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SUMMARY

Around the world, government agencies responsdi@dsitioning and mapping are looking
at new technologies to improve the way they cautytieir missions. While many surveyors
continue to use traditional line-of-sight surveyteghniques, the improvements in accuracy
and cost savings realized using Global Navigatiatelte Systems (GNSS) has led a
growing number in the surveying community to embrese new techniques. However the
ability to measure very accurate heights using Gh&@8ginues to be a challenge. While
traditional leveling yields relative height differees within a few millimeters over regional
distances, the very nature of GNSS makes it inhigrdifficult to achieve this level of
accuracy. Finding ways to convert GNSS heights inéaningful elevations adds to the
challenge.

In the United States, NOAA'’s National Geodetic Qyyr¢NGS) is charged with defining,
maintaining, and providing access to the Nationatial Reference System (NSRS), the
country’s official national reference frame for gpatial data. The North American Vertical
Datum of 1988 (NAVD 88) is the current nationalti@l datum for the conterminous United
States (CONUS) and Alaska, and it is primarily izl through a leveling network that,
despite its high level of relative accuracy, isexgive to update, difficult to maintain, and
vulnerable to systematic error (in particular, @ssrcountry one meter tilt). In order to
address the deficiencies of the NAVD 88, NGS hanlengaged in a National Height
Modernization Program, enabling better accessdarate heights through the use of GNSS
combined with traditional surveying techniques, osersensing, and gravity data. While the
Program has been successful, this approach remependent on passive control for
definition and access, and it has become increlysavident this kind of network is difficult
and costly to maintain.

A new approach to defining the vertical datum tfasdified as official policy in the NGS
Ten-year Plan, includes building a high-accura@ayigational geoid model derived from the
gravity data collected through a project calledv@yafor the Re-definition of the American
Vertical Datum (GRAV-D). Height information refereed to this kind of datum will be
accurate, reliable, current, and consistent. Intahg access to this new vertical datum will

be easier, faster, and more cost effective. Howevdatum defined in an entirely different
way, accessed through a network of active contatioms, will be adopted by the surveying
community only after they are provided with theastructure, models, tools, and procedures
to implement it.
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1. BACKGROUND

The National Geodetic Survey (NGS) is the agendhénUnited States responsible for
defining, maintaining, and providing access toNlagional Spatial Reference System
(NSRS), the national reference frame for geospptaitioning. NGS is part of the National
Oceanic and Atmospheric Administration (NOAA), &stific agency within the U.S.
Department of Commerce, and its roots go back B@6ryears to the establishment of the
Survey of the Coast by President Thomas Jefferadrebruary 10, 1807. While the Mission
of NGS has remained essentially the same sincerdaion of the Survey of the Coast,
advances in technology have dramatically alteredatay in which NGS accomplishes that
mission.

In the United States, federal mapping activitiessirared by several U.S. government
agencies, distinguished by their responsibilit@ssich things as floodplain mapping
(Federal Emergency Management Agency), managenerater resources (U.S. Geological
Survey), and engineering projects (U.S. Army CarfpEngineers) . These and other federal
civil agencies are directed to use the officialdas defined by NGS, but local government
and private industry also often find it advantagetutie their work to the NSRS. Since the
1940s, cooperative surveys done in partnership fedkral and local government agencies
became more common. These projects together with Bldveys were incorporated into the
NSRS, enhancing and strengthening the nationalarktw

2. NORTH AMERICAN DATUM OF 1988 AND HEIGHT MODERNIZATI ON

The earliest geodetic quality leveling (establisbhgdNGS’ predecessor, the U.S. Coast and
Geodetic Survey (USC&GS)) was performed in the 18%hd in 1887, the first United
States trans-continental geodetic leveling survay begun, starting in Maryland and
following the 39th parallel (Zilkoski, 2001). Ir®@0 a full adjustment of all the leveling data
was completed, creating a national vertical datémjustments incorporating new survey
data followed in 1903, 1907, and 1912 (Berry, 1978he next General Adjustment of all the
geodetic leveling produced the Sea Level DatunB@Bl(later renamed to the National
Geodetic Vertical Datum of 1929 (NGVD 29). Thetlesmprehensive adjustment of the
network was done in 1988, producing the currenbnat vertical datum, the North American
Vertical Datum of 1988 (NAVD 88). Each adjustmerats performed to improve on the
accuracy of the network. The greatest change mwas NGVD 29 to NAVD 88. Additional
data (350,000 km of leveling) and changes in apgrdar the network adjustment (e.g.
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constrained to 26 tide gauges in 1929 vs. minin@lystrained in 1988) all contributed to
removing distortion, minimizing cross-continentaiog accumulation, and strengthening the
network. (However a cross-nation one meterliilely brought about by a mix of minimal
constraints and 2nd order leveling effects, wouwddritroduced and not successfully
diagnosed until the satellite era had brought &R and GRACE to bear). NGS had large
field parties to do much of the work, but coopemtsurvey projects by federal and state
agencies with the capacity and interest to do geoderveys were encouraged to send their
data to NGS, where it was adjusted with NGS prejentorporated into the NSRS, and
published for the nation to use for geodetic cdntro

As good as NAVD 88 was on a national scale, wherag released in 1991, there were still
many parts of the United States where it was lems sufficient. California in particular had
issues because of the crustal motion they are duiojebeing at the juncture of the Pacific
and North American tectonic plates. While thers wkenty of historic leveling data
throughout California, in many cases it could netréconciled to a single epoch, and so could
not be used in the adjustment. Other parts of tiatcy subjected to subsidence or post-
glacial isostatic adjustment experienced probleaused by combining observations over
time, or like California, having observations reradvrom the adjustment entirely. Knowing
that it would be cost prohibitive to continue tdyren leveling in these dynamic areas, the
surveying community petitioned the federal governtte direct funding to NGS to support
an investigation into the use of GNSS comparedherdechnologies for measuring heights
(NGS, 1998).

2.1 Using GNSS for Height Determination

GNSS (primarily GPS through 2010 and referred t&RS for remainder of this section) was
showing great promise as a tool for performing gtiecsurveys. Line of sight was no longer
a requirement, which meant large areas could heegad more quickly, and with a much
smaller work force. It was soon determined that @&8d measure very accurate horizontal
positions. Geodetic surveys using GPS commonlyanekceeded first order standards
according to th&eometric Geodetic Accuracy Standards and Speatificis for Using GPS
Relative Positioning Techniquesiblished by the U.S. Federal Geodetic Control fttee
(FGCC, 1989). However, measuring accurate heigioigeg to be a more complex problem
because the nature of GPS made it difficult toagetracy from the vertical components of
the observations. In addition, the height that masasured was referenced to the ellipsoid,
which as yet did not have a well-defined relatiopsb the geoid, or the NAVD 88.

Using the funding awarded by Congress, NGS conduaitet survey projects. Numerous

field and adjustment procedures were tested, tegetlth the impact of control spacing and
distribution on adjustment results. The resultseammpiled into two sets of guidelines for
surveying with GPS. Usin§OAA Technical Memorandum NOS NGS-58: Guidelimes f
Establishing GPS-Derived Ellipsoid Heiglstgrveyors could expect to see ellipsoid heights to
two centimeter relative accuracy between co-obskestaions, and five centimeter absolute,
or network, accuracy, within acceptable levelsrabyability. The second set of guidelines,

TS04B - Heights, Geoid and Gravity, 5659 3/13
Renee Shields and Christine Gallagher

Height Modernization in the United States: Impletmamna Vertical Datum Reverenced to a Gravimetréoid
Model

FIG Working Week 2012
Knowing to manage the territory, protect the enviment, evaluate the cultural heritage
Rome, Italy, 6-10 May 2012



NOAA Technical Memorandum NOS NGS-59: GuidelineBgtablishing GPS-Derived
Orthometric Heightsbuilt on the procedures outlined in NGS-58, Ipécsfied control
requirements and assumed an accurate geoid mddalever the methods in NGS-59 still
rely on passive marks to control NAVD 88 heighighile NGS was producing geoid models
with acceptable accuracy to apply NGS 59, the madsl not yet good enough (1 cm
accuracy) to stand on its own without passive @bnés the sole defining surface of the
vertical datum.

2.2 Building an Accurate Geoid Height Model

Over the past 15 years, NGS has produced natieoéd gnodels in pairs — a purely
gravitational geoid model, and one called a “hybnmbdel. The hybrid model is developed
by modifying the gravitational model to more actabharepresent the relationship of the
NAVD 88 Helmert orthometric heights to NAD 83 eBimd heights at sets of common
passive control marks. The hybrid models havesgeed in accuracy from a little over a
meter in the 1980s to 2.6 cm in 2009 (two sigmaedaon a national average — accuracies
may be significantly better or worse in some paftthe country) (Roman, 2009).

One of the factors that contributes to
improvements in accuracy of the geoid

models is the quality and quantity of the Yo e Wt - ;
data used, including the gravity data and, 1 ;ix( ﬁ ‘
the hybrid model, the “GNSS on bench R TR = (
mark” data. The focus in the early years 0., %-‘«\;Zi, : 3

Height Modernization was on collecting RTINS 2 B R
data from high accuracy GNSS surveys \‘2\& \ AR < o
where marks had accurate NAVD 88 - e e
Helmert orthometric heights from leveling.

Partnerships with local governmentagenci .~ o0 F o
and universities across the country were a Figure 1. Stations vvith pre_cise ellipsoid and
critical factor in making this possible. orthometric heights

Agencies across the country completed GNSS

and leveling surveys, and submitted the data to NB&n before the completion of
GEOIDO06, the 2006 hybrid geoid model, it was obsitiue disparity in the distribution of
data from state to state was impacting the reltgtof the model (Figure 1). Some states were
getting significant funding support for these sywvand others were getting little or none.
NGS knew it would not be able to create a consistational model with this approach.

2.3 NOAA's National Height Modernization Program: The Early Years

The ultimate goal of Height Modernization has beeanable access to accurate NAVD 88
heights through the use of GNSS technology ratiear expensive and time consuming
leveling. Over the course of ten years, 18 stagesived varying levels of federal funding to
implement Height Modernization. Other states foturaling support within the state, but
many had none. NGS managed the program throudkngaip and coordination of survey
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and outreach activities, research and developmaedtproviding guidelines, models, and
tools.

Much was accomplished during the first ten yeathefHeight Modernization Program. NGS
partnered with states to train the surveying comitgun the skills to perform GNSS and
geodetic leveling surveys and submit the data t&N&me state agencies or universities
created “Spatial Reference Centers,” that serve@iasns between NGS and the local
surveying community to provide support for eduaatsurveys, and data distribution at the
local level. Many states expanded their networofhtinuously Operating Reference
Stations (CORS) to support high accuracy GNSS sangurvey projects sent to NGS that
met stringent requirements were added to the NG&bdse, published as geodetic control
and distributed to the public. This data strenggluetine network, and contributed to
improving the models like GEOIDO6.

But these activities also highlighted problems witis early model for the Program. As
Height Modernization surveys were completed, NG&the user community realized that the
condition of the vertical control passive networisappoor. In many places it had been 30
years or more since leveling had been done, ang wfahe marks thought to be in the NSRS
were disturbed or destroyed completely. There \8eme regions of the country where
crustal motion, the processes that prompted thé foedHeight Modernization in the first
place, made the published heights obsolete. Neelitgy surveys had to be done to
accompany the GNSS. While it would continue to havele in accessing the datum and
measuring changes in heights, it was increasingbaegent that indefinitely maintaining the
passive network as a means of defining the vertiaalm was unrealistic. Add to this the
previously mentioned concerns over the unevenibligion of data, and it was obviously time
to assess the approach and see if these issueshesohétter addressed.

2.4 NGS’ Ten-year Plan — a New Direction for HeighModernization
W — L In 2008, NGS Leadership was evaluating its Misgjoals in
i ‘ @ il ‘ order to develop a long range strategy. NGS neadstcategic
TQIREIROR Y o plan that would ensure that it could define andveelthe
L = NSRS, while maintaining the reference frame in aedyic
“ RN ‘ world. NGS developed a Ten-year Plan, formulatirggrategy
L] ' - for more efficiently and effectively delivering tINSRS to its

i

Figure 2. Vertical Shifts, NADg2  USers. Two components of the Plan were to modethiz
(CORS 96A Epoch 2010 - geometric (“horizontal”) and geopotential (“vertifadatums.
CORS 96 Epoch 2010
The ground work for modernizing the geometric and

geopotential datums is already underway. In 2013$ completed a Multi-year CORS
simultaneous solution (MYCS), with the intent toyide updated consistent coordinates
together with accurate computed velocities (modetddcities at sites with less than two and
a half years of data) (Figure 2). The results of flolution were made available in September,
2011, in the NSRS-consistent frame of NAD 83(201A1/PA11) epoch 2010.00 and in the
global frame 1GS08 epoch 2005.00. These resultdwiofficially adopted early in 2012
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with the release of the National Adjustment of 2Q1A2011), when the passive control
GNSS marks in the NSRS are adjusted to the MYCS.

NAD 83 will remain the official geometric datum ftre U.S. in the near term, but will be
replaced with a newly defined datum when the gempgdal (vertical) datum is ready
approximately ten years from now. The ellipsoidghéicomponent of the geometric datum
will be a key part of defining the geopotentialudat The gravitational geoid model will
provide the conversion from ellipsoid height toharetric height. A key component of the
work that will be done to improve this gravitatibn@aodel is a comprehensive airborne
gravity survey of the entire United States andatstories.

2.5 Gravity for the Re-definition of the American Vertical Datum (GRAV-D)

As emphasis on the importance of an accurate geodkl increased, accuracy of all the data
that the models incorporate was evaluated. Thtsfto collect GNSS on bench marks have
been discussed, but the gravity data that formbaises of the gravimetric geoid model,
which after all is the foundation on which the hglmodel is built, was also evaluated. As
with other kinds of data, NGS felt it could improwgon the quality of the data holdings,
which had been collected over the span of sevexadks and from several sources. Similar
to the bench mark data, gravity observations weteewenly distributed across the country,
and there were voids in data all along the cobl§€S decided a comprehensive aerogravity
survey would be the most effective and efficienywacollect such a large amount of data.
Satellite gravity missions, GRACE (Gravity Recovand Climate Experiment) and GOCE
(Gravity Field and Steady-State Ocean Circulatigpl&er), were underway, and the
aerogravity data would provide the connection betwine short wave-length provided with
absolute gravity, and the long wave-length datmftbe satellites.

The GRAV-D project is well underway, and includeseral components. The one-time
aero-gravity survey is the most substantial phasei® effort. It alone is expected to take ten
years, and its completion is dependent on fundiqgpsrt and
partnerships. Started in 2008 with test flightestablish field
procedures, the survey is now 16% complete. Ifenurevels of
funding are sustained, the aerogravity surveylvglcomplete in
2022.

Other phases of the project include collecting tolaal terrestrial
gravity data to better analyze the geoid in dynamggtons or areas |
exhibiting gravity anomalies, and a maintenance pihere we .
would periodically update the geoid using in siteasurements and &5
geodynamic modeling. In addition, research supueyects are
planned to independently test the results we atengdrom

GRAV-D. The first of these “geoid slope validatisarveys” o
(GSVS) involved collecting leveling, GNSS, terredtand —

Figure 3. eerC ion f the Vertical

airborne gravity, Lidar, and deflection of the veat camera and GPS collected for geoid
observations along a 300 km line in Texas (Figgre 3 slopevalidation survey
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Preliminary results indicate GRAV-D will contributesults that will yield the 1cm geoid
model NGS has targeted.

3. THE NATIONAL HEIGHT MODERNIZATION PLAN

The challenge that faces Height Modernization & tmsupport the need to access NAVD 88
today, and prepare the user community for the iiango a new kind of vertical datum.
Certainly in regions of a stable crust, the syster@rors in the vertical datum don’t cause
significant relative error, and so updating theudatmay not seem as necessary as in other
regions of the country. However, as the keepec®ohtry-wide consistent geodetic control,
NGS cannot patchwork-fix the datum, and the updaist be made across the country. The
National Height Modernization Program will focus thre transition, not only helping
surveyors measure NAVD 88 heights, but also infagrthe users about the advantages the
new datum will bring. This effort will draw on mamNGS resources, and strategic planning
will help ensure this work is completed efficiently

3.1 NGS Will Evaluate User Capability to Access the Vdical Component of the NSRS
Depending on the level of population growth, howchtime has lapsed since a mark has
been recovered and surveyed, and how stable tienrisg many of the bench marks from the
NAVD 88 adjustment have been lost or disturbedimply have moved, making their
published heights obsolete. Some parts of thetcpbhave lost up to 60% of their control. In
addition the need for accurate heights may varyreppmommunities. For example,
determining heights in the mountains can be diffibecause leveling can be labor intensive
and the geoid is complicated to model, but the @ayurequirements are not as stringent as
they might be in a flat low-lying coastal regioneava the slightest change or error in
elevation can have disastrous effect. A workingugrof experts in gravity, geoid modeling,
vertical networks, and tidal/geodetic datum relaglups will begin a systematic review of the
network to determine what weaknesses may be imqgattie ability to measure NAVD 88
heights. NGS Advisors, NGS employees who live andkvin many states across the country,
together with the many partners engaged in Heigbdévinization and other programs, will
contribute their insight about local and regiorssles.

NGS will also evaluate existing models and tooldetermine if they are effective in
delivering accurate NAVD 88 heights, given the natof local issues. The Online
Positioning User Service (OPUS), an online serthed uses CORS to provide point positions
from GNSS data submitted by users, uses the laybsid geoid model to derive NAVD 88
heights. Depending on the accuracy of the geoidel@PUS may provide a height that is
more up to date than the control available in @reg

Guidelines and standards used currently will béuatad to see if they are obsolete and need
to be replaced, or if they can simply be revisdte NGS-58 guidelines are now fifteen years
old. NGS will review them to see how they couldcbhenbined and simplified because of
improvements in GNSS and the infrastructure. Neidajines will be developed to explain
changes in procedures to access the new datum.
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3.2 NGS Will Strategically Address Gaps in NSRS

Once these gaps in infrastructure or weaknesdbe icapacity of users to measure accurate
heights have been identified, NGS will developratsgy to determine what if any action
should be taken. If access to NAVD 88 is diffictittere may be recommendations for
surveys to update or establish control. Perhalmeiye or transformation models would be
sufficient to update data.

Gaps in certain parts of the country identifiechaging more critical consequences will be
prioritized for actions to be taken. NGS may notbte to address these gaps themselves, but
may be able to recommend to the local communityt\ebions would help the effort. In
determining the proper strategy NGS will considaethithe impact of infrastructure gaps on

the ability to access NAVD 88 in the near term, emttansition to the new datum.

3.3 NGS Will Maintain Access to the Vertical Compoent of the NSRS

As the infrastructure is evaluated, and stratefgieaddressing gaps or problems are
determined, NGS will need to consider whether tistisgegies will hold up for the years
until it is time to implement the new datum. Actsto maintain or monitor the changes in
coordinate values will also have to be considelédchay be possible to develop velocity
models that can be used to update observationsoodioates. A transformation tool will be
needed to enable users to update their own daté,the values used to build that tool are
out of date, the transformation will be useless.

New approaches for providing control data will bedastigated. For control data in the NSRS
that NGS feels is unreliable, published accuracy @&lue could be downgraded, actual
coordinate values could be suppressed, or messagksbe posted so the user understands
the risks in using the data. Metadata that prevatiditional information on how values were
computed and the history of marks can help NGSoartside users research inconsistencies
in control data.

NGS will work with federal agencies and users vgiecific applications to plan pilot

projects that will help them develop new guidelindfie new datum will, for some, mean a
shift in how they access the NSRS. Users of re@ GNSS and remote sensing applications
will need to understand how the transition to tee/mlatum will impact their operations, and
update their procedures accordingly.

3.4 NGS Will Build Technical Capacity for Users toAdopt Improvements to NSRS

The new datum will only be valuable if it is brog@idopted and fully replaces NAVD 88. It
is human nature to resist change, and unless #énengarticular issues impacting the accuracy
and availability of NAVD 88, users will continueing the reference frame they know.
Ultimately, most people really use height differesicnot absolute heights, so if they are
unable to get those height differences at a ddsitatel of accuracy, or it is costly or

difficult to do so, surveyors will look for a betteay.
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Communication and education have long been an itapbpart of NGS’ service to its user
community. Through the Height Modernization ProgrdNGS will keep the surveying
community and other users informed of decisionssatiis of various programs and projects,
through publication of technical papers and repiorscientific journals, professional
publications, and outreach materials. A sectiothefNGS web site dedicated to the Height
Modernization Program has recently been updat@dawide more comprehensive and timely
information. The site includes links to key progsalike GRAV-D, the Geoid model pages,
the NGS Tool Kit, and research projects.

A training facility owned and operated by NGS supgo
workshops in field procedures and data procesamgvell as
informational presentations on basic geodesy angeging
(Figure 4). Many of these are available onlin@tigh webinars,
and are frequently taped and available for users @imnot
attend the live webinar. These activities supplariee
workshops and presentations NGS gives at confesearceind

Figure 4. NGS Training Center, the country.
Corbin, Virginia

NOAA held a Federal Geospatial Summit for userstiver U.S.
federal government mapping agencies to tell theoutabur plans to update the NSRS with
these new datums, to hear their concerns and issnego discuss the impact this change will
have on their agencies’ products and serviceseVhat was extremely successful, and paved
the way for continued collaboration and coordimatiath those agencies as NGS moves
forward. Two months following the 2012 FIG Workidgeek in Rome, NOAA will hold a
second Summit, this time reaching out to the sungegommunity and the users of
Geographic Information Systems (GIS). NGS plansadid these events regularly to ensure
everyone with an interest in geospatial positiorihmgugh GNSS is informed of the progress
of our efforts to improve the NSRS, and that NGBifiermed of the impact on those users.

4. CONCLUSION

Around the world GNSS has changed the way posiigprs done. The NSRS will continue
to be accessed through the passive control netwatkncreasingly the surveying community
is accessing the NSRS through GNSS differentialtipogng relative to the CORS network.
The NGS Ten-year Plan is underway, with improvemémthe geometric datum (MYCS and
NA2011) bringing us closer to the goal of alignthg datum with the ITRF. GRAV-D is 16%
completed and at current funding levels is to beeda 2022. Maintaining the NSRS, one of
the components of the NGS mission, will be accoshgld by tracking temporal changes in
the reference frame through daily monitoring of C3&hd geoid monitoring activities .
Redefining the vertical component of the NSRS ghepotential datum, through CORS and a
gravitational model is a natural step in the evolubf the reference frame. However, the
user community needs to continue using NAVD 8&mintervening years, and then will
need support to adopt and embrace the new datunmegt these needs the National Height
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Modernization Program Plan must also change itscaga to enabling access to accurate
elevations, and will be a crucial player in pavihg way for surveying in the United States.
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