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Precise Approach of Earth Gravity Field and Geoid (PAGravf4.5) is a large Windows
package for geodetic scientific computation according to stationary gravity field theory,
which includes five subsystems, namely, data analysis and preprocessing calculation of
Earth gravity field, computation of various terrain effects on various field elements
outside geoid, precision approach and full element modelling on Earth gravity field,
optimization, unification, and application for regional height datum as well as editing,
calculation, and visualization tools for geodetic data files.

Strictly according to the approach theory of gravity field, PAGravf4.5 efficiently deals
with various terrain effects on various gravity field elements outside geoid. Scientifically
constructs the gravity field approach system with the spatial domain integration
algorithm based on boundary value theory and spectral domain radial basis function
approach algorithm to realize the full element modelling on gravity field in full space
outside geoid and the fine gravity prospecting from various heterogeneous observations.
And develops some ingenious algorithms based on physical geodesy to improve and
unify the regional height datum, so as to consolidate and expand the applications of
Earth gravity field.

The basic principles, main methods and all the formulas in physical geodesy and
Earth gravity field have been realized completely in PAGravf4.5 to popularize high
education. Many long-term puzzles such as various terrain effects on various
observations, full-element analytical modelling on gravity field, fine gravity prospecting
from heterogeneous observations, external accuracy index measurement and
computational performance control have been effectively solved to strengthen the
application capacity of Earth gravity field.

PAGravf4.5 is suitable for senior undergraduates, graduate students, scientific
researchers, and engineering technicians in in geodesy and geophysics, geology and
geoscience, geomatics and geographic information, seismic and geodynamics.
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1 PAGravf4.5's features, strengths, concepts, and usage

Precise Approach of Earth Gravity Field and Geoid (PAGravf4.5) is a large Windows
package for scientific computation rigorously based on stationary gravity field theory.
Strictly according to physical geodesy, PAGravf4.5 constructs the unified analytical
algorithm system of various terrain effects on various gravity field elements on the geoid
or in the outer space outside the geoid to improve the geophysical gravity exploration
and gravity field data processing. Scientifically constructs the gravity field approach
system with the spatial domain integration algorithm based on boundary value theory
and spectral domain radial basis function approach algorithm to realize the full element
modelling on gravity field in full space outside geoid and fine gravity prospecting from
various heterogeneous observations. And develops some ingenious physical geodetic
algorithms to improve and unify the regional height datum, so as to consolidate and
expand the applications of Earth gravity field.
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@ Develops the unified analytical algorithm system for various modes of terrain effects on various gravity field elements outside the geoid, effectively to synthesize various
| heterogeneous observations for the geophysical gravity exploration and gravity field data processing.

@ Sets up the gravity field approach system with the spatial domain integration algorithms based on boundary value theory and spectral domain radial basis function

approach algorithms to realize the full element analytical modelling in full space from various heterogeneous observations in the different altitudes, cross-distribution, and
| land-sea coexisting cases.

@ Presents the quantitative selection criteria for terrain effects according to physical geodesy, solves the fine gravity prospecting problem from heterogeneous

observations, and develops some ingenious physical geodetic algorithms to improve and unify the regional height datum.

@ Realizes the detection of observation gross errors, measurement of external accuracy indexes, control of computational performance and assessment of model result

quality to strengthen application capacity of Earth gravity field.

1.1 PAGravf4.5 structure of computation functions

The basic principles, main methods and all the formulas in physical geodesy and



Earth gravity field have been realized completely in PAGravf4.5 to popularize high
education. Many long-term puzzles such as various terrain effects on various
observations, full-element analytical modelling on gravity field, fine gravity prospecting
from heterogeneous observations, external accuracy index measurement and
computational performance control have been effectively solved to strengthen
application capacity of Earth gravity field.

PAGravf4.5 has five subsystems, which includes data analysis and preprocessing
calculation of Earth gravity field, computation of various terrain effects on various field
elements outside geoid, precision approach and full element modelling on Earth gravity
field, optimization, unification, and application for regional height datum as well as
editing, calculation, and visualization tools for geodetic data files.
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You can design your own schemes and processes, then organize flexibly the related
programs and functions in PAGravf4.5, perform some scientific computations for various
terrain effects outside geoid, full element modelling on gravity field, refinement of 1cm
stationary geoid, fine gravity prospecting from heterogeneous observations,
improvement of regional height datum and application of Earth gravity field.

1.1.1 Data analysis and preprocessing calculation of Earth gravity field
The subsystem is mainly used for the analysis and calculation of the normal Earth
gravity field and Earth ellipsoid constants, calculation of the geopotential coefficient
model and its spectral feature, correction of gravity field elements for the geodetic
boundary value problem, and analytical continuation, gross error detection and griding
operation for gravity field observations.
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1.1.2 Computation of various terrain effects on various field elements outside
geoid
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Constructs the harmonic terrain influence field, and then develops a rigorous and
unified analytical algorithm system for various modes of terrain effects on various types
of gravity field elements outside the geoid (on the geoid or in its outer space), to
synthesize effectively various complex geodetic observations for geophysical gravity
exploration and gravity field data processing.
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1.1.3 Precise approach and full element modelling of Earth gravity field
PAGravf4.5 sets up the scientific gravity field approach system with the spatial
domain integration algorithms based on boundary value theory and the spectral domain
radial basis function approach algorithms to realize the full element analytical modelling
on gravity field in full space outside the geoid from various heterogeneous observations
in the different altitudes, cross-distribution and land-sea coexisting cases.
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1.1.4 Optimization, unification, and application for regional height datum
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Develops some ingenious physical geodetic algorithms to improve and unify the
regional height datum, and then enhance the application capacity of Earth gravity field.

1.1.5 Editing, calculation, and visualization tools for geodetic data files
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PAGravf4.5 were developed by QT C++ (Visual C++) for the user interface, Intel
Fortran (Fortran90, 132 Columns fixed format) for the core function modules and
mathGL C++ for the geodetic data file visualization in the Visual Studio 2017 x64
integrated environment, which is composed of more than 50 win64 executable programs
with nearly 600 function modules.

1.2 Scientific goals and strengths of PAGravf4.5

1.2.1 Scientific goals of PAGravf4.5

(1) Solves the analytical compatibility and rigorous unified computation problems of
various modes of terrain effects on various types of field elements, to fulfill the
requirements of gravity field data processing in various cases and comprehensively
improve the geophysical gravity exploration.

(2) Sets up the scientific and complete gravity field approach system with the
positive-inverse integral in spatial domain and SRBF approach in spectral domain, to
realize the full element analytical modelling in full space outside geoid from
heterogeneous observations.

(3) Develops some ingenious physical geodetic algorithms based on the analytical
relationship between Earth gravity field and height datum, to improve and unify the
regional height datum, and consolidate and expand the applications of Earth gravity field.
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1.2.2 Geodetic features and strengths

(1) Develops the unified analytical algorithm system for various modes of terrain
effects on various gravity field elements outside the geoid, effectively to synthesize
various heterogeneous observations for the geophysical gravity exploration and gravity
field data processing.

(2) Sets up the gravity field approach system with the spatial domain integration
algorithms based on boundary value theory and spectral domain radial basis function
approach algorithms to realize the full element analytical modelling in full space from
various heterogeneous observations in the different altitudes, cross-distribution, and
land-sea coexisting cases.

(3) Presents the quantitative selection criteria for terrain effects according to
physical geodesy, solves the fine gravity prospecting problem from heterogeneous
observations, and develops some ingenious physical geodetic algorithms to improve
and unify the regional height datum.

(4) Realizes the detection of observation gross errors, measurement of external
accuracy indexes, control of computational performance and assessment of model
result quality to strengthen application capacity of Earth gravity field.

1.3 Dominant concepts and ideas integrated into PAGravf4.5

1.3.1 Concepts and quantitative criterions for terrain effect

The terrain effect has always been a very tricky problem in physical geodesy and
geophysical gravity exploration. According to the basic requirements of physical
geodesy, PAGravf4.5 puts forward the convenient and practical quantitative criterion for
terrain effects, which can give a reliable basis for effectively improving the performance
and role of terrain effect in physical geodesy and geophysical gravity exploration.

The terrain effect on gravity field element has three key elements: The adjustment
mode of the terrain or crustal masses, type of gravity field element effected by the terrain,
and location of gravity field element (positional relationship with the terrain masses).

According to the different adjustment modes of terrain masses, the terrain effects
usually include the local terrain effect, terrain Bouguer effect, ocean Bouguer effect,
crustal equilibrium effect, terrain Helmert condensation and residual terrain effect, etc.

In physical geodesy, computation of the terrain effects on gravity field elements
serves two basic purposes. One is to improve the griding performance of discrete field
elements, and the other is to separate terrain ultrashort wave components for the gravity
field approach. Accordingly, PAGravf4.5 defines the quantitative criteria for the selection
of the terrain masses adjustment modes and algorithm parameters (such as integral
radius, minimum degree of residual terrain model and spatial resolution, etc.).

(1) In order to improve the griding performance of discrete field elements, it is
expected to improve the smoothness of discrete field elements after the terrain effect
removed. In this case, the optimal criterion for terrain effect is that the standard deviation



of discrete field elements would decrease after the terrain effect removed. This
quantitative criterion is also applicable for geophysical gravity exploration purposes.

(2) The terrain effect is expected to consist of only ultrashort wave components for
gravity field approach purpose, so the optimal criterion is that the standard deviation of
field elements would decrease, and the statistical mean of terrain effects in the range of
tens of kilometers is small after the terrain effect removed.

(3) The ratio D/e of difference D between the maximum and minimum of terrain
effects on a certain field element and its standard deviation ¢, reflects the outlier of
ultrashort wave signal in this mode of terrain effect. D/¢ is large, which means that the
proportion of ultrashort wave signals is small, but the signal is large. It is beneficial to
improve the data processing performance to process this type of field element using this
mode of terrain effect.

(4) When the sizes of several modes of terrain effects are roughly same, the greater
the ratio of the standard deviation of terrain effect on gravity disturbance to the standard
deviation of terrain effect on height anomaly, the richer the ultrashort wave components
of terrain effect, and the more favorable it is for geoid refinement.

Among the above four guideline criterions defined by PAGravf4.5, the first two are
the binding regulations, which are globally applicable and need to be followed. The latter
two can be the technical references and should be employed appropriately based on
further analysis. These criterions will no longer be appropriate when gravity field
observations are so scarce that their space statistical representation is severely
underrepresented.

The statistical properties of terrain effects vary significantly with the terrain and
gravity field nature in the target area. It is recommended to calculate, compare, and
analyze different modes of terrain effects on various field elements and their differences
each other in advance, and then summarize the spectral domain character of the terrain
effects and properties of the effect on different types of target field elements to design a
calculation scheme with high adaptability based on these analysis results.

The performance of terrain effect is closely related to the complexity of the local
terrain, short-wave figure of the gravity field and space distribution of the observations.
When the terrain complexity is low, local gravity field structure is not complex and space
distribution of the observations is dense, there is a possibility that the performance of
the griding or gravity field approach cannot be further improved using any mode of
terrain effect.

1.3.2 The uniqueness of the geoid and PAGravf4.5's realization
The Stokes boundary value problem requires that there are no masses outside the
geoid, and the terrain masses should be compressed into the geoid under the condition
of keeping the disturbing geopotentials unchanging outside the Earth surface.
PAGravf4.5 believes that there is some a way to compress the terrain masses that the



disturbing geopotential between ground and geoid are equal to the analytical
continuation value of the disturbing geopotential outside the Earth surface, thereby the
corresponding geoidal height is the analytical continuation solution of the geoid.

Various terrain effect on gravity disturbances and that on height anomalies
computed by PAGravf4.5 satisfy the Hotine integral formula. For example, the terrain
Helmert condensation effect on gravity disturbances (direct effects) and that on height
anomalies (indirect effects) satisfy the Hotine integral formula. Therefore, no matter
whether you choose the local terrain effect, terrain Helmert condensation, or residual
terrain effect, the regional geoid refined by PAGravf4.5 programs with the terrain effect
remove-restore scheme is the analytical continuation solution of the geoid.

Obviously, the geoidal height determined from satellite gravity field or directly
calculated from a global geopotential coefficients model are all the analytical
continuation solution of the geoid. Maintaining the uniqueness of the geoid solution,
PAGravf4.5 can deeply integrate satellite gravity, geopotential coefficient model and
regional gravity field data, and then theoretically strictly approach the gravity field and
geoid.

1.3.3 Classification and solution of gravity field boundary value problem

Most of the direct geodetic observations are based on the plumb line and level
surface namely the natural coordinate system. For the sake of convenience, PAGravf4.5
divides the external boundary value problem into Stokes problem and Molodensky
problem according to whether the inner normal of the boundary surface coincides with
the plumb line, that is, whether the boundary surface is an equipotential surface.

(1) Stokes boundary value problem. The boundary value problem whose boundary
surface is an equipotential surface, whose boundary value is a linear combination with
the disturbing potential and its partial derivatives with respect to coordinates is called
the Stokes boundary value problem. The inner normal lines of the boundary surface in
the Stokes problem coincide with the plumb lines.

(2) Molodensky boundary value problem. The boundary value problem whose
boundary surface is not an equipotential surface, whose boundary value is a linear
combination with the disturbing potential and its partial derivatives with respect to
coordinates is called the Molodensky boundary value problem. The inner normal lines
of the boundary surface in the Molodensky boundary value problem do not coincide with
the plumb lines.

When the boundary surface is not an equipotential surface, any one of the following
three methods can be employed to solve the Molodensky boundary value problem.

(1) Analytically continuate the gravity field elements on the boundary surface to the
equipotential surface close to the boundary surface. In this case, the new boundary
surface becomes the equipotential surface, and the boundary value problem into the
Stokes problem, and then solve the Stokes problem.

(2) Correct the gravity field elements on the boundary surface from the direction of

8



the inner normal line of boundary surface to the direction of plumb line, so that the
boundary value problem becomes a Stokes problem, and then solve the Stokes problem.

(3) Directly solve the Molodensky boundary value problem with the non-
equipotential surface as the boundary surface. Which is not recommended by
PAGravf4.5 due to the generally low accuracy of the solution.

PAGravf4.5 suggests that the geodetic boundary value problem is mainly solved
according to the Stokes boundary value theory, and the Molodensky boundary value
theory is mainly employed for the reduction of gravity field data into the equipotential
surface, and for error analysis for processing of gravity field data on the non-
equipotential surface.

1.3.4 Geopotential, geoid, and height datum

(1) The gravimetric geoid is the solution of the boundary value problem, whose
geopotential is a constant and equal to the normal potential of the ellipsoidal surface,
and the ellipsoidal surface is also the starting surface of the geoidal height.

(2) Global geopotential W, is an appoint geopotential for the global height datum in
IERS numerical standards, which can be calculated from a latest geopotential model
and sea surface height observations according to the Gaussian geoid appoint.

(3) According to the define of height system, the zero normal height surface always
coincides with the zero orthometric height surface everywhere, which is namely the
geoid with the constant geopotential We or Wo.

(4) Essentially, the gravimetric geoid determined according to the geodetic
boundary value theory is the realization of the constant geopotential We in the Earth
coordinate system, namely determining of the ellipsoidal height of the geoid.

(5) PAGravf4.5 recommends that the geoidal geopotential We or U, should replace
the empirical appoint Wo in the IERS numerical standard. The latter has no direct
geodetic relationship with the geopotential of the gravimetric geoid.

Whether for realizing of global height datum or for refining of regional height datum,
employing the geoidal geopotential We as the global geopotential can not only
effectively reflect the unique invariance of geodetic datum, but also make full use of
physical geodesy (space geodesy) technology and method to approach the global
geopotential with infinite precision. Which can effectively ensure the analytic rigor of
gravity field approach in the realization and unification of height datum.

1.3.5 Analytical orthometric system is more suitable

(1) Let the gravity value of the move point between ground and geoid be equal to
the gravity value analytically continued to the move point from the outer gravity field,
and the resulting orthometric height is called the analytical orthometric height.

The analytic orthometric height of the global ground points is closer to the normal
height, and the difference is about 60 cm from the Helmert orthometric height at 3000
m altitude.

(2) The geoidal height is the ellipsoidal height of the geoid, which is the solution of
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the Stokes boundary value problem in the Earth coordinate system. The measurement
scale of the geoidal height is the geometric scale of the Earth coordinate system, while
the measurement scale of the analytical orthometric height difference in the vertical
direction is also strictly expressed by the geometric scale. Thus, the analytical
orthometric height is consistent with the geometric scales of the Earth coordinate system
and the geoidal height.
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(3) The analytical orthometric height is not directly related to the terrain density,
which can be continuously refined with the latest gravity field data. On the view of
uniqueness, repeatability, and measurability of geodetic datum, the analytical
orthometric height is more suitable for height datum purpose than other types of
orthometric height.
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Different from the Helmert orthometric system, the analytic orthometric system and
normal height system are compatible and consistent with each other and supported by
the rigorous gravity field theory, they can also be directly employed for the moon and
Earth-like planets.

1.4 Data format, convention, and exercise in PAGravf4.5

1.4.1 Format convention for geodetic data file
PAGravf4.5 adopts 5 types of geodetic data files in own format. The program
[Converting of general ASCII records into PAGravf4.5 format] is the important interface
for PAGravf4.5 to accept external text data. Using the program [Simple gridding and
regional geodetic grid construction], you can construct a numerical grid with the given
grid specifications. The other programs or functions only accept the format data
generated by PAGravf4.5 own.

(1) The discrete geodetic record file

A discrete geodetic record data is represented by a one-dimensional array.

= Multiple rows of the file headers are allowed, whose content and format are not
restricted.

= One record represents the geodetic data of one site. The attributes of each record
include site number (name), longitude (degree decimal), latitude (degree decimal),
attribute 4, ..., attribute n.

= The attribute convention is a numeric format, the number of the attributes (n) is
not more than 80, and the attributes are separated by spaces.

(2) The geodetic network observation file
A geodetic network observation file can store the baseline component data for the
CORS network, height differences for the levelling network, or gravity differences for the
gravity network.
= The file header occupies a row and includes the number of characters of the
baseline or route name, number of characters of the site name, ......
= The file record includes the baseline or route name, starting site (longitude,
latitude, height), ending site (longitude, latitude, height), ...... , observations (default
value is 9999).
= The relations between the baselines (or routes) and the sites in the geodetic
network are reflected with the composition of the characters of their name. A baseline
or route name is agreed to be composed of site names A and B at both ends (B***A),
where the number of characters of all the sites names is required to be equal.
Therefore, the number of characters of the baseline or route name shall not be less
than twice the number of characters of the site name.
(3) The geodetic numerical grid file
The geodetic numerical grid data is represented by a two-dimensional array.
= There is a row of file header at the beginning of the file. The file header contains
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minimum longitude, maximum longitude, minimum latitude, maximum latitude, longitude
interval of a cell grid, latitude interval of a cell grid. The units of all the attributes are
decimal degrees.

= The grid elements are sequentially stored in an increasing manner of row latitude
and column longitude until all data is stored. The elements are separated by spaces.

The grid value of cell grid represents the mean value of the cell grid elements. In
the numerical integral operation, the location of the center point of the cell grid is
employed to calculate the integral distance from the cell grid to the calculation point.

(4) The geodetic vector grid file

Avector grid file is composed of the first component grid and the second component
grid of the vector. The header file and the first component grid in the vector grid file are
same as that in the geodetic grid file, and the second component grid follow the first
component grid closely with the same way.

Vector grid such as vertical deflection and horizontal gradient vector grid in
PAGravf4.5 are stored in the form of vector grid file.

(5) The spherical harmonic coefficient file

= The file header occupies a row and consists of two attributes for the scale
parameters of the spherical harmonic coefficients model, namely the geocentric
gravitational constant GM (x10"m?/s?) and equatorial radius of the Earth a (m).

= The geopotential coefficient model, and terrain masses spherical harmonic
coefficient model and terrain geopotential coefficient model in PAGravf4.5 are stored in
the form of spherical harmonic coefficient file.

= The spherical harmonic coefficients correspond to the scale parameters of GM
and a. Here, the surface harmonic functions in the spherical harmonic coefficient model
are defined on the spherical surface whose radius is equal to the semi-major axis a of
the Earth.

= The degree n order m spherical harmonic coefficient is expressed by a record
with the format ‘degree n, order m, C,,,,, Spm (,  Cpyn €11OF, Sy €rTOT).

PAGravf4.5 does not require the degrees and orders of harmonic coefficients to be
arranged and allows to exist insufficient orders.

1.4.2 The main physical quantity unit and direction

(1) Unit convention of anomalous gravity field elements: Height anomaly or geoidal
height in the unit of m, gravity anomaly or gravity disturbance in the unit of mGal, vertical
deflection in the unit of as namely ", and gravity gradient in the unit of E.

(2) The unit of terrain effect on some a gravity field element is the same as that of
the gravity field element.

(3) Longitude (decimal degrees), latitude (decimal degrees), ellipsoidal height (m),
normal (orthometric) height / depth (m).

(4) Vertical deflection vector (SW). The first component points to the south direction,
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and the second component points to the west direction, which forms a right-handed
rectangular coordinate system with the gravity disturbance direction. This coordinate
system is a natural coordinate system.

(5) Tangential gravity gradient vector (NW). The first component points to the north
direction, and the second component points to the west direction, which forms a right-
handed rectangular coordinate system with the disturbing gravity gradient direction
(radial or zenith direction).

In PAGravf4.5, the disturbing gravity gradient T,,- and tangential gravity gradient are
the second-order partial derivatives of the disturbing potential T to the coordinate, which
are the main diagonal components of the gravity gradient tensor.

Please distinguish the concepts of the tangential gravity gradient and gravity
horizontal gradient. The latter is the horizontal gradient of the vertical derivative of the
disturbing potential, which is only the non-diagonal component of the gravity gradient
tensor (cross item, such as T, or Ty,).

1.4.3 For classroom teaching and self-study exercise

To ease the classroom teaching and self-study, there are the example files saved
in the folder C:\PAGravf4.5_win64en\examples for each Win64 program. Each example
includes the operation process file process.txt, some input-output data files and
screenshots. The folder name of the example files is the same as the name of the
executable program.

Before using the PAGravf4.5 programs, it is recommended to perform completely
the program example using the input-output example data files with comparing the
screenshots and the process information in process.txt. It will take about 5 working days
to complete all the example exercises. Thereafter, you can use PAGravf4.5 alone.

PAGravf4.5 is suitable for senior undergraduates, graduate students, scientific
researchers, and engineering technicians in geodesy and geophysics, geology and
geoscience, geomatics and geographic information, seismic and geodynamics,
aerospace and satellite dynamics, which can be employed in the classroom teaching,
self-exercise, science research, and engineer computing.

You can design your own schemes and processes, then organize flexibly the related
programs and functions in PAGravf4.5, perform some scientific computations for various
terrain effects outside geoid, full element modelling on gravity field, refinement of 1cm
stationary geoid, fine gravity prospecting from heterogeneous observations,
improvement of regional height datum and application of Earth gravity field.

1.4.4 Ignoring and expanding several classic concepts
(1) Ignoring the terrain correction and direct effect concepts
In the classic terrain correction, the correction object is only the terrestrial gravity.
PAGravf4.5 need deal with various modes of terrain effects on various types of gravity
field elements on the geoid or in its outer space. The classic direct effect is the effect of
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terrain mass on gravity (gravity disturbance or gravity anomaly), while the indirect effect
is the effect of terrain mass on geopotential (disturbing potential, height anomaly or
geoid). PAGravf4.5 need deal with various terrain effect on full elements gravity field
elements. The concept of terrain correction, direct and indirect effect can no longer meet
the needs of PAGravf4.5.

PAGravf4.5 adopts the concept of terrain effect uniformly, and strictly distinguishes
the adjustment mode of terrain masses, the type of field elements effected and the
location of field elements. For example, the local terrain, terrain Helmert condensation
and residual terrain effects on the ground gravity disturbance, external gravity
disturbance and geoidal gravity disturbance include 3 x 3 = 9 different terrain effect
quantities.

The terrain effect on various types of gravity field elements is equal to the negative
value of its terrain correction. For example, the local terrain effect is equal to the negative
value of classic local terrain correction.

(2) Recommending W,=Woe as the global geopotential

PAGravf4.5 proposes that the scale parameters (GM, a) of global geopotential
coefficient model, the second-degree zonal harmonic coefficient C and the rotation
mean angular velocity w should be employed as the four basic parameters of the normal
ellipsoid. In this case, the second-degree zonal harmonic term of anomalous gravity field
is always zero, which is beneficial to improve the performance of the gravity field
approach.

The geoid determined according to the geodetic boundary value theory is
essentially the realization of the constant geopotential We in the Earth coordinate
system, namely determining of the ellipsoidal height of the geoid. The geoidal
geopotential We is always equal to the normal potential U, of the normal ellipsoid.
PAGravf4.5 suggests that the geoidal geopotential We replaces the appoint Wo in the
IERS numerical standard. The latter is usually calculated from the global geopotential
model and satellite altimetry data according to the Gaussian geoid appoint.

Whether for realizing of global height datum or for refining of regional height datum,
when the geoidal geopotential We is the global geopotential W, it can not only
effectively reflect the unique invariance of geodetic datum, but also make full use of
physical geodesy (space geodesy) technology and method to approach the global
geopotential with infinite precision, which can ensure the analytic rigor of gravity field
approach method in the realization and unification of height datum.

(3) Recommending the analytical orthometric system

The analytic orthometric height of the global ground points is closer to the normal
height, and the difference is about 60 cm from the Helmert orthometric height at 3000
m altitude. The analytical orthometric height is not directly related to the terrain density,
which can be continuously refined with the latest gravity field data. The geometric scale
of the analytical orthometric height is consistent with that of the Earth coordinate system
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and the geoidal height.

On the view of uniqueness, repeatability, and measurability of geodetic datum,
analytical orthometric height is more suitable for height datum purpose than other types
of orthometric height. Different from the Helmert orthometric system, the analytic
orthometric system and normal height system are analytically consistent with each other
and supported by the rigorous gravity field theory, they can also be directly employed
for the moon and Earth-like planets.

1.5 Algorithm features and use notes of PAGravf4.5

1.5.1 Complete and analytical terrain effect algorithm system

PAGravf4.5 independently developed the complete set of terrain effect algorithm
system to realize various modes of terrain effects on different types of gravity field
elements on the geoid or in its outer space.

(1) The set of algorithms are rigorous in theory, the numerical integral has no
calculation error, and the accuracy of the fast FFT algorithms is controllable.

(2) There are various modes of terrain masses adjustment, the type of gravity field
element affected by terrain can be arbitrary and the field element can be located on the
geoid or in its outer space.

(3) Strictly follows the analytical relationship of gravity field between the terrain
effects on different types of field elements.

(4) Makes full use of the analytical compatibility between different modes of terrain
effects, so that the algorithm codes can be short and concise.

From the terrain effect formulas in sections 7.5 to 7.8, it is easy to see that many
algorithm formulas are very similar. Some terrain effect algorithms only adjust some
parameters and call the same codes.

1.5.2 Technical features of gravity field Integral algorithm

(1) The fixed integral radius of gravity field

Limiting the definition domain of kernel function, PAGravf4.5 executes the gravity
field integral operation with the given radius, including numerical integral and FFT
integral algorithm (kernel function windowing), to coordinate and unify various gravity
field approach algorithms. Two-dimensional FFT adopts the modified planar two-
dimensional kernel function, and its calculation accuracy is not significantly different
from that of one-dimensional FFT in the range of latitude 10°.

(2) The calculation point and the move point (integral running area element)

The coordinates of geodetic points are expressed by latitude and longitude and
ellipsoidal height. For example, the position of boundary surface, measurement point,
calculation point, and integral move point (area element or volume element) are
expressed by geodetic coordinates. The integral cell grid position is the geodetic
coordinates of the center of the cell grid, and the integral radius is calculated by geodetic
coordinates.
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(3) The equipotential boundary surface

Most gravity field integral formulas are derived from Stokes boundary value theory,
such as the Hotine integral, Vening Meinesz integral, radial gradient integral formula,
etc. The solution of Stokes boundary value problem requires that the boundary surface
is an equipotential surface, that is, the anomalous gravity field elements should be
located on some an equipotential surface.

In PAGravf4.5, the accuracy of the ellipsoidal height employed as the boundary
surface is not less than 10 m can meet most requirements. The boundary surface can
be constructed from a 360-degree global geopotential coefficient model, which can also
be replaced by the ellipsoidal height grid of normal or orthometric equiheight surface in
near-Earth space.

1.5.3 Performance of gravity field approach using spherical radial basis
functions

PAGravf4.5 proposes three key technical countermeasures to make the spherical
radial basis functions (SRBF) approach algorithm independent of the observation error,
avoid the spectral leakage of the undetermined target field element, and improve the
analytical performance of the SRBF algorithm, to ensure the analytical approach of
gravity field using SRBF.

(1) Using the edge effect suppression method to instead of normal equation
regularization.

PAGravf4.5 proposes the algorithm to improve the performance of parameter
estimation of spherical radial basis functions (SRBF) coefficients by suppressing edge
effects. When the SRBF center is located at the margin of the calculation area, let that
the SRBF coefficient is equal to zero as the observation equation to improve the stability
and reliability of unknown SRBF coefficient estimation.

After the edge effect suppression method employed, the normal equation need not
be regularized. Which can keep the analytical nature of the SRBF approach algorithm
and the analytical nature of gravity field from being affected by the observation errors.

(2) Employing the cumulative SRBF approach method to achieve the best approach
of the gravity field.

The target field elements are equal to the convolution of the observations and the
filter SRBF. When the target field elements and the observations are of different types,
it is difficult for one SRBF to effectively match the spectral center and bandwidth of the
observations and the target field element at the same time, which would make the
spectral leakage of the target field element. In addition, the SRBF type, the minimum
and maximum degree of Legendre expansion and the SRBF center distribution also all
affect the approach performance of the gravity field. Therefore, only the optimal
estimation of the SRBF coefficient with the burial depth as the parameter is not enough
to ensure the best approach of the gravity field.

PAGravf4.5 proposes a cumulative SRBF approach scheme according to the linear
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additivity of the gravity field to replace the optimal estimation scheme of SRBF
coefficients with the burial depth as the parameter to solve the key problem above. Using
the multiple cumulative SRBF approach scheme, it is not necessary to determine the
optimal burial depth.

When each SRBF approach of gravity field employs a SRBF with different spectral
figure, the cumulative SRBF approach can fully resolve the spectral domain signal of
the target field element by combining multiple SRBF spectral centers and bandwidths,
and then optimally restore the target field element in space domain.

The character of cumulative SRBF approach scheme of gravity field: the essence
of each SRBF approach is to employ the previous approach results as the reference
gravity field, and then refine the residual target field element by remove -restore scheme.

(3) Proposing the cofactor matrix diagonal standard deviation method.

PAGravf4.5 proposes a cofactor matrix diagonal standard deviation method to
combinate different types of heterogeneous observations for estimation of the SRBF
coefficients, instead of the common variance component estimation method. This
method replaces the residual observations variance in the iterative process of the
variance component estimation with the diagonal standard deviation of the cofactor
matrix, so that the properties of the parameter estimation solution are only related to the
space distribution of the observations from being affected by the observation errors.
Which is conducive to combination of various types of observations with extreme
differences in space distribution, such as a very small number of astronomical vertical
deflections or GNSS-levelling data.

In this case, the normal equation does not also need to be iteratively calculated,
which conducive to improve the analytical nature of the SRBF approach algorithm.

e The typical technical features of SRBF approach program in PAGrav4.5: (1) The
analytical function relationships between gravity field elements are strict, and the SRBF
approach performance has nothing to do with the observation errors. (2) Various
heterogeneous observations in the different altitudes, cross-distribution, and land-sea
coexisting cases can be directly employed to estimate the full element models of gravity
field without reduction, continuation, and griding. (3) Can integrate very little
astronomical vertical deflection or GNSS-levelling data, and effectively absorb the edge
effect. (4) Has the strong capacity in detection of observation gross errors, measurement
of external accuracy indexes, and control of computational performance.

1.5.4 Computation scheme of fine gravity prospecting by analytic fusion of
heterogeneous observations
PAGravf4.5 has the high-precision analytical computation capacity of various
terrain effects on any type of gravity field element. At the same time, it has the full-
element analytic modelling function on gravity field from various heterogeneous
observations. The combination of the two can effectively solve the fine computation
problem of gravity exploration that can deeply fuse all the gravity field information in
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multi-source heterogeneous observations.

In any region of the world, you can accurately calculate the land-sea unified
complete Bouguer gravity anomaly (disturbance), complete Bouguer vertical deflection,
complete Bouguer gravity gradient, and classical Bouguer / isostatic gravity anomaly
(disturbance) from heterogeneous observations such as gravity, gravity gradient,
satellite altimetry, (astronomical) vertical deflection, GNSS-leveling etc. in the different
altitudes, cross-distribution, and land-sea coexisting cases.

The general computation process for fine gravity prospecting from heterogeneous
observations is as follows.

(1) Select the calculation area, target calculation surface (terrain equiheight surface
is recommended here) for gravity exploration and obtain (or collect) all the gravity field
and geodetic observations as much as possible.

(2) Call the related programs in the subsystem [Precision approach and full element
modelling on Earth gravity field] to determine the high-resolution grid of gravity field
element corresponding to the target prospecting model on the calculation surface.

(3) Call the related programs in the subsystem [Computation of various terrain
effects on various field elements outside geoid] to determine the terrain effect grid on
gravity field element corresponding to the target prospecting model on the calculation
surface.

(4) By subtracting the terrain effect grid from the gravity field element grid directly,
you can obtain the target gravity prospecting model which have deeply fuse all the
gravity field information in heterogeneous observations.

If the SRBF approach method is employed in step (2), the whole gravity prospecting
modelling process above are all strictly analytical, which can effectively avoid signal
attenuation and distortion of gravity field and the problem of terrain effect difficult to
control in traditional reduction, continuation, and gridding.

The computation of fine gravity prospecting with the analytic relations of gravity field
as strong constraints by PAGravf4.5 can deeply fuse all the gravity field information from
heterogeneous observations in the different altitudes, cross-distribution and land-sea
coexisting cases, whose observation mode can be on terrestrial, marine, aviation and
satellite.

1.5.5 Algorithm and computation scheme optimization

The algorithm system in PAGravf4.5 is scientific and rigorous, and there are several
schemes to calculate the same terrain effect. Various gravity field elements can be
solved from any type of field element outside. The field element type can be traditional
or uncommon such as satellite tracking satellite and satellite orbit perturbation, and the
applicable space can be on the geoid or in its outer space.

The approach of Earth gravity field is linear operation. The terrain effect and gravity
field approach algorithms in PALGravf4.5 are all linear. Therefore, Any program in
PAGravf4.5 can output the error distribution characters of the target field elements with
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the simulated spatial noises as observations. PAGravf4.5 has strong error analysis
capacity, which can be the important means to optimize the gravity prospecting
computation and gravity field approach scheme.

One mode of terrain effect, there are also multiple computation schemes to be
chose. For example, to compute the land-sea complete Bouguer effect, PAGravf4.5 has
three schemes and programs to be chose.

For the specific data processing and modelling purpose of gravity field, there are
multiple PAGravf4.5 programs, different parameter settings or multiple schemes to be
chose. In the actual application, you should investigate the gravity data situations and
the nature of gravity field in the target region, carefully select, test and analyze the
related PAGravf4.5 algorithms, parameters and schemes to design and optimize the
computation technology route.

1.5.6 Performance testing and analysis of algorithm and parameter

(1) Performance test for terrain effect algorithm

The terrain effect optimization criterion proposed by PAGravf4.5 according to the
basic principles of physical geodesy, can greatly reduce the complexity of terrain effect
analysis, and provide a concrete and feasible technical route for effectively playing the
key role of terrain effect in geophysical gravity exploration and gravity field approach.

The statistical properties of terrain effects vary significantly with the local terrain,
gravity field nature and observations distribution in the computation area. PAGravf4.5
terrain effect computation subsystem present some cases in a difficult mountain area,
and the ratio of the maximum and minimum values to the standard deviation of various
terrain effects on various field elements was statistically analyzed. The statistical
analysis results of these cases show that, when ignoring the observation distribution
and gravity field nature, the local terrain effect is favorable for the gravity data processing,
the terrain Helmert condensation is favorable for the processing of gravity gradient data,
and the residual terrain effect is more favorable for the refinement of geoid.

Before the computation, it is necessary to comprehensively and carefully test and
analyze the technical route of terrain effects according to the local terrain, gravity field
nature and available gravity resources in the target area according to the quantitative
criteria of terrain effect, so as to ensure that the terrain effect algorithm and parameter
settings can be based on some evidence. Only then can the applicability and technical
level of the terrain effect processing scheme be significantly improved.

(2) Performance test for gravity field approach algorithm

The performance of most gravity field approach algorithms and their parameter
settings can be tested and verified with an ultra-high degree global geopotential
coefficient model. Many program samples of PAGravf4.5 take the 2 to 540" degree
EGM2008 geopotential coefficient model as the reference gravity field, and then employ
the anomalous gravity field calculated by the 541 to 1800™" degree model as the
reference true values for testing and verification.
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The test outline of the PAGravf4.5 program algorithm: Take some residual
anomalous field elements calculated by the 541 to 1800 degree EGM2008
geopotential coefficients as the observations, call the PAGravf4.5 programs or functions
to be verified, and obtain the calculated values of the target residual field elements.
Then compare the difference between the calculated values and the target reference
values calculated by the EGM2008 model, to evaluate the technical performance of the
algorithm programs and their parameter settings in PAGravf4.5.

PAGravf4.5 can compute various types of field elements on the geoid or in its outer
space from some a type of field and can also cyclically calculate the same type of field
elements. Comparing the difference and similarity between the observed field elements
and the calculated field elements obtained by the cyclical computation, the algorithm
character and performance of the relevant programs and functions called in the
computation process can be analyzed.

(3) Performance test for gravity field approach using SRBF

The best approach scheme of gravity field using SRBF is related to the observation
situations, nature of gravity field and algorithm parameters. The program of [Gravity field
approach using SRBFs in spectral domain and performance test] can be employed to
comprehensively analyze the spectral center and bandwidth of the observation, target
field element and SRBF in different parameters combination case. According to the
principle of fully resolving the spectrum of the target field element, design and optimize
the scheme and relevant parameters for SRBF approach of gravity field in advance.

(4) Notes on the PAGravf4.5 program examples

In the examples of terrain effect programs of PAGravf4.5, a typical difficult
mountainous area with an average altitude of 4000m and terrain relief of more than
3000m is selected to facilitate the display of the details of terrain effect and its algorithm
characters. Similarly, in the gravity field integral examples of PAGravf4.5, the region with
typical complex features where the short-wave signal of the gravity field is rich (residual
gravity disturbance after the 540-degree reference model value removed, and the space
variation exceeds 300mGal) is selected to facilitate the display of the detailed features
of the local gravity field and its approach algorithm.

The statistical results of these samples roughly show the basic performance of the
corresponding algorithms. Since the main purpose of these samples is to introduce the
computation process, there is no statistical analysis and optimization of the algorithm
itself and parameter settings. Therefore, there is still greater potential, which need be
further explored by the user in combination with the specific situations.
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2 Data analysis and preprocessing calculation of Earth gravity field

The subsystem of the data analysis and preprocessing calculation of the Earth
gravity field is mainly employed for the analysis and calculation of the normal Earth
gravity field and Earth ellipsoid constants, calculation of the geopotential coefficient
model and its spectral feature, correction of gravity field elements for the geodetic
boundary value problem, and analytical continuation, gross error detection and griding
operation for gravity field observations.

Data analysis and prepr ing calculation of Earth gravity field

C of global geop model Calculation of observed anomalous field
and its sp | y and error ysis of geoid

Correction of boundary value problem for Analy of field Gross error detection and basis function
field element on non-equipotential surface elements using multi-order radial gradient gridding of discrete gravity field elements

Programs and functions structure of the subsystem

PAGravf4.5 adopts 5 types of geodetic data files in own format. The program [Converting of general ASCII records into PAGravf4.5 format] is the
important interfaces for PAGravf4.5 to accept external text data. Using the program [Simple gridding and regional geodetic grid construction], you can
construct a numerical grid with the given grid specifications. The other programs or functions only accept the format data generated by PAGravf4.5 own.

2.1 Calculation of normal Earth gravity field, ellipsoid constants and Wa
analysis

[Purpose] Calculate the normal gravity field parameters at the Earth space point,
geometrical and physical constants of the normal Earth ellipsoid and gravimetric geoidal
geopotential We according to the rigorous analytical algorithm of spherical harmonic
expansion.

Essentially, the geoid determined according to the geodetic boundary value theory
is the realization of the constant geopotential We in the Earth coordinate system, namely
determining of the ellipsoidal height of the geoid. The geoidal geopotential We is always
equal to the normal geopotential U, of the normal ellipsoid. PAGravf4.5 suggests that
the geoidal geopotential We should replace the appoint empirical W, in the IERS
numerical standard. The latter is calculated from the global geopotential model and
satellite altimetry data according to the Gaussian geoid appoint.
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2.1.1 Computation of normal Earth gravity field elements of the Earth space

point

[Function] Using the spherical harmonic expansion formula, calculate the normal
geopotential (m?/s?), normal gravity (mGal), normal gravity gradient (E), normal gravity
line direction (', expressed by its north declination relative to the center of the Earth
center of mass) or normal gravity gradient direction (', expressed by its north declination
relative to the Earth center of mass).

[Input file] The space calculation point file.

The record format: ID (point no / point name), longitude (decimal degrees), latitude
(decimal degrees), ellipsoidal height (m)......

@ Calculation of normal Earth gravity field, ellipsoid constant and Wa analysis [u] X

- = s -
@ 3 =) 4 e an
Open calculation points Import parameters Saveas  Start computation  Ellipsoid calcutaion  Follow example
i Computation of normal Earth gravity field Calculation of Earth ellipsoid constants m¢ Calculation formulas of
" elements of the Earth space point 4 and geopotential We analysis "* normal gravity field

| =
| & Open space calculation point file >> Computation Process ** Operation Prompts 4./ Save computation process as
Set input point file format

>> [Purpose] Calculate the normal gravity field parameters at the Earth space point, geometrical and physical

Number of rows of file header |1 constants of the normal Earth ellipsoid and gravimetric geoidal geopotential We according to the rigorous
Column ordinal number of ellipsoidal [, = | analytical algorithm of spherical harmonic expansion.
height in the record ~| | >> Select the computation function from the two control buttons on the left-top of the interface...
(S clamants 1o ke 2alctiatad >> [Function] Using the spherical harmonic expansion formula, calcqlate_the normal geopotential (m?s?), normal
— gravity (mGal), normal gravity gradient (E), normal gravity line direction (', expressed by its north declination
/] Normal geopotential (m?/s?) relative to the Earth center of mass) or normal gravity gradient direction (', expressed by its north declination
i1 Normal gravity (mGal) relative to the Earth center of mass).
|
= N . ** Click on the control button [Open space calculation point file] or the tool button [Open calculation points] ...
| 4 Normal gravity gradlgnt (?) >> Open calculation point file C:/PAGravf4.5_win64en/examples/PrNormalgravfdcalc/calcpnt.txt.
||&4 Normal gravity line direction (') ** Look at the file information in the window below, set the input file format parameters, select the elements to be
|| Normal gravity gradient direction () calculated, and click the [Import setting parameters] button to input the parameters into the system. ..

>> Save the calculation result file as C:/PAGravf4.5_win64en/examples/PrNormalgravfdcalc/result.txt.
| ** Behind the record of the calculation point file, appends one or several columns of normal gravity field element
| calculation values, and keeps 4 significant figures.
‘ :d T e >> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button...

| % Import setting parameters >> Computation start time: 2023-03-16 11:14:2
| >> Complete the computation of the normal gravty field parameters!

& Start Computation >> Computation end time: 2023-03-16 11:14:24 v

| Display of the input-output file | 4. Save data in the text box as

no

@ The geoidal geopotential We is always equal to the normal geopotential Us of the normal ellipsoid. PAGravf4.5 suggests that the geoidal geopotential We should
replace the appoint empirical Ws in the IERS numerical standard. The latter is calculated from the global geopotential model and satellite altimetry data according to
the Gaussian geoid appoint.

[Parameter settings] Input the number of rows of the input file header, and column
ordinal number of ellipsoidal height in the record, and select the normal gravity field
elements to be calculated.

[Output file] The normal Earth gravity field element file.

Behind the record of the calculation point file, appends one or several columns of
normal gravity field element calculation values, and keeps 4 significant figures.

2.1.2 Calculation of Earth ellipsoid constant and geopotential WG analysis
[Function] From four basic parameters of the Earth ellipsoid, calculate the main

22



geometric and physical derived constants of the Earth ellipsoid.

[Parameter settings] Select the four basic parameters of the Earth ellipsoid.

The fourth basic parameter can be selected from the second-degree zonal
harmonic coefficient C. from global geopotential model, dynamic form factor J.,
reciprocal 1/f of the ellipsoid flattening, and ellipsoid normal geopotential Uo.

The coefficient C.o from EGM2008 global geopotential model is selected currently
as the fourth basic parameter.

[Output] Interactively output the summary of the calculation results of the Earth
ellipsoid constants in the program interface.

The tide system of the normal ellipsoid is consistent with Cz or J..

Calculation of Earth ellipsoid constants and geopotential Wa analysis ? x

Set four basic parameters of Earth ellipsoid

Geocentric gravitational constant Mean angular velocity Major semi axis of
| ofthe Earth GM(10"m/s?) 3986004415 of the Earthw(10°%s) 222119 the Earth am) 0> 01263
Select the fourth basic parameter from Cza(107), J:(107?), 1/f and Uz Ellipsoid normal geopotential U:=Ws - | 62636858.3919
u Enter the four basic parameters of Earth ellipsoid Calculation of the derived constants of Earth ellipsoid

Geometric derived constants of Earth ellipsoid
Reciprocal flattening 1/f | 298.2564115287
Minor semi axis of the Earth b(m) 63567515584

E=Jai-b?

Radius of sphere of same volume R(m) 6371000.0713 b=a(1-f)

Linear eccentricity E(m) 521854.6604 S wﬂ_::u

Square of first eccentricity ? 0.006694398185685759

Square of second eccentricity €2 0.006739363787946455 % - :% '

Equatorial curvature radius M(m) |6335438.5159 e

Polar radius of curvature c(m) 6399592 9820 arctgy + zwia®

Physical derived constants of Earth ellipsoid

Dynamic form factor J: | 1.0826362774 Normal potential at ellipsoid U:=We(m?/s?) 62636858.3919 Gravity flattening reciprocal 1/fa 517.6435137497

Geodetic parameter m 0.0034497853420 | Normal gravity at equator ga(m/s?)|9.7803275820 Normal gravity at pole g,(m/s?) 9.8321870774

>> Computation Process ** Operation Prompts | [ Save computation process as
>> The four basic parameters of the Earth ellipsoid have been entered into the system! ~

** Click the [Calculation of the derived constants of Earth ellipsoid] control button, or the [Calculation of ellipsoid constants] tool button...
>> Complete the calculation of the main geometric and physical derived constants of the Earth ellipsoid!
>> Summary of the calculation results of the Earth ellipsoid constants (see the interface for units):
Geocentric gravitational constant of the Earth (including the atmosphere) GM = 3.986004415
Major semi axis of the Earth a = 6378136.3000
Dynamical form factor of the Earth J: = 1.0826362774
Mean angular velocity of the Earth w = 7.292115

Reciprocal flattening 1/f = 298.2564115287 The tide system of the normal ellipsoid |
Minor semi axis of the Earth b= 6356751.5584 . : Y : = P |
Radius of sphere of same volume R = 6371000.0713 is consistent with C, or J,.

Linear eccentricity E = 521854.6604

Square of first eccentricity e? = 0.006694398185685759
Square of second eccentricity e = 0.006739363787946455
Equatorial curvature radius M = 6335438.5159

Polar radius of curvature ¢ = 6399592.9820

Normal potential at ellipsoid U, = 62636858.3919

Gravity flattening reciprocal 1/fa = 517.6435137497
Geodetic parameter m = 0.0034497853420

Normal gravity at equator g = 9.7803275820

Normal gravity at pole g, = 9.8321870774

@ PAGravf4.5 suggests that the scale parameters (GM, a) of global geopotential model, second-degree zonal harmonic coefficient Cx and the rotation mean
angular velocity w should be employed as the four basic parameters of the normal ellipsoid. Using such a normal ellipsoid as the reference datum, the second-
degree zonal harmonic term of anomalous gravity field is always zero, which is beneficial to improve the performance of the gravity field approach.

PAGravf4.5 suggests that the scale parameters (GM, a) of global geopotential
model, second-degree zonal harmonic coefficient C. and the rotation mean angular
velocity w should be employed as the four basic parameters of the normal ellipsoid.
Using such a normal ellipsoid as the reference datum, the second-degree zonal
harmonic term of anomalous gravity field is always zero, which is beneficial to improve
the performance of the gravity field approach.
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Calculation of Earth ellipsoid constants and geopotential We analysis

Set four basic parameters of Earth ellipsoid

Geocentric gravitational constant Mean angular velocity 7202115
| of the Earth GM(10"m?/s?) of the Earthw(10°%/s)

Select the fourth basic parameter from Czs(102), J:(10%), 1/f and U. | Reciprocal 1/f of ellipsoid flattening

3.986004415

E Enter the four basic parameters of Earth ellipsoid
Geometric derived constants of Earth ellipsoid
Reciprocal flattening 1/f | 298.2564115300
Minor semi axis of the Earth b(m) 6356751.5584
Radius of sphere of same volume R(m) 6371000.0713
Linear eccentricity E(m) 521854.6604

Major semi axis of
the Earth a(m)

| 298.25641153

6378136.3

Calculation of the derived constants of Earth ellipsoid

Square of first eccentricity * 0.006694398185656630
Square of second eccentricity 2 0.006739363787916934
Equatorial curvature radius M(m) 6335438.5159

Polar radius of curvature ¢(m) 6399592 9820

Physical derived constants of Earth ellipsoid
Dynamic form factor J: 1.0826362774 Normal potential at ellipsoid U=We(m?/s?) 62636858.7088

Geodetic parameter m 0.0034497853420  Normal gravity at equator ga(m/s?) 97803275820

>> Computation Process ™" Operation Prompts

>> The four basic parameters of the Earth ellipsoid have been entered into the system!

1 bgy

fa ag.

(B Y
aretgy + s w'a

Gravity flattening reciprocal 1/fa 517.6435137418

Normal gravity at pole g,(m/s?) 9.8321870774

| [} Save computation process as

** Click the [Calculation of the derived constants of Earth ellipsoid] control button, or the [Calculation of ellipsoid constants] tool button

>> Complete the calculation of the main geometric and physical derived constants of the Earth ellipsoid!
>> Summary of the calculation results of the Earth ellipsoid constants (see the interface for units):
Geocentric gravitational constant of the Earth (including the atmosphere) GM = 3.986004415
Major semi axis of the Earth a = 6378136.3000
Dynamical form factor of the Earth J: = 10826362774
Mean angular velocity of the Earth w = 7.292115

Reciprocal flattening 1/f = 298.2564115300
Minor semi axis of the Earth b= 6356751.5584
Radius of sphere of same velume R = 6371000.0713

The tide system of the normal ellipsoid
is consistent with C,, or Jz.

Linear eccentricity E = 5218546604

Square of first eccentricity e* = 0.006694398185656630
Square of second eccentricity 2 = 0.006739363787916934
Equatorial curvature radius M = 63354385159

Polar radius of curvature ¢ = 6399592.9820

Normal potential at ellipsoid U. = 62636858.7088

Gravity flattening reciprocal 1/, = 517 6435137418
Geodetic parameter m = 0.0034497853420

Normal gravity at equator ga = 9.7803275820

Normal gravity at pole g, = 9.8321870774

@ PAGravf4.5 suggests that the scale parameters (GM, a) of global geopotential model, second-degree zonal harmonic coefficient Cw and the rotation mean
angular velocity w should be employed as the four basic parameters of the normal ellipsoid. Using such a normal ellipsoid as the reference datum, the second-
degree zonal harmonic term of anomalous gravity field is always zero, which is beneficial to improve the performance of the gravity field approach.

Geopotential Scale parameters C.x10-4 WalUs(me/s?y) | _Tde
model GMx10"m2/s® a(m) system
EGM2008 3.986004415 |6378136.3 |-4.84165143791 |62636858.392 |Tide free
EIGEN-6C4 [3.986004415 |6378136.46 |-4.84165217061 [62636856.834 |zero tide
SGG-UGM2 |3.986004415 |6378136.3 |-4.84168732275 |62636858.644 |zero tide
GOCOO05¢ 3.986004415 |6378136.3 |-4.84169458843 (62636858.694 |zero tide
XGM2019 3.986004415 |6378136.3 |-4.84169494748 |62636858.697 |zero tide
2.2 Calculation of global geopotential model and its spectral character

analysis

[Purpose] From the global geopotential coefficient model, calculate the model value
of anomalous gravity field elements at any point in the Earth space, calculate the degree
variance of the geopotential coefficients, error degree variance and cumulative error of
anomalous field elements, then evaluate the performance of the geopotential model.

When the minimum and maximum degree n to be set is equal, the program
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calculates the contribution of the degree n geopotential coefficients to the anomalous
gravity field element, which can be employed to analyze and evaluate the spectral and
space properties of the geopotential coefficient model.

2.2.1 Calculation of gravity field elements from global geopotential model

[Function] From global geopotential coefficient model, calculate the model value of
the (residual) height anomaly (m), gravity anomaly (mGal), gravity disturbance (mGal),
vertical deflection vector (", south, west), disturbing gravity gradient (E, radial),
tangential gravity gradient vector (E, north, west), or Laplace operator (E).

[Input files] The global geopotential coefficient model file, and the space calculation
point location file.

The first row of the geopotential model file is agreed to be the scale parameters of
the geopotential coefficient model: the geocentric gravitational constant of the Earth GM
(10"*m?/s?) and semi-major axis of the Earth a(m). Here, the surface harmonic functions
in the geopotential model are defined on the spherical surface whose radius is equal to
the semi-major axis a of the Earth.

@ Calculation of global geopotential model and its spectral character analysis = o

| = s » . ~
L ) 4 e | ¥ A

| Geopotential model Open calculation points Import parameters Saveas Start Computation  Follow example

|

Calculation of gravity field elements 4. Calculation of model value for residual e Global i Calculation and analysis of spectral
| “ from global geop: model =7 terrain Bouguer) effects € model Calculator character of Earth's gravity field
@ Open global geopotential coefficient model file 4.7 Save computation process as & Algorithmic Formulas
Selecticalcutation i o ** Click the [Open global geopotential coefficient model file] control button, or the [Open geopotential model] tool button.. A
| Discrete ion point file “| | >> Open global geopotential coefficient model file C:/PAGravf4.5_win64en/data/EGM2008.gfc.
- - - - ** The window below only shows the geopotential coefficients data with no more than 2000 rows in.it.
& Open space calculation point location file >> Open space calculation point location file C 5_wir pnt.txt
Set input point file format “ Look at the file information in the window below and set the discrete point file formal
Number of rows of file header 1 - >> Save the results as C: /PAGravf4 5 wm64enlexampIes/PrModeIgrav’dcalc/result (xt
a &0 cu , oael values of anomalous field

Column ordinal number of ellipsoidal 4 : elements and keeps 4 slgmﬁcanl ﬁgures

height in the record >> The parameter settings have been entered into the system!

Select elements to be calculated ** Click the [Start Computation] control button, or the [Start Computation] tool button..

7 height anomaly (m) 2 The calculation process need wait, during which you can open the output file to look at the calculation progress..

] ; Gal utation start time: 2023-03-16 14:39:25

gravity anomaly (mGal) >> Complet

/| gravity disturbance (mGal) >> Computation en
[] vertical defiection (", SW)
[] disturbing gravity gradient (E, radial)
[] tangential gravity gradient (E, NW) no lon(deg) la
(] Laplace operator (E) g

calculation of the model value of (residual) gravity field element! |
e: 2023-03-16 14:41:14 =

f-j Save the results as Import setting parameters & Start Computation

Minimum degree |2
Maximum degree 360

“.. Extract elements to be plot 4 Plot}

height anomaly (m) gravity disturbance (mGal) disturbing gradient (E, R)

| @ When the minimum and maximum degree n to be set is equal, the program calculates the contribution of the degree n geop to the gravity field element,
l which can be employed to analyze and evaluate the spectral and space properties of the geopotential coefficient model.

The space calculation point location file may be a discrete calculation point file or
an ellipsoidal height grid file of the calculation surface.
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The record format of the calculation point file: ID (point no / point name), longitude
(decimal degrees), latitude (decimal degrees), ellipsoidal height (m)......

[Parameter settings] Input the number of rows of the file header, column ordinal
number of ellipsoidal height in the record, enter the minimum and maximum calculation
degree of the geopotential model, and select the type of model gravity field elements to
be calculated.

When the minimum calculation degree is equal to 2, the program calculates the
model value of anomalous gravity field elements. And when the minimum calculation
degree is greater than 2, the program calculates the model value of residual anomalous
gravity field elements.

The program selects the minimum of the maximum degree of the global
geopotential model and the input maximum degree as the calculation degree.

The calculation process need wait, during which you can open the output file to look
at the calculation progress...

;._ —— B — B — - S e —

= Y -
@ ¥ W s
Geopotential model Open points  Import p Saveas Start Computation  Follow example
@ Calculation of gravity field elements +.. Calculation of model value for residual .« Global geopotential Ci 1 and analysis of spectral
from global geopotential model = terrain (complete Bouguer) effects L model Calculator character of Earth's gravity field

@ Open global geopotential coefficient model file
Select calculation file format
| Eniipsoidal height grid file

4! Save computation process as

& Algorithmic Formulas
rfhgt.dat.

ion surface C/PAGravf4.5 _wir
>> Save the results as C:/PAGravf4.5_win64en/examples/PrModelgravfdcalc/Gravfd360.txt.

€ record forma point no/name), longitude, latitude, eMlipsoidal height, several columns of the model values of
anomalous field elements.

** The program also outputs (residual) height anomaly (*.ksi), gravity anomaly (*.gra), gravity disturbance (*.rga), vertical

) Open ellipsoidal height grid file
of calculation surface

Select elements to be calculated deflection vector (*.dft), disturbing gravity gradient (*. grr), tangential gravity gradient vector (*.hgd) or Laplace operator (*.Ips)
@ height anomaly (m) model value grid file into the current directory. Where * is the output file name entered in the interface, and the program
outputs the corresponding (residual) model value grid file according to th - - - -
8 gravity anomaly (mGal) >> The parameter settings have been entered into the system!
@ gravity disturbance (mGal) ** Click the [Start Computation] control button, or the [Start C:
@ vertical deflection (*, SW) ** The calculation process need wait, during which you can open the o

= >> Computation start time: 2023-04-02 15:41:43
e >> Complete the calculation of the model value of (residual) gravity field
@ tangential gravity gradient (E, NW) >> Computation end time: 2023-04-02 15:42:50

@ Laplace operator (E) ,l

Minimum degree 2

[ Save the results as '# Import setting parameters

1

Maximum degree 360

Extract elements to be plot “A Plot|

s 95" 95

38 % 7] 32
height anomaly (m) gravity anomaly (mGal) gravity disturbance (mGal)
@ When the minimum and maximum degree n to be set is equal, the program calculates the contribution of the degree n i ients to the gravity field element,

| which can be employed to analyze and evaluate the spectral and space properties of the geopotential coefficient model

[Output file] The model value file of (residual) anomalous gravity field element.

When the discrete calculation point file input, the output file record format: Behind
the record of the calculation point file, appends one or more columns of model values
of anomalous field elements selected, and keeps 4 significant figures.
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When the ellipsoidal height grid file input, the output file record format: point
no/name, longitude, latitude, ellipsoidal height, several columns of the model values of
anomalous field elements selected.

The program also outputs (residual) height anomaly (*.ksi), gravity anomaly (*.gra),
gravity disturbance (*.rga), vertical deflection vector (*.dft), disturbing gravity gradient (*.
grr), tangential gravity gradient vector (*.hgd) or Laplace operator (*.Ips) model value
grid file into the current directory. Where * is the output file name entered in the interface,
and the program outputs the corresponding (residual) model value grid file according to
the selected gravity field element type.

The theoretical value of the Laplace operator (E) of any degree n, cumulative n
degree or ni~n. degree are always equal to zero. By calculating the degree n,
cumulative n degrees or ni~n. degrees of Laplace operators from some a global
geopotential model, the spectral domain and spatial domain performance of the model
can be observed and evaluated.

2.2.2 Calculation of model value for residual terrain (complete Bouguer) effects
[Function] From the global land-sea terrain geopotential coefficient model (m, the
first degree term is set to zero), calculate the model value of residual terrain (complete
Bouguer) effects on the height anomaly (m), gravity anomaly (mGal), gravity disturbance
(mGal), vertical deflection vector (", south, west), disturbing gravity gradient (radial, E),
tangential gravity gradient vector (E, north, west), or Laplace operator outside the geoid.
The global land-sea terrain geopotential coefficient model can be constructed by
the function [Ultrahigh degree land-sea terrain spherical harmonic analysis and model
construction].

[Input files] The global land-sea terrain geopotential coefficient model file, and the
space calculation point location file.

The first row of the model file is agreed to be the scale parameters of the
geopotential coefficient model: the geocentric gravitational constant of the Earth GM
(10"m3/s?) and semi-maijor axis of the Earth a(m).

The space calculation point location file may be a discrete calculation point file or
an ellipsoidal height grid file of the calculation surface.

The record format of the calculation point file: point no / point name, longitude
(decimal degrees), latitude (decimal degrees), ellipsoidal height (m)......

[Parameter settings] Input the number of rows of the file header, column ordinal
number of ellipsoidal height in the record, input the minimum and the maximum
calculation degree of the land-sea terrain geopotential model, and select the type of
model residual terrain (complete Bouguer) effects to be calculated.

When the minimum calculation degree is equal to 2, the program calculates the
model value of land sea complete Bouguer effects. And when the minimum calculation
degree is greater than 2, the program calculates the model value of land sea residual
terrain effects.
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The program selects the minimum of the maximum degree of the model and the
input maximum degree as the calculation degree.

The calculation process need wait, during which you can open the output file to look
at the calculation progress...

©
5 . —~ P
¥ o | ad An
Geopotential model Open points  Import Saveas Start Computation  Follow example
“ Calculation of gravity field elements +.. Calculation of model value for residual .« Global geopotential Ci 1 and analysis of spectral
from global geopotential model “™ terrain (complete Bouguer) effects model Calculator character of Earth's gravity field
p! it}

@ Open landsea terrain geopotential coefficient model| 5} Save computation process as & Algorithmic Formulas

Shiect e forma [>> Save the results as C/PAGrav4.5_wineaen/examples/PrModelgravidcalc/RTM361_720.tt

I Ellipsoidal height grid file " The record format. 1D (point no/name), longitude, latitude, ellipsoidal height, several columns of the model values of

residual terrain (complete Bo er) effects.
Open ellipsoidal height grid file iy in (comp ugue)

' ** The program also outputs the model values grid file for residual terrain (complete Bouguer) effect on height anomal
B of calculation surface progi P g (compl iguer) g y

("ksi), gravity anomaly (".gra), gravity disturbance (".rga), vertical deflection vector (*.dft), disturbing gravity gradient (. gr), |
Select elements to be calculated tangential gravity gradient vector (".hgd) or Laplace operator (*.Ips) into the current directory. Where * is the output file name {
@ height anomaly (m) entered from the interface, and the program outputs the corresponding terrain effect grid file according to the selected gravity
= field element type.
8 gravity anomaly (mGal) >> The parameter settings have been entered into the system!
@ gravity disturbance (mGal) ** Click the [Start Computation] control button, or the [Start Computation] tool button... |

vertical deflection (", SW/ alculation progress.
- clion ¢ ) >> Computation start time: 2023-04-02 15:48:21

B8 disturbing gravity gradient (E, radial) >> Complete the calculation of the model value for residual terrain (complete Bouguer) effects!
@ tangential gravity gradient (E, NW) >> Computation end time: 2023-04-02 15:51:41

@ Laplace operator (E)

.'ﬂ Save the results as 3 Import setting parameters & Start Computation
Minimum degree 361

Maximum degree 720

-9.6717

-1.4314 I

Extract elements to be plot A Plot|

o 9% o
- 20

-« 0 W ® @ ® w0 W 0 0 N W @ W
height anomaly (m) gravity anomaly (mGal) gravity disturbance (mGal)
@ When the minimum and maximum degree n to be set is equal, the program calculates the contribution of the degree n i to the gravity field element,

| which can be employed to analyze and evaluate the spectral and space properties of the geopotential coefficient model.

[Output file] The model value file of residual terrain (complete Bouguer) effects.

When the discrete calculation point file input, the output file record format: Behind
the record of the calculation point file, appends one or more columns of the model values
of residual terrain (complete Bouguer) effects selected, and keeps 4 significant figures.

When the ellipsoidal height grid file input, the output file record format: point
no/name, longitude, latitude, ellipsoidal height, several columns of the model values of
residual terrain (complete Bouguer) effects selected.

The program also outputs the model value grid file for residual terrain (complete
Bouguer) effect on height anomaly (*.ksi), gravity anomaly (*.gra), gravity disturbance
(*.rga), vertical deflection vector (*.dft), disturbing gravity gradient (*. grr), tangential
gravity gradient vector (*.hgd) or Laplace operator (*.Ips) into the current directory.
Where * is the output file name entered from the interface, and the program outputs the
corresponding terrain effect grid file according to the selected gravity field element type.

Similarly, by calculating the degree n, cumulative n degrees or n: ~ n. degrees
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Laplace operators from some a global terrain geopotential model, the spectral domain
and spatial domain performance of the model or that of residual terrain effect model
values can be evaluated.

2.2.3 Global geopotential coefficient model calculator

[Function] Given the geodetic coordinates of the calculation point, from the global
geopotential coefficient model file, calculate the model values of the height anomaly (m),
gravity anomaly (mGal), gravity disturbance (mGal), vertical deflection vector (", south,
west), disturbing gravity gradient (radial, E), tangential gravity gradient vector (E, north,
west), Laplace operator (E), gravity gradient (E) and geopotential (m?#/s2). This program
is suitable for classroom demonstrations.

When opening an ultrahigh degree geopotential coefficient model file, program
need read and initialize, please wait...

& Global geopotential coefficient model calculator ? X

Input the geodetic coordinates of calculation point

| Longitude | 121.240000° = Latitude |29.428100° = | Ellipsoidal height | 17.8300 m = |

& Open global geopotential coefficient model file
@ Calculating the geopotential We of the geoid from the

When opening an ultrahigh degree geopotential | cajcylator, it can be verified that We is equal to the normal
:;Leaf::“:‘;tmudm lsh el e Lisete) £ ey potential U, of the normal ellipsoid. (1) Given the latitude and

longitude at any point, input the ellipsoidal height of the point as
zero for the first time, and calculate the height anomaly of the
point, then (2) input the height anomaly as the ellipsoidal height
of the point for the second time, and calculate again. (3) When
the calculated height anomaly is equal to the input ellipsoidal
height, the calculated geopotential of the point is Wa, namely

Set maximum calculation degree 1800 = I the geopotential of the gravimetric geoid.

| & Start Computation | ‘

Model gravity field elements calculated

height anomaly/geoidal height (m) 13.0099 gravity anomaly (mGal) 32.6014 gravity m/s? 9.793115777
gravity disturbance (mGal) 36.5996 vertical deflection S (") 2.3487 vertical deflection W (") -3.5341
disturbing gravity gradient (E) |42.9662 tangential gradient N (E) -7.8402 tangential gradient W (E) |-35.1869
Laplace operator (E) |-0.0610 gravity gradient (E) 3121.5910 geopotential (m?%s?) 62636811.507

Global geopotential coefficient model

[ 3.986004415d0 6378136.3d0 | tide free - ; ~
% 5 —4.3{1651437905E—0¢ 0. 000000000000E+ The scale parameters_of the geopptentlal (%oefﬁmenl
2 1 -2.0k6155000742F-10  1.384413801380E-0d model. -whose - surface, - harmonic functions are
2 2 2.439383573283E-06 -1.400273703859E-04 defined .on the spherical surface whose radius is
3 0 9.571612070935E-07 0. equal to the semi-major axis a of the Earth.
3 1 2. 2. TR £
3 2 9. -6 4.5076E-12 4.5268E-12
3 3 7. 1. 4.2632E-12 4.2627E-12
4 0 s. §66390E-07 0.000 3.1333E-12 0.0000E+00
4 1 -5.361573893889E-07 -4. 3.2301E-12 3.3121E-12
4 2 3.505016239626E-07 6.624800262758E-07 3.7532E-12 3.6671E-12
4 3 9.908567666723E-07 9567235675E-07 3.9824E-12 3.
4 4 -1,885196330230E-07 8038821492E-07 3.7992E-12 3.
5 0 6.867029137367E-08 0.000000000000E+00 2.0578E-12 0.
5 1 -6.292119230425E-08 -9.436980733958E-08 2.1136E-12 2.2227E-12
5 2 6.520780431762E-07 -3.233531925405E-07 2.7031E-12 2.5758E-12 o

After the geopotential model input, the geodetic coordinates of the calculation point
can be entered repeatedly, and the model values of various field elements at the
calculation point can be calculated and displayed in time.

From the Laplace equation, the sum of the disturbing gravity gradient (radial) and
two components of the tangential gravity gradient should theoretically be equal to zero.
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Accordingly, the performance of the geopotential model can be evaluated.

| & Global geopotential coefficient model calculator

Input the geodetic coordinates of calculation point

| Longitude |87.240000° :

Latitude |31.428100° s

Ellipsoidal height 5417.8300 m

[ & Open global geopotential coefficient model file

coefficient model file, program need read and initialize,
please wait...

@ Calculating the geopotential We of the geoid from the
calculator, it can be verified that We is equal to the normal
potential U, of the normal ellipsoid. (1) Given the latitude and

|
|
| | When opening an ultrahigh degree geopotential
|
|

\
longitude at any point, input the ellipsoidal height of the point as ‘
zero for the first time, and calculate the height anomaly of the |
point, then (2) input the height anomaly as the ellipsoidal height
of the point for the second time, and calculate again. (3) When
the calculated height anomaly is equal to the input ellipsoidal
height, the calculated geopotential of the point is We, namely
2| the geopotential of the gravimetric geoid.

l Set maximum calculation degree 1800

& Start Computation
Model gravity field elements calculated

height anomaly/geoidal height (m) -28.6109 gravity anomaly (mGal) 35.8449 gravity m/s? 9.777951466

gravity disturbance (mGal) 27.0723 vertical deflection S (") |5.0582 vertical deflection W (") -1.0667

disturbing gravity gradient (E) 1.9139 tangential gradient N (E) -30.5760

gravity gradient (E) | 3072.8990

tangential gradient W (E) | 28.7014

Laplace operator (E) 0.0393 geopotential (m?%/s?) 62583559.925

Global geopotential coefficient model

[[3.986004415d0
0 —4.?E1651437909E—04

6378136.3d0 ] tide free The scale parameters.of the geopotential coefficient

§ 1 -2.0k6155000742E-10__1.38 model. -whose - surface, - harmonic functions are
2 2 2.439383573283E-06 -1.400273703859E-04 defined on the spherical surface whose radius is
3 0 9.571612070935E-07 0.000000000000E+04 equal to the semi-major axis a of the Earth.

3 1 2.030462010479E-06 2.482004158569E-0F—4=04ooE—tr—4T2202E—12

3 2 9.047878948095E-07 -6.190054751776E-07 4.5076E-12 4.5268E-12

3 3 7.213217571216E-07 1. 49261929E-06 4.2632E-12 4.2627E-12

4 0 5.399658666390E-07 0. 0 3.1333E-12 0.0000E+00

4 1 -5.361573893889E-07 -4 3.2301E-12 3.3121E-12

4 2 3.505016239626E-07 6. 00262758E-07 3.7532E-12 3.6671E-12

4 3 9.908567666723E-07 -2.009567235675E-07 3.9824E-12 3 1E-12

4 4 -1.885196330230E-07 3. 38821492E-07 3.7992E-12 3 5-12

5 0 6.867029137367E-08 0. 00 2.0578E-12 0 +00

5 1 -6.292119230425E-08 -9.4 08 2.1136E-12 2.2227E-12

\ 5 2 6.520780431762E-07 -3.233531925405E-07 2.7031E-12 2.5758E-12 < | M

1 \

Calculating the geopotential We of the geoid from the calculator, it can be verified
that We is equal to the normal potential U, of the normal ellipsoid. Calculation process:
Given the latitude and longitude at any point, input the ellipsoidal height of the point as
zero for the first time, and calculate the height anomaly of the point, then input the height
anomaly as the ellipsoidal height of the point for the second time, and calculate again.
When the calculated height anomaly is equal to the input ellipsoidal height, the
calculation point is on the geoid, and the calculated geopotential of the point is We,
namely the geopotential of the gravimetric geoid.

It is easy to verify that the gravity potential on the geoid at any point is always equal
to We. Changing the latitude and longitude of the calculation point, adjust the ellipsoidal
height of the calculation point according to the calculated value of the height anomaly,
then you will find that the gravity potential of the geoid remains unchanged at any point
all the word.

2.2.4 Calculation and analysis of spectral character of Earth's gravity field
[Function] From several global geopotential models, calculate the Kaula curve,
geopotential coefficient degree variance, error degree variance, and cumulative error of
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the geoid and gravity anomaly. Compare the spectral properties of different geopotential

coefficient models.
Firstly, open two global geopotential coefficient model files, can then continue to

open other geopotential coefficient model files as needed. The program can plot up to

ten spectral curves of the global geopotential model.
After clicking [Start Computation], you need to wait until [Chart plot] becomes

available.

Calculation and analysis of spectral character of Earth's gravity field

| . Open the 1st global geopotential The program can plot up to ten spectral curves of the global geopotential model.
LS coefficient model file =

| (‘ Open the 2nd global geopotential
L coefficient model file

[ =) Save the results as ]
g
| [ & Start Computation ] Open the 3th global geopotential The program can plot up to ten spectral curves of the global geapotential model
& Coeftcient model fie e e ~

| : ;

The current number of global

geopotential models input 5 Save e resuits as

& Start Computation

i
|
Start end row number 30 2720 %] curvetypel d
| 1

Geopotential coefficient degree variance curves | 1

| The current number of global !

el D ¥

[ Chart i,

Chart plot| o

After clicking [Start Computation],
you need to wait until [Chart plot]
becomes available.

startend rownumbeqso ¢ 180 |curve type [Geopotential coeflcient degree variance | ine mckness's 4 Save curmrent plot as.

Geopotental coefficient degree variance curves

Calculation and analysis of spectral character of Earth's gravity field
The program can plot up 1o ten spectral curves of the global geopotential model

@ Open the 4 giobal geopotentia
cosflicient mode! file

[ Save the results as

utation 400 anatyss of

& Start Computation
(g 090 e 41 bl geopotental | T pOFam <an o up o e spacialcives of e bl gecpotanl mosel
cosfficient model i . L

b Save the results as

The current number of global
geopotential models input

{ Chart plat| J .

& Start Computation

[start enc row number/s0 1= 180 <] [curve type Geon

Geopatential coefiicent degree variance curves

+ The curment number of global

geopotential models nput 2
$c-06 Chart plot) I
| [stertend row rumbes(30_ = [[540 <] [curve type The cumulatwe eror of he geoidal height_- | ne thickness3 & e T
p—— aal heignt
i fe-D6 The cumulative eror curves of the geoidal heig!
‘ ol
4006
| 008
| 2008
006
|
6 80 00 o
002 —
—
J—

The interface shows the current number of global geopotential models input.
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The geopotential coefficient degree variance curves, the error degree variance
curves or the cumulative error curves of the geoid and gravity anomaly can be selected
to plot.

2.3 Calculation of observed anomalous field element and error analysis of
geoid
[Purpose] From the observed gravity data, calculate the gravity anomaly, gravity
disturbance or disturbing gravity gradient at the measurement point, and estimate the
influence of the grid mean gravity error and integral radius on regional gravimetric geoid.

2.3.1 Calculation of anomalous field elements at measurement point
[Function] Using the rigorous spherical harmonic expansion formula, calculate the
normal gravity field parameters, and then calculate the gravity anomaly (mGal), gravity
disturbance (mGal) or disturbing gravity gradient (E, radial) from the observed gravity
(mGal) or gravity gradient (E).
[Input file] The observed gravity data file.
The record format: ID (point no / point name), longitude (decimal degrees), latitude

(decimal degrees), height (m), ..., observation, ......
[ ’\, Calculation of observed anomalous ;ielat;ment and error anrym of geoid B o o B 7 o - L} o ;(”
1
| — .« n = = 2
C m | 24 az Ae
| Open observations Save as Import parameters ~ Start Computation  Save process ~ Follow example
| . Calculation of anomalous field elements - | Statistical error estimation of A Calculation of system bias influence
"~ at measurement point " regional gravimetric geoid "7 of gravity on gravimetric geoid

| & Open the observed gravity data file | >> Computation Process ** Operation Prompts 4./ Save computation process as
| Setinput point file format parameters, and then calculate the gravity anomaly (mGal), gravity disturbance (mGal) or disturbing gravity A

Number of rows of file header | 1 = gradient (E, radial) from the observed gravity (mGal) or gravity gradient (E). _

c v ** Click the [Open the observed aravity data file] control button, or the [Open observation file] tool button...
| Column ordinal number of |, 2 | >> Open the observed gravity data fileC:/PAGravf4.5 win64en/examples/ProbsAnomousgrav/obsgrav.txt.

height in the record
| Column ordinal number of
observation in the record

Select calculation type

** Look at the file information in the window below, set the input file format parameters, select the anomalous field
+ | element, and click the [Import setting parameters] button to input the parameters into the system...

** When the height is normal (orthometric) height, the program calculates the gravity anomaly at the
measurement point, and when the height is the ellipsoidal height, the program calculates the gravity disturbance or
disturbing gravity gradient at the measurement point.
>> Calculate the gravity disturbance at the measurement point form the observed gravity and ellipsoidal height...
Save the results as C:/PAGravf4.5_win64en/examples/ProbsAnomousgrav/result.txt.
ehind the input file record, appends a column of gravity anomaly, gravity disturbance or disturbing gravity

I gravity disturbance (mGal)

[=] Save the results as

calculate gravity disturbance (mGal)...
— rt Computation] control button, or the [Start Computation] tool button...
# Import setting parameters

& Start Computation > Computation end ti

normalHeigh

3260 03.
3261 03.
3262 03.
3263 3.516664
3264 3.499170
3265 3.474724
3266 103.469164
3267 103.
3268 103,
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number of height attribute and observation in record.

When the height is normal (orthometric) height, the program calculates the gravity
anomaly at the measurement point, and when the height is the ellipsoidal height, the
program calculates the gravity disturbance or disturbing gravity gradient at the
measurement point.

[Output file] The observed anomalous field element file.

Behind the input file record, appends a column of gravity anomaly, gravity
disturbance or disturbing gravity gradient calculated value at the measurement point,
and keeps 4 significant figures.

2.3.2 Statistical error estimation of regional gravimetric geoid
[Function] Estimate the error of the regional gravimetric geoid from the spatial
resolution and error of the grid mean gravity. The regional gravimetric geoid error
analysis is based on the Stokes/Hotine integral formula with a finite integral radius,
ignoring the far-area effect of residual anomalous gravity field.

| B8 Statistical error estimation of regional gravimetric geoid 7 X

The grid mean gravity representative error (4.0 mGal

AF 4k

| The grid mean gravity spatial resolution 5 km

| "\ Gravimetric geoid error ‘ 3.09 cm |

The grid mean gravity representative error here mainly refers to the terrain
representative error, because in general, the gravity observation error during the griding
process is much smaller than the influence of the terrain representative error.

2.3.3 Calculation of system bias influence of gravity on gravimetric geoid
[Function] Calculate the influence of the Stokes/Hotine integral radius on the
gravimetric geoid from the systematic bias of the gravity anomaly or gravity disturbance.

| BM Calculation of system bias influence of gravity on gravimetric geoid 7 .

-

' System bias of gravity anomaly (disturbance) | 80.0 pGal =

Local Stokes/Hotine integral radius 220 km

| "4 Calculation of system bias influence on geoid | 1.79 cm |

are the inconsistency in normal gravity field, nonuniform in height datum, improper value
of global geopotential W, or gravity datum error etc.
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2.4 Correction of boundary value problem for gravity field element on non-
equipotential surface

[Purpose] Correct the anomalous gravity field elements located on the spherical
surface, ellipsoidal surface, or other shape of non-equipotential surface, to convert the
Molodensky boundary value problem on non-equipotential boundary surface into the
Stokes boundary value problem.

2.4.1 Correction calculation of boundary value for spherical or ellipsoidal
boundary surface

[Function] With the geopotential model, calculate the correction value (mGal) of the
gravity disturbance or gravity anomaly from the non-equipotential spherical or ellipsoidal
boundary surface into the equipotential surface, thereby converting the Molodensky
boundary value problem into the Stokes problem.

The ellipsoidal boundary value correction is mainly employed for ellipsoidal
harmonic analysis of the global gravity field by FFT integral method. Spherical boundary
value correction is commonly employed for the Bjerhammar boundary value problem.

[Input files] The global geopotential coefficient model file, the calculation point file
on the boundary surface.

E—

| #

2 i;; E;ﬁ 4 &7 all |

Open calculation points Import parameters Saveas Start Computation  Save process ~ Follow example

| Correction calculation of boundary value for Molodensky boundary value correction for 85 Bound I onf I ‘

spherical or ellipsoidal boundary surface arbitrary shape boundary surface P roundary.vaiue:correction formuia |
i ‘ Open global geopotential coefficient model file | >> Computation Process ** Operation Prompts 4. Save computation process as
| . Open the calculation point file rows in it. ' i ;
i = on non-equipotential surface >> Open the calculation point file on the boundary surface C:/PAGravf4.5_win64en/examples/ |
| “set input point file format PrBoundaryvalueAdj/calcpnt.txt.

= ** Look at the file information in the window below, set the input file format parameters, select

| Number of rows of file header 1 ~  the field element and boundary surface, enter the output file name, click the [Import setting

Column ordinal number of ellipsoidal
height in the record

4 - arameters] button to input the parameters into the system...
~ [>> Save the results as C:/PAGravf4.5_win64en/examples/PrBoundaryvalueAdj/result.txt. |
** The boundary surface is an ellipsoidal surface. The program appends a column of the
Select type of field element vertical deflection correction value of gravity behind the input file record.
>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button...

[ gravity disturbance (mGal) -

| Select type of boundary surface ** The calculation process need wait, during which you can open the output file to view the
calculation progress...
l ellipsoidal surface | >> Computation start time: 2023-03-16 21:10:38

| >> Complete the calculation of boundary value correction!
| >> Computation end time: 2023-03-16 21:11:21 |

|
I Maximum calculation degree 360 o v W save the results as » Import setting parameters & Start Computation |

i ree/decimal) ellij J Extract corrections ™ Plot| |
| ! |
| 103.5° 04 1045 08" {
| T T T T |
|
| 34 ns ||
|
s+ s
34 s ||
ny 5' a2
r .
£
We sl 1 Lol 1 -
0ms e s 0s" 0.y s 065"

014012 D1 008 006 406 am )
— 3 T C—

The first row of the geopotential model file is agreed to be the scale parameters of
the geopotential coefficient model: the geocentric gravitational constant of the Earth GM

34



(10"*m3/s?) and semi-major axis of the Earth a(m).

The record format of the calculation point file: ID (point no / point name), longitude
(decimal degrees), latitude (decimal degrees), ellipsoidal height (m)......

[Parameter settings] Input the number of rows of the calculation point file header,
and column ordinal number of height and observation attribute in record, select the type
of field element and boundary surface, and enter the maximum calculation degree of
geopotential coefficient model.

The program selects the minimum of the maximum degree of the global
geopotential model and the input maximum degree as the calculation degree.

[Output file] The calculation result file.

When the boundary surface is an ellipsoidal surface, the program appends a
column of the vertical deflection correction value of gravity behind the input calculation
point file record.

& = r & ES !

Open calculation points Import parameters Saveas  Start Computation  Save process ~ Follow example

. Correction calculation of boundary value for Molodensky boundary value correction for 85 Bound I —_ |
spherical or ellipsoidal boundary surface arbitrary shape boundary surface - xnCetysvailic COBSLHOM Tort a
‘ Open global geopotential coefficient model file | >> Computation Process ** Operation Prompts &+ Save computation process as
= Open the calculation point file >> Computation start time: 2023-03-16 21:10:38
on non-equipotential surface >> Complete the calculation of boundary value correction!
Set input point file format >> Computation end time: 2023-03-16 21:11:21
. [>> Save the results as C:/PAGravf4.5_win64en/examples/PrBoundaryvalueAdj/result1.txt. |
Number of rows of file header 1 ~ " The boundary surface is spherical. The program appends 4 columns of correction values
Column ordinal number of ellipsoidal 4 - behind the input file record. The first to third columns are the vertical deflection correction,
height in the record ™ correction for the gravity from the normal gravity direction to the geocentric direction and
correction for the normal gravity from the normal gravity direction to the geocentric direction, |
Select type of field elemei respectively, and the fourth column is the sum of the three corrections.
5 >> The parameter settings have been entered into the system!
I gravity disturbance (m}&(al) l ** Click the [Start Computation] control button, or the [Start Computation] tool button...
Select type of bound;{y surface ** The calculation process need wait, during which you can open the output file to view the
calculation progress...
I spherical Suﬂace/ | >> Computation start time: 2023-03-16 21:12:53

>> Complete the calculation of boundary value correction!
>> Computation end time: 2023-03-16 21:13:52 |

| Maximum calculaticn/egree 360 s | B save the results as ¥ Import setting parameters & Start Computation

) ~.] Extract corrections “a Plot|

038" 04 145 108"
TTTTT T T T

When the boundary surface is spherical, the program appends 4 columns of
correction values behind the input calculation point file record. The first to third columns
are the vertical deflection correction, correction for the gravity from the normal gravity
direction to the geocentric direction and correction for the normal gravity from the normal
gravity direction to the geocentric direction, respectively, and the fourth column is the
sum of the three corrections.
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2.4.2 Molodensky boundary value correction for arbitrary shape boundary
surface

[Function] From the gravity anomaly or gravity disturbance (mGal) model grid,
height anomaly model grid, ellipsoidal height grid of the boundary surface and ellipsoidal
height grid of the equipotential surface, calculate the Molodensky | corrections of the
gravity anomalies or gravity disturbances on the non-equipotential boundary surface on
the ground or outside the Earth, thereby converting the Molodensky boundary value
problem into a Stokes problem.

The boundary surface can be located at any altitude outside the geoid, and the
shape of the boundary surface can be irregular.

[Input files] The calculation point file on non-equipotential surface, the ellipsoidal
height grid file of the boundary surface, the field element grid file on the boundary
surface, the height anomaly grid file on the boundary surface, and the ellipsoidal height
grid file of the equipotential surface.

The grid specifications of the four input grid files are required to be identical, and
the field element type is required to be the same as that selected in the selection box
below.

The ellipsoidal height grid file of the boundary surface is employed to indicate the
location of the non-equipotential boundary surface.

. Open the calculation point file >> Computation Process ** Operation Prompts 4. Save computation process as
* on non-equipotential surface o
iles...
Set input point file format >> Open the calculation point file on the boundary surface C:/PAGravf4.5_win64en/examples/
Number of rows of file header 1 $ | PrBoundaryvalueAdj/dbmrga.txt.
Column ordinal number of ellipsoidal . ** Look at the file mforma_tion in the window below, set the input file format parameters...
height in the record 4 ~  >>Open the ellipsoidal height grid file of the boundary surface C:/PAGravf4.5_win64en/examples/

PrBoundaryvalueAdj/dbmhgt150s.dat.

Input grid data on non-equipotential sulface >> Open the field element grid file on the boundary surface C:/PAGravf4.5_win64en/examples/

7 Open the ellipsoidal height grid PrBoundaryvalueAdj/dbmGM1800150srga.dat. |
“ file of the boundary surface >> Open the height anomaly grid file on the boundary surface C:/PAGravf4.5_win64en/examples/
- PrBoundaryvalueAdj/dbmGM1800150sksi.dat. |
8 Open the field element grid file >> Open the ellipsoidal height grid file of the equipotential surface C:/PAGravf4.5_win64en/examples/
on the boundary surface PrBoundaryvalueAdj/dwmhgt150s.dat. |
Open the height anomaly grid file >> Save the results as C:/PAGravf4.5_win64en/examples/PrBoundaryvalueAdj/result2.txt {

** Behind the record of the source calculation point file, appends a column of the Molodensky

8
onhe boundaly Surlace boundary value correction, and keeps 4 significant figures.

1'3 Open the ellipsoidal height grid file >> The parameter settings have been entered into the system! |
of the equipotential surface ** Click the [Start Computation] control button, or the [Start Computation] tool button... |
>> Computation start time: 2023-03-16 21:19:45

Select type of field element

>> Complete calculation of Molodensky boundary value correction! |
[Q’aV“‘/ disturbance (mGal) l >> Computation end time: 2023-03-16 21:23:41 |
I Molodensky | integral radius 120 km < I [=) Save the results as # Import setting parameters & Start Computatior
I . Extract corrections s Plot|
| s 08 0 16 '
| PR . R T
B S A s TR WA ..
! tl pa Py ,/""/" - - 31
: S A .
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file of the equipotential surface is employed to indicate
the location of the reference equipotential surface.
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[Parameter settings] Input the number of rows of the calculation point file header,
column ordinal number of ellipsoidal height attribute in record, select the type of field
element, and enter the Molodensky | integral radius.

[Output file] The Molodensky boundary value correction file.

Behind the record of the source calculation point file, appends a column of the
Molodensky boundary value correction, and keeps 4 significant figures.

When the boundary surface is the ground surface and the reference equipotential
surface is the geoid, the program calculates the classical Molodensky | (mGal).

2.5 Analytical continuation of anomalous field elements using multi-order
radial gradient

[Function] From the ellipsoidal height grid of the current altitude surface and
anomalous field element grid on the surface, calculate the 1st to 3rd order radial
gradients by the rigorous radial gradient integral formula, and then calculate the
continuation corrections of the field elements from the current altitude to the target
altitude.

[Input files] The anomalous field element grid file on the current altitude surface, the
ellipsoidal height grid file of the current altitude surface, and the space position file of
anomalous field elements.

Open calculation points Import parameters Saveas  Start Computation  save process =~ Follow example

B Open the space position file >>C Process ** Op Prompts 4. Save computation process as
of anomalous field elements . A
** Click the [Open the space position file of anomalous field elements] control button, and enter the ellipsoidal

| Setinput point file format height and anomalous field element grid data on the current altitude surface...

| Number of rows of file header 1 < | >> Open the space position file of anomalous field elements C:/PAGravf4.5_win64en/examples/

| Column ordinal number of ellipsoidal . |PrGradicontinuation/dbmgra.txt

| height for current field elemezt 4 ~ " Look at the file information in the window below and set the discrete point file format...

| G >> Open the field element grid file on the current altitude surface C:/PAGravf4.5_win64en/examples/
| Column ordinal number of ellipsoidal 2| PrGradicontinuation/dbmehgra dat

[Rigoriage i oo >> Open the ellipsoidal height grid file of the current altitude surface C:/PAGravi4.5_win6den/examples/

@ Open the field element grid file PrGradicontinuation/dbmhqt150s.dat.
on the current altitude surface >> Save the results as C:/PAGravf4.5_win64en/examples/PrGradicontinuation/result.txt.

** Behind the source calculation point file record, appends 1 to 3 columns of field element gradient continuation

‘ =] Open the ellipsoidal height grid file corrections (the unit is the same as the field element), and keeps 4 significant figures
| of the current altitude surface >> The parameter settings have been entered into the system! |
Order numbef of the radial ~ \"" Click the [Start Computation] control button, or the [Start Computation] tool button.
lgradlem 1 I ~ > Computation start time: 2023-03-16 21:42:05 |

| >> §omplete the computation of continuation correction of field elements!
>> Computation end time: 2023-03-16 21:42:07

[5) save the results as  Import setting parameters & Start Computation

Swxn| |

*.] Extract corrections “ Plot|

@ The radial gradient continuation method adopts the gradient of the actual field element to make analytical continuation, which is suitable for the upward and |
downward analytical continuation of ground, flight altitude and near range (10km).

@ The main components of the field element gradient are short-wave and ultra-short-wave, and the integral radius used for radial gradient calculation generally does |
| not need to be large. T fore, the ion by the radial gradient method is conducive to the efficient usage of gravity field observation resources.

The space position file record format: ID (Point no/point name), longitude (decimal
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degrees), latitude (decimal degrees), ......

[Parameter settings] Input the number of rows of the calculation point file header,
column ordinal number of ellipsoidal height attribute in record, and enter the order
number and integral radius of the radial gradient.

The larger the integral radius, the greater the edge effect. The integral radius should
not be less than three times of the continuation height difference.

[Output file] The analytical continuation result file.

Behind the source calculation point file record, appends 1 to 3 columns of field
element gradient continuation corrections (the unit is the same as the field element),
and keeps 4 significant figures.

The radial gradient continuation method adopts the gradient of the actual field
element to make analytical continuation, which is suitable for the upward and downward
analytical continuation of ground, flight altitude and near range (10km).

The main components of the field element gradient are short-wave and ultra-short-
wave, and the integral radius used for radial gradient calculation generally does not
need to be large. Therefore, the analytical continuation by the radial gradient method is
conducive to the efficient usage of gravity field observation resources.

Open calculation points Import parameters Saveas Start Computation  Save process ~ Follow example

B Open the space position file >> Comp Process ** Op Prompts 4. Save computation process as
of anomalous field elements e =
| - PrGradicontinuation/dbmhgt150s dat.
| Setinput point file format >> Save the results as C:/P) 14.5_win6der Pr i ion/result.txt.
| Number of rows of file header 1 = ** Behind the source calculation point file record, appends 1 to 3 columns of field element gradient continuation
| Column ordinal number of ellipsoi % = 1s (the unit is the same as the field element), and keeps 4 significant figures
| height for current field element = >'>' The parameter settings have been entered into the system!
| Column ordinal number of ellipsoid: = = Click the [Start Computation] control bustonv. or the [Start Computation] tool button...
| height for target field element > >>Computation start time: 2023-03-16 21:42:05
| >> Complete the computation of continuation correction of field elements!
3 Open the field elemeny gridffile >> s -03-16 21:42.07
— on the current altitudg¢ surface >> Save the results as C:/PAGravf4.5_win64en/examples/PrGradicontinuation/result1.txt

| ** Behind the source calculation point file record, appends 1 to 3 columns of field element gradient continuation |

g} Open the ellipsoidal fleight grid file corrections (the unit is the same as the field element), and keeps 4 significant figures

)x =) of the current altitu

Sirta >> The parameter settings have been entered into the system!
{{Order number of the rad(ay3 l + " Click the [Start Computation] control button, or the [Start Computation] tool button.
l{gradient i * >> Computation start time: 2023-03-16 21:43:22
| >> Complete the computation of continuation correction of field elements!
>> Computation end time: 2023-03-16 21:43:31
‘[ Radial gradient mleg{al radius 3# km I: [5) save the results as '# Import setting parameters & Start Computation

*. Extract corrections . Plot]

|

7468

@ The radial gradient continuation method adopts the gradient of the actual field element to make analytical continuation, which is suitable for the upward and |

downward analytical continuation of ground, flight altitude and near range (10km). |

@ The main components of the field element gradient are short-wave and ultra-short-wave, and the integral radius used for radial gradient calculation generally does |
not need to be large. Ti , the yti ion by the radial gradient method is conducive to the efficient usage of gravity field observation resources.

PAGravf4.5 recommends a remove-continuation-restore scheme combined with
ultra-high-degree geopotential model and residual field element radial continuation.
Firstly, remove the ultra-high-degree model values of field elements at the current
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altitude to obtain the residual field elements, and then conduct analytical continuation of
residual field elements, and finally restore the ultra-high-degree model values of field
elements at target altitude.

2.6 Gross error detection and basis function gridding of discrete field
elements

2.6.1 Gross error detection on observations based on low-pass reference
surface

[Function] Select the low-pass grid as the reference surface, interpolate the
reference value of the specified attribute value at the discrete point, and then detect and
separate the gross error records according to the statistical properties of the differences
between the specified attribute value and reference value.

[Input files] The discrete geodetic point file to be detect, the low-pass reference
surface grid file.

The reference surface can be constructed from discrete data by simple gridding
and then low-pass filtering, and can also be the specified attribute grid constructed by
weighted basis function gridding. When the zero-value grid of the measuring point
coverage area is employed as the reference surface, that is, no reference surface
support, the program performs simple gross error detection.

“

= s = -
5 we a-h
B M 4 az A
\ Open file Saveas Importparameters Start Computatior Save process ~ Follow example
7] Gross error detection on observations ,—. Estimation of observation weight .+, Gridding of heterogeneous data by basis

| = based on low-pass reference surface with specified reference attribute function weighted interpolation
|

@ The discrete point file to be detect i.! Save computation process as
| Number of rows of file header 1 s >> Select the computation function from the three control buttons at the top of the interface
! Column ordinal number of - >> [Function] Select the low-pass grid as the surface, the value of the specified attribute value at the
| the attribute to be detect - = discrete point, and then detect and separate the gross error records to the prop: of the between

| [ Beyond multiples of the \ the fied attribute value and reference value

| | standard deviation n

3.0 ** The reference surface can be constructed from discrete data by simple gridding and then low-pass filtering, and can also be the

specified attribute grid constructed by weighted basis function gridding

(2} Open low-pass reference surfake grid file |  >> Open the discrete geodetic file C:/PAGravf4.5_ rGerrweighgr txt
| ** Look at the file information in the window below and set the discrete point file format.
>> Open low-pass reference surface grid file C./F 5_win6der rGerr dat
| >> Save the results as C: avf4.5_win64er Gerr txt.
>> Save no gross error results as C:/PAGravf4.5_\ rGerrweighgr txt

>>The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-16 22:38:18
>> Complete computation!
>> Computation end time: 2023-03-16 22:38:18

[=) Save the results as
[} save gross eror as
# Import setting parameters

# Start Computatio

J Extract plot data s Plot)
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Source observations input Observations without grass error

[Parameter settings] Enter number of rows of the discrete geodetic point file header,
column ordinal number of the attribute to be detect in the record, and beyond multiples
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of the standard deviation.

When the absolute value of the difference between the attribute and its mean is
greater than n times the attribute standard deviation, the record in which attribute is a
gross error record.

[Output files] The discrete geodetic point file without gross error, whose format is
the same with the input discrete point file. The gross error point file, whose file header
include the mean, standard deviation, minimum and maximum of the differences.

2.6.2 Estimation of observation weight with specified reference attribute
[Function] Using the weight function defined by PAGravf4.5, estimate the
observation weight according to the statistical property of the specified reference
attribute in the input geodetic record file.
[Input file] The discrete geodetic observation file.

Weight function defined by PAGravf4.5w(x,a) = 100./c2 + (ax)?, here x is the
reference attribute, a is the given smoothing factor of the weight function, o is the
standard deviation of x calculated automatically by the program.

[Parameter settings] Enter number of rows of the discrete geodetic observation file
header, column ordinal number of the reference attribute in the record, and the
smoothing factor of the weight function.

The larger the weight function smoothing factor a, the slower the weight function w
decays with distance.

«
Y = S 2
¥ L4 & A
| oOpenfile Saveas Importparameters ~Start Computation Save process ~ Follow example
(,ﬁ Gross error detection on observations .—. Estimation of observation weight .+, Gridding of heterogeneous data by basis
| based on low-pass reference surface ~ with specified reference attribute function weighted interpolation
| —
The discrete geodetic observation file Weigh function w(x.a) = 100/,/a* + (ax)?. Here, x is the given atiribute, a is the smoothing =
= 9 factor of the weigh function, o is the standard deviation of x calculated by the function module. 4! Save computation process as
|
| Number of rows of flle header 1 >> Open low-pass reference surface grid file C. .5_win64er ighg P dat
Column ordinal number of s >> Save the results as C:/PAGravi4.5_win64er p rGerr xt
| _the reference attribute \, >> Save no gross error results as C:/PAGravf4.5_) weighgr txt.

Smoothing factor of

>> The parameter settings have been entered into the system!
weight function a

** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-16 22:38:18
>> Complete computation!
>> Computation end time: 2023-03-16 22:38:18
>> [Function] Using the weight function defined by PAGravf4.5, estimate the observation weight according to the statistical property
of the specified reference attribute in the input geodetic record file.
>> Open the discrete geodetic file C:/PAGravf4.5_\ 4 rGerrweighgr xt.
** Look at the file information in the window below and set the discrete point file format.
>> Save the results as C:/PAGravf4.5_win64en/examples/PrGerrweighgridate/pntwghrst.txt
>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>% Computation start time: 2023-03-16 22:40:19

2

4l save the results as

# Import setting parameters

. Extract plot data s Plot)
s s s o w2 s s ws s W mr s
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Reference value of attribute Observation weights
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2.6.3 Gridding of heterogeneous data by basis function weighted interpolation

[Function] According to the given grid specifications (grid range and spatial

resolution), and specified basis function, grid the specified attribute in the input discrete
geodetic point file by the weighted basis function interpolation method.

[Input file] The discrete geodetic observation file.

[Parameter settings] Enter number of rows of the discrete point file header, column
ordinal number of the attribute to be grid in the file record, and grid specification
parameters. Select the base function and set its parameters.

The smaller the kurtosis is (the slower the basis function value reduces with
distance), the larger the number of neighboring points for the interpolation, the smoother
the interpolation result, the weaker the edge effect and the stronger the interpolation
capacity for sparse data.

The interpolation weight is equal to the product of the attribute weight and base
function value.

[Output file] The geodetic grid file.

“
Y = a5 2
™~ |2 v &7 -
\ Openfile Saveas Importparameters Start Computation Save process  Follow example
7] Gross error detection on observations . Estimation of observation weight -, Gridding of heterogeneous data by basis
| based on low-pass reference surface with specified reference attribute *" function weighted interpolation
|
@ The discrete geodetic observation file 4! Save computation process as
| Number of rows of file header 1 5 >> Computation start time: 2023-03-16 22:40:19
| Column ordinal number of . >>Complete computation!
| the attribute to be grid = >> Computation end time: 2023-03-16 22:40:19
| \ >> [Function] According to the given grid specifications (grid range and spatial resolution), and specified basis function, grid the
| Select the basis function attribute in the input discrete geodetic point file by the weighted basis function interpolation method

Gauss function Equ%wmgm I >> Open the discrete geodetic file C:/PAGravf4.5_wir TG igh txt.
— e file information in the window belo

ook @ 2 W w and set the discrete p e forma
>> Save the results as C:/PAGravf4.5_win64en/examples/PrGerrweighgridate/pntgrid.dat

>> The parameter settings have been entered into the system!
| ** Click the [Start Computation] control button, or the [Start Computation] tool button...

>> Computation start time: 2023-03-16 22:43:12
>> Complete computation!
>> Computation end time: 2023-03-16 22:43:14

— Set parameters Grid specification
| F save the results as Column ordinal number of weight 7 r at 25.500°
' Import setting parameters Number of neighboring points 5 = minLon | resolution | maxLon 102.400° |2 1.000' 3! 103.400° %
\ ] Kurtosis of basis function [1,20] minLat 24.400°
0 . Extract plot data A Plot]
e e e oy e [T T U . 3
e T e R i 1
256 X 58
L ) 2, 254
2545 s
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22 —ur
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244] qux Lo 8
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| — —_— e
4 Source observations input Griding results

The program is specially designed by PAGravf4.5 based on the properties of
general geophysical field, and it is suitable for griding of single types of multi-source
heterogeneous geophysical field.
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3 Computation of various terrain effects on various field elements
outside geoid

PAGravf4.5 develops the unified analytical algorithm system for various modes of

terrain effects on different types of gravity field elements outside the geoid (on the geoid
or in its outer space) to improve the geophysical gravity exploration and gravity field
data processing, which can be employed uniformly to deal with various terrestrial,
marine, and airborne gravity field data.

[ #& Computation of various terrain effects on various field elements outside geoid - (m]

Computation of various terrain effects on various field elements outside geoid

- ©O

g

— — ]
Computation of local terrain effect Integral of land, ocean and lake Computation of terrain Helmert Computation of residual terrain
on various field elements complete Bouguer effect on condensation effect on various effect on various field
outside the geoid gravity outside geoid field elements outside geoid elements outside geoid

Computation process demo
o of complete Bouguer anomaly
on terrain equiheight surface

X Computation process demo of
@i land-sea Bouguer / equilibrium
anomaly from geopotential model

Computation of land-sea unified Ultrahigh degree spherical harmonic Spherical harmonic synthesis of Computation process demo
classical gravity Bouguer analysis on land-sea terrain complete Bouguer or residual of various terrain
/ equilibrium effect and construction of model terrain effects effects outside geoid

« Programs and functions structure of the subsystem

Quantitative criterions for terrain effects defined by PAGravf4.5
(1) In order to improve the griding performance of discrete field elements, it is expected to improve the smoothness of discrete field elements after the terrain effect removed.

| In this case, the optimal criterion for terrain effect is that the standard deviation of discrete field elements would decrease after the terrain effect removed. This quantitative

criterion is also applicable for geophysical gravity exploration purposes.
(2) The terrain effect is expected to consist of only ultrashort wave components for gravity field approach purpose, so the optimal criterion is that the standard deviation of field
would , and the ical mean of terrain effects in the range of tens of kilometers is small after the terrain effect removed.
(3) The ratio D/e of difference D between the maximum and minimum of terrain effect on a certain field element and its standard deviation ¢, reflects the outlier of ultrashort
wave signal in this type of terrain effect. D/e is large, which means that the proportion of ultrashort wave signals is small, but the signal is large. It is beneficial to improve the
data processing performance to process this type of field element using this mode of terrain effect.

(4) When the sizes of several modes of terrain effects are roughly same, the greater the ratio of the standard deviation of terrain effect on gravity disturbance to the standard |
| deviation of terrain effect on height anomaly, the richer the ultrashort wave components of terrain effect, and the more favorable it is for geoid refinement.

Among the above four guideline criterions defined by PAGravf4.5, the first two are the binding regulations, which are globally applicable and need to be followed. The latter two

can be the technical references and should be employed appropriately based on further analysis.

From the terrain data of typical difficult mountainous areas with a mean altitude of

4000m and terrain undulation of more than 3000m, we verify and analyze the
performance of various terrain effect algorithms in this group of programs to facilitate
and quickly grasp the characteristics and usage of terrain effects.

3.1 Computation of local terrain effect on various field elements outside the

geoid

[Purpose] With the rigorous numerical integral method or FFT algorithm, from the

ground digital elevation model and ground ellipsoidal height grid, compute the local
terrain effects on the height anomaly (m), gravity anomaly (mGal), gravity disturbance
(mGal), vertical deflection (", to south, to west) or disturbing gravity gradient (E, radial)
on the geoid or in its outer space.
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The terrain effect on field element is equal to the negative value of its classic terrain
correction, such as the local terrain effect is equal to the negative local terrain correction.
Since the normal gravity field keeps unchanged, the terrain effect on the gravity
disturbance and gravity anomaly is always equal to the terrain effect on gravity.

3.1.1 Numerical integral of local terrain effects on various field elements
outside geoid

[Function] With the rigorous numerical integral method, from the ground digital
elevation model and ground ellipsoidal height grid, compute the local terrain effects on
the height anomaly (m), gravity anomaly (mGal), gravity disturbance (mGal), vertical
deflection (", to south, to west) or disturbing gravity gradient (E, radial) on the geoid or
in its outer space.

[Input files] The ground digital elevation model file and ground ellipsoidal height grid
file with the same grid specifications, and the calculation point position file or ellipsoidal
height grid file of the calculation surface.

The ground digital elevation model (normal /orthometric height) is employed to
indicate terrain relief, and the ground ellipsoidal height grid represents the ground
position employed to calculate the integral distance.

o Computation of local terrain effect on various field elements outside the geoid - (u]
‘ = ‘) 2 \
Lo a by
& 3 k= » a4 am ‘
Open DEM Import parameters Save as Start Computation  Save process ~ Follow example
N Numerical integral of local terrain effects . FFT algorithm of local terrain effects on D Q" Calculator of local terrain effects on =¢ Algorithms of local
on various field elements outside geoid various field elements outside geoid various field elements outside geoid "™ terrain effect
|
(2} Open ground digital elevation model file >> Computation Process ** Operation Prompts 4. Save computation process as
:J Open ground ellipsoidal height grid file >> Open ground digital elevation model file C: Terl 1m.dat -
>> Open ground ellipsoidal height grid file C /PAGravM 5 /TerlL. landbmsurfhgt. dat
Select point file format >> Open calculation point position file C:/P; 4.5 MTerl infl/surfhat txt

I discrete calculation point file * Look at the file information in the window below, set the input file format parameters...
>> Save the results as C:/PAGravf4.5_win64en/examples/TerLocalterraininfl/surfnintg.txt.
& Open calculation point position file ** Behind the source calculation point file record, appends several columns of local terrain effects on specified types of field
Set input point file format elements, keeps 4 significant figures.

>> The parameter settings have been entered into the system!
Number of rows of file header |1 = | ™ Click the [Start Computation] control button, or the [Start Computation] tool button.
| Column ordinal number of ellipsoidal " .| | >> Computation start time: 2023-03-17 09:29:57
height in the record >> Complete the computation of the local terrain effects!
Select gravity field elements >> Computation end time: 2023-03-17 09:30:00

| height anomaly (m)
| gravity anomaly (mGal)

| gravity disturbance (mGal) i

| vertical deflection (")

=) Save the results as + Import setting parameters & Start Computation

ellipgeight(m)

| disturbing gravity gradient (E, radial)
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Digital elevation model(m) height anomaly (m) gravity disturbance (mGal) vertical deflection (*, S)

@ The calculation point may be on the geoid and in its outer near-Earth space, that is, from the geoid to the aviation altitude.
@ Within the integral radius of the grid margin of the ground digital elevation model, there is the integral edge effect. The local terrain effect on gravity is approximately equal to the
linear Molodensky | term. There are local terrain effects in the coastal sea area, and that in the deep ocean area are equal to zero.

[Parameter settings] Set the input file format parameters, select the gravity field
element type, and enter the integral radius.
[Output file] The local terrain effect result file.
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When the discrete calculation point file input, the output file record format: Behind
the source calculation point file record, appends several columns of local terrain effects
on specified types of field elements, keeps 4 significant figures.

When the ellipsoidal height grid file input, the output file record format: Point no,
longitude, latitude, ellipsoidal height, several columns of local terrain effects on specified
types of field elements, keeps 4 significant figures.

At the same time, the program also outputs the local terrain effects on height
anomaly (*.ksi), gravity anomaly (*.gra), gravity disturbance (*.rga), vertical deflection
(*.dft) or disturbing gravity gradient (*.grr) grid files into the current directory. Where * is
the output file name entered from the interface. The program outputs the local terrain
effect grid file on the specified types of elements.

In this example, the 1’ digital elevation model is used, the integral radius is 90km,
the terrain surface (ground) is selected as the calculation surface which is represented
by the ground ellipsoidal height grid, and the local terrain effects on various ground field
elements are calculated. After the 1° area of the grid margin with integral edge effect
deducted, the statistical analysis on the local terrain effects on various field elements
are shown in the table below.

Let D be the difference between the maximum value and the minimum value, ¢ is
the standard deviation, and a large D/¢ indicates that the number of ultrashort wave
signals accounts for a small proportion but the amplitude is prominent. In general, if a
certain type of terrain effect on a certain type of field element is larger, the more
favorable it is to process the data of this type of field element.

In this example, the D/e of the local terrain effect on gravity disturbance is large,
showing that the local terrain effect is suitable to process the gravity disturbance data.
However, the D/¢ of the local terrain effect on the vertical deflection is the smallest, which
shows that it is not a good choice to employ the local terrain effect to process the vertical
deflection data.

Field element type /unit mean dz(sigﬂz:]ds minimum | maximum | D/e
height anomaly /m -0.2233 1.4995| -8.9709 4.9249| 9.3
gravity disturbance /mGal -0.5364 0.7599| -14.3238 0.5061| 19.5
vertical deflection /S" 1.0139 3.2809| -8.7789| 13.2512| 6.7
vertical deflection /W" 1.7161 3.2445| -6.8166| 14.4212| 6.5
disturbing gravity gradient /E | 1.3980 83.1923| -368.3504 | 493.4792| 10.4

3.1.2 FFT algorithm of local terrain effects on various gravity field elements
outside geoid

[Function] With the FFT integral algorithm, from the ground digital elevation model

and ground ellipsoidal height grid, compute the local terrain effects on the height

anomaly (m), gravity anomaly (mGal), gravity disturbance (mGal), vertical deflection (",
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to south, to west) or disturbing gravity gradient (E, radial) on the geoid or in its outer
space.

[Input files] The ground digital elevation model file, the ground ellipsoidal height grid
file, and the ellipsoidal height grid file of the calculation surface with the same grid
specifications.

The ground digital elevation model (normal /orthometric height) is employed to
indicate terrain relief. The ground ellipsoidal height grid represents the ground position
employed to calculate the integral distance.

[Parameter settings] Select the gravity field element type and the integral fast
algorithm and enter the integral radius.

| ‘s Computation of local terrain effect on various field elements outside the geoid - ] X ‘

|
A = . ~
o, % ey y
| L/ y ﬂ r a7 R |
| Open DEM Import parameters Save as ’ tion  Save process  Follow example

- Numerical integral of local terrain effects FFT algorithm of local terrain effects on 0 Calculator of local terrain effects on = Algorithms of local
™ on various field elements outside geoid . various field outside geoid * various field elements outside geoid - terrain effect
|
_“_‘, Open ground digital elevation model file >> Computation Process ** Operation Prompts 4./ Save computation process as
_:} Open ground ellipsoidal height grid file ** Look at the file information in the window below, set the input file format parameters. ~
>> Save the results as C:/PAGravf4.5_win64en/examples/TerLocalterraininfl/surfFFT2.txt.
, Open ellipsoidal height grid file ** Record format: Point no, longitude, latitude, ellipsoidal height, several columns of local terrain effects on specified types of field
of calculation surface elements, keeps 4 significant figures.

** At the same time, the program also outputs the local terrain effects on height anomaly (" ksi), gravity anomaly (*.gra), gravity

SHlec oravily fled dlomerts disturbance (*.rga), vertical defiection (*.dft) or disturbing gravity gradient (*.grr) grid files into the current directory. Where * is the

£ height anomaly (m) output file name entered from the interface. The program outputs the local terrain effect grid file for the specified types of elements
[] gravity anomaly (mGal) >> The parameter settings have been entered into the system
** Click the [Start Computation] control button, or the [Start Computation] tool button.
152 gravity disturbance (mGal) >> Computation start time: 2023-03-17 09:32:04
~ vertical deflection (") >> Complete the computation of the local terrain effects!
(] disturbing gravity gradient (E, radial) >> Computation end time: 2023-03-17 09:32:29 G

Fast algorithm | 2D FFT

[Integral radius 90 km }= Save the results as + Import setting parameters & Start Computation

FFT.

Digital elevation model(m) height anomaly (m) gravity disturbance (mGal) vertical deflection (", S)

@ The calculation point may be on the geoid and in its outer near-Earth space, that is, from the geoid to the aviation altitude.
@ Within the integral radius of the grid margin of the ground digital elevation model, there is the integral edge effect. The local terrain effect on gravity is approximately equal to the
linear Molodensky | term. There are local terrain effects in the coastal sea area, and that in the deep ocean area are equal to zero.

[Output file] The local terrain effect file.

Record format: Point no, longitude, latitude, ellipsoidal height, several columns of
local terrain effects on specified types of field elements, keeps 4 significant figures.

At the same time, the program also outputs the local terrain effects on height
anomaly (*.ksi), gravity anomaly (*.gra), gravity disturbance (*.rga), vertical deflection
(*.dft) or disturbing gravity gradient (*.grr) grid files into the current directory. Where * is
the output file name entered from the interface. The program outputs the local terrain
effect grid file on the specified types of elements.

Using the exact same parameters as the numerical integral, compute the local
terrain effects on various field elements by the FFT algorithm, and statistically analyze
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the difference between the FFT result and the numerical integral result.

\ ' Computation of local terrain effect on various field elements outside the geoid - o % |
|
| &, 5 U = & 2
| &2 ¥ = g az An
‘ Open DEM Import parameters Saveas  Start Computalion  save process ~ Follow example
I
|

-~ Numerical integral of local terrain effects - FFT algorithm of local terrain effects on & Calculator of local terrain effects on = Algorithms of local
| * on various field elements outside geoid : various field outside geoid " various field elements outside geoid terrain effect
|
|| (2} open ground digital elevation model file >> C ion Process ** O ion Prompts 4./ Save computation process as

(2} Open ground ellipsoidal height grid file >> Compute the local terrain effects using 1D FFT algorithm... A
>> Save the results as C: 5_) Terl fFFT1.txt.
Open ellipsoidal height grid file ** Record format: Point no, longitude, latitude, ellipsoidal height, several columns of local terrain effects on specified types of field

|

|

| ®

| of calculation surface elements, keeps 4 significant figures.
| s ** At the same time, the program also outputs the local terrain effects on height anomaly (* ksi), gravity anomaly (*.gra), gravity
([E5tecamvity fadslementa disturbance (*.rga), vertical deflection (*.dft) or disturbing gravity gradient (*.grr) grid files into the current directory. Where * is the

1 height anomaly (m) output file name entered from the interface. The program outputs the local terrain effect grid file for the specified types of elements.
[ gravity anomaly.(mGal) ;WHE'—'—_[——'—_E—W—_—TL%—_T—' parameter seftings have been entered into the system!
[ gravity dishisbance (ical) ** Click the [Start Computation] control button, or the [Start Computation] tool button..
| >> Computation start time: 2023-03-17 09:34:22
| >> Complete the computation of the local terrain effects!
] disturbing gravity gradient (E, radial) >> Computation end time: 2023-03-17 09:36:40 * e
[Fastaigorithm | 10 FFT |~ | [integral radius |90 km #] [ Savetheresultsas 3 Import

4 4 4 2 0 2 &
—

’ Digital elevation model(m) height anomaly (m) vertical deflection (", S) disturbing gradient (E, R)

@ The calculation point may be on the geoid and in its outer near-Earth space, that is, from the geoid to the aviation altitude.
@ Within the integral radius of the grid margin of the ground digital elevation model, there is the integral edge effect. The local terrain effect on gravity is approximately equal to the
linear Molodensky | term. There are local terrain effects in the coastal sea area, and that in the deep ocean area are equal to zero.

FFT — numerical integral mean Stand?rd minimum | maximum
deviation

FFT2| -0.0001 0.0138| -0.0686 0.0883
FFT1 0.0012 0.0027| -0.0115 0.0110
gravity disturbance | FFT2 0.0352 0.2316|  -0.7410 1.4406
/mGal FFT1 0.0341 0.2298|  -0.7602 1.3356
vertical deflection | FFT2|  -0.0082 0.0197| -0.1176 0.1275
18" FFT1| -0.0026 0.0138| -0.1616 0.1538

vertical deflection | FFT2 0.0018 0.0400| -0.3873 0.1555
w* FFT1 0.0051 0.0198|  -0.4444 0.2844
disturbing gravity | FFT2 0.0042 0.5176| -19.6242| 10.5354
gradient /E FFT1 0.0036 0.5859| -21.2847| 12.1181

height anomaly /m

There is little difference between the computation results of the rigorous numerical
integral and the fast FFT algorithm, and there is also no obvious difference between the
results of the one-dimensional FFT and the two-dimensional FFT.
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3.1.3 Calculator of local terrain effects on various gravity field elements
outside the geoid

[Function] From the ground digital elevation model and ground ellipsoidal height
grid file, given the calculation point geodetic coordinates on the geoid or in its outer
space, compute the local terrain effects on the height anomaly (m), gravity anomaly
(mGal), gravity disturbance (mGal), vertical deflection (", to south, to west) and
disturbing gravity gradient (E, radial).

Inputting the ground digital elevation model (standing for terrain relief) and ground
geodetic ellipsoidal height grid (standing for the ground location) files with the same grid
specifications, the [Start Calculation] button becomes available. After that, the geodetic
coordinates of the calculation point can be input repeatedly, and the local terrain effects
on various field elements at the calculation point can be computed and displayed in time.

1
‘® Calculator of local terrain effects on various gravity field elements outside the geoid {1 X \

|| 2} Open ground digital elevation model file Ground digital elevation model

0.01666€7 | |

| _"‘_J' Open ground ellipsoidal height grid file

Input geodetic coordinates of calculation point

longitude [98.240000°

latitude | 32.428000°
ellipsoidal height | 2017.830m

“

OO

‘ I Integral radius| 90 km c I
|
|
& Start calculation J
< ' > 5
Local terrain effect calculation results
height anomaly (m) |-0.1400 gravity anomaly (mGal) -0.8197
gravity disturbance (mGal) -0.8197 disturbing gradient (E, radial) | 17.4820
vertical deflection (", S) |-7.0751 vertical deflection (", W) -0.6231 |

@ Inputting the ground digital elevation model (standing for terrain relief) and ground geodetic ellipsoidal height grid (standing
for the ground location) files with the same grid specifications, the [Start Calculation] button becomes available. After that, the
geodetic coordinates of the calculation point can be input repeatedly, and the local terrain effects on various field elements at
the calculation point can be calculated and displayed in time.

@ The program allows to replace the ground digital elevation model and the ground ellipsoidal height grid file at any time from
the interface, or to change the integral radius, and the user input will take effect at once.\n The calculation point may be on
the geoid and in its outer near-Earth space, that is, from the geoid to the aviation altitude.

@ Within the integral radius of the grid margin of the ground digital elevation model, there is the integral edge effect. There
are local terrain effects in the coastal sea area, and that in the deep ocean area are equal to zero.

The program allows to replace the ground digital elevation model and the ground
ellipsoidal height grid file at any time from the interface, or to change the integral radius,
and the user input will take effect at once.

The calculation point may be on the geoid and in its outer near-Earth space, that is,
from the geoid to the aviation altitude.

Within the integral radius of the grid margin of the ground digital elevation model,
there is the integral edge effect. The local terrain effect on gravity is approximately equal
to the linear Molodensky | term. There are local terrain effects in the coastal sea area,
and that in the deep ocean area are equal to zero.
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' Calculator of local terrain effects on various gravity field elements outside the geoid ? X \

‘ \
|| (2} Open ground digital elevation model file Ground digital’clevation model
| (2} Open ground ellipsoidal height grid file
} Input geodetic coordinates of calculation point
longitude |100.240000° :
latitude 34.428000° S
ellipsoidal height | 201.830m <

Integral radius 90 km - |

& Start calculation |

Local terrain effect calculation results

height anomaly (m) 2.3837 gravity anomaly (mGal) -12.3434
gravity disturbance (mGal) |-12.3434 disturbing gradient (E, radial) -23.6988
vertical deflection (", S) |3.5957 vertical deflection (", W) |5.5401 |

@ Inputting the ground digital elevation model (standing for terrain relief) and ground geodetic ellipsoidal height grid (standing
for the ground location) files with the same grid specifications, the [Start Calculation] button becomes available. After that, the
geodetic coordinates of the calculation point can be input repeatedly, and the local terrain effects on various field elements at
the calculation point can be calculated and displayed in time.

@ The program allows to replace the ground digital elevation model and the ground ellipsoidal height grid file at any time from
the interface, or to change the integral radius, and the user input will take effect at once.\n  The calculation point may be on
the geoid and in its outer near-Earth space, that is, from the geoid to the aviation altitude.

@ Within the integral radius of the grid margin of the ground digital elevation model, there is the integral edge effect. There
are local terrain effects in the coastal sea area, and that in the deep ocean area are equal to zero.

L = s = = = e o = = s == e = =

3.2 Computation of land, ocean, and lake complete Bouguer effect on gravity
outside geoid

[Purpose] Using the rigorous numerical integral method or FFT algorithm, from the
land-sea terrain model and ellipsoidal height grid file of the land ground and sea surface,
compute the land-sea unified complete Bouguer effect on the gravity anomaly (mGal)
or gravity disturbance (mGal) on the geoid or in near-Earth space.

The complete Bouguer effect on the anomalous field element is much larger than
the field element itself, which is usually employed in geophysics to detect the geometric
structure of the gravity field. Physical geodesy pays attention to the requirement of
quantitative accuracy, and would not directly use the complete Bouguer effect, which is
mainly employed to compute the residual terrain effect.

Since the normal gravity field keeps unchanged, the complete Bouguer effect on
the gravity disturbance and gravity anomaly is always equal to the complete Bouguer
effect on gravity.

The program is suitable for the unified computation of the complete Bouguer effect
on gravity, gravity anomaly and gravity disturbance in land, land-sea junction, and sea
area. The calculation point may be on the geoid and its outer near-Earth space.

If the ocean water depth in the land-sea terrain model is set to zero, the program
automatically computes the land complete Bouguer effect in the near-Earth space. If the
terrain height in the land-sea terrain model is set to zero, the program automatically
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computes the seawater complete Bouguer effect in the near-Earth space.

The complete Bouguer effect here is defined as the variation of Earth gravity field
because of the terrain mass above the geoid removed and the seawater density
compensated to the terrain density. There is the sea water Bouguer effect in the offshore
land area, while there is the local terrain effect in the coastal sea area.

3.2.1 Computation of the land-sea unified complete Bouguer effect on gravity

outside geoid

[Function] Using the rigorous numerical integral method or FFT algorithm, from the
land-sea terrain model and ellipsoidal height grid file of the land-sea surface, compute
the land-sea unified complete Bouguer effect on the gravity (mGal) on the geoid or in
near-Earth space.

[Input files] The land-sea terrain model file and the ellipsoidal height grid file of the
land-sea surface with the same grid specifications, and the calculation point position file
or the ellipsoidal height grid file of the calculation surface.

& Computation of land, ocean, and lake complete Bouguer effect on gravity outside geoid o
5 = e a=h 2
& 5 = a4 A
| OpenDTM Import parameters Saveas Start Computation  save process — Follow example
| {

~=. Computation of the land-sea unified complete (e integral ion of the laki 1{ ~: Formulas of land-sea unified
| B55 Bouguer effect on gravity outside geoid O complete Bouguer effect on gravity = complete Bouguer effect
-2} Open the land-sea terrain model file >> Computation Process ** Operation Prompts 4! Save computation process as
:; Open the ellipsoidal height grid file specifications... — = »
of the land-sea surface >> Open the land-sea terrain model file C:/PAGravf4.5_\ [TerC dat.
S alect calcuiat t file f t >> Open the ellipsoidal height grid file of the land-sea surface C:/PAGravf4.5_\ [TerC
elect calculation point file formal dbmhgtsm.dat
l discrete points file >> Open the calculation point position file C:/PAGravf4.5_win64er /TerC g fhgt.txt.
| - ** Look at the file 1 in the window below, set the input file format paramet
|| [ Open the calculation point location file >> Save the results as C/PAGravid.5_winbaer TTerCompleteBougure/bgpnt txt
| set input point file format >> Behind the source calculation point file record, appends the local terrain effect, spherical Bouguer effect and sear-
| water complete Bouguer effect, and keep 4 significant figures.
Number of rows of file header |1 ~ | >>The parameter settings have been entered into the system!
Column ordinal number of ellipsoidal % ** Click the [Start Computation] control button, or the [Start Computation] tool button...
| height in the record >> Computation start time: 2023-03-17 10:13:02
| >> Complete computation of the land-sea unified complete Bouguer effect outside the geoid!
>> Computation end time: 2023-03-17 10:13:13
| Land integral radius )O’km < | Seaintegral radius 300 km  ° t,' Save the results as - Import setting parameters & Start Computation

. Extract effects ] s Plot|

R )
—

land-sea terrain model (m) complete Bouguer effects (mGal)

| @ The program is suitable for the unified computation of the complete Bouguer effect on gravity, gravity anomaly and gravity disturbance in land, land-sea junction, and sea
area. The calculation point may be on the geoid and its outer near-Earth space.

@ If the ocean water depth in the land-sea terrain model is set to zero, the program the land Bouguer effect in the near-Earth space. If the
terrain height in the land-sea terrain model is set to zero, the program the Bouguer effect in the near-Earth space.

@ The complete Bouguer effect here is defined as the variation of the Earth's gravity field after the terrain mass removed above the geoid and the seawater density
‘ compensated to the terrain density. There is the sea water Bouguer effect in the offshore land area, while there is the local terrain effect in the coastal sea area.

In the land-sea terrain model, the land terrain height is greater than zero while the
seafloor water depth is less than zero.

The ellipsoidal height grid of the land-sea surface stands for the land-sea surface
position employed to calculate the integral distance.

[Parameter settings] Set the input file format parameters, select the integral
algorithm, and enter the land integral radius and sea integral radius.

[Output file] The land-sea unified complete Bouguer effect file.
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When the discrete calculation points file input, the output file record format: Behind
the source calculation point file record, appends the local terrain effect, spherical
Bouguer effect and sear-water complete Bouguer effect, and keep 4 significant flgures

= Computation of land, ocean, and lake complete Bouguer effect on gravity outside geoid - O

® > N A |

| OpenDTM Import parameters Saveas Start Computation  Save process ~ Follow example

| {
«:, Computation of the land-sea unified complete ‘o integral of the laki = Formulas of land-sea unified

| [ B Bouguer effect on gravity outside geoid ® complete Bouguer effect on gravity complete Bouguer effect

2} Open the land-sea terrain model file >> Computation Process ** Operation Prompts 4/ Save computation process as

water complete Bouguer effect, and keep 4 significant figures. B

>> The parameter settings have been entered into the system!

| 2 ** Click the [Start Computation] control button, or the [Start Computation] tool button...
| Select calculation point file format >>C start time: 2023-03-17 10:13:02

n ellipsoidal height grid file l -

:_5 Open the ellipsoidal height grid file
= of the land-sea surface

>> Complete computation of the land-sea unified complete Bouguer effect outside the geoid!
>> Computation end time: 2023-03-17 10:13:13

| , Open the ellipsoidal height grid file

S >> Open the ellipsoidal height grid file of calculation surface C:/PAGravf4.5_win64er TerC
| of calculation surface dbmhat5m.dat
| _Select integral algorithm >> Save the results as C:/PAGravi4.5 win64: [TerCe FT2dat |

>> Compute the land-sea unified complete Bouguer effects using 2D FFT algorithm
>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button..
>> Computation start time: 2023-03-17 10:15:31
>> Complete computation of the land-sea unified complete Bouguer effect outside the geoid!
>> Computation end time: 2023-03-17 10:15:38 vi|

| 2D FFT algorithm

‘ILand integral radius 90 km  Seaintegral radius 300 km [ save the results as % Import setting parameters & Start Computation

110.

. Extract effects “a Plot]

6« ne ur oo aw ne

E § B B X ¥ K ¥

Il s " B 3 - 3 land-sea terrain model (m) complete Bouguer effects (mGal)

@ The program is suitable for the unified computation of the complete Bouguer effect on gravity, gravity anomaly and gravity disturbance in land, land-sea junction, and sea
area. The calculation point may be on the geoid and its outer near-Earth space

@ If the ocean water depth in the land-sea terrain model is set to zero, the program Bouguer effect in the near-Earth space. If the
terrain height in the land-sea terrain model is set to zero, the program the Bouguer effect in the near-Earth space.

@ The complete Bouguer effect here is defined as the variation of the Earth's gravity field after the terrain mass removed above the geoid and the seawater density
‘ compensated to the terrain density. There is the sea water Bouguer effect in the offshore land area, while there is the local terrain effect in the coastal sea area

|
the land

In this example, the 5’ land-sea terrain model is employed, the mtegral radlus is
90km, the integral radius for sear-water complete Bouguer effect is 300km, the land-sea
surface is the calculation surface which is represented by the land-sea surface
ellipsoidal height grid, and the land-sea unified complete Bouguer effects on the gravity
are computed. After the 3° area of the grid margin with integral edge effect deducted,
the statistical analysis on the complete Bouguer effects are shown in the table below.

standard

mGal

mean

deviation

minimum

maximum

numerical integral

-17.2622

110.3575

-260.5460

562.1404

FFT2 — numerical integral

1.7056

1.8637

0.0265

19.7512

FFT1 - numerical integral

2.0864

2.2786

0.0268

19.3779

FFT2 - FFT1

-0.3808

0.7884

-3.3353

0.8730

Due to the large the complete Bouguer effect on various field elements, the error
caused by the third-order approximation of terrain relief sometimes even exceeds the
anomalous field element itself. PAGravf4.5 therefore recommends that, in addition to
the complete Bouguer effect on gravity, the effects on other types of field elements
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should be computed by the remove-restore scheme with the global land-sea terrain
mass spherical harmonic coefficient model as the reference terrain field. For the specific
computation process, please refer to [Computation process demo of complete Bouguer
anomaly outside geoid].

3.2.2 Numerical integral computation of the lake-water complete Bouguer
effect on gravity

[Function] Using the rigorous numerical integral method, from the lake water-depth
grid (value on land is zero) and ellipsoidal height grid file of the lake surface, compute
the lake water complete Bouguer effect on the gravity (mGal).

[Input files] The lake water-depth grid file and ellipsoidal height grid file of the lake
surface with the same grid specifications, and the calculation point position file or
ellipsoidal height grid file of the calculation surface.

The ellipsoidal height grid of the land-sea surface stands for the land-sea surface
position employed to calculate the integral distance.

[Parameter settlngs] Set the input file format parameters and integral radius.

on of land, ocean, and lake complete Bouguer effect on gravity outside geoid
' =) v az An
Open DTM Import parameters Save as t Computat Save process  Follow example
«_Computation of the land-sea unified complete B Numerical integral computation of the lake-water »~: Formulas of land-sea unified
~ Bouguer effect on gravity outside geoid % complete Bouguer effect on gravity ** complete Bouguer effect
(2} Open the lake water-depth grid file >> Computation Process ** Operation Prompts &' Save computation process as
1 Open the ellipsoidal height grid file >> Complete computation of the land-sea unified complete Bouguer effect outside the geoid!
3 of the lake surface >> Computation end time: 2023-03-17 10:23:46
>> [Function] Using the rigorous numerical integral method, from the lake water-depth grid (value on land is zero) and ellipsoidal
¥ Open the calculation point location file height arid file of the lake surface, compute the lake water complete Bouquer effect on the gravity (mGal),
>> Open the lake water-depth grid file C:/PAGravid.5_\ ferC Terl dat
Set input point file format >> Open the ellipsoidal height grid file of the lake surface C-/PAGravf4.5_win64en/examples/TerCompleteBougure/
Number of rows of file header 1 : Terl akesesbouginfufakengt.dat
Column ordinal number of ellipsoidal . |>> Open the calculation point location file C:/PAGrav4.5 TerC: Terl it
height in the record 4 =" Look at the file information in the window below, set the input file format parameters
> Save the results as C/PAGravid 5_ TerC: Terl flake it

>> Bemnd the source calculation point file record. appends the lake water complete Bouguer effect, and keeps 4 significant figures
Tie parameter seftings have been entered Inio the system!
" Chck the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-17 10:24:40
>> Complete computation of the lake water complete Bouguer effect outside the geoid!
>> Computation end time: 2023-03-17 10:24:51

Land integral radius 60 km % }) save the resuits as # Import setting parameters # Start Computation

nlat:hot - > _ Extract effects 4 Plot]

25

lake water-depth grid (m) complete Bouguer effects (mGal)

@ The program is suitable for the unified computation of the complete Bouguer effect on gravity, gravity anomaly and gravity disturbance in land, land-sea junction, and sea area. The
calculation point may be on the geoid and its outer near-Earth space.

@ If the ocean water depth in the land-sea terrain model s set to zero, the program automatically computes the land complete Bouguer effect in the near-Earth space. If the terain height
in the land-sea terrain model is set to zero, the program automatically computes the seawater complete Bouguer effect in the near-Earth space

@ The complete Bouguer effect here is defined as the variation of the Earth's gravity field after the terrain mass removed above the geoid and the seawater density compensated to the
terrain density. There is the sea water Bouguer effect in the offshore land area, while there is the local terrain effect in the coastal sea area

[Output file] The lake water complete Bouguer effect file.

When the discrete calculation points file input, the output file record format: Behind
the source calculation point file record, appends the lake water complete Bouguer effect,
and keeps 4 significant figures.

3.3 Computation of terrain Helmert condensation effect on various field
elements outside geoid

[Purpose] Using the rigorous numerical integral method or FFT algorithm, from the
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ground digital elevation model and ground ellipsoidal height grid, compute the terrain
Helmert condensation effects on the height anomaly (m), gravity anomaly (mGal),
gravity disturbance (mGal), vertical deflection (", to south, to west) or disturbing gravity
gradient (E, radial) on the geoid or in its outer space.

Since the normal gravity field keeps unchanged, the terrain Helmert condensation
effect on the gravity disturbance and gravity anomaly is always equal to the terrain
Helmert condensation effect on gravity.

The calculation point may be on the geoid and its outer near-Earth space.

3.3.1 Numerical integral of terrain Helmert condensation effects on various

field elements

[Function] Using the rigorous numerical integral method, from the ground digital
elevation model and ground ellipsoidal height grid, compute the terrain Helmert
condensation effects on the height anomaly (m), gravity anomaly (mGal), gravity
disturbance (mGal), vertical deflection (", to south, to west) or disturbing gravity gradient
(E, radial) on the geoid or in its outer space.

[Input files] The ground digital elevation model file and ground ellipsoidal height grid
file with the same grid specifications, and the calculation point location file or the
ellipsoidal height grid file of the calculation surface.

' Computation of terrain Helmert condensation effect on various field elements outside geoid -

7 s ) » a2 A ‘

Open DEM Import parameters Save as tart Computation  Save process ~ Follow example

1 [ Numerical integral of terrain Helmert ‘e FFT algorithm of terrain Helmert '\ Calculator of terrain Helmert condensation &5 Algorithm f I
™ on various field elements - on various field elements effects on various field elements s Algorithm formulas

(2} Open the ground digital elevation model file | >> Computation Process ** Operation Prompts 4.! Save computation process as

|| () Open the ground ellipsoidal height grid file | P> Open the ground digital elevation model file C:/PAGravid.5 | 1m.dat -
>> Open the ground ellipsoidal height grid file C 5., Tert fhgt dat
Select calculation point file format >> Open the calculation point location file C:/PAGravi4.5 txt

Tert
I discrete calculation points file ** Look at the file information in the window below, set the input file format parameters.
| >> Save the results as C-/l ravi4.5_winé4en/examples/TerHelmertcondensatresult.txt.
| @ Open the calculation point position file ** Record format: Behind the source calculation point file record, appends several columns of the terrain Helmert condensation
Set input point file format effects on specified types of field elements. keeps 4 significant figures
| . >> The parameter settings have been entered Into the system

| Number of rows of file header |1 ** Click the [Start Computation] control button, or the [Start Computation] tool button
Column ordinal number of ellipsoidal >> Computation start time: 2023-03-17 11:20:55
height in the record >> Complete the computation of terrain Helmert condensation effects!
| Select gravity field elements >> Computation end time: 2023-03-17 11:21:00

| 1 height anomaly (m)
| [ gravity anomaly (mGal)
| & gravity disturbance (mGal)
‘ | vertical deflection (", SW)
| disturbing gravity gradient (E, radial)

4

=) Save the results as ¥ Import setting parameters & Start Computation

eight (m) a

| y 4
[integral radius /90 km <] o1
11
| . Extract effects “a Plot} «
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digital elevation model (m) height anomaly (m) gravity disturbance (mGal) vertical deflection (", S)

| @ The calculation point may be on the geoid and its outer near-Earth space.
|
‘ @ Compared with local terrain effects, terrain Helmert condensation has more ultrashort wave components. Affected by the continental topography, there is terrain Helmert condensation

| in the nearshore sea area, and the terrain Helmert condensation in the deep ocean area is equal to zero

The ground digital elevation model (normal /orthometric height) is used to indicate
terrain relief, and the ground ellipsoidal height grid stands for the ground position
employed to calculate the integral distance.
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[Parameter settings] Set the input file format parameters, select the gravity field
element type, and enter the integral radius.

[Output file] The terrain Helmert condensation effect result file.

When the discrete calculation points file input, the output file record format: Behind
the source calculation points file record, appends several columns of terrain Helmert
condensation effects on specified types of field elements, keeps 4 significant figures.

When the ellipsoidal height grid file input, the output file record format: Point no,
longitude, latitude, ellipsoidal height, several columns of terrain Helmert condensation
effects on specified types of field elements, keeps 4 significant figures.

At the same time, the program also outputs the terrain Helmert condensation effects
on height anomaly (*.ksi), gravity anomaly (*.gra), gravity disturbance (*.rga), vertical
deflection (*.dft) or disturbing gravity gradient (*.grr) grid files into the current directory.
Where * is the output file name entered from the interface. The program outputs the
terrain Helmert condensation effect grid file on the specified types of elements.

In this example, the 1' digital elevation model is employed, the integral radius is
90km, the ground is selected as the calculation surface which is represented by the
ground ellipsoidal height grid, and the terrain Helmert condensation effects on various
ground field elements are computed. After the 1° area of the grid margin with integral
edge effect deducted, the statistical analysis on the terrain Helmert condensation effects
on various field elements are shown in the table below.

The terrain Helmert condensation has more ultrashort wave components. If the
actual gravity field structure and the distribution of gravity observations are not
considered, only by comparing D/¢, the terrain Helmert condensation is more suitable
for processing disturbing gravity gradient data than the local terrain effect.

Field element type standard - .
. mean . minimum | maximum D/e
/unit deviation ¢
height anomaly /m | -0.0005 | 0.0029 | -0.0134| 00180 | 1.6
gravity disturbance | 5935 | 04168 | -04313| 3.1693| 8.6
/mGal
"e”ica'/‘é‘iﬂe"“o” 2.0301 6.5718 | -17.5982 | 26.6152 | 6.8
Ve”'ca',\c,’v‘?f'ed'o” 34358 | 6.5000 | -13.6625| 28.9665| 6.8
disturbing gravity | 3677 | 165856 | -257.5543 | 112.1249 | 22.3
gradient /E

3.3.2 FFT algorithm of terrain Helmert condensation effects on various field
elements

[Function] Using the FFT integral algorithm, from the ground digital elevation model

and ground ellipsoidal height grid, compute the terrain Helmert condensation effects on

the height anomaly (m), gravity anomaly (mGal), gravity disturbance (mGal), vertical

deflection (", to south, to west) or disturbing gravity gradient (E, radial) on the geoid or
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in its outer space.

[Input files] The ground digital elevation model file, ground ellipsoidal height grid file,
and ellipsoidal height grid file of the calculation surface with the same grid specifications.

The ground digital elevation model (normal /orthometric height) is employed to
indicate terrain relief and the ground ellipsoidal height grid represents the ground
location employed to calculate the integral distance.

[Parameter settings] Select the gravity field element type and the integral fast
algorithm and enter the integral radius.

[Output file] The local terrain effects file.

Record format: Point no, longitude, latitude, ellipsoidal height, several columns of
terrain Helmert condensation effects on specified types of field elements, keeps 4
significant figures.

' Computation of terrain Helmert condensation effect on various field elements outside geoid
& < L. = -
7 5 = 24 &4 an
Open DEM Import parameters Save as  Start Computat Save process  Follow example
I Iy Numerical integral of terrain Helmert \a FFT algorithm of terrain Helmert +=¢) Calculator of terrain Helmert condensation 25 Al ithm fi I
condensation on various field elements condensation on various field elements B effects on various field elements SELLROTNT O as
| 1‘, Open the ground digital elevation model file | >> Computation Process ** Operation Prompts 4./ Save computation process as
(2} Open the ground ellipsoidal height grid file |[>> Save the results as C 5\ TerHelmer FT2.txt A
** Record format: Point no, longitude, latitude, ellipsoidal height, several columns of terrain Helmert condensation effects on
, Open the ellipsoidal height grid file specified types of field elements, keeps 4 significant figures.
# of calculation surface ** At the same time, the program also outputs the terrain Helmert condensation effects on the height anomaly (* ksi), gravity
| anomaly (*.gra), gravity disturbance (*.rga), vertical deflection (".dft) or disturbing gravity gradient (*.grr) grid file into the current
| Select gravity field elements directory, where * is the output file name entered from the interface. The program outputs the terrain Helmert condensation effects
~ height anomaly (m) grid file on the specified types of elements
| L gravity anomaly (mGal) >>The parameter settings have been entered into the system!
ty disturba Gal ** Click the [Start Computation] control button, or the [Start Computation] tool button
[FES ravRy.cesltitiance (Gel) >> Computation start time: 2023-03-17 11:22:23
~ vertical deflection (", SW) >> Complete the computation of terrain Helmert condensation effects!
disturbing gravity gradient (E, radial) >> Computation end time: 2023-03-17 11:23:20 =

Ilmegra' radius 90 km :I Fast algorithm | 2D FFT ¥ Save the results as ¥ Import setting parameters & Start Computation
-z .5_winéden €5/ TerRE1mer teondetsa -t

| . Extract effects M Plot]

digital elevation model (m) height anomaly (m) gravity disturbance (mGal) vertical deflection (", S)

‘ @ The calculation point may be on the geoid and its outer near-Earth space.
‘ @ Compared with local terrain effects, terrain Helmert has more wave Affected by the continental topography, there is terrain Helmert condensation
| In the nearshore sea area, and the terrain Helmert condensation in the deep ocean area is equal to zero

At the same time, the program also outputs the terrain Helmert condensation effects
on the height anomaly (*.ksi), gravity anomaly (*.gra), gravity disturbance (*.rga), vertical
deflection (*.dft) or disturbing gravity gradient (*.grr) grid files into the current directory,
where * is the output file name entered from the interface. The program outputs the
terrain Helmert condensation effect grid file on the specified types of elements.

Using the exact same parameters as the numerical integral, compute the terrain
Helmert condensation effects on various field elements by the FFT algorithm, and
statistically analyze the difference between the FFT result and the numerical integral
result. Compared with local terrain effects, terrain Helmert condensation has more
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ultrashort wave components. Affected by the continental topography, there is terrain
Helmert condensation in the nearshore sea area, and the terrain Helmert condensation
in the deep ocean area is equal to zero.

' Computation of terrain Helmert condensation effect on various fleld elements outside geoid . o
& | o 3t A
Open DEM Import parameters Save as tart Computati Save process  Follow example
|1y Numerical integral of terrain Helmert v FFT algorithm of terrain Helmert '\l Calculator of terrain Helmert condensation & Algorithm f I
% condensation on various field elements condensation on various field elements effects on various field elements = AJoNUI SovmLias
j Open the ground digital elevation model file | >> Computation Process ** Operation Prompts 4./ Save computation process as |
| (2} Open the ground ellipsoidal height grid file ** Record format: Point no, longitude, latitude, ellipsoidal height, several columns of terrain Helmert condensation effects on Al
specified types of field elements, keeps 4 significant figures.
Open the ellipsoidal height grid file ** At the same time, the program also outputs the terrain Helmert condensation effects on the height anomaly (* ksi), gravity
# of calculation surface anomaly (*.gra), gravity disturbance (".rga), vertical deflection (*.dft) or disturbing gravity gradient (*.grr) grid file into the current
|Feaatass flokd o ‘ directory, where * is the output file name entered from the interface. The program outputs the terrain Helmert condensation effects
| Select gravity field elements grid file on the specified types of elements
~/| height anomaly (m) >> The parameter settings have been entered into the system!
| I gravity anomaly (mGal) *Click the [Start Computation] control bution, or the [Start Computation] tool button.
] gravity disturbanch (mGal) >> Computation start time: 2023-03-17 11:24:29
| H gravity i >> Complete the computation of terrain Helmert condensation effects!
| vertical deflection{", SW) >> Computation end time: 2023-03-17 11:29:09 "
|[ ] disturbing gravity gradient (E. radial) | 4 -

Ilmegral radius 90 km 2] [Fast algorithm | 1D FFT }=) save the results as 371 Import =# Hinny r- ~omputation
l‘ ‘J, h

. Extract effects « Plot|

digital elevation model (m) height anomaly (m) gravity anomaly (mGal) vertical deflection (", S)

‘ @ The calculation point may be on the geoid and its outer near-Earth space
‘ @ Compared with local terrain effects, terrain Helmert condensation has more ultrashort wave components. Affected by the continental topography, there is terrain Helmert condensation
| in the nearshore sea area, and the terrain Helmert condensation in the deep ocean area is equal to zero.

FFT — numerical integral mean star_1da_1rd minimum | maximum
deviation

FFT2 0.0008 0.0015 -0.0026 0.0064
FFTA1 0.0007 0.0015 -0.0027 0.0063
gravity disturbance | FFT2 0.0009 0.1262 -0.5535 0.6116
/mGal FFTA1 0.0025 0.1255 -0.5085 0.6768
vertical deflection | FFT2 -0.0174 0.0404 -0.2220 0.1438
s" FFT1 -0.0062 0.0240 -0.2359 0.2179

vertical deflection FFT2 0.0025 0.0804 -0.5046 0.2902
" FFT1 0.0093 0.0306 -0.6211 0.4129
disturbing gravity | FFT2| 0.0062 | 04810 | -17.1773 | 9.8987
gradient /E FFT1 0.0062 0.4799 | -16.8811 9.8312

height anomaly /m

3.3.3 Calculator of terrain Helmert condensation effects on various field
elements
[Function] From the ground digital elevation model and ground ellipsoidal height
grid file, given the calculation point geodetic coordinates on the geoid or in its outer
space, compute the terrain Helmert condensation effects on the height anomaly (m),
gravity anomaly (mGal), gravity disturbance (mGal), vertical deflection (", to south, to
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west) and disturbing gravity gradient (E, radial).

‘s Calculator of terrain Helmert condensation effects on various field elements ? X

(2} Open the ground digital elevation model file ‘ Ground digital elevation model

97.00000 .000000 .000000 on
[} Open the ground ellipsoidal height grid file S A e J
4277. 9953
Input geodetic coordinates of calculation point 4242. 0008 4150.
: = - 4429. 9959 4539.
longitude  98.240000 ~ 4273. 0056 4251.0050
latitude | 32.428000° 3 4643. 0f0 4457.0003
. ; = 4500. 4585.99
ellipsoidal height | 2017.830m - 4272. 4647.0046
4530. v ) 4160.0042
Integral radius 90 km 5 4371.0 §493
| - "W oce.
4347.999
4143.99
~4771. 99
& Start calculation 96  4032.9988
4299.0025 L9967  4458.0C
2672 _N2086 nns1 4312 N
< >

Terrain Helmert condensation effect calculation results

height anomaly (m) -0.0207 gravity anomaly (mGal) -0.6315
gravity disturbance (mGal) -0.6315 disturbing gradient (E, radial) 9.7229
vertical deflection (", S) -14.1486 vertical deflection (", W) -1.2267

@ Inputting the ground digital elevation model (standing for terrain relief) and ground geodetic ellipsoidal height grid (standing for
the ground location) files with the same grid specifications, the button [Start Calculation] becomes available. After that, the geodetic
coordinates of the calculation point can be input repeatedly, and the terrain Helmert condensation effects on various field elements
at the calculation point can be computed and displayed in time.

@ The program allows to replace the ground digital elevation model and the ground ellipsoidal height grid file at any time from the
interface, or to change the integral radius, and the user input will take effect at once.

@ The calculation point may be on the geoid and in its outer near-Earth space, that is, from the geoid to the aviation altitude.

‘s Calculator of terrain Helmert condensation effects on various field elements ? X

2} Open the ground digital elevation model file | round digital elevation model

o = - 97.000000 102.000000 32.000000  36.000000 0.01666667 04
(£ Open the ground ellipsoidal height grid file 3988.0003 4048.9987 4129 4151.9956  4155.9995

2 : : ; 4277. 4373.9953 4466 4479.9931  4520.9918
Input geodetic coordinates of calculation point 4242, 4229.0008  4211.00 4165.0054  4150.
: = - 4429. 4511.9959  4529.999 §531.0014  4539.
longitude | 99.640000 = 4273.0 4221.0056 4199 96.0003  4251.
latitude |34.428000° 4643. 4600 .0 87.988 4457.

4

4500.
4272.
4530. 99
|Integral radius |90 km o 4371.

3868.010

4585.99

ellipsoidal height | 317.830m

4050. 99 023 0% 253
4 Start calculation I 4051.0030 022.0 \‘ 4029.9996 g
4299.0025  4415.9991 '\ 4514.9967  4458.0¢

3672 0205 3012 46478 4180 NNR1 4313
< >

Terrain Helmert condensation effect calculation results

height anomaly (m) 0.0015 gravity anomaly (mGal) -1.5825
gravity disturbance (mGal) -1.5825 disturbing gradient (E, radial) 1.1203
vertical deflection (", S) 2.9665 vertical deflection (", W) 7.6491

@ Inputting the ground digital elevation model (standing for terrain relief) and ground geodetic ellipsoidal height grid (standing for
the ground location) files with the same grid specifications, the button [Start Calculation] becomes available. After that, the geodetic
coordinates of the calculation point can be input repeatedly, and the terrain Helmert condensation effects on various field elements
at the calculation point can be computed and displayed in time.

@ The program allows to replace the ground digital elevation model and the ground ellipsoidal height grid file at any time from the
interface, or to change the integral radius, and the user input will take effect at once.

@ The calculation point may be on the geoid and in its outer near-Earth space, that is, from the geoid to the aviation altitude.

Inputting the ground digital elevation model (standing for terrain relief) and ground
geodetic ellipsoidal height grid (standing for the ground location) files with the same grid
specifications, the button [Start Calculation] becomes available. After that, the geodetic
coordinates of the calculation point can be input repeatedly, and the terrain Helmert
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condensation effects on various field elements at the calculation point can be computed
and displayed in time.

The program allows to replace the ground digital elevation model and the ground
ellipsoidal height grid file at any time from the interface, or to change the integral radius,
and the user input will take effect at once.

The calculation point may be on the geoid and in its outer near-Earth space, that is,
from the geoid to the aviation altitude.

3.4 Computation of residual terrain effect on various field elements outside
geoid

[Purpose] Using the rigorous numerical integral method or FFT algorithm, from the
high-resolution land-sea terrain model, low-pass land-sea terrain model and ellipsoidal
height grid of the land-sea surface, compute the residual terrain effects on the height
anomaly (m), gravity anomaly (mGal), gravity disturbance (mGal), vertical deflection (",
to south, to west) or disturbing gravity gradient (E, radial) on geoid or in its outer space.

The land-sea residual terrain effect is defined as the short-wave and ultra-short-
wave components of the land-sea complete Bouguer effect.

Since the normal gravity field keeps unchanged, the residual terrain effect on the
gravity disturbance and gravity anomaly is always equal to the residual terrain effect on
gravity.

The low-pass land-sea terrain model can be generated by low-pass filtering the
high-resolution land-sea terrain model, or can be also calculated from a global land-sea
terrain mass spherical harmonic coefficient model by the spherical harmonic synthesis
method.

It is recommended that the land-sea low-pass terrain model is constructed by the
spherical harmonic synthesis method from a global land-sea terrain mass spherical
harmonic coefficient model to effectively improve the approach performance of gravity
field.

3.4.1 Numerical integral of land-sea residual terrain effects on various gravity
field elements

[Function] Using the rigorous numerical integral, from the high-resolution land-sea
terrain model, low-pass land-sea terrain model and ellipsoidal height grid of the land-
sea surface, compute the residual terrain effects on the height anomaly (m), gravity
anomaly (mGal), gravity disturbance (mGal), vertical deflection (", to south, to west) or
disturbing gravity gradient (E, radial) on the geoid or in its outer space.

The program subtracts the land-sea high-resolution terrain model and land-sea low-
pass terrain model with the same grid specifications to generate the land-sea residual
terrain model (RTM) grid, while the land-sea high-resolution terrain model is also
employed to separate land and sea areas. Since the finite radius integral cannot deal
with terrain zero-degree term, the program removes the average of the residual terrain
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model (RTM) before integral.

[Input files] The high-resolution land-sea terrain model file, land-sea low-pass
terrain model file and ellipsoidal height grid file of land-sea surface with the same grid
specifications, and the calculation point position file or ellipsoidal height grid file of the
calculation surface

|88 Computation of residual terrain effect on various fleld elements outside geold = O

& ? tﬂ v &4 A
Open DTM Import parameters Saveas  Start Computation  Save process  Follow example

\ Numerical integral of land-sea residual terrain + - FFT algorithm of land-sea residual terrain “o Calculator of land-sea unified residual

effects on various gravity field elements effects on various gravity field elements terrain effect or complete Bouguer effect
_"} Open high-resolution land-sea terrain model file | >> Computation Process ** Operation Prompts 4./ Save computation process as
7| Open the land-sea low-pass terrain model file the average of the residual terrain model (RTM) before integral. ~
>> Open the high-resolution land-sea terrain model file C X im.dat
a8 Open the ellipsoidal height grid file >> Open the land-sea low-pass terrain model file C:/P vi4.5_\ 1mivb.dat

of the land-sea surface >> Open the ellipsoidal height grid file of the land-sea suﬂace C:/PAGravf4.5_win64er dat

txt

Select calculation point file format >> Open the calculation point location file C
r‘—““——i—‘”—‘—‘ * Look at the file information in the window below, se( the input file format parameters .
discrete calculation points file >> Save the results as C:/PAGravf4.5_\ txt
** Record format: Behind the source calculation points file record, appends several columns of residual terrain effects on specified
3 Open the caiculation pont position fle types of field elements, keeps 4 significant figures.
Set input point file format >> The parameter seflings have been entered into the sysiem!

** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-17 12:54:37
>> Complete the computation of land-sea unified residual terrain effects!
>> Computation end time: 2023-03-17 12:54:40 v

| Number of rows of file header |1 S

Column ordinal number of ellipsoidal

height in the record 2

Select gravity field elements
7| height anomaly (m)
gravity anomaly (mGal)
i1 gravity disturbance (mGal)
[ vertical deflection (*, SW)
[ disturbing gravity gradient (E, radial)

Integral radius 90 km

. Extract effects “%a Plot]

[=) Save the results as » Import setting parameters & Start Computation

te mr w my e we ma er s ue mr w1 me ms wr w wr e
sl AR

PR
st
sazf |
.
v uf : R

B i iciiaenns Lqor ol i
o &, = B S il kS 4 s
.k\ 3 L waf-* - s (5 8 dasge due nad 1 nad- dne
3 AP NN NP L L Lt L " . " o
" 3 w o or [ WME RE W T WA W WF 07 0F or WE WE W WI WA WS WE W T e
™ o  m 004 000 0 0B O/ QD6 08 DI 4+ 2 . 3 4
— ] _— T e _ =
residual terrain model (m) height anomaly (m) gravity disturbance (mGal) vertical deflection (", S)

@ The calculation point may be on the geoid and its outer near-Earth space. Since the normal gravity field keeps unchanged, the residual terrain effect on the gravity disturbance and gravity
anomaly is always equal to the residual terrain effect on gravity.

@ The program subtracts the land-sea high-resolution terrain model and land-sea low-pass terrain model with the same grid specifications to generate the land-sea residual terrain model
(RTM) grid, while the land-sea high-resolution terrain model is also employed to separate land and sea areas.

In the land-sea terrain model, the land terrain height is greater than zero while the
seafloor water depth is smaller than zero.

The ellipsoidal height grid of the land-sea surface stands for the land-sea surface
location employed to calculate the integral distance.

[Parameter settings] Set the input file format parameters, select the gravity field
element type, and enter the integral radius.

[Output file] The residual terrain effect result file.

When the discrete calculation points file input, the output file record format: Behind
the source calculation points file record, appends several columns of residual terrain
effects on specified types of field elements, keeps 4 significant figures.

When the ellipsoidal height grid file input, the output file record format: Point no,
longitude, latitude, ellipsoidal height, several columns of residual terrain effects on
specified types of field elements, keeps 4 significant figures.

At the same time, the program also outputs the residual terrain effects on height
anomaly (*.ksi), gravity anomaly (*.gra), gravity disturbance (*.rga), vertical deflection
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(*.dft) or disturbing gravity gradient (*.grr) grid files into the current directory, where * is
the output file name entered from the interface. The program outputs residual terrain
effect grid file on the specified types of elements.

In this example, the 1’ digital elevation model is employed, the low-pass terrain
model is constructed from the 1440-degree global land-sea terrain mass spherical
harmonic coefficient model, the integral radius is 90km, and the residual terrain effects
on various ground field elements are computed. After the 1° area of the grid margin with
integral edge effect deducted, the statistical analysis on the residual terrain effects on
various field elements are shown in the table below.

Field element type standard - .
. mean R minimum maximum D/E
/unit deviation ¢
height anomaly /m | 0.0188 0.0566 |  -0.2151 0.3835 | 10.2
gravity disturbance | 544, 1.0570 |  -1.6605| 13.2024 | 14.1
/mGal
vertical /g?ﬂec“on -0.0000 0.8730 | -4.7838 46030 | 10.8
Ve”'ca'/\‘,j\ﬁf'ec“°” -0.0075 0.8157 |  -6.2512 51511 | 14.0
disturbing gravity | 7 5310 | 300.1898 | -928.6079 | 884.6364 | 6.0
gradient /E

When the zero-value grid is employed as the low-pass land-sea terrain model, the
program computes the land-sea unified complete Bouguer effect on various field
elements on the geoid or in its outer space but without the integral far-zone effect. In
this case, the integral radius is generally not less than 250km.

The spectral domain properties of the residual terrain model (RTM) can be
regulated by the land-sea low-pass terrain models.

If the gravity field structure and the distribution of gravity observations are not
considered, only compared the D/e with the local terrain effect and terrain Helmert
condensation, the residual terrain effect is more conducive to modelling of geoid (height
anomaly), suitable for processing of vertical deflection data such as for satellite altimetry
data, but not conducive to processing of disturbing gravity gradient data.

It is not difficult to find that whether in the land area or in the sea area, the residual
terrain could be positive or negative.

3.4.2 FFT algorithm of land-sea residual terrain effects on various gravity field
elements
[Function] Using the FFT integral algorithm, from the high-resolution land-sea
terrain model, low-pass land-sea terrain model and ellipsoidal height grid of the land-
sea surface, compute the residual terrain effects on the height anomaly (m), gravity
anomaly (mGal), gravity disturbance (mGal), vertical deflection (", to south, to west) or
disturbing gravity gradient (E, radial) on the geoid or in its outer space.
[Input files] The high-resolution land-sea terrain model file, land-sea low-pass
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terrain model file, ellipsoidal height grid file of land-sea surface, and ellipsoidal height
grid file of the calculation surface with the same grid specifications.

The ellipsoidal height grid of the land-sea surface stands for the land-sea surface
position employed to calculate the integral distance.

[Parameter settings] Select the gravity field element type and the integral fast
algorithm and enter the integral radius.

' Computation of residual terrain effect on various field elements outside geoid

2 3 = Bl a A
Open DTM Import parameters Saveas  Start Computation  Save process ~ Follow example
vo= Numerical integral of land-sea residual terrain . FFT algorithm of land-sea residual terrain

3 !‘o Calculator of land-sea unified residual
effects on various gravity field elements terrain effect or complete Bouguer effect

j Open high-resolution land-sea terrain model file >> Computation Process

effects on various gravity field elements

** Operation Prompts 4. Save computation process as

>> Open the ellipsoidal height grid file of calculation surface C:/PAGravf4.5_win64en/examples/Renterrianeffectlandbmsurfhgt. dat.
>> Save the results as C:/PAGravf4.5_win64en/examples/Renterrianeffect/surfFFT2.txt

** Record format: Point no, longitude, latitude, ellipsoidal height, several columns of residual terrain effects on specified types of
field elements, keeps 4 significant figures.

z ** At the same time, the program also outputs the residual terrain effects on the height anomaly (* ksi), gravity anomaly (*.gra),
j Open the ellipsoidal height grid file gravity disturbance (*.rga), vertical deflection (*.dft) or disturbing gravity gradient (*.grr) grid files into the current directory, where * is

L Uy
Gl s the output file name entered from the interface. The prd{yram outputs residual terrain effect grid file on the specified types of
Select gravity field elements elements. w |

F !
o\ 1
| height anomaly (m) >>The parameter settings have been entered into the ystem, |

** Click the [Start Computation] control button, or (he'fstan Computatiof] tool butto H
| gravity anomaly (mGal) >> Computation start time: 2023-03-17 12:57:51 sk

| gravity disturbance (mGal) >> Complete the computation of land-sea unified resicl eir n 4 ﬂ'l' {k
] vertical deflection (", SW) >> Computation end time: 2023-03-17 12:58:27

| disturbing gravity gradient (E, radial)

Integral radius 90 km

(2} Open the land-sea low-pass terrain model file

J Open the ellipsoidal height grid file
of the land-sea surface

b s&

. Extract effects
v o »
T TR 7
RS b\
===
»h ~ kS
ut

0r o

o 18 i as6 0 o a1 . 3 ‘
—_ Q. —
residual terrain model (m) height anomaly (m) gravity disturbance (mGal) vertical deflection (", S)

@ The calculation point may be on the geoid and its outer near-Earth space. Since the normal gravity field keeps unchanged, the residual terrain effect on the gravity disturbance and gravity
anomaly is always equal to the residual terrain effect on gravity.

@ The program subtracts the land-sea high-resolution terrain model and land-sea low-pass terrain model with the same grid specifications to generate the land-sea residual terrain model
(RTM) grid, while the land-sea high-resolution terrain model is also employed to separate land and sea areas.

[Output file] The land-sea residual terrain effect file.

Record format: Point no, longitude, latitude, ellipsoidal height, several columns of
land-sea residual terrain effects on specified types of field elements, keeps 4 significant
figures.

Using the exact same parameters as the numerical integral, compute the residual
terrain effects on various field elements according to the FFT algorithm, and statistically
analyze the difference between the FFT result and the numerical integral result.

FFT — numerical integral mean Stand?rd
deviation

FFT2 | -0.0129 0.0335 -0.2051 0.1237
FFT1 | -0.0096 0.0242 -0.1514 0.0870
gravity disturbance FFT2 0.1031 0.2585 -0.4320 3.0334

/mGal FFT1 | 0.0328 0.2266 -0.7472 1.3431

minimum | maximum

height anomaly /m
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vertical deflection | FFT2 | 0.0001 0.3380 | -1.7813 1.8500
1s" FFT1 | 0.0002 0.0021 -0.0248 0.0334
vertical deflection | FFT2 0.0029 0.3145 -1.9819 2.3883
IW" FFT1 | 0.0001 0.0040 -0.1178 0.0822
disturbing gravity | FFT2 | 0.4968 | 15.1962 | -67.4822 | 97.0052
gradient /E FFT1 | -0.0239 0.3995 | -10.3352 4.9832

| 8 Computation of resicual terrain effect on various field elements outside geoid a
2 g3 = » a7 An
Open DTM  Import parameters Save as tart Computation  Save process ~ Follow example
-~ Numerical integral of land-sea residual terrain . FFT algorithm of land-sea residual terrain 1.0 Calculator of land-sea unified residual
effects on various gravity field elements L effects on various gravity field terrain effect or complete Bouguer effect
_”} Open high-resolution land-sea terrain model file >> Computation Process ** Operation Prompts &.! Save computation process as

aj (2} Open the land-sea low-pass terrain model file >> Open the ellipsoidal height grid file of calculation surface C:/PAGravf4.5_win64en/examples/Renterrianeffectlandbmsurfhgt dat ~
>> Save the results as C:/PAGravf4.5_win64en/examples/Renterrianeffect/surfFFT1.txt
8 Open the ellipsoidal height grid file ** Record format: Point no, longitude, latitude, ellipsoidal height, several columns of residual terrain effects on specified types of
of the land-sea surface field elements, keeps 4 significant figures.
** At the same time, the program also outputs the residual terrain effects on the height anomaly (* ksi), gravity anomaly (*.gra),
gravity disturbance (*.rga), vertical deflection (*.dft) or ds};rbmg gravity gradient (*.grr) grid files|into the current directory, where * is
the output file name entered from the interface. The progw m outpuls residual terrain effect| g id ﬁle on the speqfed‘ types of

, Open the ellipsoidal height grid file
= of calculation surface

Select gravity field elements elements.

Mt

I height anomaly (m) >> The parameter settings have been entered into the sy te ! | 8l V‘T |

- ** Click the [Start Computation] control button, or the [Stiar{ Coriputatici "i‘r butda 1 | ‘i \‘
| L] gravity anomaly (mGal) >> Computation start time: 2023-03-17 13:01:10 - | | ﬂ | VAl

/] gravity disturbance (mGal) >> Complete the computation of land-sea unified resldua 1 ! " |y | |

] vertical deflection (", SW) >> Computation end time: 2023-03-17 13:01:45 | |
| disturbing gravity gradient (E, radial) | | ~
= Fast algorithm |2D FFT
Integral radius 90 km =
c 64 % i

\ ar
K}\é\‘ ‘» ) "

o o @
s a1 s o m oS

residual terrain model (m) height anomaly (m) gravity disturbance (mGal) disturbing gradient (E, R)

@ The calculation point may be on the geoid and its outer near-Earth space. Since the normal gravity field keeps unchanged, the residual terrain effect on the gravity disturbance and gravity
anomaly is always equal to the residual terrain effect on gravity.

@ The program subtracts the land-sea high-resolution terrain model and land-sea low-pass terrain model with the same grid specifications to generate the land-sea residual terrain model
(RTM) grid, while the land-sea high-resolution terrain model is also employed to separate land and sea areas.

3.4.3 Calculator of land-sea unified residual terrain effect or complete Bouguer
effect
[Function] From the high-resolution land-sea terrain model, low-pass land-sea
terrain model and ellipsoidal height grid file of the land-sea surface with the same grid
specifications, given the calculation point geodetic coordinates on the geoid or in its
outer space, compute the land-sea unified residual terrain effects or complete Bouguer
effects on the height anomaly (m), gravity anomaly (mGal), gravity disturbance (mGal),
vertical deflection (", to south, to west) and disturbing gravity gradient (E, radial).
Inputting the high-resolution land-sea terrain model, low-pass land-sea terrain
model and ellipsoidal height grid file of the land-sea surface with the same grid
specifications, the button [Start Calculation] becomes available. After that, the geodetic
coordinates of the calculation point can be input repeatedly, and the residual terrain /
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complete Bouguer effects on various field elements at the calculation point can be
computed and displayed in time.

ﬂ Calculator of land-sea unified residual terrain effect or complete Bouguer effect ? X

High-resolution land-sea terrain model

97.000000 102.000000 32.000000  36.000000 0.01666667 A
. 3988.0003  4048.9987 4129.9921 4151.9956  4155.9995
2} Open the land-sea low-pass terrain model file 4277.9980  4373.9953  4466.9865 4479.9931  4520.9918

4242.0001 4229.0008 4211.0001 4165.0054 4150.0047

‘ @ Open high-resolution land-sea terrain model file

[ o ; )
| [BOpenmeelhpsmdalheugmgndﬁIe 4429.00 4511.9959  4529.9991  453}.0014  4539.9993
?l of the land-sea surface 4273.00 {221. 056 4;:5'-;’ “«1075 }lli .p093  4251.0050
: : . : 4643.996 otiidda s b RN Ga h8g6  4457.0003
Input geodetic coordinates of calculation point o Saros %ﬂ\‘f}i) ‘ | e A0
longitude | 98.240000° 4272.014 | %647 .0046
: 4530.99¢ MR 4160.0042

latitude |32.428000°
ellipsoidal height | 2017.830m

4371.000Q
3868.01Q

Ol B[R

4243.007§ %

4161.9950™ 9. e 2 | 4143.992¢6
I Integral radius | 90 km = ] 4050.9965 3. 4012. 4 .0105 4171.9934

4051.0030 2y 3977.0121 4029.9‘255»_/‘3"-3-'52.9988

4299.0025 , 4516 }___;,4—5?.24”.‘9':’67 4458.0037
3672.0205 3912.9978 4073 2 “4159.0051 4313.9938
J Start calculation | 4389.9975 4386.9989 4385.9985 4382.9967 4358.9980
4185.9964 4135.0004 4099.9998 4073.9998 4073.9986 Vv
< >

Residual terrain / complete Bouguer effect calculation results

height anomaly (m) 0.0094 \ gravity anomaly (mGal) -7.1398 ‘
gravity disturbance (mGal) -7.1398 | disturbing gradient (E, radial) |13.2737 \

vertical deflection (", S) |-2.3612 vertical deflection (", W) |-0.9987

@ Inputting the high-resolution land-sea terrain model, low-pass land-sea terrain model and ellipsoidal height grid file of the land-sea
surface with the same grid specifications, the [Start Calculation] button becomes available. After that, the geodetic coordinates of the
calculation point can be input repeatedly, and the Residual terrain / complete Bouguer effects on various field elements at the calculation
point can be computed and displayed in time.

@ The program allows to replace the three grid files at any time from the interface, or to change the integral radius, and the user input
will take effect at once.

@ The calculation point may be on the geoid and in its outer near-Earth space, that is, from the geoid to the aviation altitude.

‘s Calculator of land-sea unified residual terrain effect or complete Bouguer effect ? X
. High-resolution land-sea terrain model

2} Open high-resolution land-sea terrain model file 97.000000 102.000000 32.000000  36.000000 0.01666667 A

3988.0003 4048.9987 4129.9921 4151.9956  4155.9995

2} Open the land-sea low-pass terrain model file 4277.9980 4373.9953  4466.9865 4479.9931  4520.9918

— - - 4242.0005 4229.0008 4211,0001 4165.0054  4150.0047

i open ths shipsowial hepht grid fle 4429.0008  4511.9959 45289991 4539.9993

of the land-sea surface 4273.00, 4221.0056 L ?% 0075 4251.0050

= - ] = 4643.99¢2)| [ap07hdos a4 4457.0003

Input geodetic coordinates of calculation point 4500.0 ;\l‘ 4 }! " ] ) ! 7 585.9976

longitude | 100.450000° 5 4272.014 ' ug ! 647.0046

= 4530.99 4 e ‘ w 160.0042

latitude |34.428000° 3 4371.0 f { ‘ ‘ bo3 9904

eliipsoidal helght 217 - 3868.01 ) W P66.0037

P ght|417 830m 4243.0 200 ooy 347.9996

S 4161.9980  4189.9937 1 iusiy WS 4143.9926

| Integral radius (90 km 2 4050.99655% 4023.0017  4012.0082 4171.9934

4051.0030 3977.0121  4029.9996 _ 4032.9988

4299.0025 4516.9921  4514.8067+ 4%58.0037

3672.0205 3R 4073,9952-471%9.0051  4313.9938
& Start calculation | 4389.9975  4386.0980 i5T%. 9985  4382.0067  4358.9980
| 4185.9964 4135.0004 4099.9998  4073.9998  4073.9986 v
| € >

Residual terrain / complete Bouguer effect calculation results

& o b
gravity anomaly (mGal) -9.2450 ._ mt&
|| T~

height anomaly (m) 0.0206

gravity disturbance (mGal) -9.2450 disturbing gradient (E, radial) 7.7494

|
vertical deflection (", S) -0.3546 j vertical deflection (", W) -0.2634

@ Inputting the high-resolution land-sea terrain model, low-pass land-sea terrain model and ellipsoidal height grid file of the land-sea
surface with the same grid specifications, the [Start Calculation] button becomes available. After that, the geodetic coordinates of the
calculation point can be input repeatedly, and the Residual terrain / complete Bouguer effects on various field elements at the calculation
point can be computed and displayed in time.

@ The program allows to replace the three grid files at any time from the interface, or to change the integral radius, and the user input
will take effect at once.

@ The calculation point may be on the geoid and in its outer near-Earth space, that is, from the geoid to the aviation altitude.

The program allows to replace the three grid files at any time from the interface, or
to change the integral radius, and the user input will take effect at once.
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The calculation point may be on the geoid and in its outer near-Earth space, that is,
from the geoid to the aviation altitude.

3.5 Computation of land-sea unified classical gravity Bouguer / equilibrium
effect

[Purpose] From the land-sea terrain model and ellipsoidal height grid of the land-
sea surface, compute the land-sea unified classical Bouguer / equilibrium effects on
land-sea surface gravity.

The terrain effect is equal to the negative value of the classical terrain correction.
For example, the plane layer effect is equal to the negative layer correction, and the
seawater Bouguer effect is equal to the negative seawater Bouguer correction.

3.5.1 Integral of land-sea unified classical gravity Bouguer / equilibrium effect

[Function] From the land-sea terrain model and ellipsoidal height grid of the land-
sea surface, compute the land-sea unified classical Bouguer / equilibrium effect on land-
sea surface gravity (mGal).

In the land-sea terrain model, the land terrain height is greater than zero while the
seafloor water depth is smaller than zero.

The ellipsoidal height grid of the land-sea surface stands for the land-sea surface
position employed to calculate the integral distance.

= Computation of land-sea unified classical gravity Bouguer / equilibrium effect - o X

|
[t = = - ) - |
5 ¥ = ¥ a4 A~
| OpenDTM Import parameters Save as Start Computation  save process ~ Follow example
| o= Integral of land-sea unified classical - Calculator of land-sea unified classical ¢ Algorithms land-sea unified classic
| % gravity Bouguer / eq effect * gravity Bouguer / equilibrium effect ] Bouguer and equilibrium effects
(2} Open the land-sea terrain model file | >> C: ion Process ** Operation Prompts 4.t Save computation process as
| =1 Open the ellipsoidal height grid file >> Open the calculation point location file on land-sea surface C:/PAGravf4.5_ fTerSt gt.txt. A
-;§ of land-sea surface ** Look at the file in the window below set the input file format
; >> Save the results as C:/PAGravf4.5_w MTerSur fi/rstpnt.txt0
Select points file format ** Behind the source calculation points file record, appends the terrain height/sea depth, local terrain effect, plane layer effect,
| |dlscrele calculation points file I ~ | seawater Bouguer effect, land equilibrium effect, ocean equilibrium effect, total Bouguer effect and total equilibrium effect, a total of
8 attribute values, keeps 4 significant figures.

) Open the calculation point location > The parameter settings have been entered into the systemT
| file on land-sea surface ** Click the [Start Computation] control button, or the [Start Computation] tool button. .
| | >> Computation start time: 2023-03-17 16:17:46
| Number of rows of file header |1 ~ | >> Complete the computation of land-sea unified classical Bouguer / equilibrium effects!
i

Integral radius for local + | >> Computation end time: 2023-03-17 16:18:31 )
90 km =
terrain effect T = =
Integral radius for seawater [ save the results as # Import setting parameters & Start Computation
|

= |
|[Bouguer / equilibrium effect 300 ki = SRl ke

Equilibrium compensation depth |30 km

height/depth

water Bouguer, Jland egqui
) 0

J Extract effects M Plot] |

1w ue ne  uf v

e e U ¢ e

S0 000 2000 ) 2000 20 10 ] 200
land-sea terrain model (m) total Bouguer effect (mGal) total equilibrium effect (mGal)

@ Classic Bouguer gravity anomaly on geoid = gravity anomaly at the measurement point — total Bouguer effect — analytical continuation of gravity anomaly from the measurement
point to the geoid. Classic Bouguer gravity disturbance on geoid = gravity disturbance at the measurement point — total Bouguer effect — i inuation of gravity

from the measurement point to the geoid. |
@ Classic equilibrium gravity anomaly on geoid = gravity anomaly at the measurement point — total il effect — cor of gravity anomaly from the |
measurement point to the geoid. Classic equilibrium gravity disturbance on geoid = gravity atthe point — total i effect — analy of||
gravity di from the point to the geoid. |
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[Parameter settings] Set the input file format parameters, select the integral
algorithm, and enter the land integral radius and sea integral radius.

The local terrain effect is the ultrashort wave effect of the terrain, and the integral
radius of about 100km is suitable.

The seawater Bouguer and equilibrium effects include the medium and long wave
effects of the terrain, and the integral radius should be much larger than that of local
terrain effect.

[Output file] The gravity Bouguer / equilibrium effect file.

When the discrete calculation points file input, the output file record format: Behind
the source calculation point file record, appends the local terrain effect, plane layer effect,
seawater Bouguer effect, land equilibrium effect, ocean equilibrium effect, total Bouguer
effect and total equilibrium effect, a total of 7 attribute values, keeps 4 significant figures.

When the ellipsoidal height grid file input, the output file record format: Point no,
longitude, latitude, ellipsoidal height, local terrain effect, plane layer effect, seawater
Bouguer effect, land equilibrium effect, ocean equilibrium effect, total Bouguer effect and
total equilibrium effect.

At the same time, the program also outputs the land-sea total Bouguer effect (*.bgr)
and land-sea total equilibrium effect (*.ist) grid files into the current directory, where * is
the output file name entered from the interface.

‘v & Computation of land-sea unlﬁreditrids;udrl gravity B;uguw/rqulhbrmm effect o o - [n] ) 4
= Y - = a
& ¥ | 4 az A |
| OpenDTM Import parameters Save as Start Computation  save process = Follow example
1\ Integral of land-sea unified classical 10 Calculator of land-sea unified classical = Algorithms land-sea unified classic
% gravity Bouguer / equili effect " gravity Bouguer / equilibrium effect - Bouguer and equilibrium effects
(2} Open the land-sea terrain model file >> Ci Process ** Operation Prompts 4. Save computation process as
& Open the ellipsoidal height grid file dbmhgt5m.dat. ~
of land-sea surface >> Save the results as C:/PAGravf4.5_wir [TerSur g fi/result.txt0

** Record format: Point no, longitude, latitude, ellipsoidal height, terrain height/sea depth, local terrain effect, plane layer effect,
Bouguer effect, land equilibrium effect, ocean equilibrium effect, total Bouguer effect and total equilibrium effect

** At the same time, the program also outputs the land-sea total Bouguer effect (*.bgr) and land-sea total equilibrium effect (*.ist)
= = = rid file into the current directory, where * is the output file name entered from the interface

) Open the ellipsoidal height grid file >> The parameter settings have been entered into the system!

Select 1 points file format
| [etipsoidal heignt grid file

on land-sea calculation surface ** Click the [Start Computation] control button, or the [Start Computation] tool button.
ntegral radius for local — >> Ci start time: 2023-03-17 16:22:22
terrain effect 90 km = | >> Complete the computation of land-sea unified classical Bouguer / equilibrium effects!
Integral radius for seawater 500 i .| >> Computation end time: 2023-03-17 16:24:08 %
m 5
:::3:‘1::2::‘;2:;::?;th s - [=) Save the results as 7 Import setting parameters & Start Computation
Il m -

plane laver. &

. Extract effects “ Plot|

W ue e ur

Do W ne e w2
T T v T

v
| L. f‘?

. Y
l f o

i oy z wda %y
W ue ue  uf  oue o
6000 4000 <2000 o 2000 K 200 0o ° 100 200 <100 30 " = 100 130

—— R ] —_— B e H
land-sea terrain model (m) total Bouguer effect (mGal) total equilibrium effect (mGal)

@ Classic Bouguer gravity anomaly on geoid = gravity anomaly at the measurement point — total Bouguer effect — analytical continuation of gravity anomaly from the measurement
point to the geoid. Classic Bouguer gravity disturbance on geoid = gravity disturbance at the measurement point — total Bouguer effect — analytical continuation of gravity disturbance
from the measurement point to the geoid.

@ Classic equilibrium gravity anomaly on geoid = gravity anomaly at the measurement point — total equilibrium effect — analytical continuation of gravity anomaly from the
measurement point to the geoid. Classic equilibrium gravity disturbance on geoid = gravity at the point — total i effect — y i of ||
gravity from the point to the geoid. |
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The program is suitable for the unified computation of the classical Bouguer /
equilibrium effect on gravity in land, land-sea junction, and sea area. The analytical
continuation need be computed by calling the programs in the subsystem [Data analysis
and preprocessing calculation of the Earth gravity field].

In any case, the classical Bouguer/equilibrium gravity anomaly (disturbance) can
be achieved with a simple two-step calculation. The first step is to obtain the gravity
anomaly (disturbed gravity) on the geoid from terrestrial, marine and airborne observed
gravity (or from a geopotential coefficient model), the second step is to call this program
to obtain the total Bouguer/equilibrium effect, and the two-step results subtraction is the
classical Bouguer /equilibrium gravity anomaly (disturbance).

3.5.2 Calculator of land-sea unified classical gravity Bouguer / equilibrium

effect

[Function] From the land-sea terrain model file and ellipsoidal height grid file of the
land-sea surface with the same grid specifications, given the longitude and latitude of
the calculation point on land-sea surface, calculate the land-sea unified classical
Bouguer / equilibrium effect and on land-sea surface gravity (mGal).

Using + to indicate greater than zero, and - to indicate less than zero, there are
always: plane layer effect (+), seawater Bouguer effect (-), land equilibrium effect (-),
ocean equilibrium effect (+).

® Calculator of land-sea unified classical gravity Bouguer / equilibrium effect ? X
T = = Integral radius for local T

2} Open the land-sea terrain model file terrain effact 90 km >
—— . = Integral radius for seawater 300 km =

=1 Open the ellipsoidal height grid file Bouguer /equilibrium effect -

= of land-sea surface A ) =

: | Equilibrium compensation depth 30 km e

Input geodetic coordinates of calculation pointon land-sea surface
longitude | 116.240000° S latitude |26.428100° = | I

& Start calculation

Terrain effects (mGal) at the calculation pointon
land height/sea depth 400.3811 m local terrain effect |-0.4405
plane layer effect 44.8300 seawater Bouguer effect -0.0000
land equilibrium effect -39.2525 ocean equilibrium effect | 0.0000
total Bouguer effect |44.3896 total equilibrium effect |5.1370

Land-sea terrain model

30.000000 0.083333 .08333333 A
-638. l(t7 23 1 8( 666 775.3333
_IEJUL 164 83 ) .6667
88.0000
6.3333
.1667
260.8333
6.3333
3.0000

3 5000
80.3333
6.1667
9.0000
.6667

484.3333

-800.0000 3.1111 &%
>

% _753.6667

@ Using + to indicate greater than zero, and - to indicate less than zero, there are always: plane layer effect (+), seawater
Bouguer effect (-), land equilibrium effect (-), ocean equilibrium effect (+).

@ In the coastal sea area, there are local terrain effects and land equilibrium effects. In the offshore land area, there are
also seawater Bouguer effects and ocean equilibrium effects.

In the coastal sea area, there are local terrain effects and land equilibrium effects.

65



In the offshore land area, there are also seawater Bouguer effects and ocean equilibrium

effects.
# Calculator of land-sea unified classical gravity Bouguer / equilibrium effect ? X
= = Integral radius for local ~
(2} Open the land-sea terrain model file terrain effact 90 km z
o - . Integral radius for seawater =
=) Open the ellipsoidal height grid file Bouguer /equilibrium effect |00 KM -
= of land-sea surface A ) =
— < | Equilibrium compensation depth 30 km e
Input geodetic coordinates of calculation pointon land-sea surface
longitude |121.240000° : | latitude |21.428100° 2 l ) Start calculation
Terrain effects (mGal) at the calculation pointon
land height/sea depth |-2187.1242 m local terrain effect |0.0017
plane layer effect |0.0000 seawater Bouguer effect -61.3520
land equilibrium effect |-1.2635 ocean equilibrium effect ' 129.3990
total Bouguer effect |-61.3503 total equilibrium effect 66.7853
Land-sea terrain model
00 15.000000 0.08333333 0.08333333 A

.8333
406.8333
69.8333

.6667 -465.6[66
290.3333 -1321.¢¥gc6
-2971.
-4269.0800
-4289.1

2767.5000

@ Using + to indicate greater than zero, and - to indicate less than zero, there are always: plane layer effect (+), seawater
Bouguer effect (-), land equilibrium effect (-), ocean equilibrium effect (+).

@ In the coastal sea area, there are local terrain effects and land equilibrium effects. In the offshore land area, there are
also seawater Bouguer effects and ocean equilibrium effects.

Classic Bouguer gravity anomaly on geoid = gravity anomaly at the measurement
point — total Bouguer effect — analytical continuation of gravity anomaly from the
measurement point to the geoid.

Classic Bouguer gravity disturbance on geoid gravity disturbance at the
measurement point — total Bouguer effect — analytical continuation of gravity disturbance
from the measurement point to the geoid.

Classic equilibrium gravity anomaly on geoid = gravity anomaly at the measurement
point — total equilibrium effect — analytical continuation of gravity anomaly from the
measurement point to the geoid.

Classic equilibrium gravity disturbance on geoid = gravity disturbance at the
measurement point — total equilibrium effect — analytical continuation of gravity
disturbance from the measurement point to the geoid.

3.6 Ultrahigh degree spherical harmonic analysis on land-sea terrain and
construction of model

[Purpose] Perform spherical harmonic analysis on global land-sea terrain (terrain
height/sea depth), and then generate a normalized global land-sea terrain mass
spherical harmonic coefficient model, which can be employed to calculate the land-sea
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unified complete Bouguer effects or residual terrain effects on various gravity field
elements on the geoid or in its outer space.

3.6.1 Construction of global surface data grid in spherical coordinates

[Function] From the global land-sea surface discrete point value data, according to
the given grid resolution, construct the spherical coordinate grid model. When there is
no valid discrete point data in the grid element area, the value on the grid element is set
to zero.

[Input file] A global land-sea surface discrete point file.

The file record format: ID (Point number / point name), longitude, latitude (decimal
degrees), ..., attribute to be grid, ....

[Parameter settings] Enter the number of rows of the input file header, row ordinal
number of target attribute in the file record, and grid resolution.

[Output file] The spherical coordinate grid file.

&
@ . = — -
> » &z £
Openfile Saveas Importparameters StartC tior Save process  Follow example
I &, Construction of global surface data 8 Ultrahigh degree spherical harmonic analysis o} Algorithm of spherical harmonic analysis and
» grid in spherical of global land-sea terrain model S synthesis of land-sea terrain masses
B Open global land-sea surface discrete >> Computation Process ** Operation Prompts &' Save computation process as
point data file
R >> [Purpose] Perform spherical harmonic analysis on global land-sea terrain (terrain height/ocean depth), and then generate a normalized
. Qlobal land-sea terrain mass spherical harmonic coefficient model, which can be employed to calculate the land-sea unified complete
Number of rows of file header 0 ~  Bouguer effects or residual terrain effects on various gravity field elements on the geoid or in its outer space

Row ordinal number of target >> Select the function module from the two control buttons at the top left of the interface..

Siiribiits In the racord 4 >> [Function] From the global land-sea surface discrete point value data, according to the given grid resolution, construct the spherical
Target grid resolution 300" =] coordinate grid model. When there is no valid discrete point data in the grid element area, the value on the grid element is set to zero.
=1 |>> Open global land-sea surface discrete point data file C:/PAGravf4.5_win64er [TerGl TOPO30m.txt.
** Look at the file information in the window below, set the input file format parameters.
[>> Save the results as C:/PAGravi4.5 wnnsdenlexamEles/'l’e(Glonarmanaly5|sIETOP030msph.dal.
>>The parameter settings have been entered Into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-17 21:28:28
>> Complete the construction of global surface data grid in spherical coordinates!
>> Computation end time: 2023-03-17 21:28:32
[ save the results as » Import setting parameters & Start Computatior

Display of the input-output file|

D — — T e ——

@ The degree n of the spherical harmonic coefficients model is equal to the number of grids in the SN direction of the land-sea terrain model. For example, the degree n is equal to 720 with
0.25'x0.25" land-sea terrain model

@ The land terrain areal density, always greater than zero, represents the topographic mass per unit area, which is equal to the product of the terrain height and density.

@ The ocean terrain areal density, always less than zero, represents the compensation masses of the sea water per unit area, which is equal to the seafloor depth multiplied by the
difference between the seawater density and land terrain density.

3.6.2 Ultrahigh degree spherical harmonic analysis of global land-sea terrain
model
[Function] From the global land-sea terrain model grid in the spherical coordinate
system, calculate the land-sea terrain mass represented by areal density, perform
spherical harmonic analysis, and then generate the global land-sea terrain mass
normalized spherical harmonic coefficient model (kg/m?2).
The land terrain areal density, always greater than zero, represents the topographic
mass per unit area, which is equal to the product of the terrain height and density. The
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ocean terrain areal density, always less than zero, represents the compensation masses
of the sea water per unit area, which is equal to the seafloor depth multiplied by the
difference between the seawater density and land terrain density.

The degree n of the spherical harmonic coefficients model is equal to the number
of grids in the SN direction of the land-sea terrain model. For example, the degree n is
equal to 720 with 0.25°x0.25° land-sea terrain model.

[Input file] The global land-sea terrain model grid file in the spherical coordinate
system.

[Parameter settings] Enter the iteration condition parameters.

Iteration termination condition: The standard deviation of the residual terrain areal
density is less than a% of the standard deviation of the source terrain areal density, or
the difference of the residual standard deviation of the previous step iteration relative to
the current step iteration is less than b%o. of the standard deviation of the source terrain
areal density.

&
Y = & 2
‘ | > > a4 A
Openfile Saveas Importparameters Start Computation  Save process  Follow example
&, Construction of global surface data 8 Ultrahigh degree spherical harmonic analysis A= Algorithm of sphefical fafmonic analysis and
“ grid in spherical of global land-sea terrain model > synthesis of land-ska teﬁin masses
CA

3 Open global land-sea terrain model grid >> Computation Process ** Operation Prompts
“¥ in spherical coordinate system

d Save computation process as

** 16th iteration. the residual standard deviation = 7.243e+04

¥ 'Ili“:»}“ j l‘l“ ,1 1%

Ttermination condition of = ** 20th iteration. the residual standard fieviation = 6.993e+04
residual decrease (b) 10% = ** 21th iteration. the residual standard fleviation = 6.947e+04

Set iteration termination condition ** 17th iteration. the residual standard deviation = 7.169e+04
Residual standard deviation 1.0 % - ** 18th iteration. the residual standard deviation = 7.103e+04 I v
threshold (a) = ** 19th iteration. the residual standard deviation = 7.045e+04 A ' ’

i
* standard deviation of global land-sea ferrain = 41.76m | 1 ik ’“ r‘il‘
>> The file headerﬁ njf Tff ujf gffcenmc gravitational constaft i x10m?/s?) ¢ u f;\-b! radil h (m), zerp-degree
term aACw (kg/m?)[relative error © (%), Mhere © is the residual stal da?d“ué:quon of thefja! s(ép iterati 2 of
standard deviation of the soufice grid values, and GM.a are also knqwn as the sca'e of the G
the file name of the global land-sea terraip mass spherical harmonic Coefficient model
>> Complete the ultrahigh degree spherigal harmonic analysis of global land-sea terrain model! I
>> Computation end time: 2023-03-17 21432:31 -

E,'J Save the results as I ', Save residual DTM as 3 Import setting parameters
Display of the input-output file |
3.986004415 - 0 2

Simultaneously output terrain
geopotential coefficient model

[

@ The degree n of the spherical harmonic coefficients model is equal to the number of grids in the SN direction of t z
0.25'x0.25" land-sea terrain model.

@ The land terrain areal density, always greater than zero, represents the topographic mass per unit area, which is «
@ The ocean terrain areal density, always less than zero, represents the compensation masses of the sea wat
difference between the seawater density and land terrain density.

[Output files] The land-sea terrain mass spherical harmonic coefficient model file
and the residual land-sea terrain model grid file.

The file header of the spherical harmonic coefficient model. the geocentric
gravitational constant GM (x10'm?/s?), equatorial radius of the Earth a (m), zero-
degree term aACo. . (kg/m?), relative error © (%), where O is the residual standard
deviation of the last step iteration as a percentage of the standard deviation of the source
grid values, and GM,a are also known as the scale parameters of the spherical harmonic
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coefficient model.

The zero-degree term represents the variations of the total Earth mass caused by
the variation of global terrain areal density, which is meaningless under the condition of
Earth’s mass conservation. The three first degree spherical harmonic coefficients (ACo,
ACu, ASn) represent variations of the Earth's center of mass due to the variations of
global terrain areal density.

The program also outputs the global land-sea terrain geopotential coefficient model
file *geop.dat into the current directory, where * is the file name of the global land-sea
terrain mass spherical harmonic coefficient model.

The program employs an iterative algorithm, and the calculation process need wait...
During the period, you can open the file Harminf.txt in the current directory to look at the
iterative process...

Harminf.txt record format: number of iterations, mean, standard deviation, minimum,
maximum (of the residual terrain area density).

3.7 Spherical harmonic synthesis of complete Bouguer or residual terrain
effects

[Purpose] From global land-sea terrain mass spherical harmonic coefficient model
(kg/m?), calculate the model value of terrain height/sea depth, as well as the land-sea
unified complete Bouguer or residual terrain effects on various gravity field elements on
the geoid or in its outer space, and analyzes the spectral and spatial domain properties
of the global land-sea terrain effect.

Since the normal gravity field keeps unchanged, the terrain effect on the gravity
disturbance and gravity anomaly is always equal to that on gravity, and the terrain effect
on disturbing geopotential is always equal to that on geopotential.

The program is suitable for the unified computation of the complete Bouguer and
residual terrain effects on various gravity field elements in land, land-sea junction, and
sea area. The calculation point may be on the geoid and its outer Earth space.

Using the equal minimum and maximum degree n, the program can calculate the
contribution of the degree n land-sea terrain coefficients to various gravity field element.
From the degree n, cumulative n degrees or ni~n.-degrees terrain effects calculated
from a global land-sea terrain model, the spectral domain and spatial domain
performance of the model can be observed and evaluated.

3.7.1 Calculation of model value for complete Bouguer or residual terrain
effects
[Function] From global land-sea terrain mass spherical harmonic coefficient model
(kg/m?), calculate the model value of terrain height/sea depth, as well as the land-sea
unified complete Bouguer or residual terrain effects on the height anomaly (m), gravity
anomaly (mGal), gravity disturbance (mGal), vertical deflection vector (", south, west),
disturbing gravity gradient (E, radial), tangential gravity gradient vector (E, north, west),
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or disturbing geopotential (m?/s?) on the geoid or in its outer space.

The global land-sea terrain mass spherical harmonic coefficient model can be
constructed by the function [Ultrahigh degree land-sea terrain spherical harmonic
analysis and model construction].

[Input files] The global land-sea terrain mass spherical harmonic coefficient model
file, and the space calculation point location file.

The model file header: the geocentric gravitational constant GM (x10"m3/s?),

equatorial radius of the Earth a (m), zero-degree term aAC.. (kg/m?), relative error ©
(%). (GM,a) are also known as the scale parameters of the spherical harmonic
coefficient model.

The space calculation point location file may be a discrete calculation points file or
an ellipsoidal height grid file of the calculation surface.

The record format of the calculation points file: point no / point name, longitude
(decimal degrees), latitude (decimal degrees), ellipsoidal height (m)

[ . = < FE Y ~
) o | 2 » 32 N
‘ Open calculation file Save as Import parameters ~ Start Computation  Save process ~ Follow example
8 Calculation of model value for complete Calculator of global land-sea Calculation and analysis of spectral character
Bouguer or residual terrain effects terrain effects model of global terrain effects model

8 Open global land-sea terrain mass spherical | >> Computation Process ** Operation Prompts 4. Save computation process as
| harmonic coefficient model file
terrain model] tool button.
| Select calculation file format

>> Open global land-sea terrain mass spherical model file C:/PA vf4.5_win64en/data/
[ Discrete points file ETOPOCcs1800.dat
** The window below only shows the geopotential coefficients data with no more than 2000 rows in it.
# Open space calculation point file >> Open space calculation points file C:/PAGravf4.5_win64en/examples/TerHarmmtinfluence/calcpnt.txt
2 **Look at the file information in the window below and set the discrete point file format...
| Setinput point file format _ [>>Savetheresults as C:/PAGravia 5_win6aer Mert pnt.txt

Number of rows of file header 1 <

! Column ordinal number of ellipsoidal
height in the record

** Behind the record of the calculation point file, appends one or more columns of model values of complete Bouguer or
|residual terrain effects, and keeps 4 significant figures.
>> The parameter settings have been entered into the system!

4 S

Select elements to be calculated ** Click the [Start Computation] control button, or the [Start Computation] tool button..
| ** The calculation process need wait, during which you can open the output file to look at the calculation progress
Computation start time: 2023-03-17 22:03:28

terrain height/sea depth (m)
| @ height anomaly (m)
@ gravity anomaly/disturbance (mGal)
vertical deflection (", SW)
@ disturbing gradient (E, radial)
tangential gradient (E, NW)
disturbing potential/geopotential (m?/s?)

Minimum degree 361 <
Maximum degree 720 >

0 106s
],:u'
E|
{
Hus
{
<:JIA‘
Jnr
1
[ ' L L L ! 0 L L 1 L L s 1 L L L L L 3
WS 06 0k WS S 06 106 WS 06 IS WS s 06 106s T T T
Q4 02 0 02 os o5 o3 w w0 w0 W e @ w o » ¢ wm_w
height anomaly (m) gravity effect (mGal) disturbing gradient (E, R)

@ The program is suitable for the unified computation of the complete Bouguer and residual terrain effects on various gravity field elements in land, land-sea junction, and sea
area. The calculation point may be on the geoid and its outer Earth space.

[Parameter settings] Set the calculation point file format parameters, input the
minimum and the maximum calculation degree of the land-sea terrain geopotential

model, and select the type of model residual terrain (complete Bouguer) effects to be
calculated.
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When the minimum calculation degree is less to 3, the program calculates the
model value of land sea complete Bouguer effects. And when the minimum calculation
degree is greater than 2, the program calculates the model value of land sea residual
terrain effects.

The program selects the minimum of the maximum degree of the model and the
input maximum degree as the calculation degree.

The calculation process need wait, during which you can open the output file to look
at the calculation progress...

— — - — —

! ) m | L4 od az S
| Open calculation file Save as Import parameters ~ Start Computation  Save process ~ Follow example
| Y Calculation of model value for complete » Calculator of global land-sea Calculation and analysis of spectral character
| Bouguer or residual terrain effects terrain effects model of global terrain effects model
8 Open global land-sea terrain mass >> C 1 Process ** O Prompts &I Save computation process as

| harmonic coefficient model file
>> Open ellipsoidal height grid file of calculation surface C:/PAGravf4.5_win64en/examples/TerHarmmtinfluence/

: Select calculation file format dbmhagt5m.dat
I Ellipsoidal height grid file >> Save the results as C:/PAGravf4.5_win64er ples/TerHarmrntinfluer Jt.txt.
** The record format: point no/name, longitude, latitude, ellipsoidal height, several columns of the model values of
4 Open ellipsoidal height grid file complete Bouguer or residual terrain effects.
# of calculation surface ** The program also outputs the model values grid file for complete Bouguer or residual terrain effects on height anomaly
Select elements to be calculated (".ksi), gravity anomaly (*.gra), gravity disturbance (*.rga), vertical defiection vector (*.dft), disturbing gravity gradient (*. grr),

tangential gravity gradient vector (*.hgd) or disturbing geopotential (*.get) into the current directory, where * is the output file
name entered from the interface.

terrain height/sea depth (m)

| |. height y (m) } >> The p: settings have been entered infp the system! u‘ T
B gravity anomaly/disturbance (mGal) ** Click the [Start Computation] control button, gsrhe [Start Computation’ | )
A ** The calculation process need wait, during which you can op«+ tre ¢ 1 | N progress...
vertical deflection (", SW) >> Computation start time: 2023-03-17 22:08:43 | /)
| @ disturbing gradient (E, radial) >> Complete the calculation of the model value fgr* | \
\ |
tangential gradient (E, NW) >> Computation end time: 2023-03-17 22:23:01 J A ‘ | ‘ \
disturbing potential/geopotential (m?/s?) f Save the results as | = Import setting| [ ' ‘ i1 tation
Minimum degree 721 s !‘ | \ Al
Maximum degree 900 3 e 0.06f3 |

JLM

3

PR A P

[T T T T [

ne onz o ne W
42 0 02 04 60 40 -20 o 20 40 0 0 4 4 » o Ed -« L O
— " — : ——
height anomaly (m) gravity effect (mGal) disturbing gradient (E, R)

@ The program is suitable for the unified computation of the complete Bouguer and residual terrain effects on various gravity field elements in land, land-sea junction, and sea
L area. The calculation point may be on the geoid and its outer Earth space.

[Output file] The model value file of residual terrain (complete Bouguer) effects.

When the discrete calculation points file input, the output file record format: Behind
the record of the calculation points file, appends one or more columns of the model
values of residual terrain (complete Bouguer) effects selected, and keeps 4 significant
figures.

When the ellipsoidal height grid file input, the output file record format: point
no/name, longitude, latitude, ellipsoidal height, several columns of the model values of
residual terrain (complete Bouguer) effects selected.

The program also outputs the model value grid file for the terrain height/sea depth
(m), complete Bouguer or residual terrain effects on height anomaly (*.ksi), gravity
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anomaly (*.gra), gravity disturbance (*.rga), vertical deflection vector (*.dft), disturbing
gravity gradient (*. grr), tangential gravity gradient vector (*.hgd) or disturbing
geopotential (*.get) into the current directory. Where * is the output file name entered
from the interface.

When calculating the model value of terrain height/sea depth, the program ignores
the ellipsoidal height of the calculation point.

3.7.2 Calculator of global land-sea terrain effects model

[Function] From the global land-sea terrain mass spherical harmonic coefficient
model (kg/m?) file, given the geodetic coordinates of space calculation point, calculate
the model values of terrain height/sea depth and the complete Bouguer or residual
terrain effects on the height anomaly (m), gravity anomaly (mGal), gravity disturbance
(mGal), vertical deflection vector (", south, west), disturbing gravity gradient (E, radial),
tangential gravity gradient vector (E, north, west) and disturbing geopotential (m?/s?).
This function is suitable for classroom demonstrations.

| & |
|

| 8 Open global land-sea terrain mass spherical
| * harmonic coefficient model file

|| When opening an ultrahigh degree global land-sea
| | terrain mass spherical harmonic model file, the
program need read and initialize, please wait...

Minimum degree 361

o O

Maximum degree 1800

Input the geodetic coordinates of calculation point
longitude 121.240000°
latitude 29.428100°

ellipsoidal height 17.830m

P — = = e
s ‘

& Start Calculation

PRI

| Model values of land-sea unified complete Bouguer or residual terrain effects

terrain height/sea depth (m) 520.04 gravity anomaly/disturbance (mGal) 57.9119

| | height anomaly (m) 0.4661 vertical deflection (", S) 0.2286 vertical deflection (", W) 1.3582
disturbing gradient (E, radial) 94.2959 tangential gradient (E, N) -16.2491 tangential gradient (E, W) -77.8878
disturbing potential/geopotential (m?/s?) 4.5643

Global land-sea terrain mass spherical harmonic coefficient model

3.986004415 3 1.

The relative error ©
(%) of the model

|

5 0 |

| 5 -7 03 -1.9 ‘
‘ |

|
S

When an ultrahigh degree global land-sea terrain mass spherical harmonic model
file opened, the program need read and initialize, please wait...

3.7.3 Calculation and analysis of spectral character of global terrain effects
model

[Function] Calculate the degree variance of the land-sea terrain geopotential

coefficient model and global geopotential model, and then analyze the spectral or spatial
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domain properties of the land-sea complete Bouguer and residual terrain effects from

the degree variance curves.

| #& Calculator of global land-sea terrain effects model

8 Open global land-sea terrain mass spherical

harmonic coefficient model file

terrain mass spherical harmonic model file, the

program need read and initialize, please wait...

Minimum degree 361
Maximum degree 1800

|
|
|
{
! When opening an ultrahigh degree global land-sea
|
|
|
|

Input the geodetic coordinates of calculation point

Jongitude 132.240000°
latitude 21.428100°
ellipsoidal height 1.830m

Model values of land-sea unified complete Bouguer or residual terrain effects

& Start Calculation

terrain height/sea depth (m) -5950.95
height anomaly (m) -0.2083

disturbing gradient (E, radial) -91.6757
disturbing potential/geopotential (m?%/s?) -2.0384

gravity anomaly/disturbance (mGal) -40.4123

vertical deflection (", S) -5.2269
tangential gradient (E, N) 67.2680

vertical deflection (", W) -0.7046

tangential gradient (E, W) 24.2020

-7.4345933617316938E-03 -

OHBH®OOKMKFDORWDOR

3.986004415 6378136.30 -3666611.637
1 0 1.7073567878991658E-01 0
1 1 1.6633036628733813E-01
2 0 1.6429313329998932E-01
2 1 8.5035152210278894E-02
2 2 -1.1793912586067470E-01 -
3 0 -6.5349154204352972E-02
3 1 -4.4184211923815692E-02
3 2 -1.3069109856940694E-01
3 3 3.6582125575328230E-02
4 0 1.0192376884714217E-01
4 1 -5.9905008831126150E-02 -
4 2 -1.1471261607043508E-01
4 3 1.0120760875721654E-01 -
4 4 -1.2810753543857334E-02
5 0 -1.6588370951867268E-01
5 1

Global land-sea terrain mass spherical harmonic coefficient model

1.478 }

.0000000000000000E+00
.1479210613310797E-01

0000000000000000E+00
1333502848550255E-02
7411465069800628E-02
0000000000000000E+00
0618031845130055E-02
2578589265181686E-01
5294533153047263E-01
0000000000000000E+00
3292685493168567E-02
9460308775542352E-02
2251224280108600E-02

.2929243459863748E-01
.0000000000000000E+00

9001569236884345E-02

t

The relative error ©
(%) of the model

fiects model

&, Open global land-sea terrain mass spherical
harmonic coefficient model file

8 Open high-degree geopotential model file

[l save the results as

& start Calculation

Start end row number 150 s 720

Degree variance curves

< | Line thickness 3 -

Display of the input-output file

6.715451E+00
3.952913E+00
2.312997E+00
1.416801E+00
4.389914E-01
2.654210E-01
9.823847E-02
1.038844E-01
7.850419E-02
3.775911E-02
2.646725E-02
2.874715E-02
2.222554E-02
1.544843E-02
1.479913E-02
1.51799%E-02
§.631766E-03

2 3.125000E-01
8.641975E-02
3.515625E-02
1.7€0000E-02
1.003086E-02
€.247397E-03
4.150391E-03
9 2.895900E-03
10 2.100000E-03
11 1.570931E-03
12 1.205€33E-03
13 9.453451E-04
14 7.54893BE-04
15 €.123457E-04
16 5.035400E-04
17 4.190563E-04
18 3.524615E-04

7.911381E-02
8.823035E-02
2.289217E-02
1.366044E-02
8.191773E-03
5.875256E-03
2.379274E-03
1.819157E-03
1.264171E-03
€.892058E-04
2.284380E-04
5.736342E-04
2.158315E-04
1.950448E-04
1.898962E-04
1.308700E-04
1.393244E-04

Chart plot|

& Save current plot as
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3.8 Computation process demo of various terrain effects outside geoid

3.8.1 Computation process demo of complete Bouguer anomaly on terrain

equiheight surface

From the ground digital elevation model and discrete observed gravity disturbance
calculated from EGM2008 geopotential model, a remove-restore scheme with the
residual terrain effects employed, calculate the complete Bouguer gravity disturbance
grid on an equipotential surface which is also the observation reduction surface, to show
the basic computation scheme and process of the land-sea unified complete Bouguer
effects on various gravity field elements near-Earth space.

The complete Bouguer effect is defined as the variation of Earth gravity field
because of the terrain mass above the geoid removed and the seawater density
compensated to the terrain density.

The terrestrial, marine or airborne Caloulate 50 RTMIn |, | 60" DEM in extended area

Y extended area
observed gravity disturbance x

| .

Calculate 60" DEM Ultrahigh degree terrain mass
Calculate and remove RTE on 2-900t degree spherical harmonic coefficient model
observed gravity disturbance ol e T

Calculate and remove GM model

equiheight surface 120" model gravity disturbance

grid on equiheight surface

Ultrahigh degree terrain Calculate high-resolution i values of observed gravity
mass spherical harmonic RTE at measurement 1 disturbance
coefficient model point by integral : T
1
N H Ultrahigh degree geopotential model
120"ellipsoidal Calculate field elements from 1
height grid of global geopotential model i l
i
1

l The observed residual |,______ 1

gravity disturbance

Ultrahigh degree spherical Griding by basis
harmonic analysis of global function weighted
land-sea terrain model interpolation 120" ellipsoidal
height grid of

l l—» grid files 5k equiheight surface

Calculate 120" 2~900th degree complete
Bouguer effects grid on gravity 120" complete Bouguer gravity disturbance
disturbance on equiheight surface grid on the equiheight surface

Computation process demo of complete Bouguer anomaly outside geoid

@ Input and output data and related terrain models

Let terrain data range (extended area, E94.5~99.5°, N30.5~34.5°) o result range
(measurement points distribution range / observation reduction surface range, E95.0 ~
99.0°, N31.0 ~ 34.0°) to suppress the edge effect of integral.

(1) The observed gravity disturbance and disturbing gravity gradient file Obsgrav.txt.

The gravity disturbances are simulated from the 2~1800™" degree EGM2008 model.
PAGravf4.5 employs the exact same algorithms to process various terrestrial, marine,
and airborne gravity data in a unified way, and there is no need to distinguish whether
the observed point is on the ground, at the air altitude or in the sea area.

The format of the file record: ID, longitude (°), latitude (°), ellipsoidal height (m),
gravity disturbance (mGal). The distribution of the observed points is shown in Fig.
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(2) The 1800-degree terrain mass spherical harmonic coefficient model file
ETOPOcs1800.dat and the 2190-degree EGM2008 geopotential coefficient model file
EGM2008.gfc.

The two model files are stored in the directory C:\PAGravf4.5 win64en\data. The
1800-degree global land-sea terrain mass spherical harmonic coefficient model
ETOPOcs1800.dat is generated by the PAGravf4.5 function [Ultrahigh degree spherical
harmonic analysis of global land-sea terrain model] from the global 2'x2' land-sea terrain
model ETOPO2v2g.

(3) The ground digital elevation model (DEM)

It is required that the DEM grid range (extended area) be larger than the calculation
area to eliminate the integral edge effect.

Two kinds of DEM resolutions are required. The high-resolution is employed for the
observed data reduction, that is, to calculate and remove the residual terrain effects on
the observations. The other resolution is consistent with the calculation result resolution
and is employed to restore the residual terrain effects on the result. In this example, they
are 60" and 120" respectively, and the corresponding files are extdtm60s.dat and
extdtm120s.dat. 339.5

(4) 60" ground ellipsoidal height grid file surfhgt60s.dat

The ground ellipsoidal height grid is employed to give the space location of the
residual terrain mass (the integral move cell) which is indispensable for high-precision
calculations. In this example, the 60" ground ellipsoidal height grid file surfhgt60s.dat is
for the 60" residual terrain model.

95 %" T oF 9
T T T T

s 8

E & & & g
L S e e

Ground digital elevation model (m) and gravity measurement point distribution

(5) 120" ellipsoidal height grid file equihgt120s.dat of terrain equiheight surface.

The terrain equiheight surface is the reduction surface of the ground observations
and calculation surface of the result grid, which is regarded as an equipotential surface.
The ellipsoidal height of the terrain equiheight surface is equal to the sum of the 2~180t"
degree EGM2008 model geoidal height and mean of DEM.

The griding operation is not analytical, which is easy to weaken the analytical nature
of the gravity field. Non-analytical operations are required to be performed on some an
equipotential surface to minimize the negative effects on gravity field. In this example,
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the terrain equiheight surface is regarded as an equipotential surface.

When the normal (orthometric) heights of the surface are zero, namely whose
ellipsoidal height are the geoidal height, the reduction surface and calculation surface
are the geoid in the traditional sense.

(6) The result products: 120"x120" complete Bouguer gravity disturbance grid file
on the terrain equiheight surface.

® Programs call and input-output data flow

(1) Calculate and remove the model terrain height value, and then construct 60"
residual terrain model (RTM) grid.

Call the function [Calculation of model value for complete Bouguer or residual
terrain effects] with the minimum degree 1 and the maximum degree 900, select the
calculation type ‘terrain height/sea depth (m)’, input the land-sea terrain mass spherical
harmonic coefficient model file ETOPOcs1800.dat and ground ellipsoidal height grid file
surfhgt60s.dat, and generate 60" model terrain height grid files mdldtm60s.dtm.

Let extdtm60s.dat minus mdldtm60s.dat, the residual terrain models (RTM)
resdtm60s.dat in the extended area are obtained, as shown in the figure.

mean standard deviation minimum maximum
30" RTM (m) 0.0053 175.5869 | -959.5450 59.0160
60" RTM (m) 0.0053 175.5869 | -959.5450 886.2500

(1) Calculate and remove the model terrain height value, and then
construct 60" residual terrain model (RTM) grids.

[ g, Catcuiation of model vaiue for complete 4 Calculator of global land-sea Calculation and analysis of spectral character
Bouguer o residual terrain effects terrain effects mode! of global terrain effects model
Y Open global land-sea terrain mass spherical | >> Computation Process ** Operation Prompts. 4./ Save computation process as

harmonic coefficient model file
>> [Function] From global land-sea terrain mass spherical harmonic coefficient model (kg/m?), calculate the model value of terrain height/sea depth, |

Select caicuiation file format as well as the land-sea unified complete Bouguer or residual terrain effects on the height anomaly (m), gravity anomaly (mGal), gravity disturbance

| Etlipsoidal height grid file ] (mGal), vertical deflection vector (", south, west), disturbing gravity gradient (E, radial), tangential gravity gradient vector (E, north, west), or disturbing
(m?/s?) on the geoid o in its outer space.
% Open ellipsoidal height grid file ** Click the [Open global land-sea terrain mass spherical harmonic coefficient model file] control button, or the [Open terrain model] tool button
of calculation surface >> Open global land-sea terrain mass spherical harmonic coefficient model file C:/PAGrav4.5_win64en/data/E TOPOcs1800.dat
Soect dlements ST be calciaaien *“The window below only shows the geopotential coefficients data with no more than 2000 rows in it
oo >> Open ellipsoidal height grid file of calculation surface C/PAGravi4 5_win64en/examples/Terraininflexercise/TerComplbgprocess/surfhgt60s dat
W torrale, hoightews: clepds ()
height anomaly (m) **The record format: point no/name, longitude, latitude, ellipsoidal height, several columns of the model values of complete Bouguer or residual

terrain effects.
gravity anomaly/disturbance (mGal) ** The program also outputs the-s

vertical deflection (", SW) anomaly (" ksi), gravity anomal

e-fef the terrain height/sea depth (*.dtm)| complete Bouguer or residual terrain effects on height

(*.gra). gravity disturbanci

& (" 1ga), verlical detech [GT {".dft). disturbing gravity gradient (*. grr), tangential

disturbing gradient (E, radial) gravity gradient vector (*.hgd) of disturbing geopotential (*.get) into the current directory, where * is the output file name entered from the interface
>> The parameter settings entered into the system!

tangential gradient (E, NW) = it tha (taet o X bt e ettt E-nmoutation inol bution

disturbing potentialigeopotential (m/s?) ) Save the results as

setting parameters ¥ start

Minimum degree 1
Maximum degree 900

terrain height/sea depth (m) gravity effect (mGal)

@ The program s suitable for the unified computation of the complete Bouguer and residual terrain effects on various - 60" residual terrain' model (RTM) resdtm60s.dat - - nt
may be on the geoid and its outer Earth space.

(2) Calculate and remove the ultrahigh-degree model gravity disturbances at the
observed points.
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Call the function [Calculation of gravity field elements from global geopotential
model] with the minimum degree 2 and the maximum degree 720, input the file
EGM2008.gfc and the observation file Obsgrav.txt, select the type ‘gravity disturbance’,
and generate the model gravity disturbance file Obsgravmdl.txt (columns 6) at the
observed points.

Subtract the observed gravity disturbance (column 5) and model gravity
disturbance (column 6) to generate the model residual gravity disturbance (column 7)
file Obsgravmdiresd.ixt.

Table 2 shows the statistical results on the gravity disturbances after the 2~720"
degree model values removed.

standard

Measurement points mean o
deviation

minimum | maximum

Observed gravity
disturbance mGal

Residual of gravity
disturbance

-15.6106 25.5080 | -110.7251 59.0160

-0.4881 17.4588 | -74.6129 71.5003

L=
(2) Calculate and remove the ultrahigh-degree model disturbance
. gravity at the observed points.

Calculation of gravity field elements +. Calculation of model value for residual « Global geopotential coefficient Calculation and analysis of spectral
from global model = temrain (complete Bouguer) effects model Calculator character of Earth's gravity field

@ Open global geopotential coefficient model file

Save computation process as Algorithmic Formulas
SGiect caCRMNOn Wa ol ** Click the [Open global geopotential coefficient model file] control button, or the [Open geopotential model] tool button

[Discrete point file | [>> Open giobal model file C X gfc

** The window below only shows the geopotential coefficients data with no more than 2000 rows in it.
3 Open space calculation point location file >> Open space calculation point location file C CX P TerC .
Set input point file format ** Look at the file in the window below and set the discrete point file format
. [>savetheresuts as C 5 FerC o
f H A

NN GENOEA DT g ** Behind the record of the calculation point file, appends one or more columns of model values of anomalous field elements, and keeps|
Column ordinal number of ellpsoidal + |4 significant fiqures.

height in the record :

>> The parameter setings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
** The calculation process need wait, during which you can open the output file to look at the calculation progress.

Select elements to be calculated

height anomaly (m)
gravity anomaly (mGal)

8 gravity disturbance (mGal)
vertical deflection (", SW)
disturbing gravity gradient (E, radial)
tangential gravity gradient (E. NW)
Laplace operator (E)

Minimum degree 2 <
Maximum degree 720

| Extract elements to be piot = Plot)

Yoi1 i z L i
w5 96 95 9 95 W WS
© 0 2 [ 2 w
— I
us 7

gravity disturbance (mGal) e

The model gravﬁ; disturbances The residual grév_i.t.;giéfﬁrbénces

@ When the minimum and maximum degree n to be set is e gree n geopote g
at the observed points (mGal)

¢ hich can
be employed to analyze and evaluate the spectral and space | @t the observed points (mGal)

(3) Calculate and remove the residual terrain effects on the gravity disturbance at
the observed points.

Call the function [Numerical integral of land-sea residual terrain effects on various
gravity field elements], input the file Obsgravmdiresd.txt, the high-resolution DEM
extdtm60s.dat, low-pass DEM mdldtm60s.dtm and the ground ellipsoidal height grid file
surfhgt60s.dat, set the integral radius 90km, and generate the residual terrain effects
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(RTE) file on the gravity disturbance, Obsgravresdtm.txt (columns 8).
Subtract the residual gravity disturbance (column 7) and its residual terrain effect
(column 8), to generate the remaining residual gravity disturbance (column 9) file

Obsgravresidual.txt.
After the residual terrain effects removed, the statistical results on the residual

gravity disturbances are shown in Table 3.

standard

Measurement points mean o minimum maximum
deviation

RTE on gravity 4.8843 72038 | -73.7901 | 118.6158
disturbance mGal

Remaining residual gravity .5.3034 197638 | -144.5444 92,4782
disturbance mGal ) . . .

In this example, the continuation correction of residual radial gradient (within a
height difference of 1000m, it is small) is ignore. In this case, the remaining residual
gravity disturbance at the observed point is equal to that on the equipotential surface.

B
(3) Calculate and remove the residual terrain effects on the
gravity disturbance at the observed points.

o Calculator of land-sea unified residual

FFT aigorithm of land-sea residual terrain
S torrain effect or complete Bouguer effect

Numerical integral of land-sea residual terrain
effects on various gravity fleld elements

23} Open high-resolution land-sea terrain model file | >> Computation Process ** Operation Prompts & Save computation process as

** The program subtracts the land-sea high-resolution terrain model and land-sea low-pass terrain model with the same grid specifications to generate

.2} Open the land-sea low-pass terrain model file
the land-sea residual terrain mode! (RTM) grid, while the fand-sea high-resolution terrain model is also used to separate land and sea areas. Since the
=] Open the ellipsoidal height grid file finite radius integral cannot deal with terrain zero-degree term, the program removes the average of the ves»aual reﬂa in mode! (RTM) before integral
of the land-sea surface >> Open the high-resolution land-sea terrain model file C./PAGravi4.5_) dat.
Select calculation point file format >> Open the land-sea low-pass terrain model file C/PAGravid.5_ TerC dtm
>> Open the ellipsoidal height grid file of the land-sea surface C/PAGravtd.5 TerC dat
[discrete calcuiation points file ] |>> Open the calculation point location file C:/PAGravi4.5 TerCt xt

** Look at the file nlovmalon in lhe window below. set the input file format parameters

>> Save the results as G/ _winGAen/exampies/ Terraiinfiexercisel TerCompib: Sgim

** Record format: Behind hos sou ce Calculation points flle record, appends several columns of resicual terrain erlecls on specified types of field

- |elements, keeps 4 significant figures
>> The parameler setlings have been eniered into the systeml

** Click the [Start Computation] control button, or the [Start Computation)

>> Computation start time: 2023-03-18 16:18:50

# Open the calculation point position file

| Setinput point file format
| Number of rows of file header 1
Column ordinal number of elipsoidal ,
| height in the record
| Select gravity field elements
height anomaly (m)
gravity anomaly (mGai)
@ gravity disturbance (mGal)
vertical deflection (*, SW)
disturbing gravity gradient (E, radial)

] tool button —

=
e the results as Import setting parameters

Integral radius 90 km

_ Extract effects s Plot}

residual terrain model (m) gravity disturbance (mGal)

@ The calculation point may be on the geoid and its outer near-Earth space. Since the normal gravity field keeps unchanged. the r3kTiuaiser? e on teg gravis i B L gravity anomaly is always

equal to the residual terrain effect on gravity. .
@ The program subtracts the land-sea high-resolution terrain model and land-sea low-pass terrain model with the s @ remaining residual gravity-disturbance {mGal) the

land-sea high-resolution terrain model is also employed to separate land and sea areas.

The basic purpose of the statistics in Tables 1 to 3 is to improve the residual terrain
effect algorithm and relative parameters according to the griding optimization criteria.
Since the simulated data lack sufficient ultrashort wave information of the real gravity
field, the optimization criterion analysis process is omitted in this example.

So far, the reduction processing of the gravity disturbances from the observed
points to the terrain equiheight surface has been completed.

(4) Griding on the remaining residual gravity disturbance into 120"x120" grids on

the terrain equiheight surface.
Call the function [Gridding of heterogeneous data by basis function weighted
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interpolation], select ‘equal weights of observations’ (the weights can be estimated with
the residual terrain effects as the reference attribute in advance), and grid on the 9th
column of attributes (from the file Obsgravresidual.txt), to generate 120" remaining
residual gravity disturbance file distgravresidual.dat on the terrain equiheight surface.

The range and resolution of the grid is the same as the result grid.

(5) Calculate the 120" EGM2008 720-degree model value grid of the gravity
disturbance on the terrain equiheight surface.

Call the function [Calculation of gravity field elements from global geopotential
model] with the minimum degree 2 and the maximum degree 720, input the file
EGM2008.gfc and the ellipsoidal height grid file equihgt120s1.dat (from equihgt120s.dat
with grid edge removed) of the terrain equiheight surface, and select the calculation type
‘gravity disturbance’, to generate 120" model gravity disturbance grid file
distgravmdl.rga on the terrain equiheight surface.

'.

(4) Griding on the remaining residual gravity disturbance into 120"x120"
grids on the terrain equiheight surface.

ea Gross error detection on observations -, Estimation of observation weight ., Gridding of heterogeneous data by basis
based on low-pass reference surface with specified reference attribute function weighted
3 The discrete geodetic observation file 4! Save computation process as
Number of rows of file header 1 . >> Select the computation function from the three control buttons at the top of the interface.
Column ordinal number of = >> [Function] According to the given grid specifications (grid range and spatial resolution), and specified basis function, grid the
the attribute to be grid 9 7 specified attribute in the input discrete geodetic polnl file by the welgmed basis function interpolation method.
>> Open the discrete geodetic file C: TerC ql xt

SRR ey o o e oS e cindon beic and set the discrete point fle format.
Gauss function 8 Equal weight_|
S5 The parameter seffings have beeneniered nto the system
** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-18 16:43:27
>> Complete computation!
>> Computation end time: 2023-03-18 16:43:32

Set parameters Grid specification

[} save the results as At o [=
= Number of neighboring points 50 - 24000

# Import setting parameters L esolut xLon| 95.000° S 2.000 < 99.000°

" Kurtosis of basis function [1,20] 2 R N =
» - 120" remaining'reéSidual gravity
g  Extract plot data dlsturb_ance g_rld_(mGal) on the

3 | terrain equiheight surface
#s_ s ws o5 s
Py T T »

ns

=

uf S
usfo o s
Omit the analytical continuation process for the:.oz23 WE W W W N w
vy > : . s @ o 4 B
remaining residual gravity disturbance here. iri — | —
Source observations input Griding results

Here, the geopotential model, the minimum and maximum degree are required to
be the same as in step (2).

(6) Calculate the 120" model complete Bouguer effect grid on the gravity
disturbance on the terrain equiheight surface.

Call the function [Calculation of model value for complete Bouguer or residual
terrain effects] with the minimum degree 2 and the maximum degree 900, select the
type ‘gravity disturbance’ input the land-sea terrain mass spherical harmonic coefficient
model file ETOPOcs1800.dat and 120" ground ellipsoidal height grid file
surfhgt120s1.dat of the terrain equiheight surface and, and then generate the 120"
model complete Bouguer effect grid file distgravmdicmpbg.gra on the gravity
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disturbance on the terrain equiheight surface.

Here, the terrain mass spherical harmonic coefficient model and the maximum

degree are requwed to be the same as |n step (1)

‘ ot
(5) Calculate the 120" EGM2008 720-degree model value grid of the
gravity disturbance on the terrain equiheight surface. |

0 Calculation of gravity field elements .. Calculation of model value for residual ¢ Global geopotential coefficient Calculation and analysis of spectral ‘
lobal effects

tential model =% terrain (complete Bouguer) model Calculator character of Earth's gravity field
| @ open gioval coefficient model fle | save process a8 Azgomrmc Formulas
Select celculation fle formet > Open elipsoidal height grid file of ca surface C/PAGaVI4 5.3 er process/
| [Elipsoidal height grid file | .‘Ldil———-————-——————«——

yl J 2Por sligsokis! halgix grid e ‘ - pol de, Theight S cols ol the el valiuss o anomalous field elements.
| of calculation surface  The pvogvam also outputs (mww) hatth anomaly (' u-) gmmy anomaly (". gm; vertical deflection vector
| Select elements to be calculated (*.dR), disturbing gravity gradient (". grr), tangential gravity gradient vector (*.hgd) or Laplace b value grid file into the
| C height anomaly (m) curront directory. Where - s the output il name enlerad In the interface, and the program outputs the comspomng (residual) model value
b= grid file according 1o the selected gravity field element type.

gravity anomaly (mGal) >> The parameter settings have been entered into the system!
| 8 gravity disturbance (mGal) ** Click the [Start Computation] controi button, or the [Start Computation) tool bftton

- ** The calculation process need wait, during which you can open the output filefto look at the calculation progress.

JHE3;vestioal degiecsion, 0 W) ) >> Computation start time: 2023-03-18 13:48:20
| [ disturbing gravity gradient (E, radial) >> Complete the calculation of the model value of (residual) gravity field elemen
| tangential gravity gradient (E., NW) >> Computation end time: 2023-03-18 13:52:30
|
|§apsecs Opetator (£} J Savetheresultsas ¥ Import setting parameters & Start Computation
| Minimum degree 2 : ;
| ~| c:/PAGraves.s_winéiesfGxamples/Terraininflexercise/TerCe)
|

A

Maximum degree 720

% Extract elements to be piot . Plot]

“‘f

o
gravity anomaly (mGal)

@ When the minimum and maximum degree n to be set is equal, the program calculates the contribution of the degree n ents 10 the gravity field element, which can be
employed to analyze and evaluate the spectral and space properties of the geopotential coefficient model.

vertical deflection (", S

(7) Generate the 120" complete Bouguer gravity disturbance on the terrain

equiheight surface.
(6) Calculate the 120" model complete Bouguer effect grid on
the gravity disturbance on the terrain equiheight surface.

&, Calculation of model value for complete 4, Calculator of global land-sea Calculation and analysis of spectral character
Bouguer o residual terain effects terrain effects model of global terrain effects model

l &, Open global land-sea termain mass spherical | >> Computation Process ** Operation Prompts ! Save computation process as
harmonic coefficient model file
>> [Function] From global land-sea terrain mass spherical harmonic coeflicient model (kg/m?), calculate the model value of terrain height/sea depth, as well as
Select calculation file format the land-sea unified complete Bouguer or residual terrain effects on the height anomaly (m), gravity anomaly (mGal), gravity disturbance (mGal), vertical
| [Elipsoidal height grid fie deflection vector (*, south, west), disturbing gravity gradient (E, radial), tangential gravity gradient vector (E, north, west), or disturbing geopotential (m?/s?) on
e the geoid or in its outer space.
[ Openeiipaoldal helghi grid fie ** Click the [Open global land-sea terrain mass spherical harmonic coeficient model file] control button, or the [Open terrain moeeg tool button...
of calculation surface [>> Open global land-sea terrain mass spherical harmonic coefficient model file C:/PAGravf4.5_winé4en/ata/ETOPOCs 1800 dat

Select elements to be calculated A ow
terain height/sea depth (m)
height anomaly (m) uer or residual terrain effects.

me. longiude, eight, several columns
guts the mode! values grid file for m;»em Bouguer or residual terrain octs on helghl anomaly (" ksi), gravity anomaly (*.gra),
vertical deflection vector (*.dft). disturbing gravity gradient (*. grr), tangential gravity gradient vector (*.hgd) or disturbing geopomnna«
Current directory, where * is the output file name entered from the interface

@ gravity anomaly/disturbance (mGal)
7 vertical deflection (*, SW)
disturbing gradient (E, radial)
tangential gradient (E. NW) B ol
disturbing potentiaigeopotential (m?/s?) g Save
Minimum degree 2

eter settings have been entered into the system!
el Start Computation] control button, or the [Start Computation] tool button.

iatinn nrncace naad wait_durine which unii ~an anan tha rufrist fila in Inok 2t tha raleilation nmaracs.

e results as

¥ imponsstoganr ) Generate the 120" complete Bouguer gravity disturbance

gravity effect (mGal) gravity effect (mGal)

»

@ The program is suitable for the unified computation of the complete Bouguer and residual terrain effects on various gravity fi b5
the geoid and its outer Earth space — — ' s
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Sum up the remaining residual grid distgravresidual.dat, the ultrahigh degree model
value grid distgravmdl.dat, the residual terrain effect grid distgravresidtm.dat and the
model complete Bouguer effect grid distgravmdicmpbg.gra four grid files of the gravity
disturbance with the same grid specifications, to generate the 120" complete Bouguer
gravity disturbance grid distgravcmpbg.dat on the terrain equiheight surface.

3.8.2 Computation process demo of land-sea Bouguer / equilibrium anomaly
from geopotential model
From the Earth geopotential coefficient model and land-sea topographic relief
model, the classical Bouguer gravity anomaly (disturbance) and isostatic gravity
anomaly (disturbance) are calculated synchronously in four steps in any region of the
world to demonstrate the fast and convenient computation process of the land-sea
unified classical Bouguer / isostatic anomaly.

2~180t degree model Calculate model geoidal height 2' zero-value grid in
geoidal height grid grid in target area target area

ultra-high degree —T l

geopotential Calculate the gravity

coefficient model . H 2~1800t" model gravity
. dlas:g:‘::lr;c::l;:gaaz;’:y — disturbance and gravity

2’ ellipsoidal height grid spherical harmonic synthesis anomaly grid on geoid
of land-sea surface

T Calculate the land-sea 2’ total Bouguer effect
, i unified classical Bouguer / — grid and total
2’ land-sea terrain model " equilibrium effects equilibrium effect grid

|

)
2' land-sea unified Bouguer | \ | - 2
gravity anomaly grid /\Ne;g;:eoz;?:;&oa;:

2' land-sea unified isostatic 2’ land-sea unified Bouguer 2’ land-sea unified isostatic
gravity anomaly grid gravity disturbance grid gravity disturbance grid

Computation process demo of land-sea Bouguer/equilibrium anomaly from geopotential model

(1) Calculate the 2~180" degree model geoidal height grid as the gravity reduction
surface grid in target area.

Call the function [Calculation of gravity field elements from global geopotential
model] with the minimum degree 2 and the maximum degree 180, input the file
EGM2008.gfc and the zero-value grid file zero2m.dat of the target area, and select the
calculation type ‘height anomaly’, to generate 2'x2' model geoidal height grid file

GMgeoidh2m_180.ksi.

The 2~180" degree model geoidal height grid here is employed as the reduction
surface and location for the classical Bouguer / equilibrium anomaly.

(2) Calculate the gravity anomaly and gravity disturbance on geoid from the

geopotential coefficient model.

Call the function [Calculation of gravity field elements from global geopotential
model] with the minimum degree 2 and the maximum degree 1800, input the file
EGM2008.gfc and model geoidal height grid file GMgeoidh2m_180.ksi, and select the
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calculation type ‘gravity anomaly’ and ‘gravity disturbance’, to generate the 2'x2' gravity
anomaly grid file EGM2008 2m_1800.gra and gravity disturbance grid file
EGM2008_2m_1800.rga in the target area.

. lation of P arvaly
(1) Calculate the 2~180th degree model geoidal height grid as
 the gravity reduction surface grid in target area.

@ Caloulation of graviy fieid elements +... Calculation of model value for residual & ©obal geopotentialcoeflicient Calculation and analysis of spectral
rom global tential model =¥ terrain (complete Bouguer) effects model Calculator character of Earth's gravity field
[ @ Open global geopotential coefficient model file ] 4. Save computation process as & Algorithmic Formulas
| ESoiect culciiston e fonnet >> [Function] From global geopotential coefficient model, calculate the model value of the (residual) height anomaly (m), gravity anomaly (mGal)
| |Efipsoidal height grid file gravity disturbance (mGal), vertical deflection vector (", south, west), disturbing gravity gradient (E, radial), tangential gravity gradient vector (E.
north, west), or Laplace operator (E).
J:CPen Sigeoldal helgit rid fhe * Click the [Open global g coemnenunmel file] mmml button. or the [Open geopotential model] tool button... {
of surface [>> Open global ‘
Select elements to be calculated ** The window below on
@ height anomaly (m) n ellipsoidal hel |
7 >> Save the results as C:/PAGravid4 5_win64en/examples/Terraininflexercise/GMBougEquilibrium/GMgeoidh2m_180.txt.
 gravty Aricmaly(Oal) The record format 1, several columns of the model values of anomalous field elements
gravity disturbance (mGal) e program also outputs (residual) height anomaly (* ksi), gravity anomaly (*.gra). gravily disturbance (*.rga), vertical deflection vector (*.af),

vertical deflection (*, SW)
7 disturbing gravity gradient (E, radial)
_| tangential gravity gradient (E, NW)
Laplace operator (E)
Minimum degree 2

disturbing gravity gradient (*. grr), tangential gravity gradient vector (*.ngd) or Laplace operator (* Ips) model value grid file into the current directory.
Where * is the output file name entered in the interface, and the program outputs the coesponding (residual) model value grid file according to the
selected gravity field element type.

>> The parameter settings have been entered into the system!

¥ S

[} save the results as } Import setting parameters tart Computation

1 1. 01€€7 32 €7
Maximum degree 180 2 122.05000 3. 67 l
3 1 08333 3
4 1. 11667 3. €7
5 1 15000 3 €7 = - i
€ 1 3 €7
11 32 01667 J ; >
8 1 3 67 -
9 1 3 €7
| Extract elements to be plot 2 Plot| 10 1 % o ofl
e us ar o
£ A
3T
i The 2~180th degree model st 4
s geoidal height grid as the
gravity reduction surface 3
s
grid in target area
ar -
of
.3
r e [ 3 L
» 15 20 23 30
2 Q-
=3 s s
height anomaly (m) gravity anomaly (mGal) R R ™ o 0
S : S eeee—

@ When the minimum and maximum degree n to be set is equal, the program calculates the contribution of the degree

0 " "
employed to analyze and evaluate the spectral and space properties of the geopotential coefficient model. The 2'land-sea toPeraphlc relief model

(9
(2) Calculate the gravity anomaly and gravity disturbance on geoid
from the geopotential coefficient model.

(
} Calculation of gravity field elements +.. Calculation of model value for residual
from global tential model

Global geopotential coefficient
* terrain (complete Bouguer) effects

Caiculation and analysis of spectral
‘model Calculator

character of Earth's gravity field

¢

@ Open global geopotential coefficient mode file |
Select calculation file format

Ellipsoidal height grid file

&2 Save computation process as

& Algorithmic Formulas

window below only shows the geopotential coefficients data with no more lhan 2000 rows in it
>> Open ellipsoidal height grid file of

rface C:/PAGravia.
l 3 Open elipsoidal height grid e ‘ OMasoldhzm 180.ksl, arRee,C 5
Scaiculston titace >> Save the results as C/PAGTavia 5_\ Gh EGM2008_2m_1800.60
Select elements 1o be calculated ** The record format: point no/name. longtude, latitude. elipsoidal height, several columns of the model vaiues of anomalous field elements

height anomaly (m) = The program also outputs (residual) height anomaly (*.ksi), gravity anomaly (-.gra), gravity disturbance (*.rga), vertical deflection vector (* aft),

disturbing gravity gradient (*. grr), tangential gravity gradient vector (*.hgd) or Laplace operator (*.Ips) model value grid file into the current
8 gravity anomaly (mGal) directory, Where * is the output file name entered in the interface, and the program outputs the corresponding (residual) model value grid file
@ gravity disturbance (mGal) according to the selected gravity field element type.

| vertical deflection (", SW)
disturbing gravity gradient (E, radial)
" tangential gravity gradient (E, NW)

>> The parameter settings have been entered into the system!

* Click the [Start Computation] control button, or the [Start Computation] tool button...

** The calculation process need wait, during which you can open the output file to look at the calculation progress.
>> Computation start time: 2023-03-19 00:07:22

| Laplace operator (E)
Minimum degree 2
Maximum degree 1800

[} save the results as > Import setting parameters & Start Computation

s
S0 0 o M w0 © W 0 in 0
— ) — Y — =
gravity anomaly (mGal) gravity disturbance (mGal) b vertical deflection (", S

@ When the minimum and maximum degree n to be set is equal, the program calculates the contribution of the degr- The 2~1800th model gravity disturbance on geoid »
employed to analyze and evaluate the spectral and space properties of the geopotential coefficient model.
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(3) Calculate the total Bouguer effects and total equilibrium effects on gravity.

Call the function [Computation of land-sea unified classical gravity Bouguer /
equilibrium effect], input the land-sea topographic relief model file extlandseadtm2m.dat
and land-sea surface ellipsoidal height grid file extlandseahgt2m.dat, and set the land
integral radius 90km, sea integral radius 200km and equilibrium compensation depth
30km. to generate the 2'x2' total Bouguer effect grid file BougEquinfl2m.bgr and total

equilibrium effect grid file BougEquinfl2m.ist.

Because the normal gravity field has nothing to do with the terrain effect, the
Bouguer / equilibrium effect on the gravity anomaly, gravity disturbance and gravity is
equal everywhere and does not need to be distinguished.

'(3) Calculate the total Bouguer effects and total equilibrium
effects on gravity.

\ Integral of land-sea unified classical " Calculator of land-sea unified classical »: Algorithms land-sea unified classic
% gravity Bouguer / equilibrium effect L gravity Bouguer / equilibrium effect 2 Bouguer and equilibrium effects

{5} Open the land-sea terrain model file >> Ci Process ** Operation Prompts &' Save computation process as
a Open the ellipsoidal height grid file >> Open the land-sea terrain model file C:/PAGravf4.5_win64er Ter isell silibrium/

of land-sea surface extlandseadtm2m.dat

= = >> Open the ellipsoidal height grid file of land-sea surface C:/PAGravf4.5_win64er Terrainir
Select calculation points file format GMBo om.dat =
[elhpsoldal height grid file >> Open the ellipsoidal height grid file on land-sea calculation surface C:/PAGravf4.5_wir Terrair
GMBougEquilibrium/extlandseahgt2m.dat.

, Open the ellipsoidal height grid file
¥ on land-sea calculation surface

[>> Save the results as C:/PAGravf4.5_)\ Terrainir MBougEquilibr 2m.txt0

** Record format: Point no, longitude, latitude, ellipsoidal height, terrain height/sea depth, local terrain effect, plane layer effect,
~] [seawater Bouguer effect, land equilibrium effect, ocean equilibrium effect, total Bouguer effect and total equilibrium effect.
90 km ~| " Atthe same time, the program also outputs the land-sea total Bouguer effect (*.bgr) and land-sea total equilibrium effect (*.ist)
.| grid file into the current directory, where  is the output file name entered from the interface.

Integral radius for local
terrain effect

Integral radius for seawater
Bouguer / equilibrium effect
Equilibrium compensation depth 30 km

300 km
[ save the results as # Import setting parameters & Start Computation

1t /dep

nr 3 126 18 1"
000 6 200 00 600 500

land-sea terrain model (m) total Bouguer effect (mGal) total equilibrium effect (mGal)

| @ Cassic Bouguer gravity anomaly on geoid = gravity anomaly at the measurement point  total Bouguer effect — analytical continuation of gravity anomaly from the measurement |
point to the geoid. Classic Bouguer gravity disturbance on geoid = gravity disturbance at the measurement point — total Bouguer effect — analytical continuation of gravity disturbance |
| from the measurement point to the geoid.
@ Ciassic equilibrium gravity anomaly on geoid = gravity anomaly at the measurement point — total equilibrium effect — analytical continuation of gravity anomaly from the |
measurement point to the geoid. Classic equilibrium gravity disturbance on geoid = gravity at the point — total effect — analytical continuation of |
gravity ce from the 1t point to the geoid

(4) Generate the 2'x2' land-sea unified classical Bouguer / isostatic anomaly grid

model.

Subtract the gravity anomaly grid EGM2008_2m_1800.gra and gravity disturbance
grid EGM2008_2m_1800.rga on geoid from the total Bouguer effect grid (the grid edge
removed) BougEquinfl2mO0.bgr respectively to get the classical Bouguer gravity
anomaly grid model Clsbggravanom2m.dat and classical Bouguer gravity disturbance
grid model Clsbgdistgrav2m.dat.

Subtract the gravity anomaly grid EGM2008 2m_1800.gra and gravity disturbance
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grid EGM2008_2m_1800.rga on geoid from the total isostatic effect grid (the grid edge
removed) BougEquinfl2m0.ist respectively to get the classical isostatic gravity anomaly
grid model Istbggravanom2m.dat and classical isostatic gravity disturbance grid model
Istbgdlstgrav2m dat.

(4) Generate the 2’x2' land-sea unified classical Bouguer
| isostatic anomaly grid model.

P on two i 11 Weighted operation on two o, Weighted operation on two . Weighted operation on two
annbules in record file * geodetic grid files “ vector grid files harmonic coefficient files
3 Open geodetic grid file 1 >> Program Process ** Operation Prompts 4! Save program process as
(2} Open geodetic grid file 2 >> Select the function module from the four control buttons at the top of the interface...
Select operation mode >> [Function] Perform weighted plus, minus, or multiply operation on grid elements in two (vector) grid files with the same specifications.
>> Open geodetic grid file 1 C: 008_2m_1800.gra.
o >> Open geodetic grid file 2 C:/PAGravf: .5_ n0.bgr.

Set weight >> Save the results as C: .5_)
>> The parameter settings have been entered into me system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023 03-19 10: 06 41
[} Vector grid operation >> Complete th: *§
>> Computatior
>> Open geode
>> Open geode
>> Save the res
>> The parame!
** Click the [St
>> Computatior
>> Complete th:
>> Computatior

The first weight 1.00
The second weight 1.00

[} savether
Display of the input-output file|
122.000000 130.000000  32.000000  38.000000 :.03 = = < 2 & E = . = - & = k- = =
8.37 6.8966 .689 .8540
e Steee 4S9 43 The 2'land-sea unified classical Bouguer gravuty anomaly and disturbance 1
24.3218 26.4713 28.0518 28.6086 2. :
12.9158 10.3765 10.0539 11.7974 1
15.3356 13.0657 11.4755 11.0485 1
22.3411 22.1708 21.4036 20.3436 1
12.8327 12.3341 11.1957 10.0041
22.0979 22.6739 23.1205 23.1236 2
23.9972 26.5997 28.6183 30.3440 3
27.7904 27.6035 26.8185 26.0019 2
36.7723 32.2543 27.9404 25.2177 2
23.0243 24.8093 26.4821 28.4630 3
60.4889 61.1129 60.1925 58.4199 5
52.1456 47.6924 45.4768 45.1435 4
9.4949 11.3991 12.7729 13.7259 1
0.4051 -4.5601  -10.9319  -16.3954 -1
14.7698 13.3947 11.4517 9.3666
22.1548 20.7063 19.4075 18.5611 . [ .
22.9153 25.1115 26,7739 27.3524 2 e o P o oF G P == WL oo
16.1274 12.9445 12.2021 13.7358 1 *
16.1741 13.6392 11.3001 9.8888

Z-> The 2’ land-sea unified classical isostatic gravity anomaly and disturbance
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4 Precision approach and full element modelling on Earth gravity field

PAGravf4.5 sets up the scientific gravity field approach system with the spatial
domain integration algorithms based on boundary value theory and spectral domain
radial basis function approach algorithms to realize the full element analytical modelling
on gravity field in full space outside the geoid from various heterogeneous observations
in the different altitudes, cross-distribution and land-sea coexisting cases.

Precision approach and full element modeling on Earth gravity field

— wand - : Sa s,
W it : -
i g s — e
= Stokes =M Inv [-do — xar s \
p ol | N | - N ™~ 70 s \ 3 Lk ¢ K
: e e > A ¥ fife /é B '1‘."/ ‘?‘ﬁ { L ¥ ] / B
- o E - g "}
— = N | e : . . P,
External vertical deflection External vertical deflection Inverse integral and integral Gradient and Possion integral
computation using Vening- computation using Vening- of inverse operation on computation of external
Meinesz integral Meinesz integral anomalous field element gravity field element
S~ .. Computation process demo
\ ~#==_ of full element modelling on
/ \ ﬂq gravity fleld by integral method
1 = . _ Simple process demo of full
— == element modelling using SRBFs
A R \ X in orthometric height system
. Simple process demo of full
< Mooms - element modelling using SRBFs
9= in normal height system
Feature and performance Gravity field approach using Full element modelling on gravity Modeling process exercise
analysis of spherical SRBFs in spectral domain field using SRBFs from of regional gravity
radial basis functions and performance test heterogeneous observations field and geoid

Programs and functions structure of the subsystem
@ PAGravfa 5 sets up the scientific gravity field approach system with the spatial domain integration algorithms based on boundary value theory and the spectral

domain radial basis function approach algorithms to realize the full element analytical modelling on gravity field in full space outside the geoid from various
heterogeneous observations in the different altitudes, cross-distribution and land-sea coexisting cases.

@ The typical complex gravity field feature area selected where residual gravity disturbance variation exceeds 300mGal after the 540-degree reference model value

removed, you can verify and analyze the performance of various gravity field approach algorithms in this group of programs to facilitate and quickly grasp the
characteristics and usage of these algorithms.

The typical complex gravity field feature area selected where residual gravity
disturbance variation exceeds 300mGal after the 540-degree reference model value
removed, you can verify and analyze the performance of various gravity field approach

algorithms in this group of programs to facilitate and quickly grasp the characteristics
and usage of these algorithms.

4.1 External height anomaly computation using Stokes/Hotine integral

[Purpose] Using the generalized Stokes/Hotine rigorous numerical integral or FFT
algorithm, from the ellipsoidal height grid of the equipotential surface and gravity
anomaly or disturbance (mGal) grid on the surface, compute the height anomaly (m) on
the geoid or in its outer space.

Height anomaly on the geoid is equal to the geoid undulation, that is, the geoidal
(ellipsoidal) height.
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The Stokes boundary value theory requires that the boundary surface should be an
equipotential surface, that is, the gravity anomaly/disturbance should be on the
equipotential surface.

It is usually necessary to employ the remove-restore scheme with a reference
geopotential model to use the finite radius for gravity field integral. Firstly, remove model
gravity anomaly/disturbance on the boundary surface, then integrate to obtain the
residual height anomaly at the calculation point, and finally restore the model height
anomaly at the calculation point.

The equipotential surface can be constructed from a global geopotential model (not
greater than 360 degrees), which can also be represent by a normal (orthometric)
equiheight surface with the altitude of not more than ten kilometers.

4.1.1 External height anomaly computation using generalized Stokes integral

[Function] From the ellipsoidal height grid of the equipotential surface and gravity
anomaly (mGal) grid on the surface, compute the external residual height anomaly (m)
by the Stokes integral.

[Input files] The ellipsoidal height grid file of the equipotential surface and the
residual gravity anomaly grid file on the surface with the same grid specifications, and
the calculation point position file or the ellipsoidal height grid file of the calculation
surface.

= . — -
4 t‘! £4 Yl ‘B
Import parameters Saveas  Start Computation  save process ~ Follow example
External height anomaly computation External height anomaly computation -~
using generalized Stokes integral using generalized Hotine integral B Stokes and Holine integral formulas
7 Open the ellipsoidal height grid file >> Ci 1 Process ** O Prompts 4.t Save computation process as

& of the equipotential surface
>> [Function] From the ellipsoidal height grid of the equipotential surface and the gravity anomaly (mGal) grid on the

7 Open the residual gravity anomaly grid surface, compute the external residual height anomaly (m) by the Stokes integral
“ file on the equipotential surface >> Open the ellipsoidal height grid file of the equipotential surface C:/PAGravf4.5_wir tgenStokesHotine/
; landgeoidhgt.dat.
Select calculation point file format >> Open residual gravity anomaly grid file on equipotential surface C:/PAGravf4.5_win64er Hotine/
discrete calculation points file resGMigeoid541_1800.gra
>> Open the calculation point position file C:/PAGravf4.5_wir P tgenStokesHotine/calcpnt.txt.
@ Open the calculation point position file ** Look at the file information in the window below, set the input file format parameters...

” >>Save the results as Favid.5_winbaen/examples/intgenSTokesHotne/rStstk Xt
Set input point file format ** Record format: Behind the source calculation point file record, appends a column of residual height anomaly calculated,
number of rows of file header 1 |keeps 4 significant figures.

; >> The parameter settings have been entered into the system!
h“;”m”]:m‘f;::{'gbe' ofiesipsolaal | , S " Click the [Start Computation] control button, or the [Start Computation] tool button..
9 >> Computation start time: 2023-03-19 11:37:48

>> Complete the computation of the height anomaly outside the geoid!
>> Computation end time: 2023-03-19 11:39:20

Integral radius 180 km "',,' Save the results as 3 Import setting parameters & Start Computation

91T NIA VLK NE S WT WA E WY
43 02 81 0 e a2 a3
— —

gravity anomaly (mGal) height anomaly (m)

@ The Stokes boundary value theory requires that the boundary surface should be an equipotential surface, that is, the gravity anomaly/disturbance should be on the
equipotential surface.

@ The equipotential surface can be constructed from a global geopotential model (not greater than 360 degrees), which can also be represent by a normal (orthometric)
equiheight surface with the altitude of not more than ten kilometers. |
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The ellipsoidal height grid of the equipotential surface stands for the space position
of the equipotential surface, employed to calculate the integral distance.

The record format of the discrete calculation point file: ID (point no / point name),
longitude (decimal degrees), latitude, ellipsoidal height (m), ......

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

[Output file] The residual height anomaly result file.

When the discrete calculation points file input, the output file record format: Behind
the source calculation point file record, appends a column of residual height anomaly
calculated, keeps 4 significant figures.

When the ellipsoidal height grid file of the calculation surface input, the program
outputs the residual height anomaly grid file with the same grid specifications as the
input grid file.

< . 23 ”
2 k=) = a7 Ra
Import parameters Saveas  Start Computation  save process ~ Follow example
- External height anomaly computation External height anomaly computation -~
using Stokes integral using generalized Hotine integral JgwiSiokes and Hote Iniogest formas
) Open the ellipsoidal height grid file >> C ) Process ** O Prompts 4} Save computation process as
= of the equipotential surface
>> Compute external residual height anomaly by 2D FFT algorithm.
1 Open the residual gravity anomaly grid >> Save the results as C:/PAGravf4.5_wir Hotir FT2.dat.
“ file on the equipotential surface >> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button..
Select point file format >> Computation start time: 2023-03-19 11:40:32

ellipsoidal height grid file >> Complete the computation of the height anomaly outside the geoid!
>> Computation end time: 2023-03-19 11:40:33
>> Compute external residual height anomaly by 1D FFT algorithm

Open the ellipsoidal height grid file
* of the calculation surface

>> Open the ellipsoidal height grid file of the calculation surface C:/PAGravf4.5_win64er {otine;
Select integral algorithm landbmsurihgt.dat,

>> Save the results as C:/PAGravf4.5_win64er pl Hotir FFT1.dat. ]
1D FFT algorithm >> The parameter settings have beenm

** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-19 11:41:20
>> Complete the computation of the height anomaly outside the geoid!
>> Computation end time: 2023-03-19 11:41:35

Integral radius 180 km S [} save the results as ¥ Import setting parameters & Start Computation

Extract height anomaly “s Plot}

gravity anomaly (mGal) height anomaly (m)

@ The Stokes boundary value theory requires that the boundary surface should be an equipotential surface, that is, the gravity anomaly/disturbance should be on the |
equipotential surface.

@ The equipotential surface can be constructed from a global geopotential model (not greater than 360 degrees), which can also be represent by a normal (orthometric)

equiheight surface with the altitude of not more than ten kilometers. |

In this example, the residual ground height anomaly is calculated by the Stokes
integral from the residual gravity anomaly on the geoid, and the integral radius is 180km.
After the 2° area of the grid margin with integral edge effect deducted, statistically
analyze the 541 to 1800" degree model residual height anomalies (regarded as the true
reference value), and the difference between the results of the Stokes integral and

model reference value, which can be employed to examine the performance of the
algorithm.
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The true reference model
value (m)

mean

standard
deviation

minimum

maximum

541~1800" degree ground
height anomalies

0.0010

0.1182

-0.6745

0.4760

Differences between Integral
and reference value(m)

mean

standard
deviation

minimum

maximum

numerical integral

-0.0002

0.0324

-0.1159

0.1211

FFT2

0.0018

0.0326

-0.1150

0.1280

FFT1

0.0018

0.0327

-0.1178

0.1251

Furtherly, statistically analyze the differences between the results of Stokes

numerical integral and fast FFT algorithm.

Differences between
algorithms (m)

mean

standard
deviation

minimum

maximum

FFT1- numerical integral

0.0021

0.0059

-0.0150

0.0683

FFT2- FFT1

0.0021

0.0059

-0.0150

0.0683

4.1.2 External height anomaly computation using generalized Hotine integral
[Function] From the ellipsoidal height grid of the equipotential surface and residual
gravity disturbance (mGal) grid on the surface, compute the external residual height
anomaly (m) by the Hotine integral.

3 = & a7 B

Import parameters Saveas  Start Computation  save process ~ Follow example

External height anomaly computation
using generalized Stokes integral

External height anomaly computation

-~
using generalized Hotine integral e Stokes and Hotine integral formulas

& Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4.} Save computation process as

of the equipotential surface
>> [Function] From the ellipsoidal height grid of the equipotential surface and the residual gravity disturbance (mGal) grid

on the surface, compute the external residual height anomaly (m) by the Hotine integral
>> Open the ellipsoidal height grid file of the equipotential surface C:/PAGravf4.5_)
landgeoidhgt.dat
>> Open residual gravity anomaly grid file on equipotential surface C:/PAGravf4.5_win64er
resGMigeoid541_1800.rga.
>> Open the calculation point position file C:/PAGravf4.5_win64er

** Look at the file information in the window below, set the input file format parameters.
>> Save the results as C: favia.5_wineaen/examples/inigen StokesHoune/ rsthin

** Record format: Behind the source calculation point file record, appends a column of residual height anomaly calculated,
keeps 4 significant figures.
>> The parameter settings have been entered into the system!
4 s ** Click the [Start Computation] control button, or the [Start Computation] tool button. |

|

7) Open the residual gravity anomaly grid
= file on the equipotential surface

Select calculation point file format
discrete calculation points file I

Hotine

fine/calcpnt.txt
# Open the calculation point position file

Set input point file format
number of rows of file header 1

column ordinal number of ellipsoidal
height in the record

>> Computation start time: 2023-03-19 11:42:54
>> Complete the computation of the height anomaly outside the geoid!
>> Computation end time: 2023-03-19 11:44:20

Integral radius 180 km [ save the results as

¥ Import setting parameters & Start Computation

912 0L DS NE W BT WA 8E W

@3 @2 2 0 o ar a1
— L —

gravity anomaly (mGal)

height anomaly (m)

@ The Stokes boundary value theory requires that the boundary surface should be an equipotential surface, that is, the gravity anomaly/disturbance should be on the
equipotential surface.

@ The equipotential surface can be from a global
equiheight surface with the altitude of not more than ten kilometers.

model (not greater than 360 degrees), which can also be represent by a normal (orthometric)

[Input files] The ellipsoidal height grid file of the equipotential surface and the
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residual gravity disturbance grid file on the surface with the same grid specifications,
and the calculation point position file or the ellipsoidal height grid file of the calculation
surface.

The ellipsoidal height grid of the equipotential surface stands for the space position
of the equipotential surface, employed to calculate the integral distance.

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

[Output file] The residual height anomaly result file.

When the discrete calculation points file input, the output file record format: Behind
the source calculation point file record, appends a column of residual height anomaly
calculated, keeps 4 significant figures.

When the ellipsoidal height grid file of the calculation surface input, the program
outputs the residual height anomaly grid file with the same grid specifications as the
input grid file.

3 = a2 A

Import parameters  Save as ation  save process  Follow example

External height anomaly computation External height anomaly computation

{3 Stokes and Hotine integral formulas
using generalized Stokes integral using generalized Hotine integral > 9

| ) Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4.+ Save computation process as
| & of the equipotential surface
| ** Record format: Behind the source calculation point file record, appends a column of residual height anomaly

= Open the residual gravity anomaly grid calculated, keeps 4 significant figures.
= file on the equipotential surface >> The parameter settings have been entered into the system!
| ** Click the [Start Computation] control button, or the [Start Computation] tool button
| _Select calculation point file format >> Computation start time: 2023-03-19 11:53:10
ellipsoidal height grid file I >> Complete the computation of the height anomaly outside the geoid!
| >> Computation end time: 2023-03-19 11:54:41
Open the ellipsoidal height grid file >> Open the ellipsoidal height grid file of the calculation surface C:/PAGravf4.5_win64en/examples/
~ of the calculation surface IntgenStokesHotine/landbmsurfhgt.dat

|

| >> Compute external residual height anomaly by 1D FFT algorithm.. |

|ESelectintegral sigoriihm >> Save the results as C/PAGravf4.5_winb4en/examples/intgenStokesHoline/HotineF FT1.dat._| [

| |1D FFT algorithm >> The parameter settings have been entered into the system! |
** Click the [Start Computation] control button, or the [Start Computation] tool button

>> Computation start time: 2023-03-19 11:55:19

>> Complete the computation of the height anomaly outside the geoid!
>> Computation end time: 2023-03-19 11:55:35

| 2 -
| Integral radius 180 km : =) save the results as » Import setting parameters & Start Computation

6 ~0014 .0038 0. 1 0.C
| — gravity anomaly (mGal) height anomaly (m)

1 @ The Stokes boundary value theory requires that the boundary surface should be an equipotential surface, that is, the gravity anomaly/disturbance should be on the
| equipotential surface

| @ The equipotential surface can be constructed from a global geopotential model (not greater than 360 degrees), which can also be represent by a normal (orthometric)
| equiheight surface with the altitude of not more than ten kilometers.

As the Stokes integral algorithm analysis example, statistically analyze the
difference between the results of the Hotine integral and model reference value, which
can be employed to examine the performance of the algorithm.

Differences between Integral standard - .
mean o minimum | maximum
and reference value(m) deviation

numerical integral -0.0001 0.0256 -0.0915 0.0957
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FFT2

0.0019

0.0259

-0.0911

0.1065

FFT1

0.0018

0.0261

-0.0934

0.1036

Furtherly, statistically analyze the differences between the results of the Stokes and

Hotine integral.

Stokes-Hotine(m) mean Stand?rd minimum | maximum
eviation

numerical integral 0.0020 0.0090 -0.0264 0.0658

FFT2 -0.0000 0.0067 -0.0239 0.0258

FFT1 -0.0000 0.0068 -0.0245 0.0250

This example shows that the performance of the Hotine integral is slightly better
than that of the Stokes integral.

4.2 External vertical deflection computation using Vening-Meinesz integral

[Purpose] Using the generalized Vening-Meinesz rigorous numerical integral or FFT
algorithm, compute the vertical deflection (", SW, to south, to west) on the geoid or its
outer space from the ellipsoidal height grid of the equipotential surface and its gravity
anomaly or disturbance (mGal) grid.

The generalized Vening-Meinesz formula is derived from the generalized
Stokes/Hotine formula and belongs to the solution of the Stokes boundary value
problem. Which requires the integrand gravity anomaly/disturbance to be on the
equipotential surface.

4.2.1 Computation of external vertical deflection from gravity anomaly

[Function] From the ellipsoidal height grid of the equipotential surface and residual
gravity anomaly (mGal) grid on the surface, compute the external residual vertical
deflection (", SW, to south, to west) by the generalized Vening-Meinesz integral.

[Input files] The ellipsoidal height grid file of the equipotential surface and the
residual gravity anomaly grid file on the surface with the same grid specifications, and
the calculation point position file or the ellipsoidal height grid file of the calculation
surface.

The ellipsoidal height grid of the equipotential surface stands for the space position
of the equipotential surface, employed to calculate the integral distance.

The record format of the discrete calculation point file: ID (point no / point name),
longitude (decimal degrees), latitude, ellipsoidal height (m), ......

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

[Output file] The residual vertical deflection result file.

When the discrete calculation points file input, the output file record format Behind
the source calculation point file record, appends two columns of residual vertical
deflection southward and westward calculated, keeps 4 significant figures.
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When the ellipsoidal height grid file of the calculation surface input, the program
outputs the residual vertical deflection vector grid file with the same grid specifications
as the input grid file.

f’r "4 az ?b

Save as Import parameters ~ Start Computation  Save process ~ Follow example

» Computation of external vertical
deflection from gravity anomaly

« Computation of external vertical

~ 5 2
from gravity vs Vening-Meinesz integral formulas outside geoid

7 Open the ellipsoidal height grid file

>> Computation Process **
= of the equipotential surface

Operation Prompts &' Save computation process as

>> Open residual gravity anomaly grid file on equipotential surface C:/PAGravf4.5_\
resGMIigeoid541 1800.gra.
>> Open the calculation point position file C:/PAGravf4.5_) tgenVel
* Look at the file information in the window below, set the input file format paramete
>> Save the results as ra _winb4en/examples/IinigenVeningivieinesz/rsigra
* Record format: Behind the source calculation point file record, appends two columns of residual vertical deflection southward

and , keeps 4 sig figures.

>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.

>> Computation start time: 2023-03-19 12:37:34

>> Complete the computation of the vertical deflection outside the geoid!

2> Computation end time: 2023-03-19 12:39:44

u Open the residual gravity anomaly grid
file on the equipotential surface

Select calculation point file format
discrete ) points file

' Open the calculation point position file

Set input point file format

number of rows of file header 1

column ordinal number of ellipsoidal

height in the record 4

& Import setting parameters Start Computation

Integral radius 180 km

Height (m)

1
MT 94 BF NF K ORI WM N6 WK

BT 4 96 NK W WI WA WE WF
) s 4 a [ 2 n 6 6 4 2 ° 2 4

0r

200 w0 [
— " | —

gravity anomaly (mGal) vertical deflection (", S) vertical deflection (*, W)

@ The generalized Vening-Meinesz formula is derived from the generalized Stokes/Hotine formula and belongs to the solution of the Stokes boundary value problem. Which requires
the gravity ar to be on the surface.

@ The equipotential surfaoe can be constructed from a global geopotential model (not greater than 360 degrees), which can also be
surface with the altitude of not more than ten kilometers.

Pl by a normal (or )

In this example, the residual ground vertical deflection is calculated by the
generalized Vening-Meinesz integral from the residual gravity anomaly on the geoid,
and the integral radius is 180km. After the 2° area of the grid margin with integral edge
effect deducted, statistically analyze the 541 to 1800" degree model residual vertical
deflections (regarded as the true reference value), and the difference between the
results of the Vening-Meinesz integral and model reference value, which can be
employed to examine the performance of the algorithm.

The true reference standard

mean
model value (") ea

deviation

minimum

maximum

Ground vertical deflection (S) 0.0014

2.4951

-12.7789

14.2346

0.0097

Ground vertical deflection (W)

21772

-9.1577

10.4499

Differences between Integral

mean
and reference value(m)

standard
deviation

minimum

maximum

S" 0.0003

0.0380

-0.1061

0.1387

Numerical integral

W 0.0011

0.0289

-0.0830

0.1091

FFT2 S’ 0.0002

0.1107

-0.8974

0.7395
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w" 0.0011 0.1003 -0.6887 1.0743

FFT1

S” 0.0007 0.1090 -0.8189 0.6581

w* 0.0011 1.0866

0.0984 -0.6078

=5 b2 5

Save as Import parameters  Start Computati

£
Follow example

&
or Save process

i » Computation of external vertical

i Computation ot extame) yertical ; Vening-Meinesz integral formulas outside geoid

from gravity anomaly

from gravity

= Open the ellipsoidal height grid file
=3 of the equipotential surface

‘D Open the residual gravity anomaly grid
file on the equipotential surface

Select calculation point file format

ellipsoidal height grid file

-\ Open the ellipsoidal height grid file
<ol e caicuiation surface

Select integral algorithm

2D FFT algorithm

>> Computation Process 4. Save computation process as

>> Computation start time: 2023-03-19 12:42:44

>> Complete the computation of the vertical deflection outside the geoid!

>> Computation end time: 2023-03-19 12:45:01

>> Open the ellipsoidal height grid file of the calculation surface C:/PAGravf4.5_)\ 4 P 1tgenVenir
landbmsurfhgt.dat.

>> Compute external residual vertical deflection by 2D FFT algorithm.
>> Save the results as C:/PAGravf4.5_win64en/examples/IntgenVeningMeinesz/gratovmFFT2.dat. ]
>>The parameter settings have been entered Into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-19 12:46:32

>> Complete the computation of the vertical deflection outside the geoid!
>> Computation end time: 2023-03-19 12:46:34

** Operation Prompts

[ Integral radius 180 km CI

[ save the results as # Import setting parameters & Start Computatiol

vertical deflection (*, S) vertical deflection (*, W)

gravity anomaly (mGal)

@ The generalized Vening-Meinesz formula is derived from the generalized Stokes/Hotine formula and belongs to the solution of the Stokes boundary value problem. Which requires
the gravity ar to be on the eq; surface.

@ The equipotential surface can be constructed from a global geopotential model (not greater than 360 degrees), which can also be
surface with the altitude of not more than ten kilometers.

by a normal (or )

4.2.2 Computation of external vertical deflection from gravity disturbance

[Function] From the ellipsoidal height grid of the equipotential surface and residual
gravity disturbance (mGal) grid on the surface, compute the external residual vertical
deflection (", SW, to south, to west) by the generalized Vening-Meinesz integral.

[Input files] The ellipsoidal height grid file of the equipotential surface and the
residual gravity disturbance grid file on the surface with the same grid specifications,
and the calculation point position file or the ellipsoidal height grid file of the calculation
surface.

The ellipsoidal height grid of the equipotential surface stands for the space position
of the equipotential surface, employed to calculate the integral distance.

The record format of the discrete calculation point file: ID (point no / point name),
longitude (decimal degrees), latitude, ellipsoidal height (m),

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

[Output file] The residual vertical deflection result file.

When the discrete calculation points file input, the output file record format Behind
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the source calculation point file record, appends two columns of residual vertical
deflection southward and westward calculated, keeps 4 significant figures.

= 3 » a2 Am

Saveas Import parameters  Start Computation  Save process ~ Follow example

« Computation of external vertical « Computation of external vertical ~ |
deflection from gravity anomaly 1 from gravity disturbance PF Vening-Meineez Intoral fomilas oitskde geoid
a8 Open the ellipsoidal height grid file >> Comp Process ** Op Prompts 4. Save computation process as
of the equipotential surface .
>> Open residual gravity disturbance grid file on equipotential surface C:/PAGravf4.5_wir 2/

a8 Open the residual gravity disturbance grid | resGMigeoid541_1800.rga.

file on the equipotential surface >> Open the calculation point position file C:/PAGravf4.5_win64en/examples/IntgenVeningMeinesz/calcpnt.txt.
Select calculation point file format ** Look at the file information in the window below, set the input file format parameters...

>> Save the results as C: ravi4d 5_winoaen/examples/inigenveningMeinesz/rstrga. txt.
] discrete calculation points file ** Record format: Behind the source calculation point file record, appends two columns of residual vertical deflection southward
and westward calculated, keeps 4 significant figures.
9 Open the calculation point position file >>The parameter settings have been entered into the system!

7 ** Click the [Start Computation] control button, or the [Start Computation] tool button...
Set input point file format >> Computation start time: 2023-03-19 12:49:14

number of rows of file header 1 >> Complete the computation of the vertical deflection outside the geoid! I
column ordinal number of ellipsoidal >> Computation end time: 2023-03-19 12:51:29

height in the record

4

& Start Computation

Integral radius 180 km

Extract vertical deflection “ Plot|

i p
i

il

0w » W am aw £ 4 & 6 a2 & % o 4 2 4
gravity disturbance (mGal) vertical deflection (*, S) vertical deflection (*, W)

@ The generalized Vening-Meinesz formula is derived from the generalized Stokes/Hotine formula and belongs to the solution of the Stokes boundary value problem. Which requires
the integrand gravity to be on the eqL surface.

@ The equipotential surface can be constructed from a global geopotential model (not greater than 360 degrees), which can also be
surface with the altitude of not more than ten kilometers.

p by a normal (ortt equiheight

When the ellipsoidal height grid file of the calculation surface input, the program
outputs the residual vertical deflection vector grid file with the same grid specifications
as the input grid file.

Similarly, statistically analyze the difference between the results of integral and
model reference value, which can be employed to examine the performance of the
algorithm.

Differences between Integral standard
mean o
and reference value deviation

S” -0.0003 0.0274 -0.0872 0.0994
W* 0.0005 0.0200 -0.0646 0.0836
S” 0.0002 0.1072 -0.8692 0.7094
w” 0.0010 0.0959 -0.6204 1.0981
S” 0.0007 0.1058 -0.7910 0.6481
w” 0.0010 0.0959 -0.6204 1.0981

minimum | maximum

Numerical integral

FFT2

FFT1

Furtherly, statistically analyze the differences between the results of Vening-
Meinesz integral from gravity anomaly and gravity disturbance.
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= -

E; % > a4 Qs

Save as Import parameters ~ Start Computation  Save process ~ Follow example
» Computation of external vertical « Computation of external vertical B8 Vering:Meinasz intstiral formtas outslde geoid
deflection from gravity anomaly 1 from gravity disturbance > 9 g g
Open the ellipsoidal height grid file >>C Process ** O Prompts 4. Save computation process as

al
_5 of the equipotential surface 5
>> Computation start time: 2023-03-19 12:49:14

3 Open the residual gravity disturbance grid >> Complete the computation of the vertical deflection outside the geoid!
file on the equipotential surface >> Computation end time: 2023-03-19 12:51:29

Select calculation point file format >> Open the ellipsoidal height grid file of the calculation surface C:/PAGravf4.5_win64er genVeningMeinesz/

landbmsurfhgt.dat

[ ellipsoidal height grid file >> Compute external residual vertical deflection by 1D FFT algorithm.
>> Save the results as C:/PAGravf4.5_win64en/examples/IntgenVeningMeinesz/rgatovmFFT1.dat ]
g Open the ellipsoidal height grid file >5 ;e parame;er se;mgs ;ave ;een en;ere; |n;o the system

ol the caicuiation surface ** Click the [Start Computation] control button, or the [Start Computation] tool button...
Select Integral algorithm >> Computation start time: 2023-03-19 12:53:30
>> Complete the computation of the vertical deflection outside the geoid!

1D FFT algorithm >> Computation end time: 2023-03-19 12:53:54

[ Integral radius 180 km CI

[} save the results as # Import setting parameters

-0 - 100 L) o 200 300 13 10 S o 3 w 13 13 W 9 ° S 10 13
— QR :
gravity disturbance (mGal) vertical deflection (", S) vertical deflection (", W)
@ The generalized Vening-Meinesz formula is derived from the generalized Stokes/Hotine formula and belongs to the solution of the Stokes boundary value problem. Which requires
the integrand gravity to be on the equi surface.
@ The equipotential surface can be constructed from a global geopotential model (not greater than 360 degrees), which can also be rep by a normal (ortt equiheight

surface with the altitude of not more than ten kilometers.

Differences from gravity standard
: mean o
anomaly and disturbance deviation

S" -0.0000 0.0062 -0.0286 0.0329
w* 0.0003 0.0059 -0.0206 0.0261
S’ -0.0000 0.0062 -0.0286 0.0329
w* 0.0001 0.0050 -0.0189 0.0244
S’ -0.0000 0.0062 -0.0284 0.0325
w* 0.0001 0.0050 -0.0189 0.0241

minimum | maximum

Numerical integral

FFT2

FFT1

4.3 Inverse integral and integral of inverse operation on anomalous field
element

[Purpose] Using the inverse integral or integral of inverse operation method,
compute the anomalous gravity field element on the geoid or in its outer space from the
ellipsoidal height grid of the equipotential surface and height anomaly (m) or vertical
deflection vector (") grid on the surface.

The integral of inverse operation formula belongs to the solution of the Stokes
boundary value problem, which requires the integrand height anomaly or vertical
deflection to be on the equipotential surface.

The inverse integral adopts the combination algorithm with Poisson integral and
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differentiation of anomalous field element, which does not require that the boundary
surface should be a gravity equipotential surface.

It is usually necessary to employ the remove-restore scheme with a reference
geopotential model to use the finite radius for gravity field integral. Firstly, remove the
model values of source field element on the boundary surface, then compute the
residual values of target field element at the calculation point by inverse integral and
integral of inverse operation, and finally restore the model values of target field element
at the calculation point.

4.3.1 Computation of gravity anomaly by the inverse Stokes integral

[Function] From the ellipsoidal height grid of the equipotential boundary surface and
residual height anomaly (m) grid on the surface, compute the residual gravity anomaly
(mGal) on the equipotential surface by the inverse Stokes integral.

[Input files] The ellipsoidal height grid file of the equipotential surface and height
anomaly grid file on the surface with the same grid specifications, and the calculation
point position file on the surface.

The ellipsoidal height grid of the equipotential surface stands for the space position
of the equipotential surface, which is employed to calculate the integral distance.

The record format of the discrete calculation point file: ID (point no / point name),
longitude (decimal degrees), latitude, ......

Y = . P
= % > & An
Saveas Importg parameters ~ Start Computation  Save process  Follow example
Computation of gravity anomaly c of gravity c of the inverse Computation of anomalous field m; Integral formula of
" by the inverse Stokes integral * by the inverse Hotine integral * Vening Meinesz integral “ elements from height anomaly ** inverse operation
1 Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4! Save computation process as
of the equipotential surface
outer space from the ellipsoidal height grid of the equipotential surface and height anomaly (m) or vertical deflection vector (*) grid on the surface.
1 Open the height anomaly grid file >> Select the function module from the four control buttons at the top of the interface.
== on the equipotential surface >> [Function] From the ellipsoidal height grid of the equipotential boundary surface and residual height anomaly (m) grid on the surface, compute the

residual gravity anomaly on the equipotential surface by the inverse Stokes integral. |

Select calculation point file format ** Input the eliipsoidal height grid file of the equipotential surface and height anomaly grid file on the surface with the same grid specifications.

discrete calculation points file >> Open the ellipsoidal height grid file of the surface C. 5.\ dat. |
>> Open the height anomaly grid file on the surface C 5.\ 1_1800.ksi.
Open the calculation points file >> Open the calculation points file on the equipotential surface C:/PAGravf4.5 1 pnt.txt |

* on the equipotential surface ** Look at the file information in the window below. set the input file format parameters.
>> Save the resulls as C/PAGTavia 5_winbaen/examples/integralgrainverse/invsik. it
Set input point file format >> Behind the input calculation points file record, appends a column of ellipsoidal height of the point from the height
number of rows of file header 1 S rid of the equipotential surface and a column of integral value of the residual gravity anomaly.

>> The parameter settings have been entered into the system! |

** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-05-26 12:07:29

>> Complete the computation!

>> Computation end time: 2023-05-26 12:08:21

Integral radius 150 km 5 [ Save the results as ¥ Import setting parameters & Start Computatior

371

[ Ignore the ellipsoidal height

33

height anomaly (m) gravity anomaly (mGal)

@ The integral of inverse operation formula belongs to the solution of the Stokes boundary value problem, which requires the integrand height anomaly or vertical deflection to be on the equipotential |
surface. The inverse integral adopts the combination algorithm with Poisson integral and differentiation of anomalous field element, which does not require that the boundary surface should be a |
gravity equipotential surface.

@ The surface can be from a global model (not greater than 360 degrees), which can also be represent by a normal (orthometric) equiheight surface with the
altitude of not more than ten kilometers.

|

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.
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When the ellipsoidal height grid file selected, the program let the ellipsoidal height
grid of the equipotential surface as the calculation surface.

[Output file] The residual gravity anomaly result file.

When the discrete calculation points file input, the output file record format: Behind
the input calculation points file record, appends a column of ellipsoidal height of the
calculation point interpolated from the ellipsoidal height grid of the equipotential surface
and a column of integral value of the residual gravity anomaly.

When calculated on the calculation surface, the program outputs the residual
vertical deflection vector grid file with the same grid specifications as the input grid file.

Y = -
) o &7 A
Save as Importg parameters  Start Computation  Save process ~ Follow example
. Computation of gravity anomaly . Computation of gravity disturbance . Computation of the inverse Computation of anomalous field m: Integral formula of
* by the inverse Stokes integral * by the inverse Hotine integral Vening Meinesz integral * elements from height anomaly ** inverse operation
a) Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4 Save computation process as
= of the equipotential surface
>> The parameter settings have been entered into the system!
. Open the height anomaly grid file ** Click the [Start Computation] control button, or the [Start Computation] tool button
= on the equipotential surface >> Computation start time: 2023-05-26 12:07:29
>> Complete the computation!
Select calculation point file format s G end time: 2023-05-26 12:08:21
ellipsoidal height grid file >> [Function] From the ellipsoidal height grid of the equipotential boundary surface and residual height anomaly (m) grid on the surface, compute the

re5|dual gravity anomaly on the equipotential surface by the inverse Stokes integral
Select integral algorithm ** Input the ellipsoidal height grid file of the equipotential surface and height anomaly grid file on the surface with the same grid specifications.
>> Open the ellipsoidal height grid file of the equipotential surface C: _winbder wersellar dat
>> Open the height anomaly grid file on the equipotential surface C:/PAGravi4 5 41_1800.Ksi.
>> Compute by 2D FFT

>> Save the results as C 5 gralg FT2.dat |
>>The parameter sefings have been entered Inio the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-05-26 12:10:08
>> Complete the computation!
>> Computation end time: 2023-05-26 12:10:10

Integral radius 150 km 5 5l save the results as ¥ Import setting parameters & Start Computatio

height anomaly (m) gravity anomaly (mGal)

@ The integral of inverse operation formula belongs to the solution of the Stokes boundary value problem, which requires the integrand height anomaly or vertical deflection to be on the equipotential
surface. The inverse integral adopts the combination algorithm with Poisson integral and differentiation of anomalous field element, which does not require that the boundary surface should be a |
gravity equipotential surface.

@ The equipotential surface can be from a global model (not greater than 360 degrees), which can aiso be repi by a normal surface with the
altitude of not more than ten kilometers.

In this example, the residual gravity anomaly on the geoid is calculated by the
inverse Stokes integral from the residual height anomaly on the geoid, and the integral
radius is 150km. After the 2° area of the grid margin with integral edge effect deducted,
statistically analyze the 541 to 1800 degree model residual gravity anomalies
(regarded as the true reference value) on the geoid, and the differences between the
results of the integral and model reference values, which can be used to examine the
performance of the algorithm.

The true reference standard - maximu
mean minimum
model value (mGal)

deviation m
541~1800th degree residual
gravity anomalies

0.4334 | 34.0852 | -170.9556 | 177.8780

96



Differences between Integral standard
mean o
and reference value (mGal) deviation

Numerical integral -0.0415 2.9285 | -15.2734 | 14.6970
FFT2 -0.0433 2.8208 | -11.9201 | 13.3607
FFT1 -0.0444 3.0509 | -15.7950 | 15.5242

minimum | maximum

4.3.2 Computation of gravity disturbance by the inverse Hotine integral

[Function] From the ellipsoidal height grid of the equipotential boundary surface and
residual height anomaly (m) grid on the surface, compute the residual gravity
disturbance on the surface by the Hotine integral of inverse operation.

[Input files] The ellipsoidal height grid file of the equipotential surface and height
anomaly grid file on the surface with the same grid specifications, and the calculation
point position file on the surface.

The ellipsoidal height grid of the equipotential surface stands for the space position
of the equipotential surface, which is employed to calculate the integral distance.

The record format of the discrete calculation point file: ID (point no / point name),
longitude (decimal degrees), latitude, ......

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

When the ellipsoidal height grid file selected, the program let the ellipsoidal height
grid of the equipotential surface as the calculation surface.

= : > 8z @
Saveas Importg parameters  Start Computation  save process  Follow example
Computation of gravity anomaly Computation of gravity disturbance Computation of the inverse Computation of anomalous field m: Integral formula of
* by the inverse Stokes integral * by the inverse Hotine integral * Vening Meinesz integral * elements from height anomaly ** inverse operation
) Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4! Save computation process as

= of the equipotential surface
>> Complete the computation!
7] Open the height anomaly grid file >> Computation end time: 2023-05-26 12:11:15

& on the equipotential surface >> [Function] From the ellipsoidal height grid of the equipotential boundary surface and residual height anomaly (m) grid on the surface, compute the
residual gravity disturbance on the surface by the Hotine integral of inverse operation
Select calculation point file format ** Input the eliipsoidal height grid file of the equipotential surface and height anomaly grid file on the surface with the same grid specmcalmns
>> Open the ellipsoidal height grid file of the surface C X dat
>> Open the height anomaly grid file on the equipotential surface C:/PAGravf4.5_\ 1_1800.ksi.
Open the calculation points file >> Open the calculation points file on the equipotential surface C:/PAGravi4.5 ont.txt
— on the equipotential surface * Look at the file in the window below. set the input file format
>> Save (he resulls as C/PAGIavi4.5_winb: ntegralgrain otine. txt.
Set input point flle format >> Behind the input calculation points file record, appends a column of ellipsoidal height of the point from the height | |
number of rows of file header 1 S rid of the equipotential surface and a column of integral value of the residual gravity disturbance.
>> The parameter settings have been entered into the system! f
** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-05-26 12:12:34
>> Complete the computation!

>> Computation end time: 2023-05-26 12:13:28
Integral radius 150 km 5 [ Save the results as ¥ Import setting parameters & Start Computatior

4.7198

Ignore the ellipsoidal heig

height anomaly (m) gravity disturbance (mGal)

@ The integral of inverse operation formula belongs to the solution of the Stokes boundary value problem, which requires the integrand height anomaly or vertical deflection to be on the equipotential [
surface. The inverse integral adopts the combination algorithm with Poisson integral and differentiation of anomalous field element, which does not require that the boundary surface should be a |
gravity equipotential surface.

@ The surface can be from a global model (not greater than 360 degrees), which can also be represent by a normal (orthometric) equiheight surface with the
altitude of not more than ten kilometers.

[Output flle] The reS|duaI graV|ty dlsturbance result file.
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When the discrete calculation points file input, the output file record format: Behind
the input calculation points file record, appends a column of ellipsoidal height of the
calculation point interpolated from the ellipsoidal height grid of the equipotential surface
and a column of integral value of the residual gravity disturbance.

When calculated on the calculation surface, the program outputs the residual
vertical deflection vector grid file with the same grid specifications as the input grid file.

k=) % » &z A

Save as Importg parameters Save process  Follow example

Computation of gravity anomaly [& of gravity C of the inverse
* by the inverse Stokes integral * by the inverse Hotine integral * Vening Meinesz integral

Computation of anomalous field
* elements from height anomaly

¢ Integral formula of
** inverse operation

=1 Open the ellipsoidal height grid file

>> Computation Process * Operation Prompts
= of the equipotential surface

4. Save computation process as

>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-05-26 12:12:34
>> Complete the computation!
>> C end time: 2023-05-26 12:13:28

= Open the height anomaly grid file
& on the equipotential surface

Select calculation point file format
ellipsoidal height grid file

Select integral algorithm

>> [Function] From the ellipsoidal height grid of the equipotential boundary surface and residual height anomaly (m) grid on the surface, compute the
residual gravity disturbance on the surface by the Hotine integral of inverse operation
** Input the ellipsoidal height grid file of the equipotential surface and height anomaly grid file on the surface with the same grid specifications.

1D FFT algorithm >> Open the ellipsoidal height grid file of the surface C X dat
>> Open the height anomaly grid file on the surface C 5., 1_1800.Ksi
>> Compute by 10 FFT algorithm
>> Save the results as C 5 T1.dat |

55 The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button

>> Computation start time: 2023-05-26 12:15:37

>> Complete the computation!

>> Computation end time: 2023-05-26 12:15:55

}=) save the results as

# Import setting parameters § start

Integral radius 150 km s

. Plot]
- w e o o
e A > -
== S0NT <
5} S5 £

height anomaly (m) gravity disturbance (mGal)

@ The integral of inverse operation formula belongs to the solution of the Stokes boundary value problem, which requires the integrand height anomaly or vertical deflection to be on the equipotential
surface. The inverse integral adopts the combination algorithm with Poisson integral and differentiation of anomalous field element, which does not require that the boundary surface should be a |
gravity equipotential surface.

surface can be
altitude of not more than ten kilometers.

from a global model (not greater than 360 degrees), which can also be represent by a normal (orthometric) equiheight surface with the

In this example, the residual gravity disturbance on the geoid is calculated by Hotine
integral of inverse operation from the residual height anomaly on the geoid, and the
integral radius is 150km. After the 2° area of the grid margin with integral edge effect
deducted, statistically analyze the 541 to 1800 degree model residual gravity
disturbances (regarded as the true reference value) on the geoid, and the differences
between the results of the integral and model reference values, which can be used to
examine the performance of the algorithm.

The true reference
model value (mGal)

mean

standard
deviation

minimum

maximu
m

541~1800th degree residual
gravity disturbances

0.4348

34.1479

-171.3088

178.1561

Differences between Integral
and reference value (mGal)

mean

standard
deviation

minimum

maximum

Numerical integral

0.1277

2.9277

-9.6849

9.6267

FFT2

-0.0451

2.8982

-12.2656

13.7990

FFT1

0.1326

2.9671

-9.8383

9.7441
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4.3.3 Computation of the inverse Vening Meinesz integral
[Function] From the ellipsoidal height grid of the equipotential boundary surface and
residual vertical deflection vector (", SW) grid on the surface, compute the residual
height anomaly, gravity anomaly and gravity disturbance on the surface by the inverse
Vening Meinesz integral.

[Input files] The ellipsoidal height grid file of the equipotential surface and vertical
deflection vector grid file on the surface with the same grid specifications, and the
calculation point position file on the surface.

The ellipsoidal height grid of the equipotential surface stands for the space position
of the equipotential surface, which is employed to calculate the integral distance.

The record format of the discrete calculation point file: point no / point name,
longitude (decimal degrees), latitude,

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

When the ellipsoidal height grid file selected, the program let the ellipsoidal height
grid of the equipotential surface as the calculation surface.

[Output file] The inverse Vening Meinesz integral result file.

e
= | 7

Saveas Importg parameters  Start

- Computation of gravity anomaly
" by the inverse Stokes integral

7 Open the ellipsoidal height grid file
= of the equipotential surface

71 Open the vertical deflection vector grid
= file on the equipotential surface

Select calculation point file format
discrete calculation points file

Open the calculation points file
# on the equipotential surface

Set input point file format

number of rows of file header 1

> &7

Con

. Computation of gravity disturbance
* by the inverse Hotine integral

An

putation  Save process  Follow example

- Computation of anomalous field
* elements from height anomaly

. Computation of the inverse
" Vening Meinesz integral

»: Integral formula of
** inverse operation

&:! Save computation process as

>> Computation Process ** Operation Prompts

>> [Function] From the ellipsoidal height grid of the equipotential boundary surface and residual vertical deflection vector (*, SW) grid on the surface,
compute the residual height anomaly, gravity anomaly and gravity disturbance on the surface by the inverse Vening Meinesz integral.

** Input the ellipsoidal height grid file of the equipotential surface and vertical deflection vector grid file on the surface with the same grid
specifications.
>> Open the ellipsoidal height grid file of the equip surface C: werse/lar dat
>> Open the vertical deflection vector grid file on the equipotential surface C: /PAGvavM 5_\
resGMIigeoid541_1800.dft.
>> Open the calculation points file on the surface C 5 | pnt.txt

* Look at the file information in the window below, set the input file format parameters.

>> Save the results as C./PAGravi4.5_winbaen/examples/integraigrainverse/invVm it
>> Behind the input calculation points file record, appends a column of ellipsoidal height of the point from the

rid of the equipotential surface and 3 columns of attributes including the residual height anomaly, gravity anomaly and gravity disturbance.

height

>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button

>> Computation start time: 2023-05-26 12:18:25

>> Complete the computation!

>> Computation end time: 2023-05-26 12:19:29

“:g Save the results as ¥ Import setting parameters & Start Computatio

Integral radius 150 km =
ecimal) -Yat ellipHeiak

A Plot}
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gravity disturbance (mGal)

height anomaly (m)

@ The integral of inverse operation formula belongs to the solution of the Stokes boundary value problem, which requires the integrand height anomaly or vertical deflection to be on the equipotential
surface. The inverse integral adopts the combination algorithm with Poisson integral and differentiation of anomalous field element, which does not require that the boundary surface should be a |
gravity equipotential surface.

@ The equipotential surface can be
altitude of not more than ten kilometers.

surface with the

by a normal

from a global model (not greater than 360 degrees), which can also be rep

When the discrete Calculatlon pomt file input, the output file record format Behlnd
the input calculation points file record, appends a column of ellipsoidal height of the
calculation point interpolated from the ellipsoidal height grid of the equipotential surface
and 3 columns of attributes including the residual height anomaly, gravity anomaly and
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gravity disturbance.
When calculated on the calculation surface, the output file record format: point
no/name, longitude, latitude, ellipsoidal height, residual height anomaly, gravity anomaly
and gravity disturbance.
The program also outputs (residual) height anomaly (*.ksi), gravity disturbance
(*.rga) and gravity anomaly (*.gra) grid file into the current directory, where * is the output
file name entered from the interface.

k=) 5 =~ a7 Ae

Save as Importg parameters  Start Computation  Save process ~ Follow example

¢ Integral formula of

- Computation of anomalous field o}
" inverse operation

* elements from height anomaly

. Computation of the inverse
" Vening Meinesz integral

. Computation of gravity disturbance
* by the inverse Hotine integral

- Computation of gravity anomaly
* by the inverse Stokes integral

&) Open the ellipsoidal height grid file & Save computation process as

>> Computation Process ** Operation Prompts
= of the equipotential surface

>> Computation end time: 2023-05-26 12:19:29
>> [Function] From the ellipsoidal height grid of the equipotential boundary surface and residual vertical deflection vector (*, SW) grid on the surface,
compute the residual height anomaly, gravity anomaly and gravity disturbance on the surface by the inverse Vening Meinesz integral.

** Input the ellipsoidal height grid file of the equipotential surface and vertical deflection vector grid file on the surface with the same grid
specifications.
>> Open the ellipsoidal height grid file of the equip

=1 Open the vertical deflection vector grid
= file on the equipotential surface

Select calculation point file format

ellipsoidal height grid file

Select integral algorithm
2D FFT algorithm

surface C:/P/ f4.5 dat

>> Open the vertical deflection vector grid file on the equipotential surface C:/PAGravf4.5_)\
resGMigeoid541_1800.dft.

>> Save the results as C:/PAGravf4.5_win64en/examples/Integralgrainverse/invWMFFT2.txt

>> Save the height anomaly grid as C-/PAGravi4.5_winbaen/examples/integralgrainverse/invVMFF 12 Ks|

>> Save the gravity grid as C 5.\ MFFT2.rga
>> Save the gravity anomaly grid as C:/PAGravf4.5 win64en/examples/Integralgrainverse/invWMFFT2.gra.
>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-05-26 12:21:33
>> Complete the computation!
>> Computation end time: 2023-05-26 12:21:36

[ save the results as ¥ Import setting parameters & Start Computatio

Integral radius 150 km s
)| 102. )0C 30.25

result eleme:

4% 0 S0 0 % e i

height anomaly (m) gravity disturbance (mGal)

@ The integral of inverse operation formula belongs to the solution of the Stokes boundary value problem, which requires the integrand height anomaly or vertical deflection to be on the equipotential
|
surface. The inverse integral adopts the combination algorithm with Poisson integral and differentiation of anomalous field element, which does not require that the boundary surface should be a |

gravity equipotential surface.
@ The equipotential surface can be
altitude of not more than ten kilometers.

In this example, the residual geoidal height, gravity anomaly and gravity
disturbance on the geoid are calculated by the inverse Vening Meinesz integral from the
residual vertical deflection vector on the geoid, and the integral radius is 150km. After
the 2° area of the grid margin with integral edge effect deducted, statistically analyze
the 541 to 1800 degree model residual geoidal heights, gravity anomalies and gravity
disturbances (regarded as the true reference value) on the geoid, and the differences
between the results of the integral and model reference values, which can be used to
examine the performance of the algorithm.

surface with the

by a normal

from a global model (not greater than 360 degrees), which can also be repi

The true reference
model value

mean

standard
deviation

minimum

maximum

residual geoidal heights (m)

0.0045

0.2172

-1.1490

0.9110

residual gravity disturbances (mGal)

0.4348

34.1479

-171.3088

178.1561

residual gravity anomalies (mGal)

0.4334

34.0852

-170.9556

177.8780
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Differences between Integral and mean standard minimum. | maximum
reference value deviation
residual geoidal -0.0002 | 0.0331| -0.1066 0.1266
height (m)
Numerical residual gravity -0.0281 3.5304 -19.8306 155799
integral | disturbances (mGal) : ’ : :
iesidualigravity -0.0280 | 35293 | -19.8233| 155701
anomalies (mGal)
residual geoidal 0.0001 | 0.0337| -0.1057 0.1271
height (m)
FFT2 |  fesidual gravity 0.0131 | 24732 | -12.3026 9.8919
disturbances (mGal)
residual gravity 0.0131 | 24729 | -12.2973 9.8831
anomalies (mGal)
residual geoidal -0.0001 | 0.0332| -0.1068 0.1263
height (m)
FFT1 |  fesidual gravity .0.0283 | 35527 | -19.9907 | 15.7164
disturbances (mGal)
residual gravity -0.0283 | 35516 | -19.9830| 15.7072
anomalies (mGal)

4.3.4 Computation of external anomalous gravity field elements from height
anomaly

[Function] From the ellipsoidal height grid of the boundary surface and residual
height anomaly grid (m) on the surface, compute the residual gravity anomaly (mGal),
gravity disturbance (mGal) and vertical deflection vector (", SW) on the geoid or in its
outer space. The inverse operation of height anomaly adopts the combination algorithm
with Poisson integral and differentiation, which does not require that the boundary
surface should be a gravity equipotential surface.

[Input files] The ellipsoidal height grid file of the equipotential surface and height
anomaly grid file on the surface with the same grid specifications, and the calculation
point position file or ellipsoidal height grid file of the calculation surface.

The ellipsoidal height grid of the equipotential surface stands for the space position
of the equipotential surface, which employed to calculate the integral distance.

The record format of the discrete calculation point file: ID (point no / point name),
longitude (decimal degrees), latitude, ellipsoidal height (m), ......

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

[Output file] The external anomalous field elements result file.

When the discrete calculation points file input, the output file record format: Behind
the input calculation points file record, appends 4 columns of attributes including
residual gravity anomaly, residual gravity disturbance and residual vertical deflection
southward and westward.
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k=) 3 = az A

Save as Importg parameters  Start Computatior Save process  Follow example
Computation of gravity anomaly - of gravity C of the inverse . Computation of anomalous field m¢ Integral formula of
* by the inverse Stokes integral = by the inverse Hotine integral vemng Meinesz integral * elements from height anomaly ** inverse operation
) Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4! Save computation process as
= of the boundary surface
>> [Function] From the ellipsoidal height grid of the boundary surface and residual height anomaly grid (m) on the surface, compute the residual gravity
&) Open the height anomaly grid file anomaly (mGal), gravity disturbance (mGal) and vertical deflection vector (", SW) on the geoid or in its outer space. The inverse operation of height
“ on the boundary surface anomaly adopts the combination algorithm with Poisson integral and differentiation, which does not require that the boundary surface should be a
gravity equipotential surface
Select calculation point file format * Input the ellipsoidal height grid of the boundary surface and height anomaly grid file on the surface with the same grid specifications.

discrete calculation points file >> Open the ellipsoidal height grid file of the boundary surface C: ravf4.5_win64er dat.
1_1800.ksi.

>> Open the height anomaly grid file on the boundary surface C:/PAGravf4.5_\
@ Open the calculation point position file | |>> Open the calculation point position file C: 5\ xt
** Look at the file information in the window below, set the input file format paramelers

Set input point file format >> Save ihe results as @ _winbden/examples/integralgrainverse/nvksiouter txt
number of rows of file header 1 + |>> Behind the input calculation points file record, appends 4 columns of attributes including residual gravity anomaly, residual gravity disturbance and
residual vertical and
>> The parameter setlings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button |
>> Computation start time: 2023-05-26 12:25:54 I

>> Complete the computation!
>> Computation end time: 2023-05-26 12:34:40
pec & P R — R . {

Integral radius 150 km v ) save the results as ¥ Import setting parameters & Start Computatior
A Heigh Extract result element .
1

gravity disturbance (mGal) vertical deflection S (")

@ The integral of inverse operation formula belongs to the solution of the Stokes boundary value problem, which requires the integrand height anomaly or vertical deflection to be on the equipotential

surface. The inverse integral adopts the combination algorithm with Poisson integral and differentiation of anomalous field element, which does not require that the boundary surface should be a |
gravity equipotential surface. |
@ The equipotential surface can be from a global model (not greater than 360 degrees), which can also be rep by a normal surface with the

When the ellipsoidal height grid file input, the output file record format: point
no/name, longitude, latitude, ellipsoidal height residual gravity anomaly, residual gravity
disturbance and residual vertical deflection southward and westward.

The program also outputs (residual) gravity anomaly (*.gra), gravity disturbance
(*.rga) and vertical deflection vector(*.dft) grid file into the current directory, where * is
the output file name entered from the interface.

In this example, the ground residual gravity anomaly, gravity disturbance and
vertical deflection are computed from the residual geoidal height, and the integral radius
is 150km. After the 2° area of the grid margin with integral edge effect deducted,
statistically analyze the 541 to 1800 degree model residual gravity anomalies, residual
gravity disturbances and residual vertical deflections (regarded as the true reference
value) on the ground, and the differences between the results of the integral and model
reference values, which can be employed to examine the performance of the algorithm.

The 541 to 1800" degree true standard - .
mean minimum | maximum

reference model value deviation

Ground residual gravity -0.0349 | 157184 | -93.7784 | 66.5507
anomalies (mGal)

Ground residual gravity -0.0346 | 157527 | -93.9854 | 66.6638
disturbances (mGal)

Ground vertical deflection (", S) 0.0014 24951 | -12.7789 14.2346
Ground vertical deflection (", W) | 0.0097 21772 -9.1577 10.4499
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Differences between Integral and standard

mean . minimum | maximum
reference value deviation

Ground residual gravity
anomalies (mGal)

Ground residual gravity 0.0100 | 20929 | -8.3217| 10.8982
disturbances (mGal) ' : ' :

Ground vertical deflection (", S) 0.0004 0.0075 -0.0357 0.0388
Ground vertical deflection (", W) 0.0003 0.0076 -0.0362 0.0358

-0.0104 2.0577 -8.2097 | 10.7064

£ Inverse integral and integral of inverse operation on anomalous field element
. = - ~ P
ﬁ &z A
Saveas Importg parameters  Start Computation  Save process  Follow example
.. Computation of gravity anomaly . Ct ion of gravity di: . Ci ion of the inverse .. Computation of anomalous field ¢ Integral formula of
“ by the inverse Stokes integral “ by the inverse Hotine integral " Vening Meinesz integral " elements from height anomaly inverse operation

¢ ﬂ Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts

4.' Save computation process as
of the boundary surface

the residual gravity anomaly (mGal), grav}ly disturbance (mGal) and vertical deflection vector (*, SW) on the geoid or in its outer space. Al
The inverse operation of height anomaly adopts the combination algorithm with Possion integral and differentiation, which does not

_! Open the height anomaly grid file
require that the boundary surface should be a gravity equipotential surface.

on the boundary surface

| Select calculation point file format . e::r:}?:::t:gﬁ selllps<>|c|a| height grid of the boundary surface and the height anomaly grid file on the surface with the same grid
ellipsoidal height grid file >> Open the height anomaly grid file on the boundary surface C:/PAGravf4.5_\

resGMigeoid541_1800.ksi

Open the ellipsoidal height grid file >> Open the ellipsoidal height grid file
] of the calculation surface of the calculation surface C:/PAGravf4.5 win64en/examples/Integralgrainverse/landbmsurfhgt dat
>> Save the gravity anomaly grid as C:/PAGravf4.5_win64en/examples/Integralgrainverse/surfgravfd.gra

>> Compulalloﬂ start time: 2022-09-09 04:15 18
>> Complete the computation!
>> Computation end time: 2022-09-09 06:51:59

Integral radius | 150 km 5 ﬂ Save the results as ¥ Import setting parameters & Start Computation
|

Display of the input-output file|

102.000€

£ The integral of inverse operation formula belongs to the solution of the Stokes boundary value problem. Which requires the integrand height anomaly or vertical deflection to be on the
equipotential surface. The inverse integral adopts the combination algorithm with Possion integral and differentiation of anomalous field element, which does not require that the boundary
surface should be a gravity equipotential surface.

[ tis usually necessary to employ the remove-restore scheme with a reference geopotential model to use the finite radius for gravity field integral. Firstly, remove model values of

source field element on the boundary surface, then compute the residual values of target field element at the calculation point by inverse integral and integral of inverse operation, and
finally restore the model values of target field element at the calculation point.

4.4 Gradient and Poisson integral computation of external gravity field

element

[Purpose] Using rigorous numerical integral method, carry out the radial gradient
integral, integral inverse, inverse operation integral and Poisson integral operation on
the anomalous gravity field element.

The radial gradient integral algorithm of the anomalous field element is derived from
the solution of the Stokes boundary value problem, which requires the integrand field
elements to be on the equipotential surface. The Poisson integral is the solution of the
first boundary value problem in the mathematical sense, and the boundary surface is
not required to be an equipotential surface.
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4.4.1 Operation of radial gradient integral on anomalous gravity field element

[Function] From the ellipsoidal height grid of the equipotential boundary surface and
anomalous gravity field element grid on the surface, compute the radial gradient (/km)
of the field element on the surface by the numerical integral.

[Input files] The ellipsoidal height grid file of the equipotential surface and
anomalous field element grid file on the surface with the same grid specifications, and
the calculation point position file on the surface.

The ellipsoidal height grid of the equipotential surface stands for the space position
of the equipotential surface, employed to calculate the integral distance.

The record format of the discrete calculation point file: ID (point no / point name),
longitude (decimal degrees), latitude, ......

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

When the ellipsoidal height grid file selected, the program let the ellipsoidal height
grid of the equipotential surface as the calculation surface.

[ 1 2 K. a7 A
Save as Import parameters  Start Computation  Save process  Follow example
Operation of radial gradient Computation of external Computation of disturbing Computation of external Computation of Poisson
» integral on anomalous "% gravity disturbance from « gravity gradient by inverse « disturbing gravity gradient " integral on external
gravity field element gravity gradient operation integral from gravity disturbance anomalous field element
71 Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4:! Save computation process as

== of the boundary surface
ry >> [Function] From the ellipsoidal height grid of the equipotential boundary surface and anomalous gravity field element grid on the surface,

7 Open the anomalous field element grid oompule the radial gradient (/km) of the field element on the surface by the numerical integral.

& file on the boundary surface * Input the ellipsoidal height grid file of the equipotential surface and height anomaly grid file on the surface with the same grid speclrcanons
>> Open the ellipsoidal height grid file of the equip surface C: avid.5_) g at
Select calculation point file format >> Open anomalous field element grid file on the eqt surface C: 5.\
discrete calculation points file resGMigeoid541_1800.ksi.
>> Open the calculation points file on the surface C: 5 txt.
3 Open the calculation point position file * Look at the file information in the window below, set the input file format parameters

— >> Save the radial gradient as ravid.5_wine4en/examples/inigendisigradientragradient it
Set input point file format >> Behind the input calculation point file record, appends a column of height of the point from the
. | height grid of the equipotential surface and a column of calculated radial gradient
number of rows of file header 1 = 5> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-05-26 13:10:54
>> Complete the computation!
>> Computation end time: 2023-05-26 13:11:28

Integral radius 120 km s [} save the results as # Import setting parameters & Start Computati

Lon (de Height (m)

NT 6 GE X W KT e e WF

058 406 00 0 0 OO 054 006 G 01
— R

anomalous field element on surface radial gradient (/km) of element

@ The radial gradient integral algorithm of the anomalous field element is derived from the solution of the Stokes boundary value problem, which requires the integrand field elements to be on the
equipotential surface. The Poisson integral is the solution of the first boundary value problem in the mathematical sense, and the boundary surface is not required to be an equipotential surface

@ The surface can be constructed from a global model (not greater than 360 degrees), which can also be by a normal ql ight surface with the
altitude of not more than ten kilometers.

[Output file] The radial gradient result file.

When the discrete calculation points file input, the output file record format: Behind
the input calculation points file record, appends a column of ellipsoidal height of the
calculation point interpolated from the ellipsoidal height grid of the equipotential surface
and a column of calculated radial gradient.

When calculated on the calculation surface, the program outputs the radial gradient
(/km) grid file with the same grid specifications as the input grid file.
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k= 3 o az an

Save as Import parameters  Start Computal Save process  Follow example
Operation of radial gradient Computation of external Computation of disturbing Computation of external Computation of Possion
integral on anomalous gravity disturbance from gravity gradient by inverse disturbing gravity gradient * Integral on external
gravity field element disturbing gravity gradient operation integral from gravity disturbance anomalous field element
71 Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts &/ Save computation process as
& of the boundary surface
** Look at the file information in the window below, set the input file format parameters.
#) Open the anomalous field element grid >> Save the radial gradient as C:/PAGravf4.5_\ xt.
= file on the boundary surface >> Behind the input calculation point file record, appends a column of height of the ) point from the
height grid of the equipotential surface and a column of calculated radial gradient.
Select calculation point file format >> The parameter settings have been entered into the system!
| [elipsoidal height gnid file ** Click the [Start Computation] control button, or the [Start Computation] tool button.
P g g >> Computation start time: 2023-03-19 20:13:52

| >> Complete the computation!

>> Computation end time: 2023-03-19 20:14:35
| >> Save the radial gradient as C-/PAGrav4 5 g dat.__ |

=5 The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button.
| >> Computation start time: 2023-03-19 20:18:21

>> Complete the computation!
| >> Computation end time: 2023-03-19 20:33:29

Integral radius 120km % B save the results as ¥ Import setting parameters ¥ st
4. 36.25 .01666667 0.01 Extract al gradient of element

L
GG ALAAE sed haes s e

anomalous field element on surface radial gradient (/km) of element

@ The radial gradient integral algorithm of the anomalous field element is derived from the solution of the Stokes boundary value problem, which requires the integrand field elements to be on the
equipotential surface. The Possion :n(egral is the solution of the first boundary value problem in the mathematical sense, and the boundary surface is not required to be an equipotential surface.

@ The surface can be from a global model (not greater than 360 degrees), which can also be repi by a normal surface with the
altitude of not more than ten kilometers.

4.4.2 Computation of external gravity disturbance from disturbing gravity
gradient

[Function] From the ellipsoidal height grid of the equipotential boundary surface and
residual disturbing gravity gradient (E, radial) grid on the surface, compute the residual
gravity disturbance (mGal) on the geoid or in its outer space by the numerical integral.

[Input files] The ellipsoidal height grid file of the equipotential surface and residual
disturbing gravity gradient grid file on the surface with the same grid specifications, and
the calculation point position file or ellipsoidal height grid file of the calculation surface.

The ellipsoidal height grid of the equipotential surface stands for the space position
of the equipotential surface, employed to calculate the integral distance.

The record format of the discrete calculation point file: ID (point no / point name),
longitude (decimal degrees), latitude, ellipsoidal height (m), ......

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

[Output file] The external residual gravity disturbance result file.

When the discrete calculation points file input, the output file record format: Behind
the input calculation points file record, appends a column of residual gravity disturbance,
and keeps four significant digits.

When the ellipsoidal height grid file input, the program outputs the residual gravity
disturbance grid file with the same grid specifications as the input grid file.

In this example, the residual gravity disturbance on geoid is computed from the
residual disturbing gravity gradient on geoid, and the integral radius is 120km. After the
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2° area of the grid margin with integral edge effect deducted, statistically analyze the
541 to 1800 degree model residual gravity disturbance (regarded as the true reference
value) on the ground, and the differences between the results of the integral and model
reference values, which can be employed to examine the performance of the algorithm.

= ¢ & & A
Saveas Import parameters ~ Start Computatior Save process  Follow example

Operation of radial gradient
« integral on anomalous
gravity field element

Computation of external
" gravity disturbance from
disturbing gravity gradient

Computation of disturbing
“. gravity gradient by inverse
operation integral

Computation of external
" disturbing gravity gradient
from gravity disturbance

Computation of Poisson
* integral on external
anomalous field element

J Open the ellipsoidal height grid file
of the equipotential surface

>> Computation Process ** Operation Prompts & Save computation process as

>> [Function] From the ellipsoidal height grid of the equipotential boundary surface and residual disturbing gravity gradient (E, radial) grid on the
surface, compute the residual gravity disturbance (mGal) on the geoid or in its outer space by the numerical integral
** Input the ellipsoidal height grid file of the equipotential surface and residual disturbing gravity gradient grid file on the surface with the same
grid specifications.
>> Open the ellipsoidal height grid file of the surface C:/F 5_\
>> Open disturbing gravity gradient grid file on the equipotential surface C /PAGravM 5.\
1_1800.grr.
>> Open the calculation point position file C:/PAGravf4.5
** Look at the file information in the wmdcw below, set the input file lo(ma{ paramelers
>> Save the gravity disturbance as ravid.5_winoaen/examples/inigendisigradienvgrriorgadom it
>> Behind the input calculation point ﬂle record, appends a column of residual gravity disturbance, and keeps four significant digits.
DTiber of o of The Teadac] 1 . >>The parameter settings have been entered Into the system!
i ** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-05-26 13:13:58
>> Complete the computation!
>> Computation end time: 2023-05-26 13:14:40

B Open residual disturbing gradient grid
file on the equipotential surface

Select calculation point file format

discrete points file

Open the calculation points file
on the equipotential surface

gt.dat.

it

P

Set input point file format

Integral radius 120 km o [ save the results as » Import setting parameters & Start Computation
no lon(de cimal I E 4 Plot
5z s sis wie W wr s ss s
r T =
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disturbing gravity gradient (E, radial) external gravity disturbance (mGal)

@ The radial gradient integral algorithm of the anomalous field element is derived from the solution of the Stokes boundary value problem, which requires the integrand field elements to be on the
equipotential surface. The Poisson integral is the solution of the first boundary value problem in the mathematical sense, and the boundary surface is not required to be an equipotential surface.

@ The equipotential surface can be from a global model (not greater than 360 degrees), which can also be rep by a normal surface with the
altitude of not more than ten kilometers. ]
The 541 to 1800th degree standard - .
mean e minimum maximum
true reference model value deviation

Ground residual gravity

disturbances (mGal) -0.0346

15.7527 | -93.9854 66.6638

Differences between Integral
and reference value

mean

standard
deviation

minimum

maximum

Ground residual gravity
disturbances (mGal)

0.0071

4.2456

-18.5325

16.5266

4.4.3 Computation of disturbing gravity gradient by inverse operation integral

[Function] From the ellipsoidal height grid of the equipotential boundary surface and

residual gravity disturbance (mGal) grid on the surface, compute the residual disturbing
gravity gradient (E, radial) on the surface by the inverse operation integral.

[Input files] The ellipsoidal height grid file of the equipotential surface and residual
gravity disturbance grid file on the surface with the same grid specifications, and the
calculation point position file on the surface.

The ellipsoidal height grid of the equipotential surface stands for the space position

of the equipotential surface, employed to calculate the integral distance.
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The record format of the discrete calculation point file: ID (point no / point name),
longitude (decimal degrees), latitude, ......

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

When the ellipsoidal height grid file selected, the program let the ellipsoidal height
grid of the equipotential surface as the calculation surface.

[

k= 3 & &z Qs
Save as Import parameters  Start Computatior Save process  Follow example
Operation of radial gradient Computation of external Computation of disturbing Computation of external Computation of Poisson
« integral on anomalous '« gravity disturbance from “s gravity gradient by inverse " disturbing gravity gradient * Integral on external
gravity field element disturbing gravity gradient operation integral from gravity disturbance anomalous field element
) Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4.1 Save computation process as
of the equipotential surface
compute the residual disturbing gravity gradient (E, radial) on the surface by the inverse operation integral.
5 Open residual gravity disturbance grid ** Input the ellipsoidal height grid file of the equipotential surface and residual gravity disturbance grid file on the surface with the same grid
= file on the equipotential surface specifications..
! : >> Open the ellipsoidal height grid file of the surface C X gt dat
Select calculation point file format >> Open the gravity disturbancet grid file on the equipotential surface C: 5,

discrete calculation points file resGMigeoid541_1800.rga

>> Open the calculation points file on the A
3 Open the calculation point position file ** Look at the file information in the window below, set the input file format parameters.

| >> Save disturbing gravity gradient as ravi4.5_winb4en/examples/Inigendistgradient/rgatogrrdwm. txt.
, Setinput point file format >> Behind the input calculation point file record, appends a column of height of the point i from the i
. |height grid of the equipotential surface and a column of integral value of the residual gravity gradient

number of rows of file header 1 >> The parameter settings have been entered into the system! |

qi surface C 5_wir p pnt.txt

** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-05-26 13:16:48
>> Complete the computation!
>> Computation end time: 2023-05-26 13:17:36

Integral radius 120 km < [ save the results as #» Import setting parameters & Start Computation
no lon(de S t m Siract distirbing oravity gradiant
)

gravity disturbance (mGal) on surface disturbing gravity gradient (E, radial)

+ @ The radial gradient integral algorithm of the anomalous field element is derived from the solution of the Stokes boundary value problem, which requires the integrand field elements to be on the
| equipotential surface. The Poisson integral is the solution of the first boundary value problem in the mathematical sense, and the boundary surface is not required to be an equipotential surface.

@ The equipotential surface can be from a global model (not greater than 360 degrees), which can also be rep by a normal surface with the
[ altitude of not more than ten kilometers.

[Output file] The residual disturbing gravity gradient file.

When the discrete calculation points file input, the output file record format: Behind
the input calculation points file record, appends a column of ellipsoidal height of the
calculation point interpolated from the ellipsoidal height grid of the equipotential surface
and a column of integral value of the residual disturbing gravity gradient.

When calculated on the calculation surface, the program outputs the residual
disturbing gravity gradient grid file with the same grid specifications as the input grid file.

In this example, the residual disturbing gravity gradient on the geoid is calculated
by inverse operation integral from the residual gravity disturbance on the geoid, and the
integral radius is 120km. After the 2° area of the grid margin with the integral edge effect
deducted, statistically analyze the 541 to 1800™" degree model residual disturbing gravity
gradient (regarded as the true reference value) on the geoid, and the differences
between the results of the integral and model reference values, which can be used to
examine the performance of the algorithm.
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4

A
Follow example

. =

Save as Import parameters Save process

Operation of radial gradient
integral on anomalous
gravity field element

Computation of external
" gravity disturbance from
disturbing gravity gradient

Computation of disturbing
» gravity gradient by inverse
operation integral

Computation of external
« disturbing gravity gradient
from gravity disturbance

Computation of Possion
P |megra| on external
anomalous field element

71 Open the ellipsoidal height grid file

>> Computation Process
& of the equipotential surface

** Operation Prompts

** Look at the file information in the window below, set the input file format parameters.
5,

_”J Open residual gravity disturbance grid
file on the equipotential surface

>> Save disturbing gravity gradient as C: X
>> Behind the input calculation point file record, appends a column of

xt.

I Save computation process as

from the

height of the

1 point

height grid of the equipotential surface and a column of integral value of the residual disturbing gravity gradient.

Select calculation point file format

ellipsoidal height grid file

>> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-19 21:50:24
>> Complete the computation!

>> Computation end time: 2023-03-19 21:50:57
>> Save disturbing gravity gradient as C:/PAGravf4.5_\
>> The parameter seftings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-19 21:54:09
>> Complete the computation!
>> Computation end time: 2023-03-19 22:08:49

B save the results as ¥ Import setting parameters

Integral radius 120 km s

4 Plot]

2o g
TR

T

*
aw w0
—

gravity disturbance (mGal) on surface

disturbing

s 5 R

gravity gradient (E, radial)

@ The radial gradient integral algorithm of the anomalous field element is derived from the solution of the Stokes boundary value problem, which requires the integrand field elements to be on the
equipotential surface. The Possion m(egral is the solution of the first boundary value problem in the mathematical sense, and the boundary surface is not required to be an equipotential surface.

@ The surface can be from a global model (not greater than 360 degrees), which can also be repi by a normal surface with the
e of i s o s s
The 541 to 1800" degree true standard - .
mean .y minimum maximum
reference model value deviation

Residual disturbing gravity

gradients (E, radial) on geoid 0.4763

68.2499

-288.1750

387.7286

standard
deviation

Differences between Integral

mean
and reference value

minimum

maximum

Residual disturbing gravity

gradients (E, radial) on geoid -0.0562

6.6405

-37.1465

28.3557

4.4.4 Computation of external disturbing gravity gradient from gravity

disturbance

[Function] From the ellipsoidal height grid of the boundary surface and residual
gravity disturbance grid (mGal) on the surface, compute the residual disturbing gravity
gradient (E, radial) on the geoid or in its outer space. The inverse integral of gravity
disturbance adopts the combination algorithm with Poisson integral and differentiation,
which does not require that the boundary surface should be a gravity equipotential

surface.

[Input files] The ellipsoidal height grid file of the boundary surface and residual
gravity disturbance grid file on the surface with the same grid specifications, and the
calculation point position file or the ellipsoidal height grid file of the calculation surface.

The ellipsoidal height grid of the boundary surface stands for the space position of
the boundary surface, employed to calculate the integral distance.

The record format of the discrete calculation point file: ID (point no / point name),
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longitude (decimal degrees), latitude, ellipsoidal height (m), ......

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.

[Output file] The external residual disturbing gravity gradient result file.

s & az An
Saveas Import parameters  Start Computatio; Save process  Follow example
Operation of radial gradient Computation of external Computation of disturbing Computation of external Computation of Poisson
*. integral on anomalous *, gravity disturbance from . gravity gradient by inverse %, disturbing gravity gradient 2* integral on external
gravity field element disturbing gravity gradient operation integral from gravity disturbance anomalous field element

) Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4! Save computation process as

= of the boundary surface
o4 >> [Function] From the ellipsoidal height grid of the boundary surface and residual gravity disturbance grid (mGal) on the surface, compute the

7 Open the gravity disturbance grid residual disturbing gravity gradient (E, radial) on the geoid or in its outer space. The inverse integral of gravity disturbance adopts the combination
3 file on the boundary surface algorithm with Poisson integral and differentiation, which does not require that the boundary surface should be a gravity equipotential surface.
** Input the ellipsoidal height grid file of the boundary surface and residual gravity disturbance grid file on the surface with the same grid
Select calculation point file format specifications.

discrete calculation points file >> Open the ellipsoidal height grid file of the eqL surface C: 5_) dat
>> Open the gravity grid file on the boundary surface C 5_win6der

resGMIigeoid541_1800.rga.
>> Open the calculation point position file C: ravf4.5 txt

¥ Open the calculation point position file

Set input point file format ** Look at the file information in the window below, set the input file format parameters..
. [*>Save the results as C/PAGravf4.5_\ g ot
number;of rows of tile header: 1 ~ |>>Behind the input calculation point file record, appends a column of residual disturbing gravity gradient. and keeps 4 significant digits.

>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.

>> Computation start time: 2023-05-26 13:19:43

>> Complete the computation! |

Integral radius 120km % P4 save the results as » Import setting parameters # Start Computatio

I Extract external disturbing gradient s Plot|

no lon(degr

NE WA N8 NE W WE Me me wr
A i B o e e e e

gravity disturbance (mGal) on surface external disturbing gradient (E, radial)

@ The radial gradient integral algorithm of the anomalous field element is derived from the solution of the Stokes boundary value problem, which requires the integrand field elements to be on the
equipotential surface. The Poisson integral is the solution of the first boundary value problem in the mathematical sense, and the boundary surface is not required to be an equipotential surface |
® The surface can be from a global model (not greater than 360 degrees), which can also be by a normal surface with the |
altitude of not more than ten kilometers.

When the discrete calculation points file input, the output file record format: Behind
the input calculation points file record, appends a column of residual disturbing gravity
gradient, and keeps four significant digits.

When the ellipsoidal height grid file input, the program outputs the residual
disturbing gravity gradient grid file with the same grid specifications as the input grid file.

In this example, the ground residual disturbing gravity gradients are computed from
the residual gravity disturbance on the geoid, and the integral radius is 120km. After the
2° area of the grid margin with the integral edge effect deducted, statistically analyze
the 541 to 1800" degree model residual disturbing gravity gradients (regarded as the
true reference value) on the ground, and the differences between the results of the
integral and model reference values, which can be used to examine the performance of
the algorithm.

The 541 to 1800 degree standard - .
mean minimum | maximum
true reference model value

deviation
Ground residual disturbing | = 5 ye75 | 55 9448 | -148.0282 | 136.7864
gravity gradients (E, radial)

Differences between Integral standard

mean . minimum | maximum
and reference value deviation
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Ground residual disturbing

gravity gradients (E, radial) -0.0361 2.7361 | -14.2089 13.6802

Compared with the 4.4.3 inverse operation integral of gravity disturbance, the
performance and accuracy of the inverse integral of gravity disturbance are comparable
to those of the inverse operation integral.

b w a2 e
Save as Import parameters ~ Slart Computatio Save process  Follow example
Operation of radial gradient Computation of extemal Computation of disturbing Computation of external Computation of Possion
« Integral on anomalous « gravity disturbance from « gravity gradient by inverse » disturbing gravity gradient * integral on external
gravity field element disturbing gravity gradient operation integral from gravity anomalous field element
1 Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4. Save computation process as

= of the boundary surface
>> Behind the input calculation point file record, appends a column of residual disturbing gravity gradient, and keeps 4 significant digits.
7 Open the gravity disturbance grid >> The parameter settings have been entered into the system!
& file on the boundary surface ** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-19 22:13:19

Select calculation point file format >> Complete the computation!

ellipsoidal height grid file >> Computation end time: 2023-03-19 22:14:46
>> Open the ellipsoidal height grid file
Open the ellipsoidal height grid file of the surface C 5 gt dat

-

of the calculation surface ** Look at the file information in the window below, set the input file format parameters.
>> Save the results as C:/PAGravf4.5_\ dat.
m & parameter setings have been entered Into the systemT
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-19 22:15:52
>> Complete the computation! I
>> Computation end time: 2023-03-19 22:49:25

Integral radius 120km = [ save the results as ¥ Import setting parameters ¥ Start Computat

R g oy
g 1

gravity disturbance (mGal) on surface external disturbing gradient (E, radial)

@ The radial gradient integral algorithm of the anomalous field element is derived from the solution of the Stokes boundary value problem, which requires the integrand field elements to be on the
equipotential surface. The Possion integral is the solution of the first boundary value problem in the mathematical sense, and the boundary surface is not required to be an equipotential surface

@ The surface can be from a global geopotential model (not greater than 360 degrees), which can also be represent by a normal (orthometric) equiheight surface with the
altitude of not more than ten kilometers.

4.4.5 Computation of Poisson integral on external anomalous gravity field
element

[Function] From the ellipsoidal height grid of the boundary surface and the residual
anomalous gravity field element grid on the surface, compute the residual anomalous
gravity field element on the geoid or its outer space. The Poisson integral is the solution
of the first boundary value problem in the mathematical sense, and the boundary surface
need be not an equipotential surface.

[Input files] The ellipsoidal height grid file of the boundary surface and the residual
anomalous field element grid file on the surface with the same grid specifications, and
the calculation point position file or the ellipsoidal height grid file of the calculation
surface.

The ellipsoidal height grid of the boundary surface stands for the space position of
the equipotential surface, employed to calculate the integral distance.

The record format of the discrete calculation point file: point no / point name,
longitude (decimal degrees), latitude, ellipsoidal height (m), ......

[Parameter settings] Set the input file format parameters, enter the integral radius,
and select algorithm.
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[Output file] The external residual anomalous field element result file.

When the discrete calculation point file input, the output file record format: Behind
the input calculation point file record, appends a column of residual anomalous field
element, and keeps four significant digits.

When the ellipsoidal height grid file input, the program outputs the residual

anomalous field element grid file with the same grid specifications as the input grid file.
0 , o

s = S P
ﬂ 4 R &7 A
Saveas Import parameters ~ Start Computation  Save process ~ Follow example
Operation of radial gradient Computation of external Computation of disturbing Computation of external Computation of Poisson
«» integral on anomalous "% gravity disturbance from « gravity gradient by inverse « disturbing gravity gradient <" integral on external
gravity field element disturbing gravity gradient operation integral from gravity anomalous field element
7) Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts &' Save computation process as

= of the boundary surface
ry >> [Function] From the ellipsoidal height grid of the boundary surface and residual anomalous gravity field element grid on the surface, compute

7 Open the anomalous field element grid the residual anomalous gravity field element on the geoid or its outer space. The Possion integral is the solution of the first boundary value

&3 file on the boundary surface problem in the mathematical sense, and the boundary surface need be not an equipotential surface,

' ** Input the ellipsoidal height grid of the boundary surface and residual anomalous gravity field element grid file on the surface with the same grid
Select calculation point file format

discrete calculation points file >> Open the ellipsoidal height grid file of the boundary surface C:/PAGravf4.5_\ dat
>> Open anomalous field element grid file on the boundary surface C: 5_\
resGMigeoid541_1800 ksi.
| 8 Open the calculation point position file >> Open the calculation point position file C: 5 s s i.txt.
| Set input point file format ** Look at the file information in the window below, set the input file format parameters.
i . |>> Save Poisson integral results as C:/PAGravf4.5_win64en/examples/Intgendistgradient/possionksi.txt.
number.of rows of file header . 1 > |>>Behind the |n;ul calculation ;m( file record, a;;nds a column of Poisson mle;ral value, and keeps 4 significant digits
>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button. I
>> Computation start time: 2023-05-26 13:23:28

>> Complete the computation!

Integral radius 120km % [ save the results as ¥ Import setting parameters & start Computat
n imal) lat e N e AT e N

lon (degree/

1

field element on surface external field element

|
+ @ The radial gradient integral algorithm of the anomalous field element is derived from the solution of the Stokes boundary value problem, which requires the integrand field elements to be on the
| equipotential surface. The Poisson integral is the solution of the first boundary value problem in the mathematical sense, and the boundary surface is not required to be an equipotential surface

@ The eq surface can be constructed from a global model (not greater than 360 degrees), which can also be by a normal qt ight surface with the
L altitude of not more than ten kilometers.

In this example, the ground residual height anomalies and ground gravity
disturbances are computed respectively from the residual geoidal height and gravity
disturbance on the geoid, and the integral radius is 120km. After the 2° area of the grid
margin with the integral edge effect deducted, statistically analyze the 541 to 1800
degree model residual height anomalies and gravity disturbances (regarded as the true
reference value) on the ground, and the differences between the results of the integral
and model reference values, which can be used to examine the performance of the
algorithm.

The 541 to 1800 degree standard - :
mean minimum maximum
true reference model value

deviation
Ground residual height
anomalies (m)

Ground residual gravity
disturbances (mGal)

0.0010 0.1182 -0.6745 0.4760

-0.0346 15.7527 | -93.9854 66.6638

Differences between Integral standard - .
mean o minimum | maximum
and reference value deviation
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Ground residual height
anomalies (m)

Ground residual gravity
disturbances (mGal)

0.0004 0.0074 -0.0326 0.0334

0.0476 1.1919 -5.0173 6.5138

The edge effect of the Poisson integral here is small, which can effectively suppress
the attenuation of short-wave signals, and is suitable for upward and downward
analytical continuation.

=) % » az A
Save as Import parameters  Start Computatior Save process ~ Follow example
Operation of radial gradient Computation of external Computation of disturbing Computation of external Computation of Possion
integral on anomalous « gravity disturbance from “. gravity gradient by inverse « disturbing gravity gradient * integral on external
gravity field element disturbing gravity gradient operation integral from gravity anomalous field element
a Open the ellipsoidal height grid file >> Computation Process ** Operation Prompts 4.1 Save computation process as

of the boundary surface
>> Behind the input calculation point file record, appends a column of Possion integral value, and keeps 4 significant digits.
) Open the anomalous field element grid >> The parameter settings have been entered into the system!
= file on the boundary surface ** Click the [Start Computation] control button, or the [Start Computation] tool button..
>> Computation start time: 2023-03-19 22:52:30

Select calculation point file format >> Complete the computation!

ellipsoidal height grid file >> Computation end time: 2023-03-19 22:53:08
>> Open the ellipsoidal height grid file
Open the ellipsoidal height grid file of the calculation surface C:/PAGravf4.5_\ dat
)

of the calculation surface ** Look at the file information in the window below, set the input file format parameters
>>The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-19 22:59:57
>> Complete the computation! l
>> Computation end time: 2023-03-19 23:16:50

Integral radius 120 km ' [ save the results as ¥ Import setting parameters & Start Computatior

. Plot]

).3283

o r
Dapaes C 10
o
e

B
=
” 3 ” s wr
4 as 0 as |
62 : e
11375 field element on surface external field element

@ The radial gradient integral algorithm of the anomalous field element is derived from the solution of the Stokes boundary value problem, which requires the integrand field elements to be on the
equipotential surface. The Possion integral is the solution of the first boundary value problem in the mathematical sense, and the boundary surface is not required to be an equipotential surface.

@ The equipotential surface can be constructed from a global geopotential model (not greater than 360 degrees), which can also be repi by a normal surface with the
altitude of not more than ten kilometers.

You can call this function repeatedly to iteratively perform the Poisson integral
operation. In general, once iteration and at most 3 iterations are sufficient to meet the
accuracy requirements in most cases.

4.5 Feature and performance analysis of spherical radial basis functions

[Purpose] Calculate the spatial and spectral curves of four kinds of spherical radial
basis functions (SRBF) for various types of anomalous gravity field elements, and then
construct an equal area spherical grid according to the specified range, to design the
SRBF network and the corresponding approach algorithm of gravity field.

The program does not require an input file.

4.5.1 Spatial and spectral performance analysis of spherical radial basis
functions

[Function] Given the action distance (influence radius) and sampling interval of
spherical radial basis functions, calculate and display the spatial and spectral curves of
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spherical radial basis function of the gravity disturbance, height anomaly (disturbing
potential), total vertical deflection or disturbing gravity gradient. Continuously adjusting
the minimum and maximum degree of SRBF Legendre expansion, buried depth of the
reference surface and order number of multipolar SRBF, the spatial and spectral
performance and feature for the SRBF of various gravity field elements can be analyzed
and revealed.

[Parameter settings] Select the type of anomalous gravity field element, set the
spherical radial basis function parameters and plot parameters.

Enter the minimum and maximum degree of SRBF Legendre expansion. Minimum
and maximum degree can be employed to adjust SRBF bandwidth.

Enter the burial depth of Bjerhammar sphere: The depth of the Bjerhammar sphere
relative to the mean height surface of the observations. Combined with the degree of
SRBF Legendre expansion, can be employed to adjust the spectral center and
bandwidth of spherical radial basis function. The greater the burial depth, the smoother
the SRBF, the smaller the kurtosis namely the wider the spectral bandwidth.

Set the order number m of radial multipole kernel function and Poisson wavelet
kernel function. The greater the m, the bigger the kurtosis of SRBF.

Input the SRBF spatial definition domain represented by spherical angular distance,
which is also known as the influence radius, is equivalent to the integral radius of
regional gravity field.

Enter Sampling interval of the SRBF spatial curve.

I
5 B 3
Calculation and save Exiraci ploldaia  Follow example  Save plot
Spatial and spectral performance analysis Y Reuter spherical network Select anomalous[" o0 o o = Algorithms of the spherical radial
of spherical radial basis functions construction with given level field element L9 Y = basis function and Reuter grid

4./ Save computation process as [SRBFs] The point mass kemel, Poisson kemel, order m radial multipoke and order m Poisson wavelet kemel functions

the spherical radial basis function parameters..
>> Save the results as C/PAGravi4.5_winB4 p
SRBFperformance/rgaSRBF txt minimum degree 30
>> The program output four kinds of SRBF spatial curve

calculation results of the given type of gravity field element

Set SRBF parameters Display of the input
1.4 B o

put file |
9 -0.0

maximum degree 1440

Record format: spherical angular distance (independent variable), burial depth of
point mass kernel function value, Poisson kernel function value, Bjerhammar sphere
radial multipole kernel function value, m order Poisson wavelet order 5

kernel function value.

action distance
** At the same time, the program outputs the spectral domain

of SBRF center -
curve file *. dgr of four SRBF of the given type of gravity field § N
element into the current directory, where * is the output file name. spatial interval 0.20°
Record format: SRBF Legendre expansion degree (independent
variable), point mass kemel degree variance, Poisson kemel & Calculation and save
degree variance, radial multipole kernel degree variance, and m-
order Poisson wavelet kermel degree variance. & Jteiinns 0 003686 -0.004357 —0.005508 —0.0088 I
Curve type  Spatial curves of SRBFs | [Line thickness 3 > Startend row number 1 S 3600 - | Extract plot data Chart plot|
‘Spatial and spectral curves of spherical radial basis functions (SRBF) 4./ Save current plot as

[Output files] The spatial and spectral curves of spherical radial basis functions
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curves files.
(@ Feat rfomance

Calculation and save Extractplotdata  Follow example  Save plot

me Algorithms of the spherical radial |

‘ Spatial and spectral performance analysis ‘ o Reuter spherical network
basis function and Reuter grid

of spherical radial basis functions construction with given level

Sele‘;{;ﬁmﬂf gravity disturbance

[SRBFs] The point mass kemel, Poisson kemel, order m radial multipole and order m Poisson wavelet kemnel functions

4 Save computation process as

the spherical radial basis function paraméwers._

Set SRBF parameters Display of the input-output file|

>> Save the results as C:/PAGravi4.5_wing4
- - 0.9912 0.9 0.8
SRaFperformancelrgaSREF mnmumcegree 30 (2] 3550 oTSoi0h Glacaans  0lsoisee
>>The program output four kinds of SRBF spatial curve maximum degree 1440 = 1427  0.990892 0.966550  0.898927
calculation results of the given type of gravity field element. N 1428 0.990725 0.965100  0.906362
Record format: spherical angular distance (independent variable), ~ burialdepthof o = 1423 0.990557 0.971653  0.913853
point mass kernel function value, Poisson kemnel function value, Bjerhammar sphere 1430 0.990388 0.974211  0.921399
radial multipole kernel function value, m order Poisson wavelet order 5 = 1431 0. 0.976773  0.929001
kernel function value. " 1432 0 0.979338  0.936660
action distance . - a 7 o
** At the same time, the program outputs the spectral domain of SBRF center ' - 1433 0. 0.981907  0,944375
curve file *. dgr of four SRBF of the given type of gravity field . 1 | ~ 143 o 0-984480  0.652147
element into the current directory, where * is the output file name. spatial interval 0.20° - 1435 0. 0.267057  0.955677
Record format: SRBF Legendre expansion degree (independent 1a2e 0 0.o88830 :'9?75“
variable), point mass kemnel degree variance, Poisson kemel ¥ Calculation and save i:; b g a;ggf; M 'Ec 2: ig
degree variance, radial multipole kernel degree variance, and m- 1439 0. 0.997404  0.991877
order Poisson wavelet kemel degree variance. 1440 0.988650 1.000000  1.000000 1
| Curve type Spectral curves of SRBFs - | |Line thickness 3 = Start end row number 1 51 3600 |+ #. Extract plot data Chart plot)
‘Spatial and spectral curves of spherical radial basis functions (SRBF) &' Save current plot as
: 1
|
08 ‘
|
0.6 |
04
02 1
N 200 400 600 80O 1000 1200 1400
|
| @ea . » tadia y
| ; a a [
- A @ &

Save plot ‘

Selefé;nr;:l:l:‘s! inomaly / disturbing potential

Calculation and save Extractplot data  Follow example

e Reuter spherical network

24 Algorithms of the spherical radial
with given level

Spatial and spectral performance analysis
of spherical radial basis functions

&' Save computation process as
order Poisson wavelet kemel degree variance.
5

basis function and Reuter grid

[SRBFs] The point mass kemnel, Poisson kemnel, order m radial multipole and order m Poisson wavelet kemnel functions.

Set SRBF parameters

>> Save the results as C:
SRBFperformance/ksiSRBF.txt

>> The program output four kinds of SRBF spatial curve
calculation results of the given type of gravity field element.
Record format: spherical angular distance (independent variable),
point mass kernel function value, Poisson kemel function value,
radial multipole kernel function value, m order Poisson wavelet
kernel function value.

** At the same time, the program outputs the spectral domain
curve file *. dgr of four SRBF of the given type of gravity field
element into the current directory, where * is the output file name.
Record format: SRBF Legendre expansion degree (independent
variable), point mass kernel degree variance, Poisson kernel
degree variance, radial multipole kerel degree variance, and m-
order Poisson wavelet kernel degree variance.

minimum degree 30
maximum degree 1440
~burial depthof
Bjerhammar sphere
order 5

action distance 15°
of SBRF center -

spatial interval 0.20*

km

“

¥ Calculation and save

Display of the input-output file|

[ Curve type spatial curves of SRBFs - | [ Line thickness 3

<  Startend row number 1

1 0.0 .004850

1. 04984

1.

1 5158

1. 0 .005199

1 0.0 005207

1

1

13 -0.005047

1. -0.004933

1 -0.004791 0.013455
1. -0.004622 .012703
1. 009738 -0.004426 .011868
1 009738 4205 010955
1. 09749 -0.003962 009972
1.500000 0.009770 -0.003698 -0.004359 -0.008927
3600 =+ 7. Extract plot data Chart plot}

Spatial and spectral curves of spherical radial basis functions (SRBF)

4. Save current plot as

The program output four kinds of SRBF spatial curve calculation results of the given
type of gravity field element. Record format: spherical angular distance (independent
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variable), point mass kernel function value, Poisson kernel function value, radial
multipole kernel function value, m order Poisson wavelet kernel function value.

€
¥ An &7
Calculation and save  Extractplotdata  Follow example ~ Save plot
Spatial and spectral performance analysis C , Reuter spherical network Select anomalous inomaly / disturbing potential = Algorithms of the spherical radial
of spherical radial basis functions construction with given level field element y 9 " basis function and Reuter grid
4./ Save computation process as [SRBFs] The point mass kemel, Poisson kernel, order m radial multipole and crder m Poisson wavelet kermel functions

order Poisson wavelet kernel degree variance.
>> Save the results as C/PAGravi4.5_winB4 p
SRBFperformance/ksiSRBF txt minimum degree 30
>> The program output four kinds of SRBF spatial curve

calculation results of the given type of gravity field element

Set SRBF parameters Display of the input-output file|
1425 2593 7

maximum degree 1440

Record format: spherical angular distance (independent variable), burial depth of g,
point mass kernel function value, Poisson kemel function value, Bjerhammar sphere
radial multipole kernel function value, m order Poisson wavelet order 5
k?'rlel‘l'r\!-malon Vtalue. thy itputs th tral d geiondetirs 1

e same time, the program outputs the spectral domain of SBRF center -
curve file *. dgr of four SRBF of the given type of gravity field § N
element into the current directory, where * is the output file name. spatial interval 0.20°
Record format: SRBF Legendre expansion degree (independent

variable), point mass kemel degree variance, Poisson kemel & Calculation and save
degree variance, radial multipole kernel degree variance, and m-
order Poisson wavelet kernel degree variance.

1.000002

Curve type _Spectral curves of SRBFs - | [ Line thickness 3 Startend row number 1 S 3600 - J Extract plot data Chart plot|
‘Spatial and spectral curves of spherical radial basis functions (SRBF) 4. Save current plot as
1 e Point mass ketnal
= Foissco kemal
e Rendisl maaltipole 5
08 e Pisisson wavelet S
0.6/
04
02

200 400 600 800 1000 1200 1400

At the same time, the program outputs the spectral domain curve file *. dgr of four
SRBF of the given type of gravity field element into the current directory, where * is the
output file name. Record format: SRBF Legendre expansion degree (independent
variable), point mass kernel degree variance, Poisson kernel degree variance, radial
multipole kernel degree variance, and m-order Poisson wavelet kernel degree variance.

4.5.2 Reuter spherical network construction with given level

[Function] Given the Reuter network level K and regional latitude and longitude
range, construct the global or regional Reuter spherical coordinate grid. The spatial
resolution of the grid on the unit sphere is about 11/K, the cell grid area at the equator is
A = T1?/K?, and the cell grid area at the poles is equal to TTA/4.

Reuter network level K: the spherical surface is divided into K prime vertical circles,
and the latitude interval is T1/K. The larger the K value, the greater the spatial resolution
of the spherical Reuter network. When K = 360, the spatial resolution is 30 ', and when
K = 1800, the spatial resolution is 6'.

[Parameter settings] Enter the latitude and longitude range and Reuter grid level K
and set plot parameters.

[Output file] The spherical coordinate grid file of the Reuter unit spherical.

Record format of the result file: cell grid no, central longitude, geocentric latitude,
percentage of area deviation, rectangular coordinates X, Y, Z. Global Reuter network
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does not contain bipolar cell grid. The percentage of cell grid area deviation is equal to
the difference between the cell grid area and the cell grid area A at the equator, divided
by the cell grid area A at the equator, multiplied by 100.

| Mo | attute
900° : wo 3 20.0° : w0
M Maximum longiude : Menmum Maximom longitude.
00 &0 00 s %0

Sat Reuter lovel K80 Sat Reutor lovel K 0

[Potmose snuce and aea o he come of ot gra__| [Flotmode sace cooranates o e cente of cat g

B Catuiaton and save B4 Cakutaton and zave
| ¥ Extractpot data
@ Reuter gid plot —

42 Save curent piot 3

& Exract potdata
@ Reter o pit

| 47 Save cusrent piot as

1

Reuter spatal gnid resuts fle Reuter spatal gnd resuns e

| @ Reuter sphe etwor
Minimum Maximum geocentric latitude
28.0° 2l 34.0° <

Minimum Maximum longitude
96.0° S 104° s

| Set Reuter level K 1800 S

| Plot mode atitude and area of the center of cell grid l
I [=) calculation and save
| & Extract plot data

() Reuter grid plot —

4.1 Save current plot as

) Miaty AT Y SIIpINNNNY
9 98" 100 102°
-0.02 -0.015 -0.01 -0.005 0 0.005
L : e
Reuter spatial grid results file
4094  102.297388 33.950000 0.01 -0.176677 0.810492 0.558469
4095 102.417950 33.950000 0.01 -0.178382 0.810118 0.558469
4096 102.538513 33.950000 0.01 -0.180086 0.809741 0.558469
4097 102.659076 33.950000 0.01 -0.181790 0.809361 0.558469
4098 102.779638 33.950000 0.01 -0.183493 0.80897¢6 0.558469
4099 102.900201 33.950000 0.01 -0.185194 0.808588 0.558469
4100 103.0207¢64 33.950000 0.01 -0.186895 0.808197 0.558469
4101  103.141326 33.950000 0.01 -0.188596 0.807802 0.558469
4102  103.261889 33.950000 0.01  -0.190295 0.807403 0.558469
4103 103.382451 33.950000 0.01 -0.191994 0.807001 0.558469
4104 103.503014 33.950000 0.01 -0.193691 0.806595 0.558469
4105  103.623577 33.950000 0.01 -0.195388 0.806186 0.558469
4106  103.744139 33.950000 0.01 -0.197084 0.805773 0.558469
4107 103.864702 33.950000 0.01 -0.198779 0.805356 0.558469 '

The program output Reuter network parameter file *.par into the current directory,
where * is the output file name. The file header format: the latitude and longitude range,
Reuter grid level, and total number of points. The record format: point no, prime vertical
circle direction grid center latitude (°), prime vertical circle direction grid number,
longitude interval ('), cell grid area deviation percentage.
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4.6 Gravity field approach using SRBFs in spectral domain and performance
test

[Function] From a single type of observations selected from the residual gravity
disturbance (mGal), height anomaly (m), gravity anomaly (mGal), disturbing gravity
gradient (E, radial) or vertical deflection ("), and a kind of spherical radial basis function
(SRBF) selected from the point mass Kernel function, Poisson kernel function, m-order
radial multipole kernel or m-order wavelet kernel function, estimate the residual gravity
disturbance, height anomaly, gravity anomaly, disturbing gravity gradient or vertical
deflection on the geoid or in its outer space.

Selecting different type of observations and constructing different figure of SRBF,
we can calculate different type of target field elements, and then fully verify and analyze
the spatial and spectral properties of gravity field approach algorithms using SRBFs.

Setting the observation weight of the target field element to be evaluated to zero,
or directly taking the measuring point of the target field element to be evaluated as the
calculation point, we can effectively detect the gross error of the target observations and
measure their external accuracy indexes.

The program itself can be employed for analytical continuation, griding, type
conversion and full element modelling on gravity field from various single type of
observed field elements.

[Input files] The discrete residual anomalous field element observation file and
ellipsoidal height grid file of the calculation surface.

The record agreed format of the observation file: ID, longitude (decimal degrees),
latitude, ..., ellipsoidal height (m), ..., observation, ..., weight, ...

There is no limit to the grid resolution of the calculation surface.

When selecting 'Synchronous calculation of elements at discrete points', the
program requires input the calculation point space location file. The header file occupies
1 row, and the agreed format of the file record: ID, longitude (degree decimal), latitude,
ellipsoidal height (m), ....

If the measuring points of the target observations to be evaluated are taken as the
calculation points, the field elements at the measuring points can be estimated from the
observations input by the program, and then we can effectively detect the gross error of
the target observations to be evaluated and measure their external accuracy indexes.

[Parameter settings] Select the type of the observations and type of unknown target
field element, set the input observation file format parameters, SRBF parameters and
algorithm parameters.

When the column ordinal number of the weight attribute is less than 1, exceeds the
column number of the record, or the weight is less than zero, the program makes the
weight equal to 1.

When the weight in the file record is equal to zero, the observation will not
participate in the estimation of the SRBF coefficient, and the program can be employed
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to measure the external accuracy index of the observation.

Select spherical radial basis function: radial multipole kernel function, Poisson
wavelet kernel function. The zero-order radial multipole kernel function is the point mass
kernel function, and the zero-order Poisson wavelet kernel function is the Poisson kernel
function.

Enter the order m. The order number m of radial multipole kernel function and
Poisson wavelet kernel function. The greater the m, the bigger the kurtosis of SRBF.

Input the Bjerhammar sphere burial depth: The depth of the Bjerhammar sphere
relative to the mean height surface of the observations. which can be employed to adjust
the spectral center and bandwidth of SRBF when combined with the degree of SRBF

Legendre expansion.
The greater the burial depth, the smoother the SRBF, the smaller the kurtosis

namely the wider the spectral bandwidth.

“ Gravity field approach using SRBFs in spectral domain and performance test
o | z & @ 3

Observation file Save as Import parameters ~ Start Computatio Follow example  Save process

Open the discrete residual anomalous minimum, maximum, residual observations mean, standard deviation, minimum, maximum. Record format: point no, longitude, latitude, ellipsoidal height.
s field element observation file weight, residual observation. Where * is the output file name.

Select type of >> The parameter settings have been entered into the system!
gravity disturbance (mGal) ** Click the [Start Computation] control button, or the [Start Computation] tool button.
observations. >> start time: 2023-03-20 14:27:24
Set observations file format >> Complete the computation!
number of rows of file header 1 < | >> Computation end time: 2023-03-20 14:27:43

>> The program also outputs various field elements' SRBF spatial curve file *spc.rbf, various field elements’ SRBF spectral curve files *dgr.rbf and SRBF

center file* center.txt into the current directory.
** *spc.rbf file header format: SRBF type (0-radial multipole kernel function, 1-Possion wavelet kernel function), order of SRBF, Minimum and maximum

| column ordinal number of ellipsoidal
height in the record

DORI OO UG of WagRE |0 * degree of SRBF Legendre expansion, buried depth (km). The record format: spherical distance (km), the normalized SRBF values from the gravity
column ordinal number of |, < disturbance, height anomaly, disturbing gravity gradient and total vertical deflection
the gravity disturbance ** The file header of * dgr.rbf is the same as * spc.rbf. The record format: degree n of SRBF Legendre expansion, the degree n normalized SRBF values
l Select SRBF _radial multipole kemel from the gravity disturbance, height anomaly, disturbing gravity gradient and total vertical deflection
** * center.txt file header format: Reuter grid level, SRBF center number, cell grid number in meridian circle direction, maximum cell grid number in prime
Set SRBF parameters vertical circle direction, latitude interval ('). The record format: point o, longitude (degree decimal), geocentric latitude, cell grid area deviation percentage,
Orderm |1 =] longitude interval of cell grid in prime vertical circle direction ('
| Minimum degroe (360 = |[>>Mean -0.4113 standard deviation 21.8940 minimum -141.1997 maximum 1124878 of the source observations
**mean -0.0216 standard deviation 1.9088 minimum -54.0885 maximum _53.0770 of the result residuals. v
Maximum degree | 1800 :
Burial depth of Type of target element _height anomaly (m) : }) save the results as » Import setting parameters & Start Computation

10.0km :

94. 100. 30.00000000

Bjerhammar sphere
Action distance
of SBRF center
Reuter network level K | 1800 <
3 Open the ellipsoidal height grid file
of calculation surface
Solution of
normal equation
Synchronous calculation of elements
at discrete points
£ If the measuring points of the target
observations to be evaluated are taken as the
calculation points, the field element at the
measuring point can be estimated from the
observations input by the program, and then we
can effectively detect the gross error of the target
observations to be evaluated and measure their
external accuracy indexes.

100km

LU triangular decomposition

Extract data to be piot s Plot—

I

-~ 2
~= SRBF approach algorithms observed residual gravity disturbance (mGal) spherical radial basis function spatial curve target residual height anomaly (m)

@ After the first is itis to employ the output residual tion file *.chs as input file again to refine target field element by multiple cumulative SRBF approach.
Generally, the stable solution can be achieved by 1 to 3 times cumulative SRBF approach, and the target field element is equal to the sum of these SRBF approach solutions.

@ The validity principle of once SRBF approach: (1) The residual target field element grid is continuous and differentiable (view the drawing), and whose standard deviation is as small as possible. (2) The statistical
mean of residuals tends to zero with the increase of cumulative approach times, and there is no obvious reverse sign

Enter the action distance of SRBF center. The action distance is also called as the
influence radius = spherical angular distance x the Bjerhammar spherical radius, which
is equivalent to the integral radius of regional gravity field.

A fixed action distance is adopted to ensure the coordination and consistency of the

spatial and spectral figure of regional gravity field.
The suitable burial depth is about 1/20~1/5 of the action distance of SRBF center.
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Set the Reuter network level K: The spherical surface is divided into K prime vertical
circles, and the latitude interval is 180°/K. The larger the K value, the greater the spatial
resolution of the spherical Reuter network. The suitable 180°/K is approximately equal
to the average distance between observation points.

“ Gravity field approach using SRBFs in spectral domain and performance test

C) = & As 3

Observation file Saveas Import parameters ~ Start Computatio Follow example  Save process
, Open the discrete residual anomalous minimum, maximum, residual observations mean, standard deviation, minimum, maximum. Record format: point no, longitude, latitude, ellipsoidal height, ~
 field element observation file weight, residual observation. Where * is the output file name.
Secttpe >> The parameter settings have been entered into the system!
gravity disturbance (mGal) ** Click the [Start Computation] control button, or the [Start Computation] tool button.
observations > C start time:. 2023-03-20 14:34:12
Set observations file format >> Complets the computation!
number of rows of file header 1 < | >> Computation end time: 2023-03-20 14:35:29

>> The program also outputs various field elements’ SRBF spatial curve file *spc.rbf, various field elements’ SRBF spectral curve files *dgr.rbf and SRBF

center file* center.txt into the current directory.
** *spc.rbf file header format: SRBF type (0-radial multipole kernel function, 1-Possion wavelet kernel function), order of SRBF, Minimum and maximum

column ordinal number of ellipsoidal [,
height in the record

CONIN XN NI of W] & * degree of SRBF Legendre expansion, buried depth (km). The record format: spherical distance (km), the normalized SRBF values from the gravity
column ordinal number of < disturbance, height anomaly, disturbing gravity gradient and total vertical deflection
the gravity disturbance ** The file header of * dgr.rbf is the same as * spc.rbf. The record format: degree n of SRBF Legendre expansion, the degree n normalized SRBF values
Select SRBF _ radial multipole kemel | from the gravity disturbance, height anomaly, disturbing gravity gradient and total vertical deflection
** * center.txt file header format: Reuter grid level, SRBF center number, cell grid number in meridian circle direction, maximum cell grid number in prime
Set SRBF parameters vertical circle direction, latitude interval (). The record format: point no, longitude (degree decimal), geocentric latitude, cell grid area deviation percentage.
Orderm |1 =] longitude interval of cell grid in prime vertical circle direction ('
Minimum degree 540 = ||>>Mean -0.0216 standard deviation 1.9088 minimum -54.0885 maximum 53.0770 of the source observations.
= ||~ mean -0.0044 standard deviation 0.6536 minimum -28.2780 maximum _11.2439 of the result residuals v

Maximum degree 1800
Burial depth of
Bjerhammar sphere
Action distance
of SBRF center
Reuter network level K 3600 5
) Open the ellipsoidal height grid file
= of calculation surface
Solution of
normal equation
Synchronous calculation of elements
at discrete points
0 If the measuring points of the target
observations to be evaluated are taken as the

oo Type of target element _helght anomaly (m) }) Savetheresultsas 3 Import setting parameters & Start Computation
km

Q. 100.00000
75km 5

.0341

LU triangular decomposition

calculation points, the field element at the o o b o W w o
measuring point can be estimated from the ’ Y y
observations input by the program, and then we
can effectively detect the gross error of the target | i
observations to be evaluated and measure their 5
external accuracy indexes.
| -
ub s s
Extract data to be piot 4 Plot— J
ok e e
s 5 % ST W % v T w  w
W ® 0 W e 0w
-~ 2
~= SRBF approach algorithms observed residual gravity disturbance (mGal) spherical radial basis function spatial curve target residual height anomaly (m)
@ After the first is itis to employ the output residual tion file *.chs as input file again to refine target field element by multiple cumulative SRBF approach.

Generally, the stable solution can be achieved by 1 to 3 times cumulative SRBF approach, and the target field element is equal to the sum of these SRBF approach solutions.
@ The validity principle of once SRBF approach: (1) The residual target field element grid is continuous and differentiable (view the drawing), and whose standard deviation is as small as possible. (2) The statistical
mean of residuals tends to zero with the increase of cumulative approach times. and there is no obvious reverse sign.

PAGravf4.5 adopts the Reuter grid fitting algorithm to quickly determine the
effective number J of observations in the cell grid where each SRBF center (node) is
located. When | is less than 1, the SRBF center is eliminated to ensure that the space
distribution of observations is consistent with the space distribution of SRBF centers
everywhere.

If the distribution of observations is uniform, the SRBF centers will also be uniformly
distributed, and if the distribution of observations is irregular, the distribution of SRBF
centers will also be irregular.

Enter minimum and maximum degree of SRBF Legendre expansion. Minimum and
maximum degree can be employed to adjust the SRBF bandwidth.

The minimum degree has a great influence on the statistical mean of the residual
observations from the calculation results. Maximum degree, Reuter grid level K have
some influence on the statistical standard deviation of the residuals. The influence of
burial depth D has no obvious regularity, and the sensitivity is not large.

Select the solution of normal equation. LU triangular decomposition method,

119



Cholesky decomposition, smallest norm solution.

The normal equation no longer needs regularization and iterative computation.

[Output file] The approached target field element grid file.

'When 'synchronous calculation of the field elements at discrete points' selected,
the program outputs the target type of field element file &.tgt of the calculation points
into the current directory, where & is the output file name.

< Gravity field approach using SRBFs in spectral domain and performance test o

o | ¥ X A a4
Observation file Saveas Importparameters ~ Start Computation  Follow example  Save process
Open the discrete residual anomalous minimum, maximum, residual observations mean, standard deviation, minimum, maximum. Record format: point no, longitude, latitude, ellipsoidal height ~
j field element observation file weight, residual observation. Where * is the output file name.
Oty oL >> The parameter settings have been entered into the system!
l vt [ vertical deflection vector ()~ | = ** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Ci start time: 2023-03-20 14:40:29
Set observations file format >> Complete the computation!
number of rows of file header 1 < | >> Computation end time: 2023-03-20 14:41:00
column ordinal number of ellipsoidal = >>The program also outputs various field elements' SRBF spatial curve file *spc.rbf, various field elements’ SRBF spectral curve files *dgr.rbf and SRBF
height in the record 4 *  center file* center.txt into the current directory.

** *spe.rbf file header format: SRBF type (0-radial multipole kernel function, 1-Possion wavelet kemel function), order of SRBF, Minimum and maximum
degree of SRBF Legendre expansion, buried depth (km). The record format: spherical distance (km), the normalized SRBF values from the gravity
column ordinal number of | 2 disturbance, height anomaly, disturbing gravity gradient and total vertical deflection

column ordinal number of weight 0

vertical deflection westward ** The file header of * dgr.rbf is the same as * spc.rbf. The record format: degree n of SRBF Legendre expansion, the degree n normalized SRBF values
Colurmn ordinal number of o =] | from the gravity disturbance, height anomaly, disturbing gravity gradient and total vertical deflection
vertical deflection ** * center.txt file header format: Reuter grid level, SRBF center number, cell grid number in meridian circle direction, maximum cell grid number in prime

Select SRBE-—radial-multipolo-kormok vertical circle direction, latitude interval ('). The record format: point no, longitude (degree decimal), geocentric latitude, cell grid area deviation percentage,

= longitude interval of cell grid in prime vertical circle direction ('
Set SRBF parameters >>Mean -0.0129 standard deviation 3.2354 minimum -19.8241 maximum 23.1114 of the source observations.
Orderm |1 : ||_"mean 0.0039 standard deviation 0.3118 minimum _-9.2421 maximum _10.5513 of the result residuals v

Minimum degree ' 360 ~ | Type of target element helight anomaly (m) }=) save the results as # Import setting parameters & Start Computation
Maximum degree 1800 :

Burial depth of
Bjerhammar sphere
Action distance

10.0km

100km

Reuter network level K 1800
ﬂ Open the ellipsoidal height gnd file
of calculation surface
Solution of
normal equation
Synchronous calculation of elements
at discrete points
£ If the measuring points of the target
observations to be evaluated are taken as the
calculation points, the field element at the
measuring point can be estimated from the
observations input by the program, and then we
can effectively detect the gross error of the target
observations to be evaluated and measure their
external accuracy indexes.

LU triangular decomposition

Extract data to be plot 4 Plot—
s
34 srer approach algorithms observed residual vertical deflection (°, S) spherical radial basis function spatial curve target residual height anomaly (m)
@ After the first is itis o employ the output residual file *.chs as input file again to refine target field element by multiple cumulative SRBF approach

Generally, the stable solution can be achieved by 1 to 3 times cumulative SRBF approach, and the target field element is equal to the sum of these SRBF approach solutions
@ The validity principle of once SRBF approach: (1) The residual target field element grid is continuous and differentiable (view the drawing), and whose standard deviation is as small as possible. (2) The statistical
mean of residuals tends to zero with the increase of cumulative approach times. and there is no obvious reverse sign.

The program outputs the residual observation file *. chs into the current directory.
The file header format: source observations mean, standard deviation, minimum,
maximum, residual observations mean, standard deviation, minimum, maximum. The
record format: ID, longitude, latitude, ellipsoidal height, weight, residual observation,
where * is the input calculation point space location file name.

The program also outputs the various field elements' SRBF spatial curve file
*spc.rbf, various field elements' SRBF spectral curve files *dgr.rbf and SRBF center file*
center.txt into the current directory.

*spc.rbf file header format: SRBF type (0-radial multipole kernel function, 1-Poisson
wavelet kernel function), order of SRBF, Minimum and maximum degree of SRBF
Legendre expansion, buried depth (km). The record format: spherical distance (km), the
normalized SRBF values from the gravity disturbance, height anomaly, disturbing gravity
gradient and total vertical deflection.
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The file header of * dgr.rbf is the same as * spc.rbf. The record format: degree n of
SRBF Legendre expansion, the degree n normalized SRBF values from the gravity
disturbance, height anomaly, disturbing gravity gradient and total vertical deflection.

* center.txt file header format: Reuter grid level, SRBF center number, cell grid
number in meridian circle direction, maximum cell grid number in prime vertical circle
direction, latitude interval (). The record format: point no, longitude (degree decimal),
geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in
prime vertical circle direction ().

< Gravity field approach using SRBFs in spectral domain and performance test

B B ¥ ¥

Am

Follow example

&7

Save process

Observation file Saveas Import parameters ~ Start Computatio
Open the discrete residual anomalous

s field element observation file

minimum, maximum, residual observations mean, standard deviation, minimum, maximum. Record format: point no, longitude, latitude, ellipsoidal height
weight, residual observation. Where * is the output file name.
>>The settings have been entered into the system!

Select type of

Sbservations, | SIStUrbing gradient (E, radial)

** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> start time: 2023-03-20 14:44:14

Set observations file format
number of rows of file header 1

column ordinal number of ellipsoidal

height in the record 4

>> Complete the computation!
>> Computation end time: 2023-03-20 14:44:33
>> The program also outputs various field elements’ SRBF spatial curve file *spc.rbf, various field elements’ SRBF spectral curve files "dgr.rbf and SRBF
center file* center.txt into the current directory.
** *spe.rbf file header format: SRBF type (0-radial multipole kernel function, 1-Possion wavelet kemel function), order of SRBF, Minimum and maximum

column ordinal number of weight 0

degree of SRBF Legendre expansion, buried depth (km). The record format: spherical distance (km), the normalized SRBF values from the gravity
column ordinal number of

disturbance, height anomaly, disturbing gravity gradient and total vertical deflection.

disturbing gravity gradient = ** The file header of * dgr.rbf is the same as * spc.rbf. The record format: degree n of SRBF Legendre expansion, the degree n normalized SRBF values
Select SRBF _ radial multipole kemel | from the gravity disturbance, height anomaly, disturbing gravity gradient and total vertical deflection
3 ** * center.txt file header format: Reuter grid level, SRBF center number, cell grid number in meridian circle direction, maximum cell grid number in prime
Set SRBF parameters vertical circle direction, latitude interval (). The record format: point no, longitude (degree decimal), geocentric latitude, cell grid area deviation percentage,
Orderm 1

Minimum degree 360
Maximum degree | 1800
Burial depth of
Bjerhammar sphere 12 0K™
Action distance
of SBRF center

Reuter network level K 1800

< | Llongitude interval of cell grid in prime vertical circle direction ('
2 ||>>Mean -0.8635 standard deviation 38.2935 minimum -262.7565 maximum 232.6519 of the source observations.
= ||~ mean -0.0373 standard deviation 3.7041 minimum -90.4115 maximum__78.2329 of the result residuals.

Type of target element _helght anomaly (m) }4) Save the results as » Import setting parameters & Start Computation

30.00000000

94. 100.

100km

) Open the ellipsoidal height grid file

= of calculation surface
Solution of
normal equation

Synchronous calculation of elements
at discrete points

0 If the measuring points of the target
observations to be evaluated are taken as the

LU triangular decomposition

calculation points, the field element at the a s o o o o g,
measuring point can be estimated from the B T
observations input by the program, and then we | -
can effectively detect the gross error of the target
observations to be evaluated and measure their L
external accuracy indexes. =
| - =
Y S
Extract data to be plot s Plot— 3 {'
SNe
I i
N W w 0

target residual height anomaly (m)

-~ .
~= SRBF approach algorithms observed residual disturbing gradient (E, R) spherical radial basis function spatial curve

@ After the first is Litis o employ the output residual file *.chs as input file again to refine target field element by multiple cumulative SRBF approach.
Generally, the stable solution can be achieved by 1 to 3 times cumulative SRBF approach, and the target field element is equal to the sum of these SRBF approach solutions.

@ The validity principle of once SRBF approach: (1) The residual target field element grid is continuous and differentiable (view the drawing), and whose standard deviation is as small as possible. (2) The
mean of residuals tends to zero with the increase of cumulative approach times, and there is no obvious reverse sign.

PAGravf4.5 proposes an algorithm to improve the performance of parameter
estimation by suppressing edge effects. When the SRBF center is located at the margin
of the calculation area, let that the SRBF coefficient is equal to zero as the observation
equation to improve the stability and reliability of unknown SRBF coefficient estimation.
After the edge effect suppressed, the normal equation no longer need regularization to
effectively avoid the influence of the observation error on the gravity field approach
algorithm.

The target field elements are equal to the convolution of the observations and the
filter SRBF. When the target field elements and the observations are of different types,
it is difficult for one SRBF to effectively match the spectral center and bandwidth of the
observations and the target field element at the same time, which would make the
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spectral leakage of the target field element. In addition, the SRBF type, minimum and
maximum degree of Legendre expansion and SRBF center distribution also all affect
the approach performance of gravity field. Therefore, only the optimal estimation of the
SRBF coefficients with the burial depth as the parameter is not enough to ensure the
best approach of the gravity field.

 Gravity field approach using SRBFs in spectral domain and performance test a
|
|

= 3 5 B
Observation file Save as Import parameters ~ Start Computatio Follow example  Save process
Open the discrete residual anomalous minimum, maximum, residual observations mean, standard deviation, minimum, maximum. Record format: point no, longitude, latitude, ellipsoidal height, -
s field element observation file weight, residual observation. Where * is the output file name.
) Y >> The parameter settings have been entered into the system!
PS height anomaly (m) ** Click the [Start Computation] control button, or the [Start Computation] tool button.
observatons > C start time: 2023-03-20 14:47:59
Set observations file format >> Complete the computation!
number of rows of file header 1 < | >> Computation end time: 2023-03-20 14:48:18
column ordinal number of ellipsoidal |, - >>The program also outputs various field elements' SRBF spatial curve file *spc.rbf, various field elements’ SRBF spectral curve files *dgr.rbf and SRBF
height in the record *  center file* center.txt into the current directory.

** *spe.rbf file header format: SRBF type (0-radial multipole kernel function, 1-Possion wavelet kemel function), order of SRBF, Minimum and maximum
degree of SRBF Legendre expansion, buried depth (km). The record format: spherical distance (km), the normalized SRBF values from the gravity
5 2 disturbance, height anomaly, disturbing gravity gradient and total vertical deflection

column ordinal number of weight 0
column ordinal number of

the height anomaly ** The file header of * dgr.rbf is the same as * spe.rbf. The record format: degree n of SRBF Legendre expansion, the degree n normalized SRBF values
I Select SRBF _ radial multipole kemel from the gravity disturbance, height anomaly, disturbing gravity gradient and total vertical deflection
** * center.txt file header format: Reuter grid level, SRBF center number, cell grid number in meridian circle direction, maximum cell grid number in prime
Set SRBF parameters

vertical circle direction, latitude interval (). The record format: point no, longitude (degree decimal), geocentric latitude, cell grid area deviation percentage,

Orderm |1 < | longitude interval of cell grid in prime vertical circle direction

Minimum degree | 360 - ||>>Mean -0.0020 standard deviation 0.1590 minimum -0.8621 maximum 0.6546 of the source observations.

**mean_-0.0011_standard deviation 0.0135 minimum_-0.3763 maximum __0.4258 of the result residuals. v
Maximum degree 1800 s i

Burial depth of = Type of target element gravity disturbance (mGal) }=) save the results as - Import setting parameters & Start Computation
Bjerhammar sphere 10.0km 2
Action distance
of SBRF center

Reuter network level K | 1800 <

100km

1 Open the ellipsoidal height grid file
& of calculation surface
Solution of
normal equation
Synchronous calculation of elements
at discrete points
Q If the measuring points of the target
observations to be evaluated are taken as the
calculation points, the field element at the
measuring point can be estimated from the
observations input by the program, and then we
can effectively detect the gross error of the target
observations to be evaluated and measure their
external accuracy indexes.

LU triangular decomposition

Extract data to be piot s Plot—

.
\ P , »

~ 3
= SRBF approach algorithms observed residual height anomaly (m) spherical radial basis function spatial curve target residual gravity disturbance (mGal)

| @ After the first is itis to employ the output residual file *.chs as input file again to refine target field element by multiple cumulative SRBF approach.
Generally, the stable solution can be achieved by 1 to 3 times cumulative SRBF approach, and the target field element is equal to the sum of these SRBF approach solutions,
@ The validity principle of once SRBF approach: (1) The residual target field element grid is continuous and differentiable (view the drawing), and whose standard deviation is as small as possible. (2) The statistical
mean of residuals tends to zero with the increase of cumulative approach times, and there is no obvious reverse sign.

PAGravf4.5 proposes a multiple cumulative SRBF approach scheme according to
the linear additivity of the gravity to solve this key problem. When each SRBF approach
of gravity field adopts SRBF with different spectral figure, the cumulative SRBF
approach can fully resolve the spectral domain signal of the target field element by
combining multiple SRBF spectral centers and bandwidths, and then optimally restore
the target field element in space domain.

In the cumulative SRBF approach scheme, it is not necessary to determine the
optimal burial depth. Generally, the 1 to 3 cumulative SRBF approach of gravity field
can obtain the stable results.

PAGravf4.5 gives the validity principle of once SRBF approach of gravity field: (1)
the target field element grid is continuous and differentiable, and whose standard
deviation is as small as possible. (2) The statistical mean of residuals tends to zero with
the increase of cumulative approach times, and there is no obvious reverse sign.

After the first estimation is completed, it is recommended to employ the output
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residual observation file *.chs as the input observations file again to refine target field
element by the multiple cumulative SRBF approach. Generally, the stable solution can
be achieved by accumulating 1-3 times SRBF approaches, and the target field element

is equal to the sum of these SRBF approach solutions.

< Gravity field approach using SRBFs in spectral domain and performance test o

Observation file Save as Import parameters

3 Open the discrete residual anomalous
field element observation file

Start Com

|
Select type of

Sbservations | 97aVity disturbance (mGal)

a7
Save process

& ™

Follow example

minimum, maximum, residual observations mean, standard deviation, minimum, maximum. Record format: point no, longitude, latitude, ellipsoidal height,
weight, residual observation. Where * is the output file name
>> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button.

Set observations file format
number of rows of file header 1
column ordinal number of ellipsoidal
height in the record

column ordinal number of weight |0
column ordinal number of

4

the gravity disturbance 14
Select SRBF radial multipole kernel
Set SRBF parameters
Orderm 1

Minimum degree 360

>> C start time: 2023-03-20 14:52:09

>> Complete the computation!

>> Computation end time: 2023-03-20 14:52:30

>> The program also outputs various field elements' SRBF spatial curve file *spc.rbf, various field elements’ SRBF spectral curve files *dgr.rbf and SRBF
center file* center.txt into the current directory.

** *spc.rbf file header format: SRBF type (0-radial multipole kernel function, 1-Possion wavelet kernel function), order of SRBF, Minimum and maximum
degree of SRBF Legendre expansion, buried depth (km). The record format: spherical distance (km), the normalized SRBF values from the gravity
disturbance, height anomaly, disturbing gravity gradient and total vertical deflection.

= The file header of * dgr.rf is the same as * spe.rbf. The record format: degree n of SRBF Legendre expansion, the degree n normalized SRBF values
from the gravity disturbance, height anomaly, disturbing gravity gradient and total vertical deflection

** * center.txt file header format: Reuter grid level, SRBF center number, cell grid number in meridian circle direction, maximum cell grid number in prime
vertical circle direction, latitude interval ('). The record format: point no, longitude (degree decimal), geocentric latitude, cell grid area deviation percentage,
longitude interval of cell grid in prime vertical circle direction ("

>>Mean -0.4113 standard deviation 21.8940 minimum -141.1997 maximum 112.4878 of the source observations.
"~ mean -0.0216 standard deviation 1.9088 minimum -54.0885 maximum _53.0770 of the result residuals.

Maximum degree 1800
Burial depth of
Bjerhammar sphere
Action distance
of SBRF center
Reuter network level K | 1800 <

3 Open the ellipsoidal height grid file

of calculation surface

Type of target element disturbing gradient (E, radia - }=) save the results as - Import setting parameters & Start Computation

10.0km

100km

Solution of

normal equation
Synchronous calculation of elements
at discrete points

LU triangular decomposition

£ If the measuring points of the target
observations to be evaluated are taken as the
calculation points, the field element at the
measuring point can be estimated from the
observations input by the program, and then we
can effectively detect the gross error of the target
observations to be evaluated and measure their
external accuracy indexes.

Extract data to be piot s Plot—

I
100 ) 0 0

-~ %
+= SRBF approach algorithms spherical radial basis function spatial curve

| @ After the first is itis to employ the output residual tion file *.chs as input file again to refine target field element by multiple cumulative SRBF approach.
Generally, the stable solution can be achieved by 1 to 3 times cumulative SRBF approach, and the target field element is equal to the sum of these SRBF approach solutions.
@ The validity principle of once SRBF approach: (1) The residual target field element grid is continuous and differentiable (view the drawing), and whose standard deviation is as small as possible. (2) The statistical
mean of residuals tends to zero with the increase of cumulative approach times. and there is no obvious reverse sign.

In this example, from one of the residual ground height anomaly, gravity disturbance,
vertical deflection and disturbing gravity gradient, one type residual element in ground
gravity field is estimated using SRBFs with the action distance of SRBF center is
120~150km. After the 1° area of the grid margin with edge effect deducted, statistically
analyze the 541 to 1800 degree model residuals (regarded as the true reference value),
and the difference between the results of the SRBF approach and model reference value,
which can be employed to examine the performance of the algorithm.

observed residual gravity disturbance (mGal) target residual disturbing gradient (E, R)

The 541~1800" degree true
reference model value

standard
deviation

0.1590
21.8940

mean minimum | maximum

-0.0020
-0.4113

-0.8621
-141.1997

0.6546
112.4878

residual geoidal heights (m)

residual gravity disturbances (mGal)

First SRBF
approach

Second SRBF
approach

Difference between SRBF approach
and reference model value
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residual observation

target
residual

mean

standard
deviation

mean

standard
deviation

gravity disturbances

vertical deflection

ground
height

gradient

disturbing gravity anomaly (m)

0.0201

0.0185

0.0189

0.0162

0.0058

0.0147

0.0058

0.0072

-0.0055

0.0202

-0.0056

0.0185

height anomaly

ground

vertical deflection gravity

gradient

disturbance

disturbing gravity (mGal)

0.1731

1.4421

0.2075

1.4382

0.3550

1.6905

0.3566

1.6845

0.0840

1.5780

0.0906

1.5298

It can be found that the performance of the primary SRBF approach is slightly better
than that of gravity field integral, and the secondary cumulative SRBF approach is

significantly better than gravity field integral.

The program itself has a strong capacity to detect the gross errors of discrete
observations and directly measure the external accuracy indexes. In this example, only
from discrete disturbance gravity observations, the gross errors of observed GNSS-
levelling geoidal heights are detected, and the external accuracy index can be measured
directly using SRBFs.

“ Gravity field approach using SRBFs in spectral domain and performance test
|

3
Observation file Saveas Import parameters
) Open the discrete residual anomalous

field element observation file

| [Selecttype of
observations

gravity disturbance (mGal)

Set observations file format

» e a3

Start Computation  Follow example  Save process

weight, residual observation, where * is the output file name.
>> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button.

>> Computation start time: 2023-03-20 16:12:18

>> Complete the computation!

>> Computation end time: 2023-03-20 16:15:11

| number of rows of file header 1 2 [>>The program outputs the target type of field element file &gt of the calculation points into the current directory, where & is the output file name:
| column ordinal number of ellipsoidal . =~ >> The program also oul various elements’ spatial curve file “spc.rbf, various field elemen Spi curve Tiles ~agr.rbf an F

height in the record
column ordinal number of weight 0
column ordinal number of

the gravity disturbance
Select SREF _radial multipole kemel - |

Set SRBF parameters

| Orderm 1
Minimum degree 360 -
Maximum degree 3600
Burial depth of
Bjerhammar sphere

Action distance
of SBRF center

Reuter network level K |5400 =

7 &

10.0km S

100km 2

_§ Open the ellipsoidal height grid file
of calculation surface

Solution of
normal equation

at discrete points

£ If the measuring points of the target
observations to be evaluated are taken as the
calculation points, the field element at the
measuring point can be estimated from the
observations input by the program, and then we
can effectively detect the gross error of the target
observations to be evaluated and measure their
external accuracy indexes.

LU triangular decomposition

‘ [ ‘& Open the calculation point space location file I

Extract data to be piot s Plot—

{34 SRBF approach algorithms

center file* center.txt into the current directory.

** *spe.rbf file header format: SRBF type (0-radial multipole kernel function, 1-Possion wavelet kemel function), order of SRBF, Minimum and maximum
degree of SRBF Legendre expansion, buried depth (km). The record format: spherical distance (km), the normalized SRBF values from the gravity
disturbance, height anomaly, disturbing gravity gradient and total vertical deflection.

** The file header of * dgr.rbf is the same as * spc.rbf. The record format: degree n of SRBF Legendre expansion, the degree n normalized SRBF values
from the gravity disturbance, height anomaly, disturbing gravity gradient and total vertical deflection

** * center.txt file header format: Reuter grid level, SRBF center number, cell grid number in meridian circle direction, maximum cell grid number in prime
vertical circle direction, latitude interval ('). The record format point no, longitude (degree decimal), geocentric latitude, cell grid area deviation percentage,

longitude interval of cell grid in prime vertical circle direction ("

>>Mean 0.3186 standard deviation 42.1772 minimum -296.0915 maximum 165.2611 of the source observations.

** mean 00036 standard deviation 10.4791 minimum -49.3186 maximum 101.4916 of the result residuals.

Type of target element height anomaly (m)

sex >
WS
ET— )

observed residual gravity disturbance (mGal)

|} save the results as

8.333333333E-03 B

 Import setting parameters

L

100 )

spherical radial basis function spatial curve

& Start Computation

target residual height anomaly (m)

Generally, the stable solution can be achieved by 1 to 3 times cumulative SRBF approach, and the target field element is equal to the sum of these SRBF approach solutions

file again to refine target field element by multiple cumulative SRBF approach.

@ The validity principle of once SRBF approach: (1) The residual target field element grid is continuous and differentiable (view the drawing), and whose standard deviation is as small as possible. (2) The statistical

@ Atter the first is L itis to employ the output residual file *.chs as input

mean of residuals tends to zero with the increase of cumulative approach times, and there is no obvious reverse sign.
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Firstly, calculate and remove the 2~540™" degree EGM2008 model gravity field
respectively from the observed gravity disturbances and observed GNSS-levelling
geoidal heights to get the observed residual gravity disturbance file rntobsdistgrav.txt as
the input observation file and get the observed residual GNSS-levelling geoidal height
file rntGNSSlgeoidh.txt as the input calculation point space location file. Calculate the
2~180" degree EGM2008 model geoidal height grid in target area as the input
ellipsoidal height grid file mdigeoidh30s.dat of the calculation surface. Then call the
program to output the residual GNSS-levelling geoidal height file rntGNSSIgeoidh.tgt
into the current directory.

Finally, subtract the observed geoidal height from the estimated geoidal height in
record of the file rntGNSSIgeoidh.tgt to obtain the GNSS-levelling remaining residuals,
which is the statistical attribute, and then detect and remove the gross error points
beyond 3 times of standard deviation range of the GNSS-levelling remaining residuals.
Before and after gross error removed, the statistical results are as follows.

Observed GNSS- number standard | . . :
. . ) mean o minimum | maximum
levelling residuals (m) | of points deviation
Original residuals 125 -0.3510 | 0.2774 | -0.9982 0.3435

Residuals without error 119 -0.3540 | 0.2647 | -0.9982 0.3136
Remaining residuals 119 -0.2651 | 0.0557@ | -0.3951 -0.1154
In the table, 0.0557®m is the external accuracy index of GNSS-levelling expressed

as standard deviation, that is, 5.57 cm, which indicates that the external accuracy of
GNSS-leveling is not bad than 5.57 cm (standard deviation).

-

Open file Saveas Importparameters Start Computation

Save process  Follow example
’ iy Gross error detection on observations

based on low-pass reference surface

Weighted operation on two 2., Weighted operation on two

@ Welohied operaton on two
geodetic grid fies voctor grid fies harmonic coefficent fies
) . @ Open a discrete point file Operation Prompt: 4.7 Save program process as
B The discrete point file to be detect oo oot prtrs o ey oA e e et 2 e
Number of rows of file header 1 | |>> [Function] Select th "™ s
u xJ I attribute 1 5 gt
Column ordinal number of S value at the discrete Pe ¢, qrinai number of abute 2 & = ot
the attribute to be detect ' *| | the differences betWee suect operaton mode
** The reference surfz winus -
\ = ¥
Bey%"“ d”;“"'p'es ohthetfs o | | also be the specified a setwegnt 2 miimeles
standard deviation n >> Open the discrete g The frstweight [ 100 >> Computation end time: 2023-03-20 16:19:14
(2} Open low-pass reference surface grid file ** Look at the file info 1o sucend weignt | 1.00

>> Open low-pass refe Save the results as

# Import setting parameters
>> Save the results as Dispiay of the input-output fie 4.1 Save data in the text box as
[} save the results as >> Save no gross errol egre
= >> The parameter setti
=) save gross error as * Click the [Start Cor
§ >>\Computation start ti
- Import setting parameters >> Complete computat
¥ Start Computation >> Comiputation end tit
. Extract plot data “a Plot|
e e e s  wes me s wex  we oy e
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In general, it is necessary for 1 to 2 times cumulative SRBF approach to obtain the
minimum of the standard deviation of the GNSS-levelling remaining residuals as the
external accuracy index, and this process is omitted in this example.

4.7 Full element modelling on gravity field using SRBFs from heterogeneous
observations

[Function] From various heterogeneous observations which can be the residual
gravity disturbance, height anomaly, gravity anomaly, disturbing gravity gradient, or
vertical deflection, determinate the residual gravity disturbance, height anomaly, gravity
anomaly, disturbing gravity gradient, and vertical deflection outside geoid using
spherical radial basis functions (SRBFs), to realize the unified modelling on regional
gravity field and geoid.

The program is a high performance and adaptable modelling tool on gravity field.
Various observations with heterogeneity, different altitudes, cross-distribution, and land-
sea coexisting can be directly employed to estimate the full element models of gravity
field without reduction, continuation, and gridding.

The program has strong capacity on the detection of observation gross errors,
measurement of external accuracy indexes and control of computation performance.

[Input files] The heterogeneous observations file and ellipsoidal height grid file of
the calculation surface.

The agreed format of the observation file record: ID (point no / station name),
longitude (degree decimal), latitude, ellipsoidal height (m), observation, ..., observation
type (0 ~ 5), weight, ... The order of the first five attributes is fixed by convention.

The observation types and units: O - residual gravity disturbance (mGal), 1 - residual
height anomaly (residual geoidal height, m), 2 - residual gravity anomaly (mGal), 3 -
residual disturbing gravity gradient (E, radial), 4 - residual vertical deflection southward
component ("), 5 - residual vertical deflection westward component (").

The weights are only used to distinguish the observation errors at different
measuring points of the same type, while it is regardless of the differences between
observation errors of different types.

There is no limit to the grid resolution of the calculation surface.

[Parameter settings] Select the type of the observations and type of unknown target
field element, set the input observation file format parameters, SRBF parameters and
algorithm parameters.

When the column ordinal number of the weight attribute is less than 1, exceeds the
column number of the record, or the weight is less than zero, the program makes the
weight equal to 1.

When the weight in the file record is equal to zero, the observation will not
participate in the estimation of the SRBF coefficient, and the program can be employed
to measure the external accuracy index of the observation.

Select the spherical radial basis function: the radial multipole kernel function or
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Poisson wavelet kernel function. The zero-order radial multipole kernel function is the
point mass kernel function, and the zero-order Poisson wavelet kernel function is the
Poisson kernel function.

Enter the order m. The order number m of radial multipole kernel function and
Poisson wavelet kernel function. The greater the m, the bigger the kurtosis of SRBF.

Input the Bjerhammar sphere burial depth: The depth of the Bjerhammar sphere
relative to the mean height surface of the observations. which can be employed to adjust
the spectral center and bandwidth of SRBF when combined with the degree of SRBF
Legendre expansion.

The greater the burial depth, the smoother the SRBF, the smaller the kurtosis
namely the wider the spectral bandwidth.

Enter the action distance of SRBF center. The action distance is also called as the
influence radius = spherical angular distance x the Bjerhammar spherical radius, which
is equivalent to the integral radius of regional gravity field.

Afixed action distance is adopted to ensure the coordination and consistency of the
spatial and spectral figure of regional gravity field.

= ¥ & &t An
Observation file Saveas Import parameters tart Computation Save process  Follow example
3 Open the discrete heterogeneous >> The parameter settings have been entered into the system!
* residual observations file ** Click the [Start Computation] control button, or the [Start Computation] tool button.

>> Computation start time: 2023-03-20 21:33.04
number of rows of file header 1

* >>Complete the computation!
column ordinal number of ellipsoidal & < >>Computation end time: 2023-03-20 21:33:55
height in the record >> The program outputs the full elements grid files into the current directory. These gnid files include the residual residual gravity disturbance *.rga (mGal),
column ordinal number of weight 7 2 |residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector
*.dft (*. SW), where * is the output file name
| Select SREF _radial muttipole keme! >> The program also oulputs SRBF center e * center b Into the current directory. The fie header format. Reuter grid level, SRBF center number, cell gnd
O 3 number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval (). The record format: point no, longitude (degree

: decimal), geocentric latitude, cell grid area deviation percentage. longitude interval of cell grid in prime vertical circle direction (').
Minimum degree 360 2| >>[Type 0 of source observations: mean -0.4107 standard deviation 21.8478 minimum -140.9351 maximum 112 3153
Maximum degree 1800 el - esidual observations: mean -0.0149 standard deviation 2.0043 minimum -53.9731 maximum 52.9464
Burial depth of | >>[Type 3 of source observations: mean -0.8635 standard deviation 38.2935 minimum -262.7565 maximum 232.6519
Bjerhammar sphere 10.0km - ¥ esidual observations: mean -0.0447 standard deviation 4.2244 minimum -90.4115 maximum 782329

Action distance 100km - =
of SBRF center ~1 Solution of normal equation LU triangular decomposition [} save the results as ¥ Import setting parameters & Start Computati

Reuter network level K 1800

Select the adjustable
observations

height anomaly (m)

Contribution rate kof 5
adjustable observations

=1 Open the ellipsoidal height grid file
& of calculation surface

&F Algorithm of gravity field approach using SRBFs Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)

B LR SR 3 ]

v w v w w

v

@ After the first is itis to employ the
output residual observation file *.chs as the input observation file again to
refine target field element. Generally. the stable solution can be achieved | .

by 1 to 3 times cumulative SRBF approach, and the target field element is
lequal to the sum of these SRBF approach solutions. 1
@ The validity principle of once SRBF approach: (1) The residual target| <
field element grid is continuous and differentiable, and whose standard| |
deviation is as small as possible. (2) The statistical mean of residuals tends 3
to zero with the increase of cumulative approach times, and there is no
obvious reverse sign.

t data to be piot . Plot —

@ The program is a high performance and adaptable modeling ool on
gravity field. Various observations with heterogeneity, different altitudes,
cross-distribution, and land-sea coexisting can be directly employed to
estimate the full element models of gravity field without reduction,
continuation, and gridding

@ The program has strong ability on the observation gross eror
detection, measurement of extemal accuracy indexes, computation
performance control and result quality assessment.

Set the Reuter network level K: The spherical surface is divided into K prime vertical
circles, and the latitude interval is 180°/K. The larger the K, the greater the spatial
resolution of the spherical Reuter network. The suitable 180°/K is approximately equal
to the average distance between observation points.

residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (*)
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Enter minimum and maximum degree of SRBF Legendre expansion. Minimum and
maximum degree can be employed to adjust SRBF bandwidth.

Select the type of the adjustable observations and set the contribution rate x of the
adjustable observations.

The program multiplies the normal equation coefficient matrix and constant matrix
of the adjustable observations by k, respectively, to increase (k > 1) or decrease (k <
1) the contribution of the adjustable observations. When « = 1, it means that there are
not any adjustable observations selected. When k = 0, the adjustable observations do
not participate in the estimation of SBRF coefficients.

Select the solution of normal equation. LU triangular decomposition method,
Cholesky decomposition, smallest norm solution.

The normal equation no longer needs regularization and iterative computation.

) | ? v az As

Observation file Save as Import parameters ~ Start Computation  Save process ~ Follow example
Open the discrete heterogeneous >> The parameter settings have been entered into the system!
residual observations file ** Click the [Start Computation] control button, or the [Start Computation] tool button

>> Computation start time: 2023-03-20 21:36:42
>> Complete the computation!

number of rows of file header 2 :
column ordinal number of ellipsoidal :+>> Computation end time: 2023.03-20 21:39.00

height in the record ™ [>> The program outputs the full elements grid files Into the current directory. These gnid files Include the residual residual gravity disturbance *.rga (mGal),
column ordinal number of weight 8 < |residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector
[ — ».dft (*, SW), where * is the output file name
Select SRBF _radial multipole kernel >> The program also outputs SRBF center file * center.txt into the current directory. The file header format. Reuter grid level, SRBF center number, cell grid
ORRTIE 3 =] number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: point no, longitude (degree
| decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle direction ().
Minimum degree 540 - >>[Type 0 of source observations: mean -0.0149 standard deviation 2.0043 minimum -53.9731 maximum 529464
Maximum degree 1800 = esidual observations: mean -0.0118 standard deviation 0.7901 minimum -34.4167 maximum 13.5936
Burial depth of ~| >>[Type 3ot source observations: mean -0.0447 standard deviation 4.2244 minimum -90.4115 maximum 78.2329
Bjerhammar sphere -0 : esidual observations: mean -0.0107 standard deviation 2.0504 minimum -65.9751 maximum _18.2843

Action distance 60km - -
of SBRF center *1 Solution of normal equation LU triangular decomposition ) save the results as # Import setting parameters ~ # Start Computation

Reuter network level K 3600

Jravity grad

Select the adjustable
observations
Contribution rate  of

adjustable observations '-°°

height anomaly (m)

= Open the ellipsoidal height grid file
== of calculation surface

85 Algorithm of gravity field approach using SRBFs Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)
@ After the first is s to employ the| [ o e e e
output residual observation file *.chs as the input observation file again to| [ N b
refine target field element. Generally, the stable solution can be achieved | <
by 110 3 times cumulative SRBF approach, and the target field element is | | £ o
equal to the sum of these SRBF approach solutions. | a ke
@ The validity principle of once SRBF approach: (1) The residual target| | |
field element grid is continuous and differentiable, and whose standard| { » ’
deviation is as small as possible. (2) The statistical mean of residuals tends | | el e
to zero with the increase of cumulative approach times, and there is no e e SR . o - o " <4 ) xd
obvious reverse sign _— —_— -
R o 3 W e e w w v e e w e
A Plot — = =

r e o be e
@ The program is a high performance and adaptable modeling tool on | e s i E
gravity field. Various observations with heterogeneity, different altitudes, 1} e o o e
cross-distribution, and land-sea coexisting can be directly employed to
estimate the full element models of gravity field without reduction, niglEe 5 ] .
continuation, and gridding » Jy 3 —dy
@ The program has strong ability on the observation gross error P I i g e e S D Gl L A O
detection, measurement of external accuracy indexes. computation _— E— _— E— _— —
performance control and result quaiity assessment residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (*)

[Output file] The full elements of gravity field file.

The file record: ID, longitude (degree decimal), latitude, ellipsoidal height (m) of
calculated point, residual gravity disturbance (mGal), residual height anomaly (m),
residual gravity anomaly (mGal), residual disturbing gravity gradient (E, radial) and
residual vertical deflection (", SW).

The program outputs the full element grid files into the current directory. These grid
files include the residual gravity disturbance *.rga (mGal), residual height anomaly * ksi
(m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E,
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radial) and residual vertical deflection vector *.dft (", SW), where * is the output file name,
and whose grid specifications are the same as the input ellipsoidal height grid of
calculation surface.

The program also outputs the residual observation file *.chs into the current
directory. The statistical results of each type of observations occupies a row of file
header, whose format: observation type (0~5), source observation mean, standard
deviation, minimum, maximum, residual observation mean, standard deviation,
minimum, maximum. The record format: ID, longitude, latitude, ellipsoidal height,
residual observation, source observation, observation type, weight.

The program also outputs SRBF center file * center.txt into the current directory.
The file header format: Reuter grid level, SRBF center number, cell grid number in
meridian circle direction, maximum cell grid number in prime vertical circle direction,
latitude interval ('). The record format: ID, longitude (degree decimal), geocentric latitude,
cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle
direction (').

4 o az Am
Observation file Saveas Import parameters  Start Computaion  Save process Follow example
Open the discrete >C start time: 2023-03-20 21:45:31
® residual observations file >> Complete the computation!

= >> Computation end time: 2023-03-20 21:46:51
number of rows of flle header 1 =[5> The program outputs the full elements gnd files Into the current directory. These gnd files Include the residual residual gravity disturbance * 1ga (mGal),
column ordinal number of ellipsoidal = |residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector

height in the record * dft (. SW), where s the output file name
column ordinal number of weight 7 2 5> The program alss outputs Center flle - center txt Into the current directory. The file header format: Reuter gnd level, SRBF center number, cell gnd

number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: point no, longitude (degree

[ setect SRBF _radial muitipole kemel decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle direction ()
Orderm 3 =] >>[Type 0 of source observations: mean -0.4107 standard deviation 21.8478 minimum -140.9351 maximum 112.3153
= esidual observations: mean -0.0555 standard deviation 2.0881 minimum -53.9731 maximum 52.9464
Minimum degree 360 =] >>[Type 4 of source observations: mean -0.0159 standard deviation 3.2930 minimum -19.5319 maximum 23.1114
Maximum degree 1800 s esidual observations: mean -0.0136 standard deviation 0.3886 minimum -9.0424 maximum 10.5513
Burial depth of | >>[rype 5 of source observations: mean -0.0098 standard deviation 3.1766 minimum -19.8241 maximum 17.6561
Bjerhammar sphere 10.0km B esidual observations: mean -0.0022 standard deviation 0.2889 minimum -5.4896 maximum _6.1347
Action distance o0, - =
of SBRF center *| Solution of normal equation LU triangular decomposition [ save the results as ¥ Import setting parameters & Start C
Reuter network level K 1800 pshgt grav e fefle (s
Select the adjustable height anomaly (m) I
observations
Contribution rate k of 1.0
adjustable observations

#) Open the ellipsoidal height grid file
= of calculation surface

"-; Algorithm of gravity field approach using SRBFs Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)

@ After the first Is itis to employ the
output residual observation file *.chs as the input observation file again to
refine target field element. Generally, the stable solution can be achieved
by 1 to 3 times cumulative SRBF approach, and the target field element is
lequal to the sum of these SRBF approach solutions.

@ The validity principle of once SRBF approach: (1) The residual target
field element grid is continuous and differentiable, and whose standard
deviation is as small as possible. (2) The statistical mean of residuals tends.
to zero with the increase of cumulative approach times, and there is no
obvious reverse sign.

plot A Plot —

@ The program is a high performance and adaptable modeling tool on
gravity field. Various observations with heterogeneity, different altitudes,
cross-distribution, and land-sea coexisting can be directly employed to
estimate the full element models of gravity field without reduction,
continuation, and gridding

@ The program has strong ability on the observation gross eror
detection, measurement of external accuracy indexes, computation
performance control and result quality assessment.

PAGravf4.5 proposes a cofactor matrix dlagonal standard deviation method to
combinate different types of heterogeneous observations for estimation of the SRBF
coefficients. This method replaces the residual observations variance in the iterative
process of the variance component estimation with the diagonal standard deviation of
the cofactor matrix, so that the properties of the parameter estimation solution are only

residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (*)
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related to the space distribution of the observations without influence of observation
error. Which is conducive to combination of various types of observations with extreme
differences in space distribution, such as a very small number of astronomical vertical
deflections or GNSS-levelling data.

In this case, the normal equation does not also need to be iteratively resolved,
which conducive to improve the analytical nature of SRBF approach algorithm.

PAGravf4.5 gives the validity principle of once SRBF approach: (1) The residual
target field element grid is continuous and differentiable, and whose standard deviation
is as small as possible. (2) The statistical mean of residuals tends to zero with the
increase of cumulative approach times, and there is no obvious reverse sign.

Generally, 1 to 3 cumulative SRBF approaches on gravity field can obtain the stable
approach results.

Selecting the adjustable observation and its contribution rate k, we can effectively
deal with the problem of high-precision gravity field approach from heterogeneous
observations with extreme differences in space distribution, quality, and accuracy. With
Kk = 0 for some a type of observations, we can effectively detect the gross error and
evaluate the quality and external accuracy. With k > 1 for several high-precision
observations, we can effectively improve the contribution of the several observations
such as the astronomical vertical deflection or GNSS-levelling observations.

| N 3 Kl az Am
| Observationfile Saveas Importparameters Start Computalion  Save process ~ Follow example
Open the discrete heterogeneous residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E. radial) and residual vertical deflection vector
® residual observations file * dft (*, SW), where * is the output file name
. >> The program also outputs SRBF center file * center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
number of rows of file header 1 = number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('), The record format: point no, longitude (degree
column ordinal number of ellipsoidal 6 - decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle direction (').
height in the record = >>[Type 0 of source observations: mean -0.4107 standard deviation 21.8478 minimum -140.9351 maximum 1123153
column ordinal number of weight 7 3 " esidual observations: mean -0.0528 standard deviation 2.0522 minimum -53.9731 maximum 529464
>>[Type 1 of source observations: mean -0.0020 standard deviation 0.1590 minimum -0.8621 maximum 06546
Select SRBF _radial multipole kernel . esidual observations: mean 0.0003 standard deviation 0.0156 minimum -0.3763 maximum 0.4258
Orderm 3 =] >>|Type 3 of source observations: mean -0.8635 standard deviation 38,2935 minimum -262.7565 maximum 2326519
= ” esidual observations: mean -0.1380 standard deviation 4.7873 minimum -90.4115 maximum 78.2329
Minimum degree 360 = >>[Type 4 of source observations: mean -0.0159 standard deviation 3.2930 minimum -19.5319 maximum 23.1114
MaXTiaT dogros, 1800 . esidual observations: mean -0.0140 standard deviation 0.4045 minimum -9.0195 maximum 10.5513
>>[Type 5 of source observations: mean -0.0098 standard deviation 3.1766 minimum -19.8241 maximum 17.6561
~ Burial depthof | o zlll - adbliiol dhaariationa: miach -0 (006 atondant daviation 00 minimum _-5.4896 maximum _6.134
519’22:2:‘?;:;:‘:: >> The program computation process have saved to the file C:/PAGravf4.5_\ 1.txt!
of SBRF center 100km *| Solution of normal equation LU triangular decomposition [} save the results as ¥ Import setting parameters & Start Computati

Reuter network level K 1800
Select the adjustable
observations
Contribution rate k of
adjustable observations
-1 Open the ellipsoidal height grid file
= of calculation surface

height anomaly (m)

1.00

{35 Algorithm of gravity field approach using SRBFs Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)

@ Afer the first is itis 10 employ the T-
output residual observation file *.chs as the input observation file again to| 7
refine target field element. Generally, the stable solution can be achieved | -
by 1 to 3 times cumulative SRBF approach, and the target field element is | -
lequal to the sum of these SRBF approach solutions.

@ The validity principle of once SRBF approach: (1) The residual target
field element grid is continuous and differentiable, and whose standard
deviation is as small as possible. (2) The statistical mean of residuals tends
to zero with the increase of cumulative approach times, and there is no
obvious reverse sign

plot “a Plot —

@ The program is a high performance and adaptable modeling tool on
gravity field. Various observations with heterogeneity, different altitudes,
cross-distribution, and land-sea coexisting can be directly employed to
estimate the full element models of gravity field without reduction,
continuation, and gridding

@ The program has strong ability on the observation gross emor
detection, measurement of external accuracy indexes, computation
performance control and result quality assessment

residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (*)

In this example, from the residual ground height anomaly, gravity disturbance,
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vertical deflection or disturbing gravity gradient, the residual ground height anomaly is
calculated using SRBFs with the action distance of SRBF center 150 km. After the 1°
area of the grid margin with edge effect deducted, statistically analyze the 541~1800"
degree model residuals (regarded as the true reference value), and the difference
between the results of the SRBF approach and the model reference value, which can
be employed to examine the performance of the algorithm.

The 541~1800" degree true standard - .
mean o minimum | maximum
reference model value deviation
residual geoidal heights (m) -0.0020 0.1590 -0.8621 0.6546
residual gravity disturbances (mGal) | -0.4113 21.8940 | -141.1997 | 112.4878
residual disturbing gravity 0.8635 | 38.2935 | -262.7565 | 232.6519
gradients (E)
Difference between SRBF approach and First SRBF Second SRBF
reference model value approach approach
. . . standard standard
residual observation target residual mean o mean o
deviation deviation
ity disturb i
gravily dIslurbance | ground height | 5453 | 9.0095 | 0.0005 | 0.0093
height anomaly anomaly (m)
gravity disturbance .
. . X ground height
dlsturbmg gravity anomaly (m) 0.0036 | 0.0190 | 0.0031 0.0158
gradient

In addition, by setting the zero contribution rate (x = 0) or zero weight (p = 0) of
the observations to be investigated, and making full use of the residual observation files
*.chs output during the operation of the program, we can effectively deal with the typical
problems such as the observation gross error detection, measurement of external
accuracy indexes, computation performance control and result quality assessment in
various complex cases.

In this example, only from discrete disturbance gravity observations, the gross error
of observed GNSS-levelling geoidal heights is detected, and its external accuracy index
can be measured directly using SRBFs. The process is shown in process2.txt.

Firstly, calculate and remove the 2~540" degree EGM2008 model gravity field
respectively from the observed gravity disturbances and observed GNSS-levelling
geoidal heights, and generate the heterogeneous residual observation file
obsresiduals0.txt. Calculate the 2~180" degree EGM2008 model geoidal height grid as
the ellipsoidal height grid file mdlgeoidh30s.dat of calculation surface. Then call the
program, select the height anomaly as the adjustable observation, let the contribution
rate k = 0 to get the remaining residual file GNSSlerrpkO.chs.

Separate the remaining residual records of the observed GNSS-leveling and
observed gravity disturbance from the remaining residual file GNSSlerrpk0.chs, detect
and remove the observation gross error points beyond 3 times of standard deviation
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range of the remaining residuals for the GNSS-levelling sites and beyond 5 of times
standard deviation range for the disturbance gravity points, and then reconstruct the
new heterogeneous observation residual file obsresidnoerr.txt.

Replace the input file obsresiduals0.txt with the new heterogeneous observation
residual file obsresidnoerr.txt and call the program again to get the new remaining
residual file GNSSlerrpk02.chs.

-

| Gross error detection on gravity field observations using SRBFs

>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-20 22:22:23
>> Complete the computation!
>> Computation end time: 2023-03-20 22:26:45
>> The program outputs the full elements grid files into the current directory. These grid files include the residual residual gravity disturbance *.rga (mGal),
residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector

Open the discrete heterogeneous
# residual observations file
number of rows of file header 1

column ordinal number of ellipsoidal ¢
height in the record

column ordinal number of weight 7

| Select SRBF _radial muttipole kemel - |

Orderm 3
Minimum degree 240
Maximum degree 1800

*.dft (*, SW), where " is the output file name

>> The program also outputs SRBF center file * center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval (*). The record format: point no, longitude (degree
cimal), geocentric latitude, cell grid area deviation percent:
>> Type 0 of source observations: mean 0.3186 standard deviation 42.1772 minimum -296.0915 maximum 165.2611
esidual observations: mean -0.4618 standard deviation 14.2512 minimum -105.2839 maximum 114.8811

longitude interval of cell grid in prime verti

| circle direction (;

>> Type 1 of source observations: mean -0.3510 standard deviation 0.2774 minimum -0.9982 maximum _0.3435

sl Lesidual observations  mean -0.0071_standard deviation 0.0304_minimum_-0.2012_maximum 00560 ]
Bjerhammar sphere. 10.0™ esidual observations: mean -0.0071_standard deviation 0.0304_minimum -0 2012_maximum__0.0560
Action distance 0. = =
of SBRF center - Solution of normal equation LU triangular decomposition [} Save the results as ¥ Import setting parameters 4§ Start Computatior

Reuter network level K 3600

Select the adjustable

observations
Contribution rate  of
adjustable observations

3 Open the ellipsoidal height grid file
of calculation surface

height anomaly (m)

0.00

1
1
1
1
1
1

BF Aigorithm of gravity field approach using SRBFs Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)

ez e s . ms

@ After the first is itis to employ the|
output residual observation file *.chs as the input observation file again to|
refine target field element. Generally, the stable solution can be achieved
by 1 to 3 times cumulative SRBF approach, and the target field element is
equal to the sum of these SRBF approach solutions.

@ The validity principle of once SRBF approach: (1) The residual target
field element grid is continuous and differentiable, and whose standard
| deviation is as small as possible. (2) The statistical mean of residuals tends
to zero with the increase of cumulative approach times, and there is no|
obvious reverse Sign.

Extract data to be plot A Plot —

@ The program is a high performance and adaptable modeling tool on
gravity field. Various observations with heterogeneity, different altitudes,
cross-distribution, and land-sea coexisting can be directly employed to
estimate the full element models of gravity field without reduction,
continuation, and gridding

@ The program has strong ability on the observation gross ermor
detection, measurement of extemal accuracy indexes, computation
performance control and result quality assessment.

Since the contribution rate of GNSS-levelling k = 0 is set in advance, it
essentially here to directly determine the external accuracy index of the observed GNSS
levelling using only discrete gravity disturbance observations. Before and after gross
error removed, the statistical results on the observation residuals are as follows.

standard
deviation

residual vertical deflection S (*)

residual height anomaly (m) residual disturbing gradient (E)

humber mean minimum | maximum
of points

Original
residuals

Residuals
without error

4219 | 0.3186 |42.1772 | -296.0915 | 165.2611

Gravity
disturbance
(mGal)

4213 | 0.3071 | 42.0482 | -296.0915 | 165.2611

Remaining
residuals

4213 | -0.4584 | 13.6071 | -61.1040 | 64.8276

Original
residuals

GNSS
levelling

125 | -0.3510 | 0.2774 -0.9982 0.3435
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geoidal
height (m)

Residuals

without error 0.2745

123 |-0.3443" -0.9982 0.3435

Remaining
residuals

The statistical mean (1) minus (2) of the GNSS-levelling remaining residuals in the
table, that is, -0.3443®- (-0.0070®) = -0.3373m, is the difference between the regional
height datum and the global height datum (gravimetric geoid). Here provides the SRBF
measurement method for regional height datum difference.

123 |-0.00707| 0.0214* | -0.0729 0.0577

Measurement of regional height datum difference using SRBFs

>> The parameter settings have been entered into the system!

Open the discrete heterogeneous
** Click the [Start Computation] control button, or the [Start Computation] tool button

residual observations file

number of rows of file header 1
| column ordinal number of ellipsoidal
height in the record
column ordinal number of weight 7

]

Select SRBF radial multipole kernel

Orderm 3

>> Computation start time: 2023-03-20 22:36:45

>> Complete the computation!

>> Computation end time: 2023-03-20 22:41:13

>> The program outputs the full elements grid files into the current directory. These grid files include the residual residual gravity disturbance *.rga (mGal),
residual height anomaly *.ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector
*.dft (*, SW), where " is the output file name

>> The program also outputs SRBF center file * center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('), The record format: point no, longitude (degree

: decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle direction ('
< > Type 0 of source observations: mean 0.3071 standard deviation 42.0482 minimum -296.0915 maximum 165.2611

esidual observations: mean -0.4584 standard deviation 13.6071 minimum -61.1040 maximum 64.8276
>> Type 1 of source observations: mean -0.3443 standard deviation 0.2745 minimum__-0.9982 maximum _0.3435

Minimum degree 240
Maximum degree 1800

btk [esidual obsevations: mean -0.0070_standard deviation 0.0214_minmum 0.0729_maximum _0.0577 ]
Blerhammar sphere 10-0%M esidual observations: mean_-0.0070_standard deviation 0.0214_minimum _-0.0729_maximum _0.0577
Action distance 100km a =
of SBRF center * Solution of normal equation LU triangular decomposition b Savetheresults as 3 Import setting parameters

Reuter network level K 3600

Select the adjustable

observations
Contribution rate « of
adjustable observations

gradien

1y (m)

height anomaly (m)

0.00

Open the ellipsoidal height grid file
of calculation surface

3

residual gravity disturbance (mGal)

‘Spatial distribution of observations spherical radial basis function spatial curve

e Algorithm of gravity field approach using SRBFs
T

@ After the first is itis o empioy the
output residual observation file *.chs as the input observation file again to|
refine target field element. Generally, the stable solution can be achieved
by 1 to 3 times cumulative SRBF approach, and the target field element is
equal to the sum of these SRBF approach solutions.

@ The validity principle of once SRBF approach: (1) The residual target
field element grid is continuous and differentiable, and whose standard
deviation Is as small as possible. (2) The statistical mean of residuals tends|
to zero with the increase of cumulative approach times, and there is no|
obvious reverse sign.

Extract data to be piot s Plot —

@ The program is a high performance and adaptable modeling tool on
gravity field. Various observations with heterogeneity, different altitudes,
cross-distribution, and land-sea coexisting can be directly employed to
estimate the full element models of gravity field without reduction,
continuation, and gridding

@ The program has strong ability on the observation gross error
|detection, measurement of extemal accuracy indexes, computation

control and result quality

i I residual vertical deflection S ()

In the table, 0.2745®m = 27.45cm can represent the accuracy index of the model
geoidal height from the 2~540"" degrees EGM2008 model.

0.0214@m is the external accuracy index of GNSS-levelling expressed as standard
deviation, that is, 2.14 cm. Here provides the SRBF measurement method for the
external accuracy index of GNSS-leveling. The result indicates that the external
accuracy of GNSS-leveling is not bad than 2.14 cm (standard deviation).

@ The typical technical features of the program

(1) The analytical function relationships between gravity field elements are strict,
and the SRBF approach performance has nothing to do with the observation errors.

@ Various heterogeneous observations in the different altitudes, cross-distribution,
and land-sea coexisting cases can be directly employed to estimate the full element

residual height anomaly (m) residual disturbing gradient (E)
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models of gravity field without reduction, continuation, and griding.

(3) Can integrate very little astronomical vertical deflection or GNSS-levelling data,
and effectively absorb the edge effect.

(4) Has the strong capacity in detection of observation gross errors, measurement
of external accuracy indexes, and control of computational performance.

‘ Full element modelling on gravity filed From observed gravity
disturbance and GNSS-levelling geoidal height using SRBF

Open the discrete >>The settings have been entered into the system!
¥ residual observations file ** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-20 22:49:53

number of rows of file header 1

T >> Complete the computation!
| column ordinal number of ellipsoidal ¢ +  >>Computation end time: 2023-03-20 22:54:31
height in the record >> The program outputs the full elements grid files into the current directory. These grid files include the residual residual gravity disturbance *.rga (mGal),
column ordinal number of weight 7 < residual height anomaly *.ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector

*.dft (*, SW), where * is the output file name
|__Select SRBF_radial mutipole kemel | - > The program aiso outputs SRBF center fle * center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid

Sraermis : decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle direction (*
Minimum degree 240 ~| |>> Type 0 of source observations: mean 0.3071 standard deviation 42.0482 minimum -296.0915 maximum 165.2611
Maximum degree 1800 3 N esidual observations: mean -0.2139 standard deviation 12.7187 minimum -60.1001 maximum 64.8276
Burial depth of >> Type 1 of source observations: mean -0.0070_standard deviation 0.2745 minimum __-0.6609 maximum _0.6808
5 100km -
jerhammar sphere — 5 5RO ot
Action distance oo, = L = =
of SBRF center ~| Solution of normal equation LU triangular decomposition [l save the results as ¥ Import setting parameters & Start Computatiol

Reuter network level K 3600

Select the adjustable

observations
Contribution rate k of
adjustable observations

height anomaly (m)

1.00

3 Open the elipsoidal height grid fle

of calculation surface 7 101 1
8 101.5625¢

number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: point no, longitude (degree

F Algorithm of gravity field approach using SRBFs Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)

e mr e

® After the first is itis To employ the
output residual observation file *.chs as the input observation file again to|
refine target field element. Generally, the stable solution can be achieved
by 1 to 3 times cumulative SRBF approach, and the target field element is:
equal to the sum of these SRBF approach solutions

@ The validity principle of once SRBF approach: (1) The residual target
field element grid is continuous and differentiable, and whose standard
deviation is as small as possible. (2) The statistical mean of residuals tends:
to zero with the increase of cumulative approach times, and there is no
obvious reverse sign

Extract data to be plot . Plot —

@ The program is a high performance and adaptable modeling tool on
gravity field. Various observations with heterogeneity, different altitudes,

and land-sea can be directly employed to
estimate the full element models of gravity field without reduction, v -

continuation, and gridding e SN ST Nl

@ The program has strong ability on the observation gross emor Ll 4' r . ,' .'“ N a2

detection, measurement of extemal accuracy indexes, computation —— S

performance control and result quality assessment residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (*)

4.8. Modelling process exercise of regional gravity field and geoid

4.8.1 Computation process demo of full element modelling on gravity field by
integral method
From the ground digital elevation model and observed gravity disturbances from
EGM2008 geopotential model, using a remove-integral-restore scheme combination
with residual terrain effects and EGM2008 model, compute the ground height anomaly,
ground gravity disturbance and ground disturbing gravity gradient as well as the geoidal
height, gravity disturbance and disturbing gravity gradient on the geoid, to show the key
problem and computation process of full element modelling on regional gravity field by
integral method in space domain.
¢ Input and output data and related terrain models
Let terrain data range (extended area, E104.0~111.0°, N24.0~29.0°) o Calculation
area (observed gravity points distribution / the boundary surface range, E104.5~110.5°,
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N24.5~28.5°) o Results area (regional gravity field model results range, E105.0~110.0°,
N25.0~28.0°) to absorb the edge effect of integral.

(1) The observed gravity disturbance file Obsgrav.ixt.

The gravity disturbances at the measurement points are simulated from the
2~1800" degree EGM2008 model. PAGravf4.5 employs the exact same algorithms to
process all kinds of terrestrial, marine, and airborne gravity data in an unified way, and
there is no need to distinguish whether the measurement point is on the ground, at the
air altitude or in the sea area.

The format of the file record: ID (point no/name), longitude (°), latitude (°), ellipsoidal
height (m), gravity disturbance (mGal). The distribution of observations is shown in Fig.

The terrestrial, marine or airborne observed gravity disturbances Calculation of 30" RTM in extended area
simulated from the 2~1800"" degree EGM2008 mode T
Calculation of 2° RTM in extended area «<—— C. ion of L igh degree land: terrain model 30" DEM in extended area
l RTE integral at measure points from 30" RTM T

Ultrahigh degree terrain mass spherical harmonic

Calculate and move the RTE on coefficient model

observed gravity disturbance Calculate the model values of anomalous gravity

field from global geopotential mode
Calculate and move the 2' 1440-degree model

| gravity disturbance

Griding by the basis function Observed residual gravity disturbance on terrain | ¥
weighted interpolation equiheight surface

Calculate and restore the

[ 2' 2~1440" degree model Ultrahigh idegree
Calculate and restore the 2' RTE 2’ residual gravity grid files gravity disturbance on = geopotential model
grid on gravity disturbance on |- disturbance on frrain + terrain equiheight surface

terrain equiheight surface T

1

1
1
1
1
| + c and move the 2’ -
Calculate and move the 2' RTE 1 2' gravity disturbance grid files 360-degree reference 2’ ellipsoidal height grid of
grid on gravity on i grid on terrain L - gravity disturbance on the terrain equiheight surface
terrain equiheight surface ! equiheight surface Y terrain equiheight surface (Stokes boundary surface)
L ! .
| 1 N
v s = 2' residual gravity Calculate the model 2' model geoidal height
2’ ellipsoidal height grid of
terraln surfacg (tagget eﬂ':zf'f;:éﬁ;:'"ml disturbance on terrain reference values of grid (target calculation
calculation surface) g equiheight surface anomalous gravity field surface)
1 / — (— |
¥ !
Calculate and restore 2' RTE Hotine = Vening-Meinesz = Poisson Calculation of disturbing gravity Calculate and restore 2' model
on height anom§ly, gravity integral integral integral gradient from gravity disturbance reference value of height anom-
disturbance, vertical deflec- aly, gravity disturbance, vertical
tion and gravity gradient on deflection and gravity gradient
ground and on geoid 2' residual height anomaly, gravity 2’ residual height anomaly, gravity on ground and on geoid
vertical and disturbance, vertical deflection and - =
disturbing gravity gradient on ground disturbing gravity gradient on geoid
S N
2’ residual height anomaly, gravity disturbance, | | 2' residual height gravity

vertical deflection and disturbing gravity grid files - | vertical deflection and disturbing gravity
gradient grid results on ground , } ’ gradient grid results on geoid

Computation process demo of full element modeling on gravity field by integral method

(2) The 3600-degree terrain mass spherical harmonic coefficient model file
ETOPOcs3600.dat and 2190-degree geopotential coefficient model file EGM2008.gfc.

The two model files are stored in the directory C:\PAGravf4.5_win64en\data. The
3600-degree global land-sea terrain mass spherical harmonic coefficient model
ETOPOcs3600.dat is generated by the PAGravf4.5 function [Ultrahigh degree spherical
harmonic analysis of global land-sea terrain model] from the global 2'x2' land-sea terrain
model ETOPO2v2g.

(3) The ground digital elevation model (DEM)

Two resolutions of DEM are required. The high-resolution is employed for
observation reduction, that is, to calculate and remove the residual terrain effects on the
observations. The other resolution is consistent with the target result resolution and is
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employed to restore the residual terrain effects on the target field elements. In this
example, they are 30" and 2' respectively, and the corresponding files are extdtm30s.dat
and extdtm2m.dat.

(4) The 30"/2" ellipsoidal height grid files equihgt30s.dat/equihgt2m.dat of terrain
equiheight surface.

The ellipsoidal height of the terrain equiheight surface is equal to the sum of the
2~360™" degree EGM2008 model height anomaly and mean of the ground normal height.
In this example, the terrain equiheight surface is the reduction surface of the ground
observed gravity disturbances, which is also the equipotential boundary surface for
solving the Stokes boundary value problem.

When the normal (orthometric) heights of the surface are zero, namely whose
ellipsoidal height are geoidal height, the reduction surface and the boundary surface are
the geoid in the traditional sense.

One of the main purposes of using the terrain equiheight surface as the boundary
surface of the Stokes boundary value problem is to make the ground measurement
points as close as possible to the boundary surface to suppress the attenuation of the
ultrashort-wave signal of gravity field.

digital elevation model (m) and gravity measurement point distribution (BLH)

(5) The 2' geoidal height grid file geoidhgt2m.dat and 2' ground ellipsoidal height
grid file surfhgt2m.dat.
The geoidal height grid is employed to stand for the space position of the gravity field
element grid on the geoid, calculated from the 2~360" degree EGM2008 model.

The ground ellipsoidal height grid is the sum of the 2~360" degree model ground
height anomaly grid and ground digital elevation model grid, which is employed to stand
for the space position of the ground gravity field element grids.

(6) Output a series of result grid models of the regional gravity field.

Various anomalous gravity field element grid models on the geoid. The 2'x2' geoidal
height, gravity disturbance, vertical deflection vector and disturbing gravity gradient grid
models. The geoidal height grid model here also stands for the space position of the
anomalous gravity field element grid.
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Various anomalous gravity field element grid models on the ground. The 2'x2’
ground height anomaly, gravity disturbance, vertical deflection vector and disturbing
gravity gradient gid models, as well as DEM or ground ellipsoidal height grid model
which is employed to stand for the space position of the ground anomalous gravity field
element grid.

e Programs call and input-output data flow

(1) Calculate and remove the model terrain height value, and then construct the 30"
and 2’ residual terrain model (RTM) grids.

Call the function [Calculation of model value for complete Bouguer or residual
terrain effects] with the minimum degree 1 and maximum degree 1800, select the
calculation type ‘terrain height/sea depth (m), and input the land-sea terrain mass
spherical harmonic coefficient model file ETOPOcs3600.dat, respectively generate 30"
and 2' model terrain height grid files mdldtm30s.dat and mdidtm2m.dat from
extdtm30s.dat and extdtm2m.dat.

After extdtm30s.dat minus mdldtm30s.dat and extdtm2m.dat minus mdldtm2m.dat,
the residual terrain models (RTM) resdtm30s.dat and resdtm2m.dat in the extended
area are obtained, as shown in the figure.

When the program output file name is inconsistent with the file name given here,
the program output file name need be renamed, and the subsequent ones are the same.

mean standard deviation minimum maximum

30" RTM (m) -0.4626 137.2485 | -746.0400 908.8900
2' RTM( ) -0 8250 97.5569 | -541 2900 645.0400
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30" and 2’ residual terrain model (RTM, m)

(2) Calculate and remove the ultrahigh-degree model gravity disturbances at the
measurement points.

Call the function [Calculation of gravity field elements from global geopotential
model] with the minimum degree 2 and maximum degree 1440, input the file
EGM2008.gfc and observation file Obsgrav.txt, select the type ‘gravity disturbance’, and
generate the model gravity disturbance file Obsgravmdl.txt (columns 6) at the
measurement points.
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Subtract the observed gravity disturbance (column 5) and model gravity
disturbance (column 6) in Obsgravmdl.txt, to generate the model residual gravity
disturbances (column 7) file Obsgravmdiresd.txt at the measurement points.

Table 2 shows the statistical results of the gravity disturbances at the measurement
points before and after the 1440-degree model values removed.

Measurement points standard - .
(mGal) mean minimum maximum

deviation
Observed gravity
disturbance

Model residual of
gravity disturbance

-27.7853 28.7143 | -147.4878 74.7074

-0.3743 6.4755 -35.8263 27.4789

(3) Calculate and remove the residual terrain effects on the gravity disturbances at
the measurement points.

Call the function [Numerical integral of land-sea residual terrain effects on various
gravity field elements], input the observation file (for the convenience of calculation, here
adopts the geodetic coordinates of the measurement points in Obsgravmdiresd.txt),
high-resolution DEM extdtm30s.dat, low-pass DEM mdldtm30s.dat and ground
ellipsoidal height grid file surfhgt30s.dat, set the integral radius 60km, and generate the
residual terrain effect (RTE) on the gravity disturbance, Obsgravresdtm.txt (column 8).

Subtract the model residual gravity disturbance (column 7) and its residual terrain
effect (column 8) in Obsgravresdtm.txt, to generate the residual gravity disturbances
(column 9) file Obsgravresidual.txt at the measurement points.

After the residual terrain effects removed, the residual gravity disturbances
statistical results at the measurement points are shown in Table 3.

Measurement points standard - .
(mGal) mean minimum maximum

deviation
Residual gravity
disturbance

6.4474 9.7051 -28.6215 79.6853

In this example, the analytical continuation step using the residual radial gradient
(within a height difference of 1000m, the value is small) is omitted. In this case, the
residual gravity disturbance at the measurement point is equal to that on the
equipotential surface.

So far, the reduction processing of the gravity disturbance from the measurement
points to the terrain equiheight surface has been complete.

The basic purpose of the statistics in Tables 1 to 3 is to improve the residual terrain
effect algorithm and related parameters according to the griding optimization criteria.
Since the simulated data lacks sufficient ultrashort wave information of the real gravity
field, the optimization criterion analysis process is omitted in this example.

(4) Grid the residual gravity disturbance into 2'x2’ grid on terrain equiheight surface.

Call the function [Gridding of heterogeneous data by basis function weighted
interpolation], select ‘equal weights of observations’ (the weights can be estimated with
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the residual terrain effect as the reference attribute in advance), and grid the 13th and
10th column of attributes (from the file Obsgravresidual.txt), to generate 2’ residual
gravity disturbance grid file distgravresidual.dat on the terrain equiheight surface.

(5) Calculate the 2" EGM2008 1440-degree model value grid of the gravity
disturbance on the terrain equiheight surface.

Call the function [Calculation of gravity field elements from global geopotential
model] with the minimum degree 2 and maximum degree 1440, input the file
EGM2008.gfc and ellipsoidal height grid file (equihgt2m01.dat) of the terrain equiheight
surface, select the calculation type ‘gravity disturbance’, to generate 2' model gravity
disturbance grid file distgravmdl.dat on the terrain equiheight surface.
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2' residual gravnty disturbance (mGal) and 1440-degree model gravity disturbance (mGal) on terrain equiheight surface

Here, the geopotential model and the minimum and maximum degree are required
to be the same as in step (2).

Step (2) removes the model gravity disturbance at the ground measurement point,
and step (5) restores the model gravity disturbance grid on the reduction surface. The
purpose of this remove-store process is to carry out analytical continuation with the help
of the ultrahigh-degree geopotential model.

(6) Calculate the 2' residual terrain effect grid on the gravity disturbance on the
terrain equiheight surface.

Call the function [Numerical integral of land-sea residual terrain effects on various
gravity field elements] with extdtm2m.dat as the high-resolution DTM and the 2’ terrain
model grid mdldtm2m.dat as low-pass DTM, input the 2' ground ellipsoidal height grid
file surfhgt2m.dat (representing the 2’ residual terrain mass position) and the ellipsoidal
height grid file equihgt2m01.dat of the terrain equiheight surface, select the type ‘gravity
disturbance’, set the integral radius 60km, and generate the 2' residual terrain effect grid
file distgravresidtm.dat of the gravity disturbance on the terrain equiheight surface.
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2' residual terrain effect on gravity disturbance and 1440-degree model gravity disturbance (mGal) on terrain equiheight surface

Here, the integral radius is required to be the same as in step (3).

(7) Generate the 2' gravity disturbance grid model on the terrain equiheight surface.

Sum up the residual grid distgravresidual.dat, the ultrahigh degree model value grid
distgravmdl.dat and the residual terrain effect grid distgravresidtm.dat three grid files of
the gravity disturbance with the same grid specifications, to generate the 2' gravity
disturbance grid model on the terrain equiheight surface.

Steps (1) to (7) are the process of regional gravity field data reduction and
processing, and the subsequent steps are the gravity field approach and modelling
process according to the geodetic boundary value theory.

(8) According to the requirements of the gravity field approach, select the residual
terrain model bandwidth (in this example, the maximum degree of the model terrain is
1440), recalculate the 2' residual terrain model resdtm2m1.dat, and then call the
[Numerical integral of land-sea residual terrain effects on various gravity field elements]
program, set the integral radius 60km, and calculate the 2' residual terrain effects on
gravity disturbance on the terrain equiheight surface equalsgravrtm.dat.

The terrain effect optimization criteria for gravity field approach are different from
that for gridding of anomalous gravity field elements, so those residual terrain models
are generally constructed differently. However, it is difficult to process and analyze these
problems from the simulated data, and the maximum degree of the model terrain here
is directly taken as 1440.

(9) Calculate the 2~720" degree model reference value grid of the gravity
disturbance on the terrain equiheight surface.

Call the function [Calculation of gravity field elements from global geopotential
model] with the minimum degree 2 and maximum degree 720, input the file
EGM2008.gfc and the ellipsoidal height grid file (equihgt2m0Q1.dat) of the terrain
equiheight surface, select the calculation type ‘gravity disturbance’, and generate 2’
model gravity disturbance grid file equdisgravmdl.dat on the terrain equiheight surface.

The ultrahigh-degree geopotential model (1440 degree) in steps (2) and (5) is
employed for analytical continuation, and the 2~720™ degree geopotential model here
is employed as the reference gravity field for regional gravity field integral.
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(10) Calculate the 2' residual gravity disturbance grid on the terrain equiheight
surface (remove the residual terrain effect and model reference value form gravity
disturbance grid).

From the 2' gravity disturbance grid equdistgrav.dat on the terrain equiheight surface,
subtract the 2' residual terrain effects equdisgravrtm.dat, and then subtract the 2~720t"
degree model reference value grid equdisgravmdl.dat, to generate the 2' residual gravity
disturbance grid equgravresidual.dat on the terrain equiheight surface.

Terrain equiheight standard - .
mean minimum maximum
surface (mGal)

deviation
2' gravity disturbance

-17.7675 23.3340 | -119.4421 86.6984

grid

Residual terrain -1.6478 45234 | -315185| 223032
effects

720-degree model | 535503 | 19.5560 | -112.3400 |  31.4088
values

Residual gravity

) 7.4326 13.1966 -56.9378 71.9857
disturbances

The basic purpose of statistics here is to improve the residual terrain effect algorithm
and parameters according to the gravity field approach optimization criterion (the
optimization goal: the standard deviation of residual gravity disturbances in Table 4 is
the smallest, and the statistical mean is close to zero). The simulated data lacks
sufficient ultrashort wave information of the real gravity field, so the optimization criterion
analysis process is omitted in this example.

(11) Call the relevant gravity field integral function to calculate various types of
residual anomalous gravity field elements on the ground and on the geoid, respectively.

When calculating the ground residual field elements, input the ground ellipsoidal
height grid surfhgt2m2.dat, and when calculating the residual field elements on the
geoid, input the model geoidal height grid geoidhgt2m2.dat calculated from the 360-
degree EGM2008 model. The integral radius is 90km.

- Call the function [External height anomaly computation using generalized Hotine
integral] to calculate the ground residual height anomaly and residual geoidal height grid
surfksiresidual.dat and geoidhgtresidual.dat, respectively.

- Call the function [Computation of external vertical deflection from gravity
disturbance] to calculate the ground residual vertical deflection grid surfdftresidual.dat
and geoidal residual vertical deflection grid geoiddftresidual.dat, respectively.

- Call the function [Computation of Poisson integral on external anomalous gravity
field element] to calculate the ground residual gravity disturbance grid
surfrgaresidual.dat and geoidal residual gravity disturbance grid geoidrgaresidual.dat,
respectively.

- Call the function [Computation of external disturbing gravity gradient from gravity
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disturbance] to calculate the ground residual disturbing gravity gradient grid
surfgrresidual.dat and geoidal residual disturbing gravity gradient grid
geoidgrresidual.dat, respectively.

(12) Calculate the residual terrain effects of various anomalous field elements on the
ground and on the geoid, respectively (to restore the residual terrain effects of various
field elements).

Call the function [Numerical integral of land-sea residual terrain effects on various
gravity field elements] with simultaneously selecting the height anomaly, gravity
disturbance, vertical deflection and disturbing gravity gradient as the field element types.
When calculating the residual terrain effect on the ground field elements, input the
ground ellipsoidal height grid surfhgt2m.dat, and when calculating the residual terrain
effect on the geoidal field elements, input the model geoidal height grid geoidhgt2m.dat.

Here, the integral radius and RTM resdtm2m.dat are required to be the same as in
step (8).

The output grid files of the residual terrain effect (RTE) on the ground field elements
include the RTE on height anomaly surfhgt2mrtm.ksi, RTE on gravity disturbance
surfhgt2mrtm.rga, RTE on vertical deflection vector surfhgt2mrtm.dft, and RTE on
disturbing gravity gradient surfhgt2mrtm.grr.

The output grid files of the residual terrain effect (RTE) on the geoidal field elements
include the RTE on geoidal height geoidhgtrtm.ksi, RTE on gravity disturbance
geoidhgtrtm.rga, RTE on vertical deflection vector geoidhgtrtm.dft, and RTE on
disturbing gravity gradient geoidhgtrtm.grr.

(13) Calculate the 2~720" degree model reference value of various anomalous field
elements on the ground and on the geoid, respectively (to restore the model reference
value of various field elements).

Call the function [Calculation of gravity field elements from global geopotential model]
with simultaneously selecting the height anomaly, gravity disturbance, vertical deflection
and disturbing gravity gradient as the field element types. When calculating the model
reference value of the ground field elements, input the ground ellipsoidal height grid
surfhgt2m.dat, and when calculating the model reference value of the geoidal field
elements, input the model geoidal height grid geoidhgt2m.dat.

Here, the minimum degree is 2 and the maximum degree is 720, which to be the
same as in step (9).

The output grid files of the model reference value (MRV) of the ground field
elements include the MRV of height anomaly surfhgt2mgm720.ksi, MRV of gravity
disturbance surfhgt2zmgm720.rga, MRV of vertical deflection vector surfhgt2mgm720.dft,
and MRYV of disturbing gravity gradient surfhgt2mgm?720.grr.

The output grid files of the model reference value (MRV) of the geoidal field
elements include the MRV of geoidal height geoidh2mgm720.ksi, MRV of gravity
disturbance geoidh2mgm720.rga, MRV of vertical deflection vector geoidh2mgm720.dft,
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and MRV of disturbing gravity gradient geoidh2mgm720.grr.

(14) Generate the target result grid of various anomalous gravity field elements on
the ground.

The residual field element grid, residual terrain effect grid and model reference
value grid of various gravity field elements on the ground are respectively summed
together to generate the 2' ground height anomaly grid surfhgtksi2m.dat, ground gravity
disturbance grid surfhgtrga2m.dat, ground vertical deflection vector grid
surfhgtdft2zm.dat and ground disturbing gravity gradient grid surfhgtgrr2m.dat grid, as
well as the ground ellipsoidal height grid (indispensable) which is employed to specify
the space position of the ground anomalous gravity field element grid.

E———— 2 S — T ——
2' ground height anomaly (m) and ground gravity disturbance (mGal)

108 w07 108°
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2' ground vertical deflection (”) and ground disturbing gravity gradient (E)

Element type Component mean star]dgrd minimum | maximum
deviation

MRV | -27.4261 3.2927 | -36.0901 | -20.1879
Ground height RTE | -0.0008 0.0314 | -0.1219 0.1363

anomaly (m) Residual 0.6136 0.1608 0.2218 1.2427
Total | -26.8133 3.3149 | -35.4331 | -19.1927
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MRV | -22.4136 | 15.7881 | -76.2475| 18.5218
Ground gravity RTE | -0.7256 0.6856 | -7.8832 1.8187
disturbance

(mGal) Residual 6.8912 | 11.4588 | -35.1321 | 65.7856

Total | -16.2480 | 18.7702 | -81.8505| 77.2212

MRV 1.5543 3.0688 | -57396| 14.0662

Ground vertical RTE 0.1340 0.7770 | -3.5615 3.6938

deflection (", S) Residual | -0.0232 14285 | -7.3171 6.1334

Total 1.6649 3.2346 | -9.5143 | 16.4299

MRV | -4.3753 27632 | -12.4916 5.1844

Ground vertical RTE| -0.0525 0.9824 | -4.3215 5.2168

deflection (*, W) Residual 0.0222 16118 | -7.6123 6.2307

Total | -4.4050 3.2895 | -18.4035 6.0986

MRV | -0.2116 0.6634 | -34.2497 | 32.3422

Ground disturbing RTE -0.0986 | 49.3177 | -269.7075 | 232.3091
gravity gradient

(E) Residual | -0.0622 | 15.1553 | -62.7129 | 112.4539

Total | -0.3736 | 52.1555 | -262.5373 | 253.7105

(15) Generate the target result grid of various anomalous field elements on geoid.

The residual field element grid, residual terrain effect grid and model reference
value grid of various gravity field elements on the geoid are respectively summed
together to generate the 2' geoidal height grid geoidhksizm.dat, geoidal gravity
grid geoidhrgaZ2m.dat,
geoidhdft2zm.dat and geoidal disturbing gravity gradient grid geoidhgrr2m.dat.

disturbance

105 106
5y
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deflection
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2' geoidal height (m) and gravity disturbance (mGal)
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2' vertical deflection (") and disturbing gravity gradient (E) on the geoid

4.8.2 Simple process demo of full element modelling on gravity field using
SRBFs in orthometric height system

Exercise purpose: From the observed terrestrial, marine and airborne gravity
disturbances and GNSS-leveling geoidal heights in orthometric height system, make the
full element models on gravity field using spherical radial basis functions (SRBFs) in six
steps, in which all the terrain effects are not processed, to quickly master the essentials
in observation analysis, computation quality control and full element modelling on
regional gravity field.

After the terrain effect processing omitted, SRBF approach process of gravity field is
very simple because there is no need for additional continuation reduction, gridding and
GNSS leveling fusion process.

Detection of gross errors and

of regional height datum difference and
GNSS-leveling external accuracy index

!

:

Regional
height datum
difference

Y

GNSS-leveling
external accuracy
index

GNSS-levelling contribution

Calculation of gravity field elements

ratek =0 from global geopotential model
l The observed terrestrial,
- marine and airborne

The remaining
residual file 1

!

Full el

Reconstruct the heterogeneous
observation residual file

5

Full element modelling on the residual
gravity field using SRBFs |

l

1

Full element grid
models of residual
gravity field

The remaining
residual file 2

The heterogeneous
observation residual file

observations

gravity disturbance fil

L

The observed GNSS-
levelling geoidal height fi

t modelling on gravity field
using SRBFs from heterogeneous

Full element modelling on remaining

residual gravity field using SRBFs

¢

Full element grid
models of remaining
residual gravity field

,

—
| 2~180% degree
-+ EGM2008 model
geoidal height grid
The ellipsoidal
height grid of the

The remaining residual file 3 ‘

land/sea surface

{

30" gravimetric geoidal height, gravity disturbance
gravity anomaly, disturbing gradient and vertical

deflection vector models on geoid

.

grid files

=== Detection of
measurement of external accuracy
indexes,
control and results quality assessment

gross errors,

computation performance

A

y

2~540t degree full element grids from
EGM2008 geopotential model

—

[

30" gravimetric geoidal height, gravity disturbance gravity anomaly, disturbing gradient and vertical deflection models on Earth surface

Simple process demo of full element modelling on gravity filed using SRBFs in orthometric height system
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e The observed gravity disturbance and GNSS-levelling data

The observed terrestrial, marine and airborne gravity disturbance file obsdistgrav.txt.
The file record format: ID, longitude (degree decimal), latitude, ellipsoidal height (m),
observed gravity disturbance (mGal), ...

The observed GNSS-leveling geoidal height file obsGNSSIgeoid.txt in orthometric
height system. The file record format: ID, longitude (degree decimal), latitude, observed
geoidal height (m), ...

In the example, the observed gravity disturbance and GNSS-leveling geoidal
heights are simulated from the EGM2008 model (the 2~1800™ degree) in advance.
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The distribution of gravity points, 2~180t degree model geoidal height and ellipsoidal height of the terrain surface

It should be noted that since the observed geoidal height by GNSS-leveling is
essentially the height anomaly on the geoid in orthometric height system, the geoidal
height at GNSS-leveling sites must be the geoidal height, which can be employed by
the observed GNSS-leveling geoidal height or the model geoidal height from the
EGM2008 model (the 2~180™" degree).

e The ellipsoidal height grid of calculation surface:

The model geoidal height grid file mdigeoidh30s.dat calculated from the 2~180™"
degree geopotential model, which is employed for modelling on gravity field on geoid.

146



The ellipsoidal height grid file surfhgt30s.dat of the land/sea surface equal to the
sum of the digital elevation model grid DEM30s.dat and the model geoidal height grid
mdlgeoidh30s.dat, which is employed for modelling on ground gravity field.

Here, it is required that the grid range of the calculation surface is larger than the
range of the target area to absorb edge effects.

(1) Remove reference model value from all the observations and then
construct the heterogeneous observation residual file.

Call the function [Calculation of gravity field elements from global geopotential
model], let the minimum degree 2 and maximum degree 540, and input the file
EGM2008.gfc, observed gravity disturbance file obsdistgrav.txt and observed GNSS-
levelling geoidal height file obsGNSSIgeoid.txt, calculate and remove the 2~540%
degree model value of these observations to generate the heterogeneous observation
file obsresiduals0.txt according to the agreed format.

(%

(1) Remove reference model value from all the observations and then
construct the heterogeneous observation residual file.

Calculation of gravity field slements ... Calculation of model value for residual « Global geopotential coeficient Calculation and analysis of spectral
from global model =" terrain (complete Bouguer) effects & model Calculator character of Earth's gravity field
@ Open global geopotential coefficient model file | 3.1 Save computation process as % Algorithmic Formulas
Select calculation fie format ** The window below only shows the geopotential coefficients data with no more than 2000 rows in it

55 Opén space calculation points file CTPAGTaviA 53
obsGNSSigeoidh.txt
§-Openi space caicuiadion pokts file ** Look at the file information in the window below and set the discrete point file format

Discrete caiculation points file

Set input point file format 5> Save the results as C/PAGravia.5_winbaen/examples/Gravimadiexercise/ apprgeoiaexercise’
= lobsGNSSigeoidn GM540.txt
f T :
Ambar A rows cl e fowder || ** Behind the record of the calculation point file, appends one or more columns of model values of anomalous field
(;olu:n ol:mal nur:ber of ellipsoidal | = elements, and keeps 4 significant figures.
eight in the recor >> The parameter settings have been entered into the system!
Select elements to be calculated * Click the [Start Computation] control button, o the [Start Computation] tool button The observed The observed
2 height anomaly (m) "gne calu:tauor: process ";ZZ‘; ggn\;gng;g;ch you can open the output file to look at the calcul: gravity GNSS-leveling
>> Computation start time: -03-. . o .

QravRy anomaly (mGal) S>Gomplete the calculation of the model value of (residual) gravity field element! disturbances geoidal heights

gravity disturbance (mGal) >> Computation end time: 2023-03-21 00:47:17 v |

vertical deflection (", SW) ——

3 Import setting parameters # Start Computation

disturbing gravity gradient (E, radial) '

] tangential gravity gradient (E. NW)
Laplace operator (E)
Minimum degree 2
Maximum degree 540

The  heterogeneous
observation residuals

-

decimal) lat ellpH(m) re

[tD 1lon(deg

Extract elements to be plot . Plot] 8 Siogsive daiiris Senstan | iaelesy Bt
2 5 X 32, % .
L LTS s L L [} The ellij i height here at GNSS- 3
"f ¢ e s 1®¢ leveling point is the observed or 1
o 8 o ! dus model geoidal height , not the 5 Residual gravity
t . & s observed ellipsoidal height. disturbances (mGal)
PP R 2 24.6036 5
t o 3
asje 2y
A o
e e
= R S5 e
s s s o wr [ 6 1 2 o 39
Residual GNSS-leveling

28 M6 4 N2 N LA 316 314 L2
— e

ht (m|

gravity anomaly (mGal) ] geoidal hei:
10 3455 24.6¢

The model geoidal height (m) at

the GNSS-levelling points
wuale Uie speciral and space properties of the geopotential coefficient model

WINGH Cail b6 Silpiuyed (o ailalyZe i evaiual

The agreed format of the heterogeneous observation file record: ID (point no /
name), longitude (degree decimal), latitude, ellipsoidal height (m), observation, ...,
observation type (0 ~ 5), weight, ... The order of the first five attributes is fixed by

s equal, the program calculates the contribution of the degree n geopote 1 1
121 24. 6¢ -32.

convention.
The observation types and units: 0 - residual gravity disturbance (mGal), 1 - residual

geoidal height (m).
It should be noted that the ellipsoidal height of GNSS-leveling must be the geoidal

height and not the ellipsoidal height at GNSS-levelling site.
(2) Detect the gross errors of the observations and then reconstruct the
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heterogeneous observation residual file.

Call the program [Full element modelling on gravity field using SRBFs from
heterogeneous observations], select the height anomaly as the adjustable observation,
let the contribution rate x = 0, and input the heterogeneous residual file
obsresiduals0.txt and model geoidal height grid file mdigeoidh30s.dat to estimate the
residual gravity field grid rntSRBFgeoidh30s0.xxx on geoid, and get the remaining
residual file rntSRBFgeoidh30s0.chs.

Where, xx=ksi stands for residual geoidal height (m), xxx=rga stands for residual
gravity disturbance (mGal), xxx=gra stands for residual gravity anomaly (mGal), xxx=grr
stands for residual disturbing gravity gradient (radial, E) and xx=dft stands for residual
vertical deflection (SW ".

(2) Detect the gross errors of the observations and then reconstruct
the heterogeneous observation residual file.
Open the discrete heterogeneous >> The parameter settings have been entered into the system! "
# residual observations file ** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-21 10:14:40
number of rows of file header 1 =1 | >> Complete the computation!
column ordinal number of ellipsoidal & = | >> Computation end time: 2023-03-21 10:19:52
height in the record >> The program outputs the full elements grid files into the current directory. These grid files include the residual residual gravity disturbance *.rga (mGal),
column ordinal number of weight 7 + | residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector
*.dft (", SW), where * is the output file name
Select SRBF | radial multipole kernel >> The program also outputs SRBF center file * center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
Orderm 5 number in meridian circle mrecbon maximum oen gnd number in pnme vemcal wcle direction, Iamuoe m(erval (). The reoom (ormal point no, longitude (degree

Minimum degree 360 > Type 0 o’ source ooservallons mean 0. 3186 standard deviahon 42 1772 minimum 296 0915 maximum i65 26"
Maximum degree 1800 esidual observations: mean 0.7368 standard deviation 16.9838 minimum -105.2839 maximum 114.8811
>> Type 1 of source observations: mean -0.3510 standard deviation 0.2774 minimum -09982 maximum 03435

Burial depth of 4, o,y 3 esidual observations: mean -0.0410 standard deviation 0.0287 minimum -0.1943 maximum 00132
Bjethammar sphere .
Action distance 1o s —
of SBRF center * | Solution of noma equation LU triangular decomposition i) Savethe results as 3 Import setting parameters & Start Computation

Reuter network level K 3600
Select the adjustable

observations
Contribution rate x of
adjustable observations

) Open the ellipsoidal height grid file
= of calculation surface

height anomaly (m)

0.00

1.00

Select the remaining residuals
(column 5) as the statistical
reference.

73 Algorithm of gravity field approach using SRBFs

@ After the first estimation s completed, it is recommended to employ the
output residual observation file *.chs as the input observation file again to
refine target field element. Generally, the stable solution can be achieved
by 1 to 3 times cumulative SRBF approach, and the target field element is
equal to the sum of these SRBF approach solutions.

@ The validity principle of once SRBF approach: (1) The residual target
field element grid is continuous and differentiable, and whose standard
deviation is as small as possible. (2) The statistical mean of residuals tends
to zero with the increase of cumulative approach times, and there Is no
lobvious reverse sign

Extract data to be plot 4 Plot —

@ The program is a high performance and adaptable modeling tool on
gravity field. Various observations with heterogeneity, different altitudes.
cross-distribution, and land-sea coexisting can be directly employed to
estimate the full element models of gravity field without reduction,

continuation, and gridding. B SRR . Dottty W S AL . _ NN S . :
@ The program has strong ability on the observation gross error detection ’ 5 =

measurement of external accuracy indexes, computation performance =

control and resuk quality residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (*)

Separate the remaining residual records of the observed GNSS-leveling and
observed gravity disturbance from the remaining residual file rntSRBFgeoidh30s0.chs,
detect and remove the observation gross error points beyond 3 times standard deviation
range of the remaining residuals for the GNSS-levelling sites and beyond 5 times
standard deviation range for the disturbance gravity points, and then reconstruct the
new heterogeneous observation residual file obsresiduals01.txt.

(3) Measure the regional height datum difference and GNSS-leveling external
accuracy index.

Replace the input file obsresiduals0.txt with the new heterogeneous observation
residual file obsresiduals01.txt and repeat the step (2) to re-estimate the residual gravity
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field grid rmtSRBFdatum30s.xxx on geoid and get the new remaining residual file
rntSRBFdatum30s.chs.

(3) Measure the regional height datum difference and GNSS-leveling
external accuracy index.

"Open the discrete heterogeneous || >> The parameter seftings have been entered into the system! . ~
9 fesicual observations file ** Click the [Start Computation] control button, or the [Start Computa- 02 768m <+ The external accuracy index (SD)
= | >> Computation start time: 2023-03-21 10:27:20 th A
number of rows of fle header | 1 =1 | >> Complete the computation! of the 2~540" degree model geoid
column ordinal number of ellipsoidal 7 | >> Computation end time: 2023-03-21 10:32:36 . i
height n the record & >> The program outputs the full elements grid files into the current dire 0.0243 m ¢ The gxternal accuracy . index
column ordinal number of weight 7 2| | residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal (SD) of GNSS+levelling ector
*.dft (, SW), where * is the output file name

Select SRBF | radial multipole kernel >> The program also outputs SRBF center file * center.txt into the current directory. The file header format: Reutdr grid level, SRBF center number, cell grid
Orderm 3 = | number in meridian circie direction, maximum cell grid number in prime vertical circle direction, latitude interval ('} The record format: point no, longitude (degree
= | | decimal), geocentric latitude, cell grid area deviation percentage. longitude interval of cell grid in prime vertical cifcle direction (')
Minimum degree 240 = | | >> Type 0 of source observations: mean 0.2695 standard deviation 42.0737 minimum -296.0915 maximum | 165.2611

Maximum degree 1800 : esidual observations: mean 05621 standard deviatior 996 minimum -80.4161 maximum | 64.8276

Burial depth of >>Type 1 of source observations: mean| -0.3482|standard deviation| 0.2768 fminimum_-0,9982 maximum_0.3435

| Bjerhammar sphere 10.0km B esidual observations: mean| -0.0070| standard depviationy 0.0243 jminimum  -0.1327 maximum  0.0561
Action distance

of SBRF center | Solution of normal equation LU triangular decomposition ~ }) Save the results as 3 Import setting parameters & Start Computation
Reuter network level K 3600 =1 (101

| | Select the adjustable 5
boonvations Neight anomaly (m)

Contribution rate x of 0.00 -

adjustable observations =

& Open the ellipsoidal height grid file
of calculation surface

100km

nomaly (m) A

—0.3482 — (-0.0070) = —0.3412m
+ The measured height datum difference

Only using the observed gravity disturbances. "’ Sl -4 S =
{5 Algorithm of gravity field approach using SRBFs Spaal distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)

T

| @ After the first estimation Is itis to employ the
output residual observation file *.chs as the input observation file again to
refine target field element. Generally, the stable solution can be achieved
| by 1 to 3 times cumulative SRBF approach, and the target field element is
equal to the sum of these SRBF approach solutions.

@ The vaiidity principle of once SRBF approach: (1) The residual targe!
Ifield element grid is continuous and differentiable, and whose standard|
deviation is as small as possible. (2) The statistical mean of residuals tends|
[fto zero with the increase of cumulative approach times, and there is noj
|lobvious reverse sign

Extract data to be piot “®a Plot —

@ The program is a high performance and adaptable modeling tool on
gravity field. Various observations with heterogeneity, different altitudes,
cross-distribution, and land-sea coexisting can be directly employed to
estimate the full element models of gravity field without reduction, -~y

L> s

and gridding
@ The program has strong ability on the observation gross error detection,
measurement of external accuracy indexes, computation performance
control and result quality

Since the contribution rate of GNSS-levelling k = 0 is set in advance, it is
essentially here directly to measure the external accuracy index of the observed GNSS
levelling only using the observed gravity disturbances. Before and after gross error
removed, the statistical results on the observation residuals are as follows.

wr

3

residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S ()

number standard - .
) mean o minimum | maximum
of points deviation

Original
_ residuals
Gravity Residuals

disturbance without error 4215 | 0.2695 | 42.0737 | -296.0915 | 165.2611
(mGal)

4219 | 0.3186 |42.1772 | -296.0915 | 165.2611

Remaining
residuals 4215 | -0.4584 | 13.6071 | -61.1040 | 64.8276

rgsr:g'l:‘:]'s 125 | -0.3510 | 0.2774 | -0.9982 | 0.3435
GNSS

levelling Residuals
geoidal without error
height (m)

124 |-0.3482®| 0.2768 -0.9982 0.3435

Remaining

. 124 |-0.0070®|0.0243®| -0.1328 0.0561
residuals

The statistical mean (1) minus (2) of the GNSS-levelling remaining residuals in the
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table, that is, -0.3482® - (-0.0070®) = -0.3412 m, is the difference between the regional
height datum and global height datum (gravimetric geoid). Here provides the SRBF
measurement method for regional height datum difference.

In the table, 0.0243®m is the external accuracy index of the observed GNSS-
levelling expressed as standard deviation, that is, 2.43 cm. Here provides the SRBF
measurement method for the external accuracy index of GNSS- leveling. The result
indicates that the external accuracy of the observed GNSS-leveling is not bad than 2.43
cm (standard deviation).

In general, it is necessary to make 1 to 2 cumulative SRBF approach with *.chs as
the input file to obtain the minimum of the standard deviation of the GNSS-levelling
remaining residuals as the external accuracy index, and this process is omitted in this
example.

After removing the regional height datum difference of -0.3411m from the GNSS-
levelling residuals, the new heterogeneous observation residual file obsresiduals1.txt is
reconstructed again.

(4) Full element modelling on the residual gravity field using SRBFs

Call the program [Full element modelling on gravity field using SRBFs from
heterogeneous observations], let the contribution rate k = 1, and input the
heterogeneous residual file obsresiduals1.txt and the model geoidal height grid file
mdlgeoidh30s.dat to estimate the 30" residual gravity field grid rntSRBFgeoidh30s1.xxx
on ge0|d and get the remalnlng residual file rntSRBFgeoidh30s1.chs.

« Full lement modelling on gravity field using SRBFS from heterogencous observations - o

(4) Full element modelling on the residual gravity field using SRBFs

§ Openthe discrete heterogeneous >>The parameter settings have been entered into the system! ~
residual observations file ** Click the [Start Computation] control button, or the {Start Computation] tool button.

>> Computation start time: 2023-03-21 10:42:16

number of rows of file header 1 - >> Complete the computation!

column ordinal number of ellipsoidal =] | >> Computation end time: 2023-03-21 10:47:29

height in the record | >> The program outputs the full elements grid files into the current directory. These grid files include the residual residual gravity disturbance * rga (mGal),
column ordinal number of weight 7 2| | residual height anomaly * ksl (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector
*.dft(*, SW), where * is the output file name
Select SRBF | radial multipole kernel >> The program also outputs SRBF center file * center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
ey = | | number in meridian circie direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: point no, longitude (degree

= |  decimal), geocentric latitude, cell grid area deviation percentage. longitude interval of cell grid in prime vertical circle direction (|
Minimum degree 360 = | [>>Type 0 of source observations: mean 02695 standard deviation 42,0737 minimum -296.0915 maximum 1652611
Maximum degree 1800 = || g esidual observations: mean 0.0196_standard deviation 12.9866 minimum -80.4161 maximum 64.8276
Burial depth of - | [7>Type 1 of source observallcnslﬂ imum -0.6571 maximum  0.6846
10.0km : esidual observations|mean -0.0002 standard deviation 0.0276 [minimum -0.1059 maximum 0.0768
Bjerhammar sphere
Action distance 1o ~ .
of SBRF center =] Solution of normal equation LU triangular decomposition [ Save the results as 3 Import setting parameters & Start Computation

Reuter network level K 3600

ID lon lat e

gradient (E)

Select the adustable
oonstene height anomaly (m)

Contribution rate k of

adjustable observations

-222¢ Can furtherly detect and remove the
2127 observation gross errors from *.chs,
.00t and then repeat the step (4). ®

1.00
) Open the ellipsoidal height grid file
= of calculation surface

25 Algorithm of gravity field approach using SRBFs Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)

@ After the first estimation Is itis to employ the
output residual observation file *.chs as the input observation file again to
refine target field element. Generally, the stable solution can be achieved
by 110 3 times cumulative SRBF approach, and the target field element is
equal to the sum of these SRBF approach solutions.

@ The validity principle of once SRBF approach: (1) The residual target
field element grid Is continuous and differentiable, and whose standard|
deviation is as small as possible. (2) The statistical mean of residuals tends

t ith the " lati h ind the - et S -
:Dv“z]"s::vers:;;ﬁ*m QUCHINSIVE SPROSO et S0C. Jeie 2 Full element models rntSRBFge0|dh3051 X006 o om
m_w e of the residual gravity field PR
Extract data to be piot 4 Plot — — - 5
= o+ ‘ R \ -
- o =z
@ The program is a high performance and adaptable modeling tool on -
gravity field. Various observations with heterogeneity, different altitudes, | L4 . » S
cross-distribution, and land-sea coexisting can be directly employed to '] ”~,
estimate the full element models of gravity field without reduction, g b P
and gridding Y
@ The program has strong ability on the observation gross error detection. R vl cali e Yo
measurement of exteral accuracy indexes, computation performance — =
control and result quality assessment residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (*)
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[The quality control scheme] You can furtherly detect and remove the observation
gross error points beyond 3 times standard deviation range of the remaining residuals
for the GNSS-levelling sites and beyond 5 times standard deviation range for the
disturbance gravity points from the remaining residual file mtSRBFgeoidh30s1.chs, and
then repeat the step (4). This process is omitted in this example.

(5) Full element modelling on the remaining residual gravity field using SRBFs

Call the program [Full element modelling on gravity field using SRBFs from
heterogeneous observations], let the contribution rate k = 1, and input the remaining
residual file rntSRBFgeoidh30s1.chs and model geoidal height grid file
mdigeoidh30s.dat to estimate the 30" remaining residual gravity field grid
rmtSRBFgeoidh30s1.xxx on geoid, and get the remaining residual file
rntSRBFgeoidh30s1.chs.

w Full element modelling on gravity field using SRBFS from

o
(5) Full element modelling on the remaining residual gravity field using SRBFs
B Open the discrete heterogeneous >> The parameter settings have been entered into the system! "
residual observations file “Click the [Start Computation| control button, or the [Start Comg = =
- >> Computation start time: 2023-03-21 10:49:55 Input the file rntSRBFgeoidh30s1.chs output
number of rows of file header ;\ >> Complete the computation! from the previous ste
column ordinal number of ellipsoidal 1 = | >> Computation end time: 2023-03-21 10:54:30 p P-
height in the record >> The program outputs the full elements grid files into the current directory. These grid files include the residual residual gravity disturbance *.rga (mGal),

column ordinal number of weight 8 % | | residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient .grr (E, radial) and residual vertical deflection vector

*.dft (*. SW), where * is the output file name

>> The program also outputs SRBF center file * center txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid

O 15 = | | number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: point no, longitude (degree
decimal), geocentric latitude, cell grid area deviation percentage. longitude interval of cell grid in prime vertical circle direction ()

>> Type 0 of source observations: mean 0.0196 standard deviation 12.9866 minimum -80.4161 maximum 64.8276

Maximum degree 5400 Al - esidual observations: mean 0.0200 standard deviation 8.4565 minimum -54.9649 maximum 58.6241

Select SRBF Possion wavelet kernel

Minimum degree 540

Burial depth of >> Type 1 of source observations: mean -0.0002 standard deviation_0.0276 minimum -0.1050 maximum 0.0768
sghm 6.0km A - esidual observations: mean 0.0008 standard deviation| 0.0147 minimum -0.0511 maximum  0.0345
Action distance . - = —
of SBRF center = | Solution of normai equation LU triangular decomposition i) Savetheresultsas 3 Import setting parameters 4 Start Computation

Reuter network level K 5400

I e F 3 t e elq! St i3 Jet W) =
Select the adjustable . 1
aahatone. Neight anomaly (m)
Contribution rate kof [, o N
adjustable observations e i aaoe
ht grid i
] P chpeoicel eiont grid tlo Uit ooee .0.0147m = 1.5c¢m The accuracy
o R index (SD) of geoid modeling. Y
% Algorithm of gravity field approach using SRBFs Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)
@ After the first estimation Is completed, it is recommended to empioy the P e e
output residual observation file *.chs as the input observation file again to =
refine target field element. Generally, the stable solution can be achieved
by 1 to 3 times cumulative SRBF approach, and the target field element is - s

equal to the sum of these SRBF approach solutions.

@ The valiidity principle of once SRBF approach: (1) The residual target}
field element grid is continuous and differentiable, and whose standard
deviation is as small as possible. (2) The statistical mean of residuals tends
to zero with the increase of cumulative approach times, and there is no
lobvious reverse sign

e ﬁ === ¥
Full element models mtSRBFgeoidh30s2.xxx . , " o =
of the remaining residual gravity field

Extract data to be piot 4 Plot —

| @ The program is a high performance and adaptable modeling tool on
| gravity field. Various observations with heterogeneity, different altitudes, =
cross-distribution, and land-sea coexisting can be directly employed to

estimate the full element models of gravity field without reduction,

and gridding
@ The program has strong ability on the observation gross eror detection.| .7 & &
measurement of extemal accuracy indexes, computation performance S
control and result qualty residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (")
standard - .
mean minimum maximum

deviation
Residual gravity |Residuals 0.3523| 42.1561| -296.0915| 165.2611
disturbance First SRBF 0.0196| 12.9866| -80.4161| 64.8276
(mGal) Second SRBF | 0.0200| 84565| -54.9649| 58.6241
Residual GNSS. | Residuals 0.0071| 02768 -0.6571 0.6846
levelling geoidal |First SRBF -0.0002 0.0276 -0.1059 0.0768
height (m) Second SRBF | 0.0008| 0.0147® -0.0511 0.0345
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In the table, 0.0147®m = 1.5cm can be considered as the accuracy index of geoid
modelling.

[The quality control scheme] You can furtherly detect and remove again the
observation gross error points beyond 3 times standard deviation range of the remaining
residuals for the GNSS-levelling sites and beyond 5 times standard deviation range for
the disturbance gravity points from the remaining residual file
SRBFgeoidheight30s2.chs, and then repeat from step (4). This process is omitted in
this example.

You can also do further cumulative SRBF approach to improve the results. This
example omits this process.

(6) Restore the reference gravity field and generate the 30" full element
models of the gravity field on the geoid.

Call the function [Calculation of gravity field elements from global geopotential
model], let the minimum degree 2 and maximum degree 540, input the file EGM2008.gfc,
and the model geoidal height grid file mdigeoidh30srst.dat (from mdigeoidh30s.dat with
grid edge removed), to calculate the full element grid GMgeoidh30s540.xxx of the
reference gravity field on geoid.

(6) Restore the reference gravity field and generate the 30" full
element models of the gravity field on the geoid. &

ull element models
geoidh30srst.xxx

Residuals Remaining residuals EDJ Reference models
geoidh30s1 geoidh30s2 GMgeoidh30s540

Model disturbing gravity Model vertical deflection
tess ommert wnen can te emsizc gradient (E) on geoid vector () on geoid

Add the residual gravity field grid geoidh30s1.xxx (from SRBFgeoidheight30s1.xxx
with grid edge removed) and remaining residual gravity field grid geoidh30s2.xxx (from
SRBFgeoidheight30s2.xxx with grid edge removed) to the reference gravity field grid
GMgeoidh30s540.xxx, the 30" full element gravity field models geoidh30srst.xxx on the
geoid are obtained, which include the 30" gravimetric geoidal height grid
(geoidh30srst.ksi, m), gravity disturbance grid (geoidh30srst.rga, mGal), gravity
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anomaly grid (geoidh30srst.gra, mGal), disturbing gravity gradient grid (geoidh30srst.grr,
radial, E) and vertical deflection vector grid (geoidh30srst.dft, SW, ").

Add the regional height datum difference -0.3411m to the 30" gravimetric geoidal
height grid geoidh30srst.ksi in global height datum, the 30" gravimetric geoidal height
grid geoidh30srgn.ksi in regional height datum can be obtained.

30"x30" full element models of gravity field on geoid

1
el
"
5

PR YR T T S TR T o . .
Geoid (m, Regional datum) disturbing gravity gradient (E) vertical deflection vector (")

So far, the full element modelling on gravity field on the geoid have been completed.
o Let the terrain surface as the calculation surface, and directly generate the
30" full element models of the gravity field on the terrain surface.

30" x30" full element models of gravity field on terrain surface

P 5 318 5 e
— ¢ o

Height anonaly (m, Global datum)

r

- or s e

e _ms  wer
e S
s s 5 a1s 31
— L — —

Height anomaly (m, Regional datum) disturbing gravity gradient (E) vertical deflection vector ()
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In step (3) to step (6) above, the input data file and all the parameter settings are
kept the same, and only the calculation surface is changed to the terrain surface
surfhgt30s.dat. Using the same computation process, you can synchronously obtain the
30" full element models surfhgt30srst.xxx of the gravity field on the terrain surface, which
include the 30" gravimetric ground height anomaly grid (surfhgt30srst.ksi, m, in global
height datum), ground gravity disturbance grid (surfhgt30srst.rga, mGal), ground gravity
anomaly grid (surfhgt30srst.gra, mGal), ground disturbing gravity gradient grid
(surfhgt30srst.grr, radial, E), ground vertical deflection vector grid (surfhgt30srst.dft,
SW, ") and ground height anomaly grid (surfhgt30srgn.ksi, m, in regional height datum).

4.8.3 Simple process demo of full element modelling on gravity field using
SRBFs in normal height system

Exercise purpose: From the observed terrestrial, marine and airborne gravity
disturbances and GNSS-leveling height anomalies in normal height system, make the
full element models on gravity field using spherical radial basis functions (SRBFs) in six
steps, in which all the terrain effects are not processed, to quickly master the essentials
in observation analysis, computation performance control and full element modelling on
regional gravity field.

Detection of gross errors and measurement GNSS-levelling contribution Calculation of gravity field elements
of regional height datum difference and ratek =0 from global geopotential model
GNSS-leveling external accuracy index
l l v The observed terrestrial,
= marine and airborne
The_reman_nmg The he_terngepeous gravity disturbance file
Regional GNSS-eveling ~ ©==== residual file 1 observation residual file
height datum external accuracy )
difference index The observed GNSS-
i o levelling height anomaly file
Full el modelling on gravity field
J using SRBFs from heterogeneous
Reconstruct the heterogeneous observations 2~180t degree

observation residual file EGM2008 model

|: R . geoidal height grid
Full element modelling on remaining o—v

residual gravity field using SRBFs ‘
The ellipsoidal
‘ * height grid of the

Full element modelling on the residual
gravity field using SRBFs

. land/sea surface
Full element grid The remaining residual file 3
models of remaining
T residual gravity field l
The remaining

Full element 9”" residual file 2 -! ——————————————————— =» Detection of gross errors,
mo:«:;sv;; r;:;:ual measurement of external accuracy

indexes, computation performance
control and results quality assessment

gravity anomaly, disturbing gradient and vertical
deflection vector models on geoid

30" imetri idal height, ity disturb
gravimetric geoidal height, gravity disturbance grid files
2~540" degree full element grids from

‘Q’ EGM2008 geopotential model

30" gravimetric geoidal height, gravity disturbance gravity anomaly, disturbing gradient and vertical deflection models on Earth surface

Simple process demo of full element modelling on gravity filed using SRBFs in normal height system

In this section, the observed GNSS-levelling height anomaly in the normal height
system is employed to replace the observed GNSS-levelling geoidal height in
orthometric height system in the 4.8.2, and the simple process of full element modelling
on gravity filed using SRBFs is introduced. In the both cases, there is only a slight
difference in the processing of the observed GNSS-levelling data, and the other
modelling processes are the same. For the convenience, here gives the complete quick
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process.
After the terrain effect processing omitted, SRBF approach process of gravity field is

very simple because there is no need for additional continuation reduction, gridding and
GNSS-leveling fusion process.

e The observed gravity disturbance and GNSS-levelling data

The observed terrestrial, marine and airborne gravity disturbance file obsdistgrav.txt.
The file record format: ID, longitude (degree decimal), latitude, ellipsoidal height (m),
observed gravity disturbance (mGal), ...

The observed GNSS-leveling height anomaly file obsGNSSIksi.txt in normal height
system. The file record format: ID, longitude (degree decimal), latitude, ellipsoidal height
(m), observed height anomaly (m), ...

In the example, the observed gravity disturbances and GNSS-leveling anomalies
are simulated from the EGM2008 model (the 2~1800™" degree) in advance.

T
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The distribution of gravity points, 2~180t degree model geoidal height and ellipsoidal height of the terrain surface

e The ellipsoidal height grid of calculation surface:
The model geoidal height grid file mdigeoidh30s.dat calculated from the 2~180%"
degree geopotential model, which is employed for modelling on gravity field on geoid.
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The ellipsoidal height grid file surfhgt30s.dat of the land/sea surface equal to the
sum of the digital elevation model grid DEM30s.dat and model geoidal height grid
mdlgeoidh30s.dat, which is employed for modelling on ground gravity field.

Here, it is required that the grid range of the calculation surface is larger than the
range of the target area to absorb edge effects.

(1) Remove reference model value from all the observations and then
construct the heterogeneous observation residual file.

Call the function [Calculation of gravity field elements from global geopotential
model], let the minimum degree 2 and maximum degree 540, and input the file
EGM2008.gfc, observed gravity disturbance file obsdistgrav.ixt and observed GNSS-
levelling height anomaly file obsGNSSlIksi.txt, calculate and remove the 2~540'" degree
model value of these observations to generate the heterogeneous observation file
obsresiduals0.txt according to the agreed format.

(1) Remove reference model value from all the observations and then
construct the heterogeneous observation residual file.

‘ Calculation of gravity field elements .. Calculation of model value for residual « Global geopotential coefficient Calculation and analysis of spectral
 from global model = terrain (complete Bouguer) effects & model Calcutator character of Earth's gravity fleld
@ Open gloval geopotential coeficient model file 4! Save computation process as = Algorithmic Formulas
el Chicaaorn The ST ** Click the [Open global geopotential coefficient model file] control button, or the [Open geopotential model] tool button
Discrete calculation points file > Open global geopotential coefficient model file C:/PAGravi4 5_winbAen/datalE GM2008.gfc
** The window below only shows the geopotential coefficients data with no more than 2000 rows in it.
& Open space calculation points file >> Open space calculation points file C:/PAGravf4.5_\ pp! txt

** Look at the file information in the window below and set the discrete point file format

Set input point file format

Al - [>Save e results as C/PAGraVi4 5 winbden/examples/Gravimdiexercise/SRBF apprwiGNS Sk TobsONSSIKE, GMEA0 b
* " Behind the record of the calculation point file, appends one or more columns of model values of anomalous field elements, and
| Column aranal number o lipsida 73 | koeps 4 significant figures, | |
eight in the recor >> The parameter settings have been entered into the system!
> oy 2 The observed The observed

Select elements to be calculated ** Click the [Start Computation] control button, or the [Start Computation] tool button,
Z height anomaly (m) ** The calculation process need wait, during which you can open the output file to look at the calcul gravity: @ GNSS-leveling
| 2> Computation start time: 2023-03-21 15:28:18 = 5 A
Graviy snomaly (mos) >>Gomplete the calculation of the model value of (residual) gravity field element! disturbances height anomalies

gravity disturbance (mGal) >> Comgutation end time: 2023-03-21 15:29:04
vertical deflection (*, SW)

disturbing gravity gradient (E, radial)
tangential gravity gradient (E, NW)
Laplace operator (E)

|
) save ¥ Import setting parameters & Start Comps i o

The  heterogeneous
observation residuals

Minimum degree 2
Maximum degree 540

O
ments to be plot M Plot] 305 1878 A %
e e er wr__er  w The ellipsoidal height here at GNSS-
. 1®* leveling point is the observed 21
" D0 1! Jse ellipsoidal height. 5 102.Residual gravity
. B e & lldisturbances (mGal)
82N . . . . R T 1 ©
' = .
o . 25
it ©
ad DL e
ek L " s 5 e )
e s mr W wr s 6 1 é
3R 326 4 22 N I8 36 4 N2 s Residual GNSS-leveling
" height anomaly (m
The model height anomaly (m) at Siavity Shomaly @nost) 102345 yimh
the GNSS-levelling points is equal, the program calculates the contribution of the degree n geopotentil 02.423
Caill U6 SiIPIUYSU (0 ailaiyLe @il evaiale Uie specual aid Space properties of the geopotential coefficient model. 529

The agreed format of the heterogeneous observation file record: ID (point no/name),
longitude (degree decimal), latitude, ellipsoidal height (m), observation, ..., observation
type (0 ~ 5), weight, ... The order of the first five attributes is fixed by convention.

The observation types and units: O - residual gravity disturbance (mGal), 1 - residual
height anomaly (m).

(2) Detect the gross errors of the observations and then reconstruct the
heterogeneous observation residual file.

Call the program [Full element modelling on gravity field using SRBFs from
heterogeneous observations], select the height anomaly as the adjustable observation,
let the contribution rate ¥k = 0, and input the heterogeneous residual file
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obsresiduals0.txt and terrain surface ellipsoidal height grid file surfhgt30s.dat to
estimate the residual gravity field grid SRBFsurfhgt30s0.xxx on geoid, and get the
remaining residual file SRBFsurfhgt30s0.chs.

Where, xx=ksi stands for residual height anomaly (m), xxx=rga stands for residual
gravity disturbance (mGal), xxx=gra stands for residual gravity anomaly (mGal), xxx=grr
stands for residual disturbing gravity gradient (radial, E) and xx=dft stands for residual
vertical deflection (SW, ").

(2) Detect the gross errors of the observations and then reconstruct
the heterogeneous observation residual file.

Open the discrete heterogeneous >>The parameter settings have been entered into the system! ~
* residual observations file ** Click the [Start Computation] control button, or the {Start Computation] tool button.
. . >> Computation start time: 2023-03-21 15:48:34
number of rows of file header |1 =1 | 5> Complete the computation!
column ordinal number of ellipsoidal =] | >> Computation end time: 2023-03-21 15:53:45

height in the record >> The program outputs the full elements grid files into the current directory. These grid files include the residual residual gravity disturbance *.rga (mGal),
column ordinal number of weight 7 | residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector
*.dft (*. SW), where * is the output file name
Select SRBF | radial multipole kernel >> The program also outputs SRBF center file * center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
Orderm !5 - number in menman cvrde direction, maximum cell grid number inprime vemcal circe direction, lamude mterval (). The record fomat: pint no. longitude (degree
£0cs de. cell qrid area deviation pe on erv and in o on
Minimum degree 360 S IES Typeool Source observations: mean 03186 standard deviabon 42.1773 minimum -296.0915. maximum 165.2611
Maximum degree 1800 : esidual observations: mean 0.7856 standard deviation 17.5917 minimum -105.2839 maximum 114.8811
Burial depth of - | |7 Tvpe 1 of source observations: mean -0.3452 standard deviation 0.2739 minimum -0.9755 maximum 03702
10.0km : esidual observations: mean -0.0405 standard deviation 0.0271 minimum -0.1876 maximum 0.0099
Bjerhammar sphere o
Action distance {0 oL : =
of SBRF center Solution of normal equation LU triangular decomposition ¥ Save the results as # Import setting parameters
Reuter network level K 3600 = ID lon lat ellipshat o B TntSHBFarth
Select the adjustable »
Sbeenvations Neight anomaly (m)
Contribution rate xof [0 o
adjustable observations

Select the remaining residuals
(column 5) as the statistical
reference

) Open the ellipsoidal height grid file
3 of calculation surface

<

= Algorithm of gravity field approach using SRBFs

@ After the first estimation is completed, it is recommended to empioy the
output residual observation file *.chs as the input observation file again to
refine target field element. Generally, the stable solution can be achieved
by 1 to 3 times cumulative SRBF approach, and the target field element is
equal to the sum of these SRBF approach solutions.

@ The validity principle of once SRBF approach: (1) The residual targe]
field element grid Is continuous and differentiable, and whose standard|
deviation is as small as possible. (2) The statistical mean of residuals tends
to zero with the increase of cumulative approach times, and there is no
obvious reverse sign

Extract data to be piot 4 Plot —

@ The program is a high performance and adaptable modeling tool on
gravity field. Various observations with heterogeneity, different altitudes
cross-distribution, and land-sea coexisting can be directly employed to
estimate the full element models of gravity field without reduction,
and gridding

@ The program has strong ability on the observation gross error detection,
measurement of extemal accuracy indexes, computation performance
control and result quality assessment

Separate the remaining residual records of the observed GNSS-leveling and
observed gravity disturbance from the remaining residual file SRBFsurfhgt30s0.chs,
detect and remove the observation gross error points beyond 3 times standard deviation
range of the remaining residuals for the GNSS-levelling sites and beyond 5 times
standard deviation range for the disturbance gravity points, and then reconstruct the
new heterogeneous observation residual file obsresiduals01.ixt.

(3) Measure the regional height datum difference and GNSS-leveling external
accuracy index.

Replace the input file obsresiduals0.txt with the new heterogeneous observation
residual file obsresiduals01.txt and repeat the step (2) to re-estimate the residual gravity
field grid rntSRBFdatum30s.xxx on terrain surface and get the new remaining residual
file rntSRBFdatum30s.chs.

Since the contribution rate of GNSS-levelling k = 0 is set in advance, it
essentially here directly to measure the external accuracy index of the observed GNSS
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levelling only using the observed gravity disturbances.

ws Full element modelling on gravity field using SRBFs from heterogeneous observations

(3) Measure the regional height datum difference and GNSS-leveling

external accuracy index.

| Open the discrete heterogeneous
residual observations file

number of rows of file header 1

column ordinal number of ellipsoidal ¢
height in the record
column ordinal number of weight 7

Select SRBF | radial multipole kernel
Orderm 3
Minimum degree 240

Maximum degree 1800
Burial depth of
Bjerhammar sphere
Action distance
of SBRF center

| Reuter network level K 3600

[
Select the adjustable
cheavallite height anomaly (m)
Contribution rate x of [0 o =
adjustable observations =

2} Open the ellpsoidal height grid file
= of calculation surface

10.0km

100km

0 lon la

Only using the observed gravity disturbances.
Spaual distribution of observations

v Algorithm of gravity field approach using SRBFs

@ After the first estimation Is itis to employ the

| output residual observation file *.chs as the input observation file again to
refine target field element. Generally, the stable solution can be achieved
by 1 to 3 times cumulative SRBF approach, and the target field element is
equal to the sum of these SRBF approach solutions.

@ The validity principle of once SRBF approach: (1) The residual targe
[field element grid is continuous and differentiable, and whose standard|
deviation is as small as possible. (2) The statistical mean of residuals tends
to zero with the increase of cumulative approach times, and there is no
lobvious reverse sign

Extract data to be piot 4 Plot —

| @ The program is a high performance and adaptable modeling tool on

gravity field. Various observations with heterogenetty, different altitudes,

cross-distribution, and land-sea coexisting can be directly employed to

estimate the full element models of gravity field without reduction,
and gridding

@ The program has strong ability on the observation gross error detection,
measurement of exteral accuracy indexes, computation performance
control and result quality assessment

Before and after gross error removed, the

residuals are as follows.

>> The parameter seftings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computat
>> Computation start time: 2023-03-21 16:00:13
>> Complete the computation!
>> Computation end time: 2023-03-21 16:05:28
>> The program outputs the full elements grid files into the current dire
residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal
*.dft (*. SW), where * is the output file name
>> The program also outputs SRBF center file * center.txt into the current directory. The file header format: Reuty
number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('
decimal), geocentric latitude. cell grid area deviation percentage. longitude interval of cell grid in prime vertical cifcle direction ()
>> Type 0 of source observations: mean 0.2695 standard deviation 42.0737 minimum -296.0915 maximum
i esidual observations: mean_0.56

standard deviatio 8957 minimum -80.4161 maximum | 64.8276
>> Type 1 of source observations: mean| -0.3404 |standard deviation| 0.2735 minimum __-0.9755 maximum_|0.3702
- -0.0069] standard depviationy 0.0233 Jminimum  -0.1295 maximum  0.0528

esidual observations: meal

~ | Solution of normal equation LU triangular decomposition

e smr

e e

0:-27835m3r The external accuracy index (SD)
of the 2~540™ degree model height anomaly

0.0233 meg> The external accuracy . index
(SD) of GNSS-levelling

ector

[} save the results as

165.2611

¥ Import setting parameters

gradient (E) vertical

k arid level, SRBF center number, cell grid
The record format: point no, longitude (degree

& Start Computation

jeflection (s,

—0.3404 - (~0.0069) = —0.3335m
«i7| ¢ The measured height datum difference

spherical radial basis function spatial curve

residual height anomaly (m)

residual disturbing gradient (E)

>

residual gravity disturbance (mGal)

residual vertical deflection S (*)

statistical results on the observation

number
of points

mean

standard
deviation

minimum

maximum

Original
residuals

4219

0.3186

421772

-296.0915

165.2611

Gravity
disturbance
(mGal)

Residuals
without error

4215

0.2695

42.0737

-296.0915

165.2611

Remaining
residuals

4215

-0.5677

13.8957

-80.4161

64.8276

Original

GNSS residuals

125

-0.3452

0.2739

-0.9755

0.3702

levelling

height Residuals

without error

123

-0.3404"

0.2735

-0.9755

0.3702

anomaly

(m)

Remaining
residuals

123

-0.0069°

0.0233°

-0.1295

0.0528

The statistical mean (1) minus (2) of the GNSS-levelling remaining residuals in the

table, that is, -0.3404® - (-0.0069®) = -0.3335m, is the difference between the regional
height datum and the global height datum (gravimetric geoid). Here provides the SRBF
measurement method for regional height datum difference.

In the table, 0.0233®m is the external accuracy index of the observed GNSS-
levelling expressed as standard deviation, that is, 2.33cm. Here provides the SRBF
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measurement method for the external accuracy index of GNSS- leveling. The result
indicates that the external accuracy of GNSS-leveling is not bad than 2.33 cm (SD).

In general, it is necessary to make 1 to 2 cumulative SRBF approach with *.chs as
the input file to obtain the minimum of standard deviation of GNSS-levelling remaining
residuals as the external accuracy index, and this process is omitted in this example.

After removing the regional height datum difference of -0.3345m from GNSS-
levelling residuals, the new heterogeneous observation residual file obsresiduals1.txt is
reconstructed again.

(4) Full element modelling on the residual gravity field using SRBFs

Call the program [Full element modelling on gravity field using SRBFs from
heterogeneous observations], let the contribution rate k = 1, and input the
heterogeneous residual file obsresiduals1.txt and terrain surface ellipsoidal height grid
file surfhgt30s.dat to estimate the 30" residual gravity field grid SRBFsurfhgt30s1.xxx
on terrain surface, and get the remaining residual file SRBFsurfhgt30s1.chs.

w Full element modelling on gravity field using SRBF from heterogeneous observations

(4) Full element modelling on the residual gravity field using SRBFs

Open the discrete heterogeneous >> The parameter settings have been entered into the system! ~
* residual observations file ** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-21 16:14:51

number of rows of file header |1 >> Complete the computation!

column ordinal number of ellipsoidal = | >> Computation end time: 2023-03-21 16:20:03
height in the record >> The program outputs the full elements grid files into the current directory. These grid files include the residual residual gravity disturbance *.rga (mGal).
column ordinal number of weight 7 % | residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector

* dft (", SW), where * is the output file name
Select SRBF | radial multipole kernel >> The program also outputs SRBF center file * center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid

Orderm 3 number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: point no, longitude (degree

. longitude interval of cell grid in prime vertical circle direction
>> Type 0 of source observations: mean 0.2695 standard deviation 42.0737 minimum -296.0915 maximum 1652611
esidual observations: mean 0.0620 standard deviation 12.9896 minimum -80.4161 maximum 64.8276

>> Type 1 of source observations{imean -0.0107 standard deviation 0.2739 minimum -0.6410 maximum 0.7047
esidual observations| mean -0.0014_standard deviation 0.0291 |minimum -0.1886 maximum  0.0595

Minimum degree 360
Maximum degree 1800
Burial depth of
Bjerhammar sphere
Action distance oo

10.0km

of SBRF center | Solution of normal equation LU triangular decomposition ¥ Save the results as # Import setting parameters
Reuter network level K 3600 : ID lon lat ellipshgt gravity disturbance eig adient (E) vert ~
Select the adjustable

observations Meight anomaly (m)

-55. Can furtherly detect and remove the
-0.5213 " observation gross errors from *.chs,
se00  76.3:1: and then repeat the step (4). ® v

Contribution rate k of 1.00

adjustable observations
) Open the ellipsoidal height grid file
= of calculation surface

25 Algorithm of gravity field approach using SRBFs Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)

wr e me _wr _mr e

@ After the first estimation is completed, it is recommended to employ the 7 |
output residual observation file *.chs as the input observation file again to »f )« ‘ ' -“
refine target field element. Generally, the stable solution can be achieved (S . <
by 1 to 3 times cumulative SRBF approach, and the target field element is " b 1“'
equal to the sum of these SRBF approach solutions. . .
@ The validity principle of once SRBF approach: (1) The residual targe] “ |
field element grid is continuous and differentiable, and whose standard| wth g -
deviation is as small as possible. (2) The statistical mean of residuals tends “} ) £
O
‘::b;x:::':::;;;rease of cumulative approach times, and there is no| s FuII SiGiont models SRBFsurfhgt30$1 e e
Extract data to be piot 2 Plot — . ‘r < ]
4 J WS -
- e . = S
@ The program is a high performance and adaptable modeling tool on |4 - - &
gravity fleld. Various observations with heterogeneity, different altiudes, =F i ~ _ s
.
o atmie s N ey i e e | v 4 L .
gravity field without reduction. - — |
and gridding A AR T Bodh - e, W
@ The program has strong ability on the observation gross error detection,| ™ 7 ™ ™ i N R
measurement of extemal accuracy indexes, computation performance e =
control and result qualty residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (*)

[The quality control scheme] You can furtherly detect and remove the observation
gross error points beyond 3 times standard deviation range of the remaining residuals
for the GNSS-levelling sites and beyond 5 times standard deviation range for the
disturbance gravity points from the remaining residual file SRBFsurfhgt30s1.chs, and
then repeat the step (4). This process is omitted in this example.

(5) Full element modelling on the remaining residual gravity field using SRBFs

Call the program [Full element modelling on gravity field using SRBFs from
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heterogeneous observations], let the contribution rate k = 1, and input the remaining
residual file SRBFsurfhgt30s1.chs and terrain surface ellipsoidal height grid file
surfhgt30s.dat to estimate the 30" remaining residual field grid SRBFsurfhgt30s2.xxx on
the terrain surface, and get the remaining residual file SRBFsurfhgt30s2.chs.

s Full element modelling on gravity field using SRBF from heterogeneous observations - o

(5) Full element modelling on the remaining residual gravity field using SRBFs

™ Open the discrete heterogeneous >> The parameter settings have been entered into the system! "
residual observations file ** Click the [Start Computation| control button, or the [Start Comg .
—" | >> Computation start ime: 2023.03-21 16:56:45 Input the file SRBFsurfhgt30s1.chs that is

number of rows of file header |2

column ordinal number of ellipsoidal
height in the record .

>> Complete the computation! i
>> Computation end time: 2023-03-21 17:01:14 output from the previous step.

>> The program outputs the full elements grid files into the current direciory. These grid files Inciude the residual residual gravity disturbance * rga (maGal)

column ordinal number of weight 8 2| | residual height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.gr (E, radial) and residual vertical deflection vector
*.dft (, SW), where * is the output file name
Select SRBF |Possion wavelet kernel >> The program also outputs SRBF center file * center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
Orderm|3 = | | number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: point no, longitude (degree
= | decimal), geocentric latitude, cell grid area deviation percentage. longitude interval of cell grid in prime vertical circle direction ().
Minimum degree 540 = | | >> Type 0 of source observations: mean 0.0620 standard deviation 12.9896 minimum -80.4161 maximum 64.8276
Maximum degree 1800 = N esidual observations: mean 01225 standard deviation 9.4454 minimum -42.1759 maximum 573920
Burial depih of = || >> Type 1 of source observations: mean -0.0014 standard deviation, 0.0 inimum  -0.1886 maximum  0.0595
o 6.0km : esidual observations: mean -0.0013 standard deviatior m inimum  -0.0708 maximum  0.0315
jerthammar sphere 5
Action distance 0. - = =
of SBRF center =] Solution of normal equation LU triangular decomposition ¥ save the results as # Import setting parameters & Start Computation

Reuter network level K 5400
Select the adjustable
observations
Contribution rate k of
adjustable observations
) Open the ellipsoidal height grid file
= of calculation surface

adient (E) vertical deflection(s,

height anomaly (m) 1408

.1211

1.00

10.0154m ~ 1.5 cm The accuracy
index (SD) of height anomaly modeling.

< >

25 Algorithm of gravity field approach using SRBFs Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)
W e me o mr e
@ After the first estimation Is completed, it is recommended to employ the Po eSS . )
output residual observation file *.chs as the input observation file again to - » .
refine target field element. Generally, the stable solution can be achieved I TN A
by 1 to 3 times cumulative SRBF approach, and the target field element is T -t T
equal to the sum of these SRBF approach solutions. X p .
@ The validity principle of once SRBF approach: (1) The residual targe] . - A . 1
|Inetd element grid is continuous and differentiable, and whose standard S . - ] P
deviation is as small as possible. (2) The statistical mean of residuals tends lj - o =
to zero with the increase of cumulative approach times, and there is noj g O e oA )
obvious reverse sign Full element models SRBFsurfhgtsosz XXx ==t im

e —" i of the remaining residual gravity ﬂeld %_‘:
- & T - . ~ L
. - mr s - % » S
@ The program is a high performance and adaptable modeling tool on B >
gravity fleld. Various observations with heterogeneity, different altitudes L - &
<A
cross-distribution, and land-sea coexisting can be directly employed to .
estimate the full element models of gravity field without reduction, < " > o <. -
and gridding THSHINEL TS SESHIRR-ITES e T
@ The program has strong abilfy on the observation gross error detection.| " sk a1e s s ae bl ."",. g
measurement of external accuracy indexes, computation performance — =
control and result quality assessment residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (*)

In the table below, 0.0154®m = 1.5cm can be considered as the accuracy index of
ground height anomaly (quasigeoid) modelling.

standard
deviation

Residual gravity Residuals 0.2695| 42.0737| -296.0915| 165.2611
disturbance First SRBF 0.0620| 12.9866 -80.4161 64.8276
(mGal) Second SRBF | 0.1309| 85135 -50.6030| 57.3920
Residual GNSS- Residuals -0.0071 0.2768 -0.6571 0.6846
levelling height | First SRBF -0.0014 0.0291 -0.1886 0.0595
anomaly (m) Second SRBF | -0.0013| 0.0154"|  -0.0708|  0.0315
[The quality control scheme] You can furtherly detect and remove again the
observation gross error points beyond 3 times standard deviation range of the remaining
residuals for the GNSS-levelling sites and beyond 5 times standard deviation range for
the disturbance gravity points from the remaining residual file SRBFsurfhgt30s2.chs,
and then repeat from step (4). This process is omitted in this example.
You can also do further cumulative SRBF approach to improve the results. This
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example omits this process.

(6) Restore the reference gravity field and generate the 30" full element
models of the gravity field on the terrain surface.

Call the function [Calculation of gravity field elements from global geopotential
model], let the minimum degree 2 and maximum degree 540, input the file EGM2008.gfc,
and the terrain surface ellipsoidal height grid file surfhgt30srst.dat (from surfhgt30s.dat
with grid edge removed), to calculate the full element grid GMsurfhgt30s540.xxx of the
reference gravity field on the terrain surface.

(6) Restore the reference gravity field and generate the 30"
full element models of the gravity field on terrain surface.

oasenc gra e

31 Save comeuraton process s
e, o veckrs g
=3 I

) S et 20
¥ iy sy aramns

T r—
gt ct o s s S,

Cacte 4 e et

3 aigorebenic formudes

ot

surfhgt30s1

ining resi ED] Reference models
surfhgt30s2 GMsurfhgt30s540

|

. s .
Model ground disturbing Model ground vertical
gravity gradient (E) deflection vector (")

30”x30" full element models of gravity field on terrain surface

os 1x Jor- o s s

T
e a2 23 £} s 3 208
— ] o

Height anonaly (m, Global datum)

s

gravity anomaly (mGal)

or =

o

war wor s o sar

P R S VR S VI T :
Height anomaly (m, Regional datum) disturbing gravity gradient (E) vertical deflection vector (")
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Add the residual gravity field grid surfhgt30s1.xxx (from SRBFsurfhgt30s0.xxx with
grid edge removed) and remaining residual gravity field grid surfhgt30s2.xxx (from
SRBFsurfhgt30s1.xxx with grid edge removed) to the reference gravity field grid
GMsurfhgt30s540.xxx, the 30" full element gravity field models surfhgt30srst.xxx on the
terrain surface are obtained, which include the 30" gravimetric ground height anomaly
grid (surfhgt30srst.ksi, m), ground gravity disturbance grid (surfhgt30srst.rga, mGal),
ground gravity anomaly grid (surfhgt30srst.gra, mGal), ground disturbing gravity
gradient grid (surfhgt30srst.grr, radial, E) and ground vertical deflection vector grid
(surfhgt30srst.dft, SW, ").

Add the regional height datum difference -0.3411m to the 30" gravimetric height
anomaly grid surfhgt30srst.ksi in global height datum, the 30" gravimetric height
anomaly grid surfhgt30srgn.ksi in regional height datum can be obtained.

So far, the full element modelling on gravity field on the terrain surface have been
completed.

o Let the geoid as the calculation surface, and directly generate the 30" full
element models of the gravity field on the geoid.

In step (3) to step (6) above, the input data file and all the parameter settings are
kept same, and only the calculation surface is changed to the geoid. Using the same
process, you can synchronously obtain the 30" full element models geoidh30srst.xxx of
the gravity field on the geoid, which include the 30" gravimetric geoidal height grid
(geoidh30srst.ksi, m, in global height datum), gravity disturbance grid (geoidh30srst.rga,
mGal), gravity anomaly grid (surfhgt30srst.gra, mGal), disturbing gravity gradient grid
(geoidh30srst.grr, radial, E), vertical deflection vector grid (geoidh30srst.dft, SW, ") and
geoidal height grid (geoidh30srgn.ksi, m) in regional height datum.

30" x30" full element models of gravity field on geoid

s e ar e s 1« o rrs el ex o or

™

Geoid (m, Global datum)

e oax

e savs

e P " . . - s
Geoid (m, Regional datum) disturbing gravity gradient (E) vertical deflection vector (")

162



5 Optimization, unification, and application for regional height datum

Develop some ingenious physical geodetic algorithms from the data and methods
of Earth gravity field to improve and unify the regional height datum, and then enhance
and expand the application of gravity field and height datum results.

[ 4
Optimization, unification, and application for regi | height

|

f_}?dh -*-P, ,_.—-#-B_,-~

* w=w
P W, H
- ——— —
|
C of height Construction and refinement of Construction of normal equi-

correction of height anomaly quip surface passing height surface passing

and height system difference through specified point through specified point
|

- l ]
.ls ‘_\fd — ‘?&
,“.: ,," P
S "
& o« )
@ | € S
Assessment of gravimetric geoid GNSS-levelling data fusion and GNSS repl: leveling to
using GNSS-levelling data regional height datum optimization the orthometric or normal height

« Programs and functions structure of the subsystem

@ Develop some ingenious physical geodetic algorithms from the data and methods of Earth gravity field to improve and unify the regional
height datum, and then enhance and expand the application of gravity field and height datum resuilts.
| @ The reference geopotential model and truncation degree required in this group of programs are strictly consistent with that employed in the
| gravity field approach and modeling.

The reference geopotential model and truncation degree in this group of programs
should be strictly consistent with that employed in gravity field approach and modelling.

5.1 Calculation of height deference correction of height anomaly and height
system difference

[Calculation scheme] (a) Firstly, calculate the model height deference correction of
height anomaly from the reference geopotential model. (b) Secondly, from the regional
gravity field data, refine the residual height deference correction of height anomaly by
the remove-restore scheme. (c) Finally, calculate the measured adjustment of height
deference correction furtherly from the measured gravity at the measurement point. You
can take one of the following three as the calculation result: (a), (a)+(b) or (a)+(b)+(c).

5.1.1 Calculation of height deference correction of height anomaly from the
geopotential model
[Function] From the ellipsoidal height of the calculation point and target point in
near-Earth space, calculate the model value of radial gradient (cm/km) and height
deference correction (m) of height anomaly using the reference geopotential model.
[Input files] The calculation point position file and the global geopotential coefficient
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model file.

The record format of the calculation point file: ID (point no / point name), longitude
(decimal degrees), latitude (decimal degrees), ....

The first row of the geopotential model file is agreed to be the scale parameters of
the geopotential coefficient model: the geocentric gravitational constant of the Earth GM
(10"“m3/s?) and semi-major axis of the Earth a(m).

[Parameter settings] Set number of rows of calculation file header, enter column
ordinal number of ellipsoidal heights of current point and target point in the file record,
and input the maximum calculation degree for the geopotential model.

When the calculation point is on the ground and the target point is on the geoid, the
program calculates the difference between the normal height and orthometric height,
that is, the difference between the geoidal height and the height anomaly.

The program selects the minimum of the maximum degree of the global
geopotential model and the input maximum degree as the calculation degree.

o] ¥ o az A
Calculation points Save as Import parameters ~ Start Computation  Save process  Follow example
€ Calculation of height mection of | of the height correction g Calculation of the measured adjustment of @i Analytic relationship between
height anomaly from the geopotential model of height anomaly from regional observations height deference correction of height anomaly ** height systems
# Open the calculation point position file >> Computation Process ** Operation Prompts 44 Save computation process as
Set input point file format. ** Select the calculation mode from the three control buttons at the top of the interface.

= >> [Function] From the ellipsoidal height of the calculation point and target point in near-Earth space, calculate the model value of radial
“ gradient (cm/km) and height deference correction (m) of height anomaly using the reference geopotential model
column ordinal number of ellipsoidal 2 >> Open the calculation point position file C 5.\ pp @t
Dot ift fha Tecor ** Look at the file information in the window below. set the input file format parameters,
column ordinal number of target 2 |>> Open the geopotential coefficient model file C:/PAGravf4.5_win64en/data/EGM2008.gfc.
ellipsoidal height In the record ** The window below only shows the data with no more than 2000 rows in it
elfile | [>> Save the results as C. 5. P txt
** Behind the source calculation point file record, appends a column of radial gradient of height anomaly and a column of model height
correction, and keeps 4 figures.
= | '>>The parameter seftings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-21 19:11:22
>> Complete to Calculate the model height deference correction of height anomaly!
> Computation end time: 2023-03-21 19:13:34

number of rows of file header 1

5

@ Open the geopotential coefficient

Maximurm calculaton degree o
for the model

| Save the results as + Import setting parameters ¥ sta

wr

et} bl

model radial gradient (km/cm) model height anomaly correction (m)

@ When the calculation point is on the ground and the target point is on the geoid, the function calculates the difference between the normal height and the orthometric height, that is, the difference
between the geoidal height and the height anomaly.

@ Height deference correction of height anomaly (m) = model correction, or model + residual correction, or model + residual correction + measured adjustment

@ Radial gradient of height anomaly (cm/km) = model radial gradient, or model + residual radial gradient, or model + residual radial gradient + measured adjustment

[Output file] The model height deference correction file.
Behind the source calculation point file record, appends a column of radial gradient
of height anomaly and a column of model height deference correction.

5.1.2 Refinement of the height deference correction of height anomaly from
regional observations
[Function] From the ellipsoidal height of the equipotential surface and residual
gravity disturbance grid on the surface, calculate the residual radial gradient (cm/km) of
the height anomaly at the current calculation point and residual height difference
correction (m) of height anomaly at the target point relative to the current point.
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[Input files] The calculation point position file, ellipsoidal height grid file of the
equipotential surface and residual gravity disturbance grid file on the surface with the
same grid specifications.

The record format of the calculation point file: ID (point no / point name), longitude
(decimal degrees), latitude (decimal degrees), ....

The residual gravity disturbance should be calculated by the remove- restore
scheme with the geopotential model and terrain effects in advance.

[Parameter settings] Set number of rows of the calculation point file header, enter
column ordinal number of ellipsoidal heights of current point and target point in the file
record, and input the residual integral radius.

= | : . az A-
Calculation points Save as Import parameters ~ Start Computation  Save process ~ Follow example
€ Calculation of height deference correction of [ Refinement of the height deference correction | g Calculation of the of m: Analytic relationship between
height anomaly from the model of height anomaly from regional observations | height correction of height anomaly o height systems
8 Open the calculation point position file >> Computation Process ** Operation Prompts 4! Save computation process as
Set input point file format >> [Function] From the ellipsoidal height of the equipotential surface and residual gravity disturbance grid on the surface, calculate the residual
einbes of owa ot 9 haader: 1 - radial gradient (cm/km) of the height anomaly at the current calculation point and residual height difference correction (m) of height anomaly at
the target point relative to the current point
column ordinal number of ellipsoidal 2 The residual gravity disturbance should be calculated by the remove- restore scheme with the geopotential model and terrain effects in
height in the record advance.
column ordinal number of target = >> Open the calculation point position file C:/PAGravt4.5_\ pp @t
Slipsokial height In the record ** Look at the file information in the window below, set the input file format parameters,
Open residual gravity g&tJrbance grid >> Open residual gravity grid file on surface C 5. opi ga dat
. file on the equipotentjél syrface >> Open the ellipsoidal heiaht arid file of the equipotential surface C/PAGravf4.5 win64en/examples/AppHatsysdifferent/dwmhat150s.dat.
>> Save the results as ravi4.5_winbaen/examples/AppHgtsysdifferentmidifrst. txt
a8 Open the ellipsoiglal hejght grid file ** Behind the record of the source calculation point file, appends a column of the residual radial gradient and a column of the residual height
of the equipotegfial suface difference correction, and keeps 4 figures.
>>The settings have been entered into the system!

I Residual integral fayés 150 fm ** Click the [Start Computation] control button, or the [Start Computation] tool button.

>> Computation start time: 2023-04-01 17:41:15

[ save the results as ¥ Import setting parameters ¥ start

residual radial gradient (km/cm) height anomaly correction residual (m)

@ When the calculation point is on the ground and the target point is on the geoid, the function calculates the difference between the normal height and the orthometric height, that is, the difference
between the geoidal height and the height anomaly.

@ Height deference correction of height anomaly (m) = model correction, or model + residual correction, or model + residual correction + measured adjustment

@ Radial gradient of height anomaly (cm/km) = model radial gradient, or model + residual radial gradient, or model + residual radial gradient + measured adjustment

[Output file] The residual height deference correction file.

Behind the record of the source calculation point file, appends a column of the
residual radial gradient and a column of the residual height difference correction, and
keeps 4 significant figures.

5.1.3 Calculation of the measured adjustment of height deference correction
of height anomaly
[Function] Call the two upper left functions in turn, remove the reference model
value and the refined residual value from the measured gravity disturbance at the
calculation point, respectively, to obtain the remaining residual measured gravity
disturbance, and then calculate the measured adjustment for radial gradient correction
(cm/km) at the calculation point, and measured adjustment for the height difference
correction (m) at the target point relative to the current calculation point.
When there is the measured gravity data at the calculation point, this function can
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furtherly refine the radial gradient and the height difference correction of height anomaly.

[Input file] The calculation point position file with the remaining residual gravity
disturbance attribute in the record.

The record format of the calculation point file: ID (point no / point name), longitude
(decimal degrees), latitude (decimal degrees), ..., remaining residual gravity
disturbance, ...

The remaining residual gravity disturbance = the measured disturbance gravity —
model gravity disturbance - residual gravity disturbance.

[Parameter settings] Set number of rows of calculation file header, enter column
ordinal number of ellipsoidal heights of current point and target point in the file record,

and column ordinal number of remaining residual measured gravity disturbance.
r

k= 3 ] a4 As
| Calculation points Save as Import parameters =~ Start Computation  Save process ~ Follow example
|
| € Calculation of height deference correction of .. Refinement of the height deference correction @ Calculation of the of m: Analytic relationship between
| height anomaly from the geopotential model of height anomaly from regional observations height deference correction of height anomaly " height systems
| # Open the calculation point position file >> Computation Process ** Operation Prompts 4 Save computation process as
Set input point file format >> [Function] Call the two upper left functions in turn, remove the reference model value and the refined residual value from the measured
| number of rows of file header 1 s gravity atthe point, to obtain the remaining residual measured gravity disturbance, and then calculate the

measured adjustment for radial gradient correction (cm/km) at the point, and Il for the height difference
2 comection (m) at the target point relative to the current calculation point
** When there is the measured gravity data at the caiculation point, this function can furtherly refine the radial gradient and the height
: difference correction of heiaht anomaly.

column ordinal number of ellipsoidal 4
height in the record

| column ordinal number of target
| ellipsoidal height in the record

>> Open the calculation point position file C: EX ppl pnt1.txt
column ordinal number of remAinfng o = *Look at the file information in the window below. set the input file format parameters.
residual gravity disturbance, >> Save the resulls as C//PAGravia.5_win64en/examples/AppHgtsysdifierenumsrdifiad) .
** Behind the record of the source calculation point file, appends a column of the correction of radial gradient of the height anomaly (cm/km)
[and a column of the correction of residual height anomaly difference (m), and keeps 4 significant figures
>> The parameter setings have been entered Mto the system
** Click the [Start Computation] control button, or the [Start Computation)] tool button
>> Computation start time: 2023-03-21 19:29:19

>> Complete to Calculate measured adjustment of height anomaly difference correction!

[l save the results as ¥ Import setting parameters. & Start (

- /}
o Wy - .
o

§ 3 g

g3a3 3110 0,01

correct (km/cm) of radial gradient measured correct (m) of height anomaly correction

@ When the calculation point is on the ground and the target point is on the geoid, the function calculates the difference between the normal height and the orthometric height, that is, the difference
between the geoidal height and the height anomaly.

@ Height deference correction of height anomaly (m) = model correction, or model + residual correction, or model + residual correction + measured adjustment
. Radial grad;em of helgm anomaly (cm/km) = model radial graulem_ or model + residual radial grad»em_ or model + residual radial gradlen( + measured adjus(menl

[Output file] The measured adjustment file of residual height deference.

Behind the record of the source calculation point file, appends a column of the
correction of radial gradient of the height anomaly (cm/km) and a column of the
correction of residual height anomaly difference (m), and keeps 4 significant figures.

Height deference correction of height anomaly (m) = model correction, or model +
residual correction, or model + residual correction + measured adjustment.

Radial gradient of height anomaly (cm/km) = model radial gradient, or model +
residual radial gradient, or model + residual radial gradient + measured adjustment.

5.2 Construction and refinement of equipotential surface passing through
specified point

[Purpose] Firstly, calculate the model ellipsoidal height value of the gravity
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equipotential surface from the reference geopotential model, and then furtherly refine
the ellipsoidal height grid of the equipotential surface from the anomalous field element
grid by the remove-restore scheme.

5.2.1 Construction of the gravity equipotential surface from global geopotential
model

[Function] From the geopotential coefficient model, calculate the model gravity
(mGal) and model ellipsoidal height (m) grid of the gravity equipotential surface passing
through the specified points (B, L, H).

[Input files] The equipotential surface range grid file and global geopotential
coefficient model file.

The equipotential surface range grid file is only employed to give the latitude and
longitude range and resolution of the surface grid.

The first row of the geopotential model file is agreed to be the scale parameters of
the geopotential coefficient model: the geocentric gravitational constant of the Earth GM
(10"m?3/s?) and semi-maijor axis of the Earth a(m).

[Parameter settings] Input geodetic coordinates of the specified point and the
maximum calculation degree for the geopotential model.

The program requires the specified point is within the range of the equipotential
surface grid.

= 3 > a2 A
Gridrange Saveas Importg parameters  Start Computation  Save process ~ Follow example
Construction of the gravity equipotential surface . of height of the -, Save computation
| © from global geopotential model surface by local gravity field approach * process as
|

| 3 Open the equipotential surface range grid file field element grid by the remove-restore scheme.
= ** Select the function module the two control buttons at the top left of the interface.

‘ Open the geopotential coefficient model file >>[F ] From the ient model, calculate the model gravity (mGal) and model ellipsoidal height
(m) grid of the gravity equipotential surface passing through the specified points (B, L, H)
| Input geodetic coordinates of the specified point - > The surface range grid file is only employed to give the latitude and longitude range and resolution of
longitude 110.24560000° B lhe surface grid. The function ignores the grid value data.
latitude 27 46720000° = | [>> Open the equipotential surface range grid file C 5.\ g grid dat

>> Open the geopotential coefficient model file C:/PAGravf4.5_win64en/data/EGM2008.afc

ellipsoidal height 1346.0240 m > | "+ The window below only shows the geopotential coefficients data with no more than 2000 rows in it
Maximum calculation degree . | [>> Save the model gravity grid as C/PAGravf4.5_win64en/examples/AppEquipotentialhgt/eqpmdigrav.dat
| for the ge moaaliy: 250 = | [>> save model ellipsoidal height as C:/PAGravid.5_win64en/examples/AppEquipotentialhg/egpmdihgt.dat

>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
** The program needs to iteratively calculate the model ellipsoidal height grid of the equipotential surface, please wait..
>> Computation start time: 2023-03-21 20:40:43
>> Complete to calculate the model equipotential surface!
>> Computation end time: 2023-03-21 20:45:58

[ save the model gravity grid as [} save model ellipsoidal height as ¥ Import setting parameters # Start Computatior

3 [ ue
s ) s

model ellipsoidal height (m)

| @ The ellipsoidal height on the equipotential surface = ellipsoidal height cell grid value + the 9th number of the file header.
@ The model and degree should be consistent with that employed in the gravity field approach and modeling. The degree of the model should
not be too Iarge and the funcnon adop(s the iterative approach method, which need take a long time.

The program selects the minimum of the maximum degree of the global
geopotential model and the input maximum degree as the calculation degree. The
degree of the model should not be too large, and the program adopts the iterative
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approach method, which need take a long time.

The reference geopotential model and truncation degree should be consistent with
that employed in the gravity field approach and modelling.

[Output file] The model ellipsoidal height grid file and model gravity grid file of model
equipotential surface.

The ellipsoidal height on the equipotential surface = ellipsoidal height cell grid value
+ the 9th number of the file header.

5.2.2 Refinement of ellipsoidal height of the equipotential surface by local
gravity field approach

[Function] From the ellipsoidal height of some an equipotential boundary surface
and residual gravity disturbance as well as the calculated model gravity and model
ellipsoidal height grid, refine the ellipsoidal height grid of the equipotential surface
passing through the specified points (B, L, H) by the Hotine integral method.

[Input files] The ellipsoidal height grid file of the equipotential boundary surface and
residual gravity disturbance grid file on the surface, the model ellipsoidal height grid file
and model gravity grid file on the model equipotential surface.

The equipotential boundary surface here refers specifically to the Stokes boundary
equipotential surface where the residual gravity disturbance is located, different with the
equipotential surface to be determined.

[Parameter settings] Input geodetic coordinates of the specified point and the
residual integral radius.

] 3 = az An

Gridrange Saveas Importg parameters  Start Computation  save process ~ Follow example
Construction of the gravity equipotential surface . of height of the ~, Save computation
from global geopotential model surface by local gravity field approach * process as
1 Open the ellipsoidal height grid file of >> Computation start time: 2023-03-21 20:40:43
3 equipotential bounary surface >> Complete to caiculate the model equipotential surface!
>> Computation end time: 2023-03-21 20:45:58
za) Open residual gravity disturbance gridfile | > (Function] From the ellipsoidal height of some an equipotential boundary surface and s residual gravity disturbance as
on equipotential boundary surface well as the calculated model gravity and model ellipsoidal height grid, refine the ellipsoidal height grid of the equipotential
Input geodetic coordinates of the specified point  surface passing through the specified points (B, L, H) by the Hotine integral method.
longitude 110.24560000° =1 > Open the ellipsoidal height grid file of equipotential bounary surface C:/PAGravid.5_win64en/examples/
AppEquipotentialhgt/dwmhgt150s.dat
latitude 27.46720000° < > Open residual gravity disturbance grid file on equipotential boundary surface C:/PAGravf4.5_win64en/examples/
ellipsoidal height 1346.0240 m = AooEamooxennalhut/dwmchma dal
p P 4 p APpPEQuIp gt/equiphgt dat.

| I Residual integral radius 150 km CI >> The parameter semngs have been entered into me syslem‘

| * Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-21 21:02:04

>> Complete to refine the equipotential surface!

>> Computation end time: 2023-03-21 21:02:46

[} Save the refined ellipsoidal height as » Import setting parameters ¥ Start (

-04166667 110.2456 Extract result “ Plot}

ellipsoidal height refined (m)

| @ The ellipsoidal height on the equipotential surface = ellipsoidal height cell grid value + the 9th number of the file header.
@ The model and degree should be consistent with that employed in the gravity field approach and modeling. The degree of the model should
not be too large, and the function adopts the iterative approach method, which need take a long time.

[Output file] The refined ellipsoidal height grid file of the equipotential surface
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passing through the specified points (B, L, H)
The ellipsoidal height on the equipotential surface = ellipsoidal height cell grid value
+ the 9th number of the file header.

5.3 Construction of terrain equiheight surface passing through specified
point
[Purpose] Firstly, calculate the model geopotential of the normal or orthometric
equiheight surface from the reference gravity field model, and then furtherly refine the
geopotential from the anomalous field element grid by the remove-restore scheme.

5.3.1 Calculation of the model geopotential of the normal or orthometric

equiheight surface

[Function] From the geopotential coefficient model, calculate the model
geopotential, model ellipsoidal height (m) and model gravity (mGal) grid of the normal
or orthometric equiheight surface passing through the specified point (B, L).

[Input files] The equiheight surface range grid file and global geopotential coefficient
model file.

The equiheight surface range grid file is only employed to give the latitude and
longitude range and resolution of the surface grid.

The first row of the geopotential model file is agreed to be the scale parameters of
the geopotential coefficient model: the geocentric gravitational constant of the Earth GM
(10"*m3/s?) and semi-major axis of the Earth a(m).

| —_ Y = - P
| = 2 4 az Rs
Gridrange Save as Import parameters ~ Start Computation  Save process ~ Follow example
€ Calculation of the model geopx of the - of the normal surface Summation of the model values ., Save computation
% normal or orthometric equiheight surface passing through specified point and residual values * process as
W Open the equiheight surface range grid file >> [Purpose] Firstly, calculate the model geopotential of the normal or orthometric equiheight surface from the reference gravity field
model, and then furtherly refine the geopotential from the anomalous field element grid by the remove-restore scheme.
@ Open the geopotential coefficient model file ** Select the function module the 3 control buttons at the top of the interface.
Input position of the speciied point >> [Fus ] From the model, calculate the model geopotential, model ellipsoidal height (m) and model gravity
—] (mGal) grid of the normal or orthometric equiheight surface passing through the specified point (B, L).
longitude  110.24560000° = | >>The equiheight surface range grid file is only employed to give the latitude and longitude range and resolution of the surface grid. The
latitude 27.46720000° < | function ianores the arid value data
. || >> Open the equiheight surface range grid file C: 5.\ dat
normal or orthometric height 1346.0240 m ~ || >> Open the P model file C: 5 afe.

** The window below only shows the geopotential coefficients data with no more than 2000 rows in it
x?ﬁ‘r:um calculallo?“cigg:ee 360 - | >> Save the model gravity grid as C./PAGravia 5_winbaen/examples/AppEquingtpotentialeqhgtdmigrav.dat
>> Save the model geopotential grid as C:/PAGravf4.5_| ql ial.dat
Height system _normal height system | [>> Save the model ellipsoidal height as C:/PAGravf4.5_win64en/examples/AppEquihgtpotentialieghgtmdingt dat
>> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button

** The program needs to iteratively calculate the model geopotential grid of the equineight surface, please wait
>> Computation start time: 2023-03-21 21:54:18
>> Complete to calculate the model equiheight surface!
>> Computation end time: 2023-03-21 22:02:42

[} Save the model gravity gridas [} Save the model geopotential grid as 4} Save model ellipsoidal heightas 3 Import setting parameters ¥ start

10z

106 107 08 08 uo
Y DI (T W TST Y )

W o0E 109 ue our
» a5 W S [

model geopotential (m?/s?) model ellipsoidal height (m)

@ The model ellipsoidal height = the cell grid value in the model ellipsoidal height grid file + 9th number of the file header. The model gravity = the cell grid value in the model gravity grid file +
| 10th number of the file header.
@ The ellipsoidal height = the model ellipsoidal height + correction of the height. The gravity = the model gravity + correction of the gravity.
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[Parameter settings] Input geodetic coordinates of the specified point and the
maximum calculation degree for the geopotential coefficient model and select the type
of height system.

The program requires the specified point is within the range of the equiheight
surface grid.

The program selects the minimum of the maximum degree of the global
geopotential model and the input maximum degree as the calculation degree. The
degree of the model should not be too large, and the program adopts the iterative
approach method, which need take a long time.

The reference geopotential model and truncation degree should be consistent with
that employed in the gravity field approach and modelling.

[Output files] The model geopotential grid file, model ellipsoidal height grid file and
model gravity grid file of model equiheight surface.

The model ellipsoidal height = the cell grid value in the model ellipsoidal height grid
file + 9th number of the file header.

The model gravity = the cell grid value in the model gravity grid file + 10th number
of the file header.

5.3.2 Refinement of the normal equiheight surface passing through specified
point

[Function] From the ellipsoidal height of some an equipotential boundary surface
and residual gravity disturbance on the surface as well as the calculated model gravity
and model ellipsoidal height grid, refine the ellipsoidal height grid of the normal or
orthometric equiheight surface passing through the specified point (B, L) by the Hotine
integral method.

[Input files] The ellipsoidal height grid file of the equipotential boundary surface and
residual gravity disturbance grid file on the surface, the model ellipsoidal height grid file
and model gravity grid file on the model equipotential surface.

The residual geopotential correction and residual ellipsoidal height correction of the
equiheight surface are calculated from the residual gravity disturbance after the
reference model values removed.

[Parameter settings] Input geodetic coordinates of the specified point and the
residual integral radius and select the type of height system.

[Output files] The geopotential correction grid file and ellipsoidal height correction
grid file of the equiheight surface.

5.3.3 Summation of the model values and residual values
[Function] Add the model geopotential and model ellipsoidal height to their
corrections, respectively, and obtain the final refined values of the normal or orthometric
equiheight surface passing through the specified point (B, L).
[Output files] The geopotential grid file and ellipsoidal height grid file of the normal
or orthometric equiheight surface passing through the specified point (B, L).
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The ellipsoidal height = the model ellipsoidal height + correction of the height.
The grawty = the model graV|ty + correctlon of the grawty

[' equibeigh g GXouoh apecid Tk f

'Bu‘r ¥ 8z fn

Gridrange Saveas Importparameters  Start Computalion  save process  Follow example

‘ ion of the model of the of the normal surface s Summation of the model values 4+ Save computation
normal or orthometric equiheight surface passmg through specified point and residual values process as
Open the ellipsoidal height grid file of >> The parameter settings have been entered into the system!
Mg equipotential bounary surface ** Click the [Start Computation] control button, or the [Start Computation] tool button...
** The program needs to iteratively calculate the model geopotential grid of the equiheight surface, please wait..
=] Open residual gravity disturbance grid file >> Computation start time: 2023-03-21 21:54:18
on equipotential boundary surface >> Complete to calculate the model equiheight surface!
Input tion of the sj int >> Computation end time: 2023-03-21 22:02:42
Tongitic = = | >> [Function] From the ellipsoidal height of some an equipotential boundary surface and residual gravity disturbance on the surface as
gitude  110.24560000 = | well as the calculated model gravity and model ellipsoidal height grid, refine the ellipsoidal height grid of the normal or orthometric
latitude 27.46720000° < | equiheight surface passing through the specified point (B, L) by the Hotine integral method.
S i p < | [>> Open the ellipsoidal height grid file of equipotential bounary surface C:/PAGravfd. 5_\
normal or orthometric height 1346.0240 m > || areagrid.dat
Residual integral radius 150 km = ]1>> Opan residual gravity dnstumanoe grid file on equipotential boundary surface C:/PAGravf4.5_win64en/examples/
hgtpote

| Height system normal height system

>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button...
>> Computation start time: 2023-03-21 22:10:07
>> Complete to refine the equiheight surface!
>> Computation end time: 2023-03-21 22:11:23

[} save the geopotential corrections as ) Save ellipsoidal height corrections as B Import setting parameters & Start Computation

106.000000 112.000000  27.000000  32.000000 0.04166667 0.041666 Extract results 24 Plot]

-47.0779  -48.5710  -50.0626 -51.5117 .8773  -54.
-55.6160  -54.8211 -53.9773  -53.1293 3217 -51.59
-53.7911 - -56.0160  -57.1638 -59 N — - S
-61.6286 -58
-57.8114 -58
L9842 -51
-50 1814 -50.0220 -49.
-51.
52 -60.
.5 +3209 -54.
9 . -51.
.8 . -50.0
¢ 3 -56.
8. -56.
% s -56.
. . -47.
.3853 X -44.
.326 7170 - > -46.
-56. -57.2295 - -57.5353 -57.
. -51.0173 - -50.8018 -50.9
—————— residual geopotential (m?/s?) residual ellipsoidal height (m)
@ The model ellipsoidal height = the cell grid value in the model ellipsoidal height grid file + 9th number of the file header. The model gravity = the cell grid value in the model gravity grid file +
10th number of the file header.
@ The ellipsoidal height = the model ellipsoidal height + correction of the height. The gravity = the model gravity + correction of the gravity.

- T ~

- .
Gridrange Saveas Importparameters Start Computation  Save process ~ Follow example

|

© C;i of the model of the of the normal surface ‘Summation of the model values ey Save computation
normal or orthometric equiheight surfaee passlng through specified point and residual values process as
ition of the s >> Open the ellipsoidal height grid file of equipotential bounary surface C: 5_)
longitude .24 o +| areagrid.dat.
bt 110:24560000 ~| >> Open residual gravity disturbance grid file on equipotential boundary surface C: 5_\
latitude 27.46720000° =| dwmchrga.dat
normal or orthometric height 1346.0240m  =| >>Save ion grid as C 5_wi j.dat
>> Save idal height as C: .5_) i j.dat
I Height system normal height system | >> The parameter settings have been entered into the syslem'

** Click the [Start Computation] control button, or the [Start Computation] tool button..
>> Computation start time: 2023-03-21 22:10:07
>> Complete to refine the equiheight surface!
>> Computation end time: 2023-03-21 22:11:23
>> [Fundion] Add the model and model height to me-r D y. and obtain the final refined values

ht surt

>> Save the geopolenual gnd as C/PAGravf4.5_\

>> Save the elllpsoldal height gnd as C
>

& paral
** Click the [Slan Computation] oonlrol bumm or me [Stzrt Compu!ahon] tool button...

>> Computation start time: 2023-03-21 22:13:58

>> Complete summing the model and residuals!

>> Computation end time: 2023-03-21 22:13:58

[} save the geopotential grid as J) save eliipsoidal height gridas 3 Import setting parameters & Start Computation
106.000000 112.000000 27.000000  32.000000 0.04166667 0.041666 J Extract results 2 Plot]
-47.0779  -48.5710  -50.0626  -51.5117
-55.6160  -54.8211  -53.9773  -53.1293
-53.7911 -56.0160
-61.6286 i
-57.8114
54.9842
-50.1167
-48.6244

-45.5158
-53.1327
-52.4531

-50.8404

-45.3853 -45.2636

43.3261 43.7170

-56.7661 -57.2295 — . co—
3408 -51.0173 50.8018

geopotential refined (m?/s?) ellipsoidal height refined (m)

@ The model ellipsoidal height = the cell grid value in the model ellipsoidal height grid file + 9th number of the file header. The model gravity = the cell grid value in the model gravity grid file +
10th number of the file header.
@ The ellipsoidal height = the model ellipsoidal height + correction of the height. The gravity = the model gravity + correction of the gravity.
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5.4 Assessment of gravimetric geoid using GNSS-levelling data

[Function] According to the spectral domain error characteristics of GNSS-leveling
height anomaly and gravity field, statistically analyze the GNSS-leveling residual height
anomaly (m), and then estimate the error (cm) of gravimetric height anomaly, inner
coincidence error of hybrid height anomaly, error of hybrid height anomaly difference
and error of GNSS-leveling height anomaly difference.

Replacing the ground height anomaly with the geoidal height, the program can
evaluate the gravimetric geoid of the orthometric system.

[Input file] The discrete GNSS-leveling residual height anomaly file.

[Parameter settings] Set the input file format parameters, enter the GNSS-levelling
network parameters, mean distance between GNSS benchmarks, the constant and
proportional error of ellipsoidal height difference of the GNSS baseline, set the number
of groups in the GNSS benchmarks combined in pairs, the maximum distance and
distance interval for the distance-error curve.

The program combines each of the n GNSS benchmarks to form n(n-1)/2 sides,
and after sorting them according to the side length, the GNSS-leveling residual height
anomaly difference is grouped and then counted.

[Output file] The error curve file of gravimetric geoid.

2]

et =2 az Ra

GNSS-leveling data Save as  Import parameters 518 putation  Save process  Follow example
@ Open GNSS-leveling residual height anomaly file >> Computation Process ** Operation Prompts 4. Save computation process as
number of rows of file header 1 5 >> [Function] According to the spectral domain error characteristics of GNSS-leveling height anomaly and gravity field, statistically analyze the
column ordinal number of residual o GNSS-leveling residual height anomaly (m), and then estimate the error (cm) of gravimetric height anomaly, inner coincidence error of hybrid
height anomaly in the record = height anomaly, error of hybrid height anomaly differance and error of GNSS-leveling height anomaly difference. Replacing the ground height
Input GNSS-levelling network parameters anomaly with the geoidal height, the program can evaluate the gravimetric geoid of the orthometric system. )
o ST S-eva PalEmeters =] [>> Open discrste GNSS-leveling residual height anomaly fils C:/PAGrav4.5_ np txt.
mean distance between GNSS benchmarks 20 km || [ .ook at e flls informalion in the window below and set the discrete point fil formal paramelers._
constant error of ellpsoidal height o < | [*> Save the results as C:/PAGravid 5_\ niresull i
difference of the GNSS baseline =1 |5> The file header consists of 5 paramelers, which are the standard deviation of the GNSS-leveling residual height anomaly (cm), standard
proportional error of ellipsoidal 0400 mmik .| |deviation of the differences of GNSS-leveling residual height anomaly after pairwise combination (cm), error of gravimetric height anomaly (cm),
height difference of GNSS baseline MMKM "+ | |inner coincidence error (cm) of hybrid height anomaly difference, and normal (orthometric) height difference error per kilometer (cm/km).
>> The file record is employed to express 3 error curves: the first column is the distance (km, independent variable), the second column is the
th t
i) il GNSS-levelling height anomaly error (cm), and the third column is the gravimetric height anomaly error (cm, constant), and the fourth column is
number of groups in the GNSS 2 | |the coincidence error (cm) within the hybrid height anomaly.
benchmarks combined in pairs | >> The parameter settings have been entered into the systeml
maximum distance of distance-error curve 200 km < | ** Click the [Start Computation] control button, o the [Start Computation] tool button...
distance interval for distance-error curve 1.0 km 3| >>Computation start time: 2023-03-21 22:28:08
>> Complete the assessment of gravimetric geoid!
K save the error curves as # Import setting parameters # Start Computation
56426 | Extract error curves “ Plot]

10 &
11 = ——— (GNSS-Jovelling height anomaly evor
12 " —— gravimetric height snomaly emor
= —— bybrid beight asomaly eeror
16 5
20 2
21
22
23 15
] r © 0 W m 10 ]

@ GNSS-leveling residual: the difference between the measured GNSS-leveling height anomaly and the gravimetric height anomaly in the normal height system, and the difference between the measured

GNSS-leveling geoidal height and the gravimetric geoidal height in the orthometric system

@ The basis for the accuracy evaluation of the geoid here: the error of the difference of the GNSS-levelling measured height anomaly between two points increases with the increase of the distance, while the
| error of the difference of the gravimetric height anomaly between the twa points does not change significantly with the change of the distance

The file header consists of 5 parameters, which are the standard deviation of the
GNSS-leveling residual height anomaly (cm), standard deviation of the differences of
GNSS-leveling residual height anomaly after pairwise combination (cm), error of
gravimetric height anomaly (cm), inner coincidence error (cm) of hybrid height anomaly
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difference, and normal (orthometric) height difference error per kilometer (cm/km).

The file record is employed to express 3 error curves: the first column is the distance
(km, independent variable), the second column is the GNSS-levelling height anomaly
error (cm), and the third column is the gravimetric height anomaly error (cm, constant),
and the fourth column is the coincidence error (cm) within the hybrid height anomaly.

GNSS-leveling residual: the difference between the measured GNSS-leveling
height anomaly and the gravimetric height anomaly in the normal height system, and
the difference between the measured GNSS-leveling geoidal height and the gravimetric
geoidal height in the orthometric system.

The basis for the accuracy evaluation of the geoid here: the error of the difference
of the GNSS-levelling measured height anomaly between two points increases with the
increase of the distance, while the error of the difference of the gravimetric height
anomaly between the two points does not change significantly with the change of the
distance.

5.5 GNSS-levelling data fusion and regional height datum optimization

[Purpose] From the GNSS-leveling residual geoidal height or residual height
anomaly, estimate the geopotential difference of regional height datum and its zero-point
parameters, calculate the correction of hybrid geoid, and optimize the regional height
datum (GNSS-levelling network).

5.5.1 Calculation of geopotential of the zero-height surface for regional height
datum

[Function] From the GNSS-leveling measured geoidal heights (height anomalies,
m) and residual geoidal heights (height anomalies, m), estimate the zero-height surface
geopotential W, of the regional height datum. Then with the given geopotential W, of the
global geoid, obtain the zero-height surface geopotential difference W: -W, of the
regional height datum relative to the global geoid.

[Input file] The discrete GNSS-leveling residual file.

GNSS-leveling residual: the difference between the measured GNSS-leveling
height anomaly and the gravimetric height anomaly in the normal height system, or the
difference between the measured GNSS-leveling geoidal height and the gravimetric
geoidal height in the orthometric system.

[Parameter settings] Set the input file format parameters, enter the geopotential W,
of global zero-height surface.

[Output file] The remaining GNSS-leveling residual file.

The file header has 6 attributes, namely Wy, Uo, Wo, Wr-Uo, Wr-W, and U.-Wo,
where W is the zero-height surface geopotential of the regional height datum, U, is the
normal geopotential of the level ellipsoidal surface which is equal to the geopotential of
the gravimetric geoid, and W, is the geopotential of the global geoid considered as the
global orthometric zero-height surface.
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Behind the record of the GNSS-levelling residual file, appends a column of
correction after reduction to gravimetric geoid, and keeps 4 significant figures.

— Y = 2= a
- | 5 y & -
GNSS-leveling residuals Save as Import parameters St nputation  save process  Follow example
P Calculation of geopotential of the zero-height =, GNSS-leveling data fusion with constraints .+« Leveling network quasi-stable adjustment
surface for regional height datum “ of the Poisson integral " with remaining GNSS-levelling residuals

¥ Open discrete GNSS-leveling residuals file | >> Computation Process ** Operation Prompts &' Save computation process as

Set input file format >> Open discrete GNSS-leveling residuals file C:/PAGravf4.5 _\ p Pp! txt
number of rows of file header 1 s ** Look at the file information in the window below and set the discrete point file format parameters...

>> Save the remaining GNSS-leveling residuals as C:/PAGravf4.5_win64en/examples/AppGNSSivihgtdatum/mtksich. txt

** The file header has 6 attributes, namely Wi, Us, Wo, Wi-Us, W,-Ws and Us-W.. Where W, is the zero-height surface geopotential of
the regional height datum, Us is the normal geopotential of the level ellipsoidal surface which is equal to the geopotential of the
gravimetric geoid, and W is the geopotential of the global geoid as the global height surface.

** Behind the record of the GNSS-levelling residual file, appends a column of correction after reduction to gravimetric geoid, and
keeps 4 significant figures
Input geopotential of global . >> The parameter settings have been entered into the system!

zero-height surface (m?/s?) 620B6893.400 *  ** Click the [Start Computation] control button, or the [Start Computation] tool button.

>> Computation start time: 2023-05-26 15:05:01

Column ordinal number of the
GNSS-levelling observation

column ordinal number of
GNSS-levelling residual

column ordinal number of weight| 7

of regional height surface W, = 62636850.846m?/s?
of global geoid Us = 709m?/s?

Geopotential of global zero-height surface W, = 62636853.400m?/s?

Geopotential difference of regional zero-height surface relative to global geoid W, - Us = -7.863m?/s?

Geopotential difference of regional zero-height surface relative to giobal zero-height surface W; - W, = -2.554m?/s?

P of global geoid relative to global zero-height Us - W. = 5.309m?/s?
>> Complete to calculate the geopotential differences of height datum!
>> Computation end time: 2023-05-26 15:05:01
ﬁ; Save the remaining GNSS-leveling resiguals as' ¥ Import setting parameters & Start Computation
act re re: “= Plot}
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@ The data fusion surface for the normal height system is the ground, and the ground ellipsoidal height grid file should be input. The data fusion surface for the orthometric system is the
geoid, and the geoidal height grid file should be input.
@ The remaining GNSS-leveling residual file after GNSS-levelling data fusion can be employed to evaluate the quality of the measured GNSS-levelling data

The normal zero-height surface and the orthometric zero-height surface always
coincide everywhere and are the same, and there is no need to distinguish them.

PAGravf4.5 recommends that the geoidal geopotential We or U, should replace the
empirical appoint W, in the IERS numerical standard. The latter is calculated from the
global geopotential model and satellite altimetry data according to the Gaussian geoid
definition.

5.5.2 GNSS-leveling data fusion with constraints of the Poisson integral

[Function] From the GNSS-leveling residual and the ellipsoidal height grid of the
data fusion surface, estimate the correction of gravimetric geoidal height/ground height
anomaly with constraints of the Poisson integral, to realize the analytical fusion of
GNSS-leveling data and gravimetric geoidal height.

[Input files] The discrete (remaining) GNSS-leveling residual file, the data fusion
range grid file.

The data fusion surface for the normal height system is the ground, and the ground
ellipsoidal height grid file should be input. The data fusion surface for the orthometric
system is the geoid, and the geoidal height grid file should be input.

[Parameter settings] Set the number of rows of the GNSS-leveling file header, the
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column ordinal number of the ellipsoidal height, GNSS-levelling residual, and weight,
enter the iterative calculation times, residual integral radius, Laplace operator parameter
and edge effect suppressing parameter.

Column ordinal number of the ellipsoidal height. The geodetic height is consistent
with the geodetic height of the fusion calculation surface, that is, the orthometric system
is the geoidal height, and the normal height system is the ellipsoidal height at the GNSS
benchmark.

The integral radius. The smaller the integral radius, the faster the calculation.

Set Laplace operator parameter. The larger the smoothing parameter, the stronger
the filtering.

The edge effect suppression parameter n. The program suppresses edge and far-
zone effects with the residual of the cell grid at the area margins equal to zero as the
observation equation.

The local gravity field approach method does not have the capacity to deal with the
problem of systematic deviation. The program automatically removes the statistical
mean of GNSS-leveling residuals.

@ £ 3 R &z @

GNSS-leveling residuals Save as Import parameters art Computation  Save process ~ Follow example

= C 1 of of the height = GNSS-leveling data fusion with constraints . Leveling network quasi-stable adjustment
surface for regional height datum ~ " of the Poisson integral “ with g GNSS-levelling
8 Open discrete GNSS-leveling file | >>Comp Process ** Operation Prompts &:! Save computation process as

Set input file format
number of rows of file header 2
Column ordinal number of
the ellipsoidal height
column ordinal number of
GNSS-levelling residual

>> Open discrete GNSS-leveling residuals file C:/PAGravf4.5_ pp! 1.txt.
** Look at the file information in the window below and set the discrete point file format parameters...

>> Save the remaining GNSS-leveling residuals as C:/PAGravf4.5_win64en/examples/AppGNSSivihgtdatum/mtksich01.txt.

>> Save the remaining residual grid results as C /PAGravM 5_\

pp Jalgeoid.dat

N
>> Open the ellipsoidal height grid file of the data fusion sur!ace C:/PAGravf4.5_win64er pp! m/
GeoidEGM150s.dat

column ordinal number of weight 7

j Open the ellipsoidal height grid file
of the data fusion surface

Set calculation parameters

>> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button.

** The iterative calculation process needs to wait... During the period, you can open the file C:/PAGravf4.5_win64en/examples/
AppGNSSivihgtdatum/mtksich01.txt and look at the iterative calculation progress!
>>C start time: 2023-05-26 15:08:05

Iterative calculation times 3
Residual integral radius 120 km

Set Laplace operator parameter 3

Edge effect suppressing parameter 1

[l save the remaining GNSS-leveling residuals as

>> GNSS-levelling residuals: mean, standard deviation, minimum, maximum
>>| Source GNSS-levelling residuals: -0.7932 0.0369 -0.8550 -0.7142
>>| the 1th iterative remaining residuals: 0.0018 0.0238 -0.0398 0.0640
>>| the 2th iterative remaining residuals: 0.0019 0.0202 -0.0401 0.0605
>>| the 3th iterative remaining 0.0017 0.0178 -0.0384 0.0538
>> Complete GNSS-leveling data fusion!

** After the first iterative calculation, the appropriate number of iterations should be selected according to the residual statistical

[=) Save the remaining residual grid results as ¥ Import setting parameters & Start Computation
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remaining residuals (m) residual height anomaly (m)

@ The data fusion surface for the normal height system is the ground, and the ground ellipsoidal height grid file should be input. The data fusion surface for the orthometric system is the
geoid, and the geoidal height grid file should be input.
@ The remaining GNSS-leveling residual file after GNSS-levelling data fusion can be employed to evaluate the quality of the measured GNSS-levelling data.

[Output file] The remaining residual geoidal height/height anomaly grid file.
The interface displays the statistical properties of the remaining GNSS-leveling
residuals during the iterative calculation process.
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After the first iterative calculation, the appropriate number of iterations should be
selected according to the residual statistical properties of the iterative process, and the
calculation should be performed once again!

The remaining GNSS-leveling residual file after GNSS-levelling data fusion can be
employed to evaluate the quality of the measured GNSS-levelling data.

5.5.3 Leveling network quasi-stable adjustment with remaining GNSS-levelling

residuals

[Function] Taking all GNSS-levelling points as quasi-stable benchmarks, from the
remaining GNSS-levelling residuals and leveling routes file in GNSS-levelling network,
the indirect least squares adjustment method with quasi-stable benchmark constraints
is employed to estimate the normal (orthometric) height corrections of leveling
benchmarks and the height anomaly corrections of GNSS benchmarks.

[Input files] The discrete (remaining) GNSS-leveling residual file, the leveling
routines file in GNSS-levelling network.

The leveling routines file adopts the agreed format, please refer to the main
interface [Format convention for geodetic data file].

[Parameter settings] Set the number of rows of the GNSS-leveling file header, the
column ordinal number of the ellipsoidal height, GNSS-levelling residual, and weight.

[Output files] The normal (orthometric) height correction file of leveling benchmarks
and the height anomaly correction file of GNSS benchmarks.

5.6 GNSS replaces leveling to calculate the orthometric or normal height

[Function] From the results of the regional geoid, calculate the orthometric (normal)
height of the GNSS positioning point.

Please select height system firstly...

When the normal height system selected, input the ground height anomaly grid file,
ground ellipsoidal height grid file, and ground gravity disturbance grid file.

When the orthometric height system selected, input the geoidal height grid file.

The ground ellipsoidal height grid is employed to stand for the location of the ground
height anomaly.

The ground gravity disturbance grid is used to compute the correction of height
anomaly at GNSS point with height change.

The geodetic coordinates of the calculation point can be input repeatedly, and the
orthometric (normal) height at GNSS point can be calculated and displayed in time.

GNSS positioning point should be within the latitude and longitude range of the
geoid model.

The ground gravity disturbances can be synchronously calculated while the
gravimetric ground height anomalies are refined.

When the discrete GNSS position point file input, the program can calculate the
orthometric (normal) heights for batch GNSS positioning points.
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Import parameters  Start Computation  save ;')mcess Follow example

| select height system

>> Computation Process 4 Save computation process as
! [ normal height ] positioning point.
| . ** Please select height system firstly...
]

L Miipontcaleustion _ >> GNSS replaces leveling to calculate the normal height...

| 2 g >> Open ground height anomaly grid file C:/PAGravf4.5_wi PP ing/
i 2} Open ground height anomaly grid file [ dbmGM1800150sksi dat. P
|| ¢2) open ground ellipsoidal height grid file | >> OPen ground ellipsoidal height grid file C:/PAGravi4.5_wi \pp pleveling/
| | dbmhgt150s.dat.
Il g Open ground gravity disturbance grid file | >> Open ground gravity disturbance grid file C:/PAGravf4.5_win64er \pp! P ing/
I+ ' dbmGM1800150srga.dat.

| >> The parameter settings have been entered into the system!
| ** Click the [Start Computation] control button, or the [Start Computation] tool button...
| >> Computation start time: 2023-03-21 23:21:57

>> Computation end time: 2023-03-21 23:21:57

Input geodeti inates of GNSS positioning point
I longtitude 106.25000000° = latitude 28.42000000° = ellipsoidal height 321.0000m 5
The normal ic) height =

| J Import setting parameters [nonnal height 355.3384m :] ¥ Start Computation

Display of the input-output file | 4./ Save data in the text box as

‘ 104.000000 114.000000 25.000000

-12.7623 -6.6889 4.837 7222 -33.1629 —40.1'
-21.3176 -16.3421 -4.359 .3454 -39.8887 -33.2
-52.5462 -51.4713 -46.637 7197 6.8148 -6.7
-69.6652 -75.2357 -73.388 .2509 -67.1526 -60.3
-57.4727 -49.4632 -45.457 6575 -34.3168 -52.9
-36.3515 -41.265 .5987 -24.3559 -23.6
-15.2298 -32.843 .2733 -58.4325 -63.5
-38.3638 -48.191 L7726 -26.8073 -37.3
-61.9463 -45.020 .4329 -34.2333 -29.7
-19.2718 -20.099 .6658 -38.3229 -53.1
-54.4718 -47.394 .9287 6.8988 21.2
-30.4888 -5.527 -29.0653 -27.4
-23.8178 -10.606 -17.9706 6.6
-15.2151 -39.102 -12.9461 -24.0
-10.2665 -11.574 -2.3121 -1.0
-36.1234 -31.626 -32.1964 -33.1
-12.8231 6.493 -34.9275 -43.5
-23.5213 -7.005 -36.1221 -24.3
o= GISS replaces leveling to calculate tha orthometric of ol heig - - o 7 x|
| & N
Import parameters  Start Computation  save process Follow example
i
| _Select height system >> Computation Process 4 Save computation process as
‘ [ normal (orthometric) height ] >> Computation end time: 2023-03-21 23:21:57
- >> GNSS leveling to the ic height....
] P
Muitipolnt calculation >> Open the geoidal height grid file C: 5_win6der PP pleveling/
7 " | dwmGM1800150sksi.dat.
1} [
@ Open ground height anoimaly, grid fle ‘ >> The parameter settings have been entered into the system!
2} Open ground ellipsoidal height grid file | " Click the [Start Computation] control button, or the [Start Computation] tool button...
| >> Computation start time: 2023-03-21 23:22:44
g Open ground gravity disturbance grid file I >> Computation end time: 2023-03-21 23:22:44
. ‘ >> GNSS replaces leveling to calculate both the normal height and orthometric height....
(3 Open the geoidal height grid file >>The p settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button...
>> Computation start time: 2023-03-21 23:23:25
>> Computation end time: 2023-03-21 23:23:25
Input g i of GNSS positioning point
| longtitude 106.25000000° |+ latitude 28.42000000° = ellipsoidal height 321.0000m $
The normal ic) height -
= R = e = Start C: tat
# Import setting parameters [normal height 355.3384m < orthometric height 355.3301m - ] S SN APUIERON

Display of the input-output file | 4. Save data in the text box as

104.000000 114.000000 25.0000§0 34.000000 0.04166667 0.041°

-30.3988 -30.3353 -30.1782 -30.1627 .4928 -30.6097 -30.6
-30.5079 -30.4773 -30.3818 -30.44 .8459 -30.8988 -30.8
-30.9666 -30.9265 -30.7279 i .1897 -30.2039 -30.2
-30.7087 -30.7124 -30.5747 5 3 .2657 -30.1592 -30.0
-29.4489 -29.3199 4 .0906 , 59 .6379 -28.6437 -28.6
-28.0546 -27.9933 - .3588 -27.2144 -27.1
-26.6019 -26.6005 .5268 -26.4927 -26.4
-25.5602 -25.4324 .3811 -24.3680 -24.3
-24.0863 -23.9551 .1946 ~22.9939 -22.8
-21.7590 -21.6183 .9193 -20.9265 -20.9
-20.2280 -20.0810 .7527 -18.4272 -18.1
-17.5519 -17.2803 -16.3651 -16.2
-15.2983 -15.0905 -13.7362 -13.5
-12.8449 -12.8349 -11.9898 -11.9
-10.8914 -10.7385 -9.5699 -9.4

1832 -9.1237 —%. -8.2309 -8.0
-30.3869 -30.3202 -30. -30.5794 -30.6
-30.5129 -30.4942 -30.4346 -30.7681 .8517 -30.8516 -30.8
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6 Editing, calculation, and visualization tools for geodetic data files

The geodetic data file editing and calculation assembly are mainly used for data file
format conversion, interpolation and gridding, data extraction, separation and merging,
vector grid and numerical grid data processing, basic operations on multiple sets of data,
and other data preprocessing etc.

Editing and calculation tools for geodetic data files

| "
Converting of general ASCII Data interpol ing Simple and direct calculation Low-pass filtering operation
records into PAGravf4.5 format and separation of land and sea on geodetic data files on geodetic grid file

®

®

® @ ® a-b
Simple gridding and regional Constructing and ming lysis on various galculatoniongridiorizontal
gradient and vector
geodetic grid construction of vector grid file geodetic data file
grid inner product
Programs and functions structure of the subsystem Geodetic data format convention

@ PAGravf4.5 employs 5 types of geodetic data files in own format. The program [Converting of general ASCII records into PAGravf4.5 format] is the
| important interfaces for PAGravf4.5 to accept external text data.

@ Using the program [Generating and constructing of regional geodetic grid], you can construct a numerical grid with the given grid specifications. The
| other programs or functions only accept the format data generated by PAGravf4.5 own.

PAGravf4.5 employs 5 types of geodetic data files in own format. The program
[Converting of general ASCII records into PAGravf4.5 format] is the important interfaces
for PAGravf4.5 to accept external text data. Using the program [Generating and
constructing of regional geodetic grid], you can construct a numerical grid with the given
grid specifications. The other programs or functions only accept the format data
generated by PAGravf4.5 own.

6.1 Converting of general ASCIl records into PAGravf4.5 format

[Function] Convert the general ASCII data record file from different sources and
non-standard format into the discrete geodetic record file in PAGravf4.5 format.

Please click the [Open the source ASCII record file] control button to open the
general text record file to be standardized...

[Input file] The general ASCII data record file.

After entering the number of rows of the input file header, click the control button
[Exact and edit data] to open the dialog [Exact and edit data from the source text file].
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Set the target file header and record table header, select the target record attributes.

If the target file does not need the record table header, please clear the text
corresponding to the input text box.

[#] Exact and edit data from the source text file

The record attributes from source file The record attributes to target file

2

102.546777

24.458002
1659.0410

-33.6150

-0.80486

0.94

-0.0014 * nsert=>>

& Cancel-—

&
“p Clear all

Set the target file header / editable
62636844.042 62636851.905 62636853.400 -7.8630 -9.3578 -1.4948

Set the target file table header / editable

62636844.042 62636851.905 62636853.400 -7.8630 -9.3578 -1.4948

Ok Cancel

[#] Exact and edit data from the source text file

The record attributes from source file
2

The record attributes to target file
2

102.546777 102.54€777
24.458002 ) Select+++ 24.458002
1659.0410 1659.0410
-33.6150 -0.8046
-0.80486 0.94
0.94
Insert>>>
-0.0014 *
& Cancel-—
“y Clear all
Set the target file header / editable
I 62636844.042 62636851.905 62636853.400 -7.8630 -9.3578 -1.4948 ] -
Set the target file table header / editable
| no lon lat height residual weight l -

care

Click the button [Ok] to close the dialog. Click the control button [Organize and
display result file] to count the maximum number of each column characters of the target

record attributes, and then display the target file header, record table header, and all the
records.
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The program needs some time to organize the target record attributes, please
wait. ..

I .
External ASCIl Saveas  Save process  Follow example

62636844.042 62636851.905 62636853.400 -7.8630 -9.3578 ~-1.4948 A

2 102.546777 24.458002 1659.0410 -33.6150 -0.8046 0.94 -0.0014

3 102.632412 24.458211 2120.2558 -33.3212 -0.7142 1.23 0.0890

4 102.725921 24.460578 2111.3872 -33.2058 -0.7612 1.68 0.0420

5 102.420803 24.566357 1990.6386 -33.5334 -0.7157 1.95 0.0875

€ 102.528697 24.562786 1936.4260 -33.3720 -0.7491 2.93 0.0541

9 102.832641 24.575505 1977.4949 -33.1581 -0.8223 1.04 -0.0191

10 102.345532 24.668953 1919.7825 -33.7565 -0.7782 3.53 0.0250

11 102.423972 24.652933 1959.3369 -33.4781 -0.7548 2.02 0.0484

12 102.529771 24.667079 2157.7877 -33.2933 -0.7317 1.46 0.0715

13 102.631063 24.657055 1906.3415 -33.3155 -0.8185 3.53 -0.0153

14 102.742718 24.652871 1935.7882 -33.1128 -0.7767 3.39 0.0265

15 102.843573 24.642787 1880.7707 -33.1133 -0.8319 0.81 -0.0287

16 103.137778 24.658224 1838.4387 -32.7463 -0.7730 0.53 0.0302

17 102.426305 24.743284 1929.0475 -33.4575 -0.7771 1.48 0.0261

20 102.729945 24.734909 1856.2213 -33.2087 -0.8356 6.12 -0.0324

21 102.840819 24.752018 2117.8582 -32.8948 -0.7459 1.56 0.0573

22 102.939253 24.72808¢ 2050.9590 -32.8500 -0.7907 0.81 0.0125

23 103.029713 24.748496 2034.1986 -32.8194 -0.8217 0.88 -0.0185

24 103.129600 24.753135 1575.0654 -32.8486 -0.8477 1.41 -0.0445

25 103.227846 24.747081 1668.7801 -32.6509 -0.8116 3.06 -0.0084

245 103 _32I08E 24 _I3AGOE 1820 _£718 .32 2302 .0 _7400 212 n_Nne33 X
Open the source ASCII  Number of rows - 2 Organize and display Save data in the

L) record file of file header G| ¥ Exactand editdata | 6 result file £ textbox as
Display of the input-output file| 4. Save process as

>> [Function] Convert the general ASCII data record file from different sources and non-standard format into the discrete geodetic record file in PAGravf4.5 format.
** Please click the [Open the source ASCII record file] control button to open the general text record file to be standardized...

>> C/PA .5_\ ich. txt
** After entering the number of rows of the input file header, click the control button [Exact and edit data] to open the dialog [Exact and edit data from the source text
file]...

>> Set the target file header and record table header, select the target record attributes.

** Click the control button [Organize and display result file] to count the maximum number of each column characters of the target record attributes, and then display
the target file header, record table header, and all the records.

** The program needs some time to organize the target record attributes, please wait...

£ The program is the important interface for PAGravf4.5 to accept the external text data.

= T A~

Extenal ASCII Saveas Save process Follow example

62636844.042 62636851.905 62636853.400 -7.8630 -9.3578 -1.4948 2
no lon lat height residual weight

2 102.546777 24.458002 1659.0410 -0.8046
3 102.632412 24.458211 2120.2558 -0.7142
4 102.725921 24.460578 2111.3872 -0.7612
5 102.420803 24.566357 1990.6386 -0.7157
6 102.528697 24.562786 1936.4260 -0.7491
9 102.832641 24.575505 1977.4949 -0.8223
10 102.345532 24.668953 1919.7825 -0.7782
11 102.423972 24.652933 1959.3369 -0.7548
12 102.529771 24.€67079 2157.7877 -0.7317
13 102.631063 24.657055 1906.3415 -0.8185
14 102.742718 24.652871 1935.7882 -0.7767
15 102.843573 24.642787 1880.7707 -0.8319
16 103.137778 24.658224 1838.4387 -0.7730
17 102.426305 24.743284 1929.0475 -0.7771
20 102.729945 24.734909 1856.2213 -0.8356
21 102.840819 24.752018 2117.8582 -0.7459
22 102.939253 24.728089 2050.9590 -0.7907
23 103.029713 24.748496 2034.1986 -0.8217
24 103.129600 24.753135 1575.0654 -0.8477

HOOHOHOOWWHNWHNHKEHO
»n
W

Open the source ASCII  Number of rows - : Organize and display
] record file of file header | ¥ Exactandeditdata 6 result file
Display of the input-output file | 4.r Save process as

>> [Function] Convert the general ASCII data record file from different sources and non-standard format into the discrete geodetic record file in PAGravf4.5 format.
** Please click the [Open the source ASCII record file] control button to open the general text record file to be standardized...
>> C:/PAGravi4.5_wi ich.txt.
** After entering the number of rows of the input file header, click the control button [Exact and edit data] to open the dialog [Exact and edit data from the source text
file]...
>> Set the target file header and record table header, select the target record attributes.
** Click the control button [Organize and display result file] to count the maximum number of each column characters of the target record attributes, and then display
the target file header, record table header, and all the records.
** The program needs some time to organize the target record attributes, please wait...

>> Complete the statistics of the i number of of the target record attributes, and display the target file header, record table header, and all the
records.

** Check the target record file displayed in the editable textbox. Click the control button [Save data in the textbox as] to save the contents in the textbox above as
the target file.

>> The data in the text box have saved to the file C:/PAGravf4.5_wi dF ich.txt!

£ The program is the important interface for PAGravf4.5 to accept the external text data.
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[Output file] The discrete geodetic record file in PAGravf4.5 format.

Check the target record file displayed in the editable textbox. Click the control
button [Save data in the textbox as] to save the contents in the textbox above as the
target file...

The program is the important interface for PAGravf4.5 to accept the external text
data.

6.2 Data interpolation, extracting and separation of land and sea

6.2.1 Changing of grid resolution by interpolation

[Function] Increase or decrease the grid spatial resolution according to the given
grid resolution and specified interpolation method.

[Input file] The geodetic numerical grid file.

[Parameter settings] Enter the spatial resolution for target grid and select the
interpolation mode.

[Output file] The target geodetic numerical grid file.

The grid direct averaging method is that sums up all the effective source grid
element values within the target grid element, and then divided the sum by the number
of the effective source elements. The grid equal-area averaging method is that sums up
all the effective source grid element values within the target element, and then divided
the sum by the total number of source elements.

% Data interpolation, extracting and separation of land and sea o
% = ) » &4 An
Openfile Saveas Importparameters Start computation  Save process —Follow example
Changing of grid resolution 2 Interpolating of geodetic Selecting of records based Separating of (vector) grid data
by interpolation “* site attribute from grid “ on an attribute condition to two different regions
(2} Open a geodetic grid file >> Program Process ** Operation Prompts 4! Save program process as
Process many files i a fokler >> Select the function module from the four control buttons at the top of the interface.
>> [Function] Increase or decrease the grid spatial resolution according to the given grid resolution and specified interpolation method

IG"d spatial resolution |5.000" ;l * The grid direct averaging method or the grid equal method can be employed to d grid When the

of the target grid is lower than that of the source grid, the program automatically adopts the inverse distance weighted

Interpolation mode method
Weighted inverse distance I >> Open a geodetic grid file C:/PAGravf4.5 1800150sksi.dat

>>Save the results as C./PAGravid.5_winc4en/examples/Edatalsimpleprocess/dbm sksi.dat.
>> The parameter settings have been entered Into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-22 09:00:10
>> Complete the computation!
>> Computation end time: 2023-03-22 09:00:12

[= Save the results as # Import setting parameters & Start computation

114. 25.000¢ 34, A

Extract results

- s s
_— B

. Sycead ~- - an 15.3 input grid result grid

The grid direct averaging method or the grid equal-area averaging method can be
employed to decrease grid resolution. When the resolution of the target grid is lower
than that of the source grid, the program automatically adopts the inverse distance
weighted interpolation method.

181



6.2.2 Interpolating of geodetic site attribute from grid
[Function] From a numerical grid, interpolate the attribute values of the geodetic
sites using the specified interpolation method.
[Input files] The discrete geodetic point file to be interpolated. The geodetic
numerical grid file for interpolation.
[Parameter settings] Enter number of rows of the discrete geodetic point file header
and select the interpolation mode.

| % Data interpolation, extracting a nd sea -
2 o ’ v & A~
Openfile Saveas Import parameters tart computat Save process  Follow example
Changing of grid resolution + 4 Interpolating of geodeui: Selecting of records based Separating of (vector) grid data
by interpolation “ 4 site attribute from grid “ on an attribute condition to two different regions
:} Open a discrete points file >> Program Process ** Operation Prompts 4./ Save program process as
Set format parameters of the file >> Save the results as C:/PAGravf4.5_ GM1800300sksi.dat N

>> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-22 09:28:00
>> Complete the computation!

Number of rows of the file header 1

__'J' Open the grid file for interpolation

mode >> Computation end time: 2023-03-22 09:28:02
>> ] From a grid, the attribute values of the geodetic sites using the specified interpolation method
MR e e I >> Open a discrete points file C 5 i ot

** Look at the input file information in the text box above, set the file format parameters.
>> Open the grid file for p 5_win64er Edatafsimplep pntgrid.dat
>> Save the results as C/PAGravf4.5_win64en/examples/Edatafsimpleprocess/rstpnt.txt
>> The parameter settings have been entered Into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-22 09:28:47
>> Complete the computation!
>> Computation end time: 2023-03-22 09:28:47 v

¥} Save the results as * Import setting parameters & Start computation

n (

. ke A by ) 4 input grid results interpolated

[Output file] The interpolated discrete geodetic point file.
The file format is the same as the input discrete geodetic point file. Behind the input
file record, add one column of the interpolated value as the output file record.

6.2.3 Selecting of records based on an attribute condition
[Function] Select the geodetic records from a geodetic record file according to the
maximum and minimum range of the specified attribute.
[Parameter settings] Enter number of rows of the input file header, column ordinal
number of the condition attribute in the file record, and minimum and maximum of the
attribute.

6.2.4 Separating of (vector) grid data to two different regions

[Function] According to the maximum and minimum range of the specified reference
grid value, replace the source (vector) grid values with the given constant when the
reference grid values are out of the range, to separate the source (vector) grid.

The program requires that the reference grid can distinguish the target area by the
maximum and minimum value range.

The program can realize the separation of land or sea (vector) grid. The resolution
of the source grid may be different from that of the reference grid.
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[Input files] The source geodetic (vector) grid file. The reference grid file whose grid
range and resolution should not be smaller than that of the source grid file.

% Data interpolation, extracting and separation of land and sea

o o X
a 5 ~ ] a 2
& ﬁ g & A
Openfile Saveas Importparameters Startcomputation  Save process — Follow example
.. Changing of grid resolution + 2 Interpolating of geodetic - Selecting of records based +» Separating of (vector) grid data
* by interpolation “* site attribute from grid ~ on an attribute condition ~ to two different regions
7} Open a discrete points file >> Program Process ** Operation Prompts #:! Save program process as
Set format parameters of the file >> Save the results as C:/PAGravf4.5_\ txt ~

>> The parameter settings have been entered into the system!

Number of rows of the file header | 1 hd ** Click the [Start Computation] control button, or the [Start Computation] tool button...

Colmun ordinal number of 5 21> Computation start time: 2023-03-22 09:34:29
the condition atrribute >> Complete the computation!
= >>C ion end time: 2023-03-22 09:34:29
Minimum 0.00 ~ | >> [Function] Select the geodetic records from a geodetic record file according to the maximum and minimum range of the specified
Maximum  9000.00 i | atinbute.

>> Open a discrete points file C:/PAGravf4.5 xt.
** Look at the input file information in the text box above, set the file format paramets
>> Save the results as C:/PAGravf4.5_winé4en/examples/Edatafsimpleprocess/chksinte
>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button...
>> Computation start time: 2023-03-22 09:34:53
>> Complete the computation!
>> Computation end time: 2023-03-22 09:35:04

[=) Save the results as + Import setting parameters & Start computation

Extract results

o woour
Ssususouwuy ‘
< > > input points result points
[ 5 Data interpolation, extracting snd separation of land and sea - 0o X
| & . 5. - a 2
| © = 2 ) 37 B
Openfile Saveas Importparameters Start computation  save process —Follow example
|
{2, Changing of grid resolution i Interpolating of geodetic - Selecting of records based = Separating of (vector) grid data
| ! by interpolation “* site attribute from grid “on an attribute condition " to two different regions
g! Open a geodetic grid file >> Program Process ** Operation Prompts 4.1 Save program process as
A >> Complete the computation! T~
(it rocese manyifiee b @ loey >> Computation end time: 2023-03-22 09:35:04
| ] Separate vector grid data >> [Function] According to the maximum and minimum range of the specified reference grid value, replace the source
| A ‘
| [ Constant cell grid value |9990.00 ﬂ gz:gg gzg values with the given constant when the reference grid values are out of the range, to separate the source
| g Open the reference grid file ** The program requires that the re"erence grid can distinguish the target area by the maximum and minimum value range.
The program can realize the separation of land or sea (vector) grid. The resolution of the source grid may be different from
¢ =] that of the reference grid
|
| M|-95000.00 * | [>> Open a geodetic grid file C:IPAGavi45_winb4er i TOPO30MSph.dat.
Maximum 0.00 < | >> Open the reference grid file C:/PAGravf4.5_win64en/examples/Edatafsimpleprocess/ETOPO30msph.dat.
Titornctit 3 >> Save the results as C: ravid.5_winb4en/examples/Edatalsimpleproces: msea.dat.
ool homlal i il >>The p settings have been entered into the system!

| | Weighted inverse distance
|

** Click the [Start Computation] control button, or the [Start Computation] tool button...
>> Computation start time: 2023-03-22 09:36:59
>> Complete the computation!
>> Computation end time: 2023-03-22 09:37:32

| H Save the results as ¥ Import setting parameters & Start computation

0

Extract results “®s Plot|

input grid output grid

6.3 Simple and direct calculation on geodetic data files

6.3.1 Weighted operation on two specified attributes in record file

[Function] Perform weighted plus, minus, or multiply operation on two specified
attributes in the discrete points file.

[Input file] The discrete geodetic points file.
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[Parameter settings] Enter number of rows of the discrete geodetic point file header,
column ordinal number of the attribute 1 and its weight, and column ordinal number of
the attribute 2 and its weight. Select operation mode.

[Output file] The operated discrete geodetic point file.

The file format is the same as the input discrete geodetic points file. Behind the
input file record, add 1 column of the calculation result as the output file record.

6.3.2 Weighted operation on two geodetic grid files
[Function] Perform weighted plus, minus, or multiply operation on grid elements in
two (vector) grid files with the same specifications.

6.3.3 Product operation on two vector grid files
[Function] Perform outer product or inner product operations on vector grid
elements in two vector grid files with the same specifications.

6.3.4 Weighted operation on two harmonic coefficient files
[Function] Perform weighted operation on two normalized spherical harmonic
coefficient model files.

o Simple and direct calculation on geodetic data files

3 = 3 » a7 s

Openfile Saveas Importparameters Start computation  save process  Follow example

.. Weighted operation on two % gl on two .- Product operation on two [ ‘ Weighted operation on two ]
attributes in record file *! geodetic grid files " vector grid files harmonic coefficient files
Open the first spherical harmonic >> Program Process ** Operation Prompts 4. Save program process as
coefficients model file
>> The parameter settings have been entered into the system! ~
Open-the second spherical harmonic ** Click the [Start Computation] control button, or the [Start Computation] tool button.
& coefficients model me >> Computation start time: 2022-09-10 17:13:37
Select operation mode >> Complete the computation!
>> Computation end time: 2022-09-10 17:13:38
[Plus 24 ] >> [Function] Perform weighted operation on two normalized spherical harmonic coefficient model files. The file
Set weight header occupies a row and consists of two attributes for the scale parameters of the , namely the geocentric
— - constant GM (x10'*m?/s?) and equatorial radius of the Earth a (m)
The first weight |1.00 5 Open spherical harmonic coefficient model file 1 C:/PAGravf4.5_win64er
The second weight |1.00 2| (Cs50dat
>> Open spherical harmonic coefficient model file 2 C:/PAGravf4.5_winé4er
CSGO dat

FA 4 4 g
>> The parameter settings have been entered into lhe syslem'
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2022-09-10 17:15:03
>> Complete the computation!
>> Computation end time: 2022-09-10 17:15:05

[=) Save the results as # Import setting parameters & Start computation

Display of the input-output file| 4. Save data in the text box as

50810E-07 3

The file header occupies a row and consists of two attributes for the scale
parameters of the spherical harmonic coefficients model, namely the geocentric
gravitational constant GM (x10"m?/s?) and equatorial radius of the Earth a (m).

6.4 Low-pass filtering operation on geodetic grid file

[Function] Using the low-pass filters such as the moving average, Gaussian,
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exponential, or Butterworth, perform low-pass filtering on the geodetic grid file. Before
and after filtering, the grid specifications (Latitude and longitude range and spatial
resolution) remain unchanged.

[Input file] The geodetic grid file.

[Parameter settings] Select low-pass filter, set filter parameter n.

For the moving average filtering, the greater the filtering parameter n, the greater
the filtering strength. For ‘Exponential’ or ‘Butterworth’ filters, the smaller the n, the
greater the filtering strength.

[Output file] The filtered geodetic grid file.

® Low-pass filtering operation on geodetic grid file - m] X

Te = - ~ R
= 2 = » az R
Open grid file Import parameters Save as ~ Start Computation  save process ~ Follow example
1 (2} Open the geodetic grid file >> Computation Process ** Operation Prompts 4./ Save computation process as
|
| select low-pass filter >> [Function] Using the low-pass filters such as the moving average, Gaussian, exponential, or Butterworth,

I perform low-pass filtering on the geodetic grid file. Before and after filtering, the grid specifications (Latitude and
longitude range and spatial resolution) remain unchanged.
EISet filter parameter n | 2 - | ** For the moving average filtering, the greater the filtering parameter n, the greater the filtering strength. For
| ~ 1 'Exponential, or 'Butterworth, filters, the smaller the n, the greater the filtering strength.
>> Open the geodetic grid file C:/PAGravf4.5_win64en/examples/EdGrdlowpassfilter/dbmGM1800150sgrr.dat.
> Save the results as C:/PAGravf4.5 win64en/examples/EdGrdlowpassfilter/result.dat.
** The program output the low-pass filtered file with the same grid specifications as the input file.
>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button...
>> Computation start time: 2023-03-22 10:21:21
>> Complete the Low-pass filtering operation!
>> Computation end time: 2023-03-22 10:21:21

| moving average filter

=) Save the results as

# Import setting parameters

& Start Computation

Extract filter result ““a Plot

ur

e G R e
- 08 o8 " ur o
200 .50 J00 S0 O 50w 10

— . o LA input grid

low-pass filter grid

6.5 Simple gridding and regional geodetic grid construction

6.5.1 Gridding of discrete geodetic data by simple interpolation

[Function] From a geodetic discrete points file, generate the specified attribute grid
file according to the specified interpolation method and grid specifications. The program
has the function of gridding batch discrete point files.

[Input files] The discrete geodetic points file to be interpolated. The geodetic
numerical grid file for interpolation.

[Parameter settings] Enter number of rows of the discrete points file header, column
ordinal number of the target attribute in the file record, interpolation search radius
(multiple of the grid element) and grid specifications parameters. Select the interpolation
mode.

[Output file] The interpolated geodetic grid file.
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=] Simple gridding and regional geodetic grid construction

E;; 3 o a7 Re
Openfile Saveas Importparameter Start computatio Save process ~ Follow example
., Gridding of discrete geodetic . Interpolation of vector grid from 4 Cridding of high-resolution record Constructing of general » Extracting of data according to
data by simple interp “ two in geodetic records 4 attributes by direct averaging geodetic grid file latitude and longitude range
& Open a discrete points file | Process batch files with same specifications Output spherical coordinate grid 4./ Save computation process as
Number of rows of the file header 1 + | >> Select the computation function from the 5 control buttons on the top of the interface
Colnum ordinal number of the target >> [Function] From a geodetic discrete points file, generate the specified grid file to the specified ir method and
atrribute in the record| 4 ~ | | grid specifications. The program has the function of gridding batch discrete point files.
>> Open the discrete points file C: ravf4.5_win64er ipl 9t150s. txt

Select interpolation mode ~* Look at the input file information in the text box below, set the file format parameters.

weighted inverse distance >> Save the results as C:/PAGravi4.5_win64en/examples/Edareageodeticdata/dbmhgt150s.dat.
Interpolation search radius (multiple —7 >> Setting parameters have been imported in the program!

** Click the control button [Start computation], or the tool button [Start computation)

number of the cell grid
i) >> Computation start time: 2023-03-22 10:36:12

>> Computation end time: 2023-03-22 10:36:23
>> Compete the computation!

titude 34.000° % F=) save the results as
e 104.000° |2 2500' |5 |[114.000° % % Import setting parameters
25.000° & Start computation

106 o n nr 3 106 s n nr
3001000 1500 2000 2500 3000 3500 5001000 1500 2000 2500 3000 3500
— e — e
input discrete points output result grid

6.5.2 Interpolation of vector grid from two attributes in geodetic records
[Function] From a geodetic discrete points file, generate the vector grid file
according to the two specified component attributes, specified interpolation method, and
given grid specifications.
6.5.3 Gridding of high-resolution record attributes by direct averaging
[Function] Using the direct averaging method, grid the high-resolution discrete
observations.

6.5.4 Constructing of general geodetic grid file
[Function] According to the given latitude and longitude range and spatial resolution,
generate the constant values, random number, 2D array index values, or Gaussian
surface grid file.

6.5.5 Extracting of data according to latitude and longitude range
[Function] According to the given latitude and longitude range, extract data from the
geodetic discrete points file, grid file, or vector grid file. The program can extract data
from batch files.

6.6 Constructing and transforming of vector grid file

6.6.1 Combining of two grid files into a vector grid file
[Function] Combine two grids with the same specifications as the two components
of the vector into a vector grid.
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i Constructing and transforming of vector grid file

=

A | . - a2 An
Openfile Saveas Importparameters Start Computation  Save process —Follow example
Combining of two grid files = Decomposing of vector grid = Transforming of vector form .- Converting of vector grid file
into a vector grid file " file into two grid files = for vector grid file " into discrete points file

>>C Process ** Operation Prompts

| (2} Open the grid file 1 with the same specifications

4! Save computation process as

|| >> Select the function module from the four control buttons at the top of the Interface...

1 (2} Open the grid file 2 with the same

| >> [Function] Combine two grids with the same as the two of the vector into a vector grid.

f=) save the vector grid as

Display of the input-output file |

L

>> Open the grid file T with the same specifications C:/PAGravf4 5_winb4en/examples/EdVectorgridtranst/ |
dbmchpcs.dat.

>> Open the grid file 2 with the same C: 5
ich,

rameter igs have been ent e system!
** Click the [Start Computation] control button, or the [Start Computation] tool button..
>> Computation start time: 2023-03-22 11:01:22
>> Complete the computation!
>> Computation end time: 2023-03-22 11:01:23

- Import setting parameters & Start Computation

4. Save data in the text box as

0.04166667 {5}
0.9152 2.8023

NobhvoRroHOwaNNG-

6.6.2 Decomposing of vector grid file into two grid files
[Function] Decompose a vector grid file into two component grid files.

6.6.3 Transforming of vector form for vector grid file

[Function] Transform the vectors in a vector grid file between plane coordinates (in-

phase/cross-phase amplitude) and polar coordinates (amplitude/phase).

2 = ¥ e a4 A

Openfile Saveas Importparameters Start Computation  Save process Follow example

Ba Combining of two grid files

Transforming of vector form
" into a vector grid file

= for vector grid file

=z Decomposing of vector grid I

~ file into two grid files " into discrete points file

S B _>> Computation Process ** Operation Prompts
2} Open a vector grid file

| >> Save the 1grid as C: 5. 1.dat.
Transform mode >> Save the 2 grid as C: 5\ dat
>>The settings have been entered into the system!

Pol

se
(] Process batch vector grid files

** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-22 11:02:37
>> Complete the computation!
>> Computation end time: 2023-03-22 11:02:37
>> [Function] Transform the vectors in a vector grid file between plane coordinates (in-phase/cross-phase
and polar

e parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button..

>> Computation start time: 2023-03-22 11:03:45

>> Complete the computation!

>> Computation end time: 2023-03-22 11:03:45

¥ Save the results as

"+ Import setting parameters

0.04166667

1 63

3

aon
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[, Constructing and transforming of vector grid file - o

Converting of vector grid file

4. Save computation process as

& Start Computation

4 Save data in the text box as
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2
1
1
1
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6.6.4 Converting of vector grid file into discrete points file
[Function] Convert the (vectors) grid file into the discrete points file.

[ Constructing and transforming of vector grid fle - o x
o 2 5 a 2 |
- | ¥ ¥ &t A |
Openfile Saveas Importparameters Start Computation  Save process Follow example
| Bu Combining of two grid files o] Decomposing of vector grid 1 Transforming of vector form m:; Converting of vector grid file
| into a vector grid file file into two grid files * for vector grid file into discrete points file
| Convert the grid into discrete points 5> Computation Process ** Operation Prompts 4.+ Save computation process as
(2} Open a vector grid file i and polar ' 7
| >> Open a vector grid file C: avf4.5_wil i grd.dat
| >> Save the results as C:/ .5_) rdat.

>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.

| >> Computation start time: 2023-03-22 11:03:45
>> Complete the computation!
>> Computation end time: 2023-03-22 11:03:45
>> [Function] Convert the (vectors) grid file into the discrete points file.
>> Open a vector grid file C:/PAGravi4.5_win64en/examples/EdVec!
>> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button
>> Computation start time: 2023-03-22 11:04:34
>> Complete the computation!
>> Computation end time: 2023-03-22 11:04:37

[=) Save the results as 3 Import setting parameters & Start Computation

Display of the input-output file| 4! Save data in the text box as

B vectorgrd dar 3
T04. 06 416666 0, 04166607

The latitude and longitude of discrete point is the latitude and longitude of the center
point of the cell grid.

6.7 Statistical analysis on various geodetic data file

[Purpose] Extract the latitude and longitude range, mean, standard deviation,
minimum, maximum, and other statistical information from the specified attributes of the
discrete point file, geodetic grid file, or vector grid file.

& = — = ~
7 ¥ v az Am
Open file Import parameters ~ Start statislic  save process =~ Follow example
Select the file type to be statistic >>C Process ** Operation Prompts 4. Save statistic process as
I The geodetic grid file —V I 20,0459 =
> " >> Complete the statistical calculation!
rid fil
BRI e gecdetic g fie || > Computation end time: 2022-09-10 20:22:19
3 Import setting parameters >> Statistics on the cell grid values...
>> Open the geodetic grid file C:/PAGravf4.5_wir m ga.dat.
& Start statistic >> Setting parameters have been imported in the program!

** Click the control button [Start statistic], or the tool button [Start statistic]...
>> Computation start time: 2022-09-10 20:23:32
>> Statistic results:
**Minimum longitude: 104.0000°
Maximum longitude: 114.0000°
Minimum laitude: 25.0000°
Maximum laitude: 34.0000°

"*Mean: -0.0578
Standard deviation: 22.9654
Minimum: -167.3475
Maximum: 175.2691

>> Complete the statistical calculation!
>> Computation end time: 2022-09-10 20:23:32

Display of the input-output file| 4. Save data in the text box as

104.000000 114.000
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P statistical analysis on various geodetic data file

7 : . v az Am

Open file Import parameters ~ S'art stat Save process ~ Follow example

Select the file type to be statistic >> C Process ** Operation Prompts 4./ Save statistic process as
The discrete point file - = -

ir from the specified attributes of the discrete point file, geodetic grid file, or vector grid file. ~
" Open the discrete point file ** Please select the file type for statistics firstly.
>> Statistics on the specified attributes.
Number of rows of the file header =1|>> Open the discrete point file C:/PAGravf4.5_win64er /Tl ralysi: txt.

** Look at the input file information in the text box above, set the file format parameters.
>> Setting parameters have been imported in the program!
** Click the control button [Start statistic], or the tool button [Start statistic]

>> Computation start time: 2022-09-10 20:22:19

>> Statistic resuits.

**Minimum longitude: 102.3455°
Maximum longitude: 103.4253°
Minimum laitude: 24.3751°
Maximum laitude: 25.4877°

**Mean: -0.1007

Standard deviation: 0.0308

Minimum: -0.1550

Maximum: -0.0459

Column ordinal number of the |
attribute to be statistic =

2 Import setting parameters’

& Start statistic

>3 Complete the statistical calculation!
>>Computation end time: 2022-09-10 20:22:19

Display of the input-output file | 4./ Save data in the text box as

.1046 L.

6.8 Calculation of grid horizontal gradient and vector grid inner product

[Purpose] Calculate the first and second order horizontal gradient of the geodetic
grid, perform an inner product operation on the two vector grids.

6.8.1 Horizontal gradient calculation on geodetic grid
[Function] Using the least squares method, estimate the first-order horizontal
gradient vector (/km) or the second-order horizontal gradient vector (/km?) of the
parameters of the geodetic grid. The horizontal gradient vector can be output in the form
of polar coordinates or EN horizontal coordinates.

[Input files] The geodetic parameter grid file, the ellipsoidal height grid file of the
surface where the parameter located.

6.8.2 Inner product operation on two vector grids

[Function] Perform an inner product operation on two vector grids with the same
grid specification.

6.9 Visualization plot tools for various geodetic data files

6.9.1 Visualization of multi-attribute curves from 2D geodetic data
[Function] Plot multi- attributes curves stored in a 2D geodetic data file.

The program requires the file header to occupy a row, and the x-axis column values
are strictly sorted in an incremental manner.

The program can plot less than 15 curves each time.
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Hold down the left mouse button to rotate the plot, hold down the right button or
scroll the middle mouse button to zoom the plot, and hold down the middle button to
pan the plot.
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If needing a larger scale plot, enlarge the graphics window on the right firstly, and
then click the control button [Chart plot].

6.9.2 Visualization for specified attribute in discrete point record file
[Function] Displays the point locations and their specified attributes in a geodetic

discrete point file.
(& o]

¥ &t R
Openfie Import parameters Scatier plot  Saveplot  Follow example

& Open the discrete geodeti port fle
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If needing a larger scale plot, enlarge the graphics window on the right firstly, and
then click the control button [Scatter plot].

After the input data file, z attribute, or other parameters changed, you need to click
the control button [Import setting parameters] again to update the graph.

You can unify the scales by fixing the scale range for batch plots. Adjust the size of
the plot window on the right and the plot requirements to an appropriate state before
drawing batch plots. During plot period, the parameters and the size of the plot window
are kept unchanged, and no mouse operation is performed on the plot.

6.9.3 Visualization for the geodetic grid file

[Function] Plot the geodetic grid data from the geodetic grid file.

[Parameter settings] Select display style and set the checkbox [Custom scale
range].

Allows the first component of a vector grid to be displayed as grid data.

You can unify the scales by fixing the scale range for batch plots.

Adjust the size of the plot window on the right and the plot requirements to an
appropriate state before drawing batch plots. During plot period, the parameters and the
size of the plot window are kept unchanged, and no mouse operation is performed on

the plot.
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6.9.4 Visualization for the geodetic vector grid file
The X-axis and Y-axis of the plot coordinate system respectively point east and
north (EN), which is the same with horizontal displacement vector.

© 3 5 8

Open vector Import parameters ~Draw plot  save plot ~ Follow example

2} Open the vector grid file
Label font size |5
Vector parameters

II?S'

x direction arrow number |60

vector arrow size |20

OO0

length of modulus of vector |15

285"

| Vector form  South - West (SW) -
3 Import parameters & Draw plot —

&.f Save the current plot as

S s / ” 7
(WA AN P
A A

s
Py

R s ph

I

%

R

0 Hold down the left mouse button to rotate the plot, ¥
hold down the right button or scroll the middle mouse

button to zoom the plot, and hold down the middle button

to pan the plot.

[\ If needing a larger scale plot, enlarge the graphics

window on the right firstly, and then click the control / Y
button [Scatter plot]. > L
[ After changing the input data file, z attribute, or other
parameters, you need to click the control button [Import é (2
setting parameters] again to update the graph.
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Vector form: East-North (EN, e.g., horizontal displacement vector), South-West
(SW, e.g., vertical deflection vector), North - West (NW, e.g., Tangential gravity gradient
vector).
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7 Featured algorithms and formulas in PAGravf4.5

More than 200 algorithm formulas here have been derived, cross-validated,
programmed and verified repeatedly. In which, some of the algorithm formulas belong
to PAGravf4.5 own. The performance and reliability of all these algorithmic formulas can
be verified by calling the relative programs or functions in PAGravf4.5.

7.1 Calculation formulas of normal gravity field at any point in Earth space

(1) The normal geopotential U at the Earth space point (r, 6, 1) in the spherical
coordinate system can be expressed as spherical harmonic series:

2n
U(r,0) = [1 -y (g) JonPon(cos 9)] +1w?r?sin?g (1.1)
r T 2
— (_1)n+1 3e?" _ SLUIP
Jan = (=1) (2n+1)(2n+3) (1 n+ e? ) (1.2)

where r is the distance from the calculation point to the center of the level ellipsoid, A is
the longitude of the calculation point, 8 = /2 — ¢ is the geocentric colatitude, ¢ is the
geocentric latitude, a is the semimajor axis of the ellipsoid, J, is the dynamic shape
factor of the Earth, GM is the geocentric gravitational constant, w is the mean rotation
rate of the Earth, e is the first eccentricity of the level ellipsoid, and P,, (cos6) is the
Legendre function.

(2) Taking the partial derivative of the normal gravitational potential U(r, 8) formula
(1.1) in the spherical coordinate system, the normal gravity vector at the Earth space
point can be obtained:

Y(,0) = vrer +voeq (1.3)
oM a 2n
re= =B [1- 2@+ D (2) JanPan(cosd)| + w?rsin?o (1.4)
) o 2n ] .
Yo = % = _C;_I:I[anl (%) Jan 55 Pan(cos 9)] + w?rsin O cosO (1.5)

Since e, 1 eg, the normal gravity scalar value can be obtained:

Y= /VTZ+V§ (1.6)

and the north declination angle of the normal gravity line direction relative to the Earth
center of mass can also be obtained:

9, = tan~1Y2 (1.7)

(3) Furtherly taking the partial derivative of the normal gravity vector y(r, 8) of the
formula (1.3), the diagonal elements of the normal gravity gradient tensor at the earth
space point in the spherical coordinate system can be obtained:

— GM o a)2" 2.2
Upp = =2— [1 —Yrn+1D)(2n+1) (;) ]ZnPZn(cose)] + w*sin“0 (1.8)

22U 9 M [ n 2
Ups = g7 = ﬁ =- [anl (%) J2n 5 Pan(cos 9)] + w?cos20 (1.9)
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Since e, 1 eg, the normal gravity gradient scalar value can be obtained:

Upn = /Urzr+U§9 (1.10)

and the north declination angle of the normal gravity gradient direction relative to the
mass center of the Earth can also be obtained:

9p = tan~1 288 (1.11)

rr

(4) Low-dgree Legendre function B,(t) and its first and second derivative
algorithms with respect to 8

Lett =cosf, u=siné, (1.12)
then Py (t) = 2= tP, 1 (£) = = Py, () (1.13)
PL=t, Py=>(3t2—1) (1.14)

ZP(t) =Z2t 2Py () = 2 uPy s () - 22 P, (1) (1.15)
ZP(t) =—u, = P(t) = —3ut (1.16)

SR = B (2 Py — U Py — Py ) - P (1.17)
PO = —t, 2o Py() =3(1 - 2t7) (1.18)

7.2 Calculation formulas of Earth gravity field from geopotential coefficient
model

The disturbing potential T or height anomaly ¢ at the space point (r, 8, 1) outside
the Earth can be expressed as the following spherical harmonic series:

M oo (aA\" wn = & =
T(r,0,1) =y = TZ"=2 (;) n —o(8CpmecosmA + S, sinmA) Py, (2.1)

where Cp,,,,, Spm are called the fully normalized Stokes coefficients, also known as the
geopotential coefficients, P,,, = P,,,(t) is the fully normalized associative Legendre
function, n is called the degree of the geopotential coefficient, m is called order of
geopotential coefficients. And

~ ~ J2n
8Cono = Conpo + \/ﬁ (2.2)
652n,m = EZn,m(m > 0) 552n+1,m = 52n+1,m (23)

The spherical harmonic series of gravity anomaly Ag, gravity disturbance ég,
vertical deflection (¢,7), disturbing gravity gradient T,.. and tangential gravity gradient
(Tyn, Tww) at the space point (r, 8, 1) outside the Earth can be respectively expressed
as:

GM w0 a\" «n - - . _

Ag = r_22n=2(n -1 (;) n —0(6CymecosmA + Sy, sinmA) Py, (2.4)
GM oo a\" «n - - . _

6g =-T, = r—22n=2(n +1) (;) n =0(6CpmcosmA + Sy sinmd) By, (2.5)
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T
§= yz yrzzn 2( ) Xm 0(6Cnmcosml+5nmsmm/1)— ) m (2.6)
T —_—
n= _yrSlAnO yrzsme Zn 2( ) Zm 1Tn((SC'nmSlnrn/1 SnmCOSm/l)an (2.7)

n — — —
T = S 2+ D+ 2) (5) Eiso(8CumcosmA + SumsinmM By, (2.8)

1 1
Ty = ‘Tr + —Tee

=—— + —Zn 2 ( ) n —o(6Cpmcosma + Snmsmml) 692 (2.9)
Tww = T += TgctgH Ry ng Ty = ——+ ctg@
= szan 2( ) Y _om2(8CymcosmA + Sy, SinmA) Py, (2.10)
here, T, = 2T(r,0,4), Ty, = —5T(r,0,4) (2.11)

a

Tg = ET(T,B,A), ng = WT(Y 9 ﬂ.) (212)
]

T/l = 57"(7', 9, 2.), T/UL = WT(Y' 9, 2.) (213)

T + Ty +Tww =0, TH+Tin+Tin=0, T.=X0,T" (2.14)

where T represents the degree n harmonic component of T,. The N axis points North
and the W axis points West.

Equation (2.14) is the Laplace equation, which can be employed to check the
spatial and spectral domain performance of the geopotential model.

7.3 Algorithms of normalized associative Legendre function and its
derivative

(1) Standard forward column recursion algorithm for B,,,,(t) (n<1900)
an(t) = anmtﬁn—lm(t) - bnmﬁn—z,m(t) yn>1m<n

/z - (3.1)
nn(t)_u 2 Pn 1,n-1 n>1

_ [@2n-1)(@2n+1) b _[@n+1)(n+m-1)(n-m-1)
Unm = | emym—m) * 2 = |7 2n-3)mem) m-m)

Poo(t) =1, 1310(15) = \/§t: Pn(t) = \/§u (3-2)

(2) Improved Belikov recursion algorithm for P,,,,(t) (n<64800)
When n = 0,1, P,,,,(t) is calculated according to (3.2). And when n22, we have:

ﬁno(t) = antpn—l,o(t) - bngﬁn—l,l(t)' m =10 (33)

ﬁnm(t) = Cnmtﬁn—l,m(t) - dnmupn—l,m+1(t) + enman—l,m—l(t)' m>0 (34)
_ ’2n+1 _ ’2(n—1)(2n+1)
An = 2n-1’ bn - n(2n-1) (35)
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Crymy = dpy =
nm - g 2n—-1 ’ nm - on 2n—-1

_1 \/(n+m)(n—m)(2n+1) _ 1 J(n—m)(n—m—1)(zn+1) (3.6)

here when m>0,

_ 1 2 (n+m)(n+m-1)(2n+1)
Enm = 2n1’2—5{)”‘1\/ 2n-1 (3.7)

(3) Cross degree-order recursive algorithm for P,,,, (t) (n<20000)
When n = 0,1, P,,,(t) is calculated according to (3.2). And when n22, we have:

an(t) = anmpn—z,m(t) + ﬁnmpn—z,m—z (t) - Vnmpn,m—z(t) (38)

_ \/ (2n+1)(n-m)(n-m-1)

Unm = || Gn=3)mem)(nem-1)
[ am—z [@n+1))(n+m-2)(n+m-3)
Prm =1+ 60 \/ (2n-3)(n+m)(n+m-1) (3.9)

o = TP
(4) Non-singular recursive algorithm for %an(cos 0)
Considering that the first derivative of P,,,(cos 8) with respect to 6 is
%an(cos 0) = —sin@%ﬁnm(t) (3.10)

we have

i— _ ’n(n+1)13 113 _ n(n+1)13 _,/(n—l)(n+2)p
90 no — 2 nl» 96 nl — 2 no 2 n2

(3.11)
— \/7__ \/_7_
%an _ (n+m);n m+1 Pn,m—1 _ (n m);n+m+1 Pn,m+1, m>2
0 = 0 = 0 =
55 Poo(®) =0, —Pio(t) = —V3u, - P, () =3t (3.12)

(5) Non-singular recursive algorithm for ;—;an(cos 0)

e, _n(n+1) = ,n(n—l)(n+1)(n+2) =
ﬁpno_ 2 Pn0+ 8 Pn2 (313)

0% = 2n(n+1)+(n—-1)(n+2) = (n-2)(n-1)(n+2)(n+3) =
ﬁpnlz_ P Pn1+\/ z Pps3
92 P = Jm-m+1)(n-m+2)(n+m-1)(n+m) p
ﬁ nm — 4 nm-2
_ m+m)(n-m+1)+(n-m)(n+m+1) p
2 nm
_ m+m)(n-m+1)+(n-m)(n+m+1) p
2 nm
+ \/(n—m—1)(n—m)in+m+1)(n+m+2) Pn,m+2, m>2 (3_14)
62 _ 62 _ 62 _
—Pyo(®) =0, ==Py(t) = —V3t, — Py () = —3u (3.15)

002 062 002
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7.4 Boundary value correction for ellipsoid and spherical boundary surface
(1) Ellipsoid correction of gravity. The correction of the gravity g on an ellipsoid
surface outside the Earth from the vertical direction to the normal gravity direction, also
known as the vertical deflection correction of gravity.
2
&, = ysinfcos6 [3]2 (%) + a:::]f (4.1)
(2) The correction of the gravity g from the normal gravity direction to the geocentric
direction

&p = ye?sinfcosGé (4.2)

(3) The correction of the normal gravity y from the normal gravity direction to the
geocentric direction

3

&, =3y []22—2(3C0529 -1) - r’ sinze] T (4.3)

w
GM
When the boundary surface is an ellipsoidal surface, only one ellipsoid correction
is required in equation (4.1). When the boundary surface is spherical surface, it is
necessary to perform three items boundary value corrections using equations (4.1) ~

(4.3).

7.5 Terrain effect algorithms on various anomalous field elements outside
geoid
The theory of the Earth's gravitational field points out that any type of anomalous
gravity field element outside the Earth can be expressed as a linear combination of the
disturbing potential, gravity disturbance or their partial derivatives on some an
equipotential surface. For example, the vertical deflection can be expressed by the local
horizontal partial derivative of the disturbing potential, and the disturbing gravity gradient
can be expressed by the vertical derivative of the gravity disturbance. Therefore, if we
can get the terrain effects on disturbing potential and gravity disturbance, we also can
get the terrain effects on other types of anomalous gravity field elements.

7.5.1 Expression of land terrain mass gravitational field - land complete

Bouguer effect

The land terrain mass gravitational field is also called as the complete Bouguer
effect of land terrain, which is defined as the effect of the terrain mass above the geoid
on the Earth's gravity field or on its various gravity field elements.

(1) Land complete Bouguer effect on disturbing potential

Ignoring the mass effect of the Earth's atmosphere, the disturbing potential T at the
calculation point outside the Earth can be expressed as the sum of the terrain mass
gravitational potential Tt (land complete Bouguer effect) and the disturbing potential
TNT after the terrain removed:

T=TNT +Tt=TNT 4+ TB + TR (5.1)
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where Tt is the gravitational potential generated by the total terrain mass at the
calculation point, which is called as the terrain effect on the disturbing potential or land
complete Bouguer effect. TR is the effect of the local terrain mass on the gravitational
potential at the calculation point, called the local terrain effect on the disturbing potential.
T8 is the gravitational potential at the calculation point generated by the mass of the
spherical shell with a thickness equal to the terrain height, which is called the spherical
shell Bouguer effect on the disturbing potential.

From the harmonic properties of the disturbing potential T outside the Earth, it can
be known that the land complete Bouguer effect T¢, local terrain effect T® and spherical
shell Bouguer effect T2 on the disturbing potential outside the earth are all harmonic.

Under the spherical approximation, the complete Bouguer effect on disturbing
potential in the near-Earth space outside the Earth (r = R + h, R is the mean radius of
the Earth) can be expressed as:

TH=TP + TR = 4nGpy 2 (1 +2 + 25) + 7% (5.2)
where G is the gravitational constant, & is the terrain height directly below the calculation
point, r is the geocentric distance of the calculation point, p, is the geometric mean
density of the terrain from the ground to the geoid, and p, = 2.67%10%km/m?.

(2) Land complete Bouguer effect on gravity disturbance

Substituting (5.1) into the definition of gravity disturbance, we get

arNT _art _ o N7 t _ o NT B R
P —W—&q + 6gt =8g"" + 69" + 89 (5.3)

6g = —

where §gt is called the complete Bouguer effect on gravity disturbance, 5g2 is the
spherical shell Bouguer effect, and §gF is called the local terrain effect on gravity
disturbance.
Under spherical approximation, the complete Bouguer effect on gravity disturbance:
6gt=5g3+6gR=4n6ﬁ%(1+%+%)+5g’? (5.4)
Equations (5.2) and (5.4) are truncated to the quadratic term of h/R, which are
suitable on ground and near-Earth space (such as aviation altitude), but not suitable on

satellite altitude.

7.5.2 Integral formula of local terrain effect outside the Earth
(1) The local terrain effect on disturbing potential
According to the definition, only considering the surface density p, the local terrain
effect on disturbing potential can be expressed as:

R+h'

TR=y{R=Gp [, [o,, L' ,r)dr'ds (5.5)

where ds = r'?cos@’de’d}’ is the integral area element on the ground, and L =

\/rz +r'2 — 2rr'cosy is the space distance from the move point (namely the integral
volume element dV = dr'ds) to the calculation point.
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[Li(r,,r)dr =In(r' —rt+ L)+ C (5.6)

where t = cosy, C is the integral constant.
When the calculation point is the same as the move point, the integral of local terrain
effect on disturbing potential is singular:

TR|o = = GpoAoyAo/m(hyx + hyy) (5.7)
where p, is the terrain density at the calculation point, A, is the area of the integral area
element at the calculation point, and h,,, h,, are the second-order horizontal partial
derivatives of the terrain at the calculation point in the north direction x and the east
direction y.

(2) The local terrain effect on gravity disturbance
According to the definition, the local terrain effect on gravity disturbance can be
expressed as:

R_ mr_ OTR _ R+h' AL (") , ,
59 = _Tr = —? = —Gp ffs fR+h Td?" ds (58)
oL *rapr’) , , _ r=r't ., _r_’
where, [ ———=—dr' = - [—=dr'=——+C (5.9)

When the calculation point is the same as the move point, the integral of local terrain
effect on gravity disturbance is singular:

89" lo = 5 Gpoy/mAg(h2 + h3) (5.10)
where (h,, h,) is the terrain slope vector at the calculation point
(3) The local terrain effect on vertical deflection

. . a a .
Considering % = —cosa, X _ —cos@sina, we have:

oA
R_Tg _ _9TR _ arR oy _ ark
= yr = Tyroe . yravae  yrow %%
1
=2 If fR+h o (TIIJT )'dT’COSO.’dS (511)
R _ _ TA _ oTR _ aTR 6_1/)_ TR _
n = yrsind - yrcos@pol - yrcos@dyp oA - yrcospaw cospsina
1
=2 ff fR+h —aL TP 4 sinads (5.12)
oL~ 1(rz,br) p_r=r't
where [ = == dr' = g T 6 (5.14)

a is the geodetic azimuth of ¥, which can be obtained from the spherical trigonometric
formula:

simpcosa = cosgsing’ — sinpcosg’cos(A’' — 1) (5.14)
sinsina = cos@’'sin(A’ — 1) (5.15)
(4) The local terrain effect on disturbing gravity gradient

TE=2TR = Gp ff, ot ST gy g (5.16)
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where [ 200D g = [ L4 ST g 2 Ly TOED (5.17)

rL3
(5) The local terrain effect on tangential gravity gradient
TNN—_TR+ ng =__6g __TR (518)

1

TR, = -T+ TgCtge T = ——6g + 2 chtge +——TF% (5.19)

nze rzcoszq)

9°TR 9%y 62TR621/)
Too =G ag Th =y oz (5.20)
Taking the partial derivative with respect to ¢ on both sides of equation (5.14),

. D d .
considering % = —cosa, % = —cos@sina, we have:

sinlpg% = —singsing’ — cospcosg’cos(X’ — A1) + cospcos?a (5.21)

In the same way, taking the partial derivatives of both sides of (5.15) with respect
to A, we have: —cosw,[)COS(psinZa + sim,bz% = —cos¢'sin(1’ — 1), so that we can get:
smlp 6/12 = —cos@'sin(1’ — 1) + cosypcospsin’a (5.22)

Calculate the second-order partial derivative with respect to the spherical angular
distance ¥ on both sides of the integral of the local terrain effect on disturbing potential,
we have:

_ R+n' 9?2 R+h' 9?2 1 '
G ff fR+h a—wzzdr ds = prf fR+h awzmdr ds (523)
021, , _ r'(er’+ar'?+6r2cos2y—rr'cos3y)-rt(4r?+11r'?)

Ialpz L d - 4L3Sin21p (524)

7.5.3 Fast FFT algorithms of the integral of local terrain effect on various field
elements
(1) Fast algorithm of the integral of local terrain effect on disturbing potential
Using the local spherical polar coordinate system, let the z-axis be the radial
direction from the Earth center of mass, that is, the zenith direction, the z = 0 is the
terrain surface, and h is the height of the calculation point relative to the terrain surface.
In this case, dz = dr’, dh = dr, then the local terrain effect on disturbing potential (5.5)

is equivalent to:

TR=Gpff, Jy Tds=GpJf, [y —Z=ds

/(h 2 +12
=Gp [, |ln (Rodh)P+Dohtdh §2+12_H] ds (5.25)
J(R=ah)Z+12 +R—ah JRZ+12+H
where 4h is the height difference of the integral move area element ds on the surface
relative to the terrain surface directly below the calculation point, [ = 2rysin(y/2) is the
spherical distance from the move area element to the calculation point, and r, is the
geocentric distance of the surface directly below the calculation point, and ¢ is the
spherical angular distance from the move point to the calculation point.
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Expand the integrand in Eq. (5.25) to order 3 near z = 0, we have:

TR = Gp [f, [%Ah +%Ah2 + 2 ds (5.26)

where £ =+/h2+ 12 is the space distance from the move area element ds to the
calculation point in the case of z = 0. Here £ # L, and L is the space distance from the
move volume element dzds to the calculation point.

Considering Ah? = h'? — 2h'h + h?, Ah3® = h'3 — 3h'?h + 3h'h? — h3, each item on
the right side of the formula (5.26) can be quickly calculated using the FFT algorithm.
where, h is the terrain height directly below the calculation point, and k' is the terrain
height of the move area element.

(2) Fast algorithm of the integral of local terrain effect on gravity disturbance

In the same way, the local terrain effect on gravity disturbance (5.8) is equivalent
to:

gf = Gpﬂ- [ (ro+2) ] S:%ﬂs __Totdh (5.27)

V(h-2)?+12 |(fi-an)’ +22

Expand the integrand in Eq. (5.27) to order 4 near z = 0, we have:

rh+L? AR+ 2ELZ"'TO(ZEZ-IZ) 2H3T+H212—3T0H12—l4 Ah3
R _Gp 3 28 2L’
69" == I, ds (5.28)

~4 ~3 ~ ~2
8rh —4h 12—12R1*-241oRh" 12+431%r) 4
v Ah

where Ah* = h'* — 4h'3h + 6h%h'? — 4h'h3 + h*,

Each item on the right side of the formula (5.28) can be quickly calculated using the
FFT algorithm. In PAGravf4.5, the numerical integral of the local terrain effect on gravity
disturbance is calculated using formula (5.27).

(3) Fast algorithm of the integral of local terrain effect on vertical deflection

Expand the integrand in the integral formula of the local terrain effect on vertical
deflection to order 3 near z = 0:

AR? +

R+h L™ (ry,r") , ,
fR+h E dr
_ rising _ 3hr? sznlp 2 r2siny = 5risinyp(2h%-1?) 3
== 4k 25 AR [ 3L5 6L7 ]Ah (5.29)

Substitute (5.29) into (5.11) and (5.12) formulas, and the FFT algorithm can be used
to quickly calculate the local terrain effect on vertical deflection.
(4) Fast algorithm of the integral of local terrain effect on disturbing gravity gradient
The local terrain effect on disturbing gravity gradient (5.16) is equivalent to:
h-ah 3
15 =60 [, [y — 5] 45 (5.30)

Expand the integrand in Eq. (5.30) to order 3 near z = 0, we have:
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72 T(>%2_=212
. ZhZSZZAh _ 3}1(2;27 31 )Ahz n
Trr =Gp -Us 4n*+6rt—12R%12—(6r*+31r21%)t , 3 ds (5.31)
o Ah
(5) Fast algorithm of the integral of local terrain effect on tangential gravity gradient

The integrand function in Equation (5.23) is equivalent to:

R+h' 9% 1 , , Ah 92 1
Jein 371 =l s T dz
\/(h—z) +4r%sin2(1p/2)
_ 1 [E(2L2+rgsin2¢) _ (E—Ah)(zLZ+rgsin21p—4EAh+2Ah2)] (5.32)
- gsinZ% L3 (L2—2RAh+AR2)3/2 )
Expand it to order 3 near z=0, we have:
fR+h’ﬁl 1 _ _ 2(R*+21§)cosyp+18 (—5+c0s21) ZAh
R+h ay2 L - 2L5
6(h2+2r0)c051/)+3r0( 7+360521p)h ZAhZ
4L7
+(BH4+1252r0—19r0)cos¢ 18 (36h2—-181¢—(24h?-21r&)cos2y+3r& cos3y) ZAh3 (5.33)

4L°
If the calculation point is also on the terrain surface, there are h=0, L=1,
formulas (5.25) ~ (5.33) can be greatly simplified.

7.6 Seawater Bouguer effect and land-sea residual terrain effect

7.6.1 Marine terrain gravitational field - seawater complete Bouguer effect
The marine terrain gravitational field is usually represented by the seawater
complete Bouguer effect. The seawater complete Bouguer effect is defined as the effect
on the Earth's gravity field (various gravity field elements) because of the density of
seawater compensated to the density of land terrain.
The seawater complete Bouguer effect on disturbing potential can be directly
expressed by the integral formula as:

T° =GB [, f;d L™ (4, ") dr' ds (6.1)
where d < 0 is the seafloor depth, B is the seawater compensation density, equal to the
difference between the terrain density and the seawater density, 8 =p,—

w =1.64x10°%km/m?, and L is the space distance of the move volume element of the
water body (dV' = dr'ds) to the calculation point.

Using the local spherical polar coordinate system, let the z-axis be the radial

direction from the Earth center of mass, that is, the zenith direction, z = 0 represents
the sea level, then equation (6.1) is equivalent to:

TO_Gﬂff foﬂdS—Gﬁff fdm

_ JRzZ+IZ-R (R—d)2+12—Fi+d
=GB | e l"mm_d]ds (6.2)

where, ds = r'?do = r'%cos@’'de’'dA’ is the area element on the sea surface, £ =
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Vh? + 12 is the space distance between the move aera element ds on the sea surface
and the calculation point (£ # L), and h is the altitude of the calculation point. [ =

2rosm is the spherical distance between the calculation point and the move point on

the sea surface, 1 is the mean geocentric distance of the sea surface, the mean radius
of the Earth, R.
In the same way, the seawater complete Bouguer effect on gravity disturbance is:

6g"=——=— GB [, fR Mdr ds (6.3)

Equation (6.3) is equivalent to

0 (r0+z)dz GB To ro+d
== == ———|d 6.4
ff .Bf m . ﬂs T \/(ET)ZHZ S (6.4)
Considering 3—1 = —cosa, Z—f = —cosgsina, the seawater complete Bouguer effect
on vertical deflection is equal to:
&0 = T—é; Gﬁff fR mdr cosads (6.5)
T GB M -

n° = ——” — ] f dr'sinads (6.6)

The seawater complete Bouguer eﬁect on disturbing gravity gradient is:
2L (")

TS = mTO =GB [], fm#d ds (6.7)

Equation (6.7) is equivalent to
h—d h
T5 =GB JJ; [((’ri—d)2+12)3/2 B E] ds (6.8)

Similarly, by expanding the integrand in the above integral formula near the sea
level z = 0, the fast FFT algorithm formula can be derived.
Expand the integrand in Eq. (6.2) to order 3 near z = 0, we have:

_ 01 _ 2y 2h%-12 3
° =GB [)7dzds =GB fJ, (3 d+§d Z-d¥)ds (6.9)
Expand the integrand in Eq. (6.3) to order 4 near z = 0, we have:
rhec?  2Rc?aro(R4L2) L 2R st g
5g° =2 £ 2 207 ds 6.10
g Tffs p 8ri R 12— 12R1%—24roh 124314 4t ( )
8,9

Expand the integrand in the integral formula of the seawater complete Bouguer
effect on vertical deflection to order 3 near z = 0:
fR oL (rp,r") dr'

R+d oy
_ rising 3hrisiny _ [Psiny sr2sinp(2h2-12)] .3
L3 d= 2L5 d [ 3L5 6L7 ]d (6.11)

From equation (6.8), we can get the seawater complete Bouguer effect on
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disturbing gravity gradient:
) 669 zﬁz;lz 3?1‘(251;7—312)d2 n
Trr = GB ff 4h*+6r*—12h21%2—(61*+3121%)cost & ds (6.12)
Lo

The items on the right side of equations (6.9) to (6.12) can be quickly calculated by
the FFT algorithm. If the calculation point is also on the sea surface, with h = 0, L = [,
formulas (6.2) ~ (6.12) can be greatly simplified.

The seawater complete Bouguer effects on various gravity field elements are
relatively large, and a larger integral radius should be employed for the integral

calculation, such as not less than 250km.

7.6.2 Integral algorithms of residual terrain effects on various field elements
outside the geoid

The land-sea residual terrain effect is defined as the short-wave and ultra-short-
wave components of the land-sea complete Bouguer effect. The residual terrain effects
on various types of field elements can be calculated by firstly constructing the land-sea
residual terrain model and then using the integral method.

The residual terrain model (RTM) can be obtained by subtracting the low-resolution
land-sea terrain model from the high-resolution land-sea terrain model with the same
grid specification.

The integral formula of residual terrain effect is similar in form to the integral formula
of local terrain effect/seawater complete Bouguer effect, the difference lies in the
adopted the density of the move element and the radial integral domain.

(1) Numerical Integral of residual terrain effects on various field elements outside

the geoid
The residual terrain effects on disturbing potential can be directly expressed as:
Trem = G [ [ L, ) dr ds (6.13)

where, &', B’ are the residual terrain height and density at the move area element ds =
r'?cosp’'dep’dA’, respectively. When ds is located in the land area, §’ is the residual
terrain height 6h, and B’ is the terrain density p, (= 2.67x10%km/m?3), and when ds is
located in the ocean area, &' is the residual sea depth 6d, B’ is seawater compensation
density p, — p,, (Where seawater density p,, =1.03x10%km/m?).

It is not difficult to find that whether the area element ds is in the land area or in the
sea area, the residual terrain §' could be positive or negative.

In the same way, the residual terrain effect on gravity disturbing is equal to:
tm _ _oTTt™ , (RS OLY(rpr")
6g'M =———=-G[[, p'[; ———dr'ds (6.14)
The residual terrain effect on vertical deflection is equal to:

grem = ff B’ fR+5 aL_l(“’br)dr 'cosads
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nrtm = —ff B’ fR+5 AZCA) g sinads (6.15)

oy
The residual terrain effect on disturbing gravity gradient is equal to:
02 , R+ 2L (") ,
THm =Tt =G [ B [, = ——a——dr'ds (6.16)

Similarly, using a local spherical coordinate system, let the z-axis be the radial
direction (zenith direction), and z =0 is the terrain surface/sea surface. Let L =

Vh2 + 12 be the three-dimensional space distance between the move area element and
the calculation point, then formulas (6.13) ~ (6.16) can be rewritten as:

Trtm_G
ff g f [h —z)*+12
=Gff, ln—\l(’ﬁ—s’)HZ—M Lk (6.17)

———ds

L+h-6' - lnL+h ds

1

sg =2l B S ds = LI, B ~flas  (8.18)
Oh y (h-2)?+1 /(h —an)trz t
R+&8" 0L (rpr) , , 1 P h-6' _h
e Ty dr I (6.19)

_Ctg —_ | —
. o 22 /(E—a')2+12

(2) Fast FFT algorithms of the mtegral of residual terrain effect on various field
elements

The integrand in the above integral formula is expanded near z=0, where z=0 is the
terrain surface/sea surface.

Expand the integrand in Eq. (6.17) to order 3 near z = 0, we have:

TTtM — _(; ffs B’ (%51 + %512 5/3) ds (6.21)

Expand the integrand in Eq. (6.18) to order 4 near z = 0, we have:

rtm — ff ﬂ

Expand the integrand in the integral formula (6.19) of the residual terrain effect on
vertical deflection to order 3 near z = 0:

2h2-12

R h(2R"-312) R —24R% 124314
! 2 r3 14
1;3‘5 Lo+ 0 Y ) ]ds (6.22)

R+8' oL (rpr") ,
fR Tdr
_ risinp o, BRrising p rZsing | Srising(2h?-12)] o3
- L3 &' - 2L5 6 [ s T 6L7 ]6 (6.23)
Expand the integrand in Eq. (6.20) to order 4 near z=0, we have:
— h2-312 —
Trem _ fo B’ [Zh 12 3h(2;1£73l )5’2 8h* 2:2212+314 6’3] ds (6.24)
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7.6.3 Spherical harmonic analysis and synthesis of land-sea terrain masses
(1) The terrain areal density q(¢, 1) of any point P(R, ¢, 1) on the land-sea surface
can be expressed as:

q(p, A1) = Bh = R X531 Xm-olAnmcosmA + By sinmA] Py, (sing) (6.25)

where R is the mean radius of the Earth (PAGravf4.5 replaces R with the semimajor axis
a of the Earth to facilitate the combination with the geopotential model), and A,,;,,, Bym
are the degree n order m normalized terrain mass spherical harmonic coefficients.

In formula (6.25), when P is on the land terrain surface, h is the terrain height (h >
0), B is the terrain density, f = p, =2.67%10°%km/m?, and when P is on the sea surface,
h is the sea depth (h<0), B is the compensation density of seawater, equal to the
difference between terrain density p, and seawater density p, , B =po—
pw =1.64%10%km/m?3.

(2) The land-sea complete Bouguer effect on the gravitational potential at the point
(r,0,21) outside geoid in spherical coordinates can be expressed by the spherical
harmonic series of global land-sea terrain masses as:

th _36M e (a\" on ; =
V9 (r,0,1) = ?anz (—) Ym—o(ApmcosmA + By, sinmA) Py, (cosf)  (6.26)

r

where p, =5.517x10%kg/m? is the mean density of the Earth.

(3) The land-sea residual terrain effect on the gravitational potential at the point
(r,0,21) outside geoid in spherical coordinates can be expressed by the spherical
harmonic series of global land-sea terrain masses as:

3GM a
(

n -_—
r,0,1) =—2Xn=n —o(ApmcosmA + By, sinmA) Py, (cos :
vrtm(r, 0,4 - Yo Ym=o(A A+ By sinmA) Py, (cos6) (6.27)

T
where N is the minimum degree of the residual terrain model.
(4) The relationship between the normalized terrain masses spherical harmonic

coefficient and the normalized terrain Stokes coefficient:

3 1 3 3 1

= - t =2 _ -
Pe2n+1" MMV Snm - Pe 2n+1 Bnm (628)

C_‘rim =

The terrain masses between the surface and the geoid, and the seawater
compensation masses between the sea surface and the seabed together generate the
terrain gravitational field, that is, the complete Bouguer effect. The terrain Stokes
coefficients C%,,, St,, are the normalized spherical harmonic expansion coefficients of
the terrain gravitational field., that is, the complete Bouguer effect on the Stokes

coefficients of global geopotential.

7.7 Local terrain compensation and terrain Helmert condensation

7.7.1 Terrain Helmert condensation effect on various gravity field elements
outside geoid

The Helmert condensation of terrestrial terrain involves a concept called terrain

masses compensation, or terrain compensation for short. Terrain compensation effect
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on any type of gravity field element outside the geoid is defined as the amount of mass
compensation for this type of anomalous field element to offset the change in the Earth's
gravitational field caused by the removal of terrain mass.

The Helmert condensation process of the terrain masses can be decomposed into
two steps: the first step is to deduct the gravitational field generated by the terrain
masses, that is, to subtract the effect of the terrain, and the second step is to
compensate for the change of the gravitational field caused by the deduction of the
terrain masses, that is, to add the terrain compensate effect.

For any type of anomalous field element a outside the geoid, the change of the field
element caused by terrain Helmert condensation is called as the terrain Helmert
condensation effect on this type of field element, which can be uniformly expressed as:

a =at —af (7.1)

where, a” is the terrain Helmert condensation effect on the anomalous field element «,
at is the complete Bouguer effect on a, and a¢ is the terrain compensation effect on a.

The residual terrain effect is equal to the difference between the high-resolution and
low-resolution complete Bouguer effect, and similarly, the terrain Helmert condensation
effect is equal to the difference between the complete Bouguer effect and the terrain
compensation effect.

The space outside the geoid after terrain Helmert condensation is called as the
Helmert space, and the corresponding gravitational field is called as the Helmert
gravitational field, which is harmonious with one difference from the actual Earth's
gravitational field due to terrain Helmert condensation.

7.7.2 Algorithm formulas of terrain compensation and Helmert condensation
effect
The following presents the spherical approximation algorithms for terrain
compensation effects on various gravity field elements in the near-Earth harmonic space
outside the geoid.
(1) The terrain compensation effect on disturbing potential

_ TB R _ TB u-u
T¢C=T° " +T*=T +fos Tds (72)

where, T°R is called the local terrain compensation effect on disturbing potential, ds is
the move area element on the unit sphere, u is called the terrain compensation density,
and under the spherical approximation:

U= poh (1 + % + h—z) (7.3)

3R2
where, h is the terrain height directly below the calculation point and p, is the terrain
density.
The geocentric distance is replaced by the mean geocentric distance of the
calculation surface and the terrain surface, respectively, then the local terrain
compensation effect integral of the second term on the right side of (7.2) can be directly
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calculated by the FFT algorithm.
When the calculation point is the same as the move point, the integral of
compensation effect on disturbing potential is singular:

R2
TCR'O = &TZGAO\/AO/T[(/-‘xx + .uyy) (7.4)

where ., 1, are the second-order partial derivatives of the terrain compensation
density at the calculation point in the north direction x and the east direction y.
(2) The terrain compensation effect on gravity disturbance

r-r't

69¢=69"+8gF =89 +G [ (W' — ) ——ds (7.5)

where, §g°R is called the local terrain compensation effect on gravity disturbance.
When the calculation point is the same as the move point, the integral of
compensation effect on gravity disturbance is singular:

89l = o G Aoy Ao/ (fcx + fiyy) (7.6)
(3) Calculation of the terrain Helmert condensation effect
Combining formulas (7.2) and (7.5), the terrain Helmert condensation effect on
various anomalous field element outside geoid under the spherical approximation can
be expressed as:

a =at —a = (af + a®) — (af + aR) = a® — aR (7.7)

In formula (7.7), the spherical shell Bouguer effect a® cancels each other, so the
terrain Helmert condensation effect is also equal to the difference between the local
terrain effect a® and the local terrain compensation effect a“R.

Substituting formulas (5.5) and (7.4), and formulas (5.7) and (7.5) into formula (7.7),
respectively, the terrain Helmert condensation effect on the disturbing potential and
gravity disturbance can be obtained, and then terrain Helmert condensation effects on
various other types of anomalous field elements can be obtained.

(4) Fast algorithm of local terrain compensation effect on gravity disturbance

Using the local spherical polar coordinate system, let the z-axis be the radial
direction (the zenith direction), in this case, dr = dh , we have
sgf =G [, W —,u)——ds—fo (- £—u(h’ h)ds

OhL L3

=G ff, W —u)Lgds—fo I Ld
+G ff, & ds+fo ds—foS K s (7.8)

L3
Each item on the right side of the formula (7.8) can be quickly calculated using the
FFT algorithm.

(5) Fast algorithm of local terrain compensation effect on vertical deflection

L) rrising 0y _ oY .
e == 5, = C0S@, i = —cosgsina, we have

Considering 2
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cR - _OTR _ _oTRoy _ Tk -6 ;N OLTA )
¢ = yrop  yropde  yroy sa = ﬂ ( u oy cosads
= %fs (0 — ) S 1/}cosozds (7.9)
cR — __OT™" %_W" ing = & ([ 2L l(rwr) _
= yrcos@dp 94 yr61/; - .U (u' — wsinads
= ‘ff ' — wsmads (7.10)

(6) Fast algorlthm of local terrain compensation effect on disturbing gravity gradient

62 G.U (.u_.u) ()

=G ff, W -w (355 - 5) ds (7.11)

L3

CR _—
TTT

7.8 Land-sea unified classic Bouguer and equilibrium effects

7.8.1 The classical reduction method for land Bouguer gravity anomaly
In Stokes theory, the Bouguer gravity anomaly is defined on the geoid, which is
equal to the gravity anomaly on the geoid minus the effect of all terrain masses outside
the geoid on the gravity at the ground point. The classical algorithm for the Bouguer
gravity anomaly on the geoid is:

Agg = Ag — gR — 2nGph (8.1)

where Ag is the gravity anomaly on the geoid, —g~ is the classic plane terrain correction
as well as gR is equal to the plane approximation of the local terrain effect in PAGravf4.5,
and —2nGph is called the layer correction as well as 2rnGph is equal to the plane
approximation of spherical shell Bouguer effect in PAGravf4.5.

In terrestrial mountainous area, the layer correction —2nGph is much less than zero,
so the Bouguer gravity anomaly is generally less than zero.

Since the gravity measurement point is generally not on the geoid, it is necessary
to make downward continuation of the observed gravity from the measurement point to
the geoid to obtain the gravity anomaly 4g on the geoid, and then according to the
algorithm formula (8.1) to calculate the classical Bouguer gravity anomaly.

In the classical gravity reduction process, the observed gravity is made downward
continuation to the geoid using the space correction —0.3086h + 0(h?) (mGal), which
only considers the normal gravity gradient. While the actual situation is that even in hilly
area with the terrain altitude of several hundred meters, the contribution of disturbing
gravity gradient may reach or exceed the mGal level.

Considering that the height of the measurement point can be easily and accurately
measured at present, and the normal gravity at the measurement point can be strictly
calculated, PAGravf4.5 will not continue to use the concept of space correction.

PAGravf4.5 firstly calculates the gravity anomaly at the measurement point from
the observed gravity and height, in which, the normal gravity calculated using the
analytical formula (see Section 2.3.1). Then, the rigorous method is employed to obtain
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the analytical continuation value of the gravity anomaly from the measurement point to
the geoid.

From an ultra-high degree geopotential model, the difference between the model
gravity anomaly at the measurement point and on the geoid can be directly the analytical
continuation value within the altitude of 1000m. Which is equivalent to removing the
model gravity anomaly at measurement point firstly and then restoring model gravity
anomaly on the geoid. In mountainous area, the analytical continuation value can be
furtherly improved by using the radial gradient continuation of residual gravity anomaly
(see Section 2.5).

From the observed gravity and height, PAGravf4.5 calculate the classic Bouguer
gravity anomaly on geoid according to the general formula in following:

Agg = AgS — gR — 2nGph — Ag°© (8.2)
where Ag® is the gravity anomaly at the measurement point (see section 2.3 for the
calculation method), and Ag°€ is the the analytical continuation value.

Since the object affected by terrain is gravity itself, it has nothing to do with normal
gravity. Therefore, the algorithm formula for the Bouguer gravity disturbance on the
geoid is:

8gp = 6g°5 — gf — 2nGph — 6g°¢ (8.3)

where §g° is the gravity disturbance at the measurement point (see section 2.3 for the
calculation method), and §g° is the analytical continuation value, which is almost equal
to Ag€.

In formula (8.2) or (8.3), the measurement points can be on the ground, or in near-
Earth space outside the ground

It should be emphasized that no matter whether the measurement point is on the
ground or in the near-Earth space (such as aviation altitude), the classical Bouguer
gravity anomaly and classical Bouguer gravity disturbance can only be defined on the
geoid, and the terrain effect can only be the effect of terrain masses on the ground
gravity. g® in the formula (8.2) or (8.3) can only be the local terrain effect on the ground
gravity, even if the measurement point is at the altitude of the air.

7.8.2 Calculation of land-sea unified Bouguer gravity anomaly

The existence of terrestrial terrain makes the space outside the geoid exist mass,
which need to be removed, resulting in the land complete Bouguer effect. In the marine
area, the density of seawater below the sea level (geoid) is less than the terrain density,
and the mass loss of seawater layer need to be compensated, resulting in the seawater
complete Bouguer effect.

Referring to Section 7.5.4 for the calculation method of the seawater complete
Bouguer effect on gravity (gravity anomaly or gravity disturbance), the exact integral
formula is:
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gy =, |2l 84
(R—d)"+12

there d < 0 is the sea depth, S is the seawater compensation density (the difference
between the terrain density p, and the seawater density p, ), and =p, —
pw =1.64x10%km/m?, h is the height of the calculation point relative to the sea surface,
1, is the geocentric distance of the sea surface directly below the calculation point, ds
is the move areal element on sea surface, £ is the space distance from the move areal
element to the calculation point, and [ is the spherical distance between the projection
point of the calculation point on the sea surface and the move areal element ds.

Since the local terrain effect g® in (8.1) and the seawater complete Bouguer effect
gy’ in (8.4) are both integral values of a certain range of areas, the offshore ocean gravity
is affected by land terrain, and the coastal land gravity is affected by seawater, so both
are not zero. It is necessary the land-sea unified Bouguer effect algorithm in the coastal
zone.

The height of the sea level is equal to zero, so if the integral range of the local
terrain effect includes the sea area, the contribution of the sea area to the local terrain
effect is equal to zero. Similarly, the sea depth on land is equal to zero, so if the integral
range of the seawater complete Bouguer effect includes land area, the contribution of
land area to the seawater Bouguer effect is also zero. It is easy to find that the local
terrain effect and seawater complete Bouguer effect are completely separated and
seamlessly spliced in the integral domain. Therefore, the two integral formulas are
directly added to obtain the calculation formula for the land-sea unified Bouguer gravity
anomaly and Bouguer gravity disturbance:

Agp = Ag® — g& — 2rnGph — gy — Ag® (8.5)
8gp = 8g° — g® — 2nGph — g — 69° (8.6)
Let g8 = gR + 2nGph + g’ (8.7)

In PAGravf 4.5, gB is called the classical Bouguer effect (see Section 3.5). It is not
difficult to see that the classical Bouguer effect g2 for gravity anomaly or gravity
disturbance is unified and need not be distinguished.

7.8.3 Airy-Heiskanen terrain equilibrium effect on land

The Bouguer gravity anomaly usually has a large negative value in mountainous
areas, and people therefore associate the ‘excess’ material with irregular undulating
mountains on the crust, which may be compensated by the corresponding loss material
in the magma layer below.

Let the depth from the sea level (geoid) to the magma level be the compensation
depth D. The Airy-Heiskanen model believes that the lower crust is a magma layer with
a density of p;=3.27x10%m/m?, and a mountain floats above the magma layer with a
density of the crustal density p,=2.67x10%m/m?3. The part of the mountain body above
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the sea level is the visible terrain. The higher the mountain body is, the deeper the part
that sinks into the magma (called the mountain root), and the mountain body and the
mountain root are approximately symmetrical to the magma surface. A density
difference Ap; = p; — py=0.6x103km/m? is formed between the mountain body and the
mountain root, which is the local density deficit in the magma layer.

Suppose that the surplus material of the terrain is filled into the depleted part below
it and compensated. The compensation density is exactly equal to the depletion density
Ap,=0.6x10%km/m?3, and the compensation density make the gravity increase. The
gravity value change caused by the compensation is the terrain equilibrium effect.

Let the terrain height be h and the mountain root depth be b, it can be known from
the floating static equilibrium condition

bAp, = poh = b= A”—,;’lh — 4.45h (8.8)

Let the z-axis be the direction of the plumb line, then the terrain equilibrium effect
is equal to

z

91 =—Gopy ff, [P dzdo (8.9)

7.8.4 Calculation of land-sea unified equilibrium gravity anomaly

The ocean has a layer of low-density seawater p,,=1.03x10%km/m? and a layer of
oceanic crust with a density equal to p,=2.67x10°*km/m?3. The self-weight of the two
layers of material is less than the buoyancy of the magma, so it need supplement the
material to achieve static balance, which leads to the magma material upwelling to the
ocean area, the formation of mountain anti-root.

The compensation § = py, — p,, = 1.64x10%m/m?® for the density deficit of the
seawater layer, which produces the seawater complete Bouguer effect, has been
expressed by formula (8.4). After the seawater density compensated, the static
equilibrium condition of the ocean mountain anti-root becomes:

b'Ap, =Bd = b = Aipld = 2.73d (8.10)

where d is the sea depth.

The mass loss of the land mountain root requires mass compensation, so the land
equilibrium effect and the plane Bouguer effect are roughly inverse. On the contrary, the
ocean mountain anti-root is excess mass that need be removed, the ocean equilibrium
effect and the seawater Bouguer effect are also roughly inverse. The ocean equilibrium
effect is equal to

g° = —GAp, ffd f[?_b,zL_—:dzda (8.11)

Since the terrain equilibrium effect in (8.9) and the ocean equilibrium effect in (8.11)
are both integral values of a certain range of areas, the terrain equilibrium effect is not
zero in the offshore ocean area, and the ocean equilibrium effect is also not zero in the
coastal land area. Thence it is necessary the land-sea unified equilibrium effect
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algorithm in the coastal zone.

The height of the sea level is equal to zero, so if the integral range of the terrain
equilibrium effect includes the sea area, the contribution of the sea area to the terrain
equilibrium effect is equal to zero. Similarly, the sea depth on land is equal to zero, so if
the integral range of the ocean equilibrium effect includes land area, the contribution of
land area to the ocean equilibrium effect is also zero. It is easy to find that the terrain
equilibrium effect and the ocean equilibrium effect are completely separated and
seamlessly spliced in the integral domain. Therefore, the two integral formulas are
directly added to obtain the calculation formula for the land-sea unified equilibrium
gravity anomaly and equilibrium gravity disturbance:

Agp = Ag® — g® — g — 97 — Ag© (8.12)
8gp = 69°—g® — g1 — 97 — 69° (8.13)
Letg! =g, + g7 (8.14)

In PAGravf 4.5, g’ is called the classical equilibrium effect (see Section 3.5).
Similarly, the classical equilibrium effect g’ for gravity anomaly or gravity disturbance is
unified and need not be distinguished.

7.8.5 Sign analysis of the land and sea Bouguer / equilibrium effect

The land layer effect is to remove the effect of terrain mass outside geoid on surface
gravity, and the seawater Bouguer effect is the effect on surface gravity after seawater
density compensated to terrain density. Therefore, the sign of the land layer effect is
inverse to that of the seawater Bouguer effect.

The land equilibrium effect is the effect of filling the depleted part of the mountain
root with excess terrain material on surface gravity, and the sign of land equilibrium
effect is inverse to that of the layer effect. The ocean equilibrium effect is the effect on
surface gravity after the process mass of the ocean mountain anti-root removed, and
the sign of ocean equilibrium effect is inverse to that of the seawater Bouguer effect.

In PAGravf4.5, the layer effect (equal to the negative layer correction) is greater
than zero, so the seawater Bouguer effect and the land equilibrium effect are less than
zero, and the ocean equilibrium effect is greater than zero.

If + means greater than zero, - means less than zero, we have: the layer effect (+),
sea water Bouguer effect (-), land equilibrium effect (-), and ocean equilibrium effect (+).

If described by the concept of classical terrain correction, we have: the layer
correction (-), sea water Bouguer correction (+), land equilibrium correction (+), and
ocean equilibrium correction (-).

7.9 Integral algorithm formula of anomalous gravity field

7.9.1 Stokes and Hotine integral formulas outside geoid
(1) It is known that the gravity anomaly 4g on an equipotential surface outside the
geoid, the disturbing potential T(r, 8, 1) or the height anomaly {(r, 8, 1) at the calculation
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point (r, 8, 1) outside the geoid can be calculated by Stokes integral Formula:
T(r,0,) =v{(r,0,0) = —[|. Ag'S(r,1,r")ds (9.1)

where r' is the geocentric distance of the move area element ds (the move point) on the
equipotential surface where the gravity anomaly Ag’ is located, S(r,y,r") is called the
generalized Stokes kernel function, and:

3L 5r'cosyp  3r' r—r'cosp+L (9.2)

S(rl/)r’)— ———————COSlpl -

where L is the space distance from the move point to the calculation point.
When the calculation point is the same as the move point, the integral is singular:

<lo =22Ago (9.3)

(2) It is known that the gravity disturbance §g on an equipotential surface outside
the geoid, the disturbing potential T(r,8,1) or the height anomaly {(r,6,1) at the
calculation point (r, 8, 1) outside the geoid can be calculated by Hotine integral Formula:

T(r,0,4) =v{(r,0,0) = — [, 8g'H(r,1,r")ds (9.4)

where H(r,y,r") is called the generalized Hotine kernel function, and:

H(r, T nN=2_ 1 3r'cosy _ lln r—r'cosp+L (9.5)

r r2 r(1-cosy)

When the calculation point is the same as the move point, the integral is singular:
Zlo =260 (9.6)

If r and r’ are taken as constants, the generalized Stokes/Hotine integral can be
calculated by the fast FFT algorithm.

7.9.2 Vening-Meinesz integral formulas outside geoid
Taking the horizontal derivatives on both sides of the generalized Stokes formula,
we have:

= ll, a0 SO = 2 a9 SEO%as (97)

From cosy = singsing’ + cospcosgp’cos(A’' — 1), (9.8)
differentiating both sides, we get:

—sim/;% = cos@sing’ — sinpcosg’cos(A' — 1) (9.9)

—sim/;‘;—f = cos@cos'sin(A’ — 1) (9.10)
From the spherical trigonometry formula, we can get:

simpcosa = cosgsing’ — sinpcosg’cos(A’' — 1) (9.11)

sinsina = cos@’'sin(A’ — 1) (9.12)
Combining formulas (9.9) ~ (9.12), we can get:

Z—z = —cosa, Z—f = —cos@sina (9.13)
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Substitute formula (9.13) into (9.7), we have:

asrp,r") astryr’) .
_ ’ — ’
§= ey I, 9 —5,— s cosads, n = Il 49 —5— ,— Sinads
Considering L = \/rz +1'2 — 2rr’cosy, we have:
1 19 rr’ .
—L——Sl?’ll/) 61,bL —L—ZﬁL——LTSLm/)
] r—r'cosp+L _ 1 (rr’ . ;. ) _ rlsingp L+r
oY In 2r T r—r'cosp+L \ L siny +r'sing | = r+L-r'cosyp L
2 1 3L 5r'cosyp  3r'cosy r—r’cosw+L)
S(T l/) r ) 61,0( + r2 r? r2 In 2r
_ 02 39 51r'siny n 3r'siny lnr+L—r’cos¢_ 3r'cosyp @ lnr+L—r’cosw
T oyl Tz 61,[) r2 r2 2r rZ2 oY 2r
2rr’ 57’ r—r'cosp+L  3r'cos r! L+r
= (— -—+= l AL L ) siny
L3 rL r2 2r r2  r-r'cosY+L L
_ 2r 3 5 3, r-r'cosp+L 3r'(L+7)cosyp ;.
- [ L3 7L + r2 + r2 In 2r r2L(r—r'cosy+L) r Slnll)

(9.14)

(9.15)

(9.16)

(9.17)

In the same way, by calculating the horizontal derivatives on both sides of the

generalized Hotine formula, we can get:
&=

Because of

ff 5 , OH(r,r")

IaH(rﬂ/):T’)
P Iy 89'—5,—

o sinads

cosads, n =

anry antry

P r—r'cosp+L _ r(1-cosy) ( siny+r smlp)r(l cosP)+(r—r'cosyp+L)rsiny

oY r(1—cosyp)  r—r'cosp+L r2(1—-cosy)?
_sing Sr'(—cosy)+(r—r'cosy+l) [ r/(L+r) ] .
- r—r'cosp+L 1-cosy - (r-=r'cosp+L)L = 1—-cosy Slnd}’
we have:
, 2 1 3r'cosyp _ i r—r’cost,b+L)
H(T 1'0 r ) - ( r r2 L r(1—cosy)

_ 92 3r'siip 10 r—r'cosp+L

61[1 L 12 r’ oy r(1-cosy)

. [_— 3r L-1r 1 ] M
= 13 r2  (r—=r'cosp+L)L  r'(1-cosy) sin

(9.18)

(9.19)

(9.20)

Formulas (9.14) and (9.18) are also called generalized Vening-Meinesz integral
formulas, and formulas (9.17) and (9.20) are generalized Vening-Meinesz kernel

functions.

Using the formula (9.14), the vertical deflection at any point outside the geoid be
calculated from the gravity anomaly on a certain equipotential surface. And using the
formula (9.18), the vertical deflection at any point outside the geoid be calculated from

the gravity disturbance on a certain equipotential surface.

If r and r' are taken as constants, the generalized Vening-Meinesz integral

formulas (9.14) and (9.18) can be calculated by the fast FFT algorithm.
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7.9.3 Integral formula of inverse operation of anomalous gravity field element
(1) Calculation of the gravity disturbance by integral on the height anomaly
According to the definition of gravity disturbance, take the vertical derivative of the

Poisson integral formula of disturbing potential T

a 7] {4
§g=2~-LE=_L orgs (9.21)

“on or 3

where n is the vertical line direction (reverse to the radial direction r), and [ is the
distance between the calculation point and the move point on the sphere:

l= ZT'SiTl% (9.22)

Formula (9.21) is also known as the inverse Hotine integral formula under spherical
approximation.
When the calculation point is the same as the move point, the integral is singular:

69'0 = #((xx + (yy) (9.23)

where {,, and {,, are the second-order horizontal partial derivatives of the height
anomaly at the calculation point, and y{,, and y{,, are the northward direction of the
horizontal gravity gradient and the eastward direction of the horizontal gravity gradient,
respectively.

Using formula (9.21), the gravity disturbance on the equipotential surface can be
calculated from the height anomaly on the surface.

Since the gravity disturbance §g is the derivative of the disturbing potential T along
the vertical direction n, formular (9.21) requires that the boundary surface where the
height anomaly is located should be an equipotential surface.

(2) Calculation of the gravity anomaly by integral on the height anomaly

Substitute the basic gravimetric equation into formular (9.21) to get:

¢ ¢
Ag:‘%ffs l_3pds__” (9.24)

2r
Formula (9.24) is also known as the inverse Stokes integral formula under spherical
approximation.
Using formula (9.24), the gravity anomaly on the equipotential surface can be
calculated from the height anomaly on the surface.
(3) Calculation of the height anomaly by integral on the vertical deflection

_r P .
¢ =—-JI, ctg+ (§cosa + nsina) do (9.25)
When the calculation point is the same as the move point, the integral is singular:
Clo =22 (& +11x) (9.26)

where &, and 7, are the partial derivatives of  and n in the east and north directions,

respectively.
Using formula (9.26), the height anomaly on the equipotential surface can be
calculated from the vertical deflection on the surface.
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(4) Calculation of the gravity anomaly by integral on the vertical deflection

Ag = — —ff (36561,[) - cscd)csc% —tg %) (écosa + nsina) do (9.27)
When the calculation point is the same as the move point, the integral is singular:
4glo = -1 (g, +1,) (9.28)

Using formula (9.27), the gravity anomaly on the equipotential surface can be
calculated from the vertical deflection on the surface.

(5) Calculation of the gravity disturbance by integrating on the vertical deflection

From the basic gravimetric equation, and the formulas (9.25) and (9.27), the integral
formula for the gravity disturbance from the vertical deflection can be obtained:

6g = %ffg (3050# - CSCEDCSC% —tg % — 2ctg %) (¢cosa + nsina)do (9.29)
When the calculation point is the same as the move point, the integral is singular:

bgly = ——( mAy + )(§y+nx) (9.30)

Using formula (9.29), the gravity disturbance on the equipotential surface can be
calculated from the vertical deflection on the surface.

Formulas (9.25), (9.27) and (9.29) are also known as the inverse Vening-Meinesz
integral formula under spherical approximation.

If r is taken as constant, formulas (9.21), (9.24), (9.25), (9.27) and (9.29) can all be
calculated by the fast FFT algorithm.

7.9.4 Positive and negative operation formula of anomalous field element

integral

(1) Poisson integral formula of anomalous field element

Any type of anomalous gravity field element u can be expressed by the linear
combination of the disturbing potential or its partial derivatives. Therefore, the radial
gradient and Poisson integral formula of field element are similar.

Given the anomalous gravity field element on a certain boundary surface, the
Poisson integral relation satisfied by the same type of field element at any point
(r, 6, 1) outside the geoid:

ur,0,0) = o ff, wii—ds (9.31)

When the calculation point is the same as the move point, Yy - 0, ' - rt, L - ry
and r — r't - r?, the integral is singular. Considering

ds = r’zsinlpdlpda = nryd (9.32)
we have — [ Zds = ~ [Pz ¢3 rApdyp = 2o = —/ds/m, (9.33)
hence |, = 1/ds/n (9.34)

(2) Radlal gradient integral formula for anomalous field elements
Given the anomalous gravity field element on a certain equipotential surface, the
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radial gradient of the field element in the Stokes boundary value theory can be
calculated by the following integral formula:

o _ 1 p—u'
ok _ Eﬂs ds (9.35)

or 3

If r and r' are taken as constants, the integral formulas (9.31) and (9.35) can be
calculated by the fast FFT algorithm.

(3) Integral positive and negative operation formula for disturbing gravity gradient

Given the disturbing gravity gradient T;.. on some an equipotential surface outside
the geoid, the gravity disturbance §g = —T;. at any calculation point (r, 8, 1) outside the
geoid satisfies the following integral formula:

5g(r,0,1) = ﬁ [, T H@,p,r")ds (9.36)

where H(r,,r") is the generalized Hotine kernel function.

Given the gravity disturbance 6g on a certain equipotential surface, the disturbing
gravity gradient at any point on the equipotential surface can be calculated by the
following integral formula:

5g-6g'
Trp = o= [[ 2255 ds (9.37)

(4) Calculation of the disturbing gravity gradient by integral on the gravity
disturbance

Given the gravity disturbance §g on a certain boundary surface, the disturbing
gravity gradient T, at the any point (r, 8, 1) outside the geoid can also be calculated.

Using the Poisson integral formular (9.31) for the gravity disturbance 6g, we have:

59(r,0,0) == [J, 8g'"—I"ds (9.38)

4nr L

Considering T, = %(;—T T) = —% (69), taking the partial derivatives of both sides

of (9.38) with respect to r, we get:
To= -, 8¢’ 20 ds = = [f, 6 TSR gg(9.39)

4mr 47T L5

The formula (9.39) for calculating the disturbing gravity gradient outside the geoid
from the gravity disturbance on the boundary surface is derived from the Poisson
integral formula for solving the first boundary value problem. Therefore, it is not required
that the boundary surface should be a gravity equipotential surface.

7.10 Theory and algorithm of gravity field approach using spherical radial
basis functions

The disturbing potential T (x) at the point x outside the Earth can be expressed as
a linear combination of normalized surface harmonic basis functions:

n - -
TGO = 22305 (5) Zihemn Fum P (e) (10.1)
where x =r-e =r(sinfcosA,sinfsinA,cosf) , r,1,0 are the geocentric distance,
longitude and colatitude of the point x outside the Earth, respectively, E,,,, are the fully
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normalized Stokes coefficients, also known as the geopotential coefficients, GM, a are
the geocentric gravitational constant and equatorial radius of the Earth, respectively,
called as the scale parameters, and Y,,,, is the normalized surface harmonic function:

Ypm(e) = Py, (cos@)cosmA, Ep=6Chym m=0

Yom(e) = Py (cos®)sin|m|d,  FEup = Spim;, m <0 (10.2)
where P,,,,(cos6) is the fully normalized associative Legendre function, n is called the
degree of the geopotential coefficient, and m is called order of geopotential coefficients.

The equatorial radius a of the Earth in formula (10.1) represents the boundary

surface of the geopotential coefficients as the geoid. If it is replaced by the radius R of
the Bjerhammar sphere, the boundary surface of the geopotential coefficients becomes
the Bjerhnammar spherical surface. In this case, the geopotential coefficient E,,, is also
converted into E,,,,, due to the change of the scale parameter, and a™F,,,, = R"E,,, the
formula (10.1) becomes:

T(x) = g g:z (E)" h=—n Eannm(e) (10.3)

T

7.10.1 Spherical radial basis function representation of external disturbing
potential
The disturbing potential T(x) at any point x outside the Earth can also be

expressed as a linear combination of K spherical radial basis functions (SRBF):

T(x) = 22K, die®ie(x, ) (10.4)

where x;, = R - e, is the SRBF node defined on the Bjerhammar sphere, also known as
the SRBF center or SRBF pole, d; is the SRBF coefficient, K is the number of the SRBF
nodes, equal to the number of SRBF coefficients, @, (x, x;) is the spherical radial basis
function of the disturbing potential can be abbreviated as @ (x) = &, (x, x;).

The spherical radial basis function @, (x,x;) can be furtherly expanded into the
Legendre series:

i) = TNy puPa i) = TN 2B, (2) P (10.5)

T
where ¢,, is the degree n Legendre coefficient of SRBF, which characterizes the shape

of SRBF and basically determines the spatial and spectral figures of SRBF, also known
as shape factor. When the spectral domain degree n need be not emphasized, B, is
also called the Legendre coefficient of SRBF. u = R/r is also called the bandwidth
parameter because it is related to the spectral domain bandwidth of the radial basis
function @, (x).

Substitute the formula (10.5) into (10.4) to get:

T(r) = L3N 2n + 1B, (2) ey dePa)

= K dy I+ 1B, (2) i) (10.6)

anr
Considering the addition theorem of spherical harmonics:
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PoWi) = Pa(e ) = —— ¥ Vo () Ve (), (10.7)

2n+1
then the formula (10.5) can be written as
_ GM N R\" n K %4 %4
T(x) = 5 4mn=2 B, (7) Xm=—n Zk:l A Ynm(e)Ynm(ex) (10.8)
Comparing formulas (10.1), (10.3) and (10.8), we have:
— R\ = R\ K —
Fom = (;) Epm = By (g) Zk:ldenm(ek) (10.9)

Using formula (10.9), the geopotential coefficient F,,,, can be calculated from the
spherical radial basis function coefficient d,,. After that, the geopotential coefficient can
be employed to calculate various anomalous gravity field elements outside the Earth.

The position, distribution, and amount of the SRBF nodes (centers) {x;} on the
Bjerhammar sphere are the key indicators for gravity field approach using spherical
radial basis function, which determine the spatial degrees of freedom (spatial resolution)
and spatial feature of regional gravity field, like the degree of the global geopotential
coefficient model.

7.10.2 Spherical radial basis functions suitable for gravity field approach

The gravity field approach is according to the geodetic boundary value theory, and
the radial basis function employed for the gravity field approach must satisfy the Laplace
equation. Some spherical radial basis kernel function such as the point mass kernel
function, Poisson kernel function, radial multipole kernel function and Poisson wavelet
kernel function are all harmonic.

Let x be the calculation point outside the Earth and x; be the SRBF center on the
Bjerhammar sphere 5.

(1) The point mass kernel function

The point mass kernel function is an inverse multiquadric function (IMQ) proposed
by Hardy (1971), which is the kernel function of the gravitational potential integral

formulaV =G [[f dTm, and its analytical expression is:

Braro (X, X3) =~ = — (10.10)

L |x—xp|
where L is the space distance between x and x;. Since A(1/L) = 0, the point mass

kernel function @;, (x, x;.) satisfies the Laplace equation.

(2) The Poisson kernel function
The Poisson kernel function is derived from the Poisson integral formula of the
anomalous gravity field element, and its analytical expression is:

QDP(x,xk):—Zr;—TG)—%:TZI;r’E (10.11)

(3) The radial multipole kernel function
The analytical expression of the radial multipole kernel function is:

o x) == (:2) " (10.12)

m! a_rk L
where m can be called the order of the radial multipole kernel function, and the zero-

order radial multipole kernel function is the point mass kernel function @, (x, ;) =
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';bng (x, x)-
(4) The Poisson wavelet kernel function
The analytical expression of the Poisson wavelet kernel function is:

m a\™M1
Oy (6, %) = 20tmer = Xm) m = (Me5e) 1 (10.13)

The zero-order Poisson wavelet kernel function is the Poisson kernel function
®p (%, x1) = PPy (X, x).

(5) Calculation of spherical radial basis functions

The spherical radial basis function analytical expressions (10.10) ~ (10.13) are
usually expressed in the Legendre series (10.5), and then calculated according to the
Legendre expansion to highlight the spectral domain figures of the anomalous gravity
field element.

PAGravf4.5 normalizes the Legendre expansion of the spherical radial basis
function @, (x, x;.), and then calculates the spherical radial basis function (SRBF) using
the normalized Legendre expansion. When dealing with different types of observed field
elements, the SRBF of various field elements are uniformly divided by the normalization
coefficient of disturbing potential SRBF to maintain the analytical relationship between
different types of field elements.

Let the spherical angular distance ¥, =0 from x, to x, then cosy, =1,
B,(cosy) = B,(1) = 1, substitute it into formula (10.5), we have the general expression

of the normalization coefficient of disturbing potential SRBF:
2n+1

P = Yo, —Buu" (10.14)
The Legendre expansion of the normalized disturbing potential (height anomaly)
spherical radial basis function is:
D, 20) = o5 TN, puPa(Pie) = 5 TNy o Bt P () (10.15)
The above four forms of disturbing potential SRBF and their corresponding
Legendre coefficients are shown in Table 2, where the constant factor 4 in the

Legendre coefficient B,, has been removed in advance.

SRBF @y (x, x3,) b, B,
Point mass 1__1 N 1
kernel L |x—xgl H 2n+1
Poisson kernel r2_y2
function = 2n+ Dp" 1
radial multipole i(i)ml CIm L (> m) -
kernel mi\ore) L nH n=m M
i 2(0m+1 = Xm)
Poisson m+1 m B . N ~ .
wavelet kernel | x,, = (Tk a%) % (—ninw)™(2n + Dp™ | (—ninp)
k

7.10.3 Spherical radial basis function representation for various gravity field
elements

According to the definition of the anomalous gravity field element, the spherical

radial basis function parameterized form for various anomalous gravity field elements
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can be derived from the disturbing potential SRBF series (the rightmost expression) of
(10.6).

(00 =L = L3I d T+ DB, (2) R0 (10.16)

690) =~ L= Mgk 43, @+ D+ DB, (D) B (10.47)
GM R\—1

Ag() = =3 =T = oK A B A D - DB, () Pi)  (10.18)

€(x)—4m2 Sf_ dy cosay Ty (2n + 1B, (2)" 22 (10.19)

n() == o Zk 1 dy sina, ¥, 2n + 1)B, (r) apgy") (10.20)

T () = 2L TK i T @+ D+ D+ 208, (2) R (1021)

where «; is the geodetic azimuth of y,,.

For the regional gravity field approach, the reference geopotential model (such as
the EGM2008 model) is usually employed to remove the reference model value from
the observed anomalous field element, and the residual gravity field is refined by the
observed residual field element.

In this case, the minimum and maximum degree range in formulas (10.16) ~ (10.21)
(the spectral bandwidth of the gravity field) is closely related to the selected reference
geopotential model and the feature of regional gravity field in the target area, which can
only be determined after verifying and analysis from actual observation data.

7.10.4 Spherical Reuter grid construction and SRBF nodes design

PAGravf4.5 adopts the global and regional consistent spherical Reuter grid,
constructs the spherical radial basis function SRBF centers according to the given
Reuter grid level, and then using the adaptive algorithm, make the space distribution of
SRBF nodes be consistent with the space distribution of observations everywhere.

(1) Unit spherical Reuter grid construction algorithm

Given the Reuter grid level Q (even number), the geocentric latitude interval do of
the unit spherical Reuter grid in the spherical coordinate system and the geocentric
latitude ¢; of the center of the cell grid i are respectively

d(p=%, <Pi=—§+(i_%)d‘/" 1<i<Q (10.22)

The grid number J; in the prime vertical circle direction at latitude ¢;, the longitude
interval d4; and the side length dl; are respectively

Ji = [Z”Z;::‘“], dA; = 2—” dl; = dA;cosg; (10.23)

It is not difficult to find that dl; =~ do. Let

ds;—ds dli—-de dA;
= — - =Zcosp; — 1 10.24
& ds do do S¢i ( )

where ds is the cell grid area near the equator, ds; is the cell grid area at the prime
vertical circle ¢;, and ¢; is the relative deviation of the parallel circle cell grid area relative
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to the cell grid area near the equator.

&; is generally small, about a few ten-thousandth, and the value is related to the
Reuter grid level Q. Near the equator, we have ds = dg - dg, &y, = 0.

Given the range of longitude and latitude of the local area, you can directly
determine the minimum and maximum value of i according to the formula (10.22), and
then calculate the maximum J; at each prime vertical circle according to the formula
(10.23), to determine the regional Reuter grid whose level is Q without calculating the
global grid.

(2) Regional SRBF nodes design with adaptive observation space distribution

PAGravf4.5 presents a simple Reuter grid fitting algorithm to design the SRBF
centers that adapts to the space distribution of observations. Firstly, construct a regional
Reuter grid from the given level Q, and then count the number J of effective observations
in each cell Reuter grid. When J is less than a given number (as the input parameter),
eliminate the SRBF center. After traversing all cell Reuter grids, generate the SRBF
centers set that adapts to the space distribution of observations.

Obviously, when the observation data is a regular grid, the SRBF centers are also
regularly distributed, and when the observations are irregularly distributed, the SRBF
centers are also irregularly distributed. The denser the distribution of observations, the
denser the distribution of SRBF centers. That is, the space distribution of SRBF centers
is consistent with the space distribution of observations everywhere.

7.10.5 SRBF coefficients estimation and gravity field approach
After the constant GM /(41) removed, it does not change the analytical relationship
between the anomalous gravity field elements. Therefore, formulas (10.16) ~ (10.21)
are rewritten as:

() = 7 Sfay di B (20 + DB B (10.25)
89(0) = 1z Zkr di Zn (20 + D+ DB B (W) (10.26)
Ag(x) = TRy die T (20 + 1) (0 — DB B (1) (10.27)
§() = - They dy cosay By (2n + 1)Bnunap;T(‘i’k) (10.28)
n(x) = %zﬁﬂ dy sinay, X, (2n + 1)Bnun‘”°gT“’;’<) (10.29)
Trp (%) = 5 ZK_y di B 20+ D+ 1) (0 + 2) Bt B, () (10.30)

Substituting the Legendre coefficient B, in Table 2 into the above equations, we can
obtain the basic observation equations for regional gravity field approach with the
(residual) anomalous gravity field element F(x;) as the observations and the SRBF
coefficients {d; } as the unknowns.

L={Fx)Y =A{d}"+e (i=1-Mk=1,-,K) (10.31)

where A is the M x K design matrix, e is the M x 1 observation error vector, M is the
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number of observations, K is the number of RBF centers, that is, the number of
unknowns {d;}, and x; is the position of the observations.

PAGravf4.5 proposes an algorithm that can improve the performance of parameter
estimation by suppressing edge effect. When the RBF center v is located at the margin
of the calculation area, its corresponding SRBF coefficient is set to zero, that is, d, = 0
as the observation equation to suppress the edge effect. The normal equation with the
additional suppression of edge effect constructed by PAGravf4.5 is:

[ATPA + €Z]{d,}T = ATPL (10.32)

where £ is a diagonal matrix, whose element is equal to 1 only when the SRBF center
corresponding to its subscript is in the margin of the area, and the others are zero. € is
equal to the diagonal standard deviation of the cofactor matrix AT PA.

In PAGravf4.5, The action distance dr of all SRBF centers is required to be equal
to maintain the spatial consistency of the approach performance of gravity field. Where
dr corresponds to the domain of the SRBF argument, so any observation is a linear
combination of the spherical radial basis functions of the SRBF centers only within the
radius dr.

PAGravf4.5 improves the ill-conditioned or singularity of ATPA by adding some
observation equations that can suppresses edge effect to improve the stability and
reliability of parameter estimation, to instead of the regularization of the normal equation
without geophysical meaning.

You can choose the LU triangular decomposition (square root method), Cholesky
decomposition or unknowns smallest norm method to solve the normal equation (10.32).

7.10.6 Regional gravity field modelling from various heterogeneous

observations by SRBF

It has always been a hot and difficult issue in physical geodesy to combine various
types of observations to model the regional gravity field. Like the surface harmonic
coefficient expansion of anomalous gravity field elements, various types of observations
can be represented by spherical radial basis function expansion, such as equations
(10.25) ~ (10.30). Estimating the spherical radial basis function coefficients with
equations (10.25) ~ (10.30) as observation equations, we can model gravity field from
various types of observations.

(1) The crucial issues of gravity field modelling using spherical radial basis function
from various types of observations

The regional gravity field modelling from various heterogeneous observations by
SRBF need deal with three crucial issues, namely (1) The SRBF representations from
various types of observations should strictly keep the analytical relationship between
different types of observations. (2) How to determine the contribution of different types
of observations to the SRBF coefficients {d,}. (3) Investigate the spectral center &
bandwidth of target field element, observations and SRBF, and then study the
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relationship between the three.

For the first issue, only the SRBF Legendre expansion of height anomaly is
normalized, and the SRBF Legendre expansion of other types of observations are
divided all by the SRBF normalization coefficient of height anomaly. In this way, the
analytical relationships can be strictly maintained between different types of
observations.

The way to deal with the second issue is to construct observation equations and
normal equations from different types of observations firstly, introduce some parameters
related to the error or space distribution of observations, and then combine these normal
equations to form a new normal equation.

The third issue is related to the observation situations, the nature of gravity field
and the modelling algorithm. The spectral center and bandwidth of the observation,
target field element and SRBF need be comprehensively analyzed in different
parameter combinations case, and then according to the principle of fully resolving the
spectrum of the target field element, optimize the relevant scheme and parameters.

(2) Observation contribution adjustment and edge effect suppression

PAGravf4.5 proposes a SRBF gravity field approach method that can suppress
edge effect and adjust the contribution of the given type observations at the same time.
The normal equation is:

P 1 2 - P 1 2

yi (E—iAiTPiAi) + ’;—jAij,.Aj +e2{d)T = ¥ (E—iAiTPL-Li) + ’:—jAJ.Tf;.Lj (10.33)
where ¢; is the cofactor matrix combination parameter of the given type of adjustable
observation, ¢; is the cofactor matrix combination parameter of the i (i # j) observation,
and k is the contribution rate of the adjustable observation j.

PAGravf4.5 multiplies the normal equation coefficient matrix A}.TP]-A]- and constant
matrix A]-TPij of the adjustable observation j by k? respectively, to increase (kx > 1) or

decrease (k < 1) the contribution of the adjustable observation.

For example, the GNSS-levelling residual height anomaly in the observations can
be set as the adjustable observation with the contribution rate k > 1 to improve the
analytical fusion of GNSS-levelling and other observations. For another example, let the
nearshore altimetric elements adjustable with the contribution rate k <1, we can
suppress the influence of the shallow water altimetric errors and improve the separation
of sea surface topography.

(3) Parameter estimation method with different types of heterogeneous
observations

The parameter estimation with several types of observations usually employs the
variance component estimation method. In this case, the normal equation need be
solved by an iterative solution. The initial variance is the variance of the source
observations, and the residual observation variance of the previous iteration result is
employed in the iterative process.
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Variance component estimation method affected by observation errors, not only has
the risk of no stable solution, but also interferes with the analytical nature of the gravity
field approach algorithm. PAGravf4.5 proposes a cofactor matrix diagonal standard
deviation method to combinate different types of heterogeneous observations for
estimation of the SRBF coefficients, to instead of the common variance component
estimation method. Which takes ¢; and ¢; as the cofactor matrix diagonal standard
deviation of the observations i and cofactor matrix diagonal standard deviation of the
adjustable observation j, respectively.

Using the cofactor matrix diagonal standard deviation method, the properties of the
parameter estimation solution are only related to the space distribution of the
observations without influence of observation errors, so the normal equation does not
need be iteratively calculated. Which is conducive to combination of various types of
observations with extreme differences in space distribution and improve the analytical
nature of the SRBF approach algorithm.

(4) The cumulative SRBF approach method to achieve the best approach of the
gravity field

The target field elements are equal to the convolution of the observations and the
filter SRBF. When the target field elements and the observations are of different types,
it is difficult for one SRBF to effectively match the spectral center and bandwidth of the
observations and the target field element at the same time, which would make the
spectral leakage of the target field element. In addition, the SRBF type, the minimum
and maximum degree of Legendre expansion and the SRBF centers distribution also
affect the approach performance of gravity field. Therefore, only the optimal estimation
of SRBF coefficient with the burial depth as parameter is not enough to ensure the best
approach of gravity field.

To solve this key problem, according to the linear additivity of the gravity field,
PAGravf4.5 proposes a cumulative SRBF approach scheme to replace the optimal
estimation scheme of SRBF coefficients with the burial depth as parameter. Using the
multiple cumulative SRBF approach scheme, it is not necessary to determine the
optimal burial depth.

When each SRBF approach adopts SRBF with different spectral figure, the
cumulative SRBF approach can fully resolve the spectral domain signal of target field
element from multiple SRBF spectral centers and bandwidths, and then optimally
restore the target field element in space domain.

The validity principle of once SRBF approach: (1) The residual target field element
grid is continuous and differentiable (view the drawing), and whose standard deviation
is as small as possible. (2) The statistical mean of residuals tends to zero with the
increase of cumulative approach times, and there is no obvious reverse sign.

The character of cumulative SRBF approach scheme of gravity field: the essence
of each SRBF approach is to employ the previous approach results as the reference
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gravity field, and then refine the residual target field element by remove -restore scheme.

Selecting the adjustable observation and its contribution rate kK, we can effectively
deal with the problem of high-precision gravity field approach from heterogeneous
observations with extreme differences in space distribution, quality and accuracy. With
Kk = 0 for some a type of observations, we can effectively detect the gross error and
evaluate the quality and external accuracy. With k¥ > 1 for several high-precision
observations, we can effectively improve the contribution of the several observations
such as the astronomical vertical deflection or GNSS-levelling observations.

e The typical technical features of SRBF approach program in PAGrav4.5:

(1) The analytical function relationships between gravity field elements are strict,
and the SRBF approach performance has nothing to do with the observation errors.

(2) Various heterogeneous observations in the different altitudes, cross-distribution,
and land-sea coexisting cases can be directly employed to estimate the full element
models of gravity field without reduction, continuation, and griding..

(3) Can integrate very little astronomical vertical deflection or GNSS-levelling data,
and effectively absorb the edge effect.

(4) Has the strong capacity in detection of observation gross errors, measurement
of external accuracy indexes, and control of computational performance.
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7.11 Height system and its analytic relationship with gravity field

7.11.1 Relationship between the height systems and gravity field
Let the geopotential at the ground point A be W}, the latitude and longitude of point
Q is the same as that of point A, and its normal geopotential U, is equal to W,, then Q

is located on the telluroid at A, and QA i Land area
is equal to the height anomaly {, at :
point A where the arrow downward :
means {4 < 0, as shown in Figure. In . . Qi )
the high-altitude areas, the ground | Teiiuriod " 1
height anomaly { < 0, and the telluroid |/~ ™" . 10
is above the ground. Al
Without loss of generality, let the /g ouna E :Q?Erm!

geopotential Wy, of the zero-height ﬁ:::g:fi;al: A
surface in regional height datum, the i Orthometric
geoidal geopotential W (=Uy), and | w, = w, = v, = w, : height A*
the global geopotential W, (which can | . ., ellipsoid U, EE
be understood as the geopotential of | ——— ] i R E—
the global height datum) are exactly | quasigeoia |- E; . .
equal, namely: [T >0 p—

Wy = Wg = Wy (11.1) Gooid e (¢] E Zero-height surface W

In this case, the geoid is a closed
surface whose geopotential is equal to the normal potential of the ellipsoidal surface,
and the potential difference of the height datum is equal to zero, that is, 6Wy =
W, — Wx = 0. The difference between the geopotential W, of the zero-height surface
and the geopotential W, of the ground point A is called the geopotential number of the
point A, namely ¢, = Wy — W, = W, — Wj.

The orthometric height is defined in the gravity field space, and it is the ratio of the
geopotential number c, of the point A to the mean gravity g, between the point A and
the point O, and the point O is on the zero-height surface namely on the height datum
surface.

hy = A= TETA = ST = 2 [ gdn (11.2)
where dn is the line element between the ground point A and the O point on the height
datum surface, and g is the gravity at the line element.

The normal height is defined in the normal gravity field space, which is the ratio of
the normal potential number (= U, — Uy) of the telluroid Q at the ground point A to the
mean normal gravity y, between the Q point on the telluroid and the Q point on the

normal ellipsoid surface:

__Up—Ug — 1 rQ
hy =222 = = [Zydn (11.3)
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where dN is the line element between the point E and the Q, and y is the normal gravity
at the line element.

The Molodensky condition assumes that the normal geopotential of the point Q
located on the telluroid at point A is equal to the geopotential number of point A, that is,
Uy — Uqg = c4 = Wy — Wy, and substituting it into the formula (11.3), then the normal
height of Molodensky is:

Up—Ug _ Wo—Wy
hA = —=

1 A
= = _%fo gdn (11.4)

Equation (11.4) is the normal height definition formula adopted by the Chinese
current height system.

7.11.2 The rigorous analytical relationship between orthometric and normal
height systems

The solution of the Stokes boundary value problem is the disturbing potential of the
geoid and in entire Earth space outside the geoid, that is, the Stokes boundary value
problem simultaneously determines the geoidal height and the height anomaly outside
the geoid, see the formular (9.1).

It is easy to find that the ground height anomaly is also the solution to the Stokes
boundary value problem. In particular, the Stoke boundary value problem solution
constrains the rigorous analytical relationship between the ground height anomaly ¢ and
the geoidal height N:

{=N+A =N+ Zdn=nN- [ Ldn (11.5)
Y
where dh is the line element between the ground and the geoid, and §g and y are the
gravity disturbance (analytic gravity disturbance) and normal gravity at the line element
dh, respectively.

A¢ in formula (11.5) is the difference between the height anomaly and the geoidal
height, that is, the difference between the orthometric height and the normal height.
PAGravf4.5 programs 5.5 and 5.6 can be used for this calculation.

According to the basic conditions for the solution of the Stokes boundary value
problem, the gravity between the ground and the geoid should be equivalent to the
gravity analytically continued to this point from the gravity outside the ground, which is
also called as analytical gravity g*. Rather than the actual gravity g being affected by
the terrain and surrounded by the mass, the analytical gravity g* has a strict analytical
relationship with the solution of the Stokes boundary value problem. The solution
condition of the Stokes boundary value problem also requires that the actual gravity and
the analytical gravity are equal everywhere outside the ground.

The solution to the Stokes boundary value problem points out that the height
anomaly ¢, on the geoid is the geoidal height N. From this, it is easy to find that the zero
normal height surface and the zero orthometric height surface coincide everywhere, that
is the geoid, whose geopotential are all equal.

In high-altitude areas, the determination accuracy of 4 = { — N in formula (11.5)
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can be effectively improved from the observed gravity or by using regional gravity field
data to refine the analytical gravity disturbance on the integral line element.

The mean gravity and integral line element gravity in the definition of orthometric
height formula (11.2) replaced with analytical gravity, the strict orthometric height
definition that satisfies the solution requirements of the Stokes boundary value problem

is obtained:
h,’g:%f:g*dn (11.6)
The zero orthometric height surface coincides with the zero normal height surface,
both of which are the geoid. Obviously, only using the analytical gravity g*, we can
ensure that the orthometric height, normal height, height anomaly, geoid and their
interrelationships are analytically compatible in Stokes boundary value theory.

PAGravf4.5 calls the rigorous orthometric height as the analytical orthometric height.

7.11.3 The problem of quasi-geoid as height datum surface

The geoid can be uniquely determined or continuously refined according to its
geopotential value, and it can be employed as the orthometric height starting surface,
which meets the requirements of the uniqueness of the geodetic datum. However, it is
not theoretically rigorous to regard the quasi-geoid as the normal height starting surface.

(1) The zero normal height surface is the equipotential surface whose geopotential
is equal to the geopotential at the height datum zero-point. It is the geoid, not the so-
called quasi-geoid.

(2) Two points with the same latitude and longitude but different heights have
different height anomalies. Therefore, if the normal height is considered to start from the
quasi-geoid, there must be two different starting points in the vertical direction.

(3) In most cases, the measurement points will not be just on the specific ground
elevation digital model surface employed in the quasi-geoid modelling. It is necessary
to add a gradient (or gravity disturbance) correction for the height anomaly at the
measurement point from the quasi-geoid model. see the section 5.1 for the calculation
procedure.

PAGravf4.5 downplays the concept of quasi-geoid and does not regard so-called
quasi-geoid as the starting surface of normal height. The height anomalies in
PAGravf4.5 are strictly in one-to-one correspondence with their spatial locations.
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