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Abstract.--Atmospheric dens i t i e s  have been obtained from the  drag 

analysis  of the San Marco S a t e l l i t e  i n  the i n t e r v a l  
from December 19, 1964, t o  February 11, 1965. Temper- 
atures have been computed from the dens i t i e s  using 
Jacch ia ' s  1964 atmospheric model. The analysis  is  based 
on field-reduced Ba serva t ions  and on Mini- 
t r ack  observations. 

Introduction 
. 

The San Marco S a t e l l i t e  (1964-84a) w a s  launched on December 15, 1964, 
i n  an o r b i t  with an eccen t r i c i ty  of 0.045, an inc l ina t ion  of 3798, and a 

m a n  perigee height  c lose t o  200 km. 
a diameter of 66 cm and a mass of 115 kg. 
from the  National Aeronautics and Space Administration, t he  area-to-mass 

r a t i o  is 0.032 cm /g. 

It is  a near ly  spher ica l  ob jec t  with 

According t o  information received 

2 

The San bkrco S a t e l l i t e  w a s  launched w i t h  the  p r i m r y  purpose of 

rneasuring atmospheric dens i ty  through a dynamometer. Therefore, the  densi-  

t i e s  obtained from the analysis of the  atmospheric drag on t h i s  sa te l l i te  

a r e  presented here f o r  comparison with those obtained from the rneasurements. 

The r e s u l t s  a r e  based on the field-reduced Baker-Nunn observations and on 

Minitrack observations.  The analysis  covers the  period from December 19, 
1964,to February 11, 1965, a date close t o  the  end of the ac t ive  l i f e  of t he  

s a t e l l i t e .  

'This work was supported i n  par t  by Grant No. NsG 87-60 from t he  National 

'Smithsonian Astrophysical Observatory, Cambridge , Massachusetts . 
3Smithsonian Astrophysical Observatory, Cambridge, Massachusetts; on leave 
from Centro Nazionale per l a  F i s i ca  dell' Atmosfera e l a  Meteorologia d e l  
CNR, Rome, I t a l y .  

Aeronautics and Space Administration. 
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. 
Densities and temperatures 

The methods used t o  determine o r b i t a l  accelerat ions and then t o  a r r i v e  

a t  values of t h e  atmospheric densi ty  a r e  e s sen t i a l ly  those described by Jacchia 

and Slowey (1962). 
i n t e g r a l  i n  a form that, includes t h e  e f f e c t  of atmospheric ro t a t ion  (1959); t h e  

value of t h e  drag coef f ic ien t  C 

atmospheric model (1964) was used for t h e  in tegra t ion .  

ana lys i s  are given i n  Table 1, which cont,ains t h e  following quan t i t i e s :  

Densit ies were computed by numerical in tegra t ion  of Sterne ' s 

was taken, as before, t o  be 2.2.  Jacchia ' s  last D 
The r e s u l t s  of t h e  

m : t i m e  i n  M d i f  fed J u l i a n  Days. 

The tabula t ion  i s  o rd ina r i ly  a t  0.5-day in te rva ls ,  except 

during magnetsc storms (0.2-day in t e rva l s ) .  In  t h e  5-day 

i n t e r v a l  from MTD 38793 t o  MJD 38798, which was poorly covered 

by observations, t h e  tabula t ion  i s  a t  1-day in t e rva l s .  

: the  observed r a t e  of change of t h e  anomalist ic period P. 

MJD = JD - 2400000.5 . 

Since this  satel l i te  has very l o w  perigee heights, t h e  e f f e c t  

of r ad ia t ion  pressure on P i s  completely negl ig i6 le  compared 

t o  atmospheric drag. 

log p, : the  decimal logarithm of t h e  atmospheric dens i ty  i n  g/cm3 a t  

log p, 

perigee height,. 
3 : the  decimal logarithm of the atmospheric dens i ty  i n  g/cm at 

a standard height of 200 km. 
0 : the  exospheric temperature i n  K a t  t h e  perigee, computed n 

T 
from Jacchia ' s  1964 model. 

z : the  height of t h e  perigee i n  km. 

a, - cy 

the  perigee and t h e  r i g h t  ascension a of t h e  sun. 
6, - 6 0  : the  difference i n  degrees betweer, t h e  dec l ina t ion  6, of t h e  

K computed from Tn 

: the  difference i n  degrees between t h e  r i g h t  ascension ct of 
0 ll 

0 

perigee and t h e  dec l ina t ion  6 of the sun. 

: the  nighttime exospheric temperature i n  

and Jacchia ' s  1964 model. 

0 
0 

TN 
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The logarithm of t h e  observed atmospheric dens i ty  a t  t h e  standard 

height of 200 km, t h e  logarithm of the  densi ty  computed from Jacchia ' s  1964 

modehand the  r e s idua l s  log p 

i n  Figure 1, together  w i t h  t h e  smoothed geomagnetic indices  

- log pcOmp are p lo t ted  a s  funct ions of time ob s 

: and a t h e  
P PY 

l solar decimetric f l u x  FlO. and the  t h e o r e t i c a l  curve of t he  d iu rna l  var ia -  

I t i o n ,  

The standard deviat ion of 1 observation i s  0.022 i n  log  P .  If w e  had 

assumed t h a t  a l l  t he  s c a t t e r  i n  t h e  res idua ls  i s  due t o  random e r r o r s  i n  t h e  

determination of t h e  atmospheric density, t h i s  f i g u r e  would correspond t o  

a probable e r r o r  of 3.5 percent i n  OUT determinations. This i s  obviously not 

t h e  case: t h e  dens i ty  va r i a t ions  of t h e  atmosphere could not possibly have 

been taken i n t o  account without error ,  so t h e  ac tua l  r e l a t i v e  prec is ion  of 

our dens i ty  determinations must be greater .  

According t o  our information, experiments involving the  extrusion of 

an antenna should have been performed on t h e  s a t e l l i t e  on January 29 

( IUD 38789). 
presentat ion a rea  of t h e  s a t e l l i t e .  

one because o w  d a t a  do not show any d iscont inui ty  on t h a t  day. 

These experiments may have had t h e  e f f e c t  of a l t e r i n g  t h e  

If so, t h e  e f f e c t  must have been a minor : 
Dens it y va r iai ,  ions w i t h  g e oma gn e t  i c a c to i vi ta  y 

During the  period covered by t h i s  ana lys i s  t he re  were severa l  enhance- 

ments of geomagnetic a c t i v i t y  as  shown by t h e  values of 

A s  usual, s i m i l a r  va r i a t ions  can be recognized i n  t h e  dens i ty  curve. 

order t o  determine t h e  time lag between the  increase i n  t h e  magnetic a c t i v i t y  

and t h e  subsequent increase of t h e  atmospheric density,  we have p lo t ted  t h e  

3-hour values of K and a and then drawn a smoothed curve d i r e c t l y  comparable 

w i t h  t h e  curve of t h e  density, where the ac tua l  reso lu t ion  i n  time i s  

genera l ly  smaller than 3 hours. To increase t h e  accuracy of  t h e  detect ion of t h e  

time of occurrence of t h e  dens i ty  peaks, we took these  times d i r e c t l y  

from the  mean anomaly curve and compared them w i t h  t he  t5mes of occurrence of 

peaks i n  t h e  smoothed curve f o r  K The r e s u l t  i s  an average time l a g  

and ;; (see Fig.  1). 
P P 

In 

P P 

P* 

-3 - 



( a t  t h e  height of 200 km and a t  low l a t i t u d e s )  of 9 hours with a probable e r r o r  

of 1 or 2 hours. 

by Jacchia and Slowey (1964) from a precis ion ana lys i s  of t h e  Explorer I X  

S a t e l l i t e  and confirmed by Roemer (1965) on t h e  basis of an exterision of t h e  

ana lys i s  f o r  t h e  same s a t e l l i t e .  But, s ince  the  lag was der ived from very 

l imited data,  t h e  difference should not be taken t o o  ser ious ly .  A more ex- 

t ens ive  survey of t h e  t i m e  l a g  i s  i n  progress,  involving sa t e l l i t e s  of  d i f -  

f e r e n t  perigee heights  and inc l ina t ions .  

This l a g  i s  a l i t t l e  l a r g e r  than t h e  5-hour l a g  determined 

The mean of t h e  r e s idua l s  i n  log  p i s  -0.035; i n  o the r  words, t h e  

"observed" dens i t i e s  a re  sys temat ica l ly  smaller than those  of J acch ia ' s  

1964 model by 8 percent,. Since t h i s  discrepancy i s  within t h e  margin of 

e r r o r  caused by t h e  unce r t a in t i e s  i n  t h e  assumed drag coe f f i c i en t  and t h e  

area-to-mass r a t i o  of t h e  satel l i te ,  it should not, necessar i ly  be taken t o  

ind ica t e  a r ea l  departure from t h e  model atmosphere. 

Orbital  elements 

A s  a preliminary s t e p  i n  t h e  determination of t h e  atmospheric drag, 

o r b i t a l  elements were computed f o r  t he  s a t e l l i t e  from 4-day arcs at 1-day 

in t e rva l s .  

2 i n t e rva l s  of t h e  length of 33 and 32 days, respect ively,  with a 12-day 

overlap, and a n a l y t i c a l  funct ions were f i t t e d  by least, squares t o  t h e  elements 

within the  2 in t e rva l s .  Table 2 gives t h e  r e s u l t s  of t h e s e  least-squares  

f i t t i n g s .  It should be remembered that,,  while t h e  expressions f o r  w, R, i, 

and e can be considered as represent ing t h e  elements without syst,ematic 

res idua ls ,  t h e  same i s  not t r u e  of M, i n  which systematic r e s idua l s  up t o  

10-3 revolut ions are  t o l e r a t e d .  

The t i m e  l apse  covered by t,he observations was then divided i n t o  

-4- 
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Figure 1.--Atmospheric dens i t i e s  determined from t h e  o r b i t a l  drag of S a t e l l i t e  
1964-84A (San Marco) . 
with dens i t i e s  computed from Jacchia 's  1964 model, t ak ing  i n t o  
account t h e  observed values of t h e  geomagnetic index and t h e  10.7- 
cm solar f lux ,  t h e  d iurna l  factor ,and t h e  semiannual e f f e c t ;  resid- 
uals MJD i s  t h e  Modified Jul ian 
Day (JD minus 2,400,000.5). 

Observed densit iej;  ( top sec t ion)  are compared 

a re  plotted.  i n  t h e  t h i r d  sec t ion .  
The half-day mean of t h e  3-hourly K, 

r d index i s  (0.5) .  The mean of t h e  3-hourly a index i s  a taken 

over a n  i n t e r v a l  equal to t h e  r e so lu t ion  i n  t h e  drag. 
P P P 

The lO.7-cm 
-22 2 

i s  i n  u n i t s  of 10 w a t t s ' m  /cycle/sec bandwidth. 10.7 , 

solar f l u x  F 
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, Table l. ,-Accelerationg atmospheric dens i t ies ,  atmospheric temperatures, 

and geometric parameters 

t h e  symbols) 

(see text, for full explanation of 

MJD lo-% 

38748 5 

49.5 
50.0 
50.5 
51.0 
51.5 
52 .o 
52.5 
53.0 
53.5 
54.0 
54.5 
55.0 
55.5 
56.0 
56.5 
57.0 
5795 
58.0 
58.5 
59.0 
59.5 
60.0 
60.5 
61.0 
61.5 
62 .o 
62.5 
63.0 
63.5 
64.0 
64.5 
65 .o 
65.5 
66.0 
66.5 
67.0 
67.5 
68.0 
68.5 
69.0 
69.5 
70.0 
70.5 
71.0 
71.5 
72.0 

49 .O 
11.01 
10.76 
11.02 
10.74 
11.11 
10.98 
10.83 
10 9 97 
10 93 
10.92 
10.67 
10.46 
10.37 
10.27 
10.13 
9.69 
9.20 

8.52 
8.31 
8.18 
8.08 
7-97 
7.87 
7.63 
7- 50 
7.55 
7.74 
8.09 
8.45 
8.07 
7.76 
7.80 
7.82 
7- 76 
7.89 
8.07 
8.26 
8.36 
8.53 

9.83 
10.17 
10.32 
10. og 
10.10 
9-95 
9.78 

8.74 

9.24 

log Pn 

-12.700 
.TO4 
693 
699 

.686 

.688 

.691 

.686 

. a 7  

.688 
9 697 
705 

.710 

.716 

.724 
743 

9 765 
787 

.800 

.814 

.824 
9833 
.842 
.851 
.866 
.876 
877 

.871 
0859 
.846 
.863 
877 

.876 

.874 
,876 
.868 
9 859 
.848 
.841 
.831 
.800 
775 

.760 
750 

-753 
.748 
.748 
750 

log  P, 

-12.664 
675 

.670 

.681 

.672 
677 

.682 
678 

.678 

.676 .a0 
-683 
.681 
679 . 678 
685 

.694 . 702 

.702 

.702 

.698 

.6g4 

.6go 
0687 
,689 
0687 
.680 
.670 
-655 

653 . 662 
.661 
.662 
.666 
.665 
.663 
.662 
.664 
.665 
.650 
.64i 
.638 
.64i 
0655 . 662 
.674 
-688 

.642 

rr T 

761 
749 
754 
742 

741 
746 
746 
748 
743 
740 
742 
744 
746 
738 
728 
720 
720 
720 
724 
728 
732 
736 
734 
73 5 
742 
754 
770 
785 
774 
763 
764 
763 
758 
759 
761 
763 
760 
759 
776 
788 
791 
787 
771 
763 
749 
735 

2; 

-7 - 

Z 

202.1 
201.7 
201.3 
201.0 
200.8 
200.6 
200.5 
200.5 
200.6 
200.7 

201.3 
201.7 

202.7 

201.0 

202.1 

203.3 
204.0 
204.7 
205.4 
206 . 1 
206.9 
207 7 
208.4 
209.1 
209.8 
210.4 
210.9 
211.4 
211.8 
212.0 
212.2 
212.3 
212 . 3 

211.7 
211.3 
210.8 
210.2 
209.6 
208.9 
208 . 2 

206.6 

205.1 

203.6 

212.2 
212.0 

207.4 

205.8 

204.3 

a -u n o  
85.2 
85.3 
85.3 
85.2 
85 .o 
84.8 
84.5 
84.2 
83.9 
83.5 
83.1 
82.8 

82.1 
81.8 
81.6 
81.5 
81.5 
81.5 
81.7 
81.9 
82.3 
82.9 
83.6 
84.4 
85.4 
86.5 
87.8 
89.2 
90.7 
92.3 
93.9 
95 05 
97.1 
98.7 

100.2 
101.6 
102.8 

105 .o 
105.8 
106.5 
107.0 
107.4 
107 7 
107.8 
107.9 
107.8 

82.4 

104.0 

6 -6 
n o  

45.9 
43.8 
41.6 
39.3 
37.0 
34.6 
32.2 
29.8 
27.3 
24.8 
22.3 
19.8 
1-78 3 
14.8 
12.3 
9 *9 
7.5 
5 -2 
2.9 
0.7 

-1.4 
-3.4 
-5.3 
-7.1 
-8.7 

-10.2 
-11.5 
-12.6 
-13 5 
-14 2 
-14.7 
-15 .o 
-15 .o 

-13.8 
-13 .o 
-11. g 
-10.7 
-9.3 
-7.8 
-6.1 
-4.3 

-0.3 
1.8 
3 09 
6.2 

-14.9 
-14.5 

-2.4 

*N 

645 
633 
635 
623 
630 
623 
617 
619 
617 
617 
611 
607 
607 
608 
608 
601 
592 
585 
584 

591 
595 
598 
597 
599 
606 
617 
631 
645 
636 
629 
631 
632 
629 
632 
635 
637 
636 
637 
652 
663 
666 
664 
651 
645 
634 
623 

;:; 



Table 1.--Continued. 

m 
38772 5 

73 00 
73.5 
74.0 
74.5 
75 90 
75.5 
76.0 
76.5 
77.0 
77.5 
78.0 
78.5 
79.0 
79.5 
80.0 
80.5 
81.0 

38781.2 

81.6 
81.8 
82.0 
82.2 

82.6 
82.8 

38783 .O 
83.5 
84.0 
84.5 
85 .o 
85 05 
86.0 
86.5 
87.0 

81.4 

82.4 

87.5 
88 .o 
88.5 
89.0 
89.5 
90.0 
90.5 
91.0 
91.5 
92 .o 
92.5 

lo-% 

10.08 
10 57 
10.83 
10 79 
10.72 
10 57 
10 77 
10.60 
10.43 
10.36 
10.58 
10.64 
10.68 
10.21 
10.00 
9.76 
9-57 
9.88 

10.32 
10.62 
11 35 
10.36 
10.23 
10.85 
11.05 
12.42 
11.22 

10.80 
10.06 
9.60 
9.30 
9.09 
8.80 
8.60 
8.43 
8.42 
8.60 
8.66 
9.23 
9.62 
9.84 

10.05 
10.34 
10.17 
9.98 
9.89 
9.70 

log prr 

-12.736 
’ 717 
.706 
.TO4 
.TO4 
.708 
.700 
.706 
.711 

.708 

.708 
709 
727 

.714 

737 
749 

0759 
751 

-=* 737 
729 

.708 

.740 
745 
727 

.722 
,684 
719 

-12.733 
0759 
777 
790 
798 

.810 

.819 

.826 

.825 

.817 

.814 
790 
774 

.764 
754 

.742 

.744 

.748 

.748 
9751 

log P, 
-12.686 

.678 

.676 
= a 3  
.691 

699 
.708 
.716 
.720 

.712 

.711 
0725 
730 
736 

.740 

.726 
-12.711 

.700 

.678 

.706 
709 

0689 
.682 
.644 
675 

-12.686 
.706 
719 

9 727 
a733 
.742 
749 

-755 
756 

-751 
-751 
733 
723 
719 
715 

.710 

.718 

.728 
9 735 
9 745 

701 

.714 

77 
T 

737 
745 
748 
740 
731 
721 
723 
714 
706 
702 
708 
710 
711 
698 
693 
687 
683 
696 
711 
722 
745 
716 
713 
733 
741 

736 
716 
703 
696 
690 
681 
675 
669 
668 
673 
673 
690 
700 
704 
707 
712 
704 
694 
688 
679 

$2 

Z 

202.9 
202.2 
201.8 
201.2 
200.8 
200.4 
200.1 
199 9 
199 7 
199 7 
199 7 
199 8 
199 9 
200.1 
200.4 
200.7 
201.0 
201.3 
201.5 
201.6 
201.8 
201.9 
202.0 
202.2 
202.3 
202.4 
202.6 
202.7 
203 .o 
203.2 
203.4 
203.6 
203 7 
203.7 
203 7 
203 07 
203 5 
203 3 
203.1 
202.8 
202.5 
202.2 
201.8 
201.4 
201.1 
200.7 
200.3 

a -0. 
7 7 0  

107 7 
107 5 
107.2 
106.9 
106.6 
106.2 

105.2 

105 09 
105 5 

104.9 
104.6 
104.4 
104.3 
104.2 
104.3 
104.4 
104.7 
105.1 

105 3 
105 5 
105 07 
106.0 
106.3 
106.6 
106.9 
107.2 
107.6 
108.0 
log. 1 
110.3 
111.6 
113.0 

116.1 
117.6 
119.2 
120.7 
122.1 
123.4 
124.6 

114.5 

125 97 
126.6 
127.4 
128.1 
128.6 
129.0 
129 3 

6TT-F0  

8.5 
10.8 

15.6 
18.0 

22.8 
25.2 
27.6 
30.0 

13.2 

20.4 

32.3 
34.6 
36.8 
39.0 
41.1 
43.1 
45.1 
46.9 
47.6 
48.3 
48.9 
49.6 
50.2 
50.8 
51.4 
51.9 
52.4 
52.9 
54.0 
55.0 
55.7 
56.2 
56.5 
56.6 
56.5 
56.1 
55.5 
54.7 
53.7 
52.5 
51.1 

47.9 
49.6 

46.0 
44.0 
41.9 
39.7 

TIa 
625 
633 
636 
629 
623 
615 
618 
611 
605 
602 
608 
611 
614 
603 
600 
597 
595 
608 
622 
631 
65 3 
628 
626 
645 
652 
6 9  
660 
650 
634 
625 
619 
616 
610 
605 
601 
601 
606 
607 
623 
632 
636 
639 
644 
635 
626 
620 
611 

-a - 



MJD 10% 

38793 0 
94.0 
95 .o 
96.0 
97.0 

38797 5 
98.0 
98.5 
99.0 
99.5 

38800. o 
00.5 
01.0 
01.5 
02.0 

9.67 
9.78 

10.06 
10.34 
LO. 22 

10.12 
10 97 
13 007 
14.19 
12.52 

12.02 
11.35 
10.74 
10 95 
10.69 

log Pn 

-12.750 
.741 
.728 
717 

.722 
-l2 727 

.702 

.647 

.624 

.668 
-12 685 

709 
732 
730 
743 

Table 1 . --Continued. 

log P, 

-12.749 
9 750 
743 

0733 
0733 

-12-733 
.702 
-641 
.611 
.646 

.666 
-677 
.665 
.667 

-12 653 

Z 

200.0 
199 9 5 
199 2 
199 2 
199 4 
199 9 7 
200 . 0 
200.4 
200.9 
201 . 4 
202.0 
202.6 
203.2 
203.9 
204.5 

an-% 

129.4 
129.1 
128.6 
128.0 

127.7 
127.4 
127.1 
126.9 
126.7 
126.6 
126.5 

126.7 
127.0 

129.4 

126.6 

“ - 6 0  

37.4 
32.6 
27.5 
22.3 
16.9 

11.6 
8.9 
6.2 
3.6 
1.0 

-1.6 
-4.1 
-6.5 
-8.8 

14.2 

TN 
607 
604 
607 
613 
611 
610 
635 
694 
726 
687 
678 
665 
654 
665 
664 

-9 - 



Table 2.--Least-squa.res f i t t i n g  of o rb i t a l  elements for the San Marc0 
Sa te l l i t e :  t = ti= in NJD; w = argurnent of perigee; 
R = right ascension of the node; i = inclination; 
e = eccentricity;  M = mean anomaly i n  node revolutions; 
7 = t -  

To = 38747 

w 

R = 21h0.0175 - e053164 T - 8 O . 4 0 2  X lom4 T~ - 20.01 X loo6 2 
i = 37:79'70 

e 

= 1290834 + E10353 T + 00.001555 T~ + 00.738 s i n  (2260.97 + 80.19 T) 

= 0.044696 - 1.1747 x T + 7.14 x 10 -7 T~ + 4.16 x sin (144".39476 

+ 8 k 9 4  T) 

M = 0.5972 + 15.187150 T + 1.7866 x 10 -3 T2 - 4.7484 10-5 2 + 1.1727 

x lod T-4 - 9.30 x 10-9 

Section 2: 

To = 38768 

MJD 38768 t o  38802 (January 8, 1965, t o  Bbruary ll, 1965) 

W = 3010.015 + e l l03  T + 30.071 K l o 3  T~ + 00.765 s i n  (150.94 + 8?19 T) 

R = 86'15332 - 6qOgO7O T - 1O.OI-34 x 10 -3 T2 - 4.41 x 10-7 2 
i = 370.7963 

e = 0.042866 - 1.132 x T + 5.12 x lom7 T~ + 6.55 x I O o 4  sin (2970.50361 

+ 80.194 T) 

M = 0.06515 + 15.232844 T + 1.22202 x l o 3  T~ + 6.0678 X loW6 2 - 4.4200 

x 10-7 T4 + 7.0482 x 10-9 2. 

-10- 
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Errata t o  Special  Report No. 193 

Table 2. The four th  l i n e  of the  heading should read 

'le = eccen t r i c i ty ;  M = mean anomaly i n  revolutions;" 

I n  the  t a b l e  under Sect ion 1 and Section 2 

"TO" should read "t 0' 


