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by 
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ABSTRACT 

The Voyager 1 near-encounter infrared data for Jupiter's 

atmosphere yield a measure of the temperature as a function 

of latitude and pressure level. These measurements are 

applied to the computation of the zonal thermal wind field 

above the cloud deck. The results are compared with the 

imaging measurements of the zonal winds at the cloud level 

and tentatively suggest that the thermal field is correlated 

with the jet stream system and in the sense required to reduce 

the strength of the jets with height. The possible dynamical 

implications of certain discrepancies in this picture are 

discussed. Also the variation of the standard deviation of 

the tropospheric temperature with latitude is discussed as 

a possible diagnostic indicator, of meridional momentum flux. 
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1. INTRODUCTION 

The dynamic atmosphere of Jupiter has been observed by 

Earth-based astronomers for over 100 years. The rich texture 

of cloud patterns and their associated differential rotation 

has stimulated considerable interest in theoretical models 

of Jovian meteorology. Some progress has been made in a 

kinematic assessment of the vorticity and thermal balances 

between the currents and their associated cloud morphology. 

Many intriguing model calculations have been proposed in 

explanation of various details of the zonal flow. Yet the 

uncertainties in the physical .assumpbichs of these models ; 

are so great that many of the simplest questions await a 

confident answer. What physical mechanism drives the differ¬ 

ential flow and the super-rotation of the equator? What 

controls the apparent axisymmetry and the characteristic 

width of the cloud bands? How does the vertical structure 

of Jupiter's deep atmosphere couple to the apparently two 

dimensional structure of the zonal winds? 

Additional and more thorough modeling of various 

dynamical regimes in Jupiter's atmosphere may bring some 

improvement in the understanding of the global circulation. 

But what has really been needed is a much more thorough 

measurement of the atmospheric structure. 
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The reconaissance of Jupiter by the Voyager spacecraft 

in March and July 1979 has added greatly to the store of 

information available for dynamical analysis. Much of the 

relevant data has come from the Voyager imaging experiments. 

High resolution imaging has reinforced and refined the pic¬ 

ture of the zonal wind field at cloud level. In addition, 

observations of previously undetected small scale texture 

will undoubtedly suggest entirely new theoretical problems. 

The other important Voyager experiment for the study 

of the Jovian meteorology is the infrared interferometer 

spectrometer and radiometer (or IRIS). This instrument 

measures the intensity and spectral distribution of infrared 

radiation reflected and emitted by the atmosphere. ^Barney 

J. Conrath of the Voyager IRIS team has developed the theory 

and numerical algorithm to apply the spectral measurements 

to the radiative transfer equation, invert it with respect 

to temperature and pressure, and thereby obtain the vertical 

thermal profile of the atmosphere. Since the dynamical 

structure of a rapidly rotating planet such as Jupiter is 

strongly coupled to the temperature, the IRIS data provide 

the means to sense the vertical structure of the dynamics. 

The expected thermal contrast in association with the visually 

observed flow fields is typically as small as a few degrees K 

and varies substantially over a few degrees of planetary 

latitude. Consequently the noise and spatial resolution 

limits of the IRIS make the analysis of vertical dynamical 

structure fairly difficult. The results must be regarded as 

more diagnostic than definitive. 
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Nevertheless this is the first time that such a study has 

become feasible at all. Since some picture of the vertical 

wind structure is so important to a complete understanding 

of Jovian meteorology this kind of analysis seems to be 

well worth the effort. 

The purpose of this thesis is to report on my computation 

of the vertical and latitudinal structure of Jupiter's zonal 

thermal wind field in the northern hemisphere from the Voyager 

1 IRIS data. First I will review the visual observations of 

the zonal wind velocities and associated cloud structure. 

Then I will summarize the elements of the dynamical theory 

required for thé analysis. A description of the IRIS data 

and their reduction will follow. Finally I will present a 

summary of the results and discuss their dynamical implications. 



2. CLOUD FEATURES AND ZONAL VELOCITIES 

The atmosphere of Jupiter presents more visual texture 

for astronomical observation than that of any other planet. 

The most globally prominent feature is the remarkably per¬ 

sistent system of alternate dark and light cloud bands. The 

dark bands are called belts, the light bands zones. They are 

aligned with latitude and seem to be approximately axisym'- 

metric. 

Observations of the drift speeds of small scale features 

and spots began with Earth-based patrols and provide a record 

of a strong differential rotation of Jupiter's atmosphere 

with latitude that has persisted over several years. (Peek, 

1958.) The implied system of currents or jet streams are 

approximately correlated with the morphology. In general, 

the equatorward sides of the belts show strong prograde flow 

while the poleward sides show retrograde flow. (Prograde is 

toward the east, retrograde toward the west.) The recorded 

speed of individual jets varies somewhat from year to year 

but the overall system seems to be quasipermanent. A summary 

of Earth-based observations of zonal velocities from 1898 to 

1970 is given by Reese (1972). Catalogues of more recent 

observations are' maintained by Professor Reta Beebe at New 

Mexico State University. 

The Pioneer encounters with Jupiter in 1973 and 1974 

greatly enhanced the visual record of small scale atmospheric 

features. (A good collection in one volume is given by 
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Fimmel, Et. al, 1977.) The Pioneer imaging photopolari- 

meter data were however unable to provide any better infor¬ 

mation of drift speeds. The Pioneer radiometer experiments 

indicate that the effective temperature of the belts is 3 

to 4 K greater than that of the zones at cloud level but that 

the equator-to-pole temperature shows an otherwise approxi¬ 

mately constant value of Tg * 125 K. (Ingersoll, 1976.) 

Now the quality and resolution of the Voyager imaging 

of Jupiter has completely surpassed that of the Earth-based 

and Pioneer observations. (Earth-based data are still valu¬ 

able because of their long time frame.) Consequently I will 

use only the Voyager measurements of drift speeds for quanti¬ 

tative reference. 

Figure 1 shows the graphs of Jupiter's zonal velocity 

vs. latitude as measured from the Voyager imaging. (Smith, 

et. ai., 1976b.) According to Ingersoll, ejt. _al. (1979) 

virtually every major current that has been observed in the 

Earth-based patrols is detectable in Voyager measurements 

taken over a single Jovian rotation. This result reinforces 

the picture of the currents as quasi-permanent features of 

the general circulation. 

The photomosaics of prints 1 and 2 show the belt-zone 

structure in fine detail. The morphological nomenclature of 

the clouds referred to in this study is given under the 

heading for Print 1. A comparison of the zonal velocity graphs 

with the Voyager photomosaics confirms the general association 

between the currents and the morphology, although the westward 
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flowing jet on the northern edge of the North Temperate 

zone is a major exception. (Smith, et. al., 1979a). 
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Figure 1. Zonal velocities in the atmosphere of Jupiter as 
measured from the imaging data of Voyager 1 and 2. 
Gary Hunt kindly provided these graphs for use in 
this work in advance of publication (Smith, et. 
al., 1979b). 
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Print 1. Cylindrical projection mosaics of Jupiter from 
Voyager 1 and 2. 

The leftmost mosaic (toward the center) was obtained 

during a single Jovian rotation on 1 February 1979. Latitude 

is planetographic and longitude is in System III. 

According to the historical nomenclature, the region 

which appears here between ±9° latitude is referred to as 

the Equatorial Zone. The brown band to the north at latitudes 

8°-16° is the North Equatorial Belt. A retrograde jet at 

16°N lies almost along the southern border of the North 

Tropical Zone. The faint red line at 23°N marks the peak 

of a high speed prograde jet. North of this is the North 

Temperate Zone, extending at this time to about 32°N. 

The second mosaic was obtained from the Voyager 2 

reconnaisance on 23 May 1979. The belt-zone pattern is the 

same in overall appearance, although the differential rotation 

of the planet has changed the relative longitudinal positions 

of features at different latitudes. 

These mosaics were prepared by J.A. Mosher and E. P. 

Korsmo at the Jet Propulsion Laboratory Image Processing 

Laboratory and provided for use in this thesis by Dr. Stewert 

A. Collins. 
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Print 2. North polar projection mosaic of Jupiter from 
Voyager 1. 

This view of the planet emphasizes the axisymmetric 

character of the belt-zone system. (A similar view of the 

Southern Hemisphere shows much more longitudinal variation 

in small scale features.) The red line associated with the 

rapid prograde jet is clearly visible at 23°N. 
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It should be mentioned that both longitude and velocity 

in the Voyager measurements are defined with respect to 

System III. System III is fixed by the Jovian radio period 

of 9 hours, 55 minutes, 29.7 seconds and is therefore presumed 

to rotate with the core of the planet. Voyager latitudinal 

measurements are planetographic (i.e. they indicate the 

elevation angles with respect to the equatorial plane of a 

line perpendicular to the planetary surface). 

Later it will be interesting to compare results of the 

IRIS data with the features shown in the photomosaics. For 

now I will make two observations. First, the North Equatorial 

Belt (latitudes 8°-15°N) shows considerable longitudinal 

variation. Time-lapsed sequential imaging of this region 

shows some meridional motion and is clearly the site of some 

type of dynamical instability. Second, the red line at 23°N 

marks the peak of a rapid prograde jet (çf. Figure 1). 

Ingersoll (1979) has reported that this line seems to act as 

a barrier to meridional flow as shown in the Voyager imaging. 



3. GEOSTROPHIC THEORY AND THERMAL WIND DYNAMICS 

Here I shall briefly review the dynamical theory required 

for the analysis which follows. The notation is conventional. 

For compactness and completeness, the definitions of the 

various symbols are given below. The numbers provided are 

those appropriate for Jupiter. 

The inviscid wind field of a rapidly rotating planet is 

controlled to lowest order by a balance between the Coriolis 

forces and the horizontal temperature gradient provided the 

Rossby number Ro = U/fl is much less than unity. Hide (1963) 

first pointed out that the Rossby number is generally small 

for large scale flows on Jupiter. At latitude 20°N, for 

example, with U = 100 m sec (çf. Figure 1), Ro << 1 pro¬ 

vided L >> 1000 km. This is clearly much smaller than the 

width of the jet at this latitude and a small value for the 

Table 1. DYNAMICAL SYMBOLS AND NUMBERICAL VALUES 

y,z 
X 
u 
P, T 
R 
C 
P 

a 

g 
0, 
f=2£2sinX 
U 
L 

northward, vertical coordinates 
planetary latitude 
eastward (zonal)velocity 
pressure, temperature ^ 
gas constant per gram = 3.75 x 10 erg g J

'K" 

specific heat at constant p per gram. , 
= 1.10 x 10g erg g 1K’~ 

planetary radius = 7.14 x 10y cm ^ 
acceleration of gravity = 2640 cm sec~ 
planetary angular frequency = 1.759 x 10 sec 
Coriolis parameter 
characteristic velocity scale for the zonal flow 
characteristic horizontal length scale for the 

flow 
H=RT/g local pressure scale height 
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Rossby number is assured. As Stone (1976) has noted, 

however, this scaling may begin to break down within the 

equatorial jet. At 5°N, estimating U = 100 m sec 

L = 8000 km, the Rossby number becomes as large as 0.4. 

With this caveat it may therefore be assumed that the 

Coriolis forces acting on the zonal flow are balanced by 

horizontal (north-south) temperature gradients, i.e. the 

flow is assumed to be in geostrophic balance. Also, as long 

as the depth of vertical changes in the horizontal motion 

is much less than the characteristic length scale L, hydro¬ 

static balance may be assumed to prevail in the vertical. 

These two assumptions may be combined in a straightforward 

calculation to yield the well known thermal wind equation, 

f Ju _ -£/jfcx = “SL_/JË\ 
dz Tv %r'p Ta ^ 3X ' p ' 

where the subscript p indicates that the horizontal derivative 

is taken along an isobaric surface. The equation simply 

specifies that the vertical shear of the geostrophically 

balanced flow is determined by the horizontal temperature 

gradient (along an isobaric surface). Wherever the atmospheric 

temperature is colder in the poleward direction, the wind 

shears to the east with height. Wherever it is warmer in the 

poleward direction, the wind shears up to the west. 

It is worth noting here that for the analysis of the IRIS 

data it will be convenient to employ the thermal wind relation 

with p as the vertical coordinate. Then it assumes the form 
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Ingersoll and Cuzzi (1969) have used the thermal wind 

equation to diagnose the zonal flow on Jupiter. In finite 

difference form 

The right hand side of this last equation was estimated from 

the Earth-based data (Peek, 1958). (e.g. U is taken as the 

difference in velocity at the peak of a prograde jet and the 

adjacent retrograde jet.) Ingersoll found that the value 

(AT/T)Az =* 1.2 km gave a good fit to the data for the entire 

jet stream system, with AT therefore representing the differ¬ 

ence in temperature between a belt and a zone over the depth 

of the wind shear layer. The analysis showed that the sign 

of the temperature contrast AT = Tzone - that 

the zones were warmer than the belts at depth. Since the 

depth Az of the wind shear layer is unknown the average 

value of AT/T is also unknown. Barcilon and Gierasch (1970) 

have suggested, however, that this value may correspond to 

the difference in height between the ammonia cloud deck and 

the water cloud deck below. Chemical models (Weidenschilling 

and Lewis, 1973) suggest that this difference should be about 

75 km. With Az = 75 km and T = 125 K (as reported, for 

AU -g AT 
Az Ta AX 

may be solved for 

-fa(AU)(AX) 
g 
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example, by Ingersoll (1976) from the Pioneer radiometer 

data), AT becomes about 2 K. According to this picture:the 

zones are about 2 K warmer than the belts over a depth of 

75 km below the ammonia condensates. This small contrast is 

sufficient to produce the jet stream system by the thermal 

wind shear above a level of solid body rotation at the water 

clouds. Barcilon and Gierasch point out that this picture 

and the corresponding estimate of AT is consistent with the 

predicted difference of temperatures between the presumably 

moist adiabat of the cloudy zones and the dry adiabat of the 

clearer belts. 

Unfortunately it is probably, hopeless to obtain a measure 

of this AT below the cloud deck in the forseeable future 

(except perhaps by a careful selection of IRIS measurements 

taken through holes in the clouds). Nevertheless, as Hanel, 

et.al. (1977) have pointed out, this estimate may be expected 

to suggest the resolution of temperatures that is required 

to observationally test the thermal correlation of the wind 

field. 

With sufficient resolution, the IRIS temperature data 

should provide the means to diagnose the vertical structure 

of the jet streams above the cloud deck. It seems unlikely 

that the differential zonal flow will persist undiminished 

with height. If a given jet is to diminish in speed with 

height then the sense of the temperature contrast above the 

cloud deck must at some level become opposite to that below. 

Thus the jets will decay by thermal wind shear above the 

cloud deck only if the air over the zones is colder than the 
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Figure 2. A schematic diagram of the isothermal structure 
in Jupiter's atmosphere as it correlates to the 
wind field and the belt-zone system according 
to the diagnostic analysis of Ingersoll and 
Cuzzi (1969) and the ideas of Barcilon and Gierasch 
(1970). 

The upper portion of the diagram with dotted iso¬ 
therms indicates the sense in which the temperature 
gradients might be expected to correlate with the 
winds if in fact the strength of the jets is 
reduced with height. 
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air over the belts at the same pressure level. (See Figure 

2.) Such a reversal in the belt-zone temperature contrast 

above the cloud deck may be expected to occur as a result 

of differential radiative screening of the upward heat flux 

from Jupiter's interior. The air above a cloudy zone may 

be more effectively screened from upward radiative heating 

and therefore cooler than the air over the relatively clear 

zones. Assuming that geostrophic balance is maintained, it 

should be possible to quantitatively diagnose the extent to 

which this may in fact occur. 

It should also be interesting to consider the impli¬ 

cations of the IRIS data for other dynamical measures of the 

Jovian atmospheric structure. I will just mention a few of 

these here. 

The Brunt-Vaisala frequency (N) is the oscillation 

frequency for a fluid parcel undergoing small vertical dis¬ 

placements in a subadiabatic atmosphere. This is roughly 

the oscillation frequency of atmospheric gravity waves. 

N = [— (-^ + jlui/2 _ gri 
Cp'J TlR 

RT _ _3T ..1/2 
Cp Sin p^J 

The Rossby radius of deformation (LD> is indicative of 

the characteristic horizontal length scale of baroclinie 

waves. On the Earth these waves provide much of the meri¬ 

dional transport of heat in the atmosphere. 

LD = HN/f = IR<{§ - -firp>lV2/f 
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It will be interesting to attempt the computation of 

the Richardson number. 

Ri = N2/( au/3z)2 = §(-§ + §^)/( 8u/ Se)2 

or in pressure coordinates 

Ri - - ^HT)/( aa/3ln P>2 • 

The Richardson number is simply a dimensionless measure of 

the static stability divided by the square of the wind shear 

with height. The number occurs frequently in the scaling of 

various dynamical regimes for planetary atmospheres. In 

general, as Ri becomes larger, the atmosphere becomes in¬ 

creasingly stable. Peter Stone (1976) has suggested that 

Ri = 1000 may mark the transition between a planetary atmos¬ 

phere in a baroclinie instability regime and a steady Hadley 

cell regime. 



4. VOYAGER IRIS MEASUREMENTS AND TEMPERATURE INVERSIONS 

The Voyager infrared interferometer spectrometer and 

Radiometer (IRIS) measures the radiance intensity and spectral 

distribution of reflected and absorbed radiation. By the 

application of radiative transfer theory these measurements, 

as a function of wave number and viewing angle, may be used 

to retrieve a description of the atmospheric temperature 

profile. 

Both tthe interferometer and radiometer share a half 

meter Cassegrain telescope mounted on the Voyager scan plat¬ 

form along with the imaging experiment. The radiometer 

responds to solar radiation within the spectral range of 

0.3 to 2 microns. The spectra used for the temperature 

inversions in my study were taken by the interferometer, 

which responds to radiation in the range of 4 to 55 microns 

(the mid-to-far infrared). The instrumentation and its 

specifications are described by Hanel, el. al. (1977) and 

the Voyager Mission Status Report No. 30 (1979). 

To convert the measured radiances at different spectral 

intervals into a sounding of temperature as a function of 

pressure it is necessary to invert the radiative transfer 

equation. A thorough review of the remote sensing theory 

is beyond the scope of this thesis. The basic idea, however, 

is straightforward and is summarized in several texts (e.g. 

Houghton, 1977). In simplest form, the radiative transfer 

equation may be written as 
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where 1^ is the measured radiance, Bv is the Plank function, 

and T is the optical depth. (The first term on the right 

takes account of the planetary surface and may be neglected 

for Jupiter.) In pressure coordinates, neglecting the surface 

term, 

I, = /°°B (T)K(y)dy 

where y = -lnp and K(y) is called the weighting function. 

Now K(y) is strongly peaked around some pressure level approx¬ 

imately centered at unit optical depth. B^(T) is of course 

known as a function of temperature. Then the retrieval of 

T(p) is formally just that of finding the integral transform 

of the radiative transfer equation. Unfortunately, the formal 

solution admits to a problem in uniqueness (i.e. different 

values of T and p may yield the same measured radiance 1^). 

In practice, this problem is minimized by a numerical iter¬ 

ation of the solution which starts with a realistic initial 

estimate of the atmospheric temperature profile. Since the 

largest contribution to the measured radiance at a given 

frequency comes from that part of the vertical integration 

near the peak in the weighting function for that frequency, 

the best vertical resolution will fall near the corresponding 

pressure level. In practice, in order to obtain good vertical 

resolution over several scale heights, the inversion is per¬ 

formed over several spectral ranges corresponding to weighting 

functions each having a peak at a different pressure level. 

The numerical algorithm for the inversion of the radiative 
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transfer equation with the measured radiances was written 

by Dr. Barney Conrath. 



5. DATA REDUCTION 

Approximately two days before and again two days 

after the March 5 encounter the Voyager 1 IRIS was pro¬ 

grammed to make a complete thermal map of Jupiter. (This 

observing run is referred to as the North-South Link by the 

Voyager targeting group.) The resulting data have the advan¬ 

tage of complete and homogeneous coverage. The spectral 

measurements from the North-South Link were inverted and the 

resulting temperatures were averaged into several latitudinal 

sorting bins mostly of width 8°-10°. The IRIS group gave 

these data to me for the purpose of computing zonal thermal 

winds. My results showed little dynamical correlation with 

the imaging observations at cloud level. The problem seemed 

to be a matter of insufficient spatial resolution. The navi¬ 

gation records showed that the latitudinal resolution of the 

IRIS during the North-South Link was approximately 10°. 

Figure 1 shows, however, that the latitudinal separation 

between the peaks of two adjacent jets is only 8° or less. 

If the wind field is in fact thermally driven then the North- 

South Link data, taken and sorted as just described, average 

over too much temperature contrast on the planet to allow for 

a realistic computation of the thermal gradient. Consequently 

these data were discarded for this purpose. 

As an alternative, the IRIS group suggested that I might 

draw spectral data closer to encounter in the hope of improving 
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the spatial resolution. Unfortunately for my purpose no 

systematic zonal survey of the planet was made at this time. 

The IRIS and the imaging experiment are mounted on the Voyager 

scan platform for aligned pointing. As a result, much of the 

targeting close to encounter is locked to the location of 

small scale features under visual study by the imaging team. 

Nevertheless the close encounter targeting was sufficiently 

varied that it was hoped that enough spectra taken at this time 

could be used for my thermal wind calculation. I decided 

that I would draw my data from spectra taken within approxi- 

mately a day and a half of encounter. The Voyager navigation 

records indicated that the field of view of the IRIS during 

this interval was approximately 5°-6° of latitude or less. 

(Within a few hours of encounter the IRIS field of view is 

as small as l°-2° in latitude but an insufficient number of 

spectra were taken within this interval to give good global 

coverage.) Many of the spectra measurements taken during 

this time could not be used at all (if, for example, the 

scan platform was slewing off the limb or pointing at a 

satellite). 

For the purpose of my study I used a modified sorting 

program written by Mr. Frank Rockwell of Astro Data Systems 

to scan the Voyager IRIS data tapes for a selection of 

spectra measurements that would give good zonal coverage 

of the planet. On the advice of Dr. Conrath, some selection 

against bad spectra was made by discarding a few with bright¬ 

ness temperatures less than 100 K for the 602 cm ^ line of 
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hydrogen. (The typical range of variation of this value 

in Jupiter's atmosphere was 112 to 119 K.) Once the spectra 

were sorted for planetary coverage, it was necessary to per¬ 

form the temperature inversions. For this purpose Dr. Conrath 

kindly permitted me to use his spectra inversion program as 

written. Under his direction, the program was set to invert 

the radiances at the S(0) and S(l) hydrogen lines (280 cm \ 

310 cm 1, 340 cm ^ and 602 cm and the band of methane 

(1304 cm ■*■) . These frequencies were chosen by Conrath to 

give a good distribution of the pressure dependence of the 

weighting functions, i.e. to provide good vertical resolution 

of the temperature profile. The weighting functions for the 

hydrogen lines have pressure peaks in the vicinity of the 

tropopause level while the weighting function for the methane 

band has its pressure peak at a higher level in the stratosphere. 

Several spectra taken at the same emission angle can be 

averaged and the resulting interferogram may be processed 

by a single inversion computation to yield the corresponding 

temperature-pressure profile. This procedure was used for the 

data taken during the North-South Link and greatly expedites 

the inversion procedure. Unfortunately, there was so much 

variation in the emission angles of my close-encounter data 

that it was decided to invert these spectra-by-spectra. The 

computational time requirements for the inversion program 

are considerable and I was unable to invert all available 

close encounter spectra during a summer visit to Goddard. 

To achieve good statistical coverage with latitude, I attempted 

to secure the inversion of at least 50 spectra within a 
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latitudinal range of 5°. The latitudinal coverage of the 

inverted temperatures in my study runs between 0° and approx¬ 

imately 32°N. Data were very sparse north of 30°. Within 

certain latitudinal ranges the data coverage was so thorough 

that a much larger number of measurements could be collected 

for the analysis with a more nearly uniform distribution with 

longitude. 

An indication of the distribution of the population of 

my spectra data with respect to latitude and longitude is 

given in Table 2. In all 659 inverted spectra were taken 

for the northern hemisphere. 

After acquiring the temperature inversions from the near¬ 

encounter IRIS data I proceeded with the task of the dynamical 

computations. For this purpose I wrote a computer program to 

read the inversion data, average these over selected latitud¬ 

inal bins, and apply the results to the thermal wind equation 

in finite difference form. 

From &!/ » - iasL SL X <-|>p 

the thermal wind shear between pressure level p^ and pressure 

level p^ as computed for temperatures as a function of these 

levels at two latitudes X (to the south) and X (to the s n 

north) is given by 

UT(pl) " UT(p0} 
90°R rT(X) ~ T(XA), 
irfta sinXQ 1 nXn - Xg 

1 

where XQ = (X + Xg)/2 is the mean latitude site for the 

result ana T(X ) = [T(pl'V + T(Po' V1 is the mean temPera- 
2 
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Table 2. Population distribution of the Voyager 1 IRIS 
spectra used in this study with respect to 
(North)latitude and longitude. The positional 
coordinates of the spectra were rounded to the 
nearest tenth of a degree before being sorted 
for the thermal wind field computations. There¬ 
fore the distribution corresponding to these 
oonputatiohs may differ slightly from that shown 
in this table due to round-off error. 
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TABLE 2 

NUMBER OF SPECTRA AT LONGITUDE: 

NORTH 
LATITUDE 
(DEGREE) 

0 
-30 

30 
-60 

60 
-90 

90 
-130 

120 
-150 

150 
-180 

180 
-210 

210 
-240 

240 
-270 

270 
-300 

300 
-330 

330 
- 0 TOTAL 

0- 5 8 4 0 0 3 10 2 0 2 11 10 0 50 

5-10 1 24 0 0 0 2 0 6 9 8 0 0 50 

10-15 10 43 36 15 2 3 14 20 38 34 30 60 305 

15-17 2 0 0 0 0 0 0 4 5 6 1 6 24 

17-22 11 3 3 7 9 12 2 16 11 2 1 4 81 

22-24 0 1 0 0 4 29 27 1 7 1 2 2 74 

24-29 3 1 0 0 1 .1 8 1 29 17 0 0 61 

31-36 1 0 0 0 2 3 0 0 2 5 1 0 14 
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ture at latitude An between and p^. The inversion 

program computes the temperature at successive pressure 

levels withthe same logarithmic ratio (so that the change 

in these levels is apporzimately linear with height). This 

ratio is ln(p^/pQ> = -0.3124. Then with A in degrees latitude 

and R, a, and Œ chosen as appropriate for Jupiter as specified 

in Table 1, the thermal wind equation becomes 

U„(p,) - U„(p„) = -2.67 (m sec-1 de3 lat iT
1) ..11^1] 

sin X0 ^ 

The equation for the Richardson number may be written 

after a similar manner. From 

Ri = R(§-T - 8T/91n p)/( 3u/ 91n p)2 

Up 

the finite difference form becomes, after substitution of the 

appropriate numerical values, 

— ) “ T^n,pr^ 
? 2 [0.2417T(A ) +  ~~o' 3124 —~] 

Ri(A0,p) = (3.746 x 10 ' on sec z)  - ^  
(AUt)' 

where T(Ag) = £T(As) + T(An)]/2. Such a computation of Ri 

3u 
from these data is possible only by assuming that is 

in fact given by the thermal wind shear. This assumption 

may limit the interpretation of the resulting number as a 

diagnostic indicator of the appropriate dynamical regime 

under investigation. It should be noted that the value 

R/Cp = 0.3417 was adopted for consistency with the value 

used by Conrath in the inversion program. 

Now the temperatures for the finite difference equations 
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are obtained by averaging the inversion results for all spectra 

with latitudes falling within the bounds of one or another 

latitudinal sorting bin. I have written the software to sort 

and average temperatures within latitudinal bins of arbitrary 

width. If the bin width is too small it will not contain 

enough measurements for good statistics. If it is too large, 

it will average over so much temperature constrast that it 

will be difficult to compute an accurate thermal gradient. 

Clearly the best bin size and the best separation between 

two bins for the computation of AT will be dictated by some 

trade-off of such considerations. My program was also writ¬ 

ten with the option to perform all averages and computations 

over some longitudinal restriction of the data. 

After some experimentation with my program I adopted 

the following systematic sorting and differencing scheme. 

Temperatures were sorted into adjacent bins each having a 

latitudinal width of 3°. (e.g. 0-3°, 3-6°, 6-9°, etc.) Then 

the thermal wind shear was computed between the average temp¬ 

erature (at each pressure level) within alternate bins (e.g. 

between the 0-3° bin and the 6-9° bin, etc.) The AX for the 

finite difference equation was taken as the difference be¬ 

tween the average latitudes for all the measurements within 

each of the bins. The latitudinal site of the resulting 

computation was taken as the midpoint between the two averages. 

Assuming a homogeneous spatial coverage of data the latitudi¬ 

nal difference AX will therefore be approximately 6°. This 

is large enough to be resolved by the field of view of the 
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instrument and, it is hoped, small enough to pick out at 

least some of the latitudinal temperature contrast between 

belts and zones. In order to obtain a smoothed graph for 

some of the results shown in the next section I performed 

the computations with a second 3° binning scheme moved 2° 

with respect to the first. (i.e. The new sorting bins 

were then specified as 2-5°, 5-8°, etc.) 

The thermal wind equation can only give the vertical 

shear of the flow field. The velocities were integrated 

with height by a simple accumulation of the sum of the AU 

values from one pressure level to the next. But in order 

to apply these results to an estimation of the behavior of 

the real wind field I attempted to set the speeds at a 

pressure level expected to coincide with the cloud tops 

equal to the smoothed measurements of the imaging team. 

(The imaging measurements are the speeds marked by the cloud 

motions.) This is not, however, an easy match to make. First 

the temperature inversions are expected to be poor near the 

cloud tops where the haze will change the optical properties 

of the atmosphere and therefore the behavior of the radiative 

transfer equation. Second, as a casual inspection of Figure 1 

will suggest, the zonal velocity measurements at cloud level 

change rapidly with latitude (as much as 30 m sec ^ per degree). 

Therefore any uncertainties in the relative latitudinal 

position of the imaging and IRIS results will produce a large 

error in the height accumulated thermal wind. Third, although 

the cloud tops are expected, on the basis of chemical models 

(Weidenschilling and Lewis, 1973), to condense at about 700 mb, 
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in fact the pressure level of the condensates surely varies 

considerably from belt to zone. (The belts are believed to 

show much deeper atmosphere than the cloudy zones. The blue 

regions in the color photomosaic are interpreted as being so 

deep that the reflected light has been Rayleigh scattered.) 

Nevertheless, in the spirit of diagnostic analysis, I decided 

to match my height integrated thermal winds to the imaging 

measurements at the level of 680 mb. (In doing this, I 

smoothed the imaging data by a sliding average of speeds 

read from the graph of Figure 1 over three consecutive one 

degree intervals, thereby matching the coarseness in data at 

this level to that of the thermal data above.) I also 

graphed the results of somewhat arbitrarily setting the 

thermal wind equal to zero at the 22 mb level. Both results 

will be shown in the next section. 

It was of some interest to compute the statistical 

deviations of the temperature averages and the resulting 

thermal winds. This was done according to standard statistical 

techniques and is discussed further in Appendix 1. It is 

possible that the statistics may themselves offer some infor¬ 

mation about the dynamic structure of the atmosphere and an 

example of such an interpretation is provided in the next 

section. 



6. RESULTS AND DISCUSSION 

The computation of-'the average temperature as a function 

of pressure level within each of several latitudinal sorting 

bins as described in the previous section was used to produce 

the thermal contour map of Figure 3. (It is interesting to 

compare this map with that published by Hanel, et.al. (1979) 

from the North-South Link results.) Temperatures at the 

lowest levels may be less certain than those above 300 mb 

because of the effect of haze on the radiance measurements 

near the cloud tops. Nevertheless I think it is significant 

that the 130 K isotherm shows a dip at 11°N over the North 

Equatorial Belt and a slight hump at around 15-17° over the 

North Tropical Zone. There is another very slight dip at 

around 21°N and a slight hump at 23°N. The sense of these 

inflections in the 130 K isotherm is qualitatively comparable 

to that which might be expected near the cloud tops according 

to the diagnostic ;pictm?e developed by Ingersoll and Cuzzi 

(1969). This result suggests that the data at this level 

may actually represent a measure of the uppermost part of the 

shear layer which drives up the visually observed jet stream 

system from below. (See Figure 2.) The 120 K isotherm is 

almost flat. Higher up, the 110 K isotherm shows a hump 

and a dip in the opposite sense to that in the 130 K isotherm 

below. Qualitatively, it is clear that the sense of the north 

south temperature gradient at this level is such as to reduce 

the strength of the retrojet at 16°N and the projet at 23°N. 
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Figure 3. Meridional temperature cross section of Jupiter's 
atmosphere in the northern latitudes. 

This result was obtained from data taken within approxi¬ 

mately one and a half days before and after encounter. Average 

temperatures within each of 13 zonal sorting bins, each of 

width 3° in latitude, were combined to produce this result. 

(There was some deliberate overlap of sorting bins to provide 

good latitudinal resolution in the isotherms.) Although the 

assembly of data was drawn without longitudinal restriction, 

over one fourth of the measurements come from longitudes 

240°-300°. 

The 160 K isotherm is associated with a higher standard 

deviation in the temperature sample at the indicated pressure 

level and is of questionable validity. 
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FIGURE 3 
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(As in Figure 2, the atmosphere gets colder from south to 

north over the retrojet, but warmer from south to north over 

the projet.) The next higher isothermal level shown again 

corresponds to 110 K since this comes just over the tropopause. 

But again it can be seen that the sense of the latitudinal 

temperature gradient is qualitatively that which will reduce 

the strength of the jets. The (dotted) 160 K isotherm in 

Figure 3 is remarkable for its sharp structure. The temper¬ 

ature measurements at this level have a higher statistical 

deviation than those at lower levels and are therefore less 

certain. Nevertheless, this structure may be a real measure 

of a high altitude latitudinal wave. 

In order to more clearly display the temperature contrast 

between three different latitudes and with finer attention 

to the vertical variation I have plotted the profiles shown 

in Figure 4. These plots miss the "fine structure" of the 

130 K isotherm below 300 mb discussed above. But they clearly 

show the sense of the thermal contrast between the indicated 

latitudes as it persists over about two scale heights above 

the tropopause. The computed statistical deviation of the 

mean temperatures which these curves represent is no where 

larger than 0.9 K (the numerical tabulation of this is given 

in Appendix 2) and the reality of this contrast is confidently 

inferred. Again, these three curves suggest that the sense 

of the thermal contrast in the vicinity of the tropopause is 

such as to reduce the strength of the two jets which they 

bracket in latitude. The :^9êrsal of this sense above 22 mb 

is interesting but somewhat suspicious because of the 
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Figure 4. Temperature profiles at three latitudes in Jupiter's 
atmosphere. The different locations are chosen to 
suggest the thermal contrast between a belt and 
two zones and also bracket the locations of the jet 
streams at 16°N and 23°N. 
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VOYAGER I IRIS 

FIGURE 4 
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increased standard deviations there as mentioned above. 

From the data for the North Temperate Zone (the data at 

latitude 27.4°N) we estimate the lapse rate between 56 and 

41 mb as - 2r/ 91n p - + 26 K which, with T =* 124.2 K gives 

N = SLr.iL. (B?. 
TlR • Cp 

ST 
Sin p )] - 0.03 sec -1 

and LD = HN/f = 3000 km 

There is nothing especially suggestive about the computation 

of these numbers. Similar computations from the IRIS data 

might, however, serve as useful input for dynamical theories 

of stratospheric waves and instabilities. It may be noted 

that the Rossby radius computed here is only a very small 

fraction of the planetary circumference. (At lower levels 
  2[p 
31n p < ® an<^ therefore the Rossby radius will be even 

smaller.) This is consistent with the absence of any global- 

scale baroclinie wave forms in the imaging record. 

The results of the quantitative evaluation of the thermal 

wind shear are tabulated in detail in Appendix 2. I have 

plotted a representative sample of these in Figure 5 (a and b). 

In Figure 5a the height integrated velocities have been matched 

to the imaging measurements at the level of 680 mb. It 

should be emphasized that owing to the problems in this matching 

as described in the previous section the horizontal placement 

of these curves along the velocity axis is highly uncertain. 

What is much more significant is the slope of these curves. 

It can be seen that the retrograde jet near 16^N decays 

rapidly with height according to his computation, even 
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becoming prograde at higher levels. The computation 

indicates weak decay for the equatorial jet and the prograde 

jet at 23°N. The thermal wind computation for latitude 10.5°N 

is more problematic. Here the wind velocity is prograde at 

cloud level and seems to actually increase with height. 

Figure 5b shows the thermal wind computation for the same 

latitudes set to zero at 22 mb. This is somewhat arbitrary 

but may be regarded as a diagnostic test of the idea that the 

wind field decays to zero with height. The verification of 

this idea then amounts to comparing the projected velocities 

at the lowest levels of the graph with the imaging measurements. 

Again the qualitative sense if not the magnitude of the results 

seems to confirm the picture in the case of the three latitudes 

closest to the peaks of the jet streams. In this sense it 

may be tentatively inferred that these data suggest that the 

atmospheric temperatures above the cloud deck are correlated 

with the jet stream system. 

The results at latitude 10.5°N remain a problem for 

interpretation, however (as do those for other latitudes off 

the peaks of the jet streams - see Appendix 2). I conjecture 

that the discrepancy may be a real indication of the break¬ 

down of geostrophy due to the effects of eddy friction caused 

by some meridional momentum flux. Such effects have been 

proposed in the past as a possible drive for the equatorial 

jet. (e.g. Gierasch and Stone, 1968.) The possible importance 

of eddy friction in the momentum balance is not ruled out by 

a small Rossby number. Furthermore, it may be argued that 

in the case of the equatorial jet where the Rossby number is 
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Figure 5. 

a. Zonal thermal wind velocities at four selected 
latitudes as matched to the imaging measurements 
at 680 mb. 

The thermal data and therefore the computed velocities 
above 10 mb are of questionable validity as indicated 
by dotted lines. 

The horizontal bars indicate the formal computation 
of two standard deviations in the mean velocities 
as propagated from standard deviations in the mean 
temperatures. They correspond to the accumulated 
deviation in the height integrated shear of the 
velocity. The greatest (and undetermined) uncer¬ 
tainty in these plots is in the horizontal place¬ 
ment of the curves along the velocity axis, i.e. 
the uncertainty in the integration constant for 
the vertical accumulation of the thermal wind. 

b. Zonal thermal wind velocities set to zéro at the 
22 mb level for the same latitudes as in Figure 5.a. 
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VOYAGER I IRIS 

VELOCITY (m/sec) 

FIGURE 5a 
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VOYAGER I IRIS 

FIGURE 5b 
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large something like eddy transfer has to be present to 

balance the flow. 

The Richardson number as computed according to the 

method described in the previous section fluctuates substantially 

with both latitude and pressure level. This is not too sur¬ 

prising since Ri depends critically on both the vertical and 

horizontal temperature gradient. The results are tabulated 

in Appendix 2. Here I will discuss only a selected extract of 

the computation. It might be expected that the computed 

Richardson number would be of greater diagnostic value at a 

pressure level just above the tropopause. Here the lapse 

“ ar 
rate is negative so that the static stability factor in 

the numerator is well behaved (in the sense that it is here 

a sum rather than a difference of two measurements). At the 

same time this level is low enough that the vertical wind 

shear should be strongly dependent on latitude. In Figure 6 

I have plotted the logarithm of the Richardson number as com¬ 

puted at 123 mb vs. latitude. Two observations are in order. 

First, Ri at this level is everywhere large enough (> 100) to 

confirm that the atmosphere is in this diagnosis faitly stable. 

Second, Ri is the smallest at latitudes in the vicinity of the 

jets (i.e. south of 7°N, at around 16°N, and at around 23°N) 

where the atmosphere may be expected to be the least stable. 

This graph was assembled from the results of two different 3° 

sorting schemes as described in the previous section to pro¬ 

vide a more even plot with latitude. This lends•further 

evidence to the suggestion that the stratospheric thermal 

field is correlated with the jet stream system below. 
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Figure 6 The base 10 log of the Richardson number as 
computed at 123 mb vis. latitude. 
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FIGURE 6 
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I am pleased to acknowledge the assistance of the Voyager 

IRIS team in pointing out to me one further result of my 

computations. (They are not responsible for my interpretation 

of the result.) If the standard deviation of the temperature 

at the tropopause is plotted as a function of latitude certain 

correlations with the jet stream morphology are evident. 

(See Figure 7.) The standard deviation drops from close to 

the equator up to 7°N. From there it rises and becomes 

expecially large between the sites of the retrograde and 

prograde jets. Further north, the standard deviation drops 

rapidly with latitude. 

Now it seems likely that these deviations are proportional 

to the longitudinal variation in the thermal field. Where such 

deviations are large, geostrophic scaling suggests that there 

should be some corresponding north-south moment™ flux. It 

has already been mentioned that some meridional transfer 

might be expected near the equator. Meridional flow has been 

clearly observed in the Voyager imaging near the interface 

between the North Equatorial Belt and the North Tropical Zone. 

Most dramatically of all, the imaging shows that the meridional 

flow is blocked at the red line at 23°North. And this corre¬ 

lates especially well with the plunge in the standard deviation 

at the same latitude. 

As interesting as these last results are, the nonuniform 

distribution of measurements with longitude requires that they 

be viewed with caution. More careful studies of this kind 

may be possible with the use of a larger population of spectra. 
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Figure 7. The statistical standard deviation in the 
temperature data at 143 mb (the troposphere 
level) in Jupiter's atmosphere as a function 
of latitude. The dotted line graph is com¬ 
puted for data restricted to longitudes 240°- 
300°. The solid line graph is computed for 
data assembled without longitudinal restriction. 
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VOYAGER I/IRIS 

FIGURE 7 



7. CONCLUSION 

Because of a number of systematic and presently 

indeterminate uncertainties in this analysis (see Appendix 

1) the computations must be regarded as tentative and at 

best diagnostic indicators of the Jovian atmospheric 

structure. Future studies of this kind will do well to 

draw on an even larger number of spectral measurements in 

so far as these are available. (Voyager 2 measurements 

may be of help here.) It would be interesting to see how 

a similar thermal wind analysis'; works for the jets in the 

southern hemisphere, where the imaging shows much greater 

longitudinal variation in the cloud features. 

This study does suggest that the atmospheric temperature 

field above the clouds roughly correlates with the jets 

in the sense required to at least partially reduce their 

zonal velocities with height. The discrepancies in this 

picture as shown in the computations at certain latitudes 

may indicate the breakdown in geostrophy in the flow field 

by the effects of eddy friction. Such effects probably 

couple with some meridional motion and may be further evi¬ 

denced by the variation.1, of the standard deviation of tem¬ 

peratures with latitude. These results suggest the value 

of exploring the dynamical consequences of scaling the 

equations of motion for Jupiter's atmosphere to include the 

effects of friction and the coupling of zonal winds to 
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meridional transport. A successful model of the meridional 

transport may in turn lead to a better understanding of 

the mechanism which controls the latitudinal temperature 

gradient. 



APPENDIX I. STATISTICAL COMPUTATIONS AND AN ASSESSMENT OF 
ERRORS 

A statistical analysis of the IRIS data used in this 

study has proved useful for two reasons. First, the standard 

deviation of the temperature with latitude may in itself 

serve as a diagnostic indicator of the atmospheric structure. 

(This is discussed in Section 6.) Second, and more obviously, 

the statistical analysis serves as a basis for estimating 

the confidence of the measurements and the computed thermal 

winds. 

My statistical computation are based on standard 

formulae and are briefly summarized below. 

Let k = the number of measurements 

th Tn = the n measure of temperature T 

T = the arithmetic mean of measurements of T 
r" k 
= i T /k *■— n=l n 

Then the estimated standard deviation of T is given as 

/ J T - 

a(T)i =\ " " Æ5I 
1 k - 1 

The estimated standard deviation of the mean value of 

T is given as 

ü (<T>) = a (T)/Vk - 1 ' 

Now the deviations of certain computed quantities 

propagate as indicated in the follwoing expressions. (Co- 

variance is neglected.) 



55 

à (A<T>) =A/a2(<T >) + qr2 (<T >) 

where A<T> indicates a latitudinal difference in the temperatures 

between two pressure levels, <r > is the average temperature 

(between pressure levels) to the north, and <T > is the ave- 
s 

rage temperature to the south. 

The propagated /deviation in the wind shear between two 

pressure levels, assuming only an uncertainty in the tempera¬ 

tures is 

o(A<uT>, = |A<üt>| x 

Now the standard deviation in the mean values gives the 

best estimate of the error of the measurements. The results 

of the computation of both the standard deviation and the 

standard deviation of the mean for the temperature data are 

tabulated in Appendix 2. In general the deviations in the 

mean temperatures for the data as sampled and averaged in 

this study are less than IK. It is interesting to compare 

this with an independent study of the noise propagation of 

the inversion procedure by Barney Conrath. (Conrath, 1979.) 

The computed errors in his study vary with pressure level 

(they are greatest between 50 and 5 mb) and also depend 

upon the selection of frequency channels used for the inversion. 

But in general, his results indicate that a sample of 50 

spectra will give an error of less than 1 K below the 60 mb 

level. This is in agreement (in order of magnitude) with my 

statistical study and suggests that my sampling gives results 

approaching the noise limit of the inversion procedure. 
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I have also tabulated the results of propagating the 

statistical deviations in the height integrated thermal 

wind computation. (See Appendix 2.) The indicated deviations 

are sufficiently small to lend confidence to the inference 

that the computed shear and corresponding decay of the jets 

is qualitatively real. 

The interpretation of the computed deviations as a 

measure of error assumes, however, that the data are homo¬ 

geneously collected and free of systematic bias. This is 

in fact hardly the case. Many of the spectra measurements 

used in my study are undoubtedly tied to a systematic 

inspection of small scale features which may well correspond 

to anomalous temperatures. Unfortunately, there are also 

a number of systematic uncertainties in the data record 

and the analysis procedure which remain undetermined. A 

discussion of errors would not be complete without some 

mention of these. 

The inversion computation involves a tradeoff between 

the restriction on the RMS error of the retrieved tempera¬ 

tures and the vertical resolution. This problem has been 

quantitatively investigated by Conrath (1972). With a ran¬ 

dom profile error of 1 K for Jupiter the vertical resolution 

is only one or two scale heights, depending on the pressure 

level. (Hanel, et. al. 1977.) This means that any sharp 

variation of temperature over a vertical interval much 

smaller than a scale height will not appear in the data 

used for this study. 
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Cook, et. al. (1979) have used the Voyager imaging 

observations of the refracted positions of star trails as 

observed through Jupiter's atmosphere to test for the pres¬ 

ence of haze. Their results suggest that haze layers persist 

at high levels above the visible clouds. The uncertainty 

in the optical properties of this haze therefore introduces 

a further uncertainty in the inversion of the radiative 

transfer equation. 

Finally, it should be noted that there are some navi¬ 

gation problems with the Voyager 1 data. The IRIS requires 

about 46 seconds to assemble a single interferogram. Accord¬ 

ing to the IRIS team, the data tapes for Voyager 1 used in 

my study associate each spectrum with the pointing coordinates 

at a time near the beginning of the interval required to 

complete the spectrum. During this time the scan platform 

may be slewing from one target to another. Consequently the 

latitudinal coordinates for a few of the spectra may be 

grossly in error. Fortunately, my study of the data record 

suggests that several spectra are often taken near the same 

location on the planet so that this problem should not be 

excessive. Furthermore, there are reports that some of the 

pointing data may have been taken from predicted rather than 

the measured navigational values during encounter. At the 

time of this writing a priority effort is underway within 

the Voyager project to resolve these problems. In the mean¬ 

time no better pointing data are available. 



APPENDIX 2: NUMERICAL TABULATION OF RESULTS 
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VOYAGER 1 JOVIAN TEMPERATURE FIELD 

LIMITING LONGITUDES- 240.0 - 300.0 
LATITUDE RANGE 0.0 3.0 6.0 9.0 12.0 15.0 18.0 21.0 24.0 27.0 31.0 

3.0 6.0 9.0 12.0 15.0 18.0 21.0 26.0 27.0 30.0 34.0 

AVG LATITUDE 1.6 6.6 7.8 11.1 13.3 17.0 20.4 22.9 26.2 27.9 31.4 
AVG TEMPERATURES ■ Ç0EG K.) 

1.8M8 167.7 167.9 166.8 163.2 163.7 166.6 167.5 170.1 171.9 171.0 170.9 
2.5MB 166.0 166.3 163.0 161.6 161.9 166.8 165. 8 168.6 170.4 169.5 169.5 
3.4MB 166.3 166.6 161.3 159.8 160.4 163.2 164.2 16 6.6 168.6 167.7 167.9 
4.6 MB 162.6 162.6 159.5 158.1 158.6 161.6 162.3 166.3 166.0 165.3 165.7 
6.3MB 159.7 159.9 157.3 156.2 156. H 158.8 159.6 161.0 162.3 161.9 162.4 
8.6MB 156.7 156.8 155.0 156.1 154.6 155.8 1 5 6.6 157.1 156.1 157.9 158.5 

11.BM8 153.2 153.6 152.2 151.6 151.7 152.1 152.7 152.7 153.7 153.7 154.2 
16.1HB 168.9 169.2 168.5 167.8 167.6 167.1 168.0 167.1 168.5 148.6 149.3 
2 2.0 MB 163.9 166.3 166.0 163.1 162.6 161.1 16 2.3 160.6 162.6 142.8 143.7 
30.0MB 138.2 138.8 138.8 137.6 136.6 133.9 135.6 132.9 135.5 136.1 137.5 
A1 •0 MB 131.7 132.5 132.8 131.1 129.6 125.7 127.9 126.3 127.8 128.6 130.6 
56.1MB 126.3 125.5 125.9 123.8 121.9 117.1 119.5 115.5 119.5 120.5 122.7 
76.6M6 116.8 118.3 11B.6 116.6 116.8 109.7 111.6 108.2 112.1 113.2 114.9 

106.7MB 110.6 112.1 112.6 111.0 109.8 105.3 106.1 106.5 107.6 108.5 108.5 
163.1MB 107.6 10B.7 108.8 108.7 108.9 105.7 105.0 105.9 107.7 108.2 105.5 
195.6MB 109.6 110.2 110.1 111.5 113.3 112.0 109.9 113.3 113.2 113.4 107.8 
267.3MB 118.0 118.3 117.9 119.6 121.8 122.7 120.0 123.8 120.9 120.8 116.7 
365.6MB 130.9 130.7 130.6 130.7 130.2 130.3 129.7 130.5 126.6 124.8 129.1 
699.6MB 139.6 139.5 139.3 139.7 136.9 133.7 135.5 136.7 127.6 128.2 137.1 
662.5MB 163.2 162.9 162.6 165.4 163.7 139.9 161.5 162.3 136.8 137.5 141.0 

* STANDARD DEVIATIONS 
SD LATITUOE 0.9 ,1.0 1.0 0.7 0.7 0.4 0.5 1.0 0.7 0* 5 0.1 
SO TEMPERATURES (OEG K • ) 

l.BMB 3.9 5.9 5.4 6.4 5.5 3.5 6.8 2.9 3.8 3.9 3.8 
2.5 MB 6.3 6.6 5.8 6.7 5.7 3.7 5.0 3.0 3.9 4.0 4.2 
3.6MB 6.6 6.6 5.9 6.7 5.7 3.6 6.9 2.6 3.8 3.9 4.3 
6.6MB 6.1 6.2 5.5 6.3 5.3 3.3 6.5 2.6 3.3 3.3 4.0 
6.3MB 3.3 5.0 6.6 5.4 6.3 2.5 3.6 1.8 2.3 2.4 3.1 
6.6MB 2.3 3.5 3.6 6.1 3.1 1.7 2.5 1.2 1.6 1.5 2.1 

1l.BMB 1.5 2.2 2.3 2.8 2.1 1.2 1.7 1.0 0.8 0.9 1.3 
16.1MB 1.0 1.3 1.3 1.8 1.6 1.3 1.2 1.1 0.5 0.6 0.9 
22.0MB 0.7 0.6 0.7 1.4 1.5 1.9 1.0 1.6 0.6 0.6 0.8 
30.0MB 0.7 0.6 0.6 1.9 2.3 2.9 1.1 2.3 1.0 0.9 1.0 
61.0MB 0.9 0.9 0.8 2.8 3.3 4.0 1.6 3.0 1.4 1.2 1.5 
56.1MB 1.1 1.3 1.1 . 3.5 6.0 4.8 1.6 3.4 1.6 1.5 2.0 
76.6MB 1.6 1.6 1.3 3.6 6.0 6.8 1.7 3.1 1.6 1.5 2.2 
106.7MB 1.5 1.7 1.6 2.8 3.0 3.8 1.5 2.3 1.2 1.1 2.0 
163.1MB 1.6 1.5 1.1 1.6 1.5 2.3 1.5 1.8 0.8 0.5 1.4 
195.6MB 1.6 1.1 0.8 2.8 3.0 1.4 1.8 2.2 0.8 0.9 0.5 
267.3MB 1.8 0.6 0.6 2.8 3.1 1.8 1.0 3.1 0.9 1.4 0.7 
365.6MB 1.7 1.3 1.1 • 1.3 2.0 1.8 2.6 5.8 0.9 2.1 1.7 
699.6MB 1.2 1.8 1.9 3.5 6.5 3.0 3.0 6.3 0.8 2.2 1.3 
682.5MB 0.9 1.6 3.0 1.7 2.6 1.2 1.6 4.2 0.9 1.1 0.6 

TOTAL SPECTRA 8 9 12 19 56 15 6 11 24 22 6t 
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VOYAGER 1 JOVIAN TEMPERATURE FIELD 

LIMITING LONGITUDES* 2 
LATITUDE RANGE 2*0 

5.0 

AVG LATITUDE 3.3 
AVG TEMPERATURES COEG 

I.8MB 169.2 
2.5MB 167.6 
3.6MB 166.0 
6.6MB 166.0 
6.3MB 161.0 
8.6MB 157.5 

11.8MB 153.8 
16.1MB 169.3 
22.0MB 166.1 
30.0MB 138.6 
61.0MB 131.9 
56.1MB 126.6 
76.6MB 117.1 

106.7MB 110.9 
163.IMS 107.5 
195.6MB 109.3 
267.3MB 117.6 
365.6MB 130.3 
699.6MB 139.3 
682.5MB 163.1 

.0 - 
5.0 

30°.° 
8. 0 11.0 16.0 17.0 20.0 23.0 26.0 

8.0 11.0 16.0 17.0 20.0 23.0 26.0 29.0 

6.2 9.7 12.8 15.7 18.5 21.2 26.6 27.3 
K.> 
162.8 
160.3 
159.1 
157.6 
155.6 
153.7 
151.3 
168.0 
163.8 
138.7 
132.7 
125.8 
118.6 
112.6 
109. 0 
110.3 
118.3 
130.7 
139.2 
162.0 

165. 
163. 
162. 
160. 
158. 
155. 
152. 
168. 
163. 
138. 
132. 
125. 
118. 
112. 
109. 
111. 
118. 
130. 
139. 
166. 

163. 
161. 
160. 
158. 
156. 
156. 
151. 
167. 
162. 
136. 
129. 
122. 
116. 
109, 
108. 
113, 
121, 
130, 
137, 
166, 

165.3 
163.6 
162.0 
160.2 
157.9 
155.1 
151.7 
167.1 
161.6 
136.6 
126.6 

„ 118.5 
8 111.2 
8 106.6 
8 106.5 
1 ~ 

6 
6 
3 
0 

111.9 
129.9 
136.7 
161.3 

168.1 
166.5 
166.8 
162.8 
160.1 
156.9 
153.2 
168.6 
163.2 
137.1 
130.0 
122.1 
116.5 
108.9 
107.2 
111 .6 
121.6 
132.0 
137.2 
161.7 

167.8 
166.1 
166.6 
162.6 
159.6 
156.3 
152.6 
167.6 
161.6 
136.3 
126.2 
117.5 
109.8 
105.1 
105.0 
111.0 
122.1 
131.3 
136.2 
162.6 

171.6 
169.8 
168.0 
165.5 
161.8 
157.7 
153.2 
167.7 
161.3 
133.9 
125.6 
117.0 
109.7 
105.9 
107.0 
113.8 
122.3 
126.5 
129.9 
139.0 

171.3 
169.8 
168.0 
165.6 
162.0 
158.0 
153.7 
168.6 
162.6 
135.9 
128.6 
120.2 
112.8 
108.2 
108.0 
113.3 
120.8 
126.8 
128.0 
137.2 

IS 
STANDARD DEVIATIONS 

UDE 
RATURES 

0.9 
(DEG K. 

0.7 
) 

1.1 0.7 1.3 1.2 0.8 1.0 0.8 

1.8MB 5.3 5.5 5.6 5.5 5.2 6.1 3.9 3.7 3.9 
2.5MB 5.9 5.9 5.9 5.7 5.5 6.3 6.0 3.8 6.0 
3.6MB 6.1 6.0 6.0 5.7 5.5 6.3 3.9 3.6 3.9 
6.6MB 5.7 5.7 5.6 5.3 5.2 6.0 3.6 

Li 3*3 6.3MB 6.5 6.8 6.8 6.3 6.3 3.1 2.8 2.5 
6.6MB 3.0 3.5 3.6 3.2 3.1 2.1 1.9 1.5 1.5 

11.8MB 1.9 2.3 2.5 2.1 2.1 1.3 1.3 1.1 0.9 
16.1MB 1.1 1.6 1.6 1.6 1.5 0.7 1.3 1.0 0.6 
22.0MB 0.7 0.8 1.3 1.5 2.0 0.5 1.8 1.3 0.7 
30.0MB 0.8 0.7 1.7 2.2 3.1 0.9 2.6 1.8 1.0 
61.0MB 1.1 0.9 2.6 3.2 6.6 1.6 3.5 2.6 1.3 
56.1MB 1.6 1.2 3.0 3.9 5.3 1.9 3.9 2.7 1.6 
7 6.6 HÔ 1.7 1.5 . 3.2 3.9 5.3 2.3 3.6 2.6 1.5 

106.7MB 1.9 1.6 2*6 2.8 6.2 2.6 2.6 1.9 1.2 
163.1MB 1.8 1.6 1.7 1.5 2.5 2.3 1.6 1.5 0.6 
195.6MB 1.7 1.0 2.2 3.0 2.3 2.5 1.8 1.7 0.7 
267.3MB 1.7 0.8 2.2 3.1 2.7 2.5 2.7 2.9 1.2 
365.6MB 1.9 0.9 1.2 1.9 1.8 1.5 6.7 6.7 1.6 
699.6MB 2.0 1.0 2.8 6.5 6.3 0.7 6.2 6 .6 1.8 
682.5MB 1.5 1.9 2.7 2.6 2.7 1.2 6.6 3.2 1.1 

TOTAL SPECTRA 17 56 21 16 39 
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