- waves (dashed curve), rn 
ature profile, it is difficult to  estimate the The dots represent indi- 
amount of energy required or the altitude vidual measurements by 
at which the energy must be deposited by the ASI. (6) The tempera- 

ture fluctuations that re- 
L. A. Young and R. V. Yelle, Center for Space Physics, main after subtracting the 
Boston University, Boston, MA 02215, USA. mean state. The solid 
R. Young, Space Science Division, NASA Ames Re- curve is the calculated 
search Center, Moffett Field, CA 94035, USA. Temperature (K) Temperature Flux (erg/cm2/s) 
A. Seiff, Department of Meteorology, San Jose State Of the grav'ty 

waves summarized in Ta- fluctuation (K) 
University Foundation, CA 951 92, USA. 
D. B. K~rk, University of Oregon, Eugene, OR 97403, ble 1. The dotted curve is the difference between the observed AS1 temperatures and the estimated mean 
USA. thermal profile. (C) The dots represent the rate at which energy is conducted downward, derived from the 
*TO whom corresponence should be addressed, E-mail: mean thermal profile. The solid curve is the total flux carried upward by the two Waves, assuming cF(zO) = 
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