








Prefac

The Office of Management and Budget (OMB). Executive Office of the President.
approved the publication of Classification, Standards of Accwracy, and General Speci-
fieations of Geodetic Control Survevs in February 1974, The publication was preparcd
by the Federal Geodetic Control Committee (FGCCy (1974) and supersedes previous
Federal specifications for the establishment of the National Networks of Geodcetic Control.
All Federal agencies are mandated to comply with these standards in accordance with
the provisions of Circular A-16. Revised. titled " Coordination of Surveying and Mapping
Activities,”" promulgated May 6. 1967 (Bureau of the Budget 1967). Specificatly: “*All
surveying activities financed in whole or in part by Federal funds must contribute to the
National Networks of Geodetic Controb when it is practical and economical to do so.”’
In order to meet the geodetic control needs of Government agencies and the public. all
users. both governmental and private, are urged to adhere to these requirements and to
cooperate in making the data readily available.

Specifications to Support Clussificarion, Standards of Accuracy, and General Spec-
ifications of Geodetic Control Survevs was onginally published by the FGCC in 1975
to describe and expluin the standards of accuracy and to provide guidance in suryeying
methodology. This current revision clarifies several of the specifications and furnishes
additional general information. Added sections discuss the application of recent surveying
technology including detailed specifications for determining positions by Doppler satellite
methods.

Classificarion, Standards of Accuracy. and General Specifications of Geaderic Con-
trof Survevs (Federal Geodetic Control Committee 1974). repeatedly referenced herein,
is distributed together with this publication to form a set.

Mention of a commercial company or product does not constitute an
endorsement by the Federal Geodetic Control Committee,

Use for publicity concerning proprietary products or the test ot such
products is not authorized.
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Specifications to “upport Classification,
Standards of Accuracy, and General
Specifications of Geodetic Control surveys

Introduction

To coordinate national mapping. charting. and sur-
veying activities. the Board of Survevs and Maps of the
Federal Government was formed December 31, 1919,
by Executive Order No. 3206. "*Specifications for Hor-
izontal and Vertical Control”” were agreed upon by Fed-
eral surveying and mapping agencies and approved by
the Board on May 9. 1933, When the Board was abol-
ished March [0, 1942, its functions were transterred to
the Bureau of the Budget {BOB), now the Otfhce of
Management and Budget, by Executive Order No. 9094,
The basic survey specifications continued in effect. Bu-
reau of the Budget Circwlar No. A-16. published January
16. 1953 (Bureau of the Budget 1953. 1958}, and revised
May 6. 1967 (Burcau of the Budget 1967}, provides for
the coordination of Federai surveying and mapping ac-
tivities. “"Classification and Standards of Accuracy of
Geodetic Control Surveys,”" published March 1. 1957,
replaced the 1933 specifications. Exhibit C 10 Circular
A-16, dated October 10, 1958 (Bureau of the Budget
1958) established procedures for the required coordi-
nation of Federal geodetic and control surveys performed
in accordance with the BOB classifications and standards.

The Federal Geodetic Contro] Committee was char-
tered December 1. 1968, und a Federal Coordinator for
Geodetic Control and Related Surveys was appointed
April 4, 1969. The FGCC Circular No. 1. " Exchange
of Information.” dated October 6. 1972, prescribes
reporting procedures for the committee (vice Exhibit C
of Circular A-16) (Federal Geodetic Control Committee
1972).

Rapid evolution of economic and technological factors
since 1957 made evident the need for greater tlexibility
in the design and performance of surveys. As u result.
the Federal Geodetic Control Committee formulated
Classification, Standards of Accuracy. and General
Specifications of Geodetic Control Survevs (Federal Geo-
detic Control Committee 1974), which provides detailed
specifications and general procedural guidance for sur-

vevs included in the National Networks of Geodetic
Control.

Geodesy. as expressed through control survevs. is a
common denominator correlating many of the Nation's
and the world’s activities in a physical three-dimensional
mode. The more commonly used geodetic data include
latitudes, longitudes. elevations, azimuths, distances,
deflections of the vertical. and gravity values.

One of the many uses tor these data is the construction
of maps and charts which. in turn, relate the horizontal
and vertical positions between all cartographic features
on a given map with those features on any other map of
the Earth. Thus. the relative aceuracy of cartographic
presentations is directly related to the accuracy of the
National Networks of Geodetic Control.

All of a broad spectrum of maps. charts, and com-
puter-stored data banks require positional accuracy and
integrity. These specihications are promwlgated for use
by both the public and private sectors to aid in ¢nsuring
that control surveying activities will be systematically
accomplished to meet the Nation's needs.

Control surveys include horizontal, vertical. gravi-
metric. astronomic. and Doppler satellite surveys. Hor-
1izontal control surveys determine geographic posttions
referenced to a national datum and provide the basis for
rectangular coordinate systems. Vertical control surveys
determine elevations referred to a national datum derived
from mean long-term tidal observations. Astronomic and
gravity measurements provide data that contribute to the
establishment and adjustment of tbe naticnal control
networks.

Surveys of large areas must take into account the cur-
vature of the Earth. For small areas. such as a farmn. a
citv lot, or even a small city, the curvature may be
ignored. Larger areas. however. must be surveved by
methods that recognize the mathematical figure of the
Earth is a slightly flattened sphere (an ellipsoid of
revolution).



Horizontal control is esta  shed by triangulation, tri-
lateration. traverse, and Doppler satellite and other ex-
traterrestrial procedures. (In special cases astronomic
pasition determinations or positions from electronic nav-
igation or satellite-based systems may be used.) Trian-
gulation is a system of joined « overlapping triangles
in which the length of an occasional side. known as a
base line. is measured and the other sides are computed
from angles measured at the triangle vertices. Trilater-
ation is a method of surveying in which the lengths of
the trian  : sides are measured. Traverse is a method in
which a sequence of lengths and directions of lines be-

tween points is measured to determine the positions of

the points.

Doppler satellite surveying can determine geocentric
(Earth centered) positions that are accurate to | m (meter)
or better in each component (x.y.z) by observing a series
of passes of one or more satellites of the U.S. Navy
Navigation Satellite System (NNSS). Three general
methods are used to determine the positions: point po-
sitioning which requires the precise {postobservations)
ephemeris for the most ac <  determinations. the
translocation mode which simultaneously uses two or
more receivers to track the same satellite, and the short-
arc method which also simultaneously tracks the same
satellite with two or more receivers. In the translocation
mode the satellite orbit 15 held fixed when the data are
reduced, but in the short-arc method the orbit is permitted
to take corrections. As a general rule. when employing
the multireceiver methods, one receiver remains at the
same site until observations are secured at the other lo-
cations. A network similar to a net determined by trian-
gulation or trilateration can __ developed by using these
procedures. Triangulation. trilateration. traverse. and
Doppler satellite procedures can be used singly or in
combination to obtain the required operational accuracy
and precision.

Vertical control is established by spirit or compensator
teveling of a high order of accuracy. It consists of the
elevations of points with  pect to each other and to a
common datum. Geodetic leveling follows the geoid and
its associated level surfaces, which are irregular, rather
than the mathematically determined ellipsoid.

Classification, Standards of Accuracy. and General
Specifications of Geodetic Control Survevs (Federal Geo-
detic Control Committee 1974) provides the permissible
tolerances for the indicated order and class of control.
These specifications are used in horizontal control sur-
veys to provide guidance in obtaining the specified
strength of figure, spacing of Laplace azimuths, number
of observations. triangle closures, side and length
checks. and station s; ing. For vertical control, the
publication provides gwidance for satistying standards

for line spacing. field procedures. and section closures.
The directives state the manner in which data shall be
observed and specify which data shall be assimilated
into, or considered to be a part of, the National Networks
of Geodetic Control. The Federal Geodetic Control Com-
mittee recommends that all other control or precise en-
gineering surveys also adhere to the national specifica-
tions and be properly referenced to the national networks.

National Networks of
Geodetic Control

The U.S. Department of Commerce’s National Oceanic
and Atmospheric Administration (NOAA) is responsible
for establishing and maintaining the basic national hor-
izontal and vertical geodetic control networks 10 meet
the needs of the Nation. Within NOAA this task is as-
signed to the National Ocean Survey’s Office of National
Geodetic Survey (NGS). This responsibility has evolved
from legislation dating back to the Act of February 10,
1807 (2 Stat. 413) which created the first scientific Fed-
eral agency, known as the "*Survey of the Coast.”" Cur-
rent authority is contained in United States Code. Title
33, USC 883a. as amended, and specificaily defined by
Executive Directive. Bureau of the Budget (now the
Office of Management and Budget) Circular No. A-16,
Revised (Bure  of the Budget 1967).

The Federal Coordinator for Geodetic Control and
Related Survevs. Department of Commerce, is respon-
sible for coordinating, planning. and executing national
geodetic control surveys and related survey activities of
Federal agencies, financed in whole or in part by Federal
funds. The Executive Directive (Bureau of the Budget
1967: p. 2) states:

(11 The geodetic control needs of Government
agencies and the public at large are met
in the most expeditious and economical
mener possible with available resources:
and

(21 All surveving activities financed in whowe
or in part by Federal funds contribute 1o
the National Networks of Geadetic Control
when it is practicable and economical 1o
do so.

The Federal eodetic Control Committee assists and
advises the . cderal Coordinator for Geodetic Control and
Related Surveys.



Accuracy

T standards and specifications for various orders and
classes of accuracy are summarized in Clussification,
Standards of Accuracy. and General Specifications of
Geodetic Control Surveys (Federal Geodetic Control
Committee 1974: tables 2 and 3). Table 2 of the afore-
mentioned publication refers to horizontal control sur-
vey~ in particular those procedures empioyed for trian-
gule..on, trilateration. and traverse. Table 3 of the same
pu cation refers to vertical control surveys. The pre-
scribed standards of accuracy in these two tables pertain
only to field observations. '

The specifications listed herein are based on the total
effort deemed necessary to obtain certain results that are
considered the basis for a prescribed standard. Precision
is ¢ ned as the degree of refinement with which an
operation is performed or a measurement stated. The
precision of the effort expended contributes largely to
the acceptance or rejection of the results. Precision in-
vol~3, among other considerations, the quality of in-
stru :nts employed. methods used. repeatability of
measurements, and the ability and experience of the per-
sonnel. Accuracy is the degree of conformity to a ““true™
standard or the degree of perfection obtained hy the
survey.

though an absolute guarantee cannot be given that
a ticular standard will be met it all stated specifica-
tions are followed. it is reasonably certain that the clo-
sures in length and position will be about one-half of
those stated for a particular standard. One of the major
factors responsible for survey inaccuracy is undetected
or uncorrected atmospheric anomalies. Regardless of
rigid adherence to the specifieations, these anomalies
occasionally remain undiscovered until future surveys
are extended from the stations involved. It is possible
that such a discrepancy may not be discovered even after
a careful and extensive evaluation of the observational
data.

he published accuracies for primary and principal
stations of the National Networks of Geodetic Control
are derived by compre sive reviews of the specifica-
ti s employed, the geometric design of the survey, and
staustical evaluations determined from the mathematical
ad<tment of the survey. These accuracies are in relation
to ighboring stations and take into consideration
whether or not the points are directly connected. The
text of this document uses the terms accuracy and un-
certainty interchangeably and, whether stated or un-
stated, the terms refer to the relationship of adjacent or
ne'~hboring stations. Regardless of terminology. the
quaiities listed are considercd to be at the 2-sigma (20)
or 95-percent confidence level.

Horizontal Control Surveys

[n general, the density and accuracy of control points
are directly related to land values and local needs. Table
| summarizes the classification and standards of accuracy
for the various orders and classes of control points in the
National Horizontal Control Network. The National Hor-
izontal Control Network must be of such accuracy and
precision so that everywhere on the North American
Continent. control (both in der ¥y and accuracy) meets
user or national interest. Classification, Standards of
Accuracy, and General Specifications of Geodetic Con-
trof Survevs (Federal Geodetic Control Committee 1974)
was formulated with this concept in mind. In addition
to the observations, other horizontal control information
must be recorded to incorporate surveys into the national
network. This information is published in NOAA Manual
NOS NGS 2, Input formats and specifications of the
National Geodetic Survey data base, volume I: horizontal

control data (Pfeifer 1980).

Nationwide High-Precision Traverses

The high-precision traverses provide scale for the
worldwide satellite triangulation network and upgrade
the scale and orientation of the National Horizontal Con-
trol Network. The traverses consist of a series of high-
precision length, angle, and azimuth determinations
coincident with geoidal profiles. Their orientation is ap-
proximately east-west and north-south, covering the con-
terminous United States  somewhat rectangular loops.
Smaller loops and spur traverses are added to incorporate
satellite triangulation stations and areas of special
interest,

This publication does not provide eomplete specifi-
eations for high-precision traverses. The following pro-
cedural outline indicates the care required to obtain ap-
proximately 1 part in 1,000,000 accuracy. This order of
survey utilizes methodology and instrumentation nec-
essary to obtain the highest accuracy possible within the
state of the art,

As specified originally in 1961, the basic figure was
an elongated four-sided polygon. the fong sides being
nearly parallel. (See fig. 1) The polygons were connected
at the ends of the elongated figures, which created a
continuous line or chain. Each polygon consisted of two
slim triangles created by connecting the two nearby mid-
point stations. These midpoint stations were selected to
ensure significant differences between the length of the
long sides and to maintain sufficient strength of figure,
thereby permitting a good mathematical check between
the measured lengths. The midpoint stations were usually
located within 30 to 50 m of one another and generally






consisted of a standard station monument and monu-
mented auxiliary point.

Horizontal angles, including *‘closing the horizon,”™
were measured to first-order specifications on at least
two nights by different observers. If the means of the
two sets of angles differed by more than 1" (second of
arc), a third set was taken on a third night. The average
closure of the polygons could not exceed 07 and the
maximum could not exceed 27'0. In general, the closures
in seconds of the shm triangles were not allowed to
exceed 600 divided by the short length in meters. The
short distances between the midpoint stations were meas-
ured using base line taping procedures.

Reciprocal vertical angles were observed over all tra-
verse lines, with ties to bench marks required every four
to five polygons. Simultancous reciprocal observations
were required where elevation differences exceeded
100 m. Where differences in station elevations exceeded
500 m. simultaneous reciprocal observations were re-
quired both before and after the length measurement of
each line. These observations were secured to correct
the length observations for variations in atmospheric
conditions.

Astronomic position and azimuth observations were
required at the connecting stations of the polygons. If
the distance between the connecting stations exceeded
35 km, astronomic position and azimuth determinations
were required at one of the midpoint stations. First-order
and modified first-order (one night’s observations) as-
tronomic positions were specified. For azimuth deter-
mination, observed directions to all adjacent stations
were generally included with the direction to Polans.
Azimuth observations were taken on two nights with a
different observer and instrument each night. The av-
erage difference between two nights” observations was
not allowed to exceed 2”5 and the combined standard
error for the two nights could not exceed +0.45. If either
limit was exceeded. a third night’s observation was re-
quired. with two observers using different instruments
and taking successive sets of 16 positions.

Distance measurements were made with electro-op-
tic * distance measuring instruments. At least two in-
struments were used over each line with measurements
taken on different nights. Instrument frequencies were
checked each week and the recorded results became part
of the observation record for that week.

The offset-mirror procedure was introduced in 1962,
This technique involved making one or two measure-
ments with the mirror centered over the point and two
measurements offset *0.4 m on the line. The check
between the mean distances measured on ditferent nights
could not exceed 17 mm plus 1 part per million (ppm).
Distances projected through the slim triangies had to

agree within 25 mm of the measured lengths ¢ he op-
posite sides. Meteorological observations consisted of
temperature. barometric (altimeter), and humidity read-
ings at instrument height, with midline temperatures at
line height obtained using a remote reading thermometer
supported by balloon. Angle and distance observations
were made at least 10 m above the ground to avoid erratic
temperature variations. Observers were alerted to the fact
that unfavorable refraction conditions could exist on
calm nights necessitating extreme care in operating the
equipment.

Maximum care was also exercised in collimat’  tow-
ers and measuring eccentricities. When the wind velocity
or direction changed during the night’s observations, the
tower was recollimated and the eccentricity remeasured.

With the adaptation of laser light sources to electro-
optical distance measuring instruments, the range of the
instruments was significantly increased. The results of
technical improvement and thorough evaluation of data
secured over many years enabled several modifications
to be made to the original specifications. The original
design was primarily developed to ensure that blunders
and ambiguities in the observations would be uncovered
and resolved. Advanced instrumentation, observing
techniques. and procedures have almost completely elim-
inated the possibilities of blunders.

When it was possible to measure the distance between
connecting stations. only one midpoint static was re-
quired. The smaller angles of the resulting slender tri-
angle could seldom be larger than 5% and could never
exceed 10°. The closure could not exceed 1."7. The check
between the measured long side and the projected value
derived from the short sides could not exceed 17 mm
plus 1 part per million of the longest side.

Further modifications were made as the prc t pro-
gressed. Distance measurements wete required on only
one night. However, the sequence of observations was
such that the distances involved in the projections were
measured on different nights employing different instru-
ments. When the figure consisted of a single slender
triangle. the short sides were measured on one night and
the long side on another night with a different instrument.
Also, midline temperature requirements were deleted.
Temperature observations were required only at the end
points if readings were taken at the minimum 10-meter
elevation above ground level and the ling of sight cleared
all ground elevations by 10 m.

Continuing studies showed conclusively that when
proper design was utilized and extreme care exercised,
single line traverses would approach the accuracy and
internal consistency of past configurations. The network
was completed by using this form of traverse. All ob-
servations were made during at least two nights with






Triangulation

A widely used method for establishing horizontal con-
trol is triangulation. This procedure determines the
lengths of the sides of a system of joined or overlapping
triangles by measuring occasional side lengths and com-
puting the others from angles measured at the vertices,
Classification, Standards of Accuracy, and General
Spectfications of Geoderic Control Survevs (Federal Geo-
detic Control Committee 1974: table 2) lists by order
and class three specifications pertaining to horizontal
directions.

Horizontal Directions

T e first specification for horizontal directions is a
requirement that the instruments must be of specified
quality. First-order instruments are defined as theodolites
with a direct reading of less than 1”. The Kern DKM-3
and Wild T-3 are representative of this quality. Second-
orc’~~ instruments can be theodolites with direct readings
of . for example. the Askania A2, Kern DKM-2. Wild
T-  Zeiss Th-2, etc. A high-quality surveyor’s transit
or a repeating theodolite is acceptable for third-order
surveys. Neither instrument 1s recommended. however,
because of the extra effort required to obtain specified
accuracies.

Table 2 specifies the sugges  number of observations
for various types of transits. The second and tt" 1 spec-
ifications relate to the number of positions to be observed
and to the rejection limits. These criteria, derived from
experience and statistical evaluations, are based on the
accuracy to be obtained. ° : instrument used. and t
some extent the length of the lines involved. The re-
quirements specify that the micrometers must be brought
into coincidence twice and both readings recorded for
all theodolites. The mean is then used to determine the
direction. The difference between the readings for the
older models of the Wild T-3 must not exceed 0.3 unit.
For the later versions of the Wild T-3 and the Kemn
DKM-3, this difference cannot be greater than 05. The
tolerance for theodolites having a least reading of 1"
(Wild T-2, Kern DKM-2, etc.) cannot exceed 3", If the
tolerances are exceeded, the procedure must be repeated
until acceptable values are obtained. There is a further
requirement that the initial pointing be verified after set-
ting the circle. Degrees and minutes must be read and
recorded for each observation. The practice of reading
and recording only the seconds for specific portions is
not acceptable. These observing procedures and toler-
ances also apply to measuring vertical angles. Specifi-
cations for first-order and second-order, class I surveys
must always be satisfied. In metropolitan areas where

TABLE 2. —Suggested number of observations using transit or repeating-type instruments
(The circle settings are given in table 3.)

Number of direct
and reverse (D&R)

Spread between

observations Number of D&R and sets
Accuracy class Tranwit™ per set™™ sets not to exceed
Th™ " order class T
miangulation ... 1 6 2-3 47
0 6 4-5 5
an 6 6-3 6
TAVETSE (¢ 6 1-2 b
20 6 2.3 6
30 [d] -4
Third-order class 11
Triangulation ......... ... 18 6 1-2 5"
20 6 2.3 6
10 6 3 7
Traverse*** ... VN 2 1 5"
20 4 b 6
a0 4 1 7

*When optical transits reading to 0.1 minute are employed, the **Number of Observations™ may be reduced from 6 D&R to 4 D&R. For
third-order, class 1l traverse, ) D&R continues to be recommended. The “"Number of Sets™" and **Spread Between D&R and Sets Not to Exceed™”

remain unchanged. Use appropriate circle settings from table 3.

**A set of observations consists of 6 (or otherwise specified) repetitions of the angle with the telescope in the direct (or reversed) position.
fol  ed by 6 (or otherwise specitied) repetitions ot the explement of the angle in the reverse (or direct) position.
**The specifications given here are for traverses containing fewer than 10 courses between higher-order points. For traverses containing
more courses between higher-order control. the "Number of sets’ in each case should be 2.
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TaBLE 3.—Circle setrings

10-minuie
Two positions of circle micromerer drium
1 i3 00’ 107
2 G0) 05 40
S-minute 10-minute Wild T-3*
micrometer driem micrometer drim Circle Micrometer
Four positions of circle
1 0° 00’ 40" 0° 00’ 1" o 0o’ 15"
2 45 01 50 a5 02 40 48 02 45
3 03 10 50 05 10 X 4 15
4 135 04 20 135 7 40 135 20 45
Six positions of vircle
[ o o 0 (e o 10" o LN 15"
2 30 01 S0 30 01 S0 R (1) 35
3 60 02 30 &0 03 i ) 0.1] 30
4 90 L] 10 50 05 1 N1 04 15
5 {20 0l 50 120 06 50 120 00 15
6 150 03 30 150 08 30 50 20 50
Eight positions of circle
] 0° 00’ 40" 0° o0’ - e (L1} 1
2 22 0i 30 22 U] a5 22 Q0 15
3 45 03 10 A 02 40 18 02 i3
4 &7 15 20 67 03 55 &7 x a0
5 90 o0 40 90 05 10 90 04 ]
6 112 01 50 112 06 25 12 00 23
7 135 03 10 115 07 10 135 26 i3
8 157 04 20 157 08 55 157 00 30
Twelve positions of circle
1 o° oy 40" 0° o " 0 0o’ 1"
2 15 04 S0 15 1 S0 15 O 23
3 30 03 10 30 U3 in n 02 13
4 45 04 20 45 03 i 15 o0 S
5 60 o0 40 60 06 50 60 00 )
6 75 01 50 75 08 30 78 00 235
7 90 03 10 90 00 m 9 04 i3
8 105 04 20 105 m S0 108 00 S}
9 120 00 40 120 03 kL)) 120 00 Kl
10 135 01 50 135 05 10 135 00 23
I 150 03 10 150 06 50 150 20 35
12 165 04 20 165 08 n 165 00 30
Sixteen posttions of circle
| - 00’ 40" o (140 10" o o’ e
2 11 ol 50 11 01 25 11 o0 25
3 2z 03 10 2 (e 44 22 00 35
4 RE] 04 20 33 03 S5 i3 L] A0
5 45 00 40 45 03 10 45 02 W}
6 56 0l 50 56 06 25 56 00 25
7 67 03 10 67 07 40 7 00 35
g 78 45 20 78 08 55 78 0o 3n
9 90 00 40 90 00 10 9 (4 14}
10 101 01 50 10t Ul 25 101 00 25
11 112 03 10 112 02 40 12 o0 Rk
12 123 2] 20 123 03 55 123 00 30
13 135 (x) 40 135 0s ] 138 0
14 146 4] S0 146 06 25 146 00 25
15 157 03 11} 157 07 U 157 00 38
16 168 04 20 164 (18 55 168 00 50




TABLE 3 (continued)

Transit and repeating type instruments

Instrument**
1
Sets selling

i 0° o' 00" 0°
2 90 0s 30 90
1 0 O 00 0
2 60 03 30 60
K] 120 07 00 120
| 0
2 45
3 90
4 135
1 4]
2 36
3 72
4 108
5 144
1

2

3

Kl

5

6

i

2

3

4

h}

6

7

1

2

3

4

[§]

7

8

Instrument*** Instrument***
20 30"
seffing setting
o LU 0° 00’ o0
10 20 90 {V] 30
00 00 0 00 00
06 20 60 06 30
13 00 120 13 o0
00 00 0 00 00
05 20 45 05 30
10 00 %0 10 00
15 20 135 15 30
g o 0 00 00
04 20 36 04 30
08 00 72 08 00
12 20 108 12 30
16 00 144 16 00
0 00 00
30 03 30
60 07 00
S0 10 30
120 14 00
150 17 30
0 00 00
25 02 30
I 05 30
76 08 o0
102 10 30
128 14 30
153 17 00
o° o0 00"
22 02 30
45 05 o0
67 07 30
] 10 o0
112 12 30
135 15 00
157 i7 30

The Kem DKM-3 theodolite is an ¢xample of an instrument with 4 micrometer drum range of 5.
The Wild T-2 and the Kern DKM-2 theodolites are examples of instruments with a micrometer drum range of §0°.
* For Wild T-3 theodotities. with 1 2" micrometer graduated to 02, the micrometer readings shown in the table as units would be in seconds.

** Repcating theodolite with a 10" circle.
A tw allc

traverse courses may be 400 m or less, the number of
observations can be reduced when 17 instruments are
er , oyed in the following manner: 8 positions for sec-
ond-order class I, and 4 positions for second-order class
IT  rveys. If theodolites reading to 072 are used, the
number of observations can be reduced to 6 and 4 po-
sitions respectively. with a 5” rejection limit.

For second-order, class Il surveys in ot - than met-
ropolitan areas (or for lower-order surveys), in particular,
for traverses containing very short courses, the number
of positions and rejection limits can be modified to fit
the circumstances. Whenever there is any doubt whether
the rejection limits and number of positions meet the
specifications, contact the National Geodetic Survey,












minimum required distance:
Minimum distance = o/x

where o is the standard error expressed in millimeters
and x i5 a factor that varies with the accuracy class. The
values of x are: first-order surveys, 0.00%; second-order.
class I surveys, 0.010; second-order, class II surveys.
0.025; third-order. class I surveys, 0.050: and third-or-
der, class 1I surveys, 0.100.

When complete multiple measurements are observed,
the acceptable minimum distance can be determined by
dividing the value derived in the formula by \/N. where
N is the number of complete measurements. For ex-
ample, for second-order. class 1l accuracy. with @ = 5
mm, the minimum distance is 5/0.025 = 200 m. If two
complete measurements are made (N = 2}, the minimum
distance shall not be less than 200V/2 = 140 m. Some
manufacturers state a minimum distance that can be
measured. At no time should the stated minimum dis-
tance be violated.

Three types of EDM are now in use. These include
electro-optical devices that employ visible light, short-
range equipment that uses infrared as the carmier wave,
and units that rely on microwaves. Microwave equipment
and electro-optical instruments, especially those equipped
with a laser light source, can measure distances of 100
km or more. Instruments th infrared sources have a
limited range, generally 10 km or less.

Some infrared instruments have direct readouts, others
indirect. The indirect readout instruments require a series
of operations to obtain the slope distance. Their stated
accuracies range from 2 to 10 mm, and include 1 ppm
times the length (or more) in their statement of accuracy.
For crustal movement studies and the establishment of
calibration base lings. instruments with a stated accuracy
{(not to exceed =5 mm) should be employed. Measure-
ments for such purposes should be made in a variety of
combinations during at least a 2-day period.

A complete measurement using direct-readout equip-
ment consists of ten readings for first- and second-order,
class I surveys: five readings for second-order. class Il

rork and third-order. class 1 and class 11 tolateration and
base lines; and three readings for third-order, class I and
II traverses. The spread between the readings should not
exceed 5 mm for first- and second-order. class 1 obser-
vations and 10 mm for other classes of surveys. When
highest accuracy is specified. two or more sets of ob-
servations from both ends of the lines and at different
time periods are highly recommended. Differences be-
tween complete observations should rarely exceed 10
mm. For requirements of highest precision. this tolerance
should not be greater than 5§ mm. When only one meas-
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urement is specified, it is good practice to observe the
distances from both ends of the lines, with the difference
between the observations not allowed to exceed 20 mm.

To reduce the possibility of ambiguous results for con-
centric observations that constitute a complete measure-
ment, it is recommended one ohservation be made with
the instruments or reflectors offset between 0.2 and 0.5
m. If an offset bar is available. this observation can be
one of the specified number for the particular class of
accuracy. If an offset bar is not available, the instruments
or reflectors should be offset between 0.2 and 0.5 m. A
rough reading should be taken to ensure that the distance
in meters is correct. This precautionary practice is de-
signed to discover ambiguities of | m and probably
would not detect larger ones. Although such occurrences
are uncommon, ambiguous readings of 1 m may occur,
particularly if the decimal readings are near zero or in
the high nines. Larger ambiguities are rare, but ambi-
guities of 10 m have been found.

These specifications and permissible tolerances apply
generally to measurements obtained with instruments of
limited range (3 to 4 km or less). Tolerances for obser-
vations made with longer range equipment appear in the
section on Number of Length Measurements (p. 14}).
Some instruments are equipped with a built-in computer
to correct the measurements for atmospheric conditions.
The corrections should be checked periodically to detect
any malfunction in the computer. Experience shows that
more accurate and reliable results are obtained by meas-
uring the proper atmospheric conditions and applying the
usual formula reductions.

One type of microwave distance measuring instrument
can be used under most conditions for short distances
{up to 2000 m) with an accuracy comparable to most
infrared devices, if extreme care is taken. The instrument
also measures long distances by simply changing antenna
horns. Although it measures distances in one direction
only, an operator is required at each end of the line.
When used in the short-range mode, it is recommended
that measurements be made from both ends of the line
with a spread that does not exceed 20 mm after correcting
the measurements for meteorological conditions. When
such an instrument is used for short-range measurements.
care must be taken within the survey area to avoid various
forms of interference that may adversely affect micro-
waves (e.g.. radio transmitters and high voltage power
lines).

One high-accuracy, short-range instrument uses a xe-
non gas-lamp emission source. The imstrument has a
range of 3000 m; its stated accuracy is about | ppm of
the distance measured. For projects requiring opti 1m
results, such as special crustal movement studies, dam
deformation studies, and high-precision base line meas-






TABLE 4. —Commensurate length measurements for designated surveys
(Letters A to G represent the various classes of accuracy described in the narrative portion of the table.)

First-order Second-order Third-order
specifications specifications specifications
Type of survey Class | Class 11 Class T Class Il
B: - lines AB B C D E
Tt eration B C D E F
Traverse D E F G G

A. First-order National Horizontal Control Net-
work base lines (1:1,000,000)

Base line spacing: 6 to 12 figures (12 to 25 tri-
angles), depending on geometric strength and
configuration of segment of network. Thesc are
generally located at junctions of intersection of
arcs,

Instrument:  Electro-optical.

Complete measurement: 4 observations—2 con-
centric, 2 offset +0.4 m. (Occasionally a
shorter offset bar can be employed.) Spread be-
tween observations: Not to exceed 40 mm.

Number of complete measurements: 2 observed
on at least 2 days or nights by emploving dif-
ferent  struments,

Tolerances: Difference between mean of 2 com-
plete measurements not to exceed 25 mm for
lines less than 8 km. and 17 mm plus 1 ppm of
the distance for lengths in excess of 8 km.

B Regular first-order base lines and first-order
trilateration (1:1,000,000)

Second-order, class 1 base lines (1:900,000)

Bage line spacing:  As required to maintain the

scale integrity of the framework, panicularly
in metropolitan areas usually adhering to R,
criteria.

Instruments:  Electro-optical recommended.
Microwave only when electro-optical not
available. Infrared for special projects.

Complete measurement: Electro-optical, same
as specified for "A™

Microwave—A full set of fine and coarse read-
ings. as recommended by manufacturer,
For instruments that measure from both
ends, the observations at one end shall be
completed before observations are begun
at the other end. Observations shall he
made in the opposite direction when remote
unit serves as slave only.

Infrared—Indirect readout: 3 observations—1
concentric and 2 offset, 0.2 mto 0.4
m. Direct readout: 10 readings for each
measurement—3 observations. | concen-
tric and 2 offset, 0.2 mto =0.4 m.

Spread between observations: Electro-optical,
same as specified for “*A’",

Microwave—Difference between observations
made at both ends of line shall not exceed
0.1 m after applying meteorological
corrections.

Infrared-—Spread between measurements not to
exceed 5 mm.

Number of complete measurements: Eleciro-
optical—1. Microwave—3 on different
days or nights, or separated by at least 4
hours between each measurement.
Infrared—\ .

Tolerances: Microwave—Spread between 3
complete measurements not to exceed 0.1 m
after correcting for meteorological
conditions.

Second-order, class I trilateration (1:750,000)
Second-order, class II base lines (1:800,000)

Base line spacing: As required to meet R,
specification.

Instruments:  Electro-optical, as recommended
for second-order. class I trilateration. Mi-
crowave, only for these survey classes
when electro-optical not available. Infrared
for special projects.

Complete measurement:  Electro-optical—3
observations: 1 concentric and 2 offset,
*0.4 m. (Occasionally a shorter offset bar
may be employed.}

Microwave—Same as specified for “*B™".

Infrared—Same as specified on “‘B"" ex-
cept 2 observations: [ concentric and |
offset *0.2 mto 3.4 m.

Spread | w~een observations:
cal—Not 1o exceed 50 mz
Microwave—Same as specified for “*B'".
Infrared-—Not to exceed 5 mm

Number of complete measurements.
optical—1.

Microwave—Same as specified for "B,
Infrared—1.

Tolerances: Microwave—Same as specified

for “B"".

Electro-opti-

Electro-



TABLE 4.— Commensurate length measurements for designated surveyvs—Continued

D. First-order traverse (1:600,000)
Second-order, class Il trifateration (1:450,000)
Third-order, class 1 base lines (1:500,600)

Base line spacing: As required to meet
R, specifications.

Instruments:  Electro-optical—Recommended  for
first-order traverse.
Microwave—May be used for first-order
traverse when electro-optical not available.
Electro-optical, micrc e, and infrared—
Recommended for the other two orders of
accuracy.

Complete measurement:  Electro-optical—For
first-order traverse. same as specified for
“C”. For other classes  accuracy, 2 ob-
servations: | concentric and 1 offset
+0.4 m. (Occasionally a shorter offset bar
may be used.)
Microwave—Same as specified for “*B"".
Infrared—Same as specified for ©*C*".

Spread between observations:  Flectro-optical—
For first-order traverse, same as specified for
“C’". For the other two orders of accuracy
classes 60 mm.
Microwave—Same as specified for “'B™".
Infrared-—Seldom to exceed 5 mm and never
to exceed 10 mm.

Number of complete measurements: Eleciro-
optical—1.
Microwave—2.
Infrared—1.
Tolerances: Microwave—Difference be-

tween complete measurements not to exceed
0.1 m after correcting for atmospheric
conditions.

E. Second-order, class I traverse (1:3060,000).
Third-order, class I trilateration (1:250,000)
Third-order, cla II base lines (1:250,00:

Base Line spacing: As required to meet R,
specifications.

Instruments:  Electro-optical, microwave. and
infrared.

Complete measurement: Electro-optical—Same
as specified for the two lower orders of ac-
curacy in ‘D",

Microwave—Same as specified for “*B"".
Infrared—Same as specified for **C"

Spread between observations:  Electro-optical—

Same as specified for the two lower orders

F.

NOTE: The specifications __. cc lete measurements for electro-optic:

of accuracy in **D"".

Microwave—For second-order class I trav-
erse, same as specified for *‘B*’. For the two
lower orders of accuracy, the difference be-
tween observations made at both ends of a
line il not exceed 0.15 m after correcting
for atmospheric conditions.
Infrared—Same as specified for “*D"".

Number complete measurements:  Electro-
optical—1.

Microwave—2 for second-order, class | trav-
erse. | for the two lower orders of accuracy.
Infrared—1.

Tolerances: Microwave—For second-order, class
I traverse, differences between 2 complete
measurements not to exceed 0.15 m after
correcting for atmospheric conditions.

Second-order, class II traverse (1:120,000)
Third-order, class II tri eration (1:150,000)

Instruments: Electro-optical, microwave, and
infrared.

Complete measurement: Electro-opticai—I1
concentric.

Microwave—Same as specified for “"B™".
Infrared—| concentric.

Spread between «  ervations:  Microwene—Same
as specified for the two lower orders of ac-
curacy in “E’C. ‘

Number of complete measurements: 1 for all
instruments. A check measurement from on
an offset position ( +0.2m) should be made
tor infrared instruments when decimal read-
ings are near zerc or in the high nines.

Third-order, class I traverse (1:60,000)
Third-order, class II traverse (1:30,000)

Instruments;  Eleciro-oprical, microwave, and
infrared.

Complete measurement: Same as specified for
“'F*" except when direct readout instruments
are employed. Three readings are sufficient
for this equipment.
Electro-optical—Distances seldom less than
0.3 km.

Microwave—Spread between measurements
seldom to exceed 0.2 m after correcting for
meteorological corrections.

Number of complete measurements: Se¢ = as
specified for “'F".

e for those instruments re-

quiring calibration tables. When employing instruments that do not use calibration tables, and more than tw
observations are specified as a complete measurement, the number of required observations can be reduced by 1.
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eq Hment. However, electro- tical instruments are not
recommended for lines of 200 m or less. A single com-
plete measurement with either instrument should be suf-

ficient. The verification check described for use with
intrared devices should be made when conditions war-

rant. For direct readout instruments, it is reconuncnded
th: lines be measured from both ends to reduce the
possibility of blunders. Microwave equipment is not rec-
ommended in these situations except for distances in
excess of 2 km.

For first- and second-order, class [ surveys. distances
less than 100 m should be taped using the precise meth-
ods outlined in the section on Taped Buse Lines or Trav-
erses. For second-order class Il. and third-order. class
I and II surveys. consideration should be given to meas-
uring distances less than 50 m by using the taping pro-
cedures recommended for the particular order of work.

All electronic distance measuring devices should be
serviced regularly and checked frequently over lines of
known distances. Instruments should be calibrated at
least annually, preferably  :ry 6 months. Frequency
checks are recommended every 3 to 4 months. Equip-
ment must be handied with care and protected from the
elements at all times. When the highest accuracy (better
than 1:500.000) is required. frequencies should be mon-
itored throughout the observations. For accuracy require-
ments between 1:300.000 and 1:500.000. crystal fre-
quencies should be checked daily.

The National Geodetic Survey has established specitic
calibration base lines to test EDM instruments and main-
tains data listings for these calibration base lines. For
information, contact: National Geodetic Information
Center. NOS/NOAA. Rockville, MD 20852, NOAA
Technical Memorandwm NOS NGS-8, Establishment of
calibration base lines (Dracup et al. 1977), and NOAA
Technical Memorandum NOS NGS-10. Use of calihra-
tion base lines (Fronczek 1977) provide further
instructions.

Taped Base Lines or Traverses

The general availability of EDM equipment has dras-
tically reduced the use of taping procedures for meas-
uring base lines or traverse lengths. New advances in
El 1 technology, particularly the capability to measure
shorer distances with higher accuracy, will further re-
duce the need for taping. Probably some need will always
remain to use taping procedures for the following: cal-
ibration base lines. short traverse connections. engi-
neering or scientific projects. and for minimum cost,
low-order property surveys. The previous section on

EDM measurements discusses those situations where
taping should be performed to meet accuracy
specifications.

Coast and Geodetic Survey Special Publication 247,
Manual of geodetic triangulation (Gossett 1959) contains
detailed procedures on taped measurements of high-order
accuracy for base lines and truverses. Procedures for
performing lower-order survevs are determined on the
hasis of accuracy required. As a mimimum, stakes tor
taping bucks} and standardized tapes. or tapes previously
compared with a standard length, are recommended. For
second-order. class 1 or higher standards, the tapes
should be made of low-coefficient nickel steel {invar).
Accurate differences of elevation between tape supports
are required to reduce the measurements to the horizontal
plane.

The reduction of taped lengths must include correc-
tions for; (11 the difference between held observed tem-
peratures and the temperature used in the standardization
of comparison, (2) the ““true”’ length of the tape, (3) the
slope of the line, (4) the support condition, and (5) in
most instances, reduction to the ellipsoid.

The reduction of lengths to sea level should not be
confused with the reduction to the ellipsoid. Historically.
the correction for the reduction {rom sea level to the
cllipsoid has been ignored because of insufficient geoid
height information. However. for very precise work or
for geodetic datums, such as the forthcoming North
American Datum 1983, where the two surfaces (sea level
and the ellipsoid) are not nearly coincident. an additional
reduction from sea level to the ellipsoid should be
applied.

Astronomic Azimuths

The accumulation of angular errors in horizontal con-
trol surveys and a tendency for a portion of these errors
to be somewhat systematic (thus providing the oppor-
tunity for the development of a twist in the direction of
a survey), requires the incluston of astronomic azimuth
observations in the surveys at specified intervals. For
precise surveys the astronomic observations must include
a determination of longitude. Theoretically. because the
astronomic latitude 1s required in order to compute the
azimuth and to define completely the deflection of the
vertical, the astronomic latitude is also observed.

The astronomic longitude is used in determining the
correction for the prime vertical component of the de-
flection. This value is then used to compute the Laplace
correction. which converts the astronomic azimuth to a
geodetic azimuth. Values for the deflection of the vertical
can be interpolated from previously observed determi-




nations for many areas of the United States. Except for
some anomalous locations. these interpolations are suf-
ficiently accurate for the correction of azimuth obser-
vations used to control second-order, class 1l and some
higher-order traverses. By using sophisticated computer
programs, both components of the deflection of the ver-
tical can be predicted to about 17 if sufficient gravity
coverage exists in the area.

Department of the Army Technica! Manual TN 5-442,
Precise astronomic surveys (U.S. Army 1970), and U.S.
Coast and Geodetic Survey Special Publication 237,
Manual of geodetic astronomy (H¢  inson and Duerksen
1952). contain discussions of the Laplace correction and
methods for determining azimuths.

More accurate azimuths may be obtained by making
simultaneous observations at both ends of the lines. This
practice usually cancels the effe  of a large portion of
the lateral refraction. For surveys requiring the highest
accuracy, the observations shoul e obtained by using
at least two observers and at least two instruments. Each
observer should observe two se  each night for three
nights. Observations should be made during the entire
period of darkness. Rejections and criteria for reobser-
vations must be prescribed so as to ascertain an accuracy
of better than 075,

Recc naissance. Site Selection, and
Property Ownership

Reconnaissance for horizontal control surveys should
be performed well in advance of the ammival of the ob-
serving party. Instructions for the reconnaissance should
define the area to be covered. the survey accuracy spec-
ified for the project, the desirable spacing of control
points, connections to existing s reys, and any special
requirgments for station locations including. on occa-
sion. those sites where particul 1se line and astro-
nomic observations are to be m: Information should
include any contracts. negotiations, or preliminary plan-
ning that involves another organization.

As a general rule, reconnaissance personnel are re-
sponsible for satisfying all requirements for strength of
figure. line of sight. and other technical specifications.
Before a survey can begin, permission must be secured
from property owners or managers. and special agree-
ments negotiated if necessary.

An office review of the proposed survey sho d then
be made to determine if all requirements have been sat-
istied. Select sites where the base lines will be measured

and tl  astronomic observations  tained. When the sur-
vey involver  long packs™ or helicopter suppor - reach
the st on sites. simulated studies should be undertaken

to confirm that the desired standard would be the most
economical. This approach is also recommended where
the configurations may be geometrically weak or of min-
imum strength. However. in most cases when the pri-
mary doubts - related to the sufficiency of scale or
orientation of a survey, it is often simpler to specify that
additional lines be measured or astronomic azimuths
observed rather than perform the computational studies.
U.S. Coast and Geodetic Survey Special Publication
225, Manual of reconnaissance tor triangulation (Mus-
setter 1959) provides details for executing a reconnais-
sance survey.

Connections to Existing Surveys

When connecting first- or second-order, class [ surveys
to established control, new measurements of previously
observed angles must be made to check the recovery of
these stations. If the new observations fail to check the
previously observed values by more than 2", the obser-
vations should be repeated and all field conditions that
might cause such changes investigated. The National
Geodetic Survey should be notified. It is possible that
justification exists for accepting check angles that exceed
this maximum. The length of at least one previously
observed line should be measured near the initial and
terminal stations to furnish additional scale for the ex-
isting triangulation or to act as an additional check on
the recovery of the station.

An integral part of the recovery of a station involves
the reobserva n and remeasurement of the directions
and distances to the reference marks. The directions to
the azimuth mark and to previously observed landmarks.
such as water tanks and church spires, should be inciuded
in the reobservation program. When significant differ-
ences are found, the newly obtained values should be
verified in the field and NGS notitied. The value for a
significant difference may vary under certain circum-
stances. In general, whenever the directions or distances
to the reference marks cannot be checked within 3" and
I cm. respectively. and the directions to the azimuth
marks and objects fail to agree within 10", specific men-
tion of these discrepancies should be noted in the re-
COVETY NOLES.

For second-order, class 11 or lower-order suneys, it
would be desirable to foliow the specifications cite  1ere.
If cost or time factors make this recommendation pro-
hibitive. a minimum requirement would be the verifi-
cation of the distances and directions to the reference
marks. If other stations or intersection points are visible,
observations shouid be made to these  ts and com-
pared with previously observed or computed vaiucs. It



is much better to orient a survey through azimuths to
other distant stations. which were previously observed
as part of the existing survey. than to use a nearby azi-
muth mark.

New surveys should normally begin and terminate at
control points with an accuracy equal to or higher than
that required for the new network. This does not preclude
connecting higher-order surveys to lower-order surveys
in special cases. For example. in a scientific or engi-
neering project, where the absolute geogruphic positions
are relatively unimporiant. a high intemal accuracy may
be required. Whenever practical and economical, sur-
vevors are requested to contribute data from all their
control surveying activities to NGS for inclusion in the
National Networks of Geodetic Control. 1n this instance.
pre ribed connections to the lower-order surveys are
acceptable. To obtain intemally consistent data the pub-
lished paosition of one previously cstablished point is held
fixed, and a minimum constrained adjustment of the new
observations is performed. On occasion. the new obser-
vations may be used to strengthen the lower-order sur-
veys in the vicinity through a readjustment of the old
observations. New observations can also be retained for
future use.

Established stations along a survey route should not
be bypassed simply because they may be difficult to
reach or require additional effort to connect. The 20
percent rule,”” described in the next section (p. 20). must
be rigorously followed. Many problems with the present
national network and with numerous local systems re-
sulted from the omission of connections to established
control at the time the nety were observed and adpusted.
even though the connections were included in subsequent
surveys.

Spacing of Control Points

Horizontal control points may be spaced at anyv re-
quired interval. Such spacing is restricted only by the
limitations of available instrumentation and techmical
procedures.

In triangulation and trilateration. the lengths of lines
are lly governed by the requirements of the project
inst sns, topographic conditions. and strength-of-
figure considerations. In general. national network first-
order stations are seldom spaced tess than 15 km apart;
second-order, class 1 control points, 10 km: and second-
orde :lass Il control points, 5 km. Spacing of survey
proje . inareas of intensive economic development may
be much closer, as stated in Classification. Stundards
of Accurucy, und General Specifications of Geodetic
Control Survevs (Federal Geodetic Control Committee

1974: table 23, Project instructions issued by Federal
agencies usually require that points be located at airports,
colleges. towns, along waterways, and principal high-
ways. Whenever practical. connections should be made
to honizontal and verlical monuments established by
other surveying and mapping agencies. These can be
main scheme stations if the strength of figure is main-
tained and, in the case of existing marks, the monu-
mentation is satisfactory. Otherwise. new control should
be established.

When selecting locations for horizontal control points.,
consideration should always be given to present or future
the control extension requirements, Therefore. as a part
of the observing schedule. prominent landmarks or nat-
ural objects should also be positioned by third-order in-
tersection methods.

As a general rule. the spacing of traverse stations is
restricted only by the minimum length-of-line specifi-
cation. However. traverses have littie or no inherent geo-
metric strength, such as that found in triangulation. and.
to a lesser extent, in trilateration. Design factors that
weaken traverse networks must be eliminated or mini-
mized. Specifically, traverses—whether a single-iine
type or interconnected networks—should be designe ' o
the routes between control stations are more or s
straight lines with the distances between new stations
{courses) of about equal length. Loop systems should be
essentially square or rectangular. For first- and second-
order. class | traverses. any deviation greater than 20°
from a straight linc should be avoided. It is important
that the courses be of nearly equai length,

When topography or other conditions necessitate the
introduction of abrupt changes in the routes. or require
shortened or expanded course lengths. additional obser-
vations should be considered. These tncluded observa-
tion of astronomic azimuths in the vicinity of the abrupt
changes. reobscrvations of the angles at these sites. or
remeasurements of the distances.

The specifications for traverse networks of higher ac-
curacy cited here ensure that the components involved
in position closures are directly related to the observa-
tional element involved in the particular component. For
example. the closure in latitude in an east-west traverse
should be directly related to the angulation or orien "Hn.
whereas the closure in longitude should be length-
related. Whenever abrupt changes or short courses are
interspersed with Tonger lines. it is extremely difficult
to evaluate a traverse network. For this reason strict
requirements must be specified.

The restrictions also apply to second-order. class Ii
traverses, where the stations are spuced to national net-
work specitications and when the purpose of the survey
is to supplement the national network. However, some






t erse angles, taking the route that contains the fewest
number of angles between fixed azimuths. The second
and succeeding closures are distributed in the same fash-
ion using the corrected azimuths, where applicable. from
previous computations. When a survey includes a com-
bination of methods. a careful review and judicious uti-
lization of the procedures described will generally pro-
vide an acceptable basis for judging whether the closures
meet the criteria.

Elevations of Horizontal Control
Points

Whenever distance measurements are made in the
course of performing control surveys to provide scale
or. as is the case in trilateration and traverse, a funda-
mental element in the positioning of points by these
methods, it is necessary to reduce the measurements to
the horizontal and to the mean sea-level surface (geoid).
For highest accuracy, it is often advisable to reduce dis-
tance measurement to the reference ellipsoid. (See Taped
Base Lines or Traverses. p. 17). For first- and second-
order, class 1 surveys, the use ot elevations is the pre-
ferred method. Although accurate elevations are desir-
able, the accuracy of the differences of elevation (as
opposed to absolute elevations) is of greater concem,
especially where these differences are responsible for
slope corrections in excess of 0.1 m. The reductions are
computed using the ¢levations of the points at which the
measurements were made, plus the accurately measured
heights above the stations of the instruments or reflectors.

It is preferable to determine elevations by spirit or
compensator leveling methods. either directly (that iy,
the stations also serve as bench marks in a leveling line)
or indirectly by connections to the bench marks. Because
most control stations are located in outlving areas. direct
* 5 are not usually possible. Most of the elevations for

se points are determined by trigonometric leveling
«nnig Zenith distance observations—a form of vertical
the computations.

Although the use of elevations to reduce measurements

lighly recommended for second-order. class 11 surveys
and surveys of lower accuracy. paricularly those. in-
volving trilat  tion. vertical angles may be used for the
reduction to the horizontal. Caution must be exercised
when the cosine of the vertical angle is used to reduce
slope measurements to the horizontal. [f the observations
are made only at one end of the line. the correction for
curvature and refraction should be applied as a general
practice, even if it does not significantly affect the cosine.
This correction is not necessary when observations are
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made at both ends of the line and a mean verticai angle
is used. In addition. any appreciable difference ~ 1 this
can be as little as 0.3 m) in the heights at wnicn the
vertical angles and the length measurements were se-
cured must be taken into account as another correction
to the observed vertical angle. The best procedure is to
compute the clevations of the marks at the two ends of
the line by the established zenith distance (vertical angle)
methads (reciprocal or otherwise). taking into account
instrument and target height. The resulting elevations are
then used to convert the slope lengths to the horizontal
andior to mean sea level distances by standard procedures,

Classification, Standards of Accuracy, and General
Specifications of Geodetic Control Survevs (Federal Geo-
detic Control Committee 1974: table 2} provides a lim-
itation on the number of figures over which trigonometric
feveling can be carried before a check on the elevations
is required. This check may be made against previously
determined trigonometric elevations derived from ob-
servations obtained using similar specifications. as re-
guired for the particutar survey or elevations from spirit
or compensator leveling. For those projects where the
clevations are required only to reduce isolated base lines.,
the elevation of one of the base line stations e be
scaled from a high guality map or. in some  es, de-
termined by a well-adjusted barometer ¢~ ~ttineter. This
procedure is permissible when connectious to points of
known elevation would involve considerable effort. The
difference of elevation between the stations at each base
line site could then be determined by spirit or compen-
sator leveling or reciprocal vertical angles. When em-
ploying these methods, remember that & change of 6.4
m 1n elevation will aftect the sea-level or ellipsoidal
reduction by 1 ppm. u change of 12.8 m will be aftected
by 2 ppm. cic,

Elevations are also required to reduce horizontal di-
rections observed at higher clevations and in mountain-
ous regions. and to reduce astronomic observations to
the reference surface.

The observational and computational procedures tor
vertical angle measurements for tniangulation and trila-
teration are discussed in U.S. Coast and Geodetic Survey
Special Publication 247, Manual of geodetic triangufa-
tion (Gossett 1959: 15, 103, 127, 139, 143, 184 and
U.§. Coast and Geodetic Survey Publication G-56. El-
evations from zenith distances (Poling 1947). Although
procedures for traverse are essentially the same. special
emphasis must be placed on observations over the short
or steep lines, which are more common to these surveys.
Because redundant observations are facking, extra care
must be exercised.

The number of required vertical angle observations is
published in Classificarion, Stundards of Accuracy, and



General Specifications of Geodetic Control Surveys
(Federal Geodetic Control Committee 1974: table 2. col-
umnar heading: “classification v ical angle observa-
tions’"). A single observation consists of one direct and
one reverse pointing. If the permissible spread between
the observations in a set is exceeded. the observations
must be repeated until a satisfactory set is obtained. The
heights of the instrument and target reflectors above the
marks must be accurately measured. Special care must
be exercised wherc the difference in elevation divided
by the distance exceeds 0.03. When this ratio approaches
0.1 and the distances are less than 300 m. consideration
should be given to leveling between the points. Refrac-
tion is a major consideration in obtaining accurate ver-
tical angle observations: observations should be made
when atmospberic conditions that cause vertical refrac-
tion are the most stable. In most areas the best time
period for vertical angle observations is hetween 10 a.m.
and 4 p.m. When the highest acc  wy s required. re-
ciprocal vertical angle observations should be made as
nearly simultaneously as possible during the 10-a.m. to
4-p.m. period.

Other Souices of Error

The specifications stated herein include requirements
for instrumental accuracy, the number of necessary ob-
servations. and the rtequired computational closures
which must be satistied to give reasonable assurance the
stated standard is met. Some of the other sections men-
tion additional precuutions. 1f these precautions are not
taken. lack of action may prevent the attainment of a
desired accuracy for a project. even if all major require-
ments have been met, The following procedures are pre-
cautionary suggestions rather than part of the formal
specifications.

Collimation and Eccentricity

These are related problems that affect the accuracy of
both angle and distance measurements. They may gen-
erally be categorized as the centering of instruments and
targets. The effect of erroneous ¢ :ring on distance
measurements is direct and rather obvious. For angula-
tion, however, the importance (especially on short lines)
must not be overlooked. With reasonable cure. angles
can be measured to a precision less than 170 over lines
of any length and an accuracy (3 sigma) approaching
this value for lines in excess of 400 m. With special
care, and in controlled situations. angles accurate (3
sigma) to 075 and less are possible. This is meaningless
if the instrument or targets are not centered over the
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marks and sufficient measurements are not obtained to
reduce the observations to the true points.

As a general rule, instruments and targets can be po-
sitioned within about | mm of the true center. An in-
strument or target may be deliberately or accidentally
operated or observed in an eccentric position, which is
usually a short distance {rom the true station. Accurate
measurements of the angle and distance invoiving the
eccentric and true points must be obtained in order to
reduce the observations to the true point or to maintain
the relationship of the points. The following examples
give some indication of the magnitude of angular errors
caused by small miscenterings. A 3-mm error in cen-
tering a target causes a 074 error at 1500 m and 47 at
150 m. For traverse points spaced at 130 m. if both the
target and instrument are miscentered by 3 mm, the angle
error could exceed 16”. The following formula gives the
maximum error in seconds of arc resulting from mis-
centering a signal by [ mm: E" = 206 5. where § is the
distance in meters.

Errors cuused by a lack of collimation adjustment in
theodolites. astronomic transits. and even precise levels
are usually eltminated by svmmetrical observations in
which the collimation error 1s introduced equally with
opposite signs. This is achieved in theodaolites and as-
tronomic transits by observing with the telescope in hoth
the direct and reverse positions. and in precise leveling
by balancing the sight distances.

Stabiliry and  gidity of Supports

In precise surveys the towers, stands, and (ripods mus
be stable. The use of driven stakes or some type of quick
setting vement for tripod leg supports may be required.
Catwalks. supported away from . ripod legs. may also
be necessary under some soil conditions to ensure sat-
isfactory results. Regular instrument tripods should
rarely be used in hrst- or second-order. class 1 surveys.

Phase Error

Phase error th  occurs in horizontal angle measure-
ment is attributable to an apparent displacement of a
target. Such displacements can be caused by unequal
daylight illumination of a target or by lighted targets that
are not pointed directly toward the observer. For precise
surveys, the use of carefully pointed illuminated targets
is recommended for both day and night operations. The
effect of phase error is the same as the effect described
for centering errors, except it is not often readily ap-
parent. Even when detected. phase error is not easily
corrected mathematically,



Refraction

A ray of light bends as it passes obliquely through air
strata of different densities. Most refraction of this type
is in the vertical plane. but frequently there is a meas-
urable component in the horizontal plane. Horizontal
refraction is one of the most uncertain factors encoun-
tered in the measurement of horizontal angles. Night
observations have occasionally been in error by 5" or 6"
and daylight observations by two or three times thesc
figures. Corrections tor retraction cannot be applied (o
observations, but a careful reconnaissance, avoiding sus-
piious topographic features and selecting the best avail-
due Observing conditions, will usually elimini =~ or sub-
stantially reduce this effect. For example. refraction
errors that appear in the form of grazing lines often occur
when the instrument’s line of sight is parallel to a sloping
hillside and the wind is simultaneously blowing away
from the slope. Another condition to avoid is the pres-
ence of obstructions near the ends of the lines. as they
might **bend’” the line of sight. U.§. Coast and Geodetic
Survey Special Publication 247, Manual of geodetic
triangulation {(Gossett 1950: 135) describes horizontal
refraction.

Shelter

Protecting instruments from uneven thermal expansion
and from wind vibration is often required for precise
surveys. Minimum protection should consist of a large
umbrella to block the Sun’s rays plus a wind screen if
needed. A full tent is recommended for lengthy obser-
vation schedules under adverse weather conditions.

Monumentation and Description

All first- and second-order, class I horizontal control
stations shall be monumented and described. In addition
to the station mark. monumentation also includes an
underground mark where possible. two or more reference
marks, and an azimuth mark. Another horizontal controt
point or, occasionally. landmarks visible from the
ground may be substituted for an azimuth mark. Al-
though observations to all objects. or to a representative
¢ 1ping of man-made or natural str ures, visible from
t  od height at a station should be included in the station
description. establishment of a monumented azimuth
mark is usually required. Many of these objects are sub-
ject o repairs or rebuilding in approximately the same
location, displacements caused by aging. and. in the case
of radio masts and other guyed structures, movement

caused by tightening, replacing, or adding guy wires or
sections. For these reasons. such objects should seldom
be used in place of a monumented azimuth mark. To
orient surveys. observations computed to landmarks or
natural objects are preferred over observations made to
nearby azimuth marks. However, these landmarks or
natural objects must be positively identifiable and located
at a substantial distance from the observer. In addition,
the observed objects must be well defined and have
known (or computable) azimuths.

These specifications are applicable to stations estab-
lished to second-order. class Il standards. But. as noted
previously. an occasional point marked in a temporary
fashion, particularly tor traverses. is permissible in some
circumstances. However, such occasions should be rare,
as 1t is not economical or proper to obtain guality results
without correct permanent monumentation and
descriptions.

Third-order monumented stations should be located
in protected areas, if possible, and should be described
with sufficient care to enable recovery at a future date.
Landmarks and natural objects determined to third-order
accuracy by intersection or traverse connection methods
should be described with adequate care and detail to give
reasonable assurance that the points may be positively
identified later.

When emplacing marks, the surveyor must consider
problems related to settlement in soft soils. possible
movement caused by freezing and thawing. long-term
erosion and wave action, and other natural or cultural
effects.

A witness post or sign should be placed near each
monument if local conditions permit to aid recovery and
to protect the marker against accidental destruction.

The station description shall include information on
how to reach the general location of the station site from
a town or from some prominent feature normally dis-
played on maps. A detailed description is written of each
monument. relating the location to nearby permanent
objects. Distances and directions to the reference marks
relative to the station mark shall be included.

These observations and measurements shall be deter-
mined with sufficient accuracy in order to: aid in the
recovery of the underground mark in the event the surface
mark is destroyed. replace the station in its original lo-
cation. establish a new station nearby, or permit a ref-
erence mark to uct as a substitute station.

U.S. Coast and Geodetic Survey Speciul Publicarion
247, Manual of geodetic triangulation (Gossett 1950)
and ESSA Technical Memorandum C&GSTM—3, Spec-
ifications for horizontal marks (Baker 1968) describe the
methods recommended for constructing monuments. in-
cluding station marks and designations.



Vertical Contrc Surveys

The National Vertical Control Network consists of a
hierarchy of interrelated nets which span the Nation.
Table 5 summarizes the classification of the various com-
ponents, The most crucial elements of this net are:

(1) A set of large circuits (loops) at an average grid

size of 100 to 300 km (shown in fig. 2 as basic
net A).
A subdivision of circuits with an average grid
size of 50 to 100 km. identified as basic net B.
A secondary densification net with a line spac-
ing of 10 to 50 km. This net provides additional
vertical control points. which are determined
using slightly lower accuracy standards.

Each level of the hierarchy is adjusted to conform to
net elevations having equal or higher accuracy. Eleva-
tions computed from a new survey cannot be given a
classification higher than that of the elevations which
were fixed to define the datum relationship in the ad-
justment. These primary and secondary nets provide a
common reference system for users’ needs. The total net
is shown in figure 3.

A continuing program of mark maintenance replaces
destroyed marks. relevels older lines of the primary net,
and extends control into areas having inadequate cov-
erage. This activity maintains the national vertical con-
trol net at a level of accuracy and availability consistent
with users” needs.

Bench mark elevations of the National Vertical Con-
trol Network are currently being published as normal
orthometric heights. (See U.S. Coast and Geodetic Sur-
vey Special Publication 240, Manual of leveling com-
putation and adjustment (Rappleye 1948a: 155).) Ele-
vations are referenced to the National Geodetic Vertical
Datum of 1929 (NGVD29) (Federal Register 1976).
Prior to September 1973, publications used the desig-
natton “*Sea Level Datum of 1929."" The 1929 datum
was established by constraining the combined United

and Canadian first-order leveling nets. us they
existed in 1929, to conform to n sed level (MSL) of
various epochs. These epochs were determined using
data gathered from 26 long-term tide stations along the
Atlantic and Pacific coasts and the ulf of Mexico (2]
in the United States and 5 in Canada). Qbserved spirit
level differences of elevation, referenced to the zero el-
evation of MSL at the 26 tide stations. were intercon-
nected to form a net of approximately 103.000 km of
first-order level lines. These observ  ons, after applying
orthometric corrections, comrections for other known sys-
tematic errors, and cous adjustment of loop
sclosures, provided a set of consistent orthometric
elevations for all bench marks in the adjusted system.
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This adjustment was called the "General Adjustment of
1929.7" The resulting elevations defined the svstem
which {with a few exceptions) was the basis of all sub-
sequent geodetic leveling in the United States. By (980,
a total of 700,000 km of new first- and second-order
leveling had been adjusted to this system.

First-Order, Class I
(Primary Vertical Control)

First-order. class | leveling is primarily used for basic
net A. (See table 5. It is also used for metropolitan arca
control. regional engineering. and crustal movement
projects. Line spacing for basic net A is 100 to 300 km.
depending on population density and use. The maximum
length of line between net junctions is 300 km. Bench
mark spacing averages 1.6 km. Maximum separation
does not exceed 3 km. Closer spacing is appropriate for
more densely populated arcas. Bench mark spacing is
reduced to less than T kmy along steep slopex in order to
avoid setting temporary bench marks. Sections are ob-
served either in both forward and backward directions,
or in one direction when using the double-simultaneous
mode. Gravity values are required at bench mark settings
if elevation differcnces and elevations are to be computed
in geopotential units (gpu). Gravity values can cither be
observed or interpolated from nearby observed gravity,
but the effect on geopotential heights is not allowed to
exceed the limits stated in table 6.

F t-Order. Class 11
(Primary Vertical Control)

First-order. class 11 leveling is most often used in
establishing basic net B, and for releveling portions of
basic net A. It is also employed for metropolitan area
control, regionul engineering. and crustal movement
studies. Line spacing oo basic net _ is between 50 to
100 km, with a maximum distance between junctions of
100 km. Tubles 5 and & summarize mark spacing. in-
strumentation, section runnings. and gravity requirements.

Se«  1-Order, Class 1
(Secondary Vertical Control)

Vertical surveys of second-order. class [ accuracy are
used for the secondary net, for metropolitan area control.
and for large engineering and crustal movement projects.
Line spacing 1 20 to 50 km. with 4 maximum distance



TABLE 5.—Synopsis of classifications for vertical control survevs

Orders of surveys and classes of accuracy

First-order First-order Second-order Second-order Third-order
Attributes class | class I class | class H —
Principal uses Basic net A Basic net B Secondary net Area control Local control
Line spacing (km} {km) {km} (km) (km)
National net 100-300 50-100 20-50 10-25 As needed
Metropolitan 2-8 2-8 0.5-1 As needed As needed
Maximum length of line
between junctions 300 100 50 50, double-run leveling 25, double-run ieveling
25, single-run leveling 10, single-run leveling
Mark spacing Average 1.6, Average 1.6, Average 1.6, Maximum 3 Maximum 3
maximum 3 maximum 3 maximum 3

Section runnings

[nstrumentation

Gravity’

Double-simultaneous’ or
t -ard and backward

Compensator or tilting fevel
with paralle] plate
micrometer and invar
double-scale rods

Observe or interpolate

Double-simultanecus' or
forward and backward

Compensator or tilting level
with parallel piate
micrometer and invar
double-scale rods

Obscrve or interpolate

Double-simultaneous' or
forward and backward

=25, double-run ]eyeling
<25, single-run leveling

Geodetic level and invar
scale rods

Compensator or tilting level
with paraliel plate
micrometer or three-wire
levels and invar scale rocs

Observe or interpolate Observe or interpolate

10, double-run leveling
<10, single-run leveling

Geodetic level and rods

Observe or interpolate

Used where it can be evaluated by loup closures.
ns are computed in geopotential units.

‘Required o cley
























ERROR SOURCES

Blunders:

Forward pin or plate movement between setups =----|=-——-————--=--~---- E

0.5 cm or larger errors in reading the red ------- ———mmmmmm R M W memmmm—m——— x

Backsight and foresight reversed for setup . T TP -“rr------- —— X

Systematic: R “

Gravity anomalies ——————————- S i g

piurnal Farth tides —=——m—— - R U

Rod verticality error ——---=-smmemem—s—so—oooo_ Lo M o—— XX L

Rod scale error ——--—--—--=-——————————m—o NS S S S L S

Fod invar thermal expansion —-----——--mmmmmmmmmm o ;lsl:ll;u||+¢thuh'hlh|h ||||||||||||| .

Rod index error ———--—-—----ee-ememse e eo oo —mmm e [ORNES J N N  E

Movement of tripod during sefup *vomToesss-su-seobooo——oo i J|J|L|L|||||x -

Gradual vertical movement of turning pins/plates: 3 I _ 1 _ :
during setup observationg —--—-===========m—m—eobe e %-u-x &u¢-¢ _ Jnlun-x $|n|.
between sSetups —~ T TT eSS —S—S oS —s——— oo ———— = A== g—q—g—g—q-———— W

Collimation change with refocusing =~-—-—o—--—oo-- R [ SN T S S S S

Collimation fluctuations with temperature -------- SRS SN S N h|||||L|L||I|P|T|TX

Collimatien il po—————— . .nllll.lllnullllll"ll“llllﬁl b ¥

Under Or OVEr COMPEeNS3ti0N - - mme b e ee L|||L|LIL|L||TL||I||L1L|X 4L Lw
O B I R R N
Random: “ “ “ “
Scintillation, short mmﬂvom 1 LtLox
POINLiING @rror ——— s e e - 4|¢r|T %
Refraction ———————--—-——-——-=- - —mmmccce—ce—c—aeo JIJ!L|1|J\\|I ++ [ .
Rod error in individual graduwations " " !
bl
[
[
[
[
1
1
1

PROCEDURES TO DETECT/CONTRCL ERRORS

lst order class IYI procedures

Rod observing sequence Ar, Ag, By, Bg, Bp, Ap —-------m-ommoommmmoooo
Rlways observe rod A on bench mark ——----——s—mssmmm———— e e
Level the instrument wnile pointing at rod A ---—-

Reverse directicn of running on alternate days

Use rods with two offset scales each ~=---=-r-—--
ChecK IOOP ClOSUEES == === e o o e e e e e e e o e e —w s

Check/adjust rod levels weekly -—-——-—-----—-——————nmnc--o --———-—-—---—-——--—}—
Check new leveling against old

Minimum sight ground clearance, 0.5 m
Use rods with braces

Field, standard NGS practices used

Leap~frog rods between setups --—

Field,

Maximum allowable (Ahp - Ahp) for setup, & 0.25 MM ---=-----o--m—oom—-ooom——oup

ith different scale offsets ——————-———— e na e

Use rod pairs w

B T L T e EE LR EE et

Use Ni-002 or NiA3l level

Pause 20 seconds after setup before ODSEYVING ———-—=--co—cmmc— o mmmo oo

Sm/
10 m accumulative for a section --—=-—==———mcmmmmmecdsremean === X

imbalance, backsight and foresight distances,
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Correct elevation differences for rod scale errors

Correct elevation differences for rod

Office

e m e ——————mm - ——

X

(invar} temperature --

X
—_———————d e i aam A ———— -

Correct elevation differences for refraction (model}

"

e  ———————— e ————

1
X

te in geopotential height system -—-——--—--——
Correct elevation differences far collimation error —-—-——-—~=—meemema e e e oo

ct elevation differences for Earth tides ----

Co
Coi

Leveling error sources and procedures employed for detection and control.

FiGure 4.



different rod constants and the recommended ohserving
sequence is used. The difference of the rod constants,
with appropriate sign, must be applied to the high scale
elevation difference betfore determining the check. If
double-scale rods with the same constants are used. the
blunder may be detected in forward- and backward-run
leveling by comparing forward and backward section
runnings. In double-simultanec  and single-run level-
ing. the blunder can be detected by comparing new lev-
eling to the previous leveling or by checking loop and
line closures. When leveling on a fat surface. the blunder
may not be detected unless  able-scale rods with dif-
ferent tod constants are useuw.

Svstematic Errors

Discrepancies that result from gravity anomalies can
be minimized by using observed or appropriate inter-
polated gravity values and then computing the results in
the geopotential height system. Errors from astronomic
cffects can be reduced by applying appropriate astro-
nomic corrections. The rod verticality error is reduced
by using rod braces and a well adjusted spherical level
attached to the rod. Rod scale and invar thermal expan-
sion errors can be minimized by applving corrections
determined from rod standardization results and observed
temperatures. Using an even number of setups for each
section and leapfrogging the rods cancel rod index errors.
If leapfrogging or an even number of setups is o used,
correcting for rod index errors or pairing rods with equal,
or nearly equal, index errors reduces this error.

The effect of a gradual movement of the instrument
tripod during an abservation tends to cancel itself if dou-
ble-scale rods are used with the recommended observing
sequence, and low and high scale elevation differences
arc meaned at each instrument station. If double-scale
rods or the recommended observing sequence ts not used,
the error is reduced by meaning forward and backward
section runnings, or by reversing tbe direction of running
on alternate sections or work days in double-simuita-
ncous or single-run leveling.

Rod support movement during the observing process
can be reduced by using turning pins, or wood=r stakes,
{when appropriate) or by using heavy turning piates set
firmly on the ground. The error can also be reduced by
using double-scale rods, with the recommended observ-
ing sequence, and meaning the resulting low and high
scale elevation differences at e 1 instrument station.
The error may be large enough to cause the low versus
high scale elevation difference check to fail and may
necessitate a reobservation of the setup rod readings, If
this procedure is not followed. t  error can be reduced
by meaning forward and backward section runnings. or

by reversing the direction of double-simultaneous or sin-
gle-run leveling on alternate sections or work days.
Closely balanced backsight and foresight distances at
each instrument station reduce collimation error Instru-
ments should be checked for collimation errer and ad-
justed if necessary prior to use. They should then be
rechecked at t-day to l-week intervals (depending on
the individual stability of the adjustment). If an instru-
ment is subjected to shock, it should be rechecked before
the survey continues, To the extent that a coliimation
error remains constant from the time it is determined
until leveling observations are made, runnings can be
corrected for the collimation error. However. this is not
often possible because collimation error tends to change
with changes in temperature and time. For the Ni 002
instrument. collimation errors are minimized 1f they are
symmetric about the quasi-absolute horizon in the two
compensator positions and if the instrument 15 used as
described. Except for the Ni 002. compensutor instru-
ments should : checked weekly for compensator error.
Refraction errors can be minimized by increasing the
height of instrument and by reducing sight distances
when refraction conditions are unfavorable (the effect
of refraction is proportional to the square of the sight
distance). The worst refraction conditions occur when
the observer is observing near the top of onc rod and the
bottom of the other. with maximum allowable sight dis-
tances on sunny. windless days. Refraction does not
usually cause serious leveling errors when observations
are made over level ground (readings on the two rods
are almost ec 1) and sight distances are balanced. The
amount of refraction error is usually less on cloudy.
windy days. e line of sight should never be nearer
than 0.5 m to the ground along either the backsight or
foresight. When two or more temperatures are observed
at significantly different heights above the ground along
the line of sight. refraction ermors can be reduced by
computing and applying refraction corrections. These
errors can also be reduced by applving refraction cor-
rections using obst  ed or modeled temperature profiles.

Random Errors

Sbon-peried scintillation (*"boiling™ of air) causes rod
graduation images to appear unstable or blurred and in-
creases pointing error. This error can be mininuzed by
increasing the height of the instrument, reducing sight
distances. or by meantng multiple micrometer readings
and using the mean as the rod observation.

Long-period scintillation can cause an ermor of ! nun
or more in a tle rod reading. This condition usually
occurs when the temperature gradient is positive. (Alr



near the ground is cooler than the air above.} Positive
temperature gradients usually occur at night, in the early
moming. and in late afternoon. Minimizing this error
requires that observations be taken only when the tem-
perature gradient is negative. (Air layers close to the
ground are warmer than the layers above.) If instruments
are not available to measure temperature profiles. ob-
servations should be made during the time interval from
24 hours after sunrise to % hour before sunset. The
error may be detected by comparing forward and back-
ward section runnings. or by comparing new to previous
leveling in double-simultanzous or single-run leveling.
The problem may also be detected by observing the ret-
icule against a rod graduation for about | minute. If the
rod graduation remains stable relative to the reticule.
long-period scintillation is probably not present.

Random pointing or reading errors result from a com-
bination of factors involving the instrument. observer,
and sight length. This error depends on the ability ol the
observer to set the horizontal “*V'™ of the reticule on a
rod graduation using the micrometer, or to estimate the
read*~7 in three-wire or single-wire leveling. The error
can  detected and reduced in the same manner as short-
period scintillation errors.

Errors caused by inconsistencies in rod graduations
can be reduced by using double-scale rods. observing
two readings on each rod. and meaning the resulting low
and high scale elevation differences for each instrument
station. The errors can be minimized by calibrating each
rod ~-aduation and using the calibrated. instead of the
non al. values of the graduations.

Monumentation and Description

Permanent bench marks should be established at -
to 3-km intervals. The average distance between bench
marks along a line should be 1.6 km. If there are no
bedrock outcrops or suitable stable structures (at least
5 years old) in which to set marks, rod-type bench marks
should be used. Consult NOAA Manual NOS NGS |,
¢ detic” [ - T
mation. In determining the required density . bench marks
that have been adequately set by other organizations
shc..1 be used to comply with the density requirement.
Other types of marks. such as chiseled squares. bolts.
riverts. and unmarked points cannot be considered in the
density requirement. In areas studied for rapid earth
movement, it is good practice to space bench marks at
0.75 km or less along each line. A sufficient number of
high quality marks should be set to define the areas of

35

movement and to ensure the continuation of leveling
records.

For first-order leveling. at locations where line junc-
tions are planned or already exist. three highly stable
bench marks should be established within a radius of
about 1 km and spaced so all the marks will not be
affected by the sume local disturbance. A minimum of
two highly stable bench marks should be set within a
radius of about | km from the intersection of first- and
second-order or two second-order lines. Junctions with
third-order lines do not require multiple bench marks.
Bench marks set in bedrock, deep rod marks anchored
in a stable carth stratum or solid rock. or disks set in old
massive structures with deep foundations should be used
tor first-order junctions. Tie-leveling to bedrock bench
marks located as far as 8 km from a line junction is
highly recommended. Bench marks set in stable build-
ings. or structures, or deep rod marks set in a stable earth
stratum or solid rock. may be used for second-order
junctions.

Except in unusual cases, permanent bench marks
should be set several weeks before the first leveling of
the line. to allow time for stabilization. If it is necessary
to set new marks during the leveling survey. those set
in bedrock or in older structures with foundations on
bedrock are not iikely to change significantly. Bench
marks should be set in bedrock outcrops whenever pos-
sible. Sleeved deep-rod marks set in bedrock or stable
strata are usually stable and can be leveled almost im-
mediately. All new permanent bench marks must be
marked by a metal tablet. secured into rock. brick. stone.
concrete, or to the top of a metal rod or pipe. Exceptions
include certain special deep marks, where the identifi-
cation may be cast in a concrete or metal cover.

Whenever a bench mark is set, a witness sign should
be set nearby to aid in future recoveries and to prevent
unnecessary destruction of the mark during construction
work. Omit the witness sign if it would be unsightly,
pose a hazard to traffic, or is so requested by the property
owner.

When a permanent bench mark is established or con-
nected to the level net for the first time, a description
report should be prepared. Recovery notes should be

wered bent  marks which have been
previously described. For details on preparing descrip-
tions and recovery notes, see publications by Pfeifer and
Morrison (19807 and Whalen (1979). Descriptions
recovery information should be written with sufficic..
detail to locate the site of the bench mark easily. in-
cluding the distance and direction from the witness sign.
A sufficient number of reference points should be pro-
vided to facilitate bench mark recovery it physical
changes occur at the site.



Gravity in Vertical Control Surveys

The equipotential surface. which 1s everywhere nor-
mal to gravity, having the same geopotential as mean
sea level is called the geoid. Since the Earth is not ho-
mogeneous, the geoid is an undulating surface. An el-
lipsoid which approximates the geoid surface is used to
compute gravity anomalies. Adec tely spaced gravity
stations cao be used to estimate gravity at bench marks
where actual gravity was not observed.

The level bubble (or the compensator in compensator
levels) indicates the local direction of gravity. nor the
geodetic ellipsoid. Gravity is the resultant of gravita-
tional attraction and the centrifugal force produced by
the Earth’s rotation. Gravitation attraction varies by a
small amount over the Earth’s  face. but centrifugal
force varies from zero at the poles to a maximum at the
Equator. Rotational forces are also different at different
elevations. These cause level surfaces to be nonparallel.

Because level surfaces are not parallel. it is necessary
to use one of two principal approaches when adjusting
leveling nets that cover a large area. The first approach,
used in the General Adjustment of 1929 (and currently
used in the reduction of subsequent leveling to NGVD29),
is to apply an “‘orthometric™’ correction to the north-
south range of leveling lines to correct for the northward
convergence ol equipotential surfaces. Theoretical {nor-
mal} gravity at the mean latitudes of the level lines. or
sections, is used for this method. This correction coun-
teracts the nonparallelism of level surfaces that previ-
ously distorted elevations in the north-south direction.
Orthometric corrections that are based on normal gravity
are inexact because they do not take gravity a malies
into account. Precise orthometric height differences can
be computed using observed gravity values.

A second procedure computes and adjusts leveling
nets on the basis of geopotential differences. The geo-
potential difference between two points incorporates both
observed gravity and the observec :ight difference. This
procedure is more exact than the procedure that does not
incorporate gravity anomalies. 1  resulti-—— e -ations
in geopotential units can be converted to orthometric
values by several methods. In order to compute in the
gpu system, gravity (either observed or appropriately
interpolated) must be known at bench marks to the tol-
erances given in table 6. Elevations in gpu are the same
f-- a given point or level surface regardless of the lev-
¢....g route. Therefore, adjusted elevations in geopoten-
tial units give the true relationship (hvdrostatic head}
between bench marks. Although scientists have recog-
nized for many years that ~pu are superior to > ""or-
thometric™” procedure whicn ince  orates normal grav-
ity, no effort was made to convert to the gpu system
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because the cost of determining actual gravity by pen-
dulum instruments was prohibitive.

Relatively inexpensive gravity observations can now
be made using modern gravity meters. In a systematic
releveling and readjustment of the primary net of vertical
control surveys, gravity anomalies will be incorporated
into the final results for computations and adjusiments
in gpu. Orthometric elevations computed from gpu will
also be published.

Doppler Satellite Surveys

Doppler satellite surveying is a method of determining
positions of points on the Earth’s surface by observing
the Doppler shift of radio transmissions from satellites
of the U.S. Navy Navigation Satellite System (NNSS).
NNSS was developed for the Navy as a worldwide all-
weather navigation system. and provides position fixes
at time intervals of 2 hours or less. Observations of these
satellites began in 1971, when portable tracking receivers
first established precise positions on the Earth's surface.
Since then, the application of Doppler satellite surveying
techniques expanded, until today they are used world-
wide (Defense Mapping Agency National Ocean Survey
1976. 1979).

Specifications in this section provide guidance in
methodology for Doppler surveying activities. They are
the result of extensive field tests performed by NOAA/
NOS National Geodetic Survey. the Defense Mapping
Agency {DMA), and the Geodetic Survey of Canuda.
The Doppler  cifications. in particular the standards
of accuracy for Doppler surveying are considered to be
provisional until further tests are completed with various
station spacings and network configurations. utilizing
improved tracking equipment and refined computer pro-
grams for the  luction of data.

System Description

Five operational satellites currently are in circular po-
lar orbit approximately 1000 km above the Earth’s sur-
face. Orbital periods are approximately 105 minutes. The
Earth’s rotation causes a satellite to cross the Equator
on each revolution approximately = in longitude west
of the previous crossing. Table & fists the NNSS sarellites
now in orbit. The satellites transmit two ultrastable co-









TABLE 9.—Accuracy estimates attainable in 1979 for Doppler satelfite survevs

Estimated accuracies®
Approximate

Number number of Geocentric Relative positions

Satellite of observation (Ty, Oy, 17;) (og)

Reduction method ephemeris passes' days* cm cm

Point-positioning Precise 30 E 70 50¢

Simultaneous point-

positioning Precise 80 14 50 35°
Broadcast

Translocation precise 40 Ey e 5
Broadcast’

Shont-are precise 30 r —_— 30

‘Representative of the number of passes necessary o achicve stated accuracy estimates: morc or fewer passes may give different results.

“Based on the number of passes available on a typical day at latitudes ranging from 25°-45°.

*Rough estimates of possible accuracies (1a). The values will vary, depending on data quality. Data quality is related to instrumental errors.
local effects, and degree of refinement of computer programs used for reduction. In addition. for relative positioning the accuracy estimates depend

on the number of receivers available and network design.

“When using only precise ephemerides, there are usually only two satellites available: six to seven passes per day.

‘Relative position uncenainties for station spacings of 200 to 4000 km.

*When using only broadcast ephemerides, as many as tive satellites are now avaitable: 14 10 20 passes per day.

“"Relative position uncenainties for distances to about 200 km between stations. Station spacings of 200-500 km will result in larger errors.

antenna/preamplifier. and cables. Some have a micro-
processor. The power requirements range from about 10
to 125 watts,

The reference frequency for the receivers is usuably
built into the system as 5 x 10 ' parts per 100 seconds
{or better). The frequency drift may be periodically mon-
itored during field operations to verify frequency stabil-
ity. Atomic frequency standards with short-term stability
of better than 5 X 10~ parts per 100 seconds can be
used as an auxiliary reference frequency source. To en-
sure the collection of high-quality data, crystal oscillators
must either be connected continuously to a power source
during transport between stations or be powered for a
minimum period (typically | to 3 days) before initiating
data collection. For atomic frequency standards less
warm-up time (for stabilization) is required before the
observations are begun.

As a general rule, the two primary req © ments for
successful operation at a Doppler survey station are a
relatively unobstructed horizon and the absence of radio
mterference. Additional factors which must be consid-
ered when selecting a site are security. local survey re-
quirements, and electrical power requirements.,

Signal reception.  The satellite signal is an electromag-
netic wave which may be absorbed or refracted if phys-
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ical objects block the ray path between the satellite and
the ground receiver. Therefore. the antenna must be lo-
cated where there are no obstructions above 10° of the
horizon. If possible, the antenna should be positioned
at normal tripod height. Under special circumstances,

it may be necessary to elevate the antenna above trees
or other obstructions by mounting it on a mast. Suc-

cessful observations are possible by using such a mast,
provided the antenna ground plane is effective in mini-
mizing muitipath problems. The antenna can be placed
on a flat-roofed building if it is placed at least 2 m from
the building edge. The antenna cannot be located near
metal structures because reflected signals may cause the
reception of two signals whose phase relationship would
produce poor quality data.

Interfering signals. The antenna should be located
where minimum radio interference occurs: near the fre-
quency range of 150 and 400 MHz. Medium frequency
radar and high power transmutting antennas must be
avoided ° may emit sufficient radio energy
to dam . . [
monics may intertere with the 150 MHz
signals. High voltage power lines and transfonn s, or
excessive noise from automotive ignition systems, must
also be  oided. Interference is a functi  of the inter-
fering trequency and its signal strength.

Antenna environment. Doppler receiver an  .nas are
generally designed to withstand exposure t the ele-
ments. Antennas are sealed to protect them from mois-
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ture. They can operate at temperatures ranging from less
than O°F to more than + 100°F (- 18" to + 38°C},
Receiver location.  Because it 1s necessary to intercon-
nect the receiver and the antenna/preamplifier, the re-
ceiver must be located within ) m of the antenna (the
normal cable length provided by the manufacturer). A
longer but heavier cable (up to 60 m) may be used.
Although newer receivers with self-contained recording
devises are built to be durable, waterproof. and dust-
proof. protection from animals and certain environmental
conditions (extreme temperatures, winds, or other severe
weather conditions) should be  ovided.

Survev requirements. The basic survey requirements
to be considered when selecting a Doppler survey site
are:

1. Each Doppler station shall be monumented or
marked. The station monument shall contain a disk
stamped with the name of the establishing agency. the
station name or number, and the year in which the station
was established. (Doppler statjons that will be incor-
porated into the NGS national network must have a num-
bered station designation; this is assigned by the agency
responsible for incorporating the Doppler station posi-
tional information into the network.)

2. The antenna shall be located so it is directly above
the station mark.

3. At least two reference marks, preferably three,
shall be located within 30 m of the station monument.
Distances, horizontal angles, and differences in eleva-
tions must be measured to facilitate future recovery and
verification of the Doppler station.

4. If local ties are to be made to the Doppler station.
it may be necessary to establish an additional reference
mark for use as an azimuth mark. Depending on accuracy
requirements, the azimuth can be determined from as-
tronomic or sun azimuth observations or by using a north-
seeking gyro-theodolite. A less accurate azimuth may
also be determined by performing simuttaneous Doppler
observations between the azimuth mark and the station.

| then reduci~~ the data by a relative positioni
method.

5. Depending on the application and required preci-
sion of the Doppler surveys, d  ction of the verticat
components may be required for the primary stations.

6. A precise elevation referred  the National Geo-
detic Vertical Datum of 1929 (NGVD29) shall be de-
termined for all first-order or primary Doppler stations,
including the base stations of a relative net of Doppler
stattons.

7. I a tie is to be made to local geodetic control, the
Doppler station monument must be located so local sur-
vey marks are intervisible.
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8. To facilitate recovery or to provide control for aer-
ial photography, it may be necessary to photoidentify
the station directly on available photography. If the sta-
tion cannot be photoidentified directly. three photoiden-
tifiable obje , at least 200 m apart, should be selected
in the vicinity of the station. A survey tie shall be per-
formed between these objects and the Doppler station.

Additional information on recommended specifica-

tions for monumentation. description. and vertical and
horizontal ties to local control appears in the sections on
Horizontal Control Surveys (p. 22) and Vertical Control
Surveys (p. 34).
Power Requirements. Receivers that consume about
100 watts require altermating current from a commercial
source or a small generator. Receivers with low power
requirements (5 to 10 watts) can operate from a variety
of rechargeable battery systems. Nearly all modem sys-
tems can operate for a period of 48 hours or more using
a standard 80 ampere-hour. 12-volt battery.

Choice of Base Stations

At least one base station of a relative net of Doppler
stations shall be occupied simultaneously when one or
more new stations are being established. The base station
must be an astronomic or primary geodetic station and
have a precise elevation (which is referred to the NGVD),
The base station shall be within 500 km of the new
station(s) when data are reduced by the translocation or
short-arc methods. The network can be strengthened by
an interlocking pattem of simultaneous observutions at
three or more stations.

Spacing of Stations

The spacing of a network of Doppler stations deter-
mines the order of survey produced by the observations.
Table 10 shows the minimum spacing between Doppler
stations. Values are based on I-sigma Doppler relative
positioning accuracies (oy) given in table 9 and on the
following formula:

2.00 _.ppl relative positional
accuracy (gy)

Minimum Distance - -
Allowable relative positional
accuracy
{expressed as_a rativ}

This formula is based on using a Y3-percent conlidence
region in terms of a linear error. The value for oy 15 the
uncertainty at the 68-percent confidence level in deter-
mining the base line vector between two stations. The
95-percent confidence region is approximately two times
larger than that of the linear standard error,
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