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APPENDIX A 

THREE-DIMENSIONAL RAY TRACING PROGRAM 

INCLUDING 

IONOSPHERIC HORIZONTAL GRADIENTS 



JOB r 1 r30P~650_OO-- _ - _ \/0__0Q0 t . -- 1,PAUL LANGEVIN RAD102r4  -. _ - - _ _  - _  -- -- - - 

KtJiq ( ti 1 
- L 1  &ECiLT ( 100!20 ) _ - .- _. - - - -  - - - - - -  ---- - 

LGO, 
7 - -- -- -- -- ------Pep 

- - 
PROGRAM HKT2 ( INPUT,OUTPUT~TAPE'J=I"JPUT~TAPE~=OUTPUT~ ^ 

M L i l ~ l  ?K_UCjKAM F O Y  HKTZ C .- - JANUARY 2 9 ,  1-965 _ H R L  -.20_ -- _ 
C MAGNt l IC  F I E L D  AUD COLLISION NEGLECTED HKT 30  

D I M E k S I U N  BUFF( 1 0 2 4 )  
CALL PLOTS( H U F F ,  1 0 2 4 )  

4 0  N = 0 
1 CALL P(1PII.I 

- .- - -.ti_r z -- = - -- YUc_ lL  
PHITZ = Y U ( 3 )  + K A D  
THETTZ = Y U ( 2 )  * RAU 
PLOTO=PLUT 

H LT=MURDkK*3 +10  _ 
PYNTO=O, 

HUT _ 4 0  
HRT 50 
HRT - 6 0  
HUT 70 
HRT -40  . 

MLL-- .- 9 L -  
HUT 10C 
HRT 110  
HKT 1 2 0  

. H K I  130- -. 
HRT 140  
HUT 1 5 0  - ----- 
HUT 160 
HRT 170 
HRT I d 0  
H-RT L_SIZ_._ 
HRT 2 0 0  

-- - 

HKT 2 1 0  
HfT-__220 - -  - 
HRT 2 3 0  
HRT 240- - - 
HRT 2 5 0  
HR!: -2__61) - - 
HKT 270 

-HR'T 230- _- - 
HUT 290 



IF(EEFL-.EQ.2.)  NTR3= -2  - H!3L -3_00_- 
N T R ~ = ~  HRT  3 1 0  
NTRS_=l - _ _ . _ H R L - % 2 & -  
IJTU6=L H R T  3 3 0  

H R T  3 4 0  
HRT 3 5 0  

N T R 9 = - 1  HRT  3 6 0  
NTK 1 0 = 1  HRT  3 7 0  
1 F ( P J P L O T ) 1 1 1 1 2 r l l  - HRL _3_8C- - 

1 2  r V T k l O = - 1  HRT  3 9 0  

- - - - .  - - - H R T  4 0 0  
C HRT 4 1 0  

DO 1 3  H U T  420-  _ 

1 3  C Y O F F ( I ) = O .  HRT 4 3 0  
C 4 L L  D E A O L V (  9 ~ ~ ~ U A ~ ~ O q D E R l ~ E O S ~ l ~ K E K K ~ H ~ 4 ~ K l ~ H B K ~ S C K , l ~ L T ~  H-KT - 4 4 0  

1 E U O A e , E L B A & r H M A X T p H M I R j T 9 Y C L O W ,  ~ O ~ I J T R L , R T L T F I N V P T P R N T O ,  HRT  4 5 0  
&21KT2,YQCll-) q ? M 9 X E N T $ - 3 T K T 3 1 Y O ( l ) T i i F " I i \ 1 ,  - HiK! 4 6 0  
R 4 , K T 4 r Y U ( 2 ) r T M A X 9 N T R 5 ~ K T 5 p Y O ( 2 ) t T M I N ~  HRT 4 7 0  

4 I \ s T K O , K T ~ ~ Y U ( ~ )  r P M A X v I \ J T K 7 ~ R T 7 9 Y O ( 3 ) , 3 M I N 9  HRT  4 t i K  
5 N T R 3 , R T H I F I N V P 9 T R E F L C ~ N T R 9 ~ R T 9 ~ Y O ( l ) , 0 . ~  H R T  490 

H R T  500 - -- - 
HRT 510 

W Y I T E ( 6 r 1 0 1 0 ) R T Z ~  P H I T Z t  -- T H E T T Z ?  - --- Y O ( L ) ,  P H I T  T H E T A *  D I F F P P ,  SAVcFU--- - 
GO T b  4 U  HUT 5 2 0  

9 0 0  W K I T F  ( 6 9 1 0 0 0 )  
STOP 

1 0 0 0  FORMAT ( 2 4 H 1  ERROR KETUKN F R U M  MARK 
L O 1 0  FOKF1AT ( 4 E 2 0 . 1 3 )  

HRT  5 3 3  - 
HRT 5 4 0  
H R T  - 550 

END - - - - - - - -- -. -- - - - - -- - - - H R T  5 6 0  
SUBRC;U?INT-POPI N H K T  5 7 0  

C  I N P U T  S U S R O U T I N t  FOd H R T 2  H R T  w0 - 
C H U T  5 9 0  

8 C  - - HRT 6 0 0  - -.- - .-- - -- - - 
C HRT  6 1 0  

DIMEr \ iS ION C O U R U ( 6 ) ,  L I M I T ( 6 ) ,  Y I S C ( 2 i ) )  9 C N S T ( 5 )  t U N S E ( 1 O )  - 7 - -- HUT 6 2 0  
% E ~ L  L T ~ T ,  -MISG- HK~ 6 3 0  

6 
CCMMON/CHANGf /PYNTOT N T R 1  T N T R  N T 3 T U 4 ~ N T R 5 ~ N T R b * N T R 7 ~ P 4 T K 8 ~  HRT 6 4 C  - 

1 N T 4 9 , N T K l O  , P L O r O t T K E F L C  ~ H B A P 4 K 1  ~ N U E Q ~ C ~ O K D E U  H R T  - 6 5 0  

5 
C HRT 6 6 0  - - 

C @ M M O ~ / D A T A / F  , P R ~ ~ J T , ' ~ , ~ ~ ~ J I A X ~ R M I N ~ T M A X I T Y I N ~ P M A ~ ,  P M I N ,  kMUSp EPU? HRT  6 7 0 -  



DATA h T E S T / O /  
ECU1VALt;dCE (PUT1,COORD),(PbTZtLIMIT),(PIJT3p~11SC) 
Y 3 P Z L I S T / H R T Z / C L O d D , L I M I T P h S I S C 9 C C d S T t l . i T E ~ T  
I F  ( " T E S T  . ~ d t .  0 )  Gi: T O  1 0 0  

R E A D (  5 r H t 3 T 2  
EUBbR = C k S T ( l )  
ELBAK = C h S T ( Z 1  
H M A X r  = C N S T ( 3 )  
1 T  = C i u S T ( 4 )  
YCLOW = C N S T (  5 )  

._ t b - _  = 0,o 
I F ( P I S C ( L l ) . E Q I O I )  G O  TO 20 
K E A D ( 5 , l O O b )  T I T L L  

LO Y O ( 1 )  = P U T l ( 1 )  
C A L L  i \ H F I T  
HTUT'd = Y t l ( 1 )  

HRT  bB0 
HRT 6 9 0  
HRT 70Q _ 

HRT 7 1 0  
- - HEiT_-_TZ_C__ -- 

HRT  7 3 0  
HRT 7 4 0  
HRT 7 5 0  
HUT 7 6 0  
HRT 7 7 0  
HRT 7 3 0  _ _  
HRT 79C 
H Y T  8G0 
HUT $ 1 0  
H t i T  8 2 0  
HRT 8.30 
HRT 4 . G  
HRT 8 5 0  
H & T  8 6 0  
HKT 8 7 0  
HRT 88C 
HRT 6 9 0  

H K T  900--- 
HUT 9 1 0  
HRT 9 2 C  

HRT  9 3 0  

- Yo ( 2 )  = P U T l J  2 ) l p A l j -  HRT 9 4 0  - 
A Y G L E  = P b r i ( 3 )  
Y U ( j ) = P U T l (  3 ) / R A D  H K T  960 
TEMP = P U T 1 ( 5 ) / K A D  HRT 9 7 0  

a S P 5  = S I N ( T F k ! P )  HRT 98C 
C P  = i O S (  T t M P )  HRT 9 9 0  

HRT -1000- 
H R T  LOLC 
HRT 1 0 2 0  
HUT 1 0 3 0  
HRT  lQ4C 



Y O ( @ )  - = 0.0 - -- - - 
Y O ( 9 )  = 0.0 
K M A X  : P U T 2  ( 1)  H_RLL08Q-_ 
K M I N  = ? U T 2 ( 2 )  HRT 1 0 9 0  

-. TMAK = PUTZ-I  3-)/5i l l) -- 
T M I N  = P U T Z ( ~ ) / K ~ ~ -  

HRT  1 1 0 0  
HKT ~ i 1 e  

PMAX = P U T 2 ( 5 ) / R A D  HRT  1 1 2 0  
P M I N  = ? U T Z I 6 ) / K A D  HRT 1 1 3 0  
PRNT = P U T 3 ( 1 )  H.RT 1-146 . _ 
NUAK = P U T 3 ( 2 )  H K T  1 1 5 0  

P U T 3 ( 5 1 = O I  
F I N V P  = P U T 3 ( 5 )  
F = P U T 3  ( 6  
R E F L = P U T 3 ( 7 )  
H B A N K l = P U T 3  ( 8 ) -  -- - -- - - --- 
P L U T = P U T ~ ( W  
fdPLOT=PUT3 ( 10  1 
F 2 = F * + 2  
C l = l o 2 4 E 4 * F 2  
I N D  = 0  
C A L L  SUHMU( YUpRt,'I~PIEMUI DMUDRpDMUUT 7 DklUDPtDNUDFp I N D )  -- - - -- - -  
DO 2  1 ~ 4 9 6  

H R T  1 1 6 0  -- - - -- - - 
HUT 1 1 7 0  
HRT 1 1 8 0  
HKT  1 1 9 0  
HRT 1 2 0 0  
H-RT 1210 
HRT  1 2 2 0  - - - -- -- -- - - 
HRT 1 2 3 0  
H R T  1 2 4 0  
HUT 1250 
HRT 1 2 7 0  _ 

- - 
HRT 1 2 9 0  

2 Y O ( I ) = Y O ( I ) * E K U  HRJ  1 3 0 0  
h K 1 T E t 6 1  1UO1)  HRT  1 3 1 0  
h R I T t ( 6 , 1 0 0 2 ) (  P U T l ( I ) r  I = l , h )  kiRT. 1 3 2 0 .  
K R I  T E ( 6 r 1 0 0 3 )  HUT 1 3 3 0  
W K I T E ( 6 v 1 0 0 2 ) c  - P U T 2 ( 1 l L  I = 1 9 6 )  --- HRT 1 3 4 0  
& % I T E ( ~ ~  lm5T HRT 1 3 5 0  
d R I T E I 6 , 1 0 0 6 )  P U T ~ ( L ) , P U T ~ ( ~ ) , P U T ~ ~ ~ ) ~ F O K E F L  HRT  1 3 6 0  - 

I F ( M I S C ( 1 1 ) - E C . C ) )  GO T O  9 0  

8 
W K I T E ( 6 r 1 0 0 7 )  T I T L E  HUT  1 3 7 C  

"3 ~(ETURR,  HRT 1385 - 
1 0 0  1F INPLOT.NE.O)  C A L L  k Y D P L T  7 .- -. - - - - -- - - - .  - -- --- 

STOP 

6 
1 0 0 0  F U R K A T ( b E l 6 . 5 )  
1 0 0 1  F L ~ K M 4 T ( L H 1 6 X 2 H R O h X 5 H T H E T A 7 X 3 H P t i I 7 X 2 H A O 8 X 2 H b O 8 X 2 H C O )  

5 
1 0 0 2  FOR!*iAT( 6 F 1 0 . 1 )  
1 0 0 3  FORMAT ( 1 t 1 0 5 X 4 H R P ' A X 6 X 4 H R P I l 4 6 X 4 H T M A X 6 X 4 t i T ~ ~ ~ 6 X 4 H P M A X 6 X 4 H P ~ l  I N  1 

HRT 1 3 9 0  - -- -- - 

HRT  1 4 0 0  
HRT  14-10  
HRT 1 4 2 0  
HRT  1 4 3 0  
HRT 1 4 4 0  



z - 3  - x v ,  
Ln ai3 
X X Z >  
CLUn r 

z o  -a 
eriz;: 

4 - 3 - 2  
Y Z X 3  
C +I-  - 
Z 3  -1- 

-LLJ X 9 
m 3 < 7  
Y Z I O  
I-- -L '- - 
Zrd .!fa c q - O 
- Y . z ~ R  z c a  cn 

N Z - Z H  -2a w 

A, 4 -44 - V - I -  

+I+ t-t+ 
c o u a  
ZIE zlx 
cf z aLtcL 
0 0 3'0 
LC, LL u, U 
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R E J U K B  - -- -_ - - - _- -- __ - - - - . _ - - - -- - H R 1 2 4 D Q - -  
4 2  Y 0 ( 4 ) = - Y O ( 4 )  H R T  2610 

r \ rTRL=z  LA&S_IN_TR3 1 . - - _ -__ _ - - - - - - - -  - --- .- - _H-RL ZbZQ-- 
Y T R 8 = 1 A B S [ N T R G )  t i R T  2 6 3 0  

.- H R T  7 6 4 C  
H R T  2650 

4 5  P L O T O = P L U T O + P L G T  - - k !R I  -2 660 - 
- 

2ETUKIL H R T  2670 
46 N T R a = I A B S ( r U T K )  - _  - - - -- -- -- - -- -- __ - - -- - _ - H R L  2680 - - - 

h T R 9 = - E A B S (  N T R 9 )  H R T  2690 
T R E F L C = P K N T O + P R I q T  . -. -- -- -- --- -- - H R T  2700 
K E T U e N  H R T  2 7 ' 1 0  

4 0  C A L L  RTJ fKk  - - H R I :  27211 -. - 

9 9  RETUKlL  H R T  2 7 3 0  
11)_07 E U R & A T (  1hlJ - - - . - - - -HKZ_  273Q _ 

1 0 0 2  F O K M 4 T  ( L L X L O H P H A S E  P A T H 2 0 X 6 H H E I G H T 2 4 X B H  hTURs4 2 2 X 9 H L b N G I T U D E /  H R T  2 7 5 0  
MU H K T  2 7 6 0  - 1 11X1Cl- i  A N G L E  20XZJY 1 & 8 X 2 H Y 2 2 8 X 2 H Y 3 /  L l X 8 H  S T E P  2 2 2 9 _ H _ _ - - -  - 

2 2 1 X 7 t 1  E Y  2 3 X 1 5 H D I F F  P H A S E  P A T H )  H R T  2 7 7 0  
2 0 2 1  F O R M A T ( 2 5 H O S T O P P F D  UN T E S T  FOR K w A X )  H R F  2 7 8 Q _ -  
2 0 2 2  F O K M A T ( Z 5 H O S T O P P E D  ON T E S T  FOR K Y I N )  H K T  2790 
2 0 2 3  F O R 8 A T ( 3 0 H O S T C P P E D  ON T E S T  FOR T H E T A  M A X )  
-- 

H R T  2880 - -- - -. - - - -- 
2 0 2 4  F O R M A T f 3 O H O S T O P P E D  ON T E S T  F09  T H E T A  M I N I  H R T  2610 
2 0 2 5  F O R I V i 4 T ( Z 8 H O S T O P P t D  i\l EST C U R  _ P H I  M A X )  --- - -- --- - - H R T  2820 
2 0 2 6  F O R b I A T ( 2 8 H O S T G P P C L )  ON T E S T  FOR P H I  I Y I I J )  H R T  2 8 3 0  

E Y D  H.81. 28-4Q - 

S U R & O l l T I N E  D L R l  H R T  1 5 0 0  

- - C O M M L ) h / P ~ A r U K / H B U ~ N T H G 1 , F I N V P p N T H S 2 , Y C ( 9 ) e Y D ( 9 ) ~ S C R ( 9 ~ 3 4 ~  -kL.1RL 1510 - - 
~ O M M C N / I ~ A T A / F ~ P K N T , ~ J I R M A X , R P I N , ~ M A X ~ T M I ~ , ? M A X ~ P M I N , E M ~ S , E M U , ~  H R T  1520 

-- 1 X ( F 2  y M U F L A G r C 1  VKST VKCT , E N , D N & R ~ Q N D T v I ) N 3 P r  YUSQR,NUARL. -- H R T  1 5 3 0  
~ K I N D ~ U E F L ~ N P L O T , ? L U T P ~ A O V C ~ , I N D  H R T  1 5 4 0  

C = c ~ s ( Y L J ( 2 )  ) -. 

K C T  = Y U ( l ) *  C 
nrzT 15__50--- 
HRT 1 5 6 0  

8 - -  
S = S I  d ( Y O ( 2 )  1 - - - H!T 1570-- 
i4ST = Y U ( 1 ) P S  H K T  1 5 8 0  

5 -  - - 0 0  7 7 -  1- = 4 , 6  
77 Y O ( I 1  = Y O ( I )  * EMU / K T Y S O R  

- - .- - - - - 
H R T  15620 
r-FRL A!f??BQ - 
H R T  1840 





BTBG_r2 . -- - - - -  - -  - -_H_RIL 3L3Q - 
C A L L  P O P O U T ( N T R G )  H R T  3040 

- - _ - Y E T U W  - - - .- - .- _- _ _  _ __ _- _ - -- _WL 205Q- 
END H R T  3060 
SUBKGUT I ; d E  R 1 3  ._ _- ._ - H R T  3070 

C O M M O h i / U A T A / F v P K ~ 3 T r N ~ R M A X ~ R M I N , T M A X ~ T ~ I N ~ P M A ~ r P M I N r E E " . ~ S r E M U ~  H R T  3080 
1 XIF2  I M U F L A G , C l & S T r  R C T ,  tN,ONUK,ONDT,I3NL)PrYUSQR,!~UARg HM 2WQ. 
Z K I N D * R E F L , N P L O T q P L O T q R A D ~ C Z  H R T  3100 

NTR(;= 3 - -  
H R T  _3a_LQ_- _ _ _ __ _ 

IF ( ~ E F L . E Q , Z . ~ N T R G = ~ ~  - HRT 3120 

- --- C A L L  POPOUT (TqTKG) ______ H R T  3130 
R E T U R h  H R T  3140 
END _H!l! T_ _313 Q. - 
S U B R C b T  I ME K T 4  H R T  3160 

- -. - N T !  k = 4  - - - _ - _- ._ -- 
H R T  31JQ _ _ _ -  __ __ _ _ - _ --- 

C A L L  P O P O U T ( N T R G )  H R T  3180 
KELUKh - - - . -- H R T  3190 
E r J U  H R T  32G0 
S U B K C U T I h E  K T 5  - - H R I -  221Q -_ 

N T R G = 5  H R T  3220 
- - -  C A L L  POPOUT ( N T K G )  - -  - H !  I- 3220 _. 

R E T U R h  H R T  3240 
END _ _ _ . _ _  - _- - - -- H R T  3250 
S U B K O L T  I NE R T 6  H R T  3260 

- N T R G = 6  H R L  3270 - 
C A L L  P O P O U T ( N T R L 1  H U T  3280 
YETl.JP.> _ _ - - - - - - _ H ~ I _  2~990-- 
EG H R T  3300 
SUBKbL IT  I :JE R T 7  - - - -  - - _ .. _ - I ____ -_ H R T  3310 
N T K G = 7  H R T  3320 
C A L L  P O P O U T ( N T R b )  H_RT .133Q- _ 

K E T U K h  H R T  3340 
E N D  8 - - - _ _  H R T  __ _ ____ 3350 _ 
SU-BK~LT I p i €  KT8 H R T  3360 
i qTRG=8  - -- - -- - - -- - -. -- 7 - - . - .. -- -- H R T  3370 
C A L L  P O P O U T ( N T R G 1  HKT 3380 

6 - - -  - R c T u K b  _ - - H R T  3390- - _ - .- - - -- -- 
END H R T  3400 
S U B R G b T I N k  R r 9  _ 5 - -  - -  H_RL 3k1Q - - 
N T K G = 9  H U T  3420 



C A L L  _POPOUT (3TRG)-  __ - - _ -- - --- - - HRT 3k311_- - - - ---- 
R E T ~  HUT 3 4 4 0  

__ - - 5 s -  --- -- - 
HRT 3 4 5 0  - - - -  - - -  ---- -- 

SUBRUIITINE ~ ~ 1 0 -  -- - HRT 3 4 6 0  
F\]TRG=lO - - - .. - - -- HRT 3 4 7 0  

C A L L  POPOUT(NTRG1 HRT 3 4 8 0  
- RETURk - - - -  - e i R 1  2'ts11- 

E  N O  HRT 3 5 0 0  
SUBKOUTINE - -  CALCOM( H,L,X,YvZ) - - - - HRT ------ 3 5 1 0  
RETUKh HUT 3 2 0  
EivD - - -- -- -- - - -  - -  -- - - - -- HRT 3 5 3 0  
SUBKULT I~vE~PLOTS ( A ,  V )  HRT 3 5 4 0  
RETUKlZ 
END 
SUHRObTINE ENOPLT - - - - 
K E  T uRni 

RETUKh 
END 

HUT 3 5 5 0  
HRT- 3560 - 
HRT 35J0 -- . - - - - - -- 
HRT 3 5 8 0  

-- . - HRT 3 5 9 0  
HUT 3 6 0 0  
HUT 3 8 1 0  - - - - - - - 
HRT 3 6 2 0  

.- - -- - s u a u o L T  I NE NHF 11  - . - - - -- - - - - - - 
C *** P I S C ( 1 2 )  = P U T ~ ( I ~ )  = FZNMAX AT NOON I N  EL /CC 
C  a**  F t I S C ( 1 3 )  = P U T 3 (  1 3 )  = C 1  = F2NMAX A T  MIDNIGHT I N  EL/C_C_----- 
C *** W I S C ~ ~ ~  =  PUT^ ( 14F1= F ~ H M A x A T - ! \ ~ ~ < - I N Y I L o ~ v I E T E R s  
C *** l - i I S C ( 1 5 )  = P U T 3 ( l S )  = D l  = FZHMAX AT M I D N I G H T  I N  KILOMETERS - 

c *** ALL--ARGLES A R E  Ir.1 D E G S E E S  
C *** M I S C ( 1 6 1  = P U T 3 ( 1 6 )  = SUBSOLAK P U I N T  C O L 4 T I T U D E  - - . - -- - - - - - - - 

- C  ***- MEC( 1 7 )  =  PUT^( 1 7 )  = SUOSULAK P C I N r  LOIdGITUCE 
C  *** M I S C ( 1 8 )  = P U T 3 ( 1 8 )  = HGKIZONTAL -- -- - GRADIENT - - - - AT -- SUNKISE/SUNSET - - 
C 
L 

C *** ROUTINE - TO - CCMPLTE QUARTIC F I T S  FOR HMAX AND NMAX I N  THE GRADIENT - . . - - -- - -- 
C 

8 - -  
C O M M O ~ / P U T / P U T ~ ( ~ ) ~ P U T ~ ( ~ ) Q P U T ~ ( ~ O ) Q T I T L E ( ~ ~ )  -- - - - - -- - -. - - - - - - 

C ~ M M O ~ ~ / U ~ L P ~ / A N ~ A X ~ ~ ~ ) , A H M A X ( ~ ) ~ D L I M ( ~ ) Q C ~ ~ C ~ , C ~ ~ , D ~ Q  ~ 'HETAS~PHIS- ,P I  
O IMENSIUY A N ( 5 r b ) p A H ( 5 ~ 6 )  7 - - -- -- ---- -- - - -- --  - - -- - -- - - -- -- - - - - 
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C  



I I 

I 1  
I I 
I 1 
I I 
I /  

j I 
I i  
1 I 
1 I 
, I 
1 1  

I 
I I  

I I 
I I 
, I 

, W I 
I 2 1 I 

3 m 
1 I I I- 

/ x 
I 

1 * C  I 

, 
< a  LU Z 

> W 1 
C 1 C I  1 

3 ; ;d. I 
b-9 1 
a d  I ' W 
> I 

I I 0 &.- (3 
I 

C- 
I 

I 1 Cc 
3 a ' 0 

I 
X  I I 

I 

I I 
d 

l 
I 

0 / / ' I  
LL ! 

I '  
I '  

I i  i 
i I i 

I I 
8 I 

I I a x c 

z 
I I 

OC3 Lu CI 

C 

m 
Z' 

I 01 
0, 
- I d  

m Z d N  
O O Z Z  
U ' O O O  

V M V  3 3 I, A 

V) 
C 

I 
z i l ,  
LU 

I 

&.- 

u 
U 

i 
I 

u 

I 

/ / I  I 
I I I 
I 

U- 
, 
' w  i 
I3 i 

I 
lo I 
I* X 

C-, A h 

m d1'4 '4 -1 U -.I 

+ -  1:s t 9L8T 5 
* c n  I  x CIIm Y - a -  TC 
I /LUCY 

I 
- " ' l + r r  2 b . p O O  T O q O b b  
Q @ @ O \ N N  1 -  I .d-- 
*ill 1 1 / 1 1  11 

?l..-J--- 
l ~ c y n u m  

1 ( - * - - -  
i ~ 1 1 5 : r z  

$ 3  
v l a q a a a  

I I 
i I 
I I 
I I 

' W 
i 1  

I OL, z 1 
Z ' 0 

I 
i IL- I o I 

! 

I- 0 

I 
1 

I 

C u l  
A * - -  

0 0 - X  * 
-no.rtu 
L Z  Zl7 
- o + t o ~  

0 : U  
- d  

* Z X i ) . K .  
&.-$a 

!AmzrJc \ l  
* &.-vlo 

1 1 4  , 
I f  (1 11 

4 II 
2 X x 'x  

' ~ \ d l u x n a q a q  
z z ~ a ~ z z z z  

I + ,  O. 

z C '  
U1 1 , 
u I ~ N u \ . ; ~  
u 1 4 d A - I  

u, 
11 UJ . m - m m  

3 
1 "  lr>Z,z,=, 

1 a n b . a  
UJ 

1 1 1  II 

P I ~ N ~ N  
rn 

I *  I * 
* I  

I 
O U V  

I I 

L O  
mu- 
>. 

m p  1-4 

x a  
u c A  X-4 
a 
C 0 '  
a o a 
r 
Z 111 11 11 

W CU 

c 

a 
ai!? 

1 2,-l.=-l 
41 

e n - C  X 
x10 - ---  2 1  
zl 

I-Cl-I- !U 
w'" 

5'5 
II II ?/I-- 

U v C a l  0 3  

46 ; u 
I 

Q ,U L) U 

- 
N *  a ( 2  

- L C -  

'4 ' 4 1 %  IT 
---I< M 

e j d Z Z Z l X  e d  
a a z ZIO 

X 
II I1 il II I t  

- I , - - - , , -  

- I N T \ + ~ I . O ~ ~ ~ N  
* - L C - * C C  i 

- I i t  
x i C  

+ w  
I N  
I : N X Y  tl 
Z I +  

4e 0 9  * /  + 
0 4 0--*lu-r 
*.a 3 
0' 'JII 

II 0 II II I II 
X 

c~ II 
z 
~ - i o o z z x ~ - . l a z I ~  
o x u U x z n * o m m  

I 
I 

I I 
1 I 
I 

-IX A I ~ ~ ~ ~ I ~ N I N  1 
-IQ ------I- I -r 7 1 ~ z ~ ~ 1 ~ z 1 ~  
Y L  a a e e u - z e e  I 

I 
I I 

* I  * 
* ' Y  / 

O D h u J L n P  





- - - 4 _ . Q Q 5 _ K Z _ ~ 2 c 5 - - -  - - -  - _ - - -  
5 A H M A X ( K Z 1  = 0.0 

A H M A X l  ULHMAJ-  - - - - -- _- -- - - -_ - - - - - - -  - - - -  -. - --- ---- ------ 
C A L L  P A T R I X ( l C p 5 , 6 9 O T A N p 5 & )  

7 A N M A X ( 1 )  = A N ( 1 . h )  
- - -  -- T H E T A 3  _=_P_UT3C161 I KAD ----- ---  

P H I S  = P U T 3 ( 1 7 )  / R A D  
R E T U g N  - -  -. - 

ElVD 
SUBROUT I N E  S U B M b  ( - u p K M I f \ 1 1 )  EMU, D M U D R , D M U D T ~ D M ~ D ~ z D M U D F & D  1 

C 
C_ +.*? KUUTI fLE TO COMPUTE I O N O S P H E R I C  AUD A T M O S P H E R I C  I h D E X  O F  R_EFRACTIO_N_ - -  - _- - _ 

C *** AND I T S  C E K I V A T I V E S  h K T  9, T H E T A ?  AND P H I  FOR VENUS AND MARS. 
- !  - - _- ._. - - _ - - - - - - - -- - - - - - - 

C O M M O h / D A T A / F T P ~ N T , N ~ R I \ 1 A X , R M I N 9 T M A X ~ T M I N ~ P F A X ~ P M I N ~ E M U S ~ E M U ,  H R T  6763 
H R T  6 8 0  .- -. 
H R T  690 

D I M E N S I U h  Y O (  1) . - -- - -- - -- - 
C 
C *** D E T E R E I , N E  F O K  k H I C H  P L A N E T  T H E  A N A L Y S I S  I S  TO - . - -- -- - - - - - -- -- - - . -- - - - - - 
C f * *  B E  DONE AND S E T  AN I N D I C A T O R  
C -- -- - - _ - -- -- -- - - - - . - - -- - 

R = Y O ( 1 )  
. - -  I N D L  = I N 0  + 1 - -  

GO T U  ( 1 , 2 9 7  1 ,  I N 0 1  
A I F  I R M I f ?  .GT. -6000, 1 GO T O  6 - - - - - - - - - - - - - - 

C 
C *** THE 4 h A L Y S I S  I S  TU tJE DLNE _fUR__MARS.  U S E  3 3 8 l . ! K M ) - A S T H - E  P L A N E T S  - - - - --- 
C +** R A D I U S .  D E T E R M I N E  I F  THE R A Y  I S  14 THE ATbIOSPHERE OR I O N O S P H E R E  
C *+* A Y U  C 4 L L  THE PROPER S U R R U U T I N t  TO P E g F G R M  THE D E S I R E D  C A L C U L A T I O N S -  - - _ - -  - -  
C 

8 120 = 1 - - - - - - - -. - 
2 I F  ( K eGE. 3 4 2 6 ,  GO T G  3 



C - *a*  - - OR - - -- A B C V E  - - -- T H E  IOhCSPHERE+ - - - .- - - - - -  -- - 

- 4 EMU = 1 -  -----..--- - - - - - -- - 

~q = 0 8 c  
DMUDK- = 0.  -- - - .- - 

DMUDT = 0 .  

C *** T H E  K A Y  I S  I N  THE I U N C S P H E R E .  . . - -  - 

- C A L L  S U H K U I  ( YQ9DMUDR~DMUDT9DMUD?9DMUDF f 
GO T O  10 

.- - - - - - 

L - . -- -- -. - - -- -. ------- 

C *** THE A h A L Y S I S  I S  T U  HE DONE FOR VEYUS.USE 6 0 5 6 ( K M 1  A S  T H E  P L A N E T S  
C *** K A O I U S .  U E T E K M I h E  I F  THE R A Y  I S  I N  T H E  ATMUSPHERE OR IO ILO-SPHERE-_ -  
C *** AND C A L L  THE PROPER S U B R O U T I N E  T O  PERFORM T H E  D E S I R E D  C A L C U L A T I O N S  
C - - - . . - - - - -- 

6 I N U  = 2 

L 

C *** T H E  K A Y  I S  I N  T H E  ATMOSPHERE.  --- - 
r 

- C A L L  SURMUA ( YC)9~INC)rEMU~DMUDK,bYUUT9DMULP 1 
-T u- I 

- - - - - 

d 
C *** - TI+€ K A Y  -. - I S  I N  - - T H E  I O N C S P H E K E *  . -- --. - -  
C 

C A L L  S U B M U I  ( YO9DMUU?,DMUDT,DMUiJP9L,MUOF 1 7 - --- -- -- -------- - - -  - - . - 
10 R E T U R &  

6 - - END 

P 

S U B R O L T I N E  SUBMUA ( YO~IND,EMUpDMUDR9DMUGT9DP1UDP 1 

5 
L - - - -  

C- *** ROUTIRE TU- COMPUTE A T M O S P H E R I C  I N D E X  OF R E F R A C T I O N  ~ k ! )  
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C **% - - THJ-RAY__ ~-I~-THEIL_O_WE-R -REGION* - -- - - - - --- 
C 

X  = 6Q907755279-_f. 61_02z_- .  Y-0.1 - - - - -- - - - -- -- --- - -- - -- - -- - - -- 

X X  = E X P ( X )  * A  
EMU = 1. + X X  _ _  _ ___ . 

DMUDR = -.06 * X X  
GO 10-4 - - -  - - - -  - - - 

C 
C  *** THE RAY IS--1-N-THE- U E E R - _ ~ E G I O N Q  - - - - - - - -- - - -- . - - - - - -- - 
C 

6 1 0 0 -  3 H = ' f O -  _ _ _ _ - - - - - - - - _  - - - - -- - -. - - - - -- 
REFLOG = D ( 1 )  + H  9 ( D f 2 )  + H % - ' D  

- - .  REF =_10._*+ RECLOG - 
EMU = 1. + REF * A  

- -  - DUM _ = - D ( 2 ) -  +-2_e-% H- * D ( 3 )  
DMUDR = REF * 2,302585093 * DUM * A  

c - - - -- a - -- -- 
C % + *  THE ABOVE MODELS ARE =NCTTCNS OF R ALONE-THEREFORE SET 
C -- *a* -- THE P A R T I A L S  -- - - - OF - EMU - - - -- WST - THETA AND P H I  EQUAL TO ZERO- - . 

C - 4 DMUDL-- O, -- - - - - - - - -- .- -- - - - - - - - -- -- - - 
DMUDP = 0 -  
RETURh - --- 
END 

- - -- SU5uOLTI )E  SUBMQI i Y O r D M U D R p D M U D T ~ D M ~ O P  9 DMUDF 
C 
C **+ ROUTIKE TO COMPUTE IONOSPHERIC ELECTRON D E N S I T Y *  INDEX OF -- - - .  - - - -  
c ++&- R E F K A ~ C T I K  AND-'HEIR-DERIVATIVES W R T  R ,  THETA -, AND PHI- 
C 

COMMOh/KALPH/ ANFEIAX(5) r ~ t ~ ~ ~ 5 ~ ~ , ~ ~ ~ ~ ~ ? ~ ; C l ~ ~ 2 , ~ ~ ~ - ~ - ~ ; ~ ~ ~ ~ ~ , ~ ~ ~ ~ 9 ~ ~  
--- - COMMOh/DATA/ F , P R N T r I \ I , R M A X ~ R F I I N , f M A X ~ T M I N v P M A X r P M I N r E M l ' S 1 E M U 2 - _ - - -  

~ - X ~ F ~ ~ M ~ F L A G , F ~ - ~ R S T ~ R C T ~ E N ~ U N D R ~ D N O T ~ D N D P ~ Y O S ~ R ~ N U A R ~  
2  K I N D , R E F C I N P L O T ~ P L O T F R A O ~ S C ~ , ~ ~ D  

8 - -  - - - -- - - - - - - -- 
D I M E N S I O N  YO( 1) 

7- 
LOGICAL  L p L l r L 2 s L 3 , h 4 , L 5 r L 6  - - - - - 
P I 2  = 2 .  a P I  

6- - -- - P I H  = P I  * .5 
- . . 

- -- - - - - - - - - - - 
P 1 3 H  = 
R = Y C ( - 1 )  5 - - - -  - - - - - -- -- - . - - - - - -- - - .- . - - - - - 
THETA-= ~ o ( 2 )  

4 - -- -- ---- ---- - - - - -- -- - -- ---- 



ALPHAS = P I H  - - 

GO TO 1 L 
- 1Q A L P H A S  -= .ATAr\rrI I!&zY-Z 1- _ - -  .- - - -  - - 

11 L 1  = O e  .LEO ALPHAS .AND. ALPHAS .LT, P I H  . o R - - ~ I ~ H  - L T e  ALPHAS 
_- - - _- L * A N @ ?  -ALPfiAS -*I Es -PdZ - - - - - -- - -  - - 

L 2  = P I W  .LT. ALPHAS ,AND, ALPHAS . L T *  P I 3 H  
L 3  = 0, LT.  ALPHAS eANDm ALPHAS - L T L - L . -  
L4 = P I  - C T e  ALPHAS .AND- ALPHAS B L T *  P I 2  

- -- - EKK - = -,00_0_17_5- _ - - - . - - - - - - - -- - - 
r 
L 

C *** CGMP_Urk~&H_ORTEST OZSLAJLE FROM SUBSOLAR P O I N T  TO TEE_- B A V P G  ITJO_NI  --- - - - - - -- -- 
C *** THE14 COMPUTE THE ABSGLUTE VALUES OF THE P A R T I A L S  OF D MRT THETA 
C +*+ AND P H I -  .. -- - - - - - 
C 
- . c0-S IS- r  - GO_S_(_ITEE-TA_S) --- - - - - - - --- - - . . -- -- - - - 

COST = C O S ( T H E T A 1  
SlrNTS = S I N ( T W E B B _ S _ I  - - .  - -- -- - -- - - - - - - - -- - - - - . - - - - - - - - - - 

S I N T  = S I N t T W E T A I  
PSP = P H I S  - P H I  -- 
C B S P S P  = C O S I P S P I  
S ~ N P S P  _ = _  s r ~ c ~ s y  - .- -- - - - 
COSD = C O S T S * G O S T  a SEN%S*S INT*COSPSP 
D = ACOS(COSD1 - - - - - - -- - - - - - - -- - - -- - - - - - - - -- - - - - - 
S I N D  = S I N I D )  
TERM =(COSTS*SSIItlT - S I N T S * c : C O S T * C O S P S P ~ ~ S I N D  - - 
DDDT = A B S t T E R M I  

- -- .- -TERM r _ ( $ I & T - S ~ S J N _ T ~ ~ N _ P S P )  1_/ S I N D  -- - . - - - -- - - - -  - 
DODP = A B S I  TERN 1 

c 8 - - -- - - -- - - - - - - - A - - - 
C *** DETEKMIi4E I F  THE RAY I S  I N  THE D A Y ?  GRADIENT, OR N I G H T  ZUNES 

7 c - --- - 
I F  ( D .GE, 0, .AND. D ,LEO U L I M t P )  1 GO TO 1 
IF ( D s G T s  DLIM(_LP2AJgm-l>_ ILL_?%. QLIM(3-1-- )-@-TO-2_--- -- --- -- 6 - - - - -- - - - - - - A - - 

C 
C *** THE RAY I S  I N  THE NIGHT-wN__E, CO_MPUIE-&MAX A_NQ_I/B-A2-_AW_ALS_0_- _ 5 ------------------ 
C a*+ T H E I R  D E R I V A T I V E S  &KT THETA AND P H I  



1: I I 
I !  
0 

I 
Ib-4 e l  
I f -  01 

l 
a I 

la 1-1 I 

I *  SI i 

I I 
I I  
I I 
I I 
I I 
I 1  
I I  
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

I I 
1 1  
I I 
/ I  
I I 
I I 
I I 
I i 
I I 
I I 
I I 
I I 
I I 
I I 
I 
I I 
I I 
I 1  
I 1 0  0 IS 0 

I I, II I, 

' x  'lla a 
la xlo o 
/x  QIZ 5= 
ZZZIO 

IX  I I O  0 

I I 
I I 
I I 

*I I 

A --  I 
rd-NN - rd - 1 -  
X - X!X 
a x a a  
E a nlr 
Z E Z Z :  
u 1 ala 
a 

II IIiII 
U\ 

a 
c 

13 

I I 
I I 
I I 
I 1  
I I 

I /  
1 I 

I '  
I ! 
I.* *I 
0 PI 

I @  * I 
I- - 1  
v-4 d 

4- / + + I  
a b-iw *I--. -I * B I X  XI 

Q a - *Izt~l 
M P I  - -16 a1 
x -1 I 4 - * u  
2z X I  I 
z a w -  
4 ;lillx X I  

=I I + Q + + ,  I 
X 4-1f .301 
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S U B K O ( I T 1 N E - K T W !  - - _ - -- - - - - - .  - - - - - .- - - - - 
COMMOh / D E S L /  

- - - _-*- - KRLUL - NM_X_r_ N E Q t  N O L D r  _ M ?  M P L t  M P 2 s  N N r  K X t V D r  KO_& __ ---- * I F L ,  N T K G '  & I V T r  N D V T *  N T K p N S T A R T q N B D I F ,  NNT* N T T r I D L ( 1 1 ) r  

-- t I G L 2 r  J J S S r  J l O O O r  J 2 0 ~ O . + J 4 0 0 O ~ ~ J 7 O O O ~  I Y S T ,  S O S T *  H D ?  - >MA+ 
* E Y R O d q K E D O T p  S T E P N G ?  
* E U ( 1 1 ,  E L ,  H M X ?  HMN, Y L ,  A ,  E N P L ,  D 9 B f  SKP,  
?+ S K ?  H C I  D E L U *  DUSC,  H O L D ?  V A R T  Z V y  HM, HP? R I  

- - * . - _G;L P E L T ?  HMU, F M U , C K ( L G ~ q Q Q ( L O ) ~ X L J ( I L ) ~  R J I 1 1 ) r  WJt  1 1 1  -- - -- 
K R  = 2 
K E T U K h  - - -- - - -- -- - -- -- - --- -- -- 
END 
SUi341 IbT1 :~E  DESCI-V (MXE6 !pNACTqDK1rDR29Er \ rDS ,NP tKERR~HNUF"1 tHBKpBLK~  !IES_COO02 

X  I T Y P q  L L ?  E U P , E L O ~ D T M X ~ D T M N I Y L O ~  D E S O O O O 3  
x A O T R G ,  -. D f  SCQQQ4 
X N T K L ,  R T L r  V A R l T  L V L ,  h T K 2 9  R T 2 r  V A R 2 r  Z V 2 r  D E S 0 0 0 0 5  

D E S 0 0 0 0 6  ' \ ] T Y 3 *  R T 3 ,  V A K 3 v  Z V 3 ,  Y T R 4 ?  9 T 4 ~  V A R 4 ,  Z V 4 t  _ -_ 

w N T R S q  R T 5 ,  V A i i 5 ,  Z V 5 ,  N T R b q  K T 6 9  V A R b ?  Z V 6 9  D E S C O 0 0 7  
I X N T K 7 q  K T 7 q  V A K 7 ,  Z V 7 q  N T R 8 9  R T d ,  VAKB,  Z V 8 ?  
w 

DES000__00 . 
N X q T R 9 .  R T 9 ?  V A R 9 ,  ZVr3, X T R l O ~ R T 1 0 ~ V A K 1 0 q Z V L O ~  O E S O O O C 9  

X  OtVLIFF 1 _ D  E s GQO-l& 
C  WHEKE D E S O O O L L  
C N t i E R E  MXEO = T t i E  T O T A L  NUMBER UF P O S S I B L E  F I K S T  ORDER D I F F E R -  D E S O O O L Z  --- - -- -- - - - - --- 
C E N T I A L  E Q U A T I O N S  T t i  R E  S O L V E D  DESOOOl.3 
C  N A C T  = A C T U A L  NUMBER OF D I F F E R E N T I A L  E Q U A T I O N S  TO SOLVEOESO.OQJ4 _ 

C O R 1  = E U T K Y  P O I N T  TO R O U T I N E  T H A T  C A R R I E S  OUT T H E  D E S 0 0 0 1 5  
C  P O R T I O N  OF T H E  D E R I V A T I V E  E V A L U A T I O N  I N V O L V I N G  D E S 0 0 0 1 6  
C T H E  I N U E P E N O E N T  V A R I A B L E  O N L Y  D E S O O O L 7  
C - - D E S G O O L 8  O K 1  I S  L j P T I O N A L -  P U T  A  Z E R O  I F  NOT C E S I R E O .  - .- - 
C DRZ = E N T R Y  P O I N T  TO T H E  K O U T I N k  T H A T  C A R R I E S  O U  T H E  DESGOOl .9  
C  R E M A I N I N G  C A L C U L A T I O N S  N E C E S S A R Y  T O  COMPUTE A L L  D f S 0 0 0 _ 0 - - -  
C N A C T  D E K I V A T I V E S  A N D  S T O K E S  T H E M  I N  HBK D E S G O O Z L  

8 C  E N D S  = E N T R Y  P O I N T  TO d O U T I N E  E N T E R E D  AT THE END O F  A D f S O 0 0 2 2 -  
C  F U L L  I N T E G R A T I O N  S T E P  - O P T I O N A L .  D E S 0 0 0 2 3  
C  7 -- - -- PUT-A- ZERO I F  NO END-OF-STEP R O U T I N E  I S  D E S I R E D .  D f S 0 0 0 2 4  - 
C NP = ONE OF T H E  F O L L O W I N G  CLjUE YUMBERS O E P E N O I N G  ON D E S 0 0 0 . 2 5  

6 '- T H E  O P T I O N S  D E S I R E D  CLES-GG - 

C  / / / / / / / / / / / / / / / / / / / / / I / / / / /  D E S G 0 0 2 7  

5 C- V A L U E S  OF NP / D K L  / E N D S  / D E S G O O a 8  - 
C  . . . . . . . . . . . . . . . . . . . . . . . . . . .  D E S 0 0 0 2 9  

4 -- - - - --A - ---- - --- - - - - - - - - -- - - 



2 $  %I2  
W C W Y Z  U C  O W J  m J J  b" C 

ZLn Z O O  L4ZJ  & m a  z u 0 3  Z c n . I W  
3 I -Z  uu] W I -0 -03  0 3  OOcYfY UJ O ( ~ N  



C K T -  = 
C VAR- = 
C Z V -  = 

_c_ - - - - -- - - . . 

C 

MIN-US S I G N  P E A N S  T R I G G E R  I S  O F F  - - -  -Of SO_Qo'7Q. - - 
I N T E G E R  1 I N D I C A T E S  NO D I S C O N T I N U I T Y  A F T E R  D E S 0 0 0 7 1  

.- E X E C U T I N G  T H E  T R I G G E R  R O U T I N E  - D  E SO402 2 _- - 
INTEGER- 2 I N D I C A T E S  A  O I S C O N T I N C I I T Y  AND F O R C E S  D E S 0 0 0 7 3  

- . A- R E S L A R T  D E S C 0 0 7 4  -- -- - -- - - -- 
E N T R Y  POINT OF THE TRIGGER INTEKKUPT ROUTINE D E S 0 0 0 7 5  
NAME OF T H E  V A R I A B L t  B E I N G  T E S T E D  D E S U 0 0 7 &  
T H E  V A L U E  OF V A 2  A T  W H I C H  T H E  T R I G G E R  I N T E R R U P T  D E 5 0 0 0 7 7  

_ R O U T I N E  I S  T O  B E  E X E C U T E D  - QESCOQ-I& -_. 

D f  S 0 0 0 7 9  

* K K ( L 1 ,  l JMX,  N E Q t N D L D ,  M, M P 1 9  MP2,  rdN, K I N D ,  K O N t  D E S C 0 0 8 2  - 

I I F L 9  V T K G 9  N I V T ,  N D V T r  N T I ? , N S T A R T , N H D I F p  NNTy  N T T , I D L ( l l ) , D E S 0 0 0 8 3  
.& 
1- I C L 2 ,  J J S S ~ J L O O C ) r J 2 0 0 0 ~ J 4 0 0 0 ~ J 7 0 0 0 ~  I K S T ?  EOST,  H D ?  SMAl  . D E S O O O 8 4  
+ E K K U i ? , R E D U T ~ S T E P N G ,  D E S 0 0 0 8 5  
4, E U ( 1 1 ,  _ c L r _  H M X T  H!+"N, Y L I  .. A ,  E N P l p  9 I 8, SKP,  DES-110086 
* *. SK,  t ic,  DELU, DUSC,   OLD^ V A R ,  Z V ,  HM, HP, R ,  D E S G 0 0 8 7  

x' 
I t LJ, D E L T I  H M U ?  F M U ~ C K ( l O ) , Q ( J ( l O ) ~ X L J ( l l ) ,  R J ( l l ) t  W J ( l 1 )  D E S O 0 0 8 8  
N 
4 COYMGN / D E S 2 /  T,  T S V t  TGG, TMI:Q, T R I P ,  T L ,  T K  U E S O O O S 9  

COUi3LE P K E C I S I O h  Tc  T S V ,  TGO,  T M I N ?  T R I P ,  T L ,  T9 DESOO-090 - 

C D E 5 0 0 0 9 1  
oIME"SICI_\I  HRKIl-)l-  B_L_KIMXE_Q,LL 1 -- - - - - D E S 0 0 0 9 2  -.- - -- - .- - 
D I M E l r S I S N  H N G M ( 1 ) ~ N A C T ( 1 I ~ K E R Q ( 1 ) , N P ( 1 ) t V A R l ( l ) ~ Z V 1 (  L ) , N T R L ~ L ) ,  

* V A R 2 ( 1 ) ~ Z V 2 ( 1 ) ~ N T k 2 ( l ) v V A ~ 3 L 1 ) ~ Z V 3 ( L ) ~ N T R 3 ( l ~ ~ V A K 4 ( l ) ~ Z V 4 ( l ) ~  
* N T R 4 ( 1 )  , V A K 5 ( 1 )  ? Z V 5 ( l )  p f \ i T K 5 ( 1 ) 9 V A R 6 ( 1 ) 9 Z V 6 (  l ) ~ N T l ? 6 ( l ) , V A U 7 ( 1 ) ,  
* Z V 7 ( 1 ) I U T K 7 ( l ) r V A K 8 ( 1 1 , Z V 8 ( 1 ) , f ~ T X 8 ( 1 ) ~ V ~ A R 9 ( 1 ) ~ Z V 9 ( 1 ) , N T U 9 ( 1 ) ,  
* V A R l O ( l )  ~ L V l O ( l ) ~ U T R l O ( L )  

c.- - - .  D_ESl jO3 3 
LOGICAL E O S T I  -s-F~,- HD, I R S T ,  ERROR D E S C 0 0 9 4  
L O G I C A L  S T E P k G  D E S 0 0 0 9 5  - 

C D E S 0 0 0 9 6  

8 C O E S G 0 0 9 7  _ 

D A T A  d I G / l . O E 3 0 /  D E S G 0 0 9 8  

6 - W M X  = NXEQ D-E LC4 1 0 !, 
K I N O  = I T Y P  D E S C 0 1 0 2  

5 N T R G  = h O T R G  D E S O O L G 3  _ 
EU = E U P  D E S C D l 0 4  

4 -- -- --. - - - . - - - --- -- --- 



la 3 (3 
Z Z N  W 
2 1 * 



L 
- -_ 1 0 6  C U N I I N L E -  - - - _ _- .- - - - 

QOLD = i 4ACT  
NEQ = idACT-  -- -- .- - - 

E O S T  = - F A L S E *  
NN = N P - 4  
I F  ( N P  .GT. 2 )  GO T C  1 0 8  

- - EOSL-? -. TRUE.  
NN = h P  

108 I R S T  = - F A L S E .  _ _  -_ - - 

C 
C I N I T I A L I Z E  F O R  R U N G E - K U T T A  OR ADAMS-PIOULTGN S T A R T  
C K I N D  = 1 FUR A D A P S - M O U L T G N  
c K I Y D  = 2 F O R  R U N G E - K U T T A  
C K I q D  = 3 F c i d  F I X E D  S T E P  4 D A M S  OPEN F O R M U L A  
c- __ . 

GO TU (110 ,  i l 2 ,  1 1 0 1 ,  K I N D  
C V A R I A B L E  S T E P  A U A M S - K O U L T G N  

110 T R I P  = t I B K ( 3 )  
l L S T A k T  = 0 
P  = ( L L - L O )  / 3  
M P l  = - ?+L_-- - -  - 
I 9 2  = F1+2 

C CCU 'dTEY  F O R  S W I T C H I N G  T O  A-M A F T F Y  M + 2  Y-K S T E P  
h i 3 D I F  = 0 
GO T O  1 1 5  

r 
b 

C  -- F-I X E 2  S T E P  S I  Z E _ - V U N G E - K U T T A  T H K d U G H O b T  
112 T i I P  = H I S  

N S T A R T  = L O U  
M = O  

8 M P L  = 0 
M P L  = 0 

1 1 5  K O N  = 2 7 - - -- - - -- - 
C KU'J I S  CONTROL FOR K -K  L O G ?  OK A-PI I N  M A I N  L O O P  
r 

D E S O O L 7 9  - . - - --.-- - - 
D E S U O L B C  



C T O  RESTART 
I F  ( I K S T )  GO TO 100 

I F ( K R  . t G .  100) K E K K  =- 100 - -- . - - -- - -. - 

C ( K t ?  IS R E S E T  T O  Z t R O  I Q  OESGLV INITIALIZATION) 
9999 KETUYh DES00200 - - 

E'4D ~ ~ ~ 0 0 2 0 1  
SUBROLTIYE DPIK ( T C t Y v D Y ~ P Y , Y N ~ D E L Z , D E L Y p D E L X r  NhN,LOR, DES00203 - 

X H T  HNOM, N, L J E Y ~ ~  UERZr EOS, D E ~ 0 0 2 0 4  

C - 9EXO-t)Zlk --- - 

DIMENSION VARl(l)rLVlI1)~NTKL(1), 
~ V A R R ( O ~ Z V ~ ( ~ ) , ? ~ ~ ~ ~ ( ~ ) ~ V A R ~ ( ~ ~ ~ Z V ~ ( ~ ) ~ N T ~ ~ ( L ) T V A R ~ ( ~ ) ~ ~ ~ ( _ L ~ ~  - - - - -- 
*\TK4(1) *VAR5(1) ,LV5(11 p ~ ~ ~ 5 ( l ) r ~ ~ ~ 6 ( 1 ) t ~ V 6 (  ~ ) ~ N T R ~ ? ~ I ~ v A R ~ ( L )  9 

* Z V ~ ~ ~ ~ ~ N T R ~ ( ~ ) ~ ~ A R ~ ( ~ ) ~ Z V ~ ( ~ ~ ~ N T R ~ ~ ~ ~ ~ V A R ~ ~ ~ ~ ~ Z V Y ~ ~ ~ ~ N T R ~ ~ ~ ~ ~  - -- -- - - 
* V ~ ~ 1 0 ~ 1 ) ~ Z V 1 0 ( 1 ) ~ t \ T K 1 0 ( 1 ) ~ V A R 1 1 ( l ) ~ Z V 1 1 ~ l ) ~ N T K l l ~ l ~  

8 
DIMFLSIUN ACL(10)p BCO(10) DES00215 
O A T 4  ACO /lcOI 0.59 4.16666666k-1. 3-75E-lr 3e.48611111E-L? D E S O ~ F L ~  --- 

X 7 - - - - - - 
3.2966111 1E-19 3.15591936E-19 3-04224539E-1, _ DES00217 - - - - -- -- 

X 2;9486G3fi~~-lr 2*87b75448~-1 / r ~ ~ ~ 0 0 2 1 8  

6 X HCO /1*0, - 0 . 5 ,  -0.33333333E-21 -4.16666666E-2, DES00219 --- 
X -2,63888889E-2, -1,87500000E-29 -1.42691795E-2p DESOOF~O 

5 -  - 
X -lel3h73950E-L* -9e35653620E-3, -7-89255420E-3 / - o ~ s - 0 5 2 ~ 1  - - -  
DATA BI-G/~.oE~~/ 0 ~ ~ 0 0 2 2 2  



_-C - - - - - - - - - _I)EL!PZZL - - - 
COMMUN / D E S l /  D E S G 0 2 2 4  

* KRJ L)l_-N-MX, _ -F.IE(dz NOLDr -  - M y  M P l r  MP2-9 NNr  KIND* __K1(QIVn- -QSQ4225-- - - - - - - - - 
9 I F L 9  NTRG9  Y I V T ,  NDVT, N T K p N S T A R T 9 N R U I F ?  h N T 9  N T T ~ I D L ( l l ) r D E S 0 0 2 2 6  
% I C L 2  9 J J S S r  JOOO J 2 0 0 0 . ~ _ J 4 0 O O ,  J?OUO, IKS_T, EOST,.._ B D J - S M A ~  - D E S 0 0 2 2 7  -- 
* EK90Kr REDCT, STEPAJG? D E S 0 0 2 2 8  

E U ( 1 I 2  E L ,  HHX, HMN, Y L ?  A, ENP19 D 1 69 SKP, OEAQQ2_29 - - 

t S K ?  H C ?  DELU, D U S C ?  HOLE, V ~ K *  L V ?  HY9 H P r  R9 D E S 0 0 2 3 0  
* 

- - -- '7- - - -- -- QL&E_I-T,  HMU? F M U r C K ( l O ) v Q Q ( l O ) r X L J ( l l ) ~  R J ( l 1 ) t  WJr1__11_ DES002__331_-_- 
COIYKCN / D E S 2 /  T 9  TSV,  TGO, TMIN9  T R I P ,  T L T  TK  D E S 0 0 2 3 2  

-- DOUQLE P P K C I S I O ~ d  5 T & V L  lG-Ut T M I ? \ I ,  T R I P ,  Tbf TK- -  D E S 0 0 2 3 3  
L O G I C A L  EOST, SPiA* H D t  I K S T ,  ERROR D E S 0 0 2 3 4  
L O G I C A L  STEPNG _ DESOOOoZ_35 -- 

L O G I C A L  ODD, 2 t D O T  D E S 0 0 2 3 6  
c - 

D E S G 0 2 3 7  - -  _ . - - -- -- - 
GO T O  1 1 8  D E S 0 0 2 3 8  

C  
C SET I N I T I A L  V A L b E S  OF S T U Y A G t  AREAS 

1 1 8  C C N T I h U E  
DD 1 2 0  I=l,NKX 

HD = .TIIIJE. 
S M A  = . TRUEo 
GO TO ( 1 2 1 9  1 2 6 9  1 2 1 ) ~  K I N D  

C FOR A - M  MUST ZkRLi O U T  D I F F E K E N C t  T A B L E S  

5 C -  T 0  SET -UP I N U I C A T O K  BLOCK FOR TRIGGERS THAT ARE DEPENDENT DES!O2SO_ -- . 

C ( I D L  = 1) UK INDEPENDENT ( I D L  = 0 1 ,  ALSO CALCULATES THE D E S 0 0 2 6 1  





- 3 0 0  C O N T I N U X - -  - 

I N D I S  = 0 
C T E S T  F O R  C A L C U L A T I O N  ERBQR - _ 

3 1 0  I F  ( T P I v  + D E L U  . L T .  T I  GO TO 9000 
T S  = C A R S ( T M 1 Q - T I  
I F  ( T S  *GT .  D E L U )  GO T O  3 5 0  

r 
l., - 

C E X E C U T E  I " J I 1 E P E h D E i ~ T  V A R I A B L E  T R I G G E R  & G U T  I N E  
'\Iw - - - - 

,14000 = 1 
GO f 3  4000 

C T E S T  F O R  A  D I S C L I N T I N U I T Y  C A U S I N G  A Q F S T A g T  
320 I F  ( I h d I S )  100, 3 2 5 ,  1 C O  

C 4 F T E d  E X E C U T I N G  T e I G G E R ,  RE-CALC.  NEW T P I h  

T L  = T_ .- - - - - . . - -- - . -- - -. .- 
J J S S  = 7- 

3 6 5  I F  ( I d T K )  3_22,-370, - 3 7 0 -  
~ ~ - < - x T J I J T  = V A K  - LV 

L 

R C M O V E  O N t  S T E P  F G K W A l t D I  P E T H O D  DEPEQDS b Q  KUh 
380 GO T O  ( 5 C 0 0 ,  60001, K O N  

C 7 - - 
C A D A Y S  - PO~JLTCX C O N T K U L  L O G I C  

6 L  
5 0 0 0  C G N T I N U E  

5 
I F  ( D A H S ( T - T L D )  .GT, D E L U )  GO T O  5400 

C MOVE F O R W A R D  O N t  HC S T E P  



C CN 2 - t T U S h  F R b M  AUAMS T E S T  FOR S T E P - S I Z E  F L A b  
5 0 2 0  GO TO ( 5 1 0 0 ,  5 2 0 0 9  5 3 0 0 ) ~  I F L  

C--- - O E S 0 0 3 4 6  .- - -- -- 
c ; ~ o K M ~ L - Z C T U K N - ,  L E A V E  - S T E P  SIZE ALONE D E S 0 0 3 4 - 8  

5 1 0 0  C O h T I N U E  D E S 0 0 3 4 8  
I F  ( S T E P N G )  GO TO 5 1 5 L  D E S 0 0 3 4 9  

5 1 C 5  TGG = - T  D E $ c 0 3 s o .  -- - _- -- 

D E L U  = T D E S 0 0 3 5 1 ,  
I F -  ( H C  , ( ; I ,  U E I _ I ) )  DELU=HC - - 
C E L U  = D U S C * D E L U  
G O  r t i  5 4 0 0  D E S O O 3 5 4 .  

C  D E S C 0 3 5 5  
C  AT  E i J D  LIF F I R S T  HC A F T E R  SWITCHI I ' I IS  T O  ADAMS NOLIE, T E S T  HC TO S E E  D E S 0 0 3 5 6  _ 

C  I F  1 ; d I T I A L  S T E P  h A S  TOO B I G .  I F  SU R E T b P a  CONTROL TO C A L L 1  G P R O G D E S O 0 3 5 7  
5 1 1 0  FURMAT ( / / 2 2 H  I r J I T I A L  S T E P  S I Z E  OF,  l P E 1 2 . 5 ,  - . DES_C;0_358-___ - 

J, -.- 1 7 H  HAS H E E N  CUT TO,  E 1 2 . 5 )  D E S 0 0 3 5 9  
5 1 5 0  S T E P N G  = . F A L S E .  

I F  ( H C  .GE. H S K I C H )  G O  T O  5 1 0 5  
C  S T E P  H A b  B E E N  CUT D O h N  

W R I T E  ( 6 1 5 1 1 0 )  H S W I C H I  HC 

C  D E S O O 3 6 6  
C  S T E +  S I L E  I S  TOC U I G .  V A L V E  S T E P  S I Z E  AND R E S E T  C O N D I T I O N S  A T  D E S 0 0 3 6 7  
C  B E G I N N I N G  ~ J F  STEP.  O I F F E K E N C E  T A B L E S  MUST UE REGE:\ IERATED F O R D E S C O 3 6 $ _ - - - _ _ _  

5 2 0 0  HC = b C / 2 - 0  D E S C 0 3 6 9  

C  U S I N G  D I F F E N E N C t S  I N  D E L X  GET ( M + 1 )  D E R I V A T I V E S  BACK FROM T H I S  D E S 0 0 3 7 2  
C T I M E  AND STOKE I h  O E L L .  ( U E L X  S T U K A G t  U E S T 2 O Y E U )  DE ~ 0 0 3 7 3  

6, 
00 5 2 2 0  I = L ~ N E c J  D E S 0 0 3 7 4  
00 5 2 1 0  J = l , M P l  ~ ~ ~ 0 0 3 7 5  -- -- - 

7 Y i Y =  M P L - J  D E S C 0 3 7 6  - - - 
n E L Z i 1 ,  J - ~ = D E L x (  I ,  1) D E S 0 0 3 7 7  

6 
0 0  5 2 1 0  K = l v M M  D E S U 0 3 7 8  _ -  - 

5 2 1 0  D E L X ( I v K 1  = D E L A ( 1 r Y )  - U E L X ( I , K + l )  ~ ~ ~ ~ 0 3 7 9  



USJIiG-THTSE D E R I V A T I Y E S  I N  D E L L  AND D E R I V A T I V E S  AT STEPS H A I , F _ B B Y - U S O S a L  -_ - - - - -  

BETWEEN THESE ( k H I C H  ARE CALCULATED U S I N G  BACKWARD D I F F E R E N C E  D E S G 0 3 8 3  
I?I_TEA_POLATIO&)q SET UP A T A B L E  OF ( M + 1 1  BACK D E R I V A T I V E S  - - - -- _ D E _ S 9 _ Q 3 8 k - - - -  
U S I Q G  HC/2 AND STORE I N  UELY D E S 0 0 3 8 5  
F M = W  -- _ -- - - -__ - -  DESGO --- - .- - - - 3 8 6  
FMP l = P P  1 D E S 0 0 3 8 7  

C C A L C .  ( M + 1 )  F A C T O R I A L  Q E S 0 9 3 8 8  
F F M P l = L . O  D E S G 0 3 8 9  
DO 5 2 3 0  J=2,MPi D E S Q Q 3 9 0  - 
F . I= . l  D E S G 0 3 9 1  

" 

C USE Y i l O T  F Y O M  DELL 
h M M =  k M / 2  + 1 
DO 5240 I - 1 p Y E C  

5 2 4 0  D E L Y  ( I , h M )  = D t L Z (  I P N Y P )  
GO r u  5 2 7 0  

C 
C C A L C .  Y DOT - - HALF k 4 Y  t3ETWEEN ( " I = L 1 3 9 5 ~  --- ) 

5 2 a - ~ : i = l u i 4 - 1  - 



527Q-  JIDD =- --NOT. ODD - - .. - -  -- 
r. - 
c - NOW-HAVE ( $ + 1 1  R A C K  Q E R I V A T I V E S  AT HC/Z S A V E D  I N  D E L Y  - - - - D E S O _ O 4 2 6 - - -  -- 
C  2E-GENERATE NEW B4CKWARD D I F F E R E k C E  T A B L E S  I N  D E L X  D E S 0 0 4 2 5  

K 1 = M t ? _ -  - .- - - -- O E S 0 0 4 2 6  ---- 
5 2 7 5  DO 5 2 8 0  I = l v N E C  D E S U 0 4 2 7  

T P l  = D E L Y ( I , K l )  D E S 0 0 4 2 8  
DO 5 2 8 0  K = l * M P L  D E S 0 0 4 2 9  
T P 2 = T P L  DES-tiO430_ - -  

T P l = T P 1 - D E L X i  I I K )  D E S 0 0 4 3 1  
5 2 8 0  D E L X ( I I K )  = T P 2  - - - .  

D E S 0 0 4 3 2  - - --- --- --- 
K l = K l - 1  D E S 0 0 4 3 3  
I F ( K I . 1  5 2 8 5 ,  5 2 8 5 ,  5 2 7 5  D E S 0 0 4 3 4  

C D E S C 0 4 3 5  
C Gd T O  I q T E G Y A T E  U N E  ADAPS S T E P  A G A I N  W I T t r  H A L F  THE S T E P  S I Z E .  D E S C 0 4 3 6  - 

C S E T T I N G  J 5 3 0 0 = 1  F O R C E S  R E T U A N  T t i  S T A T t W E N T  5 0 2 0  D E 5 0 0 4 3 7  
5 2 8 5  J 5 5 0 G = I  DESOO4_38 - - 

G 3  TU 5 5 0 0  D E S O O 4 3 9  
C D E S C 0 4 4 C  
C S T E P  S I Z E  I S  S M 4 L L -  P R E P A R E  TO D O U B L E  HC* D E S 0 0 4 4 1  

5 3 0 0  HI] = .FALSE.  D E S 0 0 4 4 2  
F M P l  = t i iP l  D E S C C 4 4 3  

C D E S O 0 4 4 4  
C Q E S 0 0 4 4 7  
C PgVE O E k X  TO D E C Z  AND U S I Y G  THE D l F F E H E N C F S  FROM H E R E  GET T H E  D E S O C 4 4 8  -- - 
C M + l  H A C K  D E R I V A I I V E S  AND S A V E  THEM I N  DECY - ~ ~ ~ 0 0 4 4 9  



0 
UJ 
C 
3 
0 

0 u 
m % 
it UJ 
Ln 

Z Z - w w 

ri) 3 w E 
C I- m C 
V 
m 3 LLI I- 

I-4 c3 > a 
t- a d i l J  
N I 0  4 0 cn V) 

.-I - a -4- d z 3 
U4'-  - at- In u' 3 

3 UJ L .f- "-4 3 
L 4 J C - 0  4 IC\ I-- h C 

0 u UJ 4)l- 4 r\l z 0 C( U1 
C 3 I-- UJ hL - i C3 ' 4- 4- Z 

m hl 1 I f l y  117 In V) 7 Cn M - d 0 M U  L L 0 0 C> u 
CS I d  0 3 - L' '3 0 LOW - 

-1 i-- 'n .-A in 
'13 4 - 4 'J x 'P a c- 

Z Cn UJLn 4 0 4- * A -  3 C L I J  - 
0 1 * U Z  z L (3 Ln JJ<o LL - UJ a - -  I-7, a a u I, 

H I  CU -,I m u  4 -  - a * a  o o  i;-"" - 
a o  e m i -  II u - x  -.--I C-, CUO I-- 0 0 C-UJ '-4 
4~ o i o .-.-I_J ! - -adN e l - ~ d  4 A = 4  XI=- 2 4  
gl * -4 1 Z b-- c3 u . . - ~ u  ~ m r r  I- J.Z I.- 3 I -2 4 LIJ - 
J u O U > C ~  G - w w  1 1 4 3  3 -  11 I JaZ: II 

b.l- 

A 
~ $ ~ C A L I C L I I L  LU 0 0  U N  C L X +  U 1 J  Z a, - o t c u c  a ~ l l - r  ~3 i - - & Y ~ - i  Y t -  a 3 3  ' 3 0 -  0 

Nt >- C- I I L r \ c 1 - - k -  -rd.JC.--!-- U ' 1 1  3C-6 7 - d C  l l0  
4-J 1 .J I- I1 ---;I --16 3 I-- II 0 1 3 4 Z  0 
W W  '3 , ch AUJ 0 3 u - > - 0  L L o c r a w u L L 3  z 0 P " O 3  ,OL0OC-- 'N 
01 0 (3 , w Q ~ C C O I - % ~ ~  W ~ O U ~ C Y U M C ~  ~ ~ ~ 3 0 3  I U Q Y  

' 0  
I 

0 L? a 'Ln 0 0 
i * 

01 0 'v, 0 
rn ~n *I rn 
~ni m 

U  

o -4 -1 - 4 - 4  r\l nl 'n * 4 -3- * a  4- -4- =r 
m L- m lnm ~1 m P a 1 

0 0  0 0 0  0 0 3 U 010 L) 

5 i - . ( D l n  



GO T i )  2000  
TGO = T 

DELU = T  
IF-LHC-e-iT? D E L U )  DELU=HC 
D E L U  = G U S C * D E L U  

ti0 TU END-OF-STtP 
I F  ( E G S T I  C A L L  ECS 
I F  ( K t ?  .NE- 01 SO T O  4 9 1 0  
TEST FOR 4NV Y-STOPS I N  T H I S  STEP 

F L A G  K O U T I Q E  
0100  CONTIhLJE 

I 3 L L  = C) 

I F  ( N U V T )  61059 3001  6 1 0 5  
61C5 J J S S  = 4 

C F L A S  TKIGGEKS T h A T  t 4 A V E  HAD A CHANGE OF S I G N  I N  T H I S  STEP BY 
L S t T i ' I N b  T H t  I qDICATUR I D L  = 2 

UU 6150 J = l t N T 4 G  
J i \ iT=J  
I F  ( I D L ( J I 1  6 l l U r  6150 ,  6 1 1 0  

0110  GO T C  6000  
b120 I F  [ L T R I  61509 G130, 6 1 3 0  
6130  T E M P  = V A R  - i V  

I F  ( 5 I G \ ( l - , T k F i P )  .N t ,  S I G N ( 1 5 r X L J ( J l l  GG T O  6140 
I D L ( J )  = 1  
(GO Tti h i 5 0  

6140  I D L ( J I  = 2 
I D L ~  = IDL2+1 
XJf Jl = TEMP 
h J ( J 1  = T E M P  

- 
7 

I F  ( I D L Z  GO T O  300 D E S 0 0 5 3 4  - 
C - D E S U O ~ ? ~ - -  

6 
C DESO0536 
c S E A R C H  ROUTINE DEJo%S~?-  -- 

C 
5 - 

S E A R C H  AND F L 4 G  F I R S T  Y - S T O P  I N  T H I S  TIME STEP DESC0538 
3C00 C G N T  I hUE 



C - - C 

-7 - ci - 7 C3 
-7 u U\ 
6 3 rpl 
X Cr rC 

L 

e * - II Cj 
0 4 P-4 

- - t- 
0 - - -7 - - 
4 Z L - 7  - -7 3 0 Q 
m 19 c3 -3 - - N 0 

ln u - u  6 9 J N 
0 4 i n a d  X '1L '3 ? 
t- .-4 32 I I w - 

n-l * .a - 3 9 
0 W U - -7 0' 3 CC b d 
0 - Z Z X  - - - Lu 

C.9 . $ 4  3 I1 7 I t  3 0 S 
.-I 7 3 3 -1 3 - d a -  - 2 - b W 8 

C3 N M - - + -  \I \ i - '3 c3 b- r 

Y > 3 7 7  - A -L Y 6 - 
C r L N - - C U  I- t- b 3 t- I- e 
z I.- 3 -7-70 I - I - t- b - 4  Z Z - - .J o I x z z  J 2 r~ a J w e  c3 
.-I, a d N ~ L U  C I I- 1 o A  3 d - I-- Ud 
II 0 m e ~  I r 3 -  o - 0 - e I1 - 0 ll 3 11 19 
T- 0 < d A U J . - I O  e O a a- 3-37 4 - 9 3  U cZ 
3 0 > - - 2  .--I --I-& - +  J IU J 5 N  b C 3  W 

uC.5Ln - Z l -  I t *  7 d ?  7.J I! - W  e ~m 11 I-- > 
u l - 4  0-J 3 11 17 c3 C7 - 0 - 4 8 2 C2 I I  3 In Z 

~ c ~ f f i  11 O L :  C- - U C -  7 -I - Z L  x u  1 - 1 1  U - C I I ~  o 
- - i - - - ) 1 3 7 - - m v , _ 1 3 ~ 3  r r 3  s n ' r : - - 7 ~ ? 1 ~  x - d p  S W - J  a 0 

i l l  I I c O W - I I  I - -3--U,-I-  - I- - - - c  -m~tlt-rm-lib- 
V) C - Z II II It -1 .? - 6  7 d C- 

' Z C L T ~ ~ U , Z D U . ~ U U ~ ) ~ ; ~  LA C u Q & O  L L 3 9 X A J 3 U J d W U  0 
/ P I T Q ' w 9 O u 3 - - + = -  w . 3  e w c 3  3 -OYb- -DOC3XC-CJ+-  7 

1 I 
S L n  0 3 C3 0 0 0  0 0 s  0 

I rd d N 4' U- 0 3 3 0  N 4- Q 
1 4 d O A  4 d d N  N n) N 

-0 m rr\ rc) 4 *, r? -0 m - 0  m 
U U 3 0 u 0 0 

h L O  



a 
Z 3 
O W Z  
gb-u 
z 



368Q I F _ .  LlADJS 2 E4r  0 )  GO TO 35Q - -- - -- _R£SQnr52Q--.- 
GO TU  LOO D E S 0 0 6 2 1  

c _ -- - . -- _-OESrl4422 -- _- 

C  T ~ S T  FUt? DISCCINTINUITIES, C A U S E S  O E R I V A T I V E S  T 0  R E  RE-CALCULATED D E S 0 0 6 2 3  
C  I N  KUTTA-- - -- -DES00624 

3 7 0 0  TSO = T D E S 0 0 6 2 5  
I F  ( I h D I S  ,EO. 0 )  GO T O  3 0 0  DESCO626  

C  D E S 0 0 6 2 7  
GCI rci ( 3 7 5 ~ ~  37511 ,  h~ DESYQ62& -- _ _. 

3 7 5 1  C A L L  DEAL D E S C 0 6 2 9  
3 7 5 2 - C 4 L C  Q E K L  - - - DESQO.630. 

I F  ( t C S T )  C A L L  - ~ O S  D E S O 0 6 3 1  
I F  ( k 9  . N E .  0 )  t i  T 4 9 1 0  D E S G 0 6 3 2  
GO TO 3 0 0  D E S O 0 6 3 3  

C  D E S 0 0 6 3 4  
C  D E S 0 0 6 3 5  
C$C::**t*~::%::4t+~t+++*:::::-:I:~::~::~;;~c+e*~~:-~~X:t***g*,g$*$J;~~::;:Ig*,;:~%*,;:$gg~~~+*~*~qES_OO63-6- ---_ 

C  t?OUTINE TU CALCULATE CUKKEhT T H I N  FZUM L I S T  OF T-STUPS D E S C 0 6 3 7  
3=! 
t C A B S U  CHECKS F G K  ANY CHANGE I N  AKSUMENTS THAT W I L L  CAUSE 4 RESTART D E S 0 0 6 3 8  

W 
cn C S T A R T S  AT 1 0 0 0  AYU RETURNS BY A  CALCULATED b O  TO U S I N G  J l O O O  D E S 0 0 6 3 9  

C DESO-0640 
k C O O  C U h T i N U t  D E S U 0 6 4 1  
- - T t1 I f \ 1  = T K I P  - -. D E S W l 2 4 2 .  - 

N T T  = NSTAKT D E S 0 0 6 4 3  
I F  ( N I V T )  1 0 6 0 ,  1 0 6 0 ,  1 0 1 0  DESOO644 

1 0 1 0  J J S S  = 1 D E S G 0 6 4 5  
DO 1050 J=1 ,NT%G D E S 0 0 6 4 6  
J X T = J  D E S 0 0 6 4 7  
I F  ( I C L (  J )  )_ 1 0 5 Q p _ -  1.020( LO50  P_FS~&k8_- -- 

1 0 2 0  GO T O  6 0 0 0  D E S 0 0 5 4 9  
1 0 3 0  I F  ( ' J K )  1 0 5 0 ,  1 0 4 0 ,  1 0 4 0  D E S 0 0 6 5 0  
L 9 4 0  I F  ( Z V  , G E -  T M I h 1  G O  T O  1 0 5 0  D E S 0 0 6 5 1  

R T M ~ N  = z v  D__ES_4_0652 _ _  

YTT = J D E S G 0 6 5 3  

G C C H E C K  POSSIBILITY OF A R E S T A R T  D U t  T O  A CHANGE I N  ARGUMENTS CES_00&56 . 

I F  (NCLC) - N l  1 0 0 9  1 0 7 5 9  1 0 7 0  DEShJ0657 

5 1 0 7 0  NOLL! = _DfSCj(365lj(_ _ 

NEQ = N DESCO659 



i; * * 
i e  
i+ 
i+ * 
4t 
i* 
31. 
9 
% * 
i b  
+k ++ 
3f 
iC 
4+ 
it 
4:- 
+& 

i3 Zlt 
0 * 
a 4$ 
4 it 
3 9 

i; 
45 - i e  - ie 

3 it- 
3 41- 
9 9 
m i e  * 
* * 
0 9 
P- i t  
Ln Y'F 

Ln O 
.(t 



CONT I N U E  

GO T L  ( 2 0 5 1 9  2 0 5 7 p  2 0 5 3 ,  2 0 5 7 1 9  L  
T  = TSV + PDT 
GO-TQ 2 0 5 5  
T  = TSV + DT  
TC = T 
SO TO ( 2 0 5 7 ,  2 0 5 6 1  NN 
CALL O E K l  
C A L L  C E d 2  
COIJT 1 hut-  

gr 
C  D E S C 0 7 1 6  

I C 2ETU; tU D E S G 0 7 1 7  
& 
0 'GO TI1 ( h O l O s  3 4 5 0  1 p J 2 0 0 0  D E S 0 0 7 1 S  

C*= * f  +t** t$+++Q$**t=+f  **f * Q t g * f I * t g * f Q t $ $ $ t : * ~ : g ~ * * g : e + ~ * * * * c ~ + % : f * $ : ~ * + ~ * ~ ~ * Q E S O O 7 1 9  
Cf * Q f  +%*$*$*+*%:**  ,-.-.**+a,.& ~ ~ T ~ ~ ~ ~ Q ~ I ~ ~ % % ~ ~ $ ~ O Q : X % : I ~ ~ ~ ? " ~ ~ ~ ~ ~ ~ ~ % ~ ~ ~ Q O : : ~ ~ ~ ~ ~ ~ % ~ $ ~ ~ D E S O O ~ ~ G  

C 
€ C 4 L L S  T O  EXECUTE T R I G G E R  ROUTINES.  h U M b E R  I S  S E T  I N  h M T  
C  i4NT KAY EQUAL ZERU kWkU C;kTTII\IG T b t t  F I & S T  M + Z  D E S 0 0 7 2 3  
C D I F F E q E Y C E S  B Y  KUIUGE-KbTTA B E F U R E  S W I T C h I l b G  T 0  ADAMSDEb00724  
C; D E S U 0 7 2 5  
C N R T  M 4 Y  E Q U 4 L  -1 &HEN ENUUSH U I F F E K E N C E S  A R E  S A V E D  D E S U 0 7 2 6  
C - TU DOUBLE THE STEP  S I Z E  - 0 ~ ~ 0 0 7 2 ~  
C  ?ETURr4 I S  H Y  J 4 0 0 0  D E S 0 0 7 2 8  
C O E S C 0 7 2 9  

4000  C O N T I h U E  D E S 0 0 7 3 0  

S I F  ( R h T )  4 5 0 0 ,  44009  4 0 0 5  DES007 .31  
c DESG07.32 

4 6 0 5  (I\INT_-,GT. hJJt.(G) 60 fL: 4 3 0 0  _ D E . S c o ~ 2 ~  
GC T C  ( 4 0 1 0 ~ 4 0 2 0 + 4 0 3 0 ~ 4 0 4 0 p 4 0 5 0 ~ 4 O 6 0 ~ 4 O ~ G ~ 4 0 8 0 + 4 0 9 0 ~ ~ 1 O 0 ~  D E S 0 0 7 3 4  



4020 CALL RT2 - 

GO TCI 4900 - 

4030 CALL KT3 
GO T O  4900 

4050 C4LL KT5 
G O  T i l  4900 

4060 CALL RT6 
GO r0  4900 

4070 CALL R T 7  
GO TO 4900 

4080 C A L L  2 T 8  
G 3  TO 4900 

4090 C 4 L L  K T 7  
b U  T L  4900 

4100 C A L L  ? T I 0  
GO TC' 4900 

4110 C A L L  R T l 1  
1;U T L  4900 

c 
4310 F O R V A T  ( / / / 3 1 H  T K Y I t i G  T O  C A L L  T R I G G E R  

--- - X  2 l H  & H I C H  IS N O T  D E F I N E [ ) / )  
4300 h A I T E  ( 6 , 4 3 1 0 )  hhT 

GO r G  9900 
C  
C  
C  K O L T I N E  T O  E X E C U T E  WHEY T A K I N G  THE F I R  
C A I ~ O  G E r d E R A T I N G  T H E  V E C E S S A K V  U I F F  
C  &t- iL ;<  \ " I F  = M + 2  THIS TRIGGER 
C T R A N S F E K E D  T O  A C A M S  C O N T R O L *  

4400 C O N T I h b t  

8 
T R I P  = T + r lC  

C  U P D A T E  DIFFERENCES T A B L E S  

7- - -- D C  4410 I = I p h E k  .-- 

TPI = DY(I)  

T P ~  = T P l  - D E L X ( I , K )  - - 
5- 4410 f i€LX(  I ;K)  = TP-2 

N G E - K U T T A  S  
B h E S o  
A k D  CONTROL 

DESC0763 
O E S C 0 7 6 4  
D€SC076_5_ _ _  

TEP S D E S O C 7 6 6  



C - N H E h  ENOUGH STEPS HAVE-BEEN T A K E N ?  S W I T C H  TO ADA-MS-MOULTON D E S 0 0 7 8 3  
KON = L D E S 0 0 7 8 4  
HSWICH = HC - D E S G J ~ ~ ~  -- - 
T R I P  = B I G  D E S 0 0 7 8 6  
NSTAR-T = 1 0 0  .- -- - - - _ .  _ D E S o o 7 a 7 - -  - - 
GO TU 3 2 5  D E S 0 0 7 8 8  

C  - - . - --- - --- - D E S 0 0 7 8 9  
C R O U T  I ~ E  ~ ~ - - ~ - U ~ B L - € ' - T H E -  STEP  SIZE AFTEK EXOUGH DIFFEREb!CES D E S 0 0 7 9 0  
C  H A V E  BEEN SAVED D E S O g 7 9 1  - 

C  T I N E  CF T H I S  Tt?IGGE& I S  ( P + 1 ) * H C  AFTER THE T I M E  kHEN THE U O U B L I N G  D E S U 0 7 9 2  
C PKOCECUl<E WAS SET OFF . D_ES_G07_83 -. - _  

4500 C O N T I N U E  D f S G O 7 9 4  

HD = .TRUE. DESCIO797- . 

NSTAKT = L O O  D E S 0 0 7 9 8  

- - T R I P  = H I G  D_ESP_OT_99 - 

C U S I i J Z  D I F F E R E N C E S  I'd D E L X  GET ( M + L )  C E R l V A T I V E S  BACK FRCM T H I S  D  E S 0 0 8 0 0  
C  .--- - -  O E S 0 0 8 0 1  - - -  -- 
C  TIME AND STORE THESE IN D E L ~  D E S Q G 8 0 2  

OC 4 5 3 0  I = l l N E C  D E S 0 0 8 0 3  
DU 4 5 2 0  J=LyKPl D E S 0 0 8 0 4  
M M  = P P 2 - J  D E W & ! ? 5  _ -  - - 

D E L Z ( I , J )  = U E L X ( I 9 1 )  D E S O C 8 0 6  
D3 4529 K = 1  P ~ M _ -  . -- - O E S 0 0 8 0 7  - - . - - - - - - - 

4 5 2 0  D E L X ( I , I O  = D E L X < - I ~ K ~  D E L X ( 1 9 K + L )  O E S 0 0 8 0 8  
4 5 3 0  D E L Z ( I , M P 2 )  = D E L x ( I , L - )  D E S O 0 8 0 9  . 

C  D E S O 0 8 l O  

8 C - FROM D E R I V A T I V E S  I N  UEhY AND D E L Z ,  S E T  k)ELY= BACK D E R I V A T I V E S  DES0081.1- _. _- -. 

C  WITH 2*HC T I M E  I N T E R V A L  8 E T k E E t l  D E S O O 8 1 2  

7 A S S I G N  4 5 4 2  T O  . ISW -. - -- - -- - - - - - . --. 

I L =  M P Z + l  



" < 

I F  (12)  ' t 5 3 0 9  i 5 3 t . p  L b - ; ~ u  0_€&0!28_1 9 - 
C S W I T C H  TO D E L Z  T A B L E S  O E S 0 0 8 2 0  

4 5 3 8  A S S I G ~  - - 4 5 4 4  T O  ISW - . DfS008_2L-- - 

12 = 12 + MPl 
- 

DE ~ 0 0 8 2 2  - - . - 

C -- Q E S G 0 8 2 3  
C I N  S A F E  LOOP,  RE-CALC,  N E W D T F F E ~ E N C E  T A B L E S  I N  D E L X  H A S E D  ON N E W  O E S O 0 8 2 4  
C T I M E  S T E P  

4 5 4 0  UO 4 5 5 0  I = l r N k O  
GU- TU I S h y  ( 4 5 4 2 9 4 5 4 4  

4 5 4 2  DELY(I.II,) = D E l Y ( 1 1 1 2 )  

C - - 
C A F T E R  E X E C U ~ I N G  ZN -ExTEI?EAC-TUIGGEK K O U T l N E t  COME HERE 

4900  C O N T  I k U E  
C b A S  R T N K K  BEEN C A L L E D  

I F  ( K t ?  ,EQ. U )  GO T O  4 9 2 0  
C Y E S *  RETURY* T O  C A L L I N G  PKOIG4AP 

C 
C T k S T  FOY A D I S G G N T I N U I T Y  A F T E R  YeIGGER E X E C U T I O N  

N 
4 9 2 0  JIqT = N N T  

J J S S  = 7 -  

c 6- - - 
_ D E S C 0 8 5 5  - 

c IF THERE IS 4 DISCONTIN~ITY, S E T  INOICATCK DETuS 85 b 
I F  ( I A O S ( N T R 1  ,LU. 2) I N D I S  = 1 5. - . -  - -- -- D E S 0 0 & 5 7  - -- - - -- - 

C ~ ~ ~ 0 0 8 5 8  



it' 
4C i E ,  

l it 
it 
it 
1C 
.it 
it 
3t 
i+ 
u  
Jt 
Jt 
JC 
Jt 
it 
i t  
+t +* 
it * 
81 * 
9 
$t 
4t 
it! 
9 

0 *' 
0 * I  
0 it 
v1 it1 
3 9 

u i  
it - 0 - * I  

0 SC 
if it' 
Lnl it 
m, it! 

1 9 ,  

J 
$1 $ 1  
*I itj ++ 
"d it1 

I 
3: ::I 
t i  4 + '  



SK = 0 -  - - -- - - -  DES009CO - - -  -- - 

C  SUM- F R O M  K=O T d - P  D E S 0 0 9 0 L  
K - 1 , M P l  DO 5510--,-~. - -- - D E S 0 0 9 0 2  

5 5 1 0  SK = SK + A C G ( K ) * D E L X ( I v K I  D E S U 0 9 0 3  

20 T U  ( 5 5 2 6 ,  5 5 2 5 ) .  V N  
5 5 2 5  C A L L  L E A 1  
5 5 2 6  C A L L  D E K 2  

C 
I F L = l  -- 
ti0 Ti: ( 5 5 2 8 ,  9900, 5 5 3 0 1 ,  KIN11 

C 
C L E A V E  D I F F E R E N C E S  A T  B E G .  OF S T E P  I N  D E L X  
C U P U A T E  L J I F F E K E N C G  T A e L E S  F R O M  U E L X  USIN[ ;  P R t D I C T E D  
C D E K  I V A T I V E S  EN U E L Z  

C C A L C U L A T E  COKRECTED Y I S  AND GET L A R G E S T  F R & O K  T E R M  O E S 0 0 9 2 7  - 

CiVPl = 0. D E S C 0 9 2 8  

8 
UCI 5559 I = l , N E t 4  D E S 0 0 9 2 9  -. 

I F ( O c A C F F ( I ) , L T , O . )  GO TG 5 5 5 0  
S K P  = 0 ,  7 - - - - -. - - - - - - - - --- -- - D E S G 0 9 3 0  - -- - 
SU = C -  D f  S O 0 9 3 1  



I F (  3 .GT .EYP l )  E N P l = D  __- - __ 
5 5 5 0  C O N T I N U E  

C C A L L -  O E K I V A T I V E S  OF CORRECTED Y ' S  
C A L L  D E l i 2  

c - TEST  EXRUR L I P I T S  F O R  AUTOMATIC  STEP  S 
I F  ( E h P l  .LE. E L )  20 T O  5 5 8 0  

C  -. - -- .. -. - - - - -- - 

IF ( E N P ~  ,LE. EUI  G O  T O -  5 5 3 0  - 

C  STEP S I Z E  I S  TUS D I G  
I F  ( H C / 2 .  .LT.  HMN)  GO T O  5590  

C d E S E T  t V E K Y T H I N G  10  C O N L i I T I C h S  A T  B E G 1  
C  I Y C L U D I N G  END OF STEP  C O N D I T I O N S  
C  Y ( I )  4 N 0  P Y ( I )  F R O M  Y N ( 1 )  
C  C Y ( I )  FKCM LST COLUMN CF DELX  

T = T S V  
TC = T  
3U 5 5 6 0  I = l , N E &  
I F ( O N C F F ( I ) , L T . O . )  G O  TO 5 5 6 0  
I = 1 ) -  _ - - -- -- - - - - - 
P Y ( I )  = Y N ( I )  
0 Y ( I ) = D E L X t I v l )  

5 5 6 0  CCNT I kUL 
I F  ( C C S T )  C A L L  E O S  

r 

- - 

CONTROL 

CI 

- I F L  = 2 -. - - 
Hr) = .~, :ct . -  
T 4 I P  = H I G  
Y S T \ E T  = LOG 

H 
J lO3i i  = 4 

C T O  K E C 4 L C U L A T E  T M I %  AND NTT 

6 L  
C  STEP S I L t  I S  T U L  S M 4 L L  

5 5 8 0  I F  ( .NUT. H D )  GO TU 5 5 9 0  5 - 
I F  (2.*HC T  H M X )  GO TO 5590 



W 9 C L L > U I r -  
d 45 W L L - 2 - 7  
m i h  zlMI--+-- 
Q Y' 9 ad'--- 

1 + L I 0 9 W > 3 >  
C 0 0 C'3- -3cr?  

W - ~n i t  Q Z Y L Y  

U J /  Z W  N 0- -AN X 3 it .  O & 3 L u  
I Ln .it J W L U  A 

U Z I  II m a  i c .  a 3  w ' r f -  - .it. Y U b , ?  

m r 
9 I - - L I Z L  

3 -X - X L J  
X f- 4$ Cil 3 

d U  3 N-dJ Q Z l - I - L U  
L L l 5  h a a c a a  w 
r v ,  3 ~ t - C k b C  1 3  i( t--'J-J!YC 

Ji a 
I /  01 l l n  I 0- 4 0 



1 i I 

I I j 

* 1 $1 
I +t I i 

I j , ?t 
1%- * I 

+'c 
+$ cO 1 3t J) 

1 ! i t  m --I m 

i 8 3C lU -3 m  
I i t  3 9 

4e-J U. 3 
46 a 3 
3t > 

1 * 'U .. 
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APPENDIX B 

ABEL TRANSFORM 

AND 

SELECT ION OF PROBING FREQUENCIES . 
ERROR ANALYSIS PROGRAM 



RUN23(S) 
-LGU, - -_ -. - - -- - - -  - - - - - - - - - - - 

7 
P a ; R A M  PRIIRFR ( T :\dP~llTPklT&Pkfi.=lNPUI+TBP&WnrlTPli~~ 
C C M W C N / T ~ A N S ~ / R T L ( ~ O ~ ~ ~ R K Z ~ ~ O ~ ~ ~ P H I T Z ( ~ ~ ~ ~ ~ P H I R Z ~ ~ O ~ ~ ~ D ? H A S E ~ ~ O ~ ~ ~  

1  K E F R t l O 1 ) r T M E T T L ( l O 1 ~ ~ T H t T R Z L I O l )  - - - - -  

C O M M G N / T R A N S ~ / N P ~ I A T M O ~ K H O ( ~ O ~ ) ~ D N ~ ( ~ ~ ~ ) ~ D N ~ ( ~ O ~ ~ ~ E ~ , E ~ ~ R A D I ~ J S  
_ - - -_LrcllLZnl- - - - - - -  - -  -- ---- 

DIMEt\iSIUN X N l ( l c ) l l ~ X N 2 ( 1 0 1 ) p D U M M Y ( L O L )  
LO KFAD(5eLOO;)) W e  IAIMQ*-ELr. $ 2 ~  E l *  EZs RADLUS . . -- - -- - - 

IF(NP.LE-0) STOP 
C - - -  

C %****%** R E A D  ABEL  IQPUT DATA F a 9  FIRST FREQUENCY .................... 
L _ - - - - - - - - - -- 

REA1)(5p1005) V 
____BE_] 01 1 4 1 r ) - k T 7 1 1 1 _ F M L T Z I  11rTHETTZf I )  r RRZLI rPH1RLlllJHELBLL -- 

1 U P H A S E ( I ) r K E F R ( I ) , I = L , l ~ P )  
C 
C ******** D E T E R M I N E  KEFKACTIVITIES F U 4  P E K T U K G E D  AND UNPERTURBED 
C P H A S t  D A T A  FDK T H E  F I R S T  F R E Q U E N C Y  ****QP****&*PP** - 

C 
WKITFfh.lOOh) V --. -- - -- - -- 
U K I T E ( h , 1 0 2 0 )  F1 
CALL AB E L ( F l r X N 1 )  - -  .-- 

DO 30 I = L , Y P  
_ _ 3 0  DPI(ASEL I 1  - - = QPHASE ( 1 1  + E l  -- . - - - - 

WRITE(b,10061 V 
hFIITFfh.U23C)) F1 - -- - - - -- - . 
CALL AHtL(F1,DUMrY) 
DO 40 I = l t N P  - 

40 U W l ( 1 )  = AYS(XI,l(I)-I)UMMY(I)) 
8 - C -  - - -  - .. - - - - - - - -  - - - - -- - 

c *?%**%*** etAu ABEL IhPUT IIATA FOR S t C O N U  FRtUUENCY ******************* 
7L- --- -- - - - -  - - ..- - 

KEAD(59lOLOI ( K T Z ( I ) ~ P H I T Z ( I ) ~ T H E T T Z ( 1 ) , R R Z ~ I ) p P H I R L ( I ) ~ T H € T U Z ( I ) ~  
6 - -  1  -- _ _ -- _L)PHASELII q R E F K I I I b I = l ~ N P 3  - - - -  - 

L 
5-C-%3%***** iliTERMLCJE KEFKACIIY I TIES F U R  PEUTUKCEU AND UNPERTURBED - _ -. - 

C PHASE DATA FUR THE SECO742 FREQUENCY *************** 
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APPENDIX C! 

PROGlL4I4MING CHANGES TO THE EXISTING 

RAY TRACING COMPUTER PROGRAM 

The ray  t r a c i n g  program be ing  used be fo re  t h i s  s tudy  was 

i n i t i a t e d  ( ~ e f .  11) was a l t e r e d  a s  fol lows:  

a .  The program had been w r i t t e n  i n i t i a l l y  f o r  an IBM-7044 

and was changed t o  run on a  CDC-6600 a t  t h e  Data Reduction Center  

a t  Langley Research Cen te r ,  Hampton, V i rg in i a .  

b .  The a tmospher ic  and ionospher ic  models of  Mars and 

Venus der ived  i n  Sec t ion  2 .3 .1  were incorpora ted  i n t o  t h e  Langley 

v e r s i o n  of t h e  ray t r a c i n g  program. 

PROGRAM CONVERS ION 

The i n t e g r a t i o n  package of t h e  7044 r a y  t r a c i n g  program was 

o r i g i n a l l y  w r i t t e n  i n  7044 assembly language. I n  o r d e r  t o  make 

it compatible w i t h  t h e  CDC-6600 machine, t h e  fol lowing changes 

were in t roduced.  A mathemat ical ly  i d e n t i c a l  i n t e g r a t i o n  package 

( i . e . ,  Adams-Moulton d i f f e r e n c e  method combined wi th  a  Runge-Kutta 

i n t e g r a t i o n  method t o  s t a r t  t h e  i n t e g r a t i o n  procedure)  c a l l e d  

DESOLV was w r i t t e n  by Raytheon e n t i r e l y  i n  FORTRAN I V  ( ~ e f .  1 2 ) .  

DESOLV rep laced  t h e  assembly language subrout ine  t h a t  was i n  t he  

r a y  t r a c i n g  program. 

Monitor c o n t r o l  manuals f o r  t h e  CDC-6600 were s t u d i e d  and 

a p p r o p r i a t e  c o n t r o l  ca rds  were made t o  r ep l ace  t h e  7044 c o n t r o l  

ca rds .  



The ionospheric and atmospheric computer programs written for 

this study replaced the old ionospheric model program. 

Four FORTRAN IV subroutines, NHFIT, SUBMU, SUBMUA, and SUBMUI, 

were written and incorporated into the Raytheon ray tracing program. 

NHFIT performs the quartic fit for the day-to-night transition 

zone as described in Section 2.3.1.2. It is called once per ray 

from subroutine POPPIN. It requires named commons PUT and RALPH 

and uses CDC-6600 utility program MATRIX to solve the systems of 

simultaneous equations. 

SUBMU is called each integration step to compute the iono- 

spheric or atmospheric index of refraction and its derivatives 

with respect to ray position (i.e., altitude, colatitude, and 

longitude). To do so, SUBMU determines from input parameters the 

planet being investigated (Mars or Venus) and whether the ray is 

in the atmosphere or ionosphere. Once these are determined, 

SUBMU calls SUBMUI for ionospheric computations and SUBMUA for 

atmospheric computations. The calling sequence to SUBMU is (YO, 

WIN, EMU, DMUDR, DMUDT, DMUDP, DMUDF, IND), where 

yo (1) 
yo ( 2 )  

yo ( 3 )  

RMIN 

EMU 

DMUDR 

DMUDT 

DMUDP 

ray geocentric radius 

ray colatitude. 

ray longitude 

the planet radius 

(p) the index of refraction 

a l l / a ~  
al l /ae 
a p/a 4 



DMUDF = a,/&, where f is the propagating frequency 

IND = 1 for Mars, 2 for Venus. 

Named common DATA is also required. 

2J.L h &L when SUBMUA is called by SUBMU to compute , a R  , as , and 
the ray is in the atmosphere. An indicator is passed to SUBMUA 

from SUBMU to indicate which planet is being investigated. SUBMUA 

uses the mathematics described in Section 2.3.1.1. The calling 

sequence is (YO, IND, EMU, DMUDR, DMUDT, DMUDP). IND is the 

planet indicator. The remaining parameters are as in SUBMU. 

i l k ! . & &  SUBMUI is called by SUBMU to compute p, aR , , a, &L and aF 

when the ray is in the ionosphere. SUBMUI uses the mathematics 

described in Section 2.3.1.2, specifically the Equations (2-22), 

(2-23), (2-24) and (2-25). The calling sequence is (YO, DMUDR, 

DMUDT, DMUDP, DMUDF). The parameters are as in SUBMU. Named 

commons RALPH and DATA are required. 

Appendix A contains a complete listing of the modified ray 

tracing program. 

PROGRAM USE 

A description of the techniques used to trace rays is fully 

described in Reference 11. However, in the program as modified 

for the CDC-6600, the structure of the input has been changed. 

Below is a description of the input deck setup and definitions of 

input variables. 

DECK SETUP AND VARIABLE DESCRIPTIONS 

Input to program HRT2 consists of NAMELIST type data. Figure 

C-1 illustrates a typical deck setup. The following list describes 

each of the input variables. 



Figure C-l Typicai  Deck Setup 



I n i t i a l  geocent r ic  r ad ius ,  r , i n  ki lometers  
0 

I n i t i a l  geographic c o l a t i t u d e ,  8 , i n  degrees,  
0 

o I , e  < l 8 0 .  
0 

I n i t i a l  geographic longi tude ,  Qol  i n  degrees,  

0 A Q 2 360. 

I n i t i a l  r ay  heading with respect  t o  l o c a l  v e r t i c a l ,  

A , i n  degrees,  0 I A I l 8 0 .  
0 0 

I n i t i a l  r ay  heading with r e spec t  t o  south vec tor  i n  

COORB (4) 

COORB ( 5 ) 

degrees,  B . 
o 

- Bo 1 3 6 0 .  

P l o t t i n g  i n t e r v a l  i n  ki lometers .  This represents  

an increment of phase pa th  length.  

Maximum permissable geocentr ic  r ad ius ,  R max , i n  LIMIT (1) 

kilometers .  

Minimum permissable geocentr ic  r ad ius ,  R max , i n  

ki lometers .  

Maximum allowable c o l a t i t u d e ,  8 , i n  degrees. 
max 

O < @max* 
Minimum allowable c o l a t i t u d e ,  8 , i n  degrees. 

min LIMIT (4)  

8 
min < 180. 

Maximum allowable longi tude,  4) max , i n  degrees. LIMIT ( 5 )  

Minimum allowable longi tude ,  0 min , i n  degrees. LIMIT (6)  

@ 
min 

< 360. 

P r i n t  i n t e r v a l  i n  ki lometers .  This  represents  an 

increment of phase path length.  

The number of equations t o  be in tegra ted .  MISC ( 2 )  

MISC ( 3 )  Ray type ind ica to r .  Se t  equal t o  1 f o r  ordinary 

ray ,  t o  -1 f o r  ex t raordinary  ray.  

The order  of the  d i f fe rence  formulas des i red  i n  t h e  MISC (4)  

in teg ra t ion  (I 8 ) .  



MISC (5)  = I n i t i a l  value of phase path length.  

MISC (6)  = Propagation frequency i n  megacycles per  second. 

MISC ( 7 )  = Reflec t ion  ind ica to r .  S e t  equal t o  0 when no re- 

f l e c t i o n  is des i red .  Se t  equal t o  2 when a l l  re- 

f l e c t i o n s  a r e  des i red .  

MISC (8) = I n i t i a l  i n t e g r a t i o n  s t e p  s i z e .  

MISC (9)  = I n t e r v a l  f o r  recording p l o t  information. 

MISC(l0) =: P l o t  con t ro l  parameter, s e t  t o  1 f o r  p l o t s  s e t  t o  

0 f o r  no p l o t s .  

MISC (11) = S e t  t o  1 i f  a t i t l e  is  d e s i r e d ,  0  otherwise.  I f  

MISC(11) = 1 a t i t l e  card must be included a f t e x  

t h e  NAMEEPST data .  

MISC(L2) = F2Nmax a t  noon i n  e l e c t r o n s  pe r  cc. 

~ 1 S C ( 1 3 )  = F2Nmax a t  midnight i n  e l e c t r o n s  per  cc ,  

MISC (14) - 
- F2Hmax 

a t  noon i n  I~ilometex-s. 

MISC(15) = FZHmax a t  midnight i n  ki lometers .  

MISC (16) =: Subsolar po in t  c o l a t i t u d e  i n  degrees.  

MISC(L7) = Subsolar po in t  longitude i n  degrees,  

MISC(l8) = Horizontal  gradient  width i n  degrees. 

M E S C ( ~ S )  and MISC(20) a r e  not  used. 

CNST ( 1 ) - Maximum in tegra t ion  e r r o r .  When the  i n t e g r a t i o n  

e r r o r  i s  g r e a t e r  o r  equal t o  t h i s  value the  integra-  

t i o n  i n t e r v a l  i s  halved, 

CNST ( 2 )  = Minimum i n t e g r a t i o n  e r r o r ,  When t h e  in teg ra t ion  

e r r o r  i s  l e s s  than o r  equal t o  t h i s  parameter t h e  

i n t e g r a t i o n  s t e p  i s  doubled. 

CNST (3)  = Maximum i n t e g r a t i o n  s t ep .  The in teg ra t ion  s t e p  i s  

no t  permitted t o  exceed t h i s  value.  



CNST (4) = Minimum i n t e g r a t i o n  s t ep .  The in teg ra t ion  s t e p  i s  

not  allowed t o  be smaller  than t h i s  input .  

CNST (5)  = Minimum value of t h e  dependent va r i ab le .  I f  t h e  

dependent v a r i a b l e  i s  l e s s  than o r  equal t o  t h i s  

parameter no halving w i l l  take place.  

NTEST = The l a s t  case ind ica to r .  The l a s t  case t o  be 

executed i n  each run must have NTEST = 1. A l l  

previous cases  r equ i re  NTEST = 0. 

The f i r s t  f i v e  e n t r i e s  i n  t h i s  t a b l e  def ine  the  i n i t i a l  posi-  

t i o n  and d i r e c t i o n  of t h e  electromagnetic wave. In  order  t o  

b e t t e r  understand ray d i r e c t i o n  inpu t s ,  A and Bo, examine Figure 
0 

C-2 COORD(6) spaces po in t s  t o  be entered  i n  the  p l o t t i n g  array.  

Any f u r t h e r  p l o t t i n g  requirements would be dependent upon the  

p a r t i c u l a r  p l o t  subrout ine being u t i l i z e d .  

LIMIT (1) -LIMIT (6) TRIGGER STOPS 

The i n t e g r a t i o n  package w i l l  cause the  run t o  terminate i f :  

a .  the  geocent r ic  rad ius  of the  ray pos i t ion  reaches 

LIMIT (1). 

b. the  geocent r ic  rad ius  of t h e  ray pos i t ion  reaches 

LIMIT ( 2 )  and no r e f l e c t i o n  i s  t o  occur. 

c .  the  c o l a t i t u d e  of t h e  ray pos i t ion  reaches  LIMIT(^) 

o r  LIMIT (4)  . 
d. the  longi tude of the  ray pos i t ion  reached L1MIT(5) 

o r   LIMIT(^). 



Figure C-2 Ray Direction Inputs 

C-8 



This  parameter s e t s  the  frequency a t  which p r i n t e d  output  w i l l  

be generated.  M I S C ( ~ )  = 100 would cause a  block of output  t o  be 

p r i n t e d  whenever the  phase path length  reaches a  mul t ip le  of 18D 

ki lometers .  

MISC(7) = 0  w i l l  cause the  program t o  s top  whenever t h e  geo- 

c e n t r i c  rad ius  of the  ray p o s i t i o n  reaches L I M I T ( 2 ) .  A r e f l e c t i o n  

such a s  from t h e  sur face  of the  e a r t h ,  w i l l  be simulated each time 

t h e  r ad ius  of t h e  ray p o s i t i o n  reaches LIMIT(2), i f  M I S C ( ~ )  = 2. 

This  i s  the  i n i t i a l  i n t e g r a t i o n  i n t e r v a l  used by t h e  in tegra-  

t i o n  package. I t  w i l l  automatical ly  be doubled o r  halved a s  the  

maximum e r r o r  i n  any of t h e  dependent va r i ab les  becomes l e s s  than 

o r  g r e a t e r  than a s p e c i f i e d  bound. 

S e t t i n g  t h i s  parameter t o  1 w i l l  cause some i d e n t i f y i n g  s t a t e -  

ment of up t o  72 alphanumeric charac ters  t o  be p r i n t e d  a t  the  top 

of t h e  page immediately following the  input  information. In  t h i s  

case ,  the  des i red  heading should be punched on a  card immediately 

following the  HRT2 input .  I f  no heading i s  des i red  s e t  NTITLE = 0. 

NTEST MULTIPLE CASES 

This  program enables  the  user  t o  execute seve ra l  cases  with 

a  s i n g l e  run. We consider  a  ' c a s e '  t o  be the  t r a c i n g  of a  s i n g l e  

ray  according t o  one complete s e t  of input  da ta .  With t h e  f i r s t  



set of d a t a ,  NTEST should  be  se t  t o  zero .  For each subsequent  

c a s e ,  punch t h e  d a t a  set name, HRT2, fo l lowed by o n l y  t h o s e  in -  

p u t s  which d i f f e r  from t h e  p r ev ious  ca se .  The i n p u t s  f o r  each  

c a s e  a r e  simply p l aced  one behind t h e  o t h e r .  For t h e  l a s t  c a s e  

NTEST must be  t o  1. 

INPUT FORMATS 

Inpu t  con t a ined  i n  NAMELIST name HRT2 should  be  punched on 

c a r d s  accord ing  t o  t h e  fo l l owing  s p e c i f i c a t i o n s :  

1) Column 1 is  l e f t  b lank.  A d o l l a r  s i g n  ( $ )  i s  punched 

i n  column 2,  i n d i c a t i n g  t h e  beginning of a  se t  of  d a t a .  

2) The name of t h e  s e t  of  d a t a ,  HRT2, i s  punched i n  

columns 3-8, fol lowed by a b lank  space.  

3 )  The v a r i a b l e  names fol lowed by an equa l  s i g n ,  t h e  

numerical  va lue  b e i n g  a s s igned ,  and a comma a r e  then  punched. 

Cont inua t ion  c a r d s  may be  used simply by punching t h e  nex t  v a r i -  

a b l e  name i n  column 2 and c o n t i n u i n g  a s  be fo re .  The name of t h e  

se t  of  d a t a ,  HRT2, need n o t  be  repea ted .  A d o l l a r  s i g n  ( $ )  must 

fo l low t h e  l a s t  e n t r y  i n  each set of d a t a .  

When e n t e r i n g  v a l u e s  f o r  a  p a r t i c u l a r  a r r a y ,  each name need 

n o t  be  e n t e r e d  s i n c e  v a l u e s  a r e  s t o r e d  s e q u e n t i a l l y .  Thus, 

MISC (4)  = 90,  80 ,  50 i s  e q u i v a l e n t  t o  MISC (4)  = 90,  MISC (5 )  = 80,  

MISC(6) = 50. Blank spaces  a r e  ignored.  F igu re  C-1 shows a 

sample i n p u t  deck. 

A l l  numerical  v a l u e s  can  be  e n t e r e d  i n  e i t h e r  a  f i x e d  decimal 

o r  exponen t i a l  form. I f  t h e  decimal p o i n t  i s  omi t t ed  i n  a f i x e d  

decimal  number, it i s  assumed t o  l i e  d i r e c t l y  i n  f r o n t  of  t h e  

comma, w i t h  a l l  t r a i l i n g  b l anks  conver ted  t o  ze ros .  With 



exponential format, the decimal point is assumed to lie to the 

right of the least significant digit. As an illustration, the 

following numbers will have identical binary representation in 

storage: 

2500.0, 

2 5E+2 

2,5E+3 

2 5bb, where b=blank. 



A P P E N D I X  D 

COMPUTATIONAL RESULTS 

OF 

ABEL TRANSFORM INVERS ION 



---- -- - TABLE D-1- - - -  

- - - -M_BS_ -@?LA! LE_~LT-_ P 1.5 - - - VEmkA_L I S  AT 904  - - -  

PRO?AGATION FREcU_E_NCY 5- - - - - - - - - - - - - 4 0 0 . 0 0 0 0 0  UNPERTURBED PHASF D A T A  

GEOCtNTUIC - - - - - - - - - - - - - ~IFFFPFNTIAL R E F R A C T I V I T Y  REFRACTIV jTY  REFRACTIVITY PERCENT 
RAUIUS PHAXE DFI A Y  CAI.CII I .ATFD DIFFERENCE DIFFEREhlCE 



TABLE D-2 

P R O p ~ ~ 4 T l f 1 l r l  FREoUFPJ_CY = 
- - -- - - - - - -- - - - - - - iooo .o ( i oon  UNPEHTLJR~FO PHASE D A T A  

GEOCGNTRIC - - - - - - - - - - - - - - ~ I E F F R E N T I A L  H E F R A c T ~ I I I T Y  R E F U A C T I ~ T T Y  R E F R ~ C T I V ~ T Y  PERCENT --- 

R A ~ I U S  PHA5E UELAY CAI  ClJl A + F n  DIFFERENCE DIFFERENCE 



F E O C ~ N T R T C  D I F F F R F N T I A L  REF REF R A C T I \ ~ T T Y  
- - -- - - - - - - - - - - - 

RAUIIJS P H A S E  DFLAY C A L  CI ILATFD 



- - - - - - - - - - - - - - - - - - .- - - - - -- - - -- TABLE D-4 - - - -- - - - - - - - - - - - - - - - -- - - - - - - 

MAR? GRADIENT n 7 0 5  VERTICAL IS A T  9 0 .  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - 

PROPAGATION FREQUENCY I 400.00000- UNPERTURBED PHASF DATA 
- - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - -- -. - - - - -- - - - - - - - . - - - - - - - 

GEOCENTRIC OIFFFRENTIAL R E F R A C T I V I T Y  REFRACTI\ l ITY REFRACTIV ITY  PERCEhlT 
- - - - -RxQ - - - - -P - - 

H A S €  ISET~--- - - 
- -oi F-F-ER-Ei;l-CCEE - 

- -- - - - - - - -- - 
CAICULATFD - - - DIFFERENCE 



- - - - - - - - - - - - - - - - - - - - - - - TABLE D-5 
- - - - - - - - - - - - - - - - - - -. - - -. 

MAR? G R A D I E N T  -c--- 7 5 - V E R T I C A L  - I S  AT 9 0 .  - - - - - - - - - - - - - - - - - - - -- - - - 

G E O C k N T R I C  
------ 

D I F F E R E N T I A L  R E F R A C T I V I T Y  R E F R A C T I V I T Y  REFRACTIV ITY  PERCEhlT 
R A ~ F S - - - - -  -PWiSiT DFIAY CAI  CLJLATFD - - - DIFFERENCE -- DIFFEREM---- 





TABLE D-7 

G E O C t N T Q I C  ~ I F F F R F N T  IQL REFRACTIVITY R E F R A C T I \ / T T Y  R E F R A C T I V I T Y  
- - - - - - - - - - - - - - - P E R C E N T  -- - 

R A d I U S  PHASF OF1 A Y  C A I  C0L.A rF@ O ~ F F E R E ~ ~ C E  D I F F E R F h l C E  I 



G E o C k N T R I C  ~ I F F F R E N T I A L  R E F ~ A c T I V ~ T Y  R E F R A c T I V ~ J Y  P E - R S E N T  - --- - --------------- - 
R E F R A C T I V I T Y  

- - - - 
R A O I U S  PHASE D E L A Y  CALCULATFD ~IFFRENCE DIFFERENCE 



- - - - - - - - - - - - - - - - TABLE D-9 

o ~ ~ o e c 4 0 1 ~ o b  - r O P r ' U n u O J  - 1  ; Z J T U 8 l i r u  - 1  .hR;I7n?Y - ~ , b * l Y l O 5 € - 0 2  2 .n38  4 

--- 
h ; ? l ~ ~ ~ m ? 1 2  -.nn186408 -1.5n?R135 --I .4T)onhh ~ . 0 9 0 6 9 0 R F - o ?  3 ?ET 

-- -- ~~. d-t OD -,nn166OJf -1.3hR5293 - 1  .6p?o933 -3.446395E-02 2,778 -- 



------- - - -  - TABLE D - 1 0  

V E I I U ~  G R A D I E ~ I T  =-I  s q  - - - .- - -- - - - - - V E ~ T l r b b  15 AT 96,  - 

O E n ? t N T R l C  
----- 

~ ~ F F F Q E N T I A L  H E F R A c I T v I I Y  WEFuACTl \ lTTY R E F R A C T I V I T Y  PERCENT - 
Riim 05  P ) - I A S F  D E L A Y  CALCLlL.ATFD ~IFFFRENCF. D IFFERENCE 



TABLE J-11 

- 

GEOCENTRIC 
------ 

~ I F F F R F N T I A L  P E F R A c T T ~ I T Y  RFFPACTTSIT TY Q E F R A C T I V T T Y  PEWCENT 
AACJICTS~- PHASF D E L A Y  C A I  C ~ I I  A Y F P  DIFFERENCE DIFFERENCE 

- - 



'TABLE D-12 

PROPAGAT I O N  FaEnlJFFirY = 
- - - - - - - --- - 

? 7 0 0 . 0 0 0 0 0  UluPEQTllRBFD PHASF DATA - 
ui 

GEOCtNTRIC 
-- - - 

 IFF F P E N T T ~ L  REFPAcTI~XTY f ? E F Q A r I I 1 I ~ T V  REFRAcT IVXTY PERcEhlT 
-RAUIUS- - -  

- - 
P H A S F  OFLAY C A I  C ~ J L A T F ~  DIFFFREWCF OIFFERF~ICE 1 



- - - - - - - - - - - - - - - - - - - - - - - TABLE D-13 
- --- . - - . .  - - . 

MAR> G R A D I E ~ I T  = 3 e +  V E R T I C A L  1 5 - A T  84. -~ --------------- - -- - - -- - - -. . - -- . . - -- - - - - - - -- - - - - . - - - -. . - - - - 

PROPAGATION FREOUFNCY a 
- - - - - - - - - - - - - - - - - - - 4 0 0 . 0 0 0 0 0  UNPERTURREII P H A S E  D A T A  

- --  - - -- 
P, 

G E n r t N T R I C  
--- --- 

~ I F F F R E N T I A L  
R P  iTf(15--- ----P- - - - - 

R E F R A C T I V I T Y  R E F N A ~ T I v I T Y  R E F R A C T I V I T Y  PERCENT 
- - 

H P ~ E  DELA? C A I  C I I ~  A T F D  E ~ F ~ ~ ~ E N C , C  - DIFFERENCE 



----- ----- TABLE 11-14 
- - - - -- - - -  

MAR5 G R A D ~  ~ I T  = 3 e 6 ----- --- VERTI~AC IS A T  89 - -- 

- -- - 
GEnctNTRIC ~ I F F F R F N T I A L  REFRAcTI \ 'TTY  REFRACTIV ITY  PERCEhlT 

~ Q X C q h T S  -- - 7 H A S F  DELAY CALCULATFn DIFFERENCE DIFFERENCE 



P R O P A G A T I O ~ I  FQFO{.JENCY = - - - - - - - - - - - - - - - - - - - - ~ 2 n 0 0 0 0 0 0 0  U N P E H T ~ J R ~ F ~  PHASF - D A T A  - - - - 
- -- 

m 

G E O C ~ N T R I C  
------ 

D I F F E R E N T I A L  nAurus- - ----- - - - H E F R A c T ~ V I T Y  REFPACTIt /TTY R E F R A C T I V I T Y  PERCEhlT 
- 

PHASF D F L ~  C A I  CIILATFD DIFFERENCF- DIFFERENCE - - 



PROPAGATION FREOUEN - - - - - - - - - - - - - - - 0 PHASF D_AT_A - 

GEOCFNTRIC -. - - - - - - - - - - - - - - - - 
RAOIUS PHASF DFLAY CAI CUI ATFD DIFFERENCE DIFFERENCE 



-- -- - - 
TABLE D-17 - 

M b Q b  GRAnIFNT-,l,5 - V E R T I ~ A L  I S  AT 87.5  ------ ------ 

1000 ,00000  UNPERTLIRt3Fn PHASE DATA 

6EoCtNTRIC 
- - - - - - - - 

~ I F F F R E N T I A L  REFQACTI\IITY REFRACTIIITTY REFRACTIVITY PERCEhlT - 
R A U I  US PHASE DELAY C A I  C ~ I I  A T E @  DIFFFHENCE DIFFERENCE 



TABLE D-18 

G E O C ~ N T R I C  - - - - - - - - QIFFFRENTIAL R E F R A C T T V I T Y  R E F H A C T I ~ T T Y  REFRACTIV ITY PERCE~I?'  
Q A u I l J S  PHASF DFLAY C A I  CIII ATFP DTFFERENCE D I F F E R E N C E  



- - -- --- - - -- - -- - - - -- - -  - -~ -  -- ~ ~~ 

TABLE D-19 ---- 

PROPAGATION FQEOUENCY = 4 n 0 . 0 0 0 0 0  UNPERTURBED PHASF D A T A  -- -- - - - ----- 
- - - - - - - - - - - - - - - - - - -- - - - - - - 

-- - 
GEOrtNTRIC ~ I F F F R E N T I A L  REFRACTIVITY REFPACT I v J TY REFRACTIVITY PERCENT 
- - R X ~ C F - - - -  PR6SCDFIR( - CAI-CI ILAT~O - - r 7 ~  FFFRE NC-E - IX TFT KEIcT - - - - 



-~ - -  - - - - - - 
TABLE D-20 . - - - - - - - . - - -- - - 

V E R T I r A L  1 S  AT 9 1 9  VENUS GRADIENT = 3.5 
- -- -_-  - - -  ------------- ~ 

~ - - .-~- ~ .- - - - . - - -~~ .- - 

P R O ~ A G A T I O F J  F Q F ~ ( J E I \ I C ~  = 
- - - - - - - - - -- - - - - - - - - - - 

1000.00000 UNPFRTClRRFO PHASF D A T A  

G E O C ~ ~ T R I C  ------ o I F F F R E N T I A L  R A  IT%vq- ---- P- -- R E F R A C T I V I T Y  REFRACTIVITY 
H A ~ F  UFC C A I  CULATFD DIFFFRENCE 



~. ~~ ~- 
TABLE D-21 

~ - --- ~ - . . - --- ---.. 

GEnCgNTRIC P I F F F R E N T I ~ L  R E F R A c T I ~ I T Y  REFUACTI\IITY REFRACTIVITY PERCEhlT I 

- na cs- - - - - - - - -- - - 
PHASF DELP ---- CALCIJLATFD o r  FFERENCE DIFFER~NCE- - 



GEOCtNTRIC ~ I F F F R F N T I A L  - R E F R A C T I V I T Y  R E F R A c T I \ l T T Y  - REFRACTIVITY PERCEMT' - - -  
- - - - - - - - - - - - -- - - - - 

RAL)Ill'i PHASE DELAY CAL CtJl.ArED DIFFEREMCE DIFFERFNCE 



G E O C t N T R I C  ~ I F F E R F N T I A L  HEFRACTIVITY W F F R A C T I \ I T T Y  - PEFRACTIV ITY  - - - - - - - - - - - - -- - - - - - PERCENT . - -- - 
R A U I U S  PHASF DELAY C A l  CIJLATFD DIFFERENCE D I F F E R E N C E  



OEOCLNTRTC ~ I F F F P F N T I A L  R E F R ~ c T T ~ I T Y  REFRACTI\IITY R E F R A C T I V I T Y  PERcEhrT - - - - - - - - - - - - - - - 1 
R A U I t J S  P H A ~ ~  DFLAY C A I  CIJLATFD DIFFEREMCF: DIFFERENCE 



Figures D-1 to D-24 

Examples of Reconstruction by Abel Transform of Mars 

and Venus Ionospheric Three-Dimensional Profiles 

~req(uency) in MHz 

~ r a d  (ient width) in degrees 

Original Model 

X X X X X X Recovered Profile 

Assumptions: a) (Phase) error-free columnar measurements; 

b) Day-to-night transition (terminator) 

at 90° longitude; 

c) Rays' direction perpendicular to 

terminator and contained in equatorial 

plane ; 

d) The vertical along which profile is 

reconstructed is at the equator. 





IONOSPHERE OF MRRS 
FREQ = I000 GRCld =: 3.5 

VERTItblL RI 90.0 O f G  LUNGITLIOE 
UNPER WRBE 6 PPCISE OWTg 

Figu re  D-2 



IONOSPHERE OF MRRS 
FREO = 2 2 0 0  CPPO z 3.5 

V E R T I W L  RT 90.0 OEG COPGITUOE 
U~PEPTURBEO P W E  OPTP 

3515 3555 

GEOCENTRIC PmIUS - M f l a  

F i g u r e  D-3 

D-29 





IONOSPHERE OF MRRS 

F i g u r e  D - 5  







IONOSPHERE OF VENUS 
i R E Q  1000 GRWO = 7.5 

VtRLICRL RT --0.0 O X  LONGITUOC 
URPERTURBEO PnME ORTW 

Figure D-8 



IONOSPHERE OF VENUS 
fREg = 2200 GRAD -. 7.5 

\ERTIWL F I T  PP.0 OEG LOlVGlTUDE 
UNPERTURBED PHRSE OATW 

6 170 62 10 

GEOCENTRIC RROIUS - W f l .  

Figu re  D-9 





IONOSPHERE OF VENUS 
FREQ = 1000 GAR0 = 3.5 

'JERTICRL RT 90.0 OEC LONGITUOE 
UNPERTURBEO PnRSE ORTR 

Figure D-11 



IONOSPHERE OF VENUS 
FREO =: 2200 MA0 =. 3.5 

VERT ImL FIT 90.00EG LOW1 NE 
UNPERTURBED PXFISE DFFTFI 

Figure  D-12 



IONOSPHERE OF MRRS 
FREg 2: 4-00 GlgFId = 3.5 

VERT I CCIL FIT 89.0 OEC LONG1 TUOE 
WPERTURBEd PNRSE OfiTfi 

GEOCEHTPlC PFI01U5 - kFl. 

F i g u r e  D-13 



IONOSPHERE OF MRRS 
FREQ = 1000 GRW = 3.5 

VERT ICRL RT 89 * 0 DEG LONGITUDE 
UNPERTURBED WR5E DWTR 

Figure  D-14  



IONOSPHERE OF MARS 
FREB = 2200 GtOfld = 3 . 5  

VERTICPL RT 59.0 OEG LOP(GITC16E 
UNPERTIJRBE6 PtiflSE ORTR 

3515 3555 

GEOCENTRIC RWOIbS - Htl. 

Figure D-15 



IONOSPHERE OF MRRS 
fREd = 400 GRRO = 7.5 

V€Rf IUL R I  87.5 OEG LONGITlJtIE 
UNPER NU I E  0 PHRSE ORTR 

Figu re  D-16 





IONOSPHERE DF MARS 
GRRb = 7.5 

RT 87 .5  OEG LOPJGITIJOE 
PERTLIRBEO PHRSE ORTP 

GEOCENTPIC RROJUS - Hfl. 

Figu re  D-18 



IONOSPHERE OF VENUS 
FRED =: 4 0 0  GRPO = '3 .S 

LERl[[IRC Rl 91.0 OEG LOFIGITUOE 
UBPEPTUPBEO m%E OPTP 

F i g u r e  D-19 







IONOSPHERE OF VENUS 
FREO = 400 GRRO =: 7.5 

VERTICRL FIT 92.5 OEC LONGITUOE 
UNPERTURBEO E ORTFI 

F i g u r e  D-22 



IONOSPHERE OF VENUS 
FREQ = 1000 GRRO = 7 . 5  

'dER1 IUK FAT 92.5 OEG COFIGI TUOE 
UfiPEPwPeEo WRSE ORTP 

GEOCENTRIC RaOlUS - H f f .  

Figure D-23 

D-49 



IONOSPHERE OF VENUS 
FREB = 2200 GRFIO = 7.5 

VERTItFIL RT 92.5 OEC LONGITUOE 
UNPERTURBEO PHRSE ORTR 

F i g u r e  D-24 



APPENDIX E 

COMPUTATIONAL RESULTS 

OF 

ABEL TRANSFORM INVERS ION 

I N  PRESENCE OF PERTURBED PHASE DELAY 



- - - - - - - - - - - - - - -- - - - - - - TABLE E-1 
- - -- - - - - - - ----- 

M A R S  G R A O I E N ~ '  r ----- q . 5  - V E R T I C A L  - I S  AT 90.  - - - - - - - - - - - - -. 



G E O C ~ N T R I C  ---- ~ I F F F R F N T I A L  R A  mFs------------- - - 
R E F R A C T I V I T Y  R E F U A C T I V T T Y  R E F R A C T I V I T Y  PERCENT ------ 

PHASF DELAY C A I  C I ~ L A T F D  D I F F E R E I G ~ E -  DIFFERENCE 



M A R S  G R A D I E ~ I ~  r 3 . 5  V E R T I r A L  I S - A T  9 0 .  - - - -  - - - - - - - - - - - - - - - - - - - -- - - - - - 

1 

PROPAGATION F Q E O U F ~ I C Y  = PERTURBED -- 

I 

- - - - - - - - - - - - - - - - - - - -- 4 
,, 

G E O C ~ N T R T C  
-- - - 

o I F F F R F N T I A L  naof m- - - - - - - - - REFRACTIV ITY R E F R A c T I \ ~ T T Y  REFRACTIVITY PERcEhtT 
P H A ~ E  D F I ~ T  CAI C ~ I L A T F D  DIFFERENCE 'IFFTRENC~-----' 



- - - - - - - - - - - - - - - - - - -- - - - - 
TABLE E-4 -- - - ----- f 

I 

MAR3 GRADIENT = 7 .5  VERTICAL I S A T  90 .  - - - - - --- -- ---- -- - -- - - - -- -- - - -  - - 4 
i 

PROPAGATION FREOUENCY = 400r00000-  PERTURRFD PHASF DATA - - -  - --- -4 
I 

- - - - - - - - - - - - - - - - - - - - - - 
1 

GEOCENTRIC OIFFFRENTIA  - - - - - - - - - - - - - - - - - - - REFPACT I V T T  Y REFRACTIV ITY  
- -  - - -  PERCENT ____, 

RAOIUS PHASF DELA C A I  C( IL .ATFD DTFFERENcF: DIFFERENCE I 



v 
PROPAGATION F9Ef3UENrY = ---------- ---- l ~ 0 ~ ~ 0 0 0 0 0  PERTURHEE PHASE D A T A  - -- - -  - ! 

GEOCkNTRIC D I F F F R E N T I A L  REFRACTIVITY REFRAcTI \~TTY REFRACTIVITY PERCENT 
1 
I 

---------- - - - - 

a a u ~ u s  P H A ~ F  OFLA? - C A L C I J L A T F Q  DI~FERENCF DIFFERENCE - - 4  , 



---------- -------- --- TABLE E-6 -- - - 

MARS G R A O T E N T = ? e C ,  V E R T I C A L - I S A T ~ ( ~ * - -  - 

P R O ? A G A T I O N  F R E O U F N ~ Y  = - - - - - - - - - - - - - - - - 2 2 0 0 e 0 0 0 0 0  PERTURBED P H A S F  ~ A T A  - 

GEOCkNTRIC D I F F F R F ~ J T J A L  - REFRACTIVITY R F F R A c T I ~ T T Y  REFRACTIV ITY PERCENT _ - - - - - - - - - - - - - - -- 
R A O I U S  PHASF DELAY CAI  CIlL.ATFD D I F FERENCF. OIFFERENCE 



P R O ~ A G A T I O N  F R E O U E ~ C Y  ' 4 0 0 . 0 0 0 0 0  PERTURBED - - PHASE -- DATA - --- -- -- 
- - - - - - - - - - - - - - - - - - - - - - - - - - - 

GEOCENTRIC ------ oIFFERENTIAL Am us- - - - - - - - -- - - REFRACTIVITY R E F R A c T I ~ T T Y  REFRACTIV ITY  
- - - - -- - - - - PERCENT -- 

PHASF DELAY - CACCLJLATFC LIIFFERENCE OPFFEF~LNCE 



PROPAGATION FREOUENCY = 1000.00000 
- - - - - - - - - - - - - - - - - - - - - - - - - PEHTURBFD PHASF DATA 

- - - - - - - - - - - - - -- - 

?, 

GEOCENTRIC 
------ DIFFFRENTIAL  REFRACTIV ITY  

- 
REFRACTIVITY 

nr\ofcsS------ 

E 
z 



i 
P R O Y A G A T I O N  FREQUENCY = 22n0 .00000  

- - - - - - - - - - - - - - - - - - - - - - - - 
oEHTURf3EO P H A S F  ~ A T A  - - - -- - - - - - - *  

G E O C ~ N T R I C  D I F F F R F N T I A L  R E F R A C T I V I T Y  R E F W A C T I " T T Y  R E F R A C T I V I T Y  
i 

------ - - 

RACJIUS-----P~TATFBEXAY - DIFFERENCE DIFFERENCE--- 1 

C A L C l l l . A T F 0  

--- 6 ~ 5 5 ~ i 6  ----7~4111-4 oil- -- 0.00Ufi000 - . 5 A l f f F l 3  - -c;RIR'T137E-D1 -*I@ - --; 
--- 61-6n;-f1Ff3ct8-----e+W59+0~ - - - 0  .0000000 -.39477'P1 -3,342470-67-- 33 .hqF --' 



- - - - - - - - - - - - - - - - - - - - - - - TABLE E - 1 0  - -  - - - -- 

VENUa GRADIENT n 7.4 VERTI_CAL- I S  AT 9 0 .  - - - - - - - - - - - - - - - - - .- - - - - - 

PROYAGATION FREOUFNCY = 4 0 0 e ~ 0 0 0 0  - - - - - - - - - - - - - - - - - - - PERTURBED PHASE D A T A  _ -  - - - - -- 

GEOCkNTRIC D I F F F R F N T I A L  - R E F P A c T I ~ I T Y  REFRACT!VIJY PERCENT - _  - - - - - - - - - - - - - - - - - .- - REFPAcTIvITY 
RADIUS PHASE DELAY C A I  CLJL.ATFD DIFFFRENcE DIFFERENCE 



PROPAGATION FREOUFNCY = - - - - - - - - - - - - - - - - - - - - . 1 0 0 ~ . 0 0 0 0 0  PERTURBED PHASF DATA 

G E O C ~ N T R I C  O IFFERFNTIAL  REFsacTTv ITY  - R E F R A c T I ~ T T Y  REFRACTIV ITY  - - - - - - - - - - - - - - - - - - - - - 
RAOIUS PHASF DFLAY C A I  cub A ~ F D  DIFFERENCE DIFFFRENCE 



2200.00000 PERTURBED PHASF DATA 
- - _  

CjEOCcNTRIC D IFFERENTIAL  R E F R A C T I V I T Y  REFRACTI \ / ITY - R E F R A C T I V I ~ V  - -  PERCENT - - _ _  - -------------------- 
RAOIUS PHASE DELAY CAI CULATFD DIFFERENCE DIFFERENCE 



TABLE E-13 - - 

-- 

P R O P A G A T I O N  F R F O U E N C Y  = - - - - - - - - - A A -- - - 4 9 0 ~ 0 0 0 0 0  P E R T U R R F D  PHASE O A T &  

G E O C k N T R I C  ~ I F F F R E N T I A L  - - - - - - - - - - A - - A - - 
REFRACTIVITY R E F p A r T I b / 7 T Y  R E F R A C T I V I T Y  

Q A U I U S  P H A ~ F  DELD C A I  C O L A T F D  

-- 
-'slb.4ULG3'd - 1 ~ . ~ ~ 2 n l w o  

------ 
3 5 2 1  .h$37A9TA - -.00047322 -16.6449715 - 9 , 4 7 5 ~ n 4 9  4 . 1 6 9 9 6 7 6 ~ 4 0 0  

--- 
35Kt?9f71132 . noc3778Z -13.6113668 -O.5057720 4, ]656348E+oo  - 

3531  eC lbbh1H * 0 ( 1 l J e l b U  "12 -50hhY14  

--- 3536,U7wt5-9- --  .0(1TIJ8329 -1 1.3880746 -7 .9541090 3.4339656E+00 

- -  - 3 5 T l T 2 5 ~ 6 8  - 9298975  -1 ,j . ~ 9 8 & 4 5 6  - 6 * 7 4 1 4 6 6 4  3.556gT92F+00 

J y & b a L J Z h l J f  . 0OJabOjU - _  " e  2b37ajE'  
-- - 

-1<Tl FT9T'l4-6- 
- 

.00441057 - ~ . 7 9 5 ~ 2 5 n  " " 0 1 7 0 0 5 4 2  3.1?49708E+00 

--- 
~~F~GQSGTFF- - - . -nv+e~s19 -7,4054345 

3 5 b 1 * 1 Y 3 1 6 1 4  * 00553400  - 6 r 5 9 7 8 0 3 4  

--- %6cn%m7r - . on594613  -5 ,8590149 - 6 . 3 4 5 ~ 7 8 6  1.5134864E400 

--js;+f; ~q9w 0 n h 5 1 3 3 0  -5.1946930 -7.55AhP99 1.64n2031F+oo 
- 

35 f b e i 4 5 0 0 j 4  e O 9hY3 1 -4,60734 14 
-- - %%~r3m5f j f  - .00735867  -4.0784917 -7.HA8hh80 1.2098238F+00 

--- 3=%~&417 MA - .n07?5683  -3.6084494 -7 .546+?09 1 , ~ ~ 1 9 1 8 5 ~ + 0 0  



TABLE E-14 

G E O C ~ N T R Y C  
- - - - - - - - - - - - - ~ I F F F R E N T I A L  REFPAcTT\IITY R E F P A c T I V T T Y  RFFWACTIVITY PERCENT - - - ,  

RAUIUS PHATF D E L A Y  C A I  C I I L A T F ~  D I F  FEREMCE DIFFERFNcE 



- - - -- - - - - - - - - - - - - - TABLE E-15 

GEOCFNTRTC ~ I F F F R E N T I A L  R E F Q P c T ~ v I T Y  RFFRACT J ~ T T Y  R E F R A C T I V I T Y  PERCENT - - -  
- - - - - - - - - - - - - - - - 

R A U I U S  PHASF DELAY C A I  C l l l  A T F r t  DIFFERENCE a DIFFERENCE .. 
n r . n 4 Y 1 5 % U U  -.5120167-----I i 0 V p 7  1 1 - 1 ,Yo00352E-01 155.447 1 

I 



- - - -- - - - .. . -. - - - - - - . -. - - - 
TABLE E-16  

- -- 

GEOCLNTQIC 
------ 

~ I F F F Q E N T I A L  R E F R A C T ~ ~ ~  T Y  R E F R A c T I ~ ~ T T Y  R E F R A c T I V ~ T Y  PERCENT 
- -. 

R A ~ U S -  --- P H A ~ F  D E I  AY C A I  C I J I  A I F D  DIFFERENCE DIFFERENCE 



TABLE E-17 

V E R l I r A L  IS A T  8 7 . 5  - -- 

--- m4h-i name- ,021 4P78Z -1.575R931 - 1  e5207795 505113635F-02 3 e 4 V  - - -  

% m W t -  - -t,%YWT53 -T;--U i n o  5ng 

l P - - -  
w e e  t t l l  ern e 02172360 "1 .?601 956 -1 .?h6&907 -6.2950721 E-03 a 5 0 0  

I I - - -  ss-Cr1,+I*?+6* ,621 8 4 5 5 0  -1.122n710 - 1  .051=718 7.n539185E-02 6,287 

- 
03t-02 

- -.-nF%T 1 3  - 3 .368  

5 -  -- 35%; Us* NtW- . 0 2 2 3 1 5 4 7  -,5434126 - . 7 ? 5 " 8 0 9  -1,8166838f-01 3 3  ~ 4 3 1  

4 1 1 r 0 0 u n n o u  n 0 @ 000 



P R O P A G A T I O N  FREOt lFr \ ' f  Y  = - - - - - - - - - - - - .- - - - - 9 P E R T U R H F r )  P H A S E  DA -- -- -- 

G E O C t N T R I C  ------ o I F F F R F N T I A L  A csS - - -- - -- R E F R A C T I V I T Y  R F F F A c T I V T T Y  R E F R A C T I V I T Y  P E R C E N T  - - 

P H & - s ~  D F L A Y  C b f  C l J L A T F D  DIFFERENCE DIFFERFNCE 



GEOCtNTRTC ~ I F F F R E N T ~ A L  REFRACTI\I ITY R E F R A C T I \ / T T Y  REFRACTIVITY PERCENT --L ------ - -- 

R A O I ~ J S  PHASE O F ~  A Y  CAI-CIILATFD D I F F E R E N C E  DIFFERENC~ 



~ 

VENOS GRADIENT = 7 . 5  - -  - -- ---------- .A 

TABLE E-20 
-- . -  

G E O C t N T R I C  ~ I F F F R F N T I A L  REFPACTIV ITY R F F R A c T I \ ~ T T Y  REFRACTIVITY PERCENT - - - - - - - - - - - - - - -. - - - - - 

R A O I U S  PHA5F DELAY CAL CiI1 ATFD UIFFERENCF: D I F F E R F N C E  



- - 

V E R T I r A L  I S  AT 91, 

TABLE E-21 - - - -  - . 



- G E n c $ N T R l c  ~ I F F F R F N T I D L  REFRACTIVITY R F F P A c T I ~ T T Y  R E F R ~ c T I V T T Y  PERCEWT 
------ 

Q A ~ F S - -  -- - Pi- A S ~  f j ~  L AY C A I  CI1I-ATFD OIFFERENCF D I F F E R F M c E  



G E n r t N P R T C  
-- - -  

~ I F F F R F Q T I A L  R E F P A C T I ~ I T Y  REF P A C T I ' I T T Y  R E F R A C T I V ~ Y Y  
RAolUS P H A S F  D F L A Y  C A I _ C 1 J L A T F O  DIFFERENCE 



.~ - -  ----- ~- 
TABLE E-24 . ~ 

VEbJUb G R A D I E N T  = 7.5 - - - - - - - - - - - - VERTICAL  I-s A T  92.5 . - - -. . -- -- 



Figures  E-1 t o  E-24 

Examples of Reconstruction by Abel Transform of Mars 

and Venus Ionospheric Three-Dimens ional  P r o f i l e s  

Freq(uency) i n  MHz 

~ r a d  ( i e n t  width) i n  degrees 

Or ig ina l  Model 

X X X X Recovered P r o f i l e  

Assumptions: a )  Columnar measurements a f fec ted  by 

phase e r r o r s  ; 

b) Day-to-night t r a n s i t i o n  ( te rminator )  

a t  90° longi tude ; 

c )  Rays' d i r e c t i o n  perpendicular  t o  

terminator  and contained i n  equa to r i a l  

plane ; 

d )  The v e r t i c a l  along which p r o f i l e  i s  

reconstructed i s  a t  the  equator.  



IONOSPHERE OF MRRS 
FRfQ = 400 GRRd =: 3.5 

VERILmL 81 90.0 OEG LOEGITUOE 
PERTURBEd P H s €  ORTR 

GEOCENTRIC RB01bS - 80 .  

F i g u r e  E-1 



IONOSPHERE OF MRRS 
FREQ = 1000 CRAB =: 3.5 

VERT I CPL C11 90.0 OEG LONG1 TUOE 
PERTUPBE0 PtlWS€ OPTFI 

F i g u r e  E-2 



IONOSPHERE OF MRRS 
FREO = 2200 CFPO z 3.5 

\r€RTtWC BT 90.0 OEG iOF(G'1TUOE 
PEPTUTslE3EO P M E  O R l R  

Figure  E-3 



IONOSPHERE OF MRRS 
FREQ -. 400 GPRO = 7.5  

VERTiCFIC RT 90.0 OEC COFICITUOE 
PERTURBEO P H a E  QRTR 

F i g u r e  E-4 



IONOSPHERE OF MRRS 

GEOCENTRIC RROIUS - kt!. 

Figure E-5 



IONOSPHERE OF MARS 
fRCg =: 2200 GRAB = 7 . 5  

VERIlCFIL 87 9 0 . 0  OEG LBNGITU6E 
PERIURBEB PHASE ORTR 

F i g u r e  E-6 





IONOSPHERE OF VENUS 
FR%Q = 1000 GWRO z 3.5 

\IERT[CWC RT 50.0 O%G LOMGITUOE 
PERTURBEO PHASE ORTR 

GEOCENTRIC PROIUS - MU. 

F i g u r e  E-8 



IONOSPHERE OF VENUS 
FREQ = 2200 GRAD = 3.5 

VERTICFIL RT 9O.ODEG LONGINOE 
PERTUFglED PfifSE DRTA 

Figure  E-9 



IONOSPHERE OF VENUS 
FREQ = 400 GRRO = 7 ,S 

VERTICFIL FIT  90.0 OEC LONGITUOE 
PERTURBEO PHFiSL ORTR 

F i g u r e  E-10 

E-36  



IONOSPHERE OF VENUS 
FREQ = 1000 m 0  = 7 . 5  

VERTIWL ClT 90.0 O€C LOFIGITUOE 
PERTURBEO PHRX ORTR 

GEOCEfUTPtC BFIOIUF - MR. 

Figure E - 1 1  



IONOSPHERE OF VENUS 
fREQ = 2200 GRRO = 7 .S 

\ERIICRL R1 9 0 . 0  OEG LONGITUDE 
P€RTURBEO PHASE OBTR 

F i g u r e  E-12 



IONOSPHERE OF MRRS 
FRED = 600 GIIflO =: 3.5 

VEPTIWL CI I  t33.0 OEG LDEGlTLlOE 
PERTURBEO PPCISE O R T n  

1 I I I I 
3515 3 5 5 5  

GEOCENTRIC RA61U9 - HPl. 

Figure  E-13 



IONOSPHERE OF MRRS 
FREO - 1000 GRAD r= 3.5 

VERT ImL R? 89. O DEG LONG1 TClDf 
PERTURFflED PWEE ORTR 

Figu re  E-14 

E-40 



IONOSPHERE OF MRRS 
FREQ = 2200 GllBd -- 3.5 

VERTICFIL BT 89.0 OEC LOfUCITU6E 
PERlClRBEd PHASE ORTR 

GEOCENTRIC R f l B I U 5  - RfI. 

Figure  E-15  



IONOSPHERE OF MHRS 

F i g u r e  E-16 



IONOSPHERE OF MRRS 

Figu re  E-17 



IONOSPHERE OF MARS 

GEOCENTRIC RWOlM - Hfl. 

F i g u r e  E-18 



IONOSPHERE OF VENUS 
FPfO = 400 GPRO =: 3.5 

VEPTIePC R I  91.0 OEG LOEIGITUOE 
PEPIURB€O PPPSE OPTR 

F i g u r e  E-19 



IONOSPHERE OF VENUS 
FPEQ = 1000 GPRO = 3 .5  

VEPTICPC PI 91.0 O€C LOPGITUOE 
PERTUmEO P M E  OPTR 

GEOCENTRIC PaOlUS - Hfl. 

Figu re  E-20 



IONOSPHERE OF VENUS 
FPED =: 2200 CRR0 =: 3 .5  

VERT I CRL RT h 1 .O OEG CWGI TUOE 
PERTURBEO P M E  ORTR 

GEOCENTRIC PF\OIUS - HV, 

F i g u r e  E-21 



IONOSPHERE OF VENUS 
FPEO r= 400 CaBO = 7 .5  

VERTIWL RT 92.5 DEG COMGITUOE 
P E R T U ~ E O  PHfaSE OPTR 

GEOCEBTPIC PFIDlUS - Hfl. 

F i g u r e  E-22 

E-48 



IONOSPHERE OF VENUS 

GEOCENTRIC RROIUS - Mfl. 

Figure E-23 



IONOSPHERE OF VENUS 
FREQ = 22C10 6;PPo = 7 . S  

LERl t Wt  F I T  97, S OEG CMGl TUOE 
PEPTUMEO PHBE OPTR 

Figure  E-24 



APPENDIX F 

COMPUTATIONAL RESULTS OF THE 

ERROR ANALYSIS FOR IONOSPHERIC 

ELECTRON DENS I T Y  AND ATMOSPHERIC REFRACTIVITY 



TABLE F-1 

ERRORS IN CALCIILATI~~(; E L E C T R O N ~ E S ~ F P R O F I I E -  
- - - - - - - - - - - - - - - ( F 1  = 400  MH7 AND F 2  = 1 0 0 0  MHz) - -- - 

R N l  ( R )  N2 ( R )  A B S O L I ~ T E  A ~ S O L U T E  RESUILTING ERRORS IN CALSLAJING - - - - - - - - - - - - - - 
HEIGHT (f i- IJNITS) (N-IJNITS) FRROR TN ERROR I N  N F ( R )  + / -  DNF(R)MAX 

(KM) F = ,009 CYCLES E = , 0 2 7  CYCLFS C A L C I I L ~ T T ~ G  N l ( R )  CbLClJLATING N 2 ( s )  

------ r e a r  -5.815 -.91? . I ~ ? Q C  .35778 23446.042 +I -  2365.-r-------- 

-.* - - 
i ? [ ~ h  >en_c~ c -0. 163 



------ -- 
MARS G R A ~ E N T Z ~ F S  VERTICAL I S  4T 90 .  

R 
- - - - - - - - - N ]  ( R l  N 7 f R )  AHSOLIlTE ABSOLUTE RESUl TING ERRORS 1N CALCULATING- , 

HEIGHT (hl-UN1 TS) (N-UNITS) FRHnR IN ERROR I N  N F ~ R )  + / -  DNF(R)MAX 
fKM1 F = . 0 0 9  CYCLES E ,050  CYCLES CALCIILATIWG N l ( R 1  CALCULATIN(; N 2 f 0 )  1 



TABLE F-3 
- -  - A -  

EH- IN  CAL77LA mf3  EL^-I t. 
- - - - - -. - - -- - - - - - - - - - - 

IF1 = 4 0 0  MH7 AND F 2  = 1 0 0 0  M H z )  - - - A -- 

4 
- - - - - - - - - -. - - - - - - ~ J J  ( 4 )  V 7  ( 4 )  ABSOLiITE LIBSOLIJTE RESULTING ERRORS I N  C A L C ~ J L A T I N G  --- 

HEIGHT IN -UF~TT  $1 fN-IJNTTS) ~ H M O ~  T N  ERROR I N  N F ( R )  + / -  D & F ( R ) M ~ X  
IKM) F = . 0 0 9  CYCLES E = . 0 2 7  C Y C L E S  CALCIILbTIhlG N l ( R )  CALCULATING N 2 1 n )  



TABLE F-4 

- - -- 
k n n w  I N  CAI C I J L A i  I \ f G  ELE-UP 1 1  t 

( F 1  4 0 0  !AH7 AND F? + 2 2 0 0  M H z )  

------  
R h l  ( R )  h i7  ( R )  &@SO( l lTF ABSOLUTE RESO( T ING ERRORS I N  CALCtILATING 

HF I GHT (N-UNITS) (N-IJNTTS) FUROR TN ERROR IN N F ( R )  + / -  DNF(R)MAX 
( K M )  c = , 0 0 9  CYCLES E = , 0 5 0  CYCLES- cALCI ILATI~~G ~1 (R) CALCULATING N 2 ( 9 )  



a - - - - - - - - - - h i 1  ( R )  Y Z  ( R )  ARSnLt'TF ABSOLUTE RESUI T ING ERRORS I N  CALClJLATINg - -  

HE I GHT ( N - ~ J N ~ ~ s )  (N-UNJTS)  FHROR IN ERROR I N  NF1R) +/- ONF(R)MpX 
( K M )  F = . 0 0 9  CYCLES k = .022 CYCLES- CALCIILATI"'~; N l f R )  c ~ L C U L A T I ~ I G  N2(o) 



TABLE F-6 

-- -. - --- - - - -- - - --- - -- - 
-- - EHK@RS ISJ FPLCUL=IIT& E L F T H O N  U~~QSITY-PROFII-E 

(F1 e 400 MU7 AND F 7  r 2 2 0 0  M H z )  - - -  
P I.11 ( R )  hi2 ( P )  fiH5OLllTF A~SOLI ITE HFSULTING ERRORS 1N CALCLJLATING - 

- 

HFIGHT (t4-tiNI TS) (N-IJFIT TS) FHPOR J N  FWOR I N  CIF ( H )  + / -  DNF(R)M&X 
( K M )  F :: .On9 CYCLES E = . 050  CYCLE5 CALCIJLATI~~R N 1 ( H )  CALCULATING " 1 2 ( ~ )  - 



-- - -- - - .- ..- -- . 
FP~TOB~; J k  c n ( ~ 1 1 L 6 i l . C -  ~I.~FCPRC?~CDEFIS~~YT P ~ ( ~ I ~ C ] ~ I ~ ~ - - ~ - ~ -  - -  

- .  

- -  ~- - ~ 

( $ 1  = & - ! 3  pJi(7 dfi.1, F 2  I n 0 0  t " i i 7 l  

R 
- 

"1 ( R )  hl? f P )  b h S n ~ ,  T F  ABSnLlJTE RESlJl TING ERkORS I N  C A L C O ~ . ~ T I N V  
H ~ E ~ G P I - ~  ( r ~ - l l b l ~ I S )  ( ~ I - , ! ~ I I  T S l  F R Q ~ R  r r ~  E R R O R  TN N F  IF?)  + / -  D I U F ( R ) M A X  

( K I A )  F = . e n 9  C Y C L E -  .!. --. .n?? - ~ C Y C I  - .  t 5  c d i  C!ILAII*C h i  _ . c & L c - u ~ ~ P ~ ' c ~ ~ . ' ) ~ ~ ) -  . - _ _ . 



- - - - - - - - - - - - -. .- - - TABLE F-8 
-- - 

-. -- 
F P O C A C e l l L d P I h n - E L F e T R O N T Y  PROFIt F 

- - - - - - - - - - -- - - - - - - - IF1  = 4 0 0  MH7 AND F? = 2 2 0 0  MHz) 

R hf1 I R )  N7 I R )  ABSOLIJTE ABSOLUTE RESULTING ERRORS 7~ CALClJLATING 

HEIGHT IN-{JNITS)--- (N-UNTTS) FRROR i~ ERROR I N  W E I R )  +I- D & F ( R ) M A X  
- -  - IKM) F = . 0 0 9  CYCLES E = . 0 5 0  CYCLES c A L C I I L A T I N ~  N l ( R )  CALCULATING N ? ( o )  -- - - 



- - 
R 

-- 
hit ( R )  N7 ( R )  AB5OLllTE A E ~ S O L ~ ~ T E  RESULTING ERRORS I N  CALCULATING 

H E I ~ ~ - - -  & - ~ I R ~ T ~  - IN-UNITS) FUROR T N  ERROR ~ t v  NE(RI  +/- D N F ( R S M ~ J ( -  ----- 
IKM) F = . 009  CYCLES E = , 0 2 7  CYCLES CALCI ILATI"G N l f R )  CALCULATTNG N z ( Q )  



--- - - - - - - - - - - - - 
~ ~ a n + - m ~ ~ ~ s n - -  -PERTTCAI;TS AT 8 9 .  

s IN C A L C I J L A ~ R  ~ L ~ L ~ I T Y  PKBFfi E 

---- - - - - - - - - - - - - - - - - -- ( F 1  = 4 0 0  MH~-AND F? x 2200  M H z )  
- - - - - - - - - - - - - - - 

R N1 ( R )  Y P  (R )  AHSOL(JTE ABSOLUTE RESULTING ERRORS I N  C ~ L C U L A T I N G  
- - - - - - - - - - - - - - - - - - 

HE I GUT CU-UNITSI (N-IINITS) F R R ~ R ~ N  - - -  ERROR I N  NE(R)  c / - ~ N ~ i ~ y ~ P X  - - ---- 
( K M )  F = .no9 CYCLES E a . 050  C Y C L E ~  CALCllLATIW N l ( R )  CALCULATING N Z ( Q )  



TABLE F-11 

. - -- FRRORSTNC~~D~I T Y  FROFIIE- t 

( F 1  4 0 0  MH7 AND F 7  = 1 0 0 0  MMZ) -- 

Q - - - - - - - - - - - - - MI ( R )  N? ( P )  QBSOLI 'TE ABSOLUTE RESUILTING ERRORS TN CALCULATING - ,  
HETRHT (k-UNITS) (N-UNTTS) E R R O R  r h l  ERROR I N  hlF ( R )  + / -  DNF(R)MAX 

( K M )  F = . 0 0 9  CYCLE5 E = a077 CYCLES c A L C U L A T ~ ~ ~ G  ~ 1 f H )  CALCULATING N2fQ)  
I 



TABLE F-12 

FRRORS I N C P L C ~ ) L A Y ~ E L F C T R O N O ~ N S I T Y P ~ O F I I ~ E  - .I 
--- - ( F 1  = 4 0 0  MH7 A N D  F 2  = 2 2 0 0  M H z )  -u 
- - - - - - - R N l  ( P )  FI? ( R )  ABSOLllYF ABSOLUTE RESUl T ING ERRORS I N  CALCULATING _n 

--- 
HE T GHT (hl-UNITS) I N - ~ ~ N I T S )  F H H O R  TN ERROR IN N F ( R )  + / -  DNF(R IMAX 

( K M )  F = , 0 0 9  CYCLES E = . nsn  CYCLES p _ L E r L d T I r l r :  ~ 1 r n )  c a L c U L A T 1 r r G ~  * 



TABLE F-13 

IN C A L C I I L A T I ~ J O  ~ L F L ~ T U N  U ~ N > I T Y  IJHUFII t 

- - - - - - - - - - - - fF1  = 4 0 0  MH7 AN0 F2 m 1 0 0 0  MHz) 

R 
- - - - - - - - - -- 

N1 ( R )  1112 ( R )  ABSOLIITE ABSOLUTE RESULTING ERRORS I N  CALCULATING - - -  - - .  
HEIGHT- ICI-LJNIPS) (N-(IAITTS) F RROR IN ERROR I N  N F ~ R )  + / -  DNF(R)MAX 

( K M )  F = . 0 0 9  CYCLES E = , 027  CYCLES C A I C I I L A T I ~ I G  ~ l f R )  CALCIILATING N ~ ( D )  



TABLE F-14 

IN T Q W L A T I  'F RFCTRlflP U t N > I T Y  PKUFII F . 
- - - - I F 1  = 4nO MH7 AND F 7  r 2 7 0 0  M W 7 )  ---- 

R  
- - - - - - - - - - - - 

hlr ( R )  u ? f R )  ARSOLI ITE ABSOLOTL RESUl  T I N G  ERRORS T N  CALCULATING 
- - - -  

H C I G H T  ( h i - I l b I ~ f S )  ( N - I I C I T T S )  FRROR TN ERROR I N  N F ( W )  + / -  D N F ( R ) M A X  
( K M )  F = .On9 C Y C L E S  E = .Ogn C Y C C E S  _ C A L C I I L A T I ~ ( :  N l f H )  C A L C U L P T ~ M G  N 7 f p )  -- -- -- . 



- -- TABLE F-15 - 
- - 3  

FRR ORT-IxP.---- - --- ---- -- 
c L C I ~ L A T I ~ U C ,  ELFCTRON D E N S ~ - T ?  PjroFIIE II 

- - - - - - - - - - ( F 1  = 4 1 0  pH7 AND F? s 1000  MHz1 71 
R  - - - - - - - - - - N l  i u )  hi? (I?) AH5nLiITF ABSOLUTE R E S U t  T I N 6  ERRORS I N  CALC~JLATING -- 

HEIGHT ( N - I I N I T ~ )  (N- IJh l lTS)  FUUnR TN ERROR IN ~ F ( R )  + / -  D N F ( R ) M A X  
* 

( K M )  F = ,009 CYCLES E  = , 0 7 7  CYCLES C A L C ~ I L ~ T I ~ ~ E  N 1 l H )  -TINE N~LR~.- 
PI 



R N l  (R) N 2 t R )  -------------------- ---- -- -- - _~!!~~el!' - - -- A~s%flE - RESULTING - E e O z  I N  _eq4EULATINE--- 
HEIQHT (N-UNITS) (N-UNITS) FRROR TN ERROR I N  N F l R )  41- DNEtR)M# 

I K M )  E = .009 CYCLES E .a50 CYCLES CALCOLATIN\IR N l ( R )  CALCULATING N21a)  



APPENDIX G 

COMPUTATIONAL RESULTS OF THE 

ERROR ANALYSIS FOR 

INCOMPLETE PROFILE PROBING 



TABLE G-1 - - - - - - - - - - - - - - 

---- ~ ~ ~ ~ e ~ - - - Y C R 4 ~ A l ~ - 9 Q e - -  ---- - - - - - -  - - - - - -- - - - - - 

PROPAGATION FREOUENCY 4 0 0 ~ 0 0 0 0 0  UNPERTURBED PHASE D A ~ A  - -_ - - - -- -. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - 

GEOCENTRIC DIFFERENTIAL REFRACTIVITY REFRAcTI\I_TT_Y --------------------- -- PERCENT REFRACTIV ITY  - --- -- ----- - - 
RADIUS PHASE DELAY CALCULATED DIFFERENCE DIFFERENCE 



PROPAGAT ION FREQUENCY = 1000,0&0~0--  gN__PE_RRLU_RKEQ PKASE-PA~~-- - ---- ---- - - - - - - - - - - - - - - - 

GEOCENTRIC DIFFERENTIAL REFRACTIVITY REFRACTIVITY PERCEMT -- - - - -- - -- - -- - -- - - - - -- - REFRAcTIVrLY- - - .  - - - - - - --- - - - - -- - - -- - - - - -- -- - -- 
RADIUS PHASE DELAY CPLCULATED DIFFERENCE DIFFERENCE 



TABLE G-3 

---- M A R % _ ( ~ B A D ~ A < ~ ~ - - - Y ~ ~ & - ~ ~ Q ~  ------------- 

GEOCENTRIC DIFFERENTIAL REFRACTIVITY REFRACTIVITY REFRACTIVITY PERCENT ----- 
RADIUS PHASE DELAY CALCULATED DI~FERENCE DIFFERENCE 



TABLE G-4 --------------------------------- 
I 

PROPAGATION FREQUENCY 3 4Il0000000 UNPERTURBED PHASE DATA - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .. - - - - - - - - - - - - - - - - - - - - - - - - I 
GEOCENTRIC DIFFERENTIAL REFRACTIVITY REFRAcTIVI TY REFRACTIVITY PERCENT f 

RADIUS PHASE DELAY CALCULATED DIFFERENCE DIFFERENCE 1 



TABLE G-5 --------------------------------------------------------------- 

MARS ~ R A B V ~ J ~ S  7.5 -_VER1TCLLS_AI9Qc ---------------- ---------------- ------- 

OEOCENTRIC D I F F E R E N T I A L  REFRACTIVITY REFRACTIVITY REFRACTIVITY PERCENT ------------------------------------------- 
RADIUS PHASE DELAY CALCULATED DIFFERENCE DIFFERENCE 



TABLE G-6 - -  - -------- - -------- - 

MARS G I ~ A ~ L E & . P _ I K ~ ~ ~  ---- V E R T k b L L S A - 9 0 c  ---- - - -  ----_. --- ---- ------------- - - - - - - - 

PROPAGATION FREQUENCY = 2200.00000_- ~~NPERTUR~ED PLASKDATB ------ ---- - --------- - - 

GEOCENTRIC DIFFERENTIAL REFRACTIVITY REFRACTI\I~TY REFRACTIVITY PERCENT ----------------- 
RADIUS PHASE DELAY CALCULATED DIFFERENCE DIFFERENCE 



PROPAGATION FRE~JUENQY = 40&oOQ&Q0__- UNPERTUR%& !?W_AZE-[LA~ ------ ---- -- _ --- --- -- - - - - - - - - - - - - 





TABLE G-9 --------------- ---------------- - - -------------- ------- 

--- _ U E N U S _ O E W ) I E ~ L ~ ~ ~ - - - Y C R P L G I I I ~ ~ ~  --- ------ ----- - --- --- -- -- - -------- 

GEOCENTRIC DIFFERENTIAL REFRACTIVITY REFRACTIVITY PERCENT -- - -------------------- zymV_arL _ -  - - - - - _----  -- ------------------- 
RADIUS PHASE DELAY CALCULATED DIFFERENCE DIFFERENCE 

e150t1683894 -e00206960 0.0000O00 r4009910 4r0099104~-01 40 e 099 



PROPAGATION FREQUENCY +a 4 0 0 0 0 0 0 0 0  UNPERTURBED PHASE DATA- _ --------------------- ----- 
?, - - GEOCENTRIC D IFFERENTIAL  ------- REFRACTIVITY - -  REFRACTIVITY -- - - - . - REFRaCTlVTTY - - - - - - - - - - - .- PERCENT - - - - - - - 

RADIUS PHASE DELAY CALCULATFD D I~FERENCE DIFFERENCE 

i --- e 6f55 ;48n~- - - -G- .~ToZoqD- -  - - 0 . O O O  coo 0  2.75-56 F.756%5S 400  -- --2T5- . 6qC--- 
2 --- 

6ISO;;S43P26a------ - e f j T b 3 1 5 0 0 - - - - -  - o.O(mbDOO %+KO--- - - B B P x I - - -  



--- I O N  FREOUENCY = 1 0 0 ~ ~ 0 0 0 0 0  UNPERTURBED PHASE DATA - ---- -- - - 

OEOCENPRIC - - - - 3x DT us- - - - - DIFFERENTIAL REFRACTIVITY REFRACTIVITY REFRACTIVITY PERCENT 
TRA sE-nE- Lliv--- ----- - - 

- -  - -- -- - cALEtKaFFo-. ---- 
DIFFERENCE DIFFERENCE 



TABLE G-12 ~ - . ~  - - ~ ~ -~ 

PROPAGATION FREQUENCY * 22ooeoooOo U!! !?EURBE!? PHI\SE-EAIA-- - ---- - - -- - 

GEOCENTRIC DIFFERENTIAL REFRACTIVITY REFRACTIVITY REFRACTIVITY PERCENF - - - - - - - - - - - - - - - - - - - - ------ - --  - - -  ----- ---- -- 
RADIUS PHASE D E L ~ -  CALCULATED DIFFERENCE DIFFEREWE 

- 
O U J  - e  0 0 ~ 3 3 9 ~ ~  1 ue 13313 Lt-OZ 2.4 16 



TABLE G-13 . ~ - ~ 

4n0,Ooooo UNPERTURBED P H A S E  DATA-_ - 
- -- -. - 

G E O C E N T R I C  o I F F F R F N T I A L  
---- 

REFRACTIV ITY  
PHASE DET-KY 

R E F R A C T I V I T Y  - R E F R A C T I V I T Y  PERCEMT -- --  
CfiCCI 'LATED OITFERE~LE c E 



PROPAGATIOM FREQUENCY = - - - - - - - - - - - - - - -- - - - - - - - 1 0 0 0 ~ 0 0 0 0 ~  UNPERTURBED PHASE KATA - - -  - - 

GEOCENTRIC D I F F E R E N T I A L  REFRACTIVITY - - - - - - - - A - - - - - - - - - - .- - REFRPCTI ~ I T Y  - - R E F R A C T I V I T Y  PERCENT - - -  - - - - - - - - - - - - 
RADIUS PHASE DELAY-- CALCULATED DIFFERENCE DIFFERENCE 



----- - - -  - -  
TABLE G-15 - -. - -  - - - -  

MARS GRADIENT 3 3 e 5 - - - ! ' I R 1 k A L  I S  AT 693 - - - -  - - -  --- _ _ - - - - - - - - - - - - . -- - - - - 

PROPAGATION FREQUENCY = 2 2 0 O ~ 0 0 0 0 0  UNPERTURBED PHASE DATA _ - - -  - - -  - - - - - - - - - - - - - - - -- - - - - -- - -- - - - 

GEOCENTRIC OIFFFRENTIAL REFRACTIVITY REFRACTIvlTY REFRACTIVITY PERCEhlT - - - - - - - - - - - - - - - - - - - - - - - --- - 
RADIUS PHASF DELAY c n c c u c ~ r k f i  - orF F ~ R E N &  D I F F E ~ ~ W C E  



--------------- - ~- - -- - TABLE G-16 -- - -- 

~ S ~ ~ ~ r l c E ; - - - Y ~ Q &  - 4 2 5  ... -- .- - - -  - -  - .. - - - - - . -  - . .  - - 

G E O C E N T R I C  D I F F E R E N T I A L  REFRACTIVITY R E F R A C T I V I T Y  - - - - - - - A - - REFRACTIVITY--_ - - -- - - - -PE_~ZI\;I - --- ----------------- --- -- --  - 

R A D I U S  PHASE DELAY C A L C U L A ? E ~  DIFFERENCE D I F F E R E N C E  



PROPAGATION FQE&U~_NI:Y I _ -- i~oO.o~ono YWERTURBIP PHASE U k - - - -  - - - - - - - - - - - - - - - 



- - - - - - - - - - - - - - - - - - -- - - TABLE G - 1 8  -- 

2 2 0 0  a 0 0 0 0 0  UNPERTURBED PHASE O A T ~  _ - _- - - _- - - PROPAGATION FRFTJUENCY - - - - - - - - - - - - - - - - - - - - 

GEOCENTRIC -- - - - - - - - - - D I F F E R E N G  AL REFRACTIVITY REFRACTIVITY RFFRACTIVXTY PERCENT - 

RADIUS PHASE DELAY CALCULA~FO DIFFERENCE D~FFERFNCE 



TABLE - G y p  
- - 

VENUS GRADIFNT ~ 3 . 5  - - - - - - - V E R T I C ~ L  LS A T  91. - - -  - - - 

4 0 0 . 0 0 0 0 0  UNPERTURBED PHASE D A T A  

GEOCENTRIC D I F F E R E N T I A L  --- REFPAcTIVyTY - 
- - - - - -. 

REFRACTIVITY 
- - 

REFRACTIVITY - - PERCENT 
PHASE DFLAY CALCULATED DIFFERENCE DIFFERENCE 

O L Y  -onla-30 -6ebb1011Z  - 1 8 . 1 ~ ~ 3 ~ 4 3  113.072 



- - - - - - - - - - - - - - - - - - - - TABLE G-20- - - - 

VENUS G R A ~ E E L I _  9 r 3  VERIRTkAL IS A T  9 1 s  - - - - - - - - - - - 

PROPAGATION FREQUENCY = - - - - - - - - - - - - - - - - - - 1000.00000 UNPERTURBED PHASE D A T A  - - - - -  -- 

GEOCENTRIC D ~ F F F R E N T I A L  R E F R A C T I V I T Y  REFRACTIVITY R E F R n C T I V I T y  - - 
- - - - - - - - - - - - - - 

RADIUS PHASFDELAY C A L C L I L A T E D  DIFFERENCE D 



- A - - - A - - - - A - - - - - - -  TABLE -Gz2-1 - - -- -- -,  

V E N U S _ G R A i E & L e _ S @ 4 j  - -  ------ V E R T I C A L  I S  AT 91, - -  - - - -- - - - A 

PROPAGATION FQEOUEbJCY = 
- - - - - - - - -- - - - - - - 2200.00000 UNPERTURBED PHASE D A T A  

- 

GEOCENTRIC D I F F E R E N T I A L  R E F R A C T I V I T Y  
- - - - - - -- - - - - - - - - - - - 4 E F R A C T I V T T Y  A REFRACTIV ITY PERCENT - - - - - - - 

RADIUS PHASF D E L A ~  C A L C U L A T F D  DIFFERENCE DIFFERENCE -- 



-- A 
a 

- - -. - - P R 0 P ~ G k L ~ h l E R E ~ u E N f . Y  - = 4 0 0 . 0 0 0 0 0  U N P E R T U R B E D  P H A S E  D A T A  ----a 

G E O C E N T R I C  ~ I F F E R E M T I A L  R E F R A G T I ~ I T Y  REFRACTIVITY R E F R A C T I V I T Y  PERCENT _ - - - - . - - - - - - - - - - - - - - - 

R A D I U S  PHASE DELAY C A L C U L A T E D  D r F  F E R E N c E  D I F F E R E N C E  



- - - - ~ R ~ P A ~ I ~ N E Q ~ ~ E ~ ~ Y _ ? -  1 0 9 O s O f 1 0 0 0  UNPERTURBED PKASE -- --- 
GEOCENTRIC D I F F E Q E N Y I A L  R E F R A C T I V I T Y  REFRAcTIvTYY - - - - - - -. - - - - - A - - - - - - - REFRACTIVITY - -- PERCEMT - --  

RADIUS PHASE D E L A Y  CALCIJLATED UI~FERENCE DIFFERENCE 

b15O02605R93 - ,n lo2863Y 0 . 0 0 0 0 0 0 0  - 2 0 ~ 0 ~ 4 4 0 @  - 2 0 0 0 0 4 4 0 0 E + 0 0  200.044 



(Lo 
,4 
-.I 
. r.:, 
II) 
-..; 
PX 

PROPAGATION FREOUEbJcY = - - - - - - - - - - - - - - - 22n0,00000 UNPERTURBED PHASE DATA 

GEOCENTRIC - - - - - - - - - - - @ m R E N P A L  REFRACTIVITY REFRACTIVTTY REFRACTIVITY -- PERCENT PA 

RADIUS PHASE DELAY C A L C ~ L A T F D  DIFFERENCE DIFFERENCE 

- - 5-9w;90 - ---. 
Or0000000  -a59491=~06  - 5 r 9 4 9 0 0 6 2 ~ - 0 1  

-- -616O<DT2739 i w j @ 3 1 7 0 1 3  O o O O O O O ~ O  - ,67g0109 -6.7601095E-01 

6170.1794566 - e n 0 2 5 3 4 6 8  - r310 '3301  

- --qxajam------ -.0@31249 - ,3699251 -1.5520329 -1,1821076E+00 

- - -  
5 j K 1 = ~ ~ 2 1 0 1 2 - -  -a00233147  - r 4 1 1 8 2 6 8  -1e5429533  - l r 1 3 1 1 2 6 5 E + 0 0  2 7 4 . 6 6 1  - -  

-- - - 
6 ,  V5 

- - - - - - - - - --- 
* 2 2 4 9 9 6 6  - e 00  186179 -a4357985  - 1  r b 4 6 7 8 0 6  - 1 . 0 1 0 9 8 2 1 ~ a 0 0  2 3 1  a984 

--- 
626012200T69-  - - ---- -.0O1665Ob -1,2978823 - 8 . 7 9 0 4 6 0 9 ~ 3 1 - -  2 0 9 m 0 - - - -  

- - - 

6 2 K 2 1 3 8 2 1 9  - ,60115321 -. 3372643  -09343805  -5.9711629E-01 

--- --- 

6?%2068205 -no0103327  - .3071296 -.884R327 -5.7770312E-01 188.098 - -  

-- - 
5235; 1 9 0  184A -eoO066114 - r 2 2 3 7 1 4 0  - e 6 5 0 0 5 4 1  "4 r2634008E-01  - 190*574- - -  - 

--- Q t U .  re16940 r . 0 0 0 5 4 8 1 4  -, 1997170  - 8 5 2 3 2 0 5 4  - 3 , 2 3 4 8 8 3 9 - 0 1  ~ a . 9 7 3  -- 

12- - - Q~55.1775755 - . 0 0 0 2 9 3 9 j  - ,1401826 -,3257?35 -1.8%4090E-01 132.357 - 



TABLE G - 2 5  

M,, { S  - 4  "EN+ = 3.5 V E R T I C A L  IS AT 90. - - - A  

- - PROPAGATION F R E Q U E ~ C Y  = 4 0 0 . 0 0 0 0 0  PERTURBED P ~ A S E  D A T A  - - - A  

G C O C E N T R I C  
- - - 

P I F F E R F N T I A L  H E F R A c T I v I T Y  R E F R A C P Y V Y T Y  Q E F R A c T I V ~ T Y  PERCENT 
RADIUS PHASE D F L A Y  C A C C U L B T F O  DIFFERENCE DIFFERENCE 



--- -- - - --- - 

MARS GRADLENL = 3 0 5 - _  ~ E P ? ~ c & - I S  A1  !?Pc - - - -  

TABLE-!! 26 . -. - - - - - - . - -- - -- -. 

- - - -  . - . - -  - -  

PROPAGATION FREQUENCY = - - - - - - - - - - - - - - - - - - - 1000 .00000  PERTURBED PHA-S-E DATA - 
- - - -- 

GEOCENTRIC D I F F F R E N T I A L  REFRACTIVITY - REFPAcTIvITY R E F R A C T I V I T Y  
- - - - - - - - - - - - -- - - - - - - PER CEhlT 

RADIUS PHASE DELAY CAL CULATTF DIFFERENCF DI FFERFNGE 
- - 



TABLE G-27 
~ - ~ ~ - - . 

MARS G R A ~ ~ L E ~ ~ ~ ~ - - - _ V I R ~ Z C ~ L ~ E - A I _ ~ Q , _  . -- - - -- --- -- - --- ~- - ~ - -  -. -- - - - - - - - - - - - . -.. 

PROPAGATION FREQUENCY = 2 2 0 0 0 0 0 0 0 0  - ------------- -- - - PERTURBED PHASE D A T A  - - - - - - - - - - - - - - - -- - - - - - - 

GEOCENTRIC 
- - - -n4mC] - D I F F E R E N T I A L  REFRACTIVITY 

- - - - -- R E F R A C T I V I T Y  HEFRAcTIv ITY  PERCEhlT 
- 

- P R A T E  O F S F  CALCULATED - - -  D IFFFEU~E D I F F E R F N C E  



G E O C E N T R I C  ~ I F F F R E N T I ~ L  - - - - - - - - R E F R A C T I V I T Y  - - R E F R A c T J v T  - TY R E F R A C T I V I T Y  PERCEhlT -. 

R n o I U S  PHASE D E L A Y  CA(.CLJI_ATFD O I F  FERENCE D I F F E R F M c E  



- - - - TABLE __GZ29_ - _ 

---- M ~ - G B ~ R ~ ~ L F ~ - U -  -1ERIk4-WSQt - - - -  - -- - - -  - - 

GEOCENTRIC D I F F E R E N T I A L  R E F R A C T I V I T Y  - - REFRACTIVITY - ~ R A C T I V I J Y -  PEReSIeF 
R A D I U S  PHASE DELAY CALCULATFD D I t FERENCF D I F F E R F M C E  



PROPAGATION FREOUENCY = 2200000000 -PERTURBED PH-AS3€- DATA- _ - -  - - - - - - - - - - - - - - - - - - - - - - -- 

GEOCENTRIC D I F F F R E N T I A L  REFRACTIVITY - - - REFRACTIVITY REFRPCTIVITY - - -  - PERCENT - - - - - - - - - - - - - - - - - 
RAOIlIS PHASE DELAY- CAI C ~ A T F D  D ~ F  FERENCF: DIFFERFNcE 



- - - - - - -- - - - - - - - - - - - - - - - TABLE G-31 - - - - - - - - - - - - --- 

VENUS G R A _ D Y & L E ~ ~ S - -  VZLRIk& I S  A 1  90 - - - - - - - -. - - - - - 

PROPAGATION FREQUENCY = - - - - - - - - - - - - - - - - - - . - - . - - 

GEOCENTRIC D I F F E R E N T I A L  REFRACTIVITY REFRACTIVITY - - - - - - - - REFRACTIVITY- - - - - - - PERCENT - -  - - -  
- - - - - - - - - - - - - - - - - - - -- - - 

RADIUS PHASE DELAY GLCULATED DI~FERENCE DIFFERENCE 



GEOCENTRIC ~ I F F E R E N T I A L  REFRACTIVITY 
- - - - - - - - - - - - - - - - - - - - REFRACTIVITY REFRACTIVITY PERCENT - - 

RADIUS PHASE DELAY CALCULA*D D IFFERENCF DIFFERENCE 



-- - - - - - -. - - - - - - - TABLE - G - 3 3  - - - 

- - - VENUS - - -- - G R A i E & L r  - 3.5 - _  -_-VLRTICAL-IS AT  9 0  - 

P R O P A G A T I O N  FREQUENCY = - - - - - - - - - - - 2 2 n 0 ~ 0 0 0 0 0  - PERTURBED P H A S E - D A T A  - -  

G E O C E N T R I C  D I F F F R E N T I A L  R E F R A C T I V I T Y  R E F R A C T I V I T Y  R E F R A C T I V I T Y  
- - - - - - - - 

~ n o j u s -  PHASE D E L A Y  C A L C U L A T E D  DIFFERENCE 



P R O P A G A T I O N  - ---- F 4 E O U E N x Y  ' 4 0 0 r 0 0 0 0 0 -  - PERTURBED P H A S E  D A T A  - - 

G E O C E N T R I C  -- - - A A A -- - - Q I F F E R E N T I A L  R E F R A C T I V I T Y  REFRACTIV ITY  R E F R A C T I V I T Y  



PROPAGAII~N~~~EBULN_CY_ L - - 1 m Q d a o a f ~  ---- PERTURBE! PHASE QATA 

GEOCENTRIC oIFFERENTIAL REFRACT I ~1 TY REFRAcTI;;T TY - REFRACTIV ITY  ----------- - 
RADIUS PHASE DELAY CALCIILATED DI~FERENCE DIFFERENCE 

615002547556 001183142 0~0000000 -*0417R50 -4.1784976~-02 
-- - ------ 

6155.2242344 .01117783 O.OOOOOOO 0259515 205951473~-02 



TABLE G-36 . - - -  - - - -  -~ - - . . - -. 

--- - Y ~ l j Q & ~ & T T r - ~ - - - Y ~ ~ ~ ~ 4 Q ,  -. .- --- - ~ ~ -. .- - 

PROPAGATION FREoUENXY = ;ao.am~o-.- PERTUR~_EQP~ASE-DALA- - - - - - - - - - - - - - - - -- - -  

GEOCENTRIC o I F F c R E N T I A L  REFRACTIVITY - - - - - - - - - - - - - - - - - - - - - - -- - - - - -- - - - - - - - 
R E F R A C T I V I T Y  REFRACTl"  1 T V  - - -. _ - - - - 

RADIUS PHASE DELAY CALCULATED DIFFERENCE 



TABLE G-37 - - - - - -. - - - - - - - - - - - - - - - - - - - - - - -- -- -~ - - - -. -.. . - -. -. - - - - - -- - - - --- .- - - - .- -. 

- - - -wgi ~ ~ J q 2 , & ~ & - - - Y ~  k p C - S & -  Re,-- - - -- - -- - -- ... -- - - -  - - - - - -_ _ ~- -- -- 

GEOCENTRIC - - - - - - - - - - - - - 
R A O I U S  

DIrF_ERECITIA_L_-- 
PHASE DELAY 



TABLE G-38 ------------------------ --- ---- - ----------- --- ---- 

----U% p E & ~ $ & ~ - - - l C R T Q L ~ - B P c  ---------- ----- - - - _  

GEOCENTRIC DIFFERENTIAL REFRAcTIvIIK - - . REFRACTIV ITY  - - ------ _ - REFRACTIVITY ---- - - - -- PERCENT -- ------------------- ---- 
RADIUS PHASE DELAY CALCULATED DIFFERENCE DIFFERENCE 

3 5 1 b 0 1 ~ 6  e02061603 -2,479136 4 4 1 3 . 6 - 0 1  14*R25 



GEOCENTRIC DIFFERENTIAL REFRACTIVITY - REFRACTlVITy - _ -  -- _ _  REFRACTIVITY- - --- --- -- - - - - - - -- - - - - - - - - - - - - -. - - - - - - - 
PERCENT - -- - - - - - - 

RAOIUS PHASE DFLAY C A L C U L A ~ F D  O I F  FERENCE DIFFERENCE 



MARS GRADIFCIT ~ l r 5  VTPIIXLLLS-4I 81&- _ - -  - _ - - -  - -- - - -  .- _- - - _ -  - - - - - - - - - --. 

PROPAGATION FREQUENCY = - _  ---------- -- PERTIJRBED PKASE D ? _ _  ---_ ---- - - 4 0 0 a 0 0 0 0 0  - - - - - -_  --- -- 
", - GEOCENTRIC ~ I F F F R E N T I A L  REFRACTIVITY _ - REFRACTIV ITY  - REFRACTIVITY - _ - - - - - - - - - - - - - - - - - - _ - --- PERCENT 

OIFFFRENCE - 

- - - - - - - A  

RAOIUS PHASE DELAY CACC~KATFD DIFFERENCE 



PERTURBED P H A S E  DATA -- - 

" 

- - -  
GEOCENTRIC D IFFERENTIAL  REFRACTIV ITY  REFRACTIV ITY  PERCEhlT 

------ - - - - - - - - - - - - - - - -- 
R % ~ u ~ -  PHASE DELAY C A L C ~ K A T F ~  DIFFERENCE DIFFERENCE - - -  

t 

I t -  - 3 5 8 6 ; W 5 5 0 6  r6?t2a830 - . 6 1 4 4 8 3 8  -e7475?U5 -1  e33(!366BE-01 21 .650  - 

10 oz  o.oooouuo n .0000000  0. O I O O O  



- - - -- -. -- - . - - - - - - - - - - -- -- - - - - - - - - - - - - - - -- - - . TABLE G-42 
-~ - - -- - ----- 

MARS GRADIENT s 7 e 5 - -  --VERISCAL-LS-AIBLc5_- - - - - _. - - .  - -  -- - - - - -  - - - - - - - - - - 

PROPAGATION FREQUE~JCY 3- - - -  
- - - - - - - - - - - - -- - - 2200.-00000 - - PERTURBED PHASE MA - _ -- - - - - - - - - 

,, 
GEOCENTRIC DIFFERENTIAL REFRACTIVITY - - REFRACTIVITY PERCEWT ----------------- -- 

REFRACTIVITY 
- - - - - - - - - - - - - - - - - - - - - - - - - - - 

RADIUS PYASE DELbY CALCULATED DIFFERENCE D I F FERENCE 



TABLE G-43 
~ - 

GEOCENTRIC D I F F E R E N T I A L  REFRACT I v ITy- REFRACTIV ITY  - _ -- - - --- -- R E F R A C T I V I T Y  - - -- -- - -- - p ~ ~ ~ m ~ -  ---, ------------------------------ 
RADIUS PHASE DELAY CALCULATED O I ~ F E ~ ~ E N C E  DIFFERENCE 



- - - - - - - - - - - - - - - -- - - - - - . . TABLE G-44 __. _ .. . . - - -  

PROPAGAT~JN-EQX&U~N~V_ E 10OO,0yDQQ - - - - - - - - PERTURBED PHASE DATA- - --- 

GEOCENTRIC DIFFERENTJC- REFRACT T V I T Y  RJFRACTIV1TY - - - REFRACTJVIJY PERCENT - - - - - - - - - - - - - - - - - 
RADIUS PHASE DELAY CALCULATED DI!FEREN~E DIFFERENCE 

61%0e2556153  .n119193? 0.0000000 1,7638877 - 7 . 6 3 R 8 7 6 8 ~ - 0 1  7 6  e -iR9 



TABLE G-4 
- -- - . -- -- 

PROPAGATION FREQIIENXY 220gr OQDQO - - - - - - - - - - - - -- PERTURBED PF&sE &&Ti%_ ---- -- 
GEOCENTRIC DIFFERENTIAL REFRBCTIVITY R E F R P c P ~ v I T Y  REFRRCTIVIT-Y--- - - PERCENT - - - - - - - - - - - - - - - - - - - - _ - - - - 

R A B I U S  PHASE DELAY CALCULATED DP~FERENCE DIFFERENCE 

- - - 6T 555- - - - - -- - - - - - - - _- - - - - - - - - - - - 
* 1614602  e 0 4 7 1 3 1 0 8  Oe0000000 - ; 9 9 2 1 ~ ~ 6  - 7 ~ 9 2 1 9 1 6 4 ~ - 0 1  

--- 
61KoTr7703fi--- .648q'92'6 - 0~00000130 7-17 5 <T, f a45QJTE;Bl - - - 7 7  T2F6---- 

--- 
SrKIB9i!-btfl-----,3V63m'Jb-_ - ,699tSf36 

- - - ~ 1 ~ 0 ~ ~ 0 C j l ; 3 ~ 3 -  - --- 

- - - - - - - - - - - - - - - 
.ij 46595 -r5545014 - 2 r 2 1 7 2 2 9 8  -7 r 6 6 2 T ' 3 4 € * 0 0  



- ~ ~ - - ~ 

TABLE G - 4 6  
-- - --- - . .- - -. ~ .. . 

?, 

GEOCENTRIC 
--- -- 

D I F F E R E N T  I L L  REFRACTIVITY REFRACTIvg TY REFRACTIVITY PERCENT 
R A ~ I U S  PHASE BELAY C~LCLILAFFD DI PFERENCE DIFFERENCE 



TABLE G-47 

PROPAGATION FREoUFBCY ' l 0 n 0 ~ 0 0 0 0 9  PERTIIRBFTI PHASE D A T A  
- -- 

GEOPENTRTC ~ I F F  FRENT I A L  R E F R A C T T V I T ~  R E F F a r T X v y T y  R E F R A C T I V I T Y  PERCEhgT 
-- - 

R & O I U S  PHASE DFl-AY CALC~ILAPFD UIFFERENCE DIFFERENCE 



I 
PROPAOATION FREQUENCY 8 2200,00000 PERTURBED PHASE DATA 

- 
5 OEOCENTRIC DIFFERENTIAL REFRACTIVITY REFRACTIVITY REFRACTIVITY PERCENT ----------------------------------------------------------------- 

RAOIUS PHASE DELAY CALCULATED DIFFERENCE DIFFERENCE 



---- ----------- - - - - - - - - - - - - - - - - - - - - 
MARS GRADIENT 8 3.5 VERTICAL I S  AT 9 0 .  

ERRORS I N  CALCULATING ELECTRON DENSITY PROFILE 
---1€l_= 4n!_MHLANkfzr  b O ( l  W Z J  - - - - - - . - - - - - - - - - - - - 

R N 1  (R )  N2 ( R )  ABSOLUTE ABSOLUTE - -  -------------------------------- RESULTING E R _ ~ O ~ S _ I N ~ ~ A L C U L A T I N ~ ~ ~ ~  
HE I GHT (N-UNITS) (N-UNITS) ERROR IN ERROR I N  N E ( R )  + / -  DNF(R)MAX 
(KM) F 8 . 009  CYCl F S  E . 0 2 2  CYCLES cALCULATTNR N I I R )  CACCUI ATTNG N ? f R )  



TABLE G - 5 0  

W A R S  G R A O T F V T  6 3 . 5  V ~ K T T C A L  IS A T  9 0 .  

R  h i ]  t P )  N? ( R )  A B S O L U T E  PHSCILIITF RFSUI TING ERHORS ~ h r  C A L C ~ I L A T I N G  

H E I G H T  l h ~ - ~ l b l ~ T S l  I N - I ~ M ~ T S )  F H i i O R  I N  E H W R  r h  (HI + / -  DMF ( R ) ) h b X  
( K M 1  F = . 0 0 9  C Y C L F S  E = , 0 5 0  C Y t l  F S  ~ l L n T I h ~ . i r .  _ 1 C I i b A T l h ~ G  r'i?W! - -- 



TABLE G - 5 1  

- 
FRTOPS ~ L C ~ T C A T I N G  ELECTRON W N S f  TY PROFIt F - 

- - ( ~ 1  = cno  MHZ AND F ?  = I n 0 0  M Y Z )  -- 

R hi1 ( R )  N 7 f R )  ABSOLUTE A R S ~ L ~ J T E  RESULTING ERRORS ? P i  CALCOLATING 
- 

HEIGHT (N-UNITS) (N-llhl1TS) FRROR TN ERROR I N  LIE (R)  + / -  ONF ( R ) M & X  
-- 

( K M )  F = ,009 CYCLES k = ,022  CYC~F>-CALCOLATI~~G h i l ( R )  CALCULATING N2(FL_ 

- 

175.11 -4.683 -. 747 .12101 ,307n7 18616.063 + / -  2002.332 
--- 

1 Re, 11  -3.552 - 568 $ 1  1792 .2875q 14095.706 + / -  1R6R.314 
- -- -- 

185 .  1 1 - 3 e o J l  - sf n(l .T?N';rR-- - -  2 - T m ; r + r 1 7 Z 5 . 5 1 b  
- -- 



TABLE G-52 

FRRORS Ih CALCULATING ELECTRON UENsITY PROF11 E i 

. - - - - - - - - - - - - - - 
I F 1  1 400 PHZ AND fc  1 2200 M Y Z )  - - - 

- 4. 

R 
- - - - - - - - - - Nl I R )  N2 ( R )  ABSOLUTF ABSOLUTE RESUI TING ERRORS T N  CALCULATING -- 

W I G H T  (~ -UNITS)  IN-UNITS) FHRnR TN ERROR I N  C I F ( R )  c / -  D N F ( R ) M A X  
IKM) E = .009 CYCLES E = -050 CYCLFS CALC1ILbTIhlG N l ( R )  CALCULATING N Z ( R )  

I 



TABLE 3 - 5 3  

-- - - - --- 
ERRORS I N  CALCULATING ELECTRON D E N S I T Y  P R O F I L E  

- I F 1  = 400 MHZ AND F2 I la00 Y H Z )  - - + 

R N l  ( R )  N 2 f R )  ABSOLUTE ABSOLUTE RESULTING ERRORS I N  CALCU&&TING 
HEIGHT (N-UNITS) (N-UNITS) FHROR 1N ERROR I N  N E ( R )  + / -  D N F ( R ) M A X  

( K M )  F = .009 CYCLES E = ,022 C Y C I E S  c A L C U L A T I N ~ ~  N ~ I R )  C A L C U L A T T N G  N Z ( Q )  



- ----- -- --- --- _ - - - - _ - ---- 
*NUS GRADIENT = 3.5 F R T I C A ~  I s r T - 9 0  - - 

- 
ERRORS I N  CALCULATING ELECTRON DENSITY  P R O F I I E  

---- - - - lF1  r 400 MHZ AND E2 a Q 0 0  @HZ) - 

R N l  ( R )  N 2  ( R )  ABSOLUTE ABSOLUTE RESULTING ERRORS IN CALCULATING___  
- - - - - - - - - - - - - - - - - - - - - 

HEIGHT (N-UNITS) (N-UNITS) ERROR IN ERROR I N  N E ( R )  */-  D N F ( R ) M A X  
X r U l  JL R ATTNG N ? ( R )  



ERRORS I N  CALCULATING ELECTRON DENSITY  PROFICE 
- - - - - - -. - - - - - - - - ( F 1  = 400 MHz AND F? = !000 MHz) 

R NI ( R )  N 2 f R )  ABSOLUTE ABSOLUTE RESULTING ERRORS I N  CAACU~AJING _ - 
- - - - - - - - - - - - - - - - - - - - - - - 

HE I GUT (N-UNITS) (N-UNITS)  FRROR TN ERROR I N  N E ( R )  */-  DNf (R IMAX 
( K M )  F .009 CYCLES E ' * 0 2 2  CYCLES CALC~JLATINB N l ( R )  CALCULATING N 2 ( R )  



ERRORS I N  CALCULATING ELECTRON UE u 
- - - - - - - - - - - - - - - - - . tF1 = 4 0 0  MHZ AND F? 6 2 2 0 0  MHz) - 

R N l  1R) ~2 ( R )  ABSOLUTE ABSOLLITE RESULTING ERRORS I N  CALCULATING 
- - - - - - - - - - - - - - - - - - - - - - - - - - - 

HE I GHT (N-IJNITS) (N~UNITS)  ERROR IN ERROR I h r  N E ~ R )  r / -  ONE (R IMAX 
( K M )  E = , 009  CYCLES E = b050  CYCLES CALCULATING N11H)  CALCULATING N 2 ( R )  

1 0 4 . 1 7  8 . 0 7 1  COY 1 m43Y715 4 4 2 5 3  - 4 8 3 4 , 2 9 1  + / -  1 7 2 2 . 2 4 1  



. - - - ~ -  ~ 

TABLE- G-57 

ERHORS I N  CALCLJLATING ELECT-ITY PROF11 E 

- - - - - - - - - ---- -- 
( F 1  = 4 0 0  MHz AND f Z  = 1 0 0 0  MHz) - - -  

R 
---------------- 

N l  ( R )  N2 ( A )  ABSOLUTE ABSOLUTE RESUI. T ING ERRORS I N  CALCtJLATING - 

HEIGHT ( N - U N f T g  - (N-UNITS) FRROR I N  ERROR I N  N E ( R )  * / -  DNF(R)MAX 
(KM) E 8 , 0 0 9  CYCLES E , 0 2 2  CYCLES CALCULATING N l ( R )  CALCULATING N 2 ( R )  



~- TABLE G-58 

ERRORS I N  CALCULATING ELECTRON U t N s I T Y  PROFILE  
- - - -- - - - - - - - - - - - ( F 1  = 4 0 0  MHZ AND F3 = 2 2 0 0  Y H Z )  - - - -  

R h l )  (R )  N2 (R )  ABSOLUTE ABSOLLJTE RESULTING ERRORS I N  CALCULATING 
- - - - - - - - - - - - - - - - - -. - - -  - 

HEIGHT (N-UNITS) I N ~ ~ J N I T S )  F R R ~ R  I N  ERROR IN &IF ( R )  + / -  ONF ( R I M A X  
(KM) FI , 0 0 9  CYCLES E = , 0 5 0  CYCLES CALCtJLATING N l I R )  CALCULATICIG N 2 l R )  



TABLE- G-59  

- - - - - - - - - - -- - - -- - - - - - 
MARS GRADIFNT n 7,5 V€RTxCdL I S  AT 87 .5  

ERRORS I N  CALCULATING ELECTRON D E N ~ ~ 1 ~  - - - - 
-- 

- - - - - - - - - - - - - - - - - ( F 1  = 4 0 0  MHz bND F2 = 1 0 0 0  M Y Z )  

R N l  ( P I  N 2 ( R )  AHSOLUTF ABSOLUTE RESUI T ING ERRORS I N  CALCULATING - - - - - - - - - - - - - -- - - - - 
HEIGHT (F I -UNITS)  (N-UNITS) FRWOR YN ERROR IN ( R )  + / -  DNF (R )MAX 

(KE.0 F 1 - 0 0 9  CYCI FS E = .02? CYr l  FS CAI CLILATTNG N 1  (RI  Pel rULATTNG N ? ( R I  



- --- - - TABLE G-60 - - 

- - - - - - - - - -- - - - - - - - - - 
MARS GRADIFNT 1 7 .5  v ~ R T ? C A L  I S  AT 8 7 . 5  

-- -. 
ERRORS I N  CALCULATING ELECTRON D E N ~ ~ < - ~ R ~ F ~ ~ - - - ~ -  

- - - - - - - - . . - - - ( F 1  = 400 MHz AND F 2  = 2 2 0 0  MHz) - - 

R N l ( R 1  NZ ( R )  AHSOLUTF ABSOLUTE RESULTING ERRORS I N  CAlCl lLATING --- 
HEIGHT (N-LINITS) (N-UNITS) FRRnR TN ERROR I N  h f ~ ( R )  +/-  DNF(R)MAX 

(KM)  F = .009 CYCI ES E = , 0 5 0  CYCLES c A L C I ~ L A T I N R  N1 ( H )  CALCULATING NZ ( a )  



-. t u R m  I N  CALCULATING E L F C T R J ~ T T ~ S I T Y  PROFILE - 
---- t n = - - r ( o o  MHZ A N D F ~  = QOOMHZ) - -  - -  - _ _ ----- -------- - 

R N I  (R )  N2 fR)  ABSOLUTE 
- - - - - - - - - - - - - - (N-UNlfS)--- -- - ------- -- - 

ABSOLUTE RESULTING ERRORS I N  CALCULATING , 
- - - - - - - - - 

HEIGHT (N-uNIT=--------- ERROR IN E R R ~ R  IN N E I R )  -C/:DNCTRTGK --- 

- (KM)  E 5 , 009  CYCLES E 5 0022  CYCLES CALCULATING N l f R )  CALCULATING N2fR1 d 



R N I  ( R )  ABSOLUTE - RESULTING - - - - ERRORS - - - - I N  - - CALCLJLATING - - -- -. - - - N 2  ( R )  PBS'JLUfE - - - - __ - - - -- 
HE I GHT (&-UNITS) (N-UNITS) FRROR IN ERHOR I N  NE(R)  + / -  DNE(R)MAX 
(KM) F s ,009 CYCLES E = ,050 CYCLES CALC~~LATING N l ( R )  CALCULATING N 2 ( Q I  - 



- - - - - - - - - - - - - - - - - - - - 
TABLE G - 6 3  

- -- - - 

- - - - - - - - - - - - - - - - - - 
VENUS GRADIENT = 7.5 VERTICAL I S  A T  9 2 . 5  

- -- - -- - ---- 
ERRORS I N  CALC~LATING ELECTRON DENSITY  P R O F I I E  

- - - - - - - - - - - - - - - - (Fl = 4 0 0  YHZ AND E2 u b O O  MHz) - - 

R N 1  ( R )  N2 ( R )  A8SOLUTF ABSOLUTE RESULTING ERRORS TN CALClJLATINg _ - - - - - - - - - - - - - - - 
HEIGHT (N-UNITS) (N-UNITS) ERROR I N  ERROR IN N E ( R )  */- DNF(R)MAX 
(KM) F e .009 CYCIFS E = ,022 CYCLFS cALcULATINI: N i I R )   CALCULATING&^^_^..- 



- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
VENUS ORADIENT = 7 .5  V ~ R T I C A L  I S  AT 92.5 

* 
------------------------  AN-^ & Q D _ M ~ U  ANQXZ r 2200 WLI - ---------- - 

R N 1  (R )  N2 ( R )  - - ABSOLUTE --- _ _ -  A e S o ~ u r E -  RESULTING €R_ORS I N  CALCULATING 

HEIGHT (N-UNITS) (N-UNITS) ERROR I N  ERROR IN NE(R)  * / -  DNF(R)MAX 
K M I  F m . 009  CYCI FS E m - 0 5 0  C -- Y r l  FS CAI W T T N w  N l  I R )  PgbCUl ATTNG N? 1al 



Figures G-1 to G-48 

Examples of Reconstruction by Abel Transform of Mars 

and Venus Ionospheric Three-Dimensional Profiles 

Freq(uency) in MHz 

Grad (ient width) in degrees 

Original Model 

X X X X X Reconstructed Profile 

Assumptions: a) (Phase) error-free columnar measurements; 

b) Incomplete profile probing (one out of 

four resolution cells, each 1 km high, 

missed along the vertical to be 

reconstructed) ; 

c) Day-to-night transition (terminator) 

at 90° longitude; 

d) Rays' direction perpendicular to 

terminator and contained in equatorial 

plane; 

e) The vertical along which profile is 

reconstructed is at the equator. 





IONOSPHERE OF MARS 

Figure G-2 



IONOSPHERE OF MARS 
FREO =: 2200 MB3O :: 3 . 5  

LEP? (OIL Fa? 90.0  BEG LOP(G1 TUOC 
CIWEPTUPBE0 C BPTR 

Figure  G-3 

G-69 



IONOSPHERE OF MRRS 

F i g u r e  G-4 



IONOSPHERE OF MRRS 
FPEO = 1000 WAO = 7.5: 

VEPl ICPL FIT 90.0 OEG LWGI TUOE 
UWEPTUPBEO E OFIT8 

GEOCENTPIC PCIOIUS - HQa 

Figu re  G-5 



IONOSPHERE OF MARS 

GEOCENTRIC PfKIlUS - Hfl .  

Figure  G-6 



IONOSPHERE OF VENUS 
FRED = 400 GPRO = 3.5 

VEPIICFIL W T  90 .0  OEG LOFIGITUOE 
UPPERTUPBE0 E OWTFI 

GEOCENTRIC RPOIU5 - M?l.  

Figure  G-7 



IONOSPHERE OF VENUS 
FRED = 1000 CPRO = 3.5 

VEPI ICPL R1 90.0 OEG LWGI TUOE 
UWEPTUPBEO E ORTR 

GEOCENTPIC PWDIUS - wn. 

Figure G-8 



IONOSPHERE OF VENUS 
FPEO = 2200 GRR0 = 3 . 5  

VEPTlCRL RT 9 0 . 0  OEG LQNGITUDE 
UNPEPTUPBEO f H N E  DRTR 

F i g u r e  G-9 





IONOSPHERE OF VENUS 
FPEQ = 1000 GRRO = 3 . 5  

\rEPlItPC FIT 90 .0  OEC LOrJGlTLlOE 
UPPERTUPBED PW\SE ORTR 

F i g u r e  G-11 



IONOSPHERE OF VENUS 
FPEO = 2200 GRFIO = 7 . 5  

V€PJtCPC F1T 9 0 . 0  OEG LOlvGITllOE 
UNPERTLIPB€Q P W E  ORIF3 

6 170 62 10 6'250 

GEOCENTPIC PR01M - HtY, 

F i g u r e  G-12 

G-78 



IONOSPHERE DF MRRS 
FREO = 400 GPFID = 3.5 

VERT ICFIL FIT 89.0 DEG LONGITUDE 
PERTUrnED PHFlSE DgTR 

GEOCENTRIC R W I U S  - KYI. 

Figure  G-13 

G-79 



IONOSPHERE OF MHRS 
FRED = 1000 GRFID 3.5 

VERT ICRL FIT 89.0 O U 3  LONGITUDE 
PERTUfWEO PHFKE OflTFI 

GEOCENTRIC RFaOlUb - H t l .  

F i g u r e  G-14 



IONOSPHERE DF MARS 

F i g u r e  G-15 



IONOSPHERE DF MHRS 
FREB = 400 GRAD = 7.5 

VEPT I O L  AT 87.5 DEG LONGITUDE 
PERTUWED PHf6E DRTR 

Figure  G-16 



IONOSPHERE OF MgRS 
FREO - 1000 GPWO =: '7.5 

VERTImL WT 8?,5 D@ LONGITUDE 
PERTURBED PHFiSE OWTW 

F i g u r e  G-17 





IONOSPHERE OF VENUS 

F i g u r e  G-19 





IONOSPHERE OF VENUS 
FPEO =: 2200 CPRd = 3 . 5  

VEPT~CPL BIT 9 1 . 0  oee ~otuc~ruoe 
UFIPERTUPBEO E OBITP 

6 130 62 10 6250 

GEOCENTRIC RPOIW - HQ. 

F i g u r e  G-21 



IONOSPHERE OF VENUS 

CEOCENTP~C P ~ I U ~  - HU. 

F i g u r e  G-22 



IONOSPHERE OF VENUS 
FREO = 1OOO ClzRd =: 7 . 5  

~ E P T I ~ L  9 2 . 5  OEC LOQIGITUOE 
UWEPWPBEO E OPTP 

Figu re  G-23 



IONOSPHERE OF VENUS 
F14EQ =: 2200 GRRO 1- 7.5 

FtEPT I WL PT 92.5 OEC L N G 1  TUOE 
UPIBERTCIPBEO P M E  OATA 

GEOCEMTP t C PPOI US - Htl . 

Figu re  G-24 



IONOSPHERE OF MARS 

F i g u r e  G-25 



IONOSPHERE OF MRRS 

Figu re  G-26  



IONOSPHERE OF MARS 

353s 

GEOCENTRIC PWDIUS - hfl. 

F i g u r e  G-27 



IONOSPHERE OF MRRS 

F i g u r e  G-28 



IONOSPHERE OF MARS 

F i g u r e  G-29 





IONOSPHERE OF VENUS 
FRED = 400 GPAO = 3 . 5  

~ ~ P I I W L  PT 90.0  aec Lmeiruae 
PERTUPBE0 P W E  OPTP 

GEOCENTP [ C  PEIOlUS - MQ. 

Figure  G-31 



IONOSPHERE VENUS 

GEOCEMTPIC PBOIUS - M f l e  

F i g u r e  G-32 





IONOSPHERE OF VENUS 
FPEQ =: 400 GRRO = 7.5  

VEPTIWL PT 90.0 CICG LWGITUOE 
PEPTUPBEO P W E  OPTP 

GEOCEMTPIC PFK31U5 - HR. 

F i g u r e  G-34 



IONOSPHERE OF VENUS 

Figure G-35 





IONOSPHERE OF MRRS 
FREO = 400 GRRD = 3.5 

VERT ICRL RT 89.0 DU; LDNCI TUDE 
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APPENDIX H 
* 

PROFILE INVERSION METHODS USED I N  SEISMOLOGY 

(An abr idged ve r s ion  of t h e  l e c t u r e  given by 
D r .  Vladimir Keilis-Borok a t  MIT Geophysics 

Department on January 21, 1969) 

I s h a l l  make a  summary of t h e  r e s u l t s  of t h e  prev ious  l e c -  

t u r e s .  The problem w e  t r e a t e d  was t h e  i nve r s ion  of t h e  t r a v e l  

t i m e s  by assuming t h a t  t hey  a r e  known e x a c t l y  wi thout  e r r o r s ,  

Then we w i l l  cons ide r  wi thout  proof t h e  analogous problem f o r  

s u r f a c e  waves and then we s h a l l  go t o  i nve r s ion  of r e a l  d a t a  con- 

t a i n i n g  e r r o r s .  

w i th  r e f e r e n c e  t o  F igure  1 ,  t h e  problem was t h a t  we know t h e  

t r a v e l  t ime curve i n  t h e  presence of a  waveguide. Since we know 

t r a v e l  t i m e s  T  a c c u r a t e l y ,  we can determine d ~ / d ~  and we can ob- 

t a i n  t h e  i nve r se  func t ion  A a s  a  func t ion  of p.  We know a l s o  t h e  

s lope  of t h e  t r a v e l  t ime curve nea r  t h e  waveguide and we know t h e  

jump of t h e  t angen t s  t o  t h e  t r a v e l  time curve.  Knowing t h e s e  d a t a  

we can determine a l l  s e t s  of p o s s i b l e  models corresponding e x a c t l y  

t o  t h i s  d a t a  by t h e  f i r s t  formula i n  F igure  1. The f i r s t  t e r m  i s  

t h e  u sua l  Herglotz-Wiechert express ion  and t h e  second term depends 

n o t  on ly  on t h e  d a t a  t h a t  we know b u t  a l s o  on t h e  v e l o c i t y  d i s t r i -  

bu t ion  i n  t h e  waveguide. I f  w e  know t h i s  v e l o c i t y  we can d e t e r -  

mine t h e  r e s t  of  t h e  model by t h e  formula mentioned be fo re .  The 

* 
From t h e  t ape  recorded a t  t he  l e c t u r e  



Figure 1 
Profile Inversion in Presence of Waveguide (Slide) 



summation is taken over all the waveguides above the point where 

we determine the velocity. The velocity distribution in the wave- 

guide must satisfy two conditions. First, it should have the 

proper jumps of the tangent which we know from observation: this 

is an integral condition on the velocity in the waveguide. The 

second condition is that below the waveguide the function should 

be monotonic. It means that at each depth we should have only one 

velocity, which is in the nature of the physical limitations. 

The formula that is usable up to the first waveguide is the usual 

Herglotz-Wiechert expression. Then we have to choose some shape 

of the velocity function in the waveguide, Suppose we choose a 

rectangular shape for this function. We can give the velocity in 

the waveguide and from this we can compute the thickness of the 

waveguide. There is no lower limit for the velocity in this case. 

We can take the velocity to be almost zero. We shall assume the 

thickness of the waveguide to be almost zero; the structure below 

the waveguide will be very close to the Herglotz-Wiechert struc- 

ture. NOW, if we increase the velocity in the waveguide, the 

thickness will also increase and sooner or later we will find a 

thickness for which this condition does not hold anymore. This 

is the maximum thickness of a waveguide of rectangular shape in 

which there will be this effect and this is the way to construct 

all possible waveguides with this shape. Usually we repeat this 

procedure also for triangular shapes and sometimes also for some 

smooth shapes and in this way (unfortunately, it is purely compu- 

tational) we have a description of possible structures and we can 

continue it for any number of waveguides. Now, some information 

can be determined uniquely from this data; for instance, we can 

determine the total length of the interval above the waveguide 



i n  which v ( r ) / r  i s  less t h a n  any g iven  c o n s t a n t .  I t  means t h a t  

i f  t h e  ~ ( t ) s  a r e  t h e  same f o r  two s t r u c t u r e s ,  t h e y  w i l l  co r respond  

e x a c t l y  t o  t h e  same t r a v e l  t i m e .  I wanted t o  c a l l  your a t t e n t i o n  

once  a g a i n  t o  t h e  f a c t  t h a t  t h e  Herglotz-Wiechert  formula w i thou t  

t h e  a d d i t i o n a l  t e r m  s imply  g i v e s  t h e  upper o r  t h e  lower l i m i t  

where a v e l o c i t y  can t a k e  a g iven  v a l u e ,  o r  t h e  upper l i m i t  o f  kbe 

v e l o c i t y  which can  e x i s t  a t  a g iven  dep th .  However, t h e  lower 

l i m i t  f o r  v e l o c i t y  i n  a waveguide cannot  b e  determined from s u r -  

f a c e  t r a v e l  t i m e s .  I f  w e  know t h e  t r a v e l  t i m e s  from a deep f o c u s ,  

w e  can  have a d d i t i o n a l  i n fo rma t ion .  I n  p a r t i c u l a r ,  t h i s  means 

t h a t  w e  c an  de te rmine  t h e  f o c a l  dep th  independen t ly  from t h e  

s t r u c t u r e  above t h e  focus .  I f  we have sou rce s  between waveguides 

we  can  de te rmine  t h e  s t r u c t u r e  between waveguides un ique ly .  I n  

t h i s  c a s e  t h e  s t r u c t u r e  between waveguides depends on t h e  s t r u c t u r e  

i n  t h e  waveguides and consequen t ly  it i s  determined nonuniquely ,  

b u t  i n  t h i s  c a s e  t h e  nonuniqueness i s  on ly  i n s i d e  t h e  waveguides 

and w e  can  de te rmine  a l s o  t h e  lower l i m i t  f o r  t h e  v e l o c i t y  i n  t h e  

waveguides. W e  cons ide r ed  a l s o  t h e  c a s e  where t h e  r a y s  a r e  focus-  

i n g  i n  s e v e r a l  p o i n t s ,  s o  i n s t e a d  o f  t r a v e l  t i m e  cu rve s  w e  have 

o n l y  a f i n a l  number of  p o i n t s  and w e  know t h a t  any p a t t e r n  o f  

p o i n t s  can correspond t o  some r e a l  s t r u c t u r e .  

I f o r g o t  t o  show you F igu re  2 yes t e rday .  T h i s  a r ange  o f  

p o s s i b l e  v e l o c i t y  s t r u c t u r e s  which correspond e x a c t l y  t o  t h e  

Gutenberg t r a v e l  t i m e  cu rve  and you s e e  t h a t  t h e  Gutenberg wave- 

gu ide  i s  n o t  t o o  deep ,  b u t  you see a l s o  t h a t  t h e  u n c e r t a i n t y  is 

n o t  t o o  smal l .  Th i s  u n c e r t a i n t y  i s  1 km/sec and,  f o r  some d e p t h s ,  

t h i s  i s  b i g  enough. The u n c e r t a i n t y  about  t h e  dep th  where a g iven  

v e l o c i t y  e x i s t s  i s  n o t  v e r y  b i g ;  I t h i n k  it w i l l  be  i n  t h e  d e p t h  

of  t h e  c o r e  between 3 and 5 km ( i f  I remember it c o r r e c t l y ) .  



Figure 2 The region of possible P-velocity cross-sections below 
the crust, corresponding to Gutenberg's hodograph (10) 
(after V. M. Markushevich). Vertical lines extent to 
v = 0. (Slide) 



With r e f e r e n c e  t o  F i g u r e  3 ,  I am now go ing  t o  t r e a t  t h e  same 

problem f o r  t h e  d i s p e r s i o n  of  Rayle igh waves. Suppose w e  know 

w i t h o u t  e r r o r s  some d i s p e r s i o n  cu rve  (phase  v e l o c i t y  a s  a  f u n c t i o n  

o f  f requency)  f o r  Love waves. What can w e  say  about  s h e a r  wave 

v e l o c i t y  b  ( r )  and abou t  t h e  d e n s i t y  p ( r )  ? The e igenva lue s  o f  t h e  

f i r s t  e q u a t i o n  i n  F igu re  3  de te rmine  t h e  phase  v e l o c i t y .  r i s  t h e  

d i s t a n c e  from t h e  c e n t e r  of  t h e  E a r t h .  Prime means d i f f e r e n t i a t i o n  

ove r  r ,  cu i s  t h e  f requency.  The phase  v e l o c i t y  C (0.)) is connected  
K 

w i t h  t h e  e igenva lue s  of  t h i s  problem i n  t h e  fo l l owing  way. An 

e igenva lue  o f  t h i s  problem f o r  a  g iven  cc i s  f o r  such v a l u e  of  C 
K 

f o r  which a  non-zero s o l u t i o n  of  t h e  system e x i s t s .  W e  c an  make 
R R 

t h e  t r a n s f o r m a t i o n s  y  = R I n  ; , u  = V ;  and reduce  t h e  problem 

from t h e  s p h e r i c a l  c a se  t o  t h e  f l a t  e a r t h  c a se .  The analogous  

e q u a t i o n  f o r  t h e  f l a t  e a r t h  problem i s  a l s o  g iven  i n  F igu re  3. I 

wanted j u s t  t o  show you t h a t  t h e  phase  v e l o c i t i e s  i n  t h e  sphe re  

and i n  t h e  ha l f - space  can  be  t h e  same. The d i s p e r s i o n  curve  f o r  

t h e  sphere  and f o r  t h e  ha l f - space  w i l l  c o i n c i d e  e x a c t l y .  For t h e  

s h e a r  v e l o c i t y  t h i s  i s  n o t  t o o  s u r p r i s i n g .  The s h e a r  v e l o c i t y  i n  

t h e  ha l f - space  i s  t h e  s h e a r  v e l o c i t y  i n  t h e  sphe re ,  d i v i d e d  by R. 

However, f o r  t h e  d e n s i t y  t h i s  i s  s t r a n g e .  The d e n s i t y  i n  t h e  h a l f -  

space  should  dec r ea se  w i t h  dep th  v e r y  f a s t ,  w i t h  t h e  power 5. I 

do n o t  know t h e  p h y s i c a l  reason f o r  t h i s ,  b u t  t h i s  i s  t h e  f a c t  

t h a t  makes t h e  d e n s i t y  and t h e  d i s p e r s i o n  curve  c o i n c i d e  e x a c t l y .  

It i s  u s e f u l  t o  know t h i s  because  sometimes it is  more conven ien t  

t o  compute d i s p e r s i o n  f o r  a  ha l f - space  and no t  f o r  a  sphere .  Now 

t h e  s o l u t i o n  of  t h e  i n v e r s e  problem i s  nonunique. We can have 

s e v e r a l  f u n c t i o n s  b ( r )  and p ( r )  which correspond e x a c t l y  t o  t h e  

same d i s p e r s i o n  curve .  I ' l l  g i v e  you an example ( ~ i g u r e  3 ) .  
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Figu re  3 
Rayleigh Waves Case for S p h e r i c a l  and F l a t  E a r t h  ( S l i d e )  



Suppose w e  have one  such f u n c t i o n .  I f  w e  s h a l l  i n v e r t ,  due t o  

symmetry and boundary c o n d i t i o n s ,  t h e  e igenva lue s  w i l l  remain t h e  

same, I t  can be  proven a l s o  t h a t  i f  w e  have a  p e r i o d i c a l  s t r u c -  

t u r e ,  we can  r e v e r s e  it and i n  each  p e r i o d  w e  can  t a k e  e i t h e r  t h i s  

f u n c t i o n  o r  t h e  r e v e r s e d  f u n c t i o n  and t h e  d i s p e r s i o n  c u r v e  w i l l  n o t  

change. For t h e  f l a t  problem t h i s  does  n o t  s e e m  i n t e r e s t i n g  be- 

cause  we can m e e t  pe rhaps  p e r i o d i c  f u n c t i o n  i n  some problems o f  

seismic p r o s p e c t i n g ,  b u t  t h e  cor responding  s p h e r i c a l  parameKers 

i n c r e a s e  w i t h  d e p t h  and h e r e  a r e  some examples o f  t h e  e q u i v a l e n t  

s t r u c t u r e s  (F igu re  4 ) .  Of cou r se  t h e y  a r e  q u a l i t a t i v e  examples. 

Now we  can de te rmine  un ique ly  t h i s  f u n c t i o n .  F igu re  4 shows t h e  

t o t a l  l e n g t h  of  i n t e r v a l  where a  s h e a r  wave v e l o c i t y  i s  less t h a n  

any g iven  c o n s t a n t  and,  i n  p a r t i c u l a r ,  i n d i c a t e s  t h e  t o t a l  t h i c k -  

n e s s  o f  t h e  mant le  t h a t  w e  can  de te rmine  un ique ly  from Love waves 

d i s p e r s i o n .  I t  is  s t r a n g e  t h a t  t h i s  f u n c t i o n  which can be  d e t e r -  

mined from Love waves i s  e x a c t l y  t h e  same f u n c t i o n  which can be 

determined from t h e  deep focus ;  and I f o r g o t  t o  say  t h a t  a l l  r e -  

s u l t s  r e l a t i n g  t o  t h e  deep focus  r e l a t e  a l s o  t o  r e f l e c t e d  waves. 

So, i n  p r i n c i p l e ,  w e  can  de te rmine  t h e  dep th  of  t h e  r e f l e c t e d  

boundary independen t ly  from t h e  s t r u c t u r e  above. Now, I want t o  

c a l l  your a t t e n t i o n  t o  two unsolved problems. I f  w e  have some 

s t r u c t u r e  w e  can de te rmine  t h e  c h a r a c t e r i s t i c  ~ ( t )  f o r  t h e  whole 

s t r u c t u r e .  A t  t h e  same t ime ,  d i f f e r e n t  p a r t s  o f  t h e  d i s p e r s i o n  

curve  a r e  i n f l u e n c e d  o n l y  by t h e  p a r t  of  t h i s  complete s t r u c t u r e ,  

and t h e  dep th  o f  p e n e t r a t i o n  of  Love ' s  wave can  be  e s t i m a t e d  i n  

t h e  fo l lowing  way. Suppose w e  have t h e  s t r u c t u r e  of  F igure  4. 

C(T) is t h e  s h e a r  wave v e l o c i t y  and y  i s  t h e  dep th ,  and we have 

some s t r u c t u r e .  L e t  u s  draw now t h e  d i s p e r s i o n  cu rve ,  b u t  n o t  i n  

t h e  u s u a l  way. T i s  t h e  p e r i o d .  For l a r g e  p e r i o d  C(T) w i l l  be 



Figure 4 Depth of Penetration of Shear Waves 



large. For small periods, it will be small. Suppose I want to 

know the depth of penetration of this period. I can do it in a 

simple way. I determine the corresponding phase velocity and then 

determine the deepest point where a shear wave velocity is equal 

to this phase velocity. This is the depth after which the Love 

waves begin the exponential decrease. So we have a measure of 

~ ( t )  for the complete structure, and if we have the dispersion 

curve for each period we practically have the same measure for 

part of the structure. In principle, it is possible to say more. 

Different parts are responsible for different intervals and on 

each interval we can determine this measure. So if we do not in- 

sist on the exact fitting of the dispersion curve, perhaps we can 

say more and I think it would be a useful exercise if somebody 

wants homework. The following possibility is not as simple: the 

application to the Love wave dispersion of the powerful theory of 

zeros of analytical functions, The equation involved is difficult 

because the boundary conditions are given on both sides of the 

interval. But let us consider a very well known theory (~ouchy 

problem) where two boundary conditions are given in one point. 

We will have then some derivatives on another point and the 

derivatives depend on both parameters (frequency and wave number). 

The dispersion curve coincides with the zeros of this function in 
2 2 

the (u, , 6 ) plane (Figure 3) and this function is an analytical 

function of those parameters, So we have a very well developed 

theory, In particular, we can say that all dispersion curves for 

all models are the branches of the same analytical function. It 

means, in principle, that if we know one branch on a very narrow 

interval we can compute all branches everywhere. Of course this 



procedure is unstable but some limitation on different dispersions 

and different modes corresponding to the same structure can be 

imposed. Perhaps the inverse procedure to find something about 

the fundamental mode dispersion from the higher mode dispersion 

is more stable. So this is the information which perhaps can be 

useful for mathematicians. I have also a complete solution of the 

inverse problem for this function but I have not time for it, so 

if anybody is interested please ask me afterwards. This is all I 

know about the inversion of accurate data. Now I will move to the 

inversion of real observations. 

Pn this field, I cannot say anything new in principle to you, 

because the basic ideas are the same as in the work on inversion 

performed by Frank Press. So the only things I'll cover are some 

practical details which perhaps can be useful. We have two prin- 

cipal schemes of inversion. There is a trial-and-error method 

where we look for the solution in the space of the parameters of 

the structure. Here, specifically, we look for a solution in the 

space of the parameters of observation. This seems profound but 

you will see it is simple. What we are doing here is to represent 

a known structure through a final number of parameters. For 

example, the parameters can be simply velocities and densities on 

certain depths and the structure between those depths can be 

interpolated by a given flow. Now our problem is to find a final 

number of parameters. We organize a flow of different models of 

the Earth, Each model is a point on a space of unknown parameters. 

For each model we can compute those data which are known from ob- 

servation and we compare them with observations. If the compari- 

son is good, this point, or this model, is one of the solutions. 



If not, we forget it or use it anway, This can be done in 

several cycles for different kinds of observations, One of the 

details 1 want to mention is related to the parameterization of 

the cross-section. The most natural way is to introduce several 

values for the depth* and to use as unknown parameters the vel- 

ocities, the densities or the depth. There is one difficulty in 

it. In order to represent the details sf the structure which are 

of interest to you, we have to introduce ten more layers and then 

we have too many possibilities, too many different structures in 

this parameterization and most of those structures will be unin- 

teresting. For example, if we have twenty layers and if we allow 

each parameter to take only four values for each layer, we have 

already an exceedingly high number. And, of course, most of those 

variances will have many wiggles or will be geometrically unaccep- 

table and they will be rejected instantly. This is inconvenient, 

and we use in our practice an algorithm which allows to use as 

independent parameters not only the velocities and densities in 

each depth, but also the difference between the increments of the 

velocity, the depth where the gradient change occurs, and the 

ratio of the two parameters. For example, if we know somehow how 

to better determine a, it is convenient to consider as independent 
a 

parameter --= B If we use the densities p we have some 

equation of state and we can just use as unknown parameters the 

corrections X in the equation: p = f(a,B) i- X. It makes the 

solution much more compact, 

We have a computer program that works in the folEowing way, 

Unknom parameters are X , where the q is 1, 2, eke, 'i j 
are 

4 
physical parameters which we have to compute to solve the direct 



problem. i i s  the  number of t h e  l aye r s  and j  i s  the  number of 

t h e  parameters. 1 s tands  f o r  R ,  2 i s  f o r  the  shear  wave v e l o c i t y ,  

e t c . ,  and we can represent  any phys ica l  parameter through a  quad- 

r a t i c  expression of a l l  t he  r e s t  of t h e  parameters P - - 
i j  
0 0 

quadra t i c  { ( P  ) + q ( x ~ ) ) ,  and through a  l i n e a r  expression of 
i j  

products and r a t i o s  

j  = [ l i n e a r ]  
o  o \P i i j [p i2 j2  1 

So i f  you wrote it once and forever  it makes parameter izat ion much 

more compact. There i s  another problem i n  parameter izat ion,  and 

t h i s  problem i s  unsolved. The whole success of invers ion  depends 

on whether we a r e  r e a l l y  looking f o r  the  d e t a i l s  of the  s t r u c t u r e  

which a r e  connected with our observat ions.  For example, suppose 

we have a  v e r t i c a l  r e f l e c t i o n .  The only da ta  we have i s  the  

v e r t i c a l  r e f l e c t i o n  time and we do not  know t h a t  t h i s  v e r t i c a l  

r e f l e c t i o n  time i s  simply H divided by t h e  ve loc i ty  b. Suppose 

w e  a r e  looking f o r  H and b independently. We w i l l  look f o r  zeros ,  

and i f  we have e r r o r s  and we d iv ide  by mistake t h i s  i n  two ways, 

it w i l l  be more d i f f i c u l t .  But t h i s  i s  an absurd example because 

i f  we w i l l  n o t i c e  some connection. But, f o r  the  Earth mul t i layers  

t h i s  connection i s  not  c l e a r .  What I can d e f i n i t e l y  say i s  t h a t  

the  t r a v e l  time does not  determine the  ve loc i ty  d i s t r i b u t i o n  as  

can be seen from t h e  following example. The example was suggested 

by Shapiro who p a r t i c i p a t e d  i n  the  earthquake mechanism study 

aimed a t  the  defense of the  t h e s i s  of Markusbevich, who d i d  h i s  

Gerver inversion of t r a v e l  time and almost surrendered h i s  t h e s i s .  



Suppose w e  have t h e  t r a v e l  t i m e  and by t h e  ~ e r g l o t z - W i e c h e r t  

method w e  de te rmine  t h e  s t r u c t u r e .  Now, suppose w e  make a  ve ry  

smal l  p e r t u r b a t i o n  i n  t h e  t r a v e l  t i m e  curve .  W e  j u s t  add ve ry  

smal l  dashes  ( ~ i g u r e  5 a ) .  These a r e  smal l  p e r t u r b a t i o n s  o f  t h e  

t r a v e l  t i m e  c u r v e ,  b u t  t hey  w i l l  l e a d  t o  a  b i g  p e r t u r b a t i o n  of 

t h e  p o s s i b l e  s t r u c t u r e .  Of cou r se ,  t h e  i n v e r s i o n  of t r a v e l  t i m e  

( ~ i g u r e  5b) ha s  a  p l a u s i b l e  shape because  w e  can smooth it and 

t h i s  smoothing cor responds  t o  t h e  smoothing of t h e  s t r u c t u r e .  I t  

w i l l  e l i m i n a t e  t h e  gaps i n  t h e  s t r u c t u r e  i n d i c a t e d  i n  F igu re  5b. 

But ,  i n  t h e  whole h i s t o r y  of  seismology t h e r e  i s  on ly  one c a s e  

where t h e  a u t h o r  of  t h e  t r a v e l  t i m e  cu rve  knew how t o  smooth h i s  

t ravel .  t i m e  curve .  Today I heard  about  a l o t h e r  e x p l i c i t  smooth- 

i n g  b u t  it s e e m s  s u s p i c i o u s .  But even J e f f r e y s  d i d n ' t  i n v e s t i g a t e  

t h e  q u e s t i o n  o f  how much t h e  smoothing of  t h e  s t r u c t u r e  cor responds  

t o  h i s  smoothing o f  t h e  t r a v e l  t i m e .  So we  r e a l l y  do n o t  know 

what f u n c t i o n  of  t h e  r e a l  s t r u c t u r e  we  a r e  de te rmin ing  from t h e  

t r a v e l  t i m e  curve .  There i s  some averag ing ,  b u t  w e  do n o t  know 

what k ind  of averag ing .  And t h e r e  a r e  ways of  smoothing t h e  

t r a v e l  t i m e  cu rve  which reduce t o  a  minimum t h e  u n c e r t a i n t y  i n  t h e  

s t r u c t u r e ,  b u t  w e  have no p o s i t i v e  r e s u l t s  i n  t h i s  d i r e c t i o n .  

There a r e  t h r e e  working hypotheses ,  One i s  t h a t  t h e  optimum 

smoothing i s  t o  be  done w i t h  some exponen t i a l  f i l t e r  ( ~ i g u r e  6 ) .  

Tha t  cor responds  t o  t h e  de t e rmina t i on  of t h e  average slowness 

( i n v e r s e  of  t h e  v e l o c i t y )  i n  some i n t e r v a l  of  depth .  Another i s  

t h e  smoothing developed by Markushevich, based on t h e  s t a t i s t i c a l  

moments of  t h e  A ( P )  curve:  
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Figure 6 Exponential Smoothing 



From that we can determine the corresponding moments of H and the 

more accurate our data are the more rnorclents can be determined from 

observations and the more moments of the structure can thus be 

obtained. This seems to be very natural. Unfortunately, it is 

bad regarding errors because A f P . )  cannot be determined very 
L 

accurately. There is a third hypothesis: that we simply should 

replace the travel time curve by a finite number of points and 

then interpolate our structure with branches of arc hyperbolical 

cosines. It seems that the distribution of the errors in this 

case will be at least known because it is a clear statistical 

problem. It is connected with the approach that replaces the 

real travel time curve with straight-line segments. However, I 

have no results here. I wanted only to mention the formulation of 

these problems. 

Let's talk now about the generation of models. We have our 

space of unknown parameters and we have to generate models that 

we will try afterwards. Do they fit the observations or not? 

This is the problem of finding the minimum of a multidimensional 

function. The function is the discrepancy between observations 

and computations, and the space is the space of unknown parameters. 

We tried the Monte Carlo method, the gradient method, the random 

search and the Hedgehog method. I will not elaborate further on 

the gradient method and on the random search. The theory of the 

minimization of a multidimensional function is very popular nowa- 

days. The related methods are very efficient for finding the 

exact minimum, but the special feature of our problem is that we 

are looking not for a single minimum but for the area where our 

function is less than some threshold and the Monte Carlo method 

happens to be the fastest one to find one point in the minimum 



region. ~t has however one disadvantage. Figure 7 shows the dis- 

crepancy between observations and calculations as a function of 

the unknown parzS.<eter. I will consider the one-dimensional case 

of the problem. We want to know all the intervals where the func- 

tion is less than the threshold. The disadvantage of the Monte 

Carlo method is that if we come to a good point and then we start 

our search again after finding this minimum, we lose it immediately. 

The difficulty is connected with the multidimensional nature of 

the search. The Hedgehog method for two-dimensional problems 

works the following way. Suppose X is one parameter and X is 
1 2 

another. We make a rectangular grid (Figure 8) and the solution 

of our problem is represented by all points where the function is 

less than some threshold, Suppose we found by the Monte Carlo 

technique one good point. Then we investigate our neighbors. We 

make not more than one step in all directions. Then we take as a 

base point all good points as if they were not investigated al- 

ready and we start the procedure again. The difficulty resides - 
in the formal description of this approach. Each point X is ob- 

- - 
tained from the previous point X by adding C a 6 Xi, with a 

o i i 
equal to 0 - 1 or + 1. All combinations of such a's should be 

taken, However, the usual number of unknown parameters is not 
K 

less than 6 or 10 and at each point has (3 -1) neighbors, where 

K is the number of unknown parameters. These are too many, but 

we can introduce the definition of order of neighbors. We make 

a restriction that we take only such neighbors for which the 

number of a's different from zero is not more than m. If m is 1 

we are going in only one direction and we don't make any additional 

move, The number of neighbors of the second order is, I think, 
2 

2K and the first order, of course, is 2K,  So we can handle 
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Figure 8 Rectangular Grid for the Representation of the 
Solutions of the Two-Dimensional Problem 



ne ighbo r s  of  second and t h i r d  o r d e r s  i n  a lmos t  any problem, The 

bookkeeping i s  s l i g h t l y  d i f f i c u l t  because  we have t o  remember a l l  

p o i n t s  which w e  i n v e s t i g a t e d ,  o the rw i se  it w i l l  b e  a  l oop ,  b u t  i t  

works. The l o g i c  i s  compl ica ted .  Th i s  i s  abou t  t h e  s e a r c h  o f  

t h e  minimum of a  f u n c t i o n .  I can  mention a l s o  some numbers. I n  

one  i n v e r s i o n  f o r  Europe w e  f o l ~ n d  by t h e  Monte C a r l o  method a  

good p o i n t  a f t e r  something l i k e  100 t r i a l s .  Then w e  found a n o t h e r  

150 good p o i n t s  and,  I t h i n k ,  about  1000 bad p o i n t s  on t h e  boundary 

of Hedgehog, and Hedgehog was c l o s e d .  The minimum a r e a  was c lo sed .  

Then w e  went t o  Monte C a r l o  and made 8000 p o i n t s  and of  t h o s e  

8000, two t i m e s  w e  went back t o  t h e  a r e a  a l r e a d y  i n v e s t i g a t e d  and 

neve r  found ano the r  a r e a .  So it shows t h a t  t h e  method i s  v e r y  

e f f i c i e n t  a f t e r  w e  found one good p o i n t  and you should  n o t  t h i n k  

t h a t  a l l  s t r u c t u r e s  i n  t h i s  a r e a  w i l l  b e  s i m i l a r .  Those a r e  t h e  

o n l y  s t r u c t u r e s  which can b e  g o t  by con t inuous  t r a n s f o r m a t i o n  one 

from a n o t h e r  and such s t r u c t u r e s  can b e ,  of  c o u r s e ,  v e r y  d i f f e r -  

e n t .  

Ques t ion :  When you t e s t  t h e  model do you t e s t  it by t h e  

e x a c t  methods o f  d i s p e r s i o n  o r  do you use  t h e  p a r t i a l  d e r i v a t i v e s ?  

Answer: I t  depends. I n  t h e  work I d e s c r i b e  h e r e  w e  used 

p a r t i a l  d e r i v a t i v e s  t o  a l l ow  f o r  f l u c t u a t i o n s  o f  s e v e r a l  upper 

l a y e r s  of  t h e  c r u s t  and e x a c t  methods t o  a l low f o r  f l u c t u a t i o n s  

o f  t h e  mant le  because  w e  computed t h e  p a r t i a l  d e r i v a t i v e s  and t h e y  

w e r e  n o t  a c c u r a t e  enough i n  t h i s  p a r t i c u l a r  problem. I n  t h e  pro-  

gram which w e  have a r r anged  r e c e n t l y  a t  UCLA w e  f i r s t  t r i e d  w i t h  

t h e  p a r t i a l  d e r i v a t i v e s  and w i t h  a  l a r g e  t h r e s h o l d .  I f  t h e  pro-  

gram does  n o t  r e j e c t  i t ,  w e  r e c a l c u l a t e  t h e  d i s p e r s i o n  by t h e  

e x a c t  formula.  ~ u t  o u r  problem was e a s i e r  than  yours  because  we  

have o n l y  a  s h o r t  p i e c e  o f  t h e  d i s p e r s i o n  curve .  



: Did yoG investigate the discrepancy function for 

3 parameters (2 velocity dependences) to be sure that you have a 

finite number of minin;a? 

Answer: First of all we found 150 good points which fit travel 

times and dispersion of latent Rayleigh waves. The total number 

of points in our parameterization was 35,000 and the probability 

to miss another cluster of such dimension was around 7% and we 

should get another 8000 points and then it would be much less than 

1%. 

: What is the relation between the different struc- 

tures compatible with the data? 

Answer: Figure 9 gives the answer to your question. It is 

an example of an inversion for the Canadian shield. There are 

structures (dashed line) corresponding to surface wave dispersion, 

structures (solid line) corresponding to travel times of S waves, 

and a structure corresponding to both types of data. In this par- 

ticular case the solution was not completed. But here you see the 

relation between different structures in Hedgehog. 

Figure 10 provides another example of inversion for the Earth's 

crust in Central Asia. This area is covered by structures which 

fit the P-wave observations. The P-wave observations are from 

earthquakes and are inaccurate. That is why we have a wide area 

of uncertainty. The lines are the structures which fit also to 

Rayleigh wave dispersion. This is also Hedgehog. 

Now I will describe in more detail those results. With refer- 

ence to Figure lla, dispersion and travel time could be fitted in 

a very different way by adapting the crust. We could have the 



1. Travel time curve for S waves 

2, Surface wave dispersion curve 

3 ,  Curves compatible with travel 
time and dispersion 

4. Boundary of the region in which 
solutions were sought. 

Figure 9 
Cross-Sections Corresponding to Different Observations (Slide) 

Figure 10 
Structure of the Earth's Crust in Central Asia (Slide) 



s o l u t i o n s  i n d i c a t e d  i n  t h e  f i g u r e  ( s o l i d  l i n e s ) .  But i f  w e  would 

t a k e  i n t o  account  a l s o  t h e  ampl i tude ,  o n l y  t h e  dashed- l ine  so lu -  

t i o n s  remain. However, t h i s  is n o t  a  proof of absence of wave- 

gu ide  i n  Europe because  w e  d i d  n o t  t r y  a  more f i n e  p a r a m e t e r i z a t i o n ,  

W e  i n t roduced ,  I t h i n k ,  o n l y  s i x  l a y e r s  and perhaps  we could  have 

such t h i n  waveguides. W e l l ,  t o  f i n i s h  w i t h  t h e  r e s u l t s ,  I can 

say  t h e  fo l lowing .  Usua l ly  when people  p r e s e n t  t h e  models of t h e  

E a r t h  t h e y  warn t h a t  t h i s  i s  o n l y  p r e l i m i n a r y  r e s u l t s .  But what 

I w i l l  show you now i s  r e a l l y  a  p r e l i m i n a r y  r e s u l t .  W e  took UCLA 

d a t a  on S-wave f o r  Western United S t a t e s  and B i s w e l l ' s  d a t a  a l s o  

f o r  Western Uni ted  S t a t e s  f o r  Rayle igh wave d i s p e r s i o n  i n  t h e  

i n t e r v a l  between 40 and 2 2 6  seconds.  I n  a  rough p a r a m e t e r i z a t i o n ,  

w e  f i x e d  t h e  d e n s i t y  and w e  changed on ly  t h e  shea r  waveguide 

v e l o c i t y .  Up t o  400 km t h e r e  was no waveguide (F igure  l l b ) .  

I f  t h e  d a t a  make t o  seem more l i k e l y  a  v e l o c i t y  of 4.65 km/sec, 

t h e n  we have t o  i n t r o d u c t  a  t h i n  l a y e r  which won ' t  s p o i l  t h e  d i s -  

p e r s i o n  because  it i s  t h i n .  Th is  p o s s i b i l i t y  seems t o  be very  

t h i n  b u t  when I l e f t  UCLA t hey  on ly  s t a r t e d  t o  make a  r e a l l y  de- 

t a i l e d  p a r a m e t e r i z a t i o n ,  i n  o r d e r  t o  t a k e  i n t o  account  t h e  v a r i a -  

t i o n  of d e n s i t y ,  s o  I d o n ' t  know those  r e s u l t s .  

The second way t o  d e a l  w i t h  t h e  i n v e r s e  problem i s  t h e  one 

used by Wiggins. Here aga in  I cannot  say  any th ing  new i n  p r i n c i -  

p l e ,  o n l y  i l l u s t r a t e  a  few p r a c t i c a l  d e t a i l s .  Suppose we have 

some o b s e r v a t i o n  p o i n t .  W e  draw a  s t r u c t u r e  of t h e  Ea r th ,  compute 

t h e  t h e o r e t i c a l  curve  of t h e  d i s p e r s i o n  o r  t r a v e l  t i m e  and compare. 
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Figure 11 
Results of Inversion of Dispersion and Travel T i m e  Curves 



But now t h i s  approach i s  more n a t u r a l  because we a r e  making t h e  

search  exac t ly  i n  t h e  same space where we have our observat ions,  

and we w i l l  no t  draw such funny-looking curves.  

With reference  t o  Figure 1 2 ,  we a r e  forming now the  models of 

the  t h e o r e t i c a l  curve ,  of t h e  t r a v e l  time curve,  o r  of t h e  d i s -  

persion curve,  and we j u s t  check i f  t h i s  model i s  r e a l l y  going i n  

t h e  "cloud of t h e  observed do t s . "  I f  yes ,  we i n v e r t  it i n  t h e  

s t r u c t u r e  and memorize the  s t r u c t u r e  (Figure 1 3 ) .  That i s  exac t ly  

what Wiggins d id .  Now I want t o  speak a  l i t t l e  about organiza t ion  

of t h i s  flow and about comparison. We can simply make a  rectangu- 

l a r  g r i d  and i n  t h i s  g r i d  t r y  a l l  poss ib le  va r i an t s .  Formerly we 

could,  of course,  use Hedgehog o r  Monte Carlo techniques,  bu t  i n  

t h i s  case we have a  two-dimensional space f o r  search and it would 

be a  p i t y  not  t o  use t h i s  space and introduce ins tead  some unknown 

parameter along t h i s  space. This i s  one p o i n t  I wanted t o  c a l l  

a t t e n t i o n  t o .  When we a r e  drawing a l l  v a r i a n t s  of d ~ / d ~  

we check a l s o  t h e  t r a v e l  time curve because we can compute t r a v e l  

time knowing t h i s  curve and a l l  poss ib le  waveguides can be in t ro -  

duced j u s t  by introducing such v e r t i c a l  s h i f t s  of t h i s  curve. I f  

we have a  waveguide, we have another unknown parameter. 

Now I w i l l  come t o  a  more complicated problem: how t o  compare 

observat ions with c a l c u l a t i o n s  f o r  t r a v e l  time. This i s  an attempt 

t o  g ive  a  ske le ton  s t a t i s t i c a l  so lu t ion  f o r  t h i s  problem, t o  form 

a  l ike l ihood  funct ion  f o r  t h e  t r a v e l  time. 

The problem i s  the following (Figure 14a) .  Let us consider 

some p a r t i c u l a r  d is tance .  On t h i s  d i s t ance  we observe say two 

a r r i v a l s  and f o r  some model ( i t  can be a  model of the  t r a v e l  time 

curve o r  a  model of t h e  s t r u c t u r e  from which we computed the  



= MODELS 
0 = OBSERVATIONS 

Figure 1 2  The Wiggins Method 

t r a v e l  time curve) we have the  t h e o r e t i c a l  a r r i v a l s  with t h e i r  

r e spec t ive  amplitudes. We can have a l s o  the  d ~ / d ~  and we can ob- 

serve  amplitudes. So we have the  t observed and we have the t 
j K 

computed with amplitudes and d ~ / d ~ .  What i s  t h e  p r o b a b i l i t y  t h a t  

the  p a t t e r n  of observat ion i n  Figure 14b i s  a  random f l u c t u a t i o n  

around t h e  model of Figure 14c? That the  t r u e  p a t t e r n  i s  the  

l a t t e r  and the  former i s  simply random e r r o r ?  I f  we w i l l  compute 

t h i s  p r o b a b i l i t y  we can b r ing  the  whole problem i n t o  r e a l  s t a t i s -  

t i c a l  ground. To compute t h i s  p r o b a b i l i t y  we have t o  know two 

d i s t r i b u t i o n  funct ions.  One i s  the  p r o b a b i l i t y  W K t o  d e t e c t  an 

a r r i v a l .  Of course i t  depends on t h e  number of a r r i v a l s  and it 

depends on t h e i r  amplitude and on the  whole p a t t e r n  of t h e  

t h e o r e t i c a l  seismogram. We have a l s o  t o  know another p robab i l i ty .  

Under t h e  assumption t h a t  we de tec ted  the  a r r i v a l ,  what w i l l  be 



F i g u r e  1 3  The Genera l  Scheme of  t h e  Tr ia l -and-Er ror  Method ( a )  
and t h e  D i r e c t  I n v e r s i o n  Method (b) ( S l i d e )  
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Figure 14 Statistical Interpretation of the Observations 



- 
the  d i s t r i b u t i o n  B(t - t ) of t h e  d i f fe rence  between t h e  observed 

K K 
and t h e  r e a l  t r a v e l  t imes? I assume f o r  a  moment t h a t  we know 

those two funct ions  and I cons t ruc t  t h e  l ike l ihood funct ion f o r  

the  o v e r a l l  process .  I w i l l  show then how t o  determine those 

funct ions.  Of course,  you understand t h a t  I have only a  ske le ton  

of a  s o l u t i o n ,  b u t  it was drawn t o  the  end and I think it i s  an 

i n t e r e s t i n g  scheme. Suppose t h a t  we expect in  theory t h r e e  

a r r i v a l s  and we observe only two a r r i v a l s :  t and t2. There a r e  
1 

the  following p o s s i b i l i t i e s .  The f i r s t  observed a r r i v a l  i s  f a l s e  

and t h e  second observed a r r i v a l  corresponds t o  f i r s t  t h e o r e t i c a l ,  

second t h e o r e t i c a l ,  and t h i r d  t h e o r e t i c a l .  There i s  a  p o s s i b i l i t y  

t h a t  both a r r i v a l s  a r e  f a l s e  and t h a t  we d id  not  d e t e c t  any r e a l  

a r r i v a l  a t  a l l .  There i s  a  p o s s i b i l i t y  t h a t  the  f i r s t  t h e o r e t i c a l  

a r r i v a l  corresponds t o  the  f i r s t  observed, t h e  second t h e o r e t i c a l  

corresponds t o  t h e  second observed, and we d i d n ' t  no t i ce  the  t h i r d .  

There i s  a  p o s s i b i l i t y  t h a t  the  f i r s t  t h e o r e t i c a l  corresponds t o  

the  f i r s t  observed, t h a t  we did not  no t i ce  the  second, and t h a t  

the  t h i r d  t h e o r e t i c a l  corresponds t o  the  second. We can de r ive  

a n a l y t i c a l l y  t h e  p r o b a b i l i t i e s  t h a t  some a r r i v a l s  were de tec ted  

and some were no t  detected.  I f  we mult iply those p r o b a b i l i t i e s  

by the  e r r o r  d i s t r i b u t i o n ,  we w i l l  f i nd  the  d i f fe rence  between 

t h e o r e t i c a l  a r r i v a l  time and observat ions which here a r e  assumed 

t o  correspond t o  the  t h e o r e t i c a l  expectat ions.  Usually we have a  

comparatively simple p a t t e r n  of observat ions (because how many 

a r r i v a l s  can we d e t e c t ? ) ,  but  a  very complicated p a t t e r n  of 

t h e o r e t i c a l  a r r i v a l s .  In f a c t ,  when we compute the  t h e o r e t i c a l  

a r r i v a l s ,  we cannot l i m i t  ourselves t o  the  d i r e c t  waves. We have 

t o  allow f o r  the  complete impulse response of t h e  medium and t h i s  

response,  fo r  a  rout ine  model of the  E a r t h ' s  c r u s t  and mantle,  



conta ins  very many a r r i v a l s .  We have t o  guess which of t h e  ac tua l  

a r r i v a l s  correspond t o  which of t h e  t h e o r e t i c a l .  In  t h i s  c a s e ,  

the  only l e g a l  th ing  we can do i s  t o  allow f o r  a l l  p o s s i b i l i t i e s .  

We have a  r i g h t  t o  r e j e c t  only very con t rad ic to ry  va r i ances ,  but  

a l l  t h e  r e s t  we have t o  take i f  we want t o  have a  r e a l l y  complete 

so lu t ion .  In  many cases ,  t h i s  becomes more o r  l e s s  automatic;  

it d o e s n ' t  mat te r  which exac t ly  corresponds t o  which. We compare 

p a t t e r n  t o  p a t t e r n .  Now i f  we have derived t h i s  p r o b a b i l i t y  a s  a  

funct ion  of the  parameters of our  s t r u c t u r e ,  o r  of t h e  parameters 

of our model of the  observat ions,  and i f  we mult iply a l l  such 

p r o b a b i l i t i e s  f o r  a l l  p o i n t s  of observat ion,  we w i l l  have the  

l ike l ihood funct ion f o r  our complete p a t t e r n  of observat ions i n  

a l l  po in t s .  Now we can t ake  the  c l a s s i c a l  approach t h a t  I d i d  

show t o  you i n  t h e  f i rs t  l e c t u r e  i n  dea l ing  with the  l ike l ihood  

funct ion.  We take  t h e  maximum, we take some confidence l i m i t  and 

with a  p r o b a b i l i t y  equal t o  the  confidence l e v e l ,  t h e  t r u e  solu- 

t i o n  i s  i n s i d e  those l i m i t s  and it gives  t h e  inverse problem of 

seismology some s t a b i l i t y .  Instead of generat ing each year a  

couple of new models, we can j u s t  cons t ruc t  the  confidence l i m i t s  

and from year t o  year ,  when we w i l l  g e t  new d a t a ,  we w i l l  make it 

more and more narrow. This i s  what i s  a t t r a c t i v e  in  the  approach. 

In  any case ,  we know what we have found. Now, how do we determine 

W andR(? In  many cases  we do not  make any spec ia l  experiment t o  

determine t h i s  funct ion.  We use a  very rough approximation f o r  W. 

This i s  done i n  the  following way. We have a  model of t h e o r e t i c a l  - 
seismogram: it is t h e  sum C A . F . ( t  - t i )  We have some hypothesis 

1 1  

on the  t r u e  p a t t e r n  of a r r i v a l .  The t h e o r e t i c a l  amplitude and 

t h e o r e t i c a l  a r r i v a l  time i s  equivalent  t o  t h e  hypothesis t h a t  the  

t h e o r e t i c a l  seismogram has a  given shape. For each consecutive 



arrival we have noise and this noise consists of all previous 

arrivals, of their tails, and of regular microseismic noise. So 

we can compute for each arrival an average noise level. As an 

example, we mention the experiment that was done by Romney and 

that relates to this problem indirectly. Romney took noise and 

added to this noise an artificial signal. Then he called a group 

of experienced seismologists and suggested to them that they de- 

tect the direction of arrival. He computed the probability of 

correct detection as a function of the signal-to-noise ratio. 

Wrong detection means that for the noise that was taken into 

account the signal was not large enough, not in the interesting 

area. So the only thing we could do is to take Romney's curve, 

e?tablish the noise level and compute the probability of missing 

the signal. We did a few experiments with noise, we added a sig- 

nal, and we determined by Romney's algorithm what is the probabil- 

ity to miss it. It is not the best we can dream of but this 

function does not lead to contradictory results, so we took it 

just for a beginning. But, I repeat that for a true solution a 

real numerical experiment is necessary. 

For the second distribution functionawe can take the dis- 

tribution of residuals for which there are good statistics or we 

can take the normal distribution. This function doesn't repre- 

sent a serious problem. With the two functions we can perform 

the inversion of the data, and compute the likelihood function. 

When the likelihood is negative, the corresponding structure 

represents the best choice. 


