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ABSTRACT

INFRARED PHOTOMETRY AND RAD I OME'TRY OF THE PLANETS
by
Kendall R. Armstrong

The first observations of the planets Venus, Jupiter,
and Saturn have been made in the far infrared at wavelengths
between 304 and 3004 using the Rice University Flying Infrare
Telescope and crystal transmission filters cooled to liquid
He temperatures.

Wide band brightness temperatures have

been found for the three planets which vary significantly
from their calculated and observed effective temperatures.
Photometric observations at wavelengths less than 254
obtained at the University of Arizona Catalina Observatory
complete the near infrared spectrum of Venus, Mars, Jupiter,
Saturn, Uranus, Vesta, the Galilean satellites,- and Titan.
Results at 10.24 and 224 indicate tenuous atmospheres
on the satellites Jupiter I and Titan.

Millimeter radio-

matry gives a 1.2 mm brightness temperature of 103(±32)K
for Uranus.

It is shown from high resolution scans that the

high 54 brightness temperature of Jupiter originates below
the visible cloud tops in the region of the north equatorial
belt.

High resolution photometry of the Saturn system

shows that the rings radiate a significant fraction of
the flux observed at 10.2b and at 22b radiate over half
the flux observed from the dish-rings system.
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1
1.

INTRODUCTION
The. infrared spectrum from approximately 5U to 300p.

is the most important region of the spectrum in the
astronomical study of planetary atmospheres and is a
powerful tool in understanding the composition of the
atmospheres and planetary surfaces.
in the region below

Reflection spectroscopy

3U has been used to determine much

of the composition and physical state of the upper atmosphere
of the planets, but since it depends directly on incident
solar radiation rather than radiation originating from the
planet itself, does not give the information necessary to
construct physical models of the planets' atmospheres and
interiors.

Planetary radiation in the thermal region of

the spectrum has bean absorbed and redistributed by the
planet before being reradiated, and observations of the
brightness temperature over the complete spectrum serve as
the boundary conditions, as wall as dictate which processes
are most important, for the problem in radiation transfer
which must be solved in the construction of planetary models.
Questions such as the He : H2 abundance ratio for Jupiter
and Saturn can be answered by remote observation only through
measurements in the far infrared region because of the
spectroscopic inactivity resulting from the symmetric,
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homonuclear molecular structure of He.
The observation of the far infrared spectra of Venus,
Jupiter, and Saturn between 30|J. and 300P is the most
important result of this research.

Two factors have made

these observations possible: the use of a flying infrared
telescope mounted in an aircraft and flown above the tropo¬
sphere to overcome the strong water vapor absorption band
in the far infrared region; and the development of a system
of He cooled crystal filters which have well defined, high
transmission pass bands.

These observations fill in the

most significant portion of the gap between 25H and milli¬
meter wavelengths for which ground-based astronomy is
impossible.
Numerous ground based photometric observations have
been reduced to complete the thermal spectra of the planets
and extend the known spectra of the Galilean satellites and
Titan to 251-i.

Radiometric observations of the planets at

1.2 mm and'high spatial resolution photometry of Jupiter
and Saturn are also used in the interpretation of the planetary
spectra.
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2.0

THE NEAR INFRARED PHOTOMETRY
Ground based observations in the near infrared are

limited by the atmosphere to a few specific windows in
the electromagnetic spectrum through which incident
radiation is transmitted with relatively little atten¬
uation.

These windows occur at wavelengths less than

about 25b betv/een the strong rotational absorption
bands of several atmospheric gases, mainly H^O, CO^ and
Og (Howard and Garing, 1962).

Between 25p and 1mm the

lower atmosphere is made almost opaque
band of water vapor at 100P.

by the rotational

The KLMNQ photometry used

for this research was obtained in five windows centered
near 2.2, 3.4, 5.0, 10.2 and 22p.
Observations of the planets and satellites were made
with the 28-inch, 60-inch and 61-inch telescopes at the
Catalina Observatory during the regular photometric
observing program described by Johnson and Mitchell (1962).
Briefly, each observation is initiated by entering onto
paper tape, from a punched observing card and from the
photometer, the following data: the identification number
of the object; the right ascension and declination of
the object, the date and time of the observation; the
integration time; the identification number of the filter
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being used? and the amplifier gain setting.

Integrations

(usually 15 seconds) of alternate deflections from the
object and sky are punched onto the tape and continued
until the observer feels sufficient accuracy has been
obtained.

After each block of integrations the time at

the end of the observation and the quality of the observation
("good" or "bad") as judged by the observer are entered
onto the paper tape.
The observations for each night are fed into a digi¬
tal computer and are reduced according to a standard
procedure (Johnson and Mitchell, 1962).

The computing

program checks the assumed atmospheric extinction co¬
efficient for each filter passband from observations of
1

standard stars during the night, and if warranted, new
coefficients are computed from observations of one or
more of the standard stars.

The observed relative magni¬

tudes are transformed to their values in the absence of
atmospheric extinction, and then converted to fluxes
using the absolute calibration of the filters (Johnson,
1965a; Low ejt al., 1970) .
The planets Venus, Mars, Jupiter, Saturn,
and

Uranus?

the asteroid Vesta; and the satellites

J I (Io), J II (Europa), J III (Ganymede), J IV (Callisto)
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and Titan have been observed under the program outlined
above.

Most of the observations were made during the

period January-May, 1969; a few observations at 5p and
22\x

were made in February, March, and November, 1968.

Measurements at 2.2li and 3.4|i are included in the
observations made after January, 1970.
Because the planetary observations were made during
the regular stellar observing program, the beam diameter
of the telescope was usually smaller than or approximately
the same size as the visible disks of Venus, Jupiter and
Saturn.

In such cases errors of 20-30% may be intro¬

duced when calculating brightness fluxes, since the
exact shape of the beam and its position on the planetary
disk is not well known.

Even in the absence of uncertaint¬

ies in beam size and pointing, the surface brightness
would not be expected to remain constant from one observ¬
ation to the next because of the curvature of the plane¬
tary surface, limb darkening effects, and real temperature
variations across the planetary surface.
nights from February 22 to March

Only on five

8, 1967, when a beam

diameter of 180 arcsec was used, do the brightness temp¬
eratures obtained correspond to the total flux emitted
by the visible planetary hemisphere.
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All data obtained at 5n during the first five months
of 1969 have been disregarded in the computation of
brightness temperatures because of a leak near 12p in
the 5|i filter used at that time.

The basic filter had

half-power points at 4.57|_i and 5.42^ with less than
.02% transmission from 2.Op to 4.0ji and from 5.8p to 7.Op.
Barium Fluoride was used to provide blocking beyond 13n;
however, a leak was discovered at 12u which passed ap¬
proximately 11% of the flux transmitted by the N filter.
Sapphire, which has good blocking beyond 7{j., was substi¬
tuted for the BaF2 to eliminate this leak.
The monochromatic flux received from the projected
disk of a. spherical planet of radius R in radiative equi¬
librium with solar radiation at an orbital distance r from
the earth, with a telescope beam having a radius 3$. < R at
distance r,

„
F

\

where

is given by
2

rtf
TTR^ ,a\ 2 TT&
\ 2 ("a' TTR2

„
=

B

-2 -1
-1
-1
„ -2
-1
w cm
1
str
I'

d-1)

is the monochromatic intensity of flux emitted

from the surface of the planet and "a
orbital radius of the planet.

is the average

The monochromatic surface

brightness is then,

Wx = TTBX = Fx (f)2 (|)2 (f)2 W cm-V1

where to is the planetary diameter in radians and a is

(1-2)
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the telescope beam width, with the understanding that
tu/a = 1 for a >

UJ.

The results of the KLMNQ photometry for each of the
planets and satellites are summarized in Table 1.

Beer’s

law, which has been shown to give better extrapolations
to zero air mass than the square-root law (Johnson, 1965b),
was used to obtain the correction for atmospheric extinction
applied to F..
A.

The usually small correction in normalizing

the surface brightness to a standard orbital radius was
not made in the cases of Jupiter and Saturn since both
have been shown to have considerable internal power sources
radiating at thermal wavelengths (Aumann et aJL. ,1969) .
It is difficult to obtain empirical phase laws from the
data for Venus and Mars, both because of the sparsity
of observations and because of the uncertainties intro¬
duced by the relatively small beam sizes; consequently,
no corrections for solar phase angle have been attempted.
The rotational phase angles given for the satellites of
Jupiter and Saturn are orbital longitudes measured from
inferior conjunction, and the parameters noted were taken
from Allen (1964).
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3.0 FAR INFRARED RADIOMETRY

Except for a few windows with very low transmission
beyond 3001-1, the region between 25b and 1mm is of little
use to ground-based astronomy because of strong absorption
in the rotational band of atmospheric water vapor.

The

amount of precipitable water vapor in a vertical path
through the atmosphere is reduced by a factor of approximately 10
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in going from sea level to 12 km altitude

(Howard and Garing, 1962).

Thus, by operating a tele¬

scope at or above an altitude of 12 km the beam will have
to traverse an average of only 2-10b of precipitable water
vapor, depending on the angle of the slant path, resulting
in 80% or batter transmission in the 100b region.

3.1 The Far Infrared Filters
There is a more fundamental limitation to the inform¬
ation obtainable in the far infrared spectrum than that
of atmospheric absorption, and that is the energy which
must be transmitted through the pass band of the detector
system.

The system used for the 30-300b observations

reported here requires a minimum signal on the order of
10

-14 -2
W cm
to give signal-to-noise ratios slightly

larger than 1.0.

As examples of the limits placed on
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the spectral resolution available: detection of a 100 K
object of Saturn's size and distance in January, 1971
would require a low pass filter with cut-on at X ^ 140|i;
for the same object a bandpass filter 200 wide would
give measurable signals only at wavelengths limited by
X ^ 1000 (100 percent transmission assumed in both cases).
To obtain the high thru-put necessary in the far infrared,
wide band filters must be used which have low resolution,
high transmission pass bands and good bloclcing in the
stop bands.

Sharp cut-ons, not inherent in wide band

filters, are essential if the limited spectral information
available is to be kept unambiguous enough to be meaning¬
ful.
Two types of filters have been found to satisfy these
requirements.

The first is the metal mesh interference

filter, w7hich consists of layers of metallic grids having
a grid constant related to the desired wavelength of
maximum transmission by
9 ~ -85 \m

(3-1)

and spaced at intervals d of approximately half the wave¬
length of the first diffraction minimum in the transmission
of a single grid (Mitsuishi

ejt aJL., 1963; Ulrich, 1968).
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The attenuation in the stop bands and the steepness of
the cut-ons increase rapidly with the number of grids
used, and the performance of the filter is highly depend¬
ent on the degree to which the grids are kept flat and
parallel.

One interference filter having three grids of

copper mesh with g^ = g^ = g^ = 63.5|i and copper-beryllium
spacers with d

1

= d

2

= 25p has been constructed.

It has

a trapezoidal pesss band from approximately 50U to 130U.
with 80 percent transmission between 700 and HOP.
•

Teflon

-c*

and CaF^ filters have been added to increase the effect¬
iveness of the high frequency stop band, resulting in the
transmission spectrum for the composite filter shown in
Fig. la.
The second type of filter found to be suitable for the
far infrared makes use of the temperature dependent absorption
coefficients found in many crystals (Bosomworth, 1967;
Hadni, 1967).

The fundamental lattice absorption peaks

in the region 10 -100q are usually accompanied by absorption
maxima at longer wavelengths, probably arising from twophonon creation and destruction processes activated by
nonlinear and anharmonic effects in the classical oscillator
description of the crystal.

In the case of BaF£ at a

wavelength of 100U, the absorption coefficient due to this
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secondary process decreases from 50 cm”'*' at 300 K to less
than 1 cm--*- at 5 K.

Accompanying the increase in transmis¬

sion is a sharpening of the cut-on, so that liquid He
cooled crystals have the properties desired in a low pass
filter; combining two crystals with different cut-ons, or
a crystal in series with a high pass filter, can produce
effective bandpass filters for the far infrared.

The stop

band provided by the fundamental absorption peak is some¬
times only 20-30U wide, making necessary the use of two
or more crystals in series to obtain good blocking at
short wavelengths.
Filters consisting of combinations of 14 crystals
have been constructed, and their measured transmission
curves are shown in Fig. 1.

The spectral data was obtained

using a Beckman IR-11 spectrometer operated in the single¬
beam mode with relative transmission values taken pointwise at 10-20 cm"-*- intervals.

The filters were conductively

cooled by vacuum-pumped liquid He (1.8 K)

and measured in

flight configuration using the flight bolometer as the
detector rather than the spectrometerGolay cell.

The

detector output, after being amplified and filtered at
11 Hz, was monitored on an oscilloscope and recorded on
a 10-inch chart recorder.

A 1024 point signal averager
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was also used to improve the signal-to-noise ratio when
the water vapor content in the beam was high enough to
cause excessive high frequency noise.

Beam coupling

between the spectrometer and detector was accomplished
with a "periscope" containing two gold-surfaced mirrors
to deflect the beam through 180 degrees onto an f/10
polyethylene converging lens.
The transmission of the filters is obtained from the
relative signal levels transmitted by the filter, the basic
filter complement of the detector (H 100%), and an aluminum
blank (= 0%).

Typical precision at full scale deflections

is ^2 percent, and transmissions obtained on any given run
are repeatable to within approximately ±3 percent.

Repeat¬

ability is affected by the reproducibility of the spectro¬
meter grating settings which introduces error through in¬
correct values being assigned the independent variable \.
Such errors are largest at wavelengths where the transmission
is changing rapidly, as in thin film interference effects
which occur at wavelengths as short as 100H for several
of the filters tested.

Small systematic variations in

transmission have been observed as a result of variations
in cooling time before each run.

It has also been found

that the alkali-halide crystals fracture along their
cleavage planes when subjected to liquid He temperatures,
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although no significant changes in transmission character¬
istics have been observed as a result.

However, further

testing of individual filters is desirable, and there is
some evidence that crystals which survive the first cool¬
down will remain intact for many runs.

3.2

The Observations
The far infrared observations of Mars, Venus, Jupiter

and Saturn were made with the 30 cm flying infrared tele¬
scope described by Aumann and Low (1970) and the stabili¬
zation and basic detector systems described by Harper and
Low (1971).

The calcium fluoride filter in contact with

the field lens was removed to permit use of the 30P cut-on
of the sapphire element, and a second diamond-coated poly¬
ethylene window was attached to the cold surface in front
of a 1.0 mm diaphagm, which determined the common beam
size for all the filter positions as well as the ~300|i
diffraction limit of the detector pass band.

The second

scattering filter was added to insure adequate blocking
in the high frequency pass band of sapphire below 7|i .
For the flight on which the observations reported here
were made, the following filters occupied the six positions
on the cooled turret:
1.

open; half power transmission 30-300p
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2. T1C1; half power transmission 30-47U; Fig. If
3.

CaF

2

+

KR

S-5;

half power transmission 46-82p;

Fig. lh
4. Mesh + CaF

2

+ Teflon; half power transmission

67-105U; Fig. la
5. NaCl+ CaF ,* half power transmission 77-300p;
2

Fig. lj

°

6. KBr + NaCl + CaF ,* half power transmission
2

100-300U; Fig. 1l

The planet Mars, assumed to radiate like a blackbody,
was vised as the calibration source.

Since all observations

were made at the same elevation angle (within ±3 degrees)
and above the tropopause where the precipitable water vapor
was less than 10d; no corrections need be made for atmospheric
extinction to obtain absolute fluxes.

The observed deflect¬

ions are directly proportional to the flux incident on the
detector which is given by

FAX

= J
AX

S(X)R(\)A(X)dX ,

(3-2)

where S(X) is the source function, R(X) is the system
response, A(X) is the atmospheric transmission function,
and AX is the pass band of the system.

Assuming a thermal
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blackbody distribution for the planetary source functions
and constant atmospheric absorption over the pass band,
Eq.

(3-2) becomes
FaAA
, = TTUU2 A

f B,A (T)R(X)dX

W cm

2

(3-3)

AX

= UJ2 X W* (AX;T)

(3-4)

with the Planck function,

™X

-5

= w

x

(e

C9/XT
2
-1)

W cm

-2 -1

(3-5)

where

C

= Sirhc2 = 37 412

C2 = hc/k = 14 388

W tj4cm~2

p K,

and T is the effective temperature over the range

AX .

With the notation that quantities pertaining to the standard,
Mars, have subscript M, the (effective) brightness temper¬
ature over the range of a given filter is determined by

(~) W* (AX;Tm) W cm"2

W*(AX?T) =

(3-6)

M
through the definition of W* given in Eqs.
and where D is the observed deflection.

(3-3) and (3-4)

With suitably
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chosen filters the broadband characteristics of the planet's
spectra can be obtained from measurements of relative
signals for each filter and the application of Eqs.

(3-4)

and (3-6).
The same sort of spectrum can be reconstructed from
relative measurements using different filters on the same
source if the effective brightness temperature is known
for the spectral region covered by any one of the filters.
In this case Eq.

(3-6)

is replaced by

-2 -1

(3-7)

where i denotes a particular filter and it is assumed that
the average atmospheric absorption A is independent of
wavelength interval.
the integral of Eq.
the system response.
defined from Eq.
<D “

If not, A (X) must be left ir.side
(3-3) and treated in the same way as
Color temperatures, too, can be

(3-3) and the observed signal ratios

F

AX}'
W*(AXi;T)
(3-8)

if the same qualifications are made concerning

A( X) .

Here, i and j denote different filters and T is again
an effective temperature.

It should be emphasized
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that although the relations in Eqs.

(3-7) and (3-8) used

to obtain brightness and color temperatures are verysimilar in appearance, the two quantities require quite
different interpretations.

The brightness temperature

resulting from Eq. (3-7) is based on a flux which cor¬
responds to a physical temperature and is directly related
to that temperature through the emissivity of the radiat¬
ing body.

On the other hand, the color temperature is

found from the ratio of emitted flux over two different
spectral regions and is related only to the shape of the
emission spectrum.

While the brightness temperature can

never be greater than the physical temperature (emissivity ^ 1),
the color temperature can have any value, and corresponds
to the physical temperature of two spectral regions only
if the (averaged) emissivities over the two regions are
identical.
Eq.

Note, also, that the quantity W* defined in

(3-4) is not an intrinsic property of the radiator.

If a temperature dependent, average response function
were defined, the detected flux could be related to
a polychromatic surface brightness corresponding to the
monochromatic surface brightness defined in Eq. (3-5) and
used previously in Eq.
advantage in doing so.

(2-2), but there appears to be no
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0?he integral in Eq.

(3-3) was numerically integrated

from tabulations of the system response at 10 cm ^ intervals
using Simpson's rule for n = 2 and n = 3 (subroutine QSF
in the IBM/360 Scientific Subroutine Package), and eval¬
uated for each filter at 5 K intervals.

At the time the

observations were made the signal from Mars was too low to
provide a meaningful calibration except in the open interval
30 - 300n .

Thus, it was necessary to use Eq. (3-6) to

obtain an effective temperature T for each of the
30-300
other planets, from which the temperature over smaller
intervals could be obtained by Eq.

(3-7).

The results

for Venus, Jupiter and Saturn are tabulated in Table 1l
and are based on the same effective temperature for Mars
in the 30 - 300

region as determined by Aumann, Gillespie

and Low (1969) for the total thermal emission.

Effective

wavelengths of the filters have been calculated according
to the definition
00

00

Xo = J XR(\)d\/J* R(X)d\
o
b

(3-9)

and are intended for use only as a convenient method of
referring to the filters.
Uncertainties in the brightness temperatures are due
to a statistical treatment of the fluctuations of observed
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deflections and do not include uncertainties in absolute
calibration which may be as large as 15 to 20 percent.
In the case of Venus and Jupiter, the standard deviations
in flux are less than ±6 percent and ±10 percent, respect¬
ively, while for Saturn the range is from ±15 percent to
±75 percent due to the lower signal-to-noise ratio.

The

differences in brightness temperature between the open
30 - 300p filter and the \ = 37u filter are 7a , 3.3a
and 1.8a for Venus, Jupiter and Saturn; the corresponding
differences between the open filter and the XQ= 580 filter
are 5.8a , 5a and 1.5a, respectively.

A check was made

to determine what effect systematic errors in the measure¬
ment of the filter transmission would have on the brightness
temper a ture.s by increasing and decreasing the transmission
of each filter by amounts consistant with the observed
precision of the measurements.

It was found that an in¬

crease of the transmission reduced the brightness temper¬
ature in each region of the spectrum more rapidly than it
did for the open 30 - 300b interval, resulting in an ef¬
fective temperature over the interval greater than the
effective temperature in any of its sub-intervals.

A

decrease of the transmission, letting values less than
3 percent go to zero and those over 90 percent be reduced

20

by 10 percent, increases the brightness temperatures
6-10 K without destroying the flux balance of the spectrum.
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4.0 OTHER OBSERVATIONS
4.1 Millimeter Radiometry
In addition to the near infrared photometry and far
infrared radiometry, observations of Mercury, Venus, Mars,
Jupiter, Uranus and Neptune have been made in March, 1969
and in October, 1969 using the 1.2 mm radiometer (Low, 1966a)
and the 36-foot radio telescope.

Brightness temperatures

for Mars, Uranus and Neptune were obtained from the March
observations by using Jupiter as a 153 K standard (Low,
1965a) to correct for atmospheric extinction.

The October

observations of Mercury, Venus and Jupiter were reduced
in the same way, except that no

correction for air mass

was made since all three planets were observed during a
75 minute period at nearly equal elevation angles.

The

observation of Neptune should be classed as a possible
detection, since the relative averages of three 30-second
on-off integrations (+14.0, -2.6,+2.0) compared to five
integrations on Uranus (30, 0, 29, 42, 23) show the signal
from Neptune to be at the noise level of the system.
For Mercury, Venus, Mars and Uranus brightness temperatures
of 468(±73) K, 222(±24) K, 210(±4) K and 107(±32) K,
respectively, are obtained, with the value for Mars being
the average of observations on two consecutive nights.
Taking the average of the Neptune signals to be significant
results in a brightness temperature of 65 K.

22

4.2

High Resolution Photometry of Jupiter and Saturn
MNQ scans of Jupiter with a. spatial resolution of

approximately 1/5 the disk diameter were made on the
nights of June, 16, 17 and 29, 1969.

The scans were made

with a diaphragm giving an approximately gaussian beam of
7 arcsec halfwidth, and were obtained by letting the tele¬
scope drift in right ascension relative to the planetary
disk while making alternate north-south, south-north
sweeps in declination.

The scan rates were typically

~1 min per disk diameter in declination and ~15 min for
the complete raster.

A representative raster showing the

relative surface brightness distribution observed at 5.0u
is shown in Fig. 8.

The "bright" band seen at 5.Op cor¬

responds in position to the dark north equatorial belt
seen visually, which has also been reported by Westphal
(1969) to radiate much higher fluxes at 4.8p. than the
remainder of the disk.

Each scan obtained which crossed

the NEB produced deflections 6-10 times higher over the
belt than for the rest of the disk on June 17 and 2-3
times higher on June 29, and the width of the peaks indi¬
cate the emission region to be no larger than the beam
diameter.

The June 17 scans imply a peak temperature of

205 K against an average background of approximately 178 K,
and those obtained on June 29 give temperatures approximately
10 K lower.

The peak fluxes are much lower than observed

by Westphal at higher resolution/ as would be expected, but
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the background disk brightness flux is also down by a
factor of 2 or 3 and the average for the disk is a
factor of 10 below the disk brightness flux observed in
1967.
Scans at 10.2p. showed no brightness fluctuations
greater than 1-2 K above a constant temperature of 121 K.
Pronounced limb darkening is apparent over the north
polar region at 10.2u, and at 20p a general limb darkening
occurs over both hemispheres,

unfortunately, no calibration

standards were observed at 20p.
The. Saturn observations were made on October 17 and 18,
1969 with a beamwidth of 5 arcsec and consist of on-off
deflections at points on the disk of the planet and on the
rings.

The ratio of the signal from the rings to that of

the disk center at 22p is 0.60 ( + .04, -. 02) and at 10.2p is
0.18(+.12,-.10).

At 5.Op the signal from the rings was at

or below the noise level, giving a ring-to-disk ratio <?.10.
The signal obtained at 22p when the beam was centered on
the dark space between the rings and disk was up to 5
percent larger than that of the rings and was approximately
the same as the rings at 10.2\x.

Since the distance between

the disk and the inner edge of ring B was only 6.1 arcsec,
it is possible that the wings of the beam were seeing the
planetary disk and ring B; however, the high ratio of ringsto-disk flux at 22p implies that even in such a case the
visually faint ring C emits nearly the same amount of flux
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as the outer rings, and probably extends over most of the
space between the disk and ring B.

Titan was also observed

at MNQ wavelengths with only an upper limit defined at 5.Op.
Absolute fluxes were obtained from the standard star a Tau
and agree quite well with brightness fluxes obtained during
the regular observing program, as shown in Tables Id and
lk.

25
5.0

DISCUSSION
Near infrared photometry has covered that part of the

spectrum which can be observed from the ground for most
of the observable planets, and the far infrared observations
of three planets have filled in the major portion of the
gap between ground-based infrared and radio data.

Far

infrared observations are especially important for planets
with atmospheres because they give the boundary conditions
which determine the heat budget, and to a limited extent,
the composition of the upper atmosphere.

The satellite

photometry extends the observations well past that part
of the spectrum due to reflected solar energy and presents
some interesting similarities and differences which may be
due to the presence of atmospheres on one or more of the
satellites studied.
If the albedo of a planet is known for the ultraviolet
through near infrared wavelengths, it is possible to calcu¬
late the; equilibrium temperature which the planet would at¬
tain by reradiating the incident solar radiation at thermal
wavelengths.

The maximum effective temperature on a smooth,

non-rotating planet with low conductivity and no atmosphere
would be at the sub-solar point,
T

max

=

392 d“A)^

a

“^ K,

(5-1)

where A is the Bond albedo and a is the orbital radius in
a.u.

Eq.

(5-1)

is obtained by equating the flux emitted
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from a point (or equivalently a plane observed at zero phase
angle) to the flux absorbed by the point using Stefan's law
and unit emissivity of thermal wavelengths,
A

QT

W
= (1-A) ~
a^

(5-2)

where W_
is the solar constant and a is Stefan's constant.
©
The effective disk temperature for the conditions stated
x

is reduced by 24 since the insolation on the right hand
2
side of Eq. (5-2) is over an effective area rrR , where R
is the radius of the planet, and the thermal emission is
2
radiated from a hemisphere of area 2TTR ,
Tmax(disl} = 330(1-A)^

K.

‘(5-3)

If'the planet has some means of transporting the incident
energy rapidly enough for the whole sphere to reach the
same equilibrium temperature (e.g. high thermal conductivity,
rapid rotation, or a dense atmosphere) , fie factor needed
on the left hand side of Eq.

(5-2) is 4TTR 2 and the average

effective temperature is
T

av

=

277 U-A)4 a“^ K.

(5-4)

The effective temperature determined from a measurement of
the integrated thermal flux would be expected to correspond
to that given by Eq.

(5-4) for rotating planets with ap¬

preciable atmospheres such as the earth and the Jovian
planets.

Satellites without atmospheres and in synchronous

rotation with their primaries might be expected to have ef-
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fective temperatures similar to those given by Eq.(5-3) if
they have conductivities similar to that of the moon.

All

comparisons between observations and predictions by the
above relations are influenced by the value of the Bond
albedo used; in the case of many of the satellites albedo
measurements are uncertain because of uncertainties in the
angular extent of the object.

5.1

The Planets
Monochromatic brightness temperatures for each of the

planets are obtained from the average surface fluxes given
in Table 1 using Eq.

(3-5), and when combined with the far

infrared, millimeter and centimeter wavelength observations
provide low resolution temperature profiles of the planetary
thermal emission.

The purpose of this, and the following

section is to present the majority of radiometic observations
of the planets and satellites in order to better understand
what is known and what is still uncertain about the phenomena
giving rise to the observations, and to discuss the signi¬
ficance of the infrared data.
a.

Mercury
By using a water cell to block reflected solar energy,

Pettit (1961) obtained a subsolar temperature of 613 K for
Mercury after comparing the phase curve between 30°-125°
with that of the moon and extrapolating the disk brightness
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to a subsolar brightness using the observed phase curve
of the moon through 0°.

This is in good agreement with

a temperature of 621 K predicted by Eq.
of .059 (Allen, 1964).

(5-3) and an albedo

Monochromatic observations at 3.75,

4.75, 8.6 and 12|i have been reported more recently by
Murdock and Ney (1970) which give the following disk
brightness temperatures: 520 K at 45° phase angle; 205 K
for the illuminated crescent at 177° phase angle; and
111(±3) K for the dark-side temperature.

The 1.2 mm

brightness temperature of 468(±73) K reported here was
obtained at a phase angle of 41° and suggests that emission
at longer wavelengths originates slightly below the planetary
surface as is the case with the moon.

Epstein et a_l.

(1970b) ,

using observations at 3.3 mm on 117 days, give a phase law
resulting from a five parameter fit which predicts a temper¬
ature of ~365 K at 41° phase angle.

Although the data

exhibits some scatter, three minima corresponding to 180°
phase angle are shown which indicate dark-side temperatures
of ~150 K.

From the near infrared and 3.3 mm observations,

values of the thermal parameter y
cm

2

=

(KpC)

2

of 715 and 960

i

deg sec , respectively, were obtained, thus making the

comparison between the surface layers of Mercury and the
moon (y = 1000; Low 1965b) even stronger.

b.

Venus
Of the planetary photometry presented here, that of
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Venus (Table la)

is the most susceptible to errors intro¬

duced by beam size and pointing uncertainties.

The large

angular extent of the disk at prime observing times makes
difficult the use of a beam large enough to cover the whole
disk, and at the flux levels observed a 40 percent error
in monochromatic flux at 10.2p and 22\x produces an error
of 15 K and 30 K , respectively.

When converted to bright¬

ness temperatures the observed fLuxes give 244 (±6) K and
273 (i!9) K,at 10.2p and 22p.

The 22\x measurement is above

the previously reported value of 248(±10)K (Low,1966b) by
an amount corresponding to an underestimation of the ef¬
fective beam diameter by 18 percent.

An error twice this

ampunt is necessary to account for the excess over the
221(±10) K (Lew,1965a) to 226 K (Sinton and Strong,1960a)
temperatures previously obtained in the 10p window.

The

method of reduction used by Sinton and Strong should be
expected to give temperatures a few degrees higher than those
obtained from the Arizona photometry on the basis of the
analysis by Johnson,( 1965b), from which it is concluded
that use of a square root law for atmospheric extinction
leads to an overestimation of the flux by ~14 percent,
compared to ~3 percent overestimation using Beer's law.
A second source of discrepancy may arise from differences
in passband cut-offs and the weighting of the transmission
passband by the thermal spectrum of the source.

The 5.0u

disk surface brightness obtained in 1967 gives a tentative
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brightness temperature of 223 K.
A summary of the wavelength dependence of brightness
temperature for Venus is given in Table 2.

Rather than

attempt a compilation of all published observations, a
selective process was used to obtain a representative
spectrum, with more weight being given to the most recent
and usually best determined measurements at each wavelength.
The near infrared temperatures reported by Low have been
chosen over the more recent values because of the large
uncertainties discussed above.

The far infrared observations

were obtained at a, phase angle of 80° and the 1.2 mm observation
at 31°; the value at 3.4 mm is the phase independent term
of a three parameter fit, and with the exception of the
0.6 mm observation reported by Kalaghan and Wulfsberg at
a 55° phase angle, the remaining observations were obtained
at phase angles of 100°-150°.
Epstein et aJL.

The 3.4 mm observations of

(1968) indicate a small phase dependence

(<10 percent) but the fluctuations at longer wavelengths
appear to arise from large day-to-day variations in the
emitting medium, especially in the case of the centimeter
results reported by Law and Staelin.

Further observations

are needed at 1.2 mm to clarify the meaning of the large
drop in temperature from the value of 318(±35) K reported
by Low (1965a).
The infrared brightness temperatures are plotted as
monochromatic fluxes in Fig. 2 for comparison with the
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spectrometry reported by Gillett, Low and Stein (1968a)
and a blackbody curve corresponding to the 227 K effective
temperature predicted by Eq.
1969) .

(5-4) with A = 0.77 (Irvine,

/absolute calibration errors of approximately 15

percent have not been included in the far infrared points,
and no attempt has been made to normalize the different
observations.

The curve representing perfect diffuse solar

reflection is for reflection from a white sphere at zero
phase angle, which directs a. quantity of flux into the line
of sight equal to 2/3 that reflected by a. white, normal
plane.
The strong absorption band of CO2 at 4.25p is very
conspicuous in the narrow band spectrometry, as well as
the medium strength bands at 4.8p and 5.2p, and there is
a suggestion of two weak bands at 9.4p. and 12.6p.

The

temperature of ~210-215 K shown by the 9-12|j. region is
in reasonable agreement with the broadband photometry
reported by Low (1965a.) , and the spectrum is very similar
to that obtained by Hanel et a_l.
interferometer.

(1969) with a Michelson

However, the temperature obtained by the

latter group is considerably higher at 250 K.

The wide

band measurements in the far infrared indicate the following
temperatures for regions in the Venus atmosphere near an
optical depth of 2/3: approximately 275 I< in the 45-lOOp.
interval; 220 K or lower from 150-300q; and an average
of approximately 210 K in the 30-45p interval.

According
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to the temperature profile obtained from the Mariner V
radio occultation observations (Fjeldbo, Kliore and
Eshleman, 1970) , the opacity of the atmosphere must be
considerably less at 45-100p than at shorter or longer
wavelengths.

Moore (1971) has calculated the emergent

flux from the planetary disk on the basis of Venera 5
and 6 pressure and temperature altitude profiles, recent
calculations of the induced rotational absorption co¬
efficient (proportional to density-squared) of CO^ for
wavelengths between 19p and 60p, and measurements of
the density-squared dependence in the windows below 19u.
The calculated average disk brightness, using a 95 percent
mixing ratio of CO 2 and ground emissivity of unity, is in
agreement with the observed 58|i flux, but at shorter wave¬
lengths it is too high by a factor of 3 at 37q and by
50 percent at 22\x.

The opacity of the model atmosphere

in the 30p region of the spectrum is found to be less than.
50 percent of the opacity in the 20p region and 45-60p
region, just the reverse necessary to account for the
observations.

it would appear that some one or more minor

constituents with high absorption in the far infrared are
required at altitudes near 80 km unless conditions are some¬
times capable of producing a temperature inversion at 60-70 km
altitudes.

The haze consisting of micron size particles

with an upper boundary near 60 km (Kuiper, 1969) would
have to alter the index of refraction for both the 423.3 MHz
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and 2.297 GHz frequencies used on Mariner V in a manner
not taken into account by Fjeldbo

et. aJL. in order to

produce an inversion at lower altitudes than the one which
possibly exists at 85 km.

c.

Mars
The monochromatic brightness temperatures of Mars

given by the fluxes in Table lb are 255 (±2) K at 5. Op,
260 (±3) K at 10.2p, and 280 (±16) K at 22p.

If a geometric

albedo of 0.15 at 5.Op is assumed (Mitchell, 1969), the 5.Op
disk brightness temperature is lowered to 251(±2) K.

The

flux levels at 10.2p and 22p are a factor of two abovethe level corresponding to a temperature of 225 K (Low,
1965a), and since the beam sizes are in all cases at least
as large as the planetary disk/cannot be lowered by as¬
suming the use of incorrect beamwidths in the reduction.
Sinton and Strong (1960b) obtained scans of the disk of
Mars and report average central brightness temperatures
of 292 K, and Mitchell (1969) reports than when integrated
these scans give disk brightness temperatures of 252 K for
the 10a window,

using the bolometric Bond albedo of

.31 ± .04 obtained by Mitchell (1969) these temperatures
may be compared with the result of Eq.
242 K.

(5-3) , Tmax(disc) =

The 1.2 mm brightness temperature of 212 K is quite

near the previously observed value of 196(±60) K (Low, 1965a).
Epstein et al.

(1970a) obtain a 3.3 mm brightness temperature
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of 180(±18) K? Kalaghan and Wulfsberg (1968) obtain an
8.6 mm brightness temperature of 235(+40,-33) K; Kellermann
(1966) reports values at 6 cm, 11.3 cm and 21.3 cm of
201(±27) K, 170(±19) K and 200(±43) K, respectively, using
a mean emissivity at decimeter wavelengths of 0.89.

It

thus appears that the brightness temperature of Mars under¬
goes an average decrease at long wavelengths from a value
of approximately 250 K in the infrared.

The effective

temperature of 234(±7) K (Aumann, Gillespie and Low, 1969)
is in agreement with the brightness temperatures when
absolute- errors are taken into account.

d.

Jupiter
The brightness temperatures for Jupiter corresponding

to the average fluxes given in Table lc are listed in
Table 3 along with a summary of observations from the
infrared out to 2 cm wavelength.

All temperatures are

averages for the disk except the 10.2\x and 22\x points.

The

five values obtained by Law and Staelin appear to be system¬
atically low with respect to other observations, according
to the 1.53 cm measurement of 148(±7) K by Wrixon, Welch
and Thornton (Wrixon and Welch, 1970).

The millimeter

and centimeter fluxes apparently originate at a level just
below the region of strong absorption by the 1.25 cm NH^
inversion line, and, although time variations of the re¬
quired amount are not ruled out, the observations of
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Epstein et £l. (1970a) lower the probability of significant
temperature variations in the upper atmosphere of Jupiter.
The broad band effective temperature over the interval
30-300p is very close to the value of 134(±4) K obtained
by Aumann et aJL.

(1969) for the effective temperature over

99.8 percent of the thermal emission spectrum.
The results of the

infrared observations are shown

in Fig. 3 as monochromatic surface brightness vs. wavelength,
and for comparison, the observed effective temperature and
the 2.8 - 14p narrow band spectrometry (Gillett, Low and
Stein, 1969).

Even after considering the uncertainties

involved when comparing brightness temperatures for areas
smaller than the planetary disk, it appears that the 10.2u
temperature is significantly above previously obtained
values (Murray et. a_l. , 1965? Low, 1965a).

The 22u temp¬

eratures were observed to vary from night to night over
a range from 120 K to 145 K, while the scans show a temp¬
erature drop of 6 - 8 K from the center of the disk to the
limb, as defined by the observed convolution of beam pro¬
file and true brightness distribution.

The amount of

limb darkening at 22u appears to be approximately the
same as at 10.2u, but the brightness distribution generally
changes gradually from center to limb,

in contrast to the

more abrupt decrease close to the limb observed at 10.2u.
Such results would be expected if the lOu radiation origi¬
nates in a region where the main contributor to the opacity,
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roost probably NH^/

is saturated, while the 22u radiation

originates at a slightly higher altitude due to the opacity
of H2-

The bandpass of the Q filter falls directly between

the S{0) and S(l) absorption maxima in the rotationaltranslational pressure induced absorption spectrum of H2,
but the mean absorption over the bandwidth should be
greater than that due to the S(l) tail and higher order
lines in the lOp window (Kiss et aJL. , 1959; Kiss and Welsh,
1959; Trafton and Munch, 1969).
Disk brightness temperatures observed at 5u apparently
result from radiation originating at more than one level
in the atmosphere, as indicated by the scans reported- here
and the higher resolution observations of West.phal (1969) .
The beam sizes used under most conditions,
observations of Gillett.et.aJL.

including the

(1969), are such that if

the beam is centered on the disk, a significant fraction
of the beam is receiving radiation from the NEB region.
Thus brightness temperatures obtained from observing only
a fraction of the disk can be expected to be consistently
higher than disk averaged measurements, and the disk
brightness temperature itself will be significantly higher
than the brightness temperature of most of the disk.

The

majority of the disk appears to radiate at 5p at a rate
corresponding to brightness temperatures of 180-195 K,
with the possibility that part of the flux is from reflected
solar energy.

If solid NH^ constitutes the upper cloud
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deck at a level of 166-171 km (Lewis, 1969), a very high
albedo and/or quite low cloud opacity is necessary to
explain the high 5p fluxes.

in the region of the NEB

some mechanism for removing the 5u opacity at high altitudes
is almost certainly required.
The far infrared observations indicate a nearly constant
surface brightness over the 67-300p wavelength interval.
Some structure of the spectrum could be implied from the
slightly lower flux obtained through the 77-300p filter,
but the observed differences are probably not significant.
However; the relatively low temperature from 30~45p. and
the high brightness temperature in the 46-82p interval
are significant.

On the basis of the pressure induced

rotational-translational and translational absorption
profiles of Trafton and Munch (1969), the 37p brightness
temperature is expected to be about the same as the temp¬
erature obtained at 22p.

At the temperatures observed on

Jupiter, the ratio of ^ absorption coefficients in the
bandwidths of any two far infrared filters is almost
independent of the relative Re/R^ concentration.

There ap¬

pears to be nothing in the absorption spectrum of R^ to
explain the relative maximum in brightness temperature in
the 46-82|i interval, nor does the model atmosphere calcu¬
lated by Trafton predict the far infrared observations
(Trafton, 1967) .
A more recent model which includes the absorption
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of the 3.3p band of CH4 in the heat balance of the
atmosphere has been calculated by Hogan, R&sool, and
Encrenaz (1969).

The model predicts a temperature

inversion at 65 km above the cloud level, the strength
of which depends on the temperature and pressure at the
cloud tops.

it also predicts the dip in brightness temp¬

erature due to the 1.25 cm inversion line of NH^»

a

nd

reasonable effective temperatures ranging from 112 K to 145 K.
The calculations have been extended by Encrenaz et al.

(1970)

to give the predicted far infrared spectrum between 40p
and 1 mm.

The rotational bands of KH^ appear in absorption

or emission, depending on the cloud top conditions,against
a flux background which increases sharply in the 250|_i
region.

Again, the observed maximum in surface brightness

in the 46--82|_i interval is not predicted as a result of
radiative equilibrium processes involving the major consti¬
tuents observed or postulated to be present in the Jovian
atmosphere.
The observations presented here do, however, direct
attention to an incorrect boundary condition upon which
the model is based: that the cloud top surface brightness
at 5p is represented by temperatures on the order of 220 K.
It appears more likely that the cloud tops are 20-40 K
lower in brightness temperature , and that the predicted
flux at 5p must originate at two or more levels in the
atmosphere defined by different opacities.
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It might be argued that the observed far infrared
flux ratios are the result of not including the effect
of differential water vapor absorption.

The amount of

1^0 absorption at an altitude of 12 km or higher should
be negligible because of the low concentration and low
temperatures, which would tend to decrease the line
widths of the rotational band.

As a test, an approximated

spectrum for the ^0 absorption profile was included in
the integral of Eq.
Hall (1967).

(3-3) using the profile given by

A relative transmission minimum of 85 percent

was assigned to the 70-200p., which results in an increase
of 2 K for the 30-300p brightness temperature, a decrease
of 1 K for the 30-47p filter, an increase of 3 X for the
46~82u filter, and increases of 8 K in the remaining
three filters.

Thus, a precipitable water vapor content

of 0.02 mm in the telescope beam would be sufficient to
produce a spectrum resembling the model of Hogan et aJL. ,
but with an average brightness temperature closer to that
predicted for an atmosphere with no He as opposed to a
He : H2

e.

ratio of 1 : 5.

Saturn
A summary of observed brightness temperatures for

Saturn is presented in Table 4.

All temperatures are

calculated as disk averages; an upper limit for the
overestimation of the 10.2p and 22u temperatures due to
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ring emission is obtained by letting half of the telescope
beam see disk emission and the other half ring emission.
Doing so lowers the disk brightness by 8 K and 2 K, respect¬
ively.

The centimeter observations agree with a model

having an atmosphere of saturated NH3 near the cloud tops
and radiating at an effective temperature of 100 K, but
are not definitive enough to exclude models with effective
temperatures of 80 K (Wrixon and Welch, 1970).
Brightness temperatures for Saturn are plotted as
monochromatic surface brightness in Fig. 4, and unpublished
2.8 - 14U photometry (Gillett, Low and Stein, 1968b) is
included for completeness.

Many features of the Jovian

near infrared spectrum are also present in absorption
due to the

v
3

fundamental band near 3.3p, and the long

wavelength side of the
between 7.7U and 8.1u.

fundamental at 7.7iis observed
The

fundamental of NH^ is seen

at 10.50 as a definite absorption feature, and in the same
manner that the WH

absorption is enhanced, the shoulder

in the Jovian spectrum near 4.5p is seen as a strong
absorption band in the spectrum of Saturn.

Two sharp

contrasts in the spectra occur at the unidentified lines
near 8.5u and 13p, where strong absorption bands are
observed in the atmosphere of Saturn and emission bands

41
are observed in the Jovian atmosphere.
The observed temperatures at 22u, 37u and 58|n appear
to be consistent with the rotational-translational and
translational absorption profiles for H2 pressure-induced
absorption given by Trafton and Munch (1969), and favor
a He : H2 abundance ratio nearer zero than unity.

However,

models which include only H2 pressure-induced absorption
predict a peak in surface bjrightness at wavelengths longer
than is observed (Trafton, 1967; Trafton and Munch, 1959).
Whether or not the model of Hogan et. aJL.

(1969) predicts

the observed broadband spectrum remains to be seen, but
it should be noted that the lack of a long wavelength
increase in flux observed in the Jupiter measurements appears
to be accentuated to the point of an increased roll-off
in the case of Saturn.

The far infrared spectrum is not

well determined from the present observations because of
the low signal to noise ratio, and for the construction
of meaningful models measurements of higher precision are
required.

The importance of the rings in determining the

far infrared spectrum, and hence the effective temperature
of the planet, is also unknown at present.
The high resolution photometry of the Saturnian
system reported here yields brightness temperatures of
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95(+3,-5)K at 10.2u and 75(±2)K at 22u for the ring ansae.
Corresponding temperatures at the center of the planetary
disk are 12K and 4K higher, respectively.

The surface

brightnesses of the ansae are equal to within 4 percent
at 22n , and the brightness of the dark zone between the
disk and rings appears to be as much as 10 percent brighter
than the rings, the difference being approximately 3 times
the noise level.

At 10.2U the dark zone is brighter by

an amount equal to the noise level.

Although the beam

pattern is not precisely known, the observations imply a
substantial amount of radiating material interior to ring B,
i.e., the visually faint, "dusky" ring C and the even fainter
ring D (Guerin, 1970).
With the broadband 1.5 - 300|i flux observed by Aumann,
et al. (1959) and the ratio of the projected areas of the
disk and rings, it is possible to obtain the effective
temperature of each of the two components of the system
if relative spectra of each are known.

Only preliminary

and almost arbitrary estimates can be made with the presently
known ratios at two regions of the near infrared spectrum.
If- the ratio at 22U is representative of the effective ratio
of ring-to—disk emission, the effective tempeirature of
the planet is 77K and of the rings is 6IK for band albedos
of 0.45 and 0.80 respectively.

The same albedos and an
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effective rirxg-to-disk emission ratio of 0.40 gives planetary
and ring effective temperatures of 80K and 45K respectively.
Hence decreasing the importance of the rings has little
effect oh increasing the planetary temperature, but de¬
creases the temperature of the rings quite rapidly.

Similar

calculations using the 30 -- 3000 observations yield a far
infrared temperature for the planet of 89K by using a
ring-to-disk emission ratio of 0.60, and show the rings
to be about 8K brighter in the far infrared than in the
above average over the entire spectrum.

Because the far

infrared observations are on the Rayleigh-Jeans side of
the thermal peak, the rate of decrease of ring temperature
with decreasing emission ratio is approximately the same
as the increase in planetary temperature.

A 75 percent

variation in the far infrared flux from the Saturnian system
would be expected to occur as the inclination of the rings
varies from 0° to 25° if the temperatures are those given
above for an emission ratio of 0.60.

The corresponding

variation at 22P- would be only 17 percent because of the
relatively smaller contribution of the ring emission.
Bobrov (1970) has concluded that the ring system consists
of particles having various radii from a few centimeters
to a few maters distributed in a plane 2 - 4 km thick,
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with an optical depth of approximately 1 for ring B, on
the basis of photometric observations of its phase function.
Other models which require particles with radii of a few
microns to several hundred microns, including those of
Franklin and Cook (1965), are rejected on the basis of
a calculation showing that radiative braking would limit
the lifetime of particle orbits to less than 5 x 10

years.

Watson, Murray, and Brown (1963) have shown that the
Poynting-Robertson effect requires the minimum radius of
a particle in ring A to be 4.4 cm in order to remain in
orbit for the life of the solar.system,~4.5 x 10^ years.
Considering the effect of multiple scattering as well as
particle-particle scattering, Lumme (1970) has found the
solar- phase and elevation dependency of the visible photo¬
metry to imply geometric and Bond albedos of 0.82 and 0.90
for ring 3, and optical thicknesses of 1.25 and 0.30 for
rings 3 and A. respectively.
Owen (1965) suggests that the rings probably consist
of ice on the basis of similarities between the ring spectra
and the reflection spectra of block ice at X ^ l.llp, and
the relatively high vapor pressures of NH^ and CH3.

It

has been shown that H20 frost also fits the ring spectrum
obtained by Kuiper,Cruikshank, and Fink (1970) between
1.2:1 end 3.0 U (Pilcher, Chapman, Lebofsky, and Kieffer,
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1970).

Laboratory spectra obtained by Kieffer (1970)

show chat in some circumstances an H2O frost layer may
completely mask the spectral characteristics of an under¬
lying material and suggest the possibility that the ring
particles may consist of other materials as well as ice.
The absorption feature in the spectrum of Kuiper jet al.
(1970) near 3.7U, and the deviations from an ice spectrum
in the visible reported by Lebofsky, Johnson, and McCord
(1970) indicate material other than H2O ice to be present.
Further laboratory spectra after those obtained by Kieffer
and at longer wavelengths are necessary to interpret the
infrared observations reported hare.

f.

Uranus and Neptune
The near infrared surface brightnesses of Uranus in

Table le are given as brightness temperatures in Table 5
along with the millimeter and radio observations of
Uranus and Neptune.

The 5.Op and 10.2p fluxes, although

of little significance because of the large uncertainties,
are close to the values expected for reflected sunlight.
The most recent observation at 22U is considered to be the
most reliable and gives a brightness temperature slightly
lower than the value of 55(^3^ reported by Low (1966),
but the difference is not significant with respect to the
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error bars.

All infrared brightness temperatures for the

planets have been calculated using the planetary radii
given by Allen (1962).

The value for Uranus as reported

by Dollfus (1970a) results in surface brightnesses 7 percent
below those shown in Table le, thus having a negligible
effect on the near infrared brightness temperatures.

5.2

The Satellites
The four largest satellites of Jupiter, with the

exception of JII, have bean observed in all five of the
near infrared windows and the largest satellite of Saturn
has been Observed at K, N, and Q wavelengths.

One observation

of the asteroid Vesta has been obtained at all five, wave¬
lengths, the discussion of which has bean included in this
section.

Before the average surface brightness of the

satellites was plotted as shown in the relevant figures,
a correction was applied to account for the new values
of satellite radii reported by Dollfus (1970b).

The radii

used are included in the summary of brightness temperatures
given in Table 6.

a.

Asteroid Vesta
The monochromatic surface brightnesses of Vesta given

in Tabla If are calculated using a radius of 190 km (Allen,
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1962) and ara plotted in Fig. 5 using a mean observational
radius of 210 'km (Dollfus, 1970b).

The 2.2 u and 3.4u points

are seen to follow quite closely the white reflection
spectrum of the sun, giving geometric albedos of 0.36
and 0.37, respectively.

At the M, N and Q wavelengths

the brightness temperatures are 244K, 246K and 226K,
respectively.

Taking into account reflected solar flux

at 5.0U reduces the corresponding brightness temperature
by a maximum of 14K for a reflectivity of 1.0, or 4K for
a reflectivity similar to that at 2.2 and 3.4U.

Thus the

5.0 and 10.2\x temperatures are 5 - 10K higher than the
subsolar temperature of a spherical asteroid and approximately
70K above the equilibrium temperature for a rapidly rotating
sphere (Gahrels, 1967).
The Bond albedo used to obtain tha radiative equilibrium
temperatures is that given by Allen (1962) and may be
responsible for part of the apparently high emission from
Vesta.

It is also possible that the radius has bean under¬

estimated, but the magnitude of the error necessary to bring
the 10.2P temperature down to the subsolar temperature is
almost 30 percent.

The observations in the lOp window

reported by D. A. Allen (1970) also imply a radius near
270 km.

Another method of obtaining agreement between
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the observed and calculated blackbody temperatures is
to include the effects of emissivity less than unity.

By

selecting a suitable average emissivity (i.e., that which
gives an effective gray body temperature) it is possible
to balance the calculated effective temperature and the
monochromatic brightness temperature.

Doing so for the

10.2U observation of Vesta requires an average thermal
emissivity of approximately 0.3 and gives a temperature
of 313K, if the effective temperature is taken as the
subsolar temperature for an albedo of 0.27.

Using the

much lower average temperature expected results in much
more extreme values of emissivity and actual temperature.
In reality the emissivity may be a complicated function of
wavelength with the 100 window located at one of the rela¬
tive maxima.
Although the near infrared low resolution spectrum of
Vesta conforms in shape to that expected for a spherical
object, in equilibrium with solar radiation, the thermal
component appears to be too high to be satisfactorily
explained by a modification of any one of the uncertain
parameters.

The premiss that the asteroid has a smooth,

diffusa surface at the wavelengths in quesbion is also open
to doubt, but again, more than one change in the simple
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model of the asteroid is necessary to understand the
observations.

b.

The Galilean Satellites
The results for the Galilean Satellites are summarized

by Fig. 6, and the average thermal brightness temperatures
are given in Table 6.

Error bars represent one standard

deviation from the mean whan more than two observations
are available.

Fig. 6 also includes the observations at

3.5, 4.9, 8.4 and 11.OU reported by Gillett and Merrill
(1970), which have bean corrected to the new values of the
satellite radii.

It is seen that although the observations

in the I0U window agree quite well, those at shorter wave¬
lengths exhibit some discordance.

The disagreement is

probably due in part to a sparsity of observations, and if
the observed variations with rotational phase angle in the
visible and photographic infrared also occur in the near
infrared reflection spectra, the combination could produce
significant differences (Harris, 1951; Johnson, 1971).

The

10u observations reported by Low (1965a) are in very close
agreement with the present results.
Jupiter I is seen to have a much higher geometric
albedo at 2.2 and 3.40 than the other three satellites,
with the present observations giving values of 0.76 and
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0.75, respactively.

The 10.2u and 22U points show JI to

appear observationally very similar to Vesta, and much
of the discussion of Vesta can ba applied directly to the
case of JI.

However, the strong possibility that JI pos¬

sesses an atmosphere, as indicated by eclipse brightening
and the similarity of the color spectrum in the visible
with that of Titan, is a more likely explanation for the
high brightness temperatures observed (Binder and Cruikshank,
1964; Johnson,

1971; Harris,

Lebofsky jet al.,

1970).

1961; Johnson and McCord,

1970;

If CH^ is the major constituent

of the atmosphere, the brightness temperature at 10.2U
would be expected to be higher than at 22U because of the Vy
'4
rotational band at 7.711.

Not only is such the case, but

the observations of Gillett and Merrill (1970)

show the

brightness temperature in the 8 - 8.8p interval to ba 8-10X
higher than in the 10-12p. interval, with the two baing ap¬
proximately evenly spaced about the 7.5 - 13.5U brightness
temperature of 144.K reported here.
The anomalously high brightness temperature of 228K
at 5p is too high to be from reflected solar radiation, and
the large disc3:epancy between observations requires larga
magnitude variations if the effect is due to a property of
the satellite's surface or atmosphere.

In the case of
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Jill and JIV the difference between the two observations
at 5t is even larger, and although the surface brightness
of Jill corresponds to a geometric albedo less than 1.0,
further observations should be made to determine the cause
of the apparent discrepancy.
Observations of the outer three Galilean satellites
at thermal wavelengths do not require the presence of an
atmosphere, nor do other observations indicate atmospheres
on JII, JUT., or JIV.

The 22\x brightness temperatures

of each are very near the disk averaged effective tempera¬
tures calculated for insulating black spheres using the
albedos given by Allen (1962).

The brightness spectra show

an increase in temperature at 10.2U slightly less significant
than than in the case of JI, and the observations of Gillett
and Merrill (1970) show no significant difference in bright¬
ness temperature which could be attributed to the presence
of a CH^ atmosphere.
JII, Jill and JIV exhibit very low geometric albedos
at 2.2 and 3.4U: for JII, p

= 0.11, p

-tk

= 0.08; for Jill,
X-J

PK = 0.20, pL = 0.02; for JIV, pK = 0.10, pL = 0.03.

CH^,

NH^ and H^O have absorption maxima near both wavelengths,
but it is unlikely that pure CII^ or NI-I^ ice or frost exists
on the surface of these satellites because of their relatively
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high vapor pressures (Watson ejt aJL., 1963).

Hence H20

ice, or possibly ^0 covered CH^ or NH^, appears to be
the most probable major surface constituent of the 3 outer
Galilean satellites.

c.

Titan
The observed surface brightness of Titan is shown

in Fig. 7 and the corresponding brightness temperatures in
the thermal region ajre given in Table 6.

The 2.2b geometric

albedo of 0.07 is comparable to those of JII and JIV, but
in the case of Titan is probably the result of atmospheric
absorption rather than low surface albedo.

At 10.2b the

brightness temperature is significantly above the subsolar
effective temperature of 123K calculated for a Bond albedo
of 0.12 (Harris, 1951), and would require an increase in
the radius by a factor of 1.7 to account for the excess
flux.

In contrast to the spectrum of JI, that of Titan

shows a very large decrease in brightness temperature at
22b to a point approximately 15K below the effective temper¬
ature expected for a non-rotating, insulating sphere.
Although the albedo of 0.12 was calculated using a
phase integral equal to that of the moon, it is unlikely
that, the tenuous CII^ atmosphere detected spectroscopically
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(Kuiper, 1949) can be responsible for increasing the phase
integral enough to lower the calculated effective temper¬
ature to the.value of the observed brightness temperature
at 22U.

The 220 observations can be understood qualitatively

in terms of an atmosphere which transports energy from the
illuminated hemisphere, or an atmosphere or surface which
has low smissivity at 22U, or both.

The 10.20 and 220

observations taken together indicate a redistribution of
energy in the thermal spectrum due to selective absorption
properties of the atmosphere in addition to a. possible
greenhouse effect.

Allen and Murdock (1971) have obtained

a 10-14U brightness temperature of Titan 10K lower than the
7.5 - 13.50 brightness temperature, but significantly higher
than the 22|a temperature.

Hence the 10.2U temperature re¬

ported here is pirobably not due only to reradiation through
the v'4 band of CH^.

Further observations using higher spectral

resolution than those reported here should clarify the
question of whether a second constituent is present in Titan's
atmosphere.
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6.

CONCLUSIONS
Observations of the surface brightness spectra over

the majority of the thermal emission spectrum of the three
planets, Venus, Jupiter and Saturn, have shown that signi¬
ficant variations from blackbody radiation are present
in the far infrared as well as the previously observed
near infrared.

The largest deviations from a constant

temperature occur near the peak of the thermal spectrum,
and im the case of Jupiter and Saturn can be interpreted
in terms of the pressure induced vibration-rotational
and translational absorption coefficientsof in the
upper atmosphere.

On the basis of modal atmosphere

calculatioris available at this time, the Jovian observations
indicate a low He to

abundance ratio of 1/5 or lower,

i.e., near the solar abundance.

No model has yet been

constructed which predicts the observed broadband spectrum
of Jupiter.

Differences between calculations and observations

occur at infrared wavelengths in the 200 - 300U region
and 'with the magnitude of flux emitted from the disk.
Part of the difficulty may arise from an oversimplification
or misunderstanding of the temperature profile as indicated
by 5b observations, which at high spatial resolution show
that the large fluxes emitted originate from depths below
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the visible cloud decks only in the region of the north
equatorial belt.
The brightness temperature obtained thus far at wave¬
lengths beyond 14ji are averages over large energy intervals
of the spectrum and may conceal significant variations in
brightness temperature.

Some increase in radiometric

resolution is possible through more extensive use of inter¬
ference filters in combination with the cooled crystals
tested for this project, and such radiometry should be
sufficient for the complete determination of the thermal
emission continue of Mars, Venus, Jupiter and Saturn.

For

the detection of possible line radiation in the far infrared,
as is expected from inversion radiation in the case of
Jupiter and Saturn, present energy limitations require the
use of interferromatrie techniques.

The importance of the

rings in determining the far infrared spectrum of Saturn
requires an instrument with much higher spatial resolution
than is presently available, or the continuation of the
present observations over.a period including a significant
change in the ring elevation angle.

If it is found that

the rings are responsible for a significant fraction of the
far infrared flux from the system, as they are at 22d, the
high effective temperature determined by ftumann ej: al.
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will have to be lowered to a point vary near the calculated
equilibrium temperature.
The possibility of "contamination" of the far infrared
spectra by atmospheric water vapor emission has not been
completely eliminated; however, continuing observations
and additional experimental tests will soon clarify the
problem.
Near infrared measurements of planetary surface bright¬
ness have greatly increased the extent of observation of the
planets and has shown that to within the precision of the
present results, no long term variations in surface or
atmospheric conditions have occurred.

The results presented

hare do show, however, that the present observing programs
are not adequate for improving the understanding of the
near infrared emission characteristics of the planets.

Much

uncertainty regarding the short time variation as well as
the accuracy of surface brightness can be removed by imple¬
menting a planetary observing program designed as such,
one facet of which would include making planetary observations
with beams of well known shape and with size larger than
the planet being observed.

Measurements of the surface

brightness of Saturn's ring system using higher spectral
resolution, in conjunction with further laboratory spectro-
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scopy,

should increase understanding of the composition

of the rings and .hence the far infrared emission character¬
istics of the rings.
The near infrared observations of the major satellites
of Jupiter and Saturn indicate that both Titan and JI have
a thin atmosphere.

Titan is known from spectroscopic

observations to have an atmosphere of Cfl , and CH„ is the
4
4
most probable candidate for an atmosphere on JI.

The

surface composition of the satellites is the determining
factor in the spectra of the outer Galilean satellites and
may be as important for JI and Titan as their tenuous
atmospheres.

The high brightness temperatures observed for

Vesta, which in any case is too small to retain an atmosphere,
are much higher than parameters determined from visual
measurements imply,

and indicate that further work is

needed to understand the details of even the simplest members
of the solar system.

The wideband observations reported

here show a general similarity be tween all the atmosphere less
objects studied: the 10U brightness temperatiares are
considerably higher than those at 20p , and both are signifi¬
cantly higher than is expected for blackbody equilibrium
with solar insolation.

As in the case of the Saturnian

ring system, more spectroscopic studies of the emission
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characteristics in the 5 - 25U region of the spectrum
are needed of several materials, especially ices and
combinations of ice frosts and silicates.

Table 1
a.

Julian
Date

Notes

39544

Phase
Angle
(°)
35

Venus

Monochromatic Surface Brightness
(10-4 W cm-2 n "I)
5.00
10.2u
22 U
0.2.98

40252

1

89

9.99

8.59

40255

1

93

8.34

6.05

40262

1

98

11.5

8.36

40263

1

98

12.6

6.32

40283

1

116

10.2

a = 0.7233 a.u.
1.

Beam diameter less than the diameter of the planet

Table 1
b.

Julian
Date

Notes

39539

2

39555

39556

39569

39571

Phase
Angle
(°)

Mars

Monochromatic Surface Brightness
(10-4 W cm z \s )
10.2u
22\i
5.0u
7.64

32
26

1.63

26

1.32

26

1.67

26

1.57

26

1.44

(2)

20

4.42

(2)

20

4.98

2

18

40254

37

14.9

8.42

40256

37

15.2

7.14

40263

37

14.8

8.20

40298

36

13.9

6.58

40299

36

13.2

6.65

36

14.9

8.95

33

15.0

8.89

40316
40329

2

29

15.0

6.45

40331

2

28

15.3

7.56

Table lb.

40334

(Continued)

2

27

16.5

2

27

15.6

8.26

40364

2

7

16.3

6.58

40366

2

6

13.7

2

6

16.9

2

4

15.9

40368

a = 1.524 a .u.
'2.

Beam diameter greater than one, but less than two,
times the diameter of the planet.

10.2

Table 1
c.

Julian
Date

Notes

39539

1

39543

Jupiter

Monochromatic Surface Brightness (10
5. Op
10.2u

—

W cm
22 u
3.99

1.48
1.39

39545

2.11

39555

1.40
1.46
1.62

39557

2.62

39571

1

40251

1

1.87

7.86

40253

1

2.12

4.77

1

1.92

5.38

1

2.14

5.49

1

2.00

5.47

1

1.74

4.92

1

1.97

4.42

1

1.93

4.34

1

2.12

6.14

40254

40255

40263

4.32

Table 1c.

(Continued)

40282

1

1.73

4.11

40283

1

1.86

6.66

40297

1

1.40

2.63

40329

1

1.28

3.00

40333

1

1.23

1.51

1

1.65

4.29

1

1.27

2.38

1

1.49

5.00

1

1.90

40334

40364

a" = 5.2 03 a.u.
1.

Beam diameter less than the diameter of the planet.

Table 1
d.

Julian
Date

Notes

Saturn

6
-2 -1
W cm
p
Monochromatic Surface Brightness do" TT
10.2p
22 p
5.Op
1.00

39544
40166

1

0.452

1.16

402 55

1

0.698

2.83

40263

2

0.826

1.88

40511

1

40512

1

1.56 (±0.03)

1

1.99 (±0.03)

~a

1.67 (±2.3)

0.635 (± 0. 058)

= 9.540 a.u.

1. Beam diameter less than the diameter of the planet.
2. Beam diameter greater than one, but less than two
times the diameter of the planet.

Table 1
e.

Uranus

Julian Monochromatic Surface Brightness (10 ® W cm"^ u
Date
5.
22u
10.2|i
40316

540

40321

120

40992

a = 19.18 a.u.
R = 23 800 km

9.2
6.44(±5.55)

)

33
2.48(±0.92)

Table 1
Vesta

Julian
Date

Monochromatic Surface Brightness
5. On
2.2 u
3.4 v-L

40633

a = 2.361 a.u.
R = 190 km

6.19

1.38

1.10

O

l

f.

c.m”2

-1

IJ

)

10.2[i

22UL

13.6

5.18

Table 1
Jupiter I

Julian
Date

Rotational
Phase Angle

(°)

Monochromatic Surf j\ce Brightness
(10-5 W cm ^' 0
)
10.2p
22p
2.20 3.4p
5. Op
5.76

39804

213

40254

301

2.30

5.35

40255

327

2.46

4.11

40263

329

2.79

5.16

40283

260

0.982

5.76

40642

216

26. 4.5

6.06

1.14

4.06

40669

330

23. 6.0

2.81

2.02

3.13

R = 1670 km
a" = 5.203 a.u,

Table 1
h.

Jupiter II

Julian
Date

Rotational
Phase Angle

39804

168

40255

127

0.814

4.24

223

0.252

2.46

40263

216

0.647

2.83

40282

74

40334

298

40669

44

R = 1460 km
"a = 5.203 a.u.

(°)

Monochromati,c Surface Brightness
(10““’ W cm-2 0"1)
10.20
220
2.2 u
3.4J
2.88

3.18
0.333
3.63

.545

0.358

2.57

Table 1
i.

Rotational
Phase Angle (°)

Monochromatic Surface Brightness
(10~5 W cm"2 U-1)
to
•
to

Julian
Date

Jupiter III

3.4 UL

5.0u ■

10.2p

22p

39539

291

5.81

39804

205

6.85

40171

315

6.85

40254

207

2.22

6.21

40255

260

2.24

5.21

40263

253

2.48

6.75

40283

221

2.25

7.16

40331

113

3.27

7.83

118

3.08

5.12

212

2.38

2.68

215

1.99

2.23

40334

268

2.27

4.18

40642

94

2.70

4.65

40333

R = 2550 km
a = 5.203 a.u,

6.88

.181

1.51

Table 1
j.

Julian
Date

Jupiter IV

Rotational Monochromatic Surface Brightness
(10 5 W cm-2 p-1)
Phase .Angle (°)
22p
2.2p
3.4p. 5.Op
10.2p
5.50

39543

103

39804

271

40254

233

6.28

40255

275

6.19

42063

69

5.96

40282

136

5.31

9.55

40283

158

5.40

2.54

42097

106

6.00

8.80

40298

127

5.53

40329

74

5.75

76

5.78

12.9

114

5.09

11.8

116

5.43

7.98

40332

136

6.00

8.49

40333

156

5.71

4.49

158

5.21

5.65

40605

219

5.75

40634

122

40331

"R = 2360 km
a =■ 5.203 a„u

12.0

3.58

.256

12.3
9.68
12.9

10.2
6.85

11.4
5.11

Table 1
k.

Julian
Date

Titan

Rotational Monochromatic Surface Brightness
(10“6 W cm 2 j -1-)
Phase Angle (°)
22 u
2.2 n
10.2|i

40511

297

40567 •

106

40569

8.3(+4.3)

6.72(±0.83)

10.4

4.21

187

11.4

4.08

40570

237

11.6

4.18

40593

344

11.5

5.12

40633

229

10.6

4.80

40992

342

R = 2440 km
a" = 9.540 a.u

5.94

8.1(±3.2)

3.54 (±1.77)

Table ll
Observed Far Infrared Brightness Temperatures (K)

Half-Power
Wave length
Interval (p)

Effective
Wavelength
(|~i)

Venus

Jupiter

Saturn

30-300

62

254(+4,-5)

136(+3,-2)

103(+4,-5)

30-47

37

208(+4,-4)

124(+3,-2)

94 (+5, -5)

46-82

58

270(+9,-10)

149(+5,-4)

107(+7,-7)

67-105

78

276(+11,-10)

140(+6,-7)

117(+19,-22

77-300

124

246(+9,-9)

134(+4,-5)

110(+14,-16

100-300

142

220(+8,-9)

140(+6,-5)

88(+32,-42

Table 2
Venus

Wavelength

Brightness Temperature (K)

Reference

10.2*1

221(±10)

Low (1965a)

22n

248(±10)

Low (1966b)

30-300(J

254(+4,-5)

30-47|i

208(+4,-4)

46-82^

270(±9,-10)

67-105p

276(+11,-10)

77-300|i

246(+9,-9)

100—300p.

220(+8,-9)

1,2 ram

222(±24)

3. 2 mm

300(+57,~27)

Tolbert and
Straiten (1964)

3.4 mm

296(±30)

Epstein, et. al
(1968)

4. 3 mm

330(+56,-36)

Tolbert and
Straiton (1964)

8.6 mm

375(±52)

8.6 mm

423(+42,-30)

1.18 cm

400(±36)

1.28 cm

418(±38)

1.35 cm

436(±39)

1.43 cm

451(±40)

1.58 cm

477(±57)

11.3 cm

605(±33)

This work

Kalaghan and
Wulfsberg (1968)

Law and Staelin
(1968)

Kellermann (1966)

Table 2 (cont'd)

21.3 cm

590(±30)

31.2 cm

510(±50)

48.4 cm

505(±100)

Kellermann (1966)

Table 3
Jupiter

Wavelength

Brightness Temperature (K)

Reference

5|J

214(+7,-3)

10.2u

143(+2,-3)

22M

131(+11,-15)

30-300M

136(+3, -2)

30-47p.

124(+3, -2)

46-82u

149(+5,-11)

67-105M

140(+6,-7)

77-300U

134(+4,-5)

100-300M

140(+6,-5)

1. 2 mm

153(±15)

Low (1965a)

3.2 mm

111(+22,-11)

Tolbert (1966)

3.3 mm

153(±15)

Epstein et al.
(i970a)

4.3 ram

105 (+18,-12)

Tolbert (1966)

8.35 mm

144(±23)

Thornton and
Welch (1963)

8.6 mm

113(±11)

Tolbert (1966)

8.6 mm

142(+14,-10)

Kalaghan and
Wulfsberg (1968)

1.18 cm

120(±11)

1.28 cm

120(±11)

1.35 cm

107(±12)

1.48 cm

112(±12)

This work

Law and Staelin
(1968)

Table 3 (cont'd)

1.58 cm

136(±28)

Law and Staelin
(1968)

1.95 cm

149(±7)

Kellermann (1970)

Table 4
Saturn

Wavelength

Brightness Temperature (K)

5|i

176

10.2\i

107(+2,-3)

22\i

30-300p.
30-47

78(+5,-4)
103 (-4,+5)
94(+5,-5)

46-82p

107(+7,-7)

67-105p

117(+19,-22)

77-300p.

110(+14,-16)

100-300g
1.2 mm
3.2 mm

Reference

This work

88(+32,-42)
140(±15)
97(+52,-42)

Low ana Davidson
(1965)
Tolbert (1966)

3.3 mm

125(±13)

Epstein et al.
(1970a)

3.5 mm

132 (±6)

Pauliny-Toth and
Kellermann (1970)

4. 3 mm

103(+70,-64)

Tolbert (1966)

8.4 mm

151(+7)

Wrixon and Welch
(1970)

8.6 mm

116(±30)

Tolbert (1966)

9.5 mm

127(±3)

Pauliny-Toth and
Kellermann (1970)

9.8 mm

138(±6)

Wrixon and Welch
(1970)

Table 4 (cont'd)

1.18 cm

131(±5)

1.26 cm

127(±6)

1.46 cm

133(±8)

1.53 cm

139(±16)

Welch et al.
(1966)

1.95 cm

145(±4)

pauliny-Toth and
Kellermann (1970)

6 cm

179(±19)

11.3 cm

196(±20)

21.3 cm

303(±50)

Wrixon and Welch
(1970)

Kellermann (1966)

Table 5
Uranus

Wavelength

Brightness Temperature

10.2[i

92(+3,-12)

22M

'58 (+7,-6)

1.2 mm

103(±32)

3.3 mm

105(±13)

(K)

Reference

This work

Epstein, eb al.
(1970a)

3.5 mm

111(±7)

905 mm

125(±15)

Pauliny-Toth and
Kell-ermann (1970)

.1.95 cm
11 cm

181(±7)
130(±40)

Kellermann (1966)

Neptune
3.5 mm

95(±5)

9.5 mm

143(±18)

1.95 cm

184(±22)

Pauliny-Toth and
Kellermann (1970)

Table 6
Infrared Brightness Temperatures

(K)

of the

Galilean Satellites and Titan
3
Radius(10 km)

Satellite

TB(10.2H)

TB(22p) .

Jupiter I

144(+5,-6)

130(+3,-2)

105

1.750(1.075)

Jupiter II

125(+4,-7)

117(+3,-5)

110

1.550(1.075)

T _ (disk)

Jupiter

in

145(±3)

129(+8,-9)

131

2.775 (1.065)

Jupiter

iv

158(12)

141(+10,-12)

140

2.500(1.075)

104

2.425

Titan

135(+2,-3)

89(+5,-3)
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FIGURE CAPTIONS

Figure la-o. 30b - 300b

transmission of far infrared

filters cooled to 2K.

More than one symbol

indicates data obtained on different days.

Figure 2.

Surface brightness of Venus.

Solid curvet

blackbody emission corresponding to the
temperature expected for a highly conductive
sphere in radiative equilibrium with solar
insolation at the mean orbit of Venus (Bond
albedo = 0.77).

Dashed curve: solar flux

reflected from an intrinsically white sphere
at the mean orbit of the planet.

Dotted

curve: monochromatic surface brightness
between 2.8b and 14b (Gillett, Low and
Stein, 1968a).

Open circles: ground based

photometry at 10.2 b and 22u (Low, 1965a;
1966b); airborne radiometry between 30b
and 300b .

The half-power bendwidth of

the filters is indicated by horizontal bars.
Vertical bars on points beyond 30b indicate
lcr variations from the mean of several
deflections obtained from the flight of
8 Feb. 1971.
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Figure 3.

Surface brightness of Jupiter.

Solid

curve: blackbody emission corresponding
to Jupiter's effective temperature of 134K
(Aumann e_t aJL., 1969).
as for Venus.

Dashed curve: same

Dotted curve: 2.8 - 14 b

monochromatic surface brightness of Jupiter
(Gillett, Low and Stein, 1969).

Open

circles: ground based photometry below 25b
and airborne wide band radiometry between
30p and 300b.

Vertical bars below 25b

indicate upper and lower limits of observed
fluxes.

Vertical bars in the far infrared

and horizontal bars have the same meaning
as for Venus.

Figure 4.

Surface brightness of Saturn.

Solid curve:

blackbody emission corresponding to Saturn's
effective temperature of 97K (Aumann e_t al♦,
1969).

Dashed curve: same meaning as for

Venus.

Dotted curve: unpublished 2.8u-

14b photometry by Gillett, Low and Stein
obtained in Nov. and Dec. 1968.

Open circles

ground based photometry below 25b and air-
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borne radiometry from 30b to 300b.

Vertical

and horizontal bars have the same meaning
as for Jupiter.

Figure 5.

Surface brightness of Vesta obtained from
ground based photometry.

Solid curves:

upper and lower limits of surface amission
from a blackbody in equilibrium with solar
insolation at the orbit of the object;
T

max

corresponds to the emission from the

subsolar point of a synchronously rotating
sphere, T

corresoonds to the thermal flux

radio bed from a rapidly rotating sphere.
Dashed curve: solar flux reflected from an
intrinsically white sphere at the mean solar
OJrb.it of the object.

Open circles: mean

brightness obtained from one night of
observations,

a = 2.36 a.u., A = 0.27,

R = 210 km.

Figure 6a-d. Surface brightness of the Galilean satel¬
lites.

Solid and dashed curves have the

same meaning as for Vesta.

Squares:

observations reported by Gillett and Merrill
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(1970) adjusted for the same parameters
as used here.

Open circles: near infrared

photometry reported here.

Error bars

indicate la variations from the mean of
several observations.
R = 1750 km.

a) JI: A = 0.73,

b) JII: A = 0.68, R = 1550 km.

c) Jill: A = 0.34, R = 2775 km.
A = 0.13, R = 2500 km.

Figure 7.

d) JIV:

‘a = 5.20 a.u.

Surface brightness of Titan..

Symbols have

the-same meaning as for Vesta and the
Galilean satellites.

a = 9.54 a.u.,

A = 0.12, R « 242 5 km.

Figure 8.

Surface brightness of the Jovian disk at
5.0U obtained on 17 June 1969.

Heavy

curve: photometer scans across the disk
with brightness plotted vertically and
centered on the scan line.

Light curves:

arbitrary contours of constant surface
brightness.

The photometer resolution

as indicated is approximately 1/5 the
disk diameter.

Figure la
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