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REPORT OF SURVEY FOR McDONALD OBSERVATORY, HARVARD
RADIO ASTRONOMY STATION, AND VICINITY

William E. Carter
James E. Pettey
National Geodetic Survey
National Ocean Survey, NOAA
Rockville, Md. 20852

ABSTRACT. A special purpose three-dimensional geodetic
survey was conducted in the vicinity of the McDonald
Observatory and Harvard Radio Astronomy Station (HRAS)
near Ft. Davis, Texas. The observing program included
astronomic positions and azimuths, zenith distances,
electromagnetid distance measurements, leveling, grav-
ity measurements, Doppler satellite positioning, and a
variety of ancillary measurements. Particular care
was taken in designing the survey to ensure the vec-
tors connecting the reference points of the McDonrald
lunar laser ranging system, HRAS very long base line
interferometry, and the mobile laser ranging system
were determined to uncertainties of a few centimeters
(3-5 em). This report contains descriptive informa-
tion on the methods employed in the collection, re-
duction, and analysis of the survey data, tabulations
of the observational data, and numerical and inter-
pretive results of our analysis. Particularly signi-
ficant are the excellent results attained in the
zenith distance measurements that enabled us to de-
termine the vertical components of the longest vec-
tors (about 8 km) with estimated accuracies of 2 to

4 cm.

INTRODUCTION

During the period from January to May 1980, the National Ocean Survey/
National Geodetic Survey (NOS/NGS) performed several special purpose surveys
in the vicinity of the University of Texas McDonald Observatory and the
Harvard Radio Astronomy Station (HRAS), which are located near the small town
of Ft. Davis, Texas. The surveys were part of a cooperative program by
NGS and the National Aeronautics and Space Administration (NASA) to validate
and compare advanced geodetic surveying systems (i.e., Satellite Laser Ranging
(SLR), Lunar Laser Ranging (LURE), Very Long Base Line Interferometry (VLBI)
and Doppler satellite observations), and to monitor the stability of the area

on local and regional scales. The surveys were funded jointly by NGS and
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NASA. A report on one particular aspect of this work, the establishment of a
radial-line relative lateration scheme to monitor regional stability, was
published earlier (Carter and Vincenty 19?8).

This raport presents the results of ﬁhe surveys conducted to relate the
McDonald LURE, HRAS VLBI, McDonald MOBLAS, McDonald and HRAS Doppler reference
marks, and several other points of interest within the immediate area, to one
another in a well-defined frame of reference. The individual surveys were
designed such that, taken in combination, they vield a highly accurate
three-dimensional network. Uncertainties in the components of the vectors

connecting the primary peoints are no more than a few centimeters (3-5 cm).

DESCRIPTION OF THE PRIMARY SURVEY NETWORK

A small-scale plan view of the primary survey network is shown in figure 1.
The network was designed to relate the McDonald Observatory and HRAS complexes
to ﬁrominent topographical features in the local setting, and teo provide a
high accuracy tie between the two complexes. The triamngle formed by stations
McDONALD RM 4, McIVOR, and HARVARD is particularly significant because it
effectively controls the accuracy of the intercomplex vectors.

N

{4) MOBLAS 1879

(11 McDONALD RM 4

N

{2) HARVARD 1977
13) MeIVOR 1977

{11) BALDY 1817

A ASTRONOMIC STATION
—}— EDM OISTANGE

{12y BLUE 1943 RM 3

T a—

8] 2km dken

Figure 1.--Plan view of primary survey network.
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Figure 2 ig an enlarged plan view of the survey scheme in the McDonald Ob-
servatory complex and the immediate wvicinity. The McDonald Observatory 107-
inch telescope has been used regularly since 1969 for LURE observations.
Station MCDONALD 107 is located inside the observatory beneath the floor of
the telescope reom. It iz the nearest monumented survey point to the LURE
reference point, which is the intersection of the telescope polar axis and the
Plane which contains the declination axis. The offsets used to relate the
LURE reference point to station MCDONALD 107 were measured by personnél of the
University of Texas. Appendix A contains a copy of a letter from Dr. Eriec C.

Silverberg with the results.

Ag part of the intercomparison and wvalidation studies, NASA constructed a
facility for use by mobile SLR and VLBI szystems on a slightly lower prominence,

about 1 km from the main McDonald Observatory complex. This "pad" was not

? (403) VALIDATION RM 3

(402) VALIDATION RM 2 O~-..

(4) MOBLAS 1979

{10) TLRS 1980

() McDONALD OBS. 107

A ASTRONOMIC STATION
(1} McDONALD RM 4 —}—— Epm DISTANGE
e TAPED DISTANCE

(103) McOONALD RM 3

(102) McDONALD RM 2
{100) McDONALD 1942
{101) McDONALD RM 1

Figure 2.--Plan view of survey scheme at McDonald Observatory complex
and immediate vicinity.
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installed until after the primary survey in 1977. Thue, it was connected to
the main scheme by later surveys, first by a NASA Goddard Space Flight Center
(GSFC) survey team and then by NGS teams. The primary monumented survey
station is MOBLAS, which was installed by a NASA/GSFC contractor.

Although the MOBLAS pad had not been built at the time of the 1977 NGS
survey, the location had been tentatively selected and NGS teams installed
three bench marks near the site, connecting them to the level line leading to
the McDonald Observatory. It was our understanding that the primary station
would be designated VALIDATIONs; sco the NGS marks were designated VALIDATION
RM 1, RM 2, and RM 3. Two of these marks have been tied to MOBLAS and gerve

as reference marks te that station.

Station TLRS marks the site used for testing the Transportable Laser Ranging
System (TLRS) being developed by the University of Texas for NASA.

Figure 3 is an enlarged plan view of the survey scheme in the HRAS complex.
The NGS and NASA have jointly equipped the HRAS 85-foot radio telescope with a

N

15) HRAS BS

HARVARD 1977

=

N

TO McIVOR
1977

(204) HARVAAD RM 4

2 HARVARD RM &
A ASTRONOMIC STATION 1206}

EDM DISTANCE
—— TAPED DISTANCE

[203) HARVARD RM 3
(2086} HARVARD BM 5

Figure 3.--Plan view of survey scheme at the Harvard Radio Astronomy Station.
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Mark III VLBI data acquisition system. Tt is intended that HRAS will be a
"permanent'" component of the POLARIS network (Carter et al. 1979b)and a base
station in the National Crustal Motion Network (NCMN) being established by NGS
and NASA, The primary survey station, HARVARD, was established by NGS during
the 1977 survey. 1In 1980 a special survey was performed to tie the VLBI
reference point to the network. At that time, station HRAS 85 was established
directly under the telescope, and the offsets from this monument to the VLBI
reference point, i.e., the Intersaction of the polar axis of the telescope and
the plane containing the declination axis, were measured. (See fig. 4.)
Gravity and satellite Doppler observations have also been made at several

points within the HRAS complex.
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Figure 4.--Schematic showing HRAS VLBI reference point.

OBSERVATIONAL PROGRAMS

To attain the highest possible accuracy, redundancy and multiplicity of
measurements were employed. Instruments of various types from several manu-~
facturers were used to minimize systematic instrumental errors. Whenever
practical, measurements were made by more than one observer to minimize per-
sonal biases and to discover blunders. The observing periods were also sched-

uled to minimize the effects of time-dependent atmospheric anomalies.



Astronomic QObsarvations

The stations at which astronomic positions were determined were selected to
achieve the highest accuracy measurements of the vectors between peints in the
McDonald and HRAS complexes, within such practical constraints as ease of
access and total resources to be invested. The astronomic latitude and longi-
tude were determined at stations HARVARD, McIVOR, McDONALD RM 4, and MOBLAS.
Astronomic azimuths were observed from stations HARVARD, McIVOR, and McDONALD
RM 4. All of the astronomic observations were reduced using star positions
from the Fourth Fundamental Catalogue (FK 4) (Fricke et al. 1963)., The longi-
tude determinations were made by the meridian transit method (Hoskinson and

Duerksen 1947), the latitude by the abscolute zenith distance method, after
Sterneck (Muller 1973), and the azimuths by the direction method (Hoskinson
and Duerksen 1947) using o Ursae Minoris (Polaris) at any hour angle. The
reduced observations were referenced to the Conventional Internatiomal Origin
(CI0) and to the Origin of Longitude using polar coordinates and time informa-
tion published by the Bureau International de 1'heure (1968 system).

The uncertainties aasigned to the astronomic quantities were based on the
Analysis of Variance studies reported in Pettey and Carter (1978). With
the cobservers, instruments, procedures, and numbers of obgervations used in
this survey it ig highly unlikely that errors in the astronomic latitudes and
longitudes could cause errors in the Interstation vectors of more than 1 or 2
parts in 10° (less than 2 em). The azimuth uncertainties could be much larger,
perhaps 5 to 10 parts.in 10°. Our analyses and conclusionms concerning the

azimuth measurements are summarized under Analysis and Interpretation,

Zenith Distance Observations

In addition to the reciprocal zenith distance measurements made during many
of the Electromagnetic Distance Measurement (EDM) observing periods to determine
the coefficient of refraction, as discussed in Carter and Vincenty (1978:
appendix C), zenith distance observations were also observed expressly for the
purpose of determining the vertical components of the vectors conmnecting sta-
tions HARVARD, McIVOR, and McDONALD RM 4. These zenith distances were observed

following procedures analogous to horizontal angulation or azimuth determina-



tions, 1.e., 16 positlons of direct and reverse polntings. In fact, several
of the zenith distance and azimuch determinarions were made with interleasved
abserving routines——alecernating zenirh distance and azimuth rounds., The ob-
servations were conducted during several different periods. Most were per-
formed by two observers from RGE astronomlc survey party G-48%, using a

Wild T-4 or Kern DEM3-A theodolite, A third observer also observed from each
end of the line betrween McDonald BEM 4 and HARVARD with a Wild T-3 theodolite.
Temperature and barometric pressure were measured at both ends of the lines

to allow corrections for computing atmospheric refraction.

The HCS has had enly limited experience in highly sccurate zenith distance
measurements. In fact, geodesists have generally shunned the use of zenith
distance measutements because thay believe the effects of unpredictable refraction
severely limit the attainzble accuracy. Howewver, Helskanen and Moritz (1967}
suggested that an accuracy of *1" (second of are) in the measurement of zenith
distances might be achieved In mounteinous areas., For the HRAS-McDonald inter-
complex vectors, & 1" uncertainty in the zenlth distance 1s equivalent to about
(5 x 10" %) {B x 10°) = +4 em in the vertical component. Our analyses and con-
clusions concerning the zenich distance Mmeasurements are summarized under

Anzlvysis and Interpretaticm.

Electromapnetic Distance Measurements

A very exrtensive program of Electromagnetic Distence Measurements (EDM) was
executed for this project. The individual meagsuremsnts &re tabulaced under
the heading "Absolute Distances” in appendix D. Speclsl efforts wera made to
minimize any scale bias by measuring the lines during daylight and darkness,
measuring from both ends of the lines, and using a selecticn of different
Instruments. Plans to measure the three sides of the McDONALD RM 4-McIVOR-
HARVARD triangle using a multicclor EIM instrument have not yet come to
fruition, so we do not presently haye an independent verificationm of the
scale. Based on experience, we would expect the scale bias to be less than 1

or 2 parte in 10° (less than 2 cm for the HRAS-McDonald intercomplex vectore}.



Leveling

Leveling surveys were conducted for two purposes: to establish initial
epoch elevations for the McDonald Observatory and HRAS complexes for vertical
stability studies, and to obtain differences in heights between the various

points of interest in the complexes,

Figure 5 shows the route of leveling conducted in conjunction with the
primary survey in 1977. The main line originates several kilometers south of
the city of Alpine, in an area where rock outcrops facilitate the getting of
stable reference marks, and follows the route of a previously established
level line northwest along Highway 118 to Ft, Davis. Just north of Ft. Davis,
the existing level line continued northerly along Highway 17. The 1977 level
line follows Highway 118 toward HRAS and McDonald Observatory. Some addi-
tional leveling was performed during May 1980 to tie in additional points
(most notably, station McIVOR) and to tresolve some discrepancies and ambigu-
ities detected during the three-dimensional adjustment. Appendix B contains

the survey adjustment performed by the NGS Vertical Network Branch.

Leveling suffers certain incongruities relative to the determination of
interstation vectors. The leveling process does not yield purely geometric
quantities, but rather "geopotential height differences;'which can only be
converted to geometric quantities to the extent that the true nature of the
Earth's gravitational field is known within the survey area. Even if surface
gravity values are measured over the entire course of a level line, as they
were for this survey, the so-called "true orthometric” height obtained is
still dependent upon assumptions about the subsurface gravity field. TFor a
detailed discussion of the definitions of height systems and estimates of the
uncertainties attendant to the assumed gravitational models, see Heiskanen and
Moritz (1967). Staying within the realm of "reasonable'" gravity field models
for the rugged mountainous terrain in west Texas, the errors in the vertical
components of vectors between the McDonald Observatory and HRAS complexes

derived from leveling could be several centimeters.
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Gravity

An exceptionally comprehensive program of initclal epoch observations and
long~term monitoring of gravity has been designed for the region encompassing
McDonald Observatory and HRAS. The intent is to amass a gravity data set to
support the global, regional, and local scale geodetic and geodynamic programs

planned for the area,

On a global scale, geodesists have been investigating the feasibility of
establishing a network of absolute gravity observatories to monltor motions of
the geocenter (center of mass of the Earth) within the physical body. It
would be desirable to locate at least some subset of the gravity observatories
at high resolution space geodesy stations, The absolute value of gravity has
been measured at two points within the immediate McDonald Observatory complex
by two different research groups using two independently developed instru-
ments. The stations are designated McDONALD AA and McDONALD AB. Appendix C

contains reproductions of the statlon descriptions. The first measurement was

made at station McDONALD AA in July 1979 by the Air Force Geophysics Labora-
tory using the "Faller-Hammond" instrument. The second measurement was made
at station McDONALD AB in June 1980 by researchers from the Instituto di
Metrologia "G. Colonnetti" (IMGC). This survey was jointly sponsored by the
Air Force Geophysics Laboratory (AFGL), the Defense Mapping Agency (DMA), the
U.S. Geological Survey (USGS), and NG5. The two absolute stations were tied
together and to the surrounding gravity network by NGS using LaCoste and

Romberg model D gravimeters.

Both of the absolute gravimeters used at McDonald are "developmental" in-
struments with limited historical records to document their accuracies. 1In
fact, the primary motivation for sponsoring the measurement by IMGC was to
obtain an independent check on the measurement made by AFGL. While both
systems generally yield formal standard errors of approximately 8 to 20 ugal,
there have been discrepancies as large as 60 to 80 ygals whichhave not
been satisfactorily explained. At this time, it seems fair to say that the
accuracies are probably a few tens of%microgals.

1¢



On a regional scale, the U.S. National Gravity Base Network has been densi-
fied by adding several base statioms, including stations at Alpine, Ft, Davis,
and McDonald Observatory. (See fig. 6.) The new stations were established
with multiple ties using four LaCoste and Romberg model G gravimeters follow-
ing the most stringent NGS gravity survey procedures. The relative accuracy

is estimated to be approximately 20 to 25 ugal.

On the local scale, gravity measurements have been made along the primary
level lines. (See fig. 5.) An area survey extending several kilometers in
all directions from the McDonald Observatory and HRAS has been planned. The
measurements along the level lines were accomplished with two or more meters
and care was exercised to attain the highest accuracy. Copies of the input
and output portions of the adjustment of the gravity measurements performed by
the NGS Gravity and Astronomy Section are presented in appendix C. The

relative accuracy of the point values is estimated to be 20 to 40 ugal.

The University of Texas, Marine Science Institute's Geophysics Laboratory,
has already performed a portion of the area survey, but NGS did not have the

results at the time this report was prepared.

Satellite Doppler Observations

The NGS has made satellite Doppler observations from several stations within
the McDonald Observatory-HRAS survey area. The first observations were made
from station McDONALD RM 1 in March 1975, as part of an NGS program to check
the scale and orientation of the satellite Doppler network by comparing the
results with other newly developing techniques ——-in this case, lunar laser
ranging (Hothem et al. 1978). In January and February, 1978, a much more
extensive set of observations was made from this same station to support
Session II of the NASA/NGS Validation and Intercomparison Experiments {Hothem
1979)}. During January to March, 1980, a third, more intricate, observational
campaign was conducted in the area. Observations were made at station HARVARD
RM 3 simultaneously with obgervations at the Haystack-Westford Observatory
complex in Massachusetts and the U.S. Naval Observatory Timing Substation in
Florida to obtain initial values for the POLARIS (Carter et al. 1979b) vector
base lines. In addition, observations were made at several other stations,
including BALDY, McDONALD RM 4, HARVARD RM 4, RM 5, RM 6, and others, as part

11
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of a test of satellite Doppler relative positioning techniques. The relative-
mode Doppler observations were still being reduced and analyzed when this

report was prepared and will be reported separately.

The satellite Doppler observations do not have the inherent resolution or
accuracy to affect significantly a localized high quality survey network, and
they were not included in the network adjustment. The differences between the
X, Y, Z Cartesian coordinates of station McDONALD RM 1 (as computed from the
NAD 1927 horizontal position, NGVD 1929 elevation, and a geoidal separation of
+2,87 meters) and the NSWC 9Z-2 Doppler coordinates were used to relate the
network to the geocenter. The Doppler station designation is 52123 and the
position was derived from observations of 367 satellite passes collected

during January and February 1978, using program DOPPLR (Feb. 1976 version) on

April 21, 1978. The NAD 1927 and transformed coordinates are tabulated on

page 75 of appendix D, under the heading "Adjusted Cartesian Coordinates,”

NETWORK ADJUSTMENT

After the various types of observations had been individually preprocessed
(i.e., corrections added, statistical tests applied, outliers rejected, and
least squares adjustments performed when appropriate) the total survey was
adjusted using NGS program HAVAGO (Vincenty 1979).

The complete input and output portions of the "final adjustment," i.e., an
adjustment using what we judged to be the best available data set, are re-
produced in appendix D. A considerable amount of time was spent on the
formats and labels used in HAVAGO in order to make the results self-explana-
tory. The reader should be able to find the important information concern-

ing any particular station or vector base line without difficulty.

We caution that the standard errors stated in appendix D are formal values

which may not be reliable accuracy estimators. The question of accuracy

1s addressed in some detail in the next section.
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ANALYSIS AND INTERPRETATIGON

The VLBI and SLR surveying systems are thought to be capable of measuring
interstation vectors, over distances of several hundreds or even thousands of
kilometers, with decimeter or perhaps centimeter accuracies. Intercomparisons
of the measurements of collocated systems are intended to detect systematic
errors and verify the accuracies of the systems. When the "collocated" obser-
vational systems are actually dispersed over distances of several kilometers,
it is important that the accuracy of the local survey used to refer the
measurements to a common reference point be well known, so that discrepancies

will not be incorrectly ascribed to the space gystems.

In describing the observational programs earlier in this report, we touched
lightly on the "expected" accuracy of each of the various types of measure-
ments performed. In this section we return to the subject of accuracy and
discuss-in greater detail the dominate sources of.the uncertainties in the

interstation vectors.

The components of a vector initiating at the observer's standpoint and

terminating at a remote station are given by equations 1.

Y
Blcos A (cos ¢ cos z — sin ¢ cos A sin z) - sin A sin A sin 2]

AXE

AY Bisin A (cos ¢ cos z — 8in ¢ cos A sin z) + cos A sin A sin z] L (0

AZ

It

B{cos ¢ cos A sin z + sin ¢ cos z]

where:

B is the straight line distance between the stations,

A is the astronomic azimuth of line B measured clockwise from north,
z is the zenith distance of line B,

¢ is the astronomic latitude of the standpoint, positive north,

A is the astronomic longitude of the standpoint, positive east, and

subscript E indicates an equatorial reference frame.
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The mapping of the uncertainties of the parameters B, A, z, ¢, and A into
the components of a partleular vector base line depends on the erientarion of
the base line and Is not thae issue in the present discussion. HRather, we are

addressing the mere central question of realistic estimates o¢f the uncertain-

tles 9f the parametars.

Fxtensive estudles of the accuracles of the determinations of B, ¢, and 4 by
the methods of measurement used in thds survey indicate that they are almost
certainly no worse than 1 or 2 parts im 10°. For base lines of B % 8 km, this
correaponds to less than 2 cm, The uncertainties of A& and z are not as well
known, but generally are thought to be considerably larger-—perhaps 5 to 10
parts in 10%°, corresponding to 4 to 8 cm. Therefors, we paid particular
attention to the observational programs and have cencentrated cur analyses on

estimating the accuracies of A and z.

Aecuracy of Azimuth Determinations

Personal biages in astronomic azimuth decerminations have been shown to be
a3 large as 1" or more (Pettey and Carter 1978)+ The source of the bias i<
thought to be primarily Individualistic pointing on the ground line target.
Assume, for example, that an observer tends to peint the theodolite to the
right of the target reference peint, i.e., the point whiech is centered verci-
cally over the survey mark. PFigure 7 depicte, in a simplified manner, the

error that such a polnting biae would cause. From station B, the observer

Figure 7.--Effect of personal bias on astronomic azimuth determinations.
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would determine the azimuth, Ad of line B-d, which is larger than the azimuth
AD of the true interstation vector B-D. From statlon D, the observer would
determine the azimuth Ab of vector D-b, which again is larger than the azimuth
AD of the true interstation vector D-B. The two erronecus azimuths would be

fully "consistent" and reveal no evidence of the bias.

One approach which tries to eliminate, or at least reduce, the effect of
personal bias uses two or more observers. The underlying assumption is that
personal biases tend to be random and the comwbined bias of a sufficiently
large group of observers will tend toward zero. Unfortunately, it is usually
not economically feasible to use more than a few observers} so even if the
basic assumption about group biases is true, the bias of such a small group

may be aberrant.

Two observers performed a sufficient number of azimuth determinations during
the McDonald-HRAS survey to facilitate Analysis of Variance (ANOVA) studies to

detect personal bias. Table 1 lists the azimuths.

Table 1.--Personal bias asscociated with astronomic azimuths
{Kern DKM 3A theodolite was used for all determinations.)

Observers Observers

Interstation Local A(Noxrth) A B A-B [A-Bf*
vectors date ° ' n " " cm
[1] - [3] 5/30/78 125 23 46.78 46.60 +0.18 0.6
[11 - [2] 5/30/78 118 20 50.22 48.51 +1.71 6.8
121 - [3] 5/31/78 263 08 20.85 20.05 +0,80 0.6
21 - [1] 5/31/78 298 23 06.20 05.29 +0.91 3.6
[11 - [3] 6/05/78 125 23 46.80 45.88 +0.92 3.1
[1] - [2] 6/05/78 118 20 49.30 48.77 +0.53 2.1
[2] - [3] 6/06/78 263 08 19.96 19.48 +0.48 0.3
[2] - [1] 6/06/78 298 23 06,10 05.73 +0.37 1.5
[3] - [1] 5/07-08/79 305 25 35.99 34.42 +1.56 5.3
[3] - [2] 5/07-08/79 83 07 49.86 50.15 -0.29 0.2
[3] - [1] 5/09-14/79 305 25 35.88 33.61 +2.27 7.7
[3] - [2] 5/09-14/79 83 07 53.00 50.75 +2.25 1.6

*/ / indicates absolute values. Mean A +0V97; GK- o3,
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Except for one instance, the differences in azimuth are of the same sign.
The ANOVA study indicates the presence of a highly significant statistical
difference of 0Y97 023 in the biases of the two observers. Again, we empha-
size that this 1s a difference in personal bias and 1s not necessarily in-
dicative of the group bias. We can only obtain the group bias by comparison

with another independent method that is not subject to personal bias.

Another possible source of systematic error in azimuth determinations is
lateral refraction. It is generally agreed that lateral refraction effects
must be site and line peculiar; making it extremely difficult to develop a
reliable "universal" model associated formula. One observer did make note of
the fact that the excursions of the target, viewed through the theodolite,
appeared to be larger In azimuth than in the zeﬁith distance, No corrections
for lateral refraction were applied to the azimuths observed during this

survey.

A recent survey of the 1.24-kilometer Haystack-Westford vector provided one
direct comparison with a VLBI azimuth determination (Carter et al. 1979a) 1In
that survey the azimuth determinations were comparatively noisy (greater noise
level was expected for reasons not discussed), which made it more difficult to
detect the difference in personal biases of the observers. Two observers (not
the same ones as in the present survey) were used. The difference between the
survey and VLBI results was congistent with the random error level (as indi-
cated by the formal standard errors), suggesting that the group bias was prob-
ably less than 0V5.

Another comparison between conventional geodetic azimuth and VLBI determina-
tions was reported by Niell et al. (1979). A vector base line across the
Santa Monica Bay in southern California, approximately 42 km in length, was
measured by NGS using conventional geodetic methods and by the California
Institute of Technology's Jet Propulsion Laboratory (JPL) using the Astronom—
ical Radio Interferometric Earth Surveying (ARIES) transportable VLBI system.

The difference in the azimuth of the vector base line was 0V5.

To summarize, we cannot rule out the possibility of systematic errors as

large as 5 to 10 parts in 10° in the azimuthal orientation of the McDonald HRAS

17



interstation vectors, but we think that the observers, instrumentation, proce-

dures, and numbers of observations should yield accuracies closer to 3 to 5

parts in 10° (2 to 4 cm).

Accuracy of Zenith Distance Determinations

We expected personal biases and residual atmospheric refraction effects to
be the most important sources of systematic errors in the zenith distance
determinations. If the perscnal biases detected in the azimuth determinations
are, in fact, caused by individualistic pointing on the ground line target,
zenith distance observations are almost certainly subject to the same type of
error. However, owing to differences in the resolution of the human eye in
the vertical and horizontal planes, differences in the image motion caused by
atmospheric refraction, and differences in the thecdolite that may influence
the observer to a greater or lesgser degree in cbgserving horizontal or vertical
directions, the errors may be significantly different for the two types of

measurements.

In contrast to the azimuth determinations, personal bilas in the zenith dis-
tance determinations is, in principle, detectable by comparing reciprocal
observations. Assume, for example, that an observer tends to point above the
reference point of the ground line target, 1l.e., the point to which the height
of target above the survey mark is measured, Figure 8 shows, in simplified
form, the effect of the pointing bias on the zenith distance determinations.

z

Figure 8.--Effect of personal bias on zenith
distance observations,
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From point B, the observer would measure the zenith distance Zd of the line
B~d which is a smaller value than the zenith distance ZD of the true vector
B-D. From point D, the same observer would measure the zenith distance Zb of
the line D-b, again a smaller value than the zenith distance ZB of the true
vector D-B. The two erroneous zenith distances would be mutually inconsis-

tent.

Whether or not the personal bias can be recovered in practice depends on
its magnitude relative to noise and other systematic errors. Separating per-

sonal hias from refraction-induced errors may prove to be particularly diffi-
cult. '

The vertical component of atmospheric refraction is quite significant, typi-
cally about 2" per kilometer, and cannot be ignored in zenith distance deter-
minations. The refraction problem can be approached in several ways: for
example, (1) by using only simultaneous reciprocal observations, (2) by
observing "groups" (several lines radiating from a central station) and solv-
ing for group refraction parameters in the least-squares adjustment, -or (3) by
measuring the pertinent meteorclogical parameters and correcting each indivi-
dual zenith distance observation with a refraction "formula." Program HAVAGO

has been designed to admit all three techniques,

We were particularly interested in testing the refraction formula approach
because it affords the simplest and most direct implementation of equation 1.
That is, it permits the vector components, AX, AY, AZ, to be determined from
observations at a single endpoint, augmented only by height of target and
meteorological data at the remote endpoint. We used equation 2 to compute the

refraction corrections (Rapp 1975).

_al16.3 frar _ap)| 2
Az—B[ 2T (T dh dh)] gsin 2z (2)

r

where
Az 1is the correction in seconds of arc to be applied to the observed

zenith distance for correcting atmospheric refraction,
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P 1is the barometric pressure in millibars,

T 1s the temperature in degrees Kelvin,

d
2P ig the change in barometric pressure per meter change in height

along the line of sight,

5 1is the change in temperature per meter change in height along the

line of sight,
z 1s the observed zenith distance, and

B is the straight line distance between the stations in kilometers.

Table 2 1lists the reduced zepnith distances for the twoc observers who made
sufficient observations in order to detect personal biases reliably. Unfor-
tunately, the noise was so great that ANOVA studies produced no statistically
significant conclusions., The mean difference between the zenith distance
determinations of the two observers was only 0V47 while the variance was
$0V81. There are similarities in the patterns of the variations of repeat
determinations by the two observers, suggesting the data are still contaminated
with residual atmospheric refraction effects. We are continuing our studies
of these and additional zenith distance determinations in the hope of better

identifying the sources and magnitudes of the component errors.

Although the differences between the vertical components of the longest
interstation vectors based on the zenith distances of the two observers is
only about 2 cm, biases could still exist, particularly refraction effects,
which would further degrade their accuraciles. The differences in heights
determined from the zenith distance and leveling observations are surprisingly
small, f.e., well within the combined estimated errors. This may simply be a
fortuitous result of the small number of values available for intercomparisonm,
but the differences certainly suggest that the biases are probably no greater

than a few centimeters for the longest vectors.
CONCLUSIONS

The McDonald Observatory-HRAS intercomplex vectors determined from the

three—dimensional geodetic survey have estimated accuracles of 3 to 5 em. The
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Table 2.~-Personal bias associated with zenith distances.

Observers Observers
Interstation Local z A B A-B JA-B/*
vectors date e " " " cm

(13 - [2] 5/30-31/78 93 16 05.96 06.47 -0.51 2.0
6/05/78 06.41 06.66 -0.25 1.0

5/10-11/79 06.30 06.15 +0.15 0.6

5/10-11/79 09.18 06.54 +2.64 10.5

5/10-11/79 10.58 05.17 +5.41  21.5

[2] - [1] 5/31-01/78 86 48 16.43 15.68 +0.75 3.0
6/06-07/78 16.11 17.50 -1.39 5.5

5/10~-11/79 19.45 21.44 -1.99 7.9

5/10-11/79 23,16 25.51 -2.35 9.3

5/10-11/79 21.50 29.48 -7.98 31.7

[1] - [3] 5/10-11/79 92 42 03.77 04.33 -0.56 1.9
5/10-11/79 04.95 06.61 -1.66 5.7

5/10-11/79 (41) 04.38 (56.40) +7.98 27.2

[3] - [1] 5/10-11/79 87 21 45.06 46.35 -1.29 .4
5/10-11/79 42.89 43.51 -0.62 2.1

[2] - [3] 5/10-11/79 84 50 36.71 37.80 -1.09 0.8
5/10-11/79 41,02 42.15 -1.13 0.8

5/10-11/79 40.95 38.68 +2,27 1.7

[3]1 - [2] 5/07-08/79 95 10 11.24 05.42 +6.71 4.9
5/09-14/79 09.69 05.42 +4.27 3.1

*/ [/ indicates absolute wvalues. Mean A +0V47; GK tovsl.

largest uncertainties appear to be in the azimuthal orientation of the network,
caused by the possible existence of an observer group bias that cannot be
detected without additional measurements by an independent method. The group
bias may be of the order of 1". It appears unlikely that the vertical components
of the longest vectors are biased by more than about OV5. The magnitudes of the

vectors should be accurate to *1 to 2 cm.

There are very few, if any, other locations in the world where there is such
an accurate survey connecting a variety of space-geocdesy facilities. It
would be particularly valuable to have VLBI measurements of the HRAS-MOBLAS
vector. These should be straightforward and inexpensive to obtain with the
4-meter ARIES system being developed by JPL. We have requested the measurement

be made as soon as priorities permit.
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APPENDIX A,~-UNIVERSITY OF TEXAS MEASUREMENTS.

Dr. Eriec C. Silverberg's letter of February 26, 1980, reproduced on the
following page, contains the offsets between the McDonald LURE reference
point and NGS station McDONALD 107, as determined by the University of Texas.
While the letter indicates that an NGS field team assisted in the measure-
ments, the reduction, analysis, and distribution of the results were performed
independently by the University of Texas. The National Geodetic Survey dis-
claims any responsibility for the numerical values of the offsets or their

uncertainties.
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From:

Subject:

THE UNIVERSITY OF TEXAS
McDONALD OBSERVATORY AT MOUNT LOCKE

Robert Lee Moore Hail
Austin, Texas 78712 Date: 26 Feb 1980

MEMORANDUM

All Lunar Range Users, c/o Peter Shelus

E.C. Silverberg

McDonald Calibration Data

With the help of an NGS Field Team we have finally determined defini-
tive calibrations for the McDonald lunar range data. Since 1973 we have
been using a geometrically constant system; but one which was uncertain by
as much as 2-3 nanoseconds in the overall range bias, This uncertainty
has been greatly reduced by our recent work. Additional data has also
been added to relate the 2.7 meter axes to the NGS survey mark on the
telescope pier.

All laser range measurements should be referred to that range which
would be observed if you used an infinitesimally small instrument placed
at the first non-moving point along the receive path. The latter is usu-
ally the intersection of the telescope axes. Thus, a dynamical selution
for station site coordinates will determine the geocentric position of a
poiant on the #4 mirrer in the 2.7 meter reflector. The relevant dimensions
are given on the next page. A raw McDonald range measurement can be cor-
rected to these conditions by subtracting a value equal to K - K' + 70.573
meters or K - K'" + 235.4 nanoseconds. (The estimated arror is about # 1 cm.)
K and K' are observed shot by shot by the feedback calibration system. In
the past we have divided this calibration correction into an electrical
component, ELCOR = K - KXK' + 13.19 nanoseconds and a geometric component
{including the finite telescope size) of GEOC = 222.2 nanoseconds (66.621
meters) but the division is somewhat arbitrary. All McDonald data should
be uniformly corrected by the difference between the comstants vou are
using and these newer values. (We have always been certain of the relative
biases of the various older systems, so any implied change in the last
setup pertains to the eqtire eleven vears.)

In addition to determining the system calibration constants we have
accurately determined the offset of the 2.7 meter axes from the NGS survey.
wark on the dome floor. The survey marker is 5.304 meters down, .739
meters north and 0.143 meters east from the 2.7 meter calibration point.

Barring any further discoveries, this should be the last calibratiom
work on the 2.7 meter system. I trust these calculations will lay this
area to rest prior to abandoning the instrumenr semetime next vear.

~

Eric €. Silverberg

25



Relevant Dimensions Used for the Calculations

Primary to Secondary Mirror =  7.513 meters
Secondary to #3 Mirror =  6.309 meters
#3 Mirror to #4 Mirror =  3.039 meters
#4 Mirvor to #6 Mirror = 12,250 meters
#6 Mirror to PMT along the receive path = 240.875"
#6 Mirror to the start diode behind #6 = 5"
#6 Mirror to the feedback beam splitter

along the receive path = 195,75"
Feedback beam splitter to PMT along the

feedback path = 45.125"
Therefore: ELCOR, the difference measured if light hits the start diode

and

and PMT simultaneously,

= K = K' (feedback calibration wvalues)
+ 13.19 nanoseconds

GEOC, the correction to the intersection of telescope axes plus
the correction for finite telescope size

= 30.491 meters + 36.130 meters (respectively)
or 222.2 nanoseconds
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APPENDIX B.~--LEVELING ADJUSTMENT

This appendix contains the results of the least-squares adjustment of the
leveling observations. Station S 706 was fixed at an elevation of 1614.0340
GPU (kgal meters). All heights in appendix B are given in geopotential units.
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APPENDIX C,--GRAVITY STATION DESCRIPTIONS AND ADJUSTMENTS

The descriptions for absolute gravity stations McDONALD AA and McDONALD AB
follow. Also included are copies of the output of the gravity adjustment

program.
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GRAVITY STATION

STATION TYPE

STATION DESIGMATION

DESCRIPTION Absolute Site McDonald AA
CQUNTRY STATE/PHQYVINCE ' city
U.S.A. Texas Ft. Davis
LATITUDE LONGITUDE LLEVATION .
30° 40.'2 N 104° 01.'5 W 2028 Meters
GRAVITY STATION MARK AGENCY/SQURCE INSCRIPTION
Brass Disk DMA

PGS ION REFERENCE
Esimated from Trig Sta.

POSITION SQURCE
NGS

SOURCE OESIGNATION .
McDonald, 1942

ELLVATION REFERENCE
Engineer's Map

ELEVATION SOURCE

Univ. of Texas

SOURCE DESIGMAION
McDonald Qbsexvatory

PESITION/ELEVATION REMARKS

CI=2 Feet, Station is 200 meters SW of Trig Station

SESCRIPTION .

servatory.

(corrugated metal bldg).

78 to the observatory area.

The station is 17 miles northwest of Ft. Davis on Mt. Locka at the McDonald Ob—
To reach from the courthouse in Ft. Davis go 15 miles northwest
along Texas Highway 118, chen turm right and go southeas:t 2 miles alomg Spur Road
The station is about 200 meters southwest of the maij
telescope area (which is on top of the mountain), in the Patrol Camera Building
Observations were made 0.9 meters west of the east side

McDonalid
Observatery

Bldg.

Patrol Camera

of the building and 0.5 meters scuth of the north side on the concrete floor. The
disk is at the NE cormer of the building one meter NE of the station. -
G35, Coces 119503 '
\'Ib main observatory }
Dirt
Road Patrol Camers: ~
Bldg. }
Vd 1" )
i concrete S}ed /"bc\'*
] /1 NS ’ nmyan G'
LI D/éf/
e ier
|
o AT
: ~~__

DMAHTC/GSS

gate
, July 1979
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T GRAVITY STATION
DESCRIPTION

[T X S

Absolure Site

D1GN DESISreAYIDN

McDonald AB

GRAVITY STATION MARX

COUNIRY Si2lisPROVINCE Cite
N.S.AL Tewv=zs Fr, Davis
LATITUDE LONGITUDE ELEVATION
30°°40.'3 N 104° 01.'4 W 2065 Meters
AGENCY/SOURCE INSCRIPTION

POSITION REFLRENCE

POSITION SOURCE

SQUACTE DESIGKRATION

NGS McDonald, 1942
ELEVATION REFERENCE ELEVATION SOURCE SOURCE DESICNATION
NGS McDonald No. 1, 1942

POSITION/ELEVATION REMARKS

DESCRIPTION
The station is 17 miles northwest of Ft. Davis on Mt. Locke at the McDonzld Ob-

servatory. To reach from the courthouse in Ft. Davis go 15 miles northwest along
Texas Highway 118, then turm right and go southeast 2 miles along Spur Road 78 to
the McDonald Observatory 107 inch telescope (near the top of the mountain). The
station is located in the 107 inch telescope building, on ground level on the NE  side
in Room 103, 1.8 meters east of the west wall and door, and 1.1 meters south of the
north wall, on the tile floor.

DIAGRAM ‘
\ Transient :
Quarters N

"AB"

107" Telescope=

82" Telescope

McDonalad
Observatory

e T A

VeAM Patrol Czmara
TAAT 31d &
DIGeTint o By T;.:.s.'.cv BATE
W.G. Spita i © ODMAHTC/GSS July 1973
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GRAVITY STATION

STATION TYPE

STATION DESIGNATION

GRAVITY STATION MARK

None

DESCRIPTION Absolute Site McDonald AR
COUNTRY STATE/PROVINCE cITY
USA Texas Ft Davis
LATITUDE LONGITUDE ELEVATION
10° 40. '3 N 104° 01 '3 W 20A8. 6 meters
AGENCY/SOURCE INSCRIPTION

POSITION REFERENCE

POSITION SOURCE

SOURCE DESIGNATION

Observatory.

McDonald Observatory.

DESCRIPTION The station is 17 miles northwest of Ft.
To reach from the courthouse in Ft. Davis go 15 miles northwest along
Texas Highway 118, then turn right and go southeast 2 miles along Spuxr Rcad 78 to

The station is east of the top of the mountain,at the end of

Estimated from Trig. Sta GS MeDonald. 1042
ELEVATION REFERENCE ELEVATION SOURCE SOURCE DESIGNATION
Spot elev, Engineer's Map Univ. of Texas McDonald Observatorv
POSITION/ ELEVATION REMARKS
CI=2 feet. station i )0 meters NE of Trig. Station
Locke at the McDonald

Davis on Mt,

Observations were made in

the road, in the 107 inch Telescope Building, ground level.
the northeast side, in Room 103, 1.8 meter east of the west wall and dcor of the room

and 1.1 meter south of the north wall, on the tile floor.

u&lukw AT

{4

£
-l
2

o |

GSS Code: 119S04
‘DIAGRAM/PHOTOGRAPH Wall
Parking 107 inch Telescope Buildi;:§§\§bwr‘
To 82 inch
e—
telescope Road
S

.
intas e dvehe

N

> 5= ]
Lo 5 Do) T
e

Y7y
255

- McDonald
‘Observatory
E"{:lf'e OFFRGTE .}::ﬁ f ‘
June 1980 T !
CEISCRIBET 3v TS ST
W.G. Spita DMAHTC/GSS June 1980
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APPENDIX D.~-~-INPUT AND OUTPUT SECTIONS OF PROGRAM HAVAGO

Using a run of the "best available" data, the input and output sections of

program HAVAGO are reproduced in this section.
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