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SUMMARY

Physical heights — a potential story

Why chronogeodesy ?

Application to levelling
Application to vertical reference surface modeling

Current work and perspectives at IGN France

Conclusion
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BACK TO NEWTON'’S PHYSICS (1687)

Time:
Relative accuracy
10 to 1018

Space:

-USZ62- 63242 : 10-5 to 10-9

SOUI’CG WWW. brltannlca com

PHILOSOPHIA |

NATURALIS

BERET NEGHT BT A
MATHEMATICA.

(e 75 NEWTOW, Trin. Gl e S0 Ml
Piofelfoce Lucsfan, & Soci RgVSodl

IMPRIMA TUR:
S PEPYS, RgScPRESES
Tl 5. 1686,

LONDINI

Isaac Newton

Relative accuracy (Godfrey Kneller, National Portrait

Gallery Londres, 1702)

Source : www.npg.org.uk/
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UNIVERSAL GRAVITATION governs our daily life
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UNIVERSAL GRAVITATION governs our daily life

© Chnstophe Beh
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GEOMETRIC HEIGTS vs PHYSICAL HEIGHTS

Equipotential surface:
physical horizontal surface

Ellipsoide:
Average geometry
of the Earth
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HORIZONTAL SURFACES of the gravity field

. .o . . Level j
Let’s drop a piece of physics into it
Work = / T
Level i
"""""""""""""""""""" Level | OWork = m? . ﬁ = mg.dh
e
,,/ _____________ e e
Al Leveli - Tt
< > Y
- L T —
el Force = Weight 7
A 7 7 SW =g edl = g.dh
e — m Gravity potential = Potential energy of a unit mass

AWpé%pj = gPi%Pj'Ah
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Loop length: ~ 1200 km

Geometric misclosure: 17.9 cm

; | AW misclosure: 0.189 m?s
I - (~1.8cm)
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https://geodesie.ign.fr/
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PHYSICAL HElGHTS h: ellipsoidal height (GNSS)

-~ N:géoid (equipotential surface)
e H: conventional physical height

quu.‘poten r. ###### . -
Wegst ——-5-"7 o 160t AW = g.Ah

Hp = Wp -@ Origin

Géoide W,=cst

Ellipsoide

e — — — — — — — — — — — — — — ———— — — — — — — — — -

Average gravity

PhySical heights } ~ AW Reference surface
Physical reference surface N =Hp —hp

y
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WHY CHRONOGEODESY ?
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LET'S RETURN TO EINSTEIN’S PHYSICS (1915)
What about CIOCkS ? Time Dilation Effects on Earth

800
= 700 - Far time speedup wrt/ Earth time
Physical heights oc AW S |
o 500
0.1 m?s?~ S awop -
Fi - I 1018 | 5 s00l8 & £
irst post-newtonian e — L8 :
. . g 2008, o g
approximation (*) £ wfE :
m M
< 0 .
Af _fO- fP _AW _WO-WP -4 §-1oo— )
- - = + O(C ) 3 ital s eed slowdown
f f C2 CZ 8 200 + (jr\)lt P
0 0 é -300 -
Gravity potential 400 . . . .
Clock f 0 10000 20000 30000 40000
(*) See Denker et al. (2017) oC requency Kilometers from Earth’s center

D0i:10.1007/s00190-017-1075-1

© P. Fraundorf, source wikimedia commun
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RETURN TO EINSTEIN'’S PHYSICS (1915)
What about clocks ? By ioreutietl

Physical heights o« AW

First post-newtonian
approximation (*)
Af — fo' fp :AW :WO' Wp

f f c’ c? +o(c™)

(*) See Denker et al. (2017)
D0i:10.1007/s00190-017-1075-1
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RETURN TO EINSTEIN’S PHYSICS (1915)

What about clocks ?

Physical heights o« AW

First post-newtonian
approximation (*)

A fo- [ AW W, -W,

fh f, ¢

(*) See Denker et al. (2017)
D0i:10.1007/s00190-017-1075-1

= +o(c™)

r{:rJJ\/L\/: -+ Proj
netos: /vy refirnegs

QRUSSELS PTB

N 0 tp J LILLE

: PHLAM - IRCICA
— PARIS t
100 km ; 14 LABS ,

&= Liaison opéraﬂonnell‘ °T°
{—— Extension future FEMTO- s ‘::TRASPOUFC M

BESANCON
Sop . A ANCAY
4===) Liaison internationale * L ul\sl;il UT'N .
O Ville - Laboratoire < A |T7FP| /
() Point transfrontalier .BORDEAUX AUSTRIA
TURIN ROLaN

@ clRIM-
GRENOB E- DANE
TOULOUSE.EEBN LIPHY — R -LSM

CNES - LCAR - =\ —9

Institut national de I'information géographique et forestiere - EUREF 2026 - Tutorial

15 JUNE 2026



EX

REPUBLIQUE I<_: N
FRANGAISE @&

Lkl

vt C]f

APPLICATION TO LEVELLING Offe%ff@’@no

b ) ) L., Y 10)
Levelling is biased NIREF: Nivellement de reférence M Sch,
(reference levelling — We
part of the French contribution to /EVRF)

Cautious measurement protocol

Precision 0.8 mm / vkm

g
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NIREF helght dlfferences vs hydrodynamlc helght dlfferences

W

8°E

S

—— NIREF network

APPLICATION TO LEVELLI%mﬁm,
nlre" m

Levelllng is biased J 4 CO ., Cherbourg f/BE .,

AH (Physical heights On /’@/7 e*@o T e 0005

comfoariéon: onts) [/7‘”8. 144 C@Sby el “n{?ggﬁu

- NIREF adjusted netwo
VS.

- Hydrodynamic-heights differences (HHD)

48°N

48°N

/ hydro:-4.870m
/ niref:-4.955m

/
E /[ hydro: 73.989m-___

46.5°N B A LS R T R o 46.5°N
RO helle~niref.-4.080m
; : hydro: Q .086m|| v hydre:3.982m
Baseline NIREF HHD | Discrepancy niref:-0.024m niref:4:099m '
Dunkirk - Cherbour 875cm | 87.9cm 0.4 cm o el '05-2401‘? e o
9 ' ’ ) niref:10.27 7
Brest - Cherbourg 2.0cm -0.8 cm 2.8cm /
B5N wra«w§9&03\ hydro:-4.069m B3N
1L T nirefEa124m 7
Socoa - Brest 2.4 cm 8.6 cm 6.2cm {JS :
Dunkirk - La Rochelle 110.9cm | 103.7 cm 7.2cm azn / 2&) 2N
Socoa - La Rochelle 27.7cm 24.0 cm 3.7cm 7%
4w 2°wW 0 2°E 4°E 6°E 8°E
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APPLICATION TO LEVELLING N
) .
Effect of long range measurements on levelling /:i\i% _ /g"b* o
. {A\f\\r’w
Experiment: Le
“““““ o b | —
NIREF network adjustment \

L‘-\%ﬂﬁg
VS. "N\

4444444

NIREF + Hydrodynamic heights &
network adjustment f

3333333
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APPLICATION TO REFERENCE SURFACE
COMPUTATION

Background: W is a 3D scalar field obeying Laplace equation outside the sources AW =0

a ™

Convolution W can be estimated
o W as the solution of a
\ J

- boundary value problem
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APPLICATION TO REFERENCE SURFACE
COMPUTATION

Background: W is a 3D scalar field obeying Laplace equation outside the sources AW =0

Convolution W can be estimated
o W as the solution of a
A

boundary value problem

LS Collocation

(linear prediction) W can be estimated

+
n * as a stochastic field
+ throug linear prediction

+§
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APPLICATION TO REFERENCE SURFACE
COMPUTATION
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Background: W is a 3D scalar field obeying Laplace equation outside the sources AW =0

it

LS Collocation
(linear prediction)

1\4

\

~_

+

+
+

+

p Convolution —~—__

LS Collocation
(linear prediction)

/Y

//

//

In pract/ce both strategies

results in linear prediction
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APPLICATION TO REFERENCE SURFACE
COMPUTATION

Testing conditions

Step 1: Build a synthetic gravit [ . )
P u;ield rr)1/odel 'cgravity d Reference solutions J ﬂ #0
Step 2: Define the observation ( )
network and simulate > Synthetic data W and g Residual
measurement noise L )
Step 3: Defi ' |
tep 3: Define an a priori [ Esti )
covariance model and estimate > stimated mgﬂ}e(l);jlv from LSC #1 and #2
the geopotential field using LSC \ /

Assess the contribution of clock observations by comparing solutions #1 and #2

wrt a reference solution #0

- #1:only from gravity data See Lion et al. (2017)

- #2:from gravity and potential data Doi: 10.1007/s00190-016-0986-6
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Ag estimated

APPLICATION TO REFERENCE SURFACE -
COMPUTATION -
Synthetic data | 445

Longitude (deg)

Latitude (deg)

T_estime

Latitude (deg)

: : ik 2 / o i ' 47.0
/ s 7, ) : :. 4 e 3 ’ 4 ; 1 o2
> i o e i . ki 46.0
4. : =S ot - “n - - |"|'_
ot ¥ 4 = > 4 i i 45.0
¥ z J - > 2 I : 43
. . - S 44,0
u T A 43.5
o 400 800 1200 1600
1 2 3 4

Topography Global gravity model Longitude (deg)
See Lion et al. (2017)
Doi: 10.1007/s00190-016-0986-6
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APPLICATION TO REFERENCE SURFACE
COMPUTATION

Synthetic measurement coverage

Data Coverage n®1 : T Data Coverage n°2 : Ag
. . . 47.0 -
46.5 1 2
- - 46.5 20
46.04 1 46.0 1
— L] - - i
on . o 10
% 45.5 " g 45.5
":_—-' L] . [ ] . L] . . " ";_—" _
v 45.0 1 2y 45.0 - §
E - - - -1 E E 0
'.E 445 % 445 -
o | 5 pe |
24.0 - -2 44.0 - 10
5 = 43.5 4
43.5 -3
s e e 43.0 1 =40
2 3 4 1 2 3 4 5
Longitude E (deq) Longitude E (deq)
W See Lion et al. (2017)

£ Doi: 10.1007/s00190-016-0986-6
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APPLICATION TO REFERENCE SURFACE
COMPUTATION

Covariance model adjustment

Covariance entre Tet T Covariance entre T et Ag Covariance entre Ag et Ag
12
. ® Empiric l’} ® Empiric i . @ Empiric
2.5 ) usedInLsQ w0 .} Used InLSQ * {; usedinLsQ
—— Farsberg i —— Forsberg 50 4 \ —— Farsberg
2.04 *  Residuals 8 b *  Residuals \ *  Residuals
—|— Corr. length 5 v —l— Corr. length 5 a0- *,: —|— Corr. length
'-Cr; "\ A E '*l"
1.0 4 T 4 L 4 2 \
* ® = x = 204 &
(=] =] LW
0.5 =X O o5 X ]
-t | | . Sl L 10 - 3
— — a * X
0.0 4 L) ! w K*-.\““-\-—_____Kx xxx ® x){xxx g et
- o P -.'x!x.... B I e ol L X:‘:x‘.ﬂ_;ﬂ%
X ., ..Ili.. ® 4] ERREAr S 3 . —..' o 3¢ o0
—0.5 L @ = & o ... ae®
0 25 s0 75 100 125 150 175 200 0 50 100 150 200 o 50 100 150 200
Distance (km) Bistance-{km} Bistance tkm

Consistent covariance parameters are
obtained from T, Ag, and cross-
covariance analyses.
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APPLICATION TO REFERENCE SURFACE

COMPUTATION

Collocation results: recovery of W from g

Formal errors

47.0

15
46.5

14
46.0

13
45.5

1.2

1.1
44.5

1.0
44.0

0.9
43.5

0.8

1 Z 3 4

Longitude (deg)

Latitude (deg)
b
v
L=}

me/s*

Latitude (deg)
£ & & &
(=] w [=] w

S
w
n

1.0 15 2.0 2.5 30 3.5 4.0 4.5 0 20
Longitude (deg)

-1.5 -1.0 -0.5 0.0 0.5
Valeur des Résidus

Residuals [with mask]

120 - |J =-0.61
Std=0.2

(20 mm)

100 A
80

60

-1.5 -1.0 -0.5 0.0 0.5
Residuals
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APPLICATION TO REFERENCE SURFACE
COMPUTATION

Collocation results: recovery of W from g

Formal errors
47.0 Residuals [with mask]

120 A |,I =-0.22
ol Std=0.06 mm)

: 0.6
46.5
0.5
46.0
o 0.4 3
E’n 455 i
© b3 | 801
© 45.0 5 :
2 03k £ :
q = ) 604
8 a5
0.2
44.0 40 -
43.5 01 20 1
1 2 3 4 1.0 15 2.0 2.5 ) 3.0 3.5 4.0 4.5 0 10 0-
Longitude (deg) Longitude (deg) -0.8 -0.6 -0.4 -0.2 0.0 0.2
I 000 Residuals

-0.8 -0.6 -0.4 -0.2 0.0 0.2
Valeur des Résidus
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WORK IN PROGRESS AT IGN
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Frasaid
H = — Biigeas

WORK IN PROGRESS AT |é -Technology

Prepare the future

Bxy [mT]
|
P
|

B.(2)[mT]

2021 - 2026 (S B © i B
ROYMAGE Project:
contribution as final user o - g I
.50_ '-ll
o
k> 0 P e kil ) “

Structure

Zeeman slower with permanent magnet
Source: Romero Gonzdlez et al. (2023)
https://hal.science/hal-04139115v1
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WORK IN PROGRESS AT IGN - Infrastructure

Prepare the future

2022: Tying the Paris
Obervatory clock to the
French reference
levelling network NIREF

- © Pierre Papin, SGM
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Prepare the future

Work in progress:

Tying the REFIMEVE nodes to
the NIREF + 1st order network

WORK IN PROGRESS AT IGI

49.5°N

46.5°N

43.5°N

g . l -
B_r;est«rm'\/»ﬂ ’

u\%v’%?

S " °

b
Ct\

’\_,_/Ar'wﬂi\(—\\v / ‘ =

REFIMEVE connected Iaboratories
[ 6°E

}\ L|Ile

|3 j} PR
(S D S —

Orléans
K Tours * \

1

Bordeaux

o) /
/G ;\
{

NIREF network

1st order NGF levelling network

REFIMEVE node connected to the NIREF network
REFIMEVE node

r/@tu re

v

7

Marsellle o
_J/u\a_, 7/( ’

éf.fa)sbourg

RN {

Besancon ,,J‘* T

Ji

e .

2

Grénoble Modane
o 10

Caletne /\

'y
b4

51°N

49.5°N

48°N

e 46.5°N

45°N

43.5°N

42°N

27w 0° 2°E 4°E

6°E

8°E
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Prepare the future

Work in progress:
Assessing the benefit for

ConneCtlng more REFIMEVE ® REFIMEVE stati
stations

— NIREF network
1st order NGF levelling network
(NGF IGN 1969 and NGF IGN 1978)
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WORK IN PROGRESS AT IGN - Other studies

Monitoring applications
Peak-to-Peak Water Level Variation

T T T I o 20
Cardiff Landon -
Example: g X 1o
Sensitivity of W to aquifer status st e d i P
) g f L _&U‘imjou:g ! Nurember
in France san “%ﬁ? Li3 o hoions—— W
Moo vyt o S E
48°N E . Y ol g e . % o — Munich| ll 5 E
© ug' oo 4 Firich ) g
£ - L Loh 110 %
B 1 :
46°N x IR E
Some French aquifers exhibit peak-to-peak U~ H. g
groundwater-level variations exceeding 20 m | e 18
over the 2019-2026 period. Bilbao ] 4
2
42°N 200 km R
Groundwater-level changes of about 3 m can ...l—VJF“ﬂ m ] | Barcelons cur, Tomtom, Gamn, Ao, ows usas | [l
occur within only 3 weeks in the most dynamic 5"W o 5°E 10°E
GCIUIferS. Longitude
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FINAL (OPTIMISTIC) WORD

The future vertical reference frame

* Optical clocks reach
the centimeter sensitivity

e cm transportable clocks
will show up within 5 to 10 years

e They will allow the setting up of
a consistent unbiased vertical
reference frame over continental
Europe along the FOREST network
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