
dicateil, a l thougl~ the degree of depletion is 
much less than that iliferred from the Voy- 
ayer result. Another argument in favor of a11 
actual deyletion of H e  is the  large depletion 
of N e  observed hy the mass spectrometer on  
the  Gallleo probe (17) .  '4 p la~~s ib le  espla- 
~ l a t i o l ~  that deserves further exy3loratlon 
(13) is that N e  is solul~le in the  He-rlch 
ilrops and 1s carrleJ dolirn by them. 
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Solar and Thermal Radiation in Jupi%er9s 
Atmosphere: initial Results of the Gaiiles Probe 

Net Flux Radiometer 
L. A. Sromovsky,* F. A. Best, A. D. Collard, P. M. Fry, 

H. E. Revercomb, R. S. Freedman, G. S. Orton, J. L. Hayden, 
M. G. Tomasko, M. T. Lemmon 

The Galileo probe net flux radiometer measured radiation within Jupiter's atmosphere 
over the 125-kilometer altitude range between pressures of 0.44 bar and 14 bars. Evi- 
dence for the expected ammonia cloud was seen in solar and thermal channels down to 
0.5 to 0.6 bar. Between 0.6 and 10 bars large thermal fluxes imply very low gaseous 
opacities and provide no evidence for a deep water cloud. Near 8 bars the water vapor 
abundance appears to be about 10 percent of what would be expected for a solar 
abundance of oxygen. Below 8 bars, measurements suggest an increasing water abun- 
dance with depth or a deep cloud layer. Ammonia appears to follow a significantly 
subsaturated profile above 3 bars. Unexpectedly high absorption of sunlight was found 
at wavelengths greater than 600 nanometers. 

A s  the  Gallleo probe ilescencled into Jupi- 
ter's atmosphere, the net flux raJiometer 
(NFR)  mea\ureil net solar and thermal ra- 
diation fluxes to i le terni i~~e ~vhere  anil holv 
the atnlospherc was hemg heated anid 
cooled by racliation. Tlie net flux, \vlilch is 
tlie differelice hetween upwaril and c lo\~n-  
n.arci fluxes, 1s usef~ll because its divergence 
is eilual to the radiative po\ver per unit 
volume absorl~ed by the atmosphere. Tlius, 
the vertical ilerivatlve of the NFR measure- 
llielits defines the vertical ciistrib~~tion of 
radiati\-e heat i~lg  and cooling. ~ v h i c h  leads 

Revercomb Univers~t:! of i2'1scons1n bladison, V/l 
53706. USA 
R S Freedman Ames Research Center, bloffett Field. 
CA 94035. USA. 
G S. O ~ i o n ,  Jet PI-oeulsion Laboratorsi. Pasadena, CA 

to huoyanc\- Jifferences that poxver atmo- 
spheric circulations. NFR data also contalli 
i ~ ~ f o r l l ~ a t l o ~ ~  about rlie opacity structure of 
Jupiter's atmosl3liere, ~ l i i c l i  lielps Jeter- 
lliilie tlie ilistr~hution of particles ancl gases 
tliro~lgli \vhlcli racilati~re transfer occurs. 
T h e  relatlon lxt\veen opacity sources anid 
tlie racllative energy esclianges 1s important 
to understanii in app1ylng these ver\- local 
meas~~remen t s  a t  the  prohe e lm\-  slte, ~vhe re  
eucel?tional at~iiosplieric clarit\- is implied 

grounci-based observations (1 ), to other 
regions of Jupiter liavlng different c lo~ld  
structures 2nd absorbing gas profiles. 

T h e  NFR ( 2 )  used an  optical head that 
esteniieJ through the  probe wall to obtain 
l i e n s  of tlie jo\-lan atmosphere. It sampled 
~lpwarcl a d  ido\vnward fl~lxes ivith 411' (full 

91709 USA angle) coliical fleliis of vien. celltered at  
J. L. Hs:;den Lockheed Ma;tn Astrons.~~tcs Denver, CO directions k 4 5 C  fi.ol,, l,ori:O1ltal, a~ro lc~ l l lg  
80201, USA 
,vi Torrasko and ,vi Lemlnon Unl\ersity ofArlzons,, 1nox of the direct solar beam, but aclmitting 
Tucson. AZ 85721 USA a slilall fraction near the lilillts of ~ t s  angular 

+To ;,,tiOl7 correspondence be addressed response. Tlie NFR niade meas~~remen t s  in 
E - r r a  lsromovsliyBssec.~!i~sc edu five parallel spectral channels (Fig. 1 ) .  T w o  



solar channels provided a complete integra- 
tion of all solar wavelengths (channel B, 0.3 
to 3.5 um) and a red-weiehted subset in 
which kethane absorption-is most signifi- 
cant (channel E, 0.6 to 3.5 Fm). Channel 
A (3 to 500 Fm) measured sources and 
sinks of Jupiter's thermal radiation as a 
whole; channel C (3.5 to 5.8 Fm) sampled 
the narrow-band 5-pm window in Jupiter's 
atmosphere where gaseous absorption is rel- 
atively low; and channel D (14 to 200 pm) 
sampled the hydrogen-dominated long- 
wavelength region of the thermal spectrum. 
All the thermal channels are sensitive to 
NH3 and H 2 0  opacity to varying degrees, 
and channels A and C are also sensitive to 
cloud opacity. Channel F is a blind channel 
that measured nonradiative detector pertur- 
bations needed to correct for similar pertur- 
bations in the other channels. 

The NFR began operating at an atmo- 
spheric pressure of -0.415 bar, confirmed 
the heat shield iettison at -0.44 bar. and 
operated until the mission terminatecl at a 
pressure of -22 bars. As a result of unex- 
pected temperature extremes inside the 
probe (3), the NFR detector package suf- 
fered a premature loss of responsivity such 
that useful radiation flux measurements do 
not extend d e e ~ e r  than about 14 bars. and 
results between 11 and 14 bars require re- 
s~onsivitv corrections to be extra~olated 
beyond the range measured in prelaunch 
calibrations (4). Diagnostic measurements . . - 
during descent confirm that in other re- 
spects the NFR operated as expected. An 
on-board heated blackbody reference pro- 
vided useful calibration checks of thermal 
channels A and D between 2 and 13 bars, 
and of channel C between 6 and 13 bars. 
The agreement between ex~ected and mea- - 
sured reference fluxes shows that the win- 
dow common to all channels was not sig- 
nificantly contaminated, that the optical 
head was chopping properly (also confirmed 
by position sensors), and that the radiomet- 
ric channels responded to radiation at about 
the level expected from prelaunch calibra- 
tions and in-flight tests. 

During the measurement of atmospheric 

fluxes, the NFR detectors all respond to the 
sum of two thermal signals: One signal is 
the desired temperature modulation pro- 
duced by a 2 Hz-modulated radiation input 
absorbed at the detector surface after it has 
passed through the optical system as the 
NFR chops between upward and downward 
views of the atmosphere, and the other 
signal is an extraneous undesired tempera- 
ture modulation produced by slight varia- 
tions in the bulk heating or cooling of the 
detector package (5). Although the blind 
channel (F) provides a measure of the ex- 
traneous signal, it cannot simply be sub- 
tracted from the signals of the other chan- 
nels because the extraneous simal has a " 
different size for each detector, presumably 
because of the temperature gradients within 
the detector package (6). Thus, additional 
constraints are needed to derive corrected 
flux profiles. From an examination of raw 
detector signals at the highest pressures, 
where channel D fluxes are certain to aD- 
proach zero because of the dominance of 
increasing H2 opacity, and where solar chan- 
nel fluxes go to zero because of sunset, it 
appears that the vertical variations of the 
extraneous signals in these channels are in 
reasonable agreement with the channel F 
profile. It is also apparent that the channel F 
signature appears in the channel C profile at 
low pressures where its fluxes are expected to 
be small. On the basis of these comparisons, 
we used the altitude de~endence of channel 
F to define the relative-altitude dependence 
of the extraneous signals in the other chan- 
nels. We subtracted from those channels an 
offset equal to the channel F waveform mul- 
tiplied by a constant that made the corrected 
fluxes (Fig. 2) consistent with simple physi- 
cal constraints (7). . , 

Where the correction procedure has no 
influence-that is. near 0.45 and 2.3 bars. 
where channel F is zero-the flux measure- 
ments remain physically reasonable: Solar 
fluxes are negative, with channel B larger in 
absolute value than channel E, and thermal 
fluxes are positive, with reasonable ratios 
between channels (Fig. 2). The uncertain- 
ties that should be attached to these profiles 

arise from measurement noise and correc- 
tion errors, both varying with altitude. The 
measurement noise is indicated by the scat- 
ter among points at adjacent altitudes. The 
correction errors are thought to be propor- 
tional to the channel F signal, and at 10 
bars these errors are about equal to the 
scatter in the corrected observations at that 
level. Between 0.8 and 1.4 bars there is a 
region of partially correlated variation that 
we believe is due to thermal or other non- 
radiative perturbations. 

Whereas the thermal channels indicate 
radiative cooling throughout most of the 
atmosphere, the broadband thermal channel 
above 0.6 bar indicates a radiative heatine cz 

comparable with what would be expected 
from an NH, cloud of large particles (arbi- 
trarily chosen as 100 Fm in radius) with an 
optical depth of about 2 at 0.5 pm. Evidence 
for this cloud can also be seen in the corre- 
lated variations in the two solar channels 

" 
tion. Within the atmosphere the net radiation spectrum is considerably altered by increasing temperatures 
and local opacity sources. 

Fig. 2. Corrected NFR net flux observations (7) .  
The blind channel (F) profile (orange line) is shown 
in flux units for comparison with channel A (differ- 
ent conversions would be needed to compare F 
with other channels). Because the sign of the net 
flux is chosen as positive upward, all thermal 
channels are positive and the two solar channels 
are negative. Where a net flux profile tilts to the left 
(with increasing height), radiative heating is occur- 
ring, whereas a tilt to the right indicates radiative 
cooling. The pressure scale is derived from the Jet 
Propulsion Laboratory-predicted descent profile 
with a time offset adjusted to match the predicted 
pressures to those of the atmospheric structure 
instrument PI sensor (1 7) .  The arrows show the 
top-of-atmosphere thermal channel fluxes com- 
puted with the NEB hot spot model (13). The hor- 
izontal dashed line at 0.52 bars marks the base of 
the NH, cloud in that model, whereas the line at 
1.36 bars marks the base of the only well-defined 
cloud detected by the nephelometer (10). The 
dashed line at 11 bars indicates where NFR de- 
tector temperatures exceed the range used in 
ground-based calibrations. 
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between deployment and 0.5 to 0.6 bar. The 
nearly complete absence of these variations 
in the thermal channels confirms that the 
variation is due to a solar spectral source 
rather than an extraneous noise source. 
These variations cannot be due to true net 
flux variations because thev would indicate 
regions of radiative cooling at solar wave- 
lengths. Instead, they are consistent with 
variations expected from direct solar beam 
input at the edges of the NFR field of view, 
varying as a result of the probe spin during 
descent (8). From the way the spin-induced 
variations decay with depth, we estimate 
that there is an optical depth of about 1.5 to 
2 of cloud material above the 0.5- to 0.6-bar 
level, roughly consistent with what is re- 
quired to reproduce the thermal heating sig- 
nature measured by channel A. This cloud is 
presumably the NH, ice cloud expected from 
ground-based and Voyager observations to 
occupy the pressure range from 0.25 bar to 
0.6 to 0.7 bar at low to mid latitudes, includ- 
ing regions of hot spots (9). The low levels of 
particulate scattering measured by the neph- 
elometer in this region (10) suggest a heter- 
ogeneous cloud structure ( I  1 ). An alternate 
explanation that seems less plausible is that 
the particles are of an unusual size or shape 
that would inhibit their detection by the 
nephelometer. 

The nephelometer detected the base of a 
relatively well-defined cloud of optical depth 
tentatively estimated as 2.6 (10) near the 
1.36-bar level (using the pressure scale in 
Fig. 2). There does seem to be an indication 
of a cloud at that level in NFR channel C, 
where net fluxes above the cloud are -50% 
less than those below the cloud. which is 
about the attenuation expected for an 
NH,SH cloud of unit optical depth. Howev- 
er, the magnitude of the observed effect is 
quite uncertain because of increased noise 
above the cloud base and uncertainty in the 
channel F correction factor. In channel A, a 
relatively strong vertical gradient throughout 
the cloud layer impedes detection of a subtle 
cloud signature. However, an NH4SH cloud 
of optical depth greater than unity should 
~roduce a clear signature that is not seen in 
;he observations. ?%e same cloud should not 
produce significant perturbations of the solar 
profiles or of the channel D thermal profile, 
and none are seen. Although the solar and 
thermal channel profiles do not provide 
strong evidence for a cloud base at 1.36 bars, 
they are not clearly inconsistent with the 
cloud detected by the nephelometer (lo), 
given its currently uncertain composition. 

The decline of solar channel fluxes with 
depth arises from atmospheric absorption 
and from the setting of the sun during de- 
scent. The solar zenith angle for NFR mea- 
surements was approximately 67O at deploy- 
ment and increased to 90" as the probe 
reached about the 15-bar level. The decline 

of the channel E signal to zero at the 5-bar 
level, accompanied by the consistent paral- 
lel decline in channel B, seems to require a 
nearly complete absorption of light in the 
red part of the spectrum (wavelength > 600 
nm), a result inconsistent with expecta- 
tions. Although methane is a major absorb- 
er within the channel E bandpass, our cur- 
rent understanding of its abundance and 
absorbing properties (1 2) leads to a substan- 
tially slower predicted decline. 

The broadband thermal channel (A) in- 
dicates a weak heating in the region be- 
tween 3 and 8 bars. This is probably not an 
indication of the presence of particles, be- 
cause model calculations show this effect 
with only expected gas opacity included. 
Notably absent is any signature of increased 
cloud-top cooling or cloud-base heating 
that might provide evidence for an opaque 
water cloud in the 5- to 6-bar region. How- 
ever, there is a relatively strong cooling 
signature seen between 9 and 11 bars, im- 
plying an increase of opacity with depth 
below 9 bars. Either a strongly increasing 
water vapor mixing ratio or a layer of par- 
ticles might be responsible. 

Using the North Equatorial Belt hot 
spot model of Carlson et al. (1 3), which uses 
deep mixing ratios of two times the solar 
abundance for water, three times the solar 
abundance for methane, and 2.5 times the 
solar abundance for ammonia (14), we cal- 
culated model flux levels at the top of the 
atmosphere (Fig. 2) that are in rough agree- 
ment with the highest altitude NFR mea- 
surements; what differences are seen might 
be expected from opacity sources above the 
first NFR measurements. However, within 
the atmosphere this model leads to much 
smaller fluxes than those observed by the 
NFR (note the channel A comparison in 
Fig. 3). To match measured NFR flux levels 
within the atmosphere requires a set of 

Net flux (W m-2) 

minor gas mixing ratio profiles and cloud 
amounts that lead to very low atmospheric 
opacity. The nonunique fit to the channel 
A profile (Fig. 3) provides one example that 
uses the following gas distribution: Ammo- 
nia was set to a constant solar abundance 
mixing ratio deeper than 3 bars, but signif- 
icantly subsaturated above; water was set to 
20% of solar abundance deeper than 10 
bars, decreasing to 10% of solar abundance 
between 10 and 8 bars, remaining at 10% to 
6 bars, and decreasing by a factor of 10 from 
6 to 3 bars; and the NH, cloud optical 
depth was set to 2 at 0.5 p,m and the 
particle radius to 100 pm (a mid-level 
NH4SH cloud was not included). To illus- 
trate the sensitivity of these profiles to wa- 
ter vapor abundance, we used two addition- 
al curves corresponding to one-half and two 
times the mixing ratios used in the fitted 
model (Fig. 3). The sensitivity of the NFR 
channel A models to deep NH, variations is 
sufficiently low that current uncertainties 
in the well-mixed NH, abundance (15) 
produce model variations smaller than the 
scatter in the NFR observations. 

The NFR channel A observations are 
most consistent with a water vapor abun- 
dance of 0.1 to 0.2 times the solar abun- 
dance in the 6- to 12-bar range, the larger 
value agreeing with the neutral mass spec- 
trometer results (16). However, the in- 
creased opacity between 8 and 12 bars could 
also be modeled by using a cloud layer 
instead of a layer of increasing water vapor 
abundance, in which case the water vapor 
mixine ratio could be a constant 10% of " 
solar abundance below -6 bars. Between 3 
and 6 bars. some combination of subsatura- 
tion of water and ammonia is required to 
match the NFR observations. At lower 
pressures, the NFR observations are insen- 
sitive to water, but they do seem to require 
ammonia to be significantly more subsatu- 

Fig. 3. NFR broadband thermal flux measure- 
ments (channel A) compared with radiation trans- 
fer model calculations under various assumptions 
about gas mixing ratios. The NFR observations 
are plotted as filled circles. Measurement and cor- 
rection errors are of the order of the scatter in 
points at nearby altitudes. The model (red) that fits 
the channel A observations uses a vertical profile 
of water vapor (described in the text) in which the 
abundance between 6 and 8 bars is 10% of solar 
abundance (14). Calculated flux profiles are also 
shown for models in which the water abundances 
are doubled and halved (solid and dashed blue 
curves, respectively). The NEB hot spot model 
(13) (green curve) uses a deep water vapor mixing 
ratio that is twice the solar abundance. 
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rated than previously estimated. For exam- 
ple, the ammonia profile of Carlson et nl. 
(13) decreases by a factor of 10 from 2 bars 
to 1 bar, whereas our fitted profile decreases 
by more than a factor of 20 bet\<-een 3 bars 
and 1 bar, and decreases by another factor 
of 4 between 1 and 0.5 bars, idlere their 
profile is constant. It remains to be deter- 
lnined whether a-e can find a n  opacity 
structure that is not only consistent with 
KFR observations but also satisfies other 
constraints derived from recent ground- 
based or past Voyager observations of hot 
spots. 
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Results of the Galileo Probe 
Nephelorneter Experiment 

Boris Ragent," David S. Colburn, Philip Avrin, Kathy A. Rages 

The nephelometer experiment carried on the Galileo probe was designed to measure the 
jovian cloud structure and its microphysical characteristics from entry down to atmo- 
spheric pressure levels greater than 10 bars. Before this mission there was no direct 
evidence for the existence of the clouds below the uppermost cloud layer, and only 
theoretical models derived from remote sensing observations were available for describ- 
ing such clouds. Only one significant cloud structure with a base at about 1.55 bars was 
found along the probe descent trajectory below an ambient pressure of about 0.4 bar, 
although many indications of small densities of particle concentrations were noted during 
much of the descent. 

T h e  objective of the nepl~elo~neter  exper- 
inlent ( I )  almard the Galileo probe ( 2 ,  3 )  is 
to exulore the vertical structure and micro- 
physical properties of the clouds and hazes 
of the jovial atmosphere. T h e  instrument 
measured the scattering of an incicient light 
beam from defined vol~unes in the atmo- 
sphere near the probe at five angles, four at 
forward scattering angles and one in a back- 
scattering direction. A n  arm containing re- 
flective lnirror optics was s ~ ~ c c e s s f u l l ~  de- 
uloved shortlv after the heat shield and 
& ,  

aeroshell were removed. T h e  instrument 
fi~nctioned and data were recorded froln an 
altitude of about 20 km (-0.4 bar) a l~ove 
the 1-bar pressure reference altitude domill 
to a n  altitude of about - 140 km (-22 bars) 

(4). Data were obtained over the entire 
probe reportilng period, but the instr~ulnent 
hegan to exhibit erratic behavior after 
about 40 nlin (-13 bars) of descent and 
began to fail, presumably because of the 
extrelne operating conditions (5). 

After the probe entered the atmosphere 
and decelerated, the nephelometer experi- 
ment was turned o n  about 13 s before the 
heat shield separated fro111 the probe. About 
2 s after heat shield separation, squibs free- 
ing the nephelolneter mirror arln were fired, 
coln~llencing measurement of the alnbiellt 
jovian atmosphere. Since the first measure- 
lnents were affected b7- all these events, the 
first viable at~llospheric data \<-ere obtained 
about 19.7 s after the instr~ulnent was turned 
on,  corresponding to a n  ambient atmo- 

B. Ragent and D S. Coburn, San Jose State Unversity spheric pressure and temperature of -0.4 
Foundat on San Jose. CA 951 72-0130 USA. bar and 129 K. Data were obtained for the 
P. Avrn. Aerospace Corporatoti. Colorado Sprngs CO 
onnr  n I I" A next 57 min. However, because the instr~u- 
O V 3  I L ,  V3H.  

K. A. Rages Space Physcs Research nst i t~l te,  S~lnn\i- lnent deteriorated in the hot internal probe 
vale, CA 94087-1 31 5 USA environment near the end of descent, \ d i d  
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