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GRACE(-FO) measurement principle

In order to derive gravitational attraction of the Earth mases, the effect of non-gravitational forces
have to be subtracted from measurements.

Measurement principle of GRACE(-FO) missions
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GRACE(-FO) measurement principle

= |n order to derive gravitational attraction of the Earth mases, the effect of non-gravitational forces
have to be subtracted from measurements.

= Impact of non-gravitational accelerations on the inter-satellite distance removed using
measurements from the accelerometers

A
-——

Air drag

Measurement principle of GRACE(-FO) missions
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Limitations of electrostatic accelerometers 62

= Electrostatic accelerometers (EA) have poor resolution in low frequencies, due to:

* Parasitic accelerations on the TM (e.g. stiffness of gold wire, Lorentz force etc.) [Frommknecht et al. 2003]

* Temporal aliasing (under sampling of high frequency mass variations in Earth system) [aivarez et al. 2022]

11 T ' rrrTy . T ' '
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b1

Ll

1t 4 --=- ACC
10-11 | Ll - -- KBR 4 | = KBR-K-band range ACC (microwave)
== === LRI . LRI — Laser-range interferometer ACC
| mmor CAFACC 1 1 s CAI- Cold atomic ACC

10— 10—1 10—3 102 10~ 10°
Frequency / Hz

ASD of EA accelerometers for GRACE family missions

Image source: Miiller J, et al. [2021]
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Improvements from optical accelerometers

= Electrostatic accelerometers sensing test mass (TM) motion by capacitive sensing.
* Under the impact of the non-gravitational forces the TM moves

e Capacitance varies linearly with the amplitude of the TM motion.
= Optical accelerometers sensing TM position by use of laser interferometry

electrodes

Laser interferometer

controller

Test mass (TM)

Optical accelerometer configuration
Image source: modified from Douch K, et al. [2017]
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Improvements from optical accelerometers
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= Electrostatic accelerometers sensing test mass (TM) motion by capacitive sensing.
* Under the impact of the non-gravitational forces the TM moves

e Capacitance varies linearly with the amplitude of the TM motion.
= Optical accelerometers sensing TM position by use of laser interferometry

electrodes

/\ Laser interferometer

controller

Test mass (TM)

Optical accelerometer configuration
Image source: modified from Douch K, et al. [2017]

= Optical ACC = Electrostatic control of TM + Optical readout of TM position
\ \ J

J

I [
GRACE(-FO) LISA Pathfinder
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Improvements from optical accelerometers

= Electrostatic accelerometers sensing test mass (TM) motion by capacitive sensing.
* Under the impact of the non-gravitational forces the TM moves

e Capacitance varies linearly with the amplitude of the TM motion.

= Optical accelerometers sensing TM position by use of laser interferometry
s Comparison betweeen ACC noise ASD models, mission duration 1 month
10 = | —ASD classical EA ACC (GRACE-FO) ' .

——ASD novel optical ACC (LISA-Pathfinder) |
ASD optic ACC in drag-free 300km [Alvarez et al., 2022] |
—ASD optic ACC in non-drag compensated 500km [Alvarez et al., 2022]|

electrodes

Laser interferometer

T electrostatic ACC (GRACE-FO)

Optic ACC #1
o, Optic ACC (LISA-Pathfindei/

Optical accelerometer configuration 1016 BRI EEEcH EEEEEEIR IER R e
Image source: modified from Douch K, et al. [2017] 1074 103 102 101

Test mass (TM)

frequency [Hz]

= Optical ACC = Electrostatic control of TM + Optical readout of TM position
L \ J

)

Y [
GRACE(-FO) LISA Pathfinder
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GFR solutions comparison (single sat. pair)

=  Monthly gravity field recovery (GFR) solutions comparison from GRACE-FO and NGGM

concepts
*  EIGEN-6c¢4 reference gravity model, without AOD
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GFR solutions comparison (single sat. pair)

=  Monthly gravity field recovery (GFR) solutions comparison from GRACE-FO and NGGM

concepts
*  EIGEN-6c¢4 reference gravity model, without AOD

GRACE-FO
* Intra-satellite: classical electrostatic ACC
* Inter-satellite: KBR
* Dual satellite config., alt.: 450 km

20220210-100333
o

B MMI’MW‘HHW!IM ‘m*.m |

EWH amplitude: £150 m

EGU 2022 General Assembly (23-27 May, Vienna) 9



GFR solutions comparison (single sat. pair)

=  Monthly gravity field recovery (GFR) solutions comparison from GRACE-FO and NGGM

concepts
*  EIGEN-6c¢4 reference gravity model, without AOD

GRACE-FO NGGM # 1

* Intra-satellite: classical electrostatic ACC * Intra-satellite: novel optical ACC

* Inter-satellite: KBR * Inter-satellite: KBR

* Dual satellite config., alt.: 450 km * Dual satellite config., alt.: 450 km
20220210-100333 20220210-091423

180° 120°W 60°W 0 60°E 120°E 180° 180° 120°W 60°W 0° 60°E 120°E 180°

i =T R

|1l.|lm

Order Order

EWH amplitude: £150 m EWH amplitude: £2 m
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GFR solutions comparison (single sat. pair)
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=  Monthly gravity field recovery (GFR) solutions comparison from GRACE-FO and NGGM

concepts
*  EIGEN-6c¢4 reference gravity model, without AOD

GRACE-FO NGGM # 1
Intra-satellite: classical electrostatic ACC * Intra-satellite: novel optical ACC
Inter-satellite: KBR * Inter-satellite: KBR
Dual satellite config., alt.: 450 km * Dual satellite config., alt.: 450 km
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NGGM # 2
* Intra-satellite: novel optical ACC
* Inter-satellite: LRI
e Dual satellite config., alt.: 450 km
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EGU 2022 General Assembly (23-27 May, Vienna)
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GFR from Bender constellation

= Monthly gravity field solutions for the Bender (2 satellite pairs) configuration
* Inter-satellite LRI
* Intra-satellite ‘optimistic’ EA
*  EGM2008 reference gravity model, without AOD:
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GFR from Bender constellation

= Monthly gravity field solutions for the Bender (2 satellite pairs) configuration
* Inter-satellite LRI
* Intra-satellite ‘optimistic’ EA
*  EGM2008 reference gravity model, without AOD:

EWH amplitude: £0.6 m
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GFR from Bender constellation

= Monthly gravity field solutions for the Bender (2 satellite pairs) configuration

* Inter-satellite LRI
* Intra-satellite ‘optimistic’ EA
*  EGM?2008 reference gravity model, without AOD:
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GFR from Bender constellation

= Monthly gravity field solutions for the Bender (2 satellite pairs) configuration
* Inter-satellite LRI
* Intra-satellite ‘optimistic’ EA
*  EGM?2008 reference gravity model, without AOD:
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NGGM optical gradiometery

* Enhanced gradiometry (consisting of optical ACCs) would improve determination of
the static gravity field and might even observe time-variable gravity changes

Ice Bottom Topogr Hhy
Static Quasi Static Fronts
o‘(::::rcsi{l‘r;’;:tei;’” opographic Control
Coastal ' irrents . Laser
Palia ot interferometer
/"— T electrodes i
Secular !
ﬂ’:\i Inertial
- ] IS sensor
Decadal Sea Level Change Icai::et | ‘
Balance iceFlow B
Interannual
o | g Test mass
| s — e j Scheme of the optical, single-axis gradiometer
. tmosp Ocean Flux Bottom
Monthly .‘ - Currents 47
Solid Earth and Ocean Tides
Diurnal
Semi-Diurnal
Instantaneous
o PO 1000 1000 100 10 [km]
spatial
resolution
Spatial and temporal signatures of the gravity signal
covered by CHAMP, GRACE and GOCE
Image source: Massotti L., et al. [2013]
|
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Optical Vs. Electrostatic gradiometer

ASD of Differential Mode Accelerations, 0.2 days

10 ——PSD(optic ACC noise [Alvarez, 2021])
PSD(electrostatic ACC, GOCE-like [Drinkwater, 2003])
PSD(error-free)
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ASD of Differential Mode
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electrostatic and optical ACCs
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Optical Vs. Electrostatic gradiometer

ASD of Differential Mode Accelerations, 0.2 days
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LISA-Pathfinder demonstrated promising results for GOCE & GRACE type of
missions thanks for implementation of optical interferometry
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= LISA-Pathfinder demonstrated promising results for GOCE & GRACE type of
missions thanks for implementation of optical interferometry

= Laser interferometry (position readout of the Test Mass and inter-satellite range

measurements) usage on board GRACE-like satellites can improve accuracy of the
retrieved gravity field by the several orders
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= LISA-Pathfinder demonstrated promising results for GOCE & GRACE type of
missions thanks for implementation of optical interferometry

= Laser interferometry (position readout of the Test Mass and inter-satellite range
measurements) usage on board GRACE-like satellites can improve accuracy of the

retrieved gravity field by the several orders

= Combination of 2 satellite pairs (Bender constellation) can significantly improve
the accuracy of the GFR solution
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Conclusions & Acknowledgements

= LISA-Pathfinder demonstrated promising results for GOCE & GRACE type of
missions thanks for implementation of optical interferometry

= Laser interferometry (position readout of the Test Mass and inter-satellite range
measurements) usage on board GRACE-like satellites can improve accuracy of the

retrieved gravity field by the several orders

= Combination of 2 satellite pairs (Bender constellation) can significantly improve
the accuracy of the GFR solution

= Novel optical gradiometers can improve not only spatial, but also temporal
resolution in comparison to GOCE mission
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