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ABSTRACT

Using the Stansell (1970) elevation correction for navigational
satellites together with the double pass method of Anderle (1971) and
Greely (1971) but for individu a l nav i gational satellites on two consecutive
passes , it is shown that uncertainties in longitude position can be
reduced to the order of 10 to 18 m for land stations with just a few
observations, and less than 4 m for dock-side ship stations taken over a
period of a week. It is also shown that the method allows Identification
of satellites not giving reliable data and permits conclusions to be reached
as to the cause of an apparent error dependance on surface elevation noted
above 1000 m in the Andean region of Colombia, South America, reported by
Woollard and Thompson (1974). An additional advantage of the double pass
method brought out is that it allows geoidal heights to be determined for
remote islands with the same degree of reliability as their position and
comparable to the best , continental determinations of geoida l height using
standard geodetic measurements.t
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INTRODUCTION

Hawaii Institute of Geophysics Report HIG-74-l by Daugherty (Part I)
and Woollard and Thompson (Part II) deals with the accuracy of satellite
determined positions at various port sites around the Pacific and in the
Andean region of Colombia, South America , and their difference from map
coordinate positions.

As Daugherty in Part I (hereafter referred to as Daugherty) brings out
the fact that successive passes by different satellites with the ship at a
fixed position for periods of a few days to two weeks indicated that erratic
values were obtained, there is some question as to how much value can be
attached to a single pass satellite-determined position when a ship is
underway. Woollard and Thompson in Part II (hereafter referred to as
Woollard and Thompson) bring out a different type of problem ; namely
systematic differences in longitude for East-and West—passing satellites
that appeared to be elevation—dependent at elevations above 1000 in. These
data have been reexamined as to the causes of the discrepancies noted.

By way of review , Daugherty used a simple arithmetic averaging of the
data obtained on successive passes of each satellite recorded by using a
NX/702/hp satellite navigation system on University of Hawaii ships in
1970, 1971 and 1972 at eight port sites distributed throughout the central
and south Pacific . Daugherty also averaged the results obtained for each
individual satellite and computed the standard deviation of each pass from
the mean as well as that of the mean values.

A stmlna ry of Daugherty ’s results with the number of observations at
each site which varied from 6 to 153 are given in Table 1. It will be noted
that two series of observations were made at Suva with significant differences
in the apparent reliability of the longitude position as a result of an
apparent error in initialized antenna height for the first series. In the
present study the effect of the error (20 in) is evaluated and the data for
Suva used to demonstrate the effectiveness of the double pass method for
determining position and antenna height (geoidal height) at sea level sites.

Because of time restrictions, the land data reported by Woollard and
Thompson were much more limited in terms of the number of satellite passes
recorded at each site. The apparent ground elevation dependance of position,
particularly longitude reported for EasI~— and West-passing gatellites,is
brought out in Table 2 (from Woollard and Thompson, their Table 2).

Although Woollard and Thompson showed that if an empirical correction
for the tangent of the satellite elevation angle were applied , reasonable
agreement in position could be obtained with available maps , principally
the ONC scale 1:1,000,000 series , the discrepancies at high elevations still
exceeded those found in general for sea—leve l sites.

It was with the above datum sets that the writer started the investiga-
tion here reported . As part of the investigation , the reliability of maps
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2.

available in Colomb ia was also investigated since different map series for
the same area indicated differences in coordinates for the same locations.

The princ ipal differences in the writer ’s approach from that used by
Daugherty and that used by Woollard and Thompson was in the application of:
(1) the Stansell (1970) correction curve for antenna height, which while
similar to the tangent correction incorporated by Woollard and Thompson for
their corrected data , also appears to incorporate tropospheric refraction
effects , and (2) the double pass method of Anderle (1971) and Greely (1971),
published as U. S. Naval Weapons Laboratories technical reports that caine to
the writer ’s attention in an article by Schultz et al.. (1975) after most of
the work for this report was completed.

As the writer ’s interest in this problem was generated through his
participation in Project Narif~o, a seismic crustal study in Colombia which
was depend ing on the satellite defined positions reported by Woollard and
Thompson for the location of the land shot and recording sites, most of the
report is devoted to this series of measurements and the reliability of the
maps used in connection with Project Nari~io.

Because of the large sample of data available for Suva and the fact
that two different series of observations had been made with different
initialized antenna heights , these data were also studied to see whether the
same approach as app lied to the Colombia data would significantly reduce
the uncertainty in position found by Daugherty. As will be shown, this was
indeed the case , and from the study it became apparent that the satellite
data offers a direct method for determining geoidal height having the same
degree of reliability as that of the derived longitude position.

In presenting this report the internal agreement between the two sets
of maps used on Project Narilco will be discussed first. These were the
Instituto Geografico “Agustin Codazzi” (IGAC) maps on a scale of 1:25,000
and maps prepared by the Texas Oil Company (Texaco) on a scale of 100,000.
Both were based on the Bogota datum. The reading accuracy for comparisons
between the two sets of maps was about 0.015’. As will be shown, discrepan-
cies between the two sets of maps appear to lie within the accuracy with
which positions could be read from the Texaco maps. On the whole, agreement
was good except in Buena Ventura-Valle area,where a consistent discrepancy
of about 0.6’ in latitude was found to characterize part of the Texaco map.

The second section Is a discussion of the double pass method for
determining longitude and height using the Stansell (1970) elevation
error curve for satellite elevation. The third section presents the results
for the redetermination of positions in Colombia using the Stansell (1970)
satellite elevation correction and the double pass method. In the fourth
section the same methodology is app lied to the large body of data available
for Suva. As will be seen,this last indicates that positioning in longitude
and height is better than 8 m for a daily mean, better than 4 in for a
weekly mean , and about 2 in if a two-week mean is used , without earth- or
ocean-tidal corrections.
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3.

IGAC AND TEXACO MAP C~ 4PARISON

Both the IGAC map and Texaco map coordinate systems are based on a
gauss conformal projection with the origin at the National Observatory in
Bogota , Colombia , at 4°35’56”570N and 47°O4’5l”300W and X = 1000N and
Y = 1000E. Most of the available IGAC maps were on a 1:25,000 scale and
the Texaco maps were on a 1:100,000 scale (with a 30 E-W offset). A
computer program used here to transform the X, Y coordinates to latitude
and longitude is based on J. H. Addison ’s program which was kindly supplied
by J. F. Gettrust, now at the Australian National University in Canberra,
f ormerly at University of Wisconsin, and adapted for the University of
Hawaii computer by A. Kam. The constants used in the program are:
A = 6378388 (radius) and ES = 0.00672267 (eccentricity2).

Coordinate transformation

A check was provided by reading the x and y coordinates of the map
corners of some Texaco maps (where X, ~p were also given) and computing

c.p from x , y. These calculations are presented in Table 3. The C:
line gives the map designation (such as L-l) and the geographical
coordinates in degrees-minutes as indicated on the map; the following lines
gives the x and y coordinates measured , and the calculated geographical
coordinates in degrees-minutes , N latitude and W longitude. The standard
deviation from the indicated coordinates is O~0l3 in the N-S and 0~0O76 in
the E-W d irection ; these values include the measuring error and also the
drafting inaccuracies (reduced to map: 0.24 mm NS and 0.14 mm FM).

We can therefore conclude that the computer program does not contain
any gross errors.

Inter-map comparison

To test the agreement between the IGAC and Texaco maps, several areas
were selected for comparison. The selection was based on the proximity of
the areas to the seismic refraction lines, satellite navigation fix points,
and availability of maps. In each area a number of easily identifiable
features were used for comparison points , such as river-bends, or road-river
or railroad intersections. Comparisons for the areas are given in Table 4.
Each point comparison consists of four printout lines:

Line 1: gives the area (at only the first mention)
BUENA VENTURA-VALLE, IGAC map designation 260-Ill-C,
and Texaco map designation J-4;
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Line 2: IGAC map Input x, y; output degrees , minutes N , W;

Line 3: Texaco input x , y; output degrees , m inutes N , W; and

Line 4: difference in output
deg rees , minutes N , W.

The dif ference in l ine 4 is positive for the IG&tC position being to
the north and to the west of the Texaco position.

In general, the use of small river-bends as comparison points gave the
best results. On the Texaco map , roads at times appeared to have been
smoothed out; or just one side of the road located in its correct position
with the other drawn parallel to it. The comparisons were relatively poor
in the southern area of the Buena Ventura-Valle area since the available
maps contained few good comparison points. However, serious discrepancies
do exist. Some part of the NW corner of the J-4 Texaco map must have been
shifted , as can be seen by the O~6 southward shift for the north part and a
0.74 westward shift for the south part with respect to the IGAC map. The
shift  is clearly marked on the J-4 map, where a southbound road ends, with a
sign , some 1 km NE of the bend in the Buena Ventura road (heading FM)
instead of joining it as it does on IGAC map 260-Ill-C . (Coordinates of
the Buena Ventura road-bend x = 921.78 , y = 678.68; that is the fifth point
in the Buena Ventura area in Table 4.)

Table S summarizes the results of Table 4 by area. It indicates the
N-S 8nd E-W offsets for each area and the standard deviation of a single
observation. Most of the offsets noted are close to one’s ability to
measure features correctly and to the accuracy of the drawing of the Texaco
map as reflected by the standard deviations of about 0~0l5 (or near 28 in).
Other than in the Buena Ventura area , on the eastern flank of the Cordillera
(Mocoa) some 0!06 N-S and E-W offsets appear that are larger than the
standard deviation of a single observation based on four points.

In conclusion , there are serious offsets (probably internal to the
Texaco map) in the Buena Ventura area and a small one west of Mocoa.
Except for those in the Buena Ventura area, none of the other small
discrepancies should affect ~i1e positions of seismic refraction stations
with respect to the geographical coordinates from either set of map
coordinates.

I

I ~ 

_______I— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

-—.—-~~~.—--. 
~.

_
~~~

__.— 
~~~~~~~~~~~~~~~~~~~~~~~ — —~—.



- - - - - - --— --~ - -~~--- - --—-~~~--- - - -  --— ---- - - - - -

5.

DOUBLE PASS METHOD APP LICAT ION TO LONGITUD E AND HEIGHT
DETERM INATION OF THE SATELL ITE NAVIGAT OR

Elevation angle correction

Large differences (500 in or more) appeared when the satellite
navigation positions adopted by Woollard and Thompson were compared with
the known map positions, espec ially for Ttnnaco and Laguna la Cocha. The
question arose as to whether the tangent correction applied was valid .
To test this, the data for Laguna la Cocha longitudes were plotted as a
function of the tangent of the elevation angles (Fig. 1). As seen, the
lines fitted to the E-passing satellites and the W-passing satellites do
not intercept the zero elevation line at a common longitude. The
resulting gap is of the order of 900 m. The computer program used by
Woollard and Thompson (taking the least squares fit of all points)
obviously provided a position somewhere in the gap as did their graphical
solution using uncorrected data . The tangent correction , while clearly a
step in the right direction on the basis of the model used by Woollard
and Thompson to explain the cause of the discrepancies observed in longi-
tude position as being an error in antenna height incorporated in the
satellite software program , was not the complete answer. The answer
itself became apparent from a paper by Stansell (1970) provided the writer
by Dr. John Rose.

In this paper , Stansell (1970), shows a graph (his Fig. 11) w’i.-ch
gives the fix error (In longitude) as a function of satellite elevaLion
angle K that results from the error in the antenna height estimate
(initialized antenna height). If f(K) is the £ ix error (in n. miles)
resulting from a 1-in height error, then a dH-meter height error will
result in a dH f(K) n. mile error in longitude .

If a number of satellite passes are recorded , each having elevation
angle Kj and fix Li, and data points for satellite pass no. j are plotted
in a rectangular coordinate system at points y1 = f (K i), xj  = Lj  with no
other noise present, th

a
n th

1 
points yj, x1 will fall on a straight line

for which the slope is ~~ The inverse slope will give the antenna
height error and the value for L at y 0 f(K 0) will be the correct
longitude position .

• Since the input data were not known and no computer programs were
• - available for calculating Stansell’s (1970) graph , values were carefully

measured from the Stansell diagram (given for changes in L for 100-foot
errors in antenna height) and recalculated for the position changes that
would result from a 1-rn antenna height change. These values for 100

increments of elevation angle were plotted on a large graph and a smooth
• curve was drawn , from which the fina l values were read . (The approximate

values for f(K) and K are listed in Table 6 and also shown in Figure 9.)
Position changes that would result from a similar correction curve given

~~~~~~~~~~~~~~~ ~~~~~ 
~~~~~~~~~~~~~~~~ 
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in the Magnavox 706 manual are sligh t ly smaller than the ones derived from
the Stansell  curve . Therefore , antenna heigh t changes based on th e
Magnavox curve would be s l ight l y la rger than the ones used here .

In Figure 2 , a p lot of f ( K 1) versus Li (the longit ude fixes) f or
Laguna Ia Cocha is sh own and the inverse of the slope de f ined indicates
an elevation error of some 2000 m. Correcting the longitudes for an
error of dH = 2110 rn and p lo t t ing  again the reduced L1 versus f (K 1) values
resu lts in a remaining spr ead of some 0 .2 mm or nearly 0.2 n. miles
(neglecting cos ( lat i tude))  (Fig . 3).

As the di rection of the satel l i te  navigator-computed longitude is the
opposite from the di rec t ion of the passing sa t e l l i t e  i f the in i t ialized
antenna height Is too h igh (that is toward the west for an east-passing
satellite) , or t oward the satellite if the initialized he ight is too low ,
it is clear that the sa te l l i te  navigator program (for Laguna la Cocha and
other high-elevation stations) used a dif ferent  (too elevated) antenna
h e ight than the one punched in by the equipment operator (N. J. Thompson) .
This will be discussed in more detail later.

Double pass method

As can be seen from Figure 3 the spread in the longitude positions
can be reduced further  (to 0.01 mm or 20 in) if the data are restricted to
he ight corrected values for ind ividua l satellites for wh ich there are two
consecutive passes. In the plot the value of f (K) for the elevation ang le
is the y coordinate and the corrected longitude the x coordinate with
E-passthg satel l i tes  p lot t ed positive for f(K) = 0 and w—pa ssing
sa te l l i tes  p lotted negative . The intersection of the resulting l ines of
position with f (K)  = 0 defining the more precise position. When 64 double
passes were analyzed for Suva , the standard deviation of a s ingle such
dete rmination was f ound to be about 20 in in longitude and about the same in
heigh t (Tables 12 and 13). Part of this standard deviation seems to be due
to differences in individual satell i tes, notably no. 64 in 1973 in Colombia
(the same as no. 65 in 1971 in Suva) which shows a lower antenna height
(Figs . 3, 16 , and 18) . In passing it shoul d be noted that in general , the
longitude position data for the double passes in Colomb ia in 1973 seem to
indicate less spread than those recorded on boa rd the KANA KEOKI in Suva
in 1971. The lower accuracy for Suva is probably due to effects  of the
ship ’s motion with wave and tidal action in the harbor and perhaps to better
satellite orbital parameter programming in 1973.

Note that no corrections have been applied for the tropospheric
refraction index , for which the satellite navigator computer assumes an
average value .
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7.

COLOMBIA SATELLITE NAVIGATOR POSITIONS

Observation points--IGAC map positions

Woolla rd and Thompson presen ted the sate l lite nav igation da ta
together with site descriptions and compared them to positions on the
1:1 ,000 ,000-scale ONC L26 aeronautical chart. This chart, the only one
covering all sites on the same projection and datum , was, however ,
inadequate for precise determinations of location because of the scale.
Therefore , Thompson, who made the field observations in Colombia, and the
writer reviewed site positions where possible on the IGAC maps with
scales of 1:25,000, 1:10,000, and in one case, 1:2,000. Longitudes and
latitudes were then computed from the x , y coordinates using the program
supp lied by G. F. Gettrust. The determined positions and elevations are
given in Table 8. However , even better accuracy could be achieved if the
sites could be resurveyed , especially the four for which photographs of
the antenna positions are available. For convenience, the original
satellite positions and heights from Woollard and Thompson are presented in
Table 7. As it appears that the site elevations (surface elevation plus
geoid height) were not used consistently in their report, the antenna
he igh t and geoid height as initial ized in the field were taken directly
from Thompson ’s original book and added as two additional columns in Table 7.

The estimated accuracies of x, y, and height as presented in Table 8
(and based on available photographs, scale of the maps used, and discussions
with Thompson) with respect to the maps are as follows:

Site (N-S) x (in in) (E -W) y (in ifli Height (in)

Buga *10 ± 2 0  ± 1 0
Popayan l ± 2 * 3 ± 3
Laguna la Cocha * 30? ± 20? ± 20~
Turnaco *15 ±15 ~j 2

However, an accuracy of the order of 20 to 50 cm could be obtained if the
sites were to be surveyed and based on the available pictures of the antenna
positions.

Magnavox 706 he ight init ialization error

The satellite longitude fix versus elevation angle function f(K) for
• the Colombia positions are presented in Figures 2 through 7. As Figures 2

and 3 indicate , a very large antenna height correction at Laguna Ia Cocha
is required to reduce the data by the double pass method to the final mean
longitude of 77°08’8050 ± O’0033 (GYM). Since Call (Fig. 5) and Popayan I
(Fig. 6) also show large height corrections , an operator error for the
height initialization is excluded.

L a
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The best explanation that appears reasonable for the capric ious
height initialization of the Magnavox internal computer wi l l  be discussed
relative to Laguna Ia Cocha . As shown by Figures 2 and 3 , the computer-
initialized height is too high by 2110 + (+7—27-153)13 2052 m . This
means that the computer was wqrking with an initial height somewhere above
2800 in plus 2052 in, or over 4800 m , if the site altitude of 2808 m is
approximately correct. This could happen as follows (borne out also by the
Cali and Popayan data): the computer dislikes altitudes over 999 (or
1024?) in. When an elevation over that height is initialized , the computer
doubles the corresponding decimal (1000) or binary digit (1024). The data
are too few and the uncertainty in the absolute value of the Stansell
correction too large to determine which , but it probab ly is the binary.
The result then is the following :

Opera tor H = 2808 2048 + 760
Computer H = 2 x 2048 4- 760 = 4856
Concluded H = Computer H - height correction

= 4856 - 2052 = 2804 ± 60 in (aM).

Until the uncertainty in computer shift of 24 rn/l000 in at elevations higher
than 1000 in is resolved , the height data for Laguna la Cocha (48-in shift)
and Popayan and Call (24-rn shift) should not be used without
putting these possible errors in evidence. The Bogota data are inconsistent ,
probably because of interference problems , and have not been considered
reliable for the double pass method.

Colombia satellite positions--comparison with IGAC coordinates

The satellite-determined coordinates and the IGAC map coordinates are
compared in Table 9. In this table the satellite latitudes are those
determined by Woollard and Thompson using intersecting lines of position
for each satellite , except for Tumaco , for which an arithmetic mean value
was used. The satellite longitudes are the values obtained here from the
double pass method and are derived from the f(K) “0” crossings in Figures 2
through 7. The aM errors reflect the internal consistency of the data. The
purpose of analyzing the Suva shipboard-fixed station data in the next
section of this report is to substantiate the small errors found by applying
the double pass method in particular to the Colombia data. All the Colombia
satellite-determined longitudes are probably within 10 in, and similarly the
heights for Buga, Tumaco, and Buena Ventura probably within better than 20 in.
The height error evaluation for Call, Popayan I, and Laguna la Cocha will
depend on the Magnavox 706 programming error and , because of the large
corrections involved , on the accuracy of reading the Stansell elevation
angle correction . The height correction for Tumaco was obtained by best-fit
combining satellites no. 41, 53, and 63 in pairs and determining the slope
of the corresponding lines (Fig. 7). Satellite no. 64 was not used , aince

• height determination from no. 64 seems distinctly different , as can be seen
for Laguna Ia Cocha (Fig . 3) and the corresponding determinations in Suva

— ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~ 
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(satellite no. 65) (see Table 13 and Figs. 16 and 18). However, longitude
positions for no. 64 do not deviate from those obtained by the double pass
method from the other satellites. The no. 64 (in 1973) Colombia is the
same satellite designated no. 65 (in 1971) in Suva.

So far no IGAC map position could be obtained for Call and Buena Ventura.
The pos ition at Buena Ventura given in Table 9 is the one Thompson determ ined
in the field at Buena Ventura from navigation chart HO 1781 (Woollard aixi
Thompson’s Table 1, p. 34). It does not seem sufficiently accurate for
comparison of the map offsets, nor consistent with the differences found for
the other sites.

As Table 9 shows , there exists a systematic offset between IGAC map-
and satellite-determined latitudes and longitudes; so the satellite fix is
between 0.100 and 0.180 mm to the south and between 0.150 and 0.190 mm
to the east of the map position. The offset is well outside the error
limits that can be assigned either to the map or to the satellite position
accuracy , and probably relates to the Bogota datum.

Height relation to gravity

Although Woollard and Thompson showed that anomalous gravity could be
related qualitatively to uncertainties in position, no quantitative relations
were established . In the present study , and excluding the data for
satellite no. 64, the difference between map height and satellite-determined
height (the latter height including geoid undulations) was found to show a
systematic relation to the regional simple Bouguer gravity anomaly of about
2 mgal per m height difference (see Table 9, last two columns, and Fig. 14),
zero Bouguer anomaly correspond ing to ~ 32 in which is close approximation
of the geoidal height where it reaches a maximum value in western Colombia. 
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RELIABILITY OF POSITION DATA FOR LONGITUDE AND HEIGHT,
SUVA 1971

An important question to be answered was whether or not the Colombia
longitude and he ights were as accurate as the internal cons istency of the
data suggested by their aM.

Conventional arithmetic mean longitude and latitude

Since many longer series of observations were reported by Daugherty,
any particular series at a fixed position could have been analyzed by the
double pass method. However, C. Marsh (Hawaii Institute of Geophysics)
suggested using the Suva data because he found that two different heights
had been initialized. This circumstance, not reported by Daugherty , promised
to provide a particularly good opportunity to check the elevation correction.
In addition , a considerable number of passes had been recorded that were
not reported by Daugherty , especially during the first few days, where
initialized antenna height (including the geoid height) was 75 m. All
available passes are presented in Table lOA , and all available passes where
the initialized height was 54 in are listed in Table 11k. According to
Daugherty , the information contained in the standard fix output of the
HP2ll4 computer used was based on the MAPS-H-70356 program aboard the
R/V KANA KEOKI in 1971. The parameters relating to the movement of the
receiver were deleted and the format of the remaining quantities was changed
as shown below:

(1) DATE (DATE): The Julian Day Number representing the consecutive
numbering of the days in the year;

(2) TIME (GMT) : The Greenwich Mean T ime of the position fix in
hours and minutes;

(3) SATELLITES (SAT): Five near-polar-orbit navigation satellites
were available for observation. A two-digit numbering code for
satellites , related to the orbital semi-major axis in kilometers,
was adopted . The correspondence to the satellite number is
indicated below.

SAT SATELLITE NUMBER

42 30120
54 30140
63 30180
64 30130
65 30190

—~~ - ~~~~~~~ — 
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The numbering code (left column) is higher by one unit than that
used for the Colombia data by Woollard and Thompson, so that
SAT 42 (Suva 1971) = SAT 41 (Colombia 1973) and so forth .

(4) ELEVATION ANGLE (ELEV): Vertica l angle , measured in degrees , of
the satellite at the point of closest approach to the observing
station ;

(5) GEOMETRY (GEOM) : Indicates the satellite trave l is either
North (N ) or South (S) bound , to the East (E) or West (W) of
the observer;

(6) LATITUDE (LATITUDE): Latitude of the observation point on the
satellite datum measured in degrees , minutes , and seconds from
the equator ;

(7) LONGITUDE (LONGITUDE): Longitude of the observat ion point on the
satellite datum measured in degrees , minutes , and seconds from
the Greenwich Merid ian to the station;

(8) ITERATIONS (IT): Number of iterations required for the program
to converge on the positional fix ;

(9) DOPPLER COUNTS (CTS): Number of 24-sec interval counts used in
the computation of the position f ix ;

(10) DOPPLER COUNT SEX~UENCE (CTSQ): Number of balanced (symmetric)
24-sec counts about the point of closest approach .

(11) The arithmetic mean position in longitude and latitude was
calculated for each of the two tables separately by retaining
only those passes for which the following criteria were met:

(I) l5~’ < ELEV ~ 75° elevation angle

(2) IT 4 iterations

(3) Dev < 10.0 arc sec position deviation

The deviations from the mean latitude and longitude are also given
in the Tables 10k, 11k, as well as the rejection criteria used
(last three columns). The mean latitude and longitude together
with their statistical reliability are given in Tables 108
and 118, and the mean values for each satellite separately were
presented in Tables lOC and lIC.
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Double pass--longitude and height results

All double passes (e.g. two consecutive passes of the same satellite)
in Table 10 and 11 have been analyzed for longitudinal position and
receiver height. Figures 8 through 13 show the f(Ki) versus Lj data for
12 consecutive 1971 days (203 to 214) for Suva. H 75 or H 54 indicates
the initialized antenna height. Satellites are identified by their
number (i.e., 42) direction of travel (S or N), and the chronological
order of the center time of the two consecutive passes: I or 2--to 9
(on day 204). The longitude determined from the double pass is the position
where the connecting line between the two passes crosses the x-axis ; the
inverse slope of the line, corrected for latitude, gives the antenna height
correction .

It is clear from the crossings of the x-axis that one can easily
distinguish good days (like 203 and 209) from bad days (like 210) , and that
bad double pass positions like 63S5 (at 178°25” .5800E) on day 203 can be
rejected . Tables 12 and 13 give longitudes and heights (e.g. H + correction)
for all retained double passes, averages, standard deviations, and standard
deviations of the mean , ordered by N- or S-bound satellites or by days, and
for all satellites and days taken together.

It should be noted that for Suva, E is in the positive X direction on
Figures 11 through 16 , whereas E is in the negative X direction for
Figures 1 through 7 perta ining to the Colombia longitudes. As a conseq uenc e ,
the antenna height correction changes sign between the two sets of figures
for the same apparent slope.

Figures 15 through 18 are graphical summaries of the contents of
Table 12 and 13. The deviation of the daily mean longitude from the total
mean value only once exceeds 8 in (Table 12, Fig. 15~ whereas the daily
mean he ights show somewhat larger variations (Table 13, Fig. 16), mainly
due to the lower heigh t determined from the mean of satellite 65. This is
the same satellite (no. 64 Colombia) that showed a much lower height for
Laguna la Cocha (Fig. 3) two years later. The lower height is also
clearly borne out in Figure 16 , where not even one height determined from
no. 65 (Suva ) (identified by 4-) reaches the mean, as determined by all
double passes. The mean height determined from no. 65 of 32 .3 ± 3.5 m
deviated by more than 26 m from the mean of the other four satellites of
58.7 ± 2.4 in. The cause of this rather significant discrepancy is not
known, but as Table 12 and Figure 18 indicate, it does not seem to affec t
the longitude observations. In Figure 18, the mean longitude and the mean
heigh t together with the 2a error-length are indicated for each satellite ,
and the positions marked S- or N- are the corresponding values for the
southbound or the northbound orbits . The mean of all the satellite
longitudes and the mean height without satellite no. 65 are indicated by

• the dashed lines together with the 2a error of t~’~’ mean.
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Finally , the writer attempted to detect any possible va r iations as a
function of time of day that might depend on changes in ionospheric or
tropospheric conditions. In Figure 17 the 64 double pass longitudes are
shown as a function of the time of day. Values that have been rejected
from visual inspectton on a particular date are surrounded by a square.
The two rejected double passes, closer to the mean than some of the non-
rejected ones, both clearly were outside the remaining seven positions
on day 204 (Fig. 8, Sat 64S2 and 64N7) and probably would have been
retained on another date. The data seem to show a perhaps slightly tighter
clustering between 14 and 18 hours GHT, which are the local early morning
hours (from 2 to 6 a.m.).
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STANDARD ERROR- -Cc~1PARISON

In the following, discussion will be limited to longitude data, since
no attempt was made to correct the latitude data. As was to be expected ,
the accuracy of the double pass longitude determination is considerably
higher than that of the routinely used arithmetic averaging especially in
the case where the antenna height was incorrectly initialized. The extreme
examp le is represented by the longitudes determined for Laguna Ia Cocha
(Table 7), where the a for a single observation is l’ .41 (mm of arc) when
the arithmetic mean is taken, and only O’.0047 for the double pass method.
Even the more realistic comparison of the a of the mean yields O.’408 for
the former versus O’ .0033 for the latter method , approximately two orders
of magnitude better.

Arithmet ic mean versus double pass me thod

Returning to the Suva data , we see that the set with the eironeously
initialized height of 75 m shows a standard deviation for a single
observation of (1.9 sec or) 0’.032 as compared to (1.5 sec or) 0’.025
(Tables lOB , 118) for the set with the nearly correct antenna height of

in. In order to make a comparison with the double pass method , the
preced ing values should be divided by /2 s ince in the latter method
each position is determined from two consecutive passes. Therefore , even
in the best possib le condition of nearly correct antenna height init ialization,
the a (two observations) is O’.025/f2. O ’ .0l8 as compared to 0’.Oll for the
double pass method (Table 12). The a of the mean also would be comparably
smaller since a total of 137 passes were accepted for the arithmetic mean
method (see “NSD” in Table lOB and in Table llB) versus 64 double passes
(128 single passes). The improvement is about 1.6. However , as Table lOB
shows (for antenna height error of about 20 m), the a (single observation)
increases to (1.9 sec or) 0’ .032 or 0’ .032//2 = 0’.022, which results
in an improvement of 2.0 for the double pass method .

Double pass me thod: fixed shipboard stations versus fixed land stations

The difference in accuracy between the shipboard data and the land - —

based data (in longitude) is somewhat more difficult to evaluate, since no
single c ommon set of passes is available and data from a single land
station in Colombia have at the most three double passes. As discussed
earlier , the results of all accepted double passes for Suva (Table 12)
indicate a a (single ship observation) of 0’.Olll or 19.6 m. However, in
addition , some double pass positions were rejected . To evaluate the
standard deviation for the land sites the following expression was used:

a (single observ.) = (E Z L~.4 /(n_l))’~’2i i  j
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where t~X is the deviation of the ith station ’s ~th observations from
the meantm

ilosition of the ~~ station ; and n 12 is the total number of
double pass positions obtained (for Buga, Cali, Pepayan I, Laguna Ia Cocha
and Buena Ventura ; see Fig.. 3 through ~). The value thus obtained of
a’ (single land observ.) O’.0045 (or 8.35 in) I. less than half of that for
the shipboard data. It should be emphasized strongly that none of the
double passes recorded in Colomb ia had to be rejected.

Possible explanations of the difference in accuracy are :

(1) ship motion near the docking site; and

(2) the sa te l l i t e  orbital programming and the navigator programs
used in 1973 in Co l ombia were more accurate than those used
during 1971 in Suva.
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CONCLUS IONS

(1) Except for maps from the Buena Ventura area, the IGAC and TEXACO
maps agree with sufficient accuracy to allow the determination of the
sei smic refraction stations to a common datum during project Nari~o in 1973.

(2) For all Colombia sites for wh ich IGAC map coordinates are
available , the satellite navigation positions are to the South (by O’.103
to 0’.l80) and East (by O’.152 to O’.19l) of the map positions . The —

c ombined (map pos ition and satellite-navigator fix) longitude error should
be smaller than 30 in and could be improved to less than 10 m if the sites
were surveyed . The standard longitude deviation for a single double pass
observation was 8.4 m.

Due to some error , probab ly internal , of the sa te l l i te  navigator
computer , elevations are reliable only for Buga, Tumaco, and Buena Ventura
and are probably reliable with 20 m or less. Elevations for the remaining
three sites should be used with caution.

(3) The shipborne , fixed-point satellite navigation determinations of
longitude and height show a standard deviation for a single double pass
observation of less than 20 m for all five operational satellites combined.
However , significant differences for the height have been observed for
satellite 65 when compared with the others. The improvement in longitude
position is at least a factor of 1.6 over that obtained by the usual
arithmetic averaging and increases with the antenna height error. For
example , for the Suva longitude the improvement was a factor of 2 for an
antenna height error of around 20 m. The standard deviation of the mean in
Suva was less than 2.5 m in either longitude or height over a total of
12 days of recording time.

This accuracy suggests that many more harbor sites can be located
with respect to the satellite navigation datum within 8 m for each coordinate
from a single day ’s observations , and the local geoid height can be obtained
as well , both a co ns iderable advantage over the arithmetic averaging method.

(4) Differences in accuracy are noticed among individual satellites
(a t least for the Suva data). Whereas the a (single) = O ’.Olll for all
satellites combined , the a (single) for no. 64 was only O’.006l and that for
no. 63 was 0’.0092. Also , lower deviations were observed for northbound
than for southbound orbits of individual satellites (exception: no. 42).
In the extreme case of no. 64, a (single N-bound) = 0’ .0037 versus a’ (sing le
S-bound) = 0’ .0089. One observation of concern was that satellite 65
indicated an antenna height lower by more than 26 m than those of the other
satellites used .

In conclusion it appears that the satellite data can be used to
determine geodetic coordinates (longitude , latitude and height) on a
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worldwide basis with a reliability equal or close to that obtained by other
more costly surveying methods. Bender (1974), for example indicates that
there are very few locations in the world , and these limited to continental
areas, where geodetic coordinates have been established with a reliability
of 2 in.

Finally it should be pointed out that the question of the corrections
applied and this report itself probably never would have been made if the
Nagnavox 706 satellite navigator had calculated the fixes with the
initialized antenna heights instead of what it probably did : used a
height that resulted from upward shift of one binary digit at elevations
above 1024 m.
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Addendum

After this report was completed , Mr. Willian Unger , University of
Wisconsin , having received a preliminary copy , commented on (written
communication , October 24, 1975) and sent calculations transforming the
map coordinates from the Bogota datum to those for the NWL-9D* coordinate
system used .

The fol lowing table gives the resu l t ing  d i f ferences  in lati tude and
longitude (in minutes of arc), as calculated by TJnger from :

Map Coordinates from Table 9 for Stations Buga, Popayan I,
Laguna Ia Cocha and Tumaco

NWL-9D Minus SAT-MV Positions
(in minutes of arc)

~~LAT A LONG

Buga + 0.0071 - 0.0014
Popayan I - 0.0273 + 0.0077
Laguna Ia Cocha - 0.0720 - 0.0298
Tumaco + 0.0061 - 0.0089

Besides the Laguna Ia Cocha differences , for which the map positions
could not be established as well as for the other stations (error estimates
with ? in Table 9), only the Popayan I latitude is outside the combined
estimated map position error plus the of the SAT-NAV determination.
However, if the arithmetic mean value of the SAT-MV latitude is used
(Woollard and Thompson’s Table 4, p. 48) the ~ latitude for Popayan I is
- 0.0068 and within the combined errors.

*The NWL-9D system is the one used for the Transit Navy Navigation
Satellite System. (See Offshore Technology Conference paper OTC 1789
by Thomas A. Stansell , 1973.)
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Table 1

Si t t Passes Std . Deviation, Std . Deviation of Mean ,
sec

Honolulu 79
Let 1.67 0.19
Long 1.59 0.18

Pago Pago 24
Let 1.56 0.32
Long 1.63 0.33

Suva ( 1) 29
Let 1.86 0.35
Long 2.53 0.47

Rabaul 6
Let 2. 25 0.92
Long 2.43 0.99

Guam 13
Let 1.88 0.52
Long 1.32 0.37

Ponape 25
Lat 1.93 0.39
Long 1.62 0.32

Palau 48
Let 1. 16 0.17
Lon g 1.84 0.26

Stiva (2) 153
Let 1.84 0.15
Long 1.76 0.14

Well ing ton 46
Let 0. 73 0.11
Long 1.13 0.17
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Table 2

Elev . • E Passes W ~~~~~~ L V s  W~
m

Buga 968 3 3
Let l.014N
Long 2.4 18E

C a l l  1326 3 3
Let 0.36S
Long 63.78W

Popayen 1 1743 2 2
Let 0.66N
Long 48.51W

Popayan I.E 1 2
Let 3.605
Long 61.98W

Laguna da Cocha 3j33* 5 5
Let 2.73S
Long 155.27W

Timiaco 5 3 3
— Let 3.902 11

Long 0.36W

Buena Ventura 5* 3 3
Let 2. 142S
Long 0.462W

Bogota 2650 1 4
Let 7 .72N
Long 278 .01W

T;ihl,• taken from Woohlard and Thompson , p. 38.

* These e1ev~ tion~ are in error in Wool lard and Thnmp~on.
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TABLE 3

rixACu MAP X . V. COORDINATES CONVERTED TO GEOGRAPHICAL COORDINATES
h i  COFIPUTER PROGRAM
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T ABLE 4

COMPARISON OF REFERENCE POINT POSITIONS ON IGAC AND TEXACO MAPS
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eo0s10.0000 1085)339.0000 3 3 1 .1223  74. 18.5100
3- 

8e01a0. 41C’O ) 152840.0004) 3 31.its *4 16 II.4’7P

0 0.0373 I) 0.0331

(rent.)
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TABLE 4 (cool.)

— I

u S6600. U0(I0 991 500.410e0 I 45.3564) 7? 9.22??

68’ .St0.043u1I 6 5 7 4 7 4 1 .0431)43 ~. 43.3115 7? 9.195’.

0 0.0)55 0 0.0273

366— lY -fi 1-3

666000. tI0I,31 991 ?841. ,)000 1 45.5871 17 9.2814

o’.781,).00l1I) 1 45.3221 77 p.2496

0 0.11443 U 0.0)19

R b — I V — 6  1-)

49 1100.0001’ 09077,I .00.10 1 45 .334 3  77 10.1015

e9102O.f l0~ t ’ ~ 3b440.Ot l00 1 48.13)0 77 10.0253

O ~~W.-201) (1 
~0.077~~

336— T V— S 1—)

e4(’6 3,1.0000 990660.01,4)0 1 45.09.12 77 9.8913

t40’10. )000 bS*A’Ii) ..)fl0() 1 48.0737 71 9.8592

0 0.0163 0 0.002)

S ee — T V— S t -~
0696111.0000 1 44.5172 77 10.4577

693560.0000 655b1’J. OOOQ 1 49.50)3 17 10.4731

0 0. 09~ 7 0 —0.0154

420— t V—C L ?

60092u.0000 923190.0000 1 4.280% 77 46.2594

610150.0000 389050.’)OOO 1 4.2756 77 46.2122

0 0.0049 0 0.0472

42P.—lV—(. 1— 2

604520. 0000 922120.0000 1 4.0634 7? 46.5127

604780.0000 515*00.0000 1 4.0150 77 46.4702

o -0.0116 0 0.0423

425— IV— C I. -2

603400.0000 924000.43000 1 0.7430 77 43.5220

403700.0000 3195641.0000 1 0.7533 77 45.7993

o -0.0405 0 0.0227

4 2 5 - T V — C  1— 2

608110.0000 924910.0000 1 3.2966 77 43.4354

605330.0000 ‘.00190.0000 1 9.7909 77 43.8139

0 0.007? 0 43.04 13

4 28—I V—0 1—)

603310.00430 331090.0000 1 0,4.990 77 41.674~

603620.0004) 5979313.0000 1 0.7449 17 41.4424

o —0.0499 0 0.0149

42 8 -TV—fl  I .)

603440.00041 434 1)0.0000 1 1.0311 7? 59.9565

6041 430.0000 600o70. 43000 1 1.030 1 1? 39.97)9

0 —0.0129 0 0.0110

(cent.)
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TABLE 4 (cool.)
(u VA (*Is9I*M .NaeIP ’o 42~~- III—C 1— 3

611990..100I) 959 5*0.01108 I 5.4071 7? ?6.*43~
61)2)4.004)0 ,.Z~.’.20.00fl0 I c.~ ,co iv 74 .6*11

O —0.01”. 0 —0.0174

42 6—Ill—Il L— 9

•17130. IhklO 90707,I .o000 1 $.106a 77 22.1715

6371741.0000 *)3-400.OL’0d 1 8.1014 7~ 22.1003

0 4 3 . 0 ) 9 7  17 0 0207

C1 845 T 0—WART ’- l t )  4?9-I1( 3— i

623231.00.80 990410.iI0.)O I 12.64131 77 35.10411

.25410.410430 64(.600.ui’)f) 1 12.610* 77 13.2721

—0.0073 0 -0.0220

42~—t I— C  1—3

824950.18000 983400.0000 1 12.4404 71 *3.8039

623110.0000 649320.1300(3 1 17.4113 71 13.5062

0 0.02’2 0 —0.0924

429— IT—C L—)

625130.0000 077190.0000 1 l4.1a57 77 17.1317

625)60.0000 *430543.0000 1 14.1740 77 17.1670

o —0.04)83 0 —0.015)

429—11—C 1—3

024450.00430 982470.0000 1 12. 1420 77 14.3052
824370.0433) 646370.J030 1 12.1241 77 14.317)

0 0. 31 79 0 —0.0128

CINCCOA—P UT UMAYOA 430— T V—C 1—4

602600.0000 
• 1040430.0000 1 0. 3120 76 43 .061 4

002610. 41000 70*320.0004) 1 41.2344 7~ 43.1071

o 0.0517 0 —0.0457

430— IV—0 1—4

b03!!0.0000 10450.141.0000 - 1 0.7516 76 15.9806

60)340.0000 7119.30. 304)0 1 0.6533 76 39.0256

0 0.0543 0 —0.0446

4341— T V—D 3—4

407970.0000 1043240.004141 I 7.225? U. 38.3013

607970.0000 713090. $0.30 1 3.1636 74 35.3660

0 0.0616 0 -41.0593 —

430— ? V— O 1—4

406650.0’)0O 1041630.5000 1 2.6116 76 39.1900

*06eU4i.,W40 lIlSoO.uOnO 1 2.3267 16 39.2413

I) 0 .0859 0 —0 .0625

C1PTo—a.SIs—euTuFla.vO 467— !—C M—4

• 348950.4)0410 I003660.41000 0 31.2147 76 ‘0.3435

5490iau.410043 129800.43000 0 31.2003 74 30.4443

9 0.0150 (8 (‘.0972

467—1 C 36—4

94681d).41II00 3063910.0000 0 ,O.fl)82 74 30.3789

344130.0000 1)I,j I0.O0(I l) 0 ,0.0Z’ .a 74. *41.2790

0 0.0147 0 0.0974
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TABLE 5

Summary of Re s u l t s  of Table 4 b y A rea

I GAC N o r t h  IGAC Wes t N um ber of
of Texaco of Texaco Points

Area M inutea of Minutes of ~
Arc  Arc

Buenaventura-Valle + 0.613 0.015 - 0 . 0 4 3  0 .010 3
North of 922

Sou th of 922 + 0.108 0.035 - 0.736 0.062 3
P a l m i r a - Va l l e  + 0 . 0 2 6  0 . 0 0 7  + 0 . 0 2 0  0 .018  4

M e r c a d e r e s - C a u c o  + 0 . 0 2 7  0 .015  + 0.013 0.021 4

Tuq ueres-Narii~o - 0 .0 1 7  0 .0 2 1  + 0 . 0 3 0  0 .0 1 4  6

Y a c a n q u e r - N a r i ~io - 0 .0 0 4  0 .014 + 0 . 0 0 2  0 .019  2

Pasto-Nari~ o + 0 . 0 0 6  0 . 0 1 4  - 0 .0 1 3  0 . 0 0 7  4
(east of)

Mocoa-Putamayo + 0 . 06 6  0 .014  - 0 . 0 6 0  0 .017 4
(west of)

P TO Asis-Putamayo + 0 . 0 1 5  0 . 0 0 1  + 0 .097  0 .000 2

Average for 32 po ints 0.018 0.016 32

Average for 29 points
excluding Buenaventura-
S o u t h  of 922  0 .015  0 .015  29

(No good reference p o i n ts were available in t h e  B u e n a v e n t u r a - S o u t h
s e c t i on)

C o o r d i n a t e  co rne r s  (see t e x t )

From Texaco map + 0 .0082 0.0130 + 0.0008 0.0076 7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~ -- ~~~~~~~~~ ~~~~~~
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Table 6

Error in Longitude Position Away from True
Position per Meter Error in Antenna Height with

Increasing Satellite Elevation Angle ,
Based on Stangell (1970)

Error f(K): in nautical miles per meter error in
antenna height

Elevation K: degrees

K (degrees) f ( K )  lO~~~ n. miles

10 2 . 8 1

20 3 . 6 2

30 4.62

40 6 . 0 5

50 8.24

60 11.63

70 17.55

~ 

~~~~~~~~~~~~~~ 
-
~~ ~~~~~~. -
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TABLE 7

Sat ellite Navig ation Results for Each Observation Sit.
(from Woollard and Thompson)

Initialised
Height*

Elev., Geoid Antenna
Time Sat. Dir . K Lat. Long. g H

Bug s , Colombia; Feb. 12, 1973; d cv . 968 m 8 960

0700 41 S 46E 3 53 .654’ 76°18 .137’

0850 41 S 16W 53 .682’ 18.200 ’

0946 53 S 38E 53.655’ 18.158’
1034 64 N 24E 53.621’ 18.175’
1136 53 S 18W 53.679’ 18.198’
1218 64 N 37W 53.648’ 18.193’

1418 62 N 64W 53.632’ 18.197’

C.l1, Colombia; Feb. 14, 1973; d cv . 1326 m 8 1326

0252 62 S 29W 3’25.725 ’ 76 34.0l8’
0538 63 S 16E 25.721’ 34.768’
0700 41 S 49E 25.783’ 35.224’

0726 63 S 44W 25.700’ 33.798’
1042 64 N 35E 25.673’ 35.027’

1228 64 N 26W 25.770’ 34.014’

Popsyan (1), Colombia; Feb. 14-15 , 1973; d cv. 1743 m 8 1743

2130 53 N 29E 2 26.585’ 76 37.O43’

2215 64 S l5E 26.695’ 36.863’
2316 53 N 25W 26.647’ 36.115’
0004 64 S 37W 26 .611’ 35.974’

Laguna de Ia Cocha , Colombia; Feb. 18 , 19 , and 20, 1973; 15 2808
d cv . 3133a

1918 63 N 33W I’08.172’ 77 07.748’

2012 41 N 22W 08.189’ 08 .025’
2134 53 N 48E 08.006’ 10.440’ 

- -

2238 64 S 37E 08.242’ 09.897’

2322 53 N 14W 08.145’ 08.143’

0026 64 S 16W 08.145’ 08.170’

0216 62 S 40W 08.047’ 07.515’

1822 41 5 35E 08.050’ 09.905’

1928 63 S 22W 08.197’ 08.003 ’

2008 41 S 20W 08.175’ 08.058’

2138 53 S 64E 01.92 ‘ 1 1 . 6 5 9 ’

2248 64 N 56E 08.312’ 10.797’ (cont.)

~~~~~~ 
s& ~~~~~ - .:-~~~~i: ~~~~~

- . ~f -~~~~~~~ L - --  
- -s - -
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TABLE 7 (cont.)

Initiali sed
Height*

Elev ., Ceoid Antenna
T i m e  Sat. Dir. K Lat. Long. g H

Tumaco , Colo mbia; Feb. 22 , 1973; d cv. 5 m 15 5

1818 41 N 33E 1 49.139’ 78 43.846’

1940 63 N 17W 49.084’, 43.840’

2 16 2  N 74E 49.136’ 43.854’

2 2 5 8  64 S 74E 49.17, 43.838’

Buennve ntu ra , C o l o m b i a ;  F e b .  27 ) 1 9 7 3 ;  d cv . 5 m 15 10
2100 5 3 N 52E 3 53.522’ 77 03.939’
2 2 2 6  64 S 69E 53.535’ 03.903’
2248  53 N 13W 53.6 10 ’  0 3 . 8 9 9 ’
001 4 64 S 7W 53.545’ 03.904’

0200 62  S 26W 5 3 . 5 2 8 ’  0 3 . 9 0 3 ’
0454 63 S 23E 53.519’ 03.887’

Bogota , Colo mbia; Mar . 2-4 , 1973 ; Elev . 2650 m 10 2650

1258 62 N 56W 4 37 .847 ’ 76’0.969 ’

0512 63 S 66E 37.732’ 6.75’

0628 41 5 59W 37.401’ 1 .530’

0700 63 S 9W 37.537 ’ 3.214’

1358 62 N 12W 37.658’ 2.753’

* Remarks: The m t . and long. col umn s have been taken d i r e c t l y  from
Thompson ’s orig inal Satellite N av ia atio n Log.

1-
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TABLE 8

COLOMBIA SITE POSITION IGAC MAP

€31 j GA HUTLL GU M )ELA I-IAPA le i — 1 1 1 — 0 — 4

E L E V  973 M E T E R S  x y N — -  W -- -  -— —

9~~243O.000C 10~4 6 0 b2 . 00 0 0  3 53 .8~~31 
- 76 - 

18.3~~50 
- -

PO P A V A N I  h OTEL M U N A S 1 1~~~1C i :2000 PC PA Y Ab  5

E L E V  1731.5 ME T E R S  
-

162C04.0000 10~.2t2O.0000 i~ 26.6O.~b 76 . 36 .72e9

L A G L I NA  L A C O C P IA  H UT E L  4 2 9 — T V — f l  
- -

cLEv :  ~ 8~08 ~.‘~~7F R 5  -~~~ -

6 17 2 3 0 . 0 0 0 0  992390.0000  - I e.251t ~ 7 8.0574

TUM A C O  4 M f~.E CE 6E~~C 3-4MA ~~K I O3 T S — 1 . 19 5 1  .383— t V — A

ELEv: 3 M E T E I~~S F R O M  SEA LLVEL

692990.0000 816090.0000 - 1 49.3142 78 44.C126

I:
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TA RL E ‘4

1 4 A t :  ~~~ - ‘ i ~~ ( i ~~~~~ j ‘ - - uid ~, i t - I  I ( t - —-1k- t ,-r — n1n~-&1 Coo rd lua t t s  I r  ( - l n h j d

TAT j 1UI)E NORTh! l iNC ITLIDE W RST

Er r o r  SAT NAV ~ E r r o r  SAT NAV -)
‘ I i i ,  K a t i m a t e . W o o l l i r d , I~~T ‘ 1 4  r s t i m a U~ !)~ u h1~ Pass M , I,ONC

Th ompson u Method m

8u~ a 1° 5 3.8J .3 1 ±10 5 3 . 6 5 3  3 .1 8 ’  76 ’ *8 .  4b~ - +20 18 .1820 ± 1.8  ( . 184

Ca l !  3’ - - 25 .7 09  --  - - 34 .4 5 8 3  ~l0.0 --

Popayan I 2’ 26.8026 + 2 26 .b56 U . t 4 7  76 16 . / 3 8 9  + 3 3 6 . 5 4 7 7  ±21 .1 0. . ’.’2

h aguna I,, cocha 1° 08.25 16 +30 ? 08 .149 (( . 1 0 4  77’ 08.9574 +20 -? )3~~8050 + 6.2 0.1524

Tumaco 1’ 49.3*42 +15 4 4 . 1 34 *  ).l80 /8’ 44.0126 +15 43.8429* ± 2.5 0.1697

Buen avent u ra 3’ 53.60* ± ? 3 .54 1 -0.06 77’  03.72 *  ± ? 03.9065 ± 7.5 -0. ’8~ 5

*Civen by * an ti,- ~~;i v en  by *From bes t
Wo ollard  and met ic Woo l lard  and line of no .
Thompson f rom ave rage  Thompson from 41 ,53 ,63
C h a r t  HO 178* Chart 110 1781 sing le

pat terns

IIFI 1!IT

SAT NAV SAT NAV A pp rox ima te
Error Double Pass He1~~ht Wi thout  Sat no . - he i g ht Bouguer

? l i p , Est i ’io (  ‘- . H + C + Corr Iii f f reto - , . P + G + Corr 1)14 f e r , - n  t , Anor.a l ie~~,

m ~“ m 0M m m 
M 

m 
- — - - - 

m~ l 
-

973 -(-10 1010 ±16 37 1021 ±10 + 25

Ca ll -- *1141.5 
~~ 

1397 - -

Popayan 1 173 1 ± 3 *1 726 -1-4 5 -5 1694 -37 -135

Laquna Is Corha 2808 ±20 *2819 ±60 11 2771 ±24 -37  - 175

Tumaco I ± 2 p9.8 ± 2 16.8 •t I9.8 ± 2 16.8 0

Buensvent’ira 7* ± i 9 ±26 2 9 - 75

*Measured *Assuming
from slide; digita l
above water ‘ump ( see

tex t

~ From s ing le
passes without
no. 66

5’
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TABLE 04

8 / V  6*11* 44(081 1971 Po 3 IT 1uN~~p. D A T A , suv~~, r j j &
19420*10 ~~O 0OLPH1N~~ AT 4 4 / E  K I N Y S  4441*88. *117(611* H(I(~5iT 18 MET ERS.

(JIVIArtUN 944011 (P444 1994(4
( 1444  SECu#US 5344 A 4 4 C )

DAt E (44 1 SAT 914444 
~Eo” IATITOL- f (UN(.liUOt IT C T S ((SQ (*71(009 LUN (.lT’M46 11944*11 ELIVATE 0(441*9* 0*

2 ,) )  3’0 4 6 4 2 -  l b  44 4 .4,’’ 1 / 8  27- ) 3~~33 . 2 / 4 4  Ii — 1 . .  5 . ’ 3 4) (3

2 ) 3  ‘5 2  s 1 7  ‘— 18 1 ‘.- - . 3 6 !  174’  2 1- 26. 4 ? ’  2 3 4  1,  — , .  - . 4 — I T  0
~~~~ ‘. 4, 3 -  144 1 41 .501 176 21- II.),’ 2 33 11- —1 .3 —t ’.i~ U 44

- ‘ 2  ‘._ -, 5 - ,  ( -3 7 .‘..s4 176 2’  2’ . 2’ ’T ‘. 44 - 1. ) — ‘ .0 ‘I —8 -,
1) ’  ‘. 4 .  ) - ,  • 5 — ,  1 4 4  1 41-.s(5 I 18 22’ 3’.. 1-lI 7 1  1’ — . ., U.~~ -) 4 (1
2 03 44 ’..’ ‘.5 11. 5— ~ Id 2 47 .s’.! (is .25 24 . 94 ’ 2 32 (5 0 .44  —7 .3 ‘3 — 7 9  ‘3
. 1 3  . 5 ’ , 7 5 — ’  16 1 D6 .5 0  178  27. 2 6 .22 - 3 0 0 11 .1  — .I ‘3 — 3  — 1
20 ’ 9 j ~~ 1 4  3— - 2 7 i .  30: 118 25  32 .83 ’  2 20 1- 1.5 0.6 -‘ — ( 3  0
2 0 3  3,) . . 1 1 - — ,  1 7 .2.o’ .~ 178 25 29 .4,)! 1- 0 4) — ‘.. 0 — 2 . 5 -~ — 7  (3
20’ 12’) 54 77 3— .. 18 7 s~~.9PS 178 25 45.o~,’ 1 32 1 4 .’ 1’ . 4 4 — 7 7  — 7 1
2 ‘ ‘ 7 ..”’. 4 4 .  53 N — s  (8  7 4 44 .1 8 !  178 25 3 2 . 4 4 8 1  2 3 4  17 .4 ((.6 0 U U
1 - 4 3  1. 3’. 42 34 5— ,.  18 7 ‘.~~.1-2~ 1 ” 8  25  51. - ) ’’ 2 32  14. (4 .7 1.3 43 (4 (4
2’~3 1 54 .2 4’, 18 3— ’ 1 8  1 48. 18’  ‘ 18  2 5  57 .,)’.. 7 2 6 (2 ‘ .4 — ( 3 . 2  0 4) (4
2,1 3 [62. 4 !  2 3  5 — 4 4  (44  7 41. 1O~ 178 25 32. l I t  2 2 1 13 0.3 ‘3 .44 I) 4)
2 1 3  172, ,  6’. 44 N—s 19 7 47.58! 178 25 33.24! 2 34 17 0.8 1.0 0 2 2
2 ’ )  ( 1- 3 ,  65 64 1 - —— (8  7 4,~.’.6! 1144 2 5 2 5 .789 2 76 1? — ‘ 4 .4  —3 , (. ‘3 0 (3
03 iT-u) 43 50 S—fl (8 7 45.42 178 25 34 .3 6 ’ 2 14 6 — ( . 4  2.6 0 —10 (3

1 , 3  2 1 24  1-s 42 N— 18 7 ‘.3  • 6(5 1 7 4 4  2 5 33. 4 0 :  2 15 (5 .9 0.7 0 0 I)
203 . 2 5 2  67 644 1-—. 18 1 ‘.4 .82~ 1 7 4 4  25 34.441 2 32 1 — 2 . 0 2.2 ll (3 0
2 ( 33  23 12  54 17 s — .  16 7 ‘.7~~.45 178 25 32.765 2 25 11 (4.2 0.5 3 (3 (5

204 2’0 42 25 5— ’ 18 1 ‘. s . 1 8S  1 7 4 4  25  33, 137 1 2 29 44 —1.6 0. 7 )~2,14 3’ 6’. 13 s— ’: 1 1 41 .446’. 1’~ 2 5  3 1-. (- ‘‘  2 (7  1 3.1 1.4 (4 — 1 3  1)
1,)’. ‘ . -~~ -.2 i 2  ~ — .  ( 8  7 44 . 5? ! .  17 8  25  3? .4 s’ .  2 30 4 4  — .3 0.! 0 ‘3 0
2 04 5[ .. 4’, 1-7 5— .  18 7 4 5 , 1 4 4 5  176  2 5  33 .3 6 ’  2 35 16 — 1. ) )  4 . 1  1 4 0
1”. 7 4 .  4 4 1 -  28 5— 1-’  7 ‘.1 . ’ -’ ’  178 25 30.00’ 2 244 13 (.2 —1. ” ‘3 0 0
2,74 850 61- 2’. ‘4—44 ‘.8 1 4~~ . 7!. 1 7 7  25  )2. -3 3 L 2 27  11 0.4 (4.4- II 4 0
27 ’. 4 12  5’, 34 1 - — ’~ 1” 7 4’. . (.45 1 7 6  2’. 32.  ‘381 2 3 1  15 — 2 . 2  “ .6  0 1 0
2” ’. 1(316 .3 57 I. — .. [6  7 4)’ . , 1 -  1’. 25 30. 74 1  2 32 1.) 1. 1 . 5  ~) 4’ 1

14 ‘ Ou 54 ‘3 1-—h. ‘ 8  7 ‘.5. 345 17,3 25  3 1 . 3 8! 2 2 3  ‘3 —o .-. —~).c ‘4 (I (3
2- ) ’. 1 2 - 4  61 13 5—.. 1” 7 45~~ 4 7’ 178 25 32. 1” 2 20 ‘3 —1. ’ —0 .2 -‘ ‘13 (1
2 4  1 3 ’.! ‘.2 ‘. N— : 17 1 ‘.2.7-I! 3744 25 31.1-I t 3 22 5 —3 .8 u.7 0 — ‘ (I
204  1526  4? 4 4 2  ‘ s—w [B I 4s.  JO! 178 25 37. 269 2 31- I? 1.2 5.0 (1 0 4)
2 - ’ ’ . 162. 9 64 72 ‘4 — 44 1’ 7 4 7 . 4 1 )1- 17 44 25 28 .62 0 2 36 17 (3.6 — 3 . 7 0 ,) ‘3
20 4  1 4 4 . 8 84 1)’ 7 4 — 4 4  44 7 47.7445 178 25 31.77’ 6 (4 7 0. 5  — 0 . 9  — 6  —1 ’ )  4)
204 [ 4 4 5 , )  4 5 26 s— - : 13 1 45 . 1 25  118 25  3.7 . 7 - 1  2 33  11- — 1 . 7  — 1 . 5  4) ‘1 0
2 2 4  ‘ ) 3 8  54 17 1 -—  1 4 4  7 4 4 . 1 8 ’ .  118 25  31. 4 2 ’  2 2(7 ‘3 1. -. — 1 . 3  0 41 0
2 04 2 2 04  61- 4 5  5 — 1  18  7 4~~. ‘C 178 21- 55.02’ 2 31 144 —1.6 —[.3 0 0
1 )4  2 2~~ 4 54 48  ‘.—~ 19 r 48 .9,)! (7 8  25  33 .42r  2 28 12 2.1 1.1 0 0 0
1 04  2 3 5 (3 63  1 7  5 — .  18 7 4 4 . 82 5  1 78  25  ) 2 . 2 .’ E  2 22 ‘3 —2.) — 0 . 1  0 (7 (4 -

2 - 3 5  128 4 . 7— [7  7 53 .  ‘ 4 1 -  178 2 5  34 .  56 ”  2 0 0 6 . 5  2 . 3  4) — 1 0
2)’ .  310 ‘.7 1/. 5 — . 18 7 44. 4 !  118 25 22 . 567  ‘ 3 1  - — 7 . 4  —9 .1 0 - 7 6  44
205 4 4  64 ‘.5 1-— ’ 19 1 4 5 . 9 4 ) 0 (78 21- 31.02’. 2 34 10 — (.9 —1. 3 ‘4 0 ‘1

205 5 ) 6  42 7 0 — 4 4  18 7 5 1. 1 5 5  178 25 3 5 . 4 7 ’ .  4 0 u 4.4 —1,3 —6 —T ‘3
2)5 614 64 (4  5 — 4 4  ‘ ‘4 7 4. .’) ’. ! 178 2 1-  7 : . , ! ):  2 21 1’) — ‘.3 -(5.4, 1 — 1 4
1 3 5  8-4 2  65 6 3  5 — 4 4  1.) 1 ‘, - . 5 ?~ 179 2 5  57. 7’ ”  2 32 IS -I. ) ‘,.S 1 0 0
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Fig. 7. Tumaco (left). Simple elevation correction No double passes

have been observed . Buenaventura (right) . Double pass correction.

The remaining spread Is 0.006 minutes of arc , or about 11 meters.
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Fig. 8. Left: Double pass correction for the Suva harbor position on-

board R/V KANA KEOKI for day 203 in 1971; the number below the

satellite identification gives the chronological order in which

double passes occurred. Note that 63S5 clearly is outside of the

remaining five double pass longitude positions and therefore has

been rejected. The spread of the data is only 25 meters. The

standard deviation of the mean of the five double pass observa—

tions is 0.0031 mInutes of arc, or 5.5 meters.

Right: Double pass positions for day 204. —
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Fig. 9. Left: Satellite elevation angle function (right side of lint)

as function of the satellite elevation angle (left side of line), as

taken from Stansell (1970); see text.

Right: Double pass positions, Suva harbor , day 205, 1971.
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Fig. 10. Double pass positions for Suva harbor onboard R/V KANA KEOKI 
-

-

for days 206 and 207 , 1971.
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Fi g. 11 . Double pass positions for SIJVa harbor onboard R/V KANA KEOK I

for  days 208 , 209 , and 210 , 1971.
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FI g. 12. Double pass positions for Si iva  harbor orsbo~~rd R / V  KANA KEOK I

for day s 21 [ and 212 . 1971 .
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Fig. 13. Double pass positions for Suva harbor onboard R/V KANA KEOK I

for days 213 and 214, 1971.
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Fig. 14. Antenna height for satellite observations minus heights

Indicated by the IGAC maps as a function of Bouguer gravit y

anomaly for five Colombia sites (see text).
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- Fig. 17. Suva longitude positions as a function of the time of day

(in GMT). Note the tigh ter clustering in the early morning (local)

hours between 14 and 1/ hours GMT.
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Fi g.  18 . Suva harbor longitudea and heights for individual satellites.

I-rr or bars indicate two standard deviations of the mean. Positions

marked N— or S- are tile means of the northbound or southbound double

pass observa tions . Note the considerabl y lower hei ght determined

from satellite no. 65 , well outside observationa l errors.
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15 SUPP L E M E P I T A P Y  PIOTES
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Navigat ional satellites
l ong I. tude
Cecidal height
Double pass method
Col omb ia 
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20. A S S T M A C T  (ConhIn.. on v•vete • aid. if n.c...mfV wd id.nlfV~ by block m~~ bar_I

Us ing the Stansel]- (1970) elevation correction for naviga t ional

• satellites together with the double pass method of Anderle (1971) and

GreeLy (1971) but for ind ivid ell navigational satellites on two C ISL-Cutive

passes, it is shown that u n c et t a i nt l e s  in longitude position can be

red uced to the order of 10 to 18 tn for land stations with j~ ’st a few

observations , and less than 4 m for dock-side ship stations taken over a
( c o l f l . )
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II C - - 9 i 7  Ci. ASSiFIC PT ION OF 11415 PAQE(Wh.., 0.’. Ent.r.d)

20. AIISIRACT (cont .)

period of a week. It is also shown that the method allows identification
of satellites not giving reliable data and permits conclusions to be reached
as to the cause of an apparent error dependance on surface elevation noted
above 1000 m in the Andean region of Colomb ia, South America, repor ted by
Woollard and Thompson (1974). An additional advantage of the double pass
method brought out is that it allows geoida l heights to be determined for
remote islands w ith the same degree of reliability as their position and
comparable to the best , continental determinations of geoidal height using
standard geodetic measurements.
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