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Proposals

The Lunar Reference System (LRS) is 

defined in such a way that:

- its origin coincides with the center of mass 

of the Moon,

- its orientation is defined by the diagonal 

matrix of the lunar tensor of inertia, thus, 

co-rotates with the Moon,

- its scale follows the GR framework as 

defined by the IAU 2024 resolutions.

The International Lunar Reference Frame (ILRF) is 

realized in such a way that:

- its origin is based on the combination of INPOP21a, 

DE430, and EPM2021, using Variance Component 

Estimation (VCE) and referred to the mean center of 

mass of the Earth. 

- its orientation is provided by three Euler angles from 

the VCE combined solution based on INPOP21a, 

DE430, and EPM2021. 

- its scale is realized contemporarily with the origin

and orientation.

- the weights for the origin and orientation derived 

from VCE are the same for all components.



Proposals

ILRF is expressed as a time series of positions, velocities, 

orientation angles and their first derivatives (in ASCII format 

sampled every 0.75 days), as well as in the form of 

Chebyshev polynomials (continuous function).

Implementation period: 1970-2052

→ Easily accessible to users (calceph)

Additionally, the positions of the retroreflectors, the kinematic

corrections, the Love number corresponding to the 

realization, and the transformation parameters to PA and ME

are provided, see: 

Definition and Realization of the International Lunar 

Reference Frame: https://doi.org/10.48550/arXiv.2510.15484

VCE for the orbit combination:

Zajdel, R., Mansur, G., Sakic, P. et al. Advancing 

multi-GNSS orbit combination in the variance 

component estimation framework. J Geod 99, 90 

(2025). https://doi.org/10.1007/s00190-025-02005-

w

https://doi.org/10.48550/arXiv.2510.15484
https://doi.org/10.1007/s00190-025-02005-w


Realization of the ILRF - Orientation

Orientation of the ILRF PA – residuals with respect to individual ephemerides (im meters on the lunar surface)

RMS [m] Phi Theta Psi

EPM21 0.054 0.022 0.092

INPOP21a 0.059 0.017 0.063

DE430 0.139 0.067 0.189

𝐿𝑅𝑆 = 𝑅𝑍 𝜓 𝑅𝑋 𝜃 𝑅𝑍 𝜑 𝐿𝐶𝑅𝑆



Realization of the ILRF - Origin

RMS 

[m]

Radial Along-

track

Cross-

track

EPM21 0.126 0.511 0.214

INPOP21 0.084 0.599 0.350

DE430 0.168 1.666 0.372

Origin of the RF – differences w.r.t. the combination

Origin of the ILRF system relative to the 

geocenter – residuals relative to 

individual ephemerides.

The offset for the radial component 

results from different scales of the 

frames. The largest differences occur for

the along-track component in the 

prediction period. Cross-track is stable

which means that the orbital plane is

well-defined. 

STD is the standard deviation w.r.t. the mean

value. RMS is the root mean square error 

without removing the mean offset value.



Realization of the ILRF – error assessment

Mean Error [m] 1970-1990 1990-2010 2010-2030 2030-2052 Whole

Origin 0.284 0.225 0.153 0.467 0.305

Orientation 0.085 0.061 0.086 0.068 0.082

Total 0.296 0.233 0.176 0.472 0.316

Mean errors of the ILRF combination for individual epochs as derived from VCE with a distinction

for the origin and orientation constituents.

The smallest combination errors are for the period 2010-2030 with a total error of 17.6 cm 

(dominated by the origin error of 15.3 cm with a contribution from orientation of 8.6 cm). 

For the whole assessed period, the total error equals to 31.6 cm.

Frame weights

EPM21 0.451454072137127

INPOP21a 0.380949596178372

DE430 0.167596331684500



Realization of the ILRF – validation using LLR

Sośnica

Error distribution for a 

solution without kinematic

corrections (only 3 Euler

angles are applied + tidal

displacement with VCE-d 

k2 value).

Period: 1984-2025



Realization of the ILRF – validation using LLR

Sośnica

Mean errors for LLR 

observations (one way), 

2015-2025*.

Mean retroflector positions

and kinematic corrections

were derived based on VCE 

weights

For ILRF, the errors are at

the level of 2 cm (despite no 

parameter fit for retroreflector

positions and kinematic

corrections).

* DE430 was fitted up to 

2012, other RFs - 2021.
Retroreflectors



Transformation parameters to PA and Mean Earth (ME) frames
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Transformation formula (7-par. Helmert) based on lunar retroreflectors:

Mean errors of deriving transformation parameters are equal to 3.5, 2.8, and 1.5 cm for DE430, INPOP21a, and

EPM2021, respectively; therefore, the accuracy of the transformation procedure at the level of 2-3 cm is

considered sufficient for most of the lunar applications. The tranformation error to ME is 5 cm (7-parameters)

or 9 cm (3-parameters – rotations only).

~3 cm

~5 cm / 9 cm

~2 cm



Transformation parameters

Transformation parameters derived based on 

retroreflector positions in each RF.

The X-translation is highly correlated with the 

scale parameter due to the geometry of 

observations (r=-0.97). 



Summary

Definitions for LRS and ILRF have been proposed. 

For the time system – many options for the definition are still possible. 

The reference frame is based on a series of three contributing solutions: DE430, INPOP21a, 

and EPM2021 combined using a modified version of VCE (for the 6D vectors including 3 

translation parameters and 3 rotation, with constant weight to meet the requirement of a 

Keplerian motion according to Beutler et al., 1995).

The mean combination error is 17.6 cm for 2010-2030 with the dominating error coming from 

the origin (15.3 cm).

The LLR post-fit residuals in ILRF are at the level of 2 cm for the last 10 years of LLR data.

The mean errors of the transformation between ILRF and other reference frame realizations in 

PA are at the level of 3 cm, whereas the mean tranformation errors to ME frames is 5 cm.
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