A280 358

"';-'.The .
 Defense
Mappmg

.,Agency

NMMWWMWWWM ]

DMA Technical Report

DEPARTMENT OF DEFENSE
WORLD GEODETIC SYSTEM
1984

ITS DEFINITION AKD
RELATIONSHIPS WITH
LOCAL GEODEY!IC

SYSTEMS | D"”C |
%& ELECTE %

Jons 619978

%W ¥

94-17382
IWMMMMWTMH

APPROVED FOR PUBLIC RELEASE,
DISTRIBUTION UNLIMITED

s
[

vy oy bt
TE RS
.

Pt e om Lz t T e b et Y
PES T {0 ¢

NS RN i';‘ N P4

R el . &y

DMA STOCK NO. DMATR83502WGS84




REPCRT TOCL Mz ATAT TN PAGE

LY S

sy o 40143
K TroLeinnrcroemy R M R R R AT AR BT SR Bl I ot P L Y P S L Tt AL AR I R 18 SRR
U T NRINeEg IR 21k Nelaed, 110 TTmie b P T AR LA NI S Bl B 11U R LT N DA 1 L R YRR LI ST A
VIR ANON "IN T ALYEEI Ny U TR2Ue St ey TLIeA L InEaA meagQudfTacy L s, | st et s el ematian s ATONY 410 4ROy, 12D Luttoryen
Cay oL 1204 Amaaten, L& L A012.43502, 1w0a0 s s Lt yeasemen,  id 3UGGBt Pa0eraGre pongt A verieet 1010401 88). wWasmington L (3503

GENCY USE ONLY (Leave plark) 2. 'EPORY DATE
1 Sep 91

3. REPQRT T70E AND DATES COVERED
Final

o
ad
'
1
]

T ULE AND SUBTITLE
A Départmen{

Geodetic Systems.

1

of Defense World Geodetic System 1984,
Its Definition and Relationships with Local

(5. FUNDING NUMBERS

i AUTHOR(S)

Report prepared by the DMA WGS 84 Development

Committee

7. ;vERFgRMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Defense Mappiling Agency

Systems Center (SG)
8613 Lee Highway
Fairfax, VA 22031-2138

. i o a2

8. PERFORMING ORGANIZATION
REPORT NUMBER

DMA TR 8350.2
Second Edition
1 September 1991

PANSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

Defense Mapping Agency
Systems Center (SG)
8613 Lee Highway
Fairfax, VA 22031-2138

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

DMA TR 8350.2
Second Edition
1 September 1991

1. 2UPPLEMENTARY NOTES
; The TR 8350.2,

Second Edition, replaces all the previous
editions/printings of TR'S 8350.2 and 8350.2-B.

!123. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release;
Distribution Unlimited

[12b. DISTRIBUTION CODC

Distribution
Unlimited 1

ASTRACT (Maxunum 200 wais)

This technical report presents the Department of Defense (DoD) World
(WGS 84) developed as a replacement for WGS 72.
The development of WGS 84 was initiated for the purpose of providing
the more accurate geodetic and gravitational data required by DoD

The new system represents the Defense
Mapring Agency's modeling of the earth from a geometric, geocdetic, and

Geodetic System 1984

navigation and weapon systems.

gravitational standpoint using data,
available through early 1984.

Additional Doppler and GPS survey information has since been used to
update the datum transformation tables.

techniques, and technology

i UBJECTT
See re

m
ol

?

<
()
=
mll\

e page.

T15, NUMBER OF PAGES
170

16. PRICE CODE

T, LCCURITY CLASSIFICATION 18, SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
JF REPORT QF TS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED
<NTRL0-01-780-5500 Stangard Form 298 (Rev -39}

tengeneg by ANSI Std L39-
Y102




14,

SUBJECT TERMS

Angular Velocity of the Earth, Coordinate Systems, Datums, Datum
Shifts, Datum Transformations, Datum Transformation Multiple
Regression Equations, Earth Gravitational Constant, Earth
Gravitational Model, Ellipsoid Constants, Ellipsoid Flattening,
Ellipsoidal Gravity Formula, Ellipsoid Parameters, Ellipsoid
Semimajor Axis, Flattening, Geodesy, Geodetic, Geodetic Heights,
Geodetic Systems, Geoids, Geoid Heights, Geoid Undulations,
Gravitation, Gravitational Coefficients, Gravitational Model,
Gravitational Potential, Gravity, Gravity Formula, Gravity
Potential, Local Datums, Local Geodetic Datums, Molodensky Datum
Transformation Formulas, Multiple Regression Equations, Reference

Frames, Reference Systems, World Geodetic System, World Geodetic
System 1984, WGS 84.

ii




DEFENSE MAPPING AGENCY

The Defense Mapping Agency provides support to the Office of the

Secretary of Defense (0SD); the Military Departments; the Chaizrman,
Joint Chiefs of Staff and Joint Staff;

the Unified and Specified
Commands;

and the Defense Agencies and other Federal Government
Departments and Agencies on matters concerning mapping,

charting, and
geodesy (MC&G).

- 4
. "
A
v &~
'.,i‘ P :.:
— H
N .
H H
¢ s
P
. '¢:/
[V,

"‘"“’(’

NS .
po - ein ]
;Dmibnﬂml
| PO P . —

Saehility o o

.l Fvatl ot T l|
Sp.cial .

iii




This page is intentionally blank

iv




ACKNOWLEDGMENTS

Responsibility for the development of WGS 84 was vested in a DMA
WGS 84 Development Committee operating initially under the guidance of
Dr. Mark M. Macomber, HQ DMA (DH), and later, Dr. Kenneth I. Daugherty,
DMA Systems Center. The Committee was composed of Dr. Richaxd J.
Anderle, Mr. Ralph L. Kulp, and Mr, Mark G. Tannenbaum, Naval Surface
Warfare Center (NSWC); Dr. Thomas M. Davis, Naval Oceanographic Office
(NAVOCEANO) ; Dr. Patrick J. Fell, Dr. Benny L. Klock, Dr. Muneendra
Kumar, and Mr. Fran B. Varnum, Defense Mapping Agency Hydrographic/
Topographic Center (DMAHTC); and Mr. Clyde R. Greenwalt and Mr. Haschal
L. White, Defense Mapping Agency Aerospace Center (DMAAC). Mr. B.
Louis Decker (DMAAC) was Chairman of the Committee.

The Committce expresses its appreciation to Mrs. Carol A. Malyevac
and Mr. C. Harris Seay, NSWC, and Mr. Louis Abramovitz, Mr. L. Thomas
Appelbaum, Mr. John A. Bangert, Mr. James M. Barth, Mr. Archie E.
Carlson, Mr. Robert E. Catulle, Mrs. Inez J. Dimitrijevich, Mr. Carl E.
Draper, Mrs. Mary S. Ealum, Mrs. Joyce E. Fox, Mr. David M. Gleason,
Mr. John L. Goodwin, Mr. John Hopkins, Mr. Donovan N. Huber,
Miss Beatrice Jernigan, Miss Martha R. Lahr, Mrs. Mary M. Martie,
Mr. Kenneth Nelson, Mr. Robert M, Perlman, Mr. Donald A. Richardson,
Mr. Melvin E. Shultz, Mr. Neil J. Simmons, Dr. Randall W. Smith,
Dr. William L. Stein, Dr. William H. Wooden, Mr. Robert E. Ziegler,
Mr. Gary R. Weigel, Mr. George T. Stentz, Mr. Balfour R. Sutton,
Mr. Robert W. Valska, Mr. Dennis H. Van Hee, and Mr. James F. Vines of
DMA for their assistance. The many contributions of other supporting
personnel of DMA and NSWC are also gratefully acknowledged. In
addition, a special thanks is extended to the many organizations and
individuals in the United States and abroad who provided data and
technical expertise in support of the WGS 84 development effort. In
particular, Mr. John A. Gergen, Mrs. Elizabeth B. Wade, and Mr. Larry
D. Hothem, of the National Geodetic Survey (NGS), and Dr. Dennis D.
McCarthy, of the United C{tates Naval Observatory (USNO), are cited for
their support.




This page is intentionally blank

vi




constTTuY,
DEFENSE MAPPING AGENCY o s,
9813 LEE HIGHWAY f \
FAIRFAX, VIRGINIA. 22031-2537 '% ;

3 v

DMA TR 8350.2
Second Edition
4 June 1992

DEFENSE MAPPING AGENCY TECHNICAL REPQORT 8350.2

Department of Defense
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with Local Geodetic Systems

FOREWORD

1. This technical report presents the Department of Defense (DoD)

World Geodetic System 1984 (WGS 84). The development of WGS 84 was

‘ initiated for the purpose of providing the more accurate and updated

geodetic and gravitational data required by DoD weapon and navigation

systems. The present WGS represents the Defense Mapping Agency (DMA)

modeling of the earth from geometric, geodetic, and gravitational

standpoints using data, techniques, and technology available through

early 13984, However, the datum transformation relationships with

geodetic datums/systems have been updated and revised based on
information available through early 1991.

2. DMA TR 8350.2 contains no copyrighted material, nor is a
copyright pending. Distribution is unlimited. Copies may be requested

from DMA as indicated in the PREFACE.

AMES K. SLUIS
Colonel, USAF
Chief of Staff

vii




This page is intentionally blank

viii




PREFACE

This technical report presents the Department of Defense (DoD)
World Geodetic System 1984 (WGS 84). The major additions and
modifications to the second edition include new transformation
constants for geodetic datums and reference systems, deletion of
multiple regression equations for small and isolated areas, and changes
in symbols for the ellipsoidal and orthometric heights. In an effort to
make this report a complete entity on its own, the most important and
frequently used information from its supplements has been merged and
included in the second edition. Thus, this modification has made it
possible to eliminate the Supplement Part II (DMA TR 8350.2-B) and,
henceforth, there will be only two supplements to this report.

Supplement Part I (DMA TR 8350.2-A) discusses WGS 84 and the
methods, techniques, and data used in developing the parameters and
products defining it. Considerable space is devoted in Part I to the
discussion of the WGS 84 Reference Frame, Ellipsoid, Ellipsoidal
Gravity Formula, Earth Gravitational Model, Geoid, and methods and
procedures for obtaining WGS 84 coordinates. There 1is no change to this
supplement.

Supplement Part III (DMA TR 8350.2-C) comprises the classified
information for WGS 84. However, the associated Earth Gravitational
Model <coefficients above degree (n) and order (m) 18 and the
corresponding geoid, previously classified, have now been declassified.
This supplement, which is still classified, will be renumbered as Part
IT when reprinted in the future.

Also distributed with the technical report is a software program
for datum transformation and coordinate conversions called MADTRAN-
edition 2. The MADTRAN program (for Mapping Datum Transformation) is
provided on 5.25 inch floppy disc {(double density) for IBM compatible

ix




PREFACE (Cont'd)

personal computers. The program allows input from geodetic, Universal
Transverse Mercator (UTM), or the Military Grid Reference System (MGRS)
coordinates. Over 100 datums are available for transformation to or
from WGS 84. Output is automatically presented as geodetic, UTM, and
MGRS coordinates.

Users requiring any specific information, or any clarification, or
data, should contact:

Director

Defense Mapping Agency
ATTN: PR, ST A-13

8613 Lee Highway

Fairfax, VA 22031-2137 (USA)

Similarly, requesters requiring the positioning of sites of
interest directly in WGS 84 via satellite point positioning should
contact the above address. Other WGS 84 related requests and/or
questions may also be referred there.

Since WGS 84 is comprised of a consistent set of parameters, other
DoD organizations should not make a substitution for any of the WGS 84
related parameters/equations in an attempt to improve the accuracy.

Such a substitution may lead to less accurate WGS 84 products and may
have adverse effects.




Copies* of this technical report may be requested from:

* Note:

PREFACE (Cont'd)

Director

Defense Mapping Agency
Combat Support Center

ATTN: PMSR, ST D-17

6001 MacArthur Boulevard
Lethesda, MD 20816-5001 (USA)

Phone: (301) 227-2534
1-800-826-0342

Non-DoD users can obtain copies of this report at cost.
the above number for further information.

X3
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1. INTRODUCTION

The Defense Mapping Agency (DMA) produces numerous mapping,
charting, geodetic, gravimetric, and digital products in support: of the
Department of Defense (DoD). It is advantageous to refer these products
to a single geocentric coordinate system for many reasons other than
ease of working with a large number and variety of systems. Such a
system is needed due to accuracy and user interface considerations, the
need for a product to support the widest possible range of applications
(local, worldwide), the need to relate information from one product to
data obtained from another source (e.g., map/chart positions to
coordinates obtained from inertial navigation systems in real time},
and the need to ensure a smooth transition in product use from one part
of the world to another.

In accomplishing the preceding, such a geocentric system, termed a
world geodetic system, provides the basic reference frame and geometric
figure for the earth, models the earth gravimetrically, and provides
the means for relating positions on various geodetic datums and
systems to an Earth-Centered, Earth-Fixed (ECEF) coordinate system. In
brief, a world geodetic system serves as the framework for DMA products
and worldwide DoD operations.

Previously, three such systems, World Geodetic System 1960 (WGS
60), WGS 66, and WGS 72, each successively more accurate, have
supported DoD activities. Although WGS 72 has aged gracefully and 1is
still adequate for some DoD applications, it has several shortcomings
which negate its continued use. For example, the WGS 72 Earth
Gravitational Model (EGM) and Geoid are obsolete and local geodetic
datum-to-WGS datum shifts of improved accuracv and greater geographic
coverage are needed than are available from WGS 72. In addition,
relatively minor orientation and scale errors also affect WGS 72. Other
factors contributing to the desirability of replacing WGS 72 with an
improved system are:




- Such an updaie and replacement occurs at a time when other
geodetic system changes are either underway or contemplated;
e.g., the up-dating, readjustment, and replacement of North
American Datum 1927 (NAD 27) by NAD 83, the readjustment and
analysis activities involving European Datum 1950 (ED 50), and
the availability of the new Australian Geodetic Datum 1984 (AGD
84).

- An extensive increase in the data and types of data needed to
develop an improved WGS.

- The availability of new theory and techniques to support a WGS
improvement effort.

WGS 84 has been developed as a replacement for WGS 72 and
represents DMA's modeling of the earth from a geometric, geodetic, and
gravitational standpoint wusing data, techniques, and technology
available through early 1984. It is an improvement over WGS 72 in
several respects. New and more extensive data sets and improved
computer software were used in the development. A more extensive file
of Doppler-derived station coordinates was available, and for many more
local geodetic datums; improved sets of ground-based Doppler and laser
satellite tracking data and surface gravity were available; and geoid
heights deduced from satellite radar altimetry (a new data type) were
availeiwle for oceanic regions between 70 degrees north and south
latitude (approximately).

The purpose of this publication is to provide a detailed report on
WGS 84 and its updates/revisions which occurred since the first
edition. An important feature of the current edition includes the use
of additional Doppler and GPS survey information to update the datum
transformation constants.

1-2




2, HGS 84 COORDINATE SYSTEM
2.1 General

The WGS 84 Coordinate System is a Conventional Terrestrial
System (CTS), realized by modifyii.y the Navy Navigation Satellite
System (NNSS), or TRANSIT, Doppler Reference Frame (NSWC 9Z-2) in
origin and scale, and rotating it to bring its reference meridian into
coincidence with the Bureau International de l'Heure (BIH)-defined Zero
Meridian.

From analyses discussed in [1l], it was concluded that the NSWC
9Z2-2 Coordinate System should be modified by:

- Shifting the NSWC 9Z-2 origin by 4.5 meters in the negative
direction along the Z-axis.

- Rotating the NSWC 92-2 Reference Meridian (about the 2~
axis) westward by 0.814 arc second to the BIH-defined Zero
Meridian of 1984.0.

- Changing the NSWC 92-2 scale by -0.6 x 107S.

The NSWC 9Z-2 Coordinate System, modified in this manner (Table 2.1),
becomes (forms) the WGS 84 Coordinate System. The origin and longitude
modifications are illustrated in Figures 2.1 and 2.2, respectively, as
differences between NSWC 92-2 and WGS 84. Use of these modifications

(Table 2.1) with the Molodensky Datum Transformation Formulas, after
modifying the formulas slightly and setting AX = AY = 0, provided the

Ad, AL, Ah formulas (Table 2.2) that produced the Doppler Station WGS 84

coordinates used to develop wunucal Geodetic Datum-to-WGS 84 Datum
Transformations (Chaptexr 7).

Thus, analogous to the BIH-defined CTS, or BIH Terrestrial
System (BTS), the origin of the WGS 84 Coordinate System is the center

2-1




of mass of the earth; the WGS 84 Z-axis is in the direction ¢f the
Conventional Terrestrial Pole (CTP) for polar motion, as defined by the
BIH for epoch 1984.0 on the basis of the coordinates adopted for the
BIH stations; the X-axis is the intersection of the WGS 84 reference
meridian plane and the plane of the CTP's equator, the reference
neridian being the Zero Meridian defined by the BIH for epoch 1984.0 on
the basis of the coordinates adopted for the BIH stations; and, the Y-
axis completes a right-handed, earth-fixed orthogonal coordinate system
measured in the plane of the above equator, 90° east of the X-axis
(Figure 2.3).

The WGS 84 Coordinate System origin and axes also serve as
the geometric center and the X, Y, and Z axes of the WGS 84 Ellipsoid.
(Thus, the WGS 84 Coordinate System Z-axis is the rotational axis of
the WGS 84 Ellipsoid.)

The WGS 84 Coordinate System (reference frame) is the frame
of a standard earth rotating at a constant rate around an average
astronomic pecle (the CTP). However, the universe is in motion, the
earth is nonstandard, and events occur in an instantaneous world.
Therefore, the WGS 84 Coordinate System (CTS) must be related
mathematically to an Instantaneous Terrestrial System (ITS) and to a
Conventional Inertial System (CIS).

2.2 Matsematical Relationship Between the CIS, ITS, and the
WGS 04 Coordinate System
The mathematical relationship between the Conventional
Inertial System, the Instantaneous Terrestrial System, and the WGS 84
Coordinate System, which ds ddentical to the BIH-defined CTS din its
definition [1], can be expressed as:

CTS = [A] [B] (¢l [D] CIs (2-1)

2-2




In Equation (2-1), the rotation matrices for polar motion
[A], sidereal time ([B], astronomic nutation [C], and precession [D]
provide the relationship between _.he CIS, defined by the Fundamental
Katlog 5 (FK5) System referenced to Epoch J2000.0 [1], and the WGS 84
Coordinate System. Proceeding from right~-to-left in Equation (2-1)
through matrices D, C, and B establishes the relationship between the
CIS and the 1ITS. Matrix A provides the relationship between the
Celestial Ephemeris Pole (CEP), which approximates the instantaneous
pole of the instantaneous earth, and the CTP, or average pole of the
standard earth associated with *+he WGS 84 Coordinate System. Therefore,
the application of Matrix A completes the matheratical connection
between the WGS 84 Coordinate System, an ECEF Ccordinate System, and
the CIS, an Earth~-Centered Inertial (ECI) Cuordinate System. For
detallied discussion on this subject, refer to {[1].

Although tremendous progress has been wade in the last decade
in understanding and more precisely defining t¢he ITS, the CTS, and the
CIS, and the mathematical relationships betweenu them [2], mach work
remains to be done. In particular, efforts to develop a precise
mathematical connection betwaen stellar /optical) and radie (Very Long
Baseline Interferometry, or VLXI} systems and mzintain the BlH-defined
CIS and CTS with respect to a designated cpoch, nuzd +~ contin-e.




Z°Z 9Tqel 99§ ‘OSTVY «

Axjowoxazzajur

suTTosed buoT Axsp eTA POUTWIIIRQ abueyd
seourlsSTg ueyl IsbuoT IR WL3SAS aTeos 3-0T X 9°0- = SV
ajruTproo) x97ddcg uTr peaaTI®Q S9OURISTIA
(STXY~-X 78 SOM) URTPTISN 0OISZ PIUTISQ spnatbuog
-HIG 343 3O 3Ised ST wd3sAg IIRUTPICOD uTt wbT8°0 = YV
a3 (ddoq @yl FO (STXY-X) UBTPTI®W 0I37 uotTjelod
sueTd TeTxolenby weisks 93RUTPIOCOD (seTtd STXY-Z)
POUTISQ-HIA JO YIION 3I983J0 ST walshg uthTta0 WGty = 2V
93euTpI00) x57ddog FO sueTg TeTIOjRNDI 924yl UuT 3IITYS
uoTjeueTdxy sar3Taunyd

xU8 SOM 03 (Z-Z6 OMSN) S93RUTPIOOD walisis
fut3xsauo) uT pasSn SsoTITIUEN]

1°¢ =19®L

Terddog

2-4




we31s&g ©3BUTPIOO) 23ITTTI3es J4o0T3ebTaen KaeN «

(LO8T ©3 o0) 1sed 2AT3ITS0od ST °9pn3ITHUOT PuUe YIION SATITSOd ST 2pnirtie]

- (ATeaT309dsay
‘y pue ‘y ‘) S9IRUTPIOCOD Z-Z6 OMSN SU3 03I ‘SDIBUTPIOOD Z-26 OMSN butsn SUOT3ONIJSUT

pajeTnoTe) ‘sobury) yy Yy ‘9V SUl PPY ‘S93RUTIPIOOD 8 SHM UTRIJO OL

wgrg- = IV

w 0 g- = ®v
u SHIBLES = ® sx923weIRyg

,-0T ¥ 0GH02T8°0- = FV i
L_

(sx938W = sartuqn) Iy + ey - ¢,uTs Jv B + ¢ UTS G'p = U¥y
F18°'0 = uYV seTnwIoj

(uT uTsS) / (6z UTS IV) + (4T UTS ®B) / (§ SOO G %) = OV

S?JBUTPIOOD §8 SHM 03
¥S9ILUTPIOOD Z-26 OMSN WIOFSUBRIL 02
SI939WeIrd pur SETNWIOI

2°Z *Iq=L




SuTbTIO SWexd

90U936394 §8 SOM PUBR Z-Z6 OMSN USSMISd 20USI9IIT(

X -

u gty

"~ —

T.I.i

N -

uTtbtao
78 SOM

utbtao
Z-26 OMSN

*1°Z {aInbta




* (S9XY-X) s90USISaI3A

*zZ*Z 9anbrta

opn3THUOT $§ SOM PUR Z-Z6 OMSN U99M3dd 30USI93131d

78 SOM
cw




Origin = Earth's center of mass '

Z-Axis = The direction of the Conventional Terrestrial Pole (CTP) for
polar motion, as defined by the Bureau International de
l'Heure (BIH) on the basis of the coordinates adopted for
the BIH stations.

X-Axis = Intersection of the WGS 84 Reference Meridian Plane and the
plane of the CTP's Equator, the Reference Meridian being
the Zero Meridian defined by the BIH on the basis of the
coordinates adopted for the BIH stations.

Y-Axis = Completes a right-handed, Earth Centered, Earth Fixed (ECEF)
orthogonal coordinate system, measured in the plane of the CTP

Equator, 90° East of the X-Axis.

BIH-Defined CTP (1984.0)

g WGS 84 '
A

Earth's Center
of Mass
BIH-Defined
Zero
Meridian
(1984.0)
XWGS 84 YWGS 84

Figure 2.3. The WGS 84 Coordinate System* Definition

* Analogous to the BIH Defined Conventional Terrestrial System (CTS), or
BTS, 1984.0.




3. WGS 84 ELLIPSQOID
3.1 Geperal

In geodetic applications, three different surfaces or earth
figures are normally involved. In addition to the earth's natural or
physical surface, these include a geometric or mathematical reference
surface, the ellipscid, and an equipotential surface called the geoid
(Chapter 6). In determining the WGS 84 Ellipsoid and associated
parameters, the WGS 84 Development Committee, in keeping with DMA
guidance, decided quite early to closely adhere to the thoughts and
approach used by the International Union of Geodesy and Geophysics
(IUGG) when the latter established and adopted Geodetic Reference
System 1980 (GRS 80) ["]. Accordingly, a geocentric equipotential
ellipsoid of revolution was taken as the form for the WGS 84 Ellipsoid.
The parameters selected to define the WGS 84 Ellipsoid are the

semimajor axis (a), the earth's gravitational constaut_ (GM), the
normalized second degree zonal gravitational coefficient (C,,) and the

angular velocity (W) of the earth (Table 3.1). These parameters axe
identical to those of the GRS 80 Ellipsoid with one minor exception.

The coefficient form used for the second degree zonal is that of the
WGS 84 Earth Gravitational Model rather than the notation J, used with

GRS 80. Accuracy estimates (one sigma) are also included in Table 3.1
for the defining parameters.

3.2 Defining Parameters
3.2.1 Semimajorx Axis (a)

The semimajor axis (a) was selected as one of the
defining parameters of the WGS 84 Ellipsoid. Its adopted value and
estimated accuracy (one sigma) are:

a = 6378137 + 2 meters. (3-1)




This value, which is the same as that of the GRS 80 Ellipsoid, 1is two
meters (m) larger than the value of 6378135 m adopted for the WGS 72
Ellipsoid [47]. As stated in [5], the GRS 80, and thus the WGS 84, a-
value is based on estimates from the 1976-1979 time period, determined
using laser, Doppler, radar altimeter, laser plus radar altimeter, and
Doppler plus radar altimeter data/techniques. These efforts yielded
values from 6378134.5 m to 6378140 m. The best estimate was considered
to lie between 6378135 m and 6378140 m.

3.2.2 Earth's Gravitational Constant (GM)

3.2.2.1 GM With Earth's Atmosphere Included (GM)

The value of the earth's gravitational constant,
adopted as one of the four defining parameters of the WGS 84 Ellipsoid,
and its one-sigma accuracy estimate are:

GM = (3986005 + 0.6) x 10%m3s~2 , (3~-2)

This value includes the mass of the atmosphere and is based on several
types of space measurements. These measurement types and the associated

estimates for GM are [3]:

Spacecraft radio tracking ............... (3986005.0 + 0.5) x 10%m3s~?
Lunar laser data analysis ............... {3986004.6 + 0.3) x 10%m3s?
Satellite laser range measurements ...... (3986004.4 + 0.2) x 10%m3s72

From these results, the representative value in Equation (3-2) for GM,
consistent with the data used, was then adopted.




3.2.2.2 GM of the Earth's Atmosphere (GM,)

For some applications, it is necessary to either
have a GM value for the earth which does not include the mass of the
earth's atmosphere, or have a GM value for the earth's atmosphere

itself. For this, it is necessary to know both the mass of the earth's
atmosphere, M,, and the universal gravitational constant, G.

Using the value recommended for G [6] by the
International Association of Geodesy (IAG), and the more recent wvalue
for M, [7], the product GM, to two significant digits yields the value
currently recommended by the IAG for this constant [6]. This value,

with an assigned accuracy estimate, was adopted for use with WGS 84:

GM, = (3.5 £ 0.1) x 10%m’s~? (3-3)

3.2.2.3 GM With Farth's Atmosphere Excluded (GM')

The earth's gravitational constant with the mass

of the earth's atmosphere excluded (GM'), was obtained by subtracting
GM,, Equation (3-3}, from GM, Egquation (3-2)

GM' = (3986001.5 + 0.6) x 10%m’s™? (3-4)
The fact that the WGS 84 value for GM', Equation (3-4), is given to one
more digit than the WGS 84 value for GM, Equation (3-2), does not imply
that GM' is known more accurately than GM. The additional digit used
with GM' only reflects a desire to maintain consistency between the

various WGS 84 parameters and correction terms. In fact, GM' is known
less well, due to the uncertainty introduced via GM,. The lack of a

more realistic accuracy value for GM, prevents acknowledgment of this

in the abo7e one-sigma accuracy estimate for GM'.




3.2.3 Norxmalized Second Deqree Zonal Gravitational
Coefficient C ,q

Ancther defining parameter of the WGS 84 Ellipsoid is
the normalized second degree zonal gravitational coefficient, C ,,

which has the following value and assigned accuracy (one sigma):

C,o = (-484.16685 + 0.00130) x 1076, (3-5)

This ?;20 value was obtained from the adopted GRS 80 value for J, [3],
(J=J20) »

J, = 108263 x 1078 (3-6)

by using the mathematical relationship

C,o = -J,/(5)1/2 (3=7)

and truncating the result to eight significant digits.

In keeping with the GRS 80 value for J,, the 7;20 value

for the WGS 84 Ellipsoid also doves not include the permanent tidal
deformation. This effect, usually represented by 8J,, is due to the

attraction of the earth by the sun and moon. It has the magnitude [8]:

§J, = 9.3 x 10°° (3-8)

or, equivalently

8§C,, = -4.16 x 107°. (3-9)

This quantity would be added to C,,, Equation (3-5), if it were

desired to have C,; incluce the permanent tidal deformation.




3.2.4 Angular Velocity of the Farth ()

The value of ® used as one of the defining parameters

of the WGS 84 (and GRS 80) Ellipsoid and its accuracy estimate (one
sigma) are:

W = (7292115 + 0.1500) x 107! radians/second (3~10;

This wvalue, for a standard earth rotating with a constant angular
velocity, is an IAG adopted value for the true angular velocity of the
earth which fluctuates with time. However, for most geodetic
applications which require angular velocity, these fluctuations do not
have to be considered.

Although ® is suitable for use with a standard earth

and the WGS 84 Ellipsoid, it is the International Astronomical Union
(IAU), or the GRS 67, version of this value (®')

®' = 7292115.1467 x 10" radians/second (3-11)
that was used with the new definition of time [9].

For consistent satellite applications, the value of the
earth's angular velocity (®') from Equation (3-11), rather than o,

should be used in the formula

to obtain the angular velocity of the earth in a precessing reference
frame (m*). In the above equation [9] (10]:

3
I

precession rate in right ascension

3
f

(7.086 x 1072 + 4.3 x 107'° T,) radians/second
(3-13)




3
c
1

Julian Centuries from Epoch J2000.0

X3
[
1

d,/36525

dy = Number of days of Universal Time (UT) from Julian

Date (JD) 2451545.0 UT1l, taking on values of + 0.5,
+ 1.5,  2.5,...

d, = JD - 2451545,

Therefore, the angular wvelocity of the earth in a
precessing reference frame, for satellite applications, is given by:

@* = (7292115.8553 x 107! + 4.3 x 12735 T,)

radians/second (3-14)
3.3 Dexrived Ceometxic and Physical Constante
3.3.1 General

Many parameters associated with the WGS 84 Ellipsoid,
other than the four defining parameters (Table 3.1), are needed for
geodetic and gravimetric applications. Using the four defining
parameters, 1t is possible to derive these asgociated constants. The
more commonly used geometric and physical constants associated with the
WGS 84 Ellipsoid are listed in Tables 3.2 and 3.3. The formulas used in
the calculation of these constants are primarily from {[3] and [11].

The defining parameters are considered to be exact. On
the other hand, the other constants are derived. Users are reminded
that the derived constants must retain the listed significant digits if
consistency between the magnitudes of the various parameters is to be
maintained. These constants should always be calculated to, and used




with, the number of digits required to maintain the consistency needed
for each specific application.

3.3.2 Relevant Miscellapeous Constants/Conversion Factors

In addition to the four defining parameters of the WGS
84 Ellipsoid (Table 3.1), necessary for describing (representing) the
ellipsoid geometrically and gravimetrically, and the derived sets of
commonly used geometric and physical constants associated with the WGS
84 Ellipsoid (Tables 3.2 and 3.3), two other important constants are an
integral part of the definition of WGS 84. These constants are the
velocity of light (c) and the dynamical ellipticity (H).

The currently accepted value for the velocity of light
in a vacuum (c) is [12]:

c = (299792458 %+ 1.2) m s~! , (3-15)

This value is officially recognized by both the IAG [6] and IAU [10],
and has been adopted for use with WGS 84.

The dynamical ellipticity (H) 1is necessary for
determining the earth's principal moments of inertia, A, B, and C. In
the literature, H is variously referred to as dynamical ellipticity,
mechanical ellipticity, or the precessional constant. It is a factor in
the theoretical value of the rate of precession of the equinoxes, which
is well known from observation. In a recent IAG report on fundamental
geodetic constants [8], the following value for the reciprocal of H was
given in the discussion of moments of inertia:

1/8 = 305.4413 + 0.0005. (3-16)

For consistency, this value has been adopted for use with WGS 84.




Values of the velocity of light in a wvacuum and the
dynamical ellipticity adopted for use with WGS 84 are listed in Table
3.4 along with other WGS 84 associated constants used in special
applications. Factors for effecting a conversion between meters, feet,
and/or nautical and statute miles are also given in the table.

3.4 Comments

The four defining parameters ( a, 7;20, W, GM ) of the WGS 84

Ellipsoid were used to calculate the more commonly used geometric and
physical constants associated with the WGS 84 Ellipsoid. As a result of
the use of C,; in the form described, the derived WGS 84 Ellipsoid
parameters are slightly different from their GRS 80 Ellipsoid
counterparts. Although these minute parameter differences and the
conversion of the GRS 80 J,-value to C,, are insignificant from a
practical standpoint, it has been more appropriate to refer to the
ellipsoid used with WGS 84 as the WGS 84 Ellipsoid.

__ In contrast, since NAD 83 does not have an associated EGM, the
J, to C,, conversion does not arise and the ellipsoid used with NAD 83
by the National Geodetic Survey (NGS) is, in name and in both defined
and derived parameters, the GRS 80 Ellipsoid. Although it is important
to know that these small undesirable inconsistencies exist between the
WGS 84 and GRS 80 Ellipsoids, from a practical application standpoint
they are insignificant. This is especially true with respect to the
defining parameters. Therefore, as long as the preceding is recognized,
it can be stated that WGS 84 and NAD 83 are based on the same
ellipsoid.
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Table 3.4
Relevant Miscellaneous Constants
and Conversion Factors

Constant Symbol Numerical Value
Velocity of Light ¢ 299792458 m s!
(in a Vacuum)
Dynamical Ellipticity H 1/305.4413
Earth's Angular Velocity [for w* (7292115.8553 x 107!
Satellite Applications; see + 4.3 x 107 Ty)rad st
Equation (3-14)]
Universal Constant of Gravitation G 6.673 x 1071'm3s~?kg™?
GM of the Earth's Atmosphere GM, 3.5 x 10%m3s?
Earth's Gravitational Constant GM® 3986001.5 x 10%m3s~?
(Excluding the Mass of the
Earth's Atmosphere)
Earth's Principal A 8.0091029 x 10*7 kg m?
Moments of Inertia B 8.0092559 x 1037 kg m?
(Dynamic Solution) C 8.0354872 x 1037 kg m?

Conversion Factors

Meter

Meter
International Foot
US Survey Foot

US Survey Foot

R e

1S | S |

3.28083333333 US Survey Feet
3.28083989501 International Feet
0.3048 Meter (Exact)

1200/3937 Meter (Exact)
0.30480060960 Meter

1l International Nautical Mile

T |

1852 Meters (Exact)
6076.10333333 US Survey Feet
6076.11548556 International Feet

1 International Statute Mile

o

1609.344 Meters (Exact)
5280 International Feet (Exact)

Ty = Julian Centuries from Epoch J2000.0
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4, HWGS 84 ELLIPSOIDAL GRAVITY FORMULA
4.1 General

In Section 3.1, the WGS 84 Ellipsoid is identified as being a
geocentric equipotential ellipsoid of revolution. An equipotential
ellipsoid is simply an ellipsoid defined to be an equipotential
surface, i.e., a surface on which all values of the gravity potential
are equal. Given an ellipsoid of revolution, it can be made an
equipotential surface of a certain potential function, the theoretical
(normal) gravity potential (U). This theoretical gravity potential can
be uniquely determined, independent of the density distribution within
the ellipsoid, by using any system of four independent constants as the
defining parameters of the ellipsoid. As noted earlier for the WGS 84

Ellipsoid (Chapter 3), these are the semimajor axis _(a), the normalized
second degree =zonal gravitational coefficient (C,;), the earth's

angular velocity (®), and the earth's gravitational constant (GM).

Theoretical gravity (Y), the gradient of U, is given on (at)
the surface of the ellipsoid by the closed formula of Somigliana [13]:

Y= (a ¥, cos?p + b Y, sin?¢))/ (a?cos?p + b2sin?)?l/? (4-1)
where

a, b = semimajor and semiminor axes of the ellipsoid,
respectively

YerYp = theoretical gravity at the equator and poles,

respectively

¢ = geodetic latitude.




Thus, the equipotential ellipsoid serves not only as the reference
surface or geometric figure of the earth, but leads to a closed formula

for theoretical gravity at the ellipsoidal surface.
4.2 pApalytical and Numerical Forms
The closed gravity formula of Somigliana in the form [3]

Y =% (1 + k sin?})/(1- e®sin?$)?/? (4-2)

has been selected as the official WGS 84 Ellipsoidal Gravity Formula.
In Equation (4-2):

k = (bY/a¥) -1 (4-3)

2 = square of the first eccentricity of the ellipsoid.

e
Equation (4-2) was selected for use with WGS 84 in preference to

Equation (4-1) since it is more convenient for numerical computations
and explicitly contains only Y, as the first factor in the equation.

The analytical and numerical forms of the WGS 84 Ellipsoidal

Gravity Formula are provided in Table 4.1.




Table 4.1

WGS 84
Ellipsoidal Gravity Formula

Provides Gravity Values at (on) the Surface of the WGS 84 Ellipsoid

Notation
Y = Acceleration of a unit test mass due to theoretical gravity.

Y. = Acceleration at the equator (on the WGS 84 Ellipsoid) of a unit

test mass due to theoretical gravity.

-~
[ ]

Conswant = (b Y,/a ¥,) -1

a = Semimajor axis (WGS 84 Ellipsoid)
b = Semiminor axis (WGS 84 Ellipsoid)
Yo = Theoretical gravity at the poles (on the WGS 84 Ellipsoid)

¢ = Geodetic latitude

e‘ = Flrst eccentricity squared (WGS 84 Ellipsoid).

Analytical Form

Y =" (1 + k sin?)/(1- e’sin?¢p)?/?

Numerical [Form

Y = 978032.67714 (1 + 0.00193185138639 sin?%p) /
(1 - 0.00669437999013 sin?))¥? x 10™° m/second? (mgal)

An acceleration due to gravity of 1 x 107° m/second® = 1 mgal

4-3
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5. WGS 84 GRAVITY MODELING
5.1 Earth Grgvitatiopal Model (EGM)

The form of the WGS 84 EGM is a spherical harmonic expansion
(Table 5.1) of the gravitational potential (V). The WGS 84 EGM,
complete through degree (n) and oxder (m) 180, is comprised of 32755
coefficients.

The coefficients through n=m=41 were obtained from a weighted
least squares solution of a normal equation matrix developed by
combining individual normal equation matrices formed £from Doppler
satellite tracking data, satellite laser ranging data, surface gravity
data, oceanic geoid heights deduced from satellite radar altimeter
data, Navstar Global Positioning System (GPS) data, and “lumped
coefficients". The effect (contribution) of coefficients through n=m=41
was removed from a worldwide 1°x1° mean gravity anomaly field leaving a
worldwide residual 1°x1° mean gravity anomaly field. The WGS 84 EGM
coefficients from n=42, m=0 through n=m=180 were then determined
independently via harmonic analysis using the residual field. The
coefficients through n=m=41 from the weighted least squares soclution
and the coefficients above n=m=4L from the independent harmonic
analysis comprise the n=m=180 WGS 84 EGM.

The WGS 84 EGM through n=n=180 is to be used when calculating
WGS 84 Geold Heights, WGS 84 gravity disturbance components (or
deflection of the vertical components), and WGS 84 1°x1° mean gravity
anomalies via spherical harmonic expansions. Expansions to this degree
and order (n=m=180) are needed to accurately model variations in the
earth's gravitational field on or near the earth's surface.

The WGS 84 EGM through n=m=41 1s more appropriate for
satellite orbit calculation and prediction purposes. The use of higher

degree and order models for such applications is not recommended at




this time. However, 1if required for a special application, DMA and
other DoD users will need to conduct orbital analyses and ascertain the
EGM truncation level that is "best" suited for the satellite project
involved.

The WGS 84 EGM through n=m=180 is available on magnetic tape
in normalized form. The WGS 84 EGM through n=m=41 is available on a
separate magnetic tape in both normalized and conventional £form.
However, the WGS 84 EGM coefficients through n=m=18 are provided in
Table 5.2 in normalized form.

Accuracy values are not available for all of the WGS 84 EGM
coefficients. However, an error covariance matrix is available for
those coefficients through n=m=41 determined from the weighted least
squares solution. Gravity anomaly degree variances are given in Table
5.3 for the WGS 84 EGM (n=m=180). Requesters having a need for the full
WGS 84 EGM and/or its error data should forward their correspondence to
the address listed in the PREFACE.

5.2 Gravity Potential (W)

Using the WGS 84 EGM model (Table 5.1), the earth's total
gravity potential (W) is then defined as

W=V + O (5-1)

where @ is the centrifugal potential due to the earth's rotation. If
® is the angular velocity [Equation (3-10)], then

O == 02 (X2 + Y?) (5-2)

0o [

where X and Y are the geocentric coordinates of the rotating mass in
the WGS 84 reference frame (See Figure 2.3).

5-2




Table 5.1

Form of the WGS 84

Earth Gravitational Model

v = H [1+Eﬁm§x

r =2

Z;,o (%) " —P—nm(sin ¢') (_C-nmcos mA + _S—nmsin m?»)]

Parameter Definition
\Y% = Gravitational potential function (m?s7?)
GM = Earth's gravitational constant
r = Radius vector from the earth's center of
mass
a = Semimajor axis of the WGS 84 Ellipsoid
n,m = Degree and order, respectively
o' = Geocentric latitude**
A = Geocentric longitude = geodetic longitude**
Coanr Snm = Normalized gravitational coefficients*

Pon(sin ¢)

Normalized associated Legendre function

[{nom) ! (2ni1)k 12

(n+m) ! Pan(sin ')

Associated Legendre function

* See next page.

** Latitude is positive

180%)

north and longitude is positive east (0° to




Table 5.1 (Cont'd)

Form of the WGS 84
Earth Gravitational Model

Parameter Definition
m dm ¢
P._(sin ¢' = (cos ¢' = [P, {sin ¢'
om ¢ %) ( ¢') d(sin ¢')m al )]
P, (sin ') = Legendre polynomial
14"
P, (sin &' = in2$' - 1)"
n 6" 2™n! d(sin ¢")" (sin¢ )
*Note:
C nm Cnm
- [ (n+m) ! ] 172
. (n-m)! (2n+l)k
s nm Snm
where
Cimr Sam = Conventional gravitational coefficients

For m=0, k=1;

m>l, k=2.
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Table

WGS 84

5.3

EGM

Gravity Anomaly Degree Variances (c,)*

Degree Degree Degree
Degree Variances Degree Variances Degree Variances
2 7.6 41 2.8 80 2.3
3 33.9 42 2.7 81 2.6
4 19.2 43 2.4 82 2.8
5 21.0 44 2.8 83 2.7
6 19.4 45 2.7 84 2.4
7 19.3 46 2.7 85 2.2
8 10.9 47 3.1 86 2.7
9 11.5 48 2.5 87 2.4
10 9.7 49 2.5 88 2.2
11 6.4 50 2.8 89 2.0
12 2.6 51 2.8 90 2,0
13 7.4 52 2.6 91 2.3
14 3.2 53 3.1 92 2.0
15 3.4 54 2.8 93 2.2
16 3.9 55 3.0 94 2.0
17 3.6 56 3.0 95 1.8
18 3.6 57 3.0 96 2.0
19 3.3 58 2.6 97 1.9
20 3.1 59 3.0 98 2.1
21 3.2 60 2.6 99 1.7
22 3.6 61 2.5 100 1.8
23 2.7 62 2.9 101 1.7
24 2.6 63 2.5 102 2.1
25 2.9 64 2.7 103 2.3
26 2.4 65 2.1 104 1.8
27 1.9 66 2.6 105 1.8
28 2.4 67 2.5 106 1.7
29 2.4 68 2.6 107 1.8
30 2.8 69 2.9 108 1.9
31 2.9 70 2.3 109 2.0
32 4.1 71 2.3 110 2.0
33 3.4 72 2.7 111 1.7
34 5.0 13 2.4 112 1.6
35 4.4 74 2.6 113 1.8
36 3.6 75 2.2 114 1.6
37 3.4 76 2.3 115 1.9
38 2.8 77 2.3 116 1.7
39 3.5 78 2.4 117 1.7
40 3.6 79 2.2 118 1.6

Units = (1 x 1075 m/second?)? or mgal?

* See next pagqge.




Table 5.3 (Cont'd)

WGS 84 EGM
Gravity Anomaly Degree Variances (c¢,)*

Degree Degree Degree

Degree Variances Degree Variances Degree Variances
119 1.6 140 1.3 16l 0.9
120 1.6 141 1.1 162 0.8
121 1.5 142 1.0 163 0.9
122 1.3 143 1.1 164 1.0
123 1.6 144 1.1 165 0.9
124 1.6 145 1.0 166 0.8
125 1.5 146 1.0 167 0.9
126 1.3 147 1.0 168 0.8
127 1.5 148 1.2 169 0.8
128 1.2 149 1.0 170 0.8
129 1.4 150 1.0 171 0.9
130 1.3 151 1.0 172 0.7
131 1.3 152 1.0 173 0.8
132 1.4 153 1.0 174 0.8
133 1.4 154 1.0 175 0.8
134 1.2 155 0.9 176 0.8
135 1.2 156 1.0 177 0.6
136 1.2 157 0.8 178 0.7
137 1.3 158 0.8 179 0.8
138 1.3 159 0.8 130 0.8
139 1.2 160 0.9

Units = (1 x 1075 m/second?)? or mgal?
*Formula for computing gravity anomaly degree variances (c,)
n

- 2 = 2
ch = Y2 (n-1)% Zpy (Con+ Spn)

¢, = Gravity anomaly degree variance in mgal2
- for degree n

Y = Average value of theoretical gravity

Y = 979764.46561 mgal (based on WGS 84

Ellipsoidal Gravity Formula)

Coan = Normalized gravitational coefficients of
Snm

degree n and oxder m
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6. W 1D
6.1 @Genexal

In geodetic applications, three different surfaces or earth
figures are normally involved. In addition to the earth's natural or
actual surface, the other two include a geometric or mathematical
figure taken to be an equipotential ellipsoid of revolution (Chapter
3), and a physical figure defined as an equipotential surface in the
earth's gravity field, or the geoid.

The equation
W({X,Y,2) = constant (6~1)

defines a family of equipotential surfaces (GEOPS) of the earth's

gravity field. The geoid 1is that particular equipotential GEOP for
which the constant in Equation (6-1) is equal to W, (or the ellipsoidal

potential U,) defined in Table 3.3.

For some practical applications, the geoid, defined as above,
is approximated by the mean sea level (msl) over the oceans {(or its
hypothetical extension under the land masses). It may be necessary to
clarify that the msl is not an equipotential surface and in its
simplest definition would comprise a mean of sea level surfaces

approximated and observed over 18.67 years.

In a mathematical sense, the geoid is also defined (or
realized) as so many meters above (+N) or below (-N) the ellipsoid, the
geometric figure.

In the definition of the geoid, a great practical importance
exists: the geoid can serve as the approximation for the wvertical datum
reference surface for mean sea level heights (H)*. In areas where

* Note the other usage of this symbol in Equation (3-16) and Table 3.4.
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general elevation data is not available from conventional leveling, the
vapproximate" determination of the H-values can be achieved using the
equation

h ~N+H (6-2)

h - N (6-3)

12

where:
h = geodetic height = height relative to the ellipsoid
N = geoid height
H = orthometric height relative to the geoid (or,

approximately, mean sea level height)

Equation (6-3) illustrates the use of geoid heights in the
determination of H-values from geodetic heights derived using satellite
positions (e.g., TRANSIT or Navstar Global Positioning System) located
on the earth's physical surface or aboard a vehicle operating near the
earth's surface.

6.2 Formulas and Representations/Analysis
6.2.1 Formulas

The WGS 84 Geoid Heights were calculated using a
spherical harmonic expansion and the WGS 84 EGM coefficients through

n=m=180. The formula for calculating WGS 84 Geoid Heights has the form:

n n — e P
N = @ [angx ; (%) (C nmCOS m}\'+ S nmSin m)\’) P nm(Sin q)')] (6_4)

ry m=0
where N is the geoid height in meters, Y 1is theoretical gravity
calculated using the WGS 84 Ellipsoidal Gravity Formula (Table 4.1),
and all other quantities are defined as for the: WGS 84 EGM with one
exception. In Equation (6-4), the even degree zonal coefficients of
subscripts 2 through 10 are coefficient differences between the WGS 84
EGM minus normalized gravity. (See Sections 6.2.1 and 6.2.2 in [1]).




6.2.2 Representations/Analysis

The geoid can be depicted as a contour chart which
shows the deviations of the geoid from the ellipsoid selected as the
mathematical figure of the earth, Figure 6.1 is a worldwide WGS 84
Geoid Height Contour Chart developed from a worldwide 1°x1° grid of
geoid heights calculated by using WGS 84 numerical data and the WGS 84
EGM coefficients through n=m=18 in Equation (6-4).

Table 6.1 contains a worldwide 10°x10° grid of WGS 84
Geoid Heights calculated using WGS 84 EGM coefficients through n=m=180,

A worldwide 1°x1° grid of WGS 84 Geoid Heights was
computed and compared with a similar grid of WGS 72 Geoid Heights
referenced to the WGS 72 Ellipsoid. The root-mean-square (RMS)
difference was +4.6 meters, with the largest positive and negative
differences being 24 and -23.5 meters, respectively. Of the 64,800
geolid height differences, 21.36 percent (13,841 differences) were
larger then 5 meters.

The RMS WGS 84 Geoid Height, taken worldwide on the
basis of a 1°x1° grid, is 30.5 meters. This RMS value indicates how
well the WGS 84 Ellipsoid, taken as the mathematical figure of the
earth, fits the earth's geoidal surface.

The WGS 84 Geoid Heights have an error range of #2 to
16 meters (one sigma), and are known to accuracies of 12 to #3 meters

over approximately 55 percent of the earth. Approximately 93 percent of
the earth has WGS 84 Geoid Heights of accuracy better than +4 meters.

6.3 Availability of WGS 84 Geoid Height Data

The WGS 84 Geoid Heights, the related data, and products,
which can be provided to requesters (see PREFACE), are:

- A worldwide WGS 84 Geoid Height Contour Chart with 5 meters

6-3




contour interval. If needed, contour charts of other physical sizes,
geographic areas, contour intervals and scales can be provided.

- A magnetic tape containing the worldwide 1°x1° or 30'x30'
grid of WGS 84 Geoid Heights,

~ A Bi-~Linear Interpolation program (Table 6.2) for
interpolation of WGS 84 Geoid Heights at random points. Users are

advised to check interpolation error(s) pertaining to application(s).

- A Computer Program for computation of WGS 84 Geoid Heights
at a specified grid interval or at random points with associated
documentation and appropriate test cases.
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Table 6.2

Interpolation of WGS 84 Geoid Heights

Bi-Linear Interpolation Method (Formula)

N (¢,A) = a;, + a;X + a,¥ + azXY
= Geold height (N) to be interpolated at
Point P ($,7)
ao-’Nl

a;g =N, +N; - N, - N,
X = (A= A}/ (A = A)
Y = (¢ - 61)/(, - &)
¢ = Geodetic latitude of Point P

A = Geodetic longitude of Point P

N,, N,, N, N, = Known geoid heights at grid points used in the
interpolation process

[See Associated Coordinate System, Figure 6.2]

Note: Use of consistent units is necessary.
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7.1 General

One of the principal purposes of a world geodetic system is to
provide the means whereby local geodetic datums can be referenced to a
single geocentric system. The number of local geodetic datums, or local
horizontal datums, requiring such referencing is extensive. Counting
island and/or astronomic-based datums, the number exceeds several
hundred. To accomplish the conversion, local geodetic datum and WGS
coordinates are both required at one or more sites within the 1local
datum area so that local geodetic datum-to-WGS datum shifts can be
formed. Satellite stations positioned within WGS 84, and with known
local geodetic datum coordinates, were the basic ingredients in the
development of local geodetic datum-to-WGS 84 datum shifts.

The most accurate approach for obtaining WGS 84 coordinates is
to acquire satellite tracking data at the site of interest and position
it directly in WGS 84 using the Satellite Point Positioning technique
[1]. However, it is unrealistic to presume that use of this technique
will always be possible. In such cases, the transformation from WGS 72
to WGS 84 or from local geodetic datums to WGS 84 should be used
(sections 7.2 and 7.3).

7.2 HGS 72-to-WGS 84 Transformation

Situations arise where only WGS 72 coordinates are available
for a site. In such instances, the WGS 72-to-WGS 84 Transformation
listed in Table 7.1 can be used with the following equations to obtain
WGS 84 coordinates for the sites:




Oucs 84 = OGugs 72 + Ad

Mics 84 = Agos 72 + AA (7-1)

hygs 84 = hugs 72 + Ah

As indicated from Table 7.1, when proceeding directly from
WGS 72 coordinates to obtain WGS 84 values, the WGS 84 coordinates will
differ from the WGS 72 coordinates due to a shift in the coordinate

system origin, a change in the longitude reference, a scale change
(treated through Ar), and changes in the size and shape of the

ellipsoid. In addition, it is important to be aware that A¢, AA, Ah
valnes calculated using Table 7.1 do not reflect the effect of
differences between the WGS 72 and WGS 84 EGMs and Geoids. The
following cases are important to note:

a. Table 7.1 equations are to be used for direct transformation
of Doppler~-derived WGS 72 coordinates. These transformed
coordinates should agree to within approximately 2 meters with
the directly surveyed WGS 84 coordinates using TRANSIT or GPS
point positioning.

b. Table 7.1 should not be used for satellite local geodetic
stations whose WGS 72 coordinates were determined using datum
shifts from [4]. The preferred approach is to transform such WGS
72 coordinates, wusing datum shifts from [4), back to their
respective local datums, and then transform the local datum
coordinates to WGS 84 using Appendices B and C.

Table 7.1 should be used only when no other approach is
applicable.
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7.3 : ~to= i

7.3.1 General

Most WGS 84 coordinates needed for applications and DoD
operations in Mapping, Charting, and Geodesy (MC&G) will be obtained
from a Local Geodetic Datum-to-WGS 84 Datum Transformation. This
transformation can be performed either in curvilinear (geodetic)
coordinates:

Owes 84 = Procar + A0
}“WGS g4 = >"LocaJ + A?" (7_2)

hWGS ga = hLoca] + Ah

or, in rectangular coordinates [14]:

X X AX AS  © -y| |x - X,
Y = Y + Ay| + -0 As £ Y - Y, (7-3)
2 WES 84 Z Local Az W —£ As a - ZO Local

where AS and (g VY, ®) represent changes in local geodetic datum scale
and reference frame orjentation, respectively, and (X,, Yy, 2,) are the

coordinates of the "initial" (defining) point of the local geodetic
datum,.

There are several datum transformation formulas for
accomplishing the preceding. The most common techniques are, in the
curvilinear case, the Standard Molodensky, and in the rectangular case,
the 3-, 4-, or 7-parameter transformations depending on the
availability (and/or reliability) of the transformation parameters.

It may be noted that the 3-parameter rectangular case is embedded




mathematically in the Molodensky Formulas to eliminate the convexsion

from geodetic to rectangular coordinates.

In addition, the curvilinear and rectangular coordinate
datum transformations can be accomplished using a Multiple
Regression Equation (MRE) technique which accounts for the non-linear
distortion in the local geodetic datum [15]. The above methods are
discussed separately in [1]. Only the Standard Molodensky Formula and
MRE technique are discussed here,

7.3.2 Ihe Standaxd Molodensky Datum Transformation Formulas

The Standard Molodensky Datum Transformation Formulas
[4][16], along with definitions of the terms, are listed in Table 7.2,
As the Molodensky Formulas do not provide satisfactory results near the

poles, the following three-step transformation is recommended:

(¢,7\,h) — - (X,Y, 2)
Loc

al Local
(AX, AY, Az)
(¢’x’h)wcs g T (XY B yes gy

Appendix A lists the reference ellipsoid names and
parameters (semimajor axis and flattening) for local datums currently

tied to WGS 84 and used for generating datum transformations.

Appendix B contains transformation parameters for the
geodetic datums/systems which have been generated from satellite ties

to the respective geodetic control. Due to the errors and distortion
that affect most local geodetic datums, use of mean datum shifts (AX,

AY, AZ) in the Standard Molodensky Datum Transformation Formulas may
produce results with pocr quality of "fit". Improved fit between the
local datum and WGS 84 may result only with better and more dense ties
with local or regional contrel points.




Datum transformation shifts derived from non-satellite
information are available in Appendix C.

DMA-developed local geodetic datum geold heights were
used in {forming the Local Geodetic Datum~to-WGS 84 Datum Shifts [17].
An example of such a geoid for NAD 27 is included in contour chart form

(Figure 7.1) for the Contiguous United States (CONUS).
7.3.3 Ratum Transformation Multiple Regression Equations

The development of Local Geodetic Datum-to~WGS 84 Datum
Transformation Multiple Regression Equations [15] was initiated to

obtain better fits over continental size land areas than could be
achieved using the Standard Molodensky Formula with datum shifts (AX,
AY, AZ).

For A¢, the general form of the Multiple Regression

Equation is (also see [1]):

A = By + AU + BV 4 AU? 4+ AUV + AgV? + ... 4 Ag,U%V? (7-4)
where
A, = constant
A, By, ... = coefficients determined in the development

U=k (¢ -¢,) = normalized geodetic latitude of the
computation point

V=% (A-2X,) = normalized geodetic longitude of the
computation point

k = scale factor, and degree-to-rau.an conversion




local geodetic latitude and local geodetic longitude

o, A

(in degrees), respectively, of the computation point

¢, A, = mid-latitude and mid-longitude values, respectively,

of the local geodetic datum area (in degrees).

Similiar eguations are obtained for AA and Ah by replacing A¢ in the
left portion of Equation (7-4) by AMA and Ah, respectively.

Local Geodetic Datum-to-WGS 84 Datum Transformation
Multiple Regression Equations for seven major continental size datums,
covering contiguous continental size land areas with large distortion,
are provided in Appendix D. The main advantage of MRE's 1lies in
modeling of distortion for better fit in geodetic applications.
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Table 7.2

Standard Molodensky Datum Transformation Formulas*

- Local Geodetic Datum to WGS 84 -

The_ Standard Molodensky Formulas

Ad”

{- AX sin ¢ cos A - AY sin ¢ sin A + AZ cos ¢

+ Aa (Rye? sin ¢ cos ¢)/a + Af [Ry(a/b) + Ry(b/a)] sin ¢ cos ¢}
[(Ry + h) sin 1"]7!

AN”

Ah

I

[- AX sin A + AY cos A] « [(Ry + h) cos ¢ sin 1"]"!

AX cos ¢ cos A + AY cos ¢ sin A + AZ sin ¢

- Aa (a/Ry) + Af (b/a) Ry sin?

geodetic coordinates (old ellipsoid)

geodetic latitude. The angle between the plane of the
geodetic equator and the ellipsoidal normal at a point
(measured positive north from the geodetic equator,
negative south).

geodetic longitude. The angle between the plane of the
Zero Meridian and the plane of the gecdetic meridian of
the point (measured in the plane of the geodetic
equator, positive from 0° to 180° E, and negative

from 0° to 18.° W).

geodetic height (ellipsoidal height). The distance of a
point from the ellipsoid measured from the surface of
the ellipsoid along the ellipsoidal normal to the
point.

N + H

ellipsoid to geoid separation. The distance of the
geoid above (+N) or below (-N) the ellipsoid.

distance of a point from the geoid (or, approximately,
elevation of the point above/below mean sea level);
positive above mean sea level, negative below mean sea
level.

* Not to be used between 89° Latitude and the pole (see Section 7.3.2).
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Ad, AN, Ah

AX, AY, Az

NOTE:

Table 7.2 (Cont'd)

Standard Molodensky Datum Transformation Formulas

- Local Geodetic Datum to WGS 84 -

corrections to transform local geodetic datum coordi-
nates to WGS 84 ¢, A, h values. The units of Ad and AA
are arc seconds ("); the units of Ah are meters (m).

NOTE:

AS "h's" ARE NOT AVAILABLE FOR LOCAL GEODETIC

DATUMS, THE Ah CORRECTION WILL NOT BE APPLICABLE
WHEN TRANSFORMING TO WGS84.

b/a =

Aa, Af =

shifts between centers of the local geodetic¢ datum and
WGS 84 Ellipsoids; corrections to transform local

geodetic system-related rectangular coordinates (X, Y,
Z) to WGS 84-related X, Y, Z wvalues.

semimajor axis of the local geodetic datum ellipsoid.
semiminor axis of the local geodetic datum ellipsoid.
1 - ¢

flattening of the local geodetic datum ellipsoid.

differences between the semimajor axis and flattening

of the local geodetic datum ellipsoid and the WGS 84
Ellipsoid, respectively (WGS 84 minus Local).

first eccentricity.

2f - f£°

radius of curvature in the prime vertical.
a/(l-e?sin?{)1/?

radius of curvature in the meridian.

a(l-e?)/ (l-e?sin?¢)3/?

All A-quantities are formed by subtracting local geodetic datum
ellipsoid values from WGS 84 Ellipsoid values.
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The accuracy of the WGS 84 coordinates of a site is significantly
influenced by the method used to determine the coordinates. Depending
on the data available, the WGS 84 coordinates of a site can be
determined:

- Directly in WGS 84 via a satellite point positioning solution
using ground-based Doppler or GPS satellite tracking data and
broadcast or precise satellite ephemerides.

- By a WGS 72-to-WGS 84 Coordinate Transformation.
- By a Local Geodetic Datum~to-WGS 84 Datum Transformation,

However, the situation is even more complicated since there are
several techniques for accomplishing a Local Geodetic Datum~to-WGS 84
Datum Transformation. In addition, the accuracy of the WGS 84
coordinates of a site is different depending on whether it is a
satellite station or a non-satellite geodetic network station, or

whether the WGS 84 coordinates we:e determined by a receiver operated
in a dynamic or static mode.

The accuracy (one sigma) of WGS 84 coordinates directly
determined in WGS 84 by Doppler or GPS Satellite Point Positioning,
their respective precise ephemerides and ground-based satellite
tracking data acquired in the static mode, is in geodetic latitude,
geodetic longitude, and geodetic height:

Op = 0) = #1 m (8-1)

O, = 1 to 2 m, (8-2)




The Doppler stations used in the development of WGS 84 were
surveyed prioxr to 1 January 1987 in the NSWC 92-2 system. As such, the
indirectly obtained WGS 84 coordinates (through corrections of biases
given in Chapter 2) for these Doppler stations have been established at
lower accuracies compared to Doppler stations directly surveyed in the
WGS 84 reference frame. Thus, the absolute accuracy (one sigma) of
these Doppler station WGS 84 coordinates was assumed to be:

Gp = Op = 2 m (8-3)
O, = £2 to +£3 m. (8-4)

The WGS 84 coordinates for 1591 Doppler stations, surveyed up to
31 December 1986 and used as an integral part of the WGS 84
development, and additional stations, surveyed after 1 January 1987,
have been used to develop Local Geodetic Datum-to-~WGS 84 Datum
Transformations (Chapter 7).

The WGS 84 coordinate accuracies in the two paragraphs immediately
above are absolute accuracies in that they incorporate not only the
"observational" or solution error, but the errors associated with
placing the origin of the WGS 84 Coordinate System at the earth's
center of mass and determining the correct scale for the WGS 84
Coordinate System. The error estimates do not include the uncertainty
associated with the attempt to bring the WGS 84 zerc meridian into
coincidence with the BIH-defined Zero Meridian for the epoch 1984.0.
This 1is not necessary since the location of the WGS 84 longitude
reference or zero meridian is arbitrary. These absolute accuracy values
should not be confused with the sub-meter precision:

- Of a Doppler or GPS coordinate solution (the "observ: tional"

error) .

- Of a Doppler or GPS coordinate solution which has been repeated
independently at the same site.




The WGS 84 coordinates of a non-satellite derived local geodetic
network station will be less accurate than the WGS 84 coordinates of a
Doppler or GPS station. This is due to the distortions and surveying
errors present in local geodetic datum networks, the lack (in general)
of a sufficient number of properly placed Doppler or GPS stations
colocated with local geodetic datum stations for use in forming the
Local Geodetic Datum-to-WGS 84 Datum Shifts, and the uncertainty
introduced by the datum transformation.
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9. CONCLUSIONS/SUMMARY

World Geodetic System 1984 4is based on the use of data,
technigues, and technology available in early 1984. As a result, WGS 84
is more accurate than WGS 72 and replaces the latter as the geocentric
system officially authorized for DoD use.

The origin and orientation of the WGS 84 Reference Frame are more
accurately defined than they were for WGS 72. In addition, Doppler and
GPS~derived Local Geodetic Datum-to-WGS 84 Datum Shifts are more
accurate than analogous WGS 72 values, and are available for many more
datums for WGS 84 as compared to WGS 72. Further, the WGS 84 EGM and
geoid are considerably more accurate than their WGS 72 counterparts,
and minor scale errors inherent in WGS 72 are reduced in WGS 84. These
improvements translate into:

- More accurate maps and charts of scale 1:50,000 and larger.

- More accurate geodetic coordinates, geoid heights, heights
above the geoid (approximately mean sea level), and distances.

- An improved capability for satellite orbit determination and
prediction.

- The capability to place many more local geodetic datums on a
world geodetic system, and do it more accurately.

The latter is particularly important for those local geodetic
datums affected by large distortions. Placement of such local datums on
WGS 84, using the variable datum shifts made possible by a well

dispersed set of Doppler or GPS sites, effectively removes these
distortions.




The value of WGS 84 will become increasingly evident in the early
1990s when Navstar GPS will be fully operational. Since the reference
system for Navstar GPS is WGS 84, high ouwality geocentric cooxdinates
can be provided automatically by Navstar GPS User Equipment. For those
using Navstar GPS but still utilizing local geodetic datums and
products, the availability of the more accurate WGS 84-to-Local
Geodetic Datum Shifts will lead to an improved recovery of local
coordinates. Again, the wvalue of having all MC&G products and
navigational activities referenced to WGS 84 is noted. But if local
geodetic datums are in use, requiring a WGS 84-to-Local Geodetic Datum
Transformation, then the wvalue of having improved datum shifts (made
possible by a well dispersed set of Doppler or GPS sites throughout the
region) 1is apparent.

Efforts have been initiated to enhance/refine WGS 84 to satisfy
anticipated future requirements for MC&G products and data of increased
accuracy.
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APPENDIX A

LIST OF REFERENCE ELLIPSOID NAMES AND PARAMETERS
(USED FOR GENERATING DATUM TRANSFORMATIONS)
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REFERENCE ELLIPSCIDS
FOR
LOCAL GEODETIC DATUMS

1. GENERAL

This appendix lists the reference ellipsoids and their
constants (a,f) associated with the local geodetic datums which are
tied to WGS 84 through datum transformation constants and/or MRE's
(Appendices B, C, and D).

2. CONSTANT CHARACTERSTICS

In Appendix A.1l, the list of ellipsoids includes a new
feature. Some of the reference ellipsoids have more than one semi-
major axis (a) associated with them. These different values of axis
(a) vary from one region or country to another or from one year to
another within the same region or country.

A typical example of such an ellipsoid is Everest whose
semi-major axis (a) was originally defined in yards. Here, changes
in the yard to meter conversion ratio over the years have resulted
in five different values for the constant (a), as identified in
Appendix A.1l.

To facilitate correct referencing, a standardized two
letter code is also included to identify the different ellipsoids
and/or their "versions" pertaining to the different values of the
semi-major axis (a).
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APPENDIX B

DATUM TRANSFORMATIONS DERIVED
USING SATELLITE TIES TO GEODETIC DATUMS/SYSTEMS
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DATUM TRANSFORMATION CONSTANTS
- GEODETIC DATUMS/SYSTEMS TO WGS 84 -
(THROUGH SATELLITE TIES)

1. GENERAL

This appendix provides the details about the reference
ellipsoids (Appendix A) which are used as defining parameters for
the geodetic datums and systems.

There are 99 local geodetic datums which are currently
related to WGS 84 through satellite ties.

2. LOCAL DATUM ELLIPSO1DS

Appendix B.1l lists, alphabetically, the local geodetic
datums and the Soviet Geodetic system 1985 (SGS 85) with their
associated ellipsoids. Two letter ellipsoidal codes (Appendix A)
have alsc been included to clearly indicate which "version" of the
ellipsoid was used in determining the transformation constants.

3. TRANSFORMATION CONSTANTS

Appendices B.2 through B.7 list the constants for local
datums for continental areas. The continents and the local geodetic
datums are arranged alphabetically.

Appendices B.8 through B.10 list the constants for local
datums which fall within the ocean areas. The ocean areas and the
geodetic datums are also arranged alphabetically.

4. ERROR ESTIMATES

The lo error estimates for the datum transformation
constants (AX,AY,AZ), obtained from the computed solutions, are
also tabulated. These estimates do not include the errors of the
common control station coordinates which were used to compute the
shift constants.

For datums having four or less common control stations,
the lo errors for shift constants are non-computed estimates.

The current set of error estimates have been revaluated
and revised after careful consideration of the datum transformation
solutions and the related geodetic information; the intent has been
to assign estimates as realistic as possible.

B-3




This page is intentionally blank.

B-4




Appendix B.1

Geodetic Datums/Reference Systems
Related to World Geodetic System 1984
(I'hrough Satellite Ties)

Local Geodetic Datum

Adindan

Afgooye

Ain el Abd 1970

Anna 1 Astro 1965

Antigua Island Astro 1943

Arc 1950

Arc 1960

Ascension Island 1958
Astro Beacon "E" 1945
Astro DQS 71/4

Astro Tern Island (FRIG) 1961
Astronomical Station 1952
Australian Geodetic 1966
Australian Geodetic 1984
Ayabelle Lighthouse

Bellevue (IGN)
Bermuda 1957
Bissau

Bogota Observatory
Campo Inchauspe

Canton Astro 1966

Cape

Cape Canaveral

Carthage

Chatham Island Astxo 1971

Chua Astro
Corrego Alegre
Dabola

Dijakarta (Batavia)
DOS 1968

Assocliated*
Reference Ellipsoid

Clarke 1880

Krassovsky 1940

International

Australian National

Clarke 1880

Clarke 1880
Clarke 1880
International
International
Internatioral

International
International

Australian National
Australian National

Clarke 1880

International
Clarke 1866

International
International
International

International
Clarke 1880
Clarke 1866
Clarke 1880
International

Internationa.
International
Clarke 1880
Bessel 1841
International

* See Appendix A.l for associated constants a,f.

.1-1

1924

1924
1924
1924

1924
1924

1924
1924
1924
1924

1924

1924

1924
1924

1924

Code

CD
KA
IN
AN
CD

CD
CD
IN
IN
IN

IN
IN
AN
AN
CD

IN
CcC
IN
IN
IN

IN
CD
cC
CD
IN

IN
IN
CD
BR
IN




Appendix B.l1 (Cont'd) ’

Geodetic Datums/Reference Systems
Related to World Geodetic System 1984
(Through Satellite Ties)

Local Geodetic Datum Associated*
Reference Ellipsoid Code
Easter Island 1967 International 1924 IN
European 1950 International 1924 IN
European 1979 International 1924 IN
Fort Thomas 1955 Clarke 1880 CD
Gan 1970 International 1924 IN
Geodetic Datum 1949 International 1924 IN
Graciosa Base SW 1948 International 1924 IN
Guam 1963 Clarke 1866 CcC
GUX 1 Astro International 1924 IN
Hjorsey 1955 International 1924 IN
Hong Kong 1963 International 1924 IN
Hu-Tzu-Shan International 1924 IN
Indian Everest EA/EC**
Indian 1954 Everest EA
Indian 1975 Everest EA .
Ireland 1965 Modified Airy AM
ISTS 061 Astro 1968 International 1924 IN
ISTS 073 Astro 1969 International 1924 IN
Johnston Island 1961 International 1924 IN
Kandawala Everest EA
Kerguelen Island 1949 International 1824 IN
Kertau 1948 Everest EE
Kusaie Astro 1951 International 1924 IN
L. C. 5 Astro 1961 Clarke 1866 ccC
Leigon Clarke 1880 CD
Liberia 1864 Clarke 1880 CD
Luzon Clarke 1866 ccC
Mahe 1971 Clarke 1880 CD
Massawa Bessel 1841 BR
Merchich Clarke 1880 CD

* See Appendix A.l for associlated constants a,f.

**  Due to different semi-major axes. See Appendix A.l.




Appendix B.1 (Cont'd)

Geodetic Datums/Reference Systems
Related to World Geodetic System 1984
{(Through Satellite Ties)

Local Geodetic Datum Associated:*

Reference Ellipsoid lode

Midway Astro 1961 International 1924 IN
Minna Clarke 1880 co
Montserrat Island Astro 1958 Clarke 1880 Co
M'Poraloko Clarke 1880 CD
Nahrwan Clarke 1880 CD
Naparima, BWI International 1924 IN
North American 1927 Clarke 1866 ccC
North American 1983 GRS 8(Q*** RF
Observatorio Meteorologico 1939 International 1924 IN
0ld Egyptian 1907 Helmert 1906 HE
0ld Hawaiian Clarke 1866 cc
Oman Clarke 1880 CD
Ordnance Survey of Great Britain 1936 Airy 1830 AA
Pico de las Nieves International 1924 IN
. Pitcairn Astro 1967 International 1924 IN
Point 58 Clarke 1880 CD
Pointe Noire 1948 Clarke 1880 CD
Porto Santo 1936 International 1924 IN
Provisional South American 1956 International 1924 IN
Provisional South Chilean 1963***x* International 1924 IN
Puerto Rico Clarke 1866 CC
Qatar National Internatinnal 1924 IN
Qornog International 1924 IN
Reunion International 1924 IN
Rome 1940 International 1924 IN
Santo (DOS) 1965 International 1924 IN
Sao Braz International 1924 IN
Sapper Hill 1943 International 1924 IN
Schwarzeck Bessel 1841 BN
Selvagem Grande 1938 International 1924 IN

* See Appendix A.l1 for associated constants a,f.
**%* Geodetic Reference System 1980

****A]s0 known as Hito XVIII 1963




Appendix B.1 (Cont'd)

Geodetic Datums/Reference Systems
Related to World Geodetic System 1984
(Through Satellite Ties)

Local Geodetic Datum

South American 1969
South Asia

Timpbalai 1948

Tokyo

Tristan Astro 1968

Viti Levu 1916
wake-Eniwetok 1960
waxe Island Astro 1952
Zanderij

Associated®
Reference Ellipsoid

South American 1969
Modified Fischer 1960
Everest

Bessel 1841
International 1924

Clarke 1880
Hough 1960
International 1924
International 1924

S5ee Appendix A.l for associated constants a,f.

.1-4

Code

SA
FA
EB
BR
IN

CD
HO
IN
IN
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Appendix C.1

Local Geodetic Datums
Related to World Geodetic System 1984
(Through non-Satellite Ties)

Local Geodetic Datum

Bukit Rimpah
Camp Area Astro
European 1950
Gunung Segara
Herat North

Tananarive Observatory 1925
Yacare

Assoqgiated*

Reference Ellipsoid

Bessel 1841

International
International
Bessel 1841

International
International
International

* See Appendix A.l for associated constants a,f.

.1-1

1924
1924

1924
1924
1924

Code

BR
IN
IN
BR
IN
IN
IN
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USING NON-SATELLITE INFORMATION
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DATUM TRANSFORMATION CONSTANTS
- LOCAL GEODETIC DATUMS TO WGS 84 -
(THROUGH NON-SATELLITE TIES)

1. GENERAL

This appendix provides the details about the reference
ellipsoids (Appendix A) used as defining parameters for the local
geodetic datums which are related to WGS 84 through non-satellite
ties to the local control.

There are six such local geodetic datums, and one special
area under the European Datum 1950 (ED 50).

2. LOCAL DATUM ELLIPSOIDS

Appendix C.1 lists alphabetically the local geodetic
datums and their asscociated ellipsoids. Two letter ellipsoidal
codes (Appendix A) have also been included to clearly indicate
which "version" of the ellipsoid has been used to determine the
transformation constants.

3. TRANSFORMATION CONSTANTS

Appendix C.2 alphabetically lists the local geodetic
datums and the special area under ED 50 with the associated shift
constants.

4. ERROR ESTIMATES

The error estimates are not available for the datum
transformation constants listed in the Appendix C.2.
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Appendix D

MULTIPLE REGRESSION EQUATIONS
FOR

SPECIAL CONTINENTAL SIZE
LOCAL GEODETIC DATUMS
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MULTIPLE REGRESSION EQUATIONS

1. GENERAL

This appendix provides the Multiple Regression Equations
(MRE's) parameters for continental size datums and for contiquous
large land areas (Table D.1).

Table D.1

DATUMS WITH MULTIPLE REGRESSION EQUATIONS

DATUM NAME AREA COVERED

Australian Geodetic 1966 Australian Mainland
Australian Geodetic 1984 Australian Mainland

Campo Inchauspe Argentina
Corrego Alegre Brazil
European 1950 Western Europe

Austria, Denmark, France,
W. Germany*, The Nether-
lands, and Switzerland.

North American 1927 CONUS
‘ Canadian Mainland
South American 1969 South American Mainland

Argentina, Bolivia,
Brazil, Chile, Colombia,
Ecuador, Guyana, Peru;
Paraguay, Uruguay, and
Venezuela.

* Prior to October 19990.

2. APPLICATIONS

The coverage area for MRE's application are defined in
detail in Appendices D.1 through D.6. MRE's coverage area should
never be extrapolated and are not to be used over islands and/or
isolated land areas.

The main advantage of MRE's lies in their modeling of
distortions for datums, which cover continental size land areas, to
obtain better transformation fit in geodetic applications.
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Multiple Regression Equations (MRE's)
for Transforming
Australian Geodetic Datum 1966 (AUA) to WGS 84

Area of Applicability : Australian Mainland (excluding Tasmania)

MRE coefficients for ¢ and A are

A" = 5.19238 + 0.12666 U + 0.52309 V - 0.42069 u? .
-~ 0.39326 UV + 0.93484 UV + 0.44249 UV’ - 0.30074 UV
+ 1.00092 U - 0.07565 V° - 1.42988 U’ - 16.06639 U'V
+ 0.07428 V° + 0.24256 UV° + 38.27946 U'V
- 62.06403 U'V® + 89.19184 U’V

AA" = 4.69250 - 0.87138 U - 0.50104 V + 0.12678 UV .
- 0.23076 V. - 0.61098 U'V_~- 0.38064 V’ + 2.89189 U
+ 5.26013 UV’ - 2.97897 U + 5.43221 UV .
- 3.40748 Liv + 0.07772 V° + 1.08514 UV + 0.71516 UV
+ 0.20185 V) + 5.18012 UV’ - 1.72907 UV
- 1.24329 UV

where : U = K (¢ + 27°); V=K (A-138°); K = 0.05235988

NOTE : Input ¢ as (-) from 90°S to 0°NM in degrees.

Input A as (-) from 180°W to O0°E in degrees.

Quality of fit = £ 2.0 m

Test Case :

AUA Shift WGS 84
¢= (-)17°00'32.78"S Ad= 5.48" = (-)17°00'27.30"S
A=  144°11'37.25"E AA= 3.92" A= 144°11'41.17"E
D-5




Multiple Regression Equations (MRE'Ss)

for Transforming

Australian Geodetic Datum 1984 (AUG) to WGS 84

Area of Applicability :

Australian Mainland (excluding Tasmania)

MRE coefficients for ¢ and A are :

Adp" =

AA =

Where :

NOTE :

Quality of fit

Test Case :

it

¢
A

+ 1 + 1 O

ESES

.20604 +

0.38620
0.37714
0.03785
4.23859

.67877 -

0.10194
0.46107
0.46832
1.19443

K (¢ + 27°); V =

0.25225 U + 0.58528 V - 0.41584 u? ,

UV - 0.06820 V' + 0.38699 U'Y + 0.07934 UV®

Ul - 0.52913 UV + 0.38095 V' + 0.68776 U'Y

v® - 0.17891 U° - 4.84581 UV’ - 0.35777 V
2..9

u’v

0,73036 U - 0.57942 V + 0.28840 U’ ,

U’ - 0.27814 UY' - 0.13598 V' + 0.34670 UV,

Vi +1.29432 UV’ + 0.17996 UV - 1.13008 U'V

Ul + 0.30676 V° + 0.31948 U’ + 0.16735 V

Uuv

K (A - 134°); K = 0.05235988

Input ¢ as (-) from 90°S to 0°N in degrees.

Input A as (-) from 180°W to 0°E in degrees.

=t 2

AUG

.0

(-)20°38'00.67"S
144°24'29.29"E

Shift WGS 84
Ad= 5.50" = (-)20°37'55.17"S
Ai= 4.11" A= 144°24'33.40"E




Multiple Regression Equations (MRE's)

for Transforming

Campo Inchauspe Datum (CAI) to WGS 84

Area of Applicability :

Argentina (Continental land areas only)

MRE coefficients for ¢ and A are

Ag" = 1
<+
+
A = -
+
+

Where : U

NOTE :

.67

0.
0.
0.
0.

—ROON

470 +
04216
24506
00202
00036

.93117
.07955
.29575
.33556

0.52924 U - 0.17100 V + 0.18962 u? " s
UV + 0.19709 UV - 0.22037 U’ - 0.15483 U%Y
Uy’ - 0.05675 V° + 0.06674 U° + 0.01701 UV
U] + 0.08625 V' - 0.00628 U’ + 0.00172 UV

u’v

+ 0.18225 U + 0.69396 V - 0.04403 v’ .

V: + 1.48605 V' - 0.00499 U* - 0.02180 U'V
UV’ + 0.20377 UY* - 2.47151 V° + 0.09073 UV
v + 0.01575 UV’ - 0.26842 V

~ NowN

K (¢ +35°); V=K (A+64°); K= 0.15707963

Input ¢ as (-) from 90°S to 0°N in degrees.

Input A as (-) from 180°W to 0°E in degrees.

Quality of fit = ¢ 2.0 m
Test Case :
CAI Shift WGS 84
¢= (-)29°47'45.68"S Ad= 1.95" d= (-)29°47'43.73"S
A= (-)58°07'38.20"W Ai=-1.96" A= (-)58°07'40.16"W




Multiple Regression Egrations (MRE's)
for Transforming
Corrego Alegre Datum (COA) to WGS 84

Area of Applicability : Brazil (Continental land areas only)

MRE coefficients for ¢ and A are
Ap" = 0.84315 + 0.74089 U - 0.21968 V - 0.98875 U° ,

0.89883 UV + 0.42853 u’ F 2.73442 vt -~ 0.34750 UV

4.69235 UV’ - 1.87277 U® + 11.06672 U’V

46.24841 UV’ - 0.92268 U’ - 14.26289 U'V

334.33740 UV’ - 15.68277 UV® - 2428.8586 U®V®

+ 1+

AA" 1.46053 + 0.63715 U + 2.24996 V - 5.66052 UV
2.22589 V® - 0.34504 U’ - 8.54151 U’V + 0.87138 U
43.40004 UV _+ 4.35977 UV’ + 8.17101 U'v

16.24298 UV’ + 19.96900 UV' - 8.75655 V°
125.35753 UV - 127.41019 UV' - 0.61047 U°®
138.76072 U'V + 122.04261 UV’ - 51.86666 UV
45.67574 U°V’

+ 4+ 1+ + 4+

Where : U

K (¢ + 15°); V=K/(A+50°); K=0,05235988
NOTE : Input ¢ as (-) from 90°S to 0°N in degrees.

Input A as (-) from 180°W to 0°F in degrees.
Quality of fit = % 2.0 m

Test Case :

COA Shift WGS 84
= (-)20°29'01.02"S Ap= -1.03" $= (-)20°29'02.05"S
A= (-)54°47'13.17"W AA= -2.10" A= (-)54°47'15.27"W




Multiple Regression Equations (MRE's)

for Transforming

European Datum 1950 (EUR) to WGS 84

Area of Applicability

: Western Europe* (Continental contiguous
land arzas only)

MRE coefficients for ¢ and A are

A" = - 2.65261 + 2.06392 U + 0.77921 V + 0.26743 U’ \
+ 0.10706 UV + 0.76407 U’ - 0.95430 UV + 0.17197 U
+ 1.04974 U'V_- 0.22899 UV’ - 0.05401 V® - 0.78909 U®
- 0.10572 UV’ + 0.05283 UV® + 0.02445 UV°

AA" = - 4,13447 -~ 1.50572 U + 1.94075 V - 1.37600 U>
+ 1.98425 UV_+ 0.30068 V° - 2.31939 U® - 1.70401 U*
- 5.48711 UV’ + 7.41956 U -~ 1.61351 UV’
+ 5.92923 UV® - 1.97974 V° + 1.57701 U° - 6.52522 UV®
+ 16.85976 UV' - 1.79701 UV’ - 3.08344 U’
- 14.32516 U’V + 4.49096 U'v' + 9.98750 U°v
+ 7.80215 U7\§26— 2.26917 Uzg’; 0.16438 v98 ,
- 17.45428 U*Vv® - 8.25844 U°V® + 5.28734 U’V
+ 8.87141 UV’ - 3.48015 U°V' + 0.71041 U*V°

Where : U =K (¢ - 52°); V=K (A - 10°); K = 0.05235988
NOTE : Input ¢ as (-) from 90°S to 0°N in degrees.

Input A as (-) from 180°W to 0°E in degrees.

Quality of fit

1}
I+
N

Test Case :
EJUR
b= 46°41'42.89"N
A= 13°54'54.09"E

* See Table D.1

.0

Shift WGS 84
Ad= -3.08" ¢= 46°41'39.81"N
AA= -3.49" A= 13°54'50.60"E

(Page D-3) for the list of countries

covered by the above set of MRE's.




Multiple Regression Equations (MRE's)
for Transforming
North American Datum 1927 (NAS) to WGS 84

Area of Applicability : Canada (Continental contigqguous land

areas only)

MRE coefficients for ¢ and A are :

A" = 0.79395 + 2.29199 U + 0.27589 V - 1.76644 U°

ALY =

Where

+ 0.47743 UV + 0.08421 V° - 6.03894 U’ - 3.55747 U’V
1.81118 UV® - 0.20307 V® + 7.75815 U* - 3.1017 UV
3.58363 ujv2 - 1.31086 gvj - 0.45916 v‘4+ 14.27239 U:
3.28815 UV + 1.35742 UV’ + 1.75323 UV® + 0.44999 V
19.02041 U*v? - 1.01631 U*V* + 1.47331 UV’

0.15181 vj + 0.41614 UV’ - 0.80920 UV® - 0.18177 v;
5.19854 Uzv; - 0.48837 uv; - 0.01473 v: - 2.26448 U
0.46457 U™V + 0.11259 UV® + 0.02067 V

47.64961 UV + 0.04828 UV’ + 36.38963 UV’

0.06991 U:v: + 0.08456 Ujvz + 0.09113 U:VZ

5.93797 UV’ - 2.36261 UV’ + 0.09575 U’V

+4+ 4+ 0+

1.36099 + 3.61796 V - 3.97703 U+ 3.09705 uv .
1.15866 V. - 13.28954 U’ - 3.15795 UV _+ 0.68405 UV"
0.50303 vj - 8.81200 u:‘\g - 2.17587 U“\gzz- 1.49513 uv
0.84700 V' + 31.42448 U° - 14.67474 U’V
0.65640 UV' + 17.55842 U® + 6.87058 UV’ - 0.21565 V°
62.18139 UV’ + 1.78687 UV' + 2.74517 UV’

0.30085 UV® + 0.04600 V' + 63.52702 U°V’

7.83682 UV’ + 9.59444 UV’ + 0.01480 V° +
10.51228 y‘vs - 1.42398 gfy’ - 0.00834 V’
5.23485 U'V) - 3.18129 UV, + 8.45704 UV
2.29333 UV] + 0.14465 UV’ + 0.29701 UV
0.17655 UV

-

w 0

2
9

+ 4+ ++ 0+ + 40
[V IR I Y]

c
It

K (¢ - 60°); V=FK]¢(A+100°); K =0.05235988

NOTE : Input ¢ as (-) from 90°S to 0°N in degrees.

Input A as (-) from 180°W to 0°E in degrees.

Quality of fit = £+ 2.0 m

Test Case :

¢
A

i

NAS Shift WGS 84
54°26'08.67"N Ad= 0.29" &= 54°26'08.96"N
(-)110°17'02.41"W Al= -3.16" A= (-)110°17'05.57"W

D-10




Multiple Regression Equations (MRE's)

for Transforming

North American Datum 1927 (NAS) to WGS 84

Area of Applicability : USA (Continental contiguous land areas

only; excluding Alaska and Islands)

MRE coefficients for ¢ and A are :

A¢n

A)"n

Where:

NOTE :

Quality of fit

Test Case :

¢
A

i

o

b+ 4+

[ T S B

34°47'08.83"N Ad= 0.36" )
(-) 86°34'52.18"W Ai= 0.08" A

.16984 -

4.57801
0.12415
0.73357
0.07439
1.30575

0.88437
0.13374
0.49211
1.88585
0.12948
0.01444

K (¢-

0,76173 U + 0.09585 V + 1.09919 u® ;
U’ - 1.13239 U’y + 0.49831 V' - 0.98399 U
V' + 0.11450 V' + 27.05396 U’ + 2.03449 UV
V- 0.37548 V° - 0.14197 V° - 59.96555 U
- 4.76082 U° + 0.03385 V° + 49.04320 U
Utv? - 0.07653 UV+ 0.08646 U'V

Uz
U?
\%

6

+2.05061 V + 0.26361 U’ - 0.76804 UV ,
Vi -~ 1.31974 U’ - 0.52162 U’V - 1.05853 UV
U’v' + 2.17204 UV’ - 0.06004 V' + 0.30139 U'V
uy' - 0.81162 UV’ - 0.05183 V° - 0.96723 UV"
v’ + 3.41827 U° - 0.44507 UV + 0.18882 UV
+ 0.04794 UV’ - 0.59013 UV’

37°); V=EK/(A+95%°); K-=0.05235988

Input ¢ as (-) from 90°S to 0°N in degrees.

Input

=t 2.

NAS

A as (-) from 180°W to O°E in degrees.

0m

Shift WGS 84

34°47'09.19"N
(-) 86°34'52.10"W

{1 BT




Multiple Regression Equations (MRE's)

for Transforming

South American Datum 1969 (SAN) to WGS 84

Area of Applicability : South America (Continental contiguous

land areas only)

MRE coefficients for ¢ and A are :

Ad" = - 1.67504 - 0.05209 U + 0.25158 V + 1.10149 U’ )
+ 0.24913 Uy - 1.00937 g\/-— 0.749773% - 1.54090 U4
+0.14474 V_+ 0.47866 U, + 0.36278 U'V" - 1.29942 UV
+ 0.30410 V. +0.87669 U - 0.27950 UV - 0.46367 U .
+ 4.31466 U'V" + 2.09523 UV’ + 0.85556 UV" - 0.17897 U
- 0.57205 Uy’ + 0.12327 U" - 0.85033 U'V" - 4.86117 UV
+ 0.06085 UV, ~ 0.21518 UV + 0.31053 UV
- 0.09228 UV - 0.22996 UV + 0.58774 U V_
+ 0.87562 UV’ + 0.39001 UV - 0.81697 UV
AA" = - 1.77967 + 0.40405 U + 0.50268 V - 0.05387 U’ ,
- 0.12837 UV - 0.54687 UV - 0.17056 V' - 0.14400 Uy,
+ 0.11351 UV - 0.62692 U'v" - 0.01750 U" + 1.18616 UV
+ 0.01305 U. + 1.01360 uv, - 0.29059 UV_
+ 5.12370 U7V7 - 5.09561 UBV7 - 5.27168 U9V7
+ 4.04265 UV - 1.62710 UV, + 1.68899 UV
+ 2.07213 UV - 1.76074 UV
Where: U=K (¢ + 20°); V=K (A +60°; K=0.05235988
NOTE : Input ¢ as (-) from 90°S to 0°N in degrees.
Input A as (-) from 180°W to 0°E in degrees.
Quality of fit = & 2.0 m
Test Case :
SAN Shift WGS 84
¢= (-) 31°56'33.95"5 Ad= -1.36" ¢= (-) 31°56'35.31"S
A= (-) 65°06'18.66"W Ar= -2.16" A= (-) 65°06'20.82"W
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APPENDIX E

-ACRONYMS~-
AGD 66 = Australian Geodetic Datum 1966
AGD 84 = Australian Geodetic Datum 1984
BIH = Bureau International de 1l'Heure
BTS = BIH Terrestrial System
CEP = Celestial Ephemeris Pole
CIsS = Conventional Inertial System
CONUS = Contiguous United States
CTP = Conventional Terrestrial Pole
CTS = Conventional Terrestrial System
DMA = Defense Mapping Agency
DMAAC = Defense Mapping Agency Aerospace Center
DMAHTC = Defense Mapping Agency Hydrographic Topographic Center
DoD = Department of Defense
ECEF = Earth-Centered, Earth-Fixed
ECI = Earth-Centered Inertial
ECM = Earth's Center of Mass
ED 50 = Buropean Datum 1950
ED 79 = Buropean Datum 1979
EGM = EFarth Gravitational Model
FRG = Federal Republic of Germany
GLONASS = Global Navigation Satellite System
GPS = Global Positioning System
GRS 80 = Geodetic Reference System 1980
IAG = International Association of Geodesy
IAU = International Astronomical Union
ITS = Instantaneous Terrestrial System
IUGG = International Union of Geodesy and Geophysics
MC&G = Mapping, Charting, and Geodesy
MREs = Multiple Regression Equations
NAD 27 = North American Datum 1927
NAD 83 = North American Datum 1983




APPENDIX E (Cont'd)

-ACRONYMS-
NAVOCEANO = Naval Oceanographic Office
Navstar GPS = Navstar Global Positioning System
NGS = National Geodetic Survey
NNSS = Navy Navigation Satellite System
NSWC = Naval Surface Warfare Center (formerly Naval Surface
Weapons Center)
0SGB 36 = Ordnance Survey of Great Britain 1936
0SGB SN 80 = Ordnance Survey of Great Britain Scientific Network
1980
PSAD 56 = Provisional South American Datum 1956
RMS = Root-Mean-Square
SAD 69 = South American Datum 1969
TD = Tokyo Datum
TR = Technical Report
USNO = United States Naval Observatory
UK = United Kingdom
us = United States
uT = Universal Time
VLBI = Very Long Baseline Interferometry
WGS = World Geodetic System
WGS 72 = World Geodetic System 1972
WGS 84 = World Geodetic System 1984
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