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I. Introduction

This paper is intended as a review of the preliminary
of the radio occultation measurement of the atmo-

of Mars that was carried out as the Mariner IV

spacecraft passed behind the planet on July 15, 1965.

Most of these results are abstracted from previous pub-

lications (Ref. 1).

From the very precise data that were acquired in the

course of the experiment, preliminary analysis has pro-

duced several unexpected results. Among these the fol-

lowing points summarize the findings.

1. The values of density, pressure, scale height, and

temperature near the surface of Mars have been

found to be lower than expected. !

2. Based on the occultation results, as well as terres-

trial spectroscopic measurements of CO2 abundance

in the atmosphere of Mars, it is concluded that ear-

bon dioxide must be the primary constituent.

II. Experiment

The Mariner IV Occultation Experiment (Ref. 2) has

been carried out by investigators from the Jet Propulsion

Laboratory, Stanford University, and CorneU University.

Previous knowledge of such atmospheric properties as

the surface pressure and density, as well as scale height,

has been quite poorly defined. The surface pressure, as

deduced from recent spectroscopic observations of weak

and strong CO, absorption bands, was thought to lie
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somewhere between 10 and 40 mb (Refs. 3, 4). The ver-

tical structure of the atmosphere has not previously been
accessible to direct Earth-based measurement, and could

only be estimated by assuming atmospheric constituents

and temperatures.

The results of the Mariner IV occultation experiment,

when fully analyzed, will provide an improved definition

of the surface density and pressure, as well as the vertical

structure of the atmosphere and the electron density pro-

file of the ionosphere of Mars. However, even a rather

superficial analysis performed in the time since acquisi-

tion of the data on July 15 has yielded significant results.

As the spacecraft approached the limb of the planet,

the presence of an atmosphere and ionosphere caused the

velocity of propagation of the radio signal to deviate

from that in free space because of the non-unity index

of refraction of the neutral and ionized media. Also, the

radial gradient of the effective index of refraction caused

the radio beam to be refracted from a straight line path.

Both of these effects caused the phase path length of the

propagation to differ from what would have been ob-

served in the absence of an atmosphere and ionosphere.

Thus, since the geometry, obtained from the estimated

trajectory, is known, the measured deviation in phase

can be used to estimate the spatial characteristics of the

index of refraction (or refractivity) in the atmosphere and

ionosphere by a process of integral inversion or by model
fitting (Refs. 5-7).

The analysis of doppler tracking data taken before and

after planetary encounter yields the trajectory of the

spacecraft at the time of occultation with such precision

that the range rate of the spacecraft is known to an accu-

racy of 0.0015 m/sec. Thus any significant deviation of

the received doppler data from orbit determination pre-

dictions can be expected to be caused by atmospheric

and ionospheric phase-path effects.

It must be pointed out that the phase changes due to

the atmosphere amount to about 30 cycles (wavelengths),

and those due to the ionosphere about 10 cycles. These

changes are obtained by subtracting from the total radio

frequency phase change of about 3 × 101_ cycles during

the time period of the experiment all the predictable

phase-shift caused by the motion of the spacecraft,

motion of the stations on the Earth, reference phase

changes, light-transit time effects, the effects of the

Earth's troposphere, and others. Thus it is implied that

the total phase change due to all causes other than the

atmosphere and ionosphere of Mars must be known to

an accuracy of less than 1 part in 1011.

Before discussing the data obtained in this manner,

the geometry of occultation for both entry and exit will

be described. At entry into occultation, the spacecraft
was at a distance of 25,570 km from the limb of Mars,

traveling at a velocity of 2.07 km/sec normal to the

Earth-Mars line. The point of tangency on the surface

of Mars was at a latitude of 50.5* South and a longi-

tude of 177" East, corresponding to a point between
Electris and Mare Chronium. At the time of exit from

occultation, the distance from the limb of Mars had in-

creased to 39,150 km, and the point of tangency
located at about 60* North latitude and 34* West

tude, falling within Mare Acidalium.

III. Data

Doppler and amplitude data were taken both during

entry and exit by the NASA/JPL Deep Space Instrumen-

tation Facilities (DSIF) at Goldstone, California, and
Tidbinbilla and Woomera in Australia. The Goldstone

stations (Echo and Pioneer) took standard tracking data

doppler (closed-loop) as well as open-loop records (de-
scribed elsewhere in this report) of the received signal.

The Australian stations took only doppler data. At entry

all data were taken while the spacecraft transmitter fre-

quency reference was provided by a frequency standard

on the Earth. At exit, a 9-sec portion of the data was

received while the spacecraft transmitter frequency ref-

erence was provided by an on-board crystal oscillator. In

the latter mode, the precision of phase measurements is

significantly degraded.

Figure 31 shows the range rate doppler residuals (ob-

served minus predicted phase change in 1 sec) based on

data received at the various DSIF stations at entry. The

points marked O/L have been obtained from the
loop records by means of spectral density analysisqFa

the other points are derived directly from data processed

through the JPL orbit determination program. One may
observe that the data from the various sources show a

high degree of consistency, except for the doppler points

at 02h31m11:5, which are suspect because the time of

loss of signal is estimated to be between 02h31mll._2 and
02_'31"'11._6 GMT.

A different presentation is shown in Fig. 32, which

represents the total phase change as a function of time,

derived from Station 11 (Goldstone-Pioneer) doppler re-

siduals. The maximum effect of the ionosphere appears
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at about 02h30m10 s, and the final upswing beginning at

about 02h30m50" is caused by the neutral atmosphere. It

is interesting to note the extreme smoothness of data sug-

gested by the low scatter of the data points.

An expanded portion of the phase change plot is shown

in Fig. 33. This graph relates only to the neutral atmo-

sphere, as the estimated effects of the ionosphere have

been removed. Signal extinction time is assumed as
02h31mll,_2 GMT.

IV. Atmosphere

solid curve in Fig. 33 represents the computed

change for a theoretical exponential model atmo-

sphere having a surface refractivity of 3.7 N-units and a

scale height of 9 km. It is obvious that even with this

relatively crude model the fit is excellent. The dotted

line in Fig. 31 represents the computed doppler residuals

for a similar model atmosphere, having a scale height of

8.5 km and N = 3.6. As in the case of the phase change,

the fit of the data appears to be quite good.

Figure 34, due to G. Fjeldbo of Stanford University,

relates maximum phase change, maximum frequency

change (doppler), and refractive gain (at the time of ex-

tinction of signal of 02h31m11.'2) to the surface refractivity
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Fig. 34. Maximum changes in doppler shift, phase, and

amplitude as functions of surface refractivity and

scale height

and scale height of the atmosphere, using an exponential

profile of refractivity. Suggested values of 5.5 ___0.5 cps,

29 -+-2 cycles, and 1.5 to 2.0 db lead to the stippled area
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in the figure. This area corresponds to a surface refrac-

tivity of 3.6 ±0.2 N-units and a scale height of 9 ±1 km.

The gain figure is least reliable, but it can be seen that
better values to be obtained from detailed analysis of

data from all the stations should help considerably in

reducing uncertainty.

A cursory study of the amplitude recordings leads us

to believe that signal dropout was due to a diffracting

edge, establishing the very important fact that the final

ray paths grazed a surface feature on Mars. All refer-

ences to surface conditions in this paper refer to the
altitude of this surface feature. We do not know, of

course, its altitude relative to the mean surface of Mars,

but the geometry of the experiment would make it likely

that it was higher than the mean surface. The refractivity

would change by approximately 1% for each 90 m of

elevation of the limiting surface feature above the mean

surface spheroid of Mars.

In essence then, a simple refractivity model of the

Martian atmosphere has been established. It now re-

mains to infer density and pressure, thus bringing into

focus the question of composition and temperature.

Figure 35 shows the relationship between refractivity

and mass density as a function of composition, ranging
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Fig. 35. Mass density vs refractivity for various

atmospheric compositions

from pure COs to 50% COs and 50% argon. To be con-
sistent with the value of scale height determined in this

analysis and with the estimated surface temperatures

existing at the latitude in question, the composition of

the atmosphere must be considered to be predominantly

CO__, with possibly up to 20% argon and small amounts

of other gases. This finding is also consistent with the

spectroscopically observed COs abundance on Mars.

Two composition models are considered here: (1) pure

COs and (2) 80% CO2 and 20_. argon.

For the atmosphere composed of pure CO_ (model 1)

the total number density at the surface correspovl_g
to the measured refractivity values stated above_s
found to be about 1.9 ±0.1 x 10 '7 molecules/cm 3. The

mass density (see Fig. 35) is then about 1.43 ±0.10

× 10-5 g/cm 3. From the measured value of scale height,

the temperature range would have to be about

180 ±20*K, leading to a surface pressure range of 4.1

to 5.7 rob.

For the atmosphere consisting of 80% COs and 20%

argon (model 2), the various properties are as follows:

number density = 2.1 ±0.10 × 10 _' molecules/cm3;

mass density = 1.55 ±0.1 × 10-'_ g/cm'_; temperature

= 175 ±20°K; and surface pressure = 4.4 to 6.0 mb.

The number densities derived for these models corre-

spond to from 0.7 to 1.0% of the molecular number

density of the Earth's atmosphere at the surface. Since

the scale height in the Martian atmosphere is almost

equal to that of the Earth, the total number of molecules
above a unit area on the surface of Mars is on the order

of 1% of that on the Earth.

In addition to the analysis described above, a least-

squares fit to the tracking data is being carried out, using

a digital computer program due to D. L. Cain

computes refractive effects in the tracking signal,
with the orbits of the Earth, Mars, and the spacecraft,

and then compares these effects with observations.

Results of a preliminary 5-parameter fit, fitting two

atmospheric parameters (surface refractivity and scale

height) and three parameters of a single Chapman-layer

ionosphere, indicate a surface refractivity of about 3.88

and a scale height of 9.4 km.

The higher value of surface refractivity obtained in

this manner could possibly be explained by the circum-

stance that the exact paths of the up-link and down-link
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signals are computed in the program, whereas in the pre-

viously described determination these paths were as-
sumed to coincide.

V. Instrumentation

The results described in previous sections have been

derived from frequency, phase, and amplitude mea-

surements at the DSIF receiving stations during the

occultation experiment. To better understand these mea-

surements, it will be helpful to have a brief description

of the DSIF radio system, including the special modifi-

cations for the experiment. The block diagram of the

is illustrated in Fig. 36.

The ground station uses a rubidium standard to drive

a frequency synthesizer. Its output is then modulated,

multiplied 96 times in frequency, amplified, and trans-

mitted to the spacecraft at 2.1 Gc/sec. When the space-

craft receiver is in lock with the ground-station signal,

the down-link frequency is derived from the receiver's

voltage-controlled oscillator (VCO), which is phase-

locked to the received up-link signal. When no up-link

is received, however, the down-link frequency is derived

from a free-running crystal oscillator in the spacecraft.

The RF signal is amplified and transmitted from a high-

gain spacecraft antenna.

The ground transmitter and receiver system employs

an 85-ft parabolic antenna with a Cassegrainian

simultaneous-lobing feed. A traveling-wave maser cooled

by a closed-cycle helium refrigerator operating at 4.2"K

is used for the receiver front end. After amplification by

the maser, the signal is split into two separate receiver

channels. The first channel consists of a triple-conversion

phase-locked receiver. It is operated in the standard

DSIF receiver configuration. This receiver's VCO is kept

in phase synchronism with the received signal. By a

series of frequency multiplications, divisions, and addi-

tions, the transmitter exciter frequency is coherently com-

pared with the receiver VCO to obtain the two-way

doppler frequency. The receiver automatic gain control

(AGC), which is a received-signal power-level tracking

servo, is used to determine received power level. Appro-

priate AGC voltages were recorded on magnetic tape,

and the doppler count was digitized. This system yielded

AM I ,E 

OSCILLATOR ]_ [ OSCILLATORJ_ T

___ POWER
MULTIPLIER I [ AMPL F ER

I

Fig. 36. DSIF instrumentation far the Qccultation experiment
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frequency information in real time. This channel is also

used as the sum channel of the pointing system for the

simultaneous-lobing antenna.

The second receiver channel, as modified by G. S. Levy,

is a manually tuned, constant-gain, triple-conversion

superheterodyne operated in a nonstandard configura-

tion. It amplifies and frequency-translates the down-link

1.600E -03

signal to the audio-frequency region of the spectrum and

then records it on magnetic tape. The local-oscillator

(LO) signals for this receiver were derived from the

rubidium frequency standard, which drives a pair of

synthesizers. The first LO frequency was periodically

stepped to keep the signal in the receiver's passband.
The second and third LO's were derived from the second

synthesizer operating at 19.996 Mc/sec. The output of
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Fig. 37. Power spectrum of signal at the time of switching from one-way to two-way frequency
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the third mixer had a passband of 1-3 kc/sec, which was

recorded on magnetic tape. Since the LO frequencies

were derived from the rubidium standard, the frequency

integrity of the doppler was maintained. The analog

information on the magnetic tape was digitized after the

mission for use in a digital computer.

Figure 37 is a power spectrum of the audio open-loop

signal made from the digitized tape on an IBM 7094

computer. The time interval from 03:25:16 to 03:25:17

was chosen. During this second, the one-way frequency,

which was first observed as the vehicle reappeared at

03:25:08, was switched off. (This signal component can

n at 2900 cps.) After the one-way signal decayed,
-way signal was recorded at an audio frequency

of 1900 cps. The phase modulation sidebands at

± 150 cps can be seen on both signals.

VI. Conclusions

In conclusion, the results of the preliminary analysis of

occultation atmospheric data are summarized in Table 9.

It should be pointed out again that these numbers are

the results of less than one month's analysis using rela-

tively crude techniques. As the analysis proceeds, the

results will be refined, taking into account additional

data as well as more sophisticated theoretical investiga-

tions of the physical characteristics of the atmosphere.
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