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Abstract: Gravity on Earth is of great interest in geodesy, geophysics, and natural resource exploration.
Ship-based gravimeters are a widely used instrument for the collection of surface gravity field data
in marine regions. However, due to the considerable distance from the sea surface to the seafloor,
the spatial resolution of surface gravity data collected from ships is often insufficient to image the
detail of seafloor geological structures and to explore offshore natural minerals. Therefore, the
development of a mobile underwater gravimetry system is necessary. The GraviMob gravimeter,
developed for a moving underwater platform by Geo-Ocean (UMR 6538 CNRS-Ifremer-UBO-UBS),
GeF (UR4630, Cnam) and MAPPEM Geophysics, has been tested over the last few years. In this study,
we report on the high-resolution gravity measurements from the GraviMob system mounted on an
Autonomous Underwater Vehicle, which can measure at depths of up to several kilometres. The
dedicated GraviMob underwater gravity measurements were conducted in the Mediterranean Sea
in March 2016, with a total of 26 underwater measurement profiles. All these measurement profiles
were processed and validated. In a first step, the GraviMob gravity measurements were corrected for
temperature based on a linear relationship between temperature and gravity differences. Through
repeated profiles, we acquired GraviMob gravity measurements with an estimated error varying
from 0.8 to 2.6 mGal with standard deviation after applying the proposed temperature correction.
In a second step, the shipborne gravity data were downward continued to the measurement depth
to validate the GraviMob measurements. Comparisons between the corrected GraviMob gravity
anomalies and downward continued surface shipborne gravity data revealed a standard deviation
varying from 0.8 to 3.2 mGal and a mean bias value varying from −0.6 to 0.6 mGal. These results
highlight the great potential of the GraviMob system in measuring underwater gravity.

Keywords: underwater gravimeter; underwater gravimetry; downward continuation; temperature
correction; temperature stabilisation; Kalman filter; submarine structures

1. Introduction

Gravity is one of the keys to understanding subsurface structures. Gravity measure-
ments allow for mapping tectonic structures [1,2]; studying ocean trenches [3], mid-ocean
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ridges [4], volcanoes [5] and earthquakes [6]; or exploring oil, gas and mineral deposits [7].
Gravimeters on board ships are widely used instruments for the collection of surface gravity
data at sea and allow researchers to easily acquire gravity field data over large regions [8].
However, due to the considerable distance from the sea surface to the seafloor, the spatial
resolution of shipborne gravity data is often insufficient to image the seafloor’s small-scale
geological structures and explore offshore mineral deposits. Frequently, such applications
require gravity field data with spatial resolutions of up to several hundred meters or even
finer [9]. On the other hand, seafloor gravimeters have the capability to measure gravity on
the seafloor with high resolution [10]. However, the challenge with these gravimeters lies
in their limited capacity to take measurements at many points on the seafloor, since they
are static instruments and the deployment conditions on the ocean floor are complex. In
recent years, our knowledge of the Earth’s gravity field has progressed enormously due to
developments in mobile measuring instruments. Obviously, the number of measurements
carried out continuously or regularly along profiles is much higher than those obtained by
traditional methods. Due to the development of Autonomous Underwater Vehicles (AUVs)
and Remotely Operated Vehicles (ROVs), as well as progress in positioning methods, it is
now possible to conduct underwater gravity measurements using an AUV or a ROV. In this
context, an innovative mobile gravimeter, named GraviMob, was developed by Geo-Ocean
(UMR 6538 CNRS-Ifremer-UBO-UBS), GeF (UR4630, Cnam) and MAPPEM Geophysics.
This instrument can be mounted on a small AUV and therefore enables the dynamic ob-
servation of the gravity field very close to submarine geological structures (i.e., the spatial
resolution of GraviMob gravity measurements can be up to 50–100 m). Therefore, gravity
field maps generated from these high-resolution measurements contribute to providing
unprecedentedly refined images of submarine structures in various geophysical contexts.
Several organizations are also researching and developing underwater mobile gravity mea-
surement systems, e.g., the Woods Hole Oceanographic Institute (WHOI) in the USA [11],
the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) in Japan [12] and
in China [13]. GraviMob is the first underwater gravity system capable of measuring the
gravimetry vector by estimating its north, east and up gravity components [14].

In March 2016, the first measurement cruise using the GraviMob sensor was conducted
in the Mediterranean Sea. In [14], two repeated measurement profiles out of a total of 26
were processed and reported. The great potential of GraviMob has been shown through
a good agreement between these two profiles. However, a large bias (210 mGal) in the
measured gravity anomaly was also observed in these two profiles when compared with
shipborne gravity data. Taking into account the sensitivity of accelerometers to temperature
and its variations, as indicated in [15], it has been suggested that this erroneous information
is due to temperature differences occurring during GraviMob measurements in the water
column and during laboratory calibrations. On the other hand, since the temperature at the
measurement depth was considered to be relatively stable, a temperature stabilisation box
was not used in order to optimize the space, weight and power of the GraviMob system.
However, besides the temperature variation of the environment, heat also gradually in-
creases inside the accelerometer due to power consumption. As a result, these temperature
variations lead to a long-term drift in the accelerometers. In this study, the problem of tem-
perature correction in GraviMob measurements will be analysed. It should be noted that
the GraviMob and shipborne gravity anomalies used in [14] were located at two different
height levels. The former was calculated at the measurement depth in the water column,
while the latter was at the sea surface. Furthermore, the normal gravity on the reference
ellipsoid (Somigliana’s rigorous formula, Equations (2)–(146) in [16]) was used to calculate
the GraviMob gravity anomaly in [14], which did not yield a true gravity anomaly when
the gravity measurements were taken at depths of up to about 2000 m below the mean sea
surface. Considering the significant depth of the underwater gravity survey, the normal
gravity must take into account the water column correction as well as the second-order
terms of the vertical gradient [16]. Thus, although the GraviMob equipment system and its
observations were described in detail in [14], a specific study on the temperature correction
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and validation problems of the GraviMob measurements has, so far, never been carried
out. The present study therefore aims to address these problems. This article presents the
processing results of all the measurement profiles from the first GraviMob cruise.

There are two strategies to solve the temperature problem in the GraviMob gravimet-
ric system:

• Utilizing prior knowledge concerning the accelerometer errors, such as those obtained
from thermal calibration in the laboratory, to mitigate sensor bias and drift. A simple
thermal calibration was carried out, in which the GraviMob gravimeter was subjected
to varying temperatures at the gravity point in the GeF laboratory, and the outputs
were compared with the available reference gravity value at this point to determine
the temperature gradient. This calibrated temperature gradient was used to process
data acquired during the GraviMob cruise, but the bias is still significant. This is
probably due to the significant difference between the laboratory and actual underwa-
ter environments. This calibration method is highly recommended only when used
with a climate chamber that subjects the GraviMob system to the actual temperature
variations encountered underwater.

• Employing external reference data, such as those derived from available surface
shipborne gravity or from Global Gravity field Models (GGMs), and/or redundant
measurements like intersection points or repeated profiles to determine the accelerom-
eter drift and bias present in gravity estimates. This method is often known as the
correction technique. However, the availability and spatial resolution of such data are
often limited, e.g., the spatial resolution of surface shipborne/GGM-derived gravity is
usually lower than that of underwater gravimetry. The terrain effects derived from a
high-resolution Digital Bathymetry Model (DBM) can be used to improve the spatial
resolution of the surface/GGM-derived gravity data when these data are downward
continued (DC) to the measurement depth to be employed as external reference data.

In this study, we focus on the second strategy. To do this, the DC shipborne gravity
anomaly is proposed as the external reference data at the measurement depth. Therefore,
the downward continuation method, applied through the water layer, will be analysed
in detail. Fortunately, the shipborne gravity data have relatively good spatial coverage in
the study region. The comparison results between DC shipborne and GraviMob gravity
data are used to detect and correct absolute biases as well as drifts. As a result, the
temperature correction parameter is determined from these comparison results. To avoid
an overcorrection, the corrected sensor bias is considered to be linear over time, while any
nonlinear sensor drifts, if present, remain in the GraviMob gravity data. In addition, the
internal validation of repeated profiles is also used to estimate the stability of the GraviMob
measurements. Here, we report the data processing, temperature correction and validation
results of this innovative mobile underwater gravimetry system. In the first part, the data
processing procedures to estimate the gravity anomaly at the measurement depth as well
as the downward continuation method will be explained. In the second part, the results
of the GraviMob cruise will be shown. In the third part, the shipborne gravity data will
be downward continued to the measurement depth for comparison with the GraviMob
gravity anomaly. Finally, in the last part, the temperature correction results will be validated
and discussed.

2. Methods
2.1. GraviMob-Measured Data Processing

The GraviMob system comprises two triads, each with an orthogonal axes in a two-by-
two configuration. Each of these triads is equipped with three QFLEX-QA 3000 electrostatic
accelerometers, which are produced by the American company Honeywell (Charlotte, NC,
USA). This configuration enables the measurement of the three components of the specific
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force vector [14]. This specific force (a) comprises both the gravitational attraction (g) and
acceleration resulting from the movement of the carrying vehicle (

..
X):

a =
..
X − g (1)

where the navigation system provides the position and rotation angles of the AUV-transported
GraviMob to estimate the acceleration

..
X, and thus we can separate this acceleration from the

specific force to calculate the gravitational attraction. This navigation system includes: (1) An
Inertial Navigation System (INS) provided by iXBlue company; (2) an ultrasonic Doppler
velocimeter and an Ultra-Short BaseLine (USBL) positioning system. The former measures the
velocity relative to the seafloor and the latter provides the distance and the direction (bearing)
between the transceiver installed on the vessel and the acoustic transponder integrated in
the AUV. All measurements are used by the INS to determine the AUV’s position; and
(3) Global Navigation Satellite System (GNSS) receivers installed on the vessel to ensure
precise position determination.

The data processing from GraviMob acceleration measurements and GNSS data has
been thoroughly outlined in [14,17]. In this Section, we will present a brief description
of this procedure. An Unscented Kalman Filter (UKF) was employed to filter the three
components of the gravimetry vector. This filter method is characterized by an evolution
model and an observation model. The primary function of the evolution model is to
establish the connection between the parameters at a specific time to those at the preceding
time. The parameter’s vector (Xk) at time kTe, with Te representing the sampling period, is
defined as follows:

Xk =
[

P
.
P

..
P θ

.
θ

..
θ g

.
g

..
g
]T

k
(2)

where P includes the geodetic latitude (φ), geodetic longitude (λ) and geometric height (h)
of the AUV.

.
P and

..
P are the first and second derivatives of P, respectively. θ,

.
θ and

..
θ are the

rotation angles of the vector, and its first and second derivatives, respectively. g,
.
g and

..
g are

the gravity components vector in the navigation frame (n-frame), and its first and second
derivatives, respectively. Therefore, there are a total of 27 different parameters to estimate.

The evolution model at successive times k and k + 1 may then be expressed mathemat-
ically as:

Xk+1 = FXk + Γvk (3)

where F is the state transition matrix defined as a discrete Wiener stochastic process [18], Γ
is the noise gain matrix and vk is the discrete-time process noise assumed to be gaussian
white noise.

The covariance prediction equation (P) is defined as:

Pk+1 = FPkFT + Qk (4)

where Qk is the state noise covariance matrix at the instant k.

Qk = Γσ2
v ΓT (5)

where σ2
v is the process noise covariance.

The measurement vector (Zk) at time k includes the 9 components determined by

Zk =
[

Pobs θobs aobs
]T

k
(6)

where aobs is the vector of three specific force components which are the average of the two
triads. Pobs and θobs are the observed position and orientation parameters, respectively.

The model of observation is then expressed as follows:

Zk = HkXk + ωk (7)
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where ωk is the measurement noise.
Let us consider the function HkXk, defined by

HkXk =
[
Pest θest gest]T

k (8)

where Pest, θest and gest are the estimated position, orientation, and gravity component
parameters, respectively.

The covariance update equation (P) is defined as

P+
(k+1) =

[
I − W(k+1)H(k+1)

]
P(k+1) (9)

where Wk+1 is the gain matrix of the Kalman filter and I is the identity matrix.
With the matrices F and Q as well as the function HkXk related to the evolution model

(3) and observation model (7), the implementation of the UKF is feasible once an initial
state vector X0 and its corresponding covariance matrix are established.

2.2. Free-Air Gravity Anomaly Computation at the Measurement Depth

As mentioned, a true gravity anomaly from the GraviMob measurement system was
not determined in [14]. In this Section, we present the formulae for calculating gravity
anomalies. Free-air gravity anomalies (∆gFA) are determined by the discrepancy between
the observed gravity value (g) and normal gravity value at the measured depth d (γd):

∆gFA = g − γd (10)

where γd was calculated as

γd = γ − 4πGρWd −
(

∂γ

∂h

)
d +

(
1
2

)(
∂2γ

∂h2

)
d2 (11)

where 4πGρW is the water column correction [19], which is used to remove the masses
below the geoid (mean sea level) down to the measuring point; G denotes the gravitational
constant value; and ρW is the water density. In this case, a seawater density of 1030 kg/m3

is used. h denotes the ellipsoidal height. d denotes the depth (d = |H∗|, with H∗ as the
normal height) (Figure 1).
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γ denotes the normal gravity at the surface of the reference ellipsoid. This can be
calculated by employing Somigliana’s rigorous formula:

γ =
aγecos2 φ + bγpsin2 φ√

a2cos2 φ + b2sin2 φ
(12)

∂γ
∂h is the vertical gradient of normal gravity. It is given by

∂γ

∂h
= −2

γ

a

(
1 + f + m − 2 f

(
sin2 φ

))
(13)
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∂2γ

∂h2 is the second-order term of the vertical gradient, which can be appreciable at large
depths. It is approximated as

∂2γ

∂h2 = 6
γ

a2 (14)

where a denotes the semi-major axis of the reference ellipsoid, b denotes the semi-minor
axis, γe and γp denote the normal gravity at the equator and at the poles, respectively, φ
denotes the geodetic latitude, m denotes the ratio of centrifugal force to gravity at the equa-
tor, and f denotes the geometrical flattening. In this study, all computations were carried
out using the parameters of the reference ellipsoid GRS80, which are a = 6,378,137.00 (m),
γe = 978,032.67715 (mGal), γp = 983,218.63685 (mGal), f = 1/298.257223563 and
GM = 3.986005000109 × 1014 (m3 s−2).

2.3. Downward Continuation Model

As already mentioned in the Introduction, the GraviMob measurements and gravity
data gathered on the ship are located at two different altitudes with inhomogeneous spatial
resolutions as well as coverage. Therefore, prior to the GraviMob measurement validation
using shipborne gravity data, the data need to be DC to the measurement depth at which
the GraviMob measurements are taken. The accuracy of GraviMob measurements can
be then assessed using the downward continued shipborne data. In this study, the Least-
Squares Collocation (LSC) approach [20] adapted to the Remove–Compute–Restore (RCR)
method was used as it offers several advantages [21–25]. This method enables interpolation
anywhere in the 3D space and input data do not need to be at the same height/depth.
A GGM and topographic information from the Residual Terrain Model (RTM) effects
were employed to remove/restore low and high frequencies of gravity anomaly before
and after DC, respectively. After reduction, we obtain a residual gravity anomaly which
has a smaller amplitude and is much smoother than the original gravity anomaly. As a
result, using the residual improves our ability to model the Earth’s gravity field due to
the smoothing of the field. First, the gravity anomalies derived from EGM2008 up to de-
gree/order (d/o) 2190 [26] were utilized to remove/restore the low frequencies. The terrain
effects on the gravity anomaly were determined using Digital Bathymetry Model (DBM)
SRTM15arc_plus with a resolution of 15′′ [27] to remove/restore the high-frequency parts
(i.e., beyond d/o 2190). The residual gravity anomalies were then downward continued to
the measurement depth using the LSC method. The downward continuation was carried
out according to the diagram in Figure 2, using the GRAFSOFT program [28].
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Figure 2. Diagram of steps in the DC (downward continuation) of shipborne gravity data from sea
surface to measurement depth.

In Figure 2, ∆gsur
FA and ∆gsur

res are free-air surface shipborne gravity anomalies and their
residuals, respectively. ∆gsur

EGM2008 and ∆gdepth
EGM2008 denote the low frequencies derived from

the GGM at the surface of the sea and at the measurement depth, respectively. ∆gsur
RTM

and ∆gdepth
RTM denote the topographic effects at the sea surface and at the measurement



Remote Sens. 2024, 16, 461 7 of 23

depth, respectively. Therefore, the low- and high-frequency gravity anomalies from the
GGM and from the topographic effects, respectively, are computed at two different depth
levels in the remove/restore steps. It should be noted that it is necessary to compute the
RTM effects at two different depth levels while not moving the bathymetry surface. ∆gDC

FA
and ∆gDC

res are DC free-air gravity anomalies at the measurement depth and their residual
values, respectively.

In the RCR procedure, the RTM effects technique [29] is commonly employed for
computing the terrain effects to prevent the high-frequency gravity field noise from topog-
raphy/bathymetry. Gravity anomalies resulting from the reduction in the RTM effects are
generally smoother than those produced by other techniques of terrain reduction [30]. In
the process of computing RTM effects, a smooth mean elevation grid is utilized as the refer-
ence surface grid for removing topographic masses and filling the deficiencies above and
below this smooth reference surface, respectively. A low-pass filter is applied to the detailed
topography/bathymetry grid to transform it into a smoother topography/bathymetry grid.
The spatial resolution of the refined reference grid should match that of the GGM employed
for representing the long wavelengths of the gravity field, i.e., the maximum degree of
the GGM employed. Therefore, the advantage of the RTM technique lies in the fact that it
only considers the topographic effect that has not been incorporated into the GGM-derived
gravity data. As stated by [31], the resolution of the GGMs is connected to their maximum
degree (nmax), and can be computed using the following formula:

resolutionGGM =
1800

nmax
(degree) or resolutionGGM =

20.000 km
nmax

(km) (15)

The corresponding RTM effect is given by [29]

∆gRTM = 2πGρ
(

H − Hre f

)
− TC (16)

where Hre f denotes the heights derived from the reference and H denotes the heights
obtained from the detailed topography/bathymetry grids, TC denotes the classical terrain
correction, G denotes the gravitational constant value and ρ represents the density of the
Earth’s crust.

2.4. Least-Squares Collocation Method

The traditional collocation formula is as follows [20]:

ŝ = Cŝx[Cxx + D]−1x (17)

where ŝ denotes the signal to be determined and x denotes the observation vector. Cŝx
and Cxx are the cross- and auto-covariances, respectively. The matrix D expresses the
error covariances. This matrix can be determined by employing the available prior noise
information. In the context of downward continuation, the signal to be determined is
the gravity anomalies at the measurement depth (∆gbottom), and the observations are the
shipborne anomalies at the sea surface (∆gsur). Therefore, Equation (17) becomes

∆gbottom = C∆gbottom∆gsur

[
C∆gsur∆gsur + D

]−1
∆gsur (18)

In this method, it is crucial to employ an optimal covariance model that is in reasonable
accordance with the spectral properties of the actual gravity field. As we know that the
gravity field of Earth follows Kaula’s rule, the covariance model must follow this rule.
In the present study, the covariance model developed by R. Forsberg [20], called the
attenuated planar logarithmic model, was used. This covariance model was designed for
the downward or upward continuation of gravity anomalies. The theoretical covariance for
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free-air anomalies at two points P and Q at different altitudes is determined by employing
function as follows:

C
(

∆gHi , ∆gHj
)
= − f ∑3

k=0 αklog
(

Dk +
√

s2 +
(

Dk + Hi + Hj
))

(19)

where ∆gHi and ∆gHj denote pairs of gravity points; Hi and Hj are the heights of the pairs
of gravity points; αk represents the weight factors (with α0 = 1, α1 = −3, α2 = 3 and
α3 = −1); and s represents the planar distance between points i and j. Dk is the depth
value, defined as follows:

Dk = D + kT (20)

The scale factor f is defined as

f = C0log
(D + T)3(D + 3T)

D(D + 2T)3 (21)

C0 denotes the variance of free-air gravity anomalies, e.g., at the sea surface, in this
study. D and T are the high- and low-frequency attenuation depth parameters, respectively,
D serves as the Bjerhammar sphere depth in the context of spherical collocation. These
three parameters are obtained by fitting the empirical covariance to the covariance model.
Here, we downward continue the residual gravity anomaly instead of the gravity anomaly.
The empirical covariance is computed, employing the residual of the gravity anomalies
as follows:

cov∆gres
(ψi) =

1
Ni

∑Ni
n=1

[
∆gres(P)∆gres

(
P′)]

n (22)

where ∆gres(P) and ∆gres(P′) are the residual gravity anomalies, ψi denotes the distance,
and their products are computed for all pairs of gravity points (Ni) within the specified
distance interval as follows:

ψi −
∆ψ

2
≤ ψ ≤ ψi +

∆ψ

2
(23)

where ∆ψ represents the selected sampling interval distance, which is determined based
on the density and the quality of the gravity field data utilized.

3. GraviMob Cruise and Data Processing
3.1. GraviMob Cruise

The GraviMob system was first tested in an underwater gravity survey that took place
in March 2016, during the GraviMob-1 cruise, conducted near the southern coast of France
in the Mediterranean Sea [32]. The AUV Asterx was employed as the platform to transport
the GraviMob system during this survey. The operation was conducted aboard the vessel
Europe of the French Oceanographic Fleet. The main objective was to assess the accuracy
of the GraviMob system through (1) self-validation using repeated measuring lines and
(2) external validation using the available surface shipborne data. During this cruise, the
AUV ran five profiles: two crossover profiles in the eastern zone and three profiles in
the western zone (Figure 3). These profiles were measured at different depths with two
measuring modes: constant depth and terrain follow-up survey. At each depth, as well as
survey mode, the measurement profiles were repeated for internal validation, except for
profiles 3 and 10. These measured lines were repeated by lines 1 and 2, and lines 8 and
9, respectively, but at different depths, so these two profiles have no internal validation.
Consequently, a total of 26 measuring profiles were obtained in six days. Furthermore,
these profiles were all located along surface gravity profiles previously carried out by
various ships and cruises. The surface gravity data were provided by SHOM (the French
Marine Hydrographic and Oceanographic Service). These were provided to facilitate the
external validation of GraviMob data using shipborne gravity, since seafloor gravity data
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were not previously available in this study region. From now on, the name of the AUV
measuring profiles will be designated according to their sequence number in the cruise. The
measuring profiles from the GraviMob-1 cruise are given in Table 1. The AUV’s velocity
was approximatively v = 1.5 m/s.
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Figure 3. Underwater gravimetry profiles, using the AUV (GraviMob-1), conducted in the Mediter-
ranean Sea (thick blue lines) and the spatial distribution of surface shipborne gravity data provided
by SHOM. The position of the western and eastern zones is illustrated by black and orange rectan-
gles, respectively.

Table 1. Statistics of the GraviMob measurement profiles gathered in the Mediterranean Sea in March
2016 and their characteristics.

N◦ Date Shipborne Profile Name Navigation Mode Depth or Distance
to the Seafloor (m) Distance (km)

1

18 March 2016
Profile 910-S2011-

065_TRANSLOT15

Constant depth 1900 7

2 Constant depth 1900 8

3 Constant depth 1850 8

4

19 March 2016

Terrain follow-up 100 7.5

5 Terrain follow-up 100 7.5

6

Profile 910-S2006-
076_TRANSIT

Terrain follow-up 100 8

7

20 March 2016

Terrain follow-up 100 8.5

8 Constant depth 1900 9

9 Constant depth 1900 9

10 Constant depth 1850 3

11

22 March 2016 Profile 21-1-E2005-
010_ESS-TR-HR

Terrain follow-up 100 7

12 Terrain follow-up 100 7

13 Constant depth 600 3

14 Constant depth 600 3
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Table 1. Cont.

N◦ Date Shipborne Profile Name Navigation Mode Depth or Distance
to the Seafloor (m) Distance (km)

15

23 March 2016
Profile 20-2-E2005-
010_ESS-TR-HR

Terrain follow-up 85 7

16 Terrain follow-up 85 7.5

17 Constant depth 100 8

18 Constant depth 100 8.5

19 Constant depth 80 7.5

20 Constant depth 80 8

21

24 March 2016
Profile 20-1-E2005-
010_ESS-TR-HR

Terrain follow-up 100 4

22 Terrain follow-up 100 4

23 Constant depth 100 4

24 Constant depth 100 4

25 Constant depth 80 4

26 Constant depth 80 4

3.2. Data Processing

In this section, we present the procedure to estimate the free-air gravity anomaly at the
measurement depth of the GraviMob measurements. As already mentioned, temperature
variations caused biases and drifts in the GraviMob measurements, which is why we first
use 4 out of 26 profiles to calculate the temperature correction parameter. This parameter is
then used to correct the remaining measurement profiles. Profiles 8, 9, 25 and 26, where
profiles 8 and 25 are repeated by profiles 9 and 26, respectively, have been selected. All the
data were processed to estimate the gravity value. Detailed information about the data
processing method employed to estimate the gravity value from GraviMob acceleration
measurements and GNSS data can be found in [14]. Finally, the raw gravity for four profiles
is given in Figure 4.
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Figure 4. Raw gravity measured by the GraviMob: profiles 8 and 9 (left), profiles 25 and 26 (right).

In the raw gravity data graphs, we can see that gravity variations can reach 50,000 mGal.
In order to reduce this noise, a Kalman filter (KMF) is used to filter the raw gravity mea-
surements. Figure 5 shows the KMF gravity of four profiles (solid lines). A good agreement
is visible in the repeated profiles. However, we can also see that after applying the KMF
method, non-gravitational components remain. Therefore, a simple moving average (MA)
filtering is employed to smooth out the remaining high frequencies. The dashed lines in
Figure 5 show the gravity signal after applying the MA filter. The gravity results acquired
along the profiles are subsequently analysed to assess the measurement errors and the
stability.
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Figure 5. Filtered gravity data without temperature correction (TC): profiles 8 and 9 (left); profiles 25
and 26 (right).

To assess the repeatability of the measurements, we compare the gravity signals
measured along the round-trip profiles. The discrepancies in gravity between the repeated
profiles yield a mean bias value of −4.8 and −7.0 mGal, a standard deviation (STD) of 3.1
and 1.3 mGal and a root mean square (RMS) of 5.7 and 7.1 mGal for profiles 8–9 and 25–26,
respectively. These mean values are clearly quite large. We suspect that these biases could
be due to temperature variations. This hypothesis is discussed in Section 5.

Using the filtered gravity measured by the GraviMob, Equations (10) and (11) are
used to calculate the free-air gravity anomaly at the measurement depth. The final gravity
anomalies estimated from the measurements along four profiles are given in Figure 6. The
gravity anomalies are around—685 and—545 mGal for profiles 8–9 and 25–26, respectively.
At first sight, it seems that these free-air gravity anomalies present a very large bias. Thus,
to validate these results, we used downward continued shipborne free-air anomalies. This
issue is discussed in the next section.
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Figure 6. Gravity anomaly, without temperature correction (TC), measured by the GraviMob and
downward continued (DC) shipborne gravity anomaly (SHOM): profiles 8 and 9 (left); profiles 25
and 26 (right).

4. Downward Continuation of Shipborne Gravity Data

A set of 167,143 shipborne gravity points was supplied by SHOM. The spatial distribu-
tion of the shipborne gravity data is shown in Figure 3 and the related statistics are listed in
Table 2. The main problem with on-board gravity measurements is that they are subject
to bias due to relative gravimeter drift and incorrect positioning, particularly in older
on-board gravity datasets [33]. Therefore, crossover analysis between ship tracks and/or
comparison with a satellite altimetry-derived gravity field model have been applied to
reduce this drift. On the other hand, gravity data measured at the seafloor are not available
in the study region. Thus, the shipborne data are the most satisfactory independent gravity
data that we can use to evaluate the GraviMob measurements in this region. As previously
mentioned, the GraviMob measurements and surface shipborne gravity data are located at
two different altitudes. The shipborne gravity data are therefore downward continued to
the measurement depth. Among gravity data processing techniques, DC is considered one
of the most unstable procedures [24]. Therefore, to improve the accuracy of the procedure
we used the RCR technique, i.e., instead of the gravity anomalies, the residual shipborne
gravity anomalies were used.
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Table 2. Statistics of the shipborne gravity anomalies provided by SHOM and their residuals (unit:
mGal).

Data Min Max Mean STD Zone

∆gsur
SHOM −80.4 63.5 −4.7 36.9

All
∆gsur

SHOM − ∆gsur
EGM2008 −38.5 34.4 −3.4 9.5

∆gsur
RTM −13.1 19.2 0.3 4.1

∆gsur
SHOM − ∆gsur

EGM2008 − ∆gsur
RTM −28.9 21.2 −3.6 6.8

∆gsur
SHOM −67.7 44.5 −29.3 22.7

Western (black
rectangle)

∆gsur
SHOM − ∆gsur

EGM2008 −25.9 34.4 −1.7 8.4

∆gsur
RTM −10.9 19.2 −0.3 4.0

∆gsur
SHOM − ∆gsur

EGM2008 − ∆gsur
RTM −25.6 18.0 −1.3 5.1

∆gsur
SHOM −51.8 33.8 −12.7 22.0

Eastern (orange
rectangle)

∆gsur
SHOM − ∆gsur

EGM2008 −33.9 22.3 −1.4 10.0

∆gsur
RTM −13.1 11.1 −0.2 5.0

∆gsur
SHOM − ∆gsur

EGM2008 − ∆gsur
RTM −22.2 15.7 −1.1 6.7

Until now, a GGM, e.g., EGM2008, has been unable to accurately represent the high-
frequency parts of a gravity field, especially in rugged terrain. The reason for this is the
omission error of GGMs. According to [34], the omission errors in EGM2008, even at its
maximum degree (2190), may reach levels of roughly 10 cm or more in terms of height
anomalies in mountainous regions. Therefore, terrain effects were used to complement
EGM2008 in the calculation of the gravimetric geoid/quasi-geoid [35], and the geopotential
value for the establishment of a modern local [36,37] or international [38] height reference
system. The RTM effects also play an important role in the upward/downward contin-
uation procedure used to validate airborne gravity data (see [23,39,40]). These studies
indicated that the incorporation of the RTM effects substantially improved the accuracy of
the DC airborne gravity anomalies, especially in mountainous areas. Zhao et al. (2018) [23]
reported that about ¾ of DC errors are due to the quality of RTM effects. On the other hand,
we can hardly see significant improvements when using RTM effects in the relatively flat
coastal zones [41]. Wu et al. (2019) [42] stated that the effects of the land’s topography
(using SRTM3arc [43]) on the high-frequency gravity field modelled by RTM were found to
be more significant than those of the DBM, which was derived using SRTM30arc_plus [44].
This is not surprising, because land topography is much better resolved via the SRTM3arc
model than the seafloor topography derived from the DBM. In [45], RTM effects were not
used in the RCR procedure to calculate a geoid model for the Mediterranean sea because
they make residual gravities slightly larger. Moreover, RTM effects were tested over two
coastal zones in [46]. To the north of the island of Sicily, the application of RTM effects partly
enhances the residual signal. On the contrary, the residual field is further reduced when
removing the RTM effect contributions, on the island of Sulawesi in Indonesia. Obviously,
the effectiveness of the RTM effects in the sea domain may differ from one region to another,
depending on the spatial resolution and quality of the bathymetry models. Therefore, the
RTM effect contributions were investigated in our study region.

To compute the RTM effects, a coarse DBM grid was used for the outer zone instead
of a detailed DBM grid to reduce the computing time. In this study, the GRAVSOFT TC
program was used to compute the RTM effects, employing a radius of 20 km for the detailed
DBM grid and 200 km for the coarse DBM grid. Consequently, coarse and smooth reference
DBM grids were generated from the detailed grid in the following manner:

- We employed a simple averaging to compute the coarse DBM grid (1′ × 1′ grid in
the present study) from the detailed DBM grid (SRTM15arc_plus with the resolution
of 15′′).
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- A moving-average window was then employed to low-pass filter the coarse DBM grid
(1′ × 1′) to the required resolution of the reference DBM grid; the required resolution
is 9 km (equivalent to the spherical harmonic d/o 2190 of the EGM2008 employed) in
the remove–restore procedure for DC shipborne gravity data in this study.

Figure 7 shows the key role of RTM effects in the RCR procedure. It illustrates the
comparison of residual gravity anomalies with and without RTM effects in our study region.
The differences of ∆gsur

SHOM −∆gsur
EGM2008 in Figure 7a show residual gravity anomalies, with

amplitudes reaching 35 mGal and wavelengths primarily in the range of 10–15 km. Note
that 20 km is equivalent to the minimum wavelengths that can be resolved by EGM2008
(with a resolution of 5′). Figure 7a shows numerous peak structures corresponding to the
bathymetry in the background, especially in the profiles near the coast, where bathymetry
is relatively rough. Figure 7b shows the discrepancies between shipborne gravity anomalies
and the EGM2008 enhanced by the RTM effects-derived gravity anomalies. Comparison
with Figure 7a demonstrates a significant improvement when RTM effects are used to
reduce the omission errors in EGM2008. The RTM effects in gravity anomalies reduce nearly
all peak structures with amplitudes ranging from 25 to 35 mGal to levels of 15–25 mGal
or lower. However, some structures are still visible in Figure 7b. This may be due to
several reasons, e.g., shipborne gravity errors, EGM2008 commission errors or RTM gravity
anomaly errors, but in our opinion, it is mainly due to the quality of the used DBM and the
density assumed in the calculation of the RTM effects. In this study, a seawater density of
1030 kg/m3 was used.

The descriptive statistics of the ∆gsur
SHOM − ∆gsur

EGM2008 and ∆gsur
SHOM − ∆gsur

EGM2008 −
∆gsur

RTM in Table 2 indicate a reduction in the STD of these differences from 9.5 to 6.8 mGal.
This corresponds to an improvement rate of 28.4%. Upon the application of both reductions
from EGM2008 and RTM effects, the residual gravity anomaly signal becomes significantly
smoother, with reduced amplitudes. The initial absolute range (maximum–minimum value)
of 145 mGal is reduced to 75 and 50 mGal when only EGM2008 and EGM2008 enhanced
with RTM effects are used, respectively. This illustrates that enhancing EGM2008 with
RTM effects provides considerably more accurate gravity anomalies compared to EGM2008
alone in this region.

To better see the improvement when using the RTM effects in the RCR procedure, we
show the results of our two experimental measurement zones. Figure 7d,f show that most
of the peak structure was removed when RTM effects were used. The peak structures are
clearly visible in the eastern zone in Figure 7e (using EGM2008 alone) where the DBM is
rougher. The STDs decrease from 8.4 and 10.0 to 5.1 and 6.7 mGal for the western and
eastern zones, respectively. These equate to an improvement rate of 37.5 and 33.0% for
the western and eastern zones, respectively. It is worth noting that the reduced gravity
anomalies have small mean values (about 1 mGal) in these two zones.

These results suggest that EGM2008 (from degree 2 to 2190) combined with RTM
effects (from degree 2191 to 43,200, equivalent to the 15′′ resolution of SRTM15arc_plus)
should be used for the RCR technique in the DC shipborne gravity procedure.

The residual gravity anomalies were DC from the sea surface to the locations of existing
GraviMob measurements using the LSC method. The DC shipborne gravity anomalies
were then obtained through the restoration of EGM2008 and the RTM effects calculated
at the specific depth levels where the GraviMob observations were carried out. The DC
shipborne gravity anomalies are shown in Figure 6 (red dash–dot lines). We can see in
Figure 6 that the gravity anomaly trends revealed by GraviMob closely align with the
expected trends obtained from the DC shipborne gravity data. However, a very large bias is
also visible. The discrepancies between the DC shipborne and GraviMob gravity anomalies
are shown in Figure 8 and listed in Table 3. These differences have a large mean bias of
623.8, 618.5, 573.3 and 566.2 mGal for profiles 8, 9, 25 and 26, respectively. They are even
much larger than the bias found in [14] (210 mGal). Furthermore, these mean bias values
differ significantly, especially when comparing the profiles of two different days (about
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50 mGal, 620 vs. 570 mGal for March 20 and 24, respectively). This will be addressed in the
next section.

Remote Sens. 2024, 16, x FOR PEER REVIEW 13 of 24 
 

 

anomalies. Comparison with Figure 7a demonstrates a significant improvement when 
RTM effects are used to reduce the omission errors in EGM2008. The RTM effects in grav-
ity anomalies reduce nearly all peak structures with amplitudes ranging from 25 to 35 
mGal to levels of 15–25 mGal or lower. However, some structures are still visible in Figure 
7b. This may be due to several reasons, e.g., shipborne gravity errors, EGM2008 commis-
sion errors or RTM gravity anomaly errors, but in our opinion, it is mainly due to the 
quality of the used DBM and the density assumed in the calculation of the RTM effects. In 
this study, a seawater density of 1030 kg/m3 was used. 

The descriptive statistics of the ∆𝑔ௌுைெ௦௨௥ − ∆𝑔ாீெଶ଴଴଼௦௨௥   and ∆𝑔ௌுைெ௦௨௥ − ∆𝑔ாீெଶ଴଴଼௦௨௥ −∆𝑔ோ்ெ௦௨௥  in Table 2 indicate a reduction in the STD of these differences from 9.5 to 6.8 mGal. 
This corresponds to an improvement rate of 28.4%. Upon the application of both reduc-
tions from EGM2008 and RTM effects, the residual gravity anomaly signal becomes sig-
nificantly smoother, with reduced amplitudes. The initial absolute range (maximum–min-
imum value) of 145 mGal is reduced to 75 and 50 mGal when only EGM2008 and 
EGM2008 enhanced with RTM effects are used, respectively. This illustrates that enhanc-
ing EGM2008 with RTM effects provides considerably more accurate gravity anomalies 
compared to EGM2008 alone in this region. 

To better see the improvement when using the RTM effects in the RCR procedure, 
we show the results of our two experimental measurement zones. Figure 7d,f show that 
most of the peak structure was removed when RTM effects were used. The peak structures 
are clearly visible in the eastern zone in Figure 7e (using EGM2008 alone) where the DBM 
is rougher. The STDs decrease from 8.4 and 10.0 to 5.1 and 6.7 mGal for the western and 
eastern zones, respectively. These equate to an improvement rate of 37.5 and 33.0% for the 
western and eastern zones, respectively. It is worth noting that the reduced gravity anom-
alies have small mean values (about 1 mGal) in these two zones. 

These results suggest that EGM2008 (from degree 2 to 2190) combined with RTM 
effects (from degree 2191 to 43,200, equivalent to the 15″ resolution of SRTM15arc_plus) 
should be used for the RCR technique in the DC shipborne gravity procedure. 

 

Figure 7. Residual shipborne gravity anomalies (SHOM): (a) gravity anomalies (SHOM) minus
EGM2008 only for the whole region, (b) gravity anomalies (SHOM) minus EGM2008 and RTM effects
for the whole region, (c) gravity anomalies (SHOM) minus EGM2008 only for the western zone,
(d) gravity anomalies (SHOM) minus EGM2008 and RTM effects for the western zone, (e) gravity
anomalies (SHOM) minus EGM2008 only for the eastern zone and (f) gravity anomalies (SHOM)
minus EGM2008 and RTM effects for the eastern zone. Where EGM2008 is calculated from degree 2
to 2190 and RTM effects are calculated from degree 2191 to 43200 (equivalent to 15′′ resolution of
DBM).
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Table 3. Statistics of temperature differences between the sensor temperature and T0 = 23.8 ◦C, the
temperature at which the internal calibration parameters of the GraviMob system were determined,
and gravity anomaly differences between DC shipborne (SHOM) and GraviMob data without
temperature correction, for four profiles.

Profile 8 Profile 9 Profile 25 Profile 26

Mean value of gravity anomaly
differences between

DC shipborne (SHOM) and GraviMob
(mGal) measurements [1]

623.8 618.5 573.3 566.2

Mean value of differences between
sensor temperature

and T0 (◦C) [2]
9.312 9.243 8.566 8.463

[1]/[2] (mGal/◦C) 66.989 66.916 66.927 66.903

Mean value of [1]/[2] (mGal/◦C) 66.934

Note: T0 is the temperature at which the internal calibration parameters of the GraviMob system were determined.

5. Temperature Correction: Results and Discussion
5.1. Temperature Correction Parameter Determination

The GraviMob system is equipped with six temperature sensors to determine the
actual temperature inside the system. The temperature for four profiles, averaged over the
six sensors, is shown in Figure 9. The internal GraviMob temperature increases gradually
over time, although the ambient temperature at the sea bottom is relatively stable. This
occurs because of the heat produced by the internal electronic components. The temperature
is more stable during the last measurement profiles of the day, i.e., profiles 9 and 26. The
largest temperature variation, 0.141 ◦C, was seen in profile 8. The difference in average
temperature between the two days is significant, about 0.8 ◦C, from 14.5 ◦C on 20 March
to 15.3 ◦C on 24 March. This difference in temperature explains the large difference in
mean bias values between the DC shipborne and GraviMob gravity anomalies for the
four profiles on two different days (about 50 mGal, see Figure 8). It should be noted that
this actual temperature significantly differs from the temperature at which the internal
calibration parameters were determined in the GeF laboratory, T0 = 23.8 ◦C [17]. These
differences are listed in Table 3.
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The gravity and temperature differences between repeated profiles are shown in
Figure 10. As already discussed in Section 3.2, there is a large mean bias for gravity
differences in the repeated profiles. Furthermore, except for the end of profiles 8–9 (around
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the location, at a distance of 6 km, where the DBM changes, see Figure 5), a good linear
correlation between the gravity (blue solid lines) and temperature differences (black dashed
lines) can be seen in Figure 10. The change in DBM could be the cause of the gravity
signal change in profile 9 from the location at a distance of 6 km (see Figure 5). This
non-temperature-affected component explains the nonlinearity between the gravity and
temperature differences at the end of the repeated profiles 8–9. The good correlation reveals
that the mean bias of the gravity differences might be due to temperature change. We
will therefore address the problem of resolving the influence of temperature changes on
GraviMob measurements.
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Figure 10. Gravity and temperature differences between repeated profiles. Gravity differences
without temperature correction (TC): blue solid line. Gravity differences after applying temperature
correction: orange dash–dot lines, and temperature differences: black dashed lines. Profiles 8 and
9 (left), profiles 25 and 26 (right). On each graph, the histograms of the gravity differences are
also shown. Blue histogram: gravity differences without temperature correction, orange histogram:
gravity differences after applying temperature correction.

First, a temperature-related gradient for the GraviMob system can be determined for
each profile as

Gradient =
Mean gravity anomaly di f f erences between DWC shipborne and GraviMob

Mean temperature di f f erences between sensor temperature and T0
(24)

The gradients of the four profiles are listed in Table 3. Good agreement is obtained for
the gradients of the four profiles. Therefore, a simple average is then used to determine the
Gradientaverage for correcting temperature variation. A gradient of 66.934 mGal/◦C is found.
This gradient is larger than that determined in the thermal laboratory calibration procedure
on the gravity point at the GeF laboratory (62.84 mGal/◦C, see [17]). Obviously, with such
a large gradient, to achieve an accuracy of less than 1 mGal it is necessary to maintain
the temperature stability to within 0.01 ◦C. Otherwise, temperature correction is required.
The temperature change is relatively linear (see Figure 10), so to avoid over-correction we
proceed to correct the temperature as

gcor
GraviMob = gGraviMob + (T0 − T)× Gradientaverage (25)

where T is the sensor temperature measured by the GraviMob system. gGraviMob and
gcor

GraviMob are gravity measurements and the gravity-corrected temperature.
The GraviMob gravity values after applying temperature corrections are shown in

Figure 11. In comparison with Figure 5, the use of temperature corrections gives a much
better agreement between the repeated profiles. Gravity differences after applying temper-
ature corrections between the repeated profiles are shown in Figure 10 (orange dash–dot
lines). After applying temperature corrections, there is no mean bias remaining in the
repeated profiles (−0.3 and 0.2 mGal vs. −4.8 and −7.0 mGal when no temperature cor-
rection is applied for the repeated profiles 8–9 and 25–26, respectively). This leads to a
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significant reduction in RMS (from 5.7 to 2.9 mGal and from 7.1 to 1.1 mGal for the repeated
profiles 8–9 and 25–26, respectively). Temperature-affected drifts are also slightly reduced
(reduction of 0.2 mGal in STD for each repeated profile). These are profiles with relatively
stable temperatures, so the drift is not strong. For profiles where the temperature changes
significantly, this effect will be more obvious. The non-temperature-affected component
explains the large difference that remains at the end of profiles 8–9.
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the profiles need to be longer than the target area. The results demonstrate the effective-
ness of the temperature correction method that was applied. In the next section, the re-
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Figure 11. Filtered gravity data after applying temperature correction (TC): profiles 8 and 9 (left),
profiles 25 and 26 (right).

The free-air gravity anomaly is then calculated via the subtraction of the normal
gravity from the filtered gravity data after applying the temperature correction (using
Equations (10) and (11)). The GraviMob gravity anomaly is indicated in Figure 12 (solid
lines). It is evident that the GraviMob gravity anomaly is now much closer to the DC
shipborne gravity anomaly (both in trend and magnitude).
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Figure 12. GraviMob gravity anomalies, after applying temperature correction (TC) (solid lines), and
DC shipborne gravity anomalies (dash-dot lines): profiles 8 and 9 (left), profiles 25 and 26 (right).

Figure 13 shows the discrepancies between the DC shipborne and the GraviMob grav-
ity anomalies after applying temperature correction to the four profiles. These differences
have a mean value varying from −0.1 to 0.7 mGal and a STD varying from 1.2 to 3.9 mGal.
Large differences appear at the beginning and end of each profile. This is due to the edge
effect of the filter. Clearly, we need to take this into account for future cruises, i.e., the
profiles need to be longer than the target area. The results demonstrate the effectiveness
of the temperature correction method that was applied. In the next section, the remaining
profiles will be processed in the same way.
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5.2. Validation Results for the Remaining Profiles

We applied the same procedure to the remaining profiles. However, all six profiles
from 23 March (profiles 15, 16, 17, 18, 19 and 20) could not be processed due to poor mea-
surement quality (due to accelerometer saturation and/or the interruption of navigation
data recording). Similarly, the first two profiles of 24 March (profiles 21 and 22) could not
be processed. These two profiles were measured in a terrain follow-up mode and the DBM
is relatively rough due to the presence of several deep canyons (see Figure 5 on the left). As
a result, only 14 of the remaining profiles were processed, which means that 18 out of 26
were successfully processed (69.2%). This is a good score as the navigation conditions for
the AUV in the second part of the cruise (the eastern zone) are particularly difficult due
to the rough terrain and to strong currents. Note that during processing for profiles 6, 7,
11 and 12, we had to remove the parts where the DBM is rough (due to the bad quality of
the measurements). These are profiles measured using the terrain follow-up mode. One
conclusion is that the constant depth survey mode is preferable for the GraviMob system.

The internal validation results are indicated in Figure 14. It should be noted that the
same filter parameters were used for each repeated profile. A good correlation between the
gravity differences without temperature correction (solid lines) and temperature differences
(black lines) is generally visible. As seen before, for the first profiles of each day where the
temperature is much less stable, the temperature-affected drifts are significantly reduced
due to the temperature correction (dash–dot lines). For example, the STD of repeated
profiles 4–5 (profile 4 is the first profile of 19 March, see Table 1) has been reduced from
13.6 to 3.2 mGal, that of the repeated profiles 6–7 (profile 7 is the first profile of 20 March)
from 10.2 to 3.4 mGal, and that of the repeated profiles 11–12 (profile 11 is the first profile
of 21 March) from 4.5 to 2.4 mGal. The difference after applying the temperature correction
across all repeated profiles has a mean bias value varying from −1.9 to 1.5 mGal and a
STD varying from 1.1 to 3.7 mGal. Based on the law of error propagation, which assumes
the statistical independence of errors, the accuracy of a single observation profile is given
by the STD of the differences divided by

√
2. This gives an estimated error ranging from

0.8 to 2.6 mGal for the GraviMob gravity signal. This is a highly satisfactory result. It
is noteworthy that the repeated profiles 6–7 were measured on two different days, with
profile 6 being the last profile of 19 March and profile 7 being the first profile of 20 March
(see Table 1). Figure 14 on the upper left shows that the mean, STD and RMS values for
this pair significantly decrease from 33.0, 10.2 and 34.5 mGal to 1.5, 3.4 and 3.7 mGal,
respectively, when temperature correction is used. Thus, we can successfully process
repeated profiles measured on two different days. This demonstrates the stability of the
GraviMob measurements.
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small (1.0 mGal), 22 times better than when no temperature correction is applied. These 
results demonstrate the good stability of the GraviMob system as well as the correctness 
of the proposed temperature correction method. The results indicated that if a stabilised 
sensor temperature is unavailable, a temperature correction is necessary to obtain gravity 
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Figure 14. Gravity and temperature differences between repeated profiles. Gravity differences
without temperature correction (TC) (solid line), gravity differences after applying temperature
correction (dash–dot lines) and temperature differences (black lines).

To assess the stability of the gravity measurements made during the dives, the mean
values of the gravity differences in each repeated profile are compared (see Figure 15). The
variation of the mean values (maximum–minimum value), 65.7 mGal, reduces to 3.4 mGal
when temperature correction is used. The mean and STD of the mean values decrease from
−1.3 to −0.3 mGal and from 22.4 to 1.0 mGal, respectively, when temperature correction is
applied. After applying the correction, the STD on the mean values is very small (1.0 mGal),
22 times better than when no temperature correction is applied. These results demonstrate
the good stability of the GraviMob system as well as the correctness of the proposed
temperature correction method. The results indicated that if a stabilised sensor temperature
is unavailable, a temperature correction is necessary to obtain gravity measurements at the
mGal level.
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The discrepancy between the DC shipborne and the temperature-corrected GraviMob
gravity anomalies is shown in Figure 16. This difference has a mean value varying from
−0.8 to 0.8 mGal and a STD varying from 1.1 to 4.8 mGal for all repeated profiles. As
discussed, large differences also come from the beginning and end of each profile due to
filtering limitations. Considering the shipborne gravity data errors plus the errors of the
DC procedure, we assume that the error of the DC shipborne data is equivalent to the error
of the GraviMob data. Similar to the internal validation, the mean and STD values are
given by dividing by

√
2. This thus gives an STD ranging from 0.8 to 3.4 mGal and a mean

bias value varying from −0.6 to 0.6 mGal.
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6. Conclusions and Perspectives

The underwater gravity measurements carried out during the GraviMob project have
been studied, starting from the fundamental processing of the gravity measurements to
the final validation of free-air gravity anomalies. A complete software for these processing
procedures has been developed. The processing procedure of the GraviMob measurements
has yielded several critical findings. First, bias and drift may be compensated for using tem-
perature correction. A strong temperature-related gradient estimated at 69.934 mGal/◦C
justifies the relevance of the correction. Second, regarding the validation results, the STD of
the gravity differences at repeated profiles varies from 1.1 to 3.7 mGal. This implies that the
accuracy for the GraviMob underwater gravimetry ranges from 0.8 to 2.6 mGal, based on
the law of error propagation. A good stability of the GraviMob measurements was obtained
after applying a temperature correction, with the STD on the mean values of the gravity
differences at repeated profiles reducing to 1.0 mGal. The DC surface shipborne data can
be used to externally validate the GraviMob free-air gravity anomalies. The discrepancies
between the DC shipborne and GraviMob gravity anomalies have an STD ranging from
0.8 to 3.4 mGal and a mean bias value varying from −0.6 to 0.6 mGal. A summary of
these comparison results is shown in Figure 17. Good agreements have been achieved on
repeated lines, and between GraviMob and DC shipborne gravity anomalies. The findings
indicated that, if a stabilised sensor temperature is unavailable, a temperature correction
is necessary to obtain gravity observations at the mGal level. Last, the terrain follow-up
survey mode can only be applied where the DBM is relatively flat. So, the constant depth
survey mode is preferable for future cruises.
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Better accuracy could be achieved in the future with the GraviMob system. The
temperature control could be improved. For example, the wide variations in temperature
over the first few profiles of each day indicate that several hours are needed to stabilise
the temperature inside the GraviMob system before data are officially recorded, i.e., 1–2 h.
However, even following a long warm-up period, temperature variations of the in-diving
accelerometer must be taken into account, given that the sphere temperature can change
during the dive due to seawater temperature variations. With a required temperature
variation less than 0.01 ◦C, a temperature stabilisation box could be proposed. Research on
solutions to improve the accuracy of the AUV navigation and orientation is also required.
For the GraviMob-1 cruise, the horizontal and vertical position accuracies achieved are
at 1 to 2.5 m and 0.3 m, respectively. In February 2022, Exail carried out a test campaign
to check the accuracy of AUV positioning using the Spare-LBL (Long BaseLine acoustic
positioning system) solution at a depth of 1000–3000 m. The horizontal accuracy achieved
was better than 0.5 m (personal communication). This result is promising for improvement
in the accuracy of the GraviMob corrections. On the other hand, there is a need for the
improvement of GraviMob data processing. For instance, the utilization of a Gaussian
filter could be considered for processing instead of a simple moving average. Selecting
an optimal combination between GGM and RTM effects can also improve the accuracy
of the DC procedure, thereby improving the accuracy of the external reference data. The
crossover points can also be used as control points to adjust the drifts, which should also
be noted when planning future test cruises. In conclusion, GraviMob-1 turned out to be a
very successful underwater gravimetry cruise, serving as a first step for the preparation of
future cruises with the sensor, for instance, in the Atlantic Ocean.
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