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ABSTRACT

i ~
.

tgnoring the effect of the troposphere on Doppler data intro—
duces 35 to 40 in errors in the navigated longitude of the Transit
system user. Eliminating low elevation data (AN/BRN—3 strategy) re—

• duces the errors by 70%. The BRN—3 software was modified to account( for the troposphere using Black’s analytic form of Hopfield ’s tro-
pospheric model. Two sets of fixes were done at the APL/JHU site.
In the first set (39 passes), it was demonstrated that the neglected
tropospheric effect had masked a 9 m error in station radius. For

• the non—troposphere—corrected case, the second set (115 passes) re-
sulted in navigated longitudes for passes east and west of the sta—

1~ 
tion clustered on opposite sides of the ~‘true’~ longitude. The 29 in

I separation between the east and west clusters was reduced to 6.7 m
by correcting the data for the effects of the troposphere. For the
BRN— 3 navigator at sea this represents, on the average, an 11 in re—
duction in longitude error. The implied consequences to the fixed

• site BRN—3 surveyor are a 2.2 in shift in mean latitude, a 0.7 in

shift in the mean navigated longitude , and a 4.7 in reduction in the
scatter of the mean navigated longitude.
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SUMMARY AND CONCLUSIONS

The Transit system user may or may not take into account the
effects of the troposphere on the collected Doppler data. In this
report , we will discuss the consequences to the user of ignoring
such effects on signal propagation. L

Although the study was conduc ted using one type of user equip— r
ment (the AN/BRN—3), the results and conclusions are equally appli-
cable to other Transit user equipment. The tropospheric effect
manifes ts itself as an error in the ins tan taneous range from the
observer (nav igator) to the satellite. The error is largest (typi-
cally 80 m) at low elevations and smallest (about 2.3 i n)  when the
satellite is directly above the observer. Ignoring the effects of
the troposphere introduces large errors into the naviga ted long itude
(35 to 40 m). Multiple passes for a fixed—site naviga tor resul t
in a characteristic bimodal distribution in long itude (F ig. 1).
Satellite passes east and west of the naviga tor clus ter on ei ther
side of the “true ” long itude , with the means of the two clus ters
typ ically 70 m apart. This problem is totally rec ti f ied  when the
effec ts of the troposphere are taken into account (see Fig. 2)
using a tropospheric model in the navigation program. Eliminating
low elevation data (BRN—3 strategy) reduces east—west longitude
separa tion from 70 m (35 in on ei ther side of the “true ” mean) to
22 m (±11 m relative to the “true ” mean), as shown in Figs. 3, 4,
and 5. The price associated with eliminating low elevation data
is a 6 m increase in latitude scatter , from 13.8 in when using all
the da ta (F ig. 2) to 19.9 in when using only da ta aro und the time
when the satellite is at closest approach (tca) to the station
(±110 s), as shown in Fig. 6. The absence of tropospheric correc-
tions to the data can lead to errors in the fixed—site station alti—
tude determination. A positive error in station altitude (radius,
R) will compensate for the missing troposphere. A 9 m error in the
radius (altitude) of station 110 eliminated a 22 in east—west longi—
tude separation that should have been evident in the navigation re—
sults (Figs. 4 , 7, and 8).

The BRN—3 software , as it exists today , does no t accoun t for
the effects of the troposphere on the data. The BRN—3 strategy re—
duces the resulting errors in longitude by eliminating low elevation
data , using only 110 s of data around the satel l i te’s tea to the
nav igator.
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Black’ s analy tic form (Refs. 1 and 2) of Hopfield’s tropo-
spheric model (Ref s. 3, 4, and 5) was recently incorporated into an
experimental version of the BRN—3 software. The BRN— 3 was used to
navigate two sets of passes for  station 110 (located at APL) wi th
and without correcting the data foi tropospheric effects. The first
set of 39 passes led to the discovery of a 9 m err or in the alt i t ude
of station 110 , which part ial ly compensated for  the missing tropo-
spheric e f f e c t  (Tables 1 through 4 , Figs. 4, 5, 7, 8, 9, 10 and 11).
A second set of 115 passes was navi gated , and a 4 . 7  in reduction in
the long itude scatter was achieved (Table 5, Figs. 12 , 13, and 14) .

Th is , however , doe s not tell the whole story since the navi-
gator at sea does not usually get multiple fixes for the same site.
Figure 14 illustrates what happens when we separate the passes Into
east and west clusters. The troposphere—corrected passes have
identical means for the two sets , wher ea s in the case of the uncor-
rected sets, the means are 22 m apart. An individual troposphere—
uncorrected fix will , on the average , be 11 m in error when compared
with the t roposphere—corrected pass. It will fa l l  11 in to the east
or west of the “true” position (the mean). Low elevation passes
(15°) exhibit a 23 in shif t when compared to their troposp he re—
corrected counterparts (Table 4). Viewed from this perspective ,
accounting for the troposphere in the navigation software results
in s ignif icant  improvements in navigation accuracy.

Re f .  1. H. D. Black , “An Easil y Implemen ted Al gor i thm fo r
the Tropospheric Range Correction ,” J. Ceophys. Res., VoL . 83,
No. 34, 10 Apr 1978, pp. 1825—1828.

Ref. 2. H. D. Black, “Position determination using the p
TRANSIT Sys tem ,” Proc. m t .  Ceod. Symp ., Vol. 1, Oct 1976 , pp. 24—45.

Ref. 3. H. S. Hopfield , “Two—Quartic Tropospheric Re.fractiv—
it v P ro f i l e  for  Correct ing Satel l i te  Data , ” J. Ceophys. Res., Vol.
74 , No. 18, 1969 , pp. 4487—4499.

Re f .  4. H. S. Hop field , “Tropospheric Range Error Parameters:
Fu rther Studies , ” APL/J HU CP 015 , Jun 1972.

Re f .  5. ii. S. Hop f ield , “Tropospheric E f f e c t s  on Low—
Elevation—Angle Signols: Further Studies , Final Report ,” APL/JHU
SDO—4 588 , Aug 1976.
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BRN-3 simu)ated* navigat Ion
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Fig. 3 BRN-3 simulated navigation results, no tropospheric correction, 39 passes,
days 268—269, 1970.
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R = 6369.757 km. 31 passes, days 41—55, 1976.
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Fig. 7 Station 110, BRN-3 navigation results, no tropospheric correction, R =

6369.766 km , 31 passes , days 41—55 , 1976.
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INTRODUCT ION

The BR1~—3 navigation programs as they are used in the field
today do not account for the effects of the troposphere on the sig—
nal received from the Transit satellite. The troposphere delays
the passage of an electromagnetic signal so that the measured range
(data) is longer than the geometric distance between satellite and
navigator. Hopfield developed and later refined tropospheric mod-
els (Ref s. 3, 4, and 5) that have been successfully used in the
tracking portion of the Transit system but not in the BRN— 3 naviga-
tion programs . Black (Ref.  1) utilized the }Iopfield model for the
altitude variation of the refractive index but incorporated his own A

approach to the necessary integrals leading to simple analytic forms.
The forms il lustrate that the tropospheric correction is d i rec t ly
proportional to surface pressure and is quite insensitive to surface
temperature. The corrections to the Doppler frequency for a navi-
gator at sea level can be computed from the following simple equa-
tion (see the appendix):

I
— 2.475 T cos e (1)

d c 2sin e

where

= tropospheric correction to vacuum Doppler frequency
(Hz) ,

c speed of light (mis) ,

e = ins tant aneous elevation ang le ,

navigator ’s frequency (c/s)1 and

e time rate of change of the instantaneous elevation ‘U
(rad/s).

Equation 1 should , in most cases , remove 85 to 9O~ of the tropo—
spheric effects above 50 elevation.

The necessary modifications to the BRN—3 software to incorpo—
rate the tropospheric correction capability were done at APL by
George Martin.  The balance of this report will be devoted to the
effects  of the troposphere on the BRN—3 navigation results both be-
fore and after modification.
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THE SIMULATION EXPE R IMENT

BACKG ROUND

The r e su l t s  presented here were obtained using the IBM/36 0
navigation p rog r am , with a f u l l — p r e c i s i o n — t r a c k e d  (not ext rapola ted
outside the data interval) ephemeris. I5s ers of the Transit satel—
ifte navigation system navigate with an extrapolated ephemeris. As
a consequence of these differences , the absolute navigated positions
reported here are generally better than those the fixed—site navi-
gator user of the Transit s\’stem is likely to achieve .

We were particularl y interested in the BRN— 3 navigator who
(a) doe’s not correct for troposphere range orrors , (b) limits him-
self to passes whose elevations at tca are 15 to 75 0

, and (c) uses
o n ly  110 s worth of data on either side of tea.

‘l he quest ion we would like to investigate is what , if any ,
are t he d i f fe renc es in the navi gated pos itions resulting from data
truncation and uncorrected troposp heric range er ro rs .

THE EXPERIMENT

We chose a ,th Ii span ( J ay s  2 n8—2 ti 9 , 1-~7i) ’~ . All available
passes (a total s-s t i’)) for l’ ranslt satellite 30140 were selected .
The It~ 1~ 3t,i) orbit determination program (0DM was used to track
the satellite 1 and a ll subsequent navi gations were per forncd with
the resulting tracked ephemeris. Eleven different fixed sites were
included (Table ~~~~~ , giving us a w i de  range s-sf latitudes and longi—
t us- los. The fo l lowing s~e’ts of nay igat ions were performed :

1. Full data (down to ‘ ° elevation) troposp heric correction;

- . Full data no t:- s-’~’s- ’sp her is -- c o r r e c t io n ;

.3. ‘rruncated data ( ‘110 s about tca ’) , tropospheric corre’c—
t ion; and

‘A . ‘Iruncated data,  no troposp heric correction (BRN—3
simu lation)

Figure presents the results Of the world—wide fixed—site
nav i gation , using maximum dat.i (down to Y elevation) and correcting
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Table 6
Locations of operationat and Tranet tracking sites.

Earth Fixed Spherical Position ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Heig h t above
Station Latitude Longitude Geoid Location

(deg) (deg) (m)

00l /11l*/502 39 —77 148 APL , MD

002/192 30 —98 180 Austin , TX

003/103* 32 —107 1218 Las Cruces , NM r
OOts !106 51 —l 1859 Lasham , U . K .

—23 — .
~~~~ 609 San Jose Dos Campos

0 1 3 * 10 2 7 .-.1 141 609 Misawa, Ja pan

014* 61 —150 69 Anchorage , AK

Olh*/llt 51 — 1 71 Bartonstac~’, l’.K.

017 ‘ 024 /117 *  14 —171 ~4 Tafuna , Am. Samoa

018 —69 91 Thule , Greenland

019 — ‘8 l~~7 30 McMurdo , Antarct ica

-5 55 595 Seychelles Islands

021 51 1200 Brus sels , Belg ium
022/121 15 120 7 San Miguel , Ph il.

13 l~~5 162 Guam

028 45 — 7 b  59 Ottawa , Canada

105/115 — 2 t ~ —28 1580 Pretoria , S. A f r i ca
112 — 3 4  139 ~5 Smit hfield, lust.

53 174 0 Shemva

310* 311 44 —68 24 Prospect Mar ,, ~~~
} - ‘

~2ti ,1 ,2 ,3*,7,8 -~5 — 93 304 Rosemount , MN

3.-s — 119 4~ 0 Laguna Peak , ~.‘A

3~ 0* ,4,5ll 21 _ 1SS 401 Bawail

352 69 -105 0 Cambrid ge Bay

t 41 .4 4  ii 0 Florence , Italy

- - _ _ _ _ _

* Sites included in the simulation experiment.

— —
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for the troposphere. ‘l’he same data were next navigated without tro-
pospheric corrections applied. As expected , the scatter in the nav-
igation increased , particularl y in longitude (rms increased from 9 m
[Fig. _‘ ]  to  - .2  m [Fig. 1]).

We now turn our attention to the’ BRN— 3 navigator. Figtire F
is a plot of the navigation results using ~l l 0  s worth ot data around
ts - . - t without accounting for the troposphere (note the s-lramat is-’ 24 m
reduction in longitude scatter from the value in Fig. fl. Figure t~
repeats Fig. hut with tropospheri c cor r ec t i o ns  appl ied (note the
t urther reduction of ~s m in longitude scatter). Comparing the re-
sults of using full data (OPI’ navigat ion~ and truncated s - t a t  - (BRN— ~
navigation) , we not e the t’ol lowing:

In the absence ot tt-opospheric correct ions , the current prac—
t ice (BRN fl o truncating the data c learlv reduces the navigation
errors t -  m impt’ov~’:~ent in 1ongitude~ . Tropospheric correct  ion
im~’ro~’e’s navi gat ion turther (5 additional m in long itude out ot ’ a

possthlo ~ m
) . However , correcting to r the troposphere without

as-id t ug  d ata  ~~CV s -’~fl~i the 110 s about tca does not significant lv in—
pr o~’t’ the lat itude scatter (only 1 m s - u t  of  t-’

’
~ . Table 7 summarizes

the t ’ s-~ur s e t s  ot  navi gation schemes in order ot  increas ing nav ig a—

t ion errors , i - e .  , t’rom best to worst.

Based on the simulat ion results , it seemed reasonable to
m~d it v the BRN—3 software to account t or the troposphere. We anti-

cipated an improvement ot  so~’eral meters in the longitude scatter
ot the’ BRN— t’ ixos.

~

. ~~~~~~~~~
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Table 7
Summary of simulated navigation results ,

39 passes. days 268-269, 1970.

Navigation Results
(m)

II Data Tropospheric - Standardkank 
Used* Correc tion Mean 

Deviation 
rms

“ ‘ “‘ r— 
f

Lat ~~~~~~ Lat Lon
~,,,,L~

at - Long

1 Full Yes 2.0 — 2 . b  13.8 - 8 . 7  1.3.9 9 .1

2 Reduced Yes 4.8 —0.6 19.9 12.7 20.5 12.7

3 Reduced No 7,1 —2 .0 20.0 17. 8 21 .2  l7.~
Full No 

_ _ _ _  

I2.4
~~~~

5.O 19.b -.l 23 . l 4~~~S ,

* Full; All data down to 5° elevat ion
Reduced : ±1, 1.0 s about tca

‘ss -’~te :  See Figs. 1, 2, 3 , and 
~~~

•

¶

— -

.1

~ 
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TROPOSPHERIC-CORRECTED BRN-3 SOFTWARE:
INITIAL NAVIGATION RESULTS

~es-’rge Martin has implemented H. D. Black ’ s troposp heric
co r r e c t io ns  (Ref .  l~ in a specia l experimental version of the BRN—3
program ~~see the appendix). In the f i r s t  attemp t to evalute the new
so f t w a r e , Mr. Martin navigated U satellite passes for the APL site
(s ta t i on  110 , days 4 1—55 , lQ7h).  We were looking for an improvement
i~ the long it~ dinal sca t te r  o f  the troposphere—corrected navigation
and a poss ib le  sh i f t  in the t~~ean lon g itude posit ion.

EXPERIMENT DESCRIPTION

‘rhe resu l ts  of the f i r~ t two se ts  o f  n a v i g a t i o n  runs (Runs 1
and 2 , l’ah le  1 , with and wi~ iiout t ropospher ic  cor rec t ion)  were puz—
c ling. Based on the earlier si:~ulat ions , we had expes -’ted the tropo-
sph e re—co r rec ted  navigations to improve t he results.  We found to
our great dis~iav (Ta b le  2 and F’igs . 7, 8, and s-Y~ t hat the s c a t t e r  I ’

c t  t he t r o po sphere—cor rec ted  navigations showed a 2 .1  degradat ion
(2t . . 5 ve rsus 2 $ . t s , ‘rab le 1). We separated the passes i n to t wo groups
based on their east  or wes t  locat ions r s -’ l , it  ive to the s ta t i on .  l’~ e
na vi~ .ited longitudes o f  passes not corrected for troposphere were
exp ec t e d  to  sho’.s’ a charac ter is t ic  binod,t l distr ibut ion.  W e found
instead that the t r o p o s p h e r e — co r r e c t e d  set had a strong 1” imodal
distri hu t IOU (d 22 .1 in separation of t h e  i’ieans of the east and w e s t
groups ‘I and the unes-’ r r es -’ ted run had none. In ss-’.u’c h ing for a pla n—
s i ble  e x p l a na t i o n  for these pt ’cu l i.i r resul ts , we were f aced  w i t h
t s -’ i l o wj n~ ps-~~s ibil it ies:

1. ~l te ORN— sot tware  w as ~ I rs-’adv al lowing for the tropo—
spheric effec ts.

p

2 .  ‘~here were bugs in t he SRN- 3 progr.1t~ introduced by t he
new ~ncd if i cat  ion (‘91.is-’k ‘ s t ropospher ic  c o r r e c t  ion ’

~ . 
‘ 

-

~~. l’he ORN— ~‘as being run w i t h  an i n c o r r e c t  s t  at  ion radius
that compensated for the unaccounted—f or troposphere .

We ~;u icklv eliminated the f i rs t  two , wh l o b  left us with the
s-;uestlon of sta t ion  110 ’ s radius. It transpired that the 1~RN—3 has
been using t he value of  t~ ~t’0. 7t~b km for many ~‘ e a rs .  We checked - 

-
t he W. ; S — 7 2  station 110 coordinates (NWL 1O— D ’I and found that the
“ c o r r ec t ’ rad ius wa s indeed t” ~~~~~ 7t’t’ km. Ic confuse mat ters  even I ’

furt her , we discovet-ed that the API — - . . S station 110 radius was

L - - ‘~~~~~~ -. - . - - -
~~~~~~~~~~~~~

-
~~~~~~~~~

- -

~~~~~~~
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supposed to have been 6369.757 km*, which mean t tha t, prior to the
1976 implementation of WGS—72 , station 110 should have shown a bi—
model (east—west) distribution in navigated longitude due to a 9 m
error in station radius. Mr. Martin informed us that there was no
significant change in the character of the naviga ted mean long itude
of station 110 following the introduction of the WGS—72 geodesy.
Clearly, the answer had to be that 6369.766 was not the correct
radius for station 110 for either WCS—72 or APL—4 .5 geodesies. It
was at this point that an earlier study (Ref. 6) comparing WGS—72
and APL—4 .5 navigation results for the Tranet network came to our
rescue. Table 3 lists the corrections to the nominal NWL lO—D co-
ordinates for a number of Tranet sites as determined in that earlier
study. We noted immed iately that station ill (same as 110) has a
6 m error in its radius. The “correc t” station radius should be
6369.760 km and the 6 in error was, in fac t, compensa ting for the
missing tropospheric corrections. As for the 4.5 coordinates , it
turns out that the “correct” 4.5 radius, again based on Ref. 6, was
only 1.4 in smaller than the NWL l0—D radius , or 6369.759 km. In
any case , a 1,4 in difference in altitude would not be significant
when monitoring station 111 (or 110) navigation fixes. Having con-
vinced ourselves that 6369,760 was a better value for the station
110 radius , we performed Runs 3 and 4 (Table 1), using 6369.760 km
as the “true” station 110 radius . As expected , we then did see the
effect of the troposphere in reducing both the bimodal (east—west)
dis tr ibu tion of the mean naviga ted longi tude , from 15.1 to 8 in, and
the scatter , from 26 to 25 in. However , al though this is an improve-
ment , we st ill had an 8 m bimodal distribution in the troposphere—
corrected case. We were now faced with the following choices: H

1. Station 110 radius was still not quite right .

2. Modeled tropospheric errors caused the bimodal distri—
bution in the navigated longitude.

A lthough both statements were probably true , we chose to trust the
modeled tropospher e over the station rad ius and cond ucted Runs 5 ,
6 , and 7 (Table 1) in order to establish a radius for station 110.

* Based on the location of station lii and constraints extrapolated

f rom s tat ion 111 to sta tion 110: 
~~(l l l)  — 

~ ( 1l0) 0. 77568 x 10
6

rad , A (111) — A
(110) 

= 1.1635 x 10 rao , R (111) - R (110) = 0 8  in).

Ref. 6. 5. B. Holland , A. Eisner , and S. M.  Yionouli s, “The
Effect of WGS—72 Geopotential in the Navy Navigation Satellite Sys—
tern Surveys ,” APL/JHU T(,. 1311, Aug 1977.

— 4 0 — 
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We del m e d  “better ” as the radius that would m inimize the li lmodal
separat ton in longitude ci the troposphere—corrected navigated po-
sit ion . Figure 10 is a p lot o t  the stat ion radius versus eas t—west
sopa rat ton based on the rosu i t s In Tab 1 e I . A m’ad ins of (~ ~t~Q , 7 S 7 km
turned out, to be the ‘‘best ‘‘ rad iu~ fo r stat ion 110. Runs 8 and q

(‘l’aI’ I c 1 ‘1 ccii i  irmod ‘~ha t c h o  ice (see a 1 so Tabl e ‘4 and Figs • ‘4 , S
and I IL

Su mmar i.~ ing  t lie above , we cone I ud~’ that t he new r a d i u s of ‘I

~ ~~9. i 7  km I or stat ion 110 is prohal, I v accurate to about I to .‘ in.

Correcting for t roi’ospher Ic  range oi’i’oi’ s In the BRN— accompli shed
t h e  I o h l~ w ing :

1. It e l im inate d a .‘.‘ II; vast  —- we s t  b i m od a l  dist i’ lbut Ion In
t he mean n.mv I ga t ed s tat  ion long I tude

It shi I ted the mean hat It ude 2 . i in no rt hwatd and 2.  I in

1 . It i’educed l ong i tude scat te r  1~’.’ . in i ron 2(~. I ’ t o  ~~ .
1.a t I tudi’ scat  ci ’ wa~~ not t eji 111 cant. Iv a f t  oct  od ‘1 . r

p1 

-
~~~~~~~~~

- ‘ . -
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-
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TROPOSPHERIC-CORRECTED BRN •3 SOFTWARE :
FINAL EVALUATION

Leorge Ma rt in next undet ’ too k to n.mv I ga t s-’ 11 “ pa s st ’s wi t  hi t he
new 1IRN— sot  twa ro t o  get bet t s- ’i’ s t.i t I st los and to understand be t te r

he ‘‘t rue ’’ radius c i  s tat  ion 110 . t’asses for 20 days (d~ vs 18 I- .‘O
1117 ,’ ‘I icr  s ta t  ion 110 were navigated using the BRN— I wi th am id Wi tli—
out appl vi ng t rops-’sl’her I c cc r t ’ c s -’ t b u s  to the dat a ( la b  Ic 8 ‘4 . We used
a i-ad [us o t~ ~~ 

-, l~ 1 km • wh I cli had l’een t’ s t  .tb i f s  bed v.t  r lie u - vi t h
the sinai icr set of  U rs- t~~- e s  . The p iota ci ’ the re sult (I” I ga . I .‘
I I, and 1 .‘4) c h ea rt y show t hs-’ east —we ’ s t h ImOd.I I s-I I st i-i but ion • ‘ ‘~

ci t he unco rrs-’ c t ed na’s-’ I gat ion I I xs -’s (F’ I g • 1 2 ‘i . ‘t h e  ropc’sphie t ’ ’ -

cc r u e s -’ t e d  nay I ~ .tt ion t I xi’s (F ig.  I I) a Iso cxli lb it a sma h i bimodal
s-I 1st r [but [on (t~ . m) . We can surmise from t he magnitude .muis - t a I gti
ci t lie t i’opospheu ’c—eor i’ec t es-I b tniod.t I d i s t r i bu t ion  • vi tti the lie I p of
Fig. 10 , t hat the  s tat  ion a It I tude us dt’te rm tuied w i t h t lie h) p. isses
i s - a s  $ in to o  how . It would seem 11111 t a St s - u t  ion I’SLI ins ci ’ t’ ho) , ‘ ‘,s -)

i s t hs-’ ‘‘correct ’’ u-ad iu~ for  at  s - u t Ion II 0. ‘l ii’ 1 e ‘ sumnia F I ~‘ ca th is -’
result a. Tb is t [lilt ’ Wi’ t’ ins-I s - i  reduc t iou 01 s- • in in th is -’ hong it i ids - ’
scat ti’r 01 t he t roposphvrt~— cc r t ’ ect  es-I i I X L ’S • W hit s- s - li Is \‘ ‘IV s- - h s-~5s-’ ( s -’
t tic a I mu I s - u t  i o u  resii t. t a s- ’ i “ in. We .11 Ss- ’ note that t he mean 1.1 t it us-tv

a s t i l l  I, es - I 1w 2. 2 in ( inipou’ t s - uu t  I or I I Xvs - I i t s -’ su rvs -’v I ug ‘I , t houg hi I lie
mean long I tuds -’ s t i l t  t a l’v I oss than I in.

In ‘lab Ic s - t  , I ix resu i t s  s - t i e  s- ’oinp.u-ed Icr  ~~~~~~~ sc p,urat s- ’d
into c s - m a t  and west grcu~’a • wh i t I.e I ix m ’esul t s -  1 0 1 ’ ps-tsse ,’; ‘ ;* ‘ j ’ s - t r , u l es - i
into north ans-I south i gis-oti ps s - i t ’ ,’ s- ’oiiit’ .t it ’d in  ‘ it ’ t o tO . time e t  t i s -c t

0 1  t Iit ’ t t’ohis-~Sp hlt’t’L’ on t lie hi flu ’ s - Is - i 1 s - list u (but Ion Iii long it us - Is -’ I

s- I cs-li ’ lv e” is-lent in h’ s- il’ Ic ~ atts-I absent In I’s- ib i s -’ 10. ‘t’lwri’ ii ; a “

s- I i t  I s-’t ’ s-’ns -~s- Lu t lie ms- s- s - ni  t a t  it its- Ic of  t h e  tiort hi ins -I sou l hi 1~~t s - ’ t 1j ’a  • u:hu lob
is r rohab Iv due t o  s-I rag 5 i nec t tic two si ’t a o pa ‘ ‘ at ’ S .t t o  .m I w. ivs 1 2 hi

s - u~ ’ s - u t ’ t  one set us-’ Il l s - u t w s- u vs he t nut  her ~~~~ In t I nit’ from t h i s -’ h u h  t’s-’
t ion epoch s-md w i l l  • t lueret ore , t’,,iv i s - ’,,ute us ing s-in ‘‘o lder ’’ segment
ci hte m l  0s -’ t e d  t ’ 1) hi& ’ifiL ’t ’ i s  ( 1 2 hi o l  s - ls -’t ails- ! hi s -s-not ’ sub t ’ s- ’ t to  no Es- ’
sever s -’ di’.ig errors) 
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Table 8
Final navigation results ,

115 passes, days 183s-203, 1977.

Pass 1.0 .  BRN— 3 N a v i g a t i o n  Er r o r s  (nt)

Sa t e l l i t s - ’  ( eom etry  No T r o p o s p h e r i c  s- ’o r r s -’s-’t Ion  T r s -~po sp i s - e r i s -’ Co r r e c t i o n

D~v H r . M i n  tlev . Hs-.ad* Latitude long itude l,atitude Longitude
(deg)

181 00.09 10110 4 ’~ SI” 6.18 17 .1 7 4,81 s - 70 .02

01. 111111) 19 SW 18. 6’~ 0. ¶‘8 lb. s-’S l O s - S O

03.05 30190 64 SF — 6,00 — 9 s - O 8  — I~ s - 1 1  1~~.00

40190 1i~ NW — ‘I1.~~3 1,.t’~ — s- I l .  ‘I IS . 46

05.12 30130 ‘II NE — 1 1. 1 9 15 . 72 — I I , .

iTh. 15 10100 -.8 SF 51.15 ,s -7 , 97 51 .81 ‘.0.

101.0 19 NW — 0. 74 _,.Lt,s- — L89 15. s-’ ’.

08.10 30100 _‘ s -s- SW I. ,, I — 9. 1.~ 31, s-’. 0.

12.115 411 110 .3 SF — i  I s - S t ’  i t s -  — 46 s- is-I I~ s - l ”i

186 1 1s - s-. 8 lu u l l s - i  77 SW 3 1 . s -~
s- 

2s-. . s-
~ . 19 s - b l 1’. s- ’Il

lb. 1 3  10130 17 SF ii ’ ’.~ 4 . 0 4  — 1 8 . 1  — i’ s- is-.

17 s- ’.” 40100 17 NE ~~~~~~~ — 7 .7 8  — ‘.h .lI’ — 18, 7 1

Ill s- Ill 30130 s-~8 SW I s - UI’ 9 .08 1.48  1b.S ”

LQ . 31 30200 ‘.5 NW s- t . ’l ’s- — is - h O 9 .07 4 .89

23.1 11 10120 15 SE s- ,h. 07 11.31 2. 9 3  ‘s- s - ts - l

i si’ 00. sc’ 4012 0 17 SW 1.11 —11. is- ) s-i , 93 - 1. 8’

0~~. 3 3  101 40 II’ NE ~~~~~~ 1 . ’.’. s- ’ 6 s -~ —

Os-’ , T Q  301 41 ’ ‘.8 NW — Is -  Os-. 3.  ii — 1.11 l O s -  6 ,’

08 . 2 0  41111)11 Is - i  SW ‘.5’) —12.81 1. 4 . 0 4

11.07 h u b  18 NI’ ‘.9.69 — ‘ I s -  s - i ,I L,cl —71 s -s-c

10 .09 I3II1O 10 5~ -s-
j 
• 

s- — 18 . 1  1.05 11 . I’ll

187 00.01 301 111 ‘I s - i  53 ’ - i’ s - i s - ’  1, - I s - ’, I — 46 ,61

117 s - I s  40 1 Is - i II’ NW s-. t, s- 1 ’ 31.1 1 ~ 3. 24’ 10. cu
11. 5’ 301111 . 1 51’ — 1 7 .11 1 8 . s - ’ )  —i i i ’ s-) l O s - S .’

i i  s- ‘II 401 $s - i •‘ ‘~ NW 1’ s- - . 8  — II) . 80 4 ‘ 1’ O s- 4 3

It ’ . I — 301 s- .s - s -  .7 ‘13 13 91) 
~~‘s-~ s-i s-i ‘ ) s - , ’ — 3 1 . 4, 11

401  is - i Is - , 83 — l i ’ s - S .  17 . 3 7  
~l 1 s -  ‘ t’ •‘ 4 , 77

I ; . i s -  3s - i $s-’s- I i s -I N I ’ - I s - i s- SI 60 ,14 — 1. 06 3 ,’, ‘,5

Is -i l Is- 1 ~“ J sw s- .15 — ii.s -~s- I ts - i - Is - I ’

19 .01 tIlls -i s- I Ill’ SW l’ s- 85 — i s- ‘I — I’ . 86 ~I’..

2 i .0h Ii’t Is -i s- 1 51 ‘.7. s-’ ’ . s - ’)2 ‘.‘.. ‘S

44 NF — Q,ti s - ir an t  n or t h , cast  ot  s t a t i on  SF — Quadu’s-int south , e5st ot st*tls-’n

514 — Quadrant n o r t h , ~~~~~~ o t  •tmt i o n SW — Qtts-’idrgnt south , ~‘ect of stati on

— “ 4 3  —

- - ‘ -
_ _ _ _ _ _ _ _  _ _ _ _ _
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Table 8 (cont ’d)

Final navig ation results ,
115 passes, day s 183 203. 1977.

I’s-t s - S  I .0. ~RN— I St y i g~ t ion F i t  ot ~s-

i t i~ r time , - , ,
s-~ ~~ 

,,
~ 

S at e l l i t e  & s- cos - ne’t rv N~’ I ropo s p ht s -r i s - ’ s- or re, t n’s-i I s - s - u  s- ’ ‘s-~
’ 1s -s - s -  s-c ‘ s - i  e~ t is -u n

Pay tIr.Min ~
‘ s- —“—f”;3

~~dA Latitude Longitude latitude I ’ru~~u ! s - s - , l . ’
Is - l e g )

185 s- i$, I’, is - i~~’t1i ‘s- i ’ SE 1(’ s- I” ’’ — ,I, 19 —18.1 1 — ‘s-
s- U,’

1 J. ’.us- iOl1 )s -J 10 53 — I s - -s- i ‘Is- U I  — i s- ui ’ ) I ’ , s - i ’,
1S .1~ ios - s - .s-u II SF 11 .1 1 1 , 76 10 . 5 1 ls - l ,

1 - ’. 11 101.40 s-’-. SW s-’ s-
s- tl s- l ’ s - ~‘l , s - S — ,‘7 s - I s -’ — 1 ,

15 ’s - 1ii s- _’ ’. 1111,1! 1.’) NE Is -  ‘ us- —I s -1 , hi) — ‘ , ‘It. — I’ s - s- li’.

0 ’ .s -~Os- 1020i) 15 SF - 3 i ’ . n s - .  I l s - I S  — ,s - s - i , ’,I I s - il’

11. ” i I011s-i ‘It  SF’ 8, 11 .1. 1-. 7 , 11 1 1 . 1

131 .11 ls - i l ’ .s -i ‘I 5 SF ‘- i s- is- s -i r’ , t’ 1 ‘ ‘ s- ’ s -  — 1.~.-.

Ii ,s - il 3s-i tl s- s- 1 1 SE 3 1 - -s - i ’ 31. 81 19 , 1’. — s - s - O s - ’

Ii , 5 s- 111120 ‘I’. 5f - - Us -~is- i 1 ’ , I~~ - 1 1 s - ’ .s-’ - s - ’ s - , Ss - ’

i s - I s - I s- i s-
s-
.’ .’I I s - i s - s - I s - i  nI NE I l s - ’ ) ’, - 9 . 9’. 11.8 1  — 1 9 .0 1

O s - . . i S  ii’ 1s - .s- ) “I Si I-s- I. 11.10 I l s - u

s- l~. s - ’,1i 101 Is - i ‘s-S SF — 1 s - . . s - i t I  t .s-O’ — 1 6 .1 1 — s - . .  3 ,’

s- is s- IS Is -u ,~ iØ i’ ~ 51 l~’ .1 I ‘1 , is - , Ii , -.’) 1.16

Ot’ .O” Is -,i l s- . ,s- ,‘ ,, NW 1 ,59 — s- 
‘. 1 II . ‘ ‘. ‘. s-

Is -s - I s- I - i s - li tO Is-’ Si,’ - i s- I s - I c , - us- s- s- i , — l 1 . -,s-’ - I ’ . s - S

s- i ’ , I I 10100 ‘.0 SW — s - s -u ’ — S ,p ’ .  — “ s- s-
’. — O s -  ‘I

3 , ) s- s - ’ l  i,i I I s - )  11 51 17 .93 -11 .51 11 .11 -I ‘ .11

1 i s- 55 l o I s - i s -i I s- SF I. ‘.5 iS  16 s- s . -,s-, ‘~~ s- 1’

ii’s - s - I l  is - i l is -i II iiI 68 . ’. ’ .‘l s- t.l “ b s- s-’~~ i s-c’

‘.Ic’ s -s- u l~~s- ’ 6$ SI.’ “ , I ’  - 1 i s- S t  - 3~,19 - “ 1 ) 1
I ‘ s- ‘. s- i 1.71 3s - i ‘ S\~ - ‘ ‘ , ‘ — Is-. , 03’ — ‘i s- - . _ ,  — 1  i s- s- ui

i s - I  I , ‘I’~ lO t U s - i  It, SW - s - s - S I  1 ~~s- ‘1 8. 14 - U s- Is-’

L i ’ s -  ‘ I~ ts - iIs- is- i Is- i 53 — I ’ . 19 ‘ is- s - i l  — s - u i. Ii’ .

‘ . 1 4  is-Il Is - ’ ‘.3 SI,’ s- i s - I S  — ‘ . O s -  3 1  ‘ s- Ut. — I I s -  5 s -~

I- s- . -.. ti lls- is- i 3’S S I s- 5~i - - I i i ’ S  s - . s -  s- i l _ s-s- . II

I’l l s- i , s- it, Is - i l  ‘ is - i is - ,  SF ‘ 1. -.8 .1. i ’s -’ — 2 . Us-’ 1. .

s- 1 i . 11 101*0 IS SF $1) , s-’ ’1 — 5 , 11 i 17 . 49 - ls - 1 . ‘ I ’

06,1 ’ is - i s -- s -s- .‘~ NW i ’ . s - ’Is-l — i s - is- 811 is- I s- hI —

s- i’ s - Os- I,i I s - i s -i ‘ s-i Sf 11. 61 1i . ) s -s- I t s- I’. l b s - I l

s- i - . 3 1  s - I l l s -I s - i  15 SW s-. s-, . ii~s- - 1 2 .1.. s-. i s- i s - I  — i s -  ‘1 s- ’

‘NI — Quadrant north , esCt Os-  s t C t  i~ n SF — Quadrant is-outh , •s- s - s - s i  s- h ‘s-tat ton

Ni .’ — Quadrant s-tort I, • west s- ’ I stat I s -’,, SW — Quad rant s - s -I s - s - i  1 , wes t  s-li s-s - i  a t  ion

— ‘I - ’ 4 —

‘LI 
_, _t
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Table 8 (cont ’d)
Final navigation results,

115 passes , days 183s-203, 1977.

i’ s - ,s-s-~s- 1 . 1 ) , BIts- I N s - ,n s- ’ t gat l on  I r r o r s  (m)

R t~~
s-1
’y,l~e S s - i t e l l i t e  C.s-om ctrv No I’r oposph i ’r ic  i ’ s- ’ r r e s- s- ’t ion Trs -~posp t s - e r I s -’ s- ’s- ’ r r , s- s- - t  Ills - i

is- t v  l i t .  Mm 
1 .1). El cv .  l ten d 5 i s - i t  I t us-ls-s- l ongi t ud~’ I at I t  us-l i’ I s-ung t s - ,~s- I, ’

(deg i

1 1 ) 3  11 , II Is - h o  Is- ’ NW — 7 .0 4  — 4 .31 1 — ‘I. SI  Is - i s- Oil

1’ s- I’ IOIs- iO -.2 NE — 1 0 . 7 3  3 2 . 1)9 — 1 1 . 1 1

l8 s- i’. ls-1 1s-sl 1” SW $7 ,67 -“1.57 ii i , I I  -IS, IS

IS s- ”” is - i t is -) I’. SW 17 , 01 — 1-. s- s-s-uI .. s- s- is - , Is- i s- ’)’,

19 , 1 3  is - s - Is - is - i is-.) NW ‘) s-i —i  t s- s-’ ii 8, 4 3  —

I s-i., 1.. s- II 40190 s-. s- s - SE 8 .6 1 — Is- ‘5 8.’O 1” .l 1

I S . 331 Is- ul ’ .s - i  I’) ii — .. .8 l  4 3 . 1 4  — S . ’ ’. 1~~, SO

tI ’ s- s-i.. 30190 17 SW s- i s- Is-I — “ I s - .  I — 1.04 -~.l s-

- - 17 .11 Is - u s - l i  1.. 55 —15 . 1I~ - I * . 55 - s-’ ’ .02 - “.

4 
3 8 . 0  40 141 ) 1$ SW 17 .SS — ‘1.80 16 .64 — 0, 68

2 3, -u’ 10110 311’ SE ,‘ s- ’)t, s- . .4il Is - s-s-h -

Is-I S s - i [ s -  31 301 s-i Is-I 514 it ) . 31, 11 . is- ) ..,I’ l 1 5.8 1

0 2 . 1 5  301Q0 SI SF ‘ 5 9  I’ , 1 4 ~ s-’ .I’s-’ s-’ ’ 1~ Is-I

11.1,01 Is-i lls-I 18 NW $, ‘ , 57 - 3 5 , 7 1  11,-u’ — 8,7”

1..,’.’. 1111,0 I — 51 - 5 ’ s- Ii, s-’ . - s- _ s - , I ‘1s-i — 11, 39

[6 .16 li,il’10 “S S W — -, s- s - i l 1I’.i’” — ~~. I ’ s - 1 5 , 1

18. 5’ . t i lls- is- i s-. s-. Nis-’ — 1 7 .11 — I. ill — 1 7 , Is-I .. , I,’

1931 00. 37  Is -ills - ) ‘.8 SW — l i . S I — 17 , 3 ’ ‘ Ii’s- is - i  — i s - I , ‘I

01. 17 ts- i l9O 15 NF s - s - i,Q ! I0.u i s- i 1 ‘ .“$ - s-i s- Si,

07 . ’. I 10100 is-I SW 11 .1 . is-).8s-i ui , SI s - i~~. 
S .’

I’Is- s-.O 101,0 s-.5 53 — 7 ,1)1 1h. I$ — l.s- .0 5 . 1’-.

— 1 7 . 2 3 1  is - s- Is- u) s - S  SW — $ , Ss- i  — 3 1 . 1 1 ’, ,, ,t.I ., I ,’

Is-I l 01.17 30120 18 SW ~~I 7 . U6 1” .s- .I I’ s - s - .lI I, ’. ”

01, 25 30190 (‘‘I SF’ — i’~,’~ 3 1 l,s-’ I — is- , .s-. 5 11 ,31)

i,1’. .5 1 302 00 .‘ s-l SI” s-’’ s - s -’O I’ . . I It’ s- s- I’ )

O” .14 I0l’.s-i Is-i NW .‘ -. . t ,l s-’ l s - l $  2 3 . 11 — 1 1 . 5 1

s- u s-, .lt, Is-i l ls-i II SW 16 • SI ~is-. . .l 2 1 , 31 — 2 . 11

Ills- . I’  is - i ,’ 1i s-i ‘~ S SW —1,. .,’ I — s - .  s- s - I  —l s- ‘3 - - s-’ t ’ . Is-’

101 01. 1’1 ,3Olls-) It’ SE 71. ‘s - I — ,‘s- s- , s-, 5 ll.’)s l.”I

01.s-,s -. Ili i’)s- i ‘s- i SE — I ‘‘  — ,, ‘ 39 ‘.5” I ‘ s- s- i,’

0 i ,’.~• I1i Is - I s- i s- ‘
~ NE I s - i ’  ‘ 66 s- ‘ ‘‘ 1is- ‘-‘ 3  ..

— Qs -ts - tJr~ nt north , cgqt s-li s t a t  to n SF * ,s-’s- .adrs-int ‘s - o s - s - i  lc , is- a s-I t ol s t a t  IOtA

NW — s- s-h iss-Irs-is- it north , west  s-’t  s t a t  is -’n 55 — ,h .s-s-ds-’ ant ss -’ it t Is - . ,.‘ .‘‘ s - s -  ,‘ t sl it  I,’n

— “ “

I I-
-~~~~~~ _ _ _ _
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Table 8 (cor it ’d)
Final navigation results ,

115 passes , days 183-203, 1977.

Paaa I .t ~. BKN-- 3 Nass- igat (on Er ro rs  (a)

RI  ~e Ttrn e Sat ei  l i t  c s- :,s-o~s-~s-s -t rv  No Ttopotiplier is -’ Corr ect  ion I rs -’i’s- ’ s s - ’ h.’r Is - ’ ( ‘Or rt ’c t  los- i

11ay Hr.Min ~~ Elev . II.’ad5 Latitud e Longitude l ,tt lt ude’ IongItud~’
( s - leg)

101 s - s - S . lI lUl,s-) l’s- SW — S 1 . i’l -‘18 .19 — S - s - .i13 -

s - i s -’ , 2 S  30200 15 SW 4 6 . 3 3  -1b. t~S ,,li , ‘1 —

13 . 57 10190 ‘IS SE 31,5” — 11. 1)31 31 , -us- — I s - t . ”s - s-

14.5 6 101*s-) II SE t. . 4S 1. ‘ I 5 .18 -

I’,.S9 40130 s-u’ SE 231.3’S —1 0, 61 Is-’.09 —1 7 .71

19 .16  101011 11 NW .II .h8 — 2 1 . 0 )  11, 5 1  - 31. 11

II. II 30121) II SE — 31 .01 is- . . 84 —12. ’)’. t’, s-iS

101 O i ,Sn  10190 5’) SF 1 3 . Is-. l ’ s - , 10 12.  .1 I0. s - ’ s - ’

s- il . ‘1 4  ls-’l l’.s-) IS NE — . 0  .8’) 1” . — ‘. 1 , is -i ‘
~~, I I

s- s - t , s- . l  s - s - h Is -s - i  25 NW — I. ’)31 — I s - -.’ — ‘. 81 s-I t’5

s-is -. . I I  101011 s-’ . SF ’ ‘ .S . ‘I) —11 . ‘~~ - . s - s- s- SQ — I I , St .

Ot’ .19 lOIs- i s-i S.. SW ‘ . .s -~ —11 .~~I i’ s - i l  —

I s - 1 . IS  10120 11 SF 111 , 1)1 — Is-I . ‘ I ’ s - i s , Il — I S .8i

11.11 30120 19 NW — s-’ .Il I’,, .1 1 — i ’ s - i ’ s - ,  ‘ s- c-

l., . 66 lOis-Is-) 611 SW ls -~. . ’ s - i IS .  is-’ 1 1 .1 0 - l’ , I s - .

In.l I 10200 11 NF ‘“ s - i l  Is - .’. ‘I.-..’ —I I.” I

I n s - Sn Is-i l 40 311 55 — 16 .’s- 11 , ’ ,’ -IO, s- s-. I sis-

114 .08 111101) 31 I SW - - . 1 1 1 — 131, 0 ‘.11 — II .., I

Is-il 01.0$ 11)190 11) SF 1 .52 — ,, s- s- )O s-i s- ‘, - 15 .1)

0S . l6 l) l ls - ,s- i  iS  NW —I n s- S i  — s- s- .’IO — 1 1 . 1 ’  i s - ’ , N”

[5 .51 10190 Ic ’ SW s-.s-. .’uI — s -s- s- li7) i s - I t’s-) 12.ul I
II .”’. 401 Is-i 11 534 11 . ii - ‘.1 .’)~

’ s-’~~~~ t ’~~ L - 17 .0$

*NF — Quadrant north , east s-’ t stat ion SF’ — Quadrant ss-~ uth , i ’ s - s - s t  s- ’l s t a t  i, ’s -s -

NW — Quadr ant  no rth , Meat s-’f s t a t  ton SW — Qua dran t  s -s- o ut  Is- , w est s- ’i s - i s -it t ,’s-i

— 4th —
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—s-
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Table 9
BRNs -3 mean east /west ’ navigation results ,

115 passes, days 183s-203, 1977.

Troposphere Latitude Error (m) Longitude Error (m)
Co rrected

East West Eas t — We st  East West East—West

No s -s . 5  5 .2  — 0 , 7  12 . 0  — 1 7 . 0  2s-).0

Yes 2 . 7  2 . 7  0 1 . 5  — 5 .2

—~~~~~~~~~~~~~~~~~~~~~~~

*East — 58 passes
Wes t 57 p. sses

Table 10
BRN-3 mean nor t h/south navigation results ,

115 passes , days 183-203 , 1977.

Troposphere Latitude Frror (m) Longitude Error (m)
Co rreet ed  - - ‘ ‘  — - _____ _______ ______ ____________

Nor th Sou th No rth—South 
- 

North South North—South

No 2.2 7, S — ‘i ,3 —2 . —2 .S 0,5

,~~~s -) — . , s-s- — 2 . 0  —1. ~ — (1.1

— s-
~4 ~~~~~~~~~~~

Sou th — 31

— 4 7 —

_______ -~~~ 
- - -~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ‘ s - -  —s- - — ‘- ‘-~~~~~~~~

. — —~~~~~~~ —--~~~~~ - s- , ,~~~ 1 -- — 
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APPENDIX

In the AN/BR N—3 we have

= — 

~~~ ~~
‘
~~

“ , (A—l)

which, when corrected for tropospheric refraction effects, will have
t he form

f = — fi [g.,1j1 + d(~p)T1 , (A—2)
d c ~~~dt dt j

where

= Doppler f requency ( c i s ) ,

= navigator frequency ( c/ s ) ,

c = speed of light (mis),

d12..L = vacuum range rate (mis) ,  and

d(~ p) T
dt 

= tropospheric corrections to the range rate (m is ) .

The H. D .  Black model (Ref .  1) has the following form :

= 
~
S
d 
+ es-S , (A— 3)

where

= 2.343 P T—4 .12 
, I(h_hd, e) and

= k . I(h = h , e)

- - -
-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2 —1/2

I(h , e) 1 — 
cos e (A — 4)

1 + 
~~~~~~~~~~~~~ 

‘ hir 5

= dry term tropospheric slant range correction (in )

tiS wet term tropospheric slant range correction (in)

hd 148.98 (T — 4 , 12)  m above the station (about 40 kin)

h l3 000 mw

9. = 0.85
C

k = 0.05 — 0.28 (depending on season and latitude)

r = distance from center of the earth to the station (in)

P = surface pressure in standard atmospheres 
s-

i

T = surface temperature (K)

e = instantaneous elevation angle

Differentiating Eq. A—3 , above, we get

d(~p)T = — 
~
S
d 

I (h=h
d) + 

~ S (h=h )

dt 
H

2 
H

2
d w

sin e [cos e . ( A— 5 )

1 + ~~ - hd/

H ~~I+ (l — i ) ’ h
w C w f r

S

— 51 —
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Eq. A- i c.in he s i m p l i f i e d  by no t in g  tha t

1 + (1 — 0 . S S  
6000 ~ + l0~~ 1 and

H I + ~1 - ~~~~~~~~ ~~o - 1 + 0. ~~ ‘ I .

Therefore . i~~~~ cs-it’ s- rewrite Eq. A— 4 ~is  t , s-i l lo ws :

— i s - I

1(h , s-’~ = 1 — (cs-is L’~~ 

1
s in e

~in i~~
s-
~~~~~~~~~

’ s- ’ \$s -~r 1d surface temperature s-s-f 1 Y1’ and pressure
s - i t  s & ~ s-i l e v e l  s- s - i  1 a t m  i~e

i s-
— 

ius-i ,.~ 
(m~

s- ’ 0 ’
— - (,T~1

’
~ I il %,..s - i t ’ it s -’ t’ pol s-ir reg is -s- n ~m i n l n i u &  s- i~~s -s - ii s -  5ffl is-’ I -

0 ‘ ‘~
1711 ’I I s- s - i  i-i s- lmtll ’t. I rep i s -s - s  

~, ms - ix  i ’ s - in ’s-
Sit) C

s- s- ,~~s-~
’~~ s-t.s-i-t-iTt ing Fqs . A — ’  s- i ns-I A— i n t s -’ Eq. \— ‘s- i.e s-’et 

-

s
-

-

I
I I I

— — — ~ 2.  ~ - —— — i—- 4- 0. Its - S ~~~~~~ S i t )  is- s- s- s- s- S i~’ is-

sin is- s in t’

I I
I s-I ( . \ s - ’ ‘3 , . 

‘ 
s- s- s-s-S ,.‘

— — ‘  — - — ._ . - ,  ‘ - - - — 
,

— e , I. ~-\ — ~‘ ‘3

[ s it
’
e

is- W&’ U~s - ’ s- I t ~is-’ i~ies-ii~ v a l u e  s- s -I 
l•~i’_ I s-s -r ,\S . The m s - t x  t m s-s-n e r r s -s - i s-

S I t )  0

~n i~~ s - ’ . s- s - i  the e x t  t t ’ m s -  C s - i 7 ) t’S ~ Sitt11lii(’t  I rs -s -p ie s . s-~in t  er ps- ’ i s - i r ’ 3

~~~~~~~ I s-s-tI A .“ cs - u i be i,ied I Vt i s -I is -s- i’ s- s-f Fq . A— ~ w i t  li t i e c ~ I i  g lb  Ic
l s - s-

~s s- ’ t  ,is-’ s- s- t s - t s - t s -s - ’- s- .

- - _ _
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Final ly , sin e and cos e e can be computed as f o l l o w s : L

~~ 
.
~~~~~s

1 
~~~~~~~~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~

s- ’ )~ L” I

where

r the  (\ ‘ cc t o ’ )  p O S I t I O O  s-s-s - f  the n a v i gs - i t o r  ( S t a t i o n )  an t e nn a ,

e instantaneous elevation ang le .

r the (v ec t o r )  posi t  is -s -n s- s -I the s s - i t e l l  it e zuntt’titi a.

- ~~~~~- —
= r — r  , and

S

= —

dt

r

- _ ‘_ ,  -

- 

~~~~~~
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