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Motivation: Unification of height systems

• Objective: to refer all physical heights to one and the same 

reference level.

• The same objective with different names:

− global vertical network (Colombo 1980)

− global vertical datum (Rapp 1983) 

− height datum connection (Rummel and Teunissen 1988, Rummel and 

Ilk 1995)

− height or vertical datum problem (Heck and Rummel 1990, Sacerdote 

and Sansò 2001, Sacerdote and Sansò 2004)

− vertical datum connection (Xu and Rummel 1991, van Onselen 1997)

− world height system (Rapp and Balasubramania 1992)

− world vertical datum (Balasubramania 1994, Rapp 1995) 

− global unification of height systems (Rummel 2001)

− global unified height reference system (Ihde and Sánchez 2005, 

Sánchez 2007, Kutterer et al. 2012)

• Realisation through levelling not possible.

• A turning point was the availability of satellite gravity missions, 

in particular GOCE (March 2009 to October 2013): Realisation 

through gravity field modelling.
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→ For the IAG resolutions, see Drewes et al. (2016), 

https://doi.org/10.1007/s00190-016-0948-z

→ Ihde et al. (2017), https://doi.org/10.1007/s10712-017-9409-3

→ Sánchez et al. (2016), https://doi.org/10.1007/s00190-016-0913-x, 

→ Mäkinen (2021), https://doi.org/10.1007/s00190-021-01541-5

1) Geopotential-based height system:

• Vertical coordinates are potential differences 

with respect to a conventionally fixed W0 value: 

CP = C(P) = W0 – W(P) = –W(P) →

W(P) = U(P) + T(P)

• T(P): disturbing potential obtained from the 

geoid or height anomaly determination

• P: Point position in the ITRF

XP (XP, YP, ZP); i.e., W(P) = W(XP)

• Includes changes of C(P) and XP with time 

• Mean-tide system / mean (zero) crust.

2) International standard for physical heights, i.e. 

the world height system of the IAG

3) IAG Resolution No. 1, Prague, July 2015

International Height Reference System (IHRS)
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Requirements and challenges

1) Precise X coordinates in the International 

Terrestrial Reference Frame (ITRF) 

2) An optimal geopotential model based on 

the combination of 

• a satellite Global Gravity Model (GGM)

• surface gravity data (terrestrial, airborne, 

marine) and 

• gravity signals derived from topography 

models 

1) Expected accuracy of C(P) is

▪ Positions:  310-2 m2s-2 (about 3 mm)

▪ Velocities:  310-3 m2s-2/a (about 0.3 mm/a)

2) For the moment, we consider static coordinates only and our goal is 110-1 m2s-2 (about 1 cm)

Geometric component, follows the 

IERS Conventions

Physical component, W = U + T

• Data processing standardisation is challenging 

• High sensitivity to small changes in data analysis 

• Stochastic model mostly missing

• Availability and quality of surface gravity data 

vary significantly around the world

• Regional/national experts involved in the 

determination of W in their regions/countries

Sánchez et al. (2021), https://doi.org/10.1007/s00190-021-01481-0
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1) Reference network with known 

X and W

2) Materialised by GNSS

continuously operating stations 

for the determination (and 

monitoring) of X

3) High-resolution geopotential 

model (geoid or height 

anomaly) for the determination 

of W ( = U + T )

4) Global core network, with 

regional/national densifications 

as basis for GNSS/levelling, 

but also for optical (spirit) 

levelling (densification over 

short distances).

Realisation: International Height Reference Frame (IHRF)

IHRF core network (about 170 stations) as of September 2025
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1) Conventions and numerical constants  prepared by the IHRF 

Convention’s Coordination

2) Collection of precise ITRF coordinates of the reference stations at 

the same epoch  prepared by the IHRF Reference Network 

Coordination

3) Recovering disturbing potential values from the local/regional 

geoid or height anomaly (pure gravimetric models, without fitting to 

GNSS/Levelling data)  by the IHRF Associate Analysis Centres

4) Inferring absolute potential values  by the IHRF Associate 

Analysis Centres

5) Conversion to mean tide potential values  by the IHRF Associate 

Analysis Centres

6) Checking computations in (3), (4) and (5), comparison of solutions, 

metadata preparation  by the IHRF Combination Coordination

7) Publication and storage  by the IHRF Coordination Centre

Computation of a first solution for the IHRF
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𝑁 ~  =
𝑇

𝛾
→ →

From height anomaly From geoid

Computation of a first solution for the IHRF

Potential values: 

Potential values in the zero-tide system:
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Computation of a first solution for the IHRF

Computation of IHRF geopotential values in the mean-tide system:

Results (example Argentina, Chile):

→
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• Quality assessment of the W values is very difficult because a proper error propagation and 

redundancy are practically impossible. External validation data (i.e. GNSS/levelling) are required 

and sometimes their quality is very poor. We recommend:

→ Ensure a reliable (new) GNSS/levelling dataset for your own validation process.

→ Evaluation of the calculation methods used by national/regional experts: determination of 

the geopotential model using a certain set of input data and comparison with results 

obtained by other approaches: 

• Simulated dataset available at the IHRF-CC: https://ihrfcc.topo.auth.gr/

• Additional datasets available (e.g., Colorado, Auvergne) at the International Service for 

the Geoid, https://www.isgeoid.polimi.it/.

→ Redundancy is desired: Two calculations using the same input data and different software.

Challenge: Quality assessment 

https://ihrfcc.topo.auth.gr/
https://www.isgeoid.polimi.it/


Deutsches Geodätisches Forschungsinstitut (DGFI-TUM) | Technische Universität München 10

Redundant calculation:

Same input, different approaches

Differences between the potential 

values inferred from the Canadian 

geoid PCGG20_21A and the US 

height anomalies xG20B (thanks to 

M Véronneau, J Huang, YM Wang and K 

Ahlgren):

Mean: -0.01 m2s-2 (~  -1 mm)

STD:    0.26 m2s-2 (~   3 cm)

Min.:   -1.05 m2s-2 (~ -10 cm)

Max.:   0.48 m2s-2 (~   5 cm)
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Redundant calculation:

Regional model vs national model

Differences between the geopotential numbers inferred from 

the South American geoid model GEOIDE2023 and the 

national (quasi-)geoid models of Argentina, Brazil, Colombia 

and Uruguay (thanks to C Tocho, A Gómez, E Antokoletz, ACOC 

Matos, D Blitzkow, G Guimarães, H Olarte, Q Liu, W Subiza)

Country Mean STD

Argentina (6 pts) 0.05 m2s-2 (~ 1cm) 1.71 m2s-2 (~17 cm)

Uruguay (2 pts) 0.36 m2s-2 (~4 cm) 0.12 m2s-2 (~1 cm)

Colombia (1 pt) 0.23 m2s-2 (~2 cm)

• Challenging topography (terrain effects)

• National geopotential models preferred (instead of regional)

• New calculations completed in February 2025
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Mexico (1 station):

Model GGM-CA 2015

Mean accuracy 2.0 m2s-2

Australia (7 stations):

Model AGQG2017

Mean accuracy 0.62 m2s-2

Africa (10 stations):

Model AFRgeo2019

Mean accuracy 2.0m2s-2

Brazil (6 stations):

Model GEOIDE2023

Mean accuracy 0.50 m2s-2

Argentina (5 stations):

Model: Geoide-Ar16

Mean accuracy 0.45 m2s-2

Uruguay (2 station):

Model UruGeoide2023

Mean accuracy 0.35 m2s-2

Colombia (1 station):

Model QGeoidCOL2023

Mean accuracy 0.57 m2s-2

Canada (11 stations):

Model PCGG20_21A

Mean accuracy 0.35 m2s-2

Europe (29 stations):

Model EGG2016

Mean accuracy 0.50 m2s-2

Japan (5 stations):

Model JGEOID2019

Mean accuracy 0.57 m2s-2

US main territory (30 stations):

Model NAPGD2022 - xG20B

Mean accuracy 0.45 m2s-2

First solution for the IHRF

The rest 44 stations (no regional 

or national model available)

Model XGM2019e

Mean accuracy 4.0 m2s-2

Greenland (2 stations):

Model GGEOID16

Mean accuracy 1.00 m2s-2

Nordic countries (3 stations):

Model NKG2015

Mean accuracy 0.16 m2s-2

Germany (2 stations):

Model BKG2016g

Mean accuracy 0.20 m2s-2

Faroe (1 station):

Model FOGEOID2010

Mean accuracy 0.50 m2s-2
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Closing remarks 

1) The first solution for the IHRF is completed. It contains geopotential numbers with accuracies 

ranging from about 2 cm to 40 cm in terms of physical heights. Publication is in preparation.

2) The determination of the gravity potential W = U + T (i.e., the geoid or height anomaly) is the core 

element for the realisation of the IHRS/IHRF. The IHRF is as accurate as the geoid/height anomaly.

3) The IHRF cannot be calculated by one person or organisation, but requires the contribution of 

regional experts in geoid modelling worldwide. The support of the IHRF Associate Analysis Centres 

is essential and highly acknowledged.

4) Next steps: Under the coordination of the IHRF Coordination Centre (https://ihrfcc.topo.auth.gr/), a 

next solution for the IHRF will be determined (synchronised with the release of new ITRF solutions, 

in this case the updated ITRF2020-u2023), taking into account new stations and improved national 

geopotential models (geoid or height anomaly).

https://ihrfcc.topo.auth.gr/
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