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Abstract 
The spatial reference systems used in the USA today have been developed in the 80s. Those, however, 
have been identified as having shortcomings and many biases because of the way they were defined and 
the changes over time. The National Geodetic Survey (NGS) has started to develop new frames since 
2007 with improved accuracy and reliability by drastically changing their concept and design. The NGS 
is releasing new definitions for all of the reference systems that we use today for surveying, GIS, and 
mapping, including Horizontal Datums, Vertical Datums, and the State Plane Coordinate System. This 
will impact all of the professionals that deal with geospatial work.  
 
As we enter the era of self-driving cars, if not accounted for, datum inconsistencies between navigation 
equipment (most likely in a geocentric system such as WGS-84) and pre-existing road data (most likely 
in a non-geocentric system such as NAD 83) could yield up to two meters of error in parts of the 
Continental United States (CONUS) and up to four meters in Hawaii. Those errors are inadequate to the 
current technology for high-accuracy GNSS data that reached sub-centimeter levels because of the new 
constellations and enhanced number of satellites launching into space. By switching to a more geocentric 
reference system, NGS hopes to alleviate this issue. 
 

Introduction 
We’re living on a dynamic planet. Literally, everything on Earth and in space is always moving. The 
Earth’s tectonic plates are shifting, which produces a continental drift. Therefore, various land masses 
are moving in relation to each other and in relation to the reference frame. There are also motions 
happening inside the tectonic plates, which add another level of complexity. 
 



 
Figure 1. Relative plate velocities for Earth’s tectonic plates 

 
With technological advancements, GNSS devices became capable of capturing a centimeter-level of 
position and height precision. However, coordinates of any point change over time, relative to the grid 
that we’re referencing our surveys to. Additionally, while the Earth’s mass quantity remains relatively 
constant, the distributions of mass on Earth are largely changing, particularly in the oceans, which affects 
our Mean Sea Level (MSL) elevations. The NGS is breaking the myth of having Benchmarks with 
coordinates fixed forever in time. In order to compensate for the motions that are happening on our planet, 
we need to have a time-dependent reference system that adapts to these changes simultaneously. 
 
To improve the National Spatial Reference System (NSRS), NGS will replace all three North American 
Datum of 1983 (NAD 83) frames and all vertical datums, including the North American Vertical Datum 
of 1988 (NAVD 88), with four new terrestrial reference frames and a geopotential datum. The new 
reference frames will rely primarily on Global Navigation Satellite Systems (GNSS), as well as on a 
gravimetric geoid model resulting from our Gravity for the Redefinition of the American Vertical Datum 
(GRAV-D) Project. These new reference frames will be easier to access and to maintain than the current 
NSRS, which relies on physical survey marks that deteriorate over time. 
 
Additionally, the NGS is designing new coordinate systems (projections) to reduce distortions and allow 
for more accurate mapping applications. A new State Plane Coordinate System (SPCS) is being 
developed. 
 

Background 
Mixing reference frames is a major issue that geospatial professionals are experiencing in the U.S. The 
GNSS satellites are referenced to global reference frames, which differ from the currently used datums. 
NAD 83 and NAVD 88, although still the official horizontal and vertical datums of the National Spatial 
Reference System (NSRS), have been identified as having shortcomings. Specifically, NAD 83 is non-
geocentric by about 2.2 meters, and NAVD 88 is both biased (by about one-half meter) and tilted (about 
1-meter coast to coast) relative to the best global geoid models available today.  



 
North American Datum 1983 (NAD 83) 
The North American Datum of 1983 (NAD83) is used everywhere in North America except Mexico. 
This datum is realized in the conterminous United States and Alaska (North American Plate) through the 
National CORS (Continuously Operating Reference Stations), which provides the basis for obtaining 
rigorous transformations between the ITRF series and NAD83 as well as a myriad of scientific 
applications. 
As of November 2011, the CORS network contained over 1,800 stations, contributed by over 200 
different organizations, and the network continues to expand. The latest realization of NAD83 is 
technically called NAD83 (2011/PA11/MA11) epoch 2010.00, constituting the framework for the 
definition of the National Spatial Reference System (NSRS). 
 
NAD 83 is a geocentric datum that was established in 1986. It is based on a horizontal adjustment of 
conventional survey data and the inclusion of Transit Satellite Doppler data and Very Long Baseline 
Interferometry (VLBI) data. There is a historical assumption that NAD 83 and WGS-84 are the same and 
that no transformation between these two datums is required. This assumption is no longer correct.  
In their latest realizations, NAD83 (2011) and WGS84 (G1762) differ around one or two meters within 
the continental United States. Although NAD 83 was designed as a geocentric datum, it was shifted away 
from the Earth’s mass center by about 2.2 meters, which practically makes the datum non-geocentric.  

 
The NAD 83 datum was developed to best represent the US continental region, and the WGS-84 was 
developed to best represent the globe. Previously, the NAD 83 and WGS-84 datum definitions were very 
similar. Over time, the global WGS-84 datum has shifted away from the local NAD 83 datum. The WGS-
84 and ITRF definitions are both global and derived from satellite-based measurements; hence they are 
now very similar. While the WGS-84 and ITRF reference systems differ by only a centimeter worldwide, 
NAD 83 now differs from WGS-84 (and thus ITRF) by about a meter. For many applications, a difference 
of this magnitude is unacceptable. 
 
North American Vertical Datum of 1988 (NAVD 88) 
The North American Vertical Datum of 1988 (NAVD 88) is the vertical control datum established in 
1991 by the minimum-constraint adjustment of the Canadian-Mexican-United States leveling 
observations. It held fixed the height of the primary tidal benchmark, referenced to the new International 
Great Lakes Datum of 1985 local mean sea level height value, at Father Point/Rimouski, Quebec, 
Canada. Additional tidal benchmark elevations were not used due to the demonstrated variations in sea 
surface topography, i.e., the fact that the mean sea level is not the same equipotential surface at all tidal 
benchmarks. 

Figure 2. Difference between Reference Frames 

 



 
North American Vertical Datum of 1988 (NAVD 88) consists of a leveling network on the North 
American Continent, ranging from Alaska, through Canada, across the United States, affixed to a single 
origin point on the continent. Massive leveling and gravity campaigns across the country took 90 years 
and yielded measurements at over 800,000 benchmarks in 2 million kilometers of leveling (Figure 3). 
From benchmark to benchmark, the surveyors measured the superelevation across the continent to create 
a vertical datum.  
 
Leveling remains to be the perfect tool for measuring height over short distances. However, it is 
determined to be the wrong tool to define a continental scale vertical datum on a dynamic planet. With 
technology advancement, the GNSS devices became capable of capturing centimeter level of height 
precision. At the same time, the Gravity Recovery and Climate Experiment (GRACE) mission yielded a 
continental scale geoid model accurate to 1 centimeter over wavelengths longer than approximately 200 
kilometers. The GRACE/GNSS orthometric heights could be checked against the leveling-derived 
NAVD 88 orthometric heights. This revealed that NAVD 88 heights were, on average, biased by 50 
centimeters in CONUS and were tilted about 1 meter from the Pacific Northwest to the Southeast of 
CONUS. 
 

 
Figure 3. Vertical control used in 1988 adjustment 

 

The geopotential field is changing with any mass changes on the planet, which 
respectively changes the geoid surface. Passive control is set into the crust of the 
Earth, which can move vertically, sometimes at relatively large speeds (multiple 

centimeters per year). As such, the crust (and things set into it) makes a poor 
choice for geodetic control, unless it is regularly monitored for movement. And 
while CORS is monitored regularly for motion, its vertical movement is purely 



geometric (ellipsoid heights) and—due to the changing nature of the geoid—can 
not be directly equated to orthometric height changes (since orthometric height 

changes are a combination of ellipsoidal height change AND geoid height change). 
Although the geoid also changes vertically, its changes (relative to the magnitude of 

vertical crustal changes) are smaller than ellipsoidal height changes. 
 
Datum Transformations 
When geospatial users need to combine data from two different reference frames, they have to perform 
a transformation from one datum to another. There are several different models for transformations that 
are used by different software applications. This adds another level of complexity and inaccuracy as there 
is a variety of errors with different magnitude associated with each transformation. Users need to be 
aware of this problem as these errors are introduced in their data each time they perform a transformation 
from one reference frame to another. 
 
Software that performs datum transformations may perform a “zero” transformation between NAD 83 
and WGS-84, under the assumption that the two are the same. This is not a problem if data has been 
differentially corrected against a NAD 83 correction source, and the GIS uses NAD 83. But if the 
reference frames of the GPS data and target GIS do not match, a zero transformation can introduce a 
two-meter of error and, in some cases, even higher. 
 
Depending on the "to" and "from" datums involved, other transformation methods can be used. In both 
the three- and seven-parameter methods, the transformation aligns the x,y,z axes of the two datums in 
three-dimensional cartesian coordinate space. However, even when seven parameters are being used, the 
errors of the transformation still remain relatively high. 
 

The most accurate way to shift data between two datums is the Fourteen 
Parameter Transformation, also known as a Time-Dependent Transformation, 
which is an algorithm for shifting between two independent reference frames. 
Time-Dependent Transformations provide a means to predict and adjust for 

horizontal datum transformations related to movements of the Earth's crust over 
time. In order to create a 14, rather than 7, parameter transformation, one need 

only make each of the 7 parameters time-dependent.  
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Equation 1 Fourteen-parameter transformation 

 

This methodology contains seven parameters that define a relationship between the 
two frames at a given instant in time (t0). Additionally, seven velocity parameters 

are defined as for the X,Y,Z position and rotations (ω), and the scale factor (s) 
value that represent changes over time. The user provides an input reference 

coordinate point, and a date for the realization of the output point. The velocity 
parameters are then used to generate a position vector translation which translates 

between both reference frames at the given time (t) (Equation 1). 
 

 
Figure 4. 14-parameter transformation 



To illustrate the effect of tectonic plate velocities, please view the two images in 
Figure 4. The left image shows the difference between the latest definitions of 

WGS-84 (G1674)/ITRF08 epoch 2005.0 and NAD83/2011 epoch 2005.0. Notice the 
smooth contour lines. This is using a 14-parameter transformation. However, the 

correct US definition of NAD83/2011 is referenced to epoch 2010.0, a full five years 
later than the left image where it was referenced to 2005.0. Notice the dramatic 
effect of the tectonic plate movement in the western part of the US in the right 
image. In this case, the 14-parameter transformation was used as well as the 
velocity model to estimate the tectonic plate movement. This illustrates that 

increasingly, geospatial data consumers will need to consider that “time is of the 
essence” when combining geospatial datasets. 

The problem is that most of the software applications that perform 
transformations today, including surveying, CAD, GIS and so on, are either using 
zero, three or seven parameters. There are a very few applications that allow for 

fourteen parameters, and even those don’t come without an error. 
 

Geometric Coordinates in NSRS2022 

The most prominent motion that any tectonic plate experiences is the Tectonic 
Rotation. There are other minor movements of the plate, but the Tectonic Rotation 

is the most significant factor that contributes to the time-dependency of the 
reference frames. The Euler Point is one point in space, which is not necessarily 
fixed to any plate, about which a tectonic plate is rotating. In order to relate that 

plate-fixed frame to the ideal frame, a 3-parameter transformation is needed. The 
three parameters needed to describe the Euler Point are the Latitude and the 

Longitude of that point, as well as the rotation rate about that point. The North 
American Tectonic Plate has counterclockwise rotation, and the Euler Point is 

situated somewhere in the Pacific Ocean west of South America (Figure 5).  



  
Figure 5. Euler Point and Horizontal Velocities in North America 

Because the United States retains civilian populations in four tectonic plates, there 
need to be four terrestrial reference frames: 

• North American Terrestrial Reference Frame of 2022 (NATRF2022) 
• Pacific Terrestrial Reference Frame of 2022 (PATRF2022) 

• Caribbean Terrestrial Reference Frame of 2022 (CATRF2022) 

• Marianas Terrestrial Reference Frame of 2022 (MATRF2022) 
All points will be assumed to have residual (“non-Eulerian”) motions, besides plate 
rotation. Even so-called “stable” points will have some degree of motion even after 

accounting for the tectonic plate rotation. As such, the primary relationship 
between coordinates in IGS and one of the four TRFs is a time-dependent one. The 
coordinates of the new TRF2022 will be defined by the 3-parameter rotation matrix 

and the IGS coordinates at some specific time (Equation 2). 
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Equation 2 The transformation between reference frames 



All computations and adjustments will be made in the ITRF2014 frame. However, 
immediately available from those coordinates will be the coordinates in all four 

frames of the modernized NSRS, through Euler Pole Parameters - EPP2022. 
However, no tectonic plate is perfectly rigid. When the motions seen in Figure 16 

are removed from the measured horizontal velocities at any CORS station in North 
America, non-Eulerian motions are detected. These non-Eulerian velocities are 

shown for the Eastern and Western parts of CONUS (Figure 6). 

 
Figure 6. Non-Eulerian motions at CORS 

For example, the Pacific Plate is moving in a very different direction, compared to 
the North American Plate. As the two plates come together, Southern California 
deviates wildly from the rotation of the North American Plate. Other parts of the 

country may appear to be more stable, but they still have some Non-Eulerian 
motions to some degree. In order to compensate for those motions, everything that 
is left after taking away the Eulerian motion (rotation) of the plate will be captured 

in the so-called Intra-frame Deformation Model of 2022 IFDM2022, (previously 
named ‘Intra-Frame’ velocity models (IFVM’s)). The purpose of these IFDM2022 
is to provide constant coordinates of points over time. IFDM’s must estimate non-

Eulerian motions at any location.  
 



NAPGD2022 – Geopotential Datum 

The mass quantity of the Earth is not changing over time. It remains effectively a 
constant number. However, the mass distributions on Earth are changing over time 
and are large enough to be measurable. There is a lot of mass distribution moving 

around the planet, changing the shape of the geopotential field, and therefore 
changing the shape of the Geoid, and therefore changing the zero-height surface. 

There are different types of distribution changes, such as specular (continuous 
changes), episodic (single time changes), and periotic (changes that repeat over 

time back and forth).  
To track these changes, the NGS is setting up a Geoid Monitoring Service (GeMS). 
The Geoid Monitoring Service is an NGS project tasked with recommending and 

building time-dependent quantities associated with geoid undulations, surface 
gravity, deflections of the vertical, geopotential numbers, and a digital elevation 

model.  
The NGS is performing a project of Gravity for the Redefinition of the American 

Vertical Datum (GRAV-D). GRAV-D is a proposal by the National Geodetic 
Survey to re-define the vertical datum of the US by 2022. The gravity-based 

vertical datum resulting from this project will be accurate at the 2 cm level where 
possible for much of the country. The project is currently underway and actively 

collecting airborne gravity data across the United States and its holdings. 

 
Figure 7. GRAV-D project status (Green: Available data and metadata; Blue: Data being processed; Orange: Data collection underway; 

White: Planned for data collection) 

NSRS2022 will contain one geopotential datum, capable of providing (at a 
minimum) the geoid undulation, acceleration of gravity, geopotential number, and 



deflection of the vertical at any given latitude, longitude, ellipsoid height, and time 
in a global ideal reference frame, such as the International Terrestrial Reference 

Frame (ITRF) or International GNSS Service (IGS) frames. The name of this 
datum will be the North American-Pacific Geopotential Datum of 2022 

(NAPGD2022). 
Figure 8 depicts what the expected changes are going to be from NAVD88 to 

NAPGD2022. It’s tilted plane, about a meter across the CONUS. Of course, this 
has time-dependency, but this is what is estimated to be at the 2020.0 epoch. 

 
Figure 8. The continental bias and tilt of the NAVD 88 H=0 surface across CONUS 

 
Figure 9. The statewide bias and tilt of the NAVD 88 H=0 surface across Alaska 



Over Alaska it also looks like a tilted plane (Figure 9), although that is more on an artifact caused by 
the fact that NAVD88 really doesn’t exist in the most of western Alaska, but it’s more of extrapolation 
of GPS and leveling data. 

State Plane Coordinate System 
The State Plane Coordinate System (SPCS) is a system of conformal map projections created by the 
National Geodetic Survey (NGS). SPCS was established to support surveying, engineering, and mapping 
activities in the United States and its territories. The current version, SPCS 83, is referenced to the North 
American Datum of 1983 (NAD 83) and consists of 125 zones based on the Lambert Conformal Conic, 
Transverse Mercator, and Oblique Mercator projections. Because NGS will replace NAD 83 with the 
2022 Terrestrial Reference Frames (TRFs), SPCS 83 will also be replaced by the State Plane Coordinate 
System of 2022 (SPCS2022). 
 
As first conceived in the 1930s, SPCS provided a way to perform “geodetic” surveys using plane 
trigonometry, making it among the earliest practical means to access the National Spatial Reference 
System (NSRS). Because of electronic computers, SPCS is no longer used for that original purpose. Yet 
rather than decline, SPCS usage has grown due to widespread adoption of technologies such as Computer 
Aided Drafting and Design (CADD), Geographic Information Systems (GIS), and Global Navigation 
Satellite Systems (GNSS). 
 

The adoption of new NSRS in 2022 has made NGS propose a fundamental change 
in the measurement unit system in the United States as it’s presented in Figure 10. 

The majority of the states have adopted the U.S. survey foot as a standard 
measurement unit in their SPCS 83 legislation. However, some states are using the 
International Foot, and in some states and territories, the foot type is not specified. 
This mixture of measurement units has led to some serious problems throughout 

the years as the two definitions of the foot are slightly different. They differ only by 
two parts per million (ppm) or 0.01 ft/mile, which doesn’t seem to be a big 

difference. However, dealing with State Plane Coordinates, which are usually in the 
millions (coordinate values), this small difference leads to an error of a several feet 
magnitude. Many software applications, including CAD, GIS, BIM, etc. are only 

supporting the international definition of the foot, ad when data is being brought in 
from different sources, mismatching usually occurs. Mixing up the two foot 

definitions has been a problem for decades, and NGS has decided to end it by 
retiring the “U.S. Survey Foot” and adopting the “International Foot” as a 

standard definition of State Plane Coordinate System of 2022, calling it “The Foot.” 
The SPCS 2022 is entirely defined in metric, including the definitions of the 

reference frame, the geoid, angles, linear measurements, etc.. Still, the coordinates 
of the map projection, the geodetic control, the CORS, etc. will be converted and 
also delivered in feet (international feet). The U.S. survey foot is still going to be 
supported for legacy data, but moving forward, only “The Foot” will be used. 

State Plane Coordinate System of 2022 (SPCS2022) is being developed as part of the transition from the 
North American Datum of 1983 (NAD 83) to the 2022 Terrestrial Reference Frames. SPCS2022 is 



limited to the following three conformal projections: Lambert Conformal Conic, Transverse 
Mercator, and Oblique Mercator. Only a single form of each projection type is used for the entire 
SPCS. The projection types correspond to specific computation algorithms used by NGS. All map 
projections are based on the Geodetic Reference System of 1980 (GRS 80) ellipsoid, without 
modification. For computing SPCS2022 coordinates, the input latitude and longitude must be from one 
of the four 2022 Terrestrial Reference Frames (TRFs), and the specific 2022 TRF must be identified for 
all zones. 

 
Figure 10. States and territories with SPCS 83 legislation and the type of foot adopted. 



The criterion for maximum allowable linear distortion for designing a projection zone is evaluated at the 
topographic surface, not at the reference ellipsoid surface (Figure 11). A maximum allowable linear 
distortion design criterion is specified for a map projection zone or area of interest within a zone. The 
design criterion is the magnitude of distortion that meets performance metrics, as described in the 
procedures associated with this policy. NGS designs are based on both coverage area and population 
distribution (using data from the U.S. Census Bureau). The linear distortion design criterion is the 
smallest specific distortion range of ±5, ±10, ±20, ±30, ±40, ±50, ±75, ±100, ±150, ±200, ±300, or ±400 
ppm that satisfies all three of the following minimum percentages: 

• 90% of the zone population, 
• 75% of the cities and the towns (based on location only, irrespective of the population), 
• 50% of the total zone coverage. 

 

 
Figure 11. Changing the projection axis to reduce distortion variation 

 
EXECUTIVE SUMMARY 
USA will have brand new horizontal and vertical datums as well as a completely redesigned coordinate 
system that will use different measurement units. As mentioned earlier, that will have an impact on all 
of us as geospatial professionals and will require some actions to be made in order to be prepared.  
Although named after the target release date of 2022, the NSRS project is facing a delay and will likely 
take a few more years to complete. 
 
What to expect? 
 
The magnitude of change in your coordinates will vary based on the datum used at particular geographic 
location. The figures below depict the approximate horizontal and height changes when the new reference 
frames are adopted. The geographic coordinates (latitude and longitude) will change with approximately 
1-1.5 m. (3-5 feet) in the CONUS (Figure 12). Remember that moving forward, we will have time-
dependent coordinates, which means that coordinates of the same location will change over time. The 
wrong question, circa 2022, will be: “What is the latitude of that point?”. The right question to ask in 
2022 will be, “What is the latitude of that point, on some specific date?” 
 



 
Figure 12. Approximate horizontal change in geographic coordinates  

 

 
Figure 13. Approximate Orthometric Height Change 

 
Figure 13 depicts the approximate changes in the sea-level heights. As you can see, there is going to be 
a noticeable difference in most of the country.   
 
As part of the transition from the North American Datum of 1983 (NAD 83) to the 2022 Terrestrial 
Reference Frames, the NGS is developing a new State Plane Coordinate System of 2022 (SPCS2022). 
The primary purpose is minimizing linear distortion at the topographic surface, not at the reference 
ellipsoid surface, as it is in the current State Plane system. 
 
Figure 14 gives an example of a change in the SPCS in the state of Colorado. On the top map is the 
current SPCS 83, and the bottom represents the new SPCS 2022. Note that this is not a final design, but 



one of the proposed variations. The color scales are illustrating the linear distortion thresholds estimated 
for the area. Noticeably, in the old SPCS, the linear distortions are substantial, mostly exceeding -400 
ppm (error of 2.1 ft/mile). The new design reduces the distortion range in cities. You can see that most 
of the urban areas are covered in ±50 ppm linear distortion (error of 0.3 ft/mile). 
 

 
Figure 14. Example of a proposed new design for the state of Colorado 

 
The new design for the SPCS is not completely finalized as the NGS does not entirely do it, but some 
stakeholders can contribute designs, specifically in the so-called “layered zones”. The NGS will design 
a new Statewide zone layer, that covers the entire territory of the state. Along with a single statewide 
zone, a state can optionally have zero, one, or two additional layers. Those are primarily designed and 
requested by the stakeholders as Low-Distortion Projections (LDP) that will serve for high accuracy 
surveying and engineering purposes. 
 
Figure 15 illustrates an example of a proposed layered zone design in the State of Iowa. Currently, the 
state has North and South zone if SPCS 83. In SPCS 2022, the state is proposed to have two layers. One 
for the entire state (top picture) and one layer with 14 low-distortion projections that cover all 99 counties. 
Almost 100% of the territory will be covered with linear distortion less than ±20 ppm (error of 0.1 
ft/mile). 



 

 
Figure 15. Example of layered zones in the state of Iowa 
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