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1. INTRODUCTION 

This document is the report of the gravity airborne campaign with the cold atom gravimeter GIRAFE 

developed at ONERA. This campaign was done in collaboration between ONERA and DTU and was 

cofunded by ONERA, ESA and DTU. 

 

The precise knowledge of Earth's gravity field is of major importance in several domains. In geodesy, 

it is essential for describing the continental and sea surface topography, since the geoid, an equipotential 

surface of gravity, is used as a height reference. In geophysics, gravity measurements provide information on 

the underground mass distribution and its variations. They allow thus mapping tectonic structure [1], 

studying volcano [2] and earthquake [3], monitoring ice melting [4], measuring water storage variation [5] or 

exploring oil, gas and mineral [6]. The knowledge of gravity field is also essential in inertial navigation as 

navigation algorithms need a precise gravity model [7]. 

The Earth's gravity field can be measured from space by using for example satellite to satellite 

tracking methods[8],[9] or satellite borne gravity gradiometer [10],[11]. Nevertheless, these methods lead to 

gravity maps with a spatial resolution limited to 100 km. For over sea areas, resolutions of 16 km can be 

reached by using radar satellite altimetry [1]. Higher spatial resolutions can only be obtained with airborne 

or ship borne measurements. Until now, these surveys were carried out with relative sensors which only 

measure variation of gravity and which suffer from drift. For a gravity survey, one needs thus to go regularly 

to a reference point where the gravity is known or where there is a static absolute gravimeter. Therefore, the 

use of a relative gravimeter has important operational constraints which increase the time and the cost of 

gravimetry survey and has measurement errors due to calibration and drift estimation. The use of an absolute 

gravimeter would thus be of great interest but until now these instruments can only work in static conditions. 

Only one feasibility study done with a modified FGL gravimeter on an aircraft [12] can be found in the 

literature. 

At ONERA, we are developing since 10 years an onboard absolute gravimeter based on matter wave 

interferometry named GIRAFE. This instrument is based on the acceleration measurement of a free falling 

gas of ultra cold atoms with atom interferometry [13]. This technology has been developed since three 

decades and has allowed testing fundamental physics [14][15], measuring fundamental physics constants 

[16][17] and measuring with high precision gravity [18][19][20][21] , gravity gradient [22][23] and rotation 

[24][25][26]. Most of these works consist in laboratory experiments but more and more atom interferometer 

are performed outside laboratory environment such as in a truck [27], an elevator [28], a zero-G airplane 

[29][30], a dropped tower [31] or a sounding rocket [32]. Concerning gravimeter, matter wave sensors have 

now better or equal performances than classical absolute gravimeters [18][19][20][21] and start to be 

commercialized. Some attempts have been made to use these technologies in a moving platform but, until 

now, only limited demonstrations could be found in the literature. In ref. [27], mobile gravity gradient 

measurements are reported in a truck moving at only 1 cm/s. In ref. [29] and [30], acceleration 

measurements in a zero-G plane are reported but no gravity measurements were performed. In ref. [28], low 

precision gravity measurements are reported in a moving elevator.  

We demonstrated recently in collaboration with SHOM absolute gravity measurements from a ship 

with a sensor based on atom interferometry [33]. Despite rough sea conditions, we obtained precisions below 

1 mGal (10
-5

 m.s
-2

). The atom gravimeter was also compared with a commercial spring gravimeter and 

showed better performances.  

Here, we report the test of this gravimeter in an airplane. This work was done in collaboration with 

DTU. To our knowledge, it is the first time that a cold atom gravimeter has been tested in an airplane for 

gravimetry survey. 
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2. DESCRIPTION OF THE COLD ATOM GRAVIMETER 

The gravimeter (see Figure 1) is composed of an atom sensor which provides an absolute 

measurement of the acceleration, a gyro-stabilized platform which maintains the accelerometer aligned with 

the gravity acceleration despite angular movements of the carrier and systems which provide the lasers and 

microwaves needed to the atom sensor and perform data acquisition and processing. 

 

 

Figure 1- Picture of the cold atom gravimeter GIRAFE (sensor and platform). 

The atom accelerometer is similar to the one described in reference [28]. The test mass is an ultracold 

gas of rubidium 87 atoms. It is produced from a magneto-optical trap loaded from a background vapor. After 

20 ms of trap loading, a stage of optical molasses and a microwave selection, we obtain a cloud of one 

millions atoms in the magnetic field insensitive ground state F=1, mF=0 and at a temperature of 1.9 µK. The 

acceleration of the free falling cloud of ultracold atoms is then measured by light pulse atom interferometry. 

For that, we use a Mach-Zehnder type atom interferometer consisting of a sequence of three equally spaced 

Raman laser pulses of duration 10, 20 and 10 µs which couple the two hyperfine ground states F=1, mF=0 

and F=2, mF=0. The two counter-propagating laser beams addressing the Raman transition are obtained with 

a phase modulated laser at 6.8 GHz retro-reflected on a mirror [34]. In this interferometry sequence, the first 

pulse acts as a matter wave beam splitter, the second one acts as a mirror and the last one recombines the 

matter waves (see Figure 2). The phase shift at the output of the interferometer is equal to  = (keff.a-)T² 

where keff ≃ 4/,  the laser wavelength, T the time delay between Raman laser pulses, a the acceleration of 

the atoms along the direction of the laser beam and  the rate of the radiofrequency chirp applied to the 

6.8 GHz frequency in order to compensate for the linearly increasing Doppler shift induced by the 

acceleration of the atoms. The interference signal is then obtained by measuring the population of atoms in 

the two hyperfine states corresponding to the two output ports of the interferometer. This measurement is 

obtained by a fluorescence method. The proportion P of atoms in the state F=2 after the atom interferometer 

sequence can be written as P = Pm – C/2 cos() where Pm  is the offset of the fringe and C is the contrast 

which is typically equal to 0.3 for our sensor. Two different falling distances of 14 mm  and 42 mm are 

possible in our sensor, leading to a maximum half interrogation time of respectively T = 20 ms and 

 T = 39 ms and to a repetition rate of 10 Hz and 7 Hz. The long falling distance is used for static 

measurements and the short falling distance is more adapted to measurements in a moving vehicle.  

The output P of the atom sensor is proportional to the cosine of the acceleration with a period equal 

to 2T²). For T = 20 ms, this period is equal to 10
-3

 m. s
-2

 and is small compared to typical variations of 

acceleration in a moving vehicle. There is, therefore, an ambiguity to determine the acceleration from the 

measurement of the atom sensor. Many values of acceleration are possible for a given value of the output of 
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the atom sensor. To overcome this limitation, we combine the atom sensor with a classical accelerometer. 

This kind of method has already been successfully implemented in laboratory environment to measure the 

gravity acceleration [35][36] and in a free falling (zero-G) plane for acceleration measurements [29]. Here, 

we implement a new robust combination scheme of the atom accelerometer with a force balanced 

accelerometer (Qflex from Honeywell). The classical accelerometer is used to give a first rough estimation 

of the acceleration in order to determine which value of acceleration corresponds to the signal of the atom 

sensor. The classical accelerometer is also used to measure the acceleration during the measurement dead 

times of the atom sensor which occur during the cold atoms preparation and during the detection. The filling 

of the measurement dead times is very important because otherwise vibrations at the repetition rate of the 

atoms sensors and its multiple can cause an important degradation of sensitivity due to aliasing effect.  

 

 

Figure 2 - Principle of the atom accelerometer. a Temporal sequence. b Typical interference fringes acquired in static condition 

for T = 20 ms. c Setup of the cold atom accelerometer. 

This atom accelerometer has been implemented in a compact housing consisting of a cylinder of 

22 cm diameter and 52 cm height. It is composed of a vacuum chamber made of glass in which the atoms are 

produced and interrogated, magnetic coils, optics for shaping all the laser beams and collecting the 

fluorescence of the atoms, two layers of mu-metal for shielding the external magnetic field and classical 

accelerometers. This sensor is integrated in a two axes stabilized gimbaled platform made by IMAR. The 

platform is stabilized using an integrated inertial measurement system and maintains the sensor head aligned 

with the gravity acceleration with a precision of 0.1 mrad. The lasers needed for the sensor are obtained 

using a compact frequency doubled telecom fiber bench [37] which is compatible with onboard 

environment. 
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3. CAMPAIGN PREPARATION 

3.1. Airborne environment 

The gravimeter GIRAFE has been designed for marine ship borne environment. However, airborne 

environment in which we would like to test the gravimeter is different from ship borne environment. The 

instrument is subject to stronger vibrations in an airplane than in a boat. In boat, the acceleration spectrum is 

a peak centered at the swell frequency (~ 0.1 Hz) and in the plane the acceleration spectrum is more 

distributed (see Figure 3).  

 
Airborne environment     Ship borne environment 

         

Figure 3 – Comparison of the acceleration spectrum in airborne and ship borne environment. The airborne acceleration spectrum 

comes from a DTU campaign in Antartica with a Twin-Otter during a non-turbulent period. The ship borne acceleration spectrum 

comes from acceleration measurement in a 80 m boat (Beautemps-Beaupré).  

In order to adapt and pre-test our gravimeter to airborne conditions, we improved the model of the 

classical accelerometer at high frequency, we characterized the vibration isolation of the platform and finally 

we tested the gravimeter with a motion simulator (hexapod) simulating airborne environment. All this tasks 

will be detailed in next parts. 

We checked also the electromagnetic-compatibility of the gravimeter with the airplane. For that, we 

checked that it is possible to hear VHF the communications from the Orly airport located at 20 km from our 

laboratory. The test was done with a VHF receiver located next to the gravimeter. 

3.2. Improvement of the force balanced accelerometer model for high frequency vibration 

The hybridization of the atom and the classical accelerometer is working well if the difference 

between the acceleration given by the atom accelerometer and the classical accelerometer is smaller than a 

period of the atom accelerometer signal λ/(2T²), 100 µg pour T=20 ms. For boat environment, we supposed 

that the transfer function of the classical accelerometer is equal to 1. This was a good approximation because 

the frequency cut off of the classical accelerometer is around 1 kHz and the gravimeter was not subjected to 

a high level of high frequency vibration. However, in an airplane, the gravimeter is subject to stronger 

vibration and the transfer function of the classical accelerometer has to be compensated in order to optimize 

the performance of the gravimeter.  

The classical accelerometer that we use is forced balanced accelerometer made by Honeywell (Qflex) and 

we did not find in the datasheet and in the literature the transfer function of the accelerometer. We thus 
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estimated empirically the transfer function of the accelerometer. For that, we model the transfer function by 

a damped harmonic oscillator: 









i
hFB 22

0

2
0)(ˆ  

We estimated the parameter Γ and ω0 by minimizing the difference between the estimated acceleration from 

the classical accelerometer and the atom accelerometer measurement in presence of high frequency 

vibration. The values obtained are: 

1-3

-13
0

s 1042.2

s 1057.1




 

3.3. Characterization of the vibration isolator of the platform 

The gyro-stabilized platform of the gravimeter is equipped of 8 isolators to damp vibrations coming from 

the vehicle (see Figure 4). 

 

Figure 4 - Vibration isolators of the platform. 

Because the level of vibration is high in an airborne environment, we undertook to characterize precisely 

the vibration isolators of the platform. For that, we excited in vibration the gravimeter with a white noise 

thanks to the motion simulator. Then we recorded the acceleration measured on the base plate of the 

gravimeter and the acceleration measured inside the sensor head. The transfer function of the vibration is 

finally obtained by dividing the acceleration spectrum measured in the sensor head and the acceleration 

spectrum measured on the base plate (see Figure 5). The transfer function obtained is behaving like a second 

order low pass filter with a resonant frequency at 12 Hz. We can also remark frequency resonances at 

115 Hz and 178 Hz.  
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Figure 5 – Measured transfer function of the vibration isolators of the platform. 

3.4. Simulation of the airborne environment with a motion simulator 

The goal here is to reproduce as well as possible the motion of an airplane with our motion simulator. 

For that, we took 100 s of IMU data coming from measurements made during a non-turbulent flight by DTU 

campaign in Antarctica with a Twin-Otter. Then we programed the motion simulator to reproduce the three 

translations and three rotations measured by the IMU. The translations were high pass filtered at a frequency 

of 0.2 Hz in order that to have translations in the range of the motion simulator (± 0.18 m). 

 

Figure 6 - Simulation of the airborne environment with a motion simulator. Left: picture of the gravimeter on the motion 

simulator. Right: Movement in translation and rotation (z axis is vertical). 
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To check the fidelity of simulation, we measured the vertical acceleration on the base plate of the 

gravimeter and we compared it with the acceleration coming from the IMU of the plane (see Figure 7).  

 

Figure 7 - Comparison of the vertical acceleration obtained with the motion simulator and the acceleration coming from a real 

flight. 

We notice that the motion simulator reproduced well the acceleration spectrum between 0.2 Hz and 

20 Hz. The slow motion below 0.2 Hz should not be a problem for our gravimeter but the acceleration above 

20 Hz could affect the performance of the gravimeter and specially the acceleration around frequency of 115 

Hz which are not filtered by the vibration isolator (see 3.3). To simulate this effect, we use a shaker located 

next to the gravimeter and we exited at a frequency of 115 Hz. Thanks to this method, a vibration level of 

40 mg at 115 Hz has been obtained on the base plate of the gravimeter. 

We measured gravity while the sensor was subjected to the simulated movement of the plane with the 

hexapod and to vibrations at 115 Hz with the shaker. The gravity measurements obtained are shown on 

Figure 8. The gravimeter was subjected to simulated airborne condition during two periods of 1000 s with a 

break of 1000 s between them. We notice that the mean value of measured gravity has not significantly 

changed during the period of motion simulation. The rms noise on the filtered gravity measurement is equal 

to 0.3 mGal during motion and 0.1 mGal during static period. These results are quiet good and similar to the 

one obtained during marine campaign. This is an important first step validation before the real airborne test. 
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Figure 8 - Gravity measurement during airplane motion simulation. Top: Gravity measurement after a 75 s Bessel low filter of 

order 4. Bottom: Vertical acceleration measured on the base plate of the gravimeter. 
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4. STATIC GRAVITY MEASUREMENT IN ICELAND 

The gravimeter GIRAFE was transported from Palaiseau (France) to Akureyri (Iceland) by a 

transport company which used a road transport in a truck from France to Denmark and a ferry from 

Denmark to Iceland. The transportation lasted one week. 

In order to check the proper functioning of the gravimeter after the transport, we performed a static 

gravity measurement in plane hangar of Akureyri (see Figure 9). We obtained a value of g = 982 337.37 

mGal ±0.07 mGal at 99 cm above the ground. This value agrees well with a previous A-10 absolute gravity 

measurement made in the hangar by DTU Space. 

 

 

Figure 9 – Static gravity measurement in the airplane hangar in Akureyri. 
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5. AIRBORNE GRAVITY CAMPAIGN 

5.1. Installation of the gravimeter in the airplane 

The gravimeter (sensor and platform) has been fixed in the plane thanks to an adaptation plate build 

for the purpose. The fixation holes of the plate were drilled only in Akurery in order to match precisely the 

fixation holes in the plane. The two control cabinets of the gravimeter could not fit in the plane. Thus the 

racks were disassembled and arranged in 4 small cabinets adapted to the plane provided by DTU. 

 

 

Figure 10 - Gravimeter packaged for airplane installation. On the front, one can see the four cabinets containing the electronic 

and laser racks of the gravimeter.  

The gravimeter has been then installed in the airplane according to the plan on Figure 11. The wiring 

between the different racks and the gravimeter is also described on this figure. The platform with the sensor 

has been installed next to a strapdown relative gravimeter made by IMAR and operated by DTU (see Figure 

12).  
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Figure 11 - Plan of installation of the gravimeter in the plane and wiring. 

 

Figure 12 - Picture of the installation of the gravimeter in the airplane. 
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The gyro-stabilized platform of the cold atom gravimeter needs a GPS antenna. For incompatibility 

reason, we could not use the GPS antenna of the plane. We thus used our own GPS antenna that was placed 

on the top of dashboard of the pilots. 

The electrical consumption of our gravimeter estimated to 1.4 kW was too high for the available 

inverter which produces 220 V from the battery on the plane. We lowered the electrical consumption of our 

gravimeter by replacing the desktop controlling the gravimeter by a laptop and by turning off all non 

essential equipments: scope, counter and microwave frequency reference. Because we did not use anymore 

our microwave frequency reference, we had to calibrate our microwave before each flight. Finally, we 

obtained power consumption compatible with the available inverter. 

5.2. Alignment of the gravimeter 

After an electrical shutdown, the platform of the gravimeter has to be aligned in order to ensure a 

perfect alignment with the gravity acceleration. This alignment consists in measuring the acceleration versus 

the orientation of the platform. The platform is well aligned with the gravity acceleration when the value of 

acceleration is maximized. The measurements of acceleration versus orientation are reported on Figure 13. 

The orientations of the platform in static are measured thanks to two horizontal accelerometers located in the 

sensor head. The orientation corresponding to a measurement axis aligned with the gravity acceleration is 

obtained by fitting the measurement points by a parabola. With this method, one obtains a precision of 

10 µrad below the angular stability of the platform (100 µrad). 

 

Figure 13 - Alignment of the platform, measurements of the acceleration versus the orientation of the platform. In static, the 

orientation of the platform is measured thanks to two horizontal accelerometers. 

5.3. Airborne gravity campaign flight plan  

We did five flights to test the gravimeter: one test flight to check that the gravimeter was operating 

well in flight and four measurements flight described on Figure 14. The first measurement flight was a 

straight line back and forth between Akureyri and Snaefellsjoekull. The goal of this flight is to evaluate the 

reproducibility of the gravity measurement. The last three measurement flights were above Vatnäjökull. The 

goal was here to make a gravity map of the area. The duration of each measurements flight was 3 – 4 hours. 
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Figure 14 - Flight plans of the airborne gravity measurements. 

5.4. Flight condition 

The vertical acceleration measured by the gravimeter during the flights is given on Figure 15.  

 

Figure 15 - Vertical acceleration measured by the gravimeter during airborne campaign. 

We notice that the acceleration level during the flights is not homogeneous. During turbulent part, 

one can have acceleration up to 10 m/s² and during quiet part the acceleration is below 0.3 m/s². We notice 

also that most of the time the level of acceleration is larger than the one we simulated on the motion 

simulator. 
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6. DATA PROCESSING 

6.1. Estimation of the vertical acceleration of the plane and of the Eötvös effect 

The gravimeter is not only measuring the gravity acceleration but also the kinematic acceleration of 

the plane and the acceleration due to the coupling to Earth rotation (Eötvös effect). The acceleration 

measured by the gravimeter is equal to
1
 : 

Eotvosmeas ghga    

Where g  is the gravity acceleration, h  is second derivative of the altitude and represents the vertical 

kinematic acceleration of the plane, Eotvosg  is the Eötvös correction which is equal to 0: 
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a = 6 378 137.0 m   :  Earth's equatorial radius (WGS84) 

b = 6 356 752.3 m   :  Earth's polar radius (WGS84) 

 

The vertical kinematic acceleration and Eötvös effect are calculated with the GPS data (φ: latitude, λ: 

longitude, h: altitude) at 10 Hz (dt=0.1s) that DTU provided based on differential and post-treated DGPS 

data. The level arm between the GPS antenna and the gravimeter has been taking account. 

The vertical kinematic acceleration, the east velocity and the north velocity have been calculated using the 

following equations: 
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6.2. Missing data points and interpolation 

The gravimeter provides acceleration measurements at a rate of 10 Hz. The precise timing of the 

gravimeter measurements compared to the GPS is crucial in order to correct precisely from the effect of 

kinematic acceleration and Eötvös effect which can be up to 10
6
 times bigger than the gravity anomaly 

signal. However, the timing of the gravimeter measurements is not precise and has the following default: 

                                                 
1
 We use the North East Down Cartesian geographical coordinate system. 
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- the clock of the computer which controls the gravimeter is not precise (relative drift of ~ 3.10
-5

) and 

has an unknown delay compared to the GPS time base; 

- the recording time has a jitters compared to the real measurement time of the gravimeter; 

- there are missing data points (typically 1 per hour); 

- there is a 20 ms offset of the effective measurement time compared to the recording measurement 

time when the interrogation time of the gravimeter is changing to 10 ms. 

 

We try to correct these limitations the best as we can the timing of the gravimeter measurement by 

using the following procedure. First, the missing data points are filled by inserting extrapolated 

measurements. Second, we assume that the measurement times of the gravimeter are given by : ti = i.∆t +T+ 

t0 where ∆t≈0.1s is the time interval between measurements and T is the interrogation time used by the 

gravimeter. Then we adjust the parameter ∆t and t0 in order that the acceleration given by the GPS and the 

gravimeter match at the beginning and at the end of the acquisition period (see Figure 16).  

 
 

 
 

          

Figure 16 - Illustration of the procedure to time synchronized the GPS data and the gravity measurements.  

1 s 
1 s 
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6.3. Low pass filtering 

The gravimeter measurement, the kinematic acceleration and the Eötvös correction are filtered with a 

4
th

 order Bessel low pass filter of time constant τ = 130 s. For a plane of velocity v, this gives a spatial 

resolution equal to 1.07.v.τ. The spatial resolution is here defined as the FWHM of the signal obtained with a 

Dirac input signal.  

For the filter to work properly, we linearly extrapolated the gravity measurements points and the GPS 

data on a regular time base at 10 Hz. 

 

Figure 17 - Temporal response of a 4
th

 order Bessel low pass filter with a time constant τ=130s. 

6.4. Gravity disturbance calculation 

The gravity disturbance is obtained by subtracting the gravity measurement by a model of gravity 

taking into account altitude effect and latitude effectErreur ! Source du renvoi introuvable.: 
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6.5. Alignment errors of the platform 

Alignment errors of the platform make the gravimeter less sensitive to vertical direction and make it 

sensitive to horizontal acceleration. To evaluate this error, we follow the modeling approach described in the 

thesis of A.V. Olesen 0. 

The error on gravity measurements caused by a platform misalignment is given by: 

yyxx

yx

tilt aagg 


 



2

22

 

where x  and y are the misalignment angle compared to the direction of the gravity acceleration and ax and 

ay are the horizontal acceleration. In this expression, we assume that the misalignment angles are small 

( x , y <<1). 

The misalignment angles are estimated by comparing the measurement of the horizontal 

accelerometer of the sensor head and the kinematic acceleration deduced from GPS. 
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ax and ay are the horizontal acceleration measured in the sensor head of the gravimeter, aEastGPS and 

aNorthGPS are the horizontal kinematic acceleration deduced from GPS data, yaw  is the yaw of the plane and 

δθ is the misalignment between the axes of the gravimeter accelerometer and the yaw angle reference. This 

angle has been estimated equal to δθ = - 12 mrad. 

The parameter ax, ay, axGPS and ayGPS have been pre-filtered by a 4th order Bessel filter of time 

resolution of 40 s (FWHM). The correction tiltg  obtained has been filtered with the same filter than the 

gravimeter measurement i.e. a 4th order Bessel filter with a resolution of 130 s. 

We obtained alignments error up to 20 mGal in period of gravity measurements i.e. constant yaw. 

This error is very different from flight to flight (see Table 1) and may come from initialization problem of 

the platform (the platform was initialized before each flight). 

 

 gtilt max Comments 

Flight 1 : Akureyri-Snaefellsjökull 1 mGal  

Flight 2 : Vatnajökull 20 mGal Problem of platform initialization? 

Flight 3 : Vatnajökull 4 mGal  

Flight 4 : Vatnajökull 5 mGal  

Table 1 - Error on the gravity measurements due to platform misalignment. 
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7. RESULTS 

7.1. Line Akureyri-Snaefellsjökull  

The measurements obtained on the line Akureyri - Snaefellsjökull flown back and forth are given on 

Figure 18. The plane was flying at two elevations (1900 m and 1400 m) in order to be as close as possible to 

the ground and thus to the gravity sources. The 1900 m altitude corresponded to mountain area and the 

1400 m elevation corresponded to plain area. The velocity of the plane was 76 m/s. With the 4
th

 order Bessel 

filter of time constant 130 s, one obtains a spatial resolution of 10.5 km. On the filtered acceleration graph, 

one can see clearly the Eötvös effect when the plane turned around. Indeed, at this point the velocity change 

of sign and the Eötvös effect also. On can also see clearly the effect of the vertical acceleration of the plane 

at the moment where the plane was changing of elevation. 

 
 

Figure 18 - Gravity measurements on the Akureyri Snaefellsjökull line. a): Altitude of the plane. b) Raw acceleration measured by 

the gravimeter. c) Filtered acceleration measured by the gravimeter (4th order low pass Bessel filter of time constant 130 s). d) 

Estimated gravity disturbance with the 130s low pass filter: 0gghag Eotvosmeas   . 

In order to estimate the repeatability of the measurements, we compared the gravity measured 

forward and backward (see Figure 19). The difference between forward and backward has a mean of 

0.6 mGal and a standard deviation of 5.5 mGal. One notices that the big difference on the center corresponds 

to some missing measurement points on the gravimeter measurements. If one restricts to the area where there 

is no missing point, one obtains a standard deviation of 3.4 mGal close to Snaefellsjökull and 2.4 mGal close 

to Akureyri. Assuming uncorrelated errors between forward and backward measurements, the measurement 

error is given by the standard deviation of the difference divided by 2 . One obtains thus an estimated error 

ranging from 1.7 mGal to 3.9 mGal depending on the area considered. 

a) 

b) 

c) 

d) 
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Figure 19 – Comparison of the gravity measurement along the line Akureyri- Snaefellsjökull for the forward and backward flight. 

7.2. Gravity measurements above Vatnajökull 

During three flights, we measured gravity above the area of Vatnajökull along 16 lines. The gravity 

disturbance measurements obtained are reported on Figure 20. One notices two measurements area missing 

which correspond to moments where the gravimeter was not operational due to laser misalignment.  

  

Figure 20 - Gravity measurements above Vatnajökull. 

G
ra

v
it

y
 D

is
tu

rb
. 

 

Std = 2.4 mGal 
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The differences at the crossings points of the survey are reported on Figure 21. One obtains a 

standard deviation of 2.4 mGal on the difference. Assuming no correlation, one can estimate a measurement 

error of 1.7 mGal (std/ 2 ). 

 

         
 

Figure 21 - Difference at the crossing points for the Vatnajökull survey. 

A gravity model of the measurements area has been computed using a 2D polynomial fit of the 

measurements. A polynomial of order 12 has been used for the fit. A polynomial of higher order conduct to 

divergence in the area where there is no measurements. 

 

Figure 22 - Model of gravity in the Vatnajökull area obtained by a 2D polynomial fit (order12) of the measurement. 

 

mGal 
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7.3. DTU data processing and comparison with ground truth 

The Iceland region has a relatively dense ground gravity coverage, as shown in Figure 23. The use of 

upward continued surface gravimetry represent an independent validation opportunity for the cold atoms 

gravimetry results, especially important due to the failure of the flown DTU iMAR strapdown gravimetry 

unit (due to a faulty upgrade at the iMAR factory shortly before the field campaign, without possibility for 

testing ahead of the campaign). The Iceland gravity data were surveyed primarily in the 1980’s, and 

provided by Landmælingar Islands (Iceland Geodetic Survey). 

  

 

Figure 23 - Iceland gravity coverage, overlaid with the cold atom gravimetry results. The positive free-air anomalies shown are 

predominantly due to volcanoes under the ice caps, and topographic highs. 

 

The upward continuation estimation of the free-air anomalies at altitude were done using the 

GRAVSOFT suite of programs [41], using standard remove-restore techniques of physical geodesy (use of 

EGM2008 as reference field, integration of terrain effects by prism integration,  and upward continuation to 

the flight altitude by Fast Fourier transform methods [42]). A digital terrain model at 200 m resolution was 

used, cf. Figure 24, and combined with an ice cap thickness model of the 3 main ice caps in Iceland 

(including Vatnajökull), derived from radar echo soundingand. also provided by Landmalinger Islands, as 

part of cooperation on geoid determination. 
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Figure 24 - The Iceland digital elevation model, used for the upward continuation of the ground data. 

 

The predicted versus the observed cold atom gravimetry results are shown in Figure 26 and Figure 25 

below, with the predicted data at altitude are filtered with a similar 4th order Bessel filter with time constant 

130 s, to match the airborne data filter. One notices that similar gravity signals are obtained with the two 

models confirming the relevance of the cold atom gravimeter measurements. 

For Vatnajökull flights, we noticed that in some areas (see Figure 25), the difference between 

airborne and ground is large. This areas correspond to the beginning of a track (after a plane turn), to a 

period around laser misalignment problem and to a severe turbulence period. If we removed this areas, the 

standard deviation becomes two times smaller (see Table 2). 
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Figure 25 - Comparison between airborne measurements and ground measurements upward continued above Vatnajökull. 
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Figure 26 – Comparison between airborne measurement and ground measurement upward continued on the the line Akureyri- 

Snaefellsjökull 

 

Statistics (mGal) Mean Standard deviation 

Akureyri- Snaefellsjökull -1.9 4.0 

Vatnajökull -0.7 6.2 

Vatnajökull (bad area removed) -0.8 3.3 

Table 2 – Statistics on the difference between airborne and ground upward continued gravity measurements 

 

The airborne data comparison in Figure 25 is showing some differences in the eastern tracks, likely 

due to severe turbulence. An issue for the comparison of surface and airborne data is also the possible 

geodynamic gravity changes between the surface and airborne gravity epochs, since several volcanic 

eruptions have taken plane, especially the Bardabunga eruption of 2014, which had major dyke intrusion 

activity in the northwestern region of the Vatnajökull ice cap. 
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8. CONCLUSION 

In conclusion, we demonstrated for the first time airborne gravity measurements and survey with a 

cold atom sensor. The main advantage of this technology is that it provides absolute measurements (no drift 

and no calibration needed). The precision of the gravity measurements have been estimated thanks to 

comparison on a forward and backward line and to differences at crossing points. Measurement errors 

ranging from 2 to 4 mGal have been obtained. The airborne gravity measurements have been also compared 

to upward continued ground truth. The standard deviation on the difference is ranging from 3 to 6 mGal.  

 

This is a promising result for a sensor designed for marine application. This campaign gave us also 

the technological improvements needed for a future dedicated airborne cold atom gravimeter with better 

precision, reliability and operationality: 

- measurements points on a regular time basis (GPS dating) with no missing measurement points; 

- replacement of the frequency doubled optical bench by a fiber bench (to solve lase misalignement); 

- optimization of hybridization algorithm for airborne environment; 

- optimization of the gyro-stabilized platform for airborne environment; 

- lower electrical consumption; 

- decrease the size of the control cabinet (electronic, optics). 

 

Other gravity campaigns will be necessary to test these improvements and continue the developments 

of the cold atom gravimeter. The prototype tested in this campaign is dedicated to marine application. The 

building of dedicated airborne prototype will be necessary to continue this development and to do regular 

airborne gravity campaigns.  

 

With cold atom technology, we should obtain sub-mGal absolute airborne gravity measurements with 

a reliable sensor easy to use in an airplane. This instrument should lead to a breakthrough in the field of 

geodesy. 

Finally, these results show the maturity of cold atom technology for onboard application and support 

the development of cold atom sensor for measuring the Earth gravity field from space [40]. 
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