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Earth Gravity and quantum 
.. Why it is of interest and society benefit ..
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Gravity fundamental in astrophysics and geophysics … 

At Sagitaurus A* (Milkyway black hole event horizon) g = c⁴ / 4GM ∼ 3.5 × 10⁶ m/s²
At surface of sun ∼ 273 m/s²
At surface of earth ”g” ∼ 9.76-9.83 m/s², at Mars: 3.72 m/s²

Smallest gravity changes on earth measurable (pre-quantum):  static ∼ 10-9 g, ∼ orbit 10-12 g 

NASA JPL 



Knowledge of the Earths Gravity Field and its
time changes has important societal benefits

.. low-hanging fruits for quantum atom interferometry

- Melt of ice sheets and ice caps
- Global sea level rise
- Ocean currents (by combination with satellite

rqadar altimetry)
- Droughts, flooding and precipitation / snowfall
- Geoid – national height systems
- Geophysics, mining and exploration
- Precise Inertial navigation
- ….



Global gravity field changes from space: GRACE / GRACE-FO (NASA/DLR 2002-17, 2018-)

Antarctica melt

Ice cap melt

MonsoonDroughts

Earthquakes

Drought

Record snowfall

Monsoon

Monsoon

ESA NGGM/MAGIC - 2032 



Gravity field and climate …

• Measuring sea level changes and ice sheets .. Geoid integral part of 
processing and theory (John Wahr, U Colorado, 1998 paper)

• Geoids – ocean currents, global sea level rise inundation, coastal protection ..
• GIA (Glacial Isostatic Adjustment) – important corrections for full utilization of 

satellite gravity missions
• Sub-terrain hydrology and acquifiers (quantum goal ..) 



Melting icesheets and global sea level rise – GRACE / GRACE-FO
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Gravity field and inertial navigation

Inertial navigation essential in GNSS-denied environments

IMU’s drift – due to gyro and accelerometer errors, and unknown gravity field

Commercial IMU’s ∼ 0.5 nm/hr (e.g. Honeywell F-16 RLG IMU)
High-end military systems ∼ < 0.2 nm/hr (submarines, ICBMs)

Gravity field maps used for correcting high-end IMU’s
(upload of grid models or 3D global models – NGA EGM2008)

Gravity field is 3-dimensional (gN, gE, gD) .. 
Horizontal gravity = deflections of vertical

”Vector gravimetry” 

Strapdown IMU and stabilised gravimeter, 
Sabah Air Beech Kingair,DTU Malaysia 2014



Inertial navigation – highly relevant due to GNSS jamming …

Gyro-stabilised local-level platform Strapdown IMU

Initial position and speed
x0, y0  and vx,0, vy,0

Gravity acceleration along the 
profile:
g x,𝑦𝑦

Integration for velocity:

vx t = vx,0

vy t = vy,0 + � g x(t),𝑦𝑦(𝑡𝑡) d𝑡𝑡

Integration for position:

x t = 𝑥𝑥0 + � vx t d𝑡𝑡 = vx,0 𝑡𝑡

y t = 𝑦𝑦0 + � vy t d𝑡𝑡

= 𝑦𝑦0 + vy,0 𝑡𝑡 + � g x(t),𝑦𝑦(𝑡𝑡) d𝑡𝑡



IMU – gravimetry (iMAR / Honeywell)

IMU’s drift with time …

Precise GPS updates of position and velocity
can allow estimation og gravity vector

IMU+GPS => airborne gravimeter





Earth gravity – geodesy and geophysics

Conventional unit: mGal – 10-5 m/s2

Primary applications:

• GPS and geodesy / geoid and 
height systems

• Oil, gas and mineral exploration

• Satellite orbits and navigation 
(inertial navigation / missiles / 
submarines)

g = 9.81 547 461 m/s2

Earth shape
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Tide-
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Salt domes – oil and gas exploration

Geoid in Danmark (meter)



Geophysical exploration

Gravity always used together with
seismic, magnetic, EM data ..

Australia Geoscience 

KANUMAS consortium



Geodesy: Some basic gravity concepts and textbooks …

Newtonian potential and gravity field

G: Gravitational constant; ρ: density
W = V + Φrotation physical potential on a rotating earth
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Geoid height is deviation of equipotential from a 
selected reference ellipsoid (e.g., WGS84 = 
GRS80 ellipsoid)

Gravity anomaly is deviation of gravity from 
normal gravity as expected on ellipsoid from 
theory .. Gravity anomalies measured in mgal (= 
10-5 m/s2)

Reference ellipsoid
defined by earth
mass M, semimajor 
axis a, semi-minor axis
lb, rotation ω
GPS: WGS84
a = 6368137 km
b = 6356752 .. km
f = (a-b)/a ∼ 1/298

Real earth density from seismology



US NGA 





Basic geodetic coordinate systems  

Earth-fixed – latitude ϕ, longitude λ, height h (over the ellipsoide)
Co-latitude: θ = 90°-ϕ. In consistent notation: ϕ also used for longitude at times …
Cartesian: X, Y, Z
Local N, E, Up system … ellipsoid vertical n is different from local vertical g
Direction in relation to ellipsoid normal: deflections of the vertical (ξ, η)

Ellipsoid chosen so it has a ”best fit” to the 
geoide = the ”undisturbed” sea surface

Ellipsoid parameters:
Flattening, eccentricity, radius of curvature (prime 
vertial curvature):



The Laplace equation and harmonic functions

Second derivatives: Vxx, Vxy, Vxz for a point mass easily derived by differentiation ..
Second order gravity field tensor (symmetrical 3 x 3 matrix)

Globally:

Outside mass potential field will be harmonic:

∇2V  =  ∆V  =  Vxx + Vyy + Vzz =  0 

Inside mass a shrinking small sphere used to derive Poisson equation:

∆V  =  -4πGρ

Used in borehole profiling to find densities
Harmonic functions have many ”nice” properties: Mass can be derived from flux through an external surface

ESA GOCE 2009-13: 
Global Ocean Circulation Explorer
Direct measurement of tensor elements
of gravity field in low orbit (∼240 km)
Vxx, Vyy, Vzz, Vxy, Vxz, Vzz
(in local satellite system)

Enhed: Eotvos, 1 E = 10-9 s-2



Relationships - geoid, gravity anomaly and deflections of the 
vertical ..

All relations based on harmonic functions => classic integral formulas
(”filtrering”) for the ”anomalous” potential T = W – U …

i.e. … if you know one compent of the gravity field anywhere on earth, 
you can compute all other quantities … Nash and Jordan (1978 good
overview for aerospace engineers ..)
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Getting the feel of gravity field quantities … the point mass on a flat earth

Gravitational effect of a sphere of uniform density is the same as a point mass
Assume an (x, y, z) – system, here with z down for geophysics, and point mass at (0,0,z)

P

x

y

z

s

r

Potential

Geoid (Bruns formula)  

Gravity anomaly

Gravity gradients
tensor elements
(x,y,z) = (x1,x2,x3) 

Conventional Units:

g.p.u. = 10 m2/s2

meter

mGal = 10-5 m/s2

Eotvos unit = 10-9/s2

G = newtonian
gravitational constant:

6.6743 × 10-11 m3 (kg-1 s-2

In conventional units for 
gravity, density and m:

G = 0.00667 
mGal⋅m/(g/cm3)



Solution to the Laplace equation – spherical coordinates: Spherical harmonics
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Making solution to Laplace equation by separation of variables, and using constant k

V(r,θ,λ) = V1(r) V2(θ) V3(λ)

results in spherical harmonics and two radial solutions (for ”inner” and ”outer” fields) 

rn Ynm(θ,λ)  and  r(-n+1) Ynm(θ,λ)  

for n = 0, 1, … and m = -n to n            
Wellknown stuff in quantum mechanics also



Log scale
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Spherical harmonics expansion – gravity field change as function of height
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Examples of global gravity field models:

EGM2008 (N = 1960) 
– satellite and surface data

GOCE-R6 (N = 300)
– GOCE/GRACE model 

GRACE monthly models (N = 90)

See many more at
http://icgem.gfz-potsdam.de/ICGEM/

http://icgem.gfz-potsdam.de/ICGEM/
http://icgem.gfz-potsdam.de/ICGEM/
http://icgem.gfz-potsdam.de/ICGEM/


CHAMP                     GRACE                          GOCE

Satellite gravity: principle of measurements and error improvements

Error studiers  :                                         is the degree-variace, equivalent to power spektrum in  FFT [ ]  S+ C= nmnm

n

=m
n
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CHAMP 2000 – Challenging Micro 
- Satellite Payload (GFZ), gravity and magnetics

GRACE 2002-17 / GRACE-FO 2018-
– Gravity and Climate Experiment

Temporal change of earth’s gravity field – monthly
spherical hamonic solutions
Ultra-precise geoid models to be used for:
• deep ocean changes (”ocean bottom pressure”), 
• mass balance of ice sheets and glaciers, 
• changes in continental storage of water and snow
• mantle and lithospheric density variations 
• postglacial rebound
• geoid ... static field improve long-wavelengths



GRACE data - monthly gravity fields

Different processing centers: CSR/University of Texas, 
GFZ/Germany, CNES/France, NASA JPL/USA, TU Graz/Austria ..

GRACE gravity changes – yearly gravity trend and seasonal
change (CSR RL5 dg at 480 km, deg 60), µGal)



GOCE – ESA satellite gradiometry 2009-13

• 6-component measurement of tensor
Vxx, Vyy, Vzz, Vxy, Vxz, Vyz

• New technology: drag-free satellite and 
electrostatic accelerometers

• Very low orbit (260 km) ... Lowered to 224 km
in last phase of mission => higher resolution

Several GOCE models – lastest 
Release 6 – 2016
Complete mission data 2009-13:
DIR – fields with GOCE+GRACE
TIM – GOCE only, degree 300 

Error spectrum for CHAMP (SST-hl), 
GRACE (SST-ll) and GOCE (SGG)

Star camera (DTU Space)

3-axis gradiometer (ONERA) 



GOCE gravity gradients

Only 5 independent components (symmetry + Laplace equation)
Measurement units: Eotvos, 1 E =  10-9s-2

L1 data: gradients local ”strapdown” (forward, left, cross system) 
L1B: N,E,U system (complicated by different quality of measurements)
L2: spherical harmonics (ESA models: ”R5 direct” or ”R5 timewise” ..) 

Gravity
anomaly

Geoid



NGGM – Next Generation Gravity Mission (ESA)

When flying together with GRACE-FO/GRACE-C = ”MAGIC” satellite consteallation

Laser links only – lower orbit to give higher resolution .. Two satellite pairs allow solutions every 5 day



Quantum gravimetry satellite missions … CARIOQA and NASA-Inflection

CARIOQA EU project to develop a quantum pathfinder mission – .. Lead CNES, DLR .. 
Building on EU-DEFIS desktop report 2020-21, launch 2031-32? Funded via HE calls..

NASA-JPL to launch gravity gradiometer 2030? Block-band lattice quantum technologies?  

(T Laveque, CNES)

NASA-Inflection

JILA, Science 2025



Gravity data collection – global cooperation

30



Gravity measurements – historical:
Pendulums
1920’s: 
- First spring gravimeters
- First mobile measurements (Vening-
Meinesz, submarines).



Classical gravity measurements – absolute and relative

Micro-g Lacoste (A10-019)
- Principle: Free fall
- Accuracy ~ 70nm/s2

- ~600 free fall for a measurment
- Measurement time  ~ 1-2 hr

Scintrex CG6



Mean sea
surface
from space
measured by
radar altimetry
+ GOCE

=> detailed g 

Satellite altimetry – marine high-resolution gravity

Global
gravity
anomalies
(DTU Space)





Example: Namibia 2020-21 … covid-19, weather, aircraft
problems, Instruments and bureaucracy challenges at +40°C

Geoide

Gravity anomaly
(mGal ∼ µg)



Example: Nepal … most challenging flights, most rough gravity field in the world (flown 2010 .. Bhutan 2026)



Other developments - drones

Use for climate and environment monitoring .. 

GNSS, IMU, lidar, gravimetry



First drone tests 2020 – Irish Sea / BVLOS (70 km line)

Drone gravimetry? 
DroneSOM – EU project, Sokli, Finland, 2023; Sweden and Germany 2024 



Sven Hermann



Atom interferometer – quantum gravimeter (Rb-87) 
Builds on mass – photon dualism

M Weigelt





M Weigelt, DLR

Atom interferometer – quantum gradiometer (Rb-87)

Measurement of gravity gradient components .. gravity gradients measure field directly in orbit



Quantum developments – relevant to gravity field sensing / PNT / fundamental physics

S. Abend, IQO

Fibre optic quantum gyro interferometer



• Typical 106 Be-87 atoms per cycle .. Magneto-optical trap few mm dimension, raman laser ”push” +/- π/2
• Ultra-high vacuum with laser cooling, down to µK – ”Molasses” (colder: Bose Einstein condensate)
• ONERA ”Girafe”  typical repeat period ∼10-20 ms (interrogation) .. much longer interrogation possible in space
• Interference phase pattern output relateres to g => direct measurement of gravity
• Phase ambiguities and interrogation breaks => use of a standard IMU for hydrid processing

Atom interferometer – matter-wave gravimeter priciples – ONERA ”girafe”



International developments
France: ONERA, Exail ..
UK, Australia, Singapore, China, US/DARPA ..



First practical applications of Atom Interferometry gravimetry – ONERA / GIRAFE



Airborne Quantum Gravimetry campaigns – DTU Space / ONERA / ESA

Flight campaign ONERA ”GIRAFFE”: Iceland 2017 / 
Toulouse: Bay of Biscay, Pyrenees 2019
Validation: state-of-the-art strapdown IMU gravimeter / 
upward continued ground gravity

Cold atoms                                Ground truth

2017: ~ 2 mGal rms
accuracy

2023: < 1 mGal rms
accuracy, GPS limited





Toulouse 2019 
(ONERA/DTU/BGI)

Two classic
g-sensors flown

4 flights
– 2 months!!





Greenland/Iceland quantum gravimetry
survey June 2023

Purpose:
- Enhanced GIRAFE cold atom gravimeter (ONERA)
- 1 cm geoid of Nuuk region (SDFI)?
- Iceland gravity changes? (ESA NGGM)
- Navigation errors if GNSS jamming

Principle of the GIRAFE  
From Bidel et. al. (2018)





Grønland/Island 2023 airborne quantum campaign

Greenland

Gravity anomalies Vatnajokull ice cap

Iceland

ICELAND:
2017 : estimated error = 
2.8 mGal
2023 : estimated error = 
1.1 mGal

NUUK:
estimated error = 2.1 mGal
Fjord effects ...



Iceland 2023: comparisom with gravity data on ice and land



Greenland: comparison of quantum and iMAR IMU airborne

Fjords at km+ depths are generate strong gravity lows



Nuuk 2023 quantum gravimetry cross-overs  ... Impact of (too much?) filtering



Nuuk quantum gravimetry  ... cross-over validation tricky due to large signals and (too-much?) filtering



Nuuk upward continuation

Predicting gravity anomaly
and deflections of the vertical
along the quantum flight 
tracks ..



Nuuk predicted horizontal gravity (deflections of vertical)

Arcsec Arcsec

η (East-West)ζ (North-South)

1 Arcsec ∼ 4.8 mGal



Nuuk quantum geoid ζ
Changes after quantum

Hergeir Teitsson, 
Umhvørvisstovan, 
Faeroe Islands

New height system 
of Greenland - quantum



Geoid validation
GNSS and tida gauge measurements ∼ 5 cm



Ongoing developments – 2nd generation quantum gravimeter – strapdown/hybrid
(EDF ADEQUADE project – next airborne campaign 2027)



Other developments of quantum gravity:  
UK, US, Germany, Australia, Singapore .. 



New EU Quantum project 2025-2029







Back to space quantum gravimetry



• Orbit heights … need to be low (300-350 km)
• Accelerometer better than ∼10-10 m/s2 for CHAMP-like    

pathfinder mission 
• Gradiometer ∼ broadband accuracy better than 10-12 /s2   

(GOCE-like mission)

Constellation mission vision 2045+: frequent repeats in time 
and space,       providing near-real time warnings … floods, 
earthquakes, climate events ..

• Space agencies (ESA, NASA, DLR/CNES and EU) 
active in supporting new quantum sensor developments 

EU CARIOQA = Cold Atom Rubidium Interferometer
in Orbit for Quantum Accelerometry)

Challenges and limitations of quantum space gravimetry



CARIOQA preliminary design (CNES)

Laser systems, ultracold Rb source, orbit,
systems integration, interrogation time ..



2023 quantum gravity, East Greenland
Thanks for your attention

2023 quantum gravity, East Greenland
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