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SUMMARY

NOAA'’s National Geodetic Survey is responsibledmaintaining the U.S. National Spatial
Reference System, which includes positions in letithsoidal and geopotential or
orthometric frameworks. As part of this, geoid ltimodels developed by NGS exist in one
arc-minute (2 km) grids and provide ready transfion between ellipsoidal and orthometric
datums. In the United States, NAD 83 serves asltipsoidal datum suitable for use with
GPS surveys while NAVD 88 is the orthometric datsuntable for use in leveling surveys
(for the Conterminous U.S.A. and Alaska). Thus N#s&ides the means for transforming
coordinates easily and accurately derived throuBls @to orthometric heights more suitable
to applications involving waterflow (e.g., floodaph determination). Recently released
models include the USGG2009 and GEOID09 modelalfaegions of the United States and
its territories. These models are being uploadedeanployed in GPS software as well as
used in post-processing routines such as NGS’':1®@#lositioning User Service (OPUS).
USGG2009 is built upon the EGM2008 model, whichndurn, based on GRACE gravity
satellite mission data. USGG2009 also incorporatidfons of surface gravity observations
over the entire region of North America and theamsearound it. GEOID09 was developed
starting from USGG2009 and combining it with ne&0y000 points where GPS-derived
NAD 83 ellipsoidal heights are known on NAVD 88 é&d bench marks (GPSBM'’s). These
GPSBM'’s act as control points for determining avasion surface between the geopotential
datum determined by USGG2009 and that of NAVD 8& fit of the control data to the
GEOIDO09 model is precise to about 1.5 cm RMSE -utibalf the magnitude of the previous
model, GEOIDO03. While these models represent tise dféort possible using current
techniques and data, NGS is moving into the fututle the Gravity for the Redefinition of
the American Vertical Datum (GRAV-D) project. GRAYhas several components designed
to reduce known errors in the millions of surfacavity data through controlled airborne
surveys. Aerogravity will be combined with the e=trial data and GRACE models to
determine the best gravity field. Subsequent thealdmprovements under GRAV-D will be
implemented with a goal of achieving a geoid hemgbtel of cm-level accuracy. This model
will then serve as a future vertical datum replgdAVD 88.

TS 1C - Geodetic Infrastructure and Datum 1/16
Daniel R. ROMAN, Yan Ming WANG, Jarir SALEH, Xiaopg LI
Geodesy, Geoids, & Vertical Datums: A Perspectieenfthe U.S. National Geodetic Survey

FIG Congress 2010
Facing the Challenges — Building the Capacity
Sydney, Australia, 11-16 April 2010
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Daniel R. ROMAN, Yan Ming WANG, Jarir SALEH, Xiaope ng LI, U.S.A.

1. INTRODUCTION

The National Geodetic Survey (NGS) is a prograrcefivithin the National Ocean Service
of the National Oceanic and Atmospheric Administrat NGS is responsible for defining,
maintaining, and providing public access to theidtetl Spatial Reference System (NSRS)
consistent national coordinate system that providegoundation for mapping and charting;
transportation, communication, and land recordsesys; and numerous scientific and
engineering applications. NSRS provides an extrg@meturate geographic framework
throughout the United States and its possessiarmp8nents of the NSRS include:

1. Geodetic positional coordinates (latitude, longuand ellipsoid and orthometric
heights) in the official U.S. datums, currentlye tNorth American Datum of 1983
(NAD 83) and the North American Vertical Datum &8B (NAVD 88)
Geopotential

Acceleration of gravity

Deflection of the vertical

Models, tools, and guidelines

The official national shoreline

Global Navigation Satellite System (GNSS) orbits

Orientation, scale, and offset information relathh§D 83 to international terrestrial
reference systems

9. All necessary information to describe how these@esichange over time

ONOORWDN

However, the components of the NSRS are not stdéw realizations are constantly being
developed to better describe the Earth as a referieame and to describe the change of these
elements over time. This paper provides contextiferexisting datums, discusses existing
geoid height models, and focuses on efforts to awpdata and theory for these models.

2. BACKGROUND

NAD 83 was implemented over 20 years ago and NABDs&early as old. Both datums
have aged and no longer represent the best thatdd@§enerate and support. NGS (2008)
developed a Ten Year Plan that lays out a plandar ellipsoidal and orthometric datums.
The stated goal requires cm-level of accuracy, lwhegjuires the development of software
and algorithms based on more rigorous theory. dhed here will be on geodesy and geoids.
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2.1 Terminology

Before discussing geodesy and geoids, it is bedatdy terms. Most readers should already
be familiar with orthometric and ellipsoidal heigh©rthometric heights are more desirable,
because they better relate to “down” in the geoiglaysense. These heights refer to a vertical
datum that is usually taken to be a best fit tomza level, either in a global sense or simply
adopted from a local tide gage. Such a surfacguélgootential of gravity (geopotential) best
serves for describing height changes, because wdtdilow and self-level to the lowest
geopotential surface. While a geoid better relataghts to the ocean surface, determining a
network of orthometric heights above it is time-soming and expensive.

Ellipsoidal heights are very easily obtained in @SS age, but they are of less utility. An
ellipsoid model is a mathematical construct basedrdy the grossest physical characteristics
of the Earth (mass, flattening, spin rate, and &g radius). While this describes the major
features of the Earth to better than 99%, horidarid vertical mass variations (continents,
oceans, etc.) are neglected that create geoid atmohg of up to 100 meters.

“h=H+N" ik

Plumb Line

Ellipsoid

 CasmEEEEEEEEEEEEEEE « u = “Geoid

h (Ellipsoid Height) = Distance along ellipsoid normal (Q td®)
N (Geoid Height) = Distance along ellipsoid normal (Q t&o)
H (Orthometric Height) = Distance along plumb line (R to P)

Figure 1 Relationship between ellipsoid, geoid andrthometric heights.

The difference between an ellipsoid surface andydwed is the geoid undulation or geoid
height (Figure 1). However, the determination @ ¢jeoid surface is problematic. The true
geoid is not directly observable and estimatingaly vary as current knowledge improves.
Hence, there may be many models of the geoid sudad, consequently, many geoid height
models. Likewise, there are many different modékhe ellipsoidal datum. So, geoid heights
should only be used to transform between the spedlipsoidal and geoid datums for which
they are designed. They cannot be mixed and mattheterstanding these relationships is
important, because geoid height models are thetavthye future for determining heights.

2.2 The Future Vertical Datum
NGS has determined that the optimal choice forve vertical datum will be to generate a

gravimetric geoid height model that will work inrganction with a chosen ellipsoidal model.
However, the simple relationship expressed in lEdudoesn’t take into account systematic
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or random errors in the GPS, leveling, or the greetric geoid. Removing the geoid height
and orthometric height from the ellipsoid heightl\gave a residual (Eq. 3). If the residual
value were zero (i.e., no errors existed), theretigation shown in Figure 1 results.

h=H+ N +residual (Eq.1) H=h-N +rastl(Eq.2) residual=h-N-H (Eg. 3)

Using Equation 2, an orthometric height may betetay removing a geoid height
(interpolated from a model) from an ellipsoidaldiei(from GPS) with some likely residual
error. This retains the efficiency of GPS but aiéahe more desirable orthometric height at
any location where GPS works and avoids the higbsts of leveling.
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Figure 2 GRACE geoid heights (N) and NAVD 88 heiglst(H) were removed from GPS-derived ellipsoid
heights (h) to form residuals (Eqg. 3). A 500 km lovpass filter was applied. Note the meter level tral.

While in principal this seems easy, implementingilt be difficult. There is always a great
reluctance to change. Why change away from theiegisertical datum and adopt a new
one? Simply put, the known errors in NAVD 88 facead the accuracy of GNSS observed
heights — by a couple orders of magnitude. Figusb@®vs the large scale systematic errors
associated with NAVD 88. The GRACE satellite missfdapley et al 2005) developed a
GGM that is deemed cm-level accurate when desgyifgiatures at 100’s of km in scale.

Hence, a geoid height model determined only fromAGR was combined with cm-level
accurate GPS-derived ellipsoid heights to deterrartteometric heights. These are removed
from NAVD 88 leveled heights to create residualgu&ion 3). A 500 km low-pass filter is
applied to emphasize only those features at a szalbich GRACE is sensitive. The
remaining signal shows the long wavelength disagese between the GRACE geoid and the
zero elevation reference surface of NAVD 88 - aanktvel trend across the country. It is
also likely that there are smaller scale errofdA\/D 88, which will likely be better
highlighted by the forthcoming GOCE (Rummel et @2) mission. A gravity field
developed from the combined GRACE and GOCE misssbosild resolve geoid features at
about the 200 km scale. All of these errors in NDA88 are simply buildup of the error in the
original observations. On top of this are the lizea errors caused by crustal motion, which
are not shown on Figure 2 but which can be metaztia the worst locations.
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The big take away is that NAVD 88 has known systererors within the North America
region and needs to be replaced. Using a combifACE/GOCE field for a reference will
ensure that any future vertical datum is consisteétiit those developed by other nations in
other regions. The intent is to develop a North Aoaa geoid height model to serve as a
common, regional vertical datum. The models wilréeapped first ending with the latest.

2.3 Historical Geoid Height Models

NGS has been developing geoid height models fatyn2@ years. GEOID90 (Milbert 1991)
and GEOID93 were the first models and represefmedirtst attempts at providing a geoid
height model. These models were terrgealvimetricgeoid height models, because they were
based on gravity and terrain data only, withowdrafiting to be a conversion between the
official datums of the U.S.A. (NAD 83 and NAVD 8&oth gravity and geopotential fields
are functions of the Earth’'s masses. Hence obsengdf gravity (relatively easy to make)
can be transformed into a geopotential surfacedfwisi not easy to measure) using well
studied functions.

The development of geoid height models is parallelethe development of NAD 83 and
NAVD 88. The initial NAD 83 datum was accessed aadyhorizontal coordinates on passive
marks in 1986. As GPS became more prominent imikded0’s, NGS developed campaigns
to collect dense GPS information for High Accur&sference Networks (HARN's) in each
state. A more concerted effort was made duringetitampaigns to occupy leveled bench
marks in order to better coordinate heights betwbhese NAD 83 and NAVD 88.

Consequently, GEOID96 (Smith and Milbert 1999) esented the firdtybrid geoid at NGS.
G96SSS was developed as a gravimetric geoid faligwhe techniques of the earlier models.
This was then modified to fit the control data wh&PS-derived NAD 83 ellipsoid heights
were known on leveled NAVD 88 bench marks (GPSBMTI$)e initial network of points was
somewhat limited (6169) and not equitably distrdsitHowever, the intent was to use the
gravimetric geoid to describe the smaller scaléufea of the geoid while forcing the fit
through the GPSBM'’s to ensure that the resultirgdybeight model would convert between
NAD 83 and NAVD 88. This was determined by formnegiduals using Equation 3
implemented at the GPSBM'’s with G96SSS. A converfiom the ITRF94 reference frame
into NAD 83 was required to make G96SSS coincidemita the framework for the
GPSBM’s (NAD 83). The correlated signal in the desils formed at the GPSBM locations
was modeled using Gaussian functions in Least ggu@aollocation (LSC):

. d?
C=Cee 7 (Eq. 4)
where:C, = function variance (A) d = distance between points (krh)= correlation length
Note that the G96SSS and GEOID96 models are iardiit reference frames. G96SSS was

developed in ITRF94 since it gave the most georerdference frame for determining
positions. GEOID96 was in NAD 83, because NAD 83 waad is the official United States
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datum. Almost since its adoption, however, the gater of NAD 83 has been seen to be off
from the “true” geocenter by about two meters. Tdaisnot simply be neglected. The GPSBM
distribution directly impacted the quality of th&GID96 model. These data were more
likely to have been collected in coastal statesranck likely in the eastern states than the
western states. This followed the development @HARN's in states around the country.
The residuals formed by Equation 3 derive frommario all three values. Uncertainties in
GPS typically are more random, but the HARN adj&sita resulted in state by state
systematic effects. Certainly, there were systarr@tiors in the development of G96SSS.
Finally, there were the systematic errors in NAV®tBat ranged in scale from the original
level loop to features that spanned the countre Jdal of the LSC was not to fix these errors
— only model them. GEOID96 was designed to reithé NAVD 88 datum exactly as if a
surveyor had leveled in between two of the corgmhts - complete with systematic effects.

GEOID99 (Smith and Roman 2001) and GEOIDO03 (Ronmiah 2004) followed in much the
same vein. They were necessary updates becaukeigfies at the GPSBM’s were adjusted
as newer realizations of the NAD 83 reference frarae developed and as more data points
were added (more GPS on existing leveled benchshark take advantage of this increased
density of points, a more sophisticated algoritimal{i-matrix LSC or MMLSC) was created
to model the correlated signal but the overall téghie remained the same. It was about this
time that the initial GRACE gravity field productsere becoming available. Early tests
showed much the same trend that is seen in Figuf@gything, the current geoid height
models have made it clearer that the systematidetrives from NAVD 88.

3. CURRENT GEOID MODELS FOR THE U.S.A.

While this discussion will focus on developmentltg models for the CONUS region,
models were developed using similar proceduresl@aska, Guam, the Commonwealth of
the Northern Marianas Islands, American Samoa,t®iico and the U.S. Virgin Islands.

3.1 USGG2009

The United States Gravimetric Geoid of 2009 (USG@0epresents a significant
improvement and departure from the previous magigkn above. The significant
improvement comes in large part from reliance eastly improved reference model.
Whereas the significant departure comes from hov N€es that model

3.1.1 EGMO0S8 Versus EGM96

A global gravity model (GGM) was used for a refereffield in a remove-compute-restore
technique and accounted for the gravity field algsaf the NGS modeling regions. Removing
reference GGM values from observed gravity formesidual values that were more easily
manipulated and produced proportionally smalleorstrHowever, the quality of the reference
GGM directly impacts the quality of the gravimetgeoid derived from it. USGG2003 was
built using EGM96 (Lemoine et al 1998), while USGIB2 was built using EGM2008

(Pavlis et al 2008). The differences between EGlsi®b EGM2008 are quite significant.
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One major reason for this was inclusion of GRAC&vgy field data in EGM2008. GRACE
collected information over the poles and providesfirst truly global gravity field map. The
long wavelength (large scale) components of EGM8Bgevdeveloped by synthesizing orbital
tracking from numerous satellite missions. EGM20@8 developed from surface gravity
data binned at 5’ and 15’ spacing (10 km and 3Cdkta spacing, respectively). More of these
bins reflected actual data than in EGM96, wheraigant portions were geophysically
interpreted from terrain data. Ellipsoidal harmaenieere used for EGM2008, while EGM96
used spherical harmonics. Since the referencecguigaan ellipsoid, EGM2008 follows a
more rigorous approach. A more globally consisi#EM was utilized for EGM2008 based
mainly on 3” (90 m) Shuttle Radar Topography Miss{8RTM) data, which was employed
in Residual Terrain Modeling (RTM) (Forsberg 1984 petter account for the shortest
wavelengths (smallest features) of the Earth’sigydield. The net effect is that EGM2008
incorporated more data, implemented better algostho treat that data, and resulted in a
more accurate model that resolved the Earth’s geogal field to smaller scales. EGM96 is
complete to degree and order 360 (resolving featof@bout 100 km), while EGM2008 is
complete to degree and order 2160 (resolving feattor about 10 km for most regions).

There are limitations to EGM2008, mainly due to ssion and commission errors. Omission
errors result from the 5’ resolution of EGM2008gt&il shorter than this is omitted and
cannot be resolved when relying on EGM2008 alohadi8s (Wang 2010, Jekeli 2010) have
shown that a model should have 1’ resolution taeaghsub-cm level of accuracy, the
stipulated goal of the NGS Ten Year Plan and dégoethe new vertical datum.
Commission errors must also be overcome. NGS hat wilthe same surface gravity data
that went into the development of EGM2008 for thetN America region. It is known that
there are significant systematic effects in thaseity data that contribute to dm-level errors
in the geoid. In the absence of other independeity information, nothing can be done to
resolve any systematic effects due to the quafithe existing data.

3.1.2 Harmonics, Terrain and the Kernel

NGS opted to use EGM2008 but not in its entiretifeAseveral tests, a truncated kernel was
adopted. Previous NGS models relied upon EGM96a f@ference model. An unmodified
kernel was used, because of known dm-level erroES3M96 for the United States (Smith
and Milbert 1997). Hence, NGS placed more belighsaccuracy of its surface gravity data.

Reference gravity values from EGM96 were subtrafiau observed data. These residual
gravity contained long wavelength differences vitteM96, which were passed through the
unmodified Stokes kernel and transformed from reigravity into a residual geoid height.
A final geoid model was determined by adding thecdheal geoid model to that generated
from EGM96. The effect then was to correct the larayelength errors inherent in EGM96.

Since EGM2008 is built on the GRACE gravity fieldis is no longer the case. Now a
modified kernel is adopted to reject the long wawngth part of the surface gravity, which
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forces the gravity field to fit GRACE data at lowgvelengths and deriving the smaller scale
features from the surface gravity data. The questidhen, where should the cut be made?

After repeated experiments, the full 2160 model selscted with a modified the kernel at
degree 120. Residuals from point gravity data aedull EGM2008 model were filtered to
remove signal longer than about 300 km in scalsidrel values greater than 6 Mgal were
dropped. This removed hundreds of thousands otgairthe northern Rockies that were too
disagreeable, but kept most of the signal fronréimeaining points. However, this entailed
using EGM2008 to quality check the same data frdnthvit was made, which is circuitous.

NGS procedures previously used Faye anomaliespmzimnate Helmert anomalies, Terrain
Corrections (TC) to account for the impact of thedin, and the geoid as a reference. Since
EGM2008 was built using a 5° RTM and harmonic couaétion to the ellipsoid, this was no
longer possible. Methods using RTM and TC cannatb&d because they solve the problem
of accounting for the terrain in mutually exclusimanners. Use of EGM2008 meant that
NGS must adopt a new approach.

Following such an approach then, the RTM effectaseen 3” (the resolution of the
underlying SRTM DEM) and 5’ (the resolution of EGBB) should be taken into account,
too. Accounting for this omitted signal greatly uedd the number of rejected points (down to
1400) but also degraded the overall solution. Whuitare work will likely resolve this,
USGG2009 was developed using only the inherenff¥Rffects in EGM2008.

Geoid Differences: USGGD9 - USGGOD3

407 N= 8574241 Min = -2.375
Mean = 0.071 Max = 1 442

20 SD=0.249
T f T T T T

T
-07n2 054 036 -018 0.00 018 036 054 072

(m)

Figure 3 Geoid height differences between USSGG20a8d USGG2003.

While only the differences between USGG2003 and G3@9 for CONUS are shown in
Figure 3, USGG2009 models were made for the odggons given above using similar
technigues to ensure that models exist for citizeradl U.S. states and territories. While both
models are in ITRFOO, significant differences aers Some is due to the shift from EGM96
to EGM2008, some from points dropped in the nortiieocky Mountains, and some due to
using DNSCO08 (Andersen et al 2008) altimetric an@saffshore.
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3.2 GEOIDO09

The hybrid modeling follows the same path as previoybrid models, though with a greater
degree of GPSBM fitting than ever before. Additibnahe amount and quality of available
GPSBM has changed as well.

3.2.1 GPSBM2009 Control Data

Aside from the underlying gravimetric geoid, theSHM data control the development of the
hybrid model. These control data are determineuh fitee existing coincidental ellipsoid and
orthometric heights in the NGS database at the tiveenodel is developed. As the database
changes, the existing hybrid model becomes morefoidte.

The GPSBM2009 data were drawn from the NGS datababe summer of 2009. The bulk
of this was used to develop the CONUS grid, whies whe most complex. There are 18,398
points spread across the lower 48 states plus i$tedD of Columbia. An additional 579
points are spread across mainly southern CanadseTdre also a part of the NAVD 88,
though not actively maintained because Canadaatiddaopt NAVD 88. Finally, there are an
additional 1471 points that were rejected eithdvedsg unreliable or inconsistent with its
neighbors based on qualitative and quantitativepaoons.

Figure 4 Ellipsoidal height changes that resultedrdbm the National Readjustment of 2007.

3.2.2 National Readjustment of 2007

Pursell and Potterfield (2008) documented the tesilthe National Readjustment of 2007
(NRA2007), which caused significant changes to mahgsoidal heights in the NGS

database (Figure 4). Because of the relationstppesged in Equation 3, changes to only one
of the heights directly impacts the residuals #ratformed and, therefore, the overall model.
The resulting changes in ellipsoid heights havelpced dm-level biases in some states
(California) as well near meter level changes atesgpecific points. Such large scale changes
in ellipsoid heights directly impact the residufdlened to develop the hybrid geoid.
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3.2.3 Multi-Matrix Least Squares Collocation

As covered briefly above, MMLSC (Roman et al 20i849mployed to model the systematic
effects in residuals formed at the GPSBM'’s. Siteeresiduals form from systematic and
random errors in all three sources (GPS, levehlng, gravimetric geoid), the scale of these
features may vary significantly. Additionally, tepatial density of the GPSBM's is
heterogeneous. For example, Minnesota has over @GBEBM, nearly a quarter of the total
for the country. Within that state, points approddim spatial resolution. In western states,
GPSBM spacing can be 100 km. Hence, features asepr at many scales based on the
spatial resolution and quality of the existing GRB&

0.004 Table 1 Characteristics of the six stacked
' Gaussian functions (Eq. 4) used in MMLSC. The
0003 sum of these (blue line in Figure 5) creates a
e math function designed to best fit the irregular

signal seen in the empirical data (red line in

' 0.002 .
Q \ Figure 5).
® 0.001

n

S \ # Correlation Standard

0 T N—— . Length (km) Deviation (cm)
0.001 ¢ 500 1000 1500 1 600 2.9
' Correlation Distance (km) 2 260 3.5
3 120 0.1
Figure 5 Variance of correlated signal (Y-axis) 4 90 14
versus correlation distance in km (X-axis). 5 60 1.6
Empirical data in red. MMLSC derived in blue. 6 30 3.2

The residual values are correlated with each dihsed on distance. The correlations are
binned by distance and an empirical data set is toushow the fall off with distance (Figure
5, red line). Multiple Gaussian functions (Eq. #9 added to best model (blue line) the
empirical data. Each must be positive definite, gredsum of the positive definite matrices
results in a single positive definite matrix, whishnvertible (i.e., there is a solution).
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Figure 6 Conversion surface created from GPSBM200€ontrol data. Converts USGG2009 into GEOID09
(i.e., from the best known gravimetric geoid surfae to NAVD 88). Note the inverse similarity to Figue 2.

3.2.4 Conversion Surface

After determining the mathematical functions thestit the residual values at the GPSBM'’s,
these same functions are then used to predictregudar 5’ grid to capture all the signal is
the residual values at the GPSBM’s. The 5’ dateewvieen regridded to 1’ to match the
USGG2009 grid interval. The bias and trend wertored and the difference between
ITRFOO and NAD 83 taken into account. The sum es#his then the conversion surface
necessary for changing USGG2009 into GEOID09. TB&IGS grid is shown in Figure 6.
Due to the sense of the sign used when formingasiduals, the conversion surface
negatively correlates with the systematic errandreeen in Figure 2. Most of the error
accounted for by the conversion surface was dtteeterend in NAVD 88. Note that the
datums for the various outlying regions were adbpse GEOIDO09 will fit NAD 83 and the
locally official vertical datum (e.g. GUVDO04 for @m, etc). For CONUS, GEOIDO09 fits the
GPSBM2009 control points is 1.5 cm RMSE or 3.0 ¢riha 95% confidence level.

4. GRAVITY FOR THE REDEFINITION OF THE AMERICAN VERTIC AL
DATUM

The errors in NAVD 88 seen in Figure 2 demonsttiadgecompelling need for an improved
vertical datum in the United States. Re-leveling ¢buntry would cost billions of dollars and
would likely result in similar systematic errorsufad in NAVD 88. Additionally, the
weaknesses of relying on exclusively on passivekenaould remain. Previous studies
highlighted a basic relationship between ellipshidethometric and geoid heights: if two are
known, the third can be determined. Hence, NGSdeelcio adopt a gravimetric geoid as the
basis for a future vertical datum. Given the cnmeleaccuracy seen in GPS-derived ellipsoidal
heights, a similar quality geoid height model iguieed. Propagating the errors of both GPS
and the geoid height model will provide an estinwdtthe accuracy for the derived
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orthometric heights. GPS and a geoid height madeld yield an accurate orthometric
height anywhere desired for a starting point faael survey. Geodetic leveling from that
start point would then be used to complete locales, thereby tying local surveys to the
national vertical datum. Certainly then the ebradget for such a geoid product is very
small. Error sources must be eliminated or redwdeere possible. Two areas present the
greatest possibility: theory and data.

The Gravity for the Redefinition of the Americanitieal Datum (GRAV-D) project was
implemented for a number of reasons. An earlieshys{Roman 2007) showed dm-level
artifacts in NAVD 88 in southern Louisiana. Thisdy prompted an analysis of existing NGS
gravity data to better understand errors createdsulting gravimetric geoid height models.

4.1 Improved Data Quality

Additional data are required to assess the qualitile existing gravity data. A systematic
collection of airborne gravity data would easilpss the shoreline and provide a single
source for comparison to existing terrestrial amiglsorne gravity data. Surveys are planned
with sufficient crossover ties for internal acciyratiecks. The scope of each region is
generally 400 km x 500 km permitting comparisorwWBRACE and eventually a combined
GOCE/GRACE model. The aerogravity would be consedito the satellite model and
should result in a regional gravity field that casolve features to 20 km resolution. The
combined aerogravity and satellite model would themused to help detect and eliminate
systematic errors in the existing surface dataig@aificantly more rigorous and independent
approach than using EGM2008 for such a task. Finthle effects of the terrain and density
variations would be modeled to provide the shomestelengths of the gravity field.

|satellite models (GRACE/GOC
1L.E+04
<\E LE+2 /
o LE+0 , airborne and surface arav
o
_g 1E02 - _ _
c;s LEO4 ; terrain and desitv models

1.E-06 -

1.E-08

QO Q
Q9 Degree (n)
m S 8 8 9

Figure 7 Curve shows power (variance) of the geoikersus degree harmonic (which corresponds to the
scale of features in km). Expected contributions fsm various sources including satellites (deg. 2-2))0
terrain and density models (deg. 1080-10800), andtlaorne and surface gravity (deg. 90-1080).

Ultimately, a gravity field will be developed thatseamless in spectral character and which
stretches across the entire North American landntiassuld be dominated by different
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sources at various scales as shown in Figure €oimplete this then, long term monitoring of
changes in the Earth’s gravity field would be ma@BACE provides some of this now but
will eventually cease. The desire is to maintalarey term record of the most significantly
changing aspects of the gravity field. Howevers ihmproved gravity field must be
accompanied by similar quality improvements to tlieo

4.2 Improved Geodetic Theory and Implementation

Several different theoretical approaches were egglo the development of USGG2009.
Assuming perfect data and implementation of rigertneory, they should all be equally

valid. Though significant progress has been madel@ments of several different approaches,
use of EGM2008 as a reference model necessitallediiog similar development for
USGG2009. When a combined GRACE/GOCE reference hbet®mes available, this
should be less of a constraint. Most theoreticpt@gches should then yield similar results.

NGS is constantly in dialog with its counterpads governments in the hemisphere and, in
conjunction with the International Association oédglesy, seeks to develop a geoid height
model for all of North America. Each nation is lawd to adopt such a model for a vertical
datum. The aim for this group is to adopt a commanlel, acceptable by all, that meets the
accuracy needs for a GNSS-accessed vertical d&aam country has adopted slightly
different approaches. Hence, a broader effortlvd@lmade to study and implement various
theoretical approaches with a goal of determinigdptimal approach.

5. EXTERNAL METRICS FOR CALIBRATION AND VALIDATION

Determination of this optimal approach will alsguee external metrics. Several such data
sets are being assembled. Local mean sea levativas are caused by temperature, pressure
and salinity variations as well as atmospheric @rehn bottom effects. A mean dynamic
ocean topography (MDOT) model describes these ti@amgmand can be combined with a

geoid height model to make comparisons to the hottemn surface at tide gages:

Geoid Height (global MSL) = Local MSL (ocean suo¢) - MDOT (EqQ.5)

NOAA has engaged in a robust campaign to colle® G tide gages to directly observe
local MSL in an ellipsoidal reference frame. Thidl Wwelp to constrain and evaluate the geoid
height (and MDOT) model at the shoreline. Additibynasome lidar flights over the near
shore have also been obtained that can extendilarsamalysis perpendicular to the shore.

Additional comparison data comes from the initiadqucts of the GPSBM'’s, where GPS and
leveling are treated separately but similarly. Adinent projects involve smaller regions
where systematic errors do not accumulate sigmifigaA single point is fixed for a height
adjustment (ellipsoidal or orthometric) resultimga set of relative heights that are internally
consistent but not constrained to a datum. Thesamally constrained heights best represent
real changes sans the datum errors associatedNWIEh83 and NAVD 88. Differences at
coincidental points (i.e., a GPSBM) provide relatgeoid heights that should better reflect
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local gravity features. Additional validation dageavailable from astrogeodetic observations
and geoid height models from other investigators.

6. CONCLUSIONS AND OUTLOOK

NGS is charged with defining, maintaining and pdowg access to the National Spatial
Reference System. The existing datums in the NSBSIAD 83 (ellipsoidal) and NAVD 88
(vertical). They are outdated by modern standdrage known meter level systematic effects,
and are not suitable in the GNSS era with expextatof cm-level accuracy.

NGS’s most recent gravimetric geoid height mod&85G2009, while the most recent
hybrid geoid height model is GEOIDO09. Both folloungdar techniques used in earlier
models. USGG2009 is based on an updated referendel fieGM2008, and shows
significant improvements over USGG2003 — its immagglpredecessor. GEOID09 has seen
similar improvements and has a precision of 3.0@5% confidence level) relative to the
official U.S.A. datums. Both models represent thiengnation of the existing theory and data.

The Gravity for the Redefinition for the Americaeiical Datum (GRAV-D) project will
overcome deficiencies in existing gravity data,elep a seamless and accurate gravity field,
and use this improved gravity in more rigorous tlg¢o achieve a cm-level accurate geoid
height model. This model will serve as a futuretical datum in combination with a future
ellipsoidal 4-D reference frame. Technical detaiishow to develop geopotential numbers
from such a model must be worked out, so as toldpwaher types of heights (e.g., dynamic
heights) or for comparisons in South America whbesheight system will be based on
geopotential numbers. Ideally, a single model élimplemented for all North American
countries to adopt as they wish, which will provadleommon, accurate vertical datum.
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