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SUBJECT TERMS 

 
Datums, Datum Shifts, Datum Transformations, Datum Transformation Multiple 

Regression Equations, Defense Mapping Agency (DMA), Earth Gravitational Constant, 

Earth Gravitational Model (EGM), EGM2008, Earth Orientation Parameters (EOP), 

Ellipsoids, Ellipsoid Heights, Ellipsoidal Gravity Formula, Gauss Coefficients, Geodesy, 

Geodetic, Geodetic Heights, Geodetic Systems, Geoids, Geoid Heights, Geoid 

Undulations, Global Positioning System (GPS), Gravitation, Gravitational Coefficients, 

Gravitational Model, Gravitational Potential, Gravity, Gravity Formula, Gravity 

Potential, Local Datums, Local Geodetic Datums, Magnetic Coefficients, Magnetic 

Declination, Magnetics, Molodensky Datum Transformation Formulas, National 

Geospatial-Intelligence Agency (NGA), National Imagery and Mapping Agency 

(NIMA),  Orthometric Heights, Regional Datums, Reference Frames, Reference Systems, 

World Geodetic System (WGS), World Geodetic System 1984 (WGS 84), World 

Magnetic Model (WMM). 

 
  



NGA.STND.0036_1.0.0_WGS84                                                                                    2014-07-08 

iii  

 

NGA DEFINITION  

 
 Department of Defense Directive 5105.60, National Geospatial-Intelligence 

Agency (NGA) July 29, 2009 directs that: 

 

 NGA shall support US national security objectives by providing, timely, relevant, 

and accurate geospatial intelligence (GEOINT) to the Department of Defense (DoD), the 

Intelligence Community (IC), and other US Government (USG) departments and 

agencies; conducting other intelligence-related activities essential for US national 

security; providing GEOINT for safety of navigation information; 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 of the Armed Forces of the 

United States.  

 

 It is DoD policy per Department of Defense INSTRUCTION NUMBER 5000.56, 

Programming Geospatial-Intelligence (GEOINT), Geospatial Information and Services 

(GI&S), and Geodesy Requirements for Developing Systems Jul, 9, 2010 that:  

 

 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 

community government processes.  

 

 b. All acquisition programs shall make maximum use of standard military data 

and digital databases provided by the National Geospatial-Intelligence Agency (NGA) 

and the NSG.  

 

 c. DoD Components shall consider the availability of NGA resources and the 

impact of the use of unique GEOINT data, products, or services may have on the cost, 

schedule, or performance of system development or upgrades when unique GEOINT 

data, products, or services are required in the conduct of the systemôs operational mission 

profile. 
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PREFACE 
 

 This NGA Standard defines the Department of Defense (DoD) World Geodetic 

System 1984 (WGS 84).  Significant changes incorporated in this standard include: 

 

¶ Refined realization of the reference frame 

¶ Description of Earth Orientation Parameters (EOP) 

¶ Discussion of International Earth Rotation and Reference Systems Service 

(IERS) standards 

¶ Development of a refined Earth Gravitational Model (EGM) and geoid 

¶ Description of a World Magnetic Model (WMM) 

¶ Updated list of datum transformations 

 

 Users requiring additional information, clarification, or an electronic version of 

this document should contact:  

 

  NGA (SN), Mail Stop L-41 

  Office of Geomatics 

  National Geospatial-Intelligence Agency 

  3838 Vogel Road 

  Arnold, MO 63010-6205 

 

  E-Mail address:  GandG@nga.mil 

  http://www.nga.mil 

 

 WGS 84 is comprised of a coherent set of models and parameters. Organizations 

are advised NOT to make a substitution for any of the WGS 84 related parameters or 

equations. Such a substitution may lead to degraded WGS 84 products, interoperability 

problems and may have other adverse effects. 
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EXECUTIVE SUMMARY  

 

 This edition of the Department of Defense World Geodetic System 1984 (WGS 

84) NGA Standard, NGA.STND.0036_1.0.0_WGS84 (formerly known as TR8350.2), 

reflects significant improvements and changes to WGS 84 since the 3
rd

 edition was 

published in 1997.  Today, the WGS 84 reflects a family of models, parameters, and a 

new reference frame update. 

  

 This standard will address the following subject areas with the WGS 84: 

 

¶ 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 Model 2008 (EGM2008) 

¶ 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 readers, the data, models, and information contained in this 

standard will address issues and analysis related to the following topical areas: 

 

¶ 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 

¶ Geodetic Reference Systems and other Reference Frames 

o 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 Satellite Systems (GNSS) 

¶ Position, Navigation, and Timing (PNT) activities 

o WMM 

o EGM2008 

o Reference Frame 

o GPS 

o Earth Orientation Parameters (EOP) 

o Use of IERS models and constants 

¶ Mapping and Charting 

o Horizontal Datum  

o Vertical Datum 
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¶ Geodetic, GIS Data, and Other High-Accuracy Applications: 

o Reference Frame 

o Coordinates 

o Earth Gravitational Model (EGM) 

o WGS 84 Geoid 

o Temporal considerations 
 

 NGA.STND.0036 provides a description and sufficient details regarding the 

global World Geodetic Systemôs global reference frame to allow users of this information 

to implement this reference frame and its associated geophysical models and constants. 

 

 Todayôs modern GNSSôs, such as GPS, have made it possible to establish a truly 

global geocentric reference system which can be quickly adapted for precise geodetic 

positioning, especially over long distances.  It is possible to determine distortions and 

mis-orientations of classical geodetic networks around the world.  The entire WGS is 

being incorporated into a Standards-based environment through 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 DoD Information Standards Registry 

(DISR) thereby increasing interoperability and reducing acquisition costs. 

 

 Readers will note NGA is adopting multiple recommendations outlined in the 

International Earth Rotation and Reference Systems Service (IERS) Technical Note No. 

36, IERS Conventions 2010 (hereafter referred to as IERS TN 36).  This NGA 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 and the International Terrestrial Reference Frame (ITRF) 2008, was 

established in 2013. 

 

 In mid-2015, a new edition of this Standard, incorporating an updated WGS 84 

reference frame and an updated WMM 2015 will be written and propagated to the 

community.  This anticipated edition will begin a five-year update cycle of the Standard 

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.   
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1. INTRODUCTION 

 

 The National Geospatial-Intelligence 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 interoperability in relating information from 

one product to another, supports increasingly stringent accuracy requirements, and supports 

military and humanitarian activities worldwide.  The refined World Geodetic System 1984 

(WGS 84) represents NGAôs best geodetic model of the Earth using data, techniques and 

technology available through 2013. 

 

 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 this standard has been possible 

due to improved scientific models and additional global data.  These data include those from 

precise and accurate geodetic positioning, new observations of land gravity data, the availability 

of extensive altimetry data, and gravity data from the GRACE satellite mission.   

 

Using these data, an improved Earth Gravitational Model 2008 (EGM2008) and its 

associated geoid were developed, and the World Magnetic Model 2010 (WMM2010) was 

produced. EGM2008 was developed by NGA with contracted support.  WMM2010 was 

developed jointly by the US National Oceanographic and Atmospheric Administrationôs 

National Geophysical Data Center and the British Geological Survey. 

 

 Commensurate with these modeling enhancements, significant improvements in the 

current realization of the WGS 84 reference frame have also been achieved through the 

continued improvement of the NAVSTAR Global Positioning System (GPS).  WGS 84 is 

realized by the coordinates assigned 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 

coordinates of these tracking stations have been determined to an absolute accuracy of °1 cm 

(1s).  WGS 84 coordinates are determined primarily through 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, geopositioning, and navigation.  This 

standard includes the definition of the coordinate system, fundamental and derived constants, the 

EGM2008, the ellipsoidal (normal) gravity model, a description of the associated WMM, and a 

current list of local datum transformations. NGA recommendations regarding the implementation 

of WGS 84 are given in Chapter Ten of this standard. 
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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 outlined in International 

Earth Rotation and Reference Systems Service (IERS) Technical Note No. 36, IERS 

Conventions 2010 (IERS TN 36) [1].  These criteria are repeated below: 

 

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

and atmosphere 

 

¶ Its scale is that of the local Earth frame, in the meaning of a relativistic theory of 

gravitation 

 

¶ Its orientation was initially given by the Bureau International de lôHeure (BIH) 
orientation of 1984.0 

 

¶ Its time evolution in orientation will create no residual global rotation with regards to 

the crust 

 

  The WGS 84 Coordinate System is a right-handed, Earth-fixed orthogonal 

coordinate system and is graphically depicted in Figure 2.1. 

 
 

X 
WGS 84 

Y 
WGS 84 

Z 
WGS 84 

IERS Reference Pole (IRP)  

IERS  

Reference  

Meridian  

(IRM)  

Earth's Center  

of Mass  

 
 

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 = Earthôs center of mass 

 

 Z-Axis = The direction of the IERS Reference Pole (IRP).  This direction 

corresponds to the direction of the BIH Conventional Terrestrial Pole (CTP) 

(epoch 1984.0) with an uncertainty of 0.005± [1] 

 

 X-Axis = Intersection of the IERS Reference Meridian (IRM) and the plane 

passing through the origin and normal to the Z-axis.  The IRM is coincident with 

the BIH Zero Meridian (epoch 1984.0) with an uncertainty of 0.005± [1] 

 

 Y-Axis = Completes a right-handed, Earth-Centered Earth-Fixed (ECEF) 

orthogonal coordinate system 

 

  The WGS 84 Coordinate System origin also serves as the geometric center of the 

WGS 84 Ellipsoid, and the Z-axis serves as the rotational axis of this ellipsoid of revolution. 

 

  The definition of the WGS 84 CTRS has not changed in any fundamental way 

since its original implementation.  This CTRS continues to be defined as a right-handed, 

orthogonal, and Earth-fixed coordinate system which is intended to be as closely coincident as 

possible with the CTRS defined by the IERS or, prior to 1988, its predecessor, the Bureau 

International de lôHeure (BIH). 

 

  The Naval Surface Warfare Center Dahlgren Division (NSWCDD) generates the 

software which NGA uses for precise GPS orbits and WGS 84 coordinate solutions.  To maintain 

WGS 84 to the highest level of accuracy and integrity, NGA and NSWCDD assess international 

scientific standards to determine their applicability to WGS 84.  WGS 84 (G1762) adheres to 

IERS TN 36 with limited exceptions as identified in this document.  Note that IERS TN 36 often 

gives multiple approaches for implementation of models. Specifically, WGS 84 (G1762) will not 

include pole corrections and will not include librations in UT1 and polar motion defined in IERS 

TN 36 Section 5.5. Previous iterations of WGS 84 (i.e. G1150) are consistent with IERS 

Conventions 1996 Technical Note No. 21 [2].  As new standards are adopted, NGA will review 

them to determine appropriate implementation. WGS 84 may not conform strictly to all 

conventions, but relevant differences will be documented.   

 

 2.2 Realization 

 

  It is important to understand the definition of a coordinate system and the 

practical realization 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 station coordinates infers the 

location of an origin, the orientation of an orthogonal set of Cartesian axes, and a scale.  In 

modern terms, a globally distributed set of consistent station coordinates on the surface of the 

Earth represents a realization of an ECEF Terrestrial Reference Frame (TRF).   
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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, the origin, scale 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, Editions 1 and 2.  Initial uncertainties, in 1987, were 1-2 meters 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 GPS Monitor Stations are inherently intertwined. WGS 84 is 

the reference frame adopted for the operation of GPS, and all users obtain WGS 84 coordinates 

when they use the GPS Broadcast Navigation Messages.  NGA generates a set of ópreciseô 

ephemerides which adopt the WGS 84, and these ephemerides are used for precise positioning.  

This includes calculation of the WGS 84 positions of the permanent DoD GPS Monitor Stations 

for both the US Air Force (USAF) and NGA (Figure 2.2) and, therefore, the WGS 84 origin.  For 

highest accuracy applications such as precise positioning applications, temporal effects should be 

considered as described in Section 2.2.4. 

 

 
Figure 2.2 WGS 84 (G1762) Reference Frame Stations 

 

  NGA is committed to maintaining the highest possible accuracy and stability for 

the WGS 84 Reference Frame while remaining both practical and accessible. To do so, NGA has 

generated several realizations of WGS 84 incorporating improved data and advances in 

geophysical modeling to adequately represent the motion of the Earthôs surface.  These 

realizations have not affected the fundamental definition of the WGS 84 reference system; but 

are necessary for high-accuracy, high-integrity applications.  The current realization of the WGS 

84 Reference Frame is designated as WGS 84 (G1762).  The GPS Operational Control Segment 

(OCS) implemented WGS 84 (G1762) on 16 Oct 2013 with NGA implementation on the same 

date.   
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  WGS 84 (G1762) is the sixth update to the realization of the WGS 84 Reference 

Frame. The previous realizations were designated WGS 84 (G1674) [5], WGS 84 (G1150) [4], 

WGS 84 (G873), WGS 84 (G730) and WGS 84. The ñGò indicates that GPS measurements were 

used to obtain the coordinates. The number following the ñGò indicates the GPS week number 

during which the coordinates were approved for implementation by NGA. The original 

TRANSIT realization of WGS 84 has no such designation.  Detailed documentation of the 

previous iterations can be found in the National Imagery and Mapping Agency (NIMA) 

TR8350.2, Edition 3, (3 Jan 2000) with its Addendum (2002).  Table 2.1 shows the name, 

implementation date by the GPS OCS, epoch, and the overall absolute accuracy of each 

realization.  

 

Table 2.1 WGS 84 Station Coordinate Updates 

Name 

Implementation date 

Epoch Accuracy GPS 

Broadcast 

Orbits  

NGA Precise 

Ephemeris 

WGS 84 1987 1 Jan 1987  1-2 meters 

WGS 84 (G730) 29 Jun 1994 2 Jan 1994 1994.0 10 cm/component rms 

WGS 84 (G873) 29 Jan 1997 29 Sep 1996 1997.0 5 cm/component rms 

WGS 84 (G1150) 20 Jan 2002 20 Jan 2002 2001.0 1cm/component rms 

WGS 84 (G1674) 8 Feb 2012 7 May 2012 2005.0 <1cm/component rms 

WGS 84 (G1762) 16 Oct 2013 16 Oct 2013 2005.0 <1cm/component rms 

 

  2.2.1 WGS 84 (G1762) Methodology 

 

  NGA updated the WGS 84 reference frame coordinates in July 2013, to 

incorporate international conventions in [1] for constants and methodology along with alignment 

to the International Terrestrial Reference Frame 2008 (ITRF2008).  NGA contributes its GPS 

monitor station tracking data to the International GNSS Service (IGS).  NGA used GPS 

observations from the USAF and NGA GPS monitor stations with IGS stations to estimate 

updated coordinates for the USAF and NGA stations (Figure 2.2).   

  

¶ Data were collected from all sites for the period 11 May ï 26 May, 2013. 

¶ A subset of IGS stations was selected as control points in the reference frame 

solution.  IGb08 is a realization of ITRF2008 generated by IGS for their products. 

The IGb08 coordinates, at epoch 2005.0, of the IGS stations were held fixed while the 

USAF and NGA stations coordinates were adjusted.  According 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. Reference http://acc.igs.org/reprocess2.html for more 

information on IGS products, including reference frames.  

¶ The IGS station positions were determined using their velocities and propagating that 

forward to the data collection timeframe. 

¶ The WGS 84 coordinates are at epoch 2005.0. 

http://acc.igs.org/reprocess2.html
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¶ Meteorological data were utilized for all stations. Data from nearby sites or default 

values were used when meteorological data were not collected at the GPS station. 

 

  NGA adopted the velocities generated for the IGb08 coordinates of the NGA 

stations.  For USAF stations, NGA adopted the velocities of nearby IGS sites.  The velocities of 

the USAF and NGA stations used in this realization are given in Table 2.2. Site information for 

IGS stations may be obtained through the IGS website currently at http://igscb.jpl.nasa.gov. 

 

  2.2.2 Results 

 

  WGS 84 (G1762) improved the overall accuracy of WGS 84 and will reduce 

future discrepancies between WGS 84 and ITRF by improving consistency since, in general, 

both have adopted IERS Conventions 2010 methods and models. Previous WGS 84 realizations 

have shown consistency with ITRF on the order of 1-2 centimeters at their original 

implementation date.  Over time, small changes in updated models and methods cause 

differences between the two reference frames to grow.  Improvements in methods, models, and 

data, along with geophysical phenomena such as earthquakes, are the fundamental reasons for 

periodic updates to the 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 positions of the USAF 

and NGA GPS monitor stations in Cartesian coordinates with station velocities, and Table 2.3 

gives the geodetic coordinates. 

 

 

http://igscb.jpl.nasa.gov/
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Table 2.2 WGS 84 (G1762) Cartesian Coordinates* and Velocities for Epoch 2005.0 

Station Location 
NGA Station 

Number 

X 

(m) 

Y 

(m) 

Z 

(m) 

 

(m/yr)  

 

(m/yr)  

ŧ 

(m/yr)  

Air Force Stations 
 

            

Colorado Springs 85128 -1248599.695 -4819441.002 3976490.117 -0.0146 0.0009 -0.0049 

Ascension 85129 6118523.866 -1572350.772 -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 1339852.169 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 -3939182.512 3467072.917 -3613217.139 -0.0409 0.0030 0.0485 

Argentina 85403 2745499.034 -4483636.563 -3599054.496 0.0045 -0.0079 0.0085 

England 85404 4011440.890 -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 1112158.852 -4842855.557 3985497.029 -0.0150 -0.0001 0.0024 

Alaska 85410 -2296304.083 -1484805.898 5743078.376 -0.0222 -0.0068 -0.0086 

New Zealand 85411 -4749991.001 520984.518 -4210604.147 -0.0219 0.0127 0.0205 

South Africa 85412 5066232.068 2719227.028 -2754392.632 -0.0012 0.0197 0.0168 

South Korea 85413 -3067863.250 4067640.938 3824295.770 -0.0263 -0.0091 -0.0094 

Tahiti 85414 -5246403.943 -3077285.338 -1913839.292 -0.0422 0.0515 0.0327 

 Notes: * Coordinates are at the Antenna Reference Points. 

 Reference http://earth-info.nga.mil/GandG/sathtml/ for current values 

 

http://earth-info.nga.mil/GandG/sathtml/
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Table 2.3 WGS 84 (G1762) Geodetic Coordinates* for Epoch 2005.0 

Station Location 

NGA 

Station 

Number 

Latitude North 

(Decimal 

Degrees) 

Longitude East 

(Decimal 

Degrees) 

Ellipsoid 

Height 

(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 72.37092367 -64.371 

Kwajalein 85131 8.72250188 167.73052378 39.652 

Hawaii 85132 21.56149239 201.76066695 425.789 

Cape Canaveral 85143 28.48373823 279.42769502 -24.083 

NGA Stations 
 

      

Australia 85402 -34.72897999 138.64736789 34.955 

Argentina 85403 -34.57370124 301.48070046 48.665 

England 85404 51.11761208 359.09487379 139.647 

Bahrain 85405 26.20914139 50.60814586 -14.770 

Ecuador 85406 -0.21515709 281.50639195 2922.453 

US Naval 

Observatory 
85407 38.92056511 282.93368418 59.003 

Alaska 85410 64.68789166 212.88698460 177.236 

New Zealand 85411 -41.57619313 173.74075198 147.227 

South Africa 85412 -25.74634537 28.22403818 1416.334 

South Korea 85413 37.07756761 127.02403352 51.755 

Tahiti 85414 -17.57702921 210.39381226 99.836 

 Notes: * Coordinates are at the Antenna Reference Point. 

 Reference http://earth-info.nga.mil/GandG/sathtml/  for current values. 

 

  The differences between WGS 84 (G1762) and WGS 84 (G1674) coordinates 

(Table 2.4) were computed.  These differences result from changes in methodology, including 

the adoption of several IERS TN 36 [1] recommendations, and antenna movement (in some 

cases due to site relocation).  Since both 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 G1762 realization marks the first time the WGS 84 Reference Frame (RF) is 

tied to the siteôs Antenna Reference Point (ARP) located at the base of the ground plane which 

supports the antennaôs electronics.  All previous realizations of the WGS 84 RF were tied to the 

antennaôs electrical phase center so as to conform to the GPS Control Segmentôs expectations.  

However, modern standards for reporting reference frame anchor points are for the ARP.  This 

difference, coupled with NGAôs adaptation of elevation angle dependent antenna phase center 

http://earth-info.nga.mil/GandG/sathtml/
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calibration tables, is the cause of the relatively large discrepancies seen in Table 2.4, almost all in 

the vertical direction. 

 

Table 2.4 WGS 84 (G1674) Minus WGS 84 (G1762) for Epoch 2005.0 

Station Location 

NGA 

Station 

Number 

æX 

(m) 

æY 

(m) 

æZ 

(m) 

Total 

(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 

Hawaii 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 

US Naval 

Observatory 
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 alignment is to adhere to international 

standards and pursue the highest possible level of practical global reference frame accuracy.  The 

ITRF incorporates multiple methods to realize their series of reference systems such as Satellite 

Laser Ranging (SLR) and Very-Long-Baseline Interferometry (VLBI) that NGA does not 

include.  Constraining the WGS 84 reference frame to align with ITRF as closely as possible 

allows the WGS 84 reference frame to take advantage of those methods without directly 

incorporating them into the coordinate determination software. This alignment is necessary for 

interoperability with other Global Navigation Satellite Systems (GNSS).  While GPS is currently 
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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 states that WGS 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 cm-per-component, resulting in an overall difference of less 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 (G1762) and WGS 84 (G1674) shows that a bias was 

introduced into WGS 84 (G1674) which is now corrected in WGS 84 (G1762).  This bias is also 

indicated by a resultant zero rotation when WGS 84 (G1762) is compared to WGS 84 (G1150).  

As shown in Table 2.5, the transformation between WGS 84 (G1762) and IGb08 is zero by 

statistical analysis.  Mean differences are 1-2 millimeters and significantly less than the error in 

the conversion, making the transformation parameters effectively zero.  This is expected since 

the IGb08 coordinates and velocities 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 84 (G1762) and ITRF2008 

are also zero. 

 

Table 2.5 Comparison to WGS 84 (G1762) 

Reference Frame 

(reference frame 

epoch) 

æx 

(mm) 

(sigma) 

æy 

(mm) 

(sigma) 

æz 

(mm) 

(sigma) 

D 

(ppb) 

(sigma) 

Rx 

(mas) 

(sigma) 

Ry 

(mas) 

(sigma) 

Rz 

(mas) 

(sigma) 

WGS 84 (G1674)# 

(2005.0) 

-4 

(5.2) 

3 

(5.2) 

4 

(5.2) 

-6.9 

(0.82) 

0.27 

(0.215) 

-0.27 

(0.212) 

0.38 

(0.196) 

WGS 84 (G1150)# 

(2001.0) 

-6 

(4.7) 

5 

(4.7)  

20 

(4.7)  

-4.5 

(0.74)  
0 *  0 * 0 * 

ITRF2008* 

(2005.0) 
0 * 0 * 0 * 0 * 0 * 0 * 0 * 

 Notes: The parameters are defined from the listed reference frame to WGS 84 (G1762) 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 1-2 millimeters and significantly less than the error in the conversion, thus 

they are effectively zero.  

 

where Dx, Dy, Dz, D, Rx, Ry, and Rz describe the transformation in the equation 
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where X, Y, and Z represent the Cartesian position in the reference frame. 

 

 

  2.2.4 Temporal Effects 

 

  In an ECEF reference frame, geophysical phenomena such as plate tectonics, 

earthquakes, subsidence and tides, cause changes to station positions. 

 

  Each of these temporal 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 frame.  Neglecting these effects adds error to 

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 the WGS 84 Reference Frame (G1762) is 

better than one centimeter overall (<1 cm per component).  Maintaining that one-centimeter 

accuracy poses special challenges as discussed below in detail. 

 

  2.2.4.1   Plate Tectonic Motion 

 

  To maintain centimeter-level accuracy in a CTRF, a given set of station positions 

represented at a particular epoch must be updated for the effects of plate tectonic motion.  Every 

point on the Earth, at a particular time or epoch, experiences relative motion with respect to other 

points on the Earth.  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 parameters.  This is recommended 

for applications that require the highest level of accuracy.  For most DoD applications, however, 

this approach is not practical since the observation period is not of a sufficient length to provide 

significant velocity estimates, nor do the geodetic surveying algorithms in common use provide 

station velocities. Instead, if accuracy requirements warrant it, DoD practitioners must decide the 

best method to account for 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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Figure 2.3 Major Plate Boundaries 
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  NGA uses stations velocities to account for plate tectonic motion in both the 

development of G1762 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 half year mark 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 annual step-wise update to 

the WGS 84 frame used to generate the GPS broadcast message.     

 

  The amount of time elapsed between the epoch of a stationôs coordinates and the 

time of interest will be a dominant factor in deciding whether application of station velocities or 

a plate motion model is warranted.  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 used over a 5-year 

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 other episodic movements of the Earthôs crust may cause sudden 

displacement of GPS monitor stations.  These sudden displacements must be incorporated in 

station coordinate references for high accuracy positioning and navigation.  In November 2002, 

NGAôs Alaska station had an approximately 8 cm displacement caused by a 7.9 magnitude 

earthquake. In March 2011, the 9.8 magnitude earthquake that struck Japan moved NGAôs 

station in South Korea approximately 4 cm.  When sudden movements like these occur, a re-

determination of the monitor stationôs coordinates is necessary for the station to maintain its 

stated accuracy.  New coordinates are calculated and moved to the epoch of the current reference 

frame to maintain consistency. Station displacement varies depending upon the earthquakeôs 

magnitude and distance from the station.  In each of the cases above, the steady-state 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 station velocities 

have been documented immediately following these major events. Users with sub-centimeter 

requirements cannot ignore this issue. 

 

  Equipment changes or moves can also cause sudden monitor station displacement.  

In 2009 and 2010, new antennas were installed at USAF and NGA monitor stations resulting in 

each site being displaced by small amounts.  The actual movements were minimal in comparison 

to plate tectonic motion.  Users who are not concerned with better than decimeter-level accuracy 

are not affected.   

 

  When any displacement of NGA or USAF stations occur that would warrant 

permanent changes that impact station coordinates, NGA provides direct notification to the 

USAF so that the new coordinates may be utilized in their GPS orbit determination process; 
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furthermore, NGA also notifies GPS users via http://earth-info.nga.mil/GandG/sathtml/ which 

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 

displacements of a stationôs coordinates.  These displacements can be modeled to some degree 

depending on the desired accuracy and spatial extent.  In the most demanding applications 

(centimeter-level or better accuracy), the user must address these changes.  The IERS TN 36 

outlines procedures for handling these displacements.  The results of following these conventions 

lead to station coordinates in a ózero-tideô system.  In practice, however, the coordinates are 

typically represented in a ótide-freeô system.  The NGA GPS precise ephemeris estimation 

process uses a tide-free model as described in [1], Section 7.1.1.  In this ótide-freeô system, both 

the temporal and permanent displacements are removed from a stationôs coordinates. 

 

  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 

óaverage-outô.  This approach may be adequate if the data collection period is long enough since 

the majority of the displacement is diurnal and semi-diurnal in nature.  Coordinates determined 

from GPS differential (baseline) processing would typically contain whatever tidal components 

are present in the coordinates of the fixed (known) end of the baseline.  If decimeter level or 

better absolute accuracy is required, careful consideration must be given to these station 

displacements since the peak absolute, instantaneous effect can be as large as 42 cm [7].  In the 

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 earth-fixed reference system or CTRS.  

Satellite orbit determination is performed in an inertial reference system.  Earth Orientation 

Parameters (EOP) are required for transformation between the CTRS and 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 

determination operations.  The CCRS is based on a kinematic definition, making the axesô 

directions fixed with respect to distant matter in the universe.  In other words, the reference 

frame is defined by the very precise coordinates of extragalactic objects, mostly quasars [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 the coordinate transformation from the ITRS to the 

Geocentric Celestial Reference System (GCRS) expressed in Eq. (2-1) are presented in IERS TN 

36 and the earlier IERS Conventions [2]. According to the International Astronomical Union 

(IAU), these procedures differ in the origin adopted for the right ascension coordinate measured 

http://earth-info.nga.mil/GandG/sathtml/
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along the equator of the Celestial Intermediate Pole (CIP) (i.e. the equinox or the celestial 

intermediate origin (CIO)). In the case of the former, the reference frame is called ñequinox- 

basedò and, in the case of the latter, ñCIO-basedò. Each procedure is based on a specific 

representation of the transformation matrix components Q(t) and R(t) of Eq. (2-1), which 

depends on the corresponding origin on the CIP equator, while the representation of the 

transformation matrix component W(t) is common to both techniques.  NGA has implemented 

the Celestial Intermediate Origin (CIO) in its orbit determination 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 in-depth 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 date (t) is expressed as 

 

ὍὅὙὛὗὸ Ὑὸ ὡ ὸ ὅὝὙὛ (2-1) 

 

where the matrices Q(t), R(t), and W(t) are the transformational matrices representing the effects 

of nutation and precession, Earth rotation, and polar motion, respectively.  Precession/nutation 

(coordinates of CIP in the ICRS or celestial pole offsets), Earth rotation, 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 new precession-

nutation models, IAU 2006/2000 Precession-Nutation Model [1], the coordinates of the CIP in 

the GCRS, X and Y, can be modeled at the 0.2 milli arc-second (mas) level.  With such high 

levels of precision, observations and predictions of the coordinates X and Y or celestial pole 

offsets (i.e. Q matrix elements) are not necessary for near real-time orbit determination 

applications.  Therefore, the discussion of EOPs and EOP predictions presented here will only 

refer to Earth rotation and polar motion (i.e. R and W matrix elements).   

 

  Note that for near-real-time orbit determination applications, EOPs must be 

predicted values.  Because it is difficult to model Earth rotation 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 and Earth rotation predictions can be computed.  The polar motion (xp and yp) 

predictions represent directional offsets from the IERS Reference Pole (IRP) in the direction of 

0  ̄and 270̄ longitude, respectively.  The Earth rotation predictions, more specifically, UT1-UTC 

predictions, represent the difference between the actual rotational time scale, UT1, and the 

uniform time scale, UTC (Coordinated Universal Time).  For consistency with NGAôs usage of 

the EOP parameters, the user needs to restore the zonal tides as presented in [1, Section 8.1], 

apply the diurnal and semi-diurnal tide corrections to polar motion and UT1-UTC using the 

ñpmut1_oceansò routine contained in [1, Section 8.2, alternate software óinterp.fô] and not apply 

the libration effects [1, Section 5.5.1].  Note the interp.f software contains higher precision tables 
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than those published in [1, Tables 8.2 & 8.3].  Position error due to unaccounted EOPs 

(combined effect of polar motion and Earth rotation variability) could exceed one meter per day 

on the surface of the Earth. In the future, these predictions may be performed more than once per 

day. The NGA EOP prediction models are given in equation (2-2).  The NGA EOP prediction 

models are documented and the quantities A, B, Cn, Dn, E, F, Gn, Hn, Pn, Qn, I, J, Kn, Ln, Rn, Ta, Tb, 

and T  are defined on http://earth-info.nga.mil/GandG/sathtml/.  
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  2.3.1 Tidal Variations in the Earthôs Rotation 

 

  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 a peak-to-peak amplitude of 3 milliseconds and 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 process.  See Appendix A. 

 

 2.4 Summary 

 

 WGS 84 (G1762) 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 

stations (and/or antennas) are moved or replaced, new station coordinates will be required. NGA 

will update the WGS 84 Reference Frame as new standards are developed and as new methods 

and models are implemented.  As these changes occur, NGA will take steps to ensure 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 remains state-of-the-art while 

considering the general user is not unduly impacted by frequent updates.  Users should reference 

http://earth-info.nga.mil/GandG/sathtml/ for authoritative information particularly for WGS 84 

reference frame coordinates and Earth orientation models.  

 

 

http://earth-info.nga.mil/GandG/sathtml/
http://earth-info.nga.mil/GandG/sathtml/
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3. WGS 84 ELLIPSOID 

 

 3.1 General 

 

  Many geodetic applications involve three different surfaces, which should be 

clearly defined.  The first of these is the Earthôs topographic surface.  This surface includes the 

familiar landmass topography as well as the ocean bottom topography.  In addition to this highly 

irregular topographic surface, a mathematically manageable reference surface (an 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 Earth, called the geoid (Chapter 6), is fundamental to gravimetric applications. 

 

  An oblate ellipsoid of revolution (i.e., bi-axial), 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, four defining parameters are sufficient 

to determine completely and uniquely its geometric properties, as well as the dynamic properties 

of its associated (normal) gravity field, sometimes referred to as the ñSomigliana-Pizzettiò 

normal gravity field.  The WGS 84 ellipsoid is defined by the semi-major axis (a) and reciprocal 

flattening (1/f) of an oblate ellipsoid of revolution, and the Geocentric Gravitational Constant 

(GM) and angular rotational velocity (ɤ).  The first two parameters (a, 1/f) completely define the 

geometry of the rotational ellipsoid, while the other two parameters (GM, ɤ) permit the unique 

determination of its associated normal gravity field. 

 

 3.2 Historical Development 

 

  While selecting the WGS 84 Ellipsoid and associated parameters, the original 

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 (GRS 80) [9].  Accordingly, a geocentric 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 semi-major axis (a), the Earthôs gravitational 

constant (GM), the angular velocity of the Earth (ɤ), and the normalized second degree zonal 

gravitational coefficient (ὅӶȟ).  These parameters are identical to those of the GRS 80 Ellipsoid 

with one exception.  The form of the coefficient used for the normalized second degree zonal is 

that of the original WGS 84 Earth Gravitational Model rather than the dynamical form factor of 

the Earth (J2) used with GRS 80.  J2 and ὅӶȟ are related by: 

 

ὅӶȟ ρ
ὐ

Ѝυ
 (3-1) 

 

  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 the GM parameter [10], [11].  In 1994, 

this improved GM parameter was recommended for use in all high-accuracy DoD orbit 
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determination applications.  The second refinement occurred when the joint NASA/NIMA  Earth 

Gravitational Model 1996 (EGM96) project produced a new estimated dynamic value for the 

second degree zonal coefficient. 

 

  A decision was made to retain the original WGS 84 Ellipsoid semi-major axis and 

flattening factor of the Earth values (a = 6378137.0 m and 1/f = 298.257223563).  For this reason 

the four defining parameters for WGS 84 were chosen then to be a, f, GM, and ɤ.  Further details 

regarding this decision are provided in [12].  The reader should also note that the refined GM 

value is within 1ů of the original (1987) GM value.  Additionally, there are now distinct values 

for the ὅӶȟ 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 could best be aligned with them, where 

practical, without causing detrimental change for the users of WGS 84.  The WGS 84 team used 

IERS TN 36 as the major source document 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 Semi-major Axis (a) 

 

  The semi-major axis (a) is one of the defining parameters for WGS 84.  The 

original WGS 84 semi-major axis will be retained.  This value is the same as that of the GRS 80 

Ellipsoid.  As stated in [13], the GRS 80, and thus the WGS 84 semi-major axis is based on 

estimates derived from work performed during 1976-1979 using laser, Doppler and radar 

altimeter data and techniques. Its adopted value is: 

 

ὥ φσχψρσχȢπ άὩὸὩὶί (3-2) 

 

  Although more recent, 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 applications, such as GPS receivers and mapping 

processes, use the ellipsoid only as a convenient reference surface; they do not require an 

ellipsoid that best fits the geoid.  Retaining the original major-axis value for the WGS 84 

Ellipsoid eliminates the need to enact numerous software modifications to GPS receivers and 

mapping processes and to transform or re-compute coordinates for the large body of accurate 

geospatial data which have been collected and referenced to the WGS 84 Ellipsoid in the last two 

and half decades.  Highly specialized applications and experiments which require the óbest-

fittingô ellipsoid parameters can be handled separately, outside the mainstream of DoD 

geospatial information generation. 
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  3.4.2 Flattening Factor of the Earth (1/f) 

 

  The flattening factor of the Earth (1/f) is one of the defining parameters for WGS 

84 and remains the same as previously defined. This term was called óflatteningô.  This edition 

will rename this term to be óflattening factor of the Earthô to align with other international 

naming conventions.  Its adopted value is: 

 

ρȾὪ ςωψȢςυχςςσυφσ (3-3) 

 

  As discussed in 3.4.1, there are numerous practical reasons for retaining this 

flattening factor of the Earth value along with the semi-major axis as part of the definition of the 

WGS 84 Ellipsoid. 

 

  The original WGS 84 development effort used the fully-normalized second degree 

zonal harmonic coefficient value ὅӶȟ as a defining parameter.  In this case, the flattening factor 

of the Earth value was derived from ὅӶȟ through an accepted, rigorous expression.  This derived 

flattening factor turned out to be slightly different than the GRS 80 flattening because the 

ὅӶȟvalue was truncated in the normalization process.  Although this slight difference has no 

practical consequences, the flattening factor of the Earth for the WGS 84 Ellipsoid is numerically 

distinct from the GRS 80 flattening factor of the Earth. 

 

  3.4.3 Geocentric Gravitational Constant (GM) 

 

  The central term in the Earthôs gravitational field (GM) is known with much 

greater accuracy than either óGô, the universal gravitational constant, or óMô, the mass of the 

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 in 1994 and reflected in [12].  

The value from TR8350.2 3
rd

 edition will be retained.  The term will be renamed to óGeocentric 

Gravitational Constant (GM)ô to align with other international naming conventions.  The value of 

the WGS 84 GM parameter is: 

 

Ὃὓ σȢωψφππττρψ  ρπ  άὩὸὩὶίȾίὩὧέὲὨί (3-4) 

 

  This value is recommended in [1] and includes the mass of the atmosphere.  The 

GPS Operational Control Segment (OCS) shall use this value in its orbit determination process.  

See Sec. 3.7.1 for further discussion on the use of GM for GPS equipment.  Also see Sec. 3.6.2 

for further discussion on the individual óGô and óMô terms. 

 

  3.4.4 Nominal Mean Angular Velocity of the Earth (ɤ) 

 

  The nominal mean angular velocity of the Earth (ɤ) is one of the defining 

parameters for WGS 84.  The original WGS 84 nominal mean angular velocity of the Earth from 

previous TR8350.2 will be retained.  The term will be renamed to Nominal Mean Angular 

Velocity of the Earth to align with other international naming conventions. 
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‫ χȢςωςρρυρπ ὶὥὨὭὥὲίȾίὩὧέὲὨ (3-5) 

 

  This value represents a standard Earth rotating with a constant angular velocity, 

and is recommended in [1].  Note that the actual angular velocity of the Earth fluctuates with 

time.  Some geodetic applications that require angular velocity do not need to consider these 

fluctuations. 

 

 

Table 3.1 WGS 84 Defining Parameters 

Parameter Symbol Value Units 

Semi-major Axis a 6378137.0 m 

Flattening Factor of the Earth 1/f 298.257223563  

Geocentric Gravitational 

Constant 
GM 3.986004418 × 10

+14
 m

3
 / s

2
 

Nominal Mean Angular 

Velocity of the Earth 
ɤ 7.292115 × 10

ī05
 rads / s 

 

 

 3.5 Special WGS 84 Parameters 

 

  3.5.1 WGS 84 EGM2008 Dynamic Second Degree Zonal and Sectorial 

Harmonics 

 

  The following values are the dynamic second degree zonal and sectorial 

harmonics directly from the EGM2008 spherical harmonics data file. They should not be 

confused with the purely geometric second degree zonal and sectorial harmonics that can be 

derived from the ellipsoid parameters.  To add to this, multiple EGMs now exist within WGS 84.  

In an effort to help reduce ambiguity and clearly identify which term is being used, the suffix of 

ódynô or ógeoô are being added to the ὅӶȟ term to represent the EGM dynamic or purely 

geometric parameter, respectively.  The dynamic parameters will include the year of the WGS 84 

EGM used.  As demonstrated below, the EGM2008 derived dynamic second degree zonal and 

sectorial harmonics are represented as 

 

ὅӶȟ τȢψτρφυρτσχωπψρυρπ  (3-6) 

ὅӶȟ ςȢτσωσψσυχσςψσρσρπ  (3-7) 

 

  These values, along with the dynamical ellipticity, are used in the computation of 

the Moments of Inertia. 
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Table 3.2 Special WGS 84 Parameters 

Parameter Symbol Value 

WGS 84 Earth Gravitational 

Model 2008 Dynamic Second 

Degree Zonal and Sectorial 

Harmonics  

ὅӶȟdyn[2008] -4.84165143790815 × 10
-04

 

ὅӶȟdyn[2008] 2.43938357328313 × 10
-06

 

 

 3.6 Other Fundamental Constants 

 

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

 

  The accepted value for the velocity of light in a vacuum (c) [1] is: 

 

ὧ ςȢωωχωςτυψρπ άὩὸὩὶίȾίὩὧέὲὨ (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: 

 

Ὃ φȢφχτςψρπ άὩὸὩὶίȾὯὭὰέὫὶὥάίϽίὩὧέὲὨ  (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 International Standards groups agreed to continue to maintain the 

historical product of G × M and 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, M, has changed as well. 

 

  3.6.3 Total Mean Mass of the Atmosphere (with water vapor) (MA) 

 

  Lacking an internationally accepted value for the mass of the atmosphere (with 

water vapor) (MA), the recommend value [14] is: 

 

ὓ υȢρτψπρπ  ὯὭὰέὫὶὥάί (3-10) 
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  3.6.4 Dynamic Ellipticity (H) 

 

  The dynamical ellipticity (H) is necessary to determine the Earthôs principal 

moments of inertia; A, 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 observation.  The accepted value 

for the dynamic ellipticity (H) [1] is: 

 

Ὄ σȢςχσχωυρπ  (3-11) 

 

Table 3.3 Other Fundamental Constants and Best Accepted Values 

Parameter Symbol Value Units 

Velocity of Light 

(in a vacuum) 
c 2.997 924 58 × 10

+08
 m / s 

Universal Constant of Gravitation G 6.674 28 × 10
-11

 m
3
 / kg s

2
 

Total Mean Mass of the 

Atmosphere (with water vapor) 
MA 5.148 0 × 10

+18
 kg 

Dynamic Ellipticity H 3.273 795 × 10
-03

 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 Force [11], the refined 

WGS 84 GM value (3.986004418 x 10
14

 m
3
/s

2
) 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 quasi-Keplerian elements from the predicted 

Cartesian state vectors.  These broadcast elements are then interpolated by a GPS receiver to 

obtain the satellite position at a given epoch. 

 

  To avoid any loss of accuracy, the GPS receiverôs interpolation process must use 

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 commensurate with the algorithm 

in the receiver.  There are many thousands of GPS receivers in use around the world, and any 

proposed, coordinated software modifications to these receivers would be a costly, 

unmanageable endeavor. As a result, Aerospace Corporation [15] 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 predicted states 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 document (ICD-GPS-200), 

which defines the space segment to user segment interface, shall retain 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 84 GM value for use in GPS 

receivers, in the OCS process which fits the broadcast elements to the Cartesian vectors, and by 

ICD-GPS-200 shall be named as GMGPSNAV. 

 

Ὃὓ σȢωψφππυπρπ άὩὸὩὶίȾίὩὧέὲὨί (3-12) 

 

  3.7.2 Special Consideration for the Angular Velocity 

 

  Although the angular velocity (w) 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 (w¡) that was used with the new definition of time [16]. 

 

‫ᴂ χȢςωςρρυρτφχρπ  ὶὥὨὭὥὲίȾίὩὧέὲὨ (3-13) 

 

  For consistent satellite applications, the value of the Earthôs angular velocity, (w¡), 

rather than w, should be used in the following formula to obtain the angular velocity of the Earth 

in a precessing reference frame, (w* ). 

 

‫ᶻ ‫ ά (3-14) 

 

  In the above equation [16] [14], the precession rate in right ascension (m) is: 

 

ά χȢπψφ ρπ  τȢσ ρπ  Ὕ  ὶὥὨὭὥὲίȾίὩὧέὲὨ (3-15) 

where  

Ὕ ὐόὰὭὥὲ ὅὩὲὸόὶὭὩί Ὢὶέά ὉὴέὧὬ ὐςπππȢπ  

Ὕ Ὠ σφυςυϳ   

Ὠ ὔόάὦὩὶ έὪ Ὠὥώί έὪ ὟὲὭὺὩὶίὥὰ ὝὭάὩ ὟὝ 
Ὢὶέά ὐόὰὭὥὲ ὈὥὸὩ ὐὈ ςτυρυτυȢπ ὟὝρȟ 
ὸὥὯὭὲὫ έὲ ὺὥὰόὩί έὪ πȢυȟρȢυȟςȢυȣ  

 

Ὠ ὐὈ ςτυρυτυ  

 

  Therefore, the angular velocity of the Earth in a precessing reference frame, for 

satellite applications, is given by: 
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‫ᶻ χȢςωςρρυψυυσρπ  τȢσ ρπ Ὕ  ὶὥὨίȾίὩὧ (3-16) 

 

  Note that values for w, w¡, and w* have remained unchanged from previous 

editions of TR8350.2. 

 

Table 3.4 Special WGS 84 Parameters 

Parameter Symbol Value Units 

Gravitational Constant for GPS 

Navigation Message 
GMGPSNAV 3.9860050 × 10

+14
 m

3
 / s

2
 

Angular Velocity of the Earth 

(in a precessing reference 

frame) 

ɤ* 
7.292 115 855 3 × 10

-05
 

+ 4.3 × 10
-15

 TU 
rads / s 

 

 3.8    WGS 84 Derived Geometric and Physical Constants 

 

 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 is possible to derive 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 from [9], [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 

degree 20 are used in spherical harmonic expansions to calculate the geoid and other geodetic 

quantities as described in Chapters 5 and 6 of this standard.  The EGM2008 values provided in 

Table 5.1 should be used in orbit determination applications.  A description of the EGM2008 

geopotential coefficients can be found in Chapter 5, while details on its development and 

evaluation are provided in [20]. 
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Table 3.5 WGS 84 Ellipsoid Derived Geometric Constants 

Parameter Symbol Value Units 

WGS 84 Flattening (reduced) f 3.3528106647475 × 10
-03

  

Semi-minor Axis (Polar Radius 

of the Earth) 
b 6356752.314 2 m 

First Eccentricity e 8.1819190842622 × 10
-02

  

First Eccentricity Squared e
2
 6.694379990141 × 10

-03
  

Second Eccentricity e' 8.2094437949696 × 10
-02

  

Second Eccentricity Squared e'
2
 6.739496742276 × 10

-03
  

Linear Eccentricity E 5.2185400842339 × 10
+05

 m 

Polar Radius of Curvature Rp 6399593.6258 m 

Axis Ratio (b/a) AR 9.96647189335 × 10
-01

  

Mean Radius of the Three Semi-

axes 
R1 6371008.7714 m 

Radius of a Sphere of Equal 

Area 
R2 6371007.1810 m 

Radius of a Sphere of Equal 

Volume 
R3 6371000.7900 m 

Second Degree Zonal Harmonic ὅӶȟgeo -4.84166774985 × 10
-04

  

Dynamical Form Factor J2geo 1.082629821313 × 10
-03
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Table 3.6 WGS 84 Derived Physical Constants 

Parameter Symbol Value Units 

Normal Gravity Potential on the 

Ellipsoid 
U0 6.26368517146 × 10

+07
 m

2
 / s

2
 

Normal Gravity at the Equator 

(on the Ellipsoid) 
ɔe 9.7803253359 m / s

2
 

Normal Gravity at the Pole 

(on the Ellipsoid) 
ɔp 9.8321849379 m / s

2
 

Mean Value of Normal Gravity ɔ̄ 9.7976432223 m / s
2
 

Somiglianaôs Formula - Normal 

Gravity Formula Constant 
k 1.931852652458 × 10

-03
  

Normal Gravity Formula Constant 

(ɤ
2
a

2
b/GM) 

m 3.449786506841 × 10
-03

  

Mass of the Earth 

(including atmosphere) 
M 5.9721864 × 10

+24
 kg 

Geocentric Gravitational Constant 

with Earthôs Atmosphere Excluded 
GM' 3.986000982 × 10

+14
 m

3
 / s

2
 

Gravitational Constant of the Earthôs 

Atmosphere 
GMA 3.4359 × 10

+08
 m

3
 / s

2
 

 

Table 3.7 WGS 84 Derived Moments of Inertia 

Parameter Symbol Value Units 

Dynamic Moment of Inertia ï A Adyn[2008] 8.0079215 × 10
+37

 kg m
2
 

Dynamic Moment of Inertia ï B Bdyn[2008] 8.0080746 × 10
+37

 kg m
2
 

Dynamic Moment of Inertia ï C Cdyn[2008] 8.0343007 × 10
+37

 kg m
2
 

Geometric Moment of Inertia ï A Ageo 8.0467266 × 10
+37

 kg m
2
 

Geometric Moment of Inertia ï C Cgeo 8.0730294 × 10
+37

 kg m
2
 

Geometric Solution for Dynamical 

Ellipticity 
Hgeo 3.2581006 × 10

-03
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4. WGS 84 ELLIPSOIDAL GRAVITY FORMULA 

 

 4.1 General 

 

  The WGS 84 Ellipsoid is identified as being a geocentric, equipotential ellipsoid 

of revolution.  An equipotential ellipsoid is simply an ellipsoid defined to be an equipotential 

surface, i.e., a surface on which the value of the gravity potential is the same everywhere.  The 

WGS 84 ellipsoid of revolution is defined as an equipotential surface with a specific theoretical 

gravity potential (U).  The equation is derived in [18].  This theoretical gravity potential can be 

uniquely determined, independent of the density distribution within the ellipsoid, by using any 

system of four independent constants as the defining parameters of the ellipsoid.  As noted 

earlier in the case of the WGS 84 Ellipsoid (Chapter 3), these are the semi-major axis (a), the 

flattening factor of the Earth (f), the nominal mean angular velocity of the Earth (ɤ), and the 

geocentric gravitational constant (GM). 

 

 4.2 Normal Gravity on the Ellipsoidal Surface 

 

  Normal gravity (ɔ), the magnitude of the gradient of the normal potential function 

(U), is given on (at) the surface of the ellipsoid (h=0) by the closed formula of Somigliana [18] 

as 

 

‎ ‎
ρ ὯÓÉÎ‰

ρ ὩÓÉÎ‰
 (4-1) 

where  

Ὧ
ὦ‎

ὥ‎
ρ  

ὥȟὦ ίὩάὭȤάὥὮέὶ ὥὲὨ ίὩάὭȤάὭὲέὶ ὥὼὩί έὪ ὸὬὩ ὩὰὰὭὴίέὭὨ 
ὶὩίὴὩὧὸὭὺὩὰώ 

 

‎ȟ‎ ὲέὶάὥὰ ὫὶὥὺὭὸώ ὥὸ ὸὬὩ Ὡήόὥὸέὶ ὥὲὨ ὴέὰὩίȟὶὩίὴὩὧὸὭὺὩὰώ  

Ὡ ὪὭὶίὸ ὩὧὧὩὲὸὶὭὧώ ίήόὥὶὩὨ έὪ ὸὬὩ ὩὰὰὭὴίέὭὨ  

‰ ὫὩέὨὩὸὭὧ ὰὥὸὭὸόὨὩ  

 

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

Formula. The equipotential ellipsoid not only serves as the reference 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 (meter-kilogram-second) unit system is used to evaluate Equation (4-

1), or any gravity formula in this Chapter, the gravity unit will be m/s
2 which can be converted to 

milligals (abbreviated mgal) by the conversion factor, 1 m/s
2
 = 10

5
 mgal. 
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Figure 4.1 Ellipsoidal Coordinates 
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 4.3 Normal Gravity Above the Ellipsoid 

 

  When the geodetic height (h) is small, the normal gravity above the ellipsoid (ɔh) 

can be estimated by upward continuing ɔ at the ellipsoidal surface using a truncated Taylor series 

expansion as 

‎ ‎
‬‎

‬Ὤ
Ὤ
ρ

ς
ẗ
‬‎

‬Ὤ
Ὤ (4-2) 

 

 where ɔ  and its derivatives are referred to the ellipsoid (h=0). 

 

  A frequently used Taylor series expansion for the magnitude of normal gravity 

above the ellipsoid with a positive direction downward along the geodetic normal to the 

reference ellipsoid is [18]: 

 

‎ ‎ρ
ς

ὥ
ρ Ὢ ά ςὪÓÉÎ‰Ὤ

σ

ὥ
Ὤ  (4-3) 

where  

ά
‫ὥὦ

Ὃὓ
  

 

  The derivation of Equation (4-3) can be found in [18]. 

 

  At moderate and high geodetic heights where Equation (4-3) may yield results 

with less than desired accuracy, an alternate approach based on formulating normal gravity in the 

ellipsoidal coordinate system (ɚ, ɓ, u) is recommended over the Taylor series method.  The 

coordinate u is the semi-minor axis (b'), therefore (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 eccentricity (E).  Its semi-major axis (a¡) will reduce 

to the semi-major axis (a) of the reference ellipsoid when u = b.  The ɓ coordinate is known in 

geodesy as the ñreduced latitudeò (the definition is seen in Figure 4.1), and ɚ is the usual 

geocentric longitude with a value in the open interval 0 ̄- 360̄ E. 

 

  The component that is colinear with the geodetic normal line and directed 

positively downward (ɔh) of the total normal gravity vector ( ɔᴆ
total

) for point P in Figure 4.2 can 

be estimated with sub-microgal precision to geodetic heights of at least 20,000 meters by using 

the normal gravity components (ɔɓ, ɔɚ, ɔu,) in the ellipsoidal coordinate system: 

 

‎ḙȿ‎ᴆ ȿ ‎ ‎ ‎ (4-4) 

 

  The normal gravity field from the ellipsoidal representation is symmetrical about 

the rotation axis, and therefore ɔɚ = 0.  The radical expression in Equation (4-4) is the true 

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

in the inset of Figure 4.2 between the component ɔh and the total normal gravity vector ‎ᴆ  at 

the point P is small, even for large geodetic heights, is the basis for using Equation (4-4) to 

approximate the component ɔh.  On the reference ellipsoidal surface where h = 0, ɔɓ = 0, and u = 

b, Equation (4-4) is equivalent to Somiglianaôs Equation (4-1). 

 

  The two ellipsoidal components (ɔɓ, ɔu) of the normal gravity vector (ɔ
Ÿ

total) that 

are needed in Equation (4-4) are shown in [18] to be functions of the ellipsoidal coordinates (b, 

u) shown in Figure 4.1.  These two components can be computed with unlimited numerical 

accuracy by the closed expressions: 

 

‎ ‍ȟό
ρ

ύ

Ὃὓ

ό Ὁ

‫ὥὉ

ό Ὁ
ẗ
ήǋ

ή

ρ

ς
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ρ

φ

ρ

ύ
‫όÃÏÓ‍ (4-5) 
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where  

Ὁ ὥ ὦ (4-7) 
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Ὁ
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ὦ
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ήǋ σρ
ό

Ὁ
ρ
ό

Ὁ
ÁÒÃÔÁÎ

Ὁ

ό
ρ (4-13) 

 

  The rectangular coordinates (x, y, z) required in Equations (4-8) and (4-9) can be 

computed from known geodetic coordinates (ɚ, ű, h) through the equations: 
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ὼ ὔ ὬÃÏÓ‰ÃÏÓ‗  

ώ ὔ ὬÃÏÓ‰ÓÉÎ‗ (4-14) 

ᾀ
ὦ

ὥ
ὔ ὬÓÉÎ‰  

where  

ὔ
ὥ

ρ ὩÓÉÎ‰
 

ὸὬὩ ὶὥὨὭόί έὪ ὧόὶὺὥὸόὶὩ Ὥὲ ὸὬὩ ὴὶὭάὩ ὺὩὶὸὭὧὥὰ 
(4-15) 

 

   

  To compute the component ɔh at point P in Figure 4.2 exactly, (account for the 

angle Ů in Figure 4.2 that is being treated as negligible in Equation (4-4)), the ellipsoidal normal 

gravity components (ɔɓ, ɔu) are rotated to a spherical coordinate system (ɚ, ɣ, r) resulting in the 

spherical normal gravity components, (ɔɣ, ɔr).  Then, the spherical components are projected onto 

the geodetic normal line through point P using the angular difference, Ŭ = ű ï ɣ, between 

geodetic (ű) and geocentric (ɣ) latitudes.  The equations to calculate the exact value of ɔh at 

point P follow: 

 

‎ ‎ÃÏÓ‌ ‎ÓÉÎ‌  (4-16) 

 

 where from [18]: 

 

‎ᴆ
‎
‎
‎

ᴆ ẗᴆ
ựựựựự

‎ᴆ
‎
‎
‎

ᴆ ẗᴆ
ựựựựự

‎ᴆ
‎
‎
‎

ᵼ‎ᴆ ὙὙẗ‎ᴆ (4-17) 
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 (4-18) 

Ὑ
ÃÏÓ‪ÃÏÓ‗ ÃÏÓ‪ÓÉÎ‗ ÓÉÎ‪
ÓÉÎ‪ÃÏÓ‗ ÓÉÎ‪ÓÉÎ‗ ÃÏÓ‪
ÓÉÎ‗ ÃÏÓ‗ π

 (4-19) 

‌ ‰ ‪ (4-20) 
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  The ɔɚ component in the two normal gravity vectors, ɔ
Ÿ

E and ɔ
Ÿ

S, in Equation (4-

17) is zero since the normal gravity potential is not a function of longitude, ɚ.  The definitions for 

the other two relevant angles depicted in the inset of Figure 4.2 are: 

 

‐ — ‌ (4-21) 

— ÁÒÃÔÁÎ
‎

‎
 (4-22) 

ίόὧὬ ὸὬὥὸ 
“

ς
—
“

ς
  

 

  The equations listed here for the angles (Ŭ, Ů, ɗ) are applicable to both the 

northern and southern hemispheres.  For positive h, each of these angles is zero when point P is 

directly above one of the poles or lies in the equatorial plane.  Elsewhere for h > 0, they have the 

same sign as the geodetic latitude for point P.  For h = 0, the angles a and ɗ are equal and e = 0.  

Numerical results have indicated that the angular separation (Ů) between the component ɔh and 

the total normal gravity vector ɔ
Ÿ

total satisfies the inequality | Ů | < 4 arcseconds for geodetic 

heights up to 20,000 meters.  For completeness the component (‎  of the total normal gravity 

vector ɔ
Ÿ

total at point P in Figure 4.2 that is orthogonal to ɔh and lies in the meridian plane for 

point P is given by the expression: 

 

‎ ‎ÓÉÎ‌  ‎ÃÏÓ‌ (4-23) 

 

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

‎component is zero.  Numerical tests with whole degree latitudes showed that the magnitude of 

‎  remains less than 0.002% of the value of ɔh for geodetic heights up to 20,000 meters.  

Equations (4-16) and (4-23) provide an alternative way to compute the magnitude | ɔ
Ÿ

total | of the 

total normal gravity vector through the equation:  

 

ȿ‎ᴆ ȿ ‎ ‎  (4-24) 

 

  In summary, for near-surface geodetic heights when sub-microgal precision is not 

necessary, the Taylor series expansion Equation (4-3) for ɔh should suffice.  When the intended 

application for ɔh requires high accuracy, Equation (4-4) will be a close approximation to the 

exact Equation (4-16) for geodetic heights up to 20,000 meters.  Of course, ɔh can be computed 

using the exact Equation (4-16), but this requires that the computational procedure include the 

two transformations, R1 and R2, that are shown in Equation (4-17).  Because the difference in 

results between Equations (4-4) and (4-16) is less than one microgal (10
-6 gal) for geodetic 

heights up 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 potential (V), the u- and b-vector components of normal gravitation can 

be computed easily in the ellipsoidal coordinate system by omitting the last term in Equations (4-
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5) and (4-6), respectively.  These last attraction terms account for the centrifugal force due to the 

angular velocity (w) of the reference ellipsoid. 

 

 

 
 

Figure 4.2 Normal Gravity Components
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5. WGS 84 EGM2008 GRAVITATIONAL MODELING  

 

 5.1 EGM2008 

 

  The form of the WGS 84 EGM2008 gravitational model is a spherical harmonic 

expansion of the gravitational potential (V).  The WGS 84 EGM2008 is complete up to degree 

(n) and order (m) 2159, and contains additional spherical harmonic coefficients up to degree 

2190 and order 2159.  EGM2008 contains approximately 4.7 million spherical harmonic 

coefficients.  Table 5.1 lists the low degree portion of EGM2008, up to degree and order 18. 

 

  EGM2008 [20] was developed through a least-squares combination of the 

ITG-Grace03s [21] satellite-only model, with the gravitational information obtained from the 

analysis of a global set of 5¡ x 5¡ area-mean values of gravity anomalies.  The ITG-Grace03s 

model was developed by analyzing range-rate data from the GRACE Satellite-to-Satellite 

Tracking (SST) mission [22], spanning 57 months.  No other satellite data were used in the 

development of ITG-Grace03s.  The global set of 5¡ x 5¡ area-mean values of gravity anomalies 

was formed by merging terrestrial, airborne, and altimetry-derived gravity data.  Over some 

areas, the available terrestrial data were proprietary and could only be used up to the 15¡ x 15¡ 

resolution, which corresponds to harmonic degree 720.  To compensate for this restriction, the 

gravitational signal implied by the Earthôs topography, in the form of Residual Terrain Model 

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 (see [24] for details).  Post-production analysis has shown that EGM2008 

incorporated the proprietary gravity data information up to maximum harmonic degree 900 

which corresponds approximately to 12 arc-minute resolution. The topographic information that 

was used within the development of EGM2008 originates from the global 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 (SRTM) [25]. 

 

  EGM2008 was originally developed in ellipsoidal harmonic coefficients, 

complete to degree and order 2159.  The conversion from ellipsoidal to spherical harmonic 

coefficients preserves the order, but not the degree (see [26] for details).  For this reason, 

EGM2008 in its final, spherical harmonic form, 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 represent an intermediate step towards the development of the EGM2008 

spherical harmonic expansion. 

 

  The sensitivity of an Earth-orbiting satellite to the gravitational potential is 

strongly influenced by the satelliteôs altitude range and other orbital parameters.  For satellites 

like Starlette, LAGEOS, and the GPS spacecraft (with orbit radii of 7331 km, 12270 km, and 

26600 km, respectively) the approximate maximum degree is 90, 20, and 18, respectively.  

However, DoD programs performing satellite orbit determinations are advised to determine the 

maximum degree and order that is most appropriate for their particular mission and orbit 

accuracy requirements and to use the previous estimates only as general guidelines. 

 



NGA.STND.0036_1.0.0_WGS84                                                                                    2014-07-08 

5-2 

  The WGS 84 EGM2008 coefficients through degree and order 18 are provided in 

Table 5.1 in fully-normalized form.  Coefficient error estimates are available for the entire model 

up to degree 2190 and order 2159.  In addition, global 5¡ x 5¡ grids containing the EGM2008 

commission error estimates in gravity anomalies, geoid undulations, and in the north-south, east-

west (x,h) components of the deflection of the vertical, are available at the NGA web site at: 

 

  http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/index.html 

 

The gravity anomaly degree variances implied by EGM2008 up to degree and order 2159 are 

plotted in Figure 5.1. 

 

 5.2 Gravity Potential (W) 

 

  The Earthôs total gravity potential (W) is defined as 

 

ὡ ὠ  ɮ (5-1) 

 

where V is the gravitational potential and ɮ is the potential due to the Earthôs rotation.  If ɤ is 

the angular velocity of the Earth [Equation (3-5)], then: 

 

ɮ  
ρ

ς
‫ ὼ ώ  (5-2) 

 

where x and y are the geocentric coordinates of a given point in the WGS 84 reference frame 

(See Figure 2.1). 

 

  The gravitational potential function (V) is defined as 

 

  

http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/index.html
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ὠ
Ὃὓ

ὶ
ρ

ὥ

ὶ
ὅ ὧέίά‗ Ὓ ίὭὲά‗ὖ ίὭὲ‰  (5-3) 

where  

ὠ ὫὶὥὺὭὸὥὸὭέὲὥὰ ὴέὸὩὲὸὭὥὰ  

Ὃὓ ὫὩέὧὩὲὸὶὭὧ ὫὶὥὺὭὸὥὸὭέὲὥὰ ὧέὲίὸὥὲὸ  

ὶ ὨὭίὸὥὲὧὩ Ὢὶέά ὸὬὩ ὉὥὶὸὬί ὧὩὲὸὩὶ έὪ άὥίί  

ὥ ίὩάὭȤάὥὮέὶ ὥὼὭί έὪ ὸὬὩ ὡὋὛ ψτ ὩὰὰὭὴίέὭὨ  

ὲȟά ὨὩὫὶὩὩ ὥὲὨ έὶὨὩὶȟὶὩίὴὩὧὸὭὺὩὰώ  

‰ ὫὩέὧὩὲὸὶὭὧ ὰὥὸὭὸόὨὩ  

‗ ὫὩέὧὩὲὸὶὭὧ ὰέὲὫὭὸόὨὩ 
ὫὩέὨὩὸὭὧ ὰέὲὫὭὸόὨὩ 

 

ὅ ȟὛ Ὢόὰὰώ ὲέὶάὥὰὭᾀὩὨ ὫὶὥὺὭὸὥὸὭέὲὥὰ ὧέὩὪὪὭὧὭὩὲὸί  

ὖ ίὭὲ‰ Ὢόὰὰώ ὲέὶάὥὭὰᾀὩὨ ὥίίέὧὭὥὸὩὨ ὒὩὫὩὲὨὶὩ ὪόὲὧὸὭέὲ 
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ὖ ίὭὲ‰ ὥίίέὧὭὥὸὩὨ ὒὩὫὩὲὨὶὩ ὪόὲὧὸὭέὲ 
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Ὠ

ὨίὭὲ‰
ὖ ίὭὲ‰  
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ρ

ςὲȦ

Ὠ

ὨίὭὲ‰
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Note:  

ὅ

Ὓ

ὲ άȦ

ὲ άȦςὲ ρὯ

ὅ
Ὓ

 

 

where  

ὅ ȟὛ ὧέὲὺὩὲὸὭέὲὥὰ όὲὲέὶάὥὰὭᾀὩὨὫὶὥὺὭὸὥὸὭέὲὥὰ ὧέὩὪὪὭὧὭὩὲὸί  

 for ά πȟὯ ρ 
  ά πȟὯ ς 

 

 

  Convergence of the series (5-3) is guaranteed for r ² a [18].  The series can be 

used with negligible error for points located near or on the Earthôs surface.  The series should not 

be used for points located below Earthôs surface. 
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Table 5.1 Earth Gravitational Model 2008 

Truncated at n=m=18 

5-4 

Degree and Order Normalized Gravitational Coefficients 

n m mnC  mnS  

2 0   -0.484165143790815E-03  

2 1   -0.206615509074176E-09    0.138441389137979E-08 

2 2    0.243938357328313E-05   -0.140027370385934E-05 

3 0    0.957161207093473E-06  

3 1    0.203046201047864E-05    0.248200415856872E-06 

3 2    0.904787894809528E-06   -0.619005475177618E-06 

3 3    0.721321757121568E-06    0.141434926192941E-05 

4 0    0.539965866638991E-06  

4 1   -0.536157389388867E-06   -0.473567346518086E-06 

4 2    0.350501623962649E-06    0.662480026275829E-06 

4 3    0.990856766672321E-06   -0.200956723567452E-06 

4 4   -0.188519633023033E-06    0.308803882149194E-06 

5 0    0.686702913736681E-07  

5 1   -0.629211923042529E-07   -0.943698073395769E-07 

5 2    0.652078043176164E-06   -0.323353192540522E-06 

5 3   -0.451847152328843E-06   -0.214955408306046E-06 

5 4   -0.295328761175629E-06    0.498070550102351E-07 

5 5    0.174811795496002E-06   -0.669379935180165E-06 

6 0   -0.149953927978527E-06  

6 1   -0.759210081892527E-07    0.265122593213647E-07 

6 2    0.486488924604690E-07   -0.373789324523752E-06 

6 3    0.572451611175653E-07    0.895201130010730E-08 

6 4   -0.860237937191611E-07   -0.471425573429095E-06 

6 5   -0.267166423703038E-06   -0.536493151500206E-06 

6 6    0.947068749756882E-08   -0.237382353351005E-06 

7 0    0.905120844521618E-07  

7 1    0.280887555776673E-06    0.951259362869275E-07 

7 2    0.330407993702235E-06    0.929969290624092E-07 

7 3    0.250458409225729E-06   -0.217118287729610E-06 

7 4   -0.274993935591631E-06   -0.124058403514343E-06 

7 5    0.164773255934658E-08    0.179281782751438E-07 

7 6   -0.358798423464889E-06    0.151798257443669E-06 

7 7    0.150746472872675E-08    0.241068767286303E-07 

8 0    0.494756003005199E-07  

8 1    0.231607991248329E-07    0.588974540927606E-07 

8 2    0.800143604736599E-07    0.652805043667369E-07 

8 3   -0.193745381715290E-07   -0.859639339125694E-07 

8 4   -0.244360480007096E-06    0.698072508472777E-07 

8 5   -0.257011477267991E-07    0.892034891745881E-07 

8 6   -0.659648680031408E-07    0.308946730783065E-06 
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Table 5.1 Earth Gravitational Model 2008 

Truncated at n=m=18 

5-5 

Degree and Order Normalized Gravitational Coefficients 

n m mnC  mnS  

8 7    0.672569751771483E-07    0.748686063738231E-07 

8 8   -0.124022771917136E-06    0.120551889384997E-06 

9 0    0.280180753216300E-07  

9 1    0.142151377236084E-06    0.214004665077510E-07 

9 2    0.214144381199757E-07   -0.316984195352417E-07 

9 3   -0.160612356882835E-06   -0.742658786809216E-07 

9 4   -0.936529556592536E-08    0.199026740710063E-07 

9 5   -0.163134050605937E-07   -0.540394840426217E-07 

9 6    0.627879491161446E-07    0.222962377434615E-06 

9 7   -0.117983924385618E-06   -0.969222126840068E-07 

9 8    0.188136188986452E-06   -0.300538974811744E-08 

9 9   -0.475568433357652E-07    0.968804214389955E-07 

10 0    0.533304381729473E-07  

10 1    0.837623112620412E-07   -0.131092332261065E-06 

10 2   -0.939894766092874E-07   -0.512746772537482E-07 

10 3   -0.700709997317429E-08   -0.154139929404373E-06 

10 4   -0.844715388074630E-07   -0.790255527979406E-07 

10 5   -0.492894049964295E-07   -0.506137282060864E-07 

10 6   -0.375849022022301E-07   -0.797688616388143E-07 

10 7    0.826209286523474E-08   -0.304903703914366E-08 

10 8    0.405981624580941E-07   -0.917138622482163E-07 

10 9    0.125376631604340E-06   -0.379436584841270E-07 

10 10    0.100435991936118E-06   -0.238596204211893E-07 

11 0   -0.507683787085927E-07  

11 1    0.156127678638183E-07   -0.271235374123689E-07 

11 2    0.201135250154855E-07   -0.990003954905590E-07 

11 3   -0.305773531606647E-07   -0.148835345047152E-06 

11 4   -0.379499015091407E-07   -0.637669897493018E-07 

11 5    0.374192407050580E-07    0.495908160271967E-07 

11 6   -0.156429128694775E-08    0.342735099884706E-07 

11 7    0.465461661449953E-08   -0.898252194924903E-07 

11 8   -0.630174049861897E-08    0.245446551115189E-07 

11 9   -0.310727993686101E-07    0.420682585407293E-07 

11 10   -0.522444922089646E-07   -0.184216383163730E-07 

11 11    0.462340571475799E-07   -0.696711251523700E-07 

12 0    0.364361922614572E-07  

12 1   -0.535856270449833E-07   -0.431656037232084E-07 

12 2    0.142665936828290E-07    0.310937162901519E-07 

12 3    0.396211271409354E-07    0.250622628960907E-07 

12 4   -0.677284618097416E-07    0.383823469584472E-08 
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Table 5.1 Earth Gravitational Model 2008 

Truncated at n=m=18 

5-6 

Degree and Order Normalized Gravitational Coefficients 

n m mnC  mnS  

12 5    0.308775410911475E-07    0.759066416791107E-08 

12 6    0.313421100991039E-08    0.389801868153392E-07 

12 7   -0.190517957483100E-07    0.357268620672699E-07 

12 8   -0.258866871220994E-07    0.169362538600173E-07 

12 9    0.419147664170774E-07    0.249625636010847E-07 

12 10   -0.619955079880774E-08    0.309398171578482E-07 

12 11    0.113644952089825E-07   -0.638551119140755E-08 

12 12   -0.242377235648074E-08   -0.110993698692881E-07 

13 0    0.417293021685027E-07  

13 1   -0.514421009206120E-07    0.386910482386637E-07 

13 2    0.553118515702855E-07   -0.626943474947239E-07 

13 3   -0.215570388049647E-07    0.976866679032941E-07 

13 4   -0.365127902764428E-08   -0.117512717960252E-07 

13 5    0.583702330251927E-07    0.672244622794413E-07 

13 6   -0.350445484464565E-07   -0.627356859556194E-08 

13 7    0.301412465951003E-08   -0.732068659961970E-08 

13 8   -0.100532117993105E-07   -0.985787032645980E-08 

13 9    0.247702773255876E-07    0.458875609452034E-07 

13 10    0.411080488026299E-07   -0.368403909177750E-07 

13 11   -0.445213404110823E-07   -0.484141059455725E-08 

13 12   -0.313130628228171E-07    0.879376493656904E-07 

13 13   -0.612004732532594E-07    0.681501470347338E-07 

14 0   -0.226681154094404E-07  

14 1   -0.187724885657433E-07    0.288602024410603E-07 

14 2   -0.359186725681205E-07   -0.405327051356456E-08 

14 3    0.365140497848863E-07    0.196941950099316E-07 

14 4    0.160184144282003E-08   -0.226625156915448E-07 

14 5    0.293092637238844E-07   -0.167894170071708E-07 

14 6   -0.190674352461174E-07    0.245661933018802E-08 

14 7    0.376297554551457E-07   -0.393364671078740E-08 

14 8   -0.349417459823694E-07   -0.154475521495720E-07 

14 9    0.319517827137725E-07    0.284642263273996E-07 

14 10    0.388008374622606E-07   -0.129351349981739E-08 

14 11    0.156475715628498E-07   -0.390403676399681E-07 

14 12    0.846317130098805E-08   -0.311211374558506E-07 

14 13    0.322437165995707E-07    0.451472951879378E-07 

14 14   -0.518650713590088E-07   -0.481611072612157E-08 

15 0    0.219216154508434E-08  

15 1    0.942942849227573E-08    0.104833279954842E-07 

15 2   -0.205302993025519E-07   -0.303007325301024E-07 
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Table 5.1 Earth Gravitational Model 2008 

Truncated at n=m=18 

5-7 

Degree and Order Normalized Gravitational Coefficients 

n m mnC  mnS  

15 3    0.534162906407382E-07    0.176634209489453E-07 

15 4   -0.401721760931603E-07    0.681343055884874E-08 

15 5    0.122424622638639E-07    0.762075300880907E-08 

15 6    0.328522324096078E-07   -0.364691072357445E-07 

15 7    0.596540954755518E-07    0.507394600032322E-08 

15 8   -0.320875010777956E-07    0.221729246735453E-07 

15 9    0.132999993095746E-07    0.379914748780028E-07 

15 10    0.102639183602256E-07    0.146906332576870E-07 

15 11   -0.130462854422872E-08    0.185210748548004E-07 

15 12   -0.324147324255678E-07    0.156080393130757E-07 

15 13   -0.283649640930711E-07   -0.457549001836693E-08 

15 14    0.519862755176957E-08   -0.243950380180467E-07 

15 15   -0.190443752608698E-07   -0.469941074395975E-08 

16 0   -0.471037252266068E-08  

16 1    0.261852447892310E-07    0.333423726704204E-07 

16 2   -0.245117847209327E-07    0.280314862616323E-07 

16 3   -0.339147390918482E-07   -0.213401079775597E-07 

16 4    0.408540187833972E-07    0.479877498751224E-07 

16 5   -0.121209356470009E-07   -0.344283772175451E-08 

16 6    0.138747261713477E-07   -0.355969015666675E-07 

16 7   -0.806188863620981E-08   -0.865178660695190E-08 

16 8   -0.212044215093991E-07    0.540717302974902E-08 

16 9   -0.224151915247857E-07   -0.396686472741101E-07 

16 10   -0.118064629182132E-07    0.115374382529194E-07 

16 11    0.191118463013820E-07   -0.320054944714364E-08 

16 12    0.195631858722835E-07    0.672539764312181E-08 

16 13    0.137744095920323E-07    0.104745467774466E-08 

16 14   -0.193451561175034E-07   -0.386522367774771E-07 

16 15   -0.144196100302905E-07   -0.327760669358925E-07 

16 16   -0.382992884797529E-07    0.295860714710389E-08 

17 0    0.191875988417387E-07  

17 1   -0.253645204657949E-07   -0.317042482135934E-07 

17 2   -0.201017447758198E-07    0.681376058343928E-08 

17 3    0.630839562027722E-08    0.508308654394536E-08 

17 4    0.647515778433184E-08    0.253354668311939E-07 

17 5   -0.162193992995631E-07    0.803001732911605E-08 

17 6   -0.117320425248787E-07   -0.294401279670302E-07 

17 7    0.249764681793243E-07   -0.438554429095768E-08 

17 8    0.390006528364112E-07    0.363439990543582E-08 

17 9    0.347901841118582E-08   -0.276427048005195E-07 
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Table 5.1 Earth Gravitational Model 2008 

Truncated at n=m=18 

5-8 

Degree and Order Normalized Gravitational Coefficients 

n m mnC  mnS  

17 10   -0.379589397747057E-08    0.183778246503248E-07 

17 11   -0.160174948249694E-07    0.110870581174922E-07 

17 12    0.287221517856901E-07    0.204582230384783E-07 

17 13    0.165063239919241E-07    0.201356543378344E-07 

17 14   -0.142747771121823E-07    0.115742828658331E-07 

17 15    0.553783372805876E-08    0.524340656496201E-08 

17 16   -0.303992561155655E-07    0.360274437895663E-08 

17 17   -0.346971352906772E-07   -0.198743584916705E-07 

18 0    0.609862871807421E-08  

18 1    0.720152312518112E-08   -0.392970098282429E-07 

18 2    0.147251428316923E-07    0.108333873087810E-07 

18 3   -0.504457513185901E-08   -0.584923266822307E-08 

18 4    0.546253493560536E-07   -0.786748537792632E-09 

18 5    0.597651128344404E-08    0.261398616579252E-07 

18 6    0.135775785802306E-07   -0.132446105152748E-07 

18 7    0.679347259309753E-08    0.746790172709486E-08 

18 8    0.304992690074792E-07    0.434439798188153E-08 

18 9   -0.195696822181729E-07    0.361306774690565E-07 

18 10    0.521528994919861E-08   -0.424068379064049E-08 

18 11   -0.688640849277642E-08    0.211925103597343E-08 

18 12   -0.297489841938418E-07   -0.165609165083241E-07 

18 13   -0.625379710747338E-08   -0.349391913136191E-07 

18 14   -0.829497209425585E-08   -0.128330547008713E-07 

18 15   -0.404690219510979E-07   -0.202806589920597E-07 

18 16    0.101653114622966E-07    0.650425930141024E-08 

18 17    0.348327556578355E-08    0.437638847248534E-08 

18 18    0.299062325911737E-08   -0.108590059665012E-07 
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Table 5.1 Earth Gravitational Model 2008 

Truncated at n=m=18 

5-9 

 
Figure 5.1  Anomaly Degree Variances 
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6. WGS 84 EGM2008 GEOID 

 

 6.1 General 

 

  In geodetic applications, three primary reference surfaces for the Earth are used: 

1) the Earthôs topographic surface, 2) an ellipsoid of revolution, which is a reference surface of 

purely mathematical nature, and 3) the geoid. 

 

  The locus of points (X, Y, Z) at which the gravity potential (W) maintains a 

constant value, as shown in Equation (6-1), defines an equipotential surface called a geop [18].  

There is an infinite number of geops associated with the Earthôs gravity field.  Each one of these 

can be defined by changing the numerical value of the constant in Equation (6-1).  The geoid is 

that particular geop that is closely associated with the mean ocean surface. 

 

ὡ ὢȟὣȟὤ ὧέὲίὸὥὲὸ (6-1) 

 

  Traditionally, when a geoid model is developed, the value of the constant in 

Equation (6-1), representing the potential anywhere on this surface, is constrained or assumed to 

be equal to the normal potential (U0) on the surface of a óbest-fittingô ellipsoid.  Throughout this 

refinement effort, however, the authors recognize that the WGS 84 ellipsoid no longer represents 

a true óbest-fittingô ellipsoid.  In terms of the geoid, this effect is handled through the application 

of a zero-degree undulation (N0).  With this approach, the WGS 84 ellipsoid and its associated 

normal gravity field can be retained, without the introduction of any additional errors by not 

using the óbest-fittingô ellipsoid. 

 

  In common practice, the geoid is expressed at a given point in terms of the 

distance above (+N) or below (-N) the ellipsoid.  For practical reasons, the geoid has been used 

to serve as a vertical reference surface for Mean Sea Level (MSL) heights.  In areas where 

elevation data are not available from conventional geodetic leveling, an approximation of MSL 

heights, using orthometric heights, can be obtained from the following equation [18]: 

 

Ὄ Ὤ ὔ  (6-2) 

where  

Ὄ έὶὸὬέάὩὸὶὭὧ ὬὩὭὫὬὸ ὬὩὭὫὬὸ ὶὩὰὥὸὭὺὩ ὸέ ὸὬὩ ὫὩέὭὨ  

Ὤ ὫὩέὨὩὸὭὧ ὩὰὰὭὴίέὭὨ ὬὩὭὫὬὸ ὬὩὭὫὬὸ ὶὩὰὥὸὭὺὩ ὸέ ὸὬὩ ὩὰὰὭὴίέὭὨ  

ὔ ὫὩέὭὨ ὬὩὭὫὬὸ έὶ ὫὩέὭὨ όὲὨόὰὥὸὭέὲ  

 

  Utilization of orthometric heights requires knowledge of crustal mass densities. 

Lack of such information introduces errors to the geoid undulation model. As an alternative, 

some countries replace orthometric heights with normal heights and geoid undulations with 

height anomalies [18].  This use of height anomalies eliminates assumptions about the density of 

masses between the geoid and the ground.  Therefore, Equation (6-2) can be re-formulated as 
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Ὤ Ὄ ὔ Ὄᶻ ‒ (6-3) 

where  

Ὄᶻ ὔέὶάὥὰ ὬὩὭὫὬὸ  

‒ ὬὩὭὫὬὸ ὥὲέάὥὰώ  

 

  The telluroid [38] is a surface defined in such way that the normal potential (U) at 

every point Q on the telluroid is equal to the actual potential (W) at its corresponding point P on 

the Earthôs surface [18].  Point Q is located on 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 

Earthôs surface. 

 

  Equation (6-2) illustrates the use of geoid undulations in the determination of 

orthometric heights (H) from geodetic heights (h) derived using satellite positioning (e.g., from 

GPS) located on the Earthôs physical surface or aboard a vehicle operating near the Earthôs 

surface. 

 

 6.2 Formulas, Representations and Analysis 

 

  The WGS 84 EGM2008 geoid undulations were computed following the same 

general procedure as in the case of the EGM96 geoid undulations [18]. The difference is that in 

the case of EGM2008 [20] the expansion in Equation (6-4) extends to degree and order 2190, 

while in the case of EGM96, it extended only to degree and order 360.  Using the EGM2008 

spherical harmonic coefficients in Equation (6-4), height anomalies are first computed with 

respect to an óidealô (best-fitting) mean-Earth ellipsoid, in the tide-free system.  According to 

[28], the best estimates of the parameters of the óidealô mean-Earth ellipsoid, in the tide-free 

system (Love number k = 0.3), are: semi-major 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 in [27] and [29], and a set of correction coefficients complete up 

to degree and order 2160.  Finally, the constant value of -0.41 meters is added to these geoid 

undulations.  This is the zero-degree height anomaly (ɕz) that accounts for the difference between 

the óidealô mean-Earth ellipsoid in a tide-free system and the WGS 84 ellipsoid.  Due to the fact 

that the height anomaly to geoid undulation conversion terms do not average to zero globally, the 

-41 cm (ɕz) value results in a -46.3 cm zero-degree geoid undulation value (N0) [20]. 

 

  The zero-degree height anomaly (ɕz) that was computed when the WGS 84 

EGM96 geoid was released was equal to -0.53 meters [27].  The primary reason for the change 

in the numerical value of ɕz from the EGM96 to the current best estimate is the discovery by 

Quan-Zan Zanife (CLS, France) of an error in the Oscillator Drift correction applied to TOPEX 

altimeter data [30].  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 EGM2008 geoid undulations starts with 

the calculation of the height anomaly (ɕ) [29]: 

 

‒‰ȟ‗ȟὶ
Ὃὓ

‎‰ὶ

ὥ

ὶ
ὅ ÃÏÓά‗ Ὓ ÓÉÎά‗ὖ ÓÉÎ‰  (6-4) 

ύὬὩὶὩ ὪέὰὰέύὭὲὫ ὲέὸὥὸὭέὲ Ὢὶέά ὉήόὥὸὭέὲ υ-σ  
 

‎‰ ὲέὶάὥὰ ὫὶὥὺὭὸώ ὥὸ ὴέὭὲὸ ὖ 
 

ὅ ȟὛ Ὢόὰὰώ ὲέὶάὥὰὭᾀὩὨ ὫὶὥὺὭὸὥὸὭέὲὥὰ ὧέὩὪὪὭὧὭὩὲὸί 

 Ὢὶέά ὉὋὓςππψ 
 

 

  Equation (6-4) is evaluated at a point P(r,f¡,l) on the surface of the Earthôs 

topography. 

 

  In Equation (6-4), the even degree zonal coefficients of degree 2 through 20 are 

remainders after subtracting from the EGM2008 gravitational potential coefficients, the 

corresponding coefficients implied by the WGS 84 normal gravitational field. 

 

Table 6.1 WGS 84 Normal Gravitational Potential Coefficients 

)2,0(normalC  -0.484166774985001E-03 l)12,0(normaC  -0.410790141413244E-16 

)4,0(normalC  0.790303733511320E-06 l)14,0(normaC  0.447177357025841E-18 

)6,0(normalC  -0.168724961151417E-08 l)16,0(normaC  -0.346362564744706E-20 

)8,0(normalC  0.346052468394228E-11 l)18,0(normaC  0.241145603218922E-22 

l)10,0(normaC  -0.265002225746918E-14 l)20,0(normaC  -0.160243292851218E-24 

 

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

 

‒‰ȟ‗ȟὶ
Ὕ‰ȟ‗ȟὶ

‎
 (6-5) 

 

  The geodetic latitude of point P is denoted in the following by j.  Note that j 

and f¡ correspond to the same physical location.  To calculate the geoid undulation (N) with 

respect to the WGS 84 reference ellipsoid, we use the formula [27]: 
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ὔ‰ȟ‗ ‒ ‒‰ȟ‗ȟὶ
ɝὫ ‰ȟ‗

‎Ӷ
Ὄ‰ȟ‗ (6-6) 

where  

‒  πȢτρ άὩὸὩὶί ᾀὩὶέ ὨὩὫὶὩὩ ὬὩὭὫὬὸ ὥὲέάὥὰώ  

ῳὫ ‰ȟ‗ ὄέόὫόὩὶ ὫὶὥὺὭὸώ ὥὲέάὥὰώ Ὢὶέά ὉὋὓςππψ ὥὲὨ ὸὬὩ 
ὈὭὫὭὸὥὰ ὝέὴέὫὶὥὴὬὭὧ ὓέὨὩὰ ςππφ ὈὝὓςππφȢπ 

 

‎Ӷ ὥὺὩὶὥὫὩ ὺὥὰόὩ έὪ ὲέὶάὥὰ ὫὶὥὺὭὸώ  

Ὄ‰ȟ‗ ὨὩὪὭὲὩὨ Ὢὶέά ὬὥὶάέὲὭὧ ὥὲὥὰώίὭί έὪ ὸὬὩ ὩὰὩὺὥὸὭέὲί 
 έὪ ὸὬὩ ὈὝὓςππφȢπ 

 

 

  The DTM2006.0 is described in [24].  The Bouguer anomaly can be computed 

from the EGM2008 spherical harmonic coefficients and the coefficients from the harmonic 

analysis of the DTM2006.0 elevation database using: 

 

ɝὫ ‰ȟ‗  ɝὫ ‰ȟ‗ πȢρρρωὌ‰ȟ‗ (6-7) 

where  

ῳὫ ‰ȟ‗  ὊὶὩὩ ὥὭὶ ὫὶὥὺὭὸώ ὥὲέάὥὰώ Ὢὶέά ὉὋὓςππψ  

 

  The conversion of height anomalies to geoid undulations is expressed in a set of 

spherical harmonic coefficients complete up to degree and order 2160. 

 

  6.2.2 Permanent Tide Systems 

 

  In the calculation of geoid undulations from the EGM2008, the second degree 

zonal harmonic coefficient is given in the tide-free system. The tide-free definition means that 

any geoid undulations calculated from EGM2008 exist for a tide-free Earth with all (direct and 

indirect) tidal effects of the Sun and Moon removed.  Other geoids to consider are the mean 

geoid (geoid which would exist in the presence of the Sun and Moon) and the zero-tide geoid 

(geoid which exists if the permanent direct effects of the Sun and Moon are removed but the 

indirect effect related to the Earthôs elastic deformation is retained).  A complete set of equations 

to convert from one tide system to another can be found in [31]. 

 

  To calculate the geoid in the zero-tide system use the formula: 
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ὔ ὔ ὯωȢω ςωȢφÓÉÎ•  (6-8) 

where  

ὔ ᾀὩὶέ ὸὭὨὩ ὫὩέὭὨ  

ὔ ὸὭὨὩ ὪὶὩὩ ὫὩέὭὨ  

Ὧ ὒέὺὩ ὔόάὦὩὶȟ πȢσ ὦώ ὭὲὸὩὶὲὥὸὭέὲὥὰ ὥὫὶὩὩάὩὲὸ  

 

  6.2.3 Representations and Analysis 

 

  The geoid undulations can be depicted as a color map showing the deviations 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 2.5¡ x 2.5¡ grid of the WGS 84 

EGM2008 geoid undulations which were calculated using the procedure described in Section 

6.2.1.  These values exhibit the following statistics: 

 

Mean -0.46 meters 

Standard Deviation 30.59 meters 

Minimum -106.91 meters 

Maximum 85.82 meters 

 

The locations of the minimum and maximum undulations are: 

 

Minimum f = 04.667̄ N,  l = 078.750̄ E 

Maximum f = 08.417̄ S,  l = 147.375̄ E 

 

  Figure 6.2 shows the propagated (commission) error that was estimated for the 

WGS 84 EGM2008 geoid undulations. These values were computed using the procedure 

described in [32] and [20], on a global 5Ωx5Ω grid.  These error estimates have a global Root 

Mean Square (RMS) value of approximately °11 centimeters, but vary considerably in a 

geographic sense, reflecting the geographically varying accuracy of the gravity data that were 

available for the development of EGM2008. 

 

 6.3 Availability of WGS 84 EGM2008 Data Products 

 

  Several products and associated documentation related to the WGS 84 EGM2008 

geoid undulations and their error estimates are available from: 

 

 http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/egm08_wgs84.html 

 

  These products include: 

http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/egm08_wgs84.html
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¶ The EGM2008 spherical harmonic coefficients to degree 2190 and order 2159. 

 

¶ The correction coefficients necessary to convert height anomalies to geoid 

undulations, complete up to degree and order 2160. 

 

¶ A FORTRAN program that can be used to compute the WGS 84 EGM2008 

geoid undulations, via harmonic synthesis, using the EGM2008 and the 

correction coefficient files. 

 

¶ A 1¡ x 1¡ WGS 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 millimeter. 

 

¶ A 2.5¡ x 2.5¡ WGS 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 centimeter. 

 

  Additional information on the WGS 84 EGM2008 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 Geoid Undulations on a Global 2.5¡ x 2.5¡ Grid, with respect to the WGS 84 Ellipsoid.  Unit is Meter. 

 

  


