NGA.STND.0036_1.0.0_WGS84

NATIONAL GEOSPATIAL-INTELLIGENCE AGENCY (NGA)
STANDARDIZATION DOCUMENT

DEPARTMENT OF DEFENSE
WORLD GEODETIC SYSTEM 1984

Its Definition and Relationships with Local Geodetic Systems

2014-07-08

Version 1.0.0

OFFICE OF GEOMATICS




NGA.STND.0036_1.0.0_WGS84 201407-08

SUBJECT TERMS

Datums, Datum Shifts, Datum Transformations,Datum Transformation Multiple
Regression Equation®efense Mapping Agency (DMAEarth Gravitational Constant,
Earth Gravitational Model (EGM)EGM2008, Earth OrientatiofParameters (EOP),
Ellipsoids, Ellipsoid Heights Ellipsoidal Gravity FormulaGauss Coefficient<3eodesy,
Geodetic, Geodetic Heights, Geodetic Systems,Geoids, Geoid Heights, Geoid
Undulations,Global Positioning System (GPSjpravitation, Gravitational @efficients,
Gravitational Model, Gravitational Potential, Gravity, Gravity Formula, Gravity
Potential, Local Datums,Local Geodetic DatumsMagnetic Coefficients,Magnetic
Declination, Magnetics, Molodensky Datum Transformation Formulagyational
Geospatl-Intelligence Agency (NGA), National Imagery and Mapping Agency
(NIMA), Orthometric HeightsRegional Datums, Reference FramRsference Systems,
World Geodetic System (WGS)Vorld Geodetic System 1984 (WGS 84)Norld
Magnetic Model (WMM).



NGA.STND.0036_1.0.0_WGS84 201407-08

NGA DEFINITION

Department of Defense Directive 5105.60, National Geosphtialligence
Agency (NGAJuly 29, 200directs that:

NGA shall support US nationalecurity objectives by pwiding, timely, relevant,
and accurate geospatial intelligence (GEO)I'the Department of Defense (DoD), the
Intelligence Community (IC), and other US Government (USG) departments and
agencies conducting other intelligeneeslated activities essential for US national
security; providing GEOINT for safety of navigationfarmation; preparing and
distributing maps, charts, books, and geodetic products; designing, developing, operating,
and maintaining systems related to the processing and dissemination of GEOINT; and
providing GEOINT in support of the combat objectives loé tArmed Forces of the
United States.

It is DoD policy per Department of Defend®& STRUCTION NUMBER000.56,
Programming Geospatidhtelligence (GEOINT), Geospatial Information and Services
(Gl&S), and Geodesy Requirents for Developing Systems,Jyl2010that:

a. All acquisition programs relying on GEOINT data shall be designed to use
standard GEOINT data whose content, formats, and standards conform to those
established by the National System for Geospatial Intelligence (NSG) through
communitygovernment processes.

b. All acquisition programs shall make maximum use of standard military data
and digital databases provided by the National Geospataligence Agency (NGA)
and the NSG.

c. DoD Components shall consider the availability @A resources and the
impactof the use of unigue GEOINT data, products, or services may have on the cost,
schedule, or performance of system development or upgrades when unique GEOINT
dat a, products, or servi ces aperatiomalanissianr e d
profile.

n
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PREFACE

This NGA Standarddefines the Department of Defense (DoD) World Geodetic
System 1984 (WGS 84). Significant changes incorporatedsistindardnclude:

1
il
il
1

1
1

Refined realization of the reference frame

Description ofEarth Orientation Parameters (EOP)

Discussion of International Earth Rotation and Reference Systems Service
(IERS) standards

Development of a refined Earth Gravitational Mo&GM) and geoid

Description of a World Magnetic Mod@iVMM)

Updated list ofdatum transformations

Users requiring additional information, clarification, or an electronic version of
this document should contact:

NGA (SN), Mail Stop 41

Office of Geomatics

National Geospatiahtelligence Agency
3838 Vogel Road

Arnold, MO 630106205

E-Mail address: GandG@nga.mil
http://www.nga.mil

WGS 84 is comprised of a coherent setmmfdels angarametersOrganizations

are advisedNOT to make a substitution for any of the WGS 84 related parameters or
equations. Such a sulistion may lead to degraded WGS 84 products, interoperability
problems and may have other adverse effects.
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EXECUTIVE SUMMARY

This edition of the Department of Defense World Geodetic System 1984 (WGS
84) NGA Standard NGA.STND.0036_1.M WGS84 (formerly known as TR8350.2),
reflects significant improvements and changes to WGS 84 sinc8“ttexlition was
publishedin 1997 Today, the WGS 84 reflects a family of models, parameters, and a
new reference frame update.

This standardwill address lie following subject areas with the WGS 84:

= =4
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Coordinate Systems

The use of Global Positioning System (GPS) in the development of the WGS
84 Reference Frame

Ellipsoid and its defining parameters

Ellipsoidal Gravity formula

Earth Gravitational Mode2008 (EGV2008)
EGM2008 Geoid Model

The World Magnetic Model (WMM)

WGS 84 relationships with other Geodetic Systems
Accuracy of WGS 84 and its models
Implementation Guidelines

For those first time readerthe data, models, and information contained in this
standirdwill address issues and analysis related to the following topical areas:

T

1

T

T

Gravity Field determination and related issues
o Components of the Gravity Field
o Level Surfaces and Plumb Lines
o Spherical Harmonic Expansion of the Gravitational Potential
GeodeticReference Systems and other Reference Frames
o0 Geocentric Coordinate Systems and Polar Motion
o Astronomic Coordinates and the Global Cartesian Coordinate System
o Reference Surfaces
o Normal Gravity Field
o Satellite Observation and Global Navigation Sateliystems (GNSS)
Position, Navigation, and Timing (PNT) activities
o WMM
EGM2008
Reference Frame
GPS
Earth Orientation Parameters (EOP)
0 Use of IERS models and constants
Mapping and Charting
0 Horizontal Datum
o Vertical Datum

o O O0Oo
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1 Geodetic, GIS Data, and Other Hi&lccuracy Applications:
o Reference Frame

Coordinates

Earth Gravitational ModdEGM)

WGS 84 Geoid

Temporal considerations

o O 0O

NGA.STND.0036 provides a description and sufficierdetails regarding the
gl obal Worl d Geodet i c Styaldwesed of thig informatidn r ef er e
to implement this reference frame and its associated geophysical models and constants.

Todaydés modern GNSSO6s, such as GPS, have
global geocentric reference system which can be quickly edidpt precise geodetic
positioning, especially over long distancek. is possible to determine distortions and
mis-orientations of classical geodetic networks around the woflde entire WGS is
being incorporated into a Standafumsed environment thugh the NGA Geospatial
Intelligence Standards Working Group (GWG). The result will be that the WGS 84 and
its future instantiations will become part of the Ddidormation Standards Registry
(DISR) therebyincreasing interoperability and reducing acdiosi costs.

Readers will notdNGA is adopting multiple recommendations outlinedttie
International Earth Rotation and Reference Systems Service (IERS)idadlote No.
36, IERS Conventions 201(hereafter referred to as IERS TN 36). TNGA Standard
supplements IERS TN 36 as DoD guidance for implementation, particularly where WGS
84 differs from IERS TN 36. A new realization of the WGS 84 reference frame tied to
IERS TN 36 ad the International Terrestrial Reference Frame (ITRF) &0@as
established in 2013.

In mid-2015, a newedition ofthis Standardincorporaing an updatedVGS 84
reference frame and an updated WMM 2015 will be written and propagated to the
community. Thisanticipatededition will begin a fiveyear update cycle dhe Sandard
and its related models as required. The 2020 update may be a rigorous review of the
WGS which may result in refining parameters for the WGS.

Vi
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1. INTRODUCTION

The National Geospatidhtelligence Agency (NGA) supports a large number and variety
of products and users, which makes it imperative that these products all be related to a common
worldwide geodetic reference system. This ensures intedoifigy in relating information from
one product to another, supports increasingly stringent accuracy requirearghtsupports
military and humanitarian activities worldwide. The refined World Geodetic System 1984
( WGS 84) repr es e ntcsmoddl®@Athes Eartheusinng dajae teahrequeas and
technology available through 281

The definition of the World Geodetic System has evolved within NGA and its
predecessor agencies from the initial WGS 60 through subsequent improvements embodied in
WGS 66,WGS 72 and WGS 84. The refinement described in steédardhas been possible
due to improved scientific models and additional global data. These data inahsedrom
precise and accurate geodetic positioning, new observations of land gravityheataailability
of extensive altimetry data, and gravity data from the GRACE satellite mission.

Using these dataan improved Earth Gravitational Model 2008 (E@DBD8) and its
associated geoid were developeshd the World Magnetic Model 2010 (WMM201®)as
produced. EGM2008 was develop&y NGA with contracted suppart WMM2010 was
devel oped jointly by t he US National Oceano
National Geophysical Data Center and the British Geological Survey.

Commensurate witithese modeling enhancements, significant improvements in the
current realization of the WGS 84 reference frame&ehalso been achieved through the
continued improvement of the NAVSTAR Global Positioning System (GPS). WGS 84 is
realized by the coordinatesssigned to the GPS tracking stations used in the calculation of
precise GPS orbits at NGA. NGA currently utilizes the six globally dispersed Air Force
operational GPS tracking stations augmented by eleven tracking stations operated by NGA. The
coordinaes of these tracking stations have been determined to an absolute aofuraaym
(1s). WGS 84 coordinates are determined prilgahrough GPS positioning.

The WGS 84 represents the best global geodetic reference system for the Earth available
at this time for practical applications of mapping, charting, geopositipaimynavigation. This
standardncludes the definition of the coordinate system, fundaatemd derived constants, the
EGM2008, the ellipsoidal (normal) gravity model, a description of the associatet\\ivid a
current list of local datum transformations. NGA recommendations regarding the implementation
of WGS 84 are given in Chapter Ten oftstandard

1-1
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2. WGS 84 COORDINATE SYSTEM

2.1 Definition

The WGS 84 Coordinate System is a Conventional Terrestrial Reference System
(CTRS). The definition of this coordinate system follows the criteria outlinddténnational
Earth Rotation and Reference Systems Service (IERS) nieathNote No. 36, IERS
Corventions 201QIERS TN 36) [1]. These criteria are repeated below:

1 Itis geocentric, the center of mass being defined for the whole Earth including oceans
and atmosphere

1 Its scale is that of the local Earth frame, in the meaning of a relativistic tbéory
gravitation

T I'ts orientation was initially given by
orientation of 1984.0

1 Its time evolution in orientation will create no residual global rotation with regards to
the crust

The WGS 84 Coordinate System & righthanded, Eartfixed orthogonal
coordinate system and is graphically depicted in Figure 2.1.

IERS Reference Pole (IRP)
A

< WGS 84
Earth's Center
of Mass
IERS
Reference T
Meridian
(IRM)
X WGs 84 Y waGs 84

Figure 2.1 The WGS 84 Coordinate System Definition
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In Figure 2.1, the origin and axes are defined as follows:
Origin=Eart hdés center of mass

Z-Axis = The direction of the IERS Reference Pole (IRP). This direction
corresponds to the direction of the BIEbnventional TerrestriaPole (CTP)
(epoch 1984.0) with an uncertainty of 0.&(%|

X-Axis = Intersection of the IES Reference Meridian (IRM) and thgtane
passing through the origin and normal to thex#s. The IRM is coincident with
the BIH Zero Meridian (epoch 1984.0) with ancertainty of 0.005[1]

Y-Axis = Completes a righHtanded, EartCentered Eartrixed (ECEH
orthogonal coordinate system

The WGS 84 Coordinate System origin also serves as the geometric center of the
WGS 84 Ellipsoidand the Zaxis serves as the rotational axis of this ellipsoid of revolution.

The definition of the WGS 84 CTRS hast changed in any fundamental way
since its original implementation. This CTRS continues to be defined as ahaigied,
orthogonal and Eartkfixed coordinate system which is intended to be as closely coincident as
possible with the CTRS defined by the IERE prior to 1988, its predecessor, the Bureau
Il nternational de | 6Heure (Bl H).

The Naval Surface Warfare Center Dahlgren DoriSNSWCDD) generates the
software which NGA uses for precise GPS orbits and WGS 84 coordinate sol(timnsintain
WGS 84 to the highest level of accuracy and integrity, NGA and NSWCDD assess international
scientific standards to determine their apgliility to WGS 84. WGS 84 (G62) adheres to
IERSTN 36 with limited exceptions as identified in this documeNbDte that IERS TN 36 often
gives multiple approaches for implementation of models. Specifically, WGS 84 Z¥dillbnot
include pole correans and will not include librations UT1 and polar motiodefined in IERS
TN 36 Section 5.5Previous iterations of WGS 84.4. G1150) are consistent with IERS
Conventions 199 Technical Note No. 212]. As new standards are adopted, NGA will review
them to determine appropriate implementation. WGS 84 may not conform strictly to all
conventionsbutrelevant differencewill be documented

2.2 Realization

It is important to understanthe definition of a coordinate system and the
practical realiation of a reference frame. Section 2.1 contains the definition of the WGS 84
Coordinate System. To achieve a practical realization of a global geodetic reference frame, a set
of station coordinates must be established. A consistent set of stati@nates infers the
location of an origin, the orientation of an orthogonal set of Cartesian axésa scale. In
modern terms, a globally distributed set of consistent station coordinates on the surface of the
Earth represents a realization of an ECERddrial Reference Frame (TRF).

2-2
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The original WGS 84 reference frame was established in 1987 using the Navy
Navigation Satellite System (also called TRANSIT) [3]. The main objective in the original
effort was to align, as closely as possible, thginriscale and orientation of the WGS 84 frame
with the BIH Terrestrial System (BTS) frame at an epoch of 1984.0. This development is given
in DMA TR 8350.2, Editios 1and2. Initial uncertainties, in 1987, were2lmeters with respect
to the BTS.

Since that time, NGA has used the combined network of the US Air Force
(USAF) and NGA GPS satellite tracking stations to improve the WGS 84 reference frame. The
WGS 84 reference frame and the GHM8nitor Stations are inherently intertwined. WGS 84 is
thereference frameadoptedfor the operation oGPS, andall usersobtainWGS 84 coordinates
when they use the GPS Broadcast Navigation Messabj§3A generates a set d@precis®
ephemeride which adopt thaVGS 84, and these ephemerides are used for preessgoning.
This includes calculation of the WGS 84 positions of the permanent DoDMaRBor Stations
for both the US Air Force (USAF) and NGA (Figure 2.2) and, therefore, the WGS 84 origin. For
highest accuracgpplicationssuch as precise positiogjrapplications, temporal effects should be
considered as described in Section 2.2.4.

I —— C_ 5 :’» ; = o - - =
‘,_i) - .‘ % =
Alaska =z
sl N S 3 United ;“:“éb :
Coli‘:rado:‘ LouIs;Mp = e ngdon} N N 7 /
Springs [ ] @ £ e )
AR e LETD T i 2 el . 2 Korea
*Hawaii Atistin, TX__ -~ Eape Canaveral /T ) [ 7 *‘*_ <, 5 :
4 [ S - N ] Bahrain 3
= e o4 \9 e t Kwajalein
Ecuador . o
T Ascension r " Diego Garcia
Tahiti Y @V
~“South Africa )
— Argentina Australia .
y GPS Monitor Stations New Zealand
% .
@ NGA Site (1)
M NGA Test Site @) ————
_ Y USAF Site (6)

Figure 2.2WGS 84 (G182) Reference Frame Stations

NGA is committed to maintaining the highest possible accuracystaimlity for
the WGS 84 Reference Framhile remaining both practical and accessifile do so, NGA has
generated several realizations of WGS 84 incorporating improved data and advances in
geophysical modeling tadequately represerthe motion of theEar t h 6 s surface.
realizations havaot affected the fundamental definition of the WGS 84 reference sybtém
arenecessary for highccuracy, highntegrity applications. The current realization of the WGS
84 Reference Frame is designated as WGS384@). The GPS Operation&@ontrol Ssgment
(OCS) implemented WGS 84 (G12)6on 16 Oct 2013 with NGA implementation on the same
date.

2-3
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WGS 84(G17&) is thesixth update to the realization of the WGS 84 Reference
Frame. The previous realizations were designated WGS 84 (G1674) [5], W(&R.B40) [4],
WGS84( G873), WGS 84 (G730) and WGS 84. The fAGO
used to obtain the coordinates. The number fc
during which the coordinates were approved for implementationN®A. The original
TRANSIT realization ofWGS 84 has no such designation. Detailed documentation of the
previous iterationscan be foundin the National Imagery and Mapping Agency (NIMA)
TR8350.2, Edition 3, (3 Jan 200@jith its Addendum (2002). Table 2shows the name,
implementation date by the GPS OCS, epomhd the overall absoluteaccuracy of each
realization.

Table 2.1WGS 84 Station Coordinate Updates
Implementation date

Name GPS NGA Precise | Epoch Accuracy
Broadcast Ephemeris
Orbits P
WGS 84 1987 1 Jan 1987 1-2 meters

WGS 84 (G730) 29 Jun 1994 2 Jan 1994 1994.0| 10 cm/component rmg
WGS 84 (G873) 29 Jan 1997 29 Sep 199¢ 1997.0| 5 cm/component rms
WGS 84 (G1150) 20 Jan 2004 20 Jan 2004 2001.0| 1cm/component rms

WGS 84 (G1674) 8 Feb 2012 7 May2012| 2005.0| <lcm/component rms
WGS 84 (G178) 160ct 2013| 160ct 2013| 2005.0| <1cm/component rms|

2.2.1 WGS84 (G17&) Methodology

NGA updated the WGS 84 reference fraroeordinates in July 2013to
incorporate international conventions in [1] for constants and methodology along with alignment
to the International Terrestrial Reference Frame 2008 (ITRF2008ERA contributes its GPS
monitor station tracking datdo the International GNSS ServicéGS). NGA used GPS
observations from the USAF and NGA GPS monitor stations with IG®rstato estimate
updated coordigtes for the USAF and NGA stations (Figure 2.2).

91 Datawerecollected from all sites for the peridd Mayi 26 May, 2013.

1 A subsetof IGS stations was selected as controinf®o in the referece frame
solution. IGb08 is a realization of ITRF2008 generated by IGS for their products.
The IGb08coordinates, at epoch 2005.0, of the IGS stations were held fixed while the
USAF and NGA stabns coordinates were adjusteficcording to IGS, the difference
between reference station coordinates in IGb08 and ITRF2008 are due to antenna
calibration changes. Transformation parameters between IGb08 and ITRF2008 are
considered to be zero. Referendstp://acc.igs.org/reprocess2.htnibr more
information on IGS productécluding reference frames.

1 The IGS station positions were determined using thedocities and propagating that
forward to the data collection timeframe.

1 The WGS 84 coordinates are at epoch 2005.0

2-4
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1 Meteorological data were utilized for all stations. Data from nearby sites or default
values were used when meteorological aeteenot collected at the GPS station.

NGA adopted the velocities generated for t#08 coordinates of the NGA
stations. For USAF stations, NGA adopted the velocities of nearby IGS §hesvelocities of
the USAF andNGA stations used in this realizatioreagiven in Table 2_2Site information for
IGS stations may be obtained through the IGS website curreffitipatigsch.jpl.nasa.gov

2.2.2 Results

WGS 84(G176) improved the overall accuracy of WGS 84 and will reduce
future discrepancies between WGS &4d ITRF by improving consistency sinaa general,
both have adopted IERS Conventions 2010 methods and models. Previous WGS 84 realizations
have shown consistepcwith ITRF on the order of -2 centimeters at their original
implementation date. Over time, small changesin updaed models and methodsause
differences between the two reference framoegrow. Improvemerstin methods, modelsand
datg along withgeophysical phenomena such as earthqualteshe fundamental reasons for
periodic updates tthe WGS 84 reference frame. Each realization of WGS 84 has improved its
accuracy (Table 2.1) and has increased in precision. Table 2.2 gives the positient SAF
and NGA GPS monitor stations in Cartesian coordinates with station velocities, and Table 2.3
gives the geodetic coordinates.
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Table 2.2WGS 84(G17&) Cartesian Gordinates* and/elocities for poch2005.0

Station Location NGA Station X Y Z 0 I t
Number (m) (m) (m) (mlyr) (mlyr) (mlyr)
Air Force Stations
Colorado Springs 85128 -1248599.695 -4819441.002 3976490.117 -0.0146/ 0.0009| -0.0049
Ascension 85129 6118523.86€ -1572350.7772 -876463.909 -0.0002| -0.0057| 0.0110
Diego Garcia 85130 1916196.855 6029998.797 -801737.183 -0.0448| 0.0176| 0.0331
Kwajalein 85131 -6160884.028 1339852.16¢ 960843.154 0.0201| 0.0663| 0.0295
Hawaii 85132 -5511980.264 -2200246.752 2329481.004 -0.0098| 0.0628| 0.0320
Cape Canaveral 85143 918988.062 -5534552.894 3023721.362 -0.0126/ 0.0016| 0.0011
NGA Stations
Australia 85402 -3939182%12 346702.917 -3613217.139| -0.0409| 0.0030f 0.0485
Argentina 85403 2745499.034 -4483636.563  -3599054.49¢ 0.0045| -0.0079| 0.0085
England 85404 4011440.89(C -63375.739 4941877.084 -0.0127| 0.0168| 0.0101
Bahrain 85405 3633910.105 4425277.147 2799862.517 -0.0324| 0.0096| 0.0270
Ecuador 85406 1272867.304 -6252772.044 -23801.759 0.0067| 0.0013| 0.0108
US Naval Observatory 85407 1112158.857 -4842855.557 3985497.029 -0.0150| -0.0001| 0.0024
Alaska 85410 -2296304.083 -1484805.89¢ 5743078.37¢ -0.0222| -0.0068| -0.0086
New Zealand 85411 -474999.001 520984.98 -4210604.47 | -0.0219| 0.0127| 0.0205
South Africa 85412 5066232.068 2719227.028 -2754392.632 -0.0012| 0.0197| 0.0168
South Korea 85413 -3067863.25( 4067640.938 3824295.77¢ -0.0263| -0.0091| -0.0094
Tabhiti 85414 -5246403.943 -3077285.33§  -1913839.292 -0.0422| 0.0515| 0.0327

Notes:* Coordinates are at the Antenna Reference Points.

Referencdttp://earthinfo.nga.mil/GandG/sathtmfbr current values
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Table 2.3WGS 84 51762 Geodetic Coordinates* ford®ch2005.0

NGA Latitude North | Longitude East| Ellipsoid
Station Location Station (Decimal (Decimal Height
Number Degree$ Degree$ (m)

Air Force Stations

Colorado Springs 85128 38.80293817 255.47540411 1911.778
Ascension 85129 -7.95132931 345.58786964  106.281
Diego Garcia 85130 -7.26984216  72.370923671 -64.371
Kwajalein 85131 8.72250188 167.7305237¢ 39.652
Hawaii 85132 21.56149239 201.76066695  425.789
Cape Canaveral 85143 28.48373823 279.427695041 -24.083

NGA Stations

Australia 85402 -34.7289999| 138.6478789 34.955
Argentina 85403 -34.57370124 301.4807004¢ 48.665
England 85404 51.1176120§ 359.09487379  139.647
Bahrain 85405 26.20914139  50.60814586 -14.770
Ecuador 85406 -0.21515709 281.50639195 2922.453
gﬁsﬁ?:eilory 85407 38.92056511 282.93368418 59.003
Alaska 85410 64.68789164 212.8869846( 177.236
New Zealand 85411 -41.5761933| 173.7407598 147227
South Africa 85412 -25.746345371  28.2240381§ 1416.334
South Korea 85413 37.07756761 127.02403352 51.755
Tahiti 85414 -17.57702921 210.3938122¢ 99.836

Notes:* Coordinates are at the Antenna Reference Point.

Referencdnttp://earthinfo.nga.mil/GandG/sathtmlfor current values.

The differences between WGS 881762 and WGS 84(G1674) coordinates
(Table 2.4) were computedThese differencesesult fromchanges in methodologincluding
the adoption of several IERS TN 36 [1] recommendations, arténna movemer{in some
cases due to site relocatjonSince bth sets of coordinates are at the same epoch, there was no
need to remove the effects of plate tectonic motion using the station velocities.

The G17@ realization marks the first time the WGS 84 Reference Fi@hgis
tied to the sitedbs Antenna Reference Point (A
supports the antennads electronics. Al l prev
antennab6s electrical phaseCocnetnrtoelr Sseog neesnttbs @c
However, modern standards for reporting reference frame anchor points are for the ARP. This
di fference, coupl ed wi t langlédéeperident amtdnagpphasd dertem o f
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calibration tables, is the cause bételativelylarge discrepancies seen in Table 2.4, almost all in
the vertical direction.

Table 2.4WGS 84 (G574 Minus WGS 84G176) for Epoch 2005.0

NGA
Station Location | Station X e & Total
Number (m) (m) (m) (m)

Air Force Stations
Colorado Springs 85128 0.018| -0.031| 0.017| 0.040

Ascension 85129 0.044| 0.017| 0.000{ 0.047
Diego Garcia 85130 -0.033| 0.025| 0.032| 0.053
Kwajalein 85131 -0.011| -0.004| -0.002| 0.012
Hawalii 85132 -0.003| -0.047| -0.007| 0.047
Cape Canaveral 85143 0.011} -0.039, 0.016| 0.043
NGA Stations
Australia 85402 -0.018| 0.048| -0.036| 0.062
Argentina 85403 0.061| -0.032| -0.039| 0.079
England 85404 0.007| -0.002| 0.038] 0.039
Bahrain 85405 -0.015| 0.012| 0.020| 0.027
Ecuador 85406 0.022| -0.091| -0.008| 0.094
gﬁgf‘\)’;’ory 85407 | 0.012| -0.050| 0.037| 0.064
Alaska 85410 0.010| -0.017| 0.003] 0.021
New Zealand 85411 -0.038| -0.016| -0.064| 0.077
South Africa 85412 0.054| 0.019| -0.027| 0.063
South Korea 85413 -0.026/ 0.058| 0.046| 0.079
Tahiti 85414 -0.056| -0.006| -0.016| 0.059

2.2.3 Comparisons to Other Reference Frames

NGA and its predecessor organizations have ensured that WGS 84 is consistent
with the most recent ITRF realization. The purpose of this alignmenadghtre to international
standards and purstiee highest possible level of practical global reference frame accuthey
ITRF incorporates multiple methods to realizeitlseries ofreference systessuch asSatellite
Laser Ranging (SLR) and Very-Long-Baseline hterferometry(VLBI) that NGA does ot
include. Constrainingthe WGS 84reference framao align with ITRF as closely as possible
allows the WGS 84 referenceframe to take advantage of those methods without directly
incorporating them into the coordinate determination softwines alignmet is necessary for
interoperability with other Global Navigation Satellite Systems (GNSS). While G&Brently
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the most widely used GNSS, there are other systems operating or being developed. The US bi
lateral agreement with the European Union stitasWGS 84 and ITRF will be closely aligned
to support interoperability between GPS and Galileo.

The most recent update of WGS 84 (G1762) aligns WGS 84 with ITRF with an
accuracy better than one gmercomponent, resulting in an overall differendeless than one
cm. Specific comparisons with other reference systems are given in Chapter 7.
Transformations between WGS 84 (G1762) and earlier versions of WGS 84 and IGb08 are given
in Table 2.5. The comparison of WGS 84 (G2)7énd WGS 84 (G1674) stws that a bias was
introduced into WGS 84 (G1674) which is now corrected in WGS 84 (&17khis bias is also
indicated by a resultant zero rotation when WGS 84 (@)lisocompared to WGS 84 (G1150).
As shown in Table 2.5, the transformation between WBBSG17@) and IGb08 is zero by
statistical analysisMean differences are-4 millimeters and significantly less than the error in
the conversion, making the transformation parameters effectively zero. This is expected since
the IGbO8 coordinates andlweities were adopted for NGA stations with corrections only for
movement of the stations or antennas. Because of the relationship of IGb08 to ITRF2008, it is
equivalent to state that the transformation parameters between WGS 82)(@id6TRF2008
arealso zero.

Table 2.5Comparison to WGS 84517&)

Reference Frame & a8/ & D Rx Ry Rz

(reference frame | (mm) (mm) (mm) (ppb) (mas) | (mas) | (mas)
epoch) (sigma) | (sigma) | (sigma) | (sigma) | (sigma) | (sigma) | (sigma)

WGS 84 (G1674)# -4 3 4 -6.9 0.27 -0.27 0.38
(2005.0) (5.2) (5.2) (5.2) | (0.82) | (0.215) | (0.212) | (0.196)

WGS 84 (G1150)# -6 5 20 -4.5 0* 0 * 0 *
(2001.0) 4.7) 4.7) 4.7 | (0.74)

ITRF2008* . . . N . . .
(2005.0) 0 0 0 0 0 0 0
Notes: The parameters are defined from the listed reference frame to WGZL88&) at epoch
2005.0.

# The sign convention for the rotations Rx, Ry, and Rz is what NGA uses in its orbit comparison
programs and is opposite to that of IERS Conventions 2010.

*Mean differences are-2 millimeters and significantly less than the error in the conversion, thus
they are effectively zero.

whereDx, Dy, Dz, D, Ry, R, andR; describe the transformation in the equation

;g 1 R Ryz el 0 0gkXg eDxg eXg
&R 1 R +D‘?o 1 oﬂgvu %yﬂ gYu
(E%Ry - R 1 u g) 0 1H%ZHNGSB4 ez €z EIITRFZOOE
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whereX, Y, andZ represent the Cartesian position in the reference frame.

2.2.4 Temporal Effects

In an ECEF reference framgeophysical phenomensuch as plate tectonics,
earthquakes, subsidence and tidasise changes to station positions

Each of thesetemporal changes must be quantified and station coordinates
updated in order to maintain the accuracy of the reference frame (NGA provides updated station
coordinates for inclusion in the GPS broadcast ephemeris process when necessary). To perform
this process, the timeframe (epoch) of the station coordinates and their velocities must be known
(Tables 2.1 and 2.2). By applying these values, the user can determine the instantaneous center
of the Earth at the stated accuracy of the reference fréfaglecing these effects adds error
the GPS orbit determination process. Users must determine if these temporal effects should be
accounted for, or are negligible to their system or application requirements.

The precision of the current realization of IN&GS 84 Reference Fran(@17@&) is
better than one centimeter overall (<1 cm per component). Maintaining thaeoctaeter
accuracy poses special challenges as discussed below in detalil.

2.2.4.1 Plate Tectonic Motion

To maintain centimetdevel accuracyin a CTRF, a given set of station positions
represented at a particular epoch must be updated for the effects of plate tectonic Ewaign.
point on theEarth, at a particular time or epoch, experiences relative motion with respect to other
points on theEarth This motion, known as plate tectonic motion, has been observed to be as
much as 7 cm/year at some DoD GPS tracking stations. One way to handle motions is to
estimate velocity parameters along with the station position parametersis Té&t®mmended
for applications that require the highest level of accuracy. For most DoD applicateves;er,
this approach is not practical since the observation period isf @atufficientlength to provide
significantvelocity estimats, nor do the geodetic surveying algorithms in common ps&vide
stationvelocities.Instead, if accuracy requirements warranDaD practitionersnust decide the
best method taccountfor plate tectonic motion. This can be done using a plate motion model
instead of known velocities to account for these translational effects. A map of the sixteen major
tectonic plates is given in Figure 2.3.[6]
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NGA uses stations velocities to account for plegetonic motion in both the
developmat of G17& and in precise GPS orbit calculations. At the beginning of each year,
NGA supplies the USAF with station coordinates of both the USAF and NGA sites. The
coordinates are adjusted to an epoch at the hatfryesk for plate tectonic motion for use in
GPS orbit computation. For example, on 25 Jan 2013, the USAF began using coordinates for the
DoD GPS reference sites with an epoch of 2013.5. This results in an annueisstegpdate to
the WGS 84 framasedto generatéghe GPS broadcast message.

The amount of time el apsed between the
time of interest will be a dominant factor in deciding whether application of station velocities or
a plate motion model is warred. For example, a station on a plate that moves at a rate of 5
cm/year may not require station velocity/plate motion model correction if the epoch of the
coordinates is less than a year old. If, however, these same coordinates are usedyeeer a 5
period, 25 cm of horizontal displacement will have accumulated in that time and application of a
correction may be advisable, depending on the accuracy requirements of the geodetic survey,
application, or system.

2.2.4.2 Sudden Displacement of Stations

Earthquakes and athepisodc movements of th&arthd srust maycause sudden
displacement of GPS monitor stations. These sudden displacemesit be incorporatedh
station coordinate references for high accuracy positioning and navigation. Imbev2002,
NGAGs Al aska st at i o& cmhdiapthceraent caugep byoax7i9 magdnicudey
earthquake. In March 2011, the 9agnitudee ar t hquake t hat struck J
station in South Korea approximately 4 cm. When sudden movsitil@these occur, a re
determinationo f t he monitor Iis heaessary forotlse stationoto chaintaia ftse s
stated accuracy. New coordinates are calculated and moved to the epoch of the current reference
frame to maintain consistency. Station displacement variespendi ng wupon t he
magnitude and distandem the station. In each of the cases above, the st&athy velocity of
the station was assumed to be unchanged due to the earthquake. Depending on the accuracy
required by the user, this may not be a valid assumption. Small changes in statidreseloci
have been documented immediately following these major events. Users witiengimeter
requirements cannot ignore this issue.

Equipment changes or moves can alaase suddemonitor statiordisplacement.
In 2009 and 2010, new antennas wereaihest at USAF and NGA monitor stations resulting in
each site being displaced by small amounts. The actual mov@wezeiminimal in comparison
to plate tectonic motion. Users who are not concerned with better than dedewelerccuracy
are not affecd.

When any displacement of NGA or USAF stasasccur that would warrant

permanent changes that impact station coordin®&# provides direct notification to the
USAF so that the new coordinates may be utilized in their GPS orbit determinatmesgro
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furthermore, NGA also notifies GPS users vihattp://earthinfo.nga.mil/GandG/sathtmi¥hich
should be consulted for current authoritative values

2.2.4.3 Earth Tide Effects

Earth tide phenomena are an additional source of temporal and permanent
displacemestof a st ationds coordinates. These disngp
depending on the desired accuracy and spatial extent. In the most demanding applications
(centimeterlevel or better accuracy), the user must address these changes. ThENERS
outlinesproceduregor handling these displacements. The results of following these conventions
|l ead to station-tdaceerddisnyastteesm.i n |ancodpdinedesoare ¢ e , F
typically rep#faexeenmt esdy sitema O6tTihede NGA GPS pr e
process uses a tideee model as describedin[Bect i on 7. 1 .-flr.e e 6l ns ytshtiesm, 6
the temporal and permanent displacementsarenera d f rom a st ationds co0o0

Note that many practical geodetic surveying algorithms are not equipped to
rigorously account for tidal effects. Often, these effects are completely ignored or allowed to
Oaveoatge. Thi s ap p rifagha data catextipn pereod isildng gnauglt sece
the majority of the displacement is diurnal and sdmrnal in nature.Coordinates determined
from GPS differential (baseline) processing would typically contain whatever tidal components
are present ithe coordinates of the fixed (known) end of the baseline. If decimeter level or
better absolute accuracy is requirezhreful consideration must be given to these station
displacements since the peak absolute, instantaneous effect can be as large pg.4Mhadime
most demanding applications, a rigorous model such as that outlined in [1] should be applied.

2.3 Earth Orientation Parameters

Objects on the Earth are measured in an dathl reference system or CER
Satellite orbit determinatiornsiperformed inan inertial reference systemkarth Orientation
Parameter¢EOP) are required for transformation between the STERd the inertial reference
system.

Since satellite equations of motion are appropriately handled in an inertial
coordinate system, the concept of a Conventional Celestial Reference System (CCRS)
(alternately known as a Conventional Inertial System (CIS)) is employed in most DoD orbit
deternination operations. The CCRS is based on a kinematic definition, making ¢k ax
directions fixed with respect to distant matierthe universe. In other words, the reference
frame is defined by the very precise coordinates of extragalactic objecty moasars [8].

This is known as the International Celestial Reference System (ICRS) with the J2000.0 Earth
Centered Inertial (ECI) reference frame being a practical realization for orbit determination
applications. Two equivalent procedures for theotdinate transformation from the ITRS teet
Geocentric Celestial Reference SystgaCRS expressed in Eq. {2) are presented MERSTN

36 and the earlier IERS Conventiof®. According to the riternationalAstronomicalUnion

(IAU), these procedures taf in the origin adopted for the right ascension coordinate measured
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along the equator of the Celestial Intermediate Pole (GIe)the equinox or the celestial
intermediate origin (ClO)). I n the casxe of t
basedo and, in the-beaasdo.of Eadhle praddedyr ei Cil O
representation of the transformation matrix compon&td and R(t) of Eq. (21), which

depends on the corresponding origin on the CIP equator, while the representation of the
transformation matrix componekli(t) is common to both technique®NGA has implemented

the Celestial Intermediateri@in (CIO) in its orbit detemination process. Since a detailed

definition of these concepts is beyond the scope of this document, the reader is referred to
Appendix A and [1] for irdepth discussion. Appendix A discusses the transformation between

the CIO and GCRS.

Traditionally, the mathematical relationship between the ICRS and a CTRS (in
this case, the WGS 84 Coordinate System) at the(fJaseexpresseds

VOYYO O YO @O 6°YY'Y (2-1)

wherethe matrices Q(t), R(t), and W(t) are the transformational matrices representing the effects
of nutation and precession, Earth rotation, and polar motion, respectiedgession/nutation
(coordinates of CIP in the ICRS or celestial polese#), Earthrotation, and polar motion
parameters are known as Earth Orientation Parameters (EOP).

The specific formulations for the generation of matrices Q(t), R(t), and W(t) can
be found in the references cited above and appendix A. With adoption of newsjareces
nutation models, IAU 2006/200PrecessiofNutation Model [1], the coordinates of the CIP in
the GCRSX andY, can be modeled at the 0n@lli arc-second (maslevel. With such high
levels of precision, observations and predictions of the coordiXatesd Y or celestialpole
offsets (i.e. Q matrix elements) are not necessary for neattimealorbit determination
applications. Therefore, the discussion of E@Rd EOP predictions presented here will only
refer to Earth rotation and polar motion (i.e. R and W matrix elements).

Note that for neareaktime orbit determination applications, EOPs must be
predicted values. Because it is difficult to modeltEaotation and polar motion with high
accuracy over an extended period of time, predictions are performed daily. Within the DoD,
NGA and the USNO supply these daily predictions. When the model is evaluated at a specific
time, polar motion an&arthrotaion predictions can be computed. The polar motigragd y)
predictions represent directional offsets from the IERS Reference Pole (IRP) in the direction of
0 and 270 longitude, respectively. THearthrotation predictions, more specifically, UTAITC
predictions, represent the difference between the actual rotational time scale, UT1, and the
uniform time scale, UTC (Coordinated Universal Tm&.or consi stency with I
the EOP parameters, the user needs to restore the zonal tides ate@rasgl, Section 8.1],
apply the diurnal and serdiurnal tide corrections to polar motion and UUTIC using the
Apmut 1l oceanso routine contained in [1, Secti
the libration effects [1, Section 5.5.1\ote the interp.f software contains higher precision tables
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than those published in [1, Tables 8.2 & 8.3PRosition error due to unaccounted EOPs
(combined effect of polar motion arthrthrotation variability) could exceed one meter per day
on the surdce of theEarth In the future, these predictions may be performed more than once per
day. The NGA EOP predictiomodek are given in equation {2). The NGA EOP prediction
models arelocumentec@ndthe quantitied\, B, G, Dy, E, F, G, Hn, Pn, Qn, I, J, Ky, L, Ry, Ta, Tp,

andT aredefinedon http://earthinfo.nga.mil/GandG/sathtml/
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2.3.1 Tidal Variationsint he Eart hodés Rotati on

The actual Earth rotation rate (represented by UT1) undergoes periodic variations
due to tidal deformation of the polar moment of inertia. These highly predictable periodic
variations have geakto-peak amplitude of 3 millisecosdand can be modeled by using the
formulation found in Chapter 8 of [1]. If an orbit determination application requires extreme
accuracy and uses tracking data from stations on the Earth, these UT1 variations should be
modeled in the orbit estimation pess. See Appendix A.

2.4 Summary

WGS 84(G178@) represents the most recent realization of the WGS 84 Reference Frame.
Further improvements and future realizations of the WGS 84 Reference Frame are anticipated.
When new stations are added to the permanent DoD GPS tracking network or when existing
statons (and/or antennas) are moved or replaced, new station coordinates will be required. NGA
will update the WGS 8Reference~rameas new standards are developed and as new methods
and models are implemented. As these changes occur, NGA will take swsite that the
highest possible degree of fidelity is maintained and changes are identified to the appropriate
organizations. Changes to WGS 84 will be made to ensure that it remainsf-ghegart while
considering the general user is not unduly impadty frequent updates. Users should reference
http://earthinfo.nga.mil/GandG/sathtmlbr authoritative information particularly for WGS 84
reference frame coordinates and Earientation models.
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3. WGS 84 ELLIPSOID

3.1 General

Many geodetic applicationgnvolve three different surfacesvhich shouldbe
clearly defined. The first of these is the E
familiar landmass topography as well as the ocean bottom topography. In addition to this highly
irregular topographic surface, rmathematically managelab reference surfacéan ellipsoid)
approximating the broad features of the figure and of the gravity field of the Earth is useful both
in cartographic and in gravimetric applications. Finally, an equipotential surface of the gravity
field of the Earthcalled the geoid (Chapter 6), is fundamental to gravimetric applications.

An oblate ellipsoid of revolution (i.e., daixial), whose surface is also an
equipotential surface of its gravity field, rotating with the same (average) angular velocity as the
Earth around the same (average) rotation axis, constitutes a mathematical construct with a
suitable reference surface and reference (normal) gravity field. Due to the requirement that its
surface is also an equipotential surface of its gravity field, defining parameters are sufficient
to determine completely and uniquely its geometric properties, as well as the dynamic properties
of its associated (nor mal) gravity -Pfiizeled ti sc
normal gravity field. The WG84 ellipsoidis defined by the seamajor axis (a) and reciprocal
flattening (1/f) of an oblate ellipsoid of revolution, and the Geocentric Gravitational Constant
(GM) and angular rotational velocity ¢the . Th
geometry of the rotational el lipsoid, whil e t
determination of its associated normal gravity field.

3.2 Historical Development

While selecting the WGS 84 Ellipsoid and associated parametersyigfigalb
WGS 84 Development Committee decided to closely adhere to the approach used by the
International Union of Geodesy and Geophysics (IUGG), when the latter established and adopted
the Geodetic Reference System 1980 (GR$[9]. Accordingly, a geocdric ellipsoid of
revolution was taken as the form for the WGS 84 Ellipsoid. The parameters selected to
originally define the WGS 84 Ellipsoid were the sema j or axi s ( a) , the Ea
constant (GM) , t he angud the nomalited secondydegoeé zonah e E
gravitational coefficientl;;). These parameters are identical to those of the &RSlipsoid
with one exception. The form of the coefficient used for the normalized second degree zonal is
that of the originaWGS 84 Earth Gravitational Model rather than the dynamical form factor of
the Earth (9) used with GRS0. J, andél; are related by:

ol P (3-1)

S'|c:-
cCl

In 1993, two efforts were initiated which resulted in significant refinements to the
original WGS 84 defining parameters. The first refinement occurred when DMA recommended,
based on a body of empirical evidence, a refined value for thep&dneter [@], [11]. In 1994,
this improved GM parameter was recommended for use in all-ddglracy DoD orbit
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determination applications. The second refinement occurred when the joint/NAASR Earth
Gravitational Model 1996 (EGM96) project produced a new estimayedmic value for the
second degree zonal coefficient.

A decision was made to retain the original WGS 84 Ellipsoid -seajor axis and
flatteningfactor of the Eartlvalues (a = 6378137.0 m and 1/f = 298.257223563). For this reason
the four definingppa met er s f or WGS 84 were chosen then
regarding this decision are provided[12]. The reader should also note that the refined GM
value is within 1040 of t he qothérggaremaw dist¥au8s7) GM
for the6l;, term, one dynamically derived as part of the WGS 84 Earth Gravitational Models and
the other geometric, implied by the defining parameters.

3.3 Alignment to International Standards

One of the goals of the WGS 84 Development Committee was to examine the
various International Standards to see where WGS 84 tmgtbe aligned with themwhere
practical, without causing detrimental change for the users of WGS 84. The WGS 84 team used
IERSTN 36 as the majosourcedocument to update and align certain constants and parameters.
The following sections will highlight those constants that are in agreement with International
Standards.

3.4 WGS 84 Defining Parameters

3.4.1 Semimajor Axs (a)

The semimajor axis (a) is one of the defining parameters for WGS 84. The
original WGS 84 semmajor axis will be retainedThis value is the same as that of the GRS 80
Ellipsoid. As statedn [13], the GRS 80, and thus the WGS 84 semajor axis is based on
estimatesderived from work performed duringl9761979 using laser, Doppler and radar
altimeter data and techniquéis.adopted value is

O QoXPYPMaO'RO Qi i (3-2

Although morerecent, improved estimates of this parameter have become
available, these new estimates differ from the above value by only a few decimeters. More
importantly, the vast majority of practical applicatipssich as GPS receivers and mapping
processesuse he ellipsoid only as a convenient reference surface; they do not require an
ellipsoid that best fits the geoid. Retaining the original majis value for the WGS 84
Ellipsoid eliminates the need to enact numerous software modifications to GPS reart/ers
mapping processes and to transform ecompute coordinates for the large bodyacturate
geospatial data which iabeen collected and referenced to the WGS 84 Ellipsoid in the last two
and half decades. Hi ghly specialized -applic
fittingd ellipsoid parameters can be handl e
geospanl information generation.

3-2
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3.4.2 FlatteningFactor of the Earth (1/f)

The flattening factor of th&arth(1/f) is one of the defining parameters for WGS
84 and remains the same @gviously definedThis termwas calledd f | at t e neditrolg 0 . T |
wi || rename this term HFaa thé éfol atltiegmi nwi tfha ca
naming conventions. Its adopted value is:

PFQ ¢ wl8)uXCgaouveo (3-3)

As discussed in 3.4.1, there are numerous practical reasons for retaining this
flattening factorof the Earthvalue along with the seamajor axis as part of the definition of the
WGS 84 Ellipsoid.

The original WGS 84 development effort usedftii/-normalized second degree
zonal harmonicoefficientvalue8f; as a defining parameter. In this case, the flattening factor
of theEarth value was derived frofil; through an accepted, rigorous expressidhis derived
flattening factor turned out toebslightly different than the GRS 80 flattening because the
6l value was truncated in the normalization process. Although this slight difference has no
practical consequences, the flattening factor oBehfor the WGS 84 Ellipsoid is numerically
distinct from the GRS 80 flattening factor of tBarth.

3.4.3 Geocentric Gravitational Constant (GM)

The central term in the Earthés gravit
greater accuracy than either O0&GMG§G, tthlkee umaser ¢
Earth. Significant improvement in the knowledge of GM has occurred since the original WGS
84 development effort and the original WGS 84 value was updated inah@94flectedn [12].

The value from TR8350.2%edition will be ree i n e d . The term wil/ be
Gravitational Constant (GM)O6 to align with ot
the WGS 84 GM parameter is:

00 oBYQTMTT TEETP G QOO Qoi & Q (3-4)

This value is recommended [ih] and includes the mass of the atmosphere. The
GPS Operational Control Segment (OCS) shall use this valite orbit determination process
See Sec. 3.7.1 for further discussion on the use of GM for GPS equipAisatsee Sec. 3.6.2

for further di scussion on the individual 6Gb6

344 Nomi nal Mean Angqular Velocity of the

The nominal mean angular velocity ofetlka r t h  ( ¥) i's one of
parameters for WGS 84. The original WGS 84 nominal mean angular velocityxdrtinrom
previous TR8350.2 will be retained. The term will be renamed to Nominal Mean Angular
Velocity of the Earth to align with othemternational naming conventions.

3-3
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1T X& wCppput | OQAONDE & Q (3-5)

This value represents a standard Earth rotating with a constant angular yelocity
and is recommended in [1]Note that the actual angulaelocity of the Earth fluctuates with
time. Some geodetic applications that require angular velocity do not need to consider these
fluctuations.

Table 3.1WGS 84 Defining Parameters

Parameter Symbol Value Units
Semimajor Axis a 6378137.0 m
FlatteningFactor of the Earth 1/f 298.257223563

Geocentric Gravitational GM 3986004418 x 18 me/ &
Constant

Nominal Mean Angular ¥ 7.292115 x 105 | rads/s

Velocity of the Earth

3.5 Special WGS 84 Parameters

351 WGS 84 E@®@I2008 Dynamic Second Degree Zonahd Sectorial

Harmonics

The following values are the dynamic second degree zandl sectorial
harmonics directly from the B®2008 spherical harmonics data fil€hey should not be
confused with the purely geometric sedodegree zonahnd sectoriaharmonics that can be
derived from the ellipsoid parameters. To add to this, multiple EGMs now exist within WGS 84.
In an effort to helpeduce ambiguity and clearlgientify which term is being used, the suffix of
6dyndg®ad ar e b e idkgermatd deprésent tbe EGM eynamic or purely
geometric parameter, respectivelhe dynamic parameters will include the year of the WGS 84
EGM used. As demonstrated below, the EGM2008 derived dynamic second degiesndon
sectorialharmonics are representasl

ol TAWTPQUPTOXEIUYPU (3-6)
ol CBowoYouxoQgWopo (3-7)

These values, along with the dynamical ellipticity, ased in the computation of
the Moments of Inertia.

34
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Table 3.2Special WGS 84 Parameters

Parameter Symbol Value

WGS 84 Earth Gravitationg  §l; gnro0e -4.84165143790815 x 19
Model 2008 Dynamic Secon

Degree . Zonal and Sectorial 6% ayniz008] 2 43938357328313 x 16
Harmonics

3.6 Other Fundamental @stants

3.6.1 Velocity of Light (in a vacuum) (c)

The accepted value for the velocity of light in a vacy{api1] is:
O CRWYX WC TETP E QO Wi Qwé t Q (3-8)

3.6.2 Universal Constant of Gravitation (G)

The recently updated and accepted value for the universal constant of gravitation
(G) [1]is

O XTI QoK QQa ¢ "QU cxulE & (3-9)

It should be noted that the Geocentric Gravitational Constant (GM) is simply the
product of the Universal Constant of Gravitation (G) and the Mass of the Earth (M). With the
recent update to G, the various Internatidi@indards groups agreed to continue to mainkan t
historical product of G x Mand adjust the G and M terms accordingly. The WGS 84
Development Committee has implemented these updated changes. Therefore, it should be noted
that the Mass of the Earth, Mas changed as well.

3.6.3 Total Mean Mass of the Atmosphdieith water vapor{Ma)

Lacking an internationbl accepted value for the mass of the atmosphere (with
water vapor(MA), the recommend valyé4] is:

0 VR T YTP T QQ&E QI O i (3-10)
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3.6.4 Dynamic Ellipticity (H)

The dynamical ellipticity (H) is necessaty determine t h e

201407-08

Eart hods

moments of inertigA, B, and C. In 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 observalioe.accepted value

for the dynamic ellipticityH) [1] is:

‘O o® X 0 X upurt

(3-11)

Table 3.30ther Fundamental Constants and Best Accepted Values

Parameter Symbol | Value Units
Velocity of Light ¢ | 299792458 x 18 | m/s

(in a vacuum)

Universal Constant of Gravitatio] G 6.674 28 x 10" m®/ kg &
I\(t)r:?olsprl:g?: r(]witthf/l:\fer vgfpor)th( Ma 5.148 0 x 10° kg
Dynamic Ellipticity H 3.273 795 x 18° unitless

3.7

Special Applications of the WGS 84 Defining Parameters

3.7.1 Special Considerations for GPS

Based on a recommendation in a DMA letter to the Air F¢td¢ the refined
WGS 84 GM value (3.986004418 x4n*/s>) was implemented in the GPS OCS during the fall
of 1994. This improvement removed a 1.3 meter radial bias from the OCS orbit estimates.

The process that generates the predicted broadcast navigation messages in
the OCS also uses a GM value to create the d(gderian elements from the predicted
Cartesian state vectors. Hedroadcast elements are then interpolated by a GPS reteiver
obtain the satellite position at a given epoch.

To avoi d

any

| oss

of

accuracy,

t he

proi

GPS

the same GM value that was used to generate the fitted parameters of the broadcast message.
Note that this fitting process is somewhat arbitrary but must be commensuratieenatorithm
in the receiver. There are many thousands of GPS receivers in use around the amarkhy

proposed,

coordinated software modifications to these

receivers would be a costly,

unmanageable endeavdks a result,Aerospace Corporatiofil5] suggested that the original

WGS 84 GM value be retained in GPS receivers and in the OCS process which fits a set of

broadcast elements to the Cartesian vectors. This approach takes advantage of the improved
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orbit accuracy for both the estimated and predistatkes facilitated by the refined GM value and
avoids the expense of software modifications to all GPS receivers.

For the above reasons, the GPS interface control documentGRER00),
which defines the space segment to user segment intesfatkretain the original WGS 84 GM
value. The refined WGS 84 GM value shall be used in the OCS orbit estimation process. Most
importantly, this approach avoids the introduction of any error to a GPS user.

To reduce previous ambiguity, the original WGS 8M @alue for use in GPS
receivers, in the OCS process which fits the broadcast elements to the Cartesian vectors, and by
ICD-GPS200 shall be named as GMsnav:

D CRYQTMTIPT &QOION QdLEis (3-12)

3.7.2 Special Consideration for the Angular Velocity

Althoughthe angular velocityw) 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(wj) that was usedith the new definition of tim§l6].

1@ XEwCppuPpAMXN OQTORNDE & Q (3-13)

For consistent satellite applicatiphnsh e v al ue of t he (Earthos
rather tharw, should be used in the following formula to obtain the angular velocity of the Earth
in a precessing reference frane*).

z

11 a (3-14)

In the above equatiori§] [14], the precession rate in right ascensionign)
4 XSyoepTm @& pm Yi QQAORDEEQ (3-15)
where
Y004 ®BE O ODEN £ T BT
Y Qjoeucgu
Q 064 EITYE QU QN@aJ@Y
Qi £Wo 0 @O NO¢ T L p BT iPh
0 QREGA & M ™h pdh ¢&8
Q 0O0OcgTtupuTU

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

3-7
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z

X& WCppLYMWMO & pm Y1 OTIQ® (3-16)

Note that values fow, wj, and w* have remained unchanged from previous
editionsof TR8350.2

Table 3.4Special WGS 84 Parameters
Parameter Symbol Value Units

Gravitational Constant for GP 4 3

Navigation Message GMapsnav 3.9860050 x 10* | m*/ &
Angular Velocity of the Earth
(in a precessing reference ¥ *
frame)

7.292 115 855 3 x 18

+4.3x105T, | rds/s

3.8 WGS 84 Derived Geometric and Physi€alnstants

Many constants associated with the WGS 84 Ellipsoid, other than the four defining
parameters (Table 3.1), are needed for geodetic applications. Using the four defining
parameters, and supplemented with values from Sec. 3.5 and 3.6, it [Heptsgierive these
associated constants. The more commonly used geometric and physical constants associated
with the WGS 84 Ellipsoid are listed in Tables 3.5 and 3.6. The formulas used in the calculation
of these constants are primarily fr¢@j, [17], [18] and[19]. Derived constants should retain the
listed significant digits if consistency among the precision levels of the various parameters is to
be maintained.

The differences between the dynamic and geometric even degree zonal harmonics to
degee 20 are used in spherical harmonic expansions to calculate the geoid and other geodetic
guantities as described in Chapters 5 and 6 ofsthisdard TheEGM2008values provided in
Table 5.1 should be used in orbit determination applications. A pesoriof the EGM2008
geopotential coefficients can be found in Chaptemwhile details on its development and
evaluation are provided in [20]

3-8
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Table 3.5WGS 84 Ellipsoid Derived Geometric Constants

Parameter Symbol Value Units
WGS 84 Flatteningreduced) f 3.3528106647475 x 18
Semiminor Axis (Polar Radius
of the Earth) b 6356752.314 2 m
First Eccentricity e 8.1819190842622 x 18
First Eccentricity Squared e 6.694379990141 x 18
Second Eccentricity e' 8.2094437949696 x 1B
Second Eccentricity Squared e? 6.739496742276 x 18
Linear Eccentricity E 5.2185400842339 x 1% m
Polar Radius of Curvature Ro 6399593.6258 m
Axis Ratio (b/a) AR 9.96647189335 x 18
Mean Radius of th&hree &m# R 6371008.7714 m
axes
Radiusof a Sphere of Equal R, 6371007.1810 m
Area
Radius of a Sphere of Equal Rs 6371000.7900 m
Volume
Second Degree Zonal Harmoni 6 geo -4.84166774985 x 1Y
Dynamical Form Factor Jgeo 1.082629821313 x 18

39
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Table 3.6WGS 84 Derived Physic&8onstants

Parameter Symbol Value Units
No_rma_l Gravity Potential mthe Us 6.26368517146 x 167 m?2/ &
Ellipsoid
Normal Gravity at the Equator
(on the Ellipsoid) Je 9.780325335{ m/¢&
Normal Gravity at the Pole
(on the Ellipsoid) % 0.832184937{ m/¢
Mean Value of Normal Gravity ) 9.797643222] m/¢
Somiglanaos FNomatul 3 1.931852652458 x 19
Gravity Formula Constant
Normal Gravity Formula Constant
( %2bIGM) m 3.449786506841 x 18
Mass of the Earth M 5.9721864 x 14| kg
(includingatmosphere)
Ge_zocentrlc GraV|tat|one}I Constant GM' 3986000982 x T8%| m?/ <
with Earthoés At
Gravitational C q GMa 3.4359 x 10°8| m3/ &
Atmosphere

Table 3.7WGS 84 Derived Moments dhertia

Parameter Symbol Value Units
Dynamic Moment of Inertia A Adyn[2008] 8.0079215 x 16”| kg nf
Dynamic Moment of Inertia B Bayn[2008] 8.0080746 x 107| kg nf
Dynamic Moment of Inertia C Cayn[2008] 8.0343007 x 107| kg nf
Geometric Moment ofnertiai A Ageo 8.0467266 x 107| kg nt
Geometric Moment of Inertia C Cyeo 8.0730294 x 1B’| kg n?
Geometric Solution for Dynamic Haeo 32581006 x 16°

Ellipticity

3-10
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4. WGS 84 ELLIPSOIDAL GRAVITYFORMULA

4.1 General

The WGS 84 Ellipsoid is identified as being a geocengiiipotential ellipsoid
of revolution. An equipotential ellipsoid is simply an ellipsoid defined to be an equipotential
surface, i.e., a surface on which the value of tfaeity potential is the same everywhere. The
WGS 84 ellipsoid of revolution is defined as an equipotential surface with a specific theoretical
gravity potentiallU). The equation is derived id§]. This theoretical gravity potential can be
uniquely deermined, 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 in the case of the WGS 84 Ellipsoid (Chapter 3), these are thensgmiaxis (a), the
flattening factor of the Eartl{f), the nominal mean angular velocity of the Ednth, and the
geocentric gravitational constai@M).

4.2 Normal Gravity on the Ellipsoidal Surface

Normal gravity(2), the magnitude of the gradient of the normal potential function
(V), isgiven on (at) the surface of the ellipsoid (h=0) by the closed formula of Somigliha [
as

p QOE %o
P —— (4-1)
p QOE%o
where
o O
Q —
(J p

o | QD QHE QQEME HDHRIOMQa a QN i € QY

P g€ &1 '@ adLeBEONR 6 OO E RE NQRI QOO

Q QQUMOQE D RELU@QG & Q/i £ QQ

% "QQEQALRBRO 6 QQ

This form of the normal gravity equation is the WGS 84 Ellipsoidal Gravity

Formula. The equipotential ellipsoid not only serves agdference for horizontal and vertical
surfaces, or geometric figure of the Earth, but also serves as the reference surface for the normal

gravity of the Earth.

If the MKS (metekilogram-second) unit system is used to evaluate Equation (4
1), or any gavity formula in this Chapter, the gravity unit will be fvghich can be converted to
milligals (abbreviated mgal) by the conversion factor, Zm/s0° mgal.
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Reference Ellipsoid ConfocalEllipsoid through P : Sphere

a = semrimajor axis a'= sendmajoraxis | a'=radius

b = semiminor axis b' = semiminor axis I C=centerof sphere
F1, K = foci F1, F2 =foci

E = linear eccentricity E = linear eccentricity > 5

(semi focallength) C = center of ellipsoid a=vu'+E
C = center of ellipsoid ¢ =geocentric latitude of P b'=u
= reduced latitude of P
r E=+a2- b2 =+a?-p?

N = geodetic latitude of P
h = geodetic height

@, n, h) geodetic coordinates: longitudiatitude, and height

@, 1, u) elipsoidal coordinates: longitude, reduced latitude, and ellipsoidal parameter
(X,y,2)3D Cartesian coordinates: aligned with t

Figure 4.1Ellipsoidal Coordinate
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4.3 Normal Gravity Above the Ellipsoid

When thegeodetic heighth) is small, the normal gravity above the ellips¢g)
can be estimated by upward continuing 9 at th
expansioras

Tr..op.t T
—0 “i—1Q 4-2
oo 6 CtT,,Q (4-2)

whered and its derivatives are referred to t
A frequently used Taylor series expansion ttoe magnitude ohormal gravity

above the ellipsoid with a positive direction downward along the geodetic normal to the
reference ellipsoid iEL8]:

L oA (0]
p Q& CDE%RQ =0 (4-3)

where

The derivation of Equation {3) can be found in1fg].

At moderate and high geodetic heights where EquatieB) (#ay yield results
with less than desired accuracy,aternate approach based on formulating normal gravity in the
ellipsoidal coordinate systen®;(b, u) is recommended over the Taylor series method. The
coordinate u is the seminor axis(b’), theefore (u = b'"), of an ellipsoid of revolution whose
surface passes through the point P in Figure 4.1. This ellipsoid is confocal with the reference
ellipsoid and therefore has the same linear eccent(igjty Its semimajor axis(aj) will reduce
to the semimajor axis(a) of the reference ellipsoid when u = B. h e codrdinate is known in
geodesy as the fAreduced | atitudeadis@e bseal def i n
geocentric longitude with a value in the open interval 860 E.

The component that isolinear with the geodetic normal linend directed
positively downward(%n) of the total normal gravity vectdra, ) for point Pin Figure 4.2 can

be estimated with suimicrogalprecision to geodetic heights of at least 20,000 meters by using
the normal gravity components, . %,)n the ellipsoidal coordinate system:

feso s [ [ T (4-4)

The normal gravity field from the ellipsoidal representation is symmeimalt
the rotation axisand t h g 6.f The mdical expression in Equationrd{dis the true
magnitude of the total normal gravity vecter that is perpendiculato the equipotential

4-3
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surface passing through the point P at geodetic height h. The fact that the angular s€paratio

intheinset of Figure

4 .

2, aldehie totalmormat ghaeity vedamp a@atn e n t

the point P is small, even for large geodetic heights, is the basis for using Equatioto (4

approxi mat e
b, Equation (4 ) i s

The two

t. he Omo mphenaretf ex ence
equi val ent

t-0). Somi gl i anads

el | i ps g iydoathe normangravity aetmtt:(r\:‘aom) that

are needed in Equation-@ are shown in18] to be functions of the ellipsoidal coordinatés (
u) shown in Figure 4.1. These two components cacdoeputed with unlimited numerical

accuracy by the closed expressions:

-, p 00 1 O, n”’prm PP xe
= = = £ 4-5
[T h 550 6 0O fl COET o 01 0Al © (4-5)
. . O N Lo L
o) ,Bt‘w, t,iOEEI 11O ,BT o) OOEIAITO (4-6)
U 1o O N Y
where
0O & » 4-7)
, p . . 10d
P 4-8
6 o o ¢ O p P = 50 (4-8)
. a0
1 AOAGAL— (4-9)
O
, O_OOE (4-10)
0 (0]
. P 0 AOA(QAT 0 (4-11)
n C p GO 00
. P @ AOA@QAT @ (4-12)
n C p 00 00
AN — —AOAGAIT 4-13
n" o p 0 p OA OA G—AI P ( )

The rectangular coordinates (X, y, z) required in Equatioi® é&hd (49) can be

computed from known

g le) thibwegh thecequations:r di nat es

4-4
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(4-14)

w 0 QATHAT_O
0 "QATWDEID
a — U QOB
()
where
" W
U —_— =
p QOE%o
M QRO T U ORBIMIA QW QI 0 Qo
To comput e

(4-15)

t hat poiat @ rmpFagures 72t exaotly, (account for the

angleUin Figure 4.2 that is being treated as negligible in Equatiet))4the ellipsoidal normal

gravity component$xy, o)) a r e

rotated

to

a spherical

coor di

spherical normal gravity componentsy, o). Then, the spherical components are projected onto

t he

geodetic

nor mal i

ne

t hroughliipgi notetRveg®i

geodetic(() and geocentrigy) latitudes. The equations tbal cul at e
point P follow:

[ r ATjOr OEI
where from 18]:
2 2 '
[ T T vy i
r ) to p ) to o t D t[p
F UL : UL LL .
0 o e 2 P . . - f
r~————AITAI_ O -OEIAI_O OEWl
10 Mo O Y i
11 (') -~ . L. n p , . “ ~ ,|°|
Y 1m———=AITWE —OEIOEIl AI_G
pro O v i
11 P Ass 0 X ix A 1
—OEI - AlITO m
u v ome O U
AITAT_ O AITGET ORI
Y OFEIAT_O OERIOE]I AIro
OE]l Ai_O Tt
| %o T
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t heatexact

(4-16)

(4-17)

(4-18)

(4-19)

(4-20)
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The 3,.component in the two normal gravity vecto&, and%S, in Equation(4-
17) is zero since the nor mal gravity potenti a
the other two relevant angles depicted initiset ofFigure 4.2 are:

- — (4-21)
_Aoz\érm (422)
[ @BO — — -
q q
The equations | isted here for the angl

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 equatorial plane. Elsewhere fyrthey have the

same sign as the geodetic latitude for point P. Forh=0,theanglesd d ar e=CGk qu al
Numerical results have indicated that the angular separ@tidnetween the componefi and

the total normal gravityvect&tota|s atisfies the inequality | U
heights up to 20,000 meters. For completeness the comppneat the total normal gravity

vector5tota| at point P in Figure 4.2 that is orthogonaldtoand lies in the meridian plane for
point P is given by the expression:

C

r r OBT 1t AT|O (4-23)

The component has a positive sense northward. For geodetic height h = 0, the
[ component is zero. Numerical testith whole degree latitudes showed that the magnitude of
[ remains less than 0.002% of the valuedoffor geodetic heights up to 20,000 meters.

Equations (416) and (423) provide an alternative way to compute the magnitdtig.{| of the
total normal gravity vector through the equation:

o s T (4-24)

In summary, for neasurface geodetic heights when sultrogal precision is not
necessary, the Taylor series expansion Equatie8) {dr » should suffice. When the intended
application fordn requires high accuracy, Equation4% will be a close approximation to the
exact Equation (4.6) for geodetic heights up to 20,000 meters. Of codrsean be computed
using the exact Equation-i), but this requirs that the computational procedure include the
two transformations, Rand B, that are shown in Equation-{&). Because the difference in
results between Equations-43 and (416) is less than onmicrogal (10° gal) for geodetic
heightsup to 20,000 meters, the transformation approach would probably be unnecessary in most
situations. For applications requiring pure attraction (attraction without centrifugal force) due to
the normal gravitational potenti@V), the 4 andb-vector componentsf normal gravitation can
be computed easily in the ellipsoidal coordinate system by omitting the last term in Equations (4

4-6
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5) and (46), respectively. These last attraction terms account for the centrifugal force due to the
angular velocityw) of the eference ellipsoid.

Z
A \\\ P(l’rI h)
i
r, ! h
Mt
! Inset Ty ¥ u
Po /
i
i
i
c | : Y
] N Zs i
LN Xe
Yp
X
1 = geodetic longitude of P C = center of ellipsoid
¢ = geocentric latitude of P Xp,Yp, Zp= 3D Cartesian coordinates of P
N = geodetic latitude of P r-=normal gravity component alongthe geocentric radius
h = geodetitheight rn=normalgravity componentalongthe geodetic normal

(a; G, h) geodetic coordinates: longitudiatitude, and height

(e b, u) ellipsoidal coordinates: longitude, reduced latitude, and ellipsoidal parameter
xX,¥,2)3D Cartesian coordinates: aligned with

Figure 4.2Normal Gravity Components
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5. WGS 84EGM2008GRAVITATIONAL MODELING

5.1 EGMZ2008

The form of the WGS 84 EGRO08 gravitational models a spherical harmonic
expansion of the gravitational potential (V). The WGS 84 RGD3 is completaip to degree
(n) and order (m) 2159, and contains additional spherical harmonic coefficients up to degree
2190 and order 2159. EGNIO8 contains approximately 4.7 million sphaticharmonic
coefficients. Table 5.1 lists the low degree portion of EXB08, up to degree and order 18.

EGM2008 [20] was developed through a leasjuares combination of the
ITG-Grace03s 21] satelliteonly model, with the gravitational information abbted from the
analysis ofa global set of px 5j areamean values of gravity anomalies. The IB&ce03s
model was developed by analyzing ramgte data from the GRACE SateltieSatellite
Tracking (SST) mission2P], spanning 57 months. No othsatellite data were used in the
development of IT&race03s. The global set gf65; areamean values of gravity anomalies
was formed by merging terrestrial, airborne, and altiréénpved gravity data. Over some
areas, the available terrestrial datare proprietary and could only be used up to thex1B5
resolution, which corresponds to harmonic degree 720. To compensate for this restriction, the
gravitational signal i mplied by the Earthoés t
effect [23], was used to supplement the spectral bandwidth of the proprietary data. This
approach was first tested and verified through comparisons over areas where the full bandwidth
of the data is available (se24] for details). Posproduction analysis hahown that EGMO008
incorporated the proprietary gravity data information up to maximum harmonic degree 900
which corresponds approximately to 12 -sninute resolution. The topographic information that
was used within the development of EGDA8 originatesrom theglobal Digital Topographic
Model (DTM) DTM2006.0[24]. In DTM2006.0, more than 80% of the total land area of the
Earth is covered with data acquired by the Shuttle Radar Topography Mission (SE[.M) [

EGM2008 was originally developed in elBpidal harmonic coefficients,
complete to degree and order 2159. The conversion from ellipsoidal to spherical harmonic
coefficients preserves the order, but not the degree g&efdr details). For this reason,
EGM2008 in its final, spherical harmonform, extends beyond degree 2159, and up to degree
2190. The extra coefficients are necessary to preserve the modeling fidelity of the expansion,
especially at high latitudes. The user need not be concerned with ellipsoidal harmonic
coefficients, which @present an intermediate step towards the development of the@®8M
spherical harmonic expansion.

The sensitivity of an Eartbrbiting satellite to the gravitational potential is
strongly influenced by the s aaramétdrsi For atellites| t i t u
like Starlette, LAGEOS, and the GPS spacecraft (with orbit radii of k83112270km, and
26600 km respectively) the approximate maximum degree is 90, 20, and 18, respectively.
However, DoD programs performing satellite ordbtterminatios are advised to determine the
maximum degree and order that is most appropriate for their particular mission and orbit
accuracy requirements atwluse the previous estimates only as general guidelines.

5-1



NGA.STND.0036_1.0.0_WGS84 201407-08

The WGS 84 EGMO008 coefficients throgh degree and order 18 are provided in
Table 5.1 in fullynormalized form. Coefficient error estimates are available for the entire model
up to degree 2190 and order 2159. In addition, glopal % grids containing the EGRDO8
commission error estimes in gravity anomalies, geoid undulations, and in the fsartith, east
west &,h) components of thdeflection of thevertical, are available at the NGA web site at:

http://earthinfo.nga.mil/GandG/wgs84/gravitymod/egm2008/index.html

The gravity anomaly degree variances implied by E2808 up to degree and order 2159 are
plotted in Figure 5.1.

5.2  Gravity Potential (W)

The Earthodés total figedasvi ty potential (W)
O o B (5-1)

where V is the gravitational potentialaBdi s t he potenti al dueist o t he
the angular velocity of the EarfRquation (35)], then:

B 31 o (5-2)

wherex 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 definad
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Table 5.1Earth Gravitational Model 2008
Truncated at n=m=18

Degree and Order

n m

Normalized Gravitational Coefficients
Cnm S‘Im

-0.4841651437908E503

-0.2066155090741 09

0.1384413891379EB08

0.2439383573283 805

-0.1400273703859%405

0.9571612070934 B306

0.2030462010478@&405

0.2482004158568 E206

0.9047878948095206

-0.6190054751776 06

0.7213217571215@&806

0.14143492619294105

0.5399658666389%106

-0.5361573893888&+06

-0.4735673465180&506

0.35050162396264306

0.66248002627582306

0.9908567666723FL06

-0.2009567235674%206

-0.18851963302303306

0.3088038821491%406

0.6867029137366&L07

-0.62921192304252907

-0.94369807339576807

0.6520780431761@&406

-0.32335319254052206

-0.45184715232884306

-0.214955408306046506

-0.2953287611 7562306

0.4980705501023%107

0.1748117954960@206

-0.6693799351801&506

-0.1499539279785F+06

-0.7592100818925F#07

0.26512259321364££07

0.4864889246046%07

-0.37378932452373%206

0.5724516111756%307

0.8952011300107308

-0.8602379371916 E07

-0.4714255734290%506

-0.26716642370303806

-0.5364931515002@06

0.9470687497568%208

-0.2373823533510®506

0.9051208445216 07

0.2808875557766 B306

0.9512593628692'E507

0.3304079937022%506

0.9299692906240%207

0.25045840922572306

-0.2171182877296 06

-0.2749939355916F06

-0.12405840351434306

0.16477325593463808

0.1792817827514¥807

-0.35879842346488306

0.15179825744366806

0.1507464728726'E508

0.2410687672863E307

0.4947560030051¥307

0.23160799124831307

0.5889745409276@607

0.8001436047365¥307

0.6528050436673&307

-0.1937453817152%B07

-0.8596393391256%407

-0.24436048000709¥606

0.6980725084727EF07

-0.2570114772679%07

0.8920348917458&L07

(0000|000 |00 N(N(NININ|N|N|Noooo|oo|ojorjgfaoaao|bd DA WWWWINININ
OO IWINFRPIOINOIOIAWINFLPOOUAWINIEFLPIOOAWNIELRIOIARWNIEFLIOWNIFLIONEFLO

-0.6596486800314®807

0.30894673078306506
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Table 5.1Earth Gravitational Model 2008
Truncated at n=m=18

Degree and Order

Normalized Gravitational Coefficients

n m Cnm S’Im
8 7 0.67256975177148307 0.7486860637382%07
8 8 -0.1240227719171306 0.1205518893849%06
9 0 0.2801807532163E07
9 1 0.14215137723608406 0.2140046650775107
9 2 0.2141443811997%F07 -0.3169841953524 07
9 3 -0.1606123568828%506 -0.7426587868092107
9 4 -0.93652955659253608 0.1990267407100&307
9 5 -0.1631340506059%+07 -0.5403948404262FE07
9 6 0.62787949116144607 0.2229623774346 506
9 7 -0.1179839243856 306 -0.96922212684006807
9 8 0.1881361889864%206 -0.30053897481174408
9 9 -0.4755684333576%207 0.96880421438993%507
10 0 0.5333043817294 B307
10 1 0.8376231126204 207 -0.13109233226106506
10 2 -0.9398947660928 407 -0.51274677253748&07
10 3 -0.70070999731742308 -0.1541399294043 E306
10 4 -0.84471538807463507 -0.7902555279794@607
10 5 -0.4928940499642%507 -0.5061372820608@407
10 6 -0.3758490220223E&-07 -0.79768861638814307
10 7 0.8262092865234 408 -0.3049037039143@608
10 8 0.40598162458094107 -0.9171386224821&307
10 9 0.12537663160434506 -0.3794365848412’B07
10 10 0.1004359919361 106 -0.2385962042118%307
11 0 -0.5076837870859F07
11 1 0.1561276786381&307 -0.27123537412368307
11 2 0.2011352501548%507 -0.99000395490559$B07
11 3 -0.30577353160664£07 -0.14883534504 713206
11 4 -0.3794990150914 @07 -0.6376698974930107
11 5 0.37419240705058507 0.4959081602719&£07
11 6 -0.1564291286947'E508 0.3427350998847@607
11 7 0.46546166144993308 -0.8982521949249@307
11 8 -0.6301740498618%+08 0.245446551115183807
11 9 -0.3107279936861 @07 0.4206825854072%307
11 10 -0.52244492208964607 -0.18421638316373B07
11 11 0.4623405714757¥307 -0.6967112515237E307
12 0 0.3643619226145E207
12 1 -0.53585627044983307 -0.43165603723208&407
12 2 0.1426659368282%07 0.31093716290151307
12 3 0.3962112714093%407 0.2506226289609E07
12 4 -0.6772846180974 107 0.3838234695844 208
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Table 5.1Earth Gravitational Model 2008
Truncated at n=m=18

Degree and Order Normalized Gravitational Coefficients

n m Cnm S‘Im

12 5 0.3087754109114' K07 0.7590664167911®*08
12 6 0.31342110099103F308 0.3898018681533%207
12 7 -0.1905179574831@07 0.3572686206726¥307
12 8 -0.2588668712209%407 0.1693625386001 307
12 9 0.4191476641707E07 0.24962563601084707
12 10 -0.6199550798807 08 0.3093981715784&207
12 11 0.1136449520898F07 -0.6385511191407%508
12 12 -0.2423772356480E08 -0.1109936986928&L07
13 0 0.4172930216850F£07

13 1 -0.5144210092061 07 0.3869104823866F07
13 2 0.5531185157028%507 -0.6269434749472F07
13 3 -0.21557038804964££07 0.97686667903294:07
13 4 -0.3651279027644108 -0.1175127179602%207
13 5 0.5837023302519F07 0.6722446227944 8307
13 6 -0.35044548446456507 -0.6273568595561 %408
13 7 0.3014124659510@308 -0.7320686599619H08
13 8 -0.1005321179931®507 -0.9857870326459&508
13 9 0.2477027732558 07 0.4588756094520F07
13 10 0.4110804880262¥307 -0.3684039091777%D07
13 11 -0.4452134041108ZE307 -0.4841410594557F08
13 12 -0.3131306282281 EL07 0.8793764936569@407
13 13 -0.6120047325325%407 0.6815014703473307
14 0 -0.2266811540944@407

14 1 -0.1877248856574%307 0.2886020244106@307
14 2 -0.3591867256812@507 -0.4053270513564%608
14 3 0.3651404978488&307 0.1969419500993 107
14 4 0.1601841442820@308 -0.22662515691544807
14 5 0.29309263723884407 -0.1678941700717®07
14 6 -0.1906743524611E07 0.2456619330188&208
14 7 0.3762975545514%F07 -0.39336467107874508
14 8 -0.3494174598236 %407 -0.1544755214957H07
14 9 0.3195178271377F07 0.2846422632739%607
14 10 0.3880083746226@607 -0.1293513499817¥308
14 11 0.1564757156284%B07 -0.3904036763996&:07
14 12 0.8463171300988®508 -0.3112113745585@607
14 13 0.3224371659957®07 0.4514729518793 07
14 14 -0.5186507135900&807 -0.4816110726121%F08
15 0 0.2192161545084F408

15 1 0.9429428492275E08 0.10483327995484207
15 2 -0.20530299302551307 -0.3030073253010#07
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Table 5.1Earth Gravitational Model 2008
Truncated at n=m=18

Degree and Order

Normalized Gravitational Coefficients

n m Cnm S’Im

15 3 0.5341629064073&207 0.1766342094894%307
15 4 -0.4017217609316@307 0.6813430558848' 08
15 5 0.12242462263863307 0.7620753008809~08
15 6 0.3285223240960'E307 -0.36469107235744507
15 7 0.596540954 75551807 0.5073946000323 2208
15 8 -0.32087501077793607 0.2217292467354%307
15 9 0.13299999309574607 0.3799147487800E307
15 10 0.10263918360223607 0.1469063325768 B30/
15 11 -0.1304628544228'E208 0.1852107485480@07
15 12 -0.3241473242556 BBO7 0.1560803931307%F07
15 13 -0.2836496409307 E07 -0.4575490018366%308
15 14 0.5198627551769%F08 -0.24395038018046+07
15 15 -0.1904437526086¥807 -0.4699410743959E508
16 0 -0.47103725226606808

16 1 0.26185244 78923107 0.3334237267042@407
16 2 -0.2451178472093FE+07 0.28031486261632307
16 3 -0.3391473909184&207 -0.2134010797755%+07
16 4 0.4085401878339°E207 0.4798774987512#07
16 5 -0.1212093564700@307 -0.3442837721754%08
16 6 0.1387472617134 EF07 -0.3559690156666 E507
16 7 -0.8061888636209&+08 -0.8651786606951%08
16 8 -0.2120442150939%07 0.5407173029749 208
16 9 -0.2241519152478%07 -0.3966864727411@07
16 10 -0.1180646291821 %207 0.1153743825291%407
16 11 0.1911184630138407 -0.3200549447143@408
16 12 0.19563185872283F507 0.6725397643121&108
16 13 0.1377440959203ZE307 0.1047454677744@608
16 14 -0.19345156117503407 -0.3865223677747E07
16 15 -0.1441961003029@507 -0.3277606693589F507
16 16 -0.382992884 79752307 0.2958607147103&308
17 0 0.1918759884173&~07

17 1 -0.25364520465794807 -0.3170424821359%07
17 2 -0.20101744775819807 0.68137605834392808
17 3 0.63083956202772208 0.50830865439453608
17 4 0.6475157784331&408 0.2533546683119%307
17 5 -0.1621939929956 %07 0.8030017329116E>08
17 6 -0.1173204252487&+07 -0.2944012796703@207
17 7 0.24976468179324307 -0.4385544290957&808
17 8 0.3900065283641 207 0.3634399905435&208
17 9 0.34790184111858208 -0.2764270480051%507

S-7




NGA.STND.0036_1.0.0_ WGS84

201407-08

Table 5.1Earth Gravitational Model 2008
Truncated at n=m=18

Degree and Order

Normalized Gravitational Coefficients

n m Cnm S’Im

17 10 -0.3795893977470%F08 0.18377824650324807
17 11 -0.1601749482496%407 0.1108705811749207
17 12 0.2872215178569@07 0.2045822303847&307
17 13 0.16506323991924107 0.20135654337834407
17 14 -0.14274777112182307 0.1157428286583F07
17 15 0.5537833728058 E608 0.524340656496208
17 16 -0.3039925611556%507 0.3602744378956@&308
17 17 -0.3469713529067 E207 -0.198743584916/7/@07
18 0 0.60986287180742108

18 1 0.7201523125181 208 -0.39297009828242307
18 2 0.14725142831692307 0.1083338730878 07
18 3 -0.5044575131859E&08 -0.5849232668223&+08
18 4 0.5462534935605%607 -0.7867485377926F209
18 5 0.5976511283444#408 0.2613986165792%207
18 6 0.1357757858023®07 -0.13244610515274807
18 7 0.6793472593097%308 0.7467901727094&608
18 8 0.3049926900747%207 0.4344397981881%308
18 9 -0.19569682218172307 0.36130677469056507
18 10 0.5215289949198&108 -0.42406837906404808
18 11 -0.68864084927764208 0.21192510359734308
18 12 -0.2974898419384 107 -0.1656091650832407
18 13 -0.62537971074733808 -0.3493919131361%07
18 14 -0.8294972094255&508 -0.1283305470087E07
18 15 -0.4046902195109'B307 -0.2028065899205%+07
18 16 0.10165311462296607 0.6504259301410208
18 17 0.3483275565783%508 0.43763884724853408
18 18 0.2990623259117F+08 -0.1085900596650E207
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Table 5.1Earth Gravitational Model 2008
Truncated at n=m=18

. _ , N,
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Figure 5.1 Anomaly Degree Variances
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6. WGS 84 EGM2008 GEOID

6.1 General

In geodetic applicationshree primary reference surfaces for the Earth are used:
1) the Earthdéds topographic surface, 2) an el l
purely mathematical nature, and 3) tle®igl.

The locus of points (XY, Z) at which the gravity potentigW) maintains a
constant value, as shown in Equatiorljf defines an equipotential surface called a g&ép |
There i s an infinite number o fieldgEaohpse ofatlfeseo ci a't
can be defined by changing the numerical value of the constant in Equafipn T®e geoid is
that particular geop that is closely associated with the mean ocean surface.

O Oty O i 00k o (6-1)

Traditionally, when a geoid model is developed, the value of the constant in
Equation (61), representing the potential anywhere on this surface, is constrained or assumed to
be equal to the normal potential)uU on t he s ufriftatcien go&f eal |Githpessoti d .
refinement effort, however, the authors recognize that the WGS 84 ellipsoid no longer represents
a trufei totbiesgd el |l i psoi d. I n terms of the geo
of a zeredegree undulation @l With this apprach, the WGS 84 ellipsoidnd its associated
normal gravity fieldcan be retained, without the introduction of any additional errors by not
using fhetomgdt el | i psoi d.

In common practicethe geoid is expressed at a given point in terms of the
distance above (+N) or belowN) the ellipsoid. For practical reasons, the geoid has been used
to serve as a vertical reference surface Maran Sea Level (MSL) heights. In areas where
elevation data are not available from conventional geodetic leveling, an approximalit3i of
heights, using orthometric heights, can be obtained from the following equigjon [

O Q0 (6-2)
where

0 £1® a QoW MR Qd O KIRVQE QQ

N "QQ¢ QODIBIQ M ETTN M Q& Hd KTDDA & "Qn

0 "QQé¢ @MAINE MQQE EXQQ6 a 0o Q¢ ¢

Utilization of orthometric heights requires knowledgecafistalmass densities
Lack of such information introduces errors to the geoid undulation model. As an alternative,
some countrieseplace orthometric heights with normal heights and geoid undulations with

height anomaliesl8]. This use of height anomalies eliminates assumptions about the density of
masses between the geoid and the ground. Therefore, Equalipoaie be rdormulatedas
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Q 0 6 O - (6-3)
where

T 0€1 adm

- M £ 6 OA®

The telluroid[38] is a surface defined in such way that the normal pote(ut)eht
every point Q on the telluroid is equal to the actual potefWalat its corresponding point P on
t he Ear t A8 $oirg @Q is Ibcatedeon the line normal to the ellipsoid that passes through
P. The height anomaly is the distance between point Q on the telluroid and point P on the
Earthos surface.

Equation 6-2) illustrates the use of geoid undulations in the determination of
orthometric heights (H) from geodetic heights (h) derived using satellite pasgting, from
GPS) | ocated on the Earthds physical surface
surface.

6.2 Formulas, Representations and Analysis

The WGS 84 EGMO008 geoid undulations were computed following the same
general procedure as in the ead the EGM96 geoid undulatiofis3]. The difference is that in
the case of EGIO08 [20] the expansion in Equation-@ extends to degreend order2190,
while in the case of EGM96t extended only to degree and order 360. Using the EBBI
spherical larmonic coefficients in Equation 4, height anomalies arrst computed with
respect t(oestfating) rheiankEarta Ellipsoid, in the tidéree system. According to
[28,t he best estimates of t {carth @lipsoda im éhe tdefree of t h
system (Love number k = 0.3), are: semajor axis a = 6378136.58 meters and reciprocal
flattening 1/f = 298.257686. The height anomalies are then transformed to geoid undulations
using the procedure described #7][and 9], and a st of correction coefficients completp
to degree and order 2160. Finally, the constant valu@.41 meters is added to these geoid
undulations. This is the zedegreeheight anomalyg,) that accounts for the difference between
t he ¢ i d-Eashlelipsaidenaanideree system and the WGS 84 ellipsoidue to the fact
that the height anomaly to geoid undulation conversion terms do not at@mgeglobally, the
-4 1 c)malue eesults in a46.3 cm zeralegree geoid undulation valuegjNR20].

The zeredegreeheight anomaly(e,) that was computed when the WGS 84
EGMO96 geoid was released was equald®3 metersq7]. The primary reason for the change
in the numerical value of, from the EGM96 to the current besstimate is the discovery by
QuanZan Zanife (CLS, France) of an error in the Oscillator Drift correction applied to TOPEX
altimeter data30]. The erroneous correction was producing TOPEX Sea Surface Heights biased
by 12 to 13 centimeters.
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6.2.1 Formulas

The formula for calculating the WGS 84 E@DBD8 geoid undulations starts with
the calculation of theeight anomaly ¢20):

"O0 ® = o oa =, o zgn oA
= o AlaQ. Y OkRI_uv OBs (6-4)

— %R R
L 1 L

0Mi e a EFEBED O AQE®N 6 woUxE ¢
[ % & &1 @ ad oap A o
6 Ry QO GEGEQ A GO ACRADTNO Condé " Q@ER BB QQE 0 |
Qi €@0g Y
Equation (64) isevaluated at a pointPfri]) on t he surface of
topography

In Equation (&4), the even degree zonal coefficients of degree 2 through 20 are
remainders after subtracting from the E@DA8 gravitational potentialcoefficients, the
corresponding coefficients implied by the WGS 84 normal gravitational field.

Table 6.1WGS 84 Normal Gravitational Potential Coefficients
20nomy | ~0.48416677498500163 Elz,o(nomﬁ, -0.410790141413244E6
4.0(normal 0.79030373351132086 614,0010,“1;, 0.44717735702584 1E8
s.0nomy | ~0.16872496115141 /68 616,0(%”,1;, -0.346362564744706E0
8,0(normal 0.346052468394228E1 18,0(nomix 0.241145603218922F2
Cioomoms | -0.265002225746918E4 | Cyg opoms | -0-160243292851218F4

Ol

Ol

@]

Ol
Ol

Ol

The relationship between the height anomaly and disturbing potential is given by:

"Y%6_h

— %6Lh r

(6-5)

The geodetic latitude of point P is denoted in the following by Note that/
and fi correspond to the same physical location. To calculate the geoid undii}iaith
respectad the WGS 84 reference ellipsoid, we use the fornfifa [
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W 30 %h .
U %h= - - %Jﬂ=h r—l__ O %h (6-6)

where
- ™ @ Q0 Qi QIR QA MAXIE ¢ d WA W
WQ % 6 ¢ 0 QA IM LA &N I @@OG T THYE XD
O QQOEME WNDH QQEaA MY YE T By
T QL QI HRVDVET A aWL QO W
V%L QQQORQGET ¢é HNOA HIEWQA QU WO C
€ "0 Y T WY
The DTM2006.0 is described i24]. The Bouguer anomaly can be computed

from the EGM2008 spherical harmonic coefficients and tbeefficients from the harmonic
analysis of the DTM2006.0 elevation database using:

3Q % 3Q % ™ p p 6O %6 (6-7)
where

WQ % TOi @AM G OB ENG (I ®@0qG Tt T Y

The conversion of height anomalies to geoid undulations is expressed in a set of
spherical harmonic coefficients complejeto degree and order 2160.

6.2.2 Permanent Tide Systems

In the calculation of geoid undulations from the EZXKI8, the secondlegree
zonal harmonic coefficient is given in the tiffee system. The tid#ee definition means that
any geoid undulations calculated from E@DA8 exist for a tiddree Earth with all (direct and
indirect) tidal effects of th&un andMoon removed. O#r geoids to consider are the mean
geoid (geoid which would exist in the presence of$he andMoon) and the zertide geoid
(geoid which exists if the permanent direct effects of She andMoon are removed but the
indirect ef f ectselastiedemrmatidn istratainédh & cofpletet sbt 6f equations
to convert from one tide system to another can be fouf&1L]n

To calculate the geoid in the zeide system use the formula:
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0 0 TQud ¢ @OE{ (6-8)
where

0 & QioEQ@AOE QQ

0  0QUQUEWE QQ

N 04 WD dMIMOcNE 0 Q1 & GOMEEAHQ E O

6.2.3 Representations and Analysis

The geoid undulations can be depicted as a color map shdvardgviations of
the geoid from the ellipsoid, the latter being selected as the mathematical figure of the Earth.
Figure 6.1 is such a color map, created from a worldwide 3.5 grid of the WGS 84
EGM2008 geoid undulations which were calculatesing the procedure described in Section
6.2.1. These values exhibit the following statistics:

Mean -0.46 meters
Standard Deviatiol 30.59 meters
Minimum -106.91 meters

Maximum 85.82 meters

The locations of the minimum and maximum undulations are:

Minimum f =04.667 N, | =078.750 E
Maximum f =08.417S,| =147.375E

Figure 6.2 shows the propagated (commission) error that was estimated for the
WGS 84 EGM008 geoid undulations. These values were computed using the procedure
described in 32] and [20] on a global &5Qgrid. These error estimates have a global Root
Mean Square (RMS) value of approximatél§l centimeters, but vary considerably in a

geographic sense, reflecting the geographically varying accuracy of the gravity dateeriat
available for the development of EGRDS.

6.3  Availability of WGS 84 EGM008 Data Products

Several products and associated documentation related to the WGS &DE85M
geoid undulations and their error estimates are available from:

http://earthinfo.nga.mil/GandG/wgs84/gravitymod/egm2008/egm08 wqgs84.html

These products include:
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1 The EGM2008 spherical harmonic coefficients to degree 2190 ard 2189.

1 The correction coefficients necessary to convert height anomalies to geoid
undulations, complete up to degree and order 2160.

1 A FORTRAN program that can be used to compute the WGS 84 EGM2008
geoid undulations, via harmonic synthesis, using tl&ME008 and the
correction coefficient files.

T Aljx1jWGS 84 EGN008 geoid undulation grid file calculated using the
procedure described in Section 6.2.1, along with software that can be used to
interpolate from this gridDifferences in the results ungj these versus
harmonic synthesis do not exceed 1 millimeter.

1 A25x25WGS 84 EGM2008 geoid undulation grid file calculated using the
procedure described in Section 6.2.1, along with software that can be used to
interpolate from this grid. Differences in the results using these versus
harmonic synthesis do not exceed 1 ieeter.

Additional information on the WGS 84 EGNIO8 geoid undulations, associated
software and data files can be obtained from the location and addresses in the PREFACE.
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Figure 6.1 EGM2008 GeoidUndulations on a {Bbal 2.5 x 2.5; Grid, with respect to the WGS &lipsoid. Unit isMeter.
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