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DETAILED GRAVIMETRIC GEOID AND SATELLITE ALTIMETRY SEA SURFACE
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B. Gruzinskaya, 10
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‘Abstract

We computed the detailed gravimetric geoid of the North-West Pacific Ocean
{Kuril-Japan area and vicinity) using 20' x 30' area averaged gravity anomalies
and the GRIM 3B global gravity model, and compared this geoid to the sea-
surface topography (SST) derived from the Seasat-Geos 3 satellite altimetry
experiments. The difference map SST minus gravimetric geoid was constructed.
Using numerical experiments, we show that (a) large deviations of 8 to 10
meters in the belt between the island arc and trench arise from the systematic
error in the mapping of sea gravimetry, (b) a radius of the Stokes' integration
cap should not exceed 10 degrees to supress longwavelength errors of the sea
gravimetry. Deviations of the SST from the gravimetric geoid on the level of 2
meters in the vicinity of the Kuroshio current are probably due to the

oceanographic effect.

Introduction

The sea-surface topography (SST) is known from satellite altimetry with an
accuracy of about 0.3 meter and with a spatial resolution of 30 to 80
kilometers (Marks and Sailor, 1986). This surface deviates from the geoid due
to various oceanographic effects. Thus differences SST-geoid bear information
on the general circulation of the World ocean, on the dynamics of oceanic

fronts and synoptic events. The monitoring of these deviations, which are less
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than 2 meters (Wunsch and Gaposchkin, 1880) will revolutionize physical
oceanography. However, the determination of the oceanic geoid from sea
gravimetry is still a problem if an accuracy of about 0.2 meter is necessary
{Zlotnicki, 1982). The Stokes'-Molodenski's theory requires that (a) the
convolution integral of the measured gravity anomaly be computed over the
spherical cap O {(b) distant zones, that is gravity anomalies outside g. be
computed using the global longwavelength gravity model.

Efforts of many authors have been aimed at optimizing the convolution
kernel (Ostach, 1970) and at estimating errors associated with the global field
model (Jekeli, 1981).

In this study we show that the accuracy of the gravimetric geoid is
limited by the long wavelength errors of gravity measurements and by the errors
of mapping gravity anomalies from discrete tracks of the sea gravimetry
campaigns. We analyze the long wavelength error for optimal kernels and apply
these results to the computation of the gravimetric geoid in the area in the

North-West Pacific Ocean.

Data

Sea Gravimetry

For performing Stokes’' numerical integration we mainly wused the Free-Air
Gravity Anomaly Map of Watts, Kogan, and Bodine (1978), as averaged over
20°' of latitude by 30' of longitude. Gaps over oceanic and adjacent
continental areas were filled-in with 1° x 1° averages. In the studied
area of the North-West Pacific, free-air anomalies make a paired belt with
an intense high of 300 mgal over the Japan-Kuril-Aleutian island arcs and
an intense low of - 250 mgal over the corresponding trenches. This belt is
observed against the mild positive regional background over the marginal
basins of the Japan, Okhotsk, and Bering seas and over the outer seafloor

rises seaward of trenches (Kogan, 1975).

Satellite Altimetry

Fig. 1 shows the SST from the 0:5 x 0.5 grid constructed from the
combined Seasat and Geos 3 NASA satellites data (Rapp, 1985). An SST high
of 25-30 meters over island arcs and a low of - 4 meters over the trenches
are observed. Regional SST 1is positive, decreasing gently from 20-30
meters over marginal seas to zero over the North-West Pacific ocean basin.
Essentially the image of SST is a smoothed version of the image of free-
alr anomalies as it should be.

Note that the studied area is a segment of the global system of positive
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geoid belts over subduction zones of the oceanic lithosphere.
Computation of the Gravimetric Geoid
The main relation to computes the gravimetric geoid was used as

-+ >, -2,
N oir) = R/{&uG] jﬁ [ Ag (z') - Agm {(r'} 1 x
c

- ) s L
[s ($;.;§ s ($c) 1 do {£7) %m {r'} {1}
where ?, ?' are radius-vectors of the center of cap O, and of a current point
in the cap, Ag and Agm are measured and global model free-air anomalies,
b, , 1is the angle made by 2 and T', wc is the. angular radius of the cap, N
ig'ihe Stokes' function, and Nm is a model value of the.geoid height. We wused
the GRIM 38 global gravity field model {(Reigber et al., 1983).

Two properties of the basic relation 1 should be reminded.

(1) The suboptimal kernel of Ostach-Meissl is used.

{2) In the theory of M.S. Molodenski the measured values of Ag(?') are
convolved while distant zones are accounted for through the
coefficients of a series which depend on the cap size. Relation 1 is
mathematically equivalent and much.more convenient computationally.

To make the Stokes' integration over the cap, average values of Stokes'
function over all compartments do (£') for various mc are necessary. Careful
calculation of these values is more important for central compartments since
S (h) » 2/% + 0 (1) at small § such that a value of S in the center of a
compartment differs significantly from an average over the compartment. This
aspect is either ignored (Marsh and Vincent, 1974), or solved by using smaller
central compartments. 2-D numerical integration techniques based on Newton-
Lagrange formulas of order up to 17 have also been wused {Balmino, 1882) but
require much computer time. We preferred to use an analytical approximation in
terms of £ and ¥’ for the evaluation of the contribution of the “central”
value of S in order to reduce it to the average over the compartment. Thus we
were able to employ standard compartments 20" x 30°.

In M.S. Molodenski's theory of integration over a cap an estimator is
provided for the r.m.s. error in the geoid due to the truncation of the global
model. This analysis was later complemented with estimates of errors 1in the
retained harmonic coefficients based on some assumed error model (Jekeli,
1981). We made numerical experiments by calculating geoid heights with various
cap sizes and various truncations of the GRIM 3B model (Table 1). It was

obvious that if all harmonics up to degree 36 are retained, there 1is only an
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insignificant change as compared to the 20th degree first harmonics. Indeed it
could he expected that a contribution of higher harmonics decreases rapidly
with an increase in degree and order since the Earth's gravitational spectrum

is very “"red However its specific structure is not well known and may depend
on the mathematical method which was used to develop the field model.

Errors in the gravimetric geoid arising from the errors and incompleteness
in gravity measurements are poorly known since there is no reliable model of
errors in sea gravimetry. The largest errors in the geoid are due to
long wavelength errors in surveying which then appear as a systematic error in
the integration over a cap. The importance of this error depends on the kernel
and on the cap size. Fig. 2 shows the dependence of the error in the geoid on
the systematic error in the gravity anomaly for Stokes' and Ostach-Meissl's
kernels over a wide range of the cap size. Because the kernels keep the same
positive sign up to large values of ¢, the error in the geoid may reach 2-3
meters even with a small error in the measurements of 1-2 mgal. We cannot rule
out a chance that the effect of a systematic error in sea gravimetry decreases
with an increase in the cap size. However it is a typical case that the gravity
map of a large part of the ocean is based on a single cruise or on a number of
crulses with similar gravimeters such that a systematic error on a level about
1 mgal may prevail over wide areas. As shown in Fig. 2, an influence of such
error is roughly proportional to the cap size, so that a minimal value of wc
should be adopted, which is still supported by the global model used if we
neglect their long wavelength error as compared to the gravity measurement
errors ; that is we take wc ¢ 360°/nmax degrees where nmax is the highest

degree retained in the model.
Analysis of Deviations : SST Minus Gravimetric 6Geoid

A systematic error of our marine gravity data set of 1.8 mgal was found
with respect to GRIM 3B in this area. It gives rise to a systematic error in
marine gravimetric geoid (MGG) which depends on the cap size (Fig. 2). We
removed this error from all subsequent comparisons of SST with MGG. Fig. 3
shows a map of MGG and Fig. 4 shows a difference map SST-MGG. These deviations
are mostly within 2-meter limit with a notable exception in the trench area
where a pronounced narrow belt of positive differences, as large as 8-10
meters, extends parallel to the trench. Largest deviations are roughly in the
middle between the trench and the volcanic line of the island arc. It 1is easy
to show that such discrepancies reflect typical errors in contouring the sea
gravity data over the island arc. In fact, all ship tracks run through straits

of the island arc where the sea floor topography is relatively low. As a result
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we mayv expect that such data are sysiematically biased to low values due to the
well-known correlation of the local gravity with the topography. Simple
estimates show that an error in the contoured map by 50 mgal across the belt
200-km wide results in a systematic error in MGG of 8§ meters.

The differences SST-MGE in the South-Eastern corner of the studied area
correlate well with the Jlocation and strike of the Kuroshio current. An
amplitude of the deviation of 2 meters seems fo be a realistic expression of an
oceanographic effect.

it should be noted that our map of MG6 deviates by more than 10 meters
from that of Watts and Leeds (1977). The method of these authors differs from
ours in the following respects : {a) Stokes' kernel was used rather than Ostach-
Meissl suboptimal kernel, {(b) an integration over an irregularly-shaped area
was done with a cap size O_ of about 30 degrees which may result in important
systematic errors, (c) the spherical harmonic model GEM & was wused which was
appropriate in 1977 but which is inferior to the later GEM (NASA) and GRIM

{German-French) models, {d) 1° x 1° averaged gravity anomalies were used.

Conclusions

1. In order to monitor deviations of the sea-surface topography (SST} from
the geoid, it is necessary to have sea gravimetry data with a spatial
resolution of 20-30 km and with a systematic error less than 0.3 mgal

over areas 2000-km wide,

2. To suppress the effect of systematic errors in sea gravimetry on the
marine gravimetric geoid (MG6G), a minimal radius of numerical
integration should be used up to the limit supported by the global

field spherical harmonics model,.

3. Spherical harmonics of degree and order higher than 20 in the GRIM 3B

global model are of no practical importance in computations of MGG.

4, We computed the detailed MGG of the North-West Pacific Ocean and found
deviations of SST versus MGG as large as 10 meters between the Kuril
Island arc and trench. We attribute these large deviations mainly to a
systematic error in contouring discrete gravity surveys. Deviations
over the Kuroshio current seem to be realistic as they seem to reflect
the oceanographic effect. Levitus sea surface topography model in
spherical harmonics (or in map form) will be wused in the future and

correlations established by some automatic means.
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TABLE 1

Standard deviation between marine gravimetric geoids
computed with the GRIM 3B model compleie to 20th and to 38th degree

and order and with various cap sizes

20" lat by 30' lon 1 by 1 degree
grid grid
b, (deg.) 10 16 20 24 10 16 20 24
Deviation (meter) 0.13 0.08 0.05 0.0% 0.1 0.09 0.086 0.05

{deg. 36-deg. 20)
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FIGURE CAPTIONS

Fig. 1. Sea-surface topography (SST) from Seasat and Geos 3 satellite altimetry
with respect to the IAG80 reference ellipsoid. Contour interval is 5

meter. North-West Pacific Ocean.

Fig. 2 Theoretical dependence of an error in the gravimetric geoid on the
systematic error in sea gravimetry for the integration kernels of Stokes
and of Ostach-Meissl {(continuous curves). Observed values (that is with

respect to GRIM 3B) for the North-West Pacific are also shown.

Fig. 3 Marine gravimetric geoid (MGG) over the North-West Pacific Ocean.

Contour interval is 5 meter.

Fig. 4 Differences SST minus MGG over the North-West Pacific Ocean. Contour

interval is 2 meter.
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ABSTRACT

The Department of Defense Gravity Library (DODGL) maintains an automated file
of worldwide surface gravity observations. The gravity information in the database
has been acquired from numerous sources including many scientific and government
organizations, educational institutions, and private companies. %o establish the
quality of the gravity data in the database the data is subjected to review and
evaluation and referenced to a common datum, the International Gravity
Standardization Net of 1971 (IGSN 71). The data evaluation process is designed to
eliminate duplicate data and reduce errors to a minimum. Error sources include
instrument and recording errQrs, horizontal or vertical positioning errors, data
correction (reduction) errors, and uncertainties in base station connections and
the IGSN 71. Relationships and fit between individual data sets are also a
consideration. Based on results from the evaluation process, gravity data is
deleted, modified, or adjusted to obtain the most error free data possible. An
accuracy value is assigned to each gravity observation based upon all findings from
the evaluation. When the evaluation of a data set has been completed, the database
is updated to reflect the evaluated data. Due to ongoing gravity data acquisition,

evaluation is a continuing process.
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INTRODUCTION

The degree of success of many projects which make use of gravimetric data and
products is dependent on the quality and consistency of data in the Point Gravity
Anomaly (PGA) Master File. The PGA Master File (or PGA Database) 1is an automated
file of worldwide gravity observations. The sources of gra@ity information
contained in the file cover a broad spectrum of the scientific and technical
community. Scientific, government, and private organizations send to and exchange
data with the Department of Defense Gravity Library (DODGL). Data sources include
the United States Naval Oceanographic Office (NAVOCEANO), the Defense Mapping Agency
Hydrographic/Topographic Center (DMAHTC), the National Oceanographic and Atmospheric
Administration (NOAA), the Unites States Geological Survey (USGS), the geophysical
exploration companies, universities and institutions involved in geodetic or
geophysical research (national and international), state agencies, and agencies of
foreign government [Boyer,1974].

A reconciliation or interrelation process is necessary to achieve commonality
between data sets within the PGA Master File. To realize this homogeneity, gravity
data accessioned to the PGA Database is subjected to examination and evaluation.
The primary purpose for an in-depth evaluation of data 1is quality control. The
procedures which constitute the task are designed to ensure gravity data placed
in the PGA Database ‘is of an acceptable accuracy, that all data is consistent, and
that the most acceptable version of similiar data sets is accessioned [Scheibe et
al., 1983]. As a result of this process, erroneous gravity data is removed from the
database, identified systematic errors are removed, and all data is tied to the same
datum.

All data sets sent to the DODGL are similar in nature. All contain data derived

from observed gravity values. However, they are quite dissimilar since the data is
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collected from a variety of sources and has been surveyed at different times for
different purposes under various environmental conditions, using various types of
equipment, surveying procedures, and data reduction methods [Boyer,1974].

For evaluation purposes, the earth's surface 1is divided into regions
corresponding to the areas covered by the 1:1,000,000 scale Operational Navigation
Charts (ONC) produced by the Defense Mapping Agency Aerospace Cente%. The ONC areas
are evaluated (more appropriately, re—~evaluated) periodically. Frequency of
evaluation is dependent on the amount of accession activity in the area as well as
the current importance of the area (with respect to priority project demands).
Determining the order in which ONC areas will be evaluated is a function of
allocating the most important areas to the available manpower. Areas with a high
degree of accession activity or project priority are evaluated more frequently
[Scheibe et al., 1983].

The evaluation process consists of nine stages. These are: (1) assembly of
gravity data, associated information, and evaluation aids, (2) knowledge of the
surveying organization, (3) a general trend analysis of area and data,
(4) elimination of duplicate data, (5) detection and resolution of errors,
(6) gravity base station check, (7) estimation of survey accuracy, (8) updating
processes,and (9) final operations. These stages constitute a '"guideline" for the
evaluator. However, cases frequently arise where it is advantageous to perform an
evaluation out of any prescribed order. No two ONC areas are alike with respect
to geologic structure, topographic setting, and distribution of gravity data.
Therefore, no two evaluations are exactly the same. The actual sequence of an
evaluation is largely a matter of judgment on the part of the evaluator [Scheibe et

al., 1983].
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ASSEMBLY OF GRAVITY DATA, ASSOCIATED INFORMATION, AND EVALUATION AIDS

Before beginning an in-depth examination of gravity data, the evaluator
assembles materials and information that will be benefical in the evaluation. The
information retrieved consists of gravity data from the PGA Master File, survey and

source information, base station data, and other pertinent documentation.

Automated Materials

One of the major computer subroutines utilized in assembling data is the "Point
Gravity Anomaly (PGA) Select"‘Program. This computer program is designed to iterate
through any PGA-structured input file selecting records which satisfy input
criteria. Initially, PGA Select is used to retrieve from the PGA Master File all
gravity stations falling within an ONC area. It is also wused to create secondary,
smaller sets of gravity data during the course of evaluation. Output is a file used
continually throughout the evaluation process, primarily in updating and plotting.

A data listing is also generated. Information contained in the records
retrieved for each gravity station include its geodetic position (latitude and
longitude), the source number (a unique four digit code assigned upon acquisition of
a data set), observed gravity value, elevation above mean sea level, free-air and
Bouguer gravity anomaly values, and the assigned (if any) anomaly accuracies. Print
options range in detail from listing only the total stations examined and retrieved
to a listing by latitude of all records retrieved and a count of stations falling in
each 1O X 10 areae.

A second source of information is the "Source File.'" The type of data stored on
this file includes the geographic boundaries of the data set, the accession date,

the total number of stations in the survey, the authors (the surveying organization)
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and the contributing organization (organization sending the data to the DODGL), the
title of the survey, and the survey date. A listing is produced by accessing the
Source File through the '"Gravity Source File List" program by inputting a file of
source numbers encountered from the PGA Select. |

A third file accessed is the "Reference Gravity Base Station (RBS) File."
Information stored on this file includes the location of the gra%ity base station
(both the position and the name), a country code, an adopted gravity value, station
accuracy and elevation above mean sea level , the parent base, and a network
reference. The "Gravity Base Station Select' computer program uses base station
numbers generated by the PGA Select computer program to access the RBS File and
produce a listing (Dotson and Reinholtz, 1975].

After generation of the products mentioned above, a '"Source and Reference Base
Station Comparison" is generated by execution of'a computer program of the same
name. The unique matching of source numbers and gravity base stations is used to
produce a listing of the matches along with free-air and Bouguer gravity anomaly

accuracles, if previously assigned.

Nonautomated Materials

Nonautomated documentary materials must also be gathered. ONCs,
topographic maps, bathymetric charts, and geologic/tectonic maps are used for
orientation, checking gravity station locations and elevations, and general
analysis. The '"Source File Fact Sheet" provides source and base station
information. Attached to this sheet 1is a graphic representation of the source
coverage. Previous "Evaluation Histories" (Evaluation Summary Reports) can be
benefical in describing the ONC area, any problems encountered with any source, and

the method used to resolve those problems. Evaluation Histories also include a
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contour plot of the gravity data from the previously evaluated sources. These
materials are collected before beginning the evaluation of a new source or are

obtained on an "as needed” basis during the course of an evaluation.

Evaluation Aids

There are several evaluation aids produced that assist in the examination and
evaluation of gravity data. The "Gravity Station Comparison' computer program
creates a cross reference listing of collocated gravity stations within a tolerance
set by the evaluator. It is a good check for common, near-common, and duplicate
stations. This method of comparing individual sources to all other data on the file
is useful because statistical information produced may make station differences and
adjustments readily apparent.

A second aid is the output from a software package known as the "OSUCON
Plotting" program. It is a graphics package originally designed by The Ohio State
University (OSU). The graphic output is commonly referred to as "plots." Evaluators
use the contouring capabilities to portray Bouguer gravity anomalies over land while
free—air gravity anomalies are contoured when evaluating ocean gravity data.
Various scales, contour intervals, and map projections are possible. The contoured
plots can be produced in black and white or color. The figurative "work-horse" of
the evaluation process is the "plot-by-source" subroutine. This subroutine works
from a source-sorted gravity data file using information from the PGA éelect
program. The gravity station plot is produced in four colors with individual
sources (their gravity stations) coded by color and symbol. The distribution and
density of gravity data in an evaluation area mandate the scale and projection. An
evaluator generally produces as many plots as needed to carry out a point-by-point

inspection of the gravity station values in an ONC area.
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Additional Information

Three additional sources of information may be beneficial in the gravity data
evaluation process. All gravity-related material collected by the DODGL is stored
in the "Source Document File." This material includes any data (heights or depths,
gravity anomalies, positions, etc.) pertinent for the computation:or recomputation
of observed gravity value on the PGA Master File. The documents are retained in
their original form at an off-line storage site. The material in this file is
contained on aperture cards which are reduced, miniaturized versions of the original
material. The Aperture Card File is stored within the evaluators' work area. The
total holdings of the DODGL are also maintained in the work area as l: 1,000,000

scale gravity station plots, reflecting the location of each station and its source.

KNOWLEDGE OF GRAVITY SURVEYING ORGANIZATIONS

Every evaluator should have an understanding of the surveying methods used by
organizations providing gravity to DODGL. This is especially important within the
ONC areas assigned to each evaluator.

Knowledge of the type of organization is very important. Is it a professional
gravity surveying organization, a group of students, a research or geophysical
company, or is the data from a state or federal program? Different organizations
have different guidelines and standards concernings the quality and precision of
the gravity data they acquire. For example, the number of internal checks performed
and the amount of funds available influence data quality.

The objectives of the organization for obtaining gravity data is another point
of interest. Is the gravity data being acquired to support academic research, a

federal gravity application program, oil or mineral exploration, or will the data be
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used simply to support a report (thesis, dissertation ...)? The objective of the
gravity survey will generally determine the amount of time and effort that is spent
on checks and other quality control measures.

The organization sending data to the DODGL may not be the organization that
performed the gravity survey. 1f the organization is a clearinghouse for gravity
data, and problems or questions arise, will it be capable of providing any answers
to an evaluator?

An evaluator must have knowledge of the location of a survey. Were the
observed gravity stations in areas of easy accessibility? How rough was . the
terrain? Was the ship in shallow or deep water? How were the positions - for the
stations determined: precisely or scaled from a map? How accurate are the maps or
charts in the area? Have the stations been correctly located? By what method and
to what accuracy have station elevations been determined? The answers to these
questions reflect upon the accuracy of the survey.

Knowing what instruments were used to gather the data 1is important. New
technology has introduced new instruments with increased capabilities. These tend
to improve the accuracy of the data recorded. Each instrument (new or old) has
parameters unique to itself and must be ope;ated correctly.

Improved instrumentation (recording devices) and surveying techniques
(transportation modes and methods) have increased the speed at which data can be
gathered. The date of the survey often puts the techniques and instruments used

within the proper timeframe.

GENERAL TREND ANALYSIS

A key factor in any gravity data evaluation is a thorough visual inspection of

the gravity anomaly contour plot. An evaluator checks the overall relationship of
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the gravity data to the ONC area and to itself. Questions raised_ which need to be
answered are concerned with the continuity of the data. Does the general gravity
field appear to fit the area? Are the lows and highs where expected? Do magnitude
changes occur where they are warranted ? Are the land gravity stations indeed on
land and the ocean gravity stations at sea?

In general, gravity anomalies directly reflect the land %nd ocean bottom
surfaces. For example, on continents, the Bouguer gravity anomaly should be less
than the free-air gravity anomaly and with increasing (higher) elevation usually
becoming regionally more negative (lower magnitude). The type of topography present
in an area (mountains, plains, etc.) will affect the gravity value and the gravity
anomaly. Local geology such as rock type, block faults, sedimentary vbasins, etc.
also influence the gravity anomaly value.

In ocean areas, there is a correlation between free-—air gravity anomalies and
the topography of the ocean bottom (bathymetry). For example, the gravity anomaly
will show a rapid downward trend over trenches with a minimum near the trench axis.
Along mid-ocean ridges, the free-air gravity anomaly values are uniformly more
positive, by approximately 20 to 30 milligals, than those over the adjacent ocean
floor. Over seamounts, the free-air gravity anomaly also becomes more positive as
the apex is approached. There is generally a free-air gravity anomaly high near the
edge of a continental shelf and a low along the base of the continental slope
[Dehlinger, 1978]. This is called "the edge effect."

It is expected that the gravity anomaly field will show appropriate changes
over the topographic and bathymetric surfaces. If an evaluator is aware of possible
local irregularities in those surfaces, abrupt changes in the gravity field will not
incorrectly be thought to be erroneous gravity data. An evaluator refers to
available topographic maps or bathymetric charts of the area to check for features

that can be expected to produce changes in the gravity anomaly field.
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ELIMINATION OF DUPLICATE GRAVITY DATA

Definition

Situations may arise where identical or nearly identical data sets are
encountered. It is importantl to differentiate between duplicate:data and common
stations.

Common stations are gravity stations where two or more independent measurements
(different surveys) have been made at or near the same site. The station positions
and elevation are essentially the same. This situation arises most often when
different surveys make a gravity measurement at the same elevation markers
("benchmarks"). This practice is designed to assist in maintaining vertical control
throughout a given survey. It is not uncommon for intersecting or .overlapping
surveys to occupy a single benchmark station [Scheibe et al., 1983].. Duplicate
data sets are data from two or more sources that are, for all intents and purposes,
exactly the same. Latitudes, longitudes, and elevations of corresponding stations
are so similar they are considered to be the same set of data.

Duplicate data sets result from reprocessing the same observational data set.
The measurements are not independent. They may occur when an organization supplies
the DODGL with a data set, but then performs any one of numerous modifications and
re-submits the data at a later date, this time with the modifications. Or, an
agency can can submit a set of data, perform additional station readings over the
area, and then submit the final data set. The first set of data will also be
included in the second submission. A third method of acquiring duplicate data
occurs when two or more organizations supply the DODGL with the same data. The
situation is complicated if one of the organizations furnishes the data with

additional stations over the area or if any of the organizations modify the data in
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any way prior to submission.

Detection

Detecting and differentiating between duplicate data and common stations is
aided by the plot-by—source gravity station plot. The plotting fgutine assigns a
unique symbol to the records from each source in the ONC area. By referring to this
plot an evaluator can discern where collocation or duplication occurs, the sources
involved, and the extent to which it occurs.

The Gravity Station Comparison listing is also used in the identification of
common stations and duplicate.data. The routine lists, as mentioned previously, a
cross-reference of facts for gravity stations which are located within a specified
distance of each other. This includes the difference in gravity values for
collocated stations. By using this listing an evaluator can determine whether the
collocations are common to a degree indicative of duplication. This is detectable
when most, if not all, stations from one source consistently collocate with another
source. Identical geodetic coordinates, station elevations, and station sequence

numbers occur in instances of duplicate coverage [Scheibe et al., 1983].

Resolution

In most cases, common stations demonstrating the desired consistency in gravity
values are retained by the evaluator. This action assists in the determination of a
correct gravity value in future evaluations where additional collocation may require
a decision regarding source reliability.

Some 6f the duplicate data 1is discovered and eliminated prior to file

accession. But more frequently, all data is placed on the PGA Master File and it is
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the evaluators' job to locate and eliminate the duplication.

Duplicate data can be resolved and eliminated in various ways. Elimination
depends on whether the data was received from a collection agency or the original
surveying organization, the extent of duplication, and the modifications performed
and their validity. Final determination is left to each evaluator om a case by case
basis. ]

When deciding which source or sources to delete (or a portion of a source), an

evaluator attempts to retain a source in order to preserve its individuality rather

than combining several surveys under one source number.
.. GRAVITY DATA ERRORS

An evaluator has the responsibility to locate, analyze, and when possible,
rectify inconsistent gravity data within an ONC area. Incomnsistent data takes the
form éf abnormal gravity values which cannot be explained by topography, bathymetry,
or geologic structure [Scheibe et al., 1983]. The abnormal gravity values are
considered to Dbe errors. There are three general classes of errors: systematic
errors, blunders, and random errors. Systematic errors are those errors which tend
to follow some fixed '"law", which may be unknown. This error occurs with the same
sign and often with a similar magnitude. A blunder can be defined as a gross
mistake. Blunders are generally caused by carelessness. The residual errors, the
errors remaining after all other errors have been eliminated or resolved, are
considered random errors [Greenwalt and Shultz, 1962; DoD Glossary, 1981].

A primary task of gravity data evaluation is the detection and elimination, if
possible, of all known systematic errors and blunders so that any unresolvable but
uneliminated are random in nature. These random errors, often small in magnitude,

are then reflected in the accuracy values assigned to the gravity data.
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Error Sources

There are numerous error sources within gravity data sets. These include
instrumental errors, recording and transcription errors, positioning errors, datum
errors, and errors in the surveying procedures [Woollard, 1967 ; Boyer, 1974;
Scheibe et al., 1983]. -

Horizontal positioning errors directly propagate into gravity anomaly errors.
The horizontal position error has a north/south sensitivity of 1.3 sin 20 mgal per
statute mile, where @ is the geodetic latitude of the gravity station. (This is
equivalent to 1.5 sin 2¢ mgal per arc minute of latitude. These values are found by
derivations of the normal gravity formula.) Longitudinal errors may also occur,
although they will not be directly evident in erroneous gravity anomaly values. The
geodetic coordinates of the gravity station may have been determined using misread
instrument measurements or from an incorrectly scaled map or chart. A station may
have been improperly identified leading to an erroneous location. Horizontal
positioning errors may take the form of transposed digits, misaligned decimals, or
the use of incorrect signs with the coordinate (wrong hemisphere or quadrant).

Gravity station elevations, with respect to mean sea level, are determined by
conventional (spirit) leveling, map and chart interpolation, altimetry (barometric),
or trignometric leveling. Each elevation determinaton method has different accuracy
limitations. Vertical positioning errors are created when map or chart information
is unreliable or is incorrectly interpolated. When other methods are used, errors
are due to instrument mishandling or misreading, or by erroneous interpretation of
the measurements. A vertical positioning error may also be due to the use of
incorrect elevation units. Errors can also be made when converting feet to meters,
feet to fathoms, or meters to fathoms. The errors have a tendency to occur in afeas

of low elevation or shallow water where a small change in gravity anomaly magnitude
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is visible after a unit conversion is performed. In addition, errors can occurt if a
convergicn is not made where necessary or if a conversion is applied twice.

A large group of gravity data errors are created by instrumental difficulcies.
A "rare" is defined as a disruption or rent in a data set. Tares are created by
gravimeter malfunction. Improper handling of the instrument will cause abnormal
readings. The gravimeter could have been dropped or jarred. It c%uld have stopped
(off heat), become stuck, or it could simply have been misread. Other errors may be
due to off-leveling effects or poor calibration. Effects from vibration or
magnetics may be included. Atmospheric effects such as pressure and temperature
disturb instrument measurements. Many other types of instrumental error are
possible [Woollard, 1967]. .

Survey procedures and techniques are a possible source of error. Measurement
patterns, such as the loop or leap-frog technique, should have been followed. A
gravity survey should have a aumber of reference points. Inaccurate or insufficient
ties may lead to errors. Although an evaluator cannot and does notf presuppose
improper surveying methods, he/she must be aware of all possible causes of
inconsistent gravity data.

Gravity survey measurements include corrections for instrument drife,
luni-solar effects, and vehicle movement (e.g., the Eotvos correction in ocean
data). 1If any of these corrections are applied incorrectly or inaccurately, errors
are created.

Gravity data errors are also due to incorrect datum referencing. These types
of errors are generally synonymous with a gravity base station error. A gravity
base station error ma& be created by using an incorrect reference value. The
value may have been overly corrected, under corrected, or double corrected to comply
with the present reference system (IGSN 71). A datum referencing error is

commonly called a "datum shift.”




Error Detection

The detection of abnormal gravity values 1is largely a manual process requiring an
evaluator to visually inspect a gravity anomaly contour plot. Erroneous gravity
values, reflected in the anomalies, may be apparent on the contour plots where
abrupt isolated changes of the gravity gradient immediately surrou%ding the suspect
data will cause irregularities (a non—smoothness) in the contouring pattern. (See
Figures 1 and 3.)

Horizontal positioning errors have a tendency to show as skews in the contour
pattern. Station alignment is usually along lines of communication in land surveys.
The wmajority of surveys follow roads, railroads, streambeds and shorelines.
Alignment may also be in a gridded or linear pattern. This is often the case with
ship survey tracks. Misalignment of survey tracks at sea or traverses on land may
be evident with the aid of color and symbol coding of individual sources on the
gravity anomaly contour plots. Additionally, number sequencing of gravity stations
within a source may be indicative of misalignment. Irregularities in sequence
numbers within traverse lines, or track numbers within ocean surveys, may occur
without reason and the stations in error, those belonging in the break area, are
found elsewhere on the plot.

Positioning errors are often difficult to locate using contouring alone. For
example, a misplaced point may have an anomaly value that, by chance, fits into the
gravity anomaly pattern at its erroneous location. A comparison between a PGA
Select listing and a source's original data listing may be necessary.

Elevation errors may be difficult to detect. When an elevation error ig
present, the gravity anomaly will appear to be larger or smaller than expected for
the gravity station elevation or depth. Referral to topographic maps or bathymetric

charts is necessary. The gravity anomalies should be manually computed and compared
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to the values given on the PGA Master File. Common stations are. also checked for
discrepancies using the Gravity Station Comparison listing.

Gravity stations subjected to the effect of tare are usually found visually on
the gravity anomaly contour plot due to unusual patterns in the contouring produced
as a result of the effect of the error on the gravity anomalies. A tare could
appear as a sudden change in anomaly values from one station to anoéher within the
same survey traverse. Or, the gravity anomalies along a traverse will all have the
same value, indicative of a possible stuck gravimeter.

A scale change error is discovered by having numerous comparisons of
near-common ot common stations between a "new" source and previous, reliable,
evaluated sources [Estes, 1971]. The new source's observed gravity value may
agree with another source's value at one station or ship track crossing but the
gravity differences will tend to increase or decrease along the survey track as the
new source continually crosses the reliable sources. Scale changes are caused by
the instrument, and are due to spring or calibration problems.

Datum shifts may be apparent from an inspection of the gravity anomaly contour
plot. The contour pattern will change as a shift is encountered. This is dependent
on the scale of the plot, the contour interval used, and the magnitude of the
errors. The resultant, general pattern will be a group of contours set within
smoother surrounding contours. (See Figures 1 and 2.)

Limitations within the contouring subroutine algorithm prevent some OT all of
the abnormalities from being reflected in the contour pattern. This may requi?e the
evaluator to inspect the gravity anomaly value at each data point (gravity station)
annotated on the plot. This is done visually and with the aid of listings from the
Gravity Station Comparison and PGA Select computer programse. Topographic maps or
bathymetric charts are also referenced. A source's orignal data listing is used to

verify station positions and observed gravity values.
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Resolution

It may be possible to correct positioning errors, both horizontal and venstical,
when a correction is apparent and justifiable. Justifiable meaning, if corrected,
the data will fit the general trend. With some positioning errors, a valid
assumption on the cause of error cannot be made and no correction:is possible. 1In
such instances, the gravity stations are deleted from the evaluator's data file.

A tare is an instrumental error that is more often than not unresolvable since
the exact cause of the error is untraceable. 1In such cases, the gravity stations
affected by the tare are deleted.

The Gravity Station Comparison 1listing can be beneficial in detecting scale
changes, datum shifts, and other systematic errors. Common and near—-common stations
are cross-referenced and the differences between the Bouguer and free-air gravity
anomalies at such stations are noted. Variations in the magnitude and consistency
of the difference may be indicative of an error. Many times the gravity anomaly
difference between common stations is used as the adjustment or correction to be
applied to all gravity stations within a source. At other times, the datum shift
can be determined graphically from the contour plot.

Gravity station differences for common or near—-common stations, when analyzing
ocean gravity data, are usually found by comparing ship track crossings from a new
source and a reliable, previbusly evaluated source. Numerous comparisons are needed
to make a valid adjustment. When the track crossing differences are consistent in
magnitude and direction, an adjustment is made to the new source's observed gravity
values by the addition or subtraction of that difference. Again, this adjustment
may be applied to an entire survey or to only the stations along a particular track.

If the track crossings are inconsistent in magnitude, but similar in direction a
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scale change error may be evident in the data. An evaluater will need to refer to
the observed gravity values for confirmation. 1If a scale change is verified, a
Least Squares Adjustment may be utilized ¢to correct the g;avity values [Estes,
1971]. When a2 scale change is not evident, the gravity stations along the survey
track{(s) are considered to simply be "bad' stations and are deleted from the
evaluator's working file. -

A typical datum shift an evaluator encounters is the translation of data from
the Potsdam Reference System to the IGSN 71. The reference gravity base stations
used for the gravity data in the DODGL are IGSW 71 stations. When Potsdam RBS
values have been used by the surveying organization, the source's gravity stations
must have an adjustment appl%gd in order to convert the values to IGSN 71. The
nominal correction applied is -13.7 mgals. But, in specific cases, the actual value
of the correction may differ somewhat from the nominal value. This correction is
normally applied to the gravity data by pre—accession analysts, but it may be
overlooked or not be readily apparent 1in which case the final adjustment or
"fitting" of the data to the IGSN 71 is left to the evaluator. (See Figures ! and
2.)

Another example of a systematic error is in data sent in by geophysical
exploration companies. Such companies are primarily interested in the small
differences that occur between gravity values from point to point over a survey
area. For that reason, the companies may establish their own referencing systems.
These systems are not based or related to any national or international system
(Potsdam, IGSN 71, etc.), although occasionally they are referenced to a normal
(theorectical) gravity value. The company is only concerned with the magnitude of
the differences in gravity values at field stations from values at established
starting points. The values of gravity at these starting points usually are not

referred to the same gravity datum. Datum changes generally occur with respect to
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latitude. These pre-established values essentially create numerous 'floating”
datums ‘within one source. In order to resolve the discrepancies between an
arbitrary datum and the IGSN 71, the starting point value must be determined using
common stations or gravity anomaly map comparisons. This problem may be originally
discovered by pre—accession analysts, but it may be the evaluators' job to complete
the gravity data adjustment. -

Most systematic errors can be corrected in some manner and the corrected data
retained on file. One type of systematic error that always requires deletion of the
stations involved occurs due to "ship cornering." Although survey tracks at sea
appear linear in form, readings are continuous throughout a ship's turn (changing
direction). Errors occur dyring the turns due to acceleration problems. These
errors are reflected in the measured gravity values collected during the ship's
change of course. The existence of this erroneous gravity data in a data source
will be apparent from changes in the contour patterning. In most cases, the
organization performing the gravity survey will delete the turn stations prior to
forwarding their data to the DODGL. However, sometimes all or part of the data
gathered during the ship's cource change is still present. The '"bad" stations
at the turns are 1dentified by noting when the readings fluctuate from readings
preceding and following the turn. The gravity measurements stabilize once the ship
is back on course. The erroneous gravity stations are deleted from an evaluator's
working file.

Sometimes, the ''mew'" unevaluated gravity source receives an adjustment with the
adjustment based on its fit and relationship to other data in the area, i.e. gravity
data that has been previously evaluated (the 'old" sources). Othertimes, the
unevaluated source may tie and correlate better to the area (geologically,
topographically, and geophysically) than previously evaluated sources. In such

cases, the previously evaluated sources are re-evaluated, an adjustment performed if



necessary, and new gravity anomaly accuracies assigned 1f warranted. The
determination that a new gravity source is more accurate than one previously
acquired is dependent upon the quality of the survey: the date, the organization,
the instrumentation and survey methods used, etce. (See section titled "Knowledge of
Gravity Surveying Organization.”)

1f an error is found during the gravity data evaluation procéss an attempt is
made to correct it. The correction or adjustment should bring the data set into
proper fit with the surrounding gravity field. (See Figure 4.) When the data is
not correctable or an error is untraceable, the data is considered for deletion. An
unresolved error is often considered a blunder and portions or all of a source are
sometimes deleted. (See Figure 5.) However, the need for coverage and station
density may force the stations in question to be retained. When this occurs, the

anomaly accuracies assigned to the gravity data reflect the presence of the

unresolve errore.

GRAVITY BASE STATION CHECK

A gravity Dbase station is a reoccupiable station having an accepted value of
observed gravity. A gravity base station check is performed to verify that each
gravity source is referenced to at least one base station and the base station is
referenced to the IGSN 71.

Ideally, the information necessary for verification includes the station name
and number (Bureau Gravimetrique International, BGI; or DOD), the geographic
location, and the gravity value obtained, or wused, during the survey. The ideal is
not always attainable. Many gravity sources may include only a portion of the
information while others may not provide any information. Source documents,

aperture cards, other reference materials, and the DOD Gravity Base Station File are
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utilized and analyzed for base station verification. These materials are also used
to establish the relationship between the survey value and the IGSN 71 value, if the
latter exists.

In ideal situations, verification of a base station and its value is relatively
simple. When documentation exists for the value of the field bhase station, an
evaluator has only to check the difference (if any) between this value and the
corresponding IGSN 71 value. Verification is made that the difference has been
applied to all stations in the source [Scheibe et al., 1983]. When multiple base
stations are used in the survey, the evaluator must verify that appropriate
adjustments were correctly applied to corresponding segments of the survey.

A typical occurrence is ‘yhen a field base station is referenced to the Potsdam
System. All gravity stations in the survey must then be adjusted in order to
reference them to the IGSN 71. (See section titled "Detection of Errors'", datum
shifts.) Generally, surveys made prior to the early 1970's were referenced to
Potsdam. Many, but not all gravity surveys made since then are on the IGSN 71.
(See section titled "Detection of Errors", geophysical companies.)

Data verification is complicated when the gravity sources do not provide
complete information. Surveys may be referenced to gravity base stations not
included in or tied to the IGSN 71. The gravity survey documentation must be
analyzed in an attempt to locate base stations common to both the survey network and
the IGSN 71, and to determine an adjustment relationship. The DOD gravity base
station assigned to the source by the evaluator and the information describiﬁg the
indirect tie to the field gravity base station is included in the Evaluation
History. (See section titled "Final Operations.")

Instances occasionally occur where an organization does not provide any
assoclated information with the gravity data forwarded to the DODGL. Therefore, no

identifiable field gravity base station exists. However, it may be possible to use



the Gravity Station Comparison listing to assign a base station v§lue to the source
based upon station commonallty with other sources. in some cases, a reference
gravity base station cannot be assigned.

All efforts are made to establish a base starion for the gravity data. The
source and related documentation search is exhaustive and if possible, the surveying

organization is contacted and additional information requested. :

GRAVITY ANOMALY ACCURACY ESTIMATION

Gravity anomaly accuracies are a function of the factors affecting gravity

anomaly computation. These factors are related to both theoretical and observed
F

gravity. Errors due to theoretical gravity are those due to uncertainies in the
position (geodetic latitude) of the gravity stations. The errors contributed by
observed gravity are functions of the errors that may occur in all aspects of
accomplishing the observations. These include gravimeter malfuncton, calibration
errors, data recording errors, surveying procedures, positioning errors, elevation

errors, and any other blunders or tares.

Land Gravity Surveys

For land gravity surveys, the accuracy of Bouguer gravity anomalies is of
primary importance. The general equation for the accuracy of the Bouguer gravity
anomalies, based on the uniform dincorporation of all factors influencing the

accuracy, has the form :

6 - O + o + 0o + © (1)
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where:
O&BA = Bouguer gravity anomaly accuracy (on land).
%; = Gravity Base Station accuracy, obtained from the RBS File.
The RBS accuracies are based upon the errors in the absolute datum and the
accuracy with which the Gravity Base Station is tied to the IGSN 71. 1Its
value usually ranges from + 0.2mgal to +1.0 mgal (1 sigma), although some

base station accuracies are larger than + 1.0 mgal.

o = Internal accuracy.
The following errors are incorporated within an internal accuracy value:
(1) instrumental errérs related to instrument type, its calibration, and
pressure and temperature effects;
(2) errors in the adjustment to a Gravity Base Station such as the number
of ties to the station, the length of the survey, and the method of the
survey;
(3) the reliability of survey and computation procedures which are
dependent upon the purpose and date of the gravity survey, the

organization, the instruments used, and the techniques utilized. The

internal accuracy generally does not exceed + 1.0 mgal.
O, = (kh
; (kh)
where:

k = A constant, 0.1967 [Heiskanen and Moritz, 1967].
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h = Accuracy of gravity station vertical position (elevation?.
This value is dependent upon the errors in the methods used to determine
the height of the gravity station above mean sea level. Elevations
determined by conventional (spirit) leveling are more accurate than
elevations obtained by trignometric leveling, altimetry, or interpolated
from topographic maps. The quality of the gravity station elevation has
the most effect of the error sources on the overall accuracy of the
gravity anomaly. For example, the difference between an elevation
accuracy of + 5 meters and + 10 meters, with all other variables remaining
constant, will change the accuracy of a Bouguer gravity anomaly on land by

1 mgal.
g = (np)
4

where:

n = The change in theoretical gravity per minute of geodetic latitude.
This value is tabulated and available to the evaluator.
p = Accuracy of gravity station horizontal position (geodetic latitude).

The error in geodetic latitude is determined by knowing the horizontal
geodetic datum dinvolved, the surveying method(s) wused to determine the
gravity station position, or the map accuracy, if the position of the
gravity station was interpolated from a map.

[Greenwalt and Shultz, 1962; DODGL communications, 1985].
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Often an error value can not be reasonably assigned to some of the variables in
the above error equation. In such cases two other approaches to accuracy
determination are available for use. One 1is considered to be an Indirect Method,
the other is call.the Logical Method.

The Indirect Method utilizes a known error (the accuracy of other sources) and

»

common stations. The error equation for the Indirect Method is : :

BA < K. T 6Ag (2)

where:

'S

QEAg Bouguer gravity anomaly accuracy (on land).

o = A known error in other gravity anomalies (the best accuracy of any
source), frequently taken as the mean of known accuracies of all evaluated

gravity sources in the area.

o = Standard deviation of the differences of common gravity stations.
6Ag

2

sl = D (6ag, -3Bg) /(n-1)
SAQ i ot

where:

SAg The difference between gravity anomalies at a common station.

The mean of the differences.

O
3

[te]
]
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n = The number of stations in the comparison.

[Greenwalt and Shultz, 1962; DODGL communications, 19857,

The Logical Method invelves numerous factors, but is not mathematically
formulated. 1t relies on estimating the accuracies based on all influences acting
as a whole. These influences include the survey date, the réputation of the
organization, the type of survey instrumentation used, the method of determining
positions and elevatiomns, and the relationship of the gravity anomalies to the
terrain and to other sources in the same area.

It is desired that Bouguer gravity anomaly accuracies range between + 1 and + 5
mgals. For error magnitudes  larger than + 5 mgals the gravity data may or may not
be usable depending on project requirements and the geographic area of interest.

To compute the accuracy of the free—air gravity anomalies for land data, the
constant "k" in Equation (1), the Direct Method, is taken as 0.3086. When using
the indirect or logical approaches, the product of elevation accuracy and the
Bouguer plate constant, 0.1119, (which is also the difference between 0.3086 and

0.1967) determines the value to increase the Bouguer gravity anomaly accuracy to

obtain the free—air gravity anomaly accuracy.

Ocean Gravity Surveys

For ocean gravity data, the free-air gravity anomaly accuracy is of prime
importance. The "direct" formulation is inadequate for estimating the accuracy of
ocean gravity data because it does not contain an expression for errors related to
the Eotvos effect. The Eotvos correction is a significant source of error in ocean
gravity surveys. The correction must be applied in the reduction of gravity data

taken from moving platforms (the ship) to obtain observed gravity values. The
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correction accounts for the gravitational effect of the motion of the ship with
respect to the rotating earth. Uncertainty in latitude, velocity, and azimuth will
create errors in the correction value. The form of the gravity data seen in the DOD
Gravity Library does not lend itself to an analysis of any inaccuracies related to
the Eotvos effect [Boyer, 1974].

This leads to a modification of the direct approach. Thé basis for the
approach lies 1in three assuﬁptions: (1) that the differences in gravity anomaly
values at ship track crossings are the results of combined errors in gravimetry and
navigation; (2) that the errors associated with each gravity anomaly value in the
survey form a normally distributed population; and (3) that the differences at
crossings, considered as errqrs , are a statistical sample from that population.
The three assumptions allow the use of a simplified version of the direct equation,
namely the Indirect Method. The expression related to track crossings results
from considering that h=0, that internal accuracy (i) is related to gravimetry
accuracy, and that position and Eotvos error are related to navigation error
[DODGL comunications, 1985]. The Indirect Method involves the known error, as in
land gravity surveys, with the common station factor being replaced by a ship track
crossing factor based on the above assumptions. The error equation for the oceanic

free—air gravity anomalies has the form :

O‘2= 0'2+VO'2_ (3)
FA K 6Ag
where:
057: Free—-air gravity anomaly accuracy (ocean data).
GK = Known error (the best accuracy of any source), frequently taken as the



mean of the known accuracies of all evaluated gravity sources in the

area.
GéA = Standard deviation of the gravity eanomaly differences at ship track
g
crossingse.
P o T (eme @
o’ = (8ag .~ S8Ag ) / (n - 1)
where:

8Ag = The difference between gravity anomalies at the ship track crossing.

8Ag = The mean of the gravity anomaly differences

#

n The number of ship track crossings used in the comparison.

[Greenwalt and Shultz, 1962; DODGL communications, 1985].

The Logical Method used to assign accuracies to ocean gravity anomaly data
involves all the factors and influences used with land gravity data. For ocean
gravity surveys, the instrumentation used for navigation is also of concern and the
gravity data is correlated with the bathymetry instead of terrain.

The accuracy of oceanic gravity anomalies will tend to be larger (worse) than
the accuracy of land gravity anomalies. This is due to higher error tolerances
being allowed for ocean gravity data with respect to the corrections applied for
uncertainties in navigation, cross-coupling, and the Eotvos effect., For ocean
gravity data, free-air gravity anomaly accuracies range from + 2 mgals to as Quch

as + 20 mgals.
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UPDATING PROCESS

Types of Alterations

Any correction or modification to a gravity station or group of stations in an
ONC area may be made as they are discovered. Or, all data aléerations may be
applied at one time. Many evaluators feel it is safer and less complex to perform
the modifications a few at a time, as an ongoing process, throughout an evaluation.
Modifications are made to the ONC area file using data updating subroutines.

Typical revisions to the ONC area file include deletion of individual stations
from a single source or multiple sources, deleting a group of stations from a
source, deletion of an entire source, corrections to stations, either individual or
a group ( A delete/add. This includes non-routine corrections such as depth
corrections. Depending upon the area encompassed, an evaluator or a pre—accession
analyst may be the responsible party.), performing a datum adjustment, performing a
scale adjustment, adding or correcting a gravity base station, or assigning free-air

and Bouguer anomaly accuracies [Dotson and Reinholtz, 1975].
Procedure

The Department of Defense Gravity Services Branch utilizes both a Digital
Eguipment Corporation VAX 11/780 Computer and a Sperry 1100 Series Computer. Whereas
the functions are similar between the VAX 11/780 and the Sperry 1100 computer
programs, the difference 1lies in the format of the input data. The Sperry 1100
programs use PGA-structured files as input. The VAX 11/780 programs must be
acce;sed by using a "Select File", a 23-word-per-record unformatted file. There are

presently four computer programs utilized when updating an ONC area file.
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The "Point Gravity Anomaly Edit-Sort" computer program consists of = two
separately execute subroutines. The edit phase chacks data input for wvalid
characters and format. These edited records are then sorted in the sort phase
according to sorting criteria; by quadrants, within each quadrant, then by eight
degree bands of latitude, etc. The sort phase may immediately follow an edit phase,
or the edited data may be sorted at a later date. -

The sorted data from the PGA Edit-Sort is utilized as input into the "Point
Gravity Anomaly Update" computer programe. This program uses the data to create
changes to ~an ONC area file. These changes are commonly in the form of gravity
record deletions and additions. The changes are reflected in the sorted data
records. Y

Evaluators also utilize the delete capabilities of the 'Point Gravity Anomaly
Merge/Delete' computer program to delete gravity records from an ONC . area file.
Deletion is accomplished by source and/or geographic area. This 1is often referred
td as '"block deletion.”

Gravity station modifications are performed with the "Point Gravity Anomaly
Maintenance" computer program. Modifications involve datum adjustments, updating
reference base station information, and assigning accuracies to the free—air and
‘Bouguer gravity anomalies [Dotson and Reinholtz, 19751,

Table 1 gives the type of alteration and the most commonly utilized program

sequence.
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Table 1.

Computer Programs Used in

the Updating Process

e

-

| PROGRAM

| SEQUENCE TYPE OF CHANGE COMPUTER PROGRAM |
| a. PGA Edit-Sort and PGA Update|
| 1 Deleting individual stations b. PGA Maintenance (if only a |
[ few stations are involved) |
| 2 Deleting part of.a source or PGA Merge/Delete |
| an entire source

| 3 Correcting individual stations PGA Edit-Sort and PGA Update |
| 4 Datum adjustment PGA Maintenance

| 5 Scale adjustment A Least Squares Adjustment, then|
| PGA Edit-Sort and PGA Update |
| 6 Updating RBS information PGA Maintenance

| 7 Assigning gravity anomaly

accuracies

PGA Maintenance
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FINAL OPERATIONS

Packaging

When an evaluator is satisfied that all updating has been completed in an ONC
area, preparations are made to finalize the evaluation. This entéils the assembly
of all materials and information to be forwarded to the immediate supervisor for
checking. The materials needed to update the PGA Master File are then forwarded to
the DOD Gravity Services Library Section.

First, a gravity anomaly comparison, OT "differences'", program is executed.
This computer program, The "Point Gravity Anomaly Compare', compares the final ONC
area PGA-structured file to the original ONC area file. The output from this
comparison lists the sources that wunderwent any updates and the. types of
modification performed. This 1list enables the evaluator to ascertain that all
desired alterations to the ONC area file have indeed been performed.

A check is performed on the final data file using the computer program "Point
Gravity Anomaly Sequence Check." This program checks the final, evaluated stations
for proper sorted order (sequence) and format to successfully update the PGA Master
File. The check also detects those records with geodetic positions outside the
legitimate boundaries of the ONC. At the user's option, the computer
subroutine can be used to build a new ONC area PGA-structured data file, omitting
records which are out of sequence or that have unacceptable geodetic coordinate
[Dotson and Reinholtz, 1975].

As a final check, the Source and RBS Comparison Program is executed. The
computer program lists the source number, the RBS, the total number of gravity
stations, and the assigned gravity anomaly accuracies for all sources on the final

ONC area data file. This listing allows the evaluator to verify that all sources
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have indeed been evaluated. This 1is apparent by the presence of gravity anomaly
accuracy values. Gravity base stations are also checked for proper assignment.

Using the final ONC area file and the OSUCON plotting software, a gravity
anomaly contour plot is produced. Such a plot simply shows the gravity anomaly
contours. If desired, a four color, symbol coded, annotated gravity station plot
can be made. If mandated by the number of stations or their éensity, numerous
contour plots can be produced at scales that will allow illustration of individual
stations.

When all details of the evaluation have been resolved a report 1is compiled.
The '"Gravity Evaluation Summary Report" is a written history of the ONC area
gravity data evaluation. A geographic and geologic description of the area is
included with a narrative of all sources in the area. This narrative, by source
number, includes background information on each source (i.e., the author, survey
date, instrumentation, type of navigation, survey procedures, RBS information, etc.)
and a list of all modifications or alterations performed on the data (within each
source). All actions performed and any conclusions or recommendations are
described.

The aforementioned materials (the PGA Compare, the PGA Sequence Check, the
final Source and RBS Compare listings, the final ONC area plot(s) of gravity
anomalies, and the Gravity Evaluation Summary Report) are packaged together. The
original Gravity Source Select List and Source and RBS Comparison listings are also
included in the history package. These two listings document the sources selected
from the PGA Master File at the time of initial retrieval. The ONC and other maps
and charts used in the evaluation process are also packaged. An evaluator forwards
this package to one of the Evaluation Managers (A Section Supervisor.)

All actions and operations taken over the course of the evaluation are reviewed

and justification stated. After the supervisor is satisfied that all aspects of the
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evaluation were performed acceptably, the final ONC area file number or name (as
appropriate), the original Source and RBS Comparison Listing, the geographic
boundaries of the ONC, and the PGA Sequence Check are forwarded to the PGA Database
Manager. The remaining materials in the history package are maintained in storage

for historical and reference purposes.

PGA Master File Updating

The final step in the gravity data evaluation process is the responsibility of
the Database Manager. Upon receipt of the final ONC area data file the Database
Manager will delete data from those sources initially retrieved from the PGA Master
File by the evaluator. Limitiné the deletion process in such a manner ensures that
any new data accessioned after the initial retrieval will be left dintact. 1In the
same operation, data on the final data file is merged into the PGA Master File.
Both the deletion and merging processes are performed by the PGA Merge/Delete
computer program [Scheibe et al., 1983].

Upon completion of the merge/delete process, the affected gravity data sets now
contain newly evaluated or re-evaluated data. At this point, the gravity data
evaluation process is considered to be complete. The data in the PGA Master File
covering the evaluated ONC area is now commonly referenced and 1is an adjusted
representation of the data in the area.

The dynamic nature of the PGA Master File seldom permits this up-to-date status
to remain for long. On-going gravity data acquisition necessitates a periodic
review of the ONC areas. The frequency of review is determined by accession
activity and project priorities. It is dimportant to keep in mind that the end
product of any evaluation process is temporary rather than permanent [Scheibe et

al., 1983].
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Figure 1. Bouguer gravity anomaly contour plot reflecting a datum error in Source

X data.

Figure 2. Representation of data from Figure 1 after a -13.7 milligal datum

adjustment was applied to gravity data from Source X.

Figure 3. Bouguer gravity anomaly contour plot reflecting an error due to the

double reduction of Source Y data.

Figure 4. Representation of Figures 1 and 3 using corrected gravity data from

Sources X and Y.

Figure 5. Reflects Figure 4 after the deletion of four "bad" gravity stations.
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CHINA GRAVITY BASIC NET 1983
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Jiang Zhiheng, Qiu @ixian, Xu Shan, Zuo Chuanhui
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14 Beitaipingluy, Beijing, P.R.China

Abstract

The China Gravity Basic Net 1983(CGBNB5) which comprises 57 gravity
stations (including & absolute gravity stations), waes measured with La-
Coste & Romberg gravimeter model G(LCR-G). Precise relative connections
were also made between CGBNSS and several existed international standards
in total about 11000 observations were obtained. A whole adjustment was
made by applying the parameter adyustment method, taking into account
of scale functions #for each LCR-G meter. The new national-wide CGBNS8S

-8 -2
with an average internal accuracy of x8 microgal [10 ms 1 was then

establihed and has being used, since its official appraisal, in gravimetric
practices for two years, which shows that CCBNSS meets the requirements
of modern earth science. The author discusses briefly in this paper the
key problems arised during the establishment of CGBNBS, the characters

of LCR~-E meters, and the adjustment of large scale gravity net etc

Introduction
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The previous China Gravity Basic Net 1957(CGBNSY) established in
1957 consisted of 22 basic gravity stations and 80 first-order ones,
which were based on Potsdam system with its well known systematic ervor

-5 -2
of about 13.5 mgal [10 ms 1. and measured with the relative accuracy

*0.15 and £0.25 mgal respectively. CGBNS7 will obviousely never meet

the requirements of geophysics, geology and geodesy.

Since 1981, organized by China National Bureau of Surveying and Mapping
(CNBSM), 11 absolute gravity stations were determined and the high precise
relative measurement campaigns with 9 LCR-G¢ gravimeters were carried
out through the cooperations with the organizations domestically and
abroad. In order to put CGBNBS to be on a reliable base, an international
relative connections was made with &6 LCR-G meters between CGBNS5S and
several existed international gravity standards located in Paris, Hongkong,
and Japan, where 23 gravity values are available and reliable. All those
works mentioned above formed the basic structure and its external checking
conditions of CGBNS85. Besides, all the stations were linked to the national
levelling net by third or fourth order of levelling surveying for the

altitudes.
I. Field Observatiagn Campaigns

1.1 Absolute determinations and the gravimetric standarg
A modern gravimetric standard should have two basic elements: starting
point and scale. It, hence. consists of at least tweo reliable absolute
gravity stations. One who plans the distribution of absolute stations
and the structure of relative gravity net including its mathematic model
of adjustment should take the defination of the gravimetric standard

in mind. From 198! to 1983, 11 absolute gravity stations were determined



by using the apparatuses of Torino Metrological Institute (IMGC)Y from
Italy and of China Metrological institute (CHMI). In the other side. as
what mentioned above, COBNSS has been connected with several well known
international standards: Paris Severs A3, IGSN71 and Japan national gravilty
standard (Fig. 1, Table 1). It is obvious that, after the whole adjustment
which is based on the known gravity values given jointly by what listed

above, the base of CGBNB5 is expected to be reliable (Table 2).

1.2 Relative gravity measurements and data pre—~processing

An optimal design was made in 1982 by taking the accuracy and econo-
mical cost as a criterion function in order to scheme out the CGBNBS
and the distribution of the known stations in it, taking into account
of the flights of CAAC because the gravimeters uwere transported mainly
by its air services. All the field campaigns were carried out in 1983
and 1984 including the international connections (Fig.1 andkFig.ZL

Some experiments were made and a precise ocperating procedure was
excecuted so as to eliminate the disturbances caused by the local magnetic
field, atmospheric pressure., environmental temperature, battary voltage,
vibration of transportations etc. It was found during the field campaigns
that +there exist probably some linear telation between the displacement
sensitivity(S) and gravity(G) as Si~8 j=-0. 00009(Gi-G ), here i and
are two stations, G* in mgal. This change of sensitivity introduces no
damage to the observations while the zero reading method, which always
keeps the beam level for each reading, is used.

Data pre-processing added to the field observations the corrections
for instrument height, theoritical tidal with a factor of 1.16, reduction
to standard atmospheric pressure and zero drift of gravimeter. Tare were
rejected by Judging the drift which should be less than &0 microgals
in a loop within one day and by judging the rate of the drift over time

difference obtained experiencely depending on what sort of vehicle was
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employed to transport the instruments After careful studies of several
models of the drif¢, an average linear model was applied for the correc-—
tions in each back and forth tie within one day, ag:

41 = K#dTi

here di is the drift correction, K the average drift rate, n the number
of closed reading in anindependent tie; dTi and dZi the differences gf

time and reading at number i closing.

II Adjustment

There were two key problems which should be carefully treated in
the adjustment, first, an apt mathematical model with optimal parameters
for discribing the scale functions of every LCR-G meter, and secondly,

the choice and weighting of absolute or known gravity stations.

2.1 The scale function of LCR-G and its determination

It is well known by now that the milligal value table of gravimeter
given by LCR-G manufacturer is not accurate enough for a precise gravime-—
tric net. Generally speaking, the relationship between the milligal value

and the reading of LCR-G meter can be described by a scale function as

follows:
Pk k Pn

G1 = F(RI) = Go+3_ Ek#Ri + 3 LXn#cos (Wn#Ri)+Yn#sin (Wn#Ri) 3] (2-1)
k=1 n=1

fiere

Gi gravity value at station i
Go constant wating for fixing
Ri reading of LCR-G meter

Ek polynomiel coefficent
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k degree in the polynomial

P&, Pn numbers of the polynomial and pericdic terms

n sequential numbev of periodic terms

An = An#cos({Fn), ¥Yn = An¥sin(Fn)

An, Fn amplitude and phase of the periodic term number n

Wn freguency of the periodic term number n

The fixed periods which were introduced necessarily in CECBNSS are listed

here in the counter‘s unit,

"

No 457 and before 1205. 98 602. 99 70. 94 35. 47 l

No 458 and after 220. 00 110. 00 73.33 3&. &7 i

F(Ri) is then the scale function. Actuslly, formula (2-1) is often
given in the form of gravity difference to simplify some problems in
data processing. From (2-1) we have at stations i and J

k bk Pn
Gi - G = F(RiI)=-F(R) = gﬁ:Ek(zi -2 )*EE:{Xntcos(wn*zi)—cos(un*zJ)J+

k=1 n=1

+Ynlsin(Wn#zi)-sin(Wnez )1 (2-2)

The unknown parameters Ek, Xn:¥Yn in formula (2-2) can be determined accu-
rately by several methods, such as direct calibration in laboratory condi-
tions ov - on the wvery precise field gravity baselines comprising some
absolute stations covering thousand mgals for determining mainly the
polynomial and on the short haseline with %he gravity point intervals
dense enough to decide the periodic terms. Unfortunately, both of the
direct methods were mnot available in China until 1986. The parameters
of sacle function had to be, therefore, taken as the unknowns in the
ad Jjustments. In fact, it is also possible to determine them with & satis-
fied accturacy in a large scale oF.gravitg net as CCBNBS because as many
as 9 LCR-G meters were employed with their reading positions distributing

wildly and densely on the counters of the meters (Fig.2). All the unknouwns
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for gravimeters were established very carefully by taking into account
of the results of the residual analyses of adjustment, which demanded
that there should be no systematic tendence after correction of scale
function.

Further more, the formula can be given to correct the manufacture‘s
milligal value table as soon as the parameters are determined. Let z
and Z be the readings in milligal before and after the corrections, and
let Z)=0 in (2-2)

k Pn
Zi = F(Zi)-F(O)= Ek#zi +:£:{Xn[cos(Wn*zi)—1]+Yn*sin(wn*zi)} (2-3)

k=1 n=}
By the law of error propagation, ignoring the relations among the para-—
meters of Ek, Xn, yn, one easily get the error for those corrections

of reading(Z) and reading difference(dZiy)

2 2 2k P 2 2 2 2
Mzi = Mak#zi + {Mxn #[cos(Wn#zi)—11 +Myn #sin(Wn#zi) ¥

k=1 n=1
2 Pk 2k k 2Pn 2 2
Mdziy=> Mek(zi ~-z; )+> {Mxnlcos(Wn#zi)-cos(Wn#zi)l + (2-4)
k=1 n=}1
2 2

+*Mynisin(Wn#zid)-sin(Wnerz )l ¥

2 2 2 2 1/2
Man=x{Xn #Mxn +¥Yn #Myn } /An

-2 2 2 2 1/2 2 (2-5)
Mfn=£{Xn #Myn +¥n =Mxn ¥ /An

here Man, Mfn are the errors of the amplitude and phase. With the help
of (2-4), we <can take a look at how accurate the scale functions will
be. As a matter né fact, when Z;=3000 (average reading in China), the
scale Functions; errors are generally less than 10 microgal for a gravigg

difference of 1000 milligals(Fig. &).

2.2 The choice of absolute and known gravity values and adjustment compu-

tation

The known gravity values given by absolute determination and the
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international standards available were considered as the directed obser—
vations and were weighted in +the adjustment. The choices and weights
of them were depended on their accuracies and distributions in CGBNE3.
Let relative observation equation have the unit weight, the ratio of
prior weight is about Pr:Pk:Pa = 1:2:4. Pr, Pk, Pa ave the weights for
the relative, known and absolute oebservation equations respectively
This ratio wes adjusted according to the vresults of repeated tests of
ad justment. Finally 11 knwons were chosen from 34 o0f them and wers wei-
ghted (Fig. 1). The observation equations are as follows:
for the absolute: Vi=G-Ga ) Pa (2-6)
for the known standards: Va=6-Ck+k Pk (2~7)

here V residual of adjustment, € unknown gradvity value, Ga.Gk gravity
observations, k systematic deviation of Gk to absolute system ( determined
directly by the absolute apparatus ).

For the relative gravity observation equation, from formula (2-2)

V3= y~-Gi+LlF(zi)-F(z3)1 Pr=1 (2-8)

with +the simultanecus equations of (2-&), {2-7), {(2-8), the least square
parameter adjustment method was applied, totaly B&7 relative observations
and 11 weighted knouwns, taking ¢the 57 unknown station gravity values
in China and 23 ones abroad, including 56 unknown parameters of the 9
LCR-G meters’ scale functions for the +final adjustment computation.

It is important to select the parameters of scale function for each
gravimeter. We had to make a2 good compromise for the following factors:
the rtesiduals of adjustment, apposite distribution of the knowns and
the positions of <the rteadings on the meters’ counters, [PVI and the
errors of the unknowns, while keeping the number’oF the unknowns as less
as possible. The introduction of the high power terms of the polynomial
in scale function should be very carefully when the changes of knouwn
gravities do not cover as large as the changes of the unknown ones because

of the wunstability of the high power terms in this case. Another Teason
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is that the error of scale function increases quickly as the high sowers
of the readings are employed(Fig. &).

Numbers of ways of ad justments, formed by the conbinations of weight~
ings and selecting the parameters in scale functions etc.. were tried.
It is not possible to list all of them. We point out here only that:
a) the adjustment might have a loss of 30% accuracy if the scale furnctions
had not been considered. b) the difference between the gravity values
at Sevres A3 given by the absolute determinations and by the adjustment
is only 15 microgal when A3 was taken as an unknown station, that is,
in the northen part of CGBNSS5 from Beijing to the northest station, there
was about 800 milligal free of known stations, which shows that the exter—

nal checking is perfectly consistence.
III Some Remarks and Conclusions

3.1 The real accuracy of CGBNB5 given by the comparations with the
existing known standards

From table 1, the most of the differences of the gravity values be-—
tween the adjustment and the knowns are less than 20 microgal, with the
average of -7 microgal and the mean square root of +22 microgali and
from tagle 2, it is easily to find out, by paying attention at the dif-—
ferences between CGBNBS and each known standard no matter the latter
took part in the ad justment or not, that all the discrepences are comp—
letely within the éccuarcg estimated. The CMI apparatus has a deviation
only =4 microgal with the light weight ratio of 3% Only -9 microgal
discrepence with IGSN71 which were nought weighted; A little bigger o#f
-153 microgal for the standard given by Nagakawa [23. In conclusion, CGBNSS

is well consistent with the existing international systems

3.2 By wusing a linear transformation at dozen of coincided or linked
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stations, 13. 53 mgal in systematical difference and 0. 0002 in scale are
found between the former CGBNS7 and CGBNSS.

3.3 altogether 5 absolute determinations from the 11 ones were Tejected
because of <%heir rvather big corrections. The reasons of that perhaps
by the ideas of author are: a) the long period change of the earth gravity
#ield and the regional change caused by the weathers’ conditions, such
as the variation of the "level of underground water, both of them can
be as big as the order of tens of microgal: b) the absolute gravity deter-—
mination are ‘damaged - sometime by environmental conditions which might
introeduce a dangerous disturbance without being discovered by the deter—

miners.

Finally, we would like to express our gratitude and appreciation
to all the organizations and personnel in China and abroad who help esta—

blish CGBN8S through their close cooperations:
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TAGLE 1. DIFFERENCES BETWEEN VALUES
OF KNOWN AND ADJUSTMENT

City Go Mo P Go—-G ™ Go from =
Beijing ?80119. 644 +0. 010 5.0 0. 003 £0. 005 1)
Q:ngdao ?77802. 584 0.010 3.0 -0.019 0. 007 (1)
Stanghai 979395. 979 0. 010 0.0 -0.071 . 007 (1)
Ztengzhou F79630. 051 0.010 0.0 0. 076 0. 008 (1)

" 9794630, 148 0.0 ~0.021 0. oo8 (2) ##%
X:an F7R44b. 225 0. 010 0.0 0. 124 0. 007 (1)
Wechang 973348, 797 0. 011 0.0 0. 088 0. 007 (1)

" 979348. 858 0.0 0. 027 Q. 007 (2) #%
Nanning ?78750. 244 0. 010 3.0 0. 026 0. 006 (1)

" ?78730. 276 0.0 -0.006& 0. 00& (2) %%
Crangsha 979133. 549 0. 010 0.0 =-0.068 0. 007 (1)
GLangzhou ?78815. 719 0.010 4.0 0. 000 0. 005 (1)

" ?788195. 657 0.0 0. 062 a. 005 (2) ==
Fuzhou ?79000. 999 0.011 3.0 0. 023 0. 00& (1)
Kenming ?78347. 798 0.017 2.0 -0 024 0.008 (1)A, (2)

" F78347. 979 0.012 0.0 -0.201 0.008 (1) group B

" 978347. 738 0. 020 0.0 0. 040 0.008 (1) group A

" ?78347. 858 0.013 0.0 =-0.084 0.008 (2
Tckyo NARTA ?79857. 332 2.0 -0.010 0.0035 (&)
Tckyo B ?79788. 783 2.0 -0.029 0.005 (&)

" 979788. 719 0.0 Q. 035 0.005 (5)
Tzkyo C I7R97463. 210 0.0 -0.03%9 0.007 (&)

" F79763. 189 0.0 -0.018 0.007 (5)
Tsukuba 79951, 237 0.0 0. 027 0. 007 <(4)
Mizusawa A 780147. 925 C.0 -0.008 0.011 (&)
M:zusawa B ?80144. 3756 0.0 -0.024 0.01i1 (&)
Mizusawa C F80146. 4466 0.0 -0.015 C.011 (&)
Kyoto (of 979707. 732 0.0 -0.003 0. 007 (&)

" 979707. 750 0.0 -0.021 G. 007 (5)
Kjoto A 97%707. 228 2.0 -0.001 0.007 (&)

" 79707. 270 0.0 =~0.043 0.007 «(5)
Kyoto J 7900 F79708. 143 0.0 =0.007 C. 008 (&)
Paris R 80915, 490 0.0 0. 015 C.008 (%)
Paris S 980917. 230 0.0 =-0.014 0.008 (35)
Sevres A3 98092%. 913 5.0 0. 008 Q. 006 (3) ##=n
HingKkong J7904 978757. 436 0.0 0. 011 0.007 (&)
Hingkong J7903 9787&41. 160 0.0 -0.008 c.008 (&)
Hzngkong J7902 978754, 464 2.0 -0.010 0.006 (&)
Hengkong B 978753, 8982 0.0 -0.02s6 0. 008 (&)

" 978758. 871 0.0 =-0.015 0.008 (5)

* Refor to second column in table 2.

% Go ~ the known gravity value, but Go from (2) were the result of
experiment, determined in 1983 with the apparatus of model
NIM-I, final result will be determined with a new model which
is now available.
##% Given by Boulanger [53]
N:te: at Kunming on the same site in a cave where the condition was terrible,
and between observation groups A and B, the apparatus was wholly re-
ad justed.
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TABLE 2 COMPARISONS BETWEEN THE EXITED STANDARDS AND CGBNBS

The existed No Gravity |[No of|No.of Mo |Sume of | Weight | Average
Standards diff. mgel] S.C. | S. A ugal| Weight | ratio difé
IAbs. apparatus IMGC (1) 1772 11 & +1t 1@ 0. 58 +1. 4
Abs. apparatus CMI (2) 1282 S 1 14 b 0. 03 -4, 4
Abs. apparatus at sevres A3| (D) o i 1 3 S5 0.15 +8. 0
lAbs. apparatus JGI # (4) o/ 1 o} 20 0 o) -25. 0
IGSN71 (3) 2163 7 o <100 0 0 -8.7
IGiven by Nagakawa [21 6) 1395 13 4 <30 8 0. 24 -15.1
total: 33 average: -7.3
#*Japan Geographic Institute
No of S.C. - number of stations ccinsided with CGBNS8S
No of S. A ~ number of stations used as knowns in the adjustment of CGBNS8S
Mo - accuracy given by determiner

2Bo‘muber of ties

240 b )
Fie. 3 DISTRIBUTION OF THE
200 p RESIDUALS IN THE ADJUSTMENT
unit in micgrogal
~ the highest curve is the total
160 residvals of the 9 meters

= the other curves are the residuals
of each meter respectively

120

80

40
0
-60 -40 =20 o 20 40 60
lmicgrogal
20
10 Mg
Gal
0 - 4 - el e —
78 %78. 5 79 979.5 80 980. 5 981
FIG. 4 MEAN SQUARE ERRORS DISTRIBUTED WITH GRAVITY VALUES
straight line - average of mean square error
broken line - unit weight mean square error
curved line - the mean square error{Mg)




TABLE 3 THE PARAMETERS
GIVEN BY THE ADJUSTHMENT
unit in microgal

No lingar |Quatra~— Periodic terms

Ins. of | Svi] Vg coef. tic coed. 120&/220 &03/110 Ti/73 35/37
-& -10

ties i0 10 A F A F A F A F
o 85| 205 2i3] 127|-499220|1818x32 [15=2|-108:10 1022 | 125212 202 —29£5
ci147] 381 10|~134] 345z6 1125 ~-81zx19
G570 30| 13 211 453246 Bx4| =-74x29
¢584| 135 | 14{-320] 385=5 823 -82z215| 322 |~-139x52| 422 53x29 1122 | 152x1C
c589] 141 | 13 55| 489254 522 | -43x28| 322 | 163247 922 9515
€596 48| 15] -59| 5766
c623] B7 | 15 37| 384zx6 5£3|~108x34 ] 3=3 66255 7x3|-137226| B2 623
cé676] 83 16| -B83| 544xH 164 |-122215] 823 | ~96x24 1023 100219
cé&B1] 801 11 58| SB6=b 124 -46%£43] 9&3 B4x24| 9=3] 138x21| 72 |-132x19
in the table, Sy - standard deviation of residuals for each gravimeter

Vg ~ Sume of residuals for each gravimeter

A.F - amplitude and phase(degree) of periodic term
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FIG.
q — interval factor of 0-570 by LCR-G manufacture
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—- ervor of corrected reading
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of covrected reading diffevence
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note:

the error of 6-85 is much bigger
which
increases quickly wiht the readings
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the error of the quatratic term in the
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Abstract :

Since @ new China Gravity Basic Neti985(CCBNBS) has been established
in 1985, with an accuracy of +0. 02mGal, China gravimetric standard has,
in its development, two stages for last 30 years, the previous one was
established in 1957 (CEGBNS57). there are, therefor, several problems faced:
how %o estimate +the errvor in the previous standard and to transform i¢
into the new one; how %to utilize CCBN85 as a gravimetric standard, for
example,; to control a new China Gravity First—order Net(CGFM gct. Ge-—
neral principles are discussed breafly in view of the author in this
paper. After careful studies, it is found that there exsisted in CGBN37
not only the well known basic errorT because of Postdam system but also
a scale error of about 0.02% in gravity differences. A combined adjustment

is suggested in order %o uniformise CGBN85 and the nsw CGFN etc.

I. Historical development and present state of gravimetric standard
in China

Modern gravimetric étandard supplys the starting gravity value and

the gravimetric scale to a country, which consists of a system of at

least two gravity stations and is usually as a national gravity basic

net. Since the begining of this centry, two international gravimetric

standards have been adopted: the Postdam system in 1909 previously and
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the International Gravity Standardization Network 19271 at present. The
first China Gravity Basic Netl1957 (CGBNS7) was established in 1957. It
consisted of 22 basic stations on the base of Postdam system with relative

-5 -2
measurement accuracy of 20.15 mGal [10 ms 1C1l. Based on it, China

Gravity First—-order Net19S57(CGFNS7} was there and several hundred thousand
gravimetric points of various order were determined. From 1981 to 1985,
headed by China MNational Bureau of Surveying and Mapping, the new China
Gravity Basic Net1985(CGBNBS) was establised. CGBNSS consists of 57 basic
stations (including & absolute gravity stations), 9 LaCoste % Romberg
gravimeters(LCR-G) were used and altogether 23 international known gravity
stations were connected through 4 routs; its standard is then defined
by the absolute gravity determinations{2] and alsso the international
known values. Parameter adjustment method was applied, taking into account
of scale functions for the LCR-G.Observational equations for the absolute,

known gravity wvalues and relative measurements were as follows(3]:

Pa, Vi = G-CGa
Pk, Ve = G-CGk+k

Pk k k
Pr=1, V3=GJ—Gi+§::Ek(zi —-z§ ¥+ {Xnlcos(Wn#zil~cos(Wn#*z )i+ ?<1)

k=1 n=1

+¥nlsin(Wn#zid-sin(Wn#z )32
2 2 1/2
An = (Xn +¥Yn ) ) tan(Fn) = ¥n/Xn
J

here, the significances of the terms are the same with those in reference
£33, The scale function of LCR-G given by the adjustment can be applied
to correct the manufacture’s milligal wvalue table with a formula as:
P k
Zi = Ek#zi + {Xnlcos(Wn#zi)—1l+Yn#sin(Wn#zi)} 2
k=1 n=1
2 Pk 2 2k Pn 2 2 2 2
e

Mzi => Mek#zi +> {Mxn #[cos(Wn#zi)-11 +Myn #*sin(Wn#zi) > ()

here, Z,Mz are the reading corrected and its error, which is in the same
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scale with CGBNBS. Accuracy analycesl3] show that the error of relative
gravity differences measured by LCR-G is within z0. 0153mGal, the ervor
of scale function of LCR-G for a gravity difference of 1000mGal is wsually
within =0 CimBGal; the error of gravity values of CGBNB3 is 0. 02mGal
and CGBNBS is adopted as the China national gravity standard in &the end

of 1985

II. Accidental and systematical error in CGBNS7 and its standard trans-—

formation
CeBMES, with its Teliable and precise standard, can be applied to
analyse the errors in CGBNS7 and to transform the latter to the new stand-
ard: ¢irstly, by using the 18 gravity values of the coinsidend stations
in the ¢two systems, a re—adjustment is carred out with all the same ob-
servations of the previous CGBNS7; secondly, special studies are made
in the both sorts of data: the relative data fov finding the accidental
and systematic error of instruments used, and then the gravity values
given by the two adjustments in order %o find the basic ervor, meanwhile
to set up a model of standard transformation. Again, the parameter ad-
justment method is wused in the re-adjustment computation, relative ob-
servational equation is in the form as:
Piyg, Viyg = €3 =61 + ElxndZi (4)

hevre,dZ is average of observations by 9 TA®-3 gravimeters,El is an average
ins¢truments’ linear scale facter 1 is sequencial number of groups of
E. Study shows individual scale calibrations were performed for every
duration of field measurement campaign and the scales could be divided
into two groups which differed From each other obviously. The rTesult
after careful analyse is that the accidental error in relative measurement
for a back and forth tie of the average of 7 TA>-3 gravimeters was z0. 04

- 0. 06mGal, and exsisted there also the average scale errvor of gravimefers
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about 1.6%10

I£¢ is well Lknown that there is a basic error of about 13.3 mGal
in Postdam system. Let G57, GBS are respectively the gravity vauvles given
by the original adjustment and the re-—adjustment, then the difference
D between them is in a tendence with the change of gravity as in Fig. 1.
Obviously, D=GB5-G57 goes up with the increase of gravity and the largest

difference is up to O BmGal, more over than the error of measurement.

978 978.5 979 979.5 780 7808 981

FIG. 1 Differences between CGBNS8S and CGBNS7

I€¢ 1is possible ¢to divide D into three pavrts, Do the basic error, Dk the
scale error in gravity, and Dg an unlinear term relating to position

of gravity station, which <¢an be discribled as the fowlling formula:

G83 = G37+D = G37+Do+Dk+Dq
P U n.m i J
= G57+Do+ Ku#(G57-Go) +-§ Qi j#dB =#dL (3}
u=1 i=1
J=1

dB = B-Bo. dL = L-Lo
herea, L, B are the longitude and latitude of station, Go is a constant
waiting for determining, Lo,Bo longitude and latitude of central station.

this formula can be considered as the approching relation between the
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previous and the present gravity standards, with the practical formula

as:
G888 = E57+hARH (&3
A = {1,687-CGo.C)
2 3 3
C = (dS;d%:dB*dL:dB %SL;dS s gl 3
Do -13. 5& ]
" 0. 000189
-0. 006502
H = = 0. 003374
G G. 001441
-0. 00008037
0. 00001801
| j | ~0. 00001521

Dk changes between 20. 4mGal, Dgq between 0. 17mGal. The error of formula
(&) is about 0. 04mGal. That means, the computation of system transforma-
fion for the gravity vaule with the accuracy lower than CEBNS7 can ignore

the wunlinear ¢term Dg and &the ervrror is about 0.1 mGal in that case.

I11. Precise additional absolute and relative gravity measurements and
their standavrd
Precise additional measurements here mean: on the base of CGBNES.
the new CGFN, national gravity baselines and various local gravimetric
controlling nets etc. which are determined with an accuracy about or
even higher than that of CGBN8S:, and are called afterwards attaching
net for an abbreviation. 1t is no daubt that the classical adjustment
with #ixing condifion is never right for processing of an attaching net.

A reasonable method should be an adjustment based on CGBEN83 and meanwhile
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avoid or weaken the errov influence of it. With the help of theory of
modern co-vrelating adjustment in groups, the adjustment of CGBNBS can
be considered as the " first group adjustment ", and then by taking into
account of the result of " fivst group ", the second group, that is,
the attaching net, can be adjusted. Let the result of second group is
d X2, then X = Xo+dXi+dX2 = X1+dX2. It can be provenl4] that this result
is equivelance to the combined adjustment of CGBNBS and the attaching
net as a whole. Let L1, L2 are the observations of CGBNBS and the attaching

net respectively, the observation equations are:

P1, Vi=awdXa+bl#dXb +11 (72a
P2, V2= b2#dXb+crdXc+12 (73b
Q [»]

li=a#Xa + bl#Xb + di - L1

o o
12=b2%#Xb + c#Xc + d2 - L2

heve, dXb is common unknown of the two nets, dXa,dXc are non-common ones.,
and all ¢the characters in (7} are the matrix of concerning values with
the meanings well known as the applications in the text book as [43.
Let dXbl,dXb2 are the common unknowns in first and second groups, then

dXb= dXbl+dXb2 In accordence with the theory of generalized least square

methodl41, the normal equation, solution and accuracy can he derived
as following: )
: - \
”~ T T o~
p2 b2u#P2#c dXba b2#P2#12
T T + T ~ = 0
c #P2#b2 ¢ #P2#c dXc c #P2x12
dXb2 = -P2 #b2#P2#(c#dXc+12)
T T ~
dXc = (Kcb#b2+KeccHe I#P2%12 }(8)
T T ~=1 T -1
Koo = [c #P2%c—c #P2#b2#P2 #hH2#PR2#cl

T -1

Keb —Keowe #*P2#b2#P2
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o T o
P2 = Psbl+h2uP2ub2 12 = 12+b2%d%bl
T T T i/2
Us = [(Vi#PiaVi+v2#PRaV2+dX2#PxlsdX2)/7]
172

Mei = Ugs(Gzi} /
herea, Pxhi is +the prior weight of dXbl. Uo is €he ynit m.s.r. 2., © is
freadom degree, Fux,Qx ave m 5.7.8 and inverse of weight matrix of the
gnknowns.

The field work of the new CGFN will be completed in 1988. However:
et Ueo=z20. 02mGal, it is possible to give the expected accuracy of it
with. &the method mentioned above, by considering the designed confrigura-
tion of +the CGFN. And the resulf of computation shows %that the average
error in gravity value of CGFN is expected to be 20-30% lower than CGBNBS,
while the present accuracy of CGBNBS will be then about 10% higher.

For conclution: as the standards of China gravimetry, the CGBNES
has an accuracy of x0.02mGal: CEBNS7 has a basic error of about 13. 36
mGal and a scale ervor of 0. 0002 in gravity value; it is pxpected to
transform CGBNS7 into CCBNBY with an accuracy af 20. 05mGal: the average

accuracy of the new CGFN is expected about £0. O3mGal.
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