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Abstract

Twenty years of gravity observations from various satellite missions have provided unique data about mass redistribution processes in the
Earth system, such as melting of Greenland’s ice shields, sea level changes, ground and underground water depletion, droughts, floods, etc. The
ongoing climate change underlines the urgent need to continue this kind of observations with future gravimetry missions using enhanced concepts
and sensors. This paper studies the benefit of enhanced electrostatic and novel optical accelerometers and gradiometers for future gravimetry
missions.

One of the limiting factors in the current space gravimetry missions is the drift of the Electrostatic Accelerometers (EA) which dominates
the error contribution at low frequencies (< 1mHz). This study focuses on the modeling of enhanced EAs with laser-interferometric readout,
so-called optical accelerometers, and on evaluating their performance for gravity field recovery in future satellite missions.

In this paper, we simulate gravimetry missions in multiple scopes, applying various software modules for satellite dynamics integration,
accelerometer (ACC) and gradiometer simulation and gravity field recovery. The total noise budgets of the modeled enhanced electrostatic and
optical ACCs show a similar sensitivity as the ACC concepts from other research groups. Parametrization w.r.t. the weight of the test mass (TM)
of ACCs and the gap between the TM and the surrounding electrode housing confirmed the fact known from previous results that an ACC with a
heavier TM and a larger gap will perform better. Our results suggest that the anticipated gain of novel ACCs might at some point be potentially
limited by noise from the inter-satellite laser ranging interferometry.

In order to present the advantage of the novel sensors, time-variable background models and associated aliasing errors were not considered in
our simulations. The utilization of enhanced EAs and optical ACCs shows a significant improvement of accuracy compared to the currently used
GRACE-like EA. In addition, their benefit in double satellite pairs in a so-called Bender constellation as well as in the combination of low-low
satellite-to-satellite tracking with cross-track gradiometry has been investigated.

© 2024 COSPAR. Published by Elsevier Ltd All rights reserved.
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Global warming and its diverse consequences, such as sea level
rise, severe climate trends, floods and droughts, attracted the
public’s attention during the last decade. Scientific communi-
ties, decision makers and governments have shown a deep inter-
est in satellite gravimetry missions to monitor the time-variable
gravity field of the Earth, which provide unique information
about the mass redistribution processes (Pail, 2015). These pro-
cesses are mostly driven by the hydrological cycle, such as sea-
sonal water storage changes in the Amazon river basin (Tourian
et al., 2018), global warming effects, like ice sheet melting in
Greenland and Antarctica ice sheet melting (Siemes et al., 2013;
Velicogna et al., 2020; Otosaka et al., 2023), and human ac-
tivity, e.g., groundwater depletion in the Indian subcontinent
(Frappart & Ramillien, 2018; Asoka & Mishra, 2020). Con-
tinuous measurements from the dedicated satellite gravimetry
missions — Challenging Minisatellite Payload (CHAMP) (Torge
et al., 2023), Gravity Field and Steady-State Ocean Circula-
tion Explorer (GOCE) (Bruinsma et al., 2014; Flechtner et al.,
2021), Gravity Recovery And Climate Experiment (GRACE)
(Tapley et al., 2019; Chen et al., 2022; Panet et al., 2022)
and Gravity Recovery And Climate Experiment - Follow On
(GRACE-FO) (Chen et al., 2020; Ciraci et al., 2020; Peidou
et al., 2022) — measured the Earth’s mass change phenomena at
different temporal and spatial scales.

As a continuation of the current GRACE-FO mission, an-
other satellite pair will be built in a German-US partnership
named Mass Change Mission. It is planned to be launched in
2027-2028 to a polar orbit. This mission will employ a lone
Laser Ranging Interferometer (LRI) (Haagmans & Tsaoussi,
2020) as the inter-satellite ranging instrument, motivated by the
results of GRACE-FO (Haagmans et al., 2020).

The National Aeronautics and Space Administration
(NASA) highlighted mass change missions as one of its top
five priorities (Wiese et al., 2022). In November 2022, the
European Space Agency (ESA) Council Meeting at Ministerial
Level allocated € 2.7 billion for Earth science research, in par-
ticular € 120 million for the Mass change And Geosciences In-
ternational Constellation (MAGIC) project (ESA, 2022). This
project should consist of two pairs of satellites: one pair in a
polar orbit — the Mass Change Mission by German Aerospace
Center (DLR) and NASA mentioned above — and one pair in
an inclined orbit — the Next Generation Gravimetry Mission
(NGGM) by ESA (Massotti et al., 2021). Fig. E] shows the time-
line of past and planned gravimetry missions with their major
technical features. Additionally, India and China are also in-
terested in satellite gravimetry and already develop their own
gravimetry missions. China launched its technology demon-
strator gravitational wave detector satellite TianQin-1 in 2019
and plans the launch of TianQin-2 to investigate technologies to
be used in future gravimetry missions (Luo et al., 2020). More-
over, at the end of 2021, China successfully launched its first
pair of gravimetry satellites to a low Earth orbit that utilizes
high-low and low-low satellite-to-satellite tracking techniques.
Xiao et al. (2023) demonstrated that the design requirements for
the satellite platform were met and that it is capable of charac-
terizing global hydrological changes that are in agreement with
the outputs of the GRACE-FO mission.
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Fig. 1. Timeline of the past, current and future gravimetry missions (modified
from Massotti et al. (2022))

1.2. Low-low satellite-to-satellite gravimetry principle

Two representative satellite gravimetry missions are GRACE
and GRACE-FO. Each used a pair of in-line satellites sepa-
rated by about 220km in an orbit with an inclination of 89°
and an initial altitude of about 450 — 500 km, which decayed
during the mission’s lifetime. Both missions utilize the low-
low satellite-to-satellite tracking (11-SST) principle, depicted
in Fig. 2] to measure the variations in the inter-satellite dis-
tance (Daras et al., 2015). The satellites are accelerated dif-
ferently due to the variations in the gravitational field and the
differences in the non-gravitational forces acting on each satel-
lite. Due to the difference of the gravitational (Apg) and non-
gravitational (Apy¢) forces acting on the individual satellite, the
inter-satellite distance changes by Ap. This was measured by K-
band ranging (KBR) in the GRACE and GRACE-FO missions,
while the latter also successfully applied an LRI as a technol-
ogy demonstrator. To derive the gravitational contribution in
the distance variations, the inter-satellite ranging signal must
be corrected for the non-gravitational contributions consisting
of air drag, solar radiation pressure, thermal radiation pressure,
Earth’s albedo and IR irradiance, which are measured by ac-
celerometers (ACCs) located at the center of mass (CoM) of
each satellite.

1.3. Limitations in current gravimetry missions

One of the limiting factors in the current space gravime-
try missions, in particular dominating the error contribution at
low frequencies, is the Electrostatic Accelerometer’s (EA) drift
(Christophe et al., 2015). This type of ACC measures the po-
sition of the test mass (TM) capacitively and keeps it centered
in the electrode housing (EH) by electrostatic actuation forces.
Figure [3| depicts the noise in terms of Amplitude Spectral Den-
sities (ASD) from different types of ACCs together with a typ-
ical non-gravitational signal and the time-variable gravity field
signal in the inter-satellite range acceleration. The EA used in
GRACE-FO (blue curve) has a limited sensitivity in frequencies
below 1 mHz. Its ASD is described as (Daras & Pail, 2017):
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Fig. 2. Geometry and measurement principle of 11-SST tracking of the GRACE-
FO mission
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The LISA-Pathfinder (LPF) mission, which was operated in
the quiet space environment of the Lagrange point L, had an
optical ACC on board dubbed Gravitational Reference Sensor
GRS; Fig. EL orange curve) (Armano et al., 2018b). Contrary to
electrostatic accelerometers, which measure the TM displace-
ment capacitively and actuate it electrostatically, optical ones
track the TM with laser interferometry. Its ASD is given by:
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Achieving such an accuracy was a real breakthrough and
was even below the technical requirements of the future LISA
mission. However, there is significant attenuation of the long-
wavelength components of the gravity signal with altitude, forc-
ing gravimetry missions to be in low Earth orbits, e.g., at alti-
tudes < 500 km where non-gravitational forces are substantial.
In a low Earth orbit, it is not expected to reach a similar perfor-
mance as demonstrated in LPF.

Alvarez et al. (2022) proposed the Simplified Gravitational
Reference Sensor (SGRS): an advanced EA without optical TM
position readout to be used in a drag-free mode in low Earth
orbits at 350 km altitude (Fig.[3] purple curve) and in non-drag
free mode at an altitude of 500 km (green curve). The ASD of
the mentioned ACC concept, which includes the contribution of
the capacitive sensing dominating at the high frequency domain
(c.f. Fig. 13 of Alvarez et al., 2022), for a drag-free regime at
350 km altitude, is
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and for a non-drag-compensated 500 km altitude, it is
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Another LISA-derived ACC concept for future gravimetry
missions was analyzed by Weber et al. (2022) (c.f. Fig. 1 of
Weber et al., 2022, and yellow curve in Fig. @) with an ASD of
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1.4. Research goals and paper outline

This work aims to investigate new payload concepts for fu-
ture satellite gravimetry missions through simulations, for ei-
ther single- or double-pair constellations and with novel ACCs
and gradiometers. One idea is to transfer as much knowledge
as possible from the LISA-Pathfinder gravitational wave detec-
tor demonstrator mission into gravimetry missions at low Earth
orbits, in particular in the fields of optical readout of the TM
position, wire-free TM discharge and reduction of stiffness be-
tween TM and spacecraft.

This study focuses on the evaluation of the potential benefit
of novel instruments, such as the ones proposed by Douch et al.
(2017), Alvarez et al. (2022) and Weber et al. (2022) to be used
as ACCs or in gradiometers. Since the short-term mass vari-
ations in the atmosphere and ocean produce so-called aliasing
errors, which are typically the main contributors to inaccuracies
in GRACE solutions, the Atmosphere and Ocean De-Aliasing
Level-1B products are constantly being improved. The latest
releases are, e.g., release RLO6 by Dobslaw et al. (2017) and
release RLO7 by Shihora et al. (2022). However, necessary de-
velopments in the background models will not be addressed in
this work. So further investigation of the full potential of new
sensor technologies would be possible if the modeling for the
reduction of temporal aliasing effects is improved.

This paper is organized as follows: after an introduction Sec-
tion[I)), Section 2] briefly explains the simulation procedure and
the used software. In Section [3| the procedure of ACC model-
ing within MATLAB/Simulink is described, followed by Sec-
tion[d] where mathematical considerations regarding gradiome-
ter modeling are presented. Gravity field recovery (GFR) sim-
ulations for a selection of mission scenarios, concepts and sen-
sors are presented in Section [5] Finally, the conclusions and
acknowledgments are shown in Sections [6]and

2. Procedure for simulations and gravity field recovery

This section introduces the workflow of the simulation pro-
cedure, including the used software and gives a short descrip-
tion of the used methods and approaches in the toolboxes. A
block diagram of the simulation procedure of the various soft-
ware parts is shown in Fig. ]

The dynamics of the satellite pair were simulated in the
eXtended High Performance Satellite Dynamics Simulator
(XHPS; blue box in Fig. E]) in Matlab/Simulink (Woske, 2021),
considering several mission scenarios, e.g., a GRACE-like po-
lar satellite pair or a double-satellite pair in a Bender constel-
lation. This software was developed by the Center of Applied
Space Technology and Microgravity (ZARM, Bremen) and is
currently maintained by the Institute for Satellite Geodesy and
Inertial Sensing, German Aerospace Center (DLR, Bremen).
The flight dynamics are simulated taking into account a set
of non-gravitational forces and a high-fidelity reference grav-
ity field model. Non-gravitational forces that are used in XHPS
were imported from corresponding databases and are calculated
at each time step of the integrated orbit, based on a detailed fi-
nite element model of the satellite (Woske et al., 2018). An ex-

Matlab/Simulink, in local machine

AQMEM‘
XHPS — gravimetry missions ACC #2

scenarios simulations ACC #1

I Non-grav
Forces

Satellites 1 & 2

Readout
X & ==
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Mission J Fortran in LUIS cluster n .
parameters Data syntnesis | QIACEC - GFR from accelerometry | I i
GRAD'O — GFR from gradiometry /l fe )
Reference
Gravity Field <
Synthetic Graviy field Estimated Model
observations recovery Field Evaluation

Fig. 4. Block diagram of simulation procedure within the used software parts

planation of the double-pair satellite configuration is presented
in Section[5.21

In order to model any type of both electrostatic and opti-
cal ACCs which utilizes optical interferometry to readout the
TM position, a framework called Accelerometer Modeling En-
vironment (ACME; yellowish boxes in Fig. ) was developed
in Matlab/Simulink. This software was mainly developed by
the Max Planck Institute for Gravitational Physics at Albert
Einstein Institute, in the project BO1 of the SFB 1464 TerraQ
(Relativistic and Quantum-based Geodesy) ‘New measurement
concepts with laser interferometers’, and it was tested and inte-
grated into XHPS in collaboration with the Institute of Geodesy
at the Leibniz University Hannover.

Different sensor types, noises and a wide range of other pa-
rameters can be included in the model of the ACC. ACME was
designed to operate in two different modes: as a ‘standalone
bench’ for simulating the behavior of different ACCs, and as an
integration module, which can be embedded in XHPS to sim-
ulate an ACC in an orbiting regime. Past, current and future
gravimetry missions were simulated using ‘classical’ (electro-
static ACC and KBR) or ‘novel’ (enhanced electrostatic or op-
tical ACC and LRI) sensors.

After simulating realistic observations with sensor models,
GFR was performed by two software packages, programmed
in Fortran: Quantum Accelerometry (QACC) and GRADIO,
both developed at the Institute of Geodesy at Leibniz Univer-
sity Hannover (Wu, 2016) and run at the Leibniz University
IT Service computational cluster due to their high computa-
tional demands. Their workflow is identical and explained in
detail in subsection[2.3] In short, noise time-series representing
ACCs (from ACME) and inter-satellite range sensor errors are
added to the noise-free range rate and range acceleration time
series (from XHPS). The synthesized data is used to estimate
gravity field parameters of different future gravimetry mission
concepts and mission constellations. Then, the obtained spheri-
cal harmonic (SH) coefficients are compared with the reference
gravity field model. The QACC software recovers the gravity
field for 11-SST cases (GRACE type) while GRADIO does it for
gradiometry cases (GOCE type).



Alexey Kupriyanov et al. / Advances in Space Research xx (2024) xxx-xxx 5

2.1. Satellites dynamics simulator in XHPS

XHPS is a MATLAB/Simulink toolbox that allows to sim-
ulate various satellite gravimetry mission scenarios. It calcu-
lates satellite dynamics via its own implementation of a mul-
tistep predictor-corrector integrator (Woske, 2021), taking into
account selected gravity field models of the Earth, tidal effects,
third-body contributions, and also non-gravitational forces. It
conveniently combines data in many frames, such as Earth Cen-
tered Inertial, Earth Centered Earth-Fixed and Satellite Body
Fixed frame (Woske, 2021; Woske et al., 2016). The program
generates a time series of the satellites’ state-vectors, composed
of positions, velocities, orientation quaternions and angular ve-
locities of the satellite(s), either in Earth Centered Inertial or
in the Earth-Centered Earth-Fixed reference frames, which are
necessary for GFR.

2.2. Accelerometer modeling within ACME

ACME is a MATLAB/Simulink toolbox that simulates the
behavior of the ACC and includes noise models of sensors
(capacitive, optical), actuators (electrostatic) and other subsys-
tems.

Also, it provides the frequency response of the linearized
system or runs time-domain simulations. The latter ones can
be used concurrent to XHPS’s orbital dynamics simulation, ef-
fectively generating mock data of a flight-like instrument for
gravity field recovery or evaluation of the spacecrafts’ control
schemes.

2.3. Gravity field recovery with QACC and GRADIO

The primary observable of GRACE-like missions is the
inter-satellite range change due to the Earth gravity field and
other forces — measured with KBR and/or LRI. A number of
approaches link the observed range accelerations to the gravita-
tional potential. In general, these approaches can be split in two
major groups: time-wise and space-wise. The GFR software
packages used in this work, QACC and GRADIO, both written
in Fortran, utilize the acceleration approach that belongs to the
space-wise group and will be discussed in more detail.

As illustrated in Fig. ] noise-free data (position and veloc-
ity) from the XHPS simulation with the state-vector of each
satellite for each time step is provided as input to the ade-
quate GFR software. Noise-free orbital data means that no
GPS noise was used in its generation. It is worth noting that
the effect of the centrifugal term was neglected here in this
study, since the focus is put on the benefit of novel sensors.
From this data, noise-free range rate and range acceleration
time series are generated in the ‘synthesis’ module of the GFR
software. Afterwards, noise time-series representing ACC and
inter-satellite range instrument errors are added to the noise-
free ranging time-series. The ‘recovery’ module carries out
a least squares adjustment and the resulting residuals are fur-
ther used for the calculation of the variance-covariance matrix.
At last, the ‘Evaluation’ module validates the retrieved gravita-
tional field model.

In Weigelt (2017), an equation of motion for a GRACE-like
case was given as

1
VVap-€yp=p - ; (xAB - XAp — Pz) , (6)

where p is the observed (or simulated) range between the satel-
lites A and B, x4p - relative position, e, - unit vector along
line of sight (LOS) between two spacecraft, X,p - relative ve-
locity vector, p - range velocity and p - range acceleration (see
also Fig.[2). Equation (€] is the basic equation of the acceler-
ation approach and connects the range acceleration (p) to the
gradient of the gravitational field (VVyp).

The gravitational potential V can be represented in a spheri-
cal harmonic series (Hofmann-Wellenhof & Moritz, 2006) as

00

viron =M > (5)}1+1

anor

X i [am, cos mA + Sy sin m/l] I_’,,m(cos 0, (1)

m=0

where GM - gravitational constant of the Earth, R - Earth’s
reference ellipsoid equatorial radius, (r, 6, 1) - spherical coor-
dinates of a point on the Earth’s surface, n,m - SH degree and
order, P,,, (cos 6) - fully normalized associated Legendre func-
tions and Cy, S - cosine and sine normalized SH coefficients,
which are the unknowns of the gravity field solution.

The present-day satellite gravimetry missions provide a huge
amount of observations, including thousands of parameters.
For example, GFR up to degree and order 90 gives 4183 esti-
mated coefficients (starting from Cyg). This data forms a large-
scale and over-determined linear equation system which can be
solved by the least squares technique that was discussed in the
context of the software packages by Wu (2016) in detail.

Accuracy and correlation of the measurements are repre-
sented by a stochastically modeled full variance-covariance ma-
trix X;:

(4 012 T1n
2
0721 0'2 . Oy
=1 . Do . ®
2
Onl Op2 ... g,

where o7 - variance of the i-th element and o7 is the covari-

ance between i-th and j-th measurement. The formulation to
estimate the unknown solution % using least squares adjustment
is given by Koch (1999).

Post-fit residuals can be used to detect outliers in the ob-
servations. The Power Spectral Density of the residuals shows
the spectral behavior of the measurement error. The empirical
variance-covariance matrix is computed from the residuals and
they are also used in the calculation of the posterior variance of
the unit weight o“é, which gives the quality of the solution. The
computation of the posterior variance is done by

I"Pl-W'%

6—3 = T, (9)
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where [ — vector of observations, P — weight matrix, W =
ATPI, A — design matrix, s — number of observations and r
— number of parameters. Such a least squares adjustment is
used in our GFR software for 11-SST (QACC) and gradiometry
(GRADIO).

2.4. Validation of the retrieved gravity field models

The retrieved gravity field can be validated in the spatial do-
main by computing the difference to a reference gravity field
model and plotting the result on a global map, e.g., in terms of
equivalent water height (EWH) (Wu, 2016). It shows the geo-
graphical distribution of the errors.

In the spectral domain, the validation of the retrieved gravity
field can be based on the formal errors (Dahle et al., 2019). The
sum of the squares of the SH coefficients at the same degree
gives the total power of the coefficients. Often, the error degree
variance is visually represented in terms of geoid heights.

3. Creating various accelerometer models

The core of the ACC model is the dynamics of the TM with
mass m, (like the one represented in Fig. [5) with respect to the
satellite of mass M. The position and velocity vectors of the
TM and satellite, as written in the inertial reference frame 7, are
x!, %', X' and XI. As previously mentioned, both the space-
craft and TM are affected by the gravitational acceleration g'.
The spacecraft is also affected by a non-gravitational force F {\IG,
which includes atmospheric drag, solar and earth radiation pres-
sure, etc. In the case of drag-free missions, the spacecraft is
propelled by the force Fry,” of its thrusters. The TM and the
spacecraft are coupled with a force Fe! (X!, X', %!, %!). To keep
the TM centered in its housing, it is actuated by a control force
F . from electrodes, which are fixed with respect to the satel-
lite.

Gravimetry missions such as GRACE only employ a single
ACC, gradiometry missions apply multiple ones. Therefore,
the full generic equations of movement should include n TMs.
However, for a 11-SST mission with a single TM located in the
satellite’s CoM (x! ~ X7), the equations become (adapted from
Theil (2002))

o] . ]
MX = Mg'(X") + Fng' (X', X)) + Fo'
+ Fr! + FA (X X %' &) (10)

and
mi! = mg'(x") + F' (&', #, X, X') + Fa!. (11)

In this type of mission, and without drag compensation, the
equation of motion for a single TM in the satellite frame S is
simplified to

=S IS s
mi’ = Fi — Fey”. (12)

The complete system of equations should account for all six
degrees of freedom and their possible cross terms. In this study,
however, the assumption is made that the relative displacements
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Fig. 5. Illustration of 1 degree of freedom accelerometer model

and inclinations are small and all non-linear, and the cross terms
will be disregarded here.

The next step is to consider how the acceleration can be mea-
sured, both to feedback the control loop — either for drag com-
pensation or TM centering — and to generate the data that is
passed to the GFR software. All techniques used so far in real
instruments and modeled in our simulator use the measurement
of the control signal voltage, which results in the actuation force
needed to re-center the TM with respect to its housing and the
appropriate transfer function to derive the acceleration. These
techniques are either capacitive sensing or optical readout. The
latter being subdivided into laser interferometry, optical levers
and shadow sensors.

In the case of a capacitive sensor, the surface of the TM must
be conductive and electrode plates are installed in the walls of
the housing. With this arrangement, each electrode forms a ca-
pacitor with the nearest face of the TM. Together with its pro-
jected ‘shadow’ on the surface of the TM, they can be consid-
ered as a plane parallel capacitor — at least as a first approxi-
mation — to derive the equations of the capacitive sensing and
of the electrostatic actuation (Josselin et al., 1999). As the TM
moves inside the housing, the distance between the electrode
fixed in the housing and its shadow changes, and so does the
capacitance value. A readout circuit measures this value to de-
termine the control voltage, from which the acceleration can be
inferred.

For both the interferometry readout and the optical lever, the
surface of the TM is a mirror and its displacement will cause
a difference in the interference pattern or in the position of the
beam in a quadrant photodiode, respectively (Huarcaya et al.,
2020; Heinzel et al., 2003). Lastly, shadow sensors, such as the
one proposed to be used in Zoellner et al. (2013), measure the
power in a photodiode from a beam that is partially blocked by
the moving TM, so that more or less light incides on the sensor.

Non-drag free missions require active control of the TM po-
sition, to keep it centered in its housing as the spacecraft orbits
under the effect of non-conservative forces. While drag-free or
drag-compensated missions can have in principle very low TM
control authority in the measurement bandwidth during nomi-
nal science mode, control forces are still needed during com-

(*only with optical TM position readout)
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missioning and calibration phases.

The actuation is achieved by means of electrostatic repul-
sion. The TM is polarized with a voltage U, either by a con-
nected wire or via capacitive injection. Multiple electrodes are
installed in the interior faces of the housing, each with an area
A, and fed with actuation voltage U by a controller. The force
from one electrode is a non-linear function of voltage and sep-
aration, however, if we consider the TM with no displacement
(x = 0) from its nominal position with a separation d from the
walls of the housing, the force can be written as

2€A
&2
where € - the dielectric constant of vacuum and 7 the vector
normal to the electrode.

Our research is partially motivated by the very promising re-
sults of the LPF mission, which has demonstrated the benefit of
using ultraviolet radiation charge management (Armano et al.,
2018a). Electrical charge builds up on the TM over time, caused
by cosmic ray bombardments and was dealt with in previous
ACCs by connecting a thin soft wire, through which an arbi-
trary electric potential could be maintained. This, however, had
the disadvantage of introducing a significant source of stiffness.
The wireless charge management system impinges ultraviolet
light on the TM, which excites and expels the extra electrons at
a rate that keeps the electrostatic sources of noises at an accept-
able level (Sumner et al., 2020).

The sensitivity of the instrument model depends on the
choice of measurement technique. The capacitive sensing noise
in turn depends on the electronics involved in the capacitance
sensor. In circuits with differential transformer, e.g., one dom-
inant noise source is the thermal noise of the sensing bridge
(Mance, 2012). Circuits using differential instrumentation am-
plifiers are dominated by voltage noise from the charge am-
plifiers (Lotters et al., 1999; Alvarez et al., 2022). The sens-
ing noise of a laser interferometric readout is below the level
of non-gravitational accelerations, coupled through the stiffness
for the frequency ranges of interest, and can be disregarded at
first approximation (Alvarez et al., 2022).

The thermal noise in an ACC is comprised of the Brownian
motion of the residual gas in the enclosure and the differential
pressure that arrives from unbalanced radiation, gas-wall col-
lisions and outgassing in a near-isothermic environment (Car-
bone et al., 2007). Actuation noise comes from the stability of
the voltage reference used by the drivers for the actuation elec-
trodes (Mance, 2012). The non-gravitational forces that impact
the satellite also affect the TM through the spacecraft — TM
coupling (Josselin et al., 1999).

A generalized version of an ACC is represented in the block
diagram in Fig.[§] Although similar representations have been
shown before (Speake & Andrews, 1997; Touboul et al., 1999;
Frommknecht et al., 2003), here we present a diagram that
includes two different simulation types (standalone or with
XHPS), mission scenarios (drag free and non-drag-free modes)
and that is non-specific regarding its sensor technology. The
core of the diagram is the sum of forces that affect the TM and
the sensor model. The orange (dotted) blocks and connectors

Fu(U) = Uprl (13)
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4
| Data series 1
\ forGFR |
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‘
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acceleration @ spacecraft
current time stamp controller
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Actuator 4 logic
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Fig. 6. Generalized ACC block diagram: Blue (dashed) blocks and connectors
indicate a standalone simulation. Orange (dotted) blocks and connectors in-
dicate concurrent satellite dynamics simulation with XHPS. Green blocks and
connectors are only present in the non-drag free mode. Red arrows are points
where a noise model 7 can be added.

indicate that the simulation is concurrent with the orbital dy-
namics simulation: the control system of the simulated satel-
lite in XHPS uses the measured noisy accelerations in its con-
trol loop. The blue (dashed) lines indicate the standalone ver-
sion. In this case, a pre-generated timeseries or ASD of non-
gravitational forces for a given orbit and satellite are entered
and a time or frequency response is simulated. Red arrows are
points where an appropriate noise model 7 can be added. The
green blocks and connectors are present in the non-drag com-
pensated mode and are excluded in drag-free scenarios.

Although the noise models presented so far can already re-
produce proposed models of instruments with good fidelity, it
is not complete and we intend to add and refine noise sources.
In the simulation results that are presented, the dominant noise
in the low frequency band is the actuation noise. This, however,
might change in future works, when a more detailed model of
thermal noise is implemented, since it is a component that in-
creases towards lower frequencies and is simplified for the time
being.

4. Gradiometer modeling

The gradiometer mission GOCE measured Earth’s static
gravitational field with unprecedented precision so far (van der
Meijde et al., 2015; Siemes et al., 2019). However, technol-
ogy flown in LPF encourages the implementation of an opti-
cal metrology system which could be able to quantify not only
spatial but also temporal variations of the gravity field with
increased resolution. The optical gradiometer independently
senses the position of two TMs by laser interferometry (see
Fig.[7).

During the modeling of gradiometers, either electrostatic or
optical, one has to consider the dynamics with care. Since the
TMs are not co-located with the CoM of the spacecraft any-
more, as it is in GRACE-like accelerometry, additional terms
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Fig. 7. Scheme of the 1 degree of freedom optical gradiometer

have to be taken into account, e.g., Euler, centrifugal and Cori-
olis accelerations (Theil, 2002).

An equation giving the measurement of a perfectly-
calibrated ACC was given by Siemes (2017):

ai=-(V-Q -Q)r+d, (14)

where i = 1,...,6 — ACC index (corresponding to six 3-axis
accelerometers at GOCE); V — gravity gradient; Q*r; — cen-
trifugal acceleration; Qr; — angular acceleration of the satellite;
d — non-gravitational acceleration of the satellite and r; — is the
vector from the satellite CoM to the i-th ACC. Moreover, Q2
and Q represented in matrix forms are

—w§ - w? WyWy Wy,
Q? = Wyw, —w)zc - wf wyw; |, (15)
WyW; Wyw; -w? - a)§
0 -w,
Q= . 0 —w. (16)
0y @y 0
Differential mode accelerations are obtained by
(a; — aj) 1 s -
aj=————=-3 (V- -Q)@-r). (17

After rearranging Eq. (T7), the gravity gradient in along-
track direction is given as
_ 2ag4c 5

Ve = w2 — w?

. 2 -, (18)

where wy, and w, are the angular rates of the satellite about the
cross-track and nadir axes. For the remaining gravity gradient
components, the reader is referred to Siemes (2017).

The gradiometer GFR software GRADIO in Fortran takes
into account all above-mentioned effects regarding TM dynam-
ics in the case where ACC(s) are not co-located with the CoM
of the satellite. By defining the gradiometer baseline between
the ACCs and selecting the desired axis, i.e., along-track, cross-
track or nadir, one can define specific gradiometer missions.
The gradiometry results presented in this work utilize a GOCE-
like cross-track gradiometer configuration with a baseline of
0.5 m using a low Earth orbit with an altitude of about 250 km
(similar to GOCE).
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—Non-gravitational accelerations from GRACE-FO, 1-3 Jan. 2020
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=+=200 km inter-satellite LRI, GRACE-like (2030) —TM side: 50 mm; ~2.51 kg; TM-EH gap 1 mm
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TM side: 30 mm; ~0.54 kg; TM-EH gap 1 mm GRACE SuperSTAR EA

Fig. 8. ASDs of SGRS-like EAs with varied parameter values compared to non-
gravitational accelerations and inter-satellite LRI and KBR errors

5. Gravity field recovery

Gravity field solutions are computed to quantify the im-
provements from new types of instruments and concepts, e.g.,
novel ACCs, gradiometers as well as advanced satellite con-
stellations, such as a Bender constellation or a combination of
1I-SST with cross-track gradiometry.

5.1. GFR with classical and novel sensors

This section presents the comparison of the recovered grav-
ity field models for a single satellite pair on a polar orbit, e.g.,
GRACE-like, using different inter-satellite range instruments
and accelerometers. All amplitude spectral densities of differ-
ent types of ACCs that are used in GFR here result from the
modeling done in ACME.

Figure [§] shows the amplitude spectral densities of the
SGRS-like electrostatic ACCs with variations of different pa-
rameters, i.e., the dimensions of the TM and the size of the
gap between the TM and the electrode housing (TM-EH), as
well as non-gravitational accelerations and inter-satellite Laser
Range Interferometer and K-band ranging errors. The param-
eters corresponding to the continuous light green line (30 mm
side length, 0.54 kg mass and 1 mm gap) are equal to the model
proposed in Alvarez et al. (2022) and the resulting sensitivity
curve, independently calculated with our tool, is similar to the
one presented in Fig. 13 of their work.

The ASD of the LRI noise for the present-day GRACE-FO
mission (green dotted line in Fig. [8) was assumed in this study
as

" = |75 -10 70
2
x a2 22 (19)

VHz ’
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where L is the inter-satellite distance, for which a value of
200 km is used in the simulations. The first term in the bracket
proportional to L accounts for the cavity intrinsic thermal noise
(Francis et al., 2015), while the second term approximates the
low-frequency thermal stability of the cavity.

The expected behavior of the ASD of the inter-satellite LRI
error for future GRACE-like gravimetry missions in 2030 (red
dotted line in Fig. ) is assumed as

1/2 _ L . —15 1HZ ~13 lHZ 2
S (f)_llm 10 — +10 (—f)
-2
X (2rf)? rf/% (20)
Z

For GRACE-like gravimetry missions beyond 2033, depicted
by the blue dotted line in Fig.[§] it is

1 Hz 1Hz\?

1Hz +10-‘4(—) ]

f f
ms2

x 2nf)? N

z

| L _
S/Z(f)=[m-5x10 16

2

The first column in Fig. [9represents GFR simulations based
on the current gravimetry mission GRACE-FO with an EA and
KBR. The classical EA ASD noise curve was introduced in Eq.

(.
The ASD of the KBR sensor (grey dotted line in Fig. [§) from
Frommknecht et al. (2006) can be represented as

ms2

S (f)y=@rf)?-2x 10—6?. (22)

Hz

Here, one month of observations without errors due to back-
ground models, i.e., temporal aliasing errors, were considered.
An orbit with an altitude of 450 km, an inclination of 89° and an
inter-satellite separation of 190 km was chosen. The estimated
error degree variances of the unitless SH coefficients are shown
in terms of EWH in a geographic representation. A characteris-
tic feature of the recovered gravity field from this mission is the
North-South striping effect that comes due to a variety of rea-
sons, such as the drift of the EAs in low frequencies or technical
properties of the capacitive type of sensors, as well as orbital
resonance effects (Kvas et al., 2019). A similar striping behav-
ior was also demonstrated by Knabe et al. (2022) in the compar-
ison of an EA with a hybrid ACC. The amplitudes of the differ-
ence to the reference gravity field named European Improved
Gravity model of the Earth by New techniques (EIGEN)-6c4
corresponding to the ‘GRACE’ scenario with EA and KBR in-
struments are +30 m EWH. The results were generated without
applying any post-processing and filtering.

The bottom left panel in Fig. [0 shows the two dimensional
SH error spectrum, i.e., the relative error of each spherical har-
monic coefficient, given as the difference between the estimated
gravity field and the reference model EIGEN-6¢4. One can
see the pronounced stripes occurring every 16 orders which is

caused by the orbital frequency and the resulting repeat patterns
of the groundtracks (Seo et al., 2008; Cheng & Ries, 2017).

Analogously, the middle column of Fig. [0] shows the result
for the future gravimetry mission concept #1 when replacing
the EA named Super Space Three-axis Accelerometer for Re-
search (SuperSTAR) by a SGRS-like EA. The difference to the
reference gravity field EIGEN-6¢4 now has smaller amplitudes
of +40 cm EWH in comparison to the GRACE-FO case (ampli-
tudes +30 m). In this solution, the following sensors were con-
sidered: KBR for the inter-satellite range measurement (same
as for the GRACE-FO case) and an SGRS-like EA with a cubic
gold-platinum TM with a side length of 40 mm and a TM-EH
gap of 1 mm. The ASD of this scenario is given as

S(f) = 107"°m/s?/ VHz

2
x[14.35( f ) _ 016557 s g1 w102, (23)

1Hz 1Hz

The ASD equation as 2nd order polynomial which was fit-
ted to the frequency response of the linearized SGRS model in
ACME. For that, a typical spectrum of non-gravitational accel-
erations was given as the input.

In addition to the overall decrease in amplitudes, the North-
South striping effect is also significantly reduced. The improve-
ment in the accuracy of the estimated gravity field can also be
seen in the fact that the difference to the reference gravity field
used for the synthesis is smaller. Lower the numbers in the
color bar indicate better matches between the recovered gravity
field and the reference gravity field.

The right column in Fig. [0] corresponds to the future
gravimetry mission concept #2 using ‘novel’ sensors for both
inter-satellite ranging and accelerometery, i.e., an LRI expected
for GRACE-like missions in 2030 (Eq. (20)) and an SGRS-like
EA (same as in the previous case). The EWH amplitudes of the
difference to the reference gravity field EIGEN-6¢4 correspond
to +4 mm.

The SH two-dimensional spectrum (bottom right panel) also
shows a significant improvement in comparison to the other
GFR simulations. In other words, the recovered gravity field
from a GRACE-like mission with an optical ACC and an LRI
on board is much closer to the reference gravity field EIGEN-
6c4.

Figure (10| represents the corresponding averaged error de-
gree variance per specific degree of the simulated GRACE-
FO and future gravimetry mission concepts in terms of geoid
height. The GRACE-FO mission could resolve the static grav-
ity field up to degree 130 with the maximum level of accuracy
10~ m, while the future gravimetry mission concepts #1 and
#2 accurate up to 107 m and 108 m. Also, the curves from
the future concepts are much smoother than the one from the
GRACE-FO mission. This is consistent with the results shown
in Fig.[9] Thus, the North-South striping problem due to the or-
bital resonance effects and drift of the EA in the low frequency
domain could be reduced with novel sensors.
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5.2. GFR from Bender constellation

One of the goals of future gravimetry missions is to improve
the understanding of mass transport in the Earth system. Long
repeat periods of the orbit for GRACE(-FO) (~ 30 days) and
GOCE (~ 60 days) cause an inhomogeneous distribution of the
groundtracks and consequently a lack of signal. Additionally,
the peculiar North-South striping effect in the recovered gravity
field solutions of GRACE(-FO) leads to a degradation of the
results and a significant loss of the signal.

Most of these problems could be solved by a so-called Ben-
der constellation. This constellation consists of two GRACE-
like satellite pairs, one on a near-polar and one in an inclined
orbit. Purkhauser & Pail (2020) presented a scheme of the tem-
poral and spatial components of the gravity field covered by ex-
isting satellite gravimetry missions, i.e., GRACE and GOCE,
as well as several future gravimetry mission concepts like a
Bender-type constellation or a triple pair, see Fig. [[I] The
Bender-type constellation could be an optimal trade off through
the costs of the mission and the technical difficulties in con-
trolling the motion of the satellites in comparison to the triple-
pair constellation. Moreover, the Bender double-pair constella-
tion could enhance both spatial and temporal resolutions thanks
to the much denser coverage of the globe, which allows to
self-dealias high-frequency atmospheric and oceanic signals
and even provide gravity solutions up to diurnal timescales
(Purkhauser & Pail, 2020).

The selection of the inclination parameter for the inclined
orbit depends on the applications and the area of interest for the
gravity field recovery. Typically, the inclination parameter lies
in the range 63° < i < 75°. Different authors and research
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Fig. 11. Scheme of the temporal and spatial components of the gravity field
signal covered by GRACE, GOCE and two future gravimetry mission concepts:
double-pair Bender constellation and triple-pair constellation (Purkhauser &
Pail, 2020)

groups claimed various inclination parameters from the above-
mentioned range with different argumentation. For example,
Cesare (2010) and Elsaka et al. (2014) proposed i = 63° as the
optimum for the double-pair configuration to achieve a uniform
and fast coverage on the global scale. A group of scientists
from the Technical University of Munich (Purkhauser & Pail,
2019) selected i = 70° for their analysis and Wiese et al. (2012)
chose i = 72°. If the primary goal of a gravimetry mission is
the observation and determination of the continental hydrology,
then lower inclinations would be preferable. On the other hand,
if one is looking for the glaciers in the polar regions, higher
inclinations are more suitable.

In our study, GFR simulations for the Bender-type constel-
lation were run with an LRI inter-satellite range measurement
system, where the noise ASD was based on Abich et al. (2019,
c.f. Fig. 5):

0.3 3
S (f) = [2 x 1077 - ( ! HZ) + (0‘3 “HZ) ]

f f
x 2nf)* m/s?/ VHz
24

and for the accelerometer performance, the GRACE technical
requirement by Kim & Tapley (2002); Darbeheshti et al. (2017)

was taken:

S"(f) = y[1+ SH}HZ x 1079m/s?/ VHz.  (25)

The left column in Fig. [I2] shows the estimated gravity field
from the near-polar orbit with LRI and an EA following the
GRACE technical requirement (errors simulated using Eq. (24)
and Eq. @) w.r.t. the Earth Gravitational Model (EGM) 2008
reference gravity field model. EWH amplitudes of the differ-
ence to the reference gravity field are +0.6 m. The lower panel
shows the corresponding SH error spectrum for the recovered
gravity field.

Analogously, the results for the inclined satellite pair with
an orbit inclination of i = 70° are depicted in the middle part
of Fig. [[2] The signal amplitudes of the recovered gravity
field differ by +£0.04 m EWH in comparison to the EGM2008
reference gravity model, due to the denser measurements and
smaller variance of the results. In the SH error spectrum, one
can see the wedge corresponding to the less accurate zonal and
near-zonal SH coefficients as the polar regions are not covered.

Finally, the right column in Fig. [T2] corresponds to the com-
bination of the GFR from the near-polar and inclined satel-
lite pairs. The combination is performed at the level of nor-
mal equations, with the a posteriori variances from two orbits,
acting as a weighting factors, to obtain the combined solution.
Since the residuals for the inclined satellite pair were smaller
than those for the near-polar satellite pair, the combined gravity
field solution has also low residuals. Therefore, the recovered
gravity field from the inclined orbits gets a larger weight than
that from the near-polar satellite pair. The SH error spectrum of
the combined solution does not show the wedge that is visible
in the corresponding SH error spectrum of the inclined satel-
lite pair, and the tesseral SH coeflicients are also determined
more accurately in the combined solution than in the near-polar
solution. Thus, the difference to the reference gravity field
EGM2008 from the combined solution has a low amplitude and
is homogeneously distributed over the entire spectrum up to de-
gree and order 90.

5.3. GFR from different gradiometer concepts

As GOCE was the only gradiometer satellite mission up to
now, the gradiometry comparison (in cross-track direction V,,)
will be performed w.r.t. GOCE’s high-sensitive axis gradiome-
ter, using the GOCE accelerometer noise model from Touboul
et al. (2016) and Marque et al. (2010):

S"(f)=2%x107"? m/s?/ VHz

1 mHz )\’ /Y
XJ( () e

The gradiometry results presented in this section were all
computed for the same scenario, which is a simulated near-
polar orbit with inclination i = 89° and altitude & = 246 km for
1 month and with a cross-track baseline » = 0.5m. No errors
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Fig. 13. ASD of the accelerometers that form the gradiometers

due to background modeling were considered. Fig. [I3] shows
the ASD of the ACCs that form the gradiometers. Here, SGRS-
like electrostatic and optical accelerometers were modeled in
ACME and compared with the high-sensitive axis gradiome-
ter of GOCE. Both simulated ACCs have the same parameters,
i.e., a cubic gold-platinum TM with side length 40 mm, weight
1.28 kg and TM-EH gap of 1 mm. Both simulated SGRS de-
rived in ACME with nearly white noise behavior at low fre-
quencies are likely too optimistic, so an updated version of the
simulator will re-examine the noise at these frequencies in fur-
ther studies

Fig. [T4] represents the mean error degree variance of the

geoid height per degree from the cross-track component V,,. A
significant improvement between GOCE and the novel SGRS
is noticeable over all degrees. The difference between the elec-
trostatic and optical SGRS-like accelerometers is not that sig-
nificant, since the difference in their ASDs only appears above
0.01 Hz and is therefore only relevant for very high degrees.
Fig. [I5] represents the difference between the solutions of
the GOCE and the SGRS EA gradiometers in logarithmic scale
(upper graph) and the difference between the solutions of EA
and SGRS optical gradiometers in linear scale (lower graph).
The curves start at SH degree 8, as the normal gravity field sig-
nal was not included in the GFR simulations. There is a large
difference in the upper graph that is decreasing towards degree
60, while there is an inverse trend in the bottom graph. The
difference between SGRS electrostatic and optical accelerome-

ters is due to the expected improved performance of the optical
SGRS.

5.4. GFR from the combination of lI-SST and cross-track gra-
diometry

The North-South striping effect in gravity field solutions
from the current gravimetry mission GRACE-FO and upcom-
ing satellites in orbits with high inclination (i= 89°) can be over-
come by novel sensors and measurement techniques. Moreover,
GRACE-like missions are able to detect temporally changing
gravity signals down to sub-seasonal level, while the GOCE-
like missions mostly resolve static gravity field signals down to
one hundred kilometers. The combination of 1I-SST and cross-
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Fig. 14. Averaged degree variance per specific degree in geoid height (m) for
the cross-track component V), for different gradiometer models
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Fig. 15. Degree variance in geoid height (m) of the difference between various
gradiometer solutions from SH degree 8

track gradiometry in one mission could benefit from the advan-
tages of the two techniques.

Here, the idea of combining 11-SST and gradiometry is the
utilization of a polar GRACE-like satellite pair with a 246 km
altitude while placing a gradiometer on one of the spacecrafts
in cross-track direction. This gradiometer consists of a pair of
ACCs symmetrically distanced from the central ACC that is co-
located with the CoM of the satellite (see Fig. [I6). The two
satellites act as a big gradiometer with a 200 km baseline. For
the 11-SST classical instruments were considered (SuperSTAR
electrostatic ACCs and KBR) and for the cross-track gradiome-
ter novel optical SGRS-like ACCs derived in ACME. The pa-
rameters of the optical ACCs are: cubic gold-platinum TM with
a side length of 40 mm and a TM-EH gap of 1 mm.

Optical ACCs

nadir

Fig. 16. Scheme of the combination of the low-low satellite-to-satellite tracking
and cross-track gradiometry in a possible future gravimetry mission

The gravity field was recovered from the combined observa-
tions based on the a posteriori variances of the individual solu-
tions, similar to the GFR calculations of a Bender constellation,
see section

Averaged values of the of the error degree variance in geoid
height for the 11-SST, cross-track gradiometry and their combi-
nation up to SH degree 180 are shown in Fig. [I8] Here, the
assumptions were a measurement span of one month without
errors due to background models, a drag-free regime and orbits
with an altitude of 246 km, an inclination of 89° and an inter-
satellite separation of 193 km. The blue curve in Fig. [I8]corre-
sponds solely to the 11-SST solution. Periodic oscillations were
already discussed earlier (see Fig.[I0). They are caused by the
drift of the SuperSTAR EA at low frequencies and orbital res-
onance effects (Kvas et al., 2019). The orange curve in Fig. @
represents the solution from the cross-track gradiometry. The
combined solution (green curve) shows the improvement that
can be obtained up to degree 180.

In terms of the difference between recovered and reference
gravity fields in EWH, Fig. [I7]shows the gravity field solutions
on a global map and the SH error spectra. The left column
corresponds to the 11-SST scenario, which resulted in a differ-
ence of +15 m EWH. The middle column shows the cross-track
gradiometry result V,, with differences to the reference grav-
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Fig. 17. Recovered gravity fields and SH error spectra from 11-SST (SuperSTAR EA and KBR), cross-track gradiometry (SGRS optical ACC derived in ACME) and
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101
\ == EIGEN-6C4
100 \\ —— |I-SST (SuperSTAR + KBR)
\ — \lyy (SGRS Optical ACC derived in ACME)
10-1 "\._\ = combination (II-SST + Vyy)

Degree variance in geoid height [m]

10 20 40 60 80 100 120 140 160 180
Degree

Fig. 18. Averaged variance per specific degree in geoid height from 1I-SST (Su-
perSTAR EA and KBR), cross-track gradiometry (SGRS optical ACC derived
in ACME) and their combination w.r.t. EIGEN-6¢4

ity field at the same order of +15m EWH, but without stripes
in North-South direction. Finally, the right column shows the
combined result. The recovered gravity field model differs by
only +6 m EWH from EIGEN-6c4. The 2D SH error spectra
(lower row) also shows the improvement of the combined solu-
tion.

6. Conclusions and outlook

We demonstrated the capability of modeling multiple types
of novel concepts of gravimetry missions using different soft-

ware modules and toolboxes. Starting from the detailed satellite
orbital dynamics simulator (XHPS), that can consider various
environment conditions, the simulation of current and future
ACCs with different characteristics in ACME was discussed,
and the generation of GFR solutions in QACC and GRADIO
including diverse combination techniques was shown.

In this paper, we validated our modeling approach, by imple-
menting the parameters defined in concepts from other research
groups (Alvarez et al., 2022; Weber et al., 2022) in our soft-
ware, and by demonstrating similar performance levels. It has
been shown that novel ACCs will largely improve the gravity
field recovery, due to the absence of drifts at low frequencies.
It is worth noting that the simulated accelerometer models de-
rived in ACME with almost white noise behavior at frequencies
below 1 mHz are likely too optimistic. The next version of the
simulator will revisit the noise budget at the low frequency do-
main.

However, at that point, the inter-satellite ranging techniques
will then potentially become the bottleneck. Even the expected
accuracies of an LRI in 2030-2033 will limit the measurement
accuracy, and also obscure the full potential of the novel ACCs.
It is important to notice here that, in order to show the maximum
benefit of the novel ACCs, the background models, which are
a major limiting factor today, have not been considered in this
study.

Using the novel ACCs in gradiometry could significantly im-
prove the spatial resolution of the recovered gravity field com-
pared to GOCE.

It has also been demonstrated that the combination of alter-
native satellite formations, e.g., double-pair Bender-type mis-
sions using novel sensors, could dramatically improve the spa-
tial resolution of the recovered gravity field. The combination
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of 1I-SST gravimetry and cross-track gradiometry would also
provide better gravity field solutions.

Further research aims to streamline the workflow and add
more features to the ACC modeling toolbox ACME. Then, the
study will proceed evaluating additional combinations of mis-
sion scenarios, instrument payloads, and GFR techniques in-
cluding the effects from the background models, so that novel
concepts of future gravimetry missions can be quantified even
more realistically.
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8. Appendix

Table 1. List of acronyms

ACC Accelerometer

ACME Accelerometer Modeling Environment

ASD Amplitude Spectral Densities

CoM Center of Mass

EA Electrostatic Accelerometers

EH Electrode Housing

EIGEN European Improved Gravity model of the
Earth by New techniques

EGM Earth Gravitational Model

ESA European Space Agency

EWH Equivalent Water Height

GFR Gravity field recovery

GOCE Gravity Field and Steady-State Ocean Cir-
culation Explorer

GRACE Gravity Recovery And Climate Experi-
ment

GRACE-FO Gravity Recovery And Climate Experi-
ment — Follow On

KBR K-Band Ranging

LISA Laser Interferometer Space Antenna

1I-SST Low-Low Satellite-to-Satellite Tracking

LPF Laser Interferometer Space Antenna —
Pathfinder

LRI Laser Ranging Interferometer

MAGIC Mass change And Geosciences Interna-
tional Constellation

NASA National Aeronautics and Space Adminis-
tration

NGGM Next Generation Gravimetry Mission

QACC Quantum Accelerometry

SGRS Simplified Gravitational Reference Sensor

SH Spherical Harmonic

SuperSTAR  Super Space Three-axis Accelerometer for
Research

™ Test Mass

TM-EH Test Mass — Electrode Housing

XHPS eXtended High Performance Satellite Dy-

namics Simulator
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