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Part 1 – Why did we bother?

              Reference System Modernizations



Spatial reference systems

Geodetic Reference Systems 
Surveying, mapping, geoscience, …

Reference system components:
Origin, orientation and scale of axes

Reference ellipsoid (size and shape)

Physical parameters (tectonic plate motion, geoid model)

Usually horizontal (geometric-3D) and vertical are separated 

Reference systems rarely change, every 50 
years?
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History of system modernizations in Canada
Reference system accuracies stay ahead of the technology

5

Absolute

Accuracy
1 m 5 cm100 m 5 mm

NAD83 NATRF2022NAD27
CGVD2013

RTK

1900 19801960 2000199019401920 2025

EDM

GNSS GalileoGLONASS

Classical

PPP-

RTK

PPP
ACSPassive 

control

5 m

10 cm

5 cm

500 m

1 cm

2010

CCGVD28



Reference frames

Physical realization of a reference 

system

Defined by coordinates assigned to 

geodetic reference markers

Frames are updated often (new data, 

models, and techniques)
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Earth is a dynamic planet
Positions change in time from:

Dramatic events (e.g., earthquakes, 
landslides) 

Predictable motions (e.g., tectonics, glacial 
isostatic adjustment, seasonal changes)

Modern reference frames are 
dynamic 

Adopted at a specific epoch (snapshot) 
in time
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https://www.earthquakescanada.nrcan.gc.ca/index-en.php

Modern reference frames



Canada and the US will modernize their Spatial Reference 
Systems in 20256

(NRCan’s CGS & NOAA’s NGS)
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GoGeomatics article, 2023

https://gogeomatics.ca/canada-is-moving-in-2025-canadas-new-reference-frame-natrf2022/


Geometric
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USA
Current: NAD83 

Modernized : North American Terrestrial Reference Frame of 2022 
(NATRF2022)

Canada:
 Current: NAD83 (CSRS)

 Modernized : NATRF2022

 Rationale: 
 NAD83 is not a geocentric reference system, GNSS and ITRF are geocentric

 The rotation of the North American plates relative to ITRF

•  It can be explained by set of rotation parameters

 NATRF2022 is a

•  Plate-fixed system with rotation parameters 

 Dynamic frame coming with velocity models



Part 2 – What kept us up all night?

              Height System Modernization



Vertical datum?
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USA: 
Current:          North American Vertical Datum of 1988 (NAVD 88)

Tide gauge and levelling with known systematic errors

 Modernized:  NAGPD2022, a gravity-based datum realized by GEOID2022

Canada: 

 Current:             CGVD2013, a gravity-based datum realized byCGG2013a 

 Modernized :     CGVD2013 but with updated realization GEOID2022

Mexico

 Plan to move to NAPGD2022 but uncertain yet



Organizations involved

Canada: Canadian Geodetic Survey 

(CGS)-Gravity and Height System 

Group, Natural Resources Canada

USA: National Geodetic Survey, National 

Oceanic and Atmospheric Administration

Mexico: National Institute of Statistics 

and Geography (INEGI)
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North American-Pacific Geopotential Datum of 2022
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Definitions: Value and realization:

W0 62,636,856 m2s-2

GM 3.986004415x1014 m3s-2

Realization GEOID2022

Geometric RF ITRF2020

Height (type) Orthometric: H(t) = h(t) – N(t)

Tide system Tide Free

Velocity of geoid height Linear (only USA)

Reference epoch 2020.0



Background: data used in GEOID2022

Terrestrial gravity data

Altimetric gravity (DTU21) in 1’x1’ grid 
and shipborne data(CGS)

DEM2022 (3′′, a combination of TanDEM-

X, NED, and MERIT)

ArcGPv2020 in 3’x3’ grids from NGA

Ice thickness data sets over Greenland

Airborne gravity data (GRAV-D) (shown)
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HawaiiAlaska



Background: Density of terrestrial gravity data

2.1 million gravity observations 
throughout North America

Data included from Canada, Mexico, and 
USA

Various other regions

Quality is variable – most data were from 
many decades ago

Spacing is variable
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Density of terrestrial gravity 



CGS and NGS Methods
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GEOID2022
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Validation-External
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Historical GPS(GNSS)/Levelling points

Geoid Slope Validation Survey
GSVS11: 1.0cm (flat area)

GSVS14: 1.2cm (medium topography)

GSVS17: 1.4cm (rough topography)



Validation-Internal Precision
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Difference between GEOID2022 and CGG2013a
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Part 3 – What to do now?

              Working in a Modernized System



Definitions and relationships
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Height System Relationship
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PHYSICAL

ORTHOMETRIC (HO) – distance from 

geoid to point, measured along the plumb line (with 
known real gravity g inside the masses, along the 
plumb line)

NORMAL ORTHOMETRIC – 

orthometric heights computed with same density 
around the point and with using mean normal gravity 
(this is NOT a normal heights) 

NORMAL (HN) – distance from quasi-

geoid to point, measured along the normal plumb 
line (with known normal gravity γ, associated with 
reference ellipsoid)

DYNAMIC – distance from geoid to point, 

measured along the plumb line (with constant 
normal gravity γ45at 45°,associated with reference 
ellipsoid, have no geometrical meaning) 

GEOMETRICAL

ELLIPSOIDAL (h)– distance 
from reference ellipsoid to point, 
measured along the normal to ellipsoid

https://ggos.org/item/height-systems/#learn-this

https://ggos.org/item/height-systems/#learn-this


NAPGD2022 Products
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NGS:
GEOID2022 (static and dynamic) + error

Deflections of the vertical (static and dynamic)

Gravity grid

DEM2022Historical GPS(GNSS)/Levelling points

Tool:

NCAT

CGS:
GEOID2022 + error

Tool:

GPS-H



Anything left to so?

Communication with provinces/states/end users

Improving the internal error estimate by
 Propagation of error in more terms

 Relative geoid error

Incorporation of GRAVD-FO in BC

Updates to the geoid every few years 
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© His Majesty the King in Right of Canada, as represented by the Minister of Natural Resources, 2022



90 years old, still publishing, still inspiring
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Backup Slides
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Canadian Spatial Reference System (CSRS)

Three pillars: 

North American Datum of 1983 
(NAD83 (CSRS)) Ą NATRF2022

Canadian Geodetic Vertical Datum 
of 2013 (CGVD2013) Ą CGVD2013 
with updated realization

Canadian Gravity Standardization 
Network (CGSN)
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International Height Reference System (IHRS)

IHRS: The vertical reference 
surface is an equipotential 
surface of the Earth’s gravity 
field 

The potential of Geoid is the 
one (IAG Resolution No. 
1(2015))
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ὡ φςȟφσφȟψυσȢτ ά ί

ὅὃ ɝὡ ὃ ὡ ὡ ὃ

The vertical potential coordinate 
of point ὃ:

So-called geopotential number

Mean tidal system

The potential of points must tend 
to zero in the infinity



International Height Reference Frame (IHRF)

IHRF: Realization of the IHRF

ὅὃ : Primary coordinate of IHRF

Different type of heights 
depending on mean gravity along 
the plumbline (or other lines)

ὡ ὃ: Potential value at point 
A (from ITRS)

Primary coordinate of the IHRF
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CGG2013a – GEOID2022

Differences up to decimetre

Higher resolution

New DEM, EGM, satellite 
altimetry data

Airborne gravity data

New error estimate model
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Canada and IHRF

CGS contributes to IHRF by 
providing potential values at 
IHRS stations using 
Canada’s regional gravity 
model 

Such stations must meet 
certain criteria

Gravity coverage

Connection to levelling
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