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AMENDMENT 1
3 January 2000

DEPARTMENT OF DEFENSE WORLD GEODETIC SYSTEM 1984
Its Definition and Relationships with Local Geodetic Systems

These pages document the changes made to this document as of the date above
and form a part of NIMA TR8350.2 dated 4 July 1997. These changes are approved for
use by all Departments and Agencies of the Department of Defense.

PAGE xi

In the 5" paragraph, the sentence “The model, complete through degree (n) and order (m)
360, is comprised of 130,676 coefficients.” was changed to read “The model, complete
through degree (n) and order (m) 360, is comprised of 130,317 coefficients.”.

PAGE 3-7

Inp? Tszable 3.4, the value of W was changed from 62636860.8497 nf/s” to 62636851.7146
/<,

PAGE 4-4
SZU+E E20
Equation (4-99 was changed from “b=arctan " to read
Jx +y 5
& Juz+E? 0
“b=actant————=7".
EUX*+Y? 5
PAGE 5-1

In the first paragraph, the sentence “The WGS 84 EGM 96, complete through degree (n)
and order (m) 360, is comprised of 130,321 coefficients.” was changed to read “The
WGS 84 EGM96, complete through degree (n) and order (m) 360, is comprised of
130,317 coefficients.”.

PAGE 5-3

At the end of the definition of terms for Equation (5-3), the definition of the “k” term was
changed from “For m=0, k=1; n>1, k=2" to read “For m=0, k=1; mt 0, k=2".

PAGE 7-2
In the next to the last paragraph, the sentences “Note that the National Map Accuracy

Standard requires points to be horizontally accurate to 0.51 mm (1/50 in.) for scales of
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1:20,000 or larger and 0.84 mm (1/30 in.) for scales less than 1:20,000. For example, this
corresponds to 2.5 m at 1:5,000 and 42 m at 1:50,000.” was changed to read “Note that
the National Map Accuracy Standard requires test points to be horizontally accurate to
0.85 mm (1/30 in.) for scales of 1:20,000 or larger and 0.51 mm (1/50 in.) for scales less
than 1:20,000. For example, this correspondsto 4.2 m at 1:5,000 and 25 m at 1:50,000.”.
PAGE R-4

The title of the paper in reference number 40. was changed from “Status of the World
Geodetic System 1984 to read “ Refinements to The World Geodetic System 1984”.

PAGE B-3

In the second paragraph of Section 1 the sentence “There are 109 local geodetic datums
...." Was changed to read “There are 112 local geodetic datums ...."

PAGE B.1-2

The Korean Geodetic System 1995 was added.

PAGE B.1-3

The Old Hawaiian datum using the International 1924 ellipsoid was added.
PAGE B.1-4

The South American Geocentric Reference System (SIRGAS) was added.
PAGE B.3-2

The old Cycle 0 transformation parameters for the INDIAN 1975 datum in Thailand were
added and the code for the Cycle 1 parameters was changed from “INH-A” to “INH-A1".

PAGE B.3-3

The Korean Geodetic System 1995 for South Korea was added.

PAGE B.3-5

The old Cycle 0 transformation parameters for the TOKY O datum in South Korea were

added and the code for the Cycle 1 parameters was changed from “TOY-B” to “TOY-
B1".
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PAGE B.7-6

The South American Geocentric Reference System (SIRGAS) for South America was
added.

PAGE B.10-5

The Old Hawaiian datum for the Hawaiian Islands using the International 1924 ellipsoid
was added.

AMENDMENT 2
23 June 2004

PAGE 5-2
Equation 5-2 has been changed to the following;

1
o= ) o’(x* +y9) (5-2)

NIMA/Geodesy and Geophysics Department
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14.

SUBJECT TERMS

Daums, Daum Shifts, Daum Trandormations, Datum Trandformation Multiple
Regresson Equations, Defense Mapping Agency, DMA, Earth Gravitationd Condant,
Earth Gravitationd Modd, EGM96, Ellipsoidd Gravity Formula, Geodesy, Geodetic,
Geodetic Heights, Geodetic Systems, Geoids, Geoid Heights, Geoid Undulations,
Gravitation, Gravitationd Coefficients, Gravitationd Modd, Gravitationd Potentid,
Gravity, Gravity Formula, Gravity Potentid, Locd Datums, Loca Geodetic Datums,
Molodensky Datum Transformation Formulas, Nationd Imagery and Mapping Agency,
NIMA, Orthometric Heights, Regional Datums, Reference Frames, Reference Systems,
World Geodetic System, World Geodetic System 1984, WGS 84.



NIMA DEFINITION

On 1 October 1996 the Defense Mapping Agency (DMA) was incorporated into a
new agency, the Nationd Imagery and Mapping Agency (NIMA).

NATIONAL IMAGERY AND MAPPING AGENCY

The Nationad Imagery and Mapping Agency provides timdy, reevant and accurate
imagery, imagery intdligence and geospatid information in support of nationd security
objectives.
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PREFACE

This technicd report defines the Department of Defense (DoD) World Geodetic System
1984 (WGS 84). Significant changes incorporated in the third edition include:

Refined redization of the reference frame
Development of arefined Earth Gravitationa Model and geoid
Updated ligt of datum transformetions

Users requiring additiond information, clarification, or an dectronic verson of this
document should contact:

NIMA(GIMG), Mail Stop L-41
Geodesy and Geophysics Department
Nationd Imagery and Mapping Agency
3200 South Second Street
St. Louis, MO 63118-3399

E-Mail address GandG@nimamil
http:/Avww.nimamil

Since WGS 84 is comprised of a coherent set of parameters, DoD organizations should
not make a subgtitution for any of the WGS 84 related parameters or equations. Such a
substitution may lead to degraded WGS 84 products, interoperability problems and may have
other adverse effects.

Copies of this technica report may be requested from:

Director
Nationa Imagery and Mapping Agency
ATTN: ISDFR, Mail Stop D-17
4600 Sangamore Road
Bethesda, MD 20816-5003 (USA)
Commercial Voice Phone: (301) 227-2495
Commercial FAX: (301) 227-2498
DSN: 287-2495, FAX: 287-2498
Toll Free: 1-800-826-0342
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EXECUTIVE SUMMARY

The globa geocentric reference frame and collection of modds known as the World
Geodetic System 1984 (WGS 84) has evolved significantly since its creation in the mid-1980s.
The WGS 84 continues to provide a single, common, accessible 3-dimensiona coordinate
system for geospatial data collected from a broad spectrum of sources. Some of this geospetial
data exhibits a high degree of ‘metric’ fiddity and requires aglobd reference frame which isfree
of any significant distortions or biases. For this reason, a series of improvements to WGS 84
were developed in the past severd years which served to refine the origind version.

A consgent globa set of 3-dimensond dation coordinates infers the location of an
origin, the orientation of an orthogona set of Cartesian axes and a scde. In essence, a st of
dation coordinates infers a particular redization of a reference frame. The Station coordinates
which compose the operational WGS 84 reference frame are those of the permanent DoD GPS
monitor gations.

Within the last three years, the coordinates for these DoD GPS sations have been
refined two times, once in 1994 and again in 1996. The two sets of sdf-consgtent GPS-
redized coordinates (Terrestrid Reference Frames) derived to date have been designated
‘WGS 84 (G730)" and ‘“WGS 84 (G873)’, where the ‘G’ indicates these coordinates were
obtained through GPS techniques and the number following the ‘G’ indicates the GPS week
number when these coordinates were implemented in the NIMA precise GPS ephemeris
estimation process. The dates when these refined station coordinate sets were implemented in
the GPS Operationa Control Segment (OCS) were 29 June 1994 and 29 January 1997,

repectively.

These reference frame enhancements, as well as the previous sat of enhancements,
implemented in 1994, are negligible (less than 30 centimeters) in the context of mapping,
charting and enroute navigation. Therefore, users should consder the WGS 84 reference frame
unchanged for gpplications involving mapping, charting and enroute navigation.

In addition to these reference frame enhancements, an intensive joint effort has been
conducted during the last three years involving andysts and resources of NIMA, the NASA
Goddard Space Hight Center (GSFC) and The Ohio State University. The result of this joint
effort is a new globd modd of the Earth’s gravitationd fied: Earth Gravitationd Modd 1996
(EGM96). In the case of DoD applications, this modd replaces the now-outdated origina
WGS 84 gravitationd modd developed more than ten years ago. The form of the EGM96
model is a gpherica harmonic expansion of the gravitationd potentia. The mode, complete
through degree (n) and order (m) 360, is comprised of 130,317 coefficients. NIMA
recommends use of an gppropriately truncated (less than or equa to n=m=70) copy of this
geopotentia modd for high accuracy orbit determination.
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A refined WGS 84 geoid has been determined from the new gravitationd modd and is
available as a 15 minute grid of geoid undulations which exhibit an absolute accuracy of 1.0
meters or better, anywhere on the Earth. This refined geoid is referred to as the WGS 84
EGM96 Geoid.

The following names and the associated implementation dates have been officidly
designated for usein dl NIMA products:

1 FOR TOPOGRAPHIC MAPPING:

A. Horizontal Datum
WGS 84 From 1 Jan 1987
B. Vertical Datum

WGS 84 Geoid or
Loca Mean SealLeve (MSL) From 1 Jan 1987

2. FOR AERONAUTICAL CHARTS:

A. Horizontal Datum
WGS 84 From 1 Jan 1987
B. Vertical Datum

WGS 84 Geoid or
Loca Mean SealLeve (MSL) From 1 Jan 1987

3. FOR NAUTICAL CHARTS:

A. Horizontal Datum

WGS 84 From 1 Jan 1987
B. Vertical Datum

For Land Areas -

WGS 84 Geoid or
Loca Mean SealLeve (MSL) From 1 Jan 1987
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For Ocean Areas -
Locd Sounding Datums

4, FOR GEODETIC, GIS DATA AND_ OTHER HIGH-ACCURACY
APPLICATIONS:

A. Reference Frame
WGS 84 1Jan87-1Jan 94
WGS 84 (G730) 2 Jan 94 - 28 Sept 96
WGS 84 (G873) From 29 Sept 96

These dates represent implementation dates in the NIMA GPS precise ephemeris
estimation process.

B. Coordinates

As of 2 Jan 94, a st of geodetic coordinates shall include a designation of the
reference frame and epoch of the observations.

C. Earth Gravitational M odel
WGS 84 1 Jan 1987
WGS 84 EGM96 1 Oct 1996
D. WGS 84 Geoid
WGS 84 1 Jan 1987
WGS 84 EGM96 1 Oct 1996
In summary, the refinements which have been made to WGS 84 have reduced the
uncertainty in the coordinates of the reference frame, the uncertainty of the gravitational model
and the uncertainty of the geoid undulations. They have not changed WGS 84. As aresult, the
refinements are most important to the users requiring increased accuracies over capabilities
provided by the previous editions of WGS 84. For mapping, charting and navigational users,
these improvements are generdly negligible. They are most relevant for the geodetic user and

other high accuracy applications. Thus, modern geodetic positioning within the DoD is now
caried out in the WGS 84 (G873) reference frame. The Earth Gravitationd Model 1996
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(EGM96) replaces the origind WGS 84 geopotential moddl and serves as the basis for the
WGS 84 EGM96 Geoid, avalable from NIMA on a 15 minute grid. As additional data
become available, NIMA may develop further refinements to the geopotentid mode and the
geocentric reference frame. NIMA continues, as in the padt, to update and develop new datum
trandformations as additiond data become avalable to support mapping, charting and
navigationa users,
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1. INTRODUCTION

The National Imagery and Mapping Agency (NIMA) supports a large number and
variety of products and users, which makes it imperative that these products al be related to a
common worldwide geodetic reference sysem. This ensures interoperability in relating
information from one product to another, supports increasingly stringent accuracy requirements
and supports military and humanitarian activities worldwide. The refined World Geodetic
System 1984 (WGS 84) represents NIMA's best geodetic model of the Earth using data,
techniques and technology available through 1996.

The definition of the World Geodetic System has evolved within NIMA and its
predecessor agencies from the initid WGS 60 through subsequent improvements embodied in
WGS 66, WGS 72 and WGS 84. The refinement described in this technica report has been
possible due to additional globa data from precise and accurate geodetic positioning, new
observations of land gravity data, the avalability of extengve dtimetry data from the GEOSAT,
ERS-1 and TOPEX/POSEIDON saellites and additiona satellite tracking data from geodetic
satellites a various inclinations. The improved Earth Gravitational Modd 1996 (EGM96), its
associated geoid and additiona datum transformations have been made possible by the inclusion
of these new data EGM96 was developed jointly by NIMA, the Nationad Aeronautics and
Space Adminigtration’'s Goddard Space Flight Center (NASA/GSFC), The Ohio State
University and the Nava Surface Warfare Center Dahlgren Divison (NSWCDD).

Commensurate with these modding enhancements, dgnificant improvements in the
redization of the WGS 84 reference frame have been achieved through the use of the
NAVSTAR Globa Pogtioning Sysem (GPS). WGS 84 is redized by the coordinates
assigned to the GPS tracking stations used in the calculation of precise GPS orbits at NIMA.
NIMA currently utilizes the five globaly dispersed Air Force operational GPS tracking stations
augmented by seven tracking stations operated by NIMA. The coordinates of these tracking
gtations have been determined to an absolute accuracy of +5 cm (1s).

The WGS 84 represents the best globa geodetic reference system for the Earth available
a this time for practica goplications of mapping, charting, geopostioning and navigetion. This
report includes the definition of the coordinate system, fundamenta and derived congtants, the
EGM96, the dlipsoida (normd) gravity modd and a current list of local datum transformations.
NIMA recommendations regarding the practica implementation of WGS 84 are given in
Chapter Nine of this report.
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2. WGS 84 COORDINATE SYSTEM

21 Definition

The WGS 84 Coordinate System is a Conventional Terrestrial Reference System
(CTRS). Thedefinition of this coordinate system follows the criteria outlined in the Internationd
Earth Rotation Service (IERS) Technica Note 21 [1]. These criteria are repeated below:

It is geocentric, the center of mass being defined for the whole Earth including
oceans and atmosphere

Its scde isthat of the locd Earth frame, in the meaning of a rdaividtic theory
of gravitation

Its orientation was initidly given by the Bureau Internationd de I’ Heure (BIH)
orientation of 1984.0

Its time evolution in orientation will creste no resdud globd rotation with
regards to the crust

The WGS 84 Coordinate System is a right-handed, Earth-fixed orthogond
coordinate system and is graphicaly depicted in Figure 2.1.

| ERS Reference Pole (IRP)

iwss 84
Earth's Center
of Mass
| ERS
Ref er ence
Meri di an
(1 RM
X \Wes 84 Y wes 84

Figure 2.1 The WGS 84 Coordinate Systemn Definition



In Figure 2.1, the origin and axes are defined as follows:
Origin = Earth’s center of mass

Z-Axis = Thedirection of the IERS Reference Pole (IRP). Thisdirection
corresponds to the direction of the BIH Conventiona Terrestrid
Pole (CTP) (epoch 1984.0) with an uncertainty of 0.00%? [1]

X-Axis = Intersection of the |[ERS Reference Meridian (IRM) and the plane
passing through the origin and normd to the Z-axis. ThelRM is
coincident with the BIH Zero Meridian (epoch 1984.0) with an
uncertainty of 0.005? [1]

Y-Axis = Completes aright-handed, Earth-Centered Earth-Fixed (ECEF)
orthogonal coordinate system

The WGS 84 Coordinate System origin aso serves as the geometric center of the
WGS 84 Ellipsoid and the Z-axis serves as the rotationa axis of this dlipsoid of revolution.

Readers should note that the definition of the WGS 84 CTRS has not changed in
any fundamental way. This CTRS continues to be defined as a right-handed, orthogond and
Earth-fixed coordinate system which is intended to be as closely coincident as possible with the
CTRS defined by the Internationd Earth Rotation Service (IERS) or, prior to 1988, its
predecessor, the Bureau International de |’ Heure (BIH).

2.2  Redization

Following terminology proposed in [2], an important didinction is needed
between the definition of a coordinate system and the practical redlization of a reference frame.
Section 2.1 contains a definition of the WGS 84 Coordinate System. To achieve a practical
redlization of agloba geodetic reference frame, a set of station coordinates must be established.
A consgtent set of dation coordinates infers the location of an origin, the orientation of an
orthogond set of Cartesan axes and a scae. In modern terms, a globaly distributed set of
consgtent station coordinates represents a redlization of an ECEF Terrestrid Reference Frame
(TRF). The origind WGS 84 reference frame established in 1987 was redlized through a set of
Navy Navigation Satellite System (NNSS) or TRANSIT (Doppler) station coordinates which
were described in [3]. Moreover, this origind WGS 84 TRF was developed by exploiting
results from the best available comparisons of the DoD reference frame in existence during the
early 1980s, known as NSWC 9Z-2, and the BIH Terrestrid System (BTS).

The main objective in the origind effort was to dign, as closdy as possble, the
origin, scae and orientation of the WGS 84 frame with the BTS frame at an epoch of 1984.0.
The establishment of accurate transformation parameters (given in DMA TR 8350.2, First

2-2



Edition and Second Edition) between NSWC 9Z-2 and the BTS achieved this objective with
remarkable precison. The scae of the transformed NSWC 9Z-2 frame, for example, is
coincident with the BTS at the 10-centimeter level [4]. The set of estimated station coordinates
put into practica use and described in [3], however, had an uncertainty of 1-2 meters with
respect to the BTS.

The TRANSI T-redized WGS 84 reference frame was used beginning in January
1987 in the Defense Mapping Agency’s (DMA) TRANSIT precise ephemeris generation
process. These TRANSIT ephemerides were then used in an absolute point positioning
process with Doppler tracking data to determine the WGS 84 positions of the permanent DoD
Globd Pogtioning System (GPS) monitor dations. These TRANSIT-redized WGS 84
coordinates remained in use by DoD groups until 1994. Specificaly, they remained in use until
2 January 1994 by DMA and until 29 June 1994 by the GPS Operationd Control Segment
(OCY).

Severa independent studies, [4], [5], [6], [7] and [8], have demonstrated that a
sysematic dlipsoid height bias (scde bias) exists between GPS-derived coordinates and
Doppler-redlized WGS 84 coordinates for the same ste.  This scde bias is most likely
attributable to limitations in the techniques used to estimate the Doppler-derived positions [4].
To remove this bias and obtain a self-consgtent GPS-redlization of the WGS 84 reference
frame, DMA, with assgance from the Nava Surface Wafare Center Dahlgren Divison
(NSWCDD), developed a revised set of dation coordinates for the DoD GPS tracking
network. These revised station coordinates provided an improved redlization of the WGS 84
reference frame. To date, this process has been carried out twice, once in 1994 and again in
1996.

Using GPS data from the Air Force and DMA permanent GPS tracking stations
aong with data from a number of selected core stations from the International GPS Service for
Geodynamics (IGS), DMA estimated refined coordinates for the permanent Air Force and
DMA dations. In this geodetic solution, a subset of sdected |GS dtation coordinates was held
fixed to their IERS Terrestrial Reference Frame (ITRF) coordinates. A complete description of
the estimation techniques used to derive these new DoD dation coordinates is given in [8] and
[9]. Theserefined DoD coordinates have improved accuracy due primarily to the elimination of
the dlipsoid height bias and have improved precision due to the advanced GPS techniques used
in the estimation process. The accuracy of each individua estimated podtion component
derived in 1996 has been shown to be on the order of 5 cm (1s) for each permanent DoD
gation [9]. The corresponding accuracy achieved in the 1994 effort, which is now outdated,
was 10 cm (1s) [8]. By condraining the solution to the appropriate ITRF, the improved
coordinates for these permanent DoD gtations represent a refined GPS-redization of the WGS
84 reference frame.

The two sets of self-consstent GPS-realized coordinates (Terrestria Reference
Frames) derived to date have been designated ‘WGS 84 (G730)’ and ‘WGS 84 (G873)’. The
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‘G’ indicates these coordinates were obtained through GPS techniques and the number
following the ‘G’ indicates the GPS week number when these coordinates were implemented in
the NIMA precise ephemeris estimation process. The dates when these refined station
coordinate sets were implemented in the GPS OCS were 29 June 1994 and 29 January 1997,

respectively.

The most recent set of coordinates for these globaly digtributed dations is
provided in Table 2.1. The changes between the G730 and G873 coordinate sets are given in
Table 2.2. Note that the most recent additions to the NIMA sation network, the station
located at the US Nava Observatory (USNO) and the Station located near Beijing, China,
exhibit the largest change between coordinate sets. This result is due to the fact that these two
stations were not part of the G730 genera geodetic solution conducted in 1994. Instead, these
two stations were postioned usng NIMA's ‘GASP geodetic point positioning agorithm [10],
which was shown & the time in 1994, to produce geodetic postions with an uncertainty of 30
cm (1s, each component). The results shown in Table 2.2 corroborate this belief.

Table2.1
WGS 84 Station Set G873: Cartesian Coordinates*, 1997.0 Epoch
NIMA
Station L ocation Station X (km) Y (km) Z (km)
Number
Air_Force Stations
Colorado Springs 85128 | -1248.597221 | -4819.433246 | 3976.500193
Ascension 85129 6118.524214 | -1572.350829 | -876.464089
Diego Garcia(<2 Mar 97) 85130 1917.032190 | 6029.782349 | -801.376113
Diego Garcia(>2 Mar 97) 85130 1916.197323 | 6029.998996 | -801.737517
Kwgdein 85131 | -6160.884561 | 1339.851686 | 960.842977
Hawaii 85132 | -5511.982282 | -2200.248096 | 2329.481654
NIMA Stations
Audrdia 85402 | -3939.181976 | 3467.075383 | -3613.221035
Argentina 85403 2745.499094 | -4483.636553 | -3599.054668
Englad 85404 3981.776718 -89.239153 | 4965.284609
Bahran 85405 3633.910911 | 4425.277706 | 2799.862677
Ecuador 85406 1272.867278 | -6252.772267 -23.801890
US Nava Observatory 85407 1112.168441 | -4842.861714 | 3985.487203
China 85409 | -2148.743914 | 4426.641465 | 4044.656101

* Coordinates are at the antenna electrica center.




Table2.2
Differences between WGS 84 (G873) Coordinates and Prior WGS 84 (G730) Coordinates
Being Used in Orbital Operations* (Compared at 1994.0 Epoch)

NIMA
Station L ocation Station D East D North D Ellipsoid
Number (cm) (cm) Height (cm)
Air Force Stations
Colorado Springs 85128 0.1 1.3 3.3
Ascension 85129 20 4.0 -1.1
Diego Garcia(<2 Mar 97) 85130 -3.3 -8.5 52
Kwgden 85131 4.7 0.3 41
Hawali 85132 0.6 2.6 2.7
NIMA Stations
Audrdia 85402 -6.2 -2.7 7.5
Argentina 85403 -1.0 4.1 6.7
England 85404 8.8 7.1 11
Bahrain 85405 -4.3 -4.8 -8.1
Ecuador 85406 -2.0 2.5 10.7
US Naval Observatory 85407 39.1 7.8 -3.7
China 85409 31.0 -8.1 -1.5

* Coordinates are at the antenna electrica center.

In summary, these improved daion coordinate sets, in particular WGS 84
(G873), represent the most recent redization(s) of the WGS 84 reference frame.  Further
improvements and future redizations of the WGS 84 reference frame are anticipated.  When
new stations are added to the permanent DoD GPS tracking network or when existing stations
(and/or antennas) are moved or replaced, new station coordinates will be required. As these
changes occur, NIMA will take steps to ensure that the highest possible degree of fiddity is
maintained and changes are identified to the appropricte organizations using the naming
conventions described above.

2.2.1 Agreement with the ITRF

The WGS 84 (G730) reference frame was shown to be in agreement,
after the adjustment of a best fitting 7-parameter transformation, with the ITRF92 a a leve
gpproaching 10 cm [10]. While smilar comparisons of WGS 84 (G873) and ITRFH4 are ill
underway, extensive daily orbit comparisons between the NIMA precise ephemerides (WGS
84 (G873) reference frame) and corresponding 1GS ephemerides (ITRF94 reference frame)
reved systematic differences no larger than 2 cm [40]. The day-to-day dispersion on these
parameters indicates that these differences are datigticaly inggnificant. Note that a set of
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ephemerides represents a unique redlization of a reference frame that may differ dightly from a
corresponding realization obtained from stations on the Earth.

2.2.2 Tempord Effects

Since the fidelity of the current redlization of the WGS 84 reference frame
is now dgnificantly better than a decimeter, previoudy ignored phenomena must now be taken
into account in precise geodetic applications. Tempord changes in the crust of the Earth must
now be modeled or estimated. The most important changes are plate tectonic motion and tida
effects on the Earth’s crust.  These are each discussed briefly below. Tempord effects may
also require an epoch to be designated with any set of absolute station coordinates. The epoch
of the WGS 84 (G730) reference frame, for example, is 1994.0 while the epoch associated
with the WGS 84 (G873) reference frame is 1997.0.

2.2.2.1 PateTectonic Mation

To maintain centimeter-level dability ina CTRS, agiven st of
gation positions represented at a particular epoch must be updated for the effects of plate
tectonic motion.  Given sets of globdly distributed station coordinates, represented a a
particular epoch, their positions dowly degrade as the stations ride along on the tectonic plates.
This motion has been observed to be as much as 7 cmlyear a some DoD GPS tracking
dations. One way to handle these horizontal motions is to estimate velocity parameters dong
with the station position parameters. For most DoD applications, this gpproach is not practica
snce the obsarvation period is not sufficiently long and the geodetic surveying agorithms in
common use are not equipped to perform this function. Instead, if the accuracy requirements of
a DoD application warrant it, DoD practitioners must decide which tectonic plate a given station
is on and gpply a plate motion modd to account for these horizontd effects. The current
recommended plate motion model is known as NNR-NUVEL 1A and can be found in [1]. A
map of the sixteen mgor tectonic platesis givenin Figure 2.2 [12].

The amount of time elgpsed between the epoch of a station’'s
coordinates and the time of interest will be a dominant factor in deciding whether application of
this plate motion modd iswarranted. For example, a station on a plate that moves a arate of 5
cm/year may not require this correction if the epoch of the coordinates is less than a year in the
past. If, however, these same coordinates are used over a 5-year period, 25 cm of horizontal
disolacement will have accumulated in that time and gpplication of this correction may be
advisable, depending on the accuracy requirements of the geodetic survey.



Figure 2.2 Tectonic Plate Map
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Present-day Major Tectonic Plates and Plate Boundaries

*Several minor plates not shown



2.2.2.2 Tidd Effects

Tidd phenomena are another source of tempord and
permanent displacement of a dation’s coordinates. These displacements can be modeled to
some degree.  In the most demanding applications (cm-level or better accuracy), these
displacements should be handled as outlined in the IERS Conventions (1996) [1]. The results
of following these conventions lead to station coordinates in a ‘ zero-tide system. In practice,
however, the coordinates are typicaly represented in a‘tide-free’ system. Thisisthe procedure
followed in the NIMA GPS precise ephemeris estimation process. In this ‘tide-free system,
both the tempora and permanent displacements are removed from a station’ s coordinates.

Note that many practical geodetic surveying agorithms are not
equipped to rigoroudy account for these tidal effects. Often, these effects are completely
ignored or alowed to ‘average-out’. This approach may be adequate if the data collection
period is long enough since the mgority of the digolacement is diurnd and semi-diurnd.
Moreover, coordinates determined from GPS differentid (baseline) processing would typicaly
contain whatever tidal components are present in the coordinates of the fixed (known) end of
the basdline. If decimeter level or better absolute accuracy is required, careful consideration
must be given to these gtation displacements since the peak absolute, instantaneous effect can
be as large as 42 cm [11]. In the most demanding applications, the rigorous model outlined in
[1] should be applied.

2.3 Mathematical Redationship Between the Conventiona Celesid Reference System
(CCRS) and the WGS 84 Coordinate System

Since sadlite equations of motion are appropriately handled in an inertia
coordinate system, the concept of a Conventiond Celestid Reference Sysem (CCRS)
(aternately known as a Conventiond Inertid System (ClS)) is employed in most DoD orhbit
determination operations. In practical orbit determination applications, andysts often refer to
the J2000.0 Earth-Centered Inertia (ECI) reference frame which is a particular, widely adopted
CCRS that is based on the Fundamenta Katalog 5 (FK5) star catdog. Since a detailed
definition of these concepts is beyond the scope of this document, the reader is referred to [1],
[13], [14] and [15] for in-depth discussions of this topic.

Traditiondly, the mathematica reationship between the CCRS and a CTRS (in
this case, the WGS 84 Coordinate System) is expressed as.

CTRS=[A] [B] [C] [D] CCRS (2-1)
where the matrices A, B, C and D represent the effects of polar motion, Earth rotation, nutation
and precession, respectively. The specific formulations for the generation of matrices A, B, C
and D can be found in the references cited above. Note that for near-red-time orbit

determination applications, Earth Orientation Parameters (polar motion and Earth rotation
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variaions) that are needed to build the A and B matrices must be predicted values. Because
the driving forces that influence polar mation and Earth rotaion variations are difficult to
characterize, these Earth orientation predictions are performed weekly. Within the DoD,
NIMA and the USNO supply these predictions on a routine bass. The NIMA Earth
orientation predictions adhere to a specific formulation documented in ICD-GPS-211 [16].
When this ICD-GPS-211 prediction modd is evauated a a specific time, these predictions
represent offsets from the IRP in the direction of @ and 270° longitude, respectively. The
UT1-UTC predictions represent the difference between the actud rotationa time scae, UT1,
and the uniform time scde, UTC (Coordinated Universd Time). Further details on the
prediction adgorithm can be found in [17], while recent assessments of the agorithm's
performance can be found in [18] and [19].

2.3.1 Tidd Vaiaionsin the Eath's Rotation

The actud Earth rotation rate (represented by UT1) undergoes periodic
vaiations due to tida deformation of the polar moment of inertia. These highly predictable
periodic variations have a peak-to-peak amplitude of 3 milliseconds and can be modded by
using the formulation found in Chapter 8 of [1]. If an orbit determination application requires
extreme accuracy and uses tracking data from sations on the Earth, these UT1 variations
should be modeled in the orbit estimation process.
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3. WGSS84ELLIPSOID

31 Generd

Globa geodetic applications require three different surfaces to be clearly defined.
The firg of these is the Earth’s topographic surface. This surface includes the familiar landmass
topography as well as the ocean bottom topography. In addition to this highly irregular
topographic surface, a definition is needed for a geometric or mathematical reference surface,
the dlipsoid, and an equipotentia surface caled the geoid (Chapter 6).

While sdlecting the WGS 84 Ellipsoid and associated parameters, the origina
WGS 84 Development Committee decided to closely adhere to the agpproach used by the
International Union of Geodesy and Geophysics (IUGG), when the latter established and
adopted Geodetic Reference System 1980 (GRS 80) [20]. Accordingly, a geocentric lipsoid
of revolution was taken as the form for the WGS 84 Ellipsoid. The parameters sdlected to
origindly define the WGS 84 Ellipsoid were the semi-mgor axis (a), the Earth’s gravitationd
constant (GM), the normalized second degree zonal gravitationd coefficient (C,,) and the

angular velocity (w) of the Earth (Table 3.1). These parameters are identical to those of the
GRS 80 Ellipsoid with one minor exception. The form of the coefficient used for the second
degree zond is that of the origind WGS 84 Earth Gravitationa Modd rather than the notation
'}’ used with GRS 80.

In 1993, two efforts were initiated which resulted in sgnificant refinements to
these origind defining parameters. The first refinement occurred when DMA recommended,
based on a body of empirical evidence, a refined vaue for the GM parameter [21], [10]. In
1994, this improved GM parameter was recommended for use in al high-accuracy DoD orbit
determination gpplications. The second refinement occurred when the joint NIMA/NASA
Earth Gravitationa Modd 1996 (EGM 96) project produced a new estimated dynamic vaue for
the second degree zona coefficient.

A decision was made to retain the origind WGS 84 Ellipsoid semi-mgjor axis and
flattening values (a = 6378137.0 m and 1/f = 298.257223563). For this reason the four
defining parameters were chosento be g, f, GM and w. Further details regarding this decison
are provided below. The reader should dso note that the refined GM vaue is within 1s of the
origind (1987) GM vaue. Additionally there are now two distinct values for the C,, term.

Onedynamically derived C,,, as part of the EGM96 and the other, geometric C,, , implied by
the defining parameters. Table 3.1 contains the revised defining parameters.



3.2 Defining Parameters

3.2.1 Semi-major Axis (a)

The semi-mgor axis (a) is one of the defining parameters for WGS 84.
Its adopted vaue is.

a= 6378137.0 meters (3-)

Thisvaue isthe same as that of the GRS 80 Ellipsoid. As dated in[22],
the GRS 80, and thus the WGS 84 semi-mgjor axis is based on estimates from the 1976-1979
time period determined using laser, Doppler and radar dtimeter data and techniques.  Although
more recent, improved estimates of this parameter have become available, these new estimates
differ from the above vaue by only a few decimeters. More importantly, the vast mgority of
practical applications such as GPS receivers and mapping processes use the dlipsoid as a
convenient reference surface. 1n these applications, it is not necessary to define the dlipsoid that
best fits the geoid. Instead, common sense and the expense of numerous software modifications
to GPS receivers and mapping processes guided the decision to retain the origina reference
elipsoid. Moreover, this approach obviates the need to transform or re-compute coordinates
for the large body of accurate geospatial data which has been collected and referenced to the
WGS 84 Hllipsoid in the last decade. Highly specidized gpplications and experiments which
require the ‘best-fitting' dlipsoid parameters can be handled separately, outside the mainstream
of DoD geospatid information generation.

3.2.2 Hattening (f)

The flattening (f) is now one of the defining parameters for WGS 84 and
remains the same as in previous editions of TR8350.2. Its adopted valueis:

Ut = 298.257223563 (3-2

As discussed in 3.2.1, there are numerous practical reasons for retaining this flattening vaue
aong with the semi-mgjor axis as part of the definition of the WGS 84 Ellipsoid.

The origind WGS 84 development effort used the normalized second
degree zond harmonic dynamic (C,, ) vaue as a defining parameter. In this case, the dlipsoid
flattening value was derived from (C,, ) through an accepted, rigorous expression. Incidentally,
this derived flattening turned out to be dightly different than the GRS 80 flattening because the
(C,,) vaue was truncated in the normalization process. Although this dight difference has no

practica consequences, the flattening of the WGS 84 Ellipsoid is numericdly digtinct from the
GRS 80 flattening.



3.2.3 Earth's Gravitationa Congtant (GM)

3.2.31 GM with Eath's Atmosphere Included (GM)

The centrd term in the Earth's gravitaiond fidd (GM) is
known with much greater accuracy than ether ‘G, the universa gravitationd congant, or ‘M’,
the mass of the Earth. Significant improvement in the knowledge of GM has occurred since the
origind WGS 84 development effort. The refined value of the WGS 84 GM parameter, ong
withits 1s uncertanty is

GM = (3986004.418 + 0.008) x 10° /<2 (3-3)

This vaue includes the mass of the amosphere and is based on severd types of space
measurements.  This vaue is recommended in the IERS Conventions (1996) [1] and is dso
recommended by the Internationd Association of Geodesy (IAG) Specid Commisson SC3,
Fundamentad Congants, XXI IAG Generd Assembly [23]. The edtimated accuracy of this
parameter isdiscussed in detall in [24].

3.2.3.2 Specid Condderationsfor GPS

Based on arecommendation in a DMA letter to the Air Force
[21], the refined WGS 84 GM value (3986004.418 x 10° nv/s?) was implemented in the GPS
Operationd Control Segment (OCYS) during the fal of 1994. This improvement removed a 1.3
meter radia bias from the OCS orbit estimates. The process that generates the predicted
broadcast navigation messages in the OCS aso uses a GM vaue to create the quasi-Keplerian
elements from the predicted Cartesan date vectors. The broadcast dements are then
interpolated by a GPS receiver to obtain the satellite position at a given epoch.

To avoid any loss of accuracy, the GPS recever's
interpolation process must use the same GM vadue that was used to generate the fitted
parameters of the broadcast message. Note that this fitting process is somewhat arbitrary but
must be commensurate with the algorithm in the receiver. Because there are many thousands of
GPS receivers in use around the world and because proposed, coordinated software
modifications to these receivers would be a costly, unmanagesble endeavor, Aerospace
Corporation [25] suggested that the origind WGS 84 GM vaue (3986005.0 x 10° n/s’) be
retained in GPS receivers and in the OCS process which fits a set of broadcast elements to the
Cartesan vectors. This gpproach takes advantage of the improved orbit accuracy for both the
estimated and predicted states facilitated by the refined GM vaue and avoids the expense of
software modifications to al GPS recavers.

For the above reasons, the GPS interface control document
(ICD-GPS-200) which defines the space segment to user segment interface should retain the
origind WGS 84 GM vaue. The refined WGS 84 GM vaue should continue to be used in the
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OCS orhit estimation process. Most importantly, this gpproach avoids the introduction of any
error to a GPS user.

3.2.3.3 GM of the Earth’'s Atmosphere

For some applications, it is necessary to ether have a GM
vaue for the Earth that does not include the mass of the atmosphere or have a GM vaue for the
amosphere itsdf. To achieve this it is necessary to know both the mass of the Earth’s
atmosphere, M, and the universal gravitationa congant, G.

Using the value recommended for G [26] by the IAG, and the
accepted vaue for My [27], the product GM, to two dgnificant digits yidds the vadue

recommended by the IAG for this congant. This vaue, with an assgned accuracy estimate,
was adopted for use with WGS 84 and has not changed from the previous editions of this
report:

GMa= (3.5+ 0.1) x 10° n7/s° (3-4)

3.2.34 GM with Eath’'s Atmosphere Excluded (GM Q)

The Earth’s gravitational constant with the mass of the Earth's
atmosphere excluded (GM¢), can be obtained by smply subtracting GM, Equation (3-4), from
GM, Equation (3-3):

GM¢= (3986000.9 + 0.1) x 10® nT/s’ (3-5)

Note that GM ¢is known with much less accuracy than GM due to the uncertainty introduced by
GMa.

3.2.4 Angular Vdocity of the Earth (w)

The vaue of w used as one of the defining parameters of the WGS 84
(and GRS 80) is:

w = 7292115 x 10™** radians/second (3-6)

This vaue represents a standard Earth rotating with a constant angular velocity. Note that the
actud angular velocity of the Earth fluctuates with time. Some geodetic applications that require
angular velocity do not need to consder these fluctuations.

Although w is suitable for use with a sandard Earth and the WGS 84
Ellipsoid, it isthe Internationd Astronomica Union (IAU), or the GRS 67, verson of this vaue
(w:
34



we= 7292115.1467 x 10™* radians/second (3-7)
that was used with the new definition of time [28].

For conagent saellite gpplications, the vdue of the Eath's angular
veocity (wd from equation (3-7), rather than w, should be used in the formula:

W* = W m (3-8)

to obtain the angular velocity of the Earth in a precessing reference frame (W*). In the above
equation [28] [14], the precession rate in right ascension (M) is:

m = (7.086 x 10™ + 4.3 x 10™ Ty) radiang/second (3-9)
where:

Ty = Jdulian Centuries from Epoch J2000.0

Ty = du/36525

du = Number of days of Universa Time (UT) from Julian Date
(JD) 2451545.0 UT1, teking on values of £ 0.5, + 1.5, + 2.5...

dy = JD - 2451545

Therefore, the angular velocity of the Earth in a precessng reference
frame, for satdlite gpplications, is given by:

w* = (7292115.8553 x 10™ + 4.3 x 10 Ty) radians/second  (3-10)

Note that values for w, w¢and w* have remained unchanged from the previous edition.

Table3.1
WGS 84 Four Defining Parameters
Par ameter Notation Value
Semi-mgor Axis a 6378137.0 meters
Reciprocd of Fatening Ut 298.257223563
Angular Veodity of the Earth w 7292115.0 x 10 rad/s
Earth’'s Gravitational Congtant GM 3986004.418 x 10°nt/s*
(Mass of Earth’s Atmosphere
Included)




Table3.2
WGS 84 Parameter Vaues for Specia Applications

Par ameter Notation Value Accuracy (1s )
Gravitational Constant GM¢ | 3986000.9x 10°nt/s | +0.1x 10° nv/s’
(Massof Earth's
Atmosphere Not Included)

GM of the Eath's GMa 3.5x 10° n?/s’ +0.1x 10° n/s
Atmosphere

Angular Velodity of the W (7292115.8553 x 10™ + +0.15x 10™
Earth (In a Precessing 4.3x10™ Ty) rad/s rad/s
Reference frame)

3.3 Derived Geometric and Physica Congtants

Many congtants associated with the WGS 84 Ellipsoid, other than the four
defining parameters (Table 3.1), are needed for geodetic gpplications. Using the four defining
parameters, it is possble to derive these associated condtants. The more commonly used
geometric and physica congtants associated with the WGS 84 Ellipsoid are listed in Tables 3.3
and 34. The formulas used in the caculation of these congtants are primarily from [20] and
[29]. Derived congants should retain the listed significant digits if consstency among the
precison levels of the various parametersis to be maintained.

3.3.1 Deived Geometric Congants

The origind WGS 84 definition, as represented in the two previous
editions of this document, desgnated the normdized second degree zond gravitationa
coefficient (C,, ) as adefining parameter. Now that the lipsoid flattening is used as a defining
parameter, the geometric C,, is derived through the defining parameter set (a, f, GM and w).
The new derived geometric 62’0 equals -0.484166774985 x 10° which differs from the
origind WGS 84 C,, by 7.5015 x 10*. This difference is within the accuracy of the origina
WGS 84 C,, whichwas+1.30 x 10°.

The differences between the dynamic and geometric even degree zond
harmonics to degree 10 are used in sphericad harmonic expangons to caculate the geoid and
other geodetic quantities as described in Chapters 5 and 6 of this report. The dynamic C,,

vaue provided in Table 5.1 should be used in orbit determination applications. A complete
description of the EGM 96 geopotentia coefficients can be found in Chapter 5.



Table3.3

WGS 84 Ellipsoid Derived Geometric Constants

Congant Notation Value
Second degree Zona Harmonic C,, -0.484166774985 x 10°
Semi-minor Axis b 6356752.3142 m
First Eccentricity e 8.1819190842622 x 10
First Eccentricity Squared e 6.69437999014 x 10
Second Eccentricity et 8.2094437949696 x 107
Second Eccentricity Souared ef 6.73949674228 x 10°
Linear Eccentricity E 5.2185400842339 x 10°
Polar Radius of Curvature C 6399593.6258 m
Axis Ratio b/a 0.996647189335
Mean Radius of Semi-axes Ry 6371008.7714 m
Redius of Sphere of Equal Area R, 6371007.1809 m
Radius of Sphere of Equa Volume Rs 6371000.7900 m
Table3.4
Derived Physicd Congtants
Congtant Notation Value
Theoretical (Normal) Gravity Uo 62636851.7146 nt/s’
Potentia of the Ellipsoid
Theoreticd (Normad) Gravity at the G 9.7803253359 m/s?
Equator (on the Ellipsoid)
Theoreticd (Normal) Gravity & the % 9.8321849378 m/s?
pole (on the Ellipsoid)
Mean Vaue of Theoretica g 9.7976432222 m/s”
(Normdl) Gravity
Theoreticd (Normd) Gravity k 0.00193185265241
Formula Constant
Mass of the Earth (Includes M 5.9733328 x 10** kg
Atmosphere)
mEwWatb/GM m 0.00344978650684




3.3.2 Physcd Congants

In addition to the above congtants, two other congtants are an integrd
part of the definition of WGS 84. These condants are the velocity of light (¢) and the dynamica

dlipticity (H).

The currently accepted vaue for the velocity of light in a vacuum (c) is
[301, [1], [23]:

C = 299792458 m/s (3-11)

Thisvaueis officidly recognized by both the IAG [26] and IAU [14] and has been adopted for
use with WGS 84.

The dynamicd dlipticity (H) is necessxy for determining the Earth’'s
principa moments of inertia, A, B and C. In the literature, H is varioudy referred to as
dynamicd dlipticity, mechanicd dlipticity, or the precessond condant. It is a factor in the
theoretical value of the rate of precesson of the equinoxes, which is wel known from
observation. Ina 1983 IAG report on fundamenta geodetic congtants [31], the following value
for the reciproca of H was given in the discussion of moments of inertia

1/H = 305.4413 + 0.0005 (3-12)
This vaue has been adopted for use with WGS 84.

Vdues of the velodty of light in a vacuum and the dynamica dlipticity
adopted for use with WGS 84 are listed in Table 3.5 dong with other WGS 84 associated
constants used in specia applications.

Table3.5
Rdevant Miscellaneous Congtants

Congtant Notation Value
Vdodity of Light (inaVacuum) c 299792458 m/s
Dynamicd Ellipticity H 1/305.4413
Universd Constant of Gravitation G 6.673 x 10 nt/kg &
Earth’s Principd Moments of Inertia A 8.0091029 x 10*" kg n¥
(Dynamic Solution) B 8.0092559 x 10*" kg n?
C 8.0354872 x 10°" kg nt




4. WGS84ELLIPSOIDAL GRAVITY FORMULA

4.1 Generd

The WGS 84 Ellipsoid is identified as being a geocentric equipotentia lipsoid of
revolution. An equipotentid dlipsoid is smply an dlipsoid defined to be an equipotentia
surface, i.e,, a surface on which the vaue of the gravity potentid is the same everywhere. The
WGS 84 dlipsoid of revolution is defined as an equipotentia surface with a specific theoretica
gravity potentid (U). Thistheoretica gravity potentid can be uniquely determined, independent
of the dengty digtribution within the dlipsoid, by usng any system of four independent congtants
as the defining parameters of the dlipsoid. As noted earlier in the case of the WGS 84 Ellipsoid
(Chapter 3), these are the semi-mgjor axis (a), the inverse of the flattening (1/f), the Earth’s
angular velocity (w) and the Earth’ s gravitationd congtant (GM).

4.2 Norma Gravity on the Ellipsoidd Surface

Theoreticd normd gravity (g), the magnitude of the gradient of the normd
potentia function U, is given on (a) the surface of the dlipsoid by the closed formula of
Somigliana[33]:

1+ksn?f

0=0,—F7——— 4-1
J1- e’ sn’f 4D
where:

b,
ag,

k= -1

a b =semi-mgor and semi-minor axes of the dlipsoid, respectively

d., 9, = theoretica gravity at the equator and poles, respectively

e = suare of the first dlipsoidal eccentricity

f = geodetic latitude

This form of the normd gravity equation is the WGS 84 Ellipsoidd Gravity
Formula. The equipotentid €lipsoid not only serves as the reference for horizontal and vertica

surfaces, or geometric figure of the Earth, but aso serves as the reference surface for the normal
gravity of the Earth.
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If the MKS (Meter-Kilogram-Second) unit system is used to evaluate Equation
(4-1), or for that matter any gravity formula in this Chapter, the gravity unit will be m/s® which
can be converted to milligals (abbreviated mgal) by the conversion factor, 1 m/s? = 10° megdl.

4.3 Norma Gravity Above the Ellipsoid

When the geodetic height (h) is small, norma gravity above the élipsoid can be
edimated by upward continuing g at the dlipsoida surface using a truncated Taylor series

expanson:
9, ,17°9,.
=g+—h+=—h 4-2
A frequently used Taylor series expansion for normd gravity above the dlipsoid
with a pogtive direction downward dong the geodetic normd to the reference dlipsoid is.

7 2 3 Ay
o =g§l-g(1+f+m- 2fs'n2f)>h+¥h2§ (4-3)
where:
_wia’b
m=
GM

f = dlipsoidd flattening

a=semi-mgor axis

f = geodetic latitude

¢ = normd gravity on the élipsoid a geodetic latitude f

The derivation of Equation (4-3) can befound in [33].

At moderate and high geodetic heights where Equation (4-3) may yidd results
with less than desired accuracy, an dternate approach based on formulating normd gravity in
the elipsoidd coordinate system (u,b,l ) is recommended over the Taylor series method. The
coordinae u is the semi-minor axis of an dlipsoid of revolution whose surface passes through
the point Pin Figure 4.1. Thisdlipsoid is confocd with the reference dlipsoid and therefore has
the same linear eccentricity E =+a’- b’ . Its semi-mgjor axis (ad is given by the radicd

expression vu® +E? which reduces to the semi-mgjor axis (a) of the reference dlipsoid when
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u=b. Theb coordinate is known in geodesy as the “reduced latitude’ (the definition isseenin
Figure 4.1) and | is the usud geocentric longitude with a vaue in the open interva [O°E,
360°E).

The component (9 ) of the total normal gravity vector (S ) that is colinear with
the geodetic norma line for point P in Figure 4.2 and directed positively downward can be
estimated with sub-microgd precison to geodetic heights of a least 20,000 meters by using the

normal gravity components, 9., 9% and 9 inthedlipsoida coordinate system:

Oy @Ua| =1L + & +0F (4-4)

The norma gravity fied from the dlipsoida representation is symmetrica about
the rotation axis and therefore 9 = 0. The radica expression in Equation (4-4) is the true

magnitude of the totd normal gravity vector Gww that is perpendicular to the equipotential
surface passing through the point P at geodetic height h. The fact that the angular separation (e)

in the Inset of Figure 4.2 between the component 9y and the total normal gravity vector ioa
a the point P is small, even for large geodetic heights, is the basis for usng Equation (4-4) to
approximate the component 9,. On the reference dlipsoidd surffacewhereh =0, g, =0 and
u = b, Equation (4-4) is equivaent to Somigliana s Equation (4-1).

The two ellipsoida components (g, g, ) of the norma gravity vector S that

are needed in Equation (4-4) are shown in [33] to be functions of the elipsoida coordinates
(u,b) shown in Figure 4.1. These two components can be computed with unlimited numerica
accuracy by the closed expressions.

1é GM a’E q¢
gu(u’b): e 2 ke xq_

1
sin’b - gu+ww xuxcos’ b (4-5)

W& vE? WP+E? q, €2° 6%
g, (ub) = V%H/%xqisnbcosb- %W Ju? +E? sinbcosb (4-6)
u
where:

E - aZ _ b2 (4-7)
, . 12
é 1 2,2 b
= I 4E°z LG
—(x%2 +y2+2%- E?)x1+ |1+ v )

u= .é.Z(X y? +2° )>ﬁ J X2 +y +zZ-E2)2yQ (4-8)
é f b
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& Ju?+E?9Q

b = arctan®

- 4-9
gux*+y* 5 o

2 2 .2
u°+E“sn‘b
e (10

_18 +3u—0arctan — 3— 4-11
q 2? E’o ufZj Eu (-11)
L% 50 0 0. 52! 412
o = zg[ E’o Y (412
¢=38+ arctangEgu-l i
qe=34 Ezuxgl z g (*13)

The rectangular coordinates (x,y,z) required in Equations (4-8) and (4-9) can be
computed from known geodetic coordinates (f ,1 ,h) through the equations:

x = (N +h)cosf cosl

y=(N+h)cosfsn| (4-14)
=((b?/a? )N +h)sinf
where the radius of curvature in the prime vertica (N) is defined by the equation:

a
(1- ezsinzf)‘/2

The description of the coordinate system defined by Equations (4-14) is given in

N =

(4-15)

Chapter 2.

To compute the component g, a point P in Figure 4.2 exactly, (account for the

anglee in Figure 4.2 that is being treated as negligible in Equation (4-4)), the dlipsoidd normd
gravity components g, and g, are rotated to a spherica coordinate system (r,y ,| ) resulting in

the spherical norma gravity components, g, and g,. Then, the spherica components are
projected onto the geodetic normd line through point P usng the angular difference
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(a =f -y ) between geodetic (f ) and geocentric (y ) latitudes. The equations to calculate the
exact valueof 9, a point Pfollow:

g, =- g cos(a)- g, sin(a) (4-16)

where from [33]:

Oe Or Os
19,0 19,0 160
(g,y %O [ gy NGO gy b 4 =R,R,G,
19 bgipoe 19 pyzoue 19 by
(4-17)
¢ cosb cosl ! sn b cosl snl l}
&EFT—— - — - a
awA/u® + E W G
é . 1. . a
R, = gz—————cosbsanl - —dgnbanl cosl
! gW [u? + E2 W H (4-18)
A 1. u '
€ —snb ——————cosb o U
g w w+/u? +E? H
é cosy cosl cosy snl  dny
R, = g- gnycosl -dny dnl cosyg (4-19)
g -dnl cosl| 0 ¢
a=f-vy. (4-20)

The 9 component in the two normal gravity vectors, 9= and O in Equation (4-
17) is zero snce the normd gravity potentia is not afunction of longitude | . The definitions for
the other two relevant angles depicted in the Inset of Figure 4.2 are:

e=g- a (4-21)

0

q= arctang'ii (4-22)
9 g

suchthat -p/2 £ q£ p/2.
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The equations listed here for the angles (2.€,4) are gpplicable to both the
northern and southern hemispheres. For positive h, each of these angles is zero when point P is
directly above one of the poles or lies in the equatorid plane. Elsawhere for h > 0, they have
the same sign as the geodetic latitude for point P. For h=0, theanglesa and q are equa and
e =0. Numericd results have indicated that the angular separation (e) between the component

g, and the totl normal gravity vector G sdisfies the inequaity |e | < 4 arcseconds for

geodetic heights up to 20,000 meters. For completeness the component (9; ) of the totd
normd gravity vector @, a point P in Figure 4.2 that is orthogond to g, and lies in the
meridian planefor point P is given by the expression:

g =-g,sn(a)+g, cosfa) (4-23)

The component g, has a positive sense northward. For geodetic height h = 0, the g,

component is zero. Numericd testing with whole degree | atitudes showed that the magnitude of
g, remains less than 0.002% of the vaue of g, for geodetic heights up to 20,000 meters.

Equations (4-16) and (4-23) provide an dternative way to compute the magnitude |§tota| | of the
totd norma gravity vector through the equation:

|gtotal| = 1[ gﬁ + gf2 (4'24)

In summary then, for near-surface geodetic heights when sub-microgd precison
is not necessary, the Taylor series expanson Equation (4-3) for g, should suffice. But, when
the intended agpplication for g, requires high accuracy, Equetion (4-4) will be a close
gpproximation to the exact Equation (4-16) for geodetic heights up to 20,000 meters. Of
course, G, can be computed using the exact Equation (4-16) but this requires that the
computational procedure include the two transformations, R; and R,, that are shown in
Equation (4-17). Because the difference in results between Equations (4-4) and (4-16) is less
than one nga (10° ga) for geodetic heights to 20,000 meters, the transformation approach
would probably be unnecessary in mogt Situations. For gpplications requiring pure attraction
(attraction without centrifugal force) due to the norma gravitationd potentid V, the u- and b-
vector components of norma gravitation can be computed easily in the dlipsoidd coordinate
system by omitting the last term in Equations (4-5) and (4-6) respectively. These lagt attraction
terms account for the centrifugal force due to the angular velocity w of the reference elipsoid.
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5.  WGS84EGM96 GRAVITATIONAL MODELING

51 Earth Gravitationd Modd (EGM96)

The form of the WGS 84 EGM96 Eath Gravitationd Mode is a sphericd
harmonic expanson (Table 5.1) of the gravitationa potentid (V). The WGS 84 EGM96,
complete through degree (n) and order (m) 360, is comprised of 130,317 coefficients.

EGM96 was a joint effort that required NIMA gravity data, NASA/GSFC
satellite tracking data and DoD tracking datain its development. The NIMA effort conssted of
developing worldwide 30¢ and 1I° mean gravity anomdy databases from its Point Gravity
Anomaly file and 5¢x 5¢mean GEOSAT Geodetic Misson geoid height file using least-squares
collocation with the Forsberg Covariance Modd [32] to estimate the find 30¢ x 30¢ mean
gravity anomaly directly with an associated accuracy. The GSFC effort conssted of satellite
orbit modding by tracking over 30 sadlites including new satdlites tracked by Satellite Laser
Ranging (SLR), Tracking and Data Relay Satellite System (TDRSS) and GPS techniquesin the
development of EGM96S (the satellite only model of EGM96 to degree and order 70). The
development of the combinaion modd to 70 x 70 incorporated direct sadlite atimetry
(TOPEX/POSEIDON, ERS1 and GEOSAT) with EGM96S and surface gravity norma
equations. Mgor additions to the satdlite tracking data used by GSFC included new
observations of Lageos, Lageos-2, Ajisa, Sarlette, Stella, TOPEX and GPSMET dong with
GEOS-1 and GEOSAT. Findly, GSFC developed the high degree EGM96 solution by
blending the combination solution to degree and order 70 with a block diagona solution from
degree and order 71 to 359 and a quadrature solution at degree and order 360. A complete
description of EGM 96 can be found in [41].

The EGM96 through degree and order 70 is recommended for high accuracy
satellite orbit determination and prediction purposes. An Earth orbiting satdlite's sengtivity to
the geopotential is strongly influenced by the saelite's dtitude range and other orbita
parameters. DoD programs performing satellite orbit determination are advised to determine
the maximum degree and order that is most appropriate for their particular misson and orbit
accuracy requirements.

The WGS 84 EGM96 coefficients through degree and order 18 are provided in
Table 5.1 in normdized form. An eror covariance matrix is avalable for those coefficients
through degree and order 70 determined from the weighted least squares combination solution.
Coefficient Sgmas are avallable to degree and order 360. Gravity anomaly degree variances
are given in Table 5.2 for the WGS 84 EGM 96 (degree and order 360). Requesters having a
need for the full WGS 84 EGM 96, its error data and associated software should forward their
correspondence to the address listed in the PREFACE.



5.2 Gravity Potential (W)

The Earth’s total gravity potential (W) is defined as:
W=V+o (5-1)

where @ is the potential due to the Earth’s rotation. If o is the angular velocity (Equation
(3-6)), then:

1
o= 5 (x)z(x2 + yz) (5-2)

where x and y are the geocentric coordinates of a given point in the WGS 84 reference
frame (See Figure 2.1).

The gravitational potential function (V) is defined as:

V= G_M{l + i n (2) P,. (sin ¢’)(6nm cosmA + S, sin mk) (5-3)
r n=2 m=0 r
where:

\Y = Gravitational potential function (m?/s?)

GM = Earth’s gravitational constant

r = Distance from the Earth’s center of mass
a = Semi-major axis of the WGS 84 Ellipsoid
n,m = Degree and order, respectively

¢’ = Geocentric latitude

A= Geocentric longitude = geodetic longitude

Enm ,Enm = Normalized gravitational coefficients
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P,.(sinf § =Normalized associated Legendre function

e 12
- |
:g(n m).(2n+l)k3 P_(sinf 4
& (n+tm)t

P.m(anf ¢ = Associated Legendre function

d

W[Pn(sinf 9]

= (cosf d(sin

P.(sinf § = Legendre po