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U.S. Department of Commerce
National Oceanic & Atmospheric Administration

National Geodetic Survey
Mission:    To define, maintain & provide access to the 

National Spatial Reference System (NSRS)
to meet our Nation’s economic, social & environmental needs

& their time variations

(& National Shoreline, etc.)

• Latitude
• Longitude
• Height  

• Gravity
• Orientation
• Scale

 North American
Datum of 1983

(NAD83)

 North American
Vertical Datum of 1988

(NAVD88)  



National Geodetic Survey –
Regional Geodetic Advisors

https://geodesy.noaa.gov/ADVISORS/index.shtml



National Geodetic Survey –
State Geodetic Coordinators

https://geodesy.noaa.gov/ADVISORS/state-geodetic-coordinators.shtml



Horizontal / Vertical Control
(NSRS)

National Spatial Reference System -
Ties It All Together

• LiDAR 
• Digital Terrain Model
• Aerial Photography
• Cartography 
• Parcels
• Engineering
• Laser Scan Model
• Satellite Imagery
• Hydrography
• Natural Resources

BUTTERMILK 1833 P028 2005



A New State Plane 
Coordinate System for 2022

THANKS TO:

Michael Dennis, RLS, PE
NGS Geodesist



New State Plane Coordinate System
• State Plane Coordinate System of 2022 (SPCS2022)

– Referenced to new 2022 Terrestrial Reference Frames (TRFs)
– Based on same reference ellipsoid (GRS 80)
– Same 3 conformal projection types as NAD27/83

• Lambert Conformal Conic (LCC)
• Transverse Mercator (TM)
• Oblique Mercator (OM)

• NGS in process of specifying SPCS2022 characteristics
– Draft policy and procedures for public comment
– Federal Register Notice (FRN) on policy and procedures
– New report on State Plane history, policy, and future

• NOTE:  SPCS2022 characteristics currently in review
– Approved version may differ from what is presented here



• History of NGS projections 
(1853 to present)

• SPCS policies and legislation
• Departures from policy and 

convention
• Recent developments in 

projected coordinate systems
• Appendices

– Defining parameters for ALL 
zones of ALL versions of SPCS, 
plus additional information

– Status of SPCS 83 legislation & 
foot conversions

SPCS Special 
Publication



Draft SPCS2022 Policy & Procedures
• Release for public comment (Federal Register Notice)

– Deadline for comment:  August 31, 2018 (anticipated)

• Stakeholder input from states for their zones

– DOTs, GIS offices, professional societies, universities

– Deadlines:

• Dec 31, 2019 for requests and proposals

• Dec 31, 2020 for submitted designs

– Consensus input REQUIRED

• Federal agency input through FGCS

– But input for specific zones is from state stakeholders

– Can coordinate with state stakeholders



SPCS2022 characteristics (draft)

• Technical requirements
– Linear distortion design criterion at topographic 

surface (not at ellipsoid surface)
• Difference in distance between “ground” and “grid”

– Use 1-parallel definition for LCC projections
• Other characteristics

– Default designs (if no consensus stakeholder input)
– “Layered” zones
– Low-distortion projections (LDPs)
– “Special purpose” zones



Default SPCS2022 designs (draft)

• Default needed in absence of stakeholder input

• Same projections and zones for most SPCS 83 zones

• Performance and coverage very similar to SPCS 83

• Characteristics that differ from SPCS 83:

– Projection scale modified to minimize distortion at ground

– Lambert Conformal Conic converted to one-parallel type

– Most geodetic origins with arc-minutes evenly divisible by 3

– A few zones with different projection & zone extents



SPCS2022 Summary
• Main characteristics

– Designed with respect to “ground”
– Default designs similar to existing State Plane
– Can include a statewide zone plus a sub-zone layer
– LDPs can be used but must be designed by others

• Stakeholder input on zones for their states 
– REQUIRES consensus input

• Federal agency input through FGCS
– Can coordinate with states stakeholders

• NGS webinars on March 8 and April 12 – register at:
https://geodesy.noaa.gov/web/science_edu/webinar_series/Webinars.shtml

NOTE:  SPCS2022 policy and procedures released SOON

https://geodesy.noaa.gov/web/science_edu/webinar_series/Webinars.shtml




Continuously Operating Reference Station (CORS) Network
• 2000 sites 
• 225 organizations



Continuously Operating Reference Station (CORS) Network



CORS Time Series Plots
short-term                                     long-term





A (very) Brief History of U.S. Horizontal / Geometric Datums

time+ + + + + +
shift:    < 10 m          tens of             few               few                  few               

meters             0.1m           0.01m              0.01m



The National Geodetic Survey 
Ten-Year Plan

Support the users of the National 
Spatial Reference System.

Modernize and improve the National 
Spatial Reference System. 
(Replace NAD83 & NAVD88)

Expand the National Spatial Reference 
System stakeholder base through 
partnerships, education, and outreach. 

Develop and enable a workforce with 
a supportive environment. 

Improve organizational and administrative 
functionality. 

2013, NGS Ten-Year Strategic Plan objective:
“Achieve a fully staffed regional advisor program by 2016.”



• 1. Global Navigation Satellite Systems (GNSS)

• 2. Satellite Laser Ranging  (SLR)

• 3. Very Long Baseline Interferometry (VLBI)

• 4. Doppler Orbitography & Radiopositioning

Integrated by Satellite (DORIS)

International Terrestrial Reference Frame (ITRF)
4 Global Independent Positioning Technologies

1 2 3

4





International Terrestrial Reference Frame (ITRF)
space-based techniques: VLBI, DORIS, SLR, GNSS

[International GNSS Service 2008 (IGS08) = GNSS-only realization]
Current version (@NGS): ITRF2008 (epoch 2005.0)

International Earth Rotation and Reference System Service(IERS)
(http://www.iers.org)

http://www.iers.org/


CORS Coordinates – PUC2

IGS08 epoch 2005.0 = 
International GNSS Service 2008

(@ January 1, 2005)
(GNSS-only realization of ITRF2008)IGS08 Position >>

IGS08 Velocity >>

NAD83 Position >>

NAD83 Velocity >>

NAD83 (2011) epoch 2010.00 = 
North American Datum 1983 (2011)

(@ January 1, 2010)



CORS Velocity Field – IGS08 epoch 2005.0



CORS Velocity Field – NAD83(2011) epoch 2010.00



Why replace NAVD 88 and NAD 83?
• Main driver:  Global Navigation Satellite System (GNSS)

• ACCESS!
– GNSS equipment is fast, inexpensive, reliable (and improving)
– Reduces reliance on finding survey control (“bench marks”)

• ACCURACY!
– Insensitive to distance-dependent errors; reliable
– Immune to bench mark instability (referenced to CORS)

• CONSISTENCY!
– Eliminates systematic errors in current datums
– Aligned with global reference frames
– Integrated system for both positions and heights (“elevations”)



NAD83 Shortcomings
o 2.2 m offset – NAD83 vs.
• International Terrestrial Reference Frame (ITRF) 

[~ International GNSS Service (IGS)]
• World Geodetic System 1984 (WGS84)

o CORS <> passive network “disconnect”  

vs.

IT
RF

/W
GS

84



Future Geometric (3-D) Reference Frames

 replace NAD83 with new geometric reference frames – by 2022

 CORS-based, accessed via GNSS observations

 coordinates & velocities in global & new US reference frames

 passive control tied to new reference frame 

 transformation tool will relate historical <> new US reference frames



Four Tectonic Plates NGS Monitors

 North American Terrestrial 
Reference Frame of 2022 
(NATRF2022)

 Pacific Terrestrial Reference 
Frame of 2022  
(PATRF2022)

 Caribbean Terrestrial 
Reference Frame of 2022  
(CATRF2022)

 Mariana Terrestrial 
Reference Frame of  
(MATRF2022)

In 2022, the National Spatial Reference System
will be modernized and will contain 
4 new geometric reference frames:



North American Terrestrial Reference Frame of 2022 
(NATRF2022)

(& Pacific / Mariana / Caribbean Terrestrial Reference Frame of 2022)
(PATRF2022 / MATRF2022 / CATRF2022)

• 4 (essentially) tectonic-plate-fixed reference frames
• identical to IGSXX *reference frame at TBD epoch (2020.0?) 
• over time, will relate to IGSXX frame via Euler Pole Rotation
• CORS velocities deviating from rigid-plate (Euler) 

rotation will be captured in 3-D velocity model 
(a secondary product to transform to fixed epoch)
[likely IGS14 = International GNSS Service 2014]



Each reference frame will get:
 Euler Pole Latitude/Longitude
 Rotation rate (radians/year)

Used to compute time-dependent 
**TRF2022 coordinates from 
time-dependent global (IGS)
coordinates 

Euler Pole

Euler's fixed point theorem states: any motion of a rigid body on the surface of a sphere
may be represented as a rotation about an appropriately chosen rotation pole (“Euler Pole”)



Time “t  ” when
all four TRFs and the
IGS are identical.
(maybe 2020.0?) 

0 MATRF2022

MATRF2022

t=t  + ∆t
(“the future”)

0t=t  - ∆t
(“the past”)

0

CATRF2022

CATRF2022

NATRF2022

PATRF2022

NATRF2022

PATRF2022

IGS frame through time
IGS frameIGS frame

Relation of 5 global reference frames through time

(Rotations are not to scale)



Intra-frame Velocity Models (IFVMs)
• Consider “NATRF2022”

– It will be a global reference frame
• (In practice it can be applied anywhere, since it is a “simple” 

3-parameter transformation from the global IGS frame)
– It is named after the N. American plate
– The IFVM for NATRF2022 will be a global velocity model

• (Though, in practice, it will likely only have data in USA territories)
– It will reflect all motions on all points (globally) which are not due to the 

Euler Pole Rotation of the N. American plate.  Thus:
• All vertical motions, anywhere
• All horizontal motions not due to N. American Euler Pole rotation
• Small motion of points in Kansas relative to stable N. American plate
• Horizontal manifestation of GIA relative to stable N. American plate
• Motion of Hawaii points relative to stable N. American plate
• Motion of S. California points relative to stable N. American plate



Intra-frame 3-D Velocity Model

Non-Eulerian velocities  in southwestern U.S. -
following removal of North America plate rotation; 
will be modeled by intra-frame 3-D velocity model



NATRF2022

PATRF2022

CATRF2022

NAD 83 (2011/PA11/MA11) 
epoch 2010.00 
2022 Terrestrial 
Reference Frames

Horizontal change at 
epoch 2022.00
(contours in meters)



PATRF2022

NATRF2022

NAD 83 (2011/PA11/MA11) 
epoch 2010.00 
2022 Terrestrial 
Reference Frames

Change in ellipsoid 
heights at epoch 
2022.00
(contours in meters) MATRF2022



NORTH AMERICAL VERTICAL DATUM 1988 (NAVD88)



4 cm

125 cm

70 cm

85 cm 102 cm

NGVD 29
Referenced to 26 Tide Gauges

NAVD 88
Referenced to 1 Tide Gauge

(Father’s Point)

NAVD88 minus LMSL(1960-1978)

-23 cm

-23 cm

-11 cm

-11 cm



o Cross-country errors (1-m tilt)

o 0.5 m bias in reference surface vs. global mean sea level

o Subsidence, uplift, freeze/thaw invalidate BM elevations

o LIMITED AVAILABILITY / ACCESS

North American Vertical Datum 1988 (NAVD88) Shortcomings

Approximate Geoid Mismatch in the NAVD88 H=0 surface



Replace NAVD 88

H

Earth’s
Surface

The Geoid

H (NAVD 88)

Errors in NAVD 88 :  ~50 cm average, 100 cm CONUS tilt, 
1-2 meters average in Alaska, NO tracking



NMVD03

ASVD02

NAVD 88

NA and Caribbean
1. NAVD 88
2. IGLD 85
3. PRVD02
4. VIVD09

Pacific
1. GUVD04
2. NMVD03
3. ASVD02

Current vertical datums of the NSRS

GUVD04
PRVD02

VIVD02

IGLD 85



Future Geopotential (Vertical) Datum 
replace NAVD88, etc. – by 2022
accessed by GNSS & gravimetric geoid
monitor time-varying nature of gravity field
most accurate continental gravimetric geoid 

model ever built: 1 cm (goal) 



North American-Pacific Geopotential Datum of 2022 
(NAPGD2022)

&
GEOID2022

(gravimetric geoid)

• NAPGD2022 will contain information for:
– Orthometric heights
– Geoid undulations (GEOID2022)
– Gravity anomalies (GRAV2022)
– Deflections of the vertical (DEFLEC2022)
– Global geopotential field model (GM2022)



Replacing NAVD 88 (and the others…)

• One gravity geopotential datum will replace:
– Seven vertical datums
– One gravity datum
– Several gravimetric and hybrid geoid and vertical deflection models

• Aligned and consistent with the TRFs
• Main access to “elevations” via GNSS

– Orthometric heights using geoid model (GEOID2022)
– Dynamic heights will also be available (e.g., for Great Lakes)
– Replaces leveling as primary access

• GEOID2022 coordinated with Canada and Mexico
– Set to mean sea level at a specific epoch
– Will update epoch as needed, based on sea level change

• Geopotential datum will include time-dependent component



Agreement with Canada on W0 Value for New Vertical Datum



Extent of NAPGD2022 Gravimetric Geoid Model (GEOID2022)

American Samoa

Guam and Northern Marianas Islands



Current Vertical Datums / Models

NAVD 88
PRVD 02
VIVD09
ASVD02
NMVD03
GUVD04
IGLD 85
IGSN71
GEOID12B
DEFLEC12B

Orthometric
Heights

Normal
Orthometric
Heights

Dynamic
Heights

Gravity

Geoid Heights

Deflections of
the Vertical



Predicted Change – NAVD88 to NAPGD2022



Time Dependencies
GEOID CHANGES CAUSE HEIGHT CHANGES

• The zero elevation surface 
will change with time

• Heights will be time tagged 
to respect:

• Geoid change
• Subsidence

• Possibly start a Geoid 
monitoring service?



Building a Gravity Field

Long Wavelengths
(≥ 250 km)

GRACE/GOCE/Satellite Altimetry

Intermediate Wavelengths
(300 km to 20 km)

Airborne Measurement

Surface Measurement and 
Predicted Gravity from Topography

Short Wavelengths
(< 100 km)

+

+



Gravity for the Redefinition of the American Vertical Datum 
(GRAV-D)

2018-Q1:
65% complete

• 10 km data lines
• 70 km cross lines
• 20,000 ft altitude
• 230 kt flight speed



GRAV-D Coverage

Hawaii

Alaska “CONUS”

Puerto Rico / Virgin Islands

Guam / Northern Marianas

American Samoa



Annual Experimental Geoids



Annual Experimental Geoids



OPUS – Extended Report
********** New Reference Frame Preview **********
We are replacing the nation’s NAD 83 and NAVD 88 datums, 
to improve access and accuracy of the National Spatial 
Reference System. More at
https://geodesy.noaa.gov/datums/newdatums/
Below are approximate coordinates for this solution in the 
new frames:
APPROX ORTHO HGT: 778.115 (m) 
[PROTOTYPE (Computed using xGeoid17B,GRS80,IGS08)]

[for comparison, NAVD88 = 778.806 (m)]

https://geodesy.noaa.gov/datums/newdatums/


Geoid Slope Validation Surveys:
validate gravimetric geoid model accuracy

Phase 1 - GSVS11
• 2011; Low/Flat/Simple:  Texas

Phase 2 - GSVS14
• 2014; High/Flat/Complicated:  Iowa

Phase 3 - GSVS17
• 2017; High/Rugged: Colorado (10,860ft)



GPS
DoV

Leveling

Gravity

LIDAR/
Imagery

Geoid Slope Validation Surveys
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Predicted Errors of various geoid models over GSVS11 
after removal of GPS/Leveling error budget

USGG2009

EGM2008

xEGM-G

xEGM-GA

xUSGG-GA-R-K480

“1 cm geoid”

Geoids 
without
GRAV-D

Geoids
with
GRAV-D

xUSGG2011          

GSVS11





Absolute GNSS Antenna Calibrations



•upload L1/L2 GPS data >>> solution via email in minutes    

OPUS-RS (Rapid Static) ----15 min to 2 hr (per CORS)

OPUS-S (Static) ---- 2 to 48 hr (anywhere)

OPUS-DB (Database) --- sharing of results 

OPUS-Projects --- network of multi-stations/occupations

Online Positioning User Service (OPUS)

Fast, easy, consistent access to NSRS





Improvement in Published OPUS solutions 
using NAD83(2011) epoch 2010.00 CORS coordinates

original new improved
peak-to-peak LAT 0.013 m 0.004 m 69 %
peak-to-peak LON 0.015 m 0.004 m 73 %
peak-to-peak EL_HGT 0.024 m 0.008 m 67 %
% ambiguities fixed 93 % 95 % 2 %
% observations used 95 % 94 % -1 %
RMS 0.014 m 0.014 m 0 %



How to Plan for 2022
• Move to NAD 83(2011) epoch 2010.00

– via surveys (or possibly via NADCON)

• Move to NAVD 88 
– via surveys (or possibly via VERTCON)

• Move from reliance on passive marks to GNSS infrastructure
– utilize CORS, OPUS, real-time networks, etc. 

• Use OPUS-Share/Database for GPSBMs & NAD83(2011) ties
– improve next  geoid model & relationship with new datum

• METADATA!!!!



NGS Coordinate Conversion & Transformation Tool (NCAT)



X, Y, Z

USNG UTM

SPC

φ, λ, h

X, Y, Z

USNG UTM

SPC

φ, λ, h
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NCAT:
Modern tool for 
transforming between 
geometric datums / 
frames

USSD

NAD 27

NAD 83 (1986)

NAD 83 (2011)

NAD 83 (NSRS2007)

NAD 83 (FBN)
NAD 83 (HARN)

2022 





https://geodesy.noaa.gov/datums/newdatums/ 







Modernizing the NSRS
The “blueprint” documents:  

Your best source for information

#1 Geometric:
May 2017

(minor update Sep. 2017)

#2 Geopotential:
Oct. 2017

#3 Bluebooking:
Spring 2018





Summary
• Primary access:  GNSS

– Based on CORS and gravimetric geoid model (not passive bench marks)
– But also compatible with terrestrial methods

• Geometric (TRFs)
– Fixed to 4 tectonic plates and aligned with global frame (ITRF/IGS/WGS 84)
– Intraframe velocity models allow georeferencing to specific epochs
– Includes new State Plane system

• Geopotential
– Elevations derived from geopotential models using GNSS
– Referenced to best estimates of mean sea level, updated as necessary

• Includes time-dependency
• Benefits

– Integrated
– Consistent
– Accurate



Accurate positioning begins 
with accurate coordinates 
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