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SUMMARY

The Mass Change and Geoscience International Constellation (MAGIC) is planned as the first
realisation of a double-pair low-low satellite-to-satellite (ll-sst) tracking gravity mission con-
sisting of a polar and an inclined satellite pair. Due to the much increased spatial and temporal
resolution and multi-directionality of the data to be collected by this mission, new possibilities
regarding the resolvability of mass transport processes in space and time are expected. In order
to maximise the scientific and societal outcome of this mission, an optimisation of both the mis-
sion design as well as the methods to process the expected data is fundamental. Using numerical
closed-loop simulations, we investigate the impact of several key mission design aspects on the
gravity retrieval from a double-pair constellation such as the planned MAGIC mission. Specif-
ically, we show how the choice of the second pair’s inclination poses a trade-off between a
reduction of retrieval errors at latitudes covered by data from both pairs and at higher latitudes,
thereby requiring a compromise between the latitude-dependent accuracy requirements of dif-
ferent user groups. One of the key mission goals is to provide fast-track gravity products with
short latency for operational service applications. Towards the estimation of such short-term
gravity fields of a few days, we investigate if coordinating the polar and inclined pairs’ orbits
to achieve a stable ground-track coverage is necessary for obtaining a homogeneous accuracy
of subsequent gravity solutions. Indeed, combining two freely drifting, uncontrolled orbits sig-
nificantly degrades short-term gravity fields in time periods in which both pairs show coincid-
ing ground track gaps. Finally, we analyse the relative performance of the two satellite pairs.
Double-pair scenarios that are strongly dominated by the inclined pair’s data reveal degraded
gravity solutions when co-estimating daily gravity fields as de-aliasing strategy. This effect can
be mitigated by choosing a more balanced double-pair configuration, e.g. by choosing similar
orbit heights and instrument noise levels for both satellite pairs. The findings presented in our
study will serve to optimise the system design of the upcoming MAGIC constellation.

Key words: Satellite gravity; Time variable gravity; global change from geodesy; satellite
geodesy.

1 INTRODUCTION

Global observations of the temporal variations of the Earth’s
gravity field provide insight into geophysical processes that in-
volve mass redistributions. Especially the data from the satel-
lite gravity missions Gravity Recovery and Climate Experiment
(GRACE, 2002-2017, (Tapley et al. 2004)) and its successor mis-
sion GRACE-Follow on (GRACE-FO, since 2018, (Flechtner et al.
2017), (Kornfeld et al. 2019)) had and still have an enormous im-
pact on the qualitative and quantitative understanding of geophys-

ical processes in the fields of continental hydrology (e.g. (Guent-
ner 2008), (Schmidt et al. 2008), (Rodell et al. 2018)), glaciology
(e.g. (Ramillien et al. 2006), (Luthcke et al. 2013), (Velicogna et al.
2014)), oceanography (e.g. (Peltier 2009), (Chambers et al. 2010)),
atmosphere (e.g. (Forootan et al. 2014)) and solid Earth science
(e.g. (Han et al. 2013), (Panet et al. 2014), (Panet et al. 2022)).

In addition to the scientific value of these data, observing the
gravity field over time is also of societal relevance, e.g. to mon-
itor climate change impact such as the melting of glaciers (e.g.
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(Wouters et al. 2019)) and sea level rise (e.g. (Lombard et al. 2007),
(Cazenave et al. 2009), (Ivins et al. 2013)), as well as groundwater
depletion (e.g. (Taylor et al. 2013)), floods (e.g. (Chen et al. 2010),
(Espinoza et al. 2013)) and droughts (e.g. (Frappart et al. 2012)).

As stated by (Pail et al. 2015), the science and user needs for
gravity data both point to a continuation of the present temporal
global gravity dataset, as well as to an improvement of the spatial
(target: 100 km) and the temporal (target: 1 to a few days) resolu-
tion compared to GRACE and GRACE-FO which provide monthly
to sub-monthly gravity fields down to 200-500 km spatial resolu-
tion. Challenges to provide continuous satellite gravity measure-
ments for the next decades are the limitation of each mission’s life-
time due to the required low (300-500 km) orbit heights, as well as
the high costs for dedicated gravity missions.

Towards successor missions for GRACE-FO that meet the
above-mentioned science and user needs, numerous studies have
been performed (e.g. (Sharifi et al. 2007), (Sneeuw et al. 2008),
(Wiese et al. 2009), (Wiese et al. 2012), (Elsaka et al. 2014), (Gru-
ber et al. 2014), (Hauk and Pail 2019) and (Pail et al. 2019a)). These
include simulations of single- and double-pair concepts involving
various in-line (i.e., GRACE(-FO)-like) and pendulum configura-
tions. The latter is a constellation of two satellites, whose orbits
differ by their right-ascension and mean anomaly, resulting in a
pendulum motion of the trailing satellite with respect to the leading
satellite with a period of once per revolution. By this constellation,
cross-track information is added to the pure in-line information of
the GRACE concept. The degree of reduction of temporal aliasing
effects is closely related to the opening angle of the pendulum.

Especially the realisation of a double-pair mission as de-
scribed by (Bender et al. 2008) would not only allow to signifi-
cantly reduce temporal aliasing errors, which are the main error
contributor in GRACE and GRACE-FO fields ((Flechtner et al.
2016), (Visser et al. 2010), (Wiese et al. 2011a)), but also increase
the temporal resolution of the derived fields. The latter would en-
able the application of processing concepts, such as near-real time
processing (Purkhauser and Pail 2019) and the de-aliasing without
the need of background models by co-estimating daily fields as de-
scribed by (Wiese et al. 2011), in real data processing.

Double-pair constellations have been extensively studied at
both ESA ((Iran Pour et al. 2015), (Daras and Pail 2017), (Dion-
isio et al. 2018), (Purkhauser et al. 2019), (Purkhauser et al. 2020),
(Haagmans et al. 2020a), (Massotti et al. 2020)) and NASA ((Srini-
vasan et al. 2019), (Wiese and Hauk 2019), (Wiese et al. 2022)).
Since 2011 ESA and NASA explore a possible cooperation on a
future gravity mission under the umbrella of the Joint Programme
Planning Group (JPPG), which was established between NASA and
ESA for cooperation in the field of Earth Observation.

Arising from NASA’s Mass Change Designated Observable
(MCDO) and ESA’s Next Generation Gravity Mission (NGGM)
studies, the Mass Change and Geoscience International Constella-
tion (MAGIC) is a double-pair mission concept for which a Mission
Requirements Document (MRD) (MAGIC MRD, 2020) has been
jointly developed and published by the two agencies. The MRD de-
tails the requirements of the various scientific user groups, which
motivate the overall setup of the mission: MAGIC is planned to
deliver at least 7 years of global observations and consist of one
near-polar and one 65◦ to 70◦ inclined satellite pair, with orbits
ensuring a near-homogeneous sampling over 5 to 7 days (MAGIC
MRD, 2020). As such, the mission aims at continuing the gravity
data time series given by the GRACE and GRACE-FO mission, as
well as providing data of improved resolution and accuracy com-
pared to the data currently available from GRACE and GRACE-

FO. Additionally, a special focus is set on providing input for ser-
vice applications such as flood early warning services, which espe-
cially require near real time (NRT) techniques to provide short-term
gravity products with short latency.

Information on the instrumental design for MAGIC is given
by (Massotti et al. 2021): The payload of the mission’s satellites
shall include a laser ranging interferometer (LRI) as main payload
for measuring the inter-satellite distance, accelerometers measur-
ing the non-gravitational accelerations, GNSS receivers and pas-
sive retroreflectors. As one of the aims of the mission is to pro-
vide short-term gravity fields of few days with homogeneous spa-
tial resolution, an attitude and orbit control system is planned to be
built at least in the inclined pair, keeping the satellites’ orbit alti-
tude and maintaining a homogeneous ground track pattern also for
shorter gravity retrieval periods. While the polar pair will – in the
current planning – use accelerometers of the so-called SuperSTAR
class ((Frommknecht et al. 2003)), which are already payload of
GRACE-FO, the inclined pair shall host a newly developed Mi-
croSTAR instrument ((Cesare et al. 2022)), which has an improved
performance by about one order of magnitude (cf. section 2.1.2).

The polar pair will be realised in the frame of NASA’s MCDO
as a joint effort of NASA and DLR (German Aerospace Center)
with a target launch date in 2028. In the current planning, the ini-
tial altitude will be about 500 km, and decaying due to air drag,
resulting in a drifting orbit similar to GRACE and GRACE-FO.
The inclined ESA pair (NGGM) has a target launch date in 2031.
According to the current baseline, it will have a coordinated re-
peat orbit with pre-defined sub-cycles in a constant altitude of about
400 km and an inclination of 70◦. Together, the two pairs form the
MAGIC constellation.

Working towards the realisation of this mission, on NASA
side, a phase-A MCDO study was completed in 2022, and the next
phases shall be kicked-off by mid 2023.

On ESA side, besides two parallel industry phase-A studies
for NGGM/MAGIC, a science support study (TUM IAPG 2020)
was carried out from spring 2021 to autumn 2022 (and is now con-
tinued to autumn 2023), in order to identify an optimum mission
design in terms of orbits and instrument performance specifica-
tions as feedback to the parallel industry studies, and to investi-
gate enhanced processing strategies for a double-pair mission such
as MAGIC. These goals were achieved using end-to-end numer-
ical closed-loop simulations in which the errors of the retrieved
level 2 gravity fields can be computed, as the “true world” is per-
fectly known. Two independent full scale numerical simulators
from TUM and GFZ have been validated against each other to pro-
vide very comparable results which are consistent with the accu-
racy demands of MAGIC gravity field products.

In our paper, we present selected results of the aforementioned
ESA science support study. These involve quantifying the impact
of central design parameters of the MAGIC mission on the accu-
racy of gravity field products derived from the data. For each of the
considered design aspects, we specifically focus on parameter op-
tions that are within the range of what is currently considered for
MAGIC. Of course, the final decision on mission design parameters
is constrained by multiple factors such as, e.g., technical feasibility
or cost (see e.g. (Wiese et al. 2022) for a comprehensive analysis
of possible mission designs considering the scientific outcome, fi-
nancing, risk, schedule and cooperation possibilities for a gravity
mission succeeding GRACE-FO).

To relate the expected MAGIC double-pair performance to the
currently available GRACE and GRACE-FO data, as well as place
these performance levels in a larger context, we give an overview



Mission Design Aspects for MAGIC 3

of a broader trade space of possible gravity mission configura-
tions in section 3.1. These are various configuration concepts such
as single- and double-pair missions, including satellite pairs with
pendulum-like relative motion instead of the GRACE-type in-line
formation.

Regarding the concrete mission design for MAGIC, we quan-
tify the impact of the second satellite pair’s inclination in section
3.2.1. This is done by comparing two possible mission scenarios
representing the end members of the considered inclination range
for the real MAGIC mission, i.e. 65◦ and 70◦. The results show
that the second pair’s inclination represents an important mission
design parameter involving a trade-off between complying with the
(latitude-dependent) accuracy requirements given by different user
communities.

As mentioned above, meeting the goal of a homogeneous data
coverage within subsequent gravity retrieval intervals will require
orbit control, keeping specific (time-discrete) subcycles of stable
longitudinal shift (Massotti et al. 2021). Thereby, an orbit subcy-
cle of a certain length provides a uniform ground track density for
subsequent periods of time matching the subcycle length. As the
wanted gravity retrieval period might depend on the specific sci-
entific and/or service application, the question on the impact of a
mis-match between subcycle length and retrieval period remains
to be answered. In section 3.2.2, we evaluate this question based
on a 3-day gravity retrieval using double-pair data collected from
a 5-day subcycle orbit. The section also addresses the question if
a coordination of the orbits of the polar and inclined pair is nec-
essary for short-term gravity retrieval, or if it is sufficient to keep
stable subcycles on the inclined pair, while the polar pair is freely
drifting, similarly to the GRACE(-FO) setup.

One of the aims of the MAGIC mission is the better extrac-
tion of short- and long-period signals from the satellite data, which
is facilitated by the higher temporal resolution of the double-pair
data. Especially the separation of short-period atmospheric signals
is one of the objectives formulated in the MRD. A method to co-
estimate low-spherical harmonic (SH) degree daily gravity fields
along with a multi-day higher-resolved field is presented in (Wiese
et al. 2011). This method can be used as de-aliasing strategy for
double-pair data processing, thereby representing an alternative to
the model-based de-aliasing typically applied in GRACE(-FO) data
processing. As shown by (Wiese et al. 2011) and (Abrykosov et
al. 2022), applying the processing strategy presented in the former
to GRACE(-FO)-type single-pair data does not provide a signifi-
cant benefit as opposed to the case of a double-pair constellation of
Bender type. In section 3.2.3, we show that the applicability of the
(Wiese et al. 2011) processing method on the MAGIC double-pair
data will depend on the mission design, specifically on the relative
performance of the two satellite pairs, which makes the latter an
important parameter to consider for the MAGIC mission design.

Our paper is structured as follows: Section 2 provides an
overview of the used simulation framework and post-processing
strategy. The results presented in section 3 include a comparison
of various single- and double-pair scenarios in section 3.1 as well
as analyses on the impact of MAGIC mission design parameters,
being the second pair’s inclination, the match between orbit subcy-
cle length and retrieval period and the relative performance of the
two satellite pairs, in section 3.2. Section 4 relates our findings to
results found in previous studies, after which section 5 summarises
the conclusions of our studies and gives an outlook.

2 DATA AND METHODS

2.1 Full-scale gravity simulations

2.1.1 Simulation environment and parametrisation

The closed-loop simulations are performed using the full-scale
gravity simulation software at the Institute of Astronomical and
Physical Geodesy (IAPG), which is described in detail in (Daras et
al. 2015) and (Daras 2016). The included gravity retrieval method
is based on the short-arc approach (Mayer-Gürr 2006). For the sim-
ulations of the present paper, an arc length of 6 h is used. A cross-
validation with a second numerical simulator implementation at
GFZ, which is based on the operational EPOS software and is using
classical numerical integration, shows very similar results, demon-
strating that the main conclusions derived from the simulation stud-
ies are independent of the used retrieval approach. A performance
comparison of our simulation software with several Chinese grav-
ity field groups using various gravity retrieval methods underlines
this conclusion ((Pail et al. 2019b)).

In the following, we outline the main steps of the simulation
procedure. The details on the used background models and specific
noise assumptions applied for the simulations of the present paper
are given in section 2.1.2.

In the forward computation step, orbits (i.e., position and ve-
locity time series) of the satellites are computed at a sampling rate
of 5 s. This is done by numerically solving the equations of motion
of the satellites using a multi-step method according to (Shampine
and Gordon 1975). As input for the orbit computation, the satel-
lites’ position and velocity vectors at initial time are required,
which need to be computed in advance for the orbit to satisfy cer-
tain desired properties (for more details on the orbit parameters,
see section 2.1.2 and Tab. 1). Moreover, the integration requires
force models that describe the “true” static and time-variable grav-
ity fields within the simulation.

Based on the simulated orbits, synthetic observations repre-
senting GNSS (Global Navigation Satellite System) positioning
data (high-low satellite-to-satellite tracking observations, hl-sst)
and inter-satellite distance data (low-low satellite-to-satellite track-
ing observations, ll-sst) are computed. To make these synthetic ob-
servations more realistic, instrument noise generated from assumed
noise spectra is added.

For the following gravity inversion step which is based on the
short-arc approach, residual hl-sst and ll-sst observations are com-
puted. This involves computing reference observations at the posi-
tions along the before-computed (noise-free) orbit, using the inte-
gral formula given in (Mayer-Gürr 2006) and reference models for
the static and temporal gravity field. At this stage, the accelerome-
ter noise, treated as acceleration difference in the line-of-sight di-
rection between the two satellites of a pair, is applied.

The normal equations (NEQ) are assembled based on the ob-
servation equations of the short-arc approach, involving both grav-
ity field coefficients as well as orbit parameters as unknowns. The
coloured stochastic noise as included in the residual observations
is taken into account by applying appropriate stochastic models as
weighting matrices. After adding the hl-sst and ll-sst NEQ systems
representing data periods within the regarded retrieval period, the
equation system is solved in a least-squares sense applying a stan-
dard Gauss-Markov model.

In the setup of the NEQs, we distinguish two processing
schemes: In the nominal processing, one set of SH coefficients with
maximum degree and order (d/o) Nmax describing the mean grav-
ity field within the retrieval period is estimated. For this processing
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scheme, an atmosphere and ocean de-aliasing (AOD) product is ap-
plied when computing the residual observations in order to reduce
the temporal aliasing errors produced by high-frequency non-tidal
AO signals which are not captured by the temporal sampling of the
satellites.

As an alternative to the above-described model-based de-
aliasing, short-term signals, which would otherwise cause tempo-
ral aliasing, can be directly parametrised as described in (Wiese et
al. 2011) by co-estimating low-SH degree daily gravity fields. The
main idea of this approach is to extract as much high-frequency
information from the data as possible, and thus parameterising
signals which would otherwise alias into the longer-term solu-
tions ((Wiese et al. 2011)). Beyond this ’self-dealiasing’ aspect,
short-term solutions result with short latency, which are expected
to reflect reality better than a-priori geophysical models, and can
be used for operational service applications, such as drought or
flood monitoring and forecasting, or water management applica-
tions ((Pail et al. 2015), (Purkhauser and Pail 2019), (Massotti et
al. 2021)).

In this processing scheme, for each day within the consid-
ered (multi-day) retrieval period, a separate set of SH parameters
with maximum SH d/o of Nmax,DWS (DWS: daily Wiese solutions)
is parametrised, along with one set of SH coefficients for degrees
Nmax,DWS + 1 to Nmax describing the high-degree part of the mean
field over the retrieval period. After solving the NEQ system con-
taining all parameters, the DWS can be separately considered as
long-wavelength daily fields. Additionally, the mean of the DWS
coefficients is formed and combined with the larger-degree mean
field for the retrieval period to have a full set of SH coefficients
describing the mean field of the considered retrieval period. Of
course, the temporal resolution in this processing scheme is re-
stricted to 1 day, while sub-daily signals (such as typically ocean
tides) can still not be captured. For this, an extended satellite con-
stellation would be necessary ((Pfaffenzeller et al.2023)). Alterna-
tively, also a hybrid strategy in which signals with periods shorter
than the Nyquist period of 2 days are reduced by means of external
models, and the rest is captured by the DWS would be possible.

2.1.2 Background models and noise assumptions

This section gives an overview on the models and assumptions used
in the full-scale simulations for the present paper. All simulations
refer to the period of time starting on January 1st, 2002. Depending
on the specific analysis, we compute monthly (31 days), weekly
(7 days) or short-term (3 days) solutions. NEQs are assembled and
solved up to a maximum SH d/o of 120, 100 or 70, depending on the
retrieval period. This means we select the maximum possible d/o
allowed by the ground track density in the respective retrieval time
interval, in order to avoid spectral leakage of larger-degree signal
components to the lower-degree SH coefficients of the solution due
to under-parameterisation.

The orbit scenarios underlying the simulations are sum-
marised in Tab. 1, where the identifier given in the second column
is used in the following to refer to the individual orbits. For all sim-
ulations in the present paper, an inter-satellite distance of 220 km
between the two satellites of a pair is assumed.

The orbit selection procedure, described in detail in (Massotti
et al. 2021), is optimised to achieve particular orbit subcycles (for
which reason most orbit scenarios in Tab. 1 differ by more than one
of the shown parameters). For example, in the 3d H orbit scenario,
the satellites approximately arrive back at their initial (Earth-fixed)
position after 3 days, with a westward shift of about 3◦ which is

coordinated between the two satellite pairs, such that the double-
pair ground track pattern in subsequent 3-day periods is exactly
the same. (This is the ideal scenario which maximises ground track
homogeneity over time.)

For MAGIC, orbits with both sub-weekly as well as monthly
subcycles are aimed for, following the user requirement of a sus-
tained homogeneous spatial sampling at multiple temporal resolu-
tions/retrieval periods. The requirement is needed in order to be
able to resolve geophysical processes taking place on multiple time
scales.

Keeping the satellites in such an orbit can only become prac-
tically realised if a drag compensation system and an attitude and
orbit control is in place. This is a difference to the predecessor mis-
sions GRACE and GRACE-FO, which – besides occasional orbit
maneuvers – are left freely drifting. This has a negative effect on
the gravity performance especially in certain periods where the or-
bits experience deep resonances, i.e. very short repeat cycles (e.g.
(Wagner et al. 2006)). Since MAGIC is dedicated to provide inputs
for operational service applications are planned, a consistent qual-
ity of subsequent gravity data products is required, and therefore an
orbit control system is planned to be implemented ((Massotti et al.
2021)).

The required level of strictness of the orbit control for MAGIC
is tested in 3.2.2, where the necessity of an orbit coordination be-
tween the two satellite pairs is tested in view of short-term solu-
tions.

In terms of background models, for the forward modeling (i.e.,
the computation of synthetic observations, see section 2.1.1) we use
the static gravity field model GOCO05s (Mayer-Gürr et al. 2015),
the ocean tide model EOT11a (Savcenko and Bosch 2012) and the
full atmosphere, ocean, hydrology, ice and solid Earth (AOHIS)
signal given by the updated Earth System Model of ESA (Dobslaw
et al. 2015). The latter gives realistic temporal gravity variations at
a temporal resolution of 6 h.

For the computation of reference observations in order to com-
pute residual observations, the same static model is used, assuming
no errors of this model. This assumption is reasonable as errors in
the static background model produce much smaller gravity retrieval
errors compared to error sources such as the ll-sst ranging noise or
temporal aliasing errors, as shown by (Flechtner et al. 2016).

As reference ocean tide model, GOT4.7 (Ray 2008) is applied,
meaning that we use the difference of the two ocean tide models
EOT11a and GOT4.7 as a measure for the ocean tide background
model error. In the case of the nominal processing scheme (see sec-
tion 2.1.1), the AOD product, along with an error estimation of it,
as given by (Dobslaw et al. 2016), is used in the inversion, such
that HIS signals are retrieved. In the case of a co-estimation of
low-resolved daily gravity field models according to (Wiese et al.
2011), no AOD product is applied, such that AOHIS signals are
retrieved. This is done with the intention to present results of two
independent de-aliasing strategies for double-pair data, one purely
background model-driven and one purely data-driven. In general,
all background models are used up to d/o 120.

In terms of instrument noise assumptions, for the hl-sst obser-
vations, a 1 cm white noise for 3-d positions is assumed to take
into account the sensor noise for the GNSS observations. Since the
impact of orbit errors is much lower than the dominant instrument
errors related to ACC and LRI, this simplifying assumption can be
justified. However, we plan to include a coloured noise model also
for orbit errors in future work.

As full drag compensation is assumed, no non-gravitational
signals measured by the accelerometer instruments are modeled in
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Table 1. Double-pair orbit scenarios used for the simulations in the present paper. The IDs are consistent to (Massotti et al. 2021) and give information on
the subcycle length in days and the altitude (L for low, M for mid, H for high orbits). Scenarios in which the polar and the inclined pair’s orbit subcycles or
longitudinal drifts per subcycle differ have IDs starting with the letter U, standing for “uncoordinated”. Mean altitude, inclination and longitudinal shift per
subcycle ∆λshift are specified for the polar and inclined pair’s orbits for each of the scenarios.

description orbit ID altitude/km inclination/◦ ∆λshift/◦ subcycles/days

3-day subcycles,
3d H

463 89 -3.067 (3d)
3, 7, 31

high altitude 432 70 -3.076 (3d)

5-day subcycles,
5d Ma

434 89 -1.458 (5d)
2, 3, 5, 13, 18, 31

mid altitude (65◦) 396 65 -1.499 (5d)

5-day subcycles,
5d Mb

425 87 0.733 (5d)
2, 5, 27, 32

mid altitude (70◦) 397 70 0.736 (5d)

uncoord. 3-/5-day subcycles
U3d5d H

492 89 -0.790 (5d) 5, 31
high altitude 432 70 -3.076 (3d) 3, 31

uncoord. 5-day subcycles,
U5d H

492 89 -0.790 (5d) 5, 31
high altitude 460 70 -0.284 (5d) 5

uncoord. 3-day subcycles,
U3d H

463 89 -3.067 (3d) 3, 7, 31
high altitude 402 65 2.380 (3d) 3, 29-30

5-day subcycles,
5d LL

376 89 -1.628 (5d)
1, 2, 5, 12, 29

low altitude 344 70 -1.671 (5d)

5-day subcycles,
5d LH

492 89 -0.790 (5d) 5, 31
high/low altitude 344 71.5 -0.732 (5d) 5, 32

our simulations. The non-perfectness in the drag compensation is
taken into account using models for the coloured noise of the ac-
celerometers. Hereby, we distinguish two cases: A GRACE-type
accelerometer with noise accG, approximating the performance
of a SuperSTAR accelerometer (Frommknecht et al. 2003) and a
NGGM-type accelerometer with noise accN , approximating the
performance of a MicroSTAR accelerometer ((Lenoir et al. 2011),
(Cesare et al. 2022)). The coloured noise of the accelerometers is
described by the amplitude spectral densities

accG,xyz = 10−10

√
1 +
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f

m

s2/
√
Hz

, (1)

which expresses the GRACE-type accelerometer noise on
each single accelerometer axis in each satellite and
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which expresses the NGGM-type accelerometer noise as dif-
ference of the accelerometer measurements of the two satellites of
a pair along their line of sight.

For the coloured noise of the laser ranging interferometer
(LRI), which is assumed to be the ranging instrument for both satel-

lite pairs of the MAGIC double-pair configuration, an amplitude
spectral density that has been empirically derived from GRACE-
FO has been used:

lri = 1.5 · 10−9
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·
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0.02Hz

f

)
((

0.00115Hz
f

)4
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.
(3)

Depending on the processing scheme (nominal or daily co-
parameterisation), the retrieval error ∆x = x− x(AO)HIS character-
ising the gravity retrieval performance of the considered simulated
mission setup is computed as the difference of the retrieved SH co-
efficients x and the SH coefficients x(AO)HIS of the underlying “true”
mean HIS or AOHIS signal of the respective period of time. This
retrieval error includes the impact of the orbit geometry, the instru-
ment measurement errors and temporal aliasing errors due to ocean
tide and AOD background model errors. In contrast, the formal er-
rors of the retrieved gravity coefficients, as computed based on the
covariance matrix resulting from the parameter estimation proce-
dure described in section 2.1.1, are independent of the (residual)
observations and thus represent the impact of orbit geometry and
instrument errors only.

In order to visualise and compare the global retrieval perfor-
mance of several scenarios, we compute the degree amplitudes of
their retrieval errors ∆cnm and ∆snm in units of cm equivalent
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water height (EWH, (Wahr et al. 1998), (Schrama et al. 2007)) ac-
cording to

degr. ampl.(n) =
aρe
3ρw

2n+ 1

1 + kn

√√√√ n∑
m=0

(∆c2nm +∆s2nm) , (4)

where a is the semi-major axis of the Earth ellipsoid, ρe the
mean density of Earth, ρw the density of water, kn are the Love
numbers, and n and m represent the SH degree and order.

In this paper, we consider single- and double-pair configura-
tions of satellites flying in in-line or pendulum formations, with
varying combinations regarding the accelerometer noise of the two
satellite pairs. Except from section 3.1, which considers a broader
trade space of possible mission configurations, our analysis con-
centrates on the following two double in-line pair scenarios:

(i) Scenario 1: one near-polar pair with a GRACE-type ac-
celerometer (accG) + one inclined pair with a NGGM-type ac-
celerometer (accN )

(ii) Scenario 2: one near-polar pair and one inclined pair, both
with NGGM-type accelerometers (accN ).

2.2 VADER filtering

Compared to the single-pair gravity solutions from the GRACE
and GRACE-FO missions, the double-pair results from the MAGIC
mission will show a very different spatial error characteristics. In
order to evaluate the effect of post-processing on double-pair grav-
ity retrieval errors in the framework of this manuscript, we there-
fore apply a filter that takes into account the specific error char-
acteristics of each individual scenario by construction. The latter is
achieved by building the filter on the full variance-covariance infor-
mation of the considered gravity solution. Introduced by (Horvath
et al. 2018), the VADER filter is defined as:

xα = (N + αM)−1Nx = Wαx , (5)

where x and xα are vectors containing the unfiltered and fil-
tered retrieved SH coefficients, respectively. N is the NEQ matrix
ATPA (with A being the design matrix and P being the weighting
matrix), which is equal to the inverse of the retrieval error variance-
covariance matrix. M is the inverse of the signal variance matrix,
α is the scaling factor and Wα is the filter matrix. The matrix M
is a diagonal matrix containing the reciprocal squares of the SH
coefficients of the “true” monthly HIS signal. The value of α is de-
termined as to minimise the root mean square (RMS) of the global
error grid of the filtered model. As indicated by Eq. 5, the VADER
filter is constructed based on the (co)variances of the considered
solution x and thereby tailored to the solution’s specific error struc-
ture.

The error ∆xα of the VADER-filtered gravity field solution
xα is computed as its difference to the (unfiltered) reference signal
xHIS:

∆xα = xα − xHIS

= Wαx− xHIS

= Wα(xHIS +∆x)− xHIS

= Wα∆x+ (Wα − 1)xHIS .

(6)

As shown by Eq. 6, ∆xα consists of two parts: The filtered re-
trieval error Wα∆x and the HIS signal dampening (Wα − 1)xHIS.

Applying a stronger (i.e. more strongly dampening) filter Wα leads
to a decrease of |Wα∆x|, as the error part contained in the re-
trieved field is increasingly dampened, but also to an increase of
|(Wα − 1)xHIS|, as also the HIS signal part contained in the re-
trieved field is increasingly dampened.

Equation 5 shows that the filter strength depends on both the
error (co)variances of the unfiltered solution x, which are repre-
sented by N , as well as on the determined value for α: For a
fixed value of α, a gravity solution x(1) with larger retrieval er-
rors and therefore larger error variances contained in N−1, leads to
a stronger filter Wα compared to a lower-error solution x(2). Like-
wise, for a fixed gravity solution x, choosing a larger value for α
leads to a stronger filter compared to smaller values of α. As de-
scribed above, the value of α is determined as to minimise ∆xα

globally in a RMS sense.
Considering geophysical applications of the data, the above-

described signal dampening introduced by the filtering is especially
problematic, as it removes valuable signal information from the
data. Any gravity mission design that requires weaker filtering is
favorable. A quantification of the VADER filter impact on a single
vs. a double-pair solution is given in section 6.1 in the appendix.

3 RESULTS

3.1 The choice of a double in-line pair configuration for
MAGIC

Before presenting results on mission design parameters currently
under investigation in the concrete planning of the MAGIC mis-
sion in the following section 3.2, we motivate briefly why a double
in-line pair configuration of Bender type (cf. (Bender et al. 2008)),
is chosen to be implemented for the MAGIC mission. To this end,
we compare the closed-loop retrieval errors of several single- and
double-pair configurations of in-line or pendulum pairs of satel-
lites with varying combinations of accelerometer noise assump-
tions. The 11 studied scenarios are listed in the legend in Fig. 1.
For all scenarios, 3d H orbits as defined by Tab. 1 are used and
two subsequent 31-day solutions are computed for each of the sce-
narios. The retrieval period of 31 days is chosen here to relate the
different mission scenarios in terms of the standard level 2 monthly
data products computed from data of the GRACE and GRACE-FO
missions.

Figure 1 shows the retrieval errors computed as difference of
the retrieved gravity coefficients to the reference HIS signal (left
panel) as well as the formal errors extracted from the error variance-
covariance matrix of the least-squares inversion (right panel), both
in terms of degree error amplitudes (cf. Eq. 4). Each of the shown
curves represents the mean of two degree error amplitude curves
corresponding to the two subsequent 31-day solutions.

By comparing the error levels of the 11 scenarios in Fig. 1, we
observe that double-pair configurations composed of a near-polar
and a 70◦ inclined pair perform about one order of magnitude bet-
ter than single pairs, which is due to the better sampling and obser-
vation geometry of the double-pair scenarios.

Comparing the in-line and pendulum single-pair scenarios in
Fig. 1 shows that if full signal and noise retrieval errors are consid-
ered (left panel), the benefit of the multi-directional observations
of pendulum formations determines the relative performance of the
scenarios, while the replacement of the GRACE-type accelerome-
ter by the NGGM-type accelerometer plays a minor role. This is
due to the dominance of the temporal aliasing errors in the full
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Figure 1. Degree error amplitudes of 31-day full signal and noise simulations for single- and double-pair scenarios based on 3d H orbits (cf. Tab. 1). The left
panel shows the HIS retrieval errors computed as difference of the retrieved signal and the HIS reference signal. The middle panel shows the formal errors
of the inversion. As denoted in the legend, the dotted curves represent single polar pair scenarios, the solid curves double in-line pair scenarios composed of
a polar (pol.) and an inclined (incl., inclination = 70◦) or sun-synchronous (sun-sync., inclination = 97◦) pair, and the dashed curves double-pair scenarios
including one or two pendulum (pend.) pairs with opening angle of 15 or 30◦, respectively. G and N represent the GRACE-type or NGGM-type accelerometer
noise assumed, as defined in equations (1) and (2), respectively.

retrieval error budget, which can be significantly reduced by an en-
hanced observation geometry. In contrast, when considering formal
errors (right panel) which only represent the impact of the spatial
sampling and instrument errors and do not include temporal alias-
ing errors, the impact of the chosen accelerometer shows up more
distinctly. Consequently, in order to fully exploit the benefit of an
improved accelerometer for the gravity retrieval, the current level
of temporal aliasing errors needs to be reduced significantly.

All considered double-pair scenarios (except from the one in-
volving the sun-synchronous pair) included in Fig. 1 show very
similar error levels. That is, using in-line or pendulum pairs in a
double-pair configuration has no significant impact on the perfor-
mance of the mission. This justifies the realisation of two in-line
pairs as the MAGIC mission, also as they are cheaper and easier to
implement than pendulum pairs.

The only double-pair scenario showing retrieval errors simi-
lar to the single-pair scenarios is the combination of a polar and
a sun-synchronous pair, in which the inclination difference of the
two pairs’ orbits merely amounts to about 7◦, compared to the 20◦

inclination difference between the polar and inclined orbital planes
for the other double-pair scenarios. This shows that a rather low
inclination of the second pair is crucial for the de-aliasing perfor-
mance of a double-pair configuration. The trade-off between the
needed low inclination of the second pair and the thereby implied
polar gaps in the inclined pair’s ground track is evaluated in section
3.2.1.

To summarise, our analysis of various combinations of in-line
and pendulum pairs with differing accelerometer noise assump-
tions revealed that if the orbit altitude of the satellites is the same
between the considered scenarios, the best global performance is
achieved by using two satellite pairs of rather large (20◦) inclina-
tion difference. Of course, double-pair missions also provide addi-
tional benefits such as the larger temporal resolution of the data,
allowing for near-real time applications and short-term gravity re-
trieval. Mission design aspects regarding the performance of dou-
ble in-line pair data for short-term gravity retrieval are presented in
sections 3.2.2 and 3.2.3.

Figure 2. Degree error amplitudes of 31-day full signal and noise simula-
tions for the Bender-type scenario 1, combining a polar in-line pair with
GRACE-type noise and an inclined in-line pair with NGGM-type noise (cf.
Eqs. (1) and (2)) based on 5d Ma and 5d Mb orbits (cf. Tab. 1), respec-
tively. The blue and red solid curves (light blue and orange dotted curves)
show the errors of the unfiltered (VADER-filtered) solutions.

3.2 Mission design aspects of MAGIC

3.2.1 Inclination of the second pair

In this section, the impact of the inclination of the second pair in a
double-pair constellation on the gravity retrieval errors is analysed.
To this end, we consider the double in-line pair scenario 1 as de-
fined at the end of section 2.1.2, and use the orbit scenarios 5d Ma
and 5d Mb (cf. Tab. 1), in which the inclination of the second pair
amounts to 65◦ and 70◦, respectively. These two inclination values
represent the endmember cases for the inclined pair to be imple-
mented for the MAGIC mission, as stated in the MAGIC MRD
(MAGIC MRD, 2020).

As shown by Tab. 1, the mean orbit altitude of the satellites is
very similar between the two orbit scenarios, such that differences
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Figure 3. Retrieval errors of full signal and noise simulations for the same scenarios as in Fig. 2. The yellow lines in the left (right) panels mark the 65◦ (70◦)
inclination of the second satellite pair in the used 5d Ma (5d Mb) orbits (cf. Tab. 1) The top (bottom) panels show the errors of the unfiltered (VADER-filtered)
solutions. Panels of the same row use the same colorbar.

Figure 4. Root mean square values of the EWH error grid values shown by
Fig. 3 computed along parallels (combining the grid values on the north-
ern and southern hemisphere in one sum of squares), plotted as a function
of absolute latitude, such that the average variation of the errors from the
equator to the poles can be investigated. Shown are the errors of the unfil-
tered (blue, red) and VADER-filtered (light blue, orange) solution for the
31-day full signal and noise simulation of the same scenarios as in Figs. 2
and 3. The blue (red) vertical lines mark the 65◦ (70◦) inclination of the
second satellite pair in the used 5d Ma (5d Mb) orbits (cf. Tab. 1).

in the retrieval performance of the two scenarios can be interpreted
as being caused almost exclusively by the different inclinations of
the satellites of the second pair.

For both scenarios, we compute one d/o 120 31-day solution
and compare their global performance by plotting the degree am-
plitudes of their retrieval errors in Fig. 2 as the blue and red curve.
Despite the choice of demonstrating the impact of the second pair’s

inclination on the example of a single monthly solution, the quali-
tative results of the analysis are representative also for solutions of
different temporal resolutions or periods of time.

In Figure 2 it is visible that, although the 65◦ scenario seems
to outperform the 70◦ scenario, there are also intersections of the
curves which indicate that the relative performance of the two in-
vestigated scenarios is not the same across the complete SH spec-
trum.

Comparing the spatial error patterns of the two scenarios in
Fig. 3 (top panels) shows that a lower inclination of the second
pair reduces the longitudinal striping noise in the latitude band in
which both satellite pairs observe, visualising a better constraint on
the sectorial SH coefficients of the gravity field. However, this is
achieved at the cost of larger polar regions in which the double-pair
performance is mainly given by the performance of the single polar
pair. These observations indicate that there is a trade-off between
the global error levels and striping reduction at lower latitudes and
the size of the polar gaps of the inclined pair’s orbit. This is also
visualised in Fig. 4 where the latitude-dependency of the two sce-
narios’ retrieval errors is compared.

In addition to the above-made analysis based on unfiltered so-
lutions, in the following, the effect of post-processing on the rela-
tive performance of the two scenarios is investigated. For this pur-
pose, for each of the two scenarios, a VADER filter as introduced in
section 2.2 is constructed based on the NEQ matrix of the respec-
tive solution and applied to it.

As can be seen by considering the light blue and orange curves
in Fig. 2 and 4 as well as the bottom panels of Fig. 3, the post-
processing reduces the errors especially towards larger SH de-
grees and reduces the absolute performance difference between
the two scenarios. As the VADER filter is specifically tailored to
the error structure of the individual solution, it acts more strongly
(i.e., causes a stronger dampening) at coefficients/in spatial regions
where the errors in the considered solution are larger. Therefore,
although the more similar performance of the two scenarios after
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the post-processing suggests that the impact of the second pair’s
inclination is not really important, it has to be noted that a smaller
need for applying filtering is an important argument in favor of a
specific mission design. This is emphasised by Eq. 6 which shows
that a stronger filter does not only dampen the error but also signal
components of the retrieved solution.

In the present case, both the lower errors in the regions covered
by both pairs as well as the required weaker filtering speak in favor
of choosing the lower (65◦) inclination for the second pair such as
given in scenario 5d Ma. However, the better global homogeneity
of the errors and the lower error levels in the polar regions where
the data is used for research on the cryosphere speak for choos-
ing the higher inclination of 70◦ such as given in scenario 5d Mb.
These conclusions show that the choice of the inclination of the
second pair in a double-pair configuration will be a compromise,
and depends on the latitude-dependent accuracy requirements that
the scientific user groups of these double-pair data may have.

3.2.2 Coordination of the polar and inclined orbits

In this section, we assess the necessity of coordinating the orbits
of the two satellite pairs of the MAGIC constellation in the context
of short-term gravity retrieval of few days, in order to derive fast-
track products with homogeneous quality for operational service
applications. An orbit coordination provides a near-homogeneous
sampling at constellation level. This is achieved at satellite-pair
level by orbit control or orbit maintenance of each pair such that
stable orbit subcycles at a common drift rate between the polar and
inclined pair can be maintained.

For this analysis, a retrieval period of 3 days is chosen, as the
maintenance of specific subcycles matching the desired retrieval
period starts to become important when considering short-term
gravity fields. For shorter time periods, the ground track density
is naturally rather low such that deviations from a homogeneous
data sampling have a larger impact on the gravity solutions.

In the following, we analyse the impact of two different as-
pects concerning the orbit coordination: Firstly, we test the neces-
sity of maintaining 3-day orbit subcycles for both pairs in the case
of 3-day gravity retrieval. Secondly, we test if, in the case of 3-
day subcycles, a match of the drift rates between the two pairs is
necessary.

In order to simulate several coordinated and uncoordinated
cases in terms of orbit evolution and common subcycles between
the two pairs, we consider the orbit scenarios 3d H, U3d5d H,
U5d H and U3d H (cf. Tab. 1). 3d H represents the ideal case,
where our retrieval period of 3 days matches the common subcy-
cle of both pairs and the orbits are coordinated to have a common
drift, guaranteeing a stable ground track pattern in subsequent 3-
day periods of time. As representative of the case where one pair in
a free-drifting orbit is combined with another pair in a controlled
orbit, U3d5d H is chosen, as due to the missing 3-day subcycle
of the polar pair, gaps in the 3-day ground track of the polar pair
are resulting, which could similarly occur for a free-drifting po-
lar pair. Furthermore, the case of two free-drifting satellite pairs
is simulated by considering U5d H in which the 3-day subcycle,
which would guarantee a homogeneous 3-day ground track cover-
age, is missing for both pairs and the extreme case of coinciding
gaps of the 3-day ground tracks of both pairs is realised. Such a
condition could appear from time to time if both satellite pairs of
the MAGIC configuration would be left free-drifting, without ap-
plying a specific orbit control. A relative comparison between these

3 cases demonstrates the impact of coordinating or controlling the
orbits.

As mentioned above, our analysis on the coordination of the
satellite orbits focuses on short-term gravity retrieval. For weekly
to monthly gravity retrieval based on orbits used in the framework
of this manuscript (cf. Tab. 1), a mismatch between the retrieval
period and the exact orbital subcycle lengths present for the respec-
tive orbit does not impact the solutions significantly. This is due to
the fact that all candidate orbits for MAGIC have close-to-weekly
and close-to-monthly subcycles both with slight longitudinal shifts,
leading to a sufficiently good data coverage to compute d/o 120
weekly and monthly double-pair solutions. In fact, investigations
(not shown in this paper) revealed a scaling of the retrieval errors
between weekly and monthly solutions according to the retrieval
period, independently of the exact close-to-weekly and close-to-
monthly subcycle lengths of the underlying orbits.

Figure 5 shows the 3-day ground tracks of the investigated or-
bit scenarios. The 3-day ground tracks of satellite pairs having a 5-
day subcycle exhibit gaps that increase in spatial extent towards the
equator. In the U3d5d H orbits, the gaps in the polar pair’s ground
track are partly filled with data from the inclined pair, which is in
contrast to U5d H where the ground track gaps of both pairs coin-
cide.

Figure 6 shows the degree error amplitude curves averaged
over five subsequent d/o 70 solutions for the simulation sce-
nario 1 (as defined at the end of section 2.1.2), using the 3 above-
introduced orbit scenarios. As the mean orbit altitudes of the con-
sidered orbit scenarios are not the same (cf. Tab. 1), we correct the
solutions for the scenarios U3d5d H and U5d H by their difference
in mean orbit altitude relative to the reference scenario 3d H, in or-
der to be able to extract the effect of the differing subcycle lengths
on the retrieval errors. The height-corrected curves are shown as
the dotted curves in Fig. 6.

Our altitude correction method is based on the assumption that
the main observed quantity of the mission is the range rate, which is
related to gravitational accelerations that decay as

(
1
r

)n+2 with in-
creasing radius r (n is the SH degree). As the measured data is the
sum of the

(
1
r

)n+2- dependent signal and the altitude-independent
noise, the retrieval error (being the difference between the SH coef-
ficients derived from the noisy data and the true SH coefficients of
the signal) contains the radius-dependent factor rn+2. In order to
correct the altitude effect relative to the scenario 3d H, we multiply
the retrieval errors of the considered scenario by

(
rref
r

)n+2, where
rref and r are the mean radius of the polar and inclined pair of the
reference scenario 3d H and the scenario under consideration, re-
spectively.

Comparing the dotted and solid curves of U3d5d H and
U5d H in Fig. 6 shows that applying this height correction to the
corresponding retrieval errors reduces the latter. The remaining er-
ror differences between the three scenarios can be explained by
their differing ground track patterns: The ground track gaps of the
polar pair in the scenario U3d5d H lead to a slight degradation of
the solution towards higher SH degrees, starting around n = 25.
However, the coinciding ground track gaps of the polar and inclined
pair in scenario U5d H increase significantly the retrieval errors by
almost one order of magnitude, starting at about n = 10.

Figure 7 shows that the 3-day retrieval errors are spatially cor-
related with the underlying double-pair ground track pattern of the
respective scenario. Especially for scenario U5d H, large retrieval
errors occur in the regions of missing data centered at the equator.
In general, we observe that gaps in the 3-day ground track espe-
cially impact the retrieval performance at low latitudes, while over



10 B. Heller-Kaikov et al.

Figure 5. 3-day ground tracks of the polar (red) and inclined (blue) satellites corresponding to the orbit scenarios 3d H (3-day subcycles, high altitude; left
panel), U3d5d H (uncoordinated 3-/5-day subcycles, high altitude; middle panel) and U5d H (uncoordinated 5-day subcycles; right panel) (cf. Tab. 1).

Figure 6. Degree error amplitudes of 3-day full signal and noise simulations
for the Bender-type scenario 1, combining a polar in-line pair with GRACE-
type noise and an inclined in-line pair with NGGM-type noise (cf. Eqs. (1)
and (2)) based on 3d H, U3d5d H and U5d H orbits as defined in Tab. 1.
The corresponding 3-day orbit groundtracks are displayed in Fig. 5. The
solid lines show the un-corrected curves, while the dotted lines represent
the results after applying a factor correcting for the difference in mean orbit
altitude relative to the reference scenario 3d H (see text).

the poles, due to the ground track convergence, the retrieval errors
of the three scenarios are comparable (not shown here).

After having demonstrated the importance of 3-day orbit sub-
cycles for 3-day gravity retrieval, in the following we investigate
if, in the case of both pairs having a 3-day subcycle, a common
longitudinal drift rate between the two pairs is necessary in order
to obtain subsequent 3-day solutions of homogeneous quality. To
this end, we compare solutions based on our reference orbit sce-
nario 3d H (cf. panel a in Fig. 5 and the red curve in Fig. 6) to
solutions based on U3d H orbits. As specified by Tab. 1, the 3d H
orbits are constructed to have a common westward drift of the polar
and inclined pair’s orbits of about 3◦ per 3 days, such that the 3-
day double-pair ground track forms a stable pattern that constantly
moves westwards. For the U3d H case, both pairs have 3-day sub-
cycles but their orbits drift at different rates such that the double-
pair ground track pattern is slightly different in each of the subse-
quent 3-day periods.

The top panel of Fig. 8 shows the results in terms of degree er-
ror amplitudes. The relative performance between the two scenar-
ios is mainly determined by the differing inclination of the second
satellite pair and is not analysed further at this point. For our pur-
pose of analysing the impact of the coordination of the longitudinal
drift between the two pairs on the relative quality of subsequent

3-day solutions, we concentrate on the error spread of the five re-
spective individual solutions. To better visualise this error spread,
we plot the relative deviation of the individual solutions from their
mean in the bottom panel of Fig. 8. As shown by the thick lines
in this panel, the retrieval errors of the individual 3-day solutions
scatter by the same amount in the two scenarios. From this, we
conclude that if stable subcycles matching the retrieval period are
provided for both pairs, a common longitudinal drift between the
ground tracks of the two pairs is not necessary to provide a ho-
mogeneous quality of subsequent 3-day solutions. That means, the
double-pair ground track pattern does not need to be exactly equal
among the subsequent 3-day solutions, as long as there is no strong
spatial variation in the ground track density, as has been shown in
the above-described analysis of the necessity of the orbit subcycles.

3.2.3 Relative performance of the polar and inclined pair

As stated in the introduction, the improved temporal resolution of
gravity data from a double-pair mission will enable new applica-
tions requiring short-term gravity fields of a few days, as well as
the application of processing methods such as the scheme proposed
by (Wiese et al. 2011), in which low-SH degree daily gravity fields
are co-estimated, thereby reducing temporal aliasing errors in the
multi-day (e.g. monthly or weekly) solution. As described in sec-
tion 2.1, this processing scheme allows to retrieve the full AO-
HIS signal, avoiding the necessity of a background model-based
de-aliasing. While there is ongoing research conducted on alter-
native approaches to the (Wiese et al. 2011) method, such as pre-
sented by (Abrykosov et al. 2022), the following investigation aims
at demonstrating the performance of the established (Wiese et al.
2011) method for several possible MAGIC mission scenarios.

To this end, we investigate d/o 120 7-day solutions using the
nominal and Wiese processing scheme (cf. section 2.1.1), where
in the latter we use a maximum SH d/o of 15 for the daily Wiese
solutions (DWS). The presented results are independent of the ex-
act retrieval period chosen and were confirmed by corresponding
monthly solutions (not included here). The maximum d/o of the
DWS was chosen as optimum value in terms of the performance of
the DWS and the multi-day solution.

Four scenarios differing by their accelerometer noise assump-
tions as well as their underlying orbits are defined: scenario 1 is
combined with 3d H and 5d LH orbits, while scenario 2 is com-
bined with 3d H and 5d LL orbits (for a definition of the two noise
scenarios and details of the orbit scenarios, see the end of section
2.1.2 and Tab. 1, respectively). The differences in accelerometer
noise levels and orbit heights of the satellites lead to varying rela-
tive weights of the two pairs’ data in the double-pair NEQ systems.

As shown by Fig. 9, the 7-day solutions computed using the
Wiese processing scheme reveal a specific error pattern that is not
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Figure 7. Retrieval errors of 3-day full signal and noise simulations for the same scenarios as in Fig. 6. The corresponding 3-day ground tracks of the polar
and inclined satellite pair are displayed by the light and dark green lines, respectively. For the simulations using the U3d5d H (middle panel) and U5d H
(right panel) orbits, the retrieval errors have been corrected for their difference in mean orbit altitude relative to the reference scenario 3d H (left panel; for an
explanation of the altitude correction, see text). All panels show the same grid section close to the equator and use the same colorbar.

Figure 8. Top: The thin curves show the degree error amplitudes of five sub-
sequent 3-day full signal and noise simulations for the Bender-type scenario
1 combining a polar in-line pair with GRACE-type noise and an inclined in-
line pair with NGGM-type noise (cf. Eqs. (1) and (2)) based on 3d H and
U3d H orbits as defined in Tab. 1. The thick curves show the respective
mean of the individual curves. Bottom: Deviation of the individual degree
error amplitude curves shown in the top panel from their mean curve, di-
vided by the mean curve. Also in the bottom panel, the thick curves show
the mean of the individual curves.

Figure 9. Degree error amplitudes of 7-day full signal and noise simulations
for Bender-type scenarios combining a polar (pol.) and inclined (incl.) in-
line pair, based on 3d H, 5d LL and 5d LH orbits as defined in Tab. 1. G
and N stand for GRACE- and NGGM-type noise assumptions as defined
in Eqs. (1) and (2), respectively. Top: nominal processing results. Bottom:
Wiese processing results, including the errors of the co-estimated d/o 15
daily Wiese solutions (DWS) as thin curves of the same color and line style
as their corresponding d/o 120 7-day curves.
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present in the nominal processing results. This error pattern con-
sists of significantly larger errors around SH degrees 26 and 39,
can be found in all four scenarios and turn out to be larger in ampli-
tude the larger the relative contribution of the inclined pair’s data
to the double-pair solutions is. For example, the phenomenon is
most severe for scenario 1 using 5d LH orbits, in which the data of
the polar pair is given a particularly small weight compared to the
inclined pair’s data, both because of the polar satellites’ larger ac-
celerometer noise and their higher orbit altitude. Additionally, the
retrieval errors of the DWS seem to be positively correlated with
the amplitude of the described error pattern in the 7-day solutions.
While the observed error pattern is clearly visible in the SH do-
main, it is not caused by increased errors in specific regions when
considering spatial error grids (not shown here).

A thorough analysis on the causes of the error pattern is given
in section 6.2 in the appendix. Essentially, the phenomenon is re-
lated to specific groups of sectorial coefficients of the multi-day so-
lution being correlated to the coefficients of the co-estimated DWS.
These large correlations originate from the NEQ system of the in-
clined pair in the Wiese processing scheme and degrade the double-
pair solution if the weight of the inclined relative to the polar pair’s
NEQ system is (too) high.

To mitigate this problem, alternative methods to the process-
ing scheme proposed by (Wiese et al. 2011) for the co-estimation
of daily fields, such as the the DMD approach ((Abrykosov et al.
2022)) are currently investigated and assessed.

4 DISCUSSION

In this section, we briefly relate our above-presented findings to
existing studies.

Following the comparison of various in-line and pendulum
single- and double-pair configurations in section 3.1, we stated that
a double in-line pair mission is the best choice for a next-generation
gravity mission regarding performance and technical feasibility.
This finding is consistent with (Elsaka et al. 2014), where besides
the single- and double in-line pair and single-pendulum pair, ad-
ditionally a cartwheel and a helix formation are analysed, and the
best performance among the studied configurations is found for the
double in-line pair.

After comparing 65◦ and 70◦ as inclination values for the sec-
ond pair in a double-pair configuration in section 3.2.1, we found a
trade-off between a reduction of striping noise at low latitudes and
larger areas of increased retrieval errors centered around the poles if
lowering the inclination value. As commented in section 3.2.1, op-
timising the inclination value of the second pair requires a perfor-
mance metric taking into account the latitude-dependent accuracy
requirements of various user groups. For example, in (Wiese et al.
2012), an optimum inclination value of 72◦ is determined based on
the equally weighted global retrieval accuracy of hydrological, ice,
and ocean bottom pressure signals. In addition to these scientific
arguments, also the technical feasibility of launching the satellites
into a certain orbit needs to be taken into account.

In section 3.2.2, we found that in order to enable short-term
gravity solutions of a few days with homogeneous accuracy, an
orbit control of the inclined pair is essential for MAGIC constel-
lation short-term products of homogeneous quality. The fact that
an uneven ground track density over the chosen retrieval period
leads to a degradation of the retrieved gravity solution is known
from GRACE real data processing: As the GRACE satellites were
left free-drifting (besides an attitude control system maintaining

the alignment of the two satellites), several of the derived monthly
fields show a degraded performance, due to an unfavorable ground
track (”deep resonance”) within the respective months (e.g. (Wag-
ner et al. 2006)).

As described in section 3.2.3, a co-estimation of low-degree
daily gravity fields according to (Wiese et al. 2011) leads to in-
creased retrieval errors in the case of double-pair solutions that are
dominated by the data of the inclined pair, e.g. due to the choice of
the orbit heights and noise assumptions for the two satellite pairs.
To inspect if the observed error structure can also be found in pre-
vious work, we compared our results to some degree error ampli-
tude plots shown by (Wiese et al. 2011), (Daras and Pail 2017)
and (Purkhauser et al. 2020). In fact, the double-pair simulations
performed in these studies assume similar orbit heights, as well
as equal accelerometer and ranging noise levels for the two satel-
lite pairs. As a consequence, there is no severe dominance of the
inclined pair’s NEQ system in the resulting double-pair solutions,
which is why the correlations introduced by the polar gaps of the
inclined pair do not impact the solutions in the same way as in some
of the scenarios presented in our paper.

5 CONCLUSIONS AND OUTLOOK

Using numerical closed-loop simulations, this paper investigates
key mission design aspects concerning the MAGIC satellite gravity
mission, which is planned as the first realisation of a double-pair
mission succeeding the successful single-pair missions GRACE
and GRACE-FO. The considerable scientific value that the ex-
pected double-pair data will have, is demonstrated in this paper
by showing the much reduced retrieval errors of unfiltered solu-
tions. Additionally, the smaller required filter strength in the post-
processing, having the advantage of less dampening of signal com-
ponents by the filtering, is presented in the appendix of this paper.
The latter might be beneficial to extract detail signals in smaller-
scale hydrological catchments and specific features in the ocean
such as boundary currents which usually show a large signal gradi-
ent.

The choice of the second pair’s inclination was shown to
strongly impact the latitude-dependency of the accuracy of the de-
rived fields and therefore assessed to be a question of the (latitude-
dependent) accuracy requirements of the various user communities.

As the expected double-pair data are planned to provide sig-
nificant inputs to operational service applications, the role of orbit
design aspects such as the maintenance of stable subcycles match-
ing the desired retrieval period becomes more important compared
to a single-pair mission to compute short-term gravity solutions of
a few days. Based on 3-day solutions, we found that ground track
gaps of the polar pair can be largely compensated by a homoge-
neous ground track coverage of the inclined pair, however coincid-
ing ground track gaps of the polar and inclined pair significantly
degrade the retrieved solution. Therefore, orbit control of the in-
clined pair is essential for MAGIC constellation short-term prod-
ucts of homogeneous quality. A common drift rate of the two pairs
has been shown not to be necessary for a constant performance of
subsequent short-term solutions.

Regarding the relative performance of the two satellite pairs,
increased errors of solutions computed by co-estimating daily grav-
ity fields according to (Wiese et al. 2011) were found in the case of
double-pair scenarios that are strongly dominated by the inclined
pair’s data. This leads to the recommendation of a mission design
combining two satellite pairs of comparable performance. In order
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to avoid the found degradation from the processing side, we pro-
pose the alternative approach by (Abrykosov et al. 2022), which is,
however, still subject of further research.

Defining the mission design of MAGIC towards its realisation
in more detail will require additional (simulation) studies, espe-
cially in cooperation with industrial partners building the measur-
ing instruments and the satellites, as well as with scientists using
the gravity data for specific applications. This strategy enables to
optimise the mission setup taking into account its technical fea-
sibility as well as the accuracy requirements from scientific user
communities.
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Pail, R., Weigelt, M., van Dam, T., Visser, P., Encarnação, J.T., van
den IJssel, J., Tonetti, S., Cornara, S. & Cesare, S., 2015. Assessment
of satellite constellations for monitoring the variations in earth gravity
field – SC4MGV, ESA – ESTEC Contract No. AO/1-7317/12/NL/AF,
Final Report.

Ivins, E. R., James, T. S., Wahr, J., Schrama, E. J. O., Landerer, F. W. &
Simon, K. M., 2013. Antarctic contribution to sea level rise observed by
GRACE with improved GIA correction, J. Geophys. Res. (Solid Earth),
118(6), 3126-3141. doi: 10.1002/jgrb.50208.

Kornfeld, R. P., Arnold, B. W., Gross, M. A., Dahya, N. T. & Klipstein,
W. M., 2019. GRACE-FO: the gravity recovery and climate experi-
ment follow-on mission, J. Spacecraft Rockets, 56(3), 931-951. doi:
10.2514/1.a34326.
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6 APPENDIX

6.1 Impact of post-processing on single- and double-pair
solutions

In addition to our considerations of unfiltered solutions for various
single- and double-pair scenarios in section 3.1, this section demon-
strates the benefit of double-pair data compared to single-pair data
of GRACE(-FO) type based on post-processed solutions. To this
end, VADER filters are constructed and applied to d/o 120 7-day
gravity fields retrieved from a single- and a double-pair scenario,
both being based on 3d H orbits. Specifically, we are interested in
the magnitude of the error components of the filtered solutions as
introduced in section 2.2, Eq. (6). As single-pair scenario, a polar
pair with GRACE-type accelerometer noise as defined by Eq. (1)
is considered. As double-pair scenario, the combination of a polar
and an inclined pair, both with NGGM-type accelerometer noise
assumptions as defined by Eq. (2), is considered.

The results for the single- (double-) pair scenario are plotted
in the left (right) panel of Fig. 10. By comparing the error lev-
els between the two scenarios before (blue solid curves) and after
the filtering (blue dotted curves), it becomes visible that the post-
processing significantly reduces the performance difference be-
tween the single- and the double-pair scenario. This shows that the
filter constructed based on the single-pair NEQs is much stronger
than the double-pair filter. This difference in filter strength between
the two scenarios is caused by the different error levels of the unfil-
tered solutions, considered in the filter design by the matrix N (cf.
Eq. 5).

Considering the error components of the VADER-filtered
double-pair solution in Fig. 10 (right panel) reveals that up to about
n = 60, the error ∆xα (blue dotted curve) mainly consists of the
contribution of the (filtered) solution error Wα∆x (green curve).
For larger degrees, the signal dampening component (Wα−1)xHIS

(black curve) starts to dominate the error of the filtered double-pair
solution ∆xα.

In contrast, in the case of the single-pair scenario (left panel
of Fig. 10), as the VADER filter is stronger here, the error of the
VADER-filtered solution ∆xα (blue dotted curve) is mainly de-
termined by the signal dampening effect (black curve) over the
complete SH spectrum. This means that by applying an optimised
VADER filter to single-pair solutions leads to a significant loss
of signal components in them. As can be seen by comparing the
results for the two scenarios, this effect can be significantly miti-
gated by double-pair constellations such as MAGIC, where much
less post-processing is required to reduce the errors in the solution,
thereby also leading to a smaller signal dampening effect.

The much weaker signal dampening in the post-processing of
double-pair solutions can be considered as a significant advantage
in view of scientific user applications, as the filtered double-pair
solutions contain a better-resolved signal compared to single-pair
solutions. This of course holds under the assumption that the signal
components remaining in the filtered solutions can be in some way
distinguished from the remaining error components.

These results demonstrate that although the error levels of the
filtered single- and double-pair solution are very similar, data from
a double-pair mission such as the planned MAGIC mission require
weaker filters, i.e. much less post-processing, thereby causing a
much smaller effect of signal dampening due to the filtering.
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Figure 10. Degree error amplitudes of 7-day full signal and noise simulations for two scenarios based on 3d H orbits. The left panel shows the results obtained
for a single polar pair with a GRACE-type accelerometer. The right panel shows the results for the Bender-type scenario 2 combining a polar and an inclined
pair both with NGGM-type accelerometers. In both panels, the black and the green thin curves visualise the error components of the respective VADER-filtered
solution (cf. Eq. 6), i.e. the sum of the black and the green curve equals the dotted blue curve in each of the panels.

6.2 Origin of the error pattern when co-estimating daily
gravity fields

As observed in section 3.2.3, double-pair solutions dominated by
the inclined pair’s data reveal a specific error pattern when co-
estimating daily gravity solutions according to (Wiese et al. 2011).
As revealed by Fig. 9, the observed error pattern limits the spatial
resolution of the 7-day Wiese solutions compared to the nominal
results. Therefore, this section gives a detailed analysis and inter-
pretation on the cause of the phenomenon, considering d/o 100 7-
day solutions for scenario 1 using 5d LH orbits, as this scenario
showed the largest degradation in Fig. 9 (bottom).

The top and bottom left panels of Fig. 11 show the retrieval
errors of corresponding nominal and Wiese solutions in the SH do-
main, respectively. It can be seen that the groups of coefficients
causing the error pattern observed in Fig. 9 (bottom) are (near-)
sectorial. Our analysis in section 3.2.3 suggested a relationship be-
tween the occurrence of the error pattern and an increased relative
weight of the inclined pair’s data in the double-pair NEQ system.
Therefore, we additionally compute corresponding double-pair so-
lutions in the case of a 1014-fold increased relative weight of the
inclined pair’s NEQ system, in order to test if in this case the er-
ror pattern becomes provoked even more. The results are shown
by the right panels of Fig. 11. Indeed, the Wiese solution (bot-
tom right panel) shows amplified retrieval errors of the groups of
(near-) sectorial coefficients building the error pattern in the origi-
nal double-pair Wiese solution (bottom left panel). In contrast, this
error pattern is not present in the corresponding nominal solution
(top right panel). This suggests that increasing the weight of the in-
clined pair’s data in a double-pair NEQ system can lead to a degra-
dation of retrieved gravity fields in the case that daily solutions are
co-estimated.

As nominal solutions are not affected by the phenomenon, the
latter seems to be related to the parameter co-estimation procedure
in the Wiese processing. To investigate that further, we have a closer
look at the Wiese solution corresponding to the bottom left panel
of Fig. 11 in the following. The blue curve in Fig. 13 shows the
degree error amplitudes for this scenario clearly showing the in-
vestigated error pattern. Figure 12 (a) visualises the correlations of
the SH coefficients of that solution. The shown correlation matrix
Corr is computed based on the full (i.e., including both the DWS

and weekly solution coefficients) Wiese NEQ matrix ATPA of the
double-pair solution as follows:

Cof =
(
ATPA

)−1

Corrij =
Cofij√

Cofii · Cofjj
.

(7)

The exact coefficient ordering in the matrices shown by Fig.
12 is explained in detail in the corresponding figure caption. Most
importantly, we marked the beginning of the coefficient blocks of
the seven DWS and the 7-day solution by a “0”. Also, to be able
to detect the sectorial coefficients of the 7-day solution, even-order
sectorial coefficients were marked by ticks. Indeed, Fig. 12 (a, see
the blue-boxed matrix part) shows increased correlations between
the coefficients of the DWS and the groups of sectorial coefficients
of the 7-day solution that show larger retrieval errors in Fig. 11
(bottom left) and Fig. 13 (blue curve).

The causal relationship between the above-described correla-
tions and the error structure in the weekly Wiese solution is demon-
strated in the following by considering two additional cases:

(1) a double-pair solution involving a 100-fold increased
relative weight of the polar pair’s NEQ system, visualised by Fig.
12 (b) and the red curves in Fig. 13, and

(2) a double-pair solution in which the off-diagonal NEQ entries
representing correlations between the coefficients of the DWS and
the 7-day solution are set to zero before the inversion, visualised by
Fig. 12 (c) and the orange curves in Fig. 13.

Two facts are demonstrated by these two additional tests:
Firstly, the fact that the prominent correlation structure be-

tween DWS and multi-day solution can be attenuated by increasing
the relative weight of the polar pair’s NEQ system (against its “in-
herent” weight determined by the orbit height and noise assump-
tions for the polar satellites). This can be observed by compar-
ing the first two panels of Fig. 12: the considered correlations in
the blue-boxed matrix parts are significantly damped in the middle
compared to the top panel.

Secondly, the fact that there is a direct causal relationship be-
tween these correlations and the specific error structure degrading
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Figure 11. Retrieval errors of 7-day full signal and noise simulations for the Bender-type scenario 1, combining a polar pair with GRACE-type accelerometer
noise and an inclined pair with NGGM-type accelerometer noise (cf. Eqs. (1) and (2)), using 5d LH orbits (cf. Tab. 1). The top (bottom) panels display
solutions obtained using the nominal (Wiese) processing scheme, respectively. The left panels show the solutions in the standard double-pair case, where the
polar and inclined pair’s NEQ systems are equally weighted. The right panels show the double-pair solutions using a ratio of the weights of the polar by the
inclined pair’s NEQs of 10−14, to provide a measure for the performance of the respective single-inclined pair solutions. The colorbar is the same for all
panels.

the Wiese solutions. This is visualised by comparing the blue to the
red and orange curves in Fig. 13: If the correlations in the double-
pair system are reduced or set to zero (cf. Fig. 12 (b) and (c)), the
retrieval errors both of the degraded 7-day coefficients and of the
DWS coefficients decrease (cf. red and orange curves in Fig. 13).

Interestingly, we note that a relative up-weighting of the polar
pair’s NEQ system by a factor of 100 even provides an overall im-
provement of the double-pair solution, as shown by the red curves
in Fig. 13 (increasing the up-weighting factor even more however
leads to an increase of retrieval errors over the complete SH spec-
trum, which is not shown here). As to be expected, setting the cor-
relations to zero before the inversion globally destroys the solution,
as shown by the orange lines in Fig. 13.

Summarising the above findings, the found phenomenon of in-
creased retrieval errors when co-estimating daily solutions seems to
be caused by correlations between the coefficients of the DWS and
the multi-day solution, which originate from the NEQ system of

the inclined pair in the Wiese processing scheme. As known from
(Sneeuw and van Gelderen 1997) and (Metzler and Pail 2005),
gravity solutions derived from data that are measured by an in-
clined orbiting satellite and therefore include data gaps over the
poles, show larger errors for a group of near-zonal SH coefficients
forming a triangular shape in the SH domain. These larger errors
of near-zonal coefficients are caused by correlations between low
and high-degree SH base functions in the data-covered area that
affect the retrieval performance of increasing orders for increasing
degrees. This phenomenon is attenuated when decreasing the max-
imum estimated SH degree (as this reduces the number of SH base
functions that could be correlated).

In the present case, as the d/o 15 DWS are co-estimated along
with the d/o 100 7-day solution, the maximum SH degree of the
overall NEQ system that determines the polar gap-related correla-
tions and error amplitudes of the near-zonal coefficients (also in
the DWS) is Nmax = 100. This is visualised by Fig. 14 (left) where
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(a) original double-pair system (𝑤" = 𝑤# = 1)

(b) double-pair system with up-weighted polar pair (𝑤" = 100,𝑤# = 1)

(c) block-diagonal double-pair system (𝑤" = 𝑤# = 1)

Figure 12. Each of the three panels shows the topmost part (cut after several rows) of a correlation (i.e. quadratic) matrix computed for a specific Wiese
processing case. In all cases, a d/o 100 (d/oDWS = 15) 7-day full signal and noise simulation was performed for the Bender-type scenario 1, combining a polar
in-line pair with GRACE-type noise and an inclined in-line pair with NGGM-type noise (cf. Eqs. (1) and (2)), based on 5d LH orbits (cf. Tab. 1).
(continues on next page)
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Figure 12. (continued from previous page)
Starting from the top left in each of the matrices, the first block (composed of 7 sub-blocks) of rows/columns corresponds to the degree 0 to 15 SH coefficients
of the seven co-estimated daily fields. The start of these d/o 15 coefficient sets it indicated by the first seven “0” ticks, each marking the respective C0,0

coefficient. The remaining rows/columns (starting with the eighth “0” tick marking the C16,0 coefficient of the d/o 100 7-day solution) correspond to the
degree 16 to 100 coefficients of the 7-day solution. The coefficients within each of the 7 + 1 blocks are ordered by ascending SH order, then by ascending
SH degree and afterwards, firstly Cn,m and secondly Sn,m coefficients are taken. Ticks are only provided for the C0,0 coefficients of the DWS, the C16,0

coefficient of the 7-day solution, as well as for sectorial (n = m) coefficients of even orders between 16 and 100. All tick labels represent the SH order m of
the respective coefficient.
The top panel shows the matrix part for the original double-pair system (wp = wi = 1), the middle panel for the double-pair system using a 100-fold
up-weighting of the polar pair’s NEQ system relative to the inclined pair’s NEQ system (wp = 100, wi = 1) and the bottom panel for the double-pair system
where the correlations between the DWS coefficients and the higher-degree coefficients of the 7-day solution have been set to zero in the NEQ matrix to obtain
a block-diagonal NEQ system, respectively. wp and wi represent the relative weights of the NEQ systems of the polar and inclined pair, respectively. All
panels use the same colourbar.

Figure 13. The blue, red and orange curves show the degree error ampli-
tudes of the solutions associated with the correlation matrices shown in pan-
els a, b and c of Fig. 12, respectively. For a description of the simulation
details, see the caption of Fig. 12. Solid (dotted) curves show the errors of
the 7-day solutions (DWS), respectively.

the retrieval errors of the first d/o 15 DWS estimated along the 7-
day solution given by Fig. 11 (bottom right) are plotted. As for this
inversion, the relative weight of the inclined pair’s NEQ system
has been increased to 1014, the solution can be regarded as show-
ing the retrieval performance of the inclined pair’s data alone. For
comparison, Fig. 14 (right) shows the retrieval errors of a d/o 15
stand-alone daily solution solely based on data of the inclined pair.
It can clearly be seen that the single-inclined pair DWS is strongly
affected by the data gaps over the poles, due to correlations of the
n < 16 coefficients of the DWS and the n = 16 − 100 remaining
coefficients. If no higher-degree coefficients are co-estimated, the
maximum SH degree of the NEQ system, determining the ampli-
tude of the near-zonal coefficient errors is Nmax = 15 and the polar
gap does not degrade the coefficients of the daily solution.

This observation completes our understanding of the investi-
gated increased errors in solutions computed using the Wiese pro-
cessing scheme: In double-pair systems that are strongly dominated
by the data of the inclined pair, correlations between the SH co-
efficients of the co-estimated daily and multi-day solutions which
originate in the polar gaps of the inclined pair lead to a degradation
of the DWS as well as larger errors for specific groups of near-
sectorial coefficients of the multi-day solution.

In order to find an improved processing method for double-

pair data dominated by the inclined pair such as in the investi-
gated scenario, first tests using the data-driven multi-step self-de-
aliasing (DMD) processing scheme (Abrykosov et al. 2022) were
conducted. This processing scheme exploits the fact that the esti-
mation of stand-alone low-degree daily solutions is possible with-
out the data gaps of the inclined pair over the poles affecting the
daily retrieval (as shown in the right panel of Fig. 14). Thereby, the
correlations between the daily and multi-day solution coefficients
which are present in the Wiese processing scheme can possibly be
avoided. The results of these experiments will be presented in fu-
ture work.
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Figure 14. Left: retrieval errors of the first of the daily Wiese solutions (DWS) that have been co-estimated along with the 7-day Wiese solution shown by Fig.
11 (bottom right). Right: retrieval errors of a stand-alone d/o 15 1-day full signal and noise solution estimated based on simulated data of 1 day, for a single
inclined-pair scenario based on 5d LH orbits using NGGM-type accelerometer noise (cf. Eq. (2)) Both panels use the same colorbar.


	Introduction
	Data and Methods
	Full-scale gravity simulations
	VADER filtering

	Results
	The choice of a double in-line pair configuration for MAGIC
	Mission design aspects of MAGIC

	Discussion
	Conclusions and outlook
	REFERENCES
	Appendix
	Impact of post-processing on single- and double-pair solutions
	Origin of the error pattern when co-estimating daily gravity fields


