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Outline 

1) Definition of „gravity“ and „free-fall“ acceleration 

 

2) What is needed for Kibble balance? 

 3 components and methods/techniquue for determination of: 

 - spatial „g“ variations, 

 - temporal „g“ variations, 

 - absolute „g“,  

 

3) Uncertainty of absolute „g“ measurements, key systematic effects 

 

4) Conclusion: Uncertainty of different approaches of „g“ determination for 
Kibble balance 



Definitions 
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gravity acceleration = free-fall acceleration 
measured by absolute gravimeters corrected by 
set of conventional corrections for tides, polar 
motion and atmosphere variation 

In geodesy, the Earth’s Gravity Field is described by non-inertial 
system – geocentric terrestrial reference system (including oceans 
and atmosphere) : 
 

gravity potential W = gravitational. p. U + Q centrifugal p. 
gravity acceleration grad W = g = gravitation b + z centrifugal 
acceleration 
 

 g=|g| (magnitude of gravity acceleration) 

Not only gravitational force is relevant ⇒ the usual term of 
„gravitational“ acceleration is incorrect in this case 



Required uncertainty 

1) Measure absolute g 
 
2) Measure/model temporal gravity variations 

(tides, polar motion, atmosphere, 
hydrosphere, geodynamics) 
 
 

 
 
3) Transfer gF (t) to the centre of mass 
 

Target u= 10 µg ⇒ relative standard uncertainty of 1E-8 
gF contribution should be <5E-9 ⇒ 5E-8 m⋅s-2 (50 nm⋅s-2) 

5 µGal 
at the centre of mass and time of the KB experiment 

BASIC CONCEPT 

Jiang et al. (2013) Metrologia 50 

obtain gF (t) 



Transferirng „g“ to the centre of mass 

Carefull 3D gravity mapping is needed (↑3 mm ≈ -1 µGal) including 
determination of the self- attraction effect ⇒ standard uncertainty of 2.0 µGal 

Well calibrated relative gravimeters are needed avoiding those having 
significant magnetic sensitivity.  

The gravity difference should be computed from the position 
of AG where g is invariant of the gradient - effective 
position of the free-fall (1.22 m / 1.27 m for FG5/FG5X)  

 
(52 – 22)0.5 = 4.6 µGal 

contribution from determination of absolute gF (including temporal variations) 
 



Temporal variations - Tides 

YEAR : 2008, Pecný station 
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Easily predictable effect 
Possibility to determine: 
 
1) modelling only (solid tides + ocean loading) ±1 µGal 
 
2) 6-months observations with well calibrated relative gravimeter 

±0.2 µGal. Tidal parameters for main tidal waves are 
determined (ocean tides are included). 

 No need to measure exactly on the site of Kibble balance 
experiment. Tidal parameters have large spacial validity if the 
ocean tides are small – e.g. differences between using 
parameters from Prague or Vienna reach below 0.1  µGal 

 
Always check if the permanent tide (M0+S0, frequency = 0.000) are treated by the same way 

for tidal variations and for absolute g 
 



Temporal variations - polar motion 
The motion of the rotation axis of the earth relative to the crust. Main components: a free 
oscillation with period about 435 days (Chandler wobble) and an annual oscillation. 
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Easily computable effect 
x, y - determined based on space geodesy techniques and published 
on daily bases 
 
1) http://maia.usno.navy.mil/   https://www.iers.org (including 

predictions)  
 
2)  errors quite below 0.1  µGal 

The momentary latitude is 
changing ⇒ change of the 
centrifugal acceleration  

- 

/ µGal  



Temporal variations – Atmosphere 
DIN 5450 (ISO 2533:1975) Standard Atmosphere ⇒ Nomal pressure (depends on 
elevation  H : 

2559515288006501251013 ,
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Simply model/correction using single admittance:                                             µGal  
 
Pressure variations up to 60 hPa at given site  ⇒  variations of  about 18  µGal 
 
 

- the simple model works well in most of cases (errors up to 2 µGal with respect to 
3D model)  u = ± 1.0 µGal 
 

- especially at high elevations, the single admittance should be verified 
- atmospheric pressure has to be measured simultaneosly with KB experiment (daily 
variations up to 20 hPa) 

)pp(,g nP −=∆ 30

hPa  



Temporal variations –  Global hydrology 
Continental water storage variations (hydrological models WGHM, LaD, etc. ) – validateted 
by GRACE 

”g” variations 
up to 6 µGal in 

Europe 
Maximum g in 

autumn 



Temporal variations – Local hydrology 

The signal is variable at 
stations due to LOCAL 
hydrology (100 m radius is 
critical) 
 
Seasonal effect is dominant. 
 
Amplitudes depends on the 
hydrology and localization 
of the station 
(surface/underground ) 
 
The local effects cannot be 
easily modelled. 

Hardly modeled effects 
Seasonal variations approaching 10 µGal are quite usual 
 
The efect should be verified by measurements (carried out for different periods of the 
year) – at least to determine the “hydrological sensitivity” of the station 
 
Localization of the Kibble balance and “g” measurements should be close to each other 



Combination of AG and SG 

• relative values 
• precision < 0.1 µGal  
• continuous registration 
• high temporal resolution 

In situ geodynamic stations: used for the gravity variations in 
periodsfrom few minutes (free-oscillations of the Earth) to decades 



Worldwide SG stations 
International Geodynamics and Earth Tides 
Service (IGETS) 



FG5/X absolute gravimeters 
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Corner-cube absolute gravimeter 
The freely falling test mass is tracked by laser interferometer 

Absolute gravimeter: 
• based upon physical standards 
• no drift 
• uncertainty: ± 2.5 µGal 
• Long-term reproducibility : ± 1.5 µGal 
• observation epochs 

Most accurate and commercial available absolute 
gravimeters 



CMCs 

u = 4.0 µGal 
 
How accurate are the absolute 

measurements? 



Comparisons of absolute gravimeters 

ICAGs – at BIPM 
from 1981 to 2009 

2003, 2007 – Walferdange in Luxembourg 

3 CIPM_KC: 2009 (11 KC + 10 PS), 2013 Walferdange (10 KC + 15 PS), 2017 Beijing 
(13 KC + 17 PS);  

3 EURAMET_KC + PS: 2011, 2015, 2018 



Comparisons of absolute gravimeters 

The KCRV is defined by KC gravimeters only 
using the weighted constraint 

CCM-KC 2009: 7 from 11 AGs FG5/X 

CCM-KC 2013: 8 from 10 AGs FG5/X 

CCM-KC 2017: 12 from 13 AGs FG5/X 

 

 

Σ wk δk = 0   

COMPARISONS – more than 90% of weights are given 
by FG5/X gravimeters declaring standard 

uncertainties of 2-3 µGal (confirmed at comparisons) 
 

However, KCRVs are strongly “FG5/X dependent” !!! 
 

Possible Systematic effects have to be captured!!! 
 

Another technique have to be used for verification !!!  



Systematic errors of FG5/X 

Experiments on FG5-215 and FG5X-251: 

- validation of measurement results 

- determination of particular systematic errors 

- improvement of the original measurement technology 

- developping new measurement systems, methods, software, 
analysis 

Metrologia 53 (2016) 27-40 Journal of Geodesy 93 (2019) 27-40 

Metrologia 55 (2018) 451-459 Metrologia 54 (2017) 161-170 

Metrology and Measurement Systems 25 (2018) 701-713 

Petr Křen et al. 



FG5(X) uncertainty 

Investigated 

FG5/X with HS5 
system + additonal 

corrections

FG5/X - original 
system + standard 

corrections

Influence parameters          x i Contribution to the uncert.                     

/µ Gal
Contribution to the uncert.                     

/µ Gal

Laser frequency 0.02 0.02

Rb-oscillator frequency 0.02 0.02

Test mass rotation, mechanical effects 0.70 0.70

Air gap modulation, floor recoil, fringe interval 1.15 1.15

Vacuum pressure 0.15 0.15

Self attraction correction 0.20 0.20

Electrostatic effect 0.12 0.12

Magnetic gradient field 0.23 0.23

Temperature sensitivity 0.50 0.50

Determination of the reference instr. height 0.35 0.35

Perturbation due to non-constant gravity gradient 0.20 0.20

Electronic phase shift and timing electronics 0.40 2.00

Impedance mismatch 0.05 0.70

Coriolis effect 0.10 0.60

Verticality of the test beam 0.05 0.60

Diffraction correction 0.45 1.00

Dispersion in cable 0.02 0.50

Setup-error, interferometer alignment 0.90 0.90

1.88 3.10
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FG5(X) Original system bias 
Corrections 

/ µGal 
Standardly 
applied 

New 
corrections 

Difference 

Speed-of-light 0.0 

Self-attraction -1.2 -1.2 0.0 

Diffraction +1.2 +2.4 +1.2 

Distortion (350 mV fringes) N/A -2.2 -2.2 

Cable length (5 m) N/A -1.0 -1.0 

Impedance mismatch N/A -1.4 / +1.4 ? 

Verticality N/A +0.2 / +1.0 +0.6 

Eötvös/Coriolis N/A -1.0 / +1.0 ? 

Air-gap modulation etc. ? ? ? 

Sum -1.4 

According to present estimates, the g-values of FG5/X should be too high at present and 
decreased by -1.4 µGal in average. However few next effects have to be estimated. 

Generaly, the present bias of KCRV is expected to be up to 2 µGal. 



Comparison with cold atom gravimeters 
CAG-01 (LNE-SYRTE) – till 2015 the only CAG at International Comparisons  

 

+5.6 ± 1.3 µGal bias explained by wavefront aberation 

Sensitinity of  1 µGal after 100 secmeasurement time  

 

Karcher et al. (2018) New Journal of Physics 20 

Farah et al. (2014) Gyroscopy and Navigation 5 



Comparison with cold atom gravimeters 
GAIN  

 

Nice stabilities are showed but uncertainties have to be verified at comparisons 



The most accurate method: Combination of a continuous Superconducting Gravimeter (SG)    
 and Absolute measurements (e.g. once per year) 

Conclusion: Accuracy of gF  1/3 

Parameter Standard 
uncertainty 

/ µGal 

Absolute g: FG5X-HS5 (CAG-
01)  / FG5X 

1.9   /   3.1 

Time variability 0.1 

3D mapping and self-
attraction 

2.0 

Combined 2.8  /  3.7 

Advantage: continuos g/gF time series, possibility to invite more AGs, compare them etc. 
Disadvantage: SG needs ice-cleaning once/year, cold-head repair each 3-years 

relative standard uncertainty      2.8E-9   /   3.7E-9  



Conclusion: Accuracy of gF  2/3 
Absolute method, based on absolute measuments. Monthly measurements are able to 

clearly detect the seasonal signal. The stability of 1 µGal can be reached within 10 
minutes also by an FG5X 

 
To determine„gF“combination with 
models of tides, polar motion, air 
pressure is efficient– no need to 
operate AG exactly at the time of KB 
experiment 

Parameter Standard 
uncertainty 

/ µGal 

Absolute g: FG5X-HS5 (CAG-
01)  / FG5X 

1.9   /   3.1 

Tides 0.2 

Polar motion 0.05 

Atmosphere 1.0 

Seasonal signal ≈1.0 

3D mapping and self-
attraction 

2.0 

Combined 3.1  /  4.0 

Disadvantage: AG offset variations are not controlled, regular validation is needed 



Conclusion: Accuracy of gF  3/3 
Minimalistic method, based on rarely absolute measuments and modelling tides, 

atmosphere and polar motion effects.  Parameter Standard 
uncertainty 

/ µGal 

Absolute g: FG5X-HS5 (CAG-
01)  / FG5X 

1.9   /   3.1 

Tides 0.2 

Polar motion 0.05 

Atmosphere 1.0 

Seasonal signal ?????????? 

3D mapping and self-
attraction 

2.0 

Combined >3.1  /  >4.0 

“Seasonal” variations are dangerous: 
- the measured absolute g (e.g. in 
spring) might be deviated from the 
“middle”  
- KB experiment can be done in the 
opposite season (in autumn)  
 
Maximal systematic error (peak to 
peak variability of seasonal signal) 
 



Thank you for your attention! 
New gravity lab at the Pecný station 


	Gravity measurements supporting Kibble balances 
	Outline
	Definitions
	Required uncertainty
	Transferirng „g“ to the centre of mass
	Temporal variations - Tides
	Temporal variations - polar motion
	Temporal variations – Atmosphere
	Temporal variations –  Global hydrology
	Diapositive numéro 10
	Combination of AG and SG
	Worldwide SG stations
	Diapositive numéro 13
	Diapositive numéro 14
	Comparisons of absolute gravimeters
	Comparisons of absolute gravimeters
	Systematic errors of FG5/X
	FG5(X) uncertainty
	FG5(X) Original system bias
	Comparison with cold atom gravimeters
	Comparison with cold atom gravimeters
	Diapositive numéro 22
	Diapositive numéro 23
	Diapositive numéro 24
	Diapositive numéro 25

