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ABSTRACT 

Operat ional  o r b i t  determinat ion o f  the Ear th Rad ia t ion  Budget Sate1 li t e  
(ERBS) and the  So lar  Maximum Mission (SMM) spacecraf t  us ing  the  Goddard 
T r a j e c t o r y  Determinat ion System (GTDS) i n  the  F l i g h t  Dynamics F a c i l i t y  
(FDF) o f  the  Goddard Space F l i g h t  Center (GSFC) has y i e l d e d  an o r b i t  solu- 
t i o n  da ta  base o f  3 years f o r  ERBS and 8 years f o r  SMM. One o f  the param- 
e t e r s  i n  each data base i s  the  drag v a r i a t i o n  parameter used i n  the GTDS 
atmospheric drag model ; t h i  s parameter i s solved f o r  r o u t i n e l y  t o  accommo- 
date the  d i f f e r e n t  atmospheric dens i t i es  as they a re  encountered s o l u t i o n  
t o  s o l u t i o n .  
a re  analyzed t o  evaluate c o r r e l a t i o n s  i n  the  v a r i a t i o n s  o f  t he  parameter 
w i t h  changes i n  the  10.7-centimeter wavelength s o l a r  f l u x ,  F10.7, and the  
geomagneti c index. 

These two data bases o f  the  drag v a r i a t i o n  parameter so lu t i ons  

The da ta  f o r  SMM span a wider range o f  s o l a r  f l u x  values and show a s t ronger  
c o r r e l a t i o n .  
t i o n  than SMM, show a s i g n i f i c a n t  degree o f  s c a t t e r .  
the  da ta  i n d i c a t e  t h a t  changes i n  the  drag v a r i a t i o n  parameter a re  more 
s t r o n g l y  c o r r e l a t e d  w i t h  the F10.7 so la r  f l u x  than w i t h  the  geomagnetic 
index. 
geomagnetic storm cond i t ions .  

The da ta  f o r  ERBS, which i s  a t  a h igher  a l t i t u d e  and i n c l i n a -  
For both s a t e l l i t e s ,  

Cor re la t i ons  w i t h  the  geomagnetic index a re  apparent o n l y  fo r  severe 

Resul ts  from t h i s  ana lys i s  enhance the  understanding o f  t he  drag model and 
the  accommodation of atmospheric dens i t y  v a r i a t i o n s  i n  opera t iona l  o r b i t  
de termina t ion  support .  The r e s u l t i n g  improvements i n  operat ions support 
procedures w i l l  be impor tant  f o r  cont inued maintenance o f  the  q u a l i t y  and 
accuracy o f  o r b i t  so lu t i ons  and propagations du r ing  per iods o f  h igh  so la r  
f l u x .  The r e s u l t s  o f  t h i s  ana lys is  f o r  SMM have con t r i bu ted  d i r e c t l y  t o  
ana lys i s  c u r r e n t l y  be ing performed t o  p r e d i c t  the  SMM r e e n t r y  date.  

*This work was supported by the  Nat ional  Aeronaut ics and Space Administra- 
t i o n  (NASA)/Goddard Space F l i g h t  Center (GSFC), Greenbel t ,  Maryland, under 
Cont rac t  NAS 5-31500. 
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1. INTRODUCTION 

Operational o r b i t  determinat ion a t  the Goddard Space F l i g h t  Center (GSFC) 
F1 i gh t  Dynamics Faci 1 i ty  (FDF) us ing the Goddard T ra jec to ry  D e t e r m i  na t i on  

System (GTDS) has y ie lded  a data base o f  o r b i t  so lu t i ons  f o r  the  Earth 
Radiat ion Budget S a t e l l i t e  (ERBS) t h a t  exceeds 3 years i n  length. S im i la r -  

ly ,  the  data base o f  o r b i t  so lu t ions '  f o r  the  Solar  Maximum Mission (SMM) 
spacecraf t  c u r r e n t l y  approaches 8 years i n  length.  These so lu t ions  cons is t  
o f  s i  x-parameter o r b i t a l  s t a t e  vectors ,  which represent  the  p o s i t i o n  and 
v e l o c i t y  vectors  a t  the  so lu t i on  epoch, and an atmospheric drag fo rce  scal- 
i n g  parameter, pl, c a l l e d  the  drag v a r i a t i o n  parameter. This parameter 
i s  solved f o r  r o u t i n e l y  t o  accommodate d i f fe rences  between modeled and ac- 

t u a l  drag e f f e c t s  from s o l u t i o n  t o  so lu t i on .  
p ,  so lu t i ons  are analyzed i n  t h i s  paper t o  evaluate co r re la t i ons  i n  the  
v a r i a t i o n s  o f  p1  w i t h  changes i n  the  10.7-centimeter wavelength so la r  
f l u x  (F10.7) and t he  geomagnetic index, A 

The combined data bases o f  

P '  

The degree o f  c o r r e l a t i o n  o f  p1 w i t h  the  so la r  f l u x  values i s  evaluated 
i n  t h i s  paper t o  demonstrate the  degree t o  which p1 a c t u a l l y  accommo- 
dates changes i n  the  atmospheric dens i ty  r e l a t i v e  t o  o ther  phenomena, such 
as the  geopotenti  a1 model and t r a c k i n g  e r ro rs .  Atmospheri c densi t y  model s 
c o r r e l a t e  the  atmospheric dens i ty  w i t h  the F10.7 so la r  f l u x  and the  geomag- 

n e t i c  a c t i v i t y .  The 10.7-centimeter (2800-megahertz) s o l a r  r a d i o  f l u x  i s  
repor ted  from Ottawa, Canada, and i s  measured i n  u n i t s  of lo-" watts per  

m e t e r  per  he r t z .  

o f  magnetic f i e l d  disturbances based on a p lanetary  average. 

2 The geomagnetic index, A , i s  a measure o f  the amplitude 
P 

The F10.7 so la r  f l u x  and A values repor ted over the  pe r iod  covered by 
P 

t h i s  ana lys is  were obtained from Solar-Geo~hvsica l  Data Prompt ReDorts, 
publ ished by the  Nat ional  Oceanic and Atmospheric Admin is t ra t ion  (NOAA) on 
a monthly bas is .  

f o r  use f o r  any spacecraft.  The so la r  f l u x  i s  character ized by smooth 
v a r i a t i o n s  w i  t h  a p e r i  odi c i  t y  correspondi ng t o  the  27-day so la r  r o t a t i  on. 

The values were  entered i n t o  a master data base ava i l ab le  
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The geomagnetic i ndex  i s  c h a r a c t e r i z e d  by  s h o r t  i n t e n s e  b u r s t s  a t  random 
i n t e r v a l s ,  w i t h  t h e  b u r s t s  sometimes be ing  c o r r e l a t e d  w i t h  t h e  s o l a r  r o t a -  
t i o n  p e r i o d .  

The GTDS atmospher ic  d rag  f o r c e  model ing,  which i n c l u d e s  t h e  H a r r i s - P r i e s t e r  

a tmospher ic  d e n s i t y  model, i s  d iscussed i n  S e c t i o n  2.  
t h e  o r b i t  d e t e r m i n a t i o n  suppor t  procedures f o l l o w e d  i n  t h e  GSFC FDF f o r  t h e  

ERBS and SMM s p a c e c r a f t .  
Sec t i ons  4 and 5, r e s p e c t i v e l y .  
f o r  t h i s  s tudy .  

S e c t i o n  3 desc r ibes  

The d a t a  analyses f o r  ERBS and SMM a r e  presented 
S e c t i p n  6 g i v e s  t h e  summary and conc lus ions  

2.  THE GTDS ATMOSPHERIC DRAG MODEL 

A 

I n  GTDS, t h e  atmospher ic  drag f o r c e ,  FD, a c t i n g  on a s p a c e c r a f t  i s  modeled 
by t h e  f o l l o w i n g  equat ion:  

where p = atmospher ic  d e n s i t y  
A 

Vr = v e l o c i t y  o f  t h e  s p a c e c r a f t  w i t h  r e s p e c t  t o  t h e  atmosphere 

CD = s p a c e c r a f t  drag c o e f f i c i e n t  

A = s p a c e c r a f t  r e f e r e n c e  c r o s s - s e c t i o n a l  area 

p 1  = d r a g  v a r i a t i o n  parameter,  which i s  a s c a l e  f a c t o r  e r r o r  

c o e f f i c i e n t  on t h e  CDp p r o d u c t  

The d e n s i t y ,  p ,  i s  ob ta ined  i n  GTDS u s i n g  t h e  H a r r i s - P r i e s t e r  atmospher ic 
d e n s i t y  model (References 2 through 4 )  i n  t h e  form o f  10 d e n s i t y  p r o f i l e  
t a b l e s  (Tables HP1 th rough  HP10) corresponding t o  10 d i s c r e t e  va lues o f  t h e  
F10.7 s o l a r  f l u x .  These t a b l e s  p r o v i d e  minimum and maximum values of  t h e  

a tmospher ic  d e n s i t y  a t  d i s c r e t e  a1 t i  tude p o i n t s .  The H a r r i  s - P r i  e s t e r  model 
averages t h e  semi  annual and seasonal-1 a t i  t u d i  n a l  v a r i a t i o n s  , b u t  i t does 

4 
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n o t  a t tempt  t o  account for t h e  e x t r e m e  u l t r a v i o l e t  27-day e f f e c t  or for  
v a r i a t i o n s  i n  t h e  geomagnetic index,  . 

AP 

The GTDS atmospher ic  drag model a l s o  i n c l u d e s  a d i u r n a l  bulge, which i s  a 

r e g i o n  o f  i nc reased  atmospher ic d e n s i t y  on t h e  s u n l i t  hemisphere o f  t h e  
Ear th .  The d e n s i t y  v a r i a t i o n  due t o  t h e  d i u r n a l  b u l g e  i s  modeled as pro-  

p o r t i o n a l  t o  cos ( a / 2 ) ,  where a i s  t h e  ang le  between t h e  s p a c e c r a f t  p o s i -  

t i o n  v e c t o r  and t h e  apex o f  t h e  d i u r n a l  bu lge.  The average d e n s i t y  i s  t h e  

a r i t h m e t i c  average o f  t h e  maximum value,  which occurs a t  t h e  apex o f  t h e  
d i u r n a l  bu lge ,  and t h e  minimum value,  which occurs a t  t h e  n a d i r  o f  t h e  
d i  u r n a l  b u l  ge. 

2 

The p r o f i l e s  o f  t h e  atmospher ic d e n s i t i e s  f o r  a range o f  a l t i t u d e s  r e l e v a n t  
t o  t h e  SMM m i s s i o n  a r e  i l l u s t r a t e d  i n  F i g u r e  1 .  Table 1 g i v e s  t h e  H a r r i s -  

P r i e s t e r  t a b l e  numbers, t h e  corresponding F10.7 s o l a r  f l u x  va lues,  and t h e  
range o f  s o l a r  f l u x  va lues for which each t a b l e  i s  used o p e r a t i o n a l l y .  

60 80 100 120 140 160 180 200 220 240 260 280 

F10.7 SOLAR FLUX watts/meter2/hertz) 

F i g u r e  1. H a r r i s - P r i e s t e r  Standard Atmospheric D e n s i t i e s  as a Func t i on  
o f  t h e  F10.7 S o l a r  F l u x  for A l t i t u d e s  Relevant  t o  SMM 
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Tabl e 1. GTDS H a r r i  s - P r i  e s t e r  Atmospheric Densi ty  Tabl e s  

HARRIS- 
PRIESTER (HP) 

TABLE NO. 

HP2 

HP3 

HP4 

HP5 

HP6 

HP7 

HP8 

HP9 

HP10 

F10.7 SOLAR 
FLUX VALUE 
(10-22 watts/ 
meter2/hertz) 

65 

75 

100 

125 

150 

175 

200 

225 

250 

275 

FOR HP TABLE 
OPERATIONAL USE 

(1 0-22 watts/meter2/hertz) 

NOT USED 

LESS THAN 88 

88-112 

113-137 

138 - 162 

163 - 187 

188 - 212 1; 
213 - 237 

238 - 262 
P IX 
d 263 - 287 v) 

.u 

I n  the  GTDS drag model, the drag v a r i a t i o n  parameter, pl, i s  solved f o r  i n  
the  d i f f e r e n t i a l  c o r r e c t i o n  process t o  accommodate drag v a r i a t i o n s  r e l a t i v e  
t o  the  nomfnal values prov ided by the Har r i s -P r ies te r  t a b l e  and the  space- 

c r a f t  drag c o e f f i c i e n t  and t o  account f o r  d rag - l i ke  e f f e c t s  from o ther  un- 

modeled pe r tu rba t i ons .  I f  drag i s  an impor tant  p e r t u r b i n g  fo rce  on a 

spacecraf t ,  i t  i s  necessary t o  so lve f o r  pl, s ince the  dens i t y  tab les  
corresponding t o  10 d i s c r e t e  values o f  the  s o l a r  f l u x  cannot p roper l y  rep- 
resent  t he  d e n s i t y  and r e s u l t i n g  drag fo rce  f o r  a continuum of s o l a r  f l u x  
values. 

a parameter f o r  i n t e r p o l a t i n g  between the  Har r i s -P r ies te r  tab les  t o  deter-  
mine d e n s i t i e s  corresponding t o  in te rmed ia te  values o f  t he  F10.7 so la r  f l u x  

The drag v a r i a t i o n  parameter, pl, can the re fo re  be u t i l i z e d  as 

For an F10.7 s o l a r  f l u x  value l e s s  than 88, Har r i s -P r ies te r  Table HP2 ( s e e  
Table 1 above), which i s  based on an F10.7 s o l a r  f l u x  value o f  75, i s  used 

o p e r a t i o n a l l y  . For an F10.7 so la r  f l u x  va lue between 88 and 112, Table 

HP3, based on an F10.7 s o l a r  f l u x  value o f  100, i s  used. S i m i l a r l y ,  for 
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h igher  values o f  the so la r  f l u x ,  the  c loses t  standard t a b l e  i s  used, as 

i n d i c a t e d  i n  the  l a s t  column o f  Table 1.  Table HP1 i s  no t  used operat ion-  

a l l y .  

3. ORBIT DETERMINATION SUPPORT PROCEDURES FOR ERBS AND SMM 

Operat ional  o r b i t  support f o r  ERBS cons is ts  o f  two o r b i t  so lu t ions  per  week, 
on Tuesday and Fr iday.  The o r b i t  s o l u t i o n  on Tuesday uses a t rack ing  da ta  

a rc  o f  5 days and 10 hours, ending on Tuesday a t  10 hours UTC. The Fr iday  

o r b i t  s o l u t i o n  uses a t rack ing  data a rc  o f  4 days and 10 hours, ending on 

F r iday  a t  10 hours UTC. The geopotent ia l  model used i s  the Goddard Ear th 
Model-9 (GEM-91, t runcated t o  o rder  and degree 8. 
parameter, pl, i s  solved f o r  i n  each o r b i t  so lu t i on ,  and the value ob- 
ta ined  i s  used i n  the  generat ion of two ephemerides: 
produced on each s o l u t i o n  date and a 47-day ephemeris produced each Tuesday. 
I n  a d d i t i o n  t o  these pred ic ted  ephemerides, a 1-week merged d e f i n i t i v e  
ephemeris i s  prepared each week f o r  d e l i v e r y  t o  the  ERBS experimenters a t  
NASA 's  Langley Research Center (LaRC). 

The drag v a r i a t i o n  

a 21-day ephemeris 

Operat ional  o r b i t  support f o r  SMM cons is ts  o f  an o r b i t  s o l u t i o n  every o the r  

day. These o r b i t  so lu t i ons  use a t r a c k i n g  data a rc  of 2 days and 10 hours. 

The geopoten t ia l  model used i s  the  GEM-9, t runcated  t o  o rder  and degree 16, 
a l though over  the  h i s t o r y  o f  SMM miss ion support values h igher  and lower 
than 16 have been used. The p1 parameter i s  solved f o r  i n  each so lu t i on ,  
and the  va lue obta ined i s  used i n  the  generat ion o f  a 12-day ephemeris on 
each s o l u t i o n  date and a 37-day ephemeris once a week. I n  add i t i on ,  each 
58-hour d e f i n i t i v e  ephemeris i s  de l i ve red  t o  the  SMM experimenters. 

To q u a l i t y  assure the so lu t i ons  fo r  each spacecraf t ,  ephemeris comparison 
runs are  made, us ing  the  GTDS Ephemeris Comparison (COMPARE) Program, on 

consecut ive o r b i t  so lu t i ons  over the  respec t ive  over lap  i n t e r v a l s .  
maximum p o s i t i o n  d i f f e rence  from t h i s  comparison i s  a measure o f  the con- 

s i s tency  of  the  o r b i t  so lu t ions .  A second q u a l i t y  check i s  made by 

The 
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comparing t h e  c u r r e n t  o r b i t  s o l u t i o n  w i t h  an ephemeris propagated f rom t h e  
s o l u t i o n  b e f o r e  l a s t .  

The ERBS o r b i t  has mainta ined a n e a r l y  cons tan t  semimajor a x i s  o f  6981 k i l o -  

meters ( co r respond ing  t o  an a l t i t u d e  o f  603 k i l o m e t e r s )  s i n c e  t h e  s t a r t  o f  

t h e  m i s s i o n  i n  October 1984. 
near  t h e  minimum o f  i t s  11-year c y c l e ,  and r e l a t i v e l y  low drag f o r c e s  have 

been p r e s e n t .  A l though no s i g n i f i c a n t  o r b i t a l  decay has occurred,  t h e  d rag  

f o r c e  i s  s t i l l  cons idered t o  be an i m p o r t a n t  p e r t u r b a t i o n ,  and p 1  i s  
so l ved  f o r  i n  t h e  o r b i t  s o l u t i o n .  
( ? . e . ,  Landsat-4 and Landsat-5 a t  700 k i l o m e t e r s  and Nimbus-7 a t  950 k i l o -  
me te rs ) ,  t h e  d rag  f o r c e  becomes l e s s  s i g n i f i c a n t  and s o l v i n g  f o r  p1  leads 
t o  nonphys ica l  va lues.  

Dur ing  t h i s  p e r i o d ,  t h e  s o l a r  f l u x  has been 

For s p a c e c r a f t  a t  h i g h e r  a l t i t u d e s  

The F10.7 s o l a r  f l u x  and geomagnetic i ndex  va lues f o r  t h e  epoch dates o f  

t h e  ERBS o r b i t  s o l u t i o n s  a r e  presented i n  F i g u r e  2 f o r  t h e  p e r i o d  f rom 
October 1984 t o  October 1987. The corresponding p1  va lues f rom t h e  opera- 
t i o n a l  o r b i t  s o l u t i o n s  a r e  shown i n  F i g u r e  3. S ince more than  one H a r r i s -  

P r i e s t e r  t a b l e  was used d u r i n g  t h i s  t i m e  p e r i o d ,  t h e  so l ved - fo r  p1  d a t a  

have been no rma l i zed  t o  r e f 1  e c t  t h e  so l ved - fo r  atmospher ic d e n s i t y  a d j u s t -  
ment r e l a t i v e  t o  Table HP2 (FJ0.7 s o l a r  f l u x  v a l u e  = 75) for an a l t i t u d e  o f  

600 k i  1 ometers. 

To v e r i f y  t h e  n o r m a l i z a t i o n  procedure,  GTDS runs were made t o  determine t h e  
p1  d i f f e r e n c e s  t h a t  correspond t o  t h e  d i f f e r e n c e  between Tables HP3 and 
HP2. Us ing  Table HP3 and a p1 va lue  o f  -0.47 gave a z e r o  a l o n g - t r a c k  e r r o r  
a t  t h e  end o f  t h e  1-day p ropaga t ion  when compared w i t h  an ephemeris u s i n g  

Table HP2 and a p1  va lue  o f  0.00. 

v a l u e  o f  +0.89 gave a ze ro  a long - t rack  e r r o r  a f t e r  1 day when compared w i t h  
an ephemeris u s i n g  Table HP3 and a p 1  va lue  o f  0.00. 

S i m i l a r l y ,  u s i n g  Table HP2 and a p1 

These va lues a re  
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c o n s i s t e n t  w i t h  those determined by t a k i n g  t h e  r a t i o  o f  t h e  average densi-  
t i e s  f o r  an a l t i t u d e  o f  600 k i l o m e t e r s  f rom Tables HP2 and HP3. 

Most o f  t h e  o p e r a t i o n a l  p1  d a t a  w e r e  assoc ia ted  w i t h  Table HP2; t h e  
o p e r a t i o n a l  d a t a  assoc ia ted  w i t h  Table HP3 were conver ted t o  t h e  e q u i v a l e n t  
f o r  Table HP2 by  t h e  n o r m a l i z a t i o n  procedure,  which i s  desc r ibed  i n  Appen- 
d i x  A .  Only  t h e  HP2 and HP3 t a b l e s  were used f o r  t h e  ERBS s tudy,  s i n c e  no 

F10.7 s o l a r  f l u x  va lues above 112 w e r e  encountered d u r i n g  t h e  3 yea rs  cov- 

e red  by  t h e  ERBS data.  

The no rma l i zed  p1 va lues f rom t h e  ERBS o r b i t  s o l u t i o n s  a r e  p l o t t e d  versus 
t h e  F10.7 s o l a r  f l u x  i n  F i g u r e  4 and versus t h e  geomagnetic index i n  F ig -  
u r e  5. No c l e a r  c o r r e l a t i o n  can be seen f rom these p l o t s .  
c o e f f i c i e n t s ,  R, a r e  t h e  f o l l o w i n g :  RFlOs7 = 0.182 and R 
The d a t a  a r e  c h a r a c t e r i z e d  by a l a r g e  amount o f  n o i s e  t h a t  obscures any 
e v i d e n t  t r e n d .  P o s s i b l e  reasons f o r  t h e  observed no ise  a r e  t h e  f o l l o w i n g :  

The c o r r e l a t i o n  
= 0.459. 

AP 

1. Errors i n  t h e  so l ved - fo r  p1  due t o  t h e  l e n g t h  o f  t h e  t r a c k i n g  

d a t a  a r c  

2. E r r o r s  i n  t h e  F10.7 s o l a r  f l u x  and geomagnetic i ndex  va lues used 

3. Model ing e r r o r s  w i t h  d r a g - l i k e  e f f e c t s  

To i n v e s t i g a t e  t h e  e r r o r s  i n  p1 due t o  t h e  t r a c k i n g  a r c  l e n g t h ,  t h e  p1  

d a t a  w e r e  segmented i n t o  va lues f rom 4-day a rcs  and va lues f rom 5-day a rcs .  

No s i  g n i  f i  c a n t  d i f f e r e n c e  was observed between t h e  two samples. 
c a l l y ,  t h e  average va lue  o f  p 1  f o r  t h e  4-day a r c s  was -0.4691, w h i l e  
f o r  t h e  5-day a r c s ,  t h e  average va lue  o f  p1  was -0.4613. 
F10.7 s o l a r  f l u x  o r  geomagnetic i ndex  va lues a r i s e  because t h e  va lues used 

w e r e  t h e  va lues  on t h e  s o l u t i o n  epoch da te  and n o t  on an average va lue  over  

t h e  t r a c k i n g  d a t a  a r c .  To (evaluate these e r r o r s ,  t h e  a r i t h m e t i c  mean o f  
t h e  F10.7 s o l d r  f l u x  and geomagnetic i ndex  va lues ove r  t h e  t r a c k i n g  d a t a  

Speci fi- 

E r r o r s  i n  t h e  
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a r c  w e r e  used r a t h e r  than t h e  va lues on t h e  epoch date;  o n l y  a s l i g h t  r e -  
d u c t i o n  i n  t h e  n o i s e  r e s u l t e d .  The F10.7 c o r r e l a t i o n  c o e f f i c i e n t ,  RFlOs7, 

i n c r e a s e d  s l i g h t l y ,  f rom 0.182 t o  0.235, when t h e  a r i t h e m e t i c  mean va lues 

were used. L i kew ise ,  t h e  A c o r r e l a t i o n  c o e f f i c i e n t ,  RAP, i nc reased  f rom 
0.459 t o  0.559. I t  was t h e r e f o r e  concluded t h a t  t h e  n o i s e  appears t o  r e -  
f l e c t  model ing e r r o r s  i n t r i n s i c  t o  o t h e r  f a c t o r s  i n  t h e  p ropaga t ion  model 

and i n p u t  data.  

P 

5. SMM DATA ANALYSES 

The SMM o r b i t  a n a l y s i s  i s  desc r ibed  i n  S e c t i o n  5.1. S e c t i o n  5.2 p resen ts  a 

d e s c r i p t i o n  o f  a,method t o  improve t h e  drag model by  a d j u s t i n g  t h e  SMM drag 

c o e f f i c i e n t .  S e c t i o n  5.3 d iscusses ephemeris p ropaga t ion  and r e e n t r y  pre-  
d i c t i o n s  f o r  SMM. 

5.1 SMM ORBIT ANALYSIS 

SMM was launched on February 14, 1980, and by October  1987 t h e  drag fo rce  
had caused t h e  semimajor a x i s  t o  decay f rom 6952 k i l o m e t e r s  (574 k i l o m e t e r s  
a1 t i  tude )  t o  6865 k i l o m e t e r s  (487 k i l o m e t e r s  a1 t i  tude ) .  SMM o r b i t  so lu-  
t i o n s  f rom launch through t h e  end o f  October 1987 have been used t o  s tudy  

t h e  e f f e c t s  o f  s o l a r  f l u x  v a r i a t i o n s  on t h e  atmospher ic d e n s i t y  as e s t i -  
mated by  t h e  GTDS s o l v e d - f o r  p1 va lues.  

f o l l o w i n g  a r e  t a b u l a t e d :  
and t h e  geomagnetic index,  (2)  t h e  H a r r i s - P r i e s t e r  t a b l e  used i n  t h e  o r b i t  
s o l u t i o n ,  and (3 )  t h e  so l ved - fo r  v a l u e  o f  pl. 

For  each o r b i t  s o l u t i o n ,  t h e  
(1) t h e  observed va lues  o f  t h e  F10.7 s o l a r  f l u x  

For cons is tency ,  a l l  p1  va lues w e r e  normal ized t o  r e f l e c t  t h e  e m p i r i c a l  

a tmospher ic  d e n s i t i e s ,  as was done f o r  t h e  ERBS da ta .  
t i t u d e  was r a p  d l y  decaying d u r i n g  t h e  p e r i o d  seve ra l  yea rs  ago when t h e  
s o l a r  f l u x  was h igh ,  t h e  convers ion a l g o r i t h m  cons tan ts  v a r i e d  w i t h  t h e  
s p a c e c r a f t  a l t  tude and, t h e r e f o r e ,  w i t h  t h e  m i s s i o n  y e a r .  For s p e c i f i c  

Because t h e  SMM a l -  
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m i s s i o n  yea rs ,  d e n s i t y  t a b l e  va lues corresponding t o  t h e  s p a c e c r a f t  a1 ti- 

tudes g i v e n  below w e r e  used: 

M iss ion  
Year 

1980 
1981 

1982 

1983 
1984 
1985 

1986 
1987 

Spacec ra f t  A1 t i  tude  
( k i l o m e t e r s )  

5 60 

540 

520 
500 

500 
480 

480 

480 

F i g u r e  1 shows t h e  F10.7 s o l a r  f l u x  as a f u n c t i o n  o f  t h e  atmospher ic d e n s i t y  

f o r  each o f  these a l t i t u d e s .  
SMM a r e  g i v e n  i n  Appendix B. 

The d e t a i l s  o f  t h e  convers ion  a l g o r i t h m  f o r  

The e m p i r i c a l  atmospher ic d e n s i t i e s  f o r  SMM a r e  shown i n  F i g u r e  6 as a 
f u n c t i o n  o f  t h e  observed F10.7 s o l a r  f l u x  on t h e  epoch date.  
a c l e a r  c o r r e l a t i o n  between t h e  s o l a r  f l u x  and t h e  atmospher ic d e n s i t y  i s  
e v i d e n t  i n  t h i s  f i g u r e  (RF10.7 = 0.863). 
t i o n  o f  t h e  geomagnetic index,  A 

A s  expected, 

The d e n s i t i e s  p l o t t e d  as a func- 

i n  F i g u r e  7 show a weak c o r r e l a t i o n  
P ’  

( R A P  = 0.247). 

5.2 ADJUSTING THE SMM DRAG COEFFICIENT TO CALIBRATE THE DENSITY MODELING 

A c l e a r  c o r r e l a t i o n  between t h e  atmospher ic d e n s i t y  and t h e  observed F10.7 
s o l a r  f l u x  i s  demonstrated by t h e  a n a l y s i s  presented i n  S e c t i o n  5.1. For  
va lues o f  t h e  F10.7 s o l a r  f l u x  t h a t  l i e  between t h e  H a r r i s - P r i e s t e r  t a b l e s  

va lues,  an expected va lue  o f  pi can be determined by  i n t e r p o l a t i o n .  The 
p,  va lues  ob ta ined  f rom t h e  o p e r a t i o n a l  o r b i t  s o l u t i o n s  average approx i -  

ma te l y  -0.6, w h i l e  those ob ta ined  by i n t e r p o l a t i n g  t h e  H a r r i s - P r i e s t e r  t a b l e  
va lues t o  t h e  observed s o l a r  f l u x / a v e r a g e  approx ima te l y  0.0; t h e r e f o r e ,  
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i t  i s  c l e a r  t h a t  t h e  expected va lues a r e  s i g n i f i c a n t l y  d i f f e r e n t  f rom those 
a c t u a l l y  seen i n  t h e  SMM o r b i t  s o l u t i o n s .  

ence i s  t h e  f a i l u r e  t o  account f o r  a t t i t ude -dependen t  drag v a r i a t i o n s .  

A l i k e l y  source o f  t h i s  d i f f e r -  

S ince some o f  t h e  e r r o r  i n  t h e  drag model o r i g i n a t e s  f rom t h e  t i m e -  
dependence o f  t h e  s p a c e c r a f t  a t t i t u d e  w i t h  r e s p e c t  t o  t h e  r e l a t i v e  v e l o c i t y  
v e c t o r ,  t h e  approach taken was t o  determine a v a l u e  o f  t h e  drag c o e f f i c i e n t  
t h a t  r e s u l t s  i n  p 1  va lues near those expected f r o m  i n t e r p o l a t i n g  the 

H a r r i s - P r i e s t e r  t a b l e s  t o  t h e  a c t u a l  F10.7 s o l a r  f l u x  l e v e l .  Th i s  procedure 

e f f e c t i v e l y  c a l i b r a t e s  t h e  drag model ing such t h a t  t h e  t e r m  p ( 1  + pl) 
p r o v i d e s  a d i r e c t  es t ima te  of t h e  a c t u a l  atmospher ic d e n s i t y .  

Drag c o e f f i  c i  e n t  normal i z a t i o n  was performed u s i n g  t h e  empi r i  c a l  d e n s i t i e s  
d e r i v e d  f rom t h e  so l ved - fo r  p,  values.  
r e s u l t s  i n  atmospher ic d e n s i t y  va lues c o n s i s t e n t  w i t h  t h e  s o l a r  f l u x  l e v e l s  
i n  t h e  range 150 t o  200 was found t o  be 1.38. F u r t h e r  r e f i n e m e n t  o f  t h i s  

r e s u l t  i s  p o s s i b l e  u s i n g  GTDS p ropaga t ions  and comparisons w i t h  p a s t  evolu-  
t i o n  o f  t h e  SMM o r b i t  d u r i n g  t h e  p rev ious  s o l a r  maximum. 

The d rag  c o e f f i c i e n t  va lue  t h a t  
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5.3 I 

MSFC 
PREDICTED 

Pred ic t i ons  o f  t he  monthly averages o f  the  F10.7 s o l a r  f l u x  are ava i l ab le  
from the  Atmospheri c S c i  ences D i  v i  sion, Marshal 1 Space F1 i ght  Center (MSFC) 

(Reference 5) .  For the  months A p r i l  1987 through January 1988, the  actual  

observed monthly averages have been ca lcu la ted  and are i n  good agreement 
w i t h  t h e  p red ic ted  averages (see  Table 2) .  

t he  estimated monthly average F10.7 so la r  f l u x  has been converted t o  an 
expected va lue o f  p1 f o r  the  appropr ia te Har r i  s -P r i  e s t e r  tab1 e, f o l  low- 
i n g  the  procedure described i n  Appendix B. Using the  c a l i b r a t e d  value o f  
1.38 for  the  drag c o e f f i c i e n t ,  the  SMM o r b i t  was propagated us ing GTDS on a 
month-by-month bas is .  For each month, the  se lected Har r is -Pr ies te r  t a b l e  
and the  expected p1 value (see Table 3)  were  incorporated i n t o  the drag 
model. The r e s u l t i n g  ephemeris p r e d i c t s  t h a t  the SMM r e e n t r y  w i l l  occur i n  
February 1990. 

For each month i n  1988 and 1989, 

OBSERVED 

Table 2 .  MSFC Predic ted F10.7 Solar  Flux and the  Observed F10.7 
Solar  Flux From A p r i l  1987 Through January 1988 

I I F10.7 SOLAR FLUX VALUE (10-22 watts/meter2/hett?) 

APRIL 1987 

MAY 1987 

JUNE 1987 

JULY 1987 

AUGUST 1987 

SEPTEMBER 1987 

OCTOBER 1987 

NOVEMBER 1987 

DECEMBER 1987 

JANUARY 1988 

80.3 

82.3 

84.5 

87.2 

90.7 

94.2 

97.8 

103.1 

109.3 

1 15.3 

84.9 

87.8 

77.9 

84.2 

90.0 

86.1 

98.1 

101.1 

94.9 

108.8 

5 85 



Table 3. MSFC Best-Estimate Monthly Average F10.7 Solar  Flux,  Selected 
H a r r i  s - P r i  e s t e r  Tab1 e ,  and Expected Drag Densi ty  V a r i a t i o n  
Parameter From January 1988 Through February 1990 

JANUARY 1988 

FEBRUARY 1988 

MARCH 1988 

APRIL 1988 

MAY 1988 

JUNE 1988 

JULY 1988 

AUGUST 1988 

SEPTEMBER 1988 

OCTOBER 1988 

NOVEMBER 1988 

DECEMBER 1988 

JANUARY 1989 

FEBRUARY 1989 

MARCH 1989 

APRIL 1989 

MAY 1989 

JUNE 1989 

JULY 1989 

AUGUST 1989 

SEPTEMBER 1989 

OCTOBER 1989 

NOVEMBER 1989 

DECEMBER 1989 

JANUARY 1990 

FEBRUARY 1990 

MSFC 

MONTHLY AVERAGE 
F10.7 SOLAR FLUX 

(I 0-22 watts/rnete?/hertz) 

BEST-ESTIMATE 

1 15.3 

121.7 

128.4 

133.9 

138.8 

143.2 

148.3 

154.2 

160.4 

167.0 

172.9 

178.2 

182.7 

187.9 

191.6 

194.1 

198.6 

202.4 

205.5 

208.6 

21 0.0 

21 0.2 

21 1.4 

21 2.9 

21 5.6 

21 8.1 

HARRIS-PRIESTER 
TABLE NO. 

HP4 

HP4 

HP4 

HP4 

HP5 

HP5 

HP5 

HP5 

HP5 

HP6 

HP6 

HP6 

HP6 

HP7 

HP7 

HP7 

H P ~  
HP7 

HP7 

HP7 

HP7 

HP7 

HP7 

HP8 

HP8 

HP8 

p1 

-0.1454 

-0.0495 

0.0673 

0.1761 

-0.1483 

-0.0900 

-0.0225 

0.0652 

0.1615 

-0.0895 

-0.0235 

0.0501 

0.1152 

-0.1317 

-0.0915 

-0.0642 

-0.01 52 

0.0215 

0.0493 

0.0771 

0.0897 

0.0915 

0.1022 

-0.0886 

-0.0688 

-0.0505 
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6. SUMMARY AND CONCLUSIONS 

A s t u d y  based on an o p e r a t i o n a l  d a t a  base o f  so l ved - fo r  drag v a r i a t i o n  pa- 
rameter  va lues  f o r  3 yea rs  o f  ERBS o r b i t  s o l u t i o n s  and 8 yea rs  o f  SMM o r b i t  
s o l u t i o n s  has been presented i n  t h i s  paper. A f t e r  ad justments t o  these 
d a t a  t o  account  f o r  v a r i a t i o n s  i n  t h e  assoc ia ted  H a r r i s - P r i e s t e r  t a b l e ,  a 

c l e a r  c o r r e l a t i o n  (RFlo.7 = 0.863) of t h e  es t ima ted  atmospher ic d e n s i t y  w i t h  

t h e  F10.7 s o l a r  f l u x  has been demonstrated f o r  SMM. Thus, t h e  i n c l u s i o n  of  

t h e  s o l v e d - f o r  p1  parameter i n  t h e  o r b i t a l  s o l u t i o n  f o r  SMM p r i m a r i l y  ac- 
commodates t h e  e f f e c t s  o f  drag on t h e  o r b i t .  I n  do ing  t h i s ,  t h e  so l ved - fo r  

p 1  a c t s  t o  i n t e r p o l a t e  t h e  atmospher ic d e n s i t y  when t h e  a c t u a l  F10.7 s o l a r  

f l u x  va lues  a r e  between t h e  va lues o f  t h e  s tandard H a r r i s - P r i e s t e r  t a b l e s ;  
i t  a l s o  accommodates v a r i a t i o n s  i n  t h e  s p a c e c r a f t  e f f e c t i v e  d rag  c o e f f i -  
c i  e n t  r e s u l t i n g  f r o m  da i  l y  sc ience o p e r a t i o n s .  

For ERBS, which i s  a t  a h i g h e r  a l t i t u d e  and w i t h  s o l a r  a c t i v i t y  l e v e l s  near  
t h e  s o l a r  minimum, no s t r o n g  c o r r e l a t i o n  was found between t h e  es t ima ted  
atmospher ic  d e n s i t y  and t h e  F10.7 s o l a r  f l u x  or t h e  geomagnetic i ndex .  The 
h i g h e r  l e v e l  o f  n o i s e  i l l u s t r a t e d  by  t h e  p l o t s  o f  p1  as a f u n c t i o n  of  t h e  
F10.7 s o l a r  f l u x  and t h e  geomagnetic index i n d i c a t e  t h a t  f o r  t h i s  spacecraf t  
t h e  s o l v e d - f o r  p1  p l a y s  a l a r g e  r o l e  i n  t h e  accommodation o f  e f f e c t s  i n  t h e  

o r b i t  p r o p a g a t i o n  model t h a t  a r e  n o t  d i r e c t l y  assoc ia ted  w i t h  atmospher ic 
d e n s i t y  and drag.  One p o s s i b l e  source o f  these e r r o r s  i s  t h e  e f f e c t s  o f  
resonance o f  t h e  s p a c e c r a f t  o r b i t a l  p e r i o d  w i t h  geopo ten t i  a1 harmonic co- 
e f f  i c i  en ts  . 

A s  a p a r t  o f  t h e  SMM study, t h e  drag model was c a l i b r a t e d  by  a d j u s t i n g  t h e  
d rag  c o e f f i c i e n t  i n  such a way t h a t  d e n s i t i e s  es t ima ted  u s i n g  t h e  p1  
va lues from t h e  d a t a  base w e r e  i n  good agreement w i t h  d e n s i t y  va lues ob- 

t a i  ned by i n t e r p o l a t i n g  t h e  H a r r i  s - P r i  e s t e r  tab1 e va lues.  The r e s u l t s  o f  
t h i  s a n a l y s i s  have c o n t r i b u t e d  d i r e c t l y  t o  s t u d i e s  c u r r e n t l y  be ing  performed 

i n  t h e  o r b i t  o p e r a t i o n s  area o f  GSFC 's  FDF t o  p r e d i c t  t h e  r e e n t r y  da te  o f  
t h e  SMM. Est imates based on t h e  c a l i b r a t e d  SMM drag model and on t h e  MSFC 
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p r e d i c t i o n s  of t h e  F10.7 s o l a r  f l u x  l e v e l s  i n d i c a t e  t h a t  SMM w i l l  r e e n t e r  
t h e  atmosphere i n  February 1990. A s  i n d i c a t e d  i n  Tab le  2 ,  t h e  most r e c e n t  

s o l a r  f l u x  observat ions a r e  lower  than t h e  MSFC p r e d i c t i o n s .  
cont inues,  t h e  SMM r e e n t r y  w i l l  occur l a t e r  than t h e  February p r e d i c t i o n .  

I f  t h i s  t r e n d  
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APPENDIX A. DRAG VARIATION PARAMETER ( 0 1  DATA 

HARRIS-PRIESTER 
TABLE NO. 

HP2 

HP3 

STANDARDIZATION METHOD FOR ERBS 

ATMOSPHERIC DENSITY 
F10.7 SOLAR FLUX VALUE (kilograms/kilometer3 ) - 
(1 0-22 watts/mete?/hertz) Y 2 

MINIMUM MAXIMUM 9 
‘ Q  

75 0.00001 109 0.0001137 2 
d 

100 0.00002088 0.0002146 

Assuming t h a t  t h e  v a l u e  o f  t h e  s p a c e c r a f t  drag c o e f f i c i e n t  i s  c o r r e c t  and t h a t  
t h e r e  a r e  no o t h e r  model ing e r r o r s  a f f e c t i n g  t h e  d rag  c a l c u l a t i o n ,  t hen  t h e  

d rag  v a r i a t i o n  parameter,  p , ,  i s  a measure o f  t h e  d i f f e r e n c e  between t h e  
a c t u a l  atmospher i  c d e n s i t y  and t h e  atmospher ic d e n s i t y  i n  t h e  model be i  ng used.  

For example, a p1  v a l u e  o f  -0.5 means 50 pe rcen t  l e s s  atmospher ic d e n s i t y ,  
w h i l e  a p1  v a l u e  o f  +0.5 means 50 pe rcen t  more atmospher ic d e n s i t y ,  e t c .  

For t h e  ERBS a1 t i  tude  (600 k i l o m e t e r s ) ,  t h e  atmospher ic d e n s i t y  va lues f o r  t h e  
HP2 and HP3 t a b l e s  a r e  g i v e n  i n  Table 4.  The t a b l e  g i v e s  b o t h  a minimum and a 

maximum d e n s i t y .  

Tab1 e 4.  H a r r i  s-Pr i  e s t e r  Atmospheric Dens! t i e s  
a t  an A l t i t u d e  o f  600 K i l omete rs  

D i v i d i n g  t h e  v a l u e  f rom Table HP2 by  t h e  v a l u e  f rom Table HP3 y i e l d s  0.53. 

The r e s u l t  i s  t h e  same t o  two s i g n i f i c a n t  d i g i t s  whether t h e  minimum or 
maximum va lues  a r e  used. 
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are  
thus 
from 

Using the  f a c t o r  0.53, the GTDS ana lys is  r e s u l t s  can be rep l i ca ted .  The 
atmospheric dens i t i es  from Table HP2 are  47 percent  l e s s  than those from 
Table HP3, so -0.47 i s  the  t h e o r e t i c a l  p1 va lue f o r  conver t ing dens i t y  

values from Table HP3 t o  Table HP2. S i m i l a r l y ,  the  Table HP3 dens i t y  values 
ues, o r  89 percent more dense; 
conver t i  ng densi t y  values 

.89 t i m e s  as l a r g e  as the  Table HP2 va 
+0.89 i s  the  t h e o r e t i c a l  p1 value f o r  

Table HP2 t o  Table HP3. 

The t rans format ion  equat ion can then be der ived,  making use o f  the  f a c t  

t h a t  the  ac tua l  atmospheric dens i t y  i s  the  same regard less o f  the  Har r i s -  
P r i e s t e r  t a b l e  be ing used. The dens i ty ,  p, i s  g iven by 

where po i s  the  tabu la ted  dens i t y  i n  the  Har r i s -P r ies te r  t a b l e  being 
used. 
o f  t he  va r iab le .  Equation (A-1) leads t o  the  f o l l o w i n g  expression: 

The va lue from the  Har r i s -P r ies te r  t a b l e  i s  inc luded as the argument 

where the  number i n  parentheses corresponds t o  the  Har r i s -P r ies te r  t a b l e  

be ing used. 

N e x t ,  p1(2)  can be solved f o r  as 

Using the  ac tua l  dens i t y  r a t i o  

p1(2) = 

f o r  ERBS y i  e l  ds 

.89 C1 + p1 (3 ) I  - 1 

(A-3) 

(A-4) . 
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APPENDIX B. DRAG VARIATION PARAMETER ( p i  1 DATA 
STANDARDIZATION METHOD FOR SMM 

The s t a n d a r d i z a t i o n  procedure used f o r  ERBS (Appendix A) was inadequate f o r  
s t a n d a r d i z i n g  t h e  SMM d a t a  f o r  t h e  f o l l o w i n g  reasons: 

1 .  The SMM d a t a  r e q u i r e  t h e  use o f  H a r r i s - P r i e s t e r  t a b l e s  r a n g i n g  
f rom Table HP2 t o  HP10. 
t o  a s i n g l e  t a b l e  would r e s u l t  i n  a l o s s  o f  p r e c i s i o n .  

Wi th  such a l a r g e  spread, s t a n d a r d i z a t i o n  

2 .  More than  one a l t i t u d e  was encountered i n  t h e  SMM da ta ,  and t h e  
convers ion  f a c t o r  r a t i o s  a r e  a l t i t u d e  dependent. 

3 .  A t  t h e  l ower  a l t i t u d e s ,  d i f f e r e n t  r a t i o s  a r e  o b t a i n e d  depending on 
whether t h e  minimum o r  maximum t a b u l a t e d  d e n s i t i e s  a r e  used. T h i s  

r e q u i r e s  t h e  d e t e r m i n a t i o n  o f  an average d e n s i t y .  

The average v a l u e  f o r  t h e  atmospher ic d e n s i t y  was determined t o  be t h e  

a r i t h m e t i c  mean o f  t h e  maximum and minimum d e n s i t i e s .  T h i s  i s  e s t a b l i s h e d  
by i n t e g r a t i n g  t h e  cosine-squared dependence o v e r  a d i u r n a l  c y c l e ,  as f o l -  
1 ows : 

The e m p i r i c a l  d e n s i t y  i s  then c a l c u l a t e d  by t a k i n g  t h e  average d e n s i t y  f o r  

t h e  H a r r i s - P r i e s t e r  t a b l e  b e i n g  used and m u l t i p l y i n g  i t  by t h e  f a c t o r  

( 1  + p , ) .  
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A f u r t h e r  re f i nemen t  i n  t h e  a n a l y s i s  i s  t o  use t h e  average d e n s i t i e s  t o  
c a l c u l a t e  expected p1  va lues f o r  va lues of  t h e  F10.7 s o l a r  f l u x  between t h e  

t a b l e  va lues .  The average d e n s i t i e s  and i n t e r p o l a t i n g  va lues o f  p1  a r e  

g i v e n  i n  Table 5. 
f o r  a s t e p  up t o  t h e  n e x t  h i g h e s t  H a r r i s - P r i e s t e r  t a b l e .  

by 

The p1  (UP) column g i v e s  t h e  v a l u e  o f  p1 t h a t  accounts 
I t  i s  determined 

- 1  p ( H P + l l  
p (HP) 

The p 1  (DOWN) column c o n t a i n s  t h e  v a l u e  o f  p 1  t h a t  accounts f o r  a 
s tep  down t o  t h e  n e x t  lowest  H a r r i s - P r i e s t e r  t a b l e .  I t  i s  determined by 

- 1  p(HP-1) 
p(HP) 

To determine a v a l u e  of  p1 g i v e n  a va lue  of  t h e  F10.7 s o l a r  f l u x ,  t h e  
d i f f e r e n c e  between t h e  g i v e n  F10.7 s o l a r  f l u x  v a l u e  and t h e  s tandard v a l u e  
f o r  t h e  t a b l e  (AF10.7) i s  d i v i d e d  by  25 ( t h e  spacing between t a b l e s )  and 
i s  t hen  m u l t i p l i e d  by t h e  a p p r o p r i a t e  i n t e r p o l a t i n g  v a l u e  o f  p l .  
example, f o r  t h e  case where t h e  F10.7 s o l a r  f l u x  i s  115.3 and SMM i s  a t  

480 k i l o m e t e r s  a l t i t u d e ,  t h e  f o l l o w i n g  d e t e r m i n a t i o n  i s  made: 

For 

1.  The g i v e n  F10.7 s o l a r  f l u x  v a l u e  of  115.3 i s  c l o s e s t  t o  t h e  s o l a r  
f l u x  v a l u e  o f  125 f o r  H a r r i s - P r i e s t e r  Table HP4, b u t  i s  lower  than  
t h e  t a b l e  va lue .  

2 .  The expected p1  i s  then determined as 

125 - 115 '3  (-0.3745) = -0.1454 p1 = 25 
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Table 5 .  Average Atmospheric Densi t i e s  and Drag V a r i a t i o n  Parameter 
Values t o  be Used for I n t e r p o l a t i o n  

(kilometers) 

F10.7 SOLAR 
FLUX VALUE 

PRIESTER 
TABLE NO. (10-22 watw rneter2hertz) 

HARRIS- 

560 

540 

HP2 75 
HP3 100 
HP4 125 
HP5 150 
HP6 1 75 
HP7 200 
HP8 225 
HP9 250 
HP10 275 

HP2 75 
HP3 100 
HP4 125 
HP5 150 
HP6 175 
HP7 200 
HP8 225 
HP9 250 
HPlO 275 

AVERAGE 
ATMOSPHERIC 

DENSIW 

0.1112 
0.2025 
0.3514 
0.5769 
0.8242 
1.203 
1.539 
1.975 
2.452 

0.1501 
0.2680 
0.4560 
0.7356 
1.038 
1.497 
1 .e99 
2.417 
2.981 

0.2042 
0.3568 
0.5950 
0.9435 
1.313 
1 .a73 
2.354 
2.973 
3.643 

-0.2054 
-0.4509 
-0.4237 
-0.3909 
-0.3000 
-0.3149 
-0.21 83 
-0.2208 
-0.1945 

-0.2001 
-0.4399 
-0.4123 
-0.3801 
-0.2913 
-0.3066 
-0.21 17 
-0.2143 
-0.1892 

-0.1983 
-0.4277 
-0.4003 
-0.3694 
-0.2814 
-0.2990 
-0.2043 
-0.2082 
-0.1839 

0.8210 
0.7353 
0.6417 
0.4287 
0.4596 
0.2793 
0.2833 
0.2415 
0.1945 

520 

500 

480 

0.7855 
0.7015 
0.6132 
0.41 11 
0.4422 
0.2685 
0.2728 
0.2333 
0.1892 

HP2 75 
HP3 100 
HP4 125 
HP5 150 
HP6 1 75 
HP7 200 
HP8 225 
HP9 250 
HPlO 275 

HP2 75 
HP3 100 
HP4 1 25 
HP5 150 
HP6 175 
HP7 200 
HP8 225 
HP9 250 
HPlO 275 

HP2 75 
HP3 100 
HP4 125 
HP5 150 
HP6 1 75 
HP7 200 
HP8 225 
HP9 250 
HP10 275 

0.7473 
0.6676 
0.5857 
0.3916 
0.4265 
0.2568 
0.2630 
0.2254 
0.1839 

~~ 

0.2798 
0.4782 
0.7813 
1.217 
1.672 
2.355 
2.936 
3.677 
4.475 

0.3863 
0.6455 
1.0320 
1.543 
2.142 
2.981 
3.682 
4.574 
5.526 

-0.1873 0.7091 
-0.4149 0.6338 
-0.3879 0.5577 
-0.3580 0.3739 
-0.2721 0.4085 
-0.2900 0.2467 
-0.1979 0.2524 
-0.201 5 0.2170 
-0.1783 0.1783 

-0.1802 0.6710 
-0.4015 0.5988 
-0.3745 0.4952 
-0.3312 0.3882 
-0.2796 0.391 7 
-0.2814 0.2352 
-0.1904 0.2423 
-0.1950 0.2081 
-0.1723 0.1723 
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