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Abstract

Dynamic gravimetry means the determination of the gravity acceleration with observations conducted on
a moving platform. In strapdown gravimetry, gravity is obtained as the difference between the kinematic
acceleration due to vehicle movement and the specific force observed by the accelerometers of an Inertial
Measurement Unit (IMU). This thesis analyses potential improvements in both summands. Strategies for
kinematic acceleration determination using GNSS observations are reviewed, categorised and promising
methods are implemented with slight adaptions. The methods are either based on the numerical differentiation
of GNSS-derived position solutions or on GNSS phase range observations followed by least-squares estimation.
In static and dynamic experiments, both approaches were found to be suited for dynamic gravimetry with
accuracies being approximately on par. Recommendations for the selection of a method are made based on
available data and tolerable processing delay due to waiting time for required precise satellite products. For
Q-Flex QA-2000 accelerometers, reading errors of several mGal (1mGal = 10−5m/s2) were observed for a
magnetic field intensity in the order of the Earth’s field. A calibration based on the magnetic field is developed
based on static experiments inside of a 3-D Helmholtz coil in addition to thermal calibration. The calibration
functions were applied to several airborne and shipborne campaigns using the direct method of strapdown
gravimetry. For almost all campaigns, the magnetic calibration resulted in precision improvements between 8
and 82% depending on the observation region, the intersection angle between crossover point lines and the
carrier vehicle type. The high number of campaigns allows for an evaluation of possible relations between
the observation conditions and the obtained gravity precision. A line-wise upward continuation approach is
introduced for comparing repeated lines of a shipborne and an airborne campaign. The strapdown gravimetry
approach proved to reliably deliver a precision around the 1 mGal level. Based on crossover residual analysis,
without any crossover adjustment, the best precision estimates obtained for airborne and shipborne campaigns
were 0.50 and 0.27 mGal, respectively.
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Zusammenfassung

Die Dynamische Gravimetrie bezeichnet die Bestimmung der Schwerebeschleunigung unter Verwendung von
Beobachtungen, die auf einer bewegten Plattform erhalten wurden. In der Strapdown-Gravimetrie wird die
Schwere als Differenz zwischen der Kinematischen Beschleunigung aufgrund der Bewegung des Fahrzeugs und
der Spezifischen Kraft, die von den Beschleunigungssensoren einer Inertialen Messeinheit (IMU) beobachtet
wird, erhalten. In der vorliegenden Arbeit wird Verbesserungspotenzial in beiden Bestandteilen analysiert. Zur
Bestimmung der Kinematischen Beschleunigung werden verschiedene Strategien aus der Literatur vorgestellt
und kategorisiert. Erfolgsversprechende Methoden werden mit leichten Anpassungen implementiert. Die
Methoden basieren entweder auf der numerischen Differentiation von mittels GNSS bestimmten Positionslö-
sungen oder von GNSS-Phasenbeobachtungen, in letzterem Fall gefolgt von einer Beschleunigungsschätzung
nach der Methode der kleinsten Quadrate. In statischen und dynamischen Versuchen wurde festgestellt, dass
beide Ansätze für die Anwendung in der Dynamischen Gravimetrie geeignet sind. Die Qualität von deren
Ergebnissen ist ähnlich. Es werden Empfehlungen zur Auswahl einer Methode getroffen basierend auf den
verfügbaren Daten und der maximal tolerierbaren Verzögerung aufgrund der Wartezeit auf benötigte präzise
Satellitenprodukte. Für Beschleunigungssensoren des Typs Q-Flex QA-2000 wurden bei Einwirkung eines Ma-
gnetfelds in der Größenordnung des Erdmagnetfelds Sensorfehler von mehreren mGal (1mGal = 10−5m/s2)
beobachtet. Auf Grundlage statischer Experimente in einer 3D-Helmholtzspule wurde, zusätzlich zu einer
thermischen Kalibrierung, eine Kalibriermethode basierend auf einem äußeren Magnetfeld entwickelt. Die
Kalibrierfunktionen für die Akzelerometer wurden auf verschiedene Flug- und Schiffskampagnen angewendet.
Dabei wurde die Direkte Methode der Strapdown-Gravimetrie angewendet. Bei fast allen Kampagnen führte
die Anwendung der magnetischen Kalibrierung zu einer Verbesserung der Präzision zwischen 8 und 82%,
abhängig von der Region, dem Schnittwinkel zwischen den Linien der Kreuzungspunkte und dem Fahrzeugtyp.
Die hohe Anzahl an Kampagnen ermöglicht eine Analyse möglicher Korrelationen zwischen den Beobach-
tungsbedingungen und der Präzision der erhaltenen Schwere. Ein Ansatz zur linienweisen Schwerefortsetzung
nach oben wurde eingeführt, um wiederholte Linien einer Schiffs- und einer Flugkampagne vergleichen zu
können. Mithilfe der Strapdown-Gravimetrie wurde zuverlässig eine Präzision um 1 mGal erhalten. Basierend
auf Kreuzungspunktanalysen ohne zugehörige Justierung wurden als beste Präzision 0.50 mGal für eine Flug-
und 0.27 mGal für eine Schiffskampagne erreicht.
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dẗ Clock drift rate
Cnm Coefficient linked to the cosine function in spherical harmonics of degree n and order m
c Speed of light
ca Specific constant of type a
eSat Satellite elevation angle
e′Sat Projected satellite elevation for soft elevation weighting method
ecut Cut-off elevation angle
e0 Elevation coefficient
eel Primary eccentricity of the ellipsoid
f Frequency
fg Disturbing signal frequency
gmn Gauß coefficient linked to the cosine function in spherical harmonics of degree n and order m
G Gravitational constant
GM Gravitational parameter of the Earth
H Orthometric height
Hf Upper flight height (unspecific metrical height system)
Hm Lower flight height or marine height (unspecified metrical height system)
hmn Gauß coefficient linked to the sine function in spherical harmonics of degree n and order m
I Ionospheric signal delay
k Reference station (index)
M Multipath effect
m Rover (index)
na Number of elements a
p Satellite (index)
q Crossover adjustment correction factor
R0 Approximated mean Earth radius
Snm Coefficient linked to the sine function in spherical harmonics of degree n and order m
T Tropospheric signal delay
Ti Temperature observed by a sensor i
t Epoch
V Gravitational potential
Vmag Geomagnetic potential
VS Gravitational disturbing potential
W Gravity potential
w Weight assigned to an observation
y Function y(t) depending on t
Z Centrifugal potential
α Angle between local magnetic North and the maximal susceptibility direction of a sensor
γ0 Normal gravity on the ellipsoid
∆t Time difference between two consecutive epochs
δ Magnetic field declination

δφrel Relativistic phase range error
ε Error or noise
κ Angle between the front axis and the maximal susceptibility direction of a sensor
λg Disturbing signal wavelength

x



µ Magnetic permeability
ν Accelerometer bias
ρ Geometric range
ρsea Sea water density
ρ̇ Range velocity
ρ̈ Range acceleration
Σn Amplitude of the gravitational potential for a degree n
σ20 Variance factor
φ Carrier-phase range
φ̇ Carrier-phase range velocity
φ̈ Carrier-phase range acceleration
ω Phase wind-up effect
ωie Earth rotation rate
0 Master station (if index in PhaseDif-POP method)

Vectors

B Magnetic flux density (“magnetic field”)
b Gravitational acceleration
eba Unit vector pointing from a to b
f Specific force
g Gravity
H Magnetic field strength
L (Linear) observation vector
l Lever arm (vector from IMU CoM to GNSS antenna phase centre)
r Position
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1 Introduction

The gravity field of the Earth needs to be determined precisely to establish physical height systems that are
referenced to the sea level. Such height systems are required, for instance, to establish height-dependent
infrastructure like water distribution networks. Furthermore, the measurement of gravity accelerations allows
conclusions on the density of the material under the terrain surface, which is valuable information for geology
and exploration. In climate research, gravity observations are used to monitor changes in the thickness of
glaciers and in the sub-surface water storage.

In dynamic gravimetry, the Earth’s gravity field is observed from moving platforms like aircraft or vessels
allowing for measurements over specific regions. The observations are conducted much faster than in terrestrial
gravimetry; the spatial resolution is higher than in satellite gravimetry. In the past, horizontally stabilised
gravimeters have been primarily used for dynamic gravimetry. Recently, strapdown Inertial Measurement Units
(IMUs) proved to be on par with “classical” gravimeters, especially after reducing temperature-dependent
sensor drifts (Becker, 2016).

In strapdown gravimetry, gravity is basically obtained as the difference of the accelerometer measurements of
the IMU and the kinematic acceleration obtained from Global Navigation Satellite Systems (GNSS) observations.
According to the law of variance propagation, the gravity accuracy depends on the accuracy of both summands.
In the scope of this thesis, potential areas of improvement will be identified for both parts.

While it is commonly known that reducing thermally induced errors is essential for high precision gravimetry,
previous research has neglected to find evidence of magnetic fields influencing strapdown gravimetry. To the
knowledge of the author, it will be shown for the first time that accelerometer errors for the analysed IMU can
be significantly reduced by considering the magnetic field of the Earth.

The kinematic acceleration is examined by analysing existing strategies for its determination based on
GNSS observations. Typically, standard GNSS processing methods are used for positioning. The position is
numerically differentiated two times to obtain the acceleration. Other approaches are based on the direct use
of the second derivative of the GNSS phase observable avoiding some slowly changing error sources. The
latter approaches are seldom used since the acceleration determination based on GNSS observations is rarely
required outside the field of gravimetry. Several GNSS processing methods will be implemented and slightly
adapted.

Multiple airborne and shipborne campaigns using a wide range of vehicles and being subject to diverging
observation conditions will be evaluated. The comparatively high number of campaigns will allow for an
analysis of the correlation between campaign conditions and the obtained precision.

Section 2 will introduce the basics of gravimetry, the state of the art of airborne and shipborne gravimetry,
thermal calibration, the definition of coordinate frames and processing methods of strapdown gravimetry.
Furthermore, the used gravimeters will be presented. Section 3 starts with a brief introduction to the Earth’s
magnetic field. After that, several static experiments will be presented where an IMU is exposed to a known
magnetic field. The results will be incorporated in a newly developed calibration approach. In Section 4,
methods for kinematic acceleration determination will be evaluated. The derivation of methods based on
phase differentiations will be discussed in detail. The algorithms of appropriate methods will be described and
evaluated in two static experiments. Section 5 will present the algorithm of the direct method of strapdown
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gravimetry, which was used in the scope of the thesis. This section might be especially helpful if a new dynamic
gravimetry algorithm shall be implemented.

After the introduction to the methods and the evaluation in static experiments, a wide range of airborne
and shipborne campaigns will be presented in Sections 6 and 7. For each campaign, the vehicle and trajectory
set-up, the observation conditions and the main results will be discussed briefly. The overall main findings of
the dynamic experiments will be summarised in Section 8. After naming the main error sources of dynamic
gravimetry, the section focuses on the influence of the measurement conditions, the magnetic calibration
and the kinematic acceleration determination methods. For the latter, guidelines will be developed helping
to select a method. Based on the presented dynamic campaigns, results of different gravimeter types and
processing methods of strapdown gravimetry will be compared in Section 9. Furthermore, an approach
for line-by-line upward continuation will be developed. It can be used to compare the results of congruent
measurement lines that were passed at different altitudes. The key findings of this work will be summarised
in Section 10.
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2 Strapdown dynamic gravimetry: Basics and state of
the art

2.1 The Earth’s gravity field

The Earth’s gravitational potential V is the work that needs to be done by gravitation to move a unit mass
from infinity to a specific position in this field (Torge and Müller, 2012). If the centrifugal potential Z is
added, the gravity potentialW is obtained. The gradient of this scalar field is the vectorial gravity field

g = ∇(W ) = ∇(V + Z) = b+ z, (2.1)

which in turn is the sum of two vectorial components: gravitational acceleration b (gravitation) and centrifugal
acceleration z. The Earth’s gravity is the acceleration that acts on a body that is resting with respect to the
Earth’s surface.

• If the Earth was a homogenous sphere, gravitation would induce an acceleration pointing towards the
Earth’s centre of mass. The Euclidean norm of gravitation would be equal for all points on the surface of
the sphere.

• The diurnal rotation of the Earth induces the centrifugal acceleration which is perpendicular to Earth’s
rotation axis and points towards space. It is proportional to the distance to the rotation axis. Hence, on
a sphere around the geocentre, it is maximal on the equator and zero at the poles.

The Earth’s gravity deviates from the model of a homogenous sphere for several reasons:

• Due to the centrifugal force induced by the diurnal rotation of the Earth, the Earth resembles a rotational
ellipsoid rather than a sphere. The semi-major axis goes from the centre of mass to the equator and the
semi-minor axis goes from the centre of mass to the poles. The latter axis coincides with the rotational
axis.

• The topography of the Earth induces higher gravitation above high mountains and lower gravitation
above ocean trenches.

• Furthermore, the density under the surface depends on rock types. High-density rocks induce higher
gravitation.

• Global and local mass changes affect gravity, especially the global water cycle. Changes in ice mass, sea
level and land water storage (instantaneous, seasonal or secular) directly reshape the gravity field.

The gravity field of the Earth provides an insight into the Earth’s interior. Hence, determining the gravity
field is of special interest when investigating the Earth’s figure (geodesy, geophysics), its subsurface (geology)
and changes in the Earth system due to the global warming (climate research).
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Table 2.1: Main influencing factors on gravity observations at the Earth’s surface (values taken from Torge
(1989))

Influencing factor Gravity change [mGal]
Flattening, centrifugal acceleration and height up to 5000
Disturbing masses in crust and mantle 50...500
Ore and coal deposits 0.1...1
Tidal effects up to 0.3
Groundwater level and soil moisture variation up to 0.1
Non-tidal atmospheric variation over several days up to 0.02

The magnitudes of the main factors influencing gravity on the Earth’s surface are indicated in Table 2.1. In
gravimetry, the unit 1Gal = 10−2m

s2 in combination with prefixes (1mGal = 1000µGal = 10−5m
s2 ) is commonly

used for accelerations. Mean gravity at the Earth’s surface is g ≈ 9.80 m
s2 = 980 000mGal (Torge, 1989).

Figure 2.1 illustrates the spatial and temporal resolution which is required to monitor processes of the Earth
system influencing the gravity field. Additional information on the observation techniques will be presented
in Section 2.2.

If the Earth is approximated as a homogenous rotational ellipsoid, gravity can be exactly determined in
this model and is called normal gravity. According to the conventions of the International Earth Rotation and
Reference Systems Service (IERS) (Petit and Luzum, 2010), the Geodetic Reference System 1980 (GRS80)
ellipsoid is recommended to be used in geodesy which is defined by the equatorial radius (semi-major axis),
the geocentric gravitational constant, the dynamical form factor (excluding permanent tidal deformation) and
the angular velocity of the Earth (Moritz, 1980). For a given geodetic latitude φ, the scalar normal gravity γ0
at the ellipsoid is given by the series expansion

γ0 ≈ γa · (1 + 0.0052790414 sin2(φ) + 0.0000232718 sin4(φ) + 0.0000001262 sin6(φ) + 0.0000000007 sin8(φ))
(2.2)

using the normal gravity γa = 9.7803267715 m
s2 at the equator (Torge and Müller, 2012; Moritz, 1980) with an

accuracy of 10−3 µm
s2 = 0.1µGal. In a local navigation frame (see Section 2.5) on the ellipsoid, normal gravity

is perpendicular to the ellipsoid surface. Hence, the horizontal components are zero. For a given ellipsoidal
height h in m, the downwards-pointing normal gravity γD of the vector γ = (γN γE γD)

T can be derived from
γ0 as (Torge and Müller, 2012)

γD ≈ γ0 − (3.0877 · 10−6 1
s2

− 4.3 · 10−9 1
s2

· sin2(φ)) · h+ 0.72 · 10−12 1
s2m

· h2. (2.3)

Since the normal plumb line is curved in Northern direction, the horizontal normal gravity for h ̸= 0 is
non-zero. The North component γN can be approximated as (Jensen, 2018; Torge and Müller, 2012)

γN ≈ 8.2 · 10−9 1
s2

· h sin(2φ), (2.4)

the East component γE is always zero due to symmetry reasons simplifying the normal gravity vector to

γ = (γN 0 γD)
T. (2.5)

For many applications, the normal gravity field is a sufficient approximation of the actual gravity field.
For high accuracy applications, e.g. precise physical height systems, geological research and exploration,
gravimetric measurements (see Section 2.2) are required. Typically, the results are given as the deviation of
gravity from normal gravity. Historically, normal gravity was computed at a reference surface with constant
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Figure 2.1: Spatial and temporal resolution of Earth systemprocesses and gravimetricmeasurementmethods
(3-/10-day solutions are based on concepts for next generation gravity missions; reworked after
Anselmi et al. (2019) and Bruton (2000))

gravity potential, i.e. the geoid. In geodesy, the corresponding difference between observed gravity and
normal gravity at the reference surface is called gravity anomaly.

The advent of the GNSS enabled the precise observation of the ellipsoidal height at a measurement point.
This allowed for the computation of normal gravity at the gravity observation point. The so-called gravity
disturbance

δg = g − γ (2.6)

is then computed as the difference of the observed gravity and normal gravity, both at the observation point.
Since it is more straightforward than the gravity anomaly, the gravity disturbance is the standard result
of dynamic gravimetry nowadays. However, several types of gravity anomalies are sometimes computed
additionally for specific purposes like geologic research.

The gravitational potential of the Earth can be approximated using spherical harmonics. With the geocentric
constant GM , the semi-major axis a of the ellipsoid, the associated Legendre polynomials Pnm, the geocentric
colatitude θ, longitude λ and the distance r to the geocentre, the gravity potential is (Torge and Müller, 2012)
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Figure 2.2: Long wavelengths of the global gravity disturbance [mGal] computed with the EGM2008 truncated
at degree and order 360 at a 2.5° grid

V =
GM

r

(︄
1 +

∞∑︂
n=1

n∑︂
m=0

(︂a
r

)︂n
(Cnm cos(mλ) + Snm sin(mλ))Pnm(cos(θ))

)︄
. (2.7)

The geocentric colatitude is obtained from the geocentric latitude φ̄ as θ = 90◦ − φ̄. The coefficients Cnm, Snm
of degree n and order m are given by a gravitational model, e.g. the Earth Gravitational Model 2008
(EGM2008) (Pavlis et al., 2012). The models are truncated at a specific degree, e.g. 2160 for the EGM2008.
The centrifugal potential Z and its gradient

z = ∇(Z) = ∇
(︃
ω2
ie

2
(x2e + y2e)

)︃
= ω2

ie

⎛⎝xeye
0

⎞⎠ , (2.8)

with ωie being the Earth rotation rate and xe, ye being coordinates in the earth frame e (see Section 2.5),
can be used to compute gravity with Equations (2.1) and (2.7). If the Earth rotation rate and the position
are known, the centrifugal acceleration is computed exactly. The Euclidean norm of the gravity disturbance
obtained with EGM2008 truncated at degree 360 is illustrated in Figure 2.2.

2.2 Gravimetry

The discipline of measuring gravity and the gravity gradient at the Earth and other celestial bodies is called
gravimetry (Torge, 1989). Gravimeters (also called “gravity meters”) observe gravity; gradiometers observe
gravity gradients by conducting gravity measurements simultaneously at two points with a known distance.
The thesis at hand focuses on gravimetry.
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The main properties of the principal observation techniques are illustrated in Figure 2.3. There are two
basic approaches for conducting gravity observations:

• In static gravimetry (also called “terrestrial gravimetry”), a gravimeter is placed on a solid point where
a single gravity observation is made. The static measurement enables the highest possible accuracy
on land, but dense gravity networks in a region of interest are costly in terms of time and personnel.
Furthermore, there are regions where static gravimetry is impractical or even impossible, e.g. areas
covered by liquid water, remote areas like polar regions, high mountain ranges, inaccessible jungles.

• In dynamic gravimetry, a gravimeter is installed on a moving platform. Gravity is observed along a
trajectory. The spatial resolution depends on the vehicle velocity and the length of the applied low-pass
filter. The gravimeter observes the specific force

f i = r̈i − gi, (2.9)

which is the deviation from the acceleration that would be observed during free fall, being the difference
of the kinematic acceleration r̈ due to the vehicle movement and gravity g, all observed in the inertial
frame i (see Section 2.5). When scalar gravimeters are used, only the instantaneous vertical component
in the navigation frame is observed instead of the complete specific force vector. Having computed the
kinematic acceleration using GNSS observations, Equation (2.9) is solved for gravity (Kwon and Jekeli,
2001).

Dynamic gravimetry can be divided into three main categories, depending on the vehicle type:

• In shipborne gravimetry (also called “marine gravimetry”), gravimeters are installed on ships at sea or
inland waters. Like for terrestrial measurements, the observations are made close to the geoid. Hence,
the variability of the observable gravity field is maximal. The relatively low vehicle velocity allows high
spatial resolutions. The combination with comparatively long low-pass filter lengths results in the best
accuracy of dynamic gravimetry, with the spatial resolution still being higher than in airborne gravimetry.
Since static measurements are impractical at liquid water bodies, shipborne gravimetry is the most
precise gravimetric method at liquid water bodies.

• In airborne gravimetry (also called “aero gravimetry”), an aeroplane, a helicopter or an Unmanned
Aerial Vehicle (UAV) is equipped with a gravimeter. This method can be applied everywhere on Earth,
faster than with terrestrial or shipborne gravimetry. Gravity variations are damped with increasing
height. Hence, small wavelengths above a specific threshold frequency depending on flight and terrain
altitude as well as the vehicle velocity cannot be observed (Childers et al., 1999). Due to the higher
velocities when using aeroplanes, the spatial resolution of airborne gravimetry is usually lower than in
shipborne gravimetry.

• Satellite gravimetry enables a nearly global and repeated observation of the gravity field, except for
polar gaps due to limited inclination angles of the satellite orbits. The long wavelengths of global gravity
field models are almost completely based on satellite gravimetry, but even at low satellite orbits, the
equipotential surface is substantially attenuated. Due to this and the high ground velocity, satellite
gravimetry is limited to long wavelengths.

Further, seldom used methods are underwater gravimetry (using underwater vehicles) and car gravimetry
(also called “terrestrial gravity profiling”). In both methods, the limited availability or temporary absence
of GNSS signals is challenging. Further sensors like Doppler sonar velocity log, depth gauge and acoustic
ranging in underwater gravimetry (Xiong et al., 2020) or map matching, Light Detection and Ranging (LIDAR)
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Figure 2.3: Schematic illustration of the principal gravimetric observation techniques with the equipotential
surfaces of gravity near the corresponding observation heights

and image-based techniques (Groves, 2013) in car gravimetry can be used to improve the vehicle’s position
and attitude estimate. An advantage of car gravimetry is the possibility of point-wise 3-D gravity updates
along the trajectory using terrestrial gravimeters and a zenith camera (Schack, 2021); a disadvantage is that
the measurements are restricted to roads with suitable observation conditions.

Figure 2.1 summarises the resolution properties of airborne, shipborne and satellite gravimetry and possible
applications. While the temporal resolution and the global coverage of recent satellite systems (see Section
2.2.1) are benefits of satellite gravimetry, the spatial resolution of airborne and even more shipborne gravimetry
being well below 10 km outperforms satellite gravimetry easily.

The following Sections give an overview on the history and the state of the art of the introduced gravimetry
techniques focussing on airborne and shipborne gravimetry, since the latter techniques will be analysed in
detail in the work at hand.

2.2.1 Satellite gravimetry

Historically, satellites applied for gravimetry were passive. Already the first satellite, Sputnik, was used to
derive the ellipsoidal shape and flattening of the Earth in the 1950s. Since the 1970s, several satellites equipped
with retro-reflectors were sent to low and medium Earth orbits. The satellite positions were determined
more precisely by Satellite Laser Ranging (SLR). Since their orbits are affected by gravitation, the position
measurement enables the determination of the Earth’s (long-wavelength) gravitational field. Examples for
SLR satellites are Starlette (Satellite de Taille Adapté avec Réflecteurs Laser pour les Études de la Terre, orbit
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height of 800 km) and both LAGEOS (Laser Geodynamics Satellite) satellites (launched in 1976 and 1992,
orbit height of 5,900 km) (Petit and Luzum, 2010). In addition to SLR, radar and Doppler systems can be
used for satellite gravimetry.

The sea surface height can be measured by satellite altimetry where a radar signal is emitted by the
satellite, reflected by water surfaces and detected by the satellite. After correction for tides, sea currents and
atmospheric pressure, the geoid height is obtained and can be included in the development of gravity models.

Satellite gravimetry applying laser/radar distance or Doppler measurements to the Earth is limited by
inaccurate observations and atmospheric disturbances (Flechtner et al., 2021). In the 1990s, the NAVSTAR
Global Positioning System (GPS) and more precise accelerometers became available enabling gravimetry
with enhanced accuracy applying Satellite-to-Satellite Tracking (SST) methods. The following SST satellite
gravimetry missions are of special importance. The data is taken from Flechtner et al. (2021), where the
reader finds detailed information on the missions.

• CHAMP: In 2000, the German Research Centre for Geosciences (GFZ) and the German Aerospace Center
(DLR) brought the Challenging Minisatellite Payload (CHAMP) satellite into a polar, almost circular
orbit. Equipped with dual-frequency GPS receiver (“high-low SST”) and precise accelerometers, CHAMP
enabled the global determination of gravity with a strongly improved accuracy compared to previous
satellite missions. The low initial orbit height of 454 km should allow improved observations at a spatial
resolution of 800 km (half-wavelength). Until the end of operability in 2010, the satellite descended to
an orbit height of 260 km before it burnt up in the atmosphere.

• GOCE: In the Gravity and Steady-State Ocean Circulation Explorer (GOCE) mission, a 3-D gradiometer
consisting of two sets of three perpendicular accelerometers was used by the European Space Agency
(ESA) to refine the global gravity field with an accuracy of 1 mGal (corresponding to a geoid height
of 1...2 cm) and a spatial resolution of 100 km (half-wavelength), which was enabled by the very low,
sun-synchronized orbit with an orbit height of 255 km at the launch of the mission in 2009 and 224 km
at the end of operation in 2013.

• GRACE: The satellite mission with the longest duration of operability (2002 to 2017) was the Gravity
Recovery and Climate Experiment (GRACE). The National Aeronautics and Space Administration (NASA),
GFZ and DLR operated the mission based on the “tandem low-low SST” measurement principle: Two
satellites were sent to the same quasi-polar, quasi-circular orbit and followed each other with a distance
of 220 km at an orbit height of 500 km descending to 345 km. In addition to the satellite position
determination using GPS and electrostatic accelerometers, the range between both satellites was observed
using a microwave measurement system with an accuracy of a few µm. The varying gravitation field of
the Earth leads to a distance variation between both satellites of up to ±100µm above the Himalayas.
The main purpose of the mission was to monitor changes in the gravity field. For this, complete gravity
field models were generated every 30 days with a spatial resolution of 400 km. Due to the parallel ground
track of the orbits in North-South direction, erroneous striping effects occur in the results reflecting the
lower sensitivity in East-West direction. The effect can be reduced in post-processing.

• GRACE-FO: Following a data gap of about five months, the GRACE Follow-On (GRACE-FO) mission was
launched in 2018. The mission design is similar to GRACE, but the range measurements between the
new satellite tandem are improved to an accuracy of 10 nm by using a Laser Ranging Interferometer.
The end of operability of GRACE-FO is planned to be at the earliest in 2023.

While the GRACE-FO mission is still running, future satellite gravimetry missions are already in planning
stages. A further GRACE-like mission might be supplemented by a second satellite tandem on a non-polar
orbit in a constellation proposed by Bender et al. (2008) in order to remove the striping effect and improve
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spatial and temporal resolution. ESA’s next generation gravity mission aims to yield a geoid accuracy of
1 mm at a spatial resolution of 150 km (500 km) every 10 days (3 days) (see Figure 2.1) (Haagmans et al.,
2020). In the long term, Cold Atom Interferometry (CAI) gradiometers and hybrid quantum/electrostatic
accelerometers might enhance the measurement accuracy (Knabe et al., 2022).

2.2.2 Airborne gravimetry

The first airborne gravimetry flights have been conducted in the late 1950s. Thompson and LaCoste (1960)
reported an accuracy of about 10 mGal for gravity readings at 5 min average. A stable platform LaCoste marine
gravimeter was used and the positioning was carried out using a Doppler radar and a hypsometer (barometric
elevation determination) (Nettleton et al., 1960). The positioning was verified photogrammetrically using
photo-theodolites.

For some decades, the position and navigation accuracy limited the accuracy of airborne gravimetry
(Nabighian et al., 2005). The advent of GPS was a push for airborne gravimetry. High-accuracy positioning
became possible using precise geodetic GNSS receivers in dual frequency phase observation mode. In order
to remove location-dependent errors in the GNSS observations, the position of the aircraft was computed
in the (Precise) Differential GNSS ((P)DGNSS) mode requiring a base GNSS station. The first letter “P” in
PDGNSS indicates that GNSS phase observations are used instead of code observations alone. When using the
abbreviation “DGNSS” in the following, it is assumed that phase observations are used anyway. First airborne
gravimetric flights at Greenland verified the possibility to use DGPS for horizontal and vertical positioning
using stable platform LaCoste & Romberg (L&R) S-Type and Bell gravimeters. The vertical GPS accuracy was
found to be at least on par with the accuracy of a radar altimeter (Brozena, 1992). Since the 1990s, airborne
gravimetry campaigns using stable platform gravimeters were operated routinely using GNSS. Results have
been verified by comparing them to shipborne data (Bastos et al., 1998). Forsberg et al. (2001) reported
non-adjusted RMSE precision (see Section 5.5) better than 2 mGal for Arctic campaigns between 1998 and
2000. A similar accuracy was stated by Studinger et al. (2008) using stable platform IMUs as gravimeters
when comparing the results with a terrestrial gravity line under the airborne line.

Alternatively to the classical approach of installing the gravimeter on a horizontally stabilised platform,
IMUs can be “strapped down” to the aircraft. The theoretical feasibility of this approach was shown by K. P.
Schwarz (1983). In 1995, strapdown gravimetry was performed successfully for the first time by Wei and
K. P. Schwarz (1998). The accuracy was about 2 mGal at a spatial resolution (half wavelength) of 7 km. The
IMU was a Honeywell LASEREF III with QA2000 accelerometers and GG1342 ring laser gyros. A side-by-side
comparison of this IMU with a Litton 101 showed an agreement at the level of 1.6 mGal after removing a
linear drift from each line (Glennie and K. P. Schwarz, 1999). Glennie et al. (2000) published a side-by-side
comparison of a LASEREF III and a stable platform L&R S-type gravimeter reporting a Root Mean Square
(RMS) agreement of 2...3 mGal. The operational reliability of the LASEREF was higher during the flights. The
authors concluded that both systems “give the same level of gravity-field information at all but the longest
wavelengths”. They suggested a combination of both systems until the drift behaviour of the strapdown system
is improved. An efficient method to enhance the long-wavelength behaviour of an IMU was proposed by
Becker et al. (2015b). They showed that an easy-to-realise warm-up calibration of the vertical accelerometer
removes the bulk of sensor drifts. Further, more elaborated calibration methods were introduced by Becker
(2016). Alternatively to thermal calibration, the IMU sensors can be thermally stabilised using a designated
housing. Tests with such a thermal stabilisation housing have been performed successfully at the Technical
University of Darmstadt (TU Darmstadt) since 2018. Other groups with similar housings also verified their
effectiveness (Jensen et al., 2019; Simav et al., 2020). Strapdown gravimeters could also be used in UAV
campaigns, which might lower campaign costs and enhance safety for the personnel in future campaigns.
First test flights with UAVs have already been conducted (Lin et al., 2018).

10



Since the early 1990s, DGNSS is typically used for GNSS positioning in airborne gravimetry. In the alternative
Precise Point Positioning (PPP) approach (Zumberge et al., 1997), a GNSS base station is not needed, since
the rover observations are corrected based on precise GNSS satellite and clock products provided by analysis
centres. PPP proved to be a reliable positioning approach for airborne campaigns, which has been verified in
multiple campaigns in Becker (2016), Jensen (2018), and Jensen et al. (2019) reaching accuracies at the
1 mGal level. Several kinematic acceleration determination methods exist that will be introduced in Section 4.

All classical stable platform and strapdown gravimeters are limited to relative gravity estimates. Typically,
the absolute gravity estimates are obtained by anchoring the results to known reference values at the airports
obtained by terrestrial gravimetry (“endmatching”) (Kwon and Jekeli, 2001) or, seldom, by shifting the flight
results to a global gravity model reference, e.g. by combining complementary high and low pass filters (Bruton,
2000). With a newly developed CAI gravimeter, Bidel et al. (2020) showed that airborne gravimetry is possible
directly obtaining absolute results with a reported accuracy of less than 4 mGal in first test flights above
Iceland. The results are promising and indicate that absolute gravimeters might play an important role in the
future of airborne gravimetry. However, typical current relative gravity results are still of superior quality
after endmatching.

2.2.3 Shipborne gravimetry

Due to the lower velocity and less high-frequency disturbing motion of the vehicle, shipborne gravimetry (also
called “marine gravimetry”) is easier to realise than airborne gravimetry, at least at calm sea conditions. That
is why shipborne gravimetry was implemented more than 50 years before airborne gravimetry by Hecker
(1903) using gas-type gravimeters where gas at a specific temperature and pressure worked like a spring
element. The first actual spring type gravimeter of the manufacturer Graf enabled Worzel (1965) to obtain
gravity results at the 1 mGal level (Nabighian et al., 2005), beginning from 1957. L&R spring gravimeters
were first used in shipborne gravimetry in 1958 by Harrison (1959) and LaCoste (1959), who reported an
agreement with submarine measurements of 5 mGal in a first test.

After the first L&R gravimeters have been gimbal supported, the successful L&R S-type gravimeter has been
introduced by LaCoste et al. (1967) using a gimbaled platform. LaCoste (1967) reported that accuracies better
than 1 mGal are possible with this gravimeter. S-type gravimeter have still been used in recent campaigns,
e.g. Jensen et al. (2019), new gravimeters are manufactured by ZLS Corporation. Other commonly used
gravimeters were manufactured by Bodenseewerke/Askania, which were also still used in the new millennium.
Furthermore, there exist other stable platform gravimeter types like the Chekan-AM (Krasnov et al., 2011). In
five campaigns at the Baltic Sea between 2013 and 2016, Lu et al. (2019) reported an accuracy of 0.5 mGal
achieved with the Chekan-AM.

Although the long-term drift behaviour is of higher importance for marine campaigns if the cruises take
more time than a typical flight, strapdown gravimeters are also suitable for shipborne gravimetry. This will be
shown in the work at hand and has also been verified by Cai et al. (2017) and Wang et al. (2018), where the
strapdown gravimeters SGA-WZ and SAG-2M have been used side-by-side with L&R gravimeters, respectively,
indicating strapdown accuracies around the 1 mGal level. In a marine experiment presented by Yuan et al.
(2020), four stable platform gravimeters (GT-2M, L&R S-type, CHZ-II and ZL11) were run side-by-side with
two strapdown gravimeters (SAG-2M and SGA-WZ). A quality assessment based on crossover points indicated
that the precision of all gravimeters except the L&R was better than 0.5 mGal. The best results in varying sea
conditions were obtained with the GT-2M gravimeter.
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2.2.4 Static terrestrial gravimetry

The first documented successful gravity measurement was done in 1656 by Huygens by measuring the
oscillation period of a pendulum with known length. This absolute method was limited to the precise
measurement of the pendulum length. Enhanced absolute and relative pendulum set-ups were still used until
about 1940 (Nabighian et al., 2005; Marson, 2012). In the second half of the twentieth century, absolute
gravity measurements were usually conducted with free-fall or rise-and-fall gravimeters where the test masses
where observed by laser interferometry. At the beginning of the current century, CAI was developed where a
cluster of cold Rubidium atoms are imposed to a free-fall set-up. While they fall, they are exposed to three
Raman laser pulses. The subsequent phase shift of the atomic wave function depends on gravity.

Spring-type gravimeters are commonly used in relative gravimetry. The highest sensitivity is obtained in an
astatic setup with a “zero-length” spring. The first gravimeters of this type were developed in 1934 by LaCoste.
While spring-type gravimeters are subject to drifts, superconducting gravimeters are theoretically drift-free. A
superconducting test mass is levitated and hold in a reference position by electromagnets. This technology
was developed in the 1960s. For terrestrial reference measurements in dynamic gravimetry, spring-type
gravimeters are still the most suitable gravimeters in terms of measurement mobility, weight and costs. Their
accuracy is about two orders of magnitude better than the accuracy of dynamic gravimetry.

2.3 Gravimeter types of dynamic gravimetry

This work primarily analyses data of an iMAR iNAV-RQH-1003 (iNAV-RQH) strapdown gravimeter. Since
2018, this IMU is encapsulated in a thermally stabilised housing named iMAR iTempStab-AddOn (iTempStab).
In some campaigns, other IMUs by iMAR (iNAT-RQH and iNAT-RQT) have been used side-by-side with TU
Darmstadt’s iMAR. There are only minor differences in the measurement principles of the iMAR generations.
Additionally to the strapdown gravimeters, at some campaigns, the observations of two gravimeter types
following the “classical” approach of horizontal stabilisation will be considered.

The main differences between TU Darmstadt’s strapdown gravimeter and the stable platform gravimeters
Chekan-AM owned by GFZ and L&R S-type owned by National Space Institute at the Technical University
of Denmark (DTU Space) are summarised in Table 2.2. Most table information was obtained from personal
experience/measurements or by the gravimeter owner. Stable platform gravimeters are limited to the vertical
component of gravity. The observation accuracy depends on the quality of the automatic levelling device.
Especially after turns, the platform needs some time for stabilisation. Since the levelling errors are higher
during turbulence / harsh sea conditions, results of the classical gravimeters are usually omitted when obtained
under such conditions. In contrast to the strapdown IMUs, an operator is required for the Chekan and the
L&R during the flights/cruises, especially before and after turns. Due to the levelling platform, the classical
gravimeters are heavier, need more space and the power consumption is higher. These properties limit
the available flight time of stable platform gravimeters, especially in small aircraft, and make UAV flights
impossible.

On the one hand, the measurement accuracy strongly improves when a strapdown IMU is encased in a
thermally stabilised housing because of the elimination of thermally induced sensor drifts. On the other hand,
some advantages of strapdown gravimetry are weakened: Such a housing increases the dimensions and weight
of the gravimeter. Additionally, the temperature stabilisation elements (e.g. Peltier elements, fans) increase
the power consumption, especially during warm-up and at very low or high environmental temperatures.
However, the space, weight and power requirements are still much lower than for stable platform gravimeters
(see Table 2.2).

In this section, the gravimeter types used for evaluation in this thesis will be introduced briefly. Since the
focus of this work is on TU Darmstadt’s strapdown gravimeter, it will be presented in more detail.
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Table 2.2: Properties of gravimeters appearing in this thesis (values based on personal experience, by GFZ,
DTU Space, Becker (2016), Krasnov et al. (2011) and LaCoste (1967), values include horizontal
stabilisation devices)

iNAV-RQH-
1003

iNAV-RQH-1003 w.
iTempStab-AddOn

Chekan-AM L&R S-type

Installation strapdown stable platform
Measurement
principle 3-D quartz accelerometers and 3-D RLG 1-D double quartz

elastic systen
1-D astatic

zero-length spring
Temperature sta-
bilisation 7 3 3 3

3-D results possi-
ble? 3 7

Turbulence resi-
tency high low

Automatic in-
flight operation? 3 7

Dimensions
[cm3] 30 x 22 x

18
43 x 25 x 31 45 x 45 x 64 70 x 55 x 65

Weight [kg] 12.5 22 72 80
Power consump-
tion [W] < 45 200 (start-up); 30...90

after stabilisation
> 250 < 300

2.3.1 Horizontally-stabilised gravimeters: Chekan-AM and LaCoste S-Type

The Chekan-AM gravimeter (Figure 2.4) was developed by CSRI Elektropribor in the first decade of the current
century. It was primarily designed for marine applications (Krasnov et al., 2011). The observations are based
on a double quartz elastic system (DQES) with two pendulum levers (Figure 2.5). Each of the lever arms has a
proof mass at its end and is installed at a quartz torsion element in an organic silicon liquid. Quartz is chosen
because of its very low coefficient of thermal expansion. The liquid removes high-frequency movements of
the vehicle, and reduces the influence of external temperature and pressure. The tilt angle of each lever is
observed optic-electronically: A photodiode emits directed electro-optical radiation that is forwarded by a
system of lenses and a mirror at the pendulum to a linear Charge-Coupled Device (CCD). The set-up with
two pendulum levers strongly reduces the influence of cross-coupling effects. The temperature of the device
is stabilised using Peltier elements. The position of the gimbal suspension is set based on observations of a
gravity sensor, two gyroscopes and two accelerometers. The sensor drift of the Chekan-AM can reach some
mGal per day, but is predominantly linear. Experiences with the sensor in measurements indicate that the
non-linearity of the drift might increase with the sensor age (see Section 9.2.1).

The L&R S-type gravimeter by DTU Space (Figure 2.7) was already developed in the 1960’s (LaCoste et al.,
1967; LaCoste, 1967). Its working principle is illustrated in Figure 2.6. The core of the device is a typical
L&R gravimeter: A zero-length spring is fixed to a pendulum lever arm and a non-vertical bearing (astatic
set-up). In this set-up, drifts in the photoelectric measurement of the vertical beam position do not affect
the gravity results adversely (LaCoste, 1967); longitudinal and transverse spring vibrations are negligible.
The sensitivity is lower in comparison to terrestrial L&R gravimeters in order to resist high-frequency vehicle
movements. The sensor drift observed in recent campaigns by DTU Space was lower than 0.2 mGal per day,
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ity survey without readjusting the measurement range
all over the World ocean water area, even at rather
rough sea. The elastic system placed in the damping
liquid practically fully eliminates the influence of
vibrations and shocks caused by seismic survey.

Concurrent with the improvement of the DQES, a
new OptoElectronic Converter (OEC) was developed
to measure tilt angles of the pendulum deflection. To
increase the system resolution, the OEC is based on two
linear�type charge couple devices (CCD), thus allowing
the lens focal length to be extended from 40 mm to
150 mm [5]. 

Analog signals from the CCD photodetectors are
converted into a 12�bit code by means of a digital con�
troller which also calculates the current angular posi�
tion of the DQES pendulums and transfers the data to
the PC via the interface RS�232.

The construction of the gravity sensor (Fig. 2)
allows the gyrostabilizer to be removed and installed
without any subsequent adjustments. The DQES is
installed inside a thermostat in order to maintain a
constant temperature, which is achieved by using ther�
moelectric semiconductor modules operating on the
Peltier effect. Thermal instability around the thermal
sensor does not exceed 0.02–0.03°C.

GYRO STABILIZATION SYSTEM
OF THE GRAVIMETER

The gyro stabilization system is intended to keep
the sensitivity axis of the gravity sensor in the vertical
direction (i.e. in the plumb line) with minimum errors.
As distinct from the most commonly encountered gyro
stabilization systems that consist of a central device
(gyrostabilizer) and a control unit, it is microcontrollers
directly inside the gyrostabilizer that perform the func�
tions of the controls in the gravimeter Chekan�AM.
The design of the gyrostabilizer (GS) is unified with
those of modern marine inertial navigation systems.
The general view of the GS with the gravity sensor is
shown in Fig. 3. The overall dimensions of the device
are ∅430 × 450 mm; the weight is about 55 kg.

The gyrostabilizer is a two�axis gimbal suspension.
It has a gravity sensor, two floated one�degree�of�free�
dom gyros and two accelerometers with built�in elec�
tronics installed on its inner gimbal. Gas bearings of
the gyros provide practically unlimited service life for
them. A two�channel gearless servo drive provides
matching of the gimbals in accordance with the gyro
pick�offs.

The servo drive consists of two identical channels
with microcontrollers which control the torquers on
the corresponding axis of the gyrostabilizer by the sig�
nal from the gyro pick�off.

CCD Diode

Pendulum mirror

CCD

Pendulum lever

Damping liquid

Lens

Window

Quartz torsion

DQES housing

Proof mass

Fig. 1. An optical schematic of the gravity sensor.Figure 2.5: Measurement principle of the Chekan-AM gravimeter (Kras-
nov et al. (2011), reproduced with permission from Springer
Nature)

which is almost negligible for single flights. According to LaCoste et al. (1967), cross-coupling errors are
“important but correctable”.

2.3.2 Strapdown gravimeter: iMAR iNAV-RQH-1003 with iTempStab-AddOn

The strapdown gravimeter owned by the chair of Physical and Satellite Geodesy at TU Darmstadt and used in all
campaigns that will be presented in this work is of the type iNAV-RQH-1003 (Figure 2.8a) by the manufacturer
iMAR Navigation. It is a navigation grade IMU that was originally designed for high-precision navigation
purposes. In 2018, the system was extended by a thermally stabilised housing of the type iTempStab-AddOn
(Figure 2.8b). There have been made some specific modifications to the IMU that are under manufacturer
confidentiality.

Figure 2.9 gives an overview of the most relevant components of the combined system of the IMU and the
thermal housing. The core of the system is the Internal Sensor Assembly (ISA) by the manufacturer Honeywell.
The ISA is mounted to the IMU with shock mounts in order to damp exterior shocks, vibrations and the
dithering of the gyroscopes (Becker, 2016). The main components of the ISA are three perpendicular QA-2000
accelerometers and GG1320AN ring-laser gyroscopes each and a clock. The manufacturer specifications can
be found in Table 2.3 or in more detail in IMAR Navigation (2012).

Since the accelerometers are the main sensors for strapdown gravimetry, the working principle of the
QA-2000 accelerometer based on the Q-Flex construction is introduced briefly. The basic construction was
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Figure 2.6: Measurement principle of the L&R
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(1967))
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Figure 2.7: The L&R S-type gravimeter by DTU Space in-
stalled next to strapdown gravimeters and the
magnetometer xSens MTi at the Malaysia 2022
campaign
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(b) The IMU encased in the iTempStab-AddOn

Figure 2.8: TU Darmstadt’s strapdown gravimeter by iMAR with IMU axesX,Y, Z (modified after Förste et al.
(2020))

Table 2.3: Specifications of the Honeywell inertial sensors of the iNAV-RQH-1003 according to IMAR Naviga-
tion (2012)

Accelerometers Gyroscopes
Name Q-Flex QA-2000 GG1320AN
Bias < 25µg < 0.003◦/h
Bias stability < 10µg < 0.002◦/h
Random walk < 8µg/

√
Hz < 0.0025◦/

√
h

Linearity error < 100 ppm < 5 ppm
Axis misalignment < 25µrad
Data latency < 3ms
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Figure 2.9: Relevant components of the system design of the iMAR iNAV-RQH-1003 with iTempStab-AddOn
(modified after Becker (2016))

patented in the 1970s (Jacobs, 1972), but is still used for high-precision applications (Touboul et al., 2016).
A U-shaped pendulum and the pendulum hinges (“flexures”) are formed of a single fused quartz structure
(Figure 2.10). The partly metallised pendulum is placed around a permanent magnet. When accelerations
occur in the sensitive direction xa of the sensor, the resulting displacement of the proof mass, the pendulum
with forcer coils, is measured capacitively. A signal is sent to a servo drive which regulates the current on the
forcer coils that are placed on the pendulum next to the magnet. The force is proportional to the magnetic
field. The electromagnetic interaction between the magnet, the coil and the metallised pendulum lets the
pendulum swing back to its centre position. More details on the Q-Flex construction can be found in Lawrence
(1993).

The misalignment of the complete ISA with respect to the designated IMU axis can be up to 0.1°, but is
irrelevant to the gravity results since this type of misalignment only affects the lever arm between the IMU and
the GNSS antenna in an insignificant way. Becker (2016) showed that the ISA misalignment and the interior
misalignment between the single accelerometers and gyroscopes depends on the temperature. The sensor
data including the reading of a temperature sensor inside the ISA is transferred to a PC inside of the IMU. The
location of the ISA temperature sensor is unknown due to restrictions by the manufacturer Honeywell.

Becker (2016) performed three 60 h static measurements for the IMU and analysed the noise depending on
different window sizes by computing the Allan variance (Allan, 1966; El-Sheimy et al., 2008). Three different
attitude settings were applied in a way that each accelerometer was vertical in one of the runs. The main
results were as follows: The standard deviation of the actually vertical accelerometer was consistently lower by

16



Sensor housing

Forcer coil

Quartz proof mass

Capacitive pick-off

Magnet

Flexure

xxaya

za

Figure 2.10: Schematic topview of the Q-Flex accelerometer construction (based on Lawrence (1993)) and
single accelerometer axis directions. The sensitive axis xa and the movement direction of the
proof mass are perpendicular to the paper plane

a factor of 2.5 to 3. For small window sizes, the sensor behaviour was dominated by quantisation noise. The
minimum standard deviation was about 0.07 mGal at a window size of about 42 min for the actually vertical
accelerometer and more than 0.3 mGal at 15 min for the horizontal accelerometers. For longer window sizes,
the increasing sensor noise could not be assigned unequivocally to a specific error category.

The IMU includes a GNSS receiver. The purpose of the original single-frequency GPS receiver by uBlox was
to ensure a time synchronisation with GPS Time (GPST) using a Pulse-Per-Second (PPS) signal. By the end of
2018, the IMU received a further upgrade where the original receiver was replaced by a NovAtel OEM729
multi-frequency receiver board (NovAtel Inc., 2017). This geodetic receiver with 555 channels tracks all
current GNSS frequencies. The NovAtel receiver in combination with the iNAV-RQH enables the tracking of
all frequencies at a data rate of 5 Hz, which is sufficient for airborne gravimetry. Hence, an external GNSS
receiver is not necessary for this gravimeter.

The ISA sensor and clock as well as the GNSS receiver observations and PPS signal are transferred to the
PC board of the IMU. The board synchronizes the sensor data with the PPS signal and can be accessed via a
user interface. A direct GNSS/IMU integration in order to obtain a navigation solution (i.e. position, velocity,
attitude) is possible. This feature is typically not used for dynamic gravimetry since the the gravity processing
can be done in post-processing.

The main elements of the iTempStab are two thermal stabilisation assemblies with Peltier elements and
ventilators, a microcontroller and several temperature sensors. The thermal regulation code has been developed
by iMAR and was slightly adapted by TU Darmstadt for the specific thermal properties of their strapdown
gravimeter. The following temperature sensors are part of the IMU and the iTempStab (see Figure 2.9):

1. The first sensor is located inside of the ISA and is the best available information about the temperature
close to the inertial sensors. It can be read out by the PC board of the IMU, but will not be used by the
iTempStab controller. The data is best suited for thermal calibrations (see Section 2.4).

2. Sensor 2 is placed inside of the iTempStab housing at the cover of the IMU. This sensor is used by
the controller as controlled variable with a target of 50◦C. It turned out to be best practice to set the
target temperature prior to a campaign, since varying target temperatures can have a huge impact
to the results if the gravimeter is turned off and on again during a campaign. If the temperature is
lower than the target, the Peltier elements will be set to the heating mode. If the temperature is higher,
the Peltier elements will be in cooling mode. The power of the Peltier elements is set proportional to
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the temperature difference to the target until a specific maximum absolute difference value is reached.
Then, the Peltier elements heat/cool with 90% power. A high target temperature was selected since
heating requires less power than cooling. For most evaluated campaigns, the iTempStab was in moderate
heating mode most of the time.

3. The third sensor is located inside the iTempStab as well, but close to the Peltier elements. If the sensor
exceeds a specific threshold temperature, the ventilators will be activated.

4. Sensor 4 is integrated in a cable outside the iTempStab housing and is an indicator for the environment
temperature. This sensor is used to examine the functionality of the iTempStab under various cabin
temperature conditions.

5. Temperature sensor 5 measures at the PC board of the IMU. It is not used in the scope of this work.

The typical thermal behaviour of the strapdown gravimeter is illustrated in Figure 2.11a. In this test, the
gravimeter was placed on a table at TU Darmstadt with a room temperature of about 21◦C and was turned
on for about 8 hours. The Peltier elements heated with full power until sensor 2 (in iTempStab on IMU)
nearly reached its target temperature of 50◦C after 33 min (Figure 2.11c). Afterwards, the heating reduced
with some oscillations until about 5 hours after the activation of the gravimeter. The regulation stabilises
with minor oscillations at a low Peltier cooling power (7...10%). For the inertial measurements, the ISA
temperature is most important. It is stable after about 4 hours. This duration was also observed at other
environment temperatures between 10 and 30◦C. The temperature range at the ISA sensor is typically less
than 0.7 K after warm-up. During the test, the environment temperature was almost constant. Nevertheless,
sensor 4 shows a slight increase in the fist 50 min, since the cable outside of the iTempStab housing where the
sensor is placed is heated up by the gravimeter by some Kelvin. Typically, the actual environment temperature
is about 2 to 5 K lower than the reading of sensor 4.

The low-pass filtered readings of the vertical accelerometers (up direction, mean value subtracted) are
shown in Figure 2.11b. The acceleration differences of about 40 mGal are mainly due to thermal effects during
warm-up. In the first 15 min after start-up, the readings are impaired by a repeatable turn-on effect. The
warm-up and and turn-on behaviour of the vertical accelerometer was already described by Becker (2016).
After about 4 h, the observed acceleration is approximately stable. Having removed the mean value and a
linear drift of about 3 mGal

d , the RMS is about 0.2 mGal after stabilisation.
The microcontroller transmits the data of the temperature sensors 2 to 4 and the power settings of the

Peltier elements and ventilators to the PC board of the IMU (see Figure 2.9). The time-stamped accelerometer,
gyroscope and GNSS observations as well as the thermal data can be accessed from the IMU, e.g. via Ethernet
connection.

2.4 Thermal IMU calibration

2.4.1 Possible approaches

Changes in temperature affect the readings of IMUs. For the iNAV-RQH that is used in this thesis and was
presented in Section 2.3.2, several thermal calibration methods for one or more accelerometers have been
applied by Becker (2016):

• Warm-up calibration of the vertical accelerometer: In this simple approach, the IMU is placed on a
solid surface at room temperature. The readings of the vertical accelerometer are collected during the
warm-up period. The procedure is repeated several times. Between the records, the IMU is turned off
in order to let the IMU cool down. A calibration function of the accelerometer bias depending on the
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ISA temperature is estimated. The function is used to correct the readings of the vertical accelerometer
during measurement campaigns.

• Temperature oven calibration of the vertical accelerometer: The approach of the warm-up calibration
is slightly adapted by placing the IMU in an oven where the temperature can be set considering the IMU
temperature range according to the manufacturer specifications. Each oven temperature is held for a
specific time in order to enable a stabilisation of the ISA temperature.

• Parametric calibration: The IMU is placed on a (2-axis) turntable with a temperature oven. Gravity is
used as a stimulus signal. The sensed accelerations vary since the IMU is set in various randomly chosen
attitude settings. The precise gravity value is determined by terrestrial gravimetry. As for the temperature
oven calibration, the selected attitude settings are repeated for various oven temperatures. For every
accelerometer, a bias, one or two scale factors and a cross-coupling are estimated in least-squares
adjustments.

• Sample-based calibration: In contrast to the previous approaches, the roll and pitch angles are assumed
to influence the calibration in this approach. The accelerometer parameters are not modelled explicitly.
Basically, a 3-D look-up table is generated in dependence of the roll and pitch angles as well as the
environment temperature. Like in the parametric calibration, a turntable with combined oven is used to
obtain results at various temperatures. Roll and pitch angles typical for airborne gravimetry campaigns
are selected.

The results in Becker (2016) indicate that all mentioned thermal calibration approaches strongly improved
the accuracy and precision in all evaluated airborne gravimetry campaigns. In most campaigns, the best
precision was reached with the simple warm-up calibration of the vertical accelerometer. A possible reason for
this might be the higher environment temperature gradient during this calibration method which is similar to
the temperature gradient during flight days. In the scope of the thesis at hand, the warm-up calibration is
selected since it delivers high-precision results at a low model complexity.

When Becker (2016) compared the campaign results to the combined gravity model GGM05C (Ries et al.,
2016), he observed absolute differences in the mean values of more than 1 mGal for all calibration methods
but the sample-based calibration. The latter is the only calibration method where the correction depends on
the roll and pitch values. The systematic deviation of these Euler angles during the alignment period at the
airport compared to the mean attitude during the flights might be a possible reason for in-flight biases and
should be further investigated.

2.4.2 Renewed warm-up calibration

Becker (2016) performed a warm-up calibration for the vertical accelerometer of the iNAV-RQH in February
2014 covering an ISA temperature range between 23 and 44°C. After the calibration, the thermal housing
iTempStab (see Section 2.3.2) was purchased in February 2018. All recent gravimetry campaigns by TU
Darmstadt were conducted using the iTempStab. When the ISA temperature is stable (approximately 4 h after
start-up at room temperature), a thermal correction becomes unnecessary. However, a thermal calibration
will still be useful

• if measurements need to be conducted before the temperature is stable (due to a lack of time or problems
with power supply during night, see Section 6.4.2) and

• if the environment temperature is out of the supported range or if there is a malfunction with the
thermal housing (see Section 6.2.2).

20



Using the iTempStab with the settings mentioned in Section 2.3.2, the operating temperature of the ISA
is almost 60°C (see Figure 2.11a) which is about 15 K higher than when the IMU is used without thermal
housing. The maximum of the old warm-up calibration (44°C) is already reached less than an hour after
start-up due to full power heating of the Peltier elements after activation. Poor results are expected when
the old calibration is simply extrapolated to higher temperatures. Consequently, an additional warm-up
calibration was conducted in June 2022.

The IMU in the iTempStab was placed on a solid surface at the TU Darmstadt facilities and was run for about
8 h. The recording was repeated four times with cool down periods of at least 15 h. The raw accelerometer
outputs were low-pass filtered with a cut-off frequency of 130 s (-6 dB). Slight tilt changes of the IMU or the
ISA might result in slight deterioration of the vertical (z-axis) accelerometer reading f bz . To avoid such effects,
a tilt correction of the form

fntilt,z =
f bz

cos(φb) · cos(θb)
, (2.10)

is applied to the readings. The Euler angles roll φb and pitch θb are computed using the standard alignment
formulas

φb = arctan

(︄
−f by
−f bz

)︄
, θb = arctan

⎛⎝ f bx√︂
f by

2
+ f bz

2

⎞⎠ , (2.11)

with f bx, f by , f bz being the specific force observations (Groves, 2013). Basically, the tilt correction projects the
observed third component f bz of the specific force to the local vertical by multiplying the rotation matrix Cn

b

(the transposed matrix of Equation (2.21), see Section 2.5) by a reduced specific force vector (0 0 f bz )
T. Note

that the four-quadrant arctangent function is required for φb. The tilt correction is only used experimentally
here since the horizontal accelerometers may be significantly affected by thermal errors.

The tilt-corrected reading of the vertical accelerometer of run 3, a run with medium noise, is shown in
Figure 2.12a. Note that the absolute accelerometer readings are irrelevant, since the strapdown gravimeters
deliver only relative results. Like in dynamic gravimetry processing, the results are corrected by removing a
linear trend from the data (see Section 5.4). It is assumed that the temperature is sufficiently stabilised after
3.75 h. The mean values of the 15 min after the stabilisation epoch (end illustrated by left dashed line) and at
the end of the measurements (beginning after the right dashed line) are computed. For each run, a linear
drift is computed using the difference between both mean values. The vertical accelerometer of run 3 shows a
linear trend of about -0.1 mGal

h . The trend is illustrated by the red line in Figure 2.12a, vertically shifted for
clarity. The linear trend is assumed to be consistent over the whole run and is removed along with the mean
readings after stabilisation as shown in Figure 2.12b.

The standard deviation of the filtered readings of the vertical accelerometer after warm-up are 0.2...0.4 mGal
at the four runs (Table 2.4). When the tilt correction is applied, the accuracy is improved by maximally
0.02 mGal. Due to the marginal changes, the tilt-corrected calibration will not be used in the dynamic
campaigns.

The warm-up calibration was also applied to the horizontal accelerometers (front, left). Strong drifts after
the warm-up epoch of about 5...20 mGal

h have been observed. This is probably due to the high sensitivity of the
horizontal readings to small attitude changes. An attitude error of 10′′ leads to an error of less than 1 mGal in
the vertical, but almost 50 mGal in the horizontal observation. Remaining thermal effects might cause slight
changes in the ISA orientation. The particularly high sensor drifts of the left accelerometer should be analysed
in future work.

The mean ISA temperature of the IMU with iTempStab is about 58°C. To enable a combination of the four
runs, the filtered relative readings of the accelerometers are shifted to 0 at 58°C, i.e. a correction will be
non-zero when the ISA temperature deviates from 58°C. The filtered, trend-free and shifted readings of the
vertical accelerometer are represented as the thin lines in Figure 2.13.
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(a) Zero-mean readings before drift removal
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(b) Readings after drift removal (zero-mean after warm-up)

Figure 2.12: Readings of the vertical accelerometer (up, tilt correction applied) during run 3 of the warm-up
calibration. The red line indicates the slope of the linear trend after warm-up

Table 2.4: Standard deviation of the accelerometer readings after warm-up, linear trend removed (all values
in mGal)

Front Left Up Up
(tilt cor.)

Run 1 9.11 1.51 0.39 0.37
Run 2 2.94 0.66 0.23 0.22
Run 3 4.46 4.49 0.28 0.28
Run 4 1.93 2.83 0.23 0.22
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Figure 2.13: Thermal calibration of the vertical accelerometer (up, tilt correction applied)
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To avoid an over-representation of the high temperatures close to the equilibrium temperature, the mean
readings of the runs are computed for equally distributed bins with a width of 0.5 mK. They are used as input
data to estimate a smoothing spline (red line in Figure 2.13). The new spline covers temperatures between
about 38 and 58°C. In Figure 2.13, the calibration spline from 2014 (black) is added by shifting it to be equal
with the new spline at 40°C. The figure indicates a good agreement between the old and the new warm-up
calibration at the overlapping temperatures between 38 and 44°C suggesting the combination of both splines.
However, the new spline appears sufficient since the temperature usually is high after some minutes when the
iTempStab is used.

2.5 Coordinate frames

For the processing in dynamic gravimetry, several coordinate frames are required. The frames used in this
work will be briefly introduced in the following and are illustrated in Figure 2.14. In-depth descriptions of the
frames can be found, e.g., in Groves (2013), Wendel (2011) and Petit and Luzum (2010).

The frame, in which a coordinate vector is given, is denoted as a superscript. Transformations between
coordinate frames with the same origin can be done using a 3x3 rotation matrix. In

rv = Cv
u · ru, (2.12)

the coordinate vector r is transformed from the fictitious frame u to the fictitious frame v using the rotation
matrix Cv

u. The rotation matrix Cu
v for the reverse transformation is the inverse of Cv

u. If the basis of the
coordinate frame is orthogonal, the rotation matrix can be calculated as the transposed matrix of Cv

u. All
frames that will be presented in the following have orthogonal bases. Hence, the back transformation is given
as

ru = Cu
v · rv = (Cv

u)
−1 · rv = (Cv

u)
T · rv. (2.13)

A sequence of rotations can be fulfilled as

rw = Cw
u · ru = Cw

v ·Cv
u · ru, (2.14)

where a transformation of ru to the the fictitious frame w is computed.
The inertial frame i is not accelerated and does not change its orientation. It might be defined with its

origin in the barycentre of the solar system, but in the field of navigation close to the Earth, the origin is
usually placed in the geocentre (Figure 2.14a). The zi axis is defined to point to the celestial intermediate
pole, approximates the Earth rotation axis and is perpendicular to the equatorial plane. Traditionally, the xi
axis points to the vernal equinox, i.e. the axis coincides with the line of intersection between the ecliptic and
the equatorial plane. Since the vernal equinox is moving with about 50 arc-seconds per year towards West,
mainly due to precession, a new, immovable celestial intermediate origin has bee introduced at the beginning
of the new millennium that is currently close to the vernal equinox (Petit and Luzum, 2010). The yi axis
completes the right hand Cartesian coordinate frame and spans the equatorial plane together with the xi axis.

Mainly due to the diurnal rotation of the Earth, inertial coordinates at the Earth change permanently. An
alternative to the inertial frame is the Earth frame e where all coordinate axes are fixed to the Earth. The xe
axis points to an arbitrarily selected median called terrestrial intermediate origin. Traditionally, this meridian
is close to the Greenwich observatory in London. The ze axis and the origin are equal to the inertial equivalents.
ye completes the right hand frame. The rotation angle around the z axis to transform between the inertial
and the Earth frame is called Earth Rotation Angle (ERA) θR. The Earth frame is usually used to specify
coordinates of objects within the Earth’s atmosphere, e.g. a moving vehicle in dynamic gravimetry. ERA can
be specified in a simple way as

θR = ωie · (t− t0), (2.15)
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Figure 2.14: Coordinate frames in the context of dynamic gravimetry

where t is the time and t0 is a reference epoch where both the inertial and the Earth frame coincide (Groves,
2013). A series expansion of the ERA with the International Celestial Reference Frame (ICRF) as reference
system can be found in Capitaine et al. (2000). The rotation matrix

Ce
i =

⎛⎝ cos(θR) sin(θR) 0
− sin(θR) cos(θR) 0

0 0 1

⎞⎠ (2.16)

is used for a coordinate transformation from the inertial to the Earth frame as a simple rotation around the z
axis after Equation (2.12).

In comparison to the Cartesian Earth fixed coordinates xe, ye, ze, the geodetic (ellipsoidal) coordinates λ, φ, h
are more easily interpretable taking advantage of the almost ellipsoidal shape of the Earth surface. The length
λ is defined as the angle in the equatorial plane between xe and the meridian of the point of interest; the
geodetic latitude φ is the angle between the equatorial plane and the ellipsoid normal through the point
of interest. The ellipsoidal height h is the metrical distance between the ellipsoid and the point of interest
along the aforementioned ellipsoid normal. The transformation between geodetic and Cartesian Earth frame
coordinates can be done with

⎛⎝φλ
h

⎞⎠ =

⎛⎜⎜⎜⎝
arctan

(︂
ze·(RE+h)√︁

x2e+y
2
e ·((1−e2)RE+h)

)︂
arctan

(︂
ye
xe

)︂
√︁
x2e+y

2
e

cos(φ) −RE

⎞⎟⎟⎟⎠ and

⎛⎝xeye
ze

⎞⎠ =

⎛⎝ (RE + h) cos(φ) cos(λ)
(RE + h) cos(φ) sin(λ)
((1− e2)RE + h) sin(φ)

⎞⎠ , (2.17)

where e is the eccentricity of the ellipsoid and RN , RE are the meridian and prime radii of curvature,
respectively (Groves, 2013). Note that the transformation to geodetic coordinates needs to be computed
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iteratively since geodetic latitude and height depend on each other as well as on the radii of curvature. RN
and RE depend on the geodetic latitude. The four-quadrant arctangent function is required for longitude
determination.

If spherical coordinates λ, φ̄ are used, the geocentric latitude is the angle between the equatorial plane and
the straight through the geocentre and the point of interest. It is obtained from the geodetic latitude φ as

φ̄ = arctan((1− e2el) tan(φ)), with eel =

√︃
a2 − b2

a2
(2.18)

being the primary eccentricity of the ellipsoid (Groves, 2013). In case of the GRS80 ellipsoid, the semi-major
and semi-minor axes are a = 6378137m, b = 6356752.3141m, respectively (Moritz, 1980).

The velocity and acceleration of an object relative to the Earth surface in local North xn, East yn and Down
zn direction can be described in the navigation frame n. In dynamic gravimetry, the origin of the navigation
frame is fixed to the vehicle, i.e. it is equal to the origin of the vehicle body frame b. The down axis zn is
perpendicular to the ellipsoid surface (see Figure 2.14a). The rotation matrix

Cn
e =

⎛⎝− sin(φ) cos(λ) − sin(φ) sin(λ) cos(φ)
− sin(λ) cos(λ) 0

− cos(φ) cos(λ) − cos(φ) sin(λ) − sin(φ)

⎞⎠ (2.19)

can be used to transform Earth frame coordinates to the navigation frame. When the time derivatives φ̇, λ̇, ḣ
should be transformed to the velocity vector

ṙn =

⎛⎝ (RN + h) φ̇

(RE + h) cos(φ) λ̇
−ḣ

⎞⎠ , (2.20)

the radii of curvature, the scaling of the longitude and the opposite axis directions in the height must be
considered (Hwang et al., 2006).

The body frame b (Figure 2.14b) with axes fixed to the vehicle body is mainly used for readings of sensors that
are strapped-down. Furthermore, it is used to specify position differences between measurement instruments
in the vehicle. The so-called lever arm l, the vector from the Centre of Measurements (CoM) of the IMU
and the GNSS antenna phase centre is the most important instrument coordinate difference in dynamic
gravimetry. In this work, the origin of the body frame is set to the IMU CoM and is identical to the origin of
the navigation frame. The xb axis points towards the vehicle front, the zb axis points towards the vehicle down,
both depending on the current vehicle attitude. The yb axis completes the right-hand Cartesian coordinate
frame. Hence, the body frame is a front-right-down system in this definition. The rotation from the navigation
to the body frame can be described using the three Euler attitude angles φb, θb, ψb fulfilling a specific order of
rotations: First, a rotation is performed around the zn axis through the yaw (heading) angle ψb. The second
rotation is performed around the y axis of the first intermediate frame through the pitch angle θb. Since the x
axis of the second intermediate frame is already identical to the xb axis, a rotation around xb through the roll
angle φb finalises the transformation (Groves, 2013). The combined rotation matrix is

Cb
n =

⎛⎝ cos(θb) cos(ψb) cos(θb) sin(ψb) − sin(θb)
− cos(φb) sin(ψb) + sin(φb) sin(θb) cos(ψb) cos(φb) cos(ψb) + sin(φb) sin(θb) sin(ψb) sin(φb) cos(θb)
sin(φb) sin(ψb) + cos(φb) sin(θb) cos(ψb) − sin(φb) cos(ψb) + cos(φb) sin(θb) sin(ψb) cos(φb) cos(θb)

⎞⎠ .

(2.21)
In its default attitude, the IMU axes X,Y, Z are identical to the corresponding body axes (front-right-down),

i.e. X = xb, Y = yb, Z = zb. The iMAR iNAV-RQH-1003 is installed in its default attitude if its vertical axis is
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perpendicular to the vehicle ground plane and if the side plate with the cable connectors points to the back
of the vehicle. In practice, the vertical axis is always installed to point in its default direction but the X axis
might be rotated around the Z axis by an angle β being an integer multiple of 90°.

For each sensor, a separate sensor frame a can be defined that can be helpful for creating or applying a
sensor calibration. Figure 2.14b includes the sensor frame of the principal sensor of strapdown gravimetry,
the vertical accelerometer. In this work, the xa axis of the accelerometer sensor frame is defined to point in
the positive direction of the sensitive axis of the sensor with the origin being in the accelerometer CoM. The
ya axis of the QA2000 sensor frame points in the opposite direction of the quartz flexure, perpendicular to the
xa axis; the za axis completes the right-hand Cartesian frame (see also Figure 2.10). In the following, each
accelerometer sensor frame axis is considered parallel to a body frame axis with sufficient accuracy. In the
default attitude of the iNAV-RQH, the xa axis of the vertical accelerometer points to the up axis −zb of the
vehicle, the ya axis points to the front axis xb and the za axis points to the left axis −yb. Further details will be
introduced in Section 3.2.2.

2.6 Processing methods of strapdown gravimetry1

The processing approaches in dynamic gravimetry can be divided into two basic categories: the direct and
the indirect method. In the direct method, gravity is computed directly in the acceleration domain based on
Equation (2.9). In the indirect method, the specific force observations are integrated two times. Gravity is
computed indirectly in the position domain.

This section briefly introduces the essential properties of both methods. Figure 2.15 illustrates their main
processing steps. For both approaches, alternative names exist which will be printed in italic letters in the
following.

2.6.1 Indirect method

In the indirect method (Jekeli, 2001), the traditional way (Kwon and Jekeli, 2001) of strapdown gravimetry, a
least-squares adjustment based on an Extended Kalman Filter (EKF) is used to estimate the vehicle position,
velocity, attitude, sensor biases as well as the gravity disturbance in a one-step approach (Becker, 2016).
Gravity determination is based on inertial positioning/navigation (Jekeli, 2001; Ayres-Sampaio et al., 2015).
In the centralised approach, the aforementioned quantities form the state vector.

For every epoch with IMU observations, the Kalman filter follows the scheme of Figure 2.15a. In the first
step, the “prediction”, the state estimates of the previous epoch and the current IMU observations are used to
predict the current state estimates. The weighting is based on the assumed accuracy of the specific force and
angluar rate measurements and the estimated accuracy of the previous state elements. If GNSS measurements
are available, they are used to “update” the predicted states. In the tightly-coupled approach, GNSS processing
is done within the EKF using code and phase observations. Hence, theoretically, already less than 4 satellite
observations can improve the state estimates. However, a loosely-coupled approach is sufficient for dynamic
gravimetry since the satellite observability is usually excellent for airborne and shipborne campaigns. In
this setting, GNSS processing is done outside of the EKF. The obtained position and velocity are input to the
update step.

An easy-to-realise variant of the indirect method was presented by Jensen et al. (2017). The authors
take advantage of the fact that, under stable flight conditions at straight lines, the biases of the vertical
accelerometer and vertical gravity are almost inseparable. They use a commercial inertial navigation software
and approximate the gravity disturbance by removing a bias and a linear trend from the estimated accelerometer

1This section is based on Johann et al. (2019).
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Figure 2.15: Schematic flow charts of processing methods in dynamic gravimetry (based on Johann et al.
(2019))

bias. A drawback of this variant is that the detailed processing algorithm of the inertial navigation software
remains a black box.

The indirect method might be seen as a rigorous approach since it is based on a single optimal estimator,
the Kalman filter (Becker, 2016). However, since an EKF is applied due to the required linearisation of the
navigation and observation equations, the EKF slightly deviates from a true optimal estimator. Results strongly
depend on the careful tuning of the stochastic model (Jekeli, 1994). For a detailed introduction to inertial
navigation filters, the reader is referred to Groves (2013) and Wendel (2011). Detailed descriptions of the
indirect approach for airborne gravimetry can be found in Becker (2016) and Jensen (2018).

2.6.2 Direct method

While all navigation states as well as gravity are estimated all at once in the indirect method, navigational
quantities and gravity are determined cascaded (Becker, 2016), step by step, in the direct method. Instead
of computing gravity indirectly in the position domain, it is obtained directly in the acceleration domain by
solving Equation (2.9) for gravity. Hence, gravity

gi = r̈i − f i (2.22)

in the inertial frame i is the difference between the kinematic acceleration r̈i, obtained from GNSS measure-
ments, and the specific force f i, observed by the IMU. The direct method is an accelerometry approach (Kwon
and Jekeli, 2001; Ayres-Sampaio et al., 2015).

Typically, the results of dynamic gravimetry are expressed as the deviation of gravity from normal gravity
after Equation (2.6). When the gravity disturbance is computed in the navigation frame as (Wei and K. P.
Schwarz, 1998)

δgn = gn − γn = r̈n −Cn
b f

b + δgneot − γn, (2.23)
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which is the fundamental equation of dynamic gravimetry, two considerations must be taken: First, the specific
force needs to be rotated from the body frame to the navigation frame using the rotation matrix Cn

b obtained
as the transposed of Equation (2.21). Second, the rotation between the rotating Earth frame e with respect to
the inertial frame and the rotation of the navigation frame with respect to the Earth frame are considered in
the Eötvös correction

δgneot,n = (2Ωn
ie +Ωn

en) · ṙn, (2.24)

where ṙn is the vehicle velocity and Ωn
ie,Ω

n
en are the skew-symmetric matrices of the Earth rotation rate

vector ωnie and the transport rate vector ωnen. Skew-symmetric matrices are used to simplify the notation and
numerical computation of cross products. The cross product of a rotation rate vector ω = [ωx ωy ωz]

T with a
vector d becomes

Ω · d = [ω×] · d =

⎛⎝ 0 −ωz ωy
ωz 0 −ωx
−ωy ωx 0

⎞⎠ · d = ω × d. (2.25)

The first term of Equation (2.24) quantifies the Coriolis acceleration. This fictitious acceleration occurs
for a moving vehicle due to the rotation of the Earth frame with respect to the inertial frame. The second
term corrects for the centrifugal acceleration due to the movement of the navigation frame with respect to the
Earth frame during vehicle movement. The complete Eötvös correction is dependent on the vehicle movement
relative to the Earth. Consequently, in static measurements, the Eötvös correction is zero. Be aware that, for a
static observation, the centrifugal acceleration due to the Earth rotation is already considered in the normal
gravity (Equations (2.2) and (2.3)). Also note that the Eötvös correction is only required completely if the
kinematic acceleration is computed in the navigation frame. If it is computed in the Earth frame, only the first
term of the Eötvös correction, i.e. the Coriolis correction, is required as

δgneot,e = 2Ωn
ie · ṙn. (2.26)

If it is computed in the inertial frame, no such correction must be applied at all (Jekeli and Garcia, 1997), i.e.
δgneot,i = 0.

The processing steps of the direct method are illustrated in Figure 2.15b. There are two main data inputs.
The GNSS data is processed resulting in vehicle position, velocity and kinematic acceleration rn, ṙn, r̈n in
the navigation frame (see Section 4). The IMU specific force and angular rate observations f b, ψ̇b can be
calibrated in the body frame, e.g. for thermal (see Section 2.4) or magnetic (see Section 3.3) influences. The
calibrated IMU observations and the GNSS position solutions (loosely-coupled approach) are integrated in a
GNSS/IMU inertial navigation algorithm (see Section 5.1) in order to obtain the vehicle attitude in shape of
the rotation matrix Cn

b . With this, the specific force is transformed from the body to the navigation frame as
fn and low-pass filtered afterwards. Normal gravity γ and the Eötvös correction δgneot are computed using the
GNSS position and velocity solutions after Equations (2.5) and (2.24) or (2.26), respectively. Now, all inputs
for the fundamental equation of dynamic gravimetry, Equation (2.23), are prepared (see Section 5.3) and
gravity disturbance is obtained after low-pass filtering followed by bias and trend removal (see Section 5.4).

The direct method is more straightforward than the indirect method since it is computed directly in the
acceleration domain. A Kalman filter is typically only needed for the GNSS/IMU integration with the purpose
of attitude determination. Alternatively, there also exist one-step approaches, where a Kalman filter is used
for an estimation in the acceleration domain without computing the vehicle position and velocity (Jekeli,
2001). In a one-step direct method, the gravity disturbance does not necessarily need to be included in the
state vector (Kwon and Jekeli, 2001). However, the direct method is usually applied in a cascaded algorithm.
In another variant, scalar gravity is computed without the knowledge of the sensor attitude assuming the
complete gravity vector points downwards in the navigation frame. The implementation of this “rotation
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invariant” approach is easier since the IMU/GNSS integration can be omitted but this method performed
consistently worse (Wei and K. P. Schwarz, 1998).

In the scope of this thesis, the direct method is applied, since it is easy to implement and less obtuse,
especially if an existing commercial software is used for the GNSS/IMU integration for attitude determination.
It will be shown that the precision of the direct method is on par with the indirect method (see Section 9.1).
The algorithm implemented in this thesis will be described in detail in Section 5.
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3 Magnetic field influences on accelerometer readings1

Using TU Darmstadt’s IMU iNAV-RQH, a heading-dependent error in the vertical gravity disturbance estimates
was observed by Becker (2016) in all evaluated campaigns. He was able to significantly improve the precision
in the campaigns by applying a heading-dependent correction. The heading-dependent error

εnψb,z
= −c ṙnx (3.1)

was based on the product of a campaign-specific constant c and the velocity ṙnx in northern direction. The
constant was obtained empirically for each campaign. The results indicated that the constant is higher at low
latitudes. The corrected vertical gravity disturbance δgnz,cor was obtained from the uncorrected δgnz by forming
the difference

δgnz,cor = δgnz − εnψb,z
. (3.2)

In the scope of the work at hand, the hypothesis is made that the heading-dependent error might be caused
by the magnetic field of the Earth, which will be introduced in Section 3.1. As a first experiment, a static
IMU measurement was conducted while a permanent bar magnet was placed at several positions near the
IMU (Figure 3.1). The magnetic field induced at the CoM of the IMU was in the order of the Earth’s field.
The results showed repeatable errors in the vertical accelerometer readings in the order of several mGal that
were dependent on the magnet position and attitude. However, since the accuracy of the results is low due to
the inhomogeneous magnetic field around the permanent magnet, more advanced experiments have been
conducted using a 3-D Helmholtz coil. The methods and results will be presented in Section 3.2. Based on
the findings, a magnetic calibration approach will be developed in Section 3.3.

Figure 3.1: Simple static experiment with a permanent bar magnet

1This section is based on Johann et al. (2021).
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3.1 The Earth’s magnetic field

There are three main origins of the magnetic field of the Earth (Lanza and Meloni, 2006; Clauser, 2014;
Oehler et al., 2018):

• The main field is due to a geodynamic mechanism in the fluid outer core of the Earth. It makes up
approximately 95% of the total field.

• The crustal field is induced by magnetised rocks in the crust of the Earth.

• Atmospheric plus interplanetary currents and magnetic fields cause the external field.

The magnetic field can be expressed as the magnetic field strengthH or the magnetic flux density

B = µH = −∇(Vmag), (3.3)

which is the product ofH and the magnetic permeability µ, a magnetisation measure of the material exposed
to the magnetic field. For better readability, the magnetic flux density will be called “magnetic field” in the
following. Similar as for the Earth’s gravitational potential (see Equation 2.1), the Earth’s magnetic field
vector can be obtained as the gradient of the geomagnetic potential Vmag, but with negative sign.

Comparably to Equation 2.7, the magnetic field potential can be modelled using spherical harmonics. The
International Geomagnetic Reference Frame (IGRF) is a commonly used model based on satellite observations,
terrestrial surveys and observatory data. The International Association of Geomagnetism and Aeronomy
released the current version, the IGRF-13 in 2019 (Alken et al., 2021). The geomagnetic potential can be
approximated as

Vmag(r, θ, λ, t) = R0

∞∑︂
n=1

n∑︂
m=0

(︃
R0

r

)︃n+1

(gmn (t) cos(mλ) + hmn (t) sin(mλ))Pmn (cos(θ)), (3.4)

with r, θ, λ being the distance to the geocentre, the geocentric colatitude and longitude, R0 = 6371.2 km
being the approximated mean Earth radius, gmn , hmn being the Gauß coefficients obtained from the IGRF up to
degree and order 13 and Pmn being the Schmidt-normed Legendre polynomials.

Note that the temporal variation of the magnetic field is much higher than that of the gravitational field.
Hence, the Gauß coefficients of the IGRF are dependent on the epoch t. The IGRF-13 includes sets of
Gauß coefficients with time intervals of five years between 1 January 1900 and 1 January 2020 allowing an
interpolation of the coefficients between the given epochs. For epochs after 2020, a predicted rate of change
for the coefficients up to degree and order 8 are part of IGRF-13, intended to cover another five years. The
accuracy of the IGRF-13 is assumed sufficient for the purposes of this thesis since the Gauß coefficients higher
than degree 13 are far below 1 µT (Lowes, 2000).

For the magnetic experiments and calibration in the subsequent sections, the horizontal part of the magnetic
field Bn = (Bn

x Bn
y Bn

z )
T in the navigation frame will be of interest. Its intensity and direction can be

described by the norm BH of the horizontal field intensity and the magnetic field declination angle δ as (Lanza
and Meloni, 2006)

BH =
√︂
Bn
x
2 +Bn

y
2, δ = arctan

(︃
Bn
y

Bn
x

)︃
. (3.5)

The four-quadrant arctangent function is required to compute the declination, which is counted clockwise.
The horizontal magnetic field intensity according to IGRF-13 is illustrated in Figure 3.2 with a special focus on
central Europe. The horizontal field tends to be maximal with about 45 µT close to the equator and converges
to zero close to the magnetic poles, where the magnetic field is almost vertical. However, the field is not
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Figure 3.2: Horizontal magnetic field intensity [µT] computed with IGRF-13 for 1 January 2020 with airborne
(yellow) and shipborne (cyan) campaigns evaluated in this thesis

Figure 3.3: Magnetic field declination [°] computed with IGRF-13 for 1 January 2020 with airborne (yellow)
and shipborne (cyan) campaigns evaluated in this thesis
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