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Abstract

Accelerometers (ACCs) in low-low satellite-to-satellite gravimetry missions measure the
non-gravitational forces acting on the spacecraft that have to be taken into account to
derive the gravitational contribution in the distance variations. Multiple ACCs form a so-
called gradiometer that measure the gravity gradient. In satellite gravimetry up to now, only
electrostatic ACCs were used, which are one of the main instrumental limitations due to
their error contribution at low frequencies, known as drift.

In this paper, we compare the performance of electrostatic ACCs at low Earth orbits with
other sensors, i.e. so-called Optical ACCs based on flight heritage of the LISA-Pathfinder
mission, and theoretical ACC concepts, for example Cold Atom Interferometer (CAI) ACCs
and hybridized sensors (combination of electrostatic and CAI ACCs) in terms of static
gravity field recovery. Under our assumptions, in particular that high-frequency variations
of the gravity field can be perfectly modeled and removed during gravity field recovery, the
results may be limited in the future by the performance of the LRI.

We also discuss the outcomes from the various novel satellite formation flights (SFF)
that utilize two orbits that differ either by right ascension of the ascending node (RAAN)
or by inclination in order to acquire ranging information in the cross-track direction. The
closed-loop simulations from both scenarios showed significantly lower order of magnitude
of the residuals w.r.t. reference gravity field than from the anticipated future performance
of the solely in-line GRACE-like satellite pair. Moreover, these triple satellite formations
provide better multi-directionality of the retrieved data, avoiding the North-South striping
behavior. However, it is worth noting that in such formations significant modifications are
needed in the satellite bus, ACC test mass readout, LRI beam steering mechanism, etc. in
order to be capable of measuring the cross-track range changes at higher range rates w.r.t.
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in-line GRACE-like configuration. In addition, a substantial reduction of costs in building
and launching only three satellites rather than four as in double-pair constellations could be
an advantage for such formations.
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1 Introduction

Dedicated satellite gravimetry missions such as CHAMP
(Mehta et al. 2017; Torge et al. 2023), GOCE (Flechtner
et al. 2021), GRACE (Chen et al. 2022; Panet et al. 2022),
its successor GRACE-FO (Peidou et al. 2022) and a Chi-
nese satellite gravimetry pair (Xiao et al. 2023) provide
unique data about Earth’s gravity field variations at differ-
ent spatio-temporal scales. However, despite the impressive
results from the above-mentioned missions with unprece-
dented accuracy at the time when they were obtained, there
was a common limiting factor on the instrument level. This
well-known limitation results from the behaviour of the
electrostatic accelerometer (EA), which shows a so-called
drift in the low frequency domain (Frommknecht et al. 2003;
van Camp et al. 2021), mainly caused by the polarization
wire that connects the test mass to the surrounding electrode
housing and is a significant source of stiffness (Christophe
et al. 2015).

In order to overcome the drawback of EAs and better
satisfy the user needs discussed by Pail et al. (2015), var-
ious concepts and novel technologies were developed. For
example, enhanced EAs with modified test mass parameters
were analyzed by the French aerospace lab ONERA (Liorzou
et al. 2023). Another technical improvement that has been
preliminary evaluated by ONERA (Boulanger et al. 2020) is
the use of an EA without a polarization wire. It was sub-
stituted by a wireless charge management system utilizing
ultraviolet light, which excites and expels extra electrons and
keeps the electrostatic noise sources at low frequencies at
an acceptable level (Sumner et al. 2020). This technology
has flight heritage since it was on-board the LISA-Pathfinder
mission (Armano et al. 2021) where optical accelerometers,
also known as Gravitational Reference Sensor (GRS), were
also tested in space for the first time (Armano et al. 2018).
Promising results of the GRS from the LISA-Pathfinder
gave a start to various studies that evaluate the performance
of a simplified-GRS (SGRS) for low Earth orbits. SGRS
is an enhanced EA with a free-floating cubic shaped test
mass, with capacitive position readout sensing and without
polarization wire proposed by Dávila Álvarez et al. (2022)
and LISA-like SGRS by Weber et al. (2022). SGRS with a

wider range of parameters, electrostatic and optical readouts
of the test mass displacements was modeled and evaluated
by Kupriyanov et al. (2024).

A totally different technology that could overcome the
drawback of EAs at low frequencies is the Cold Atom
Interferometry (CAI) where atom clouds act as test masses
(Alonso et al. 2022). In CAI accelerometry, the unknown
acceleration is calculated from the phase shift of two inter-
fering atomic states of an atom cloud after it was manipu-
lated with pulses of two counter propagating laser beams.
Corresponding studies evaluating CAI accelerometry were
done by Knabe et al. (2022) and for the usage in gradiometry
by Trimeche et al. (2019). However, the utilization of a CAI
accelerometer as a standalone instrument has certain draw-
backs due to the long interrogation times in which affected
short-term non-gravitational forces could not be observed.
A possibility to solve this problem is the application of
hybridization. Here, the idea is to combine the EA, which
are able to measure in the high frequency domain, with the
precise CAI ACC. HosseiniArani et al. (2022) and Zahzam
et al. (2022) studied hybrid sensors and different ways of
hybridization.

It is important to note, that in contrast to EA or optical
accelerometers, CAI has not yet a flight heritage in space.
However, the recently started CARIOQA-PMP (Cold Atom
Rubidium Interferometer in Orbit for Quantum Accelerome-
try – Pathfinder Mission Preparation) project, funded by the
European Union, aims to increase the Technology Readiness
Level and prepare a Quantum Pathfinder Mission for space
gravimetry by 2030 (Lévèque et al. 2023).

2 Performance of Sensors

2.1 Comparison of Accelerometer
Performance

In Fig. 1 the Amplitude Spectral Density (ASD) of various
ACCs types are shown w.r.t. typical non-gravitational accel-
erations (black curve). The above-mentioned drift of the EA
that is used in GRACE-FO (Daras and Pail 2017) (grey
curve) is very prominent in the frequencies below 1 mHz.
Another EA which was used in GOCE mission has a similar
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Fig. 1 Comparison of the ASD sensitivities of accelerometers for
current instruments and anticipated enhanced concepts w.r.t. non-
gravitational accelerations measured by GRACE-FO

drift. The orange curve represents the high-sensitive axis of
the accelerometer that forms the gradiometer (Touboul et al.
2016; Marque et al. 2010). The red and blue curves represent
the noise levels of SGRS sensors with electrostatic and
optical test mass position readout, developed by Kupriyanov
et al. (2024). Due to the modeling features of the noise
budgets of these SGRS sensors, the difference of their ASDs
appears only above 0.01 Hz. The green curve represents
the realistic level of accuracy in one degree of freedom of
a near-future CAI ACC introduced by white noise at the
level of 10�11 m=s2=

p
Hz. For this sensor the following

major parameters were assumed: laser waist 20 � 10�3m,
atomic temperature 10 � 10�12K, number of atoms 1 � 106,
interrogation time 10 s (HosseiniArani et al. 2024). As it was
demonstrated by Barrett et al. (2019), achieving a same level
of accuracy in all three axes for CAI inertial sensor is quite
challenging. Additionally, two curves of hybrid sensors are
shown in the same graph. The pink curve corresponds to a
hybridized instrument that consists of an SGRS EA from
Dávila Álvarez et al. (2022) and the aforementioned CAI
ACC. The hybridization was done at the level of ASDs by
applying low- and high-pass filters at two cut-off frequencies
at 11 mHz and 17 mHz in order to have a smooth transition
between the ASDs. A similar procedure was applied for the
hybridization of another sensor (brown curve) that consists
of an electrostatic part of the HybridSTAR accelerometer
(Dalin et al. 2020) and the CAI ACC. Here, only one cut-off
frequency at 0.35 mHz was used for both low- and high-pass
filters.

Fig. 2 Comparison of the ASDs of the inter-satellite LRI and KBR
range measurement instrument errors used in the studies

2.2 Comparison of Inter-Satellite Range
Measurement Instruments

Figure 2 shows the ASDs of the inter-satellite LRI and
K-band ranging (KBR) measurement instrument errors.
The grey curve corresponds to the KBR instrument that
is used in GRACE and GRACE-FO (Frommknecht et al.
2006). All other curves represent our assumptions on the
distance-dependent errors of Laser Range Interferometer
(LRI) system on-board GRACE-FO (green curve) or the
anticipated LRI error noise in the future (red and blue curves)
(Kupriyanov et al. 2024).

3 Closed-Loop Simulation

The block diagram of the closed-loop simulation procedure
that was applied in the context of GRACE-like, GOCE-
like and novel satellite constellations is shown in Fig. 3.
The simulation procedure was carried out in multiple steps
and using software parts in different language tools and
programming platforms. In all simulations the EIGEN-6C4
(Förste et al. 2011) static gravity field model was used as
the reference. The time-variable background models were
not considered in our simulations in order to focus on the
advantages of the novel sensors and concepts. Therefore, this
study investigates the retrieval of the static gravity field. The
evaluation is carried out on the level of residuals between
recovered and reference gravity field models that occur due
to considering various error sources, i.e. instrument errors.
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Fig. 3 Block diagram of the closed-loop simulation procedure

The Extended High Performance Satellite Dynamics Sim-
ulator (XHPS) developed by ZARM/DLR (Wöske et al.
2016) in Matlab/Simulink is used for simulating the satel-
lite’s orbit taking into account various non-gravitational
forces and a detailed finite element model of the satel-
lite (Wöske et al. 2018). Accelerometer Modeling Envi-
ronment (ACME) (Kupriyanov et al. 2024) developed by
Max Planck Institute for Gravitational Physics is also imple-
mented in Matlab/Simulink and utilize to simulate different
type of ACCs, e.g. electrostatic or optical ones. In this
work ACME is operated concurrent to XHPS, running time-
domain simulations and generating mock data of various
sensors. Two gravity field recovery software tools, named
Quantum Accelerometry (QACC) and GRADIO, both devel-
oped by IfE, LUH (Wu 2016) written in Fortran are used in
the simulations.

For the GRACE-like cases QACC toolbox with accelera-
tion approach is used. Here the noise-free range accelerations
time-series are generated and combined afterwards with
corresponding instrument noise time-series, i.e. range-rate
sensor noise, LRI or KBR (Frommknecht et al. 2006) and
with ACC noise. Then the synthesized noisy observations
are used for least-squares estimation of the gravity field
parameters – spherical harmonic coefficients. At the end the
recovered gravity field is compared with the reference gravity
field, by computing the difference of the coefficients and
plotting them either on a global map in terms of equivalent
water height (EWH) or in two dimensional spherical har-
monic error spectrum (similar as it was done by Wu (2016)).

For the gravity field recovery from the GOCE-like gra-
diometry missions GRADIO toolbox is used. There, the
satellites’ orbit from XHPS synthesised together with the
corresponding gradiometer noise time-series. Then follow-

ing the aforementioned steps the retrieved gravity field are
compared with the reference one.

4 Gravity Field Recovery Results from
Simulation

For all simulations a one-month mission duration in May
2002 was considered, since this was a period of strong
solar activity (SILSO World Data Center 2023). As a result,
high solar activity means that the solar radiation pressure
and the air-drag on the spacecraft in orbit are larger. The
selection of the year/month with the high solar activity
was important for the testing accelerometers, developed in
ACME, in critical conditions. Furthermore, all gravity field
recovery simulations were calculated up to degree and order
180, while the input reference gravity field model was given
up to degree and order 2190.

4.1 Low-Low Satellite-to-Satellite

Figure 4 represents the averaged error degree variance per
specific degree in terms of geoid height for the low-low
satellite-to-satellite (ll-sst) missions on a GRACE-like orbit
with different types of ACCs and inter-satellite range instru-
ments. Black dashed line represent the static gravity field
signal EIGEN-6C4 (Förste et al. 2011). The mean monthly
Hydrology, Ice and solid Earth (HIS) signal (Dobslaw et al.
2015), depicted by the grey dashed curve. This curve is
shown here for the understanding that in an idealized case,
when the temporal aliasing is sufficiently considered and the
high performance of the instruments can be fully exploited,
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Fig. 4 Averaged error degree variance per specific degree in terms of
geoid height of the different on-board ACC and inter-satellite range
instruments in the context of GRACE-FO like missions

potentially time-variable gravity field can be determined up
to a much higher degree and order than now. The blue curve
represents the GRACE-FO mission with a SuperSTAR EA
and KBR as the range measurement instrument.The static
gravity field signal could be resolved up to degree 130 by this
mission and the mean monthly HIS signal only up to degree
15. The strong oscillations of the blue curve corresponds to
the drift of the EA in the low frequency domain. The orange
and green curves represent the missions with a SGRS EA,
derived in ACME, on-board and KBR or an anticipated LRI
of the year 2030 as the inter-satellite instrument. In compari-
son to the GRACE-FO scenario with a maximum achievable
level of a geoid height 10�5 m, these mission concepts are
able to reach 10�7 m and 10�8 m respectively. They also
can potentially resolve the time-variable HIS signal under
the above-mentioned conditions up to degree 60 and 120.
The CAI ACC as a standalone accelerometer together with
the anticipated LRI 2030 performance (red curve) shows a
slightly worse performance w.r.t. the previously discussed
SGRS EA with LRI 2030. Hybridizing a CAI ACC with an
electrostatic part of the HybridSTAR accelerometer together
with the LRI 2030 (purple curve) brings only minor improve-
ments w.r.t. the standalone CAI ACC case (red curve).
However, the SGRS EA derived in ACME with LRI 2030
(green curve) shows the best performance up to degree 60
among the considered sensors.

4.2 Cross-Track Gradiometry

Since the ll-sst type of measurements and satellite gra-
diometry are both sensitive to different wavelengths of the
gravity field signal (Pail et al. 2019), we also checked the
performance of novel instruments w.r.t. high-sensitive axis
of the GOCE electrostatic gradiometer (Touboul et al. 2016;
Marque et al. 2010) arranged in the cross-track direction.
Gradiometry simulations were computed for the GOCE-like
altitude, near-polar, drag-compensated orbit (i D 89 ı, h D
246 km) with a gradiometer arranged in cross-track direction
with a baseline length b D 0:5m.

Figure 5 shows the average error degree variance per
specific degree for various gradiometer instruments. The blue
curve corresponds to the GOCE high-sensitive axis of the
electrostatic gradiometer, acquired from the ASD orange
curve from Fig. 1. The orange and green curves in Fig. 5
correspond to the gradiometers that consist of SGRS EA or
an optical ACC. Simulated CAI and hybridized gradiometers
also include the effect of CAI gyroscopes (Savoie et al.
2018) which are required to correct for the rotational move-
ment of the gradiometer axis in cross-track direction. The
considered CAI gyroscope has a white-noise level close to
10�8 rads�1 in terms of angular velocity which corresponds
to interrogation time of 10 s. However, the effect of the

Fig. 5 Averaged error degree variance per specific degree in terms of
geoid height of the different gradiometers in cross-track direction in the
context of a potential GOCE-FO like mission
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CAI gyroscope to the total CAI or hybridized gradiometer
performance was negligibly small. As it is depicted in the
graph, hybridized gradiometers show the best performance
roughly up to degree 70.

4.3 SFF with Different Right Ascension of
the Ascending Node

So far, only near-polar satellite orbits are considered in our
simulations. This kind of orbits causes resonance effects
(Kvas et al. 2019), which together with drift of the EA in
the low frequency domain, lead to the North-South striping
behavior of the retrieved gravity field models. Hence, the
North-South striping effect can be reduced either by uti-
lizing the novel enhanced accelerometers or by providing
additional measurements in the cross-track direction. One
of the options for getting measurements in the cross-track
direction could be by adding another satellite, see Fig. 6. In
this section we consider two near-polar orbits (i D 89ı) with
the GRACE-like altitudes (h D 450 km) but with different
RAAN angles �1 D 127ı and �2 D 128ı. This brings a
stable orbital configuration, i.e. the maximum distance at the
equator between the satellites B and C does not increase over
time, since the � does not impact the secular variations. In
principle, this SFF could be treated as an enhanced version
of the Pendulum constellation (Elsaka et al. 2014) with the
difference that here, it is assumed that satellite C is always in
cross-track direction w.r.t. the in-line along-track formation
of the satellites A and B. The satellites A and B form an
in-line GRACE-like formation separated by roughly � D
200 km. In this SFF, the two orbital planes intersect close

Fig. 6 Scheme of the combination of the in-line and cross-track for-
mation differing by the right ascension of the ascending node (RAAN)

to the poles and the maximum separation between the orbits
is at the equator, with about l D 120 km.

Different inter-satellite ranging instruments are assumed
in the simulation of such a formation. For the in-line for-
mation (satellites A and B) an anticipated LRI 2033 is
assumed (blue curve in Fig. 2), while for the cross-track
inter-satellite range measurement, a certain degradation of
the laser beam steering mechanism due to increased tilt-to-
length noise and the coupling caused by satellites pointing
variations (Wegener et al. 2020) is considered. Furthermore,
the current level of the pointing accuracies of the GRACE-
like satellites, i.e. 2.5 rad in roll axis and 250�rad in pitch
and yaw (Goswami et al. 2021), is taken into account. Hence,
a less accurate LRI 2023 (green curve on Fig. 2) is considered
for the cross-track SFF.

However, on-board of all three satellites a SGRS Optical
accelerometer derived in ACME was assumed (Kupriyanov
et al. 2024). The same level of accuracy was taken for all
three axes. Figure 7 shows the averaged error degree variance
per specific degree in terms of geoid height for the in-
line (blue curve), cross-track (orange curve) and combined
formation (green curve). Identically to the previous graphs,
the static gravity signal is depicted as a black dashed line.
The in-line formation has a better performance than the
cross-track formation. Combining these solutions at the level
of normal equations (Wu 2016) with a weighting based on
the posteriori variances results in the green curve.

Figure 8 represents global gravity field maps recovered
from the in-line (top), cross-track (middle) and combined
(bottom) satellite formations. Geoid height amplitudes rep-
resent the difference of the recovered gravity field models
with the reference gravity field model EIGEN-6C4. The
same order of magnitude of the spatial residuals, ˙5 �
10�6 m, are used in all global maps for a more explicit
difference. The combination of three satellites allow to get

Fig. 7 Averaged error degree variance per specific degree in terms of
geoid height of the in-line, cross-track and combined formations
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Fig. 8 Global maps with the
residuals in geoid heights, raw
data, without post-processing and
filtering. Top: In-line formation
(satellites A and B); Middle:
Cross-track formation (satellites
B and C); Bottom: Combined
formation (satellites A, B and C)
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Fig. 9 Comparison of the spherical harmonic error spectra between in-
line (top), cross-track (middle) and combined (bottom) formations

multi-directionality of the data by avoiding the North-South
striping effect of the in-line formation without any post-
processing or filtering.

Figure 9 shows the two dimensional spherical harmonic
error spectrum or, in other words, the relative error of each
spherical harmonic coefficient w.r.t. the reference gravity
field. The color bars are given in logarithmic scale for better
representation. On the top, we show the results from the in-
line SFF, in the middle from the cross-track and at the bottom
combined satellite formations.

It is worth mentioning that the cross-track range measure-
ments in such SFF are technically challenging for current
inter-satellite LRI systems due to the high (up to ˙130m=s)
relative range-rates between the satellites B and C. The
current feasible range-rate for heterodyne lasers that were
used on-board the GRACE-FO mission are˙10m=s (Sheard

et al. 2012; Elsaka et al. 2014), which is acceptable and
sufficient even for the next upcoming missions to be launched
in the time frame of 2028 to 2031 (Haagmans and Tsaoussi
2020; Massotti et al. 2021). However, in order to realize
the additional cross-track link at some point, future devel-
opments should also focus extending the dynamic range of
the LRI in terms of pointing angles and range rates.

4.4 SFF with Different Inclinations

Another satellite formation consisting of three satellites that
could utilize information in the cross-track direction, is pos-
sible with orbits that differ by inclination, see Fig. 10. Similar
to the previous SFF, this constellation assumed to have alti-
tudes around 450 km, but inclinations equal to i D 89:048 ı

for the in-line and i D 90:048ı for the second orbital plane.
However, a stable formation is not guaranteed (Elsaka 2012)
in this case because of the secular perturbations of some
Keplerian elements, in particular P� (Bloßfeld et al. 2014). It
was found that after one month the maximum distance close
to the poles in the cross-track direction between the satellites
B and C increased from 120 to 520 km. In order to take into
account adequately this increasing inter-satellite distance, an
LRI 2023 model with � D 600 km baseline (yellow curve
Fig. 2) was used for the cross-track formation.

After following the similar procedure as in the previous
SFF, i.e. calculating the recovered gravity field from the in-
line, cross-track and combined formations, the averaged error

Fig. 10 Scheme of the combination of the in-line and cross-track
formation differing by the inclination
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Fig. 11 Averaged error degree variance per specific degree in terms of
geoid height of the in-line formation solely (blue), combined satellite
formation with different RAAN (green) and combined satellite forma-
tion with different inclinations (orange)

degree variances per specific degree in terms of geoid height
have been calculated. Figure 11 represents the comparison
between the error degree variances from the in-line formation
solely or, in other words, satellites A and B (blue curve),
combined SFF from three satellites with different RAAN
(green curve) and combined SFF with different inclinations
(orange curve). In principle, combined solutions (green and
orange curves) from both SFFs have a similar level of geoid
accuracy. Up to degree 80, SFF with different inclinations
show superior performance, while at higher degrees SFF with
different RAAN performs better.

From technical point of view, SFF with different incli-
nations is even more technologically challenging than the
one with different RAAN, because the relative range-rates
between the satellites B and C are up to ˙600m=s here.
This is 60 times larger than the current range-rate required
for heterodyne lasers (Sheard et al. 2012; Elsaka et al. 2014).
Furthermore, due to the unstable formation, a certain orbit
maintenance has to be done in order to avoid drifting the
orbital planes apart.

5 Conclusions

In this study, closed-loop simulations were performed in
order to investigate the benefits of novel and enhanced instru-
ments, i.e. accelerometers and gradiometers w.r.t. ‘classical’
electrostatic sensors. Moreover, static gravity field recovery
from two novel triple satellite formations was carried out.
To quantify the advantages of the novel instruments on the
gravity field retrieval, the impact of temporal aliasing due to
the insufficient background models was neglected.

Time-variable background models and associated alias-
ing errors are a major limiting factors in current satellite

gravimetry. However, the background models will certainly
be improved in future. It is anticipated that the processing
strategies of gravitational data also enhance, for example,
different parametrization, co-estimation of certain signals,
etc. Therefore, one would be able to re-process data some-
when in future, as it was done with the GRACE or satellite
altimetry data. There the observations from the 80s and
90s were re-processed benefiting from better orbits due to
improved gravity field and reduction models. On the other
hand, if sensors with poor performance are used in a mission,
one can merely improve anything in post-processing. There-
fore, it is necessary to consider the best possible sensors of
a time on a mission and this study underlines what might be
achieved in this respect. Moreover, the upcoming MAGIC
mission, consisting of two satellite pairs, will also contribute
to reducing the temporal aliasing effect (Purkhauser et al.
2020).

It was demonstrated that in low-low satellite-to-satellite
configurations the static gravity field solutions could be
improved up to three orders of magnitude with enhanced
electrostatic, CAI and hybridized instruments

In single-axis cross-track gradiometry simulations, novel
instruments also significantly improved the gravity field
retrieval by one order of magnitude w.r.t. a GOCE-like
electrostatic gradiometer. This would enable the geoid deter-
mination with a higher accuracy.

In addition, gravity field recovery results were investi-
gated for two new satellite formation flights each with two
orbital planes varying in RAAN or inclination relatively to
each other. Both configurations showed an improvement in
recovering the gravity field models from the combined solu-
tions w.r.t. in-line and cross-track formations individually.
However, the technical constraints, like formation mainte-
nance with associated propellant consumption and maximum
LRI range rates, make the option with RAAN separation
more likely to be realized. Nonetheless, both alternative
satellite formations would require significant modifications
of the current GRACE-like platforms.

Further research is required to obtain more realistic
simulations. This could be done in multiple ways, in
particular with an improvement of the instrument modeling,
e.g. analysing the noise budget of novel accelerometers,
or including ancillary instruments in the gradiometry
simulations, e.g. by providing additional angular velocity
noise. Another to include time-variable gravity signals and
related background models into the simulations. They are the
source of the short-term mass variations from the atmosphere
and oceans and produce aliasing errors which are typically
the main contributors to inaccuracies in temporal gravity
solutions.
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