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conclusions about the functional form of the distribution a s  it can be fitted almost equally well 

with Gaussian and exponential functions. However, the r m s  value of the slope clearly can be 

taken a s  about 0.5 ". 
Since the CW spectra a r e  observed to have a shape that is very well fitted by computed 

spectra using the Hagfors scattering law, it i s  assumed that the corresponding C value that 

produces the best fit represents  a measure of the surface slopes in the region around the sub- 

radar  point. These slopes must have a scale s ize less  than 0.5" - otherwise, they would be 

resolved and appear a s  spectral features. Figure 10 shows the root-mean-square slope of the 

subradar region for  a longitude s t r i p  centered on about 5 "N latitude. The figure also shows the 

r m s  slope a s  derived from the best fit C values obtained from the ranging measurements.  The 

agreement is very poor for a number of reasons. Firs t ,  the regions sampled in the two types 

of measurement a r e  somewhat different. The CW measurements do not have any restriction in 

latitude other than that self-imposed by the scattering law. Secondly, the spectral width and 

delay profiles a r e  highly differentiated quantities varying rapidly with latitude and longitude so 

that the interpolation used on the ranging data ( see  Sec. V-A) may not give valid estimates of 

the C parameter at latitude and longitude points not sampled. Last, but most important, the 

noise in the estimate of the C parameter is large, particularly in the delay profile fitting when 

the signal is weak. 
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Fig. 10. Root-mean-square Mart ian surface slopes inferred from CW echo spectra. 
Smooth curve i s  rms slope from C values obtained in  ranging measurements a t  bON. 



Fig. 1 1 . Contour map of height. Longitude runs eastward 
i n  two sections, and latitude runs from the equator to 27ON. 

Fig. 12. Contour map of cross section. 



V. MARTIAN TOPOGRAPHY AND SURFACE ROUGHNESS 

A .  Contour Maps  

The ranging data fi-oni 1967 anti 1969 have been combineci into contoui- maps  of sul.face 

height, t juasispecular c r o s s  section, and roughness ( f r o m  C pa ramete r  value). In orcie1- to 

make a continuous l~epresen ta t ion  of the data over  a l l  longitutles fl-om the equator to 27  O N ,  it 

was necessa ry  to use  a n  interpolation procedure.  The interpolation was achieved by fitting Il-ie 

data  points to a two-dimensional Four i e r  s e r i e s  ancl adjusting tllc s e r i e s  to fit the data  in a 

l eas t - squa res  sense .  The  Four i e r  s e r i e s  selected was  one con in~ensura te  xvith the  resolut ion 

in lat i tude anti longitude. In longitude the  s e r i e s  contained s ine  and cosine tel-111s with spa t i a l  

periods ranging fro111 360" clown to 15" .  The Four i e r  transfor111 of the  tielag 1-esolution function 

shown in Fig.  1 i s  approsilnately a tr iangular f ~ ~ n c t i o n  with the 3-dB point a t  a spat ia l  period of 

1 0 " .  Thus,  the s e r i e s  contains spat ia l  f~.equencies well  within the bandpass of the resolution 

but does not contain spa t i a l  fl.equencies that a r e  outside the band o r  sufficiently f a r  down in r e -  

sponse  that  they "blow up" with the noise.  In lat i tude the s e r i e s  contains spat ia l  frequencies 

with pei.iotis f rom 5 4 "  to 13.5" .  

The tietails of the  lllatiiematical niethocls used to find the coefficients of the Four i e r  s e r i e s  

a1.e given in hppendis U .  The minimizing of the s u l ~ i  of the res iduals  squa~.ed prociuces a n  in ter -  

polation technique tliat i s  opt in~unl  in the s e n s e  that  the  value of any point i s  tlie masinlurn l ike- 

lihoori es t imate .  

F igures  11 through 13 show contour maps  of height, cl.oss section,  ancl roughness.  Longi- 

tude runs  e a s t ~ v a r d  and latitutie runs  froill tlie equator to 27 ON. The  contour m a p  of roughness  

should not b e  used in a quantitative manner  with any high degree  of confidence a s  tlie one-sigtna 

e r r o r  especially in low s ignal  a r e a s  i s  of the o r d e r  of a degree .  However, the tenclency fo r  

a r e a s  of high c r o s s  sec t ion to be snzootll should be noted a s  it i s  in good agreement  with the inde- 

pendent llleasurenlent technique of su r face  1-ougliness obtained froru the CW measuremen t s  de- 

scr ibed in Sec. IV-B.  

Fig. 13. Contour map of roughness or rms slope obtained from the best-fit C parameter 
values (Hagforsl scattering law). 



Fig. 14. "Modulated" ruled surface map. Contours of radar cross section 

superimposed on a topographical ruled surface. 

Figure 14 i s  an attempt to present height and c ross  section simultaneously using a "modu- 

lated" ruled surface map. The presentation shows clearly the high c ross  section and steep 

slope (dropping to east) of Syrtis Major (85"E) and the high cross  section on the eastern slope 

of Elysium (150 "E, 20 ON). Also see Frontispiece. 

B. Surface Roughness a s  a Function of Scale Size 

The surface roughness is a rather poorly defined t e r m  which is usually given in t e rms  of 

root-mean-square slope. Its purpose is to provide some statistical information about the su r -  

face height distribution a s  it is obviously impossible to know the topography down to a scale of 

a wavelength and less .  If the height were perfectly known over the surface, then the slope at 

each point could be obtained from the spatial derivative. However, if the height is f i rs t  filtered 

o r  averaged by a fil ter with a spatial half-width S before the slope i s  determined, then the dis- 

tribution of these "filtered slopes" has a scale s ize S. 

Very small  scale slopes - those with scale smaller  than a wavelength (3.8 cm)  - contribute 

mainly to the diffuse component of the radar  echo. That is, they produce a scattering that is 

very insensitive to the angle of incidence 8 .  Pettengill, & ,la,' measured the diffuse component 
2 of the c ross  section to be 0.1 xr . 

It is extremely difficult to test any specific scattering model for the diffuse component with- 

out measurements of the depolarized component of the echo and measurements of the angular 

dependence of the scattering. Owing to the lack of a scattering model, it i s  not possible to con- 

ver t  the observed diffuse c ross  section into an r m s  slope that has any physical meaning. 

Slopes on a scale of a wavelength and la rger  determine the parameter C in the Hagfors 

scattering law. The average value of C = 300 (from CW measurements) corresponds to an r m s  

slope of 3.3 ". Larger  scale slopes on the order of the CW resolution (-2" in longitude o r  120 km) 

a r e  probably responsible for the offset of the CW spectrum which was observed to have an  r m s  



Fig. 20. Contour p lo t  of relat ive luminance of Mar t ian surface from devaucouleurs? 

Linear intel-polation was used to obtain contours. 

0.8 -1 

CROSS SECTION 
SLOPE 

Fig. 21. Cross col-relation of CI-oss section wi th  the derivative of topogl-aphy 

wi th  I-espect to longitude. 
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FOREWORD 

This repor t  has  been prepared a s  the final r epor t  required under. Contract 

NAS 9-7830 between the National Aeronautics and Space Administration ancl 

M. I.T. Lincoln Laboratory. This investigation was conducted a t  the r e -  

quest of the National Aeronautics and Space Administration primarily to 

furnish information about the topography of the Martian surface  useful in 

planning future spacecraft  missions to  the planet. 
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RADAR STCJDTES OF MARS 

1. INTRODUCTION AND SUMMARY 

Observations of the r a d a r  echo t ime  delay f rom the planet M a r s  w e r e  used by Pettengill, 
1 ::: 

et  al.,  t o  derive the Martian su r face  topography around the 22"N paral le l  of latitude. These  - - 
observations were  made with the Haystack rada r ,  operated a t  a frequency of 7840MHz (3.8-cm 

wavelength) during the 1967 opposition of Mars .  Pettengill, 5 &., found the greates t  variation 

in elevation of the Martian su r face  to be about 12 km. They a l so  found no s imple  correspondence 

between thelocations of da rk  visible su r face  markings and topographic elevations o r  depress ions .  

F r o m  the distribution of echo power both a s  a function of t i m e  delay and frequency, 

Pettengill, e_t G . ,  concluded that the r a d a r  reflections a r e  predominantly quasispecular,  c o r r e -  

sponding t o  mean  su r face  s lopes  of about 3 ". The contribution of the quasispecular component 

to the r a d a r  c r o s s  section was found to vary  considerably with longitude, showing no significant 

corre la t ion with topography but having s o m e  suggested ant icorre la t ion with visually da rk  regions.  

Observations of the planet M a r s  w e r e  repeated during the 1969 opposition under contract  

to  the National Aeronautics and Space Administration for the purpose of extending the measure -  

ments  to regions c loser  to the equator. This  r epor t  desc r ibes  and evaluates the recent  meas -  

urements  and combines them with measurements  made  in 1967 by Pettengill, &. 
The  geometry of the  1969 opposition was such that measurements  could be  made extending 

f rom the equator to a lat i tude of 12"N. The component of the  topography that va r i e s  slowly with 

longitude was  found to a g r e e  well with the topography measured a t  22 ON. The main difference 

in topography was found a t  215 "W longitude, where a t  22 "N the re  i s  a highland; the 1969 meas -  

urements  show a lowland a t  the  equator gradually increasing to  a moderate  highland a t  12 "N. 

Measurements  nea r  the  equator now suggest even m o r e  strongly that visually clark regions 

produce a s t ronger  quasispecular component to the r a d a r  c r o s s  section. Also, the su r face  

roughness a s  inferred f r o m  the  spec t ra l  width of the echo shows that a r e a s  of high c r o s s  section 

a r e  usually smoother on the average.  Mean surface  slopes in these  a r e a s  a r e  l e s s  than 1 ".  

11. RADAR ECHO TIME DELAY 

A. Observations 

F o r  the time-delay measurements  a 15 -element ps eudo-random phase-reversal  code with 

60-psec baud length i s  t ransmit ted .  The received echo signal (plus noise) i s  sampled every 

30 psec and digitally decoded. Final  output is  limited to  8 samples  of echo power a t  30 -ps e c  

intervals (out of a total  possible 30 such samples)  because of computer processing-time l imi ta-  

tions. The  8-sample window can be positioned arbi t rar i ly ,  however, to observe the echo f r o m  

the  leading-edge region of the planet. The  instrumental  resolution (ambiguity) functions in delay 

and frequency a r e  shown in Fig.  1. F o r  the 7840-MHz operating frequency at IIaystack, the full 

width a t  half power for  the frequency function corresponds  to  a longitude interval on Mars  of 

about 2 .7"  nea r  the subradar  point, and 30 psec in delay encompasses  a cap  of about 5.9" in  an- 

gular d iameter  centered on that point. Figure  2 shows the instrumental  resolution functions a s  

' References  are l i s ted  on  page -10. 



D E L A Y  ( u s e c )  

Fig. 1. Delay and frequency resolution or ambiguity functions applicable to the time-delay measurements. 
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Fig. 2. Delay resolution function projected 
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(b) 30, and (c) 60 psec into the planet. A 
circle w i th  10' radius i s  shown as a scale. 
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they appear  on the planetary disk.  The observed distribution of echo power in delay depends on 

the  ins t rumental  resolution functions, and on the planetary su r face  scattering,  in the  following 

manner .  In t e r m s  of planetocentric Car tes i an  coordinates (x, y, z )  with the x-axis d i rected to- 

ward the r a d a r  and the y-axis coincident with the project  apparent spin  axis, the Doppler f r e -  

quency, f ' ,  and delay, d ' ,  of the echo f r o m  any su r face  point ( re la t ive  to the  echo frequency and 

delay of the subradar  point) a r e  

f '  = ( z / r )  fp  , (1) 

where  f is the maximum center-to-l imb Doppler frequency difference, r is  the radius  of the  
P 

(assumed spher ical )  planet, and c i s  the  velocity of light. If the r a d a r  c r o s s  section, S, pe r  

unit s u r f a c e  i s  assumed to  depend only on the angle of incidence, 8 ,  then the observed echo 

power distribution has  the  fo rm 

~ ( d )  = Sl [S (e ) / cos  @ I  RF( f l )  RD(d - d l )  dy dz , 

in which the  integration is taken over  the  disk of radius  r ,  R F  and R a r e  the frequency and L) 
delay resolution functions of Fig. 1, with arguments  evaluated by means  of Eqs.  (1) and (2), and 

If most  of the  energy is reflected f r o m  a s m a l l  region around the subradar  point, the measured 

power a s  a function of delay approaches the  instrumental  delay resolution function. This  func- 

tion i s  a so-called "squared-triangle" function in power, and the  sampled echo power v s  delay 

profiles obtained for Mars  do indeed resemble  samples  of this function. The actual profiles 

differ sufficiently f r o m  squared-triangles,  however, that the actual  Martian su r face  scat ter ing 

function, S (Q) ,  should b e  considered when estimating echo delay t imes .  A simplified method of 

accounting fo r  the deviation of the Mart ian  scat ter ing function f r o m  that of a point target  h a s  

been descr ibed by Pettengill, 2.1 A m o r e  elaborate algorithm has  been applied in  the 1969 

observations.  The delay to the  subradar  point was estimated by making an  (unweighted) l eas t -  

squares  fit of a three-parameter  theoret ica l  model of the delay profile to  the measured profile. 

The  theoret ica l  model included the  effects of both the delay and frequency resolution functions 

and the  planet ' s  angular scat ter ing law, S ( 9 ) .  F o r  the  la t ter ,  we used the  axially s y m m e t r i c  

express ion developed by ~ a g f o r s '  which contains a parameter ,  C, re la ted to the root-mean- 

square  su r face  slope ( r m s  slope in radians  = C - T  for C l a rge ) :  

2 3/2 . S(B)  o: ( cos4  Q t c s in  Q ) -  

This  sca t t e r ing  law was found by Pettengill, aJ., to desc r ibe  accurately the Martian average 

echo frequency spectrum.  The th ree  pa ramete r s  estimated were  C, the r a d a r  c r o s s  sect ion of 

the t a rge t  ( i ,  e., the over-a l l  echo power), and the delay to  the subradar  point. P r i o r  t o  the fit, 

the  average of the power for  the  f i r s t  two samples ,  which precede the  echo signal, i s  taken and 

used a s  a definition of the  signal-free mean noise level. Thus, only s ix  of the eight sample  

points in delay a r e  used to make this th ree -pa ramete r  fit for  which a d i sc re te  s e t  of t r i a l  values  

i s  used t o  locate  the  minimum. A comparison between the  resul tant  fitted curve and data which 

w e r e  obtained for  an average region on Mars  i s  shown in Fig. 3. The good agreement  i s  not s u r -  

prising,  considering that the measured sample  values used in the fit do not number many m o r e  

than the degrees  of f reedom of the fitted curve.  



Fig. 3. Example of observed sample values of received power vs delay, wi th  best-fitting 
theoretical power distribution. The uni to f  power i s  one standard deviation of background 
noise power, derived theoretically from measured receiving system noise temperature. 
The estimatedsubradar point delay forthis case i s  105 * 15 psec on the scale shown. This 
echo was observed a t  23h 30m, 22 July 1969 (UT) from the Mart ian bright area known as 
Candor, a t  latitude 11.5°N, longitude 80°W. 

This technique of delay estimation was compared for the 1969 data with the technique em- 

ployed in 1967,' and the differences were found to be systematic with the 1969 method yielding 

delays for high signal-to-noise ratio measurements shorter  by an average of about 5 psec. The 

r m s  scatter about this average was also about 5 psec, the equivalent of 750 meters  one-way ctis- 

tance. In view of the systematic difference between the results obtained with the two techniques, 

all  the data from both oppositions have been reduced with a conlmon technique. The resul ts  of 

the delay measurements a r e  given in Table I. 

B. Orbital Fitting 

The topography of Mars cannot be deduced simply by inspection of the measurenlents of 

round-trip time delays between the antenna and the subradar point on Mars. One must a lso 

know the relative orbits of both the antenna site and Mars to the requisite accuracy. Since the 

e r r o r s  in the time-delay measurements a r e  a s  low as 5 psec when the round-trip delay i s  about 
8 500 sec, uncertainties in the relative orbital distances of no more than 1 part in 10 will insure 

that orbital e r ro r s  do not significantly degrade the accuracy of the topographic deductions. How- 

ever, the e r r o r s  in some of the planetary orbital elements a s  determined from classical, optical 
5 observations a r e  about 1 part in 10 . Therefore, the radar  data a r e  used to determine simulta- 

neously both the topographic and the orbital characteristics.  Because of the rapid rotation of 

Mars compared to its synodic orbital period (ratio of about 700 to 1), the orbital and topographic 



TABLE I 

Table I l is ts  the measured time delay in seconds at given UT receive time with 

one-sigma e r r o r  in microseconds. Also listed a r e  the height derived from ephemeris 

fitting residuals ( see  Sec. 11-B), radar  c ro s s  section ( see  Sec. 111-A), the best-fitting 

value of parameter C, and the derived slope. The last  two columns l is t  the mean lat- 

itude and longitude of the subradar point during the receive period. For  the 1967 data, 

no t ime delays a r e  listed, since these were given in Pettengill, &.' However, the 

new se t  of topographic residuals in microseconds a r e  listed in the time-delay column. 

In order  to obtain the timedelay measured by the least-squares fitting technique, s im- 

ply take value given in Pettengill, g a&, add to it the topographic correction given the 

same table, and subtract the new topographic correction given in this table. In addi- 

tion, 1967 topographic heights have been reduced by 3.0 kilometers as  a result  of an 

attempt to place a common zero level on all  the height data. 
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TABLE I (Continued) 

200 4.0 47.25 5.15 
50 9.1 47.4 3 5.15 
50 8.1 57.60 5 , 1 5  
50 8.1 5R.16 5.15 
700 4.0 63.74 5.15 
450 2 . 7  67.35 5 . 1 6  

50nn . A  77.73 'i.16 
50 8.1 lR.52 5.53 
50 8 . 1  27.$5 5.53 
50 8 . 1  27.52 5.53 
50 8.1 31.91 5.53 
50 8 . 1  3 A .  81 5.54 
60 q . 1  41 ,68 5.54 
50 8 . 1  46.57 CjsK4 
5 0  8.1 54.35 5.54 
50 8.3 757.60 5.90 
5n 8.1 6.77 5.90 
50 8.1 ln.77 Lj. 9 0  
50 3,1 15.39 5.90 
50 8.1 2n.78 5.91 
50 9 . 1  76.15 5-01 
50 9.1 3 P .  fl7 5 . G j  
50 fl.1 34.90 5 .  q 1  

7110 4.0 7 0 ~ .  54 6.44 
21-10 4.0 717.41 6.44 
71~0 4.n 7117.99 6.44 
A n n  2 . n  727.18 6.45 
?no 4.0 72~7.~5 6.45 
700 4.n 733.93 6.45 
7n0 4. 0 737.79 6.45 
7q0 4.n 747.68 6.46 
50 3.1 747.56 6.46 
7P0 4.0 757.44 6 .  46 

700 4 * 0  757.73 6.46 
?no 4.0 7.18 h.47 
50 9 . 1  7.n7 6.47 
450 7 . 7  793.76 & . P I  
450 2.7 796.91 h.Pl 
450 2.7 701 .78 6 .  A 2  
50 Y .1 706.1 7 h.Q2 
700 4.0 7in.56 h.P? 
450 2.7 714.95 6.P7 
700 4.0 719.14 6.P2 
450 2 . 7  727.73 6 .?3 
?no 4.0 72n.i~ 6-83 
50 9.1 737.51 6.?3 
50 0.1 74c.76 7.18 
50 9 . 1  754.15 7.18 
5n 4 .  7 5 ~ ~ 5 4  7.18 
50 8.1 767.93 7 . 1 9  
50 1 767.30 7.19 
50 8.1 771 -71 7.19 
700 4 . 0  37n,90 7-19 
700 4 . 0  78R . 4 9  7.19 
450 2 - 7  787. R1 7.20 
450 2 . 7  797.70 7.70 
R O O  0 396.57 7.70 
450 7 * 7  70n.95 7 . 2 1  
50 3.1 705.15 7.71 
?PO 4.0 700.75 7.21 
700 4.0 714.14 7 .?I 
50 9 . 1  71P.53 7.22 



TABLE I (Continued) 
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TABLE I (Continued) 

513 4 . 1  
5 0  9 . 1  
5 f l  8 . 1  
5 0  9 . 1  

7 0 0  4 . 9  
5 0  3.1 
5 0  4 . 1  
5 0  3 . 1  
5 0  8.1 
5 0  8 . 1  
5 0  '3.1 

4 5 0  2 . 7  
7 0 0  4 . 0  
7 0 0  4.0 

5 0  8 . 1  
C'000 . A  

7 n 0  4 . 0  
5 n  8 . 1  
50  '3.1 

71111 4 . n  
2 n n  4 . n  

5 0  8.1 
5 n  9 . 1  
5 0  9 . 1  

7 0 0  4 . n  
5 0  8 . 1  
5 9  9 . 1  
5 0  8 . 1  
5 n  8 .1  
5 0  6 . 1  
5 0  '3.1 
5 0  8 . 1  
5 0  8 . 1  

7 @ 0  4 . 0  
7 n 0  4 . n  

5 0  8 . 1  
7 0 0  4 . 0  

5 0  a . 1  
5 0  8 . 1  
5 0  8.1. 
5 0  8 . 1  
5 0  '3.1 
5 0  8 . 1  
5 0  9 . 1  
5 0  8 . 1  

PO0 2,n 
5 0  8 . 1  

4 5 0  2 . 7  
7 0 0  4 . 0  
4 5 0  2 . 7  
R n o  2 . 0  
ROO 2 . n  
4 5 0  2 . 7  
4 5 0  2 . 7  

50  8 . 1  
7 0 0  4 . 0  
? o n  4 . 0  
50 r3.1 

2 0 0  4 . 0  
4 5 0  2 . 7  
2110 4 . 0  

5 0  8 . 1  

3 F . 4 6  1 1  . l l  
3 4 . 9 1  ll.ll 
4 3 . 9 5  1 1 . 1 1  
4 Q . 3 3  1 1 . 1 1  
5 7 . 9 7  1 1 . 1 1  
5n.r-19 1 1 . 1 1  
6 5 . R 9  j 1 . 1 1  
7 n .  n,% 11 . I  2 
7 4 . 4 2  1 1 . 1 7  
7 R . 5 7  1 1 . 1 2  
8 7 . 7 3  1 1  . 1 7  

7 4 6 . 6 0  1 1  . 7 1  
7517.75 1 1 .  
5 .  1 1 . c 1  
7 5 0 . 5 1  1 1 . 7 7  

7 . R 9  1 1 .  ' 7  
P.78 1 1 . { 2  

1 3 . 6 7  1 1  
1 7 . 0 6  1 1  . 7 7  
2 1  . 1 5  1 1  . 7 2  
2 5 . 8 4  11 . 7 7  
2 Q . Q R  1 I a 7 3  
3 4 . 3 7  1 1  .?3 
3 P . 7 7  1 1 . 7 3  
4 1 . 1 5  1 1 . ( 3  
47.53 I *  . 7 3  
5 1 . 9 2  1 1 . 3 6  
5 6 . 3 1  1 1 . 7 7  
h P . 7 1  1 1  . 7 3  

7 5 n . 4 4  11 . & 4  
7 5 4 . R 3  1 1  . & 4  
7 5 4 . 7 1  1 1 . 5 4  

7 . 5 9  1 1 . 5 4  
7 . 9 9  1 1 . 5 4  

1 7 . S 8  1 1 . 5 4  
1 6 . 7 7  1 1 . 5 4  
2 1 . 1 5  1 1 . 5 4  
7 E . 5 4  1 1  - 5 5  
20.93 11 . 5 5  
3 A . 3 7  11 .65  
3 R . 7 1  1 1 . 5 5  

7 7 6 . 4 2  1 1 . 7 1  
7 8 P . 4 6  1 1  . 7 1  
7 8 5 . 1 3  1 1 . 7 1  
7 8 9 . 7 3  1 4  . 7 1  
7 9 P .  f l l  1 1 . 7 7  
7 0 7 , 6 5  1 1 . 7 2  
7 0 7 . n 3  1 1  . 7 2  
7 1 3  . 4 1  1 1  . 7 2  
7 1 6 . ~ 4  1 1 . 7 2  
7 2 0 . 6 7  11 . 7 2  
2  0  1 1 . 7 2  
7 2 9 . 9 4  1 1 . 7 2  
7 3 4 . 5 7  1 1 . 7 2  
7 3 9 . 7 0  1 1 . 7 2  
7 4 7 . 8 3  1 1 . 7 2  
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5 0 
5 0  
5  0  
5 0  
5 0 
5 0  

5 0 0 0  
5 0  
5 0  

7 0 0  
7 0 0  
4 5 0  

5 0  
2 0 0  

5  0  
7  0 0  
2 n 0  

5 0  
7 0 0  

5 0  
5  0  
5 0  
5 0  

7 0 0  
4 5 0  
3 0 0  
4  5 0  

1 7 5 0  
5 0  

2 4 5 0  
7 0 0  
2 0 0  

5 0  
ROO 
2 0 0  

5  0  
3 0 0  

5 0  
3 7 0 0  

2 0 0  
4 5 0  
4 5 0  

2 4 5 0  
3 7 0 0  

5  0  
4 5 0  

fi 0  
41750 

4  5 0  
5  0  

2 0 0  
5  0  

2 0 0  
5 n 
5  0  
5 0  
5 0  
5  0  
5 0  
5  0  

7 0 0  
7 0 0  
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5 n  9 . 1  
5 0  3 . 1  
5 0  d.l 

" 0 0 0  . 9  
5 n  9.1 

b n n n  . A  
52nn  1.0 
5 n n n  . 9  
5 n n n  . A  

7 n n  4 , 0  
3 0 0 0  . H 

7 n n  4 . 0  
5 n o  n  . A 

7 0 0  4 . 0  " n o  . O  
4 5 0  2 . 7  
Ron  2 . n  

5 0  9 . 1  
5 0  3.1 
5 n  4 . 1  

? n o  4 . n  
4511 2 . 7  

1 7 5 0  1 . 6  
4 5 0  7 . 7  

5 0  9 . 1  
' n n o  . A 

5 0  3 . 1  
f i n0  ,.0 
4 5 n  2 . 7  

j P n 0  1 . 3  
7 n n  4 . 0  

1 7 5 0  1 . 6  
',ran . 8  
5 r c l n  . A 
L750  1 . 6  

4 5 0  2 .  7  
J.fl0n 1 . 3  
c 4 5 0  1 . 7  

7 0 n  4.17 
7 n n  4 . n  

5 n  4 . 1  
7 0 0  4 . 0  
4 5 0  2 . 7  

5 0  9 . 1  
6 0  Y . 1  

Ron  2 . n  
4 5 0  2 . 7  
Roo  2 . 0  
7 0 0  4 . 0  
7 n 0  4 . n  
7 n o  4 . n  
7 n n  4 , n  
7 0 0  4 . 0  
4 5 0  7 . 7  

5 0  9 . 1  
L-'nflO . A 
Q n  0  , O  

7 0 0  4 . 0  
5 0  9 . 1  
F,n 8 . 1  

2 0 6  4 . 0  
'751 '  1 . 6  

7 . 7 8  
3 . 3 7  
3 . 7 6  
7 . 3 6  
z , 7 5  
7 . 5 1  
3 . 5 1  
7  - 6 0  
7 . 4 9  
7 . 4 R  
7 . 4 7  
1 . 9 5  
: . 9 5  
1 . 9 4  
1 . 9 4  

1 . 2 3  
1 . 9 3  
1 . G 2  
l . G 7  
1 . 7 1  
1 . 7 n  
I . 7 n  
1 - 6 9  
1 . 6 8  
1 . 6 8  

2 7 . f l O  
2 7 .  n n  
2 7 .  nr i  
3 7 . 0 0  
7 7 .  fl0 
2 7 .  n i l  
7 J .  0 0  
2 7 .  n n  
:?. n n  
3 7 . n 1  
7 3 .  n i l  
2 7 . n n  
2 ~ . n 0  
2 7 . n n  
2 7 . n n  
2 7 . * 0  
2 7 . n l 1  
? 7 . n n  
7 7 . n n  
1 7 .  n n  
7 7 .  n o  
2 7 .  n  n 
2 7 . n n  
7 7 . n n  
7 7 . q 0  
7 7 .  o n  
2 7 . n f l  
27.110 
7 3 . n ~  
7 3 . f l O  
27.1111 
7 7 . f l 0  
27 . f lO  
7 3 . n n  
2 7 . 0 0  
7 7 . f l O  
7 ' ) .  n n  
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MARTIAN LONGITUDE ( d e g )  ( W e s t )  

Fig. 4. Mart ian surface height variation with longitude (West) in  four latitude steps 
ranging from 1.6ON to 5.0°N i n  first band, 5.0°N to 8.8ON i n  the second, 9. 1°N 
to 12. OON i n  the third, and 20°N to 24ON i n  the top band. The error bars represent 
& one sigma (standard deviation). In  the cases when the peak signal i s  greater than 
ten sigma, agreement between successive days' measurements for corresponding lon- 
gitudes and latitudes i s  usually within 200 meters. The numerical values from which 

this plot was made are listed in  Table I. 



effects a r e  only weakly corre la ted when the  subradar  points of the observations a r e  distr ibuted 

reasonably well over Martian longitude for  each narrow band of latitude observed. ( F o r  th is  

reason,  one can obtain useful, although not optimum, es t ima tes  of the  topography without actu- 
1 ally determining a new orbi t  simultaneously; for  discussion of this point s e e  Pettengill, @ &. ) 

In any event, as ide  f r o m  topography, t h e r e  a r e  only i 4  (par t ia l ly)  unknown paramete r s  a s soc i -  

ated significantly with the  ea r th -Mars  r a d a r  measurements  - s ix  orbi ta l  elements each for the 

ea r th  and Mars ,  the mean  radius  of i\lIars, and the light-second equivalent of the astrononlical  

unit - w h e r e a s  the number of M a r s  r a d a r  measurements  i s  about 500. Moreover,  the re  exist  

over 1000 accurate  r a d a r  measurements  of earth-Venus and ear th-Mercury round-trip t ime  

delays that  can be used t o  determine with sufficient accuracy the  e a r t h ' s  orbit  and the as t ronom- 

ica l  unit. The Mars  r a d a r  data need, in effect, only be used to determine the Martian orbi t  and 

mean  radius  in addition t o  the topographic variations.  The "out-of-plane" orbi ta l  elements a r e  

not determined well by these  data  but, by the s a m e  token, these  eIements do not affect signifi- 

cantly the topographic interpretation.  All the data - r a d a r  and optical  - should be employed 

s in~ul taneously  to  es t imate  the en t i r e  s e t  of unknown paramete r s ,  and we have in fact followed 

this procedure:  8839 optical and r a d a r  observations of the  inner planets were  t rea ted simulta- 

neously to  es t imate  by weighted l eas t  squares  the values of 38 p a r a m e t e r s  including, in addition 

to those mentioned above, the orbi ta l  e lements  and rad i i  of Mercury and Venus, the m a s s  of 

Mercury,  the earth-moon m a s s  ratio,  and eight pa ramete r s  associa ted with the influence of 

phase effects on the optical observations of Mercury and Venus. General  relativity was the 

underlying gravitational theory employed. The m a s s e s  of Venus, the earth,  Mars ,  and the outer 

planets w e r e  taken f r o m  independent determinations which w e r e  m o r e  accura te  than could have 

been obtained f rom the s e t  of data we employed. F o r  s i m i l a r  reasons ,  the orbi ts  of the moon 

and outer planets, and the  motion of the r a d a r  s i t e  with r e spec t  to the  e a r t h ' s  center  of m a s s ,  

w e r e  talien f rom other sources .  The  e r r o r s  thereby introduced into our  present  r e su l t s  a r e  

quite negligible. In par t icular ,  the  e r r o r s  in the orbital  positions and m a s s e s  of the  outer plan- 

e t s  have only a second-order influence on the interpretation of the ea r th -Mars  r a d a r  data. Ef- 

fec ts  of t h e  propagation medium on the  signal delay a r e  substantially 1.ess than 1 psec for a l l  

M a r s  observations nea r  opposition and hence a r e  a l so  negligible. 

The  res idual  obtained by subtract ing the theoretical  value for each ear th-Mars  t ime-delay 

measurement  f r o m  the relevant observed value yields the altitude for the  corresponding lati tude 

and longitude of the subradar  point observed. (To  obtain the altitude f r o m  the delay residual,  

one multiplies by minus one-half the velocity of light, o r  -0.15 km/sec.)  The resul ts  of reduc-  

tion of the ent i re  s e t  of M a r s  data - 1967 and 1969 - a r e  shown in Fig.  4, where  the altitudes 

with r e spec t  to the mean  su r face  a r e  shown a s  a function of longitude fo r  separa te  bands of la t i -  

tude, centered a t  3 ON, 7 ON, 11 "N and 22 ON. 

The  mean radius obtained for M a r s  was 3393 8 km ( t h r e e  t imes  the formal  standard e r r o r ) ,  

in excellent agreement  with the r e su l t  of 3394 5 4 k m  obtained f rom Mariner  IV. The  formal  

standard e r r o r  was multiplied by th ree  to yield what i s  felt f r o m  experience t o  be a m o r e  re l i -  

able bound on the actual  e r r o r  in the radius  determination. The es t ima te  of the mean radius ,  

in contras t  to the topographical deductions, is highly corre la ted with the  es t imates  of cer ta in  of 

M a r s '  orbi ta l  pa ramete r s ,  s ince  the data  extend over  such a relatively shor t  a r c  of the Martian 

orbit .  F o r  example, when only one month 's  1969 data was included, the estimated radius was  

3383 5 8 lisn ( formal  standard e r r o r ) .  As the a r c  over which data a r e  collected is  extended, the 

radius es t imate  obtained inc reases  in reliabil i ty.  



C. Interpretation 

The striking similarities between the four topographic profiles measured at latitudes 3 "N, 

7 ON, 1Z0N, and 22 "N a r e  not unexpected a s  the topographic autocorrelation function computed 

by Pettengill, &.,' for 22"N showed a correlation coefficient of 0.5 between relative heights 

at points 15 " apart. The normalized autocorrelation function computed for the topographic 

variation for 7 "N latitude decreases  to 0.5 at a longitude separation of 22 ". That is, the Mar- 

tian topographic variation, although large in magnitude, changes only slowly with latitude o r  

longitude. 

The correlation between the topographic and white-light luminance variations measured by 
2 de Vaucouleurs a t  6 "N latitude were computed by the s ame  method employed by Pettengill, g., 

in 1967, and again there appears to be no significant correlation (correlation coefficient -0.126 

a t  6"N; t0.068 at 22 ON). More complete correlation of the data with white-light luminance meas-  

urements is performed in Sec. V after the data have been assembled in two-dimensional form. 

111. RADAR CROSS SECTION 

A. Observations 

The radar  c ro s s  section is defined a s  the effective target s ize of the planet based on an 

equivalent perfect isotopic scattering. The received echo power for a target of c ross  section A 

is 

where 

PT  = transmitted power, 

GT = antenna gain, 

LT = transmitter waveguide attenuation, 

R = distance to planet, 

A = cross  section, 

AR = antenna receiving aperture, 

LR = waveguide attenuation in receiver,  

LA = atmospheric attenuation, 

which is compared with the receiver noise power 

KTs Beff 

where 

K = Boltzmann's constant, 

T = system temperature, 
S 

Beff = effective receiver bandwidth. 



A l i s t  of the  values of these  pa ramete r s  i s  included in the Appendix. The  a tmospher ic  attenua- 

tion i s  included in an empirically determined elevation dependence of antenna gain and aper tu re  

during f ine  weather; however, an  attempt was made to take out the inc rease  in a tmospher ic  

attenuation brought about by poor weather.  Since it i s  linown that  the r ece ive r  sys tem temper -  

a t u r e  r e m a i n s  relatively constant with t ime, any change of a tmosphere  attenuation f rom L A to 
L ( A L  ) produces an  inc rease  of systern temperature  A A 

A t  - (1 - A LA) X the  a tmosphere  te-mperature , 

Thus, the observed changes in s y s t e m  tempera tu re  a t  a given elevation can be used to e s t ima te  

the added a tmospher ic  attenuation brought about mainly by low-altitude water  vapor.  

The  effective bandwidth i s  given by 

which in the  CW case  i s  summed over each frequency channel. Cross-sect ion measurements  

obtained f r o m  the coded ranging observations a r e  l isted in Table  I and plotted in Fig. 5, while 

those obtained f r o m  CW measurements  a r e  l i s ted  in Table  I1 and plotted in Fig. 6. 
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Fig. 5. Mart ian radar cross section inferred 
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o 00 from phase-coded (ranging) measurements ex- . pressed as a fraction of the geometric area . (nr2). The echo power contributing to these 
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TABLE I1 

Tabulation of the data from CW transmissions. The c ross  section is listed a s  a 
2 

percentage of the geometric a r ea  ( a r  ). Also listed a r e  the C value for the best fit, 

the r m s  slope in degrees derived from this C value ( s ee  Sec. IV-B), and the frequency 

offset from the ephemeris predicted value. 



TABLE ll 



TABLE II (Continued) 
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Fig. 6. Mart ian radar cross section inferred from CW echo spectra 
(bandwidth 4.8 kHz a t  7840 MHz). 

B. Interpretation 

If the instrumental  resolutionfunctions donot exclude substantial  echo power f r o m  the l imbs  

of the planet, the c r o s s  section can be related to the  die lect r ic  constant of the su r face  provided 

the planet i s  homogenous ( i .  e., provided the planet i s  m o r e  o r  l e s s  uniformly rough and does  

not have, for example, a smooth region a t  the subradar  point that i s  not compensated by other  

such smooth a r e a s  a t  s m a l l  angles of incidence). The die lect r ic  constant k, under the a s sump-  

tion of uniformity, i s  re la ted to  the total  c r o s s  section p expressed a s  a fraction of the geonlet- 
0 

r i c  disk a r e a  if conductivity and permeabili ty effects a r e  ignored by 

By using a wideband CW window, Pettengill, g d . , '  measured  the  total  c r o s s  section to be 

0.0915 and corresponding die lect r ic  constant of 3.5. 

Owing to the  smal l  bandwidth window used in both CW and coded observation (4.8 kHz for  

CW measurements  and -1 kHz for  phase-coded measurements )  compared with the l imb-to-limb 

Doppler sp read  of 23.5 kHz, the  c r o s s  section measured is  a lmost  entirely due to the quasispec-  

u la r  component of the echo. This  means  that only regions c lose  to  the  subradar  point contribute 

to the echo power. The  c r o s s  section is observed to  change abruptly with latitude and longitude. 

These  changes can be due to  variations in local  surface  roughness and dielectric constant. It 

i s  now not possible to  s e p a r a t e  the two effects because changes in surface  roughness in the sub-  

r a d a r  region will a l t e r  the  "quasispecular" component of the echo and hence a l t e r  the measured 

c r o s s  section. However, measurement  of the  spec t rum of the  echo and delay profile can yield 

m o r e  information to aid in the understanding of the cross-sect ion changes. This  is  d iscussed 

in Sec. IV-B .  

IV. RADAR SPECTRUM 

A. Observations 

Analysis of the  echo f r o m  CW (continuous-wave, i. e., monochromatic) t ransmiss ions  used  

the s a m e  one-bit autocorrelation technique employed in 1967. The sampling frequency was 



reduced, however, providing a window only 4.8 kHz wide but yielding 120-Hz resolution in con- 

t r a s t  t o  the I-kHz resolution obtained in 1967. The higher resolution i s  necessa ry  to r e so lve  

the narrow-band quasispecular  echo. The  expected CW echo power spec t ra l  density P(f) i s  pro- 

portional to 

The frequency resolution function R F  fo r  those measurements  r e sembles  that shown in  Fig.  1 

for the time-delay measurements ,  the main difference being in scale :  R F  has  an  approximately 

Gaussian shape with half-power width equal to  120 Hz o r  about 0.5 " in longitude on Mars  nea r  

the subradar  point. In addition, however, the resolution in longitude was smeared  f r o m  0.5" 

half-width to about 2 "  half-width a s  the data w e r e  averaged over  the r ece ive  period (-10 min- 

u tes)  during which M a r s  ro ta tes  by about 2" .  Attempts to analyze the data on a s h o r t e r  period 

w e r e  not fruitful owing to the  poor signal-to-noise r a t io  obtained on s h o r t e r  integration periods 

and the  lack of evidence of much variation of the spec t rum within one rece ive  period.  A th ree -  

pa ramete r  fit, again using f-Iagfors' scat ter ing law [Eq. (5)]  and using a d i sc re te  s e t  of t r i a l  

values to locate those yielding the minimum s u m  of squares  of res iduals ,  was made to  each 

spectrum.  The t h r e e  pa ramete r s  adjusted to  th is  fit were  C, the r a d a r  c r o s s  section, and the 

frequency offset of the  spec t rum f r o m  the ephemeris  predicted value. 

Resul ts  of the C W  measurements  a r e  given in Table 11. In computing the r a d a r  c r o s s  sec -  

tion, the  data were  corrected for  a tmospher ic  absorption in the s a m e  manner  a s  descr ibed in 

Sec. 111. 

B. Interpretation 

Hagfors3 has worlred out a theory of scat ter ing f rom slowly undulating surfaces  that  i s  ob- 

se rved  to be in good agreement  with experimental  data provided that  some  minor modifications 

a r e  made  to the theory.  I-Iagfors h a s  shown that for  an  exponential distr ibution of su r face  s lopes  

the scat ter ing function S(9) i s  given by 

4 2 3/2 
S(9)  a ( c o s  8 + C s i n  9 ) -  ( $ 2 )  

1 
where  C i s  a pa ramete r  re la ted to  the root-mean-square su r face  slope ( r m s  slope - C - z  radi-  

ans ) .  However, the  theory assunles  a perfectly homogeneous surface .  If for example, the  sub- 

r a d a r  region i s  tilted, o r  has  a significantly different roughness o r  d ie lect r ic  constant f rom the 

ave rage  proper t ies  of the planet, then the echo will be significantly affected especially in the 

c a s e  of Mars  where  the scat ter ing function i s  sharply  peaked a t  9 = 0. The observed s p e c t r a  do 

approximate Eq. ( 11) with Hagfors '  scat ter ing law provided that  an  allowance i s  made f o r  a f r e -  

quency offset f rom the ephemeris  predicted " z e r o  Doppler shift." An example of a spec t rum 

with bes t  fit is  shown in Fig.  7. This  frequency offset is  interpreted a s  the effect of a tilted sub- 

r a d a r  region. A t i l t  in the subradar  region effectively displaces the specular  point (9 =0) pro-  

ducing a frequency shift Af of 

where  f i s  the r a d a r  center  frequency and c i s  the velocity of propagation, r ( t )  i s  the dis tance 
0 

of the subradar  point f r o m  the center  of m a s s  of Mars  which i s  a function of t ime t owing to the 
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Fig. 8. Frequency offset derived from differential topography (smooth curve) 

and measured frequency offset o f  CW echo as a function of Mar t ian longitude. 

SLOPE (deg) 

Fig. 9. Histogram of equivalent slope from frequency offset of CW measurements 

compared wi th  a Gaussian with sigma of 0.6', and an exponential w i th  sigma of 
0.5'. 



conclusions about the functional form of the distribution a s  it can be fitted almost equally well 

with Gaussian and exponential functions. However, the r m s  value of the slope clearly can be 

taken a s  about 0.5 ". 
Since the CW spectra a r e  observed to have a shape that is very well fitted by computed 

spectra  using the Hagfors scattering law, it is assumed that the corresponding C value that 

produces the best fit represents a measure of the surface slopes in the region around the sub- 

radar  point. These slopes must have a scale size less  than 0.5" - otherwise, they would be 

resolved and appear as  spectral features. Figure 10 shows the root-mean-square slope of the 

subradar region for  a longitude s t r ip  centered on about 5 "N latitude. The figure also shows the 

r m s  slope a s  derived from the best fit C values obtained from the ranging measurements. The 

agreement is very poor for a number of reasons. Firs t ,  the regions sampled in the two types 

of measurement a r e  somewhat different. The CW measurements do not have any restriction in 

latitude other than that self-imposed by the scattering law. Secondly, the spectral width and 

delay profiles a r e  highly differentiated quantities varying rapidly with latitude and longitude so 

that the interpolation used on the ranging data ( see  Sec. V-A) may not give valid estimates of 

the C parameter a t  latitude and longitude points not sampled. Last, but most important, the 

noise in the estimate of the C parameter is large, particularly in the delay profile fitting when 

0 0  0  0  0  0 0 0  
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Fig. 10. Root-mean-square Mart ian surface slopes inferred from CW echo spectra. 

Smooth curve i s  rms slope from C values obtained in  ranging measurements at  6ON. 



Fig. 11. Contour map of height. Longitude runs eastward 
i n  two sections, and latitude runs from the equator to 27' N. 

Fig. 12. Contour map of cross section. 



V. MARTIAN TOPOGRAPHY AND SURFACE ROUGHNESS 

A.  C o ~ l t o u r  Maps  

T h e  ranging data  fl.om 1967 anti 1969 have beell con~binecl into contoul maps  of su r face  

heiglit, quasispeculal ,  c ~ , o s s  section, anti I-oughness (fl-om C pa ramete r  I7alue). In ortlei- to 

make a continuous l,epl-esentation of the clata over  a l l  longitudes froin the equatol  to 2 7  ON, it 

was  necessa ry  to u s e  a n  interpolation procedure .  Tlie interpolation was  acilievecl 11y fitting the 

data  points to a two-dimensional P'ouriel. s e r i e s  anil adjusting tlie s e r i e s  to fit tile da ta  in a 

l eas t - squa res  sense .  The  Four i e r  s e r i e s  selected was one comrnensu~.ate wit11 the resolution 

in lat i tude anti longitude. In longitutie the s e r i e s  contained s ine  and cosine t e r m s  wit11 spat ia l  

per iods  ranging fro111 360"  clown to 15 ". The  Foul-ier  t~ . ans fo r in  of the  tlelay resolution function 

shown in Fig.  1 i s  approsimatelj-  a triangulal. function with the 3-tlI? point a t  a spat ia l  periotl of 

10" .  Thus ,  the s e r i e s  contains spat ia l  frequencies well within the bandpass of the resolution 

but does not contain spat ia l  frequencies that a r e  outside the band o r  sufficientl?. fal. clown in  r e -  

sponse  that  they "b lo~v  upp" with the noise.  in latitude the s e r i e s  contains spat ia l  frequencies 

with pel.iotls fr-om 54"  l o  13.5 ". 
The details  of the  nlathematical  methotls useti to find the coefficients of tlie Four i e r  s e r i e s  

a r e  given in rippentlis U.  The ininilllizing of the sun1 of the res iduals  squared PI-ocluces a n  in ter -  

polation technique that i s  optimxim in the s e n s e  that the value of any point i s  the inasimuln like- 

lihood estimate. 

F igures  11 through 13 show contour illaps of height, cl ,oss section, and roughness.  Longi- 

tude runs  eas t~var t l  and latitutie runs  f rom the  equator to 27 ON. The contour m a p  of roughness 

should not be used, in a q u a n t i t a t i ~ ~ e  manner with any high degree  of confitience a s  the one-signla 

e r r o r  especially in low signal a r e a s  i s  of the o rde r  of a degree .  Iiowever, the  tendency f o r  

a i -eas  of high c r o s s  section to be smootll should be noted a s  it i s  in good agreement  with the inde- 

pendent ~ n e a s u r e n l e n t  technique of su r face  roughness obtained fro111 tile CW measur.enlents de- 

scr ibed in Sec. 11;-H. 

Fig. 13. Contour map of roughness or rms slope obtained from the best-fit C parameter 
values (Hagfors' scattering law). 



Fig. 14. "Modulated" ruled surface map. Contours of radar cross section 

superimposed on a topographica l ruled surface. 

Figure 14 is an attempt to present height and c ross  section simultaneously using a "modu- 

lated" ruled surface map. The presentation shows clearly the high c ross  section and steep 

slope (dropping to east)  of Syrtis Major (85"E) and the high cross  section on the eastern slope 

of Elysium (150 "E, 20 ON). Also see Frontispiece. 

B. Surface Roughness a s  a Function of Scale Size 

The surface roughness is a rather poorly defined t e r m  which is usually given in t e rms  of 

root-mean-square slope. Its purpose is to provide some statistical information about the su r -  

face height distribution a s  it i s  obviously impossible to know the topography down to a scale  of 

a wavelength and less .  If the height were perfectly known over the surface, then the slope a t  

each point could be obtained from the spatial derivative. However, if the height is f i r s t  filtered 

o r  averaged by a fil ter with a spatial half-width S before the slope is determined, then the dis- 

tribution of these "filtered slopes" has a scale s ize  S. 

Very small scale  slopes - those with scale smaller  than a wavelength (3.8 cm)  - contribute 

mainly to the diffuse component of the radar  echo. That is, they produce a scattering that is 

very insensitive to the angle of incidence 8. Pettengill, 3 &.,' measured the diffuse component 
2 

of the cross  section to  be 0.1 .irr . 
It is extremely difficult to test any specific scattering model for the diffuse component with- 

out measurements of the depolarized component of the echo and measurements of the angular 

dependence of the scattering. Owing to the lack of a scattering model, it i s  not possible to con- 

vert  the observed diffuse c ross  section into an r m s  slope that has any physical meaning. 

Slopes on a scale  of a wavelength and larger  determine the parameter C in the Hagfors 

scattering law. The average value of C = 300 (from CW measurements) corresponds to  an r m s  

slope of 3.3 ". Larger  scale slopes on the order of the CW resolution (-2'  in longitude o r  120 km) 

a r e  probably responsible for the offset of the CW spectrum which was observed to have an r m s  



value equivalent to 0.5".  On a s t i l l  l a r g e r  scale ,  that  of the ranging measurements  ( - 3 "  in lon- 

gitude o r  180 km), the r m s  slope can be obtained di rect ly  f r o m  the derivative of the height. An 

r m s  value of 0 . 3 "  was obtained by differentiation of the height in Fig.  11. 

Combining these  t h r e e  measures  of r m s  slope, the  average su r face  proper t ies  of Mars  can 

be represented by Fig.  15. 

=I1  I I ; o i  
u 

0 

10- lo-' 10-' 10.' 6' 16' I 10 lo2 I 0' 

SCALE SIZE (km) 

Fig. 15. Average surface slopes as a function of scale size. 

An a l t e rna te  method of describing the surface  roughness i s  in t e r m s  of the spec t rum of 

height. Direct  Four ie r  t r ans fo rm of the topography yields the Four ie r  components for each 

spat ia l  harmonic  up to the spat ia l  frequency cutoff of the measurements .  Figure  16 shows the  

square  root of the height spec t rum up to  the 10th spat ia l  harmonic.  This  f igure can be  di rect ly  

compared with s i m i l a r  f igures  by Pettengill, ,l.l Higher harmonics can be  obtained by F o u r i e r  

t ransformat ion of the derivative of topography a s  obtained f rom the CW frequency offset m e a s -  

urements ,  using the t r ans fo rm relation 

- iwx(w) (15) 

to co r rec t  fo r  the fi l tering produced by differentiation. Figure  17 shows spatial  harmonics  of 

height up t o  the 100th spat ia l  harmonic. Information about higher spat ia l  harmonics i s  contained 

in the spec t ra l  width and delay profile measurements  to the extent that the C pa ramete r  of 

Hagfors '  scat ter ing function is  a measure  of the height spec t rum integrated over spat ia l  h a r -  

monics with periods approximately ranging f r o m  a wavelength to 100 km. An exponential c o r r e -  

lation function 

p ( r )  = expi-r/dl (16) 

was assumed by ~ a ~ f 0 1 - s ~  and ~ a g f o r s ~  in the derivation of the scat ter ing function of Eq. ( 5 ) .  

The height power spec t rum H(w)  i s  given by 

- < h 2 >  d2 
2 2 3 / 2  ' 

( I t d  w ) 



Fig. 16. Square root of height spectrum as a function of spatial harmonic number. 

Fig. 17. Spatial harmonics of height as obtained from CW frequency offset measurements. 



2 .  where  d i s  the corre la t ion length, (J is the spat ia l  frequency, and <h > 1s the mean s q u a r e  

height. The  corre la t ion length d is  related to  the C p a r a m e t e r  by 

1 

and the roo t  mean s q u a r e  slope i s  C - Z  on a sca le  A where  

The  sca le  s i z e  A is essentially fixed by the "fi l tering action" of the integral  (4-24) of ~ a g f o r s ?  

VI. CORRELATION O F  RADAR MEASUREMENTS WITH OTHER DATA 

A. Corre la t ion with Ground-Based Optical Measurements  

The  r a d a r  measurements  of topography, c r o s s  section, and roughness in the Four ie r  s e r i e s  

interpolated f o r m  have been corre la ted with the photometric measurements  ( l inearly interpolated) 

of d e ~ a u c o u l e u r s ?  The  method used is  s imi la r  to that used by Pettengill, 3 Owing to the 

relatively s m a l l  lat i tude range covered in the r a d a r  measurements ,  the two-dimensional c o r r e -  

lation function was  explored in only one dimension. The  correlation function 9. . ( I )  i s  defined a s  
LJ 

where  f . ( Q ,  x) i s  the  function of longitude I and latitude x. i = 1, 2, 3, 4 correspond to c r o s s  s e c -  

tion, topography, re la t ive  lumina.nce, and roughness ( in  r m s  slope),  respectively.  The functions 

have been normalized t o  ze ro  mean before correlation.  F igures  18 and 19 show the auto- and 

cross-corre la t ion functions in a f o r m  that can be compared directly with those of Pettengil l ,  

et  a1.l F igure  20 shows a contour plot of the luminance data of d e ~ a u c o u l e u r s . ~  A l inear  in ter-  -- 
polation was applied to  obtain these  contours a s  deVaucouleurs gives equally spaced data points 

every 9 "  in longitude and 7 "  in latitude. 

The  autocorrelation of topography shows a corre la t ion of 0.5 for points 18 " apar t .  C r o s s  

section h a s  50 percent corre la t ion a t  points 1 0 "  apa r t  and roughness has  50 percent corre la t ion 

a t  points 8 "  apar t .  The  two-dimensional Four ie r  s e r i e s  fitting p rocess  produces a half-power 

corre la t ion half-width of 4 "  on noise alone which, when taken out in a s u m  of squares  manner ,  

yields co r rec ted  half-widths of 17 ", 9 ", and 7 ", respectively.  These  correlation widths show 

that topography i s  predominantly a slowly varying global quantity, while c r o s s  section and rough- 

n e s s  a r e  both m o r e  highly differentiated functions not fully resolved by the r a d a r  measurements .  

C r o s s  corre la t ions  show clear ly  that topography i s  not corre la ted with c r o s s  section 

[ ~ ~ , ~ ( 0 )  = 0.041 o r  luminance [cpZj3(0) = 0.01. Topography is probably not corre la ted with rough- 

n e s s  [cp (0)  = -0.261 either a s  I cp ( 1 )  I i s  not a maximum a t  Q = 0. On the other hand, c r o s s  
2,4 2,4 

section i s  anticorrelated with lulninance [cp (0)  = -0.481, making a s t ronger  case  for the sug-  
1 ,3  

gestion made  by Pettengill, d . , '  that optically da rk  regions produce a s t ronger  quasispecular 

r a d a r  echo. Also, c r o s s  section i s  anticorrelated with roughness [ q  (0) = -0.381, suggesting 
1,4 

that regions of high c r o s s  section a r e  smoother on the average than thei r  environs.  

While topography i s  not directly correlated with c r o s s  section, the re  i s  a tendency of s lopes  

r is ing to the West to be associated with high c r o s s  section.  This  suggestion i s  borne out by the 
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Fig. 18. Autocorrelationof the fourcontinuous 

representations: Mart ian radar cross section, 
surface topography, luminance, and roughness. 



Fig. 19. Cross correlations of the four continuous 
representations: Index 1 = cross section, 2 = 
topography, 3 = luminance, and 4 = roughness. 
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Fig. 20. Contour p lo t  of relat ive luminance of Mar t ian surface from devaucouleurs? 

Linear interpolation was used to obtain contours. 
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Fig. 21. Ctoss co~re la t ion  of c~oss section wi th  the d e ~  ivat ive of topog~apliy 

wi th  ~espect to longitude. 



l a r g e  positive tierivati1.e tii' ~3 ccccccccccccccccccccccccccccccccccccccc) at 1 - 0 .  I lonever ,  this r e su l t  rllaj- be donlinated by S ~ I - t i s  
1 , 2  

I l a jo r  anti Triviulli Charontis ,  the onlj- l a r g e  c r o s s  section regions in the  region !napped, both 

of which r i s e  to the IVest. i<igui-e 21 shows the c r o s s  corre la t ion  of r a d a r  c r o s s  section with 

the der ivat ive  (with respect  to longitutle) of topography. Tlic f igure shows a col-relation of 0.3 

between c r o s s  section anti s lopes  r i s ing to the If es t .  -4 s i m i l a r  corre la t ion  cari.ied out on the  

1967 racial data alone slloms a coi,relation of only 0.14.  

B. Correlation with Mariner  Results 

The  1.adio occultation nieasill-ements of the Martian atliiosphel~e recently repor ted  112. Icliore, 
5 .  ct  al . ,  ~ n d i c a t e  a variat ion in topography of about 5 to 6 l t i lometers ove r  the  four points of m e a s -  -- 

urernent.  This is consistent  with the  r a d a r  measul.ements of topography. L'nfortunately, only 

Fig. 22. Contours of atmospheric pressure at  surface of Mars obtained from topography 

using Mariner 6 entl-y a t  4ON, 355'E as a calibt-ation pressure of 6.6 millibars. 

one Rlarinei, enti.>- or exit occurreti  within a lat i t~lt le range measured bj- ra t iar .  This  was  the  

I I a r ine r  6 entry a t  4 " N  ant1 355 "E fo r  which a p r e s s u r e  of 6.6 mi l l ibars  was measured.  Using 

th is  point a s  a ea l ib~,a t ion,  and a p r e s s u r e  sca le  height of 12.7 Icm, the r a d a r  topography contours 

can be converted to p l . c s s u l ~  contoul-s shown in Fig.  22. 

VII. CONCLUSION 

The  analys is  of the raclar measuremen t s  of A'Iars contailled in th is  r epor t  may shed m o r e  

light on the  nature  of the  Martian suisface.  By cori-elating the r a d a r  1.esults with optical obse r -  

vations, it i s  c l ea r  that the optically tlarli a r e a s  have a significantly higher intr insic raciar ref lec-  

tivity and a r e  solnearhat slnoother on the sca le  of the 3.8-cm ratiar  wavelength than other regions .  

Also, t h e r e  i s  a tendency for  optically da rk  a r e a s  to l i e  on the eas t e rn  s lopes  of the l.atlar meas -  

ured topographic highlantis at  l eas t  in the r a d a r  probed s t r i p  extentling f rom the equator to 22"N. 

These  r e su l t s  a r e  consistent  wit11 a motlel of darli a r e a s  being b a r e  rock protlucing a high r a d a r  

reflectivity anti other a r e a s  being clust covei-ed sul-faces of 10x7 1,aclar reflectivit l- .  The tendency 



of b a r e  r o c k  a r e a s  t o  b e  o n  t h e  e a s t e r n  s l o p e s  of M a r t i a n  h igh lands  m a y  b e  d u e  t o  a p r e v a i l i n g  

wind p a t t e r n  on  M a r s .  

C o n c l u s i o n s  a r i s i n g  f r o m  t h e  r a d a r  s t u d y  t h a t  m i g h t  b e  c o n s i d e r e d  m o s t  i m p o r t a n t  f o r  t h e  

l a n d i n g  of a s p a c e c r a f t  o n  M a r s  a r e :  

e M e a n  s m a l l  s c a l e  s u r f a c e  s l o p e s  a r e  suf f ic ien t ly  s m a l l  t h a t  t h e r e  i s  a h igh  p r o b a b i l -  

i t y  t h a t  a s p a c e c r a f t  would r e s t  o n  t h e  s u r f a c e  o r i e n t e d  t o  within a few d e g r e e s  of  t h e  

zeni th.  

e M a r t i a n  h igh lands  h a v e  a n  a t m o s p h e r i c  p r e s s u r e  of about  3 m i l l i b a r s  c o m p a r e d  w i t h  

about  9 m i l l i b a r s  f o r  t h e  l o w l a n d s .  
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APPENDIX A 
RADAR SYSTEM 

I. PERFORMANCE PARAMETERS 

The  basic  Haystack performance parameters  for 1967 and 1969 a r e  given in Table A-1. 

The improvem-ent in antenna performance f rom 1967 to 1969 was the result  of a readjustment 

of the parabolic surface. 

HAYSTACK RADAR PARAMETERS APPLICABLE TO OBSERVATIONS 

Antenna Diameter 

Antenna Effective Area (AR) 
(includes waveguide attenuation LR) 

150 - 350 kW 

Transmit Polarization 

Transmitter Waveguide Losses (L T) 

Receive Polarization 

System Temperature 

Data Processing Computer 

Station Standard 



HIGH-POWER 

Fig. A-1. Block diagram of radar system used for observations of Mars. 

Fig. A-2. Block diagram of frequency conversion system for high frequency resolution 

of CW echoes i n  1969. 



11. RADIO-FREQUENCY EQUIPMENT 

The radio-frequency hardware configuration fo r  ranging measurement  used in 1969 i s  shown 

in Fig. A-1. The  sys tem is s imi la r  to that used by Pettengill, g a., in 1967. Figure  A-2  

shows the single-sideband conversion sys tem used to make high-resolution CW measurements .  

The sys tem used in  1967 was  not suited to  high frequency resolution and had many "free  running" 

local osci l la tors .  

111. MODE PARAMETERS 

The ranging measurements  (excluding cer ta in  t e s t  modes )  w e r e  made using code, sampling,  

and f i l ter  p a r a m e t e r s .  

Number of code elements 

Number of code elements processed 

Baud length 

Sample period 

Signal code 

Predetect ion f i l ter  

Pulse  matched f i l t e r  

Instrumental  delay 

15 

8 ( 6  in 1967) 

60 psec 

30 psec 

4- 3- 0 

2 MHz center ,  110 kHz bandwidth 

60 psec 

75 psec ( tes t  pulse in range box 3 .5 )  

Some observations w e r e  made with longer baud lengths to ensure  that no range ambiguity w a s  

present .  

The CW measurements  made in 1969 used the following pa ramete r s :  

Sampling frequency $2 kHz 

Window width analyzed 4.8 kHz 

Spectral  resolution 120 Hz 





APPENDIX B 

MAXIMUM LIKELIHOOD PARAMETER ESTIMATION THEORY 

I. MA XIMUM LIKELIHOOD ESTIMATE 

If measurements  a r e  made of a physical quantity, i t  can be assumed in many cases  that the 

measurement  differs f r o m  the physical quantity by a random e r r o r  o r  noise. Let the ith meas- 

ured data point be d.  of the physical quantity Si. Then 
1 

where n; is the noise in the ith measurement .  O r  if we choose to represen t  a l l  data points by 
.-, 

the vector d (with a s  many dimensions a s  data points), 

In mos t  cases  ( for  example, r a d a r  delay measurement)  the noise has  Gaussian s ta t is t ics .  

Each noise component is independent of the others .  A meaningful c r i t e r i a  in data analysis i s  to 
+ 

maximize the probability that the es t imates  S of the physical quantity equals that actual quantity 
+ + 
So given that the data d a r e  measured,  i .e . ,  

--t 4 

Maximize P r o b  (g = So Id ) 

by Bayes'  ru le  

-+ + -, P r o b  (z 15 = c) Prob  (g = go) 
P r o b ( S  = S o l d )  = 

P r o b  (z)  
Now Prob (2) i s  independent of our  choice of g and P r o b  (g = go) might a s  well be a constant 

+ 
given that we have no a p r i o r i  knowledge of So. Thus, maximizing 

+ + 
P r o b  (d I S = go) 

+ 
will have the same  effect. If the noise is Gaussian, the probability density p(n ) is given by 

s o  that 

+ +  + 
P r o b i d  IS = So) a exp - idi- Si)'/2Q:] d d l d d 2  . .  ddI , 

which is c lear ly  maximized by choosing 5, to minimize 

That i s ,  a "weighted leas t -squares  f i t "  i s  equivalent to a maximum likelihood estimate in the 

c a s e  of Gaussian e r r o r  s ta t is t ics  with zero means.  



11. TWO-DIMENSIONAL LEAST-SQUARES FITTING 

Let f(x, y) be a rea l  function of two variables x and y. Assume that f can be f i r s t  expanded 

in x, i . e . ,  

where PK(x) is an element of a set  of functions of x. For  example, P (x) could be one trigono- K 
metr ic  function out of a Fourier  se r ies .  Now, assume that each A (y) can be expanded as  a I< 
ser ies ,  

where 0 (y) is an element of a se t  of functions. Combining the two equations above, 
1 

In order  to make f(x, y) the "best" function in a least-squares sense, one requires that 

be a minimum. In general, this can be done by solving the se t  of equations produced by  setting 

the partial derivative of A with respect to A and B equal to zero. However, this procedure 

leads to a computationally difficult problem of solving for a large number of unknowns by a ma- 

t r ix  inversion process. A simpler method is to first  quantize y in units Ay and consider a l l  

data points such that 

for each j = 1, 2 , .  . . J .  For each j find 

so that 

where the sum is over al l  i such that ( j  - 1) Ay < yi,< jAy is a minimum. This is now a one- 

dimensional problem which can be solved by solving the set  of equations given by 



for a l l  1 ,< z < I<. Rewriting the above equation in the form 

A j 2 x i  + 2 Ak(j) Pklxi) *.(xi) = 2 di(xi) QZ(xi) , 

i k f z  i i 

it i s  often possible to solve the equations by an iterative process:  

where N i s  the Nth iteration. This process  converges rapidly if 

which is almost always the case  when data points a r e  almost equally spaced and * a r e  a s e t  of 

orthonormal functions s ince 

Having derived f . (x)  for a l l  1 ,< j ,< J and corresponding se t s  of AK(j), it is now possible to find 
J 

a new s e t  of AI<(y), i. e., 

in the following manner. Changing A ( j )  to A (y .) a l te r s  A .  by an amount 
k k 1 3 

by expansion of A .  in a Taylor s e r i e s  about i ts  minimum point. Since 
3 

A is  minimized by minimizing 



for each value of k, which is another one-dimensional problem - that of a weighted least-squares 

fit weight Wk( j )  and i s  given by 

where the summation is carr ied over a l l  i such that ( j  - 1) Ay ,< y i <  jAy. 

In the two-dimensional least-squares fitting used to make the contour maps described in 

Sec. V-A, longitude was taken as  x and latitude a s  y. The latitude was quantized in 3 "  intervals 

(i. e.,  Ay = 3 "). Fifty functions were used for * (sines and cosines) and ten functions for 8. 

Only five iterations were required to bring the function within 1 percent of the converged value 

at all  points. 



APPENDIX C 

DATA REDUCTION PROGRAM LISTINGS 



LISTING 1 

Compass listing of the real  time data processing program. This 

program decodes the signal into up to 8 range boxes without any 

loss of data. Incoherent averages a r e  written out onto magnetic 

tape every 10  seconds. At the end of the receive period an average 

i s  printed out on a high speed printer.  



;SEQUENCE14 
I J O B ~ 4 L M A R h l O ~ B R O C K I 0 5  
iCOMPASStLrR@P 

IDENT MARS 
T I TLE MARS1 4-3-0 DECODING PROGRAM 
ENTRY MAINvCINITrRUN 
EXT INPUTPENDRUN 
EXT CITvCSTtABNORMAL 

MAIN U JP ** 
LOCO EQU 0 

SJ5 *+2 SSWTCH 5 ON MAKE BOOTSTRAP TAPE 
U JP START 
LD A *-1 
ST A LOCO 
CON 6 t 0  
U JP  *-1 
SEL 8v 0 
U JP  *-I 
ENA S 0 
EN1 7 ~ 1  
STA CST? 1 
I JD * - 1 9  1 
OUTW 0 ~ 0 ~ 7 7 7 4 0 8  
U JP *-2 
EXS 2 ~ 0  
U JP *-1 
EXS 24008  t 0 
HLT *+1 
SEL 1390  
U JP *-1 
E INT  0 
HLT 777408  

START RTJ INPUT 
RESTART RTJ C I N I T  

RT J RUN 
RTJ ENDRUN 
S J2 START SSWITCH 2 ON = R E - I N I T I A L I Z E  
U JP RESTART 
EJECT * 

* C I N I T  CLEARS ARRAYS AND SETS UP INTERRUPT LOCATIONS * ---e--__---_----_-_-------------- 

C I N I T  UJP * * 
ENA t S 1 
STA I N T I - 1  POWER FAILURE HALT 
E N I  ABNORMALQ~ 
ST A 1 r l  SET UP STOP INABNORMAL 
ENA P 5 0 
ST A I ND 
ST A INDCT 
STA ICNT 
STA OUTBUF 
ST A FCNT 
ST A ZAQ 
EN I 5 9 ~  1 
SPA I C O H ? l  
STA I T I M E 1  t 1 
STA I T I M E 2 t  1 
I JD *-3 P 1 
EN1 8 1 9 1  P 1 
LD A B I AS 
ST A BUFO v 1 
I JD *--I r 1 
LD A I( R 
INA 4048  

CLEAR CST 

CHECK FOR ERRORS 

CLEAR INCOHERENT INTEGRATION 

CLEAR BUFFERS 



SWA 1.21 
ST A INDEX2 
bB A KR 
INAeS - 2 
SH A 1 
SWA I s 1  B 1  = 2*(KR-2)  
LDA K R 
I N A  * S -32  
SWA I 4 2  8 2  STEP = - (32-KR) 

* NOTE / KR MUST BE EVEN SINCE TWO SAMPLES ARE DECODED FOR EACH PASS. 
* KR MAY BE ANY EVEN NUMBER FROM 2 TO 3 0  DEPENDING ON THE BAUD INTERVAL 
* FOR 6 0  MICROSECe KR = 6, FOR 1 2 6  MICROSEC. KR = 1 6  

EN I 2 1 ~ 1  
LDA C I T t  1 
STA C ITSAVE t 1 SAVE C I T  TABLE 
I JD * - 2 ~ 1  
U J P v I  C I N I T  
EJECT * 

* RUN CONNECTS INTERFACE AND OUTPUT DEVICES 
* .............................. 
RUN U JP ** 

S J l  * SSW 1 ON, WAIT FOR INTERFACE 
SSIM 1 7 8  
CON 2 0 0 0 8 *  3 
U J P  *-I 
EXS 1 v 3  TEST FOR READY 
U J P  *+2 
U JP *-2 
SEL 5 t 3 CLEAR CH3 INT.  
U JP *-1 
IOCL 5 CLEAR CHAN 0 AND 2 
CON 2 t O  CONNECT U N I T  2 TO CH 0 
U JP *-I 
SEL 6 ~ 0  SET 8 0 0  B P I  U N I T  2 
U J P  *-1 
EN1 1 2 ~ 1  
ENA v S MANUAL 
STA C I T t 1  
EN I 17r 1 
ENA I S CH3 
ST A C I T t 1  
EN A WAIT 
SWA WAIT 
SEL 3 v 3  
U JP *- 1 
EXS 4 v 3  
U JP * +2 
U JP *-2 
EN A 0 
TAM 2 2 8  

I N I T I A L  SETTING OF 82 

ENABLEISTART WRITE CORE 

TEST FOR WRITE CORE 

STA TIMER 
SEL 1 2 8  P 3 
U J P  *-1 

READ TIME FUNCTION 

INPW 
U JP 
PA US 
U J P  
OUTW 
U J P  
EX5 
U JP 
E I NT 
U JP 
EJECT 

PROCESS ElJA 

~ I T I M E ~ I T I M E ~ + ~  READ I N  START TIME 
* -2  
1 OB 
*+ 1 
O t I T I T L E t K R + 1  
*-2 
2 t O  
*-1 
0 
WAIT 

WAIT 
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TM A 
1 SG 
ST A 
EX§ 

WAIT U JP 
* 
ENDREC I Q C L  

EXS 
U JP 
5 E L  
U JP 
S J 6  
U J P  
SEL 
UJP 
SEL 
U J P  
EN I 
L D  A 
ST A 
I JD 
EN I 
ENA v S 
STA 
I JD 
SEL 
UJP 
UJP, X 
EJECT 

2 2 8  
1 0 0 8 2  
I T I M E l s 2  
4 ~ 3  CORE WRITE TEST 
+ TO PROCESS OR WAIT 
END OF RECEIVE PERIOD SENSED I N  PROCESS 
1 0B 
2cO WAIT FOR TAPE WRITE 
*-a 
139  0 END F I L E  TAPE 2 
*-1 
*+2 SSW4 ON=EOF*REWIND AND UNLOAD 
++5 
1 3 8 0  END F I L E  
*-1 
9 s 0  REWIND AND UNLOAD 
*-I 
2 1 1 1  
CITSAVE, 1 
C I T e 1  RESTORE C I T  TABLE 
* - 2 ~ 1  
7 ~ 1  
0 
CST P 1 CLEAR CST 
*-a, 1 
5 ~ 0  
*-I CLEAR 
RUN RETURN TO MAIN PROGRAV 

CH3 INTERFACE INTERRUPT PROCESSOR 
-s----_--_s-_---_---m--------- 

U J P  ** D D I  INTERRUPT PROCESSOR 
ENA CH3 RESTORE I N T  ADDRESS 
St4 A C I T e 1  RESTORE I N T  ADDRESS 
LDA I ND 
AZJcEQ *+% 
ENA @ S 1 
RAD INDCT 
ENA 7 7 7 7 9 8  
ST A I ND 
COPY 3 
TAM 7 7 8  
ANA S 2 1 0 0 8  
A Z J l N E  FAULT 

EOBTEST TlvlA 7 7 8  
ANA 9 S 6 0 0  
A L J  v EQ NOTEOB 
L D I  INDEX2 t 2 
ASE 2 0 8  
I N  I 4 0 9 6  P 2 
ST I I e 2 I  ~2 
LD I I C N T t 2  
TM A 228 
I SG 1 0 0 ~ 2  
ST A I T I M E 2 r 2  
I N  I 1 r 2  
S T 1  ICNT , 2 
ENQ 1 0 0 0 0  
ADA TIMER 
AQJ @ GE RECORD 
STA TIMER 
ENA 0 

RESET TAM 2 2 8  
EN A PROCESS 
SWA WAIT 

COPY STATUS OF CH 3 

UP BUFFER COUNT 

SET RETURN TO PROCESS 



COUNT FAULTS 
NOTIFY PHASE11 
CLEAR FAULT 

ACCEPT I F  EOB TO MAINTAIN T IMING 

SWA WHERE TERMINATE INTEGRATION 
NOTEOB PEL 1OBe.3 CLEAR INTERRUPT 

U JP * e l  

UJPt I CH3 
RECORD OUTW OvICNTvICOH+60 

UJP *-2 
ENA 0 
STA TIMER 
UdP RESET 

TIMER BSS 1 
INDEX2 BSS 1 
FAULT ENAIS 1 

RAD FCNT 
RAD SAVEQ 
SEL 1 1 B v 3  
U JP *-1 
U JP EOBTEST 

ERR U J P  * 4 
LDA I N T 1 + 1  
LDQ I N T l  
HLT *+1 
UJPv I ERR 
REM TEMPORARY HALT WITH LOCS 4 AND 5 I N  Q AND A 

MANUAL UJP 4 4 MANUAL I N T  ROUTINE 
SEL 4 t 3  DISABLE WRITE CORE 
U JP 4-1 
UCS 0 STOP 
SJ1 ENDREC SENSE SWITCH 1 ONt GO TO END 
IOCL 1 0 0  OFF CLEAR INTERFACE* 
U JP RESTART RESTART 
EJECT 

SAVEQ OCT 0 
I N T l  EQU 4 
BUFO EQU 8 1 9 2  
B U F l  EQU 1 2 2 8 8  
B I A S  OCT 0 1 7 7 0 1 7 7  

OCT 0 1 7 7 0 1 7 7  
OUTBUF BSS 1 
CITSAVE BSS 2 2 
Z A BSS 1 
ZAQ BSS 2 
SAVEN BSS 2 
DATA EQU BUFO-30 
I N D  BSS 1 

DATA 
ICNT BSS 1 
FCNT BSS 1 
INDCT BSS 1 
ICOH BSS 1 0 0  

COMMON 
KR1 BSS 1 
KR2 BSS 1 
I T I T L E  BSS 1 8  
I RUN BSS 1 
T I M E 1  BSS 1 
TIME2 BSS 1 
K R BSS 1 
I T I M E l  BSS 1 0  0 
TTIME2 BSS 1 0 0  
S P BSS 6 0  

END MA I N  
F I N I S  

tFORTRAN*L*P 
SUBROUTINE INPUT 
COMMON K R ~ ~ K R ~ ~ ~ T I T L E ( ~ ~ ) ~ I R U N , I T I M ~ ~ I T X M ~ ~ K R , I T I M E ~ ~ ~ O O ~ P I T I M E ~ ~ ~  

1 0 0 ) t S P ( 3 0 )  





LISTING 2 

F o r t r a n  l ist ing of program which analyzes the output of the previous 

program.  This program determines  the leas t -squares  fit delay, 

c r o s s  section, and C value. 



iSEQUENCEr6 
~ J O B P ~ L A B G ~ ~ ~ ~ R O G E R S V ~ ~ S N B  
iFORTRANvLtX 

PROGRAM MARSRN2 
CHARACTER CH 
DIMENSION I P W R ( ~ ~ ) ~ I D A T A ( ~ ~ ) I P W R ~ ~ O ~ P A P W R ( ~ ~ ) ~ A A P W R ~ ~ O ~ V P W R ~ ~ ~ O ~  
lsINFO(200)~ CH(72) v R A ( ~ O ) V D E C S ( ~ O ) I K D A Y ( ~ O )  
2sAL8N(20)~P(101130),C(5Ot1Ot10) 
EQUIVALENCE (IDATAPCHI 
PI=3.1415926536 
DO 205 M=1~130 
DO 205 b=lrlO 

205 P(LPM)=O~O 
DO 200 M=1~130 
DO 200 L=%I€O 
AC=L*L*5OeO 
DO 200 NN-6,130 
N=NN-80 
IF(N) 201t201~202 

202 P A = 1 . 0 + 2 e O * A C * ( N + O e 0 ) / 7 5 0 0 e O  
PA-1 r O/PA 
PA=PA*PA*PA 
PA=SQRT(PA)*(SQRf(N+OeO)-SQRT(N-1.0)) 
GO TO 203 

201 PA=OeO 
203 IDFF=IABS(NN-M) 

IF(IDFF-20) 204r200r200 
204 P ( L V M ) = P ( ~ P M ) + P A * ( ~ ~ ~ - I D F F / ~ ~ ~ ~ ) * ( ~ ~ ~ - I D F F / ~ O ~ O ~  
200 CONTINUE 

IDAYC-0 
IDAYCK'O 
STIME=OeO 
DO 71 IZlt20 
READ 72~HRSrAMINtSECS~DEGS,DMINStDSECtALON(I)tKDAY(I) 

72 FORMAT(7F10e7~13) 
RA(L)=HRS+P1/12.0 +AMIN*PI/720rO+SECS*PI/43200.0 

71 D E C S ( I ) = D E G S * P I / I ~ O ~ O + S I G N ( ( D M I N S * P I / ~ O ~ O O ~ O + D S E C ~ P I / ~ ~ ~ O O O ~ O  
1) PDEGS) 

1 BUFFER I N ( J O P ~ ) ( I D A T A ( ~ ) P I D A T A ( ~ ~ ) )  
2 GO TO (2v31400~3)vUNITSTF(30) 
3 PRINT 4r (CH(I)vI=lt72) 
4 F O R M A T ( ~ X P ~ ~ R ~ )  

PRINT 51 I D A T A ( ~ ~ )  
5 FORMAT(~XV~OHRUN N U M B E R P ~ X ~ I ~ )  

TIME=(((((CH(80)+0)*64r+CH(B1))*64*+CH(82))*64a+CH(83))*64e+C~(84) 
1) /36000008~0 
PRINT 6v TIME 

6 F O R M A T ( I X P ~ H T I M E P ~ X ~ F ~ O I ~ )  
KERR=LENGTHF(3O) 
IF(KERR-22) 400~301t400 

301 IF(IDATA(19)-50) 302~4001400 
302 IF(IDATA(19)) 400~400t303 
303 CONTINUE 

IF(I0AYCK) 304,304~39 
304 NBOX=8 

IDAYCK-1 
IDA=O 
DO 19 I=2,72 
1F(IDAeEQ.0)11~19 

11 fF(CH(I)aLE.9)13~19 
13 IF(Cti(I)rGEeO)14~19 
14 IF(CH(X+l)sLEe9)15~17 
15 IF(CH(I+1)rGEeO)16t17 
16 IDAY=CH(X)*10+CH(I+l) 

GO TO 18 
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605 AMIN=C(EP~PKI 
IBOX=%+30 
I NSZK 
JBOX=d 

604 CONTINUE 
ADL=AMPN+lO*O 
ICCR-0 
DO 600 %=1v50 
ILL=EBOX+I-40 
80 600 d=lp%O 
DO 600 K=1v10 
IF(C(% 8JvK)-ADL 606~600~600 

606 IF(IGCR1 687~607~608 
607 IRBOX1=III 

ICCR-1 
608 %RBOX2=III 
600 CONTINUE 

IRBOX=IRBOX%-IRBOX1 
PRINT 208 

208 FORMAT(IXv28HLEAST SQUARES FIT FARAMETERS) 
PRINT ~~~PIBOXPAMINPIABOX IINSVJBOXPIRBOX 

206 F O R M A T ( ~ X P I ~ P ~ ~ X P F ~ O ~ ~ I ~ O X ~ I ~ V ~ I ~ )  
DO 350 K = l ~ 3  
KKKZINS-Z+K 
PRINT 351 

351 FORMAT(~XP~OHSHIFT BOWNtAC ACROSS) 
DO 350 I=1110 
LI%=IBOX+I-35 

350 PRINT 352e(C(IPIvJtKKK)rJ=1,10) 
352 FORMAT(1XvlOF1Oe2) 

DAY =NDAY 
TIM =TIME 
PF(DMAX-10.0) 240~240~241 

240 AMULT=10 c 0 
PRINT 243 

243 FORMAT(~XP~~HSCALE EXPANDED) 
60 PO 242 

241 AMULT=1*0 
242 CONTINUE 

DO 209 L=1tNBOX 
A=L.*lO 
B=AAPWR(L)*AMULT 

209 GALL POINT§(AVBI~RD@~) 
XSECTZO I 0 
NNNBOX=IBOX+49 
DO 220 L=ltNNNBOX 
AZL 
M=L-IBOX+B1 
B=AMULT*DMAX*(leO+(INS-2r0)/10.0)*P(JBOXtM)/P(JBOXt81) 
XSECT=XfECT+B/(SQRT(SAM)*AMULT) 

220 CALL POINTS ( A I B P ~ R * I ~ )  
CALL L A B E ~ S ( ~ H D E L P ~ ~ ~ H P O W , ~ )  
CALL GRIDS (-20~0110~01-20r0~20*0) 
CALL GRAPHS(1NF0~15v200v1) 
THETA=Pl/2eO-PI*53e0/18000 
OMEGA=24e0/24~0+37~0/(24~0*60e0)+22.6689~~24eO*60~0*60~0~ 
OMEGA=lrO/OMEGA 
DO 401 K=1~20 
IF(KDAY(K)-DAY 401,402~402 

402 IF(KDAYfK)-9-DAY 403~403~401 
403 KA=K 

KB-K-1 
481 CONTINUE 

Al=PI/2rO+RA(KB)-PI*317eOl18OeO 
A ~ = P I / ~ v O + R A ( K A ) - P I * ~ ~ ~ ~ O / ~ B O ~ O  
AE~=SIN(THETA)*SIN(DECS(KB))-SIN(A~)*CO§(DECS(KB))*CO§(THETA) 



AE~=SIN(THETA)*SIN(BECS(KA))-SIN(A~)*COS(D€CS(KA))*COS(THETA) 
BE1=COS(A l ) *CQ%(BECS(KB) )  
BE2=COS(A2)*COS(DECS(KA))  
A N ~ = A T A N ( A E ~ / B E ~ ) + ( O ~ ~ - S I G N ( ~ . ~ , B E ~ ) ) * S I G N ( P I V A E ~ )  
AN2=ATAN(AE2/BE2)+(0,5~SIGN(Oe5PBE2))9SIGN(PI9A€2) 
AL~=(~~OOO/PI)*ASINF(-GOS(THETA)*SIN(DECS(KB))-SIN(THETA)*SIN(A~)* 

1 C O S I U E C S ( K B I I )  
AL~=(~~~*~/PI)*ASINF(-COS(THETA)*SIN(DEC~(KA))-SIN(THETA)*SIN(A~~* 

l C O S ( U E C S ( K A ) ) )  
AbATW=AL%+(Ab2-ALf)*(DAY - K D A Y ( K B ) + ( T I M  / 2 4 . 0 ) ) / 1 0 , 0  
ANG=(AN2-ANl)* (DAY - K D A Y ( K B ) + ( T I M  / 2 4 * 0 ) ) / 1 0 , 0  
ALOGR=OMEGA*(DAY -KDAY(KB)+(T IM /24eO))+ANG/(2rO*PI)+ALON(KB) 

1 / 3 6 0  e 0  
LOGR=ALOGR 
A L O G R = ( A L O G R - L O G R ) * ~ ~ O . O  
PRINT ~ ~ ~ ~ A L O G R ~ A L A T R ~ I B O X ~ ~ B O X P T I M ~ D A Y ~ I R B O X , X S E C T  

4 0 4  
PUNCH ~ ~ ~ v A L O G R ~ A L A T R V I B O X ~ J B O X ~ T I M I D A Y I I R B O X ~ X S E C T  

8 4 1  FORMAT (2F10~3~2110r2F10~3~I101F10~3) 
GO TO 1 

4 0 0  GO TO ( 4 1 1 v 4 1 2 ) S S ~ T C ~ F ( 2 )  
4 1 2  PAUSE 
4 1 1  PRINT 4 1 3  
4 1 3  F O R M A T ( ~ X ~ ~ ~ H P A U S E  ON TAPE) 

STIMk=O*O 
IDAYC=O 
IDAYCK'O 
GO T O ( 1 ~ 4 1 0 )  SSWTCHF(1) 

4 1 0  END 
F I N I S  

;EQUIPt30=MTCOEOU03 
;LOAD P 56 
; RdN 



LISTING 3 

For t ran  program to perform two-dimensional least -squares  

fitting of data. 



iFORTRAN9LtX 
PROGRAM MARSCON 
DIMENSION F ( 5 0 ) r F 1 ( 5 0 ) ~ F 2 ( 5 0 ) ~ D ( 9 0 0  )rY(900 )vDC(121 ),F3(50#50) 
le~(900) 
COMMON DA( 900itXI 900)#YA( 900)~IARR(i21ePO) 
Is ARR(50~10)~ARW(50~10) 
PI=3.1415926536 
NP=25 
1=1 

703 READ ~ O O ~ L B O X ~ S I G M A ~ T I M ~ D A Y I A L O G R ~ A L A T R ~ H G T I E R R  
700 FORMAT(IIOe7FlOe2) 

IF(DAY-1966.0) 952,951~951 
952 HGT=HGT+(DAY-128eO)*3.0/100.0 

GO TO 953 
951 HGT=HGT-3.0 
953 CONTINUE 

DA ( I) =HGT 
X(I)=ALOGR 
YA(I)=ALATR 
IF(Lt3OX) 701t7021701 

701 I=I+l 
GO TO 703 

702 III=I-f 
PRINT 704, I11 

704 FORMAT(~XPI~O) 
DO 100 IQ=1t10 
XMAX=(IQ-1)*3e0+5.0 
XMIN=XMAX-~OIO 
IKK=1 
DO 200 1=1vIII 
IF(YA(1)-XMIN) 200~101~101 

101 PF(YA(1)-XMAX) 102~102~200 
102 D(%KK)=BA(I) 

Y(IKK)=X (I)*2.0*PI/360.0 
K'(PKK)=lrO 
IKK=IKK+1 

200 CONTINUE 
11-IKK-1 
IF(I1) 100vlOOt202 

202 CALL D A T A F T ( I I ~ D ~ W ~ Y ~ D C P N P ~ F ~ F ~ )  
DO 201 IM=1v121 

201 IARR(%MPIQ)=DC(IM)*~OOO 
DO 400 IC=lv50 
ARR(ICtIQ)=F(IC) 

400 ARW(ICtIQ)=F3(ICtIC) 
100 CONTINUE 

NP-5 
rr=.to 
DO 500 IC=1?50 
DO 501 IQ=1110 
D(IQ)=ARR(ICtIQ) 
Y(IQ)=(IQ-l)*2rO*PI/20eO 

501 W(IQ)=ARW(ICIIQ) 
CALL D A T A F T ( I I V D I W ~ Y P D C ~ N P , F , F ~ )  
DO 502 IQ=lv10 
IQQ=(IQ-1)*5+1 

502 ARR(ICrIQ)=DC(IQQ) 
500 CONTINUE 

DO 800 IQ=1~10 
DO 504 K=1*121 

504 DC(K)=OeO 
DO 800 K=1~121 
DO 600 J=lr25 



T W E V A = ( J ~ P ) * ( K - ~ ) * % O O * P I ~ ~ ~ O * O  
C~=CQS(THETA) 
C2=SIN(THETA) 
Jdzd+25 

600 DC(K)=DC(K)+ARR(J~XQ)*CI+ARR(JJ,IQ)*C~ 
800 IARR(KvTQ)=DC(K)*lOOO 

DO 300 I=fslEl 
PUNCH 302, (IARR(I,J),J=lt10) 

300 PRINT ~ O ~ P ( I A R R ( I I J ) ~ J = ~ P ~ ~ )  
302 FORMAT(1OIB) 
301 fORMAT(lX~10110) 

END 

S U B R O U T I N E D A T A F V ( I I V D I W : Y ~ D C ~ N P ~ F V F ~ )  
DIMENSION F ( ~ Q ) ~ F ~ ( ~ O ) ~ F ~ ( ~ O ) I D ( ~ O O  )tY(90O )tDC(121 ),F3(50t50) 
1rW(BQO) 
PI=3.1415926536 
DO 600 J=lt50 
F1 (J)=OeO 
F2(J)=OeO 
F (J)=OeO 
DO 600 K=lv50 

600 F3(JvK)=OeO 
DO 1 I=1lII 
DO 1 K=l r NP 
THETA=(K-l)*Y(I) 
CI=CQS(THETA) 
C2=SIN(TH&TA) 
F1(K)=F1(K)+C1*D(I)+W(J) 
KK=K+NP 
FI(KK)=F1(KK)+C2*D(I)*W(I) 
DO 1 dzlt NP 
THET=(J-I)*Y(I) 
CS=COS (THET) 
C4=SIN(THET) 
F ~ ( J ~ K ) = F S ( J ~ K ) + C ~ * C ~ * W ( I )  
F ~ ( J P K K ) = F S ( J V K K ) + C ~ * C ~ * W ( I )  
J J= J+NP 
F ~ ( J J v K ) = F ~ ( J J P K ) + C ~ * C ~ * W ( I )  

1 F ~ ( J J I K K ) = F ~ ( J J ~ K K ) + C ~ * C ~ * W ( I )  
DO 900 L=le5 
NPP"NP*2 
DO 2 K'ltNPP 
AA=O e 0 
DO 101 JZ~PNPP 
IF(J-K) 100~1.0~tioo 

100 AA=AA+F(J)*F3(KtJ) 
101 CONTINUE 

IF(FJ(KtK))200t2t200 
200 F(K)=(F1(K)-AA)/F3(KtK) 
2 CONTINUE 

900 CONTPNUE 
AMAX=-1000000~0 
AMIN=+1000000~0 
DO 300 P=1v121 

300 DC(I)=OeO 
DO 3 K=1v121 
DO 3 J=l*NP 
THETA=(J - l ) * (K-1 ) *2eO*P1/120 .0  
CI=COS(THETA) 
CE=SIN(THETA) 
JJ=J+NP 

3 D C ( K ) = D C ( K ) + F ( J ) * C l + F ( J J ) * C 2  
DO 7 K'lv121 
IF(DC(K)-AMAX)10tiOvll 

11 AMAXZDC (K ) 



1 0  I F ( D C ( K ) - A M I N )  1 2 ~ 7 ~ 7  
12 AMIN=DC(K) 

7  CONTINUE 
DO 1 7  K = l r I I  
I F ( D ( K ) - A M A ~ ) 2 0 r 2 0 v 2 1  

2 1  AMAX=B(K)  
20 I F ( D ( K ) - = A M X N )  2 2 ~ 1 7 e 1 7  
2 2  AMIN=D(K) 
1 7  CONTINUE 

CALL L I M I T S ( ~ . O @ ~ ~ ~ . O P A M I N , A M B X )  
DO 4 I = 1 t I I  
A=Y(I)*120.0/(2eO*PI)+lrO 
B = D ( I )  

4 CALL P O I N T S ( A P B ~ ~ R D I ~ )  
DO 5 K = 1 ~ 1 2 1  
A'# 
B=DC ( K )  

5 CALL P O P N T S ( A ~ B ~ ~ R + P ~ )  
CALL GRAPHS(OvOtOt1)  
RETURN 
END 

F I N I S  
i LOAD t 56 



LISTING 4 

For t ran  program to analyze CW data. P rogram determines best-fit 

C value c r o s s  section and frequency offset. 



PHUbHAM MAKSLW 
DIMEIJSION I H E A D ( ~ ) P T ( ~ ~ ~ ) ~ R A ( ~ ~ ) P D E C S ( ~ ~ ) ~ K D A Y ( ~ ~ ) ~ A L O F . I ( ~ ~ ) ~  

~ S C A T ( ~ ~ ~ ) ~ D E L T A ( ~ O V ~ O P ~ ~ )  
PP=3,14b5926536 
DO 71 I=lv20 
READ 72rHRSvAMINvSECStDEG5vQMINStBSECvALON(I)vKDAY~I~ 

72 FORMAf~SF%Oe7r131 
RA(%)=HRS*PI/lE*O +AMIN*PI/?20eO+SECS*PI/43200~0 

71 D E C S ( I ) ~ D E G S * P I / ~ B O ~ O + S I G N ( ( D M I N S * P I / ~ ~ ~ O O ~ O + D S E C * P I / ~ ~ ~ O O O ~ O  
1) tDEGS) 

1 READ(30) IHEADtTIMEtT 
GO T Q  (41Os2)vEOFCKF(30) 

2 PRINT SPIHEADPTIME 
3 FORMAT(lX~4I8rlOXtF10.2) 

NDAY=IHEAD(4) 
DAY =NQAY 
TIM =TIME/3600.0 +0.05 
PRINT 51 NDAYvTIM 

5 F O R M A T ( ~ X ~ I B I F ~ O ~ E )  
ANL=O I 0 
DO 4 1=1t20 
I I=162-I 

4 ANL=ANL+T(I)+T(II) 
ANL=ANL/40.0 
TMAXGO o 0 
DO 7 I=1?161 
T(I)=T(I)-ANL 
IF(TMAX-T(I)) 6 ~ 6 ~ 7  

6 TMAX=T(I) 
7 CONTINUE 

DO 9 I=lP 10 
DO 9 J=lrlO 
DO 9 K'1~41 

9 DELTA(IPJvK)=OIO 
UQ 20 IC=1@10 
C=IC*IC*SO.O 
DO 10 IY=81t161 
Y=(IY-81)*30.0/125OOeO 
ZMAX=SQRT(l.O-Y*Y) 
IZMAX=ZMAX*100.0 
SCAT(IY)=O.O 
DO 8 IZ=lvIZMAX 
Z=(1Z-1.0)/100.0 
R=SQRT(Z*Z+Y*Y) 
RE=leO-R*R 
Rl=R2*R2+C*R*R 

8 SCAT(%Y)=SCAT(IY)+SWT(l.O/(Rl*Rl*Rl*R2)) 
10 CONTINUE 

DO 11 I=1~81 
II=l62-I 

11 SCAT(I)=SCAT(II) 
DO 14 IH=lv10 
DO 14 I=41~121 
DO 14 IS=lt41 

20 CONTINUE 
DELTM=10.0**6 
DO 24 IC=lvlO 
DO 24 IH=lvlO 
DO 24 IS=1t41 
IF(DELTM-DELTA(IC,IH,IS)) 2 4 ~ 2 4 ~ 2 3  

23 DELTM=DELTA(ICtIHtIS) 
ICC=IC 
I HH= I H 
ISH=IS 



24 CONTINUE 
C=ICC*ICC*50.0 
DO 110 IY=81~161 
Y=(IY~81)*3Oe0/12%00eO 
ZMAX=SQRT(1.O-Y*Y) 
IZMAX=ZMAX*100oO 
SCAT(IY)=OeO 
DO108 IZ=1tI%MAX 
2=(%P-1*0)/1O0*0 
R=SQRTiZ*Z+Y*Y) 

108 SCAT(IY)=SCAT(IY)+SQRT(l.O/((((lrO-R*R)**2+C*R*R)**3)*(leO-R*R))) 
110 CONTINUE 

DO 111 I=1@81 
I I=162-I 

111 SCAT(I)=SCAT(II) 
SCATB=SCAT($l) 
DO 114 I=1~161 

114 SCAT(I)=TMAX*(~.O+(IHH-~~O)/~~O)*SCAT(I)/SCATB 
PRINT ~~ISCATBPICCIIHHPISH 

25 FORMAT(lXtF10.6r3112) 
CALL LIMITS(lr0?161oO~OoO,TMAX) 
B22=0 e 0 
00 26 I=lr161 
A-I 
Bl=T(I) 
ISS=I+ISH-21 
B2=SCAT(ISS) 
522=822+SCAV(I) 
CALL POINTS(AtBltlR*rl) 

26 CALL P O I N T S ( A P B ~ P ~ R + P ~ )  
CALL G R I D S ( ~ E O I ~ O I O ~ O . O I T M A X )  
CALL GRAPHS(O~OPOP~) 
XSECT =522*30 r 0 
J C =ICC 
THETA=PI/2eO-P1*53e0/180*0 
OMEGA~24~0~24~0+37e0/(24~0*60~0)+22~6689~~24eO*6OeO*6OeO~ 
OMEGA=leO/OMEGA 
DO 401 K = 1 ~ 2 0  
IF(KDAY(K)-DAY ) 4 0 1 ~ 4 0 2 ~ 4 0 2  

402 IF(KDAY(K)-9-DAY 403~403,401 
403 KA=K 

KB=K-1 
401 CONTINUE 

Al=PI/2.0+RA(K5)-PI*31700/180.0 
A2=PI/2.0+RA(KA)-PI*317eO/180~0 
A E ~ = S I N ~ T H E T A ~ * S I N ~ D E C S ~ K B ~ ~ - S I N ~ A ~ ~ * C O S ~ D E C S ~ K B ~ ~ * C O S ~ T H E T A ~  
AE~=SIN(THETA)*SIN(DECS(KA))-SIN(A~)*COS(DECS(KA))*COS(THETA) 
BE~=COS(AI . ) *COS(DECS(KB))  
BE2=COS(A2)*COS(DECS(KA))  
A N ~ = A T A N ( A E ~ / B E ~ ) + ( ~ E ~ - S I G N ( O . ~ * B E ~ ) ) * S I G N ( P I * A E ~ )  
A N ~ = A T A N ( A E ~ / B E ~ ~ + ( ~ ~ ~ - S I G N ( ~ ~ ~ , B E ~ ) ) * S I G N ( P I P A E ~ )  
AL1=(180~0/PI)*ASINF(-COS(THETA)*SIN(DECS~KB~~-SIN~THETA~*SIN~Al~* 
1COS(DECS(KB))) 
AL2=(180~0/PI)*ASINF(-COS~THETA)*SIN(DEC5~KA~~-SIN~THETA~*SIN~A2~* 
lCOS(DECS(KA1)) 

A L A T R = A L l + ( A L 2 - A L L ) * ( D A Y  -KDAY(KB)+(TIM /24.0))/10.0 
ANG=(AN2-ANI)*(DAY -KDAY(KB)+(TIM /2400))/1000 
ALOGR=OMEGA*(BAY -KDAY(KB)+(TIM / ~ ~ . O ) ) + A N G / ( ~ . ~ * P I ) ~ A L O N ( K B )  
1/360 e 0 
LOGRZALOGR 
ALOGR=(ALOGR-LOGR)*360.0 
PRINT 404tALOGRtALATRtdC PXSECT ,TIM (DAY P ISH 

404 FORMAT(1Xt2F12r2~10Xt 18t3F12.2tlOX~I10) 
PUNCH 841tALOGRpALATRtdC tXSECT ,TIM *DAY t ISH 

841 FORMAT (2F1003~ 110t3F10~3~110) 
GO TO 1 

410 END 
IEQUIPv30=MTCOEOUO3 





APPENDIX D 

DISPLAY PROGRAM LISTINGS 



LISTING 1 

P r o g r a m  that produces contour map displays.  



ISEQUENC€*6 
~ J O B I ~ L A B C ~ ~ ~ ~ R O G E R S V I J P N D  
IFORTRANVLPX 

PROGRAM MRSDSPl 
DIMENSION ~ A R R ( ~ ~ ~ ~ ~ ~ ) ~ I N F ~ ~ ( ~ O ) ~ I N F ~ ~ ( ~ ~ ~ ) , I N F O ~ ( ~ O O ~ ~ I N F O ~ ~ ~ O O ~  

l~X(2)vY(2) rIA(20t121)tIAR(IOt61) 
1 v % B U ~ F E R ( ~ O ~ ) ~ X A ( ~ ~ V ~ ~ ) C Y A ( ~ ~ F ~ ~ ) ~ Z M A ~ ~ ~ ~ ~ ~ )  
ltPMASTOR(16) tZMASTOT(16) 
DO 1 I=lr121 
pz-P 
1z=122-I 

1 READ 2t(IARR(dvIZ)tJ=lrlO) 
2 FORMAT(lOI8) 

603 CONTINUE 
ITEMPMAX=O 
%TEMPMXN=O 
DO 900 J=11121 
DO 900 I=lrlO 
IF(IARR(1tJ)-ITEMPMAX) 901t9011902 

902 ITEMPMAX=IARR(IrJ) 
901 IF(IARR(1tJ)-ITEMPMIN) 903t900s900 
903 ITEMPMIN=IARR(ItJ) 
900 CONTINUE 

CALL RESETD(-6,-10) 
CALL SCALE(~0~1023r0t0~0t1023~0tOtOtO10) 
DO 300 L=1v9 
DO 201 N=1,2 
DO 200 I=lrl3 
X(l)=(I-1)*80.0+30.0 
X(2)=X(1) 
Y(1)=190e0 +(N-lrO)*300.0 
Y(2)=200*0 +(N-la0)*300aO 
DO 200 J=1t20 

200 CALL PLOT(2tZtXtYtlrl?O) 
DO 201 I"1t3 
X(1)=20.0 
X(2)=3010 
Y(1)=(I~1)*160~/3e0+200~0+(N-1~0)*300r0 
Y(2)=Y(1) 
DO 201 J=lr20 

201 CALL PLOT(2~2rXvYtl?ltO) 
ENCOlJE(800~10O~INF01) 

100 FORMAT(l7HHAYSTACK FACILITY) 
CALL TEXT(60011000vINF01~64t2t1tOtOtO) 
ENCO~E(800t101tINF02) 

101 FORMAT(16HMARTIAN LATITUDE) 
E N C O D E ( B O O ~ ~ O ~ V I N F O ~ )  

102 FORMAT(17HMARTIAN LONGITUDE) 
CALL TEXT(350t100vINF03t64t2t1tO~OtO) 
ENCODE(800t202~INF04) 

202 FORMAT ( 1HO) 
CALL TEXT(16r2001INFO4t64t2tlvOtOtO) 
CALL TEXT(l6~500vINF04t64t2t1tOvOtO) 
ENCODE(800t2039INFO4) 

203 FORMAT(2H10) 
CALL TEXT(OOt254rINFO4t64t2tltOtOtO) 
CALL TEXT(00~554~INF04t64t2~1tO~OtO) 
ENCO~E(800e204tINF04) 

204 FORMAT(2H20) 
CALL TEXT(O0~308tINFOYt64t2tltOtOtO) 
CALL TEXT(OOt608~INF04t64t2t1tO~OtO) 
E N C O D E ( B O O P ~ ~ ~ ~ I N F O Y )  

205 FORMAT(6EHO 15 30 45 60 75 90 105 120 135 150 16 
15 180) 
CALL TEXT(30v1801INF04t68t2tltOtOtO) 



ENC00Ef800~215~INF04) 
215 FORMAT(63H180 195 210 225 240 255 270 285 300 315 330 3 

145 360) 
CALL T E X T ~ ~ ~ ~ ~ B O P I N F O ~ ~ ~ ~ ~ ~ ~ ~ ~ O ~ O I ~ )  
ENCODE(800~216e%NF04) 

216 FORMAT(62HO 1 2 3 4 5 6 7 0 9 10 11 12 13 
114 15) 
CALL T E X T ~ 3 0 ~ 7 8 0 ~ I N F 0 4 9 6 8 * 2 ~ 1 ~ 0 ~ 0 ~ 0 )  
ENC0DE(800~217tINF04) 

217 FORMAT(45HCONTOUR INTERVALS IN PERCENTAGE CROSS SECTION) 
CALL TEXT(200~700~INFO4150t2~1tOtOtO) 

300 CONTINUE 
%TEMPMINE-5000 
IYEMPMAX=10000 
DO 700 d-1161 
DO 700 K=1t10 
JJd=(J-l)/4 

700 IAR(KvJ)=JJJ*1000 
CALL IGRA3(IAR~30~0t000e0) 
DO 500 J=lr61 
DO 500 K=1t10 

500 IAR(KtJ)=IARR(KtJ) 
CALL IGRA3(IAR~30~0t200*0) 
DO 501 d=1#61 
DO 501 K=lrlO 
JJ=J+60 

501 IAR(KtJ)=IARR(K*JJ) 
CALL %GRA3(IAR~30e09500.0) 
CALL ADVFILM(Ot1) 
PAUSE 
END 

SUBROUTINE I G R A 3 ( I A R t X S T A R T t Y S T A R T )  
DIMENSION IAR(10t61)tIBUFFER(200)tXA(16,16),YA(16tl6)tZM~(16t16) 

~ P Z M A S T O R ( ~ ~ ) ~ Z M A S T O T ( ~ ~ )  
DO 1 I=lr6O 
DO 1K=1 e9 
X1=11-1.0)*16e+XSTART 
Y1=(K-leO)*lbeO+YSTART 
ZM1=IAR(KvI1 
ZM~=IAR(K+~PI) 
ZM3=IAR(K+PpI+1) 
ZM4=XAR (Kt I+1) 
%I=I-1 
KK=K-1 
IF(I1) 980v980*981 

980 II=f 
981 IF(Kt0 9829982,983 
982 KK=l 
983 CONTINUE 

ZM5=IAR(Kv 11) 
ZMG=IAR(K+ltII) 
ZM~=IAR(KKI I) 
ZMB=IAR(KK*I+1) 
ZAS=ZM5+(ZM1-ZM5)*15.0/16.0 
ZBS=ZM6+(ZM2-ZM6)*15.0/16r0 
DO 2 IXX=lt16 
ZA=ZMl+(ZM4-ZM1)*(IXX-l*0)/16eO 
ZB=ZM2+(ZM3-ZM2)*(IXX-l*0)/16*0 
ZAT=ZM7+(ZM8-ZM7)*(IXX-1*0)/16.0 
ZMASTOT(IXX)=ZAT+(ZA -ZAT)*15.0/16.0 
DO 2 IYY=1,16 
XA(IXXsIYY)=Xl+(IXX-la01 
ZMASTOR(IYY)=ZAS+(ZBS-ZAS)*(IYY-lr0)/16.0 
ZMA(IXXoIYY)=ZA+(ZB-ZA)*(IYY-1.0)/16rO 

2 YA(IXXvIYY)=Y1+(IYY-l.O) 



DO 1 IXX=l,16 
DO 1 IYY=le16 
X=XA(IXXvIYY) 
Y=YA(IXXvIYY) 
%YYY=IYY-1 
IME=ZMA(IXXIIYYY)/~OOW 
IF(%YYY) 985t985t986 

985 IME=ZMASTOT(IXX)/1000.0 
986 IMF=ZMA(IXXvIYY)/1000.0 

IXXX=IXX-1 
I M G = Z M A ( I X X X P I Y Y ) / ~ O O O ~ O  
IF(IXXX1 990~9901991 

990 IMG=ZMASTOR(IYY)/1000~0 
991 IF(IME-IMF)99219931992 
993 NSTZIMF 

IF(IMG-IMF) 992t996e992 
992 NSTZLO 
996 IF(NST) 1,113 
3 CALL PLOTA(XeYtNST) 
1 CONTINUE 
RETURN 
END 

SUBROUTINE pLOTA(XvYtNST) 
DIMENSION IBUFFER(200) 
COMMON IDUMMYllO)tISELECTltISELECT2,IBUFFAD 
IBUFFER(1)=60004000B 
IBUFFER(2)=00010000B 
IBUFFER(3)=10000B*AND(IBUFFAD,1777B)+3020B 
IBUFFZ4 
I x=x 
IY=Y 
00 1 I6=1 INST 
IBUFFER(IBUFF)=10000B*AND(IX,1777B)+AND(IY*l777B~ 

1 IBUFF=IBUFF+l 
IBUFFER(IBUFF)=ISELECTl 
IBUFFER(IBUFF+l)=ISELECT2 
IBUFF=IBUFF-1 
CALL PUTPUT(IBUFFERtIBUFF,IBUFF-3) 
RETURN 
END 

FINIS 



LISTING 2 

P r o g r a m  f o r  genera t ing  modulated ru led  s u r f a c e  



- - 

tSEQUENCE16 
I J O B ~ Y L A B C ~ ~ S P R O G E R S P ~ ~ ~ N D  
i FORTRAN r L B X 

PRQG8AM MRSDSP2 
DIMENSIQN I t 4 ( ~ ~ @ f 2 2 ~ i I P ( ~ 3 s ~ 2 2 ) ~ I N F O 1 ( 2 0 ) v I N F O 2 ( 2 0 O ~ t I ~ ~ 0 3 ~ 2 0 O ~ ~ ~ N  

~ F O ~ ( ~ O O ) ~ % B U F F E R ( ~ O O ~ I I P P ~ ~ ~ P ~ ~ ~ ) ~ I H H ( ~ ~ * ~ ~ ~ ~  
~ P X A ~ B P B ) P Y A ( ~ V ~ ) P Z ~ ~ A ( $ ~ ~ ;  
1rZMASTQRIB)vZMASVBW) 
DQ fOE'l@l21 
bZzf23-X 

10 READ 20~(1HH(dcIZ)~d=2~11) 
20 FQRMAf(1018) 

READ 21,ICHK 
21 FORMAT(II0) 

DO 11 1=1~121 
12-123-1 

11 READ 20, (IPP(dr%Z)rd=2v11) 
CALL RESETD(-6,-10) 
CALL SCALE(~Ot1023e0t0e0v1023~O~O~OvOtO) 
DO 200 Lb=lrlO 
ENCOOE(800r100rINFOl) 

100 FORMAT(17HHAYSTACK FACILITY) 
CALL TEXT(7231100~XN%01~64~2~1tOtOvO) 
ENCODE(800v101vINF01) 

101 FOWMAT(f7HNOV 22 1969 ) 
C8LL TEXT(739, 50rINFOlv6412~1~0~0vO) 
ENCOOE(800t102rINF02) 

102 FORMAT(7HMARTIAN) 
CALL YEXT(300t200vINF02~64~211~0~0tO) 
E N C Q D E ( ~ O O ~ ~ ~ ~ P I N F O ~ )  

103 FORMAT(9WLONGITUDE) 
CALL TEXT1490~250vINF02~64v2v1vOvOtO) 
ENCODE(800r104rINF02) 

104 FQRMAT(7HBEGREES) 
CALL TEXT(680~3OOvINF02~64~2~1~010vO) 
ENCQOE(B00~105rPNFO21 

105 FORMAT(8HEASTWARD) 
CALL TEXT(B70~350~INF02t64~2~1vOvOtO) 
ENCODE(800v106rINF02) 

106 FORMATtBHLATITUDE) 
CALL TEXT( 20~260vPNF02r64r21l10tOtl) 
ENCODE(800t107sINF02) 

107 FORMAT(1BHMAWTIAN TOPOGRAPHY) 
CALL TEXT( 50~950tINF02r64~2~110tOvO) 
ENC0OE(800~108rPNF02) 

108 FORMAT(3HANO) 
CALL TEXT(200*900~INF02~64~2t1vOrOvO) 
ENCO0E(800v109~INF02) 

109 FORMAT(18HRADAR REFLECTIVITY) 
CALL TEXT( 50~850rINF02~64t2t1tO~OvO) 
ENCO~E(800~110tINF02) 

110 FORMAT(9HHEIGWT KM) 
CALL TEXT( lv464vINFO2~64~2~1tO,011) 
ENCODE(BOR~IllrINF03) 

111 FORMAT(1HO) 
CALL T E X T ( 1 0 0 ~ 2 2 0 v I N F O 3 ~ 6 4 ~ 2 ~ 1 ~ 0 ~ 0 ~ 0 )  
ENC0DE(800~152tINF03) 

112 FORMAT(3H180) 
CALL TEXT(540~3SOrINF03~64t2~1vOtOtO) 
ENCOOE(800v113tINF03) 

11.3 FORMAT(3H360) 
CALL TEXT(980~444~INF03~64~2~1vOtOtO) 
ENCQ~E(800e111rlNFO3) 
CALL TEXT( 80v24OvINFO3~64~2v1vOvO~O) 
ENCO0E(800,114tINF03) 



114 FORMAT(2H24) 
CALL TEXT( b 0 ~ 4 2 0 ~ I N F O 3 ~ 6 4 ~ 2 v P ~ O v O * O )  
ENCO~E(800s115~1NF03) 

115 FORMAT(2H-5) 
CALL TEXT( ~ O V ~ ~ O P % N F O ~ F ~ ~ P ~ P ~ ~ O P O ~ O )  
ENCODE(BOOtl16vINF03) 

116 FORMAif2Hl.O) 
CALL TEXT( 20r610tINF03~64~2tlo0~010) 

200 CONTiNUE 
XSTARi=IOOeO 
YSTART'300.0 
ALPHAZO e 3 
THETAZI * 0 
SCA=d * O 
SCA=12e 0 
CA=C~S(ALPHA) 
SA=SLN(ALPHA) 
CT=COS(THETA) 
ST=SIN(THETA) 
DO 900 I=lo122 
DO 900 J=1~20 
K=(J-2)/2+2 
I H ( J ~ I ) = I H H ( K ~ I ) + ( I H H ( K + ~ ~ I ) - I H H ( K ~ I ) ) * ( J - K * ~ + ~ ~ O ) / ~ ~ O  
IP(JII)=IPP(K~I)+(IPP(K+~PI)-IPP(KII))*(J-K*~+~SO)/~~O 
Ip(1tI)=O 
IP(J11)=0 
IH(1vI)=-6000 

900 IH(J~1)=-6000 
X1=0 e 0 
X2=-SCA*SA 
X3=8.O*CA-SCA*SA 
X4=8*0*CA 
y1=0*0 
Y2=SCh*CA*ST 
Y3=8eO*SA*ST+SCA*CA*ST 
Y4=8eO*SA*ST 
S C F = X 1 * ( Y 4 - Y 2 ) / 2 e O + X 2 * ( Y 1 - Y 3 ) / 2 . O + X 3 * ( Y 2 - Y 4 ) / 2 e O + X 4 * ( Y 3 - Y 1 ) / 2 e O  
SCFO=SCF 
DO 1 I=ltl.21 
DO I. K=lv19 
X1=(1-lrO)*8eO*CA-(K-l~O)*SCA*SA+XSTART 
X2=(I-le0)*8eO+CA-(K-OeO)*SCA*SA+XSTART 
X 3 = ( I - O e O ) * 8 e O * C A - ( K - O . O ) * S C A * S A + X S T A R T  
X ~ = ( I - O S O ) * ~ ~ ~ * C A - ( K - ~ . ~ ) * S C A * S A + X S T A R T  
Y 1 = ( 1 - 1 ~ 0 ) * 8 . O * S A * S T + ( K - I e O ) * S C A * C A * S T + I H K  VI )/100.+YSTART 
Y2=(1~1e0)*8eO*SA*ST+(K-OeO)*SCA*CA*ST+IHK+ltI )/100.+YSTART 
Y3=(I-O,O)*8~O*SA*ST+(K-O~O)*SCA*CA*ST+IH~K+ltI+l~/1OO.+YSTART 
Y 4 = ( I - O e O ) * 8 . 0 * S A * S T + ( K - 1 . 0 ) * S C A * C A * S T + I H K  tI+l)/lOO.+YSTART 
S C F = X 1 * ( Y 4 - Y 2 ) / 2 e O + X 2 * ( Y l - Y 3 ) / 2 e O + X 3 * ( Y 2 - Y 4 ) / 2 * O + X 4 * ( Y 3 - Y 1 ) / 2 * O  
SCF=SCF/SCFO 
ZMl=IP(KvI) 
ZM2=IP(K+loI) 
ZM3=IP(K+lsI+l) 
ZM4=IP(KvZ+1) 
II=I-I. 
KK=K-I 
IF(II) 980,980~981 

980 II=1 
981 IF(KK) 982~982,983 
982 KK=1 
983 CONTINUE 

ZM5=IP(KtII) 
ZM6=IP(K+lvII) 
ZM7=IP(KKvI) 
ZMB=IP(KKaI+l) 
ZAS=LMS+(ZM1-ZM5)*7e0/8aO 



ZBS=ZM~+(ZM~-ZM~)*~OO/B~O 
DO 2 bXX=1vB 
Z A = Z M 1 + ( Z M 4 - Z M 1 ) * ( % X X - I e O l / 8 . 0  
Z B z Z M 2 + ( Z M 3 - Z M 2 ) * ( I X X - P I O ) / B . O  
ZAP=ZM~+(ZMB-ZM~)*(PXX-~~Q)/$~O 
ZMASTOT(IXX)=ZAT+(ZA - Z A V ) * 7 a 0 / 8 0 0  
Y k A = Y l + ( Y 4 - Y l i * ( I X X ~ i a O ~ / B ~ O  
YBB=Y2+(Y3-Y2)*(IXX-1+0)/8.0 
X h A = X 1 + ( X 4 - X 1 ) * ( I X X - l s B ) / B o 0  
X B B = X 2 + ( X 3 - X 2 ) * ( I X X - 1 e O ) / 8 e O  
DO 2 I Y Y - 1 ~ 8  
X A ~ I X X @ I Y Y ) ~ X A A + ( X B B - X A A ) * ( I Y Y - ~ ~ O ) / ~ O O  
ZMASTOR(IYY)=ZAS+(ZBS~ZAS)*(IYY-~~O)/~OO 
ZM A ( I X X I I Y Y ) = Z A + ( Z B - Z A ) * ( I Y Y - ~ O O ) / ~ ~ O  

2 Y A ( I X X P I Y Y ) = Y A A + ( Y B B - Y A A ) * ( I Y Y - l e O ) / W  
DO 1 I x X z 9 ~ 8  
DO 1 I Y ' / = I v B  
NGS=O 
X=XA( IXXs IYY)  
Y=YA( IXXv IYY)  
IYYY=IYY-1  
I M E = Z M A ( I X X P I Y Y Y ) / ~ O O O ~ O + ~ O O  
I F ( I Y Y Y )  9851985 ,986  

985 IME=LMASTOT(IXX)/1000eO+leO 
IKQK=l-(K-(K/2)*2)+(1-ISIGN(L,K*K-2))/2 
NGS=lO*XKQK 

9 8 6  I M F = Z M A ( I X X P I Y Y ) / ~ ~ O O ~ O + ~ . ~  
IXXX=IXX-1  
I M G = Z M A ( I X X X ~ I Y Y ) / 1 0 0 0 1 0 + 1 r 0  
I F ( I X X X )  9 9 0 ~ 9 9 0 ~ 9 9 1  

9 9 0  IMG=ZMASVOR(IYY)/1000~0+1~0 
IKQI=1-(I-(I/2)*2)+(1-ISIGN(1,I*I-2))/2 
I K Q I Z  ( 1 - I S I G N ( l t I * I - 2 ) ) / 2  
NGS=10*IKQI 

9 9 1  I F ( I M E - I M F ) 9 9 2 v 9 9 3 1 9 9 2  
9 9 3  SCFF=SCF*(IMF+NGS)+Oe5 

ICFZSCFF 
NST=ICF 
I F ( I M G - I M F I  9 9 2 ~ 9 9 6 ~ 9 9 2  

9 9 2  NST=20 
9 9 6  I F ( I - 1 )  9 1 0 ~ 9 1 1 ~ 9 1 0  
9 1 1  NST=2+NGS 
9 1 0  I F ( K - 1 )  9 1 2 ~ 9 1 3 ~ 9 1 2  
9 1 3  NST=2+NGS 
9 1 2  I F ( N S T )  1 ~ 1 ~ 3  

3 CALL PLOTA(XvYvNST) 
1 CONTINUE 

CALL ADVFILM(Or1)  
PAUSE 
END 

SUBROUTINE PLOTA(XtY tNST)  
DIMENSION IBUFFER(200)  
COMMON IBUMMY(~O)*ISELECT~VISELECT~*IBUFFAD 
IBUFFER(1)=60004000B 
IBUFFER(2)=00010000B 
IBUFFER(31=10000B*AND(WFFAD11777B)+3021B 
I B U F F z 4  
1x=x 
xY=Y 
DO 1 I6=1,NST 
I B U F F E R ( I B U F F ) = ~ ~ ~ O O B * A N D ( I X ~ ~ ~ ~ ~ ~ B ) + A N D ( I Y P ~ ~ ~ ~ B )  

1 IBUFF=IBUFF+1 
IBUFFER( IBUFF)= ISELECTl  
IBUFFER(IBUFF+1)=ISELECT2 
IBUFFZIBUFF-1 
CALL PUTPUT(%BUFFERPIBUFF~PBUFF-3) 
RETURN 
END 

F I N I S  
r LOAD t 56 




