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SUMMARY

We evaluate simulations for single-, double- and multiple-pair satellite gravimetry missions
with respect to applications in hydrology, sea level budgeting and solid Earth science. We begin
with the retrieval of weekly spherical harmonic solutions from GRACE-FO and MAGIC-like
intersatellite laser tracking in the presence of realistic aliasing, as well as from more distant
scenarios that would involve flying quantum accelerometers on satellite pairs in various orbital
planes of different inclination. To account for realistic applications, we simulate the impact
of such data products in basin-averaged total water storage recovery, in the retrieval of water
storages via assimilation into global and regional models, in global and regional ocean mass
estimation also in combination with radar altimetry and in the monitoring of Earthquakes and
submarine volcano growth. While we find that the MAGIC simulation provides the largest
improvement step with respect to our GRACE-FO simulation, the more advanced scenarios
add sensitivity in particular in applications where gravity and mass change data can be directly
equated to observable phenomena. It is more challenging to judge the benefit of advanced
missions with scientific applications that involve combination with model ensembles and
additional remote sensing data, as their uncertainties may determine the noise floor and will
need to be projected into the future, which we did not attempt at here.
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1 INTRODUCTION AND RESEARCH
QUESTION

The GRACE and GRACE-FO satellite missions (hereafter
GRACE/-FO; Tapley et al. 2019) have provided unprecedented
data for understanding the Earth system at scales down to a few
hundreds of kilometres. Monthly GRACE/-FO gravity models, af-
ter conversion to total water storage anomaly (TWSA) maps, have
become a mainstay in global hydrological modelling (e.g. Rodell
& Reager 2023), evaluation of Earth System Models (Jensen et al.
2019, 2024), ocean mass change retrieval (Chambers et al. 2010)
and the assessment of large earthquakes (Han ef al. 2024). When
assimilated into hydrological and land surface models, at basin scale
(Zaitchik et al. 2008) or grid level (Eicker et al. 2014), they improve
the spatiotemporal resolution and realism of hydrological modelling

(e.g. Li et al. 2019; Gerdener et al. 2023). Further combination of
GRACE-/FO data with radar altimetry enables one to resolve the
sea level budget (Rietbroek er al. 2016; WCRP Global Sea Level
Budget Group 2018), and retrieve estimates of the Earth’s Energy
Imbalance independent of radiometric sensors (Marti ef al. 2022).
GRACE was successfully continued in May 2018 by the GRACE-
FO mission (Landerer ef al. 2020), with a gap of about eleven
months. In the current GRACE-FO ‘wide deadband’ attitude control
mode, it is estimated that its lifetime could be potentially further
extended beyond its five-year design life (Flechtner et al. 2024a).
However, both GRACE and GRACE-FO data are limited in terms
of spatiotemporal resolution and data product latency. New user
requirements, including the more widespread integration of data in
operational services, have been translated into mission requirements
in Pail ef al. (2015) and Wiese et al. (2022). A recent expert survey

© The Author(s) 2025. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access

article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

9z0z Atenuga4 90 uo Jasn BinquieH jaeysianiun Auo usieH Aq 505151 8/S611ebb/z/zyz/e1oneB/woo dnoolwepeoe//:sdiy wolj papeojumoq


http://orcid.org/0000-0002-4364-4012
http://orcid.org/0000-0003-0349-1274
http://orcid.org/0000-0002-1350-6946
http://orcid.org/0000-0003-1938-5214
mailto:kusche@uni-bonn.de
https://creativecommons.org/licenses/by/4.0/

2 J. Kusche et al.

in the framework of the ESA QSG4EMT study (Eicker et al. 2024)
has suggested that applications in various fields would benefit from
improvements in both temporal and spatial resolution.

Mass-change And Geosciences International Constellation
(MAGIC) is the ESA-NASA jointly developed concept for collabo-
ration on future satellite gravity observations that addresses needs of
the international user community and stakeholders (Haagmans et al.
2020; Daras 2023). MAGIC consists of a staggered deployment of
the NASA/DLR-funded GRACE-C mission and the ESA-funded
Next-Generation Gravity Mission (NGGM). GRACE-C, the first
pair of MAGIC, is expected to be launched in 2028 in a near-polar
orbit at around 500 km orbital altitude (Flechtner et al. 2024b) and
continue the GRACE, GRACE-FO programme of record. NGGM,
the second pair of MAGIC, is expected to be launched in 2032 in
an inclined controlled repeat orbit at around 400 km orbital altitude
(Daras 2023; Pail et al. 2024).

MAGIC should thus provide for at least four years data from
combined operations, with the main innovation being the much
reduced (when compared to GRACE-FO) effects of temporal alias-
ing, and data thus being much less reliant on de-aliasing models
and post-processing. MAGIC will provide mass-change products at
higher spatial resolution, sub-weekly temporal sampling and with
shorter latency and higher accuracy (Daras et al. 2024b). Simula-
tions have shown that, without the need for post-processing, smaller
hydrological and ocean basins will be resolved, emergence times of
climate signals (e.g. how long it takes to identify AMOC weaken-
ing) are reduced and the threshold for detecting large Earthquakes
will be lowered considerably (Cambiotti et al. 2020; Daras et al.
2024b).

However, various studies have already demonstrated that for ma-
jor breakthroughs in resolution beyond MAGIC either more satel-
lite pairs need to be implemented (Purkhauser & Pail 2020; Yan
et al. 2023) or unconventional constellations (Elsaka et al. 2014),
which may necessitate the development of new drag-free and point-
ing techniques, potentially combined with new instruments based
on quantum technology that alleviate some of the current noise
sources.

Carraz et al. (2014) proposed a one-axis cold-atom interferom-
eter (CAI) gradiometer that would use two magneto-optical traps
and Bose—Einstein Condensate (BEC) cooling stages, and would
generate two counterpropagating atom clouds, allowing one to
measure the radial gradient and the rotation rate along an axis
perpendicular to the radial direction. Due to the physical princi-
ple, CAI accelerometers and gradiometers promise flat noise down
to very low frequencies and thus where the time-variable grav-
ity signals are dominant (as an accelerometer or in gradiometer
common-mode, the CAI would provide the necessary measure-
ment of non-gravitational forces). Through closed-loop simulations,
Douch et al. (2018), Migliaccio et al. (2019), Reguzzoni et al. (2021)
and Trimeche et al. (2019) showed that this concept could signif-
icantly outperform the GOCE gradiometer and measure temporal
variations of the gravity field without intersatellite ranging, how-
ever at the expense of technically challenging requirements on the
satellite attitude and orbit control system and/or extending to a 2-
or 3-axis instrument. The CARIOQA Pathfinder Mission was pro-
posed to carry a demonstrator 1-axis CAI accelerometer (Léveque
et al. 2019), which would measure the non-gravitational forces act-
ing on the platform. Subsequently, Léveque et al. (2023) suggested
a GRACE-FO like constellation where a laser link would measure
the distance between the two satellites and thus couple two CAI in-
struments in order to produce a correlated differential acceleration
(i.e. single-arm gradiometric) measurement.

In Rossi et al. (2023) these simulations were extended to multiple
pairs of satellites, including Bender configurations, and equipped
with ultraprecise clocks, in the framework of the MOCAST+- study.
Along a similar line of thought, Bender (2022) suggests replacing
the conventional accelerometers in GRACE-FO type missions by
the LISA gravitational reference sensor. An overview with respect
to the programmatics and road-map initiatives for developing cold
atom technologies in space has been provided in Alonso (2022).

In summary, various concepts for quantum gravity missions have
been proposed with the objective to deliver unprecedented data
on key Earth processes, to enhance climate monitoring and cope
with impacts on water cycle, for example, ground- and soil-water
changes (e.g. droughts, crop yield), extreme events like flash floods
and sea level rise. In the framework of the ESA Quantum Space
Gravimetry for Earth Mass Transport (QSG4EMT) study, mission
architectures and the development of user requirements are cur-
rently investigated (Zingerle et al. 2024), with the focus on low-low
intersatellite tracking mission constellations, quantum gradiome-
try and combined concepts. Here, we report about findings from
QSG4EMT with respect to specific applications that include time-
series analysis in hydrological basins, assimilation into hydrological
and land surface models, combination with radar altimetry and the
identification of very localized land and ocean signals originating
from Earthquakes and submarine volcano growth.

Several simulation studies have pointed out that errors in the tidal
and non-tidal background models prevent the GRACE/-FO data
products from exploiting the full potential of current instruments
(Flechtner et al. 2016). Background model errors were typically as-
sessed from differences across a set of ‘independent’ model data sets
(Dobslaw et al. 2015, 2016), inevitably neglecting the possibility
of common errors in these models due to using similar limitations
in the physics or the input data. Strategies have been developed
for mitigating effects due to background model errors to some ex-
tent, for example, through extended gravity field parametrizations
or weighting background model uncertainty in the least-squares
procedure (Wiese et al. 2011; Abrykosov et al. 2022).

Progress in ocean and atmosphere models, which are required
to generate non-tidal dealiasing data sets, may be achieved through
exascale computing, increasing spatial resolution and more explicit
process representation such as eddy transport and mesoscale in-
ternal ocean variability (Shihora et al. 2024) and non-hydrostatic
atmosphere physics (Springer et al. 2024), more widespread use of
machine learning (Dueben & Bauer 2018) and the integration of
new data sets such as SAR altimetry and in particular SWOT for
coastal ocean tides (Monahan ez al. 2024) and for example, Sentinel-
3 Next-Generation Topography (NGT) in the future. It is however
very difficult to predict how the uncertainty of ocean tide models
and of numerical Earth system models will actually evolve over
the next decade. Background model error bars from the ‘AOe07’
data set (Shihora et al. 2024) appear lower by a factor between 1.5
and 3, depending on region, when compared to the earlier ‘AOerr’
(Dobslaw et al. 2016), see fig. 8 in Shihora et al. (2024). When we
simply assume that modelling errors would drop at the same rate in
future, this could suggest that at the time of MAGIC model errors
have dropped by another factor between 1.5 and 3 when compared
to now, and by a factor of 2 to 10 at the time of launching a quantum
mission. For this study, we decided therefore to stick to the error as-
sumptions provided by Shihora et al. (2024), which are conservative
but in line with the approach described in Daras et al. (2024b).

Our research question here is thus: Given the conservative as-
sumptions that (1) modelling efforts over the next two decades will
not significantly improve the atmosphere-ocean dealiasing (AOD)
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process, and (2) no mission-specific post-processing or smooth-
ing of Level-2 products, beyond what is already applied with
GRACE/GRACE-FO data, will be introduced, what level of im-
provement in scientific applications can realistically be expected
from a low-low intersatellite tracking multipair quantum constella-
tion?

In contrast to previous studies, we include hydrology applications
that involve assimilation of mass change data into models, as well
as combination with radar-altimetric data for sea level science. The
latter necessitates that we explicitly pay attention to error correla-
tions at grid scale, which is often overlooked in studies that identify
minimum resolvable basin area only. We are aware that both as-
sumptions (1) and (2) may offset our assessment in terms of the
maximum achievable science for any given mission scenario to the
conservative side. However, it is difficult to predict the scenario-
specific optimal post-processing, as this depends on background
model improvement and other factors and will evolve gradually in
the real world. We foresee that the level of post-processing optimiza-
tion will also depend on constraints defined by specific applications,
for example, long-term consistency with earlier data sets.

Within the framework of the QSG4EMT study, we picked a
few high-profile science applications that would be fundamen-
tal for developing upgraded or new operational services for haz-
ard monitoring and/or early warning, for example, for droughts
and floods, ocean heat content anomalies and submarine volcano
surveillance.

This paper is organized as follows: We will first describe the
study logic, that is, our general mission simulation and gravity re-
trieval approach, error scenarios and our general assumptions with
respect to application scenarios. We will then discuss selected ap-
plications that we chose to be representative for the mission objec-
tives, together with results for four mission scenarios that include
a GRACE-FO simulation as a reference. Finally, we synthesize our
findings in the conclusions (Section 4).

2 STUDY LOGIC

2.1 Mission and sensor simulations

The hypothesis underlying the QSG4EMT study is that multiple
pairs of GRACE-FO- or MAGIC-like satellites, equipped with ad-
vanced laser ranging instruments (LRI) and quantum cold-atom
interferometers (CAI) for measuring non-conservative forces and
possibly gravity gradients, would provide the most promising de-
sign for retrieving temporal variations of the geopotential. Through
higher accuracy and stability as compared to today, these constella-
tions will enable significant progress in applications as mentioned
above. In order to test this hypothesis, we had to carry out simula-
tions that account for instrument-specific noise and realistic back-
ground model errors, mimic advanced gravity retrieval methods and
emulate the subsequent ingestion of level-2 data into application-
specific analysis frameworks. We decided to include both GRACE-
FO-like and ‘MAGIC-like’ simulations to provide a reference for
our simulation of quantum pairs, at the same level of simulation
detail.

In the course of the QSG4EMT study, it became clear that the
time-variable gravity field retrieval performance will not be pri-
marily limited by the performance of future instruments (Zingerle
et al. 2024) if their performance is equal or better than what is as-
sumed for the ESA NGGM mission (Daras et al. 2024b). The main
limiting factor is then temporal aliasing caused by an insufficient

spatiotemporal observation coverage and a non-fitting parameter
model. Regarding the simulations, the main scientific focus has thus
been laid on mitigating temporal aliasing. In an attempt to keep a
conservative approach, we decided to concentrate on the impact of
increasing the spatiotemporal coverage by increasing the constel-
lation size and by still retaining the typical static parametrization
approach. For the choice of instruments, this means that we tried
to avoid any additional impact of this error source by assuming the
most optimistic future noise model for our simulations. As part of
the QSG4EMT project results, Encarnagio et al. (2024) provide an
in-depth evaluation of a range of possible future noise models for
the low-low satellite-to-satellite tracking concept (LL-SST, similar
to GRACE-FO), where we here selected the most promising one.
This model consists mainly of an improved LRI instrument with a
projection of the performance developments to the year 2040 and
CAI accelerometers, which have been designed in a manner that
the combined performance is not significantly affected by them. For
simulating the GRACE-FO-like and MAGIC-like reference mis-
sions, we used the appropriate noise models as given in Massotti
et al. (2021) and Encarnago et al. (2024). In Fig. 1, we summarize
the amplitude spectral densities of the overall observation noise (i.e.
the sum of all individual noise contributors) for the three instrument
noise models; it becomes obvious that the noise of a CAI mission
is assumed as 2 to 3 times below GRACE-FO or MAGIC over the
entire spectrum.

Mission simulations in the QSG4EMT study were conducted in
a numerical closed-loop environment, where we employed two dif-
ferent retrieval strategies. The first strategy was developed by Tech-
nical University Munich (TUM) and the second one by Politecnico
di Milano (PoliMI).

In the TUM simulations, a linear acceleration approach as de-
tailed in previous studies (Murbock et al. 2014; Schlaak et al. 2023)
was used. In a linear least-square adjustment, weekly gravity field
solutions were retrieved as spherical harmonic coefficients for each
assumed constellation (Section 2.2) to resolve the Hydrology (H),
Ice (I) and solid Earth (S) mass transport signals. The LL-SST ob-
servations are simulated as acceleration differences caused by the
gravity differences at a given orbit position in time, considering
the corresponding constellation’s sensor noise models. The grav-
ity differences are modelled by the ESAESM time-variable mass
transport model with a 6-hr resolution (Dobslaw et al. 2015). To
represent the observations realistically, the Atmosphere (A) and
Ocean (O) components of the full Atmosphere-Ocean-Hydrology-
Ice-Solid Earth (AOHIS) signal in the ESM are reduced by a de-
aliasing model (Dobslaw et al. 2016), taking de-aliasing errors into
account (Shihora et al. 2024). In addition, Ocean Tide (OT) model
errors are considered as typical aliasing sources by including model
differences using EOT11a (Savcenko et al. 2012) and GOT4.7 (Ray
2008) OT models. Furthermore, the Solid—Earth (S) component of
the ESAESM only represents a single earthquake event. Therefore,
the S-component has been updated (S-upd) to include nine earth-
quake events with their respective co- and post-seismic signatures
over the ESAESM period to enable this study to investigate the
recoverability of earthquake events. In summary, the target signal
for this study is HIS-upd. The simulation results retrieve this signal
with a weekly resolution, considering de-aliasing model errors, OT
model errors and instrument noise.

In the PoliMI simulations, the same LL-SST observations were
simulated, considering the same background models. Again, a linear
least-square adjustment was implemented to estimate weekly grav-
ity field solutions as spherical harmonic coefficients. To model the
temporal aliasing contribution, the formal error covariance matrix
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Figure 1. Amplitude spectral densities of the overall observation noise for the different scenarios in terms of acceleration errors in line-of-sight direction. Blue
(top) line: noise specification similar to GRACE-FO. Orange (middle) line: noise model according to the ESA NGGM mission threshold requirements. Yellow
(bottom) line: future instrument noise model using CAI accelerometers, which has been assumed for the QSG4EMT study.

was rescaled on empirical variances computed from a simultaneous
Monte Carlo simulation (Migliaccio et al. 2009), where noise sam-
ples were generated from instrumental error power spectral densi-
ties. The main difference with the TUM simulations is a second-step
refinement (Migliaccio e al. 2006; Rossi et al. 2023), computing
an intermediate grid of some functionals of the anomalous poten-
tial, for example, total water storage expressed as equivalent water
height (Wahr et al. 1998). As in a standard remove-restore procedure
observations were reduced by the least-square solution, and residual
values on the grid were computed by collocation. More specifically,
collocation was applied over local data patches in which the global
data set was previously subdivided (Reguzzoni & Tselfes 2009).
An isotropic signal covariance function was derived from the de-
gree variances of the rescaled least-square error covariance matrix
and localized for the gridding of each data patch by adapting the
variance only (Reguzzoni et al. 2014). Corrections to the least-
square spherical harmonic coefficients were computed by applying
a discretized quadrature formula (Colombo 1981) to the estimated
global grid. However, these corrections are small for the considered
simulations.

As a consequence, we find that TUM and PoliMI retrievals for
the four scenarios provide very close solutions (i.e. within error
bars at TWSA or gravity anomaly grids), albeit with some expected
differences in the error representation. Given that this study inten-
tionally does not focus on optimizing the stochastic model of the
specific TWSA data product in, for example, data assimilation but
rather on how these data perform in existing frameworks that were
developed for GRACE, we decided to continue only with the TUM
solutions for now. We believe the above shows that our results are ro-
bust towards the choice of the specific retrieval approach. However,
the results of PoliMI simulations were used to compute regional

solutions consisting of local grids of TWSA, where the signal co-
variance function was tailored on the specific area under study (see
Section 3.5).

2.2 Error scenarios for this study

The retrieved weekly gravity solutions are computed for four mis-
sion constellation scenarios with one, two, three and six satellite
pairs (Fig. 2). For the single-pair mission a polar orbit (inclination
89°) and GRACE-FO-like sensor noise is assumed. Its performance
is comparable to the current GRACE-FO mission. The double-pair
constellation resembles the MAGIC mission’s coverage and noise
assumptions with a polar pair and second pair at an inclination of
70°. For future missions, a three-pair (CAI3) and a six-pair (CAI6)
scenario are used, assuming the improved CAI noise and the ad-
ditional satellites at lower inclinations (see Table 1). The orbital
planes are chosen to optimize the spatial sampling geometry while
maintaining a homogeneous enough sampling to keep a stable ad-
justment system.

All orbits are integrated over four weeks and split into 7-d or-
bits with a 10 s sampling rate (limited by CAI sampling rate).
The entire ESM timeframe of 12 yr is simulated in this study. To
avoid accumulated integration errors over the 12-yr timespan, the
integrated 4-week orbits are repeated every month. To avoid res-
onances with the input signal, the orbits are also shifted by 17°
in the right ascension of the ascending node for each month. The
resulting unconstrained weekly gravity field solutions are resolved,
in terms of spherical harmonics, up to degree and order, d/o, 120
(corresponding to roughly 166 km spatial resolution). Due to an
insufficient ground-track coverage, the single pair is only resolved
up to d/o 100 ( 200 km).
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Figure 2. Illustration of the ground track pattern of the future 6-pair CAI scenario (CAI6) after a period of 5 d corresponding to the 6-pair constellation

described in Zingerle et al.(2024).

Table 1. Settings used for assessing mission scenarios in the QSG4EMT study

Scenario Satellite pairs Instruments Remarks
GRACE-FO 1-pair 89° GRACE-FO ’GRACE-FO like’
MAGIC 2-pair 89°,70° MAGIC "MAGIC like’
C9AI3 3-pair 89°,70°, 40° CAI *future small®
CAI6 6-pair 89°, 80°, 71°, 60°, 48°, 33° CAI *future large’

2.3 Errors that result for the application case studies

We intend to simulate applications of future data products from a
user-centric perspective, so it is helpful to briefly reflect about cur-
rent and potential new user groups. Users of level-3 data, that is,
TWSA, ocean bottom pressure or gravity maps, may not necessar-
ily be acquainted with the intricacies of gravity mission processing.
New applications may be first driven by scientific curiosity and later
merge into semi- or fully operational work flows. Users may be cat-
egorized as “expert users’ e.g. as being familiar to GRACE/-FO data
and open to adapting their work flows to obtain ‘best’ results e.g.
in terms of resolution, or they may be ‘standard users’ in that they
do not wish to work with e.g. spatially correlated error representa-
tions, or simply want to continue with a processing established for
GRACE/-FO, or they may be ‘bulk data users’ that integrate various
data sets within a single framework. For example, for expert users
certain post-processing choices such as spatial smoothing, rescaling
and dealing with spatial correlation and anisotropic error patterns
would be equally meaningful, while accounting for omission er-
rors due to limited spatial resolution and for signal leakage would
clearly differ for these groups, while all this may be less important
to bulk data users as long as a gap-less low-latency data stream
is provided. It is also important to note that in data assimilation
and data fusion applications, space-gravimetric data are optimally

merged with model simulations or other remote sensing, typically
under the least-squares paradigm where one has to implement error
assumptions for data and model. This means that impact studies
such as ours will always depend on the respective error models,
which for data assimilation are driven by model initialization, pa-
rameter and forecast errors, and which may include error models for
other relevant data sets. In this study, we mainly target the broader
group of non-expert users and therefore avoid to individually tailor
the post-processing of scenario output data.

The weekly gravity solutions that we retrieve from simulated
orbit and instrument data can be directly compared, in the spherical
harmonics domain, with the spherical harmonic coefficient (SHC)
sets obtained from the modified ESAESM model, which still refers
to the 1995-2006 time frame, and this approach provides ‘true’
errors for each simulation week. Average maps of error standard
deviation are shown in Fig. 3 below. Note that we show errors for
unfiltered (d/o 60) solutions to emphasize the differences across
scenarios here, whereas in the applications all solutions are DDK-
filtered. As expected, aliasing errors introduce a prominent land-
ocean signature with significant spatial correlations, which is best
visible here in the MAGIC plot, due to the colourscale.

Data assimilation and data fusion applications require an error
representation which can be expressed through a positive definite
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Figure 3. TWSA sigma resp. standard deviation maps (d/o 60, unfiltered) for the four scenarios (GRACE-FO, MAGIC, CAI3 and CAI6), from ESAESM.
Note that in the development of data analysis (e.g. assimilation) schemes simplified error patterns are used.

error covariance matrix, and this poses challenges when spatial
correlations are to be taken into account. Since the sample vari-
ance covariance matrices (empirical error covariances as in Daras
et al. 2024a) are necessarily rank-defect, we decided to circumvent
this problem in the following way: (1) we accumulate weekly to
monthly normal matrices, (2) these monthly formal normal matri-
ces are then scaled degree-wise to match the degree variances of
the sample covariance matrix and (3) these scaled normal matrices
are subsequently inverted to fully populated SHC variance covari-
ance matrices and projected to the TWSA grid. This approach has
its limitations as it, for example, is not able to correctly map error
and correlation discontinuities at continental boundaries, yet it al-
lows us to take average error magnitudes and spatial correlations
into account that result from orbital patterns, and matches to the
magnitude found from empirical simulations for comparable wave-
lengths. We emphasize here that our approach differs from Daras
et al. (2024b) in the spatial patterns of errors. However, it is known
that the sample (empirical) variance covariance matrix, when based
on a small number of simulations only, represents a poor estimator
in particular for the off-diagonal terms and should not be relied on
for assessing spatial correlation. We believe that our approach here
is on the conservative side.

In operational data assimilation frameworks, it has been often im-
possible or impractical to specify spatial (or temporal) observation
error correlation (Miyoshi et al. 2013). While this is typically not a
problem for assimilating, for example, pixellated soil moisture data,
TWSA data expressed in spherical harmonics can in principle be
projected onto any grid, and disregarding real correlations will thus
lead to an overweighting of these data as compared to model sim-
ulations or other remotely sensed data. A way out is then selecting
the grid spacing just such that it decorrelates; that is, corresponding

to the real, ‘effective’ data resolution. As an alternative, researchers
have developed ad-hoc approaches to derive spatial correlation for
TWSA maps (Forman & Reichle 2013).

Generating maps of TWSA based on GRACE/-FO data generally
requires some spatial smoothing (filtering). While this may not be
required for generating standard data products with MAGIC and/or
future quantum missions, we expect that for the sake of consis-
tency of time-series many climate-related applications will simply
continue with the post-processing that was optimized for GRACE
and GRACE-FO. For this study, we decided to avoid any ambiguity
introduced by applying different or mission-specific filters and use
the same [DDK-type; Kusche (2007)] approach. We note here that
our conservative filtering approach will diminish the performance
differences between scenarios to some extent.

3 APPLICATIONS AND RESULTS

3.1 TWSA retrieval in hydrological basins

The analysis of time-series of water storage variations in hydrolog-
ical units such as river basins and aquifers have been among the
most common applications of satellite gravimetry. Understanding
the dynamics in river basins provides crucial information on the
availability of water resources, builds the basis for climate predic-
tions and quantifies pre-conditions of hydrological extremes such
as flood conditions (Reager et al. 2014). When combined with
data on hydrometeorological fluxes, water storage change can ad-
ditionally provide the basis for the closure of the terrestrial water
balance enabling a comprehensive understanding of hydrological
systems in response to climatic, environmental and anthropogenic
changes (Springer et al. 2014). However, the relatively low spatial
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Figure 4. Gridded EWH for a single exemplary 7-d solution, DDKS filtered.

and temporal resolution (as compared to grid width and time-step
of hydrological models) limits the use of the mass change data
by a wider community in water cycle studies and water resources
assessments. Water management or drought risk assessment often
operate at country or administrative levels and for them the value
of water storage information tends to increase with higher spatial
resolution (Meza et al. 2020). In this study, we follow Daras et al.
(2024a) and investigate the retrieval of basin-average water stor-
age time-series for more than 400 largest individual river basins
worldwide under the above defined mission scenarios. The tem-
poral root-mean-square deviation (RMSD) between the simulation
output and the reference signal computed for each river basin will
be used to assess the accuracy of the simulation results.

As described earlier, we focus on an assessment of the four dif-
ferent scenarios for retrieving basin-averaged total water storage
anomalies, when the same spatial resolution (d/o 90 here) is to be
resolved and the same post-processing applied to all simulation out-
puts. Fig. 4 shows global maps of equivalent water heights for an
exemplary 7-d solution (beginning of January 2002) after apply-
ing a DDKS5 filter, and this reveals the pronounced difference in
signal-to-noise ratio between scenarios. For the simulated GRACE-
FO scenario it is not possible to see any signal, as (differing from
the common processing of the real GRACE-FO data) we assume
weekly retrievals here, and the DDK5 method applies less smooth-
ing than in most real-data studies. Also the MAGIC solution appears
noisy but the large-scale hydrological signals emerge. In contrast,
it appears that the three-pair quantum CAI3 scenario would already
show strong improvement, while adding additional pairs in the CAI6
constellation would further reduce the noise.

We then derive uncertainties, estimated empirically as root mean
square difference of the retrievals with respect to the ESAESM
‘truth” model, of basin-averaged time-series for more than 400 hy-
drological basins (according to GRDC definitions) in Fig. 5. We
again use DDKS filtered solutions until d/o 90 and and compare to
the unfiltered ESAESM reference up to the same d/o, thus including
the filter omission error. To assess which accuracies can be achieved

for the majority of the river basins, thresholds were computed for
which the RMSD of 70 per cent of the river basins are smaller. These
thresholds are indicated by horizontal lines in Fig. 5 and amount to
19.5 em (GRACE-FO scenario), 2.3 cm (MAGIC scenario), 1.5 cm
(CAI3 scenario) and 1.0 cm (CAI3 scenario). We thus suggest that
accuracies of approximately 1.5 cm (CAI3) and 1 cm (CAI6) for
220 km spatial resolution is realistic for hydrological applications
at weekly resolution; better results might be obtained by tailored
post-processing.

In other words, when aiming for cm-accuracy at shorter
timescales, CAI6 could resolve hydrological units from around 3000
to 5000 km?, that is, at least one order of magnitude smaller than the
minimum basin-averaging area required with MAGIC. We suggest
that while with MAGIC investigations into, for example, groundwa-
ter storage change would be limited to only the very large aquifers
as defined by van der Gun (2022), while CAI6 would allow to assess
aquifers down to medium size. Examples of relevant aquifers for
which storage decline and recharge would be difficult to isolate with
MAGIC but could be a science target for CAI6 are the San Joaquin
aquifer (26 000 km?; Ojha et al. 2019) with critical importance for
water supply in California, or the Chu aquifer with geopolitical
relevance as a trans-boundary groundwater supply for Kazakhstan
(7500 km? corresponding to 40 per cent of the aquifer area; Liu
et al. 2020) and Kyrgyzstan.

3.2 Assimilation for global hydrological modelling

Data assimilation (DA) provides a way to integrate satellite-derived
TWSA with hydrological model simulations in a statistically opti-
mal manner (Kalnay 2002; Zaitchik et al. 2008). It allows to cor-
rect model and forcing data deficiencies at scales where satellite
gravimetry provides credible information, while preserving high-
resolution information from model forcing and boundary (i.e. to-
pography, land cover, soil) data. DA also enables one to disaggregate
TWSA into compartmental storage anomalies, and combine with
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Figure 5. Scatter plot of RMSD of basin average time series versus size of the river basin for different mission scenarios, for simulated DDKS filtered weekly
solutions truncated at d/o 90, including filter omission error. Horizontal lines: 70 per cent of basins below threshold.

remote sensing data such as snow cover maps (Wang et al. 2021). A
number of teams have implemented assimilation with GRACE/-FO
data, for example, to provide high-resolution water storage data,
investigate groundwater and droughts (Li e al. 2019) and assess
the response of the terrestrial biosphere to precipitation (Gerdener
et al. 2022).

In this study we follow Gerdener et al. (2023) and investigate
the potential benefit of the above discussed scenarios in an Ensem-
ble Kalman filter (EnKF) assimilation framework, with and without
modifying the current DA setup that was developed for integrating
GRACE/-FO observations with the WaterGAP (Miiller Schmied
et al. 2021) model. Different from Gerdener et al. (2023), we find
that for MAGIC and quantum scenarios we can assimilate TWSA
maps indeed at the native 0.5° resolution of the model, due to
improved resolution of these missions over GRACE-FO. We thus
assimilate monthly TWSA simulated with WaterGAP and perturbed
with errors that correspond to the four scenarios as discussed above.
We implement the DA via the PDAF framework, which had been
coupled with WaterGAP in the online mode (Nerger et al. 2020)
for numerical efficiency. Data uncertainty representation in the DA
is simplified via a single scaled SHC normals matrix as above,
propagated to the grid while applying the DDKS filter (Kusche
2007), while the uncertainty of the hydrological model (i.e. cli-
mate forcing and parameter uncertainties) which is required to be
specified in DA is kept as in Gerdener et al. (2023). With this
setup, we indeed assume the simulations of water storages to rep-
resent the ‘truth’; thus we expect that for more advanced scenarios

the assimilated TWSA should be closer to the unperturbed model
run (whereas the disaggregation of TWSA into individual storages
will be still limited by the assumed model uncertainty). Due to
the expensive computational costs, the study is run here for South
America; however results have been found as transferable to other
continents.

As mentioned above, the WaterGAP model has to serve both
as the ‘truth’ in this experiment for TWSA but also individual
model storages, and as the input basis for data assimilation and
thus the retrieval of simulated level-4 data sets. It is important to
understand that as a consequence of this, in an ideal scenario with
vanishing gravity mission errors the DA should indeed replicate
this truth (for TWSA), whereas in the other end-member situation
with mission errors larger as compared to errors in the simulated
hydrology model, the DA would reproduce the ‘open-loop ensemble
mean’ which is not exactly identical to the simulated truth.

Since the GRACE/-FO data do not resolve the common 0.5° grid
spacing of global hydrology models, TWSA maps are often aggre-
gated to a more realistic spatial resolution before DA; in Gerdener
et al. (2023) to 4° grids. Fortunately, we find that for the simulated
MAGIC and quantum scenarios no such aggregation appears neces-
sary, and therefore in the following we were able to assimilate 0.5°
maps directly. However, there is a trade-off with the representation
of spatial correlation at smaller scales; we noted that sampling ob-
servation errors within limited ensembles from the dense covariance
matrices would generate spurious long-range correlations, and as a
result we had to suppress spatial correlations here.
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Figure 6. Differences of TWSA trends between truth and outcome of the WaterGAP assimilation when assuming empirical (i.e. formal errors scaled to
empirical ones) errors according to the four scenarios considered here. Trends were estimated using multilinear regression for the period 2003 to 2019.

Fig. 6 shows the differences between TWSA trends between
‘truth’ (WaterGAP) and ‘retrieved’ for our four scenarios after
assimilation, shown here for South America and estimated from
monthly DA covering the years 2003 to 2019. As mentioned be-
fore, input and output TWSA maps are given on an 0.5° grid. The
GRACE-FO scenario here shows significantly higher trend errors
(differences) as compared to the other scenarios, this is related to
the lack of spatial resolution and if we would assimilate simulated
GRACE-FO data accumulated to 4°, these differences on the 0.5°
model grid would be lower by a factor of about four. Differences
drop dramatically for the 3-pair scenario, with a slight degradation
here observed for the 6-pair quantum mission.

Similar conclusions can be drawn when comparing the spatial pat-
terns of the retrieved annual TWSA amplitude differences (Fig. 7)
for the GRACE-FO and MAGIC scenarios against the simulated
truth. For the three-pair scenario differences with respect to the truth
are much smaller, while we hardly observe further improvements
with the 6-pair scenario. In summary, all three scenarios MAGIC,
CAI3 and CAI6 show very clear improvements compared to the
GRACE-FO scenario on the trend, annual and monthly timescales,
as expected.

In our data assimilation experiment, we are able to verify how
well TWSA maps are partitioned into the major water storages, here
groundwater (GWSA), surface water (SWSA) and root zone (0.1
to 4 m) soil moisture (SMSA) storage anomalies, where SWSA
refers to the aggregation of river, wetland, lakes and reservoir stor-
age anomalies. Spatial mean RMSD for comparing these storages
inferred from the DA to the truth WaterGAP simulation are pro-
vided in Table 2, for linear trends, annual amplitudes and annual
phases at the 0.5° pixel scale. Similar as with TWSA, we find an
improved performance indeed when advancing from the GRACE-
FO-like simulation to MAGIC or the quantum scenarios also for
groundwater storage change map retrievals, which is expected since
groundwater variability dominates the total water storage signal in
the region. For example, the spatial mean RMSD of the assimilation
result for the annual amplitudes for South America drops by half
with the MAGIC scenario, and another about 20 per cent for the
CAI3 and CAI®6 scenarios. However, this is not always the case for
the smaller contributors surface water and soil moisture variabil-
ity, which we ascribe to the uncertainty of the underlying model
simulation.

These errors will obviously be smaller when one moves from a
0.5° grid representation to spatial averages, either at basin scale or
for coarser grids. We provide RMSD values for aggregated 1.0° and
3.0° grids in brackets in the table, and this allows us to compare
across spatial scales. We find that TWSA trend errors (1 cmyr™")
for MAGIC (and 3-/6-pair quantum scenarios) at 0.5° correspond
approximately to TWSA trend errors for GRACE-FO at 3.0° scales
after assimilation. GWSA trend retrieval errors for the advanced
scenarios at 0.5° would be lower or similar to GWSA trend errors
for GRACE-FO at the 300 km scale.

In other words, it is demonstrated here that via data assimila-
tion, groundwater storage trends can be derived at the 1 cmyr™!
uncertainty level for areas as small as 2500 km? for CAI3 and 6,
and for regions of the order of 10000 km? for MAGIC. This sug-
gests that MAGIC assimilation products could, for example, resolve
about 44 per cent of the NUTS2 (Nomenclature des Unités territo-
riales statistiques—level 2, European Commission 2003) regions—
the administrative unit where the EU collects water and land use
information. CAI assimilation products would allow us to re-
solve even about 88 per cent of NUTS2 regions, and this could
serve, for example, for monitoring agricultural or industrial water
use.

TWSA amplitude errors for MAGIC or the quantum scenarios
at 100 km scale would be smaller than TWSA amplitude errors
for the simulated one-pair mission at 300 km scale, and surface
water anomaly errors for the advanced scenarios at 100 km appear
lower than for GRACE-FO at the 300 km scale. However, we need
to remind the reader again that these numbers are affected by the
WaterGAP model uncertainty that we specify currently in our real-
data analyses with GRACE and GRACE-FO, and this may not reflect
future knowledge in Earth system modelling.

3.3 Assimilation for regional land surface modelling

Land surface models (LSMs) represent the coupled cycling of wa-
ter, energy and other biogeophysical matter such as carbon within
vegetation and soils (Fisher & Koven 2020). They simulate land-
atmosphere interactions and provide thus a key component of cli-
mate models. In LSMs, assimilation of satellite-derived TWSA en-
ables one to inform the entire vertical profile of soil moisture, in
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Figure 7. Differences of annual TWSA amplitudes between truth and outcome of the WaterGAP assimilation when assuming empirical (i.e. formal errors
scaled to empirical ones) errors according to the four scenarios considered here. Amplitudes were estimated using multilinear regression for the period 2003

to 2019.

Table 2. RMSD between gridded maps of water storage, 0.5° resp. 1° and 3° (in brackets) from the WaterGAP assimilation and the simulated truth. Trend
differences are in mm yr~!, differences of annual amplitude in mm and phase differences in months. All RMSD are derived for 2003 to 2019, spatially averaged

for South America, and shown here for TWSA, groundwater (GWSA), surface water (SWSA) and soil moisture (SMSA) storage anomalies

Signature Scen. TWSA GWSA SWSA SMSA
GRACE-FO 44.5(27.4,13.3) 40.4 (252, 12.6) 14.5(7.9,3.9) 1.8 (1.6, 1.3)
Linear trends MAGIC 16.2 (10.6,7.1) 143 (9.8,6.7) 10.4 (5.7,3.3) 2.3(2.0,1.6)
(mmyr~1) CAI3 12.7 (8.9,4.3) 11.5(8.3,3.8) 11.9 (4.2,2.0) 3.2(29,2.0)
CAl6 13.8(8.9,4.8) 13.1(8.8,5.4) 22.2(12.8,3.3) 2.6(2.2,3.5)
GRACE-FO 122.1 (79.1, 45.5) 46.9 (37.5,29.9) 114.4 (75.6,49.3) 32.3(29.8,25.7)
Annual ampli. MAGIC 65.5(42.1,23.2) 18.7 (16.7, 14.1) 89.0 (54.5,29.2) 41.0 (40.3, 40.7)
(mm) CAI3 53.8 (35.0,20.9) 23.7(21.2,18.7) 81.9 (44.8, 19.5) 55.6 (51.9, 37.8)
CAI6 54.5(36.2,20.7) 25.1(23.4,20.7) 156.6 (44.8,19.1) 49.1 (45.5, 34.3)
GRACE-FO 3.4(25,1.9) 3.7(2.7,2.0) 45(3.2,2.4) 3.8(3.1,2.4)
Annual phases MAGIC 2.5(1.7,0.9) 2.5(2.1,1.6) 3.5(2.5,2.1) 3.5(29,24)
(mo) CAI3 2.6 (1.7, 1.0) 2.6(22,1.7) 34(24,24) 39@33,32)
CAI6 2.6 (1.7, 1.0) 2.5(2.0,1.5) 32(22,13) 42(3.5,29)

contrast to in-situ and satellite soil moisture (SSM) or land sur-
face temperature (LST) assimilation, and for example, to identify
problems in soil processes representation (Swenson & Lawrence
2014).

In this study we investigate the effect of assimilating simulated
data from GRACE-FO, MAGIC and quantum accelerometer mul-
tipair scenarios CAI3 and CAI6 into the Community Land Model
CLM (Oleson et al. 2004). We follow Naz et al. (2019) and Springer
et al. (2019) in the use of the TerrSysMP-PDAF assimilation frame-
work (Shrestha et al. 2014; Kurtz et al. 2016), which in principle
allows us to integrate observations of SSM, LST and others jointly
with TWSA. CLM is set up here as in Springer et al. (2019) for the
Euro-CORDEX region at 12 km grid scale, and forced by COSMO-
REAG6 meteorological data (Bollmeyer e al. 2015). In our exper-
iments, we use the most recent version CLM version 5.0 (CLMS5,
Lawrence et al. 2019) as the ‘truth’ model that is perturbed using
the errors from the mission scenarios and assimilate into CLM3.5;
in other words we seek to correct for both random and non-random
deficiencies of the model implemented in the DA framework. Re-
sults will be compared as basin-averages for the major catchments

in Europe as in Springer et al. (2017) with area down to about 25 000
km?.

Within our regional observing system simulation experiment, the
water storage changes simulated by CLMS5 are accumulated to grid-
ded monthly TWSA over Europe, used as a reference truth, and aver-
aged to the observation grid space at 2° resolution. We first observe
that the CLMS simulations provide distinctly different TWSA over
Eastern Europe, with more pronounced seasonal variations and ex-
tremes compared to CLM3.5 (Fig. 8). Previous investigations have
demonstrated that CLM3.5 underestimates these signals compared
to GRACE observations over the region (Springer 2019), which
we attribute to deficiencies in the representation of snow processes
or inaccuracies in the atmospheric forcings. Long-term trends in
CLM3.5 are too high in TWSA (wetting) in Central Europe and
too low (drying) in parts of Eastern Europe—in fact CLMS runs
suggest that most of Europe appears as drying in the GRACE/-FO
period. In the context of our assessment here, it means that we pose
a somewhat more realistic and potentially challenging experiment
as compared to our global assimilation experiment, as the satellite-
derived data now have to ‘compensate’ not only for random model
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Figure 8. Basin-averaged TWSA for Danube, Narva and Rio Ebro basin. CLMS5 truth, CLM3.5 open-loop simulation and assimilation results for the four

mission scenarios are represented.

noise, but also systematic errors due to mismodelled processes. In
other words, we expect the assimilation to pull the model simulation
towards the truth, against the incorrect model dynamics. While this
is indeed the reality in assimilation systems, we are not aware of
similar impact simulation studies in the literature.

As in the WaterGAP DA, the synthetic truth observations are
perturbed with correlated noise which is generated from the scaled
full formal error covariance matrices for the four different mis-
sion scenarios GRACE-FO, MAGIC, CAI3 and CAI6. The pre-
vious WaterGAP-DA results and the following results were de-
rived with the EnKF filter, where within the DA scheme only
the main diagonal of the error covariance matrix is taken into
account (i.e. assumed as known to the developer of the DA
scheme).

In Fig. 8 below, we show three exemplary time-series plots
of basin-averaged TWSA, that is, for the Danube basin (area
817000 km?, the Rio Ebro basin (area 80 093 km?) and the Narva
basin (area 56 225 km?). In these plots, the CLMS truth, the CLM3.5
open-loop simulation and the assimilation results for the mission
scenarios are provided.

We find the representation of the seasonal cycle as well as of
interannual signals, that is, dry and wet years, in the open-loop sim-
ulation increasingly improved when ingesting simulated satellite-
gravimetric data. For the Rio Ebro basin, a systematic and growing
offset between truth CLMS5 and our CLM3.5 simulations can only
be slightly reduced.

Maps in Fig. 9 demonstrate correlations for all basins consid-
ered in this study. Indeed, the largest improvements are generally
obtained for CAI6, while MAGIC, CAI3 and CAI6 perform all
clearly better than GRACE-FO (Table 3). Since the MAGIC con-
stellation shows similar results as the CAI3 constellation, the fig-
ures of MAGIC are left out. Data assimilation generally improves
the representation of month-to-month variability, the annual cycle
as well as the representation of the more extreme years. In this
study, however, in some of the basins data assimilation was not able
to completely correct for time-variable trend errors, that is, over-
come an incorrectly represented model dynamic even for multipair
mission scenarios. We suspect the cause may be an unrealistic en-
semble spread, related to our scheme for generating perturbations
of soil parameters.
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Figure 9. Correlation and RMSE for basin-averaged TWSA in the CLM3.5 model simulation (OL) and for the results of assimilation with the four scenarios,

as compared to the truth (CLMS simulation).

Table 3. RMSE (mm), correlation and trends for three selected river catchments.

Scen. RMSE (mm) Corr Trend (mm yr~']
CLM5 -0.3
OL 25 0.97 0.2
GRACE-FO 16 0.98 0.2
Danube MAGIC 13 0.98 0.2
CAI3 12 0.99 0.1
CAI6 11 0.99 0.2
CLMS5 33
OL 71 0.88 12.4
GRACE-FO 56 0.91 10.5
Rio Ebro MAGIC 53 0.91 9.7
CAI3 50 091 10.0
CAI6 49 0.91 9.6
CLM5 24
OL 55 0.74 —1.8
GRACE-FO 40 0.88 0.0
Narva-Jogi MAGIC 31 0.92 1.1
CAI3 33 0.92 1.3
CAI6 32 0.93 1.8

Potential science targets for improved land surface modelling are
ubiquitous in climate sciences, hydrology and carbon budgeting,
but could be identified as well in geohazard monitoring. For ex-
ample, we suggest that advanced future missions have the potential
to enhance the monitoring and prediction of rainfall-triggered land-
slides, particularly for large-scale events involving mass movements
on the order of cubic kilometres. Yet, the direct detection of such
events may still be limited to the largest events—typically those

larger than 5-10 km?, corresponding to approximately 10 per cent
of all recorded landslides (Kirschbaum et al. 2010). However, the
improved spatial and temporal resolution from assimilation in high-
resolution land surface models would also allow for near real-time
monitoring of root-zone soil moisture (Felsberg ef al. 2021), in par-
ticular when combined with satellite soil moisture products which
are operationally provided at resolutions of one kilometre to few
10 km but with coarse orbital sampling. Since soil moisture is a key
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Table 4. Percentage of error level improvement (per cent) for individual sea level budget components based on the
individual quantum simulation scenarios. All results are relative to the MAGIC scenario. Contributions of each mass
component to the overall ocean mass error are provided in the third column.

Contribution

Basin CAI3 versus MAGIC CAI6 versus MAGIC to mass error
Antarctica 38.4 46.1 1.5
Greenland 38.0 53.3 1.5
Glaciers 42.7 59.9 5.0
Hydrology 46.4 57.6 5.0
Internal mass variability 6.5 9.8 87.0
Mass sum 6.5 9.8 100.0
Steric 0.5 0.7 -

Total sum 2.5 3.8 -

factor influencing shear stress along topographic inclines and thus
landslide susceptibility, these advancements can be essential for re-
fining landslide risk assessments and early warning systems, such as
NASA'’s Landslide Hazard Assessment for Situational Awareness
(LHASA) Model (Stanley et al. 2021).

3.4 Global ocean mass and sea level budget

The imbalance of water mass fluxes into and out of the global
ocean leads to a change in total ocean mass, while at regional
scale also barotropic mass rearrangements play a significant role.
Ocean mass change (OMC) responds to mass loss of the Greenland
and Antarctica ice sheets, coastal and land glaciers, net river dis-
charge driven by terrestrial hydrology and changes in the land-ocean
precipitation—evapotranspiration balance. In combination with mea-
sured or modelled sea level variations, estimates of OMC can be
utilized to construct sea level budgets (Rietbroek e al. 2016; Dieng
et al. 2017; WCRP Global Sea Level Budget Group 2018; Ueb-
bing et al. 2019; Hakuba et al. 2021; Horwath et al. 2022), that is,
attributing the altimetric sea level to individual mass and steric con-
tributors and better understanding contemporary sea level drivers.
This is in particular relevant for steric sea level changes which are
related to ocean warming and salinity change, and which are noto-
riously difficult to obtain from in-situ measurements for the deep
ocean.

Approaches exist for retrieving contributions either individually
and/or as a residual (Chambers et al. 2010; WCRP Global Sea Level
Budget Group 2018; Hakuba et al. 2021; Horwath et al. 2022) or
jointly in an inverse approach (Rietbroek et al. 2016). Here, we first
look at the inverse approach as it involves an explicit weighting be-
tween gravimetric spherical harmonic coefficients and (along-track)
altimetric sea surface heights based on a-priori error information,
and thus, facilitates error propagation for mission scenarios. Our
approach works via least-squares fitting of several hundreds of dom-
inating (a-priori) spatial fingerprints of sea level change to monthly
gravimetric and altimetric data (Rietbroek et al. 2016; Uebbing et al.
2019); these fingerprints include static ‘passive’ sea level patterns
related to ice sheet, glaciers and land hydrological changes derived
through the sea level equation, steric patterns that we derive from
an EOF decomposition of modelled thermo- and halosteric expan-
sion, and patterns that we interprete as ‘internal mass variability’
and that are mostly related to barotropic motions in the major ocean
basins. For this study, we replace the GRACE/-FO error model in
our inversion processing (Uebbing ez al. 2019) by the normal equa-
tions from each of the scenarios introduced above, while keeping
the radar altimeter error model (assuming Jason-1 and Jason-2, with

errors 5-10 cm derived from binning 20 Hz data into 1 Hz blocks
standard deviation) unmodified.

Our sensitivity studies with respect to sea level budget parti-
tioning should be understood as the result of straightforward error
propagation with simplified mission scenario errors, which are inte-
grated with assumptions on altimetry errors. We follow the forward-
modelling-fitting inversion framework as outlined in Rietbroek et al.
(2016) and shown to match nearly exactly the ‘direct’ approach for
deriving global ocean mass change from real GRACE data in Ueb-
bing et al. (2019). We find in our error propagation study that the
ocean mass retrieval error will be dominated for all scenarios by
the internal ocean mass variability, followed by the uncertainty of
the land hydrology contribution, and only minor contributions from
the glacier and ice sheet components (Table 4). This is an expected
result since the mass balance for these larger regions can be deter-
mined quite well already now, and the spatial resolution is not very
relevant for the global mean sea level contribution. In other words,
the formal errors for global or large-basin ocean mass change are
already very low with the GRACE and GRACE-FO mission; and
we thus compare potential relative improvements with respect to
the MAGIC scenario here, that is, we derive the error improvement
(per cent) by comparing formal 1o -errors of three- and six-pair CAI
scenarios to the corresponding MAGIC-derived lo.

Fig. 10 summarizes the reduction in error level with respect to
the simulated MAGIC scenario. In addition, Table 4 provides global
average error level improvements for each of the individual sub-
components of the sea level budget. For the 3-pair and 6-pair CAI
scenarios we find a general improvement in ocean mass error levels
(Fig. 10), as well as for the individual contributions solved within
the inversion; the reduction in error standard deviation reaches up
to 60 per cent for the six-pair scenario (Table 4). On the contrary,
the improvements for the steric level contributions and the ‘ex-
plained total sea level” are close to zero; this is expected as they
are dominated by the altimetry errors, which had been assumed as
present-day errors for all experiments.

Along a tropical band, in Fig. 10 we find regions with slightly
higher error level for the quantum scenarios. These errors result
from the internal ocean mass variations contribution, for example,
barotropic redistributions of ocean mass, which represents the most
dominant error source in the mass budget (Table 4). This is also
the most spatially variable error source as it is closely related to the
dealiasing signal, which is removed during gravity L2 processing.
However, the dealiasing error is not comprehensively modelled in
the individual simulations, and so we may consider this as an artefact
of our overall assessment approach. On the other hand, disregarding
this effect by excluding a fingerprint for such internal variability in
the inversion scheme would likely lead to overoptimistic errors.
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Figure 10. Map of error level improvement of the ocean mass change component based on individual quantum simulation scenarios (3- and 6-pair CAI);
results are relative to the MAGIC-like scenario.
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compare the correlations of MAGIC (upper triangle) to those of a six-pair CAl solution (lower triangle). The figure only shows the major mass components for
land glaciers and ice sheets Greenland and Antarctica as well as variations in terrestrial hydrology.

Moreover, it turns out that in our sea level inversion scheme,
the major contribution of advanced gravity missions is identified
in terms of source separability, rather than in reduction of (already
small) errors. Our results show that the correlation between individ-
ual solved-for fingerprints is reduced (i.e. the separability of indi-
vidual contributors to sea level is improved); this is demonstrated in

Fig. 11. Despite our somewhat heuristic error covariance modelling
for the scenarios, we find a general improvement in signal separabil-
ity for individual basins and groups of mass sea level contributors.
We identify a reduction in interbasin correlations, especially for the
Arctic Canada North and South glaciers (red and cyan). Similarly,
interbasin correlations for Greenland and Antarctic ice sheets are
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Figure 12. Time-series of ocean mass change in the East China sea for different simulation scenarios/retrievals and for the ESAESM (O) reference. All
time-series (except POLIMI) are DDK3-filtered. (a) Ocean mass change in the ECS from TUM simulations and ESAESM; (b) Ocean mass change in the ECS
from TUM w.r.t. ESAESM; (c) same as (b), but the weekly averaged ‘atm’ or A coefficients are additionally reduced; (d) Ocean mass change in the ECS from

TUM, POLIMI and ESAESM.

also reduced. Furthermore, some decrease in correlation between
individual sources of the terrestrial hydrology contribution is ob-
served (Fig. 11).

In summary, these results suggest that signal separability will
improve significantly with future gravity mission concepts, but we
point out that exploiting these data will also require a thorough and
realistic error covariance modelling to maximize the resolution of
such inverse solutions. We suggest that a potential science target
could be the mass change of Greenland and Antarctic peripheral
glaciers, for which the separation from the surrounding ice-sheet’s
mass balance is not possible today without relying on auxiliary data
such as ice-altimetry.

3.5 Regional ocean mass retrieval

While the global sea level budget is often considered as closed,
it is unclear whether this holds also true for regional sea level
budgets. These budgets are generally more difficult to derive, due
to a variety of local physical effects, as for example, wind-driven
sea level changes or sedimentation, but also retrieval challenges
related to satellite gravimetry and altimetry. Earlier studies (e.g.
Frederikse et al. 2016; Rietbroek et al. 2016) pointed out problems
and demonstrated limited agreement in many areas. The improved
spatial resolution associated with future gravity missions is indeed
expected to aid in better closing budgets at regional scale.
Therefore, here we also consider the common ‘direct’ method
where ocean mass and volumetric sea level are combined at global

or regional basin-average scale (Chambers et al. 2010), as this en-
ables us to study the impact of spatial resolution for challenging
regions in a more straightforward way. In order to derive regional
OMC from the simulated (i.e. ESAESM) gravity fields, we add the
GIA correction (A et al. 2013) to the spherical harmonic coeffi-
cients, apply DDK3 filtering (Kusche 2007) and restore the opera-
tional AO dealiasing product (Dobslaw et al. 2016) (see Section 3.5
for a discussion of AO and O). After converting to water heights
and computing the basin average, we apply a leakage correction
derived from DDK3-filtering the LSDM hydrology component of
the ESAESM.

Basin averages are shown below for the East China Sea (ECS),
a Western Pacific marginal sea with an area of 770 000 km?. What
makes this region unique and challenging for budget studies is its
complex current system, the mostly shallow bathymetry and a large
amount of sediments that is transported by rivers or results from
coastal erosion. /n-situ observations, as, for example, tide gauge
data, for external validation are relatively sparse. Simulation results
are thus compared to the ‘truth’ from the ocean component of the
ESAESM.

In what follows, we compare regional ocean mass change for the
ECS from simulated retrievals for all mission scenarios with the
‘direct” method (Fig. 12a), to the ‘truth’ mass change represented
in the ESAESM data set. In the figure, the ocean component of
the ESAESM, that is, the true signal to be recovered, is shown as
reference. It is evident that retrievals from all scenarios retrace the
large seasonal oscillation of ocean mass well, with the GRACE-FO
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Table 5. Errors of ocean mass change in the ECS (mm)

Scenario GRACE-FO MAGIC CAI3 CAI6
RMS TUM 18 15 13 13
RMS TUM (atm reduced) 15 11 7 7
error propagation TUM 23 09 6 7

solution exhibiting the largest noise and the quantum CAI simula-
tions with a lower noise floor, as expected. In order to better assess
the performance of the individual scenarios, we next remove the
ESAESM truth signal from the outcomes of the individual scenar-
ios, as shown in Fig. 12(b). In other words, the smaller the differ-
ences are, the closer the simulations are to the reference truth, with
RMSD 1.8 cm for GRACE-FO, 1.5 cm for MAGIC and 1.3 cm for
both three- and six-pair CAI missions (Table 5). There is an obvi-
ous annual signal of up to 4 cm, which we hypothesize is in part
attributable to remaining aliasing errors.

In order to derive ocean mass change maps from the simulated
gravity fields, the O dealiasing data product (Dobslaw et al. 2016)
should be restored. However, in the ESAESM setting this is only
available together with the atmospheric dealiasing component as
AO. Even though the atmospheric part should be small, it could
lead to larger discrepancies here that we would like to avoid. Thus,
in Fig. 12(c) the weekly average of the ‘atm’ coefficients from
Flechtner et al. (2015) is subtracted, which reduces the discrepan-
cies further and results in RMSD of 1.5 cm (GRACE-FO), 1.1 cm
(MAGIC) and 0.7 cm (CAI3 and CAI6) (Table 5). These numbers
are of the same order compared to what we derive from error prop-
agation with the scaled formal covariance matrices (Section 2.3),
that is, 2.3, 0.9, 0.6 and 0.7 cm, respectively.

For this experiment, we had the opportunity to compare the
outcome of TUM gravity retrieval simulations with the regional
POLIMI approach (Reguzzoni et al. 2014), where the signal covari-
ance function applied in collocation had been tailored to the specific
area, that is, the ECS, and which therefore does not require further
DDK or other filtering. A comparison for the year 2002 is shown
in Fig. 12(d); we find the difference between TUM and POLIMI
retrievals smaller as compared to the difference with respect to the
ESAESM reference. This confirms our assumption that our results
are robust with respect to the specific recovery approach.

Various studies have suggested that at regional scales, sediment
inflow from large river systems like the Yangtze River can signifi-
cantly impact ocean mass change and the sea level budget. Sediment
load is originally controlled by erosion caused on various timescales
by tectonics, climate and weather, but in many deltas modified by
deforestation, agriculture, river damming and sand mining (plastic
debris is thought to add to few 0.001 Gt yr~—'; Schmidt et al. 2017).
Today, it is possible to derive the sediment deposition mass rate from
combining satellite altimetry and GRACE-FO for regions down to
about 80 000 km?, corresponding to about 30 per cent of the world’s
largest rivers (Mouyen et al. 2018). From our results above, we sug-
gest that OBP data from future CAI multipair constellations would
enable one to monitor sediment deposition rates for at least about
60 per cent of the largest river systems, with the same accuracy as
with the GRACE-FO data today.

3.6 Earthquake and submarine volcano signal sensitivity

The fault rupture recovered by seismologic observations gener-
ates also long period deformations and gravity signals detected
by GRACE/-FO (e.g. Chao & Liau 2019; Tanaka & Heki 2014)
which are part of the entire process, but are elusive to seismological

instrumentation because they do not necessarily generate seismic
waves, but generate long-lasting deformation rates and changes in
the gravitational field. The slow changes are not only observed
postseismically (Han et al. 2015, 2016) but also anticipating the
main shock rupture, as observed for the Maule, Chile earthquake
(Bouih ef al. 2022). Some of these slow signals have been observed
to be much bigger than the coseismic signal, demonstrating long-
lasting alteration of the crust due to the earthquake rupture. The
above-mentioned various studies have used data from the GRACE/-
FO missions to detect the imprint of major earthquakes on gravity
change, revealing the post-seismic signal generated by a combi-
nation of afterslip on the fault and relaxation of the lithosphere
(Tanaka & Heki 2014), adding an independent signal to test seismo-
logically derived source models. The seismogravity signals detected
by GRACE/-FO are limited to megathrust events, but we expect that
the improved performance of the MAGIC mission and in particular
future scenarios with quantum sensors on multipair constellations
will push the noise limit, resulting in an improved time latency, and
detection of smaller magnitude compared to GRACE and GRACE-
FO.

The Singkil Earthquake (Indonesia, 2005 March 28, magnitude
8.6, thrust mechanism) was chosen as a representative example
to evaluate the expected improvements in resolution (here derived
with the weekly solutions). The coseismic pattern is derived as the
difference of the gravity signal in the week following the event
and the week before the earthquake. Retrieval errors are defined
as the difference of the observed signal and the simulated earth-
quake signal included in the time-variable gravity field to be re-
covered, and overlaid with hydrological and other signals from the
ESAESM model. The simulated Earthquake rupture has been re-
trieved from the USGS—National Earthquake Information Center,
which routinely publishes fault rupture mechanisms based on the
worldwide seismographs networks, through inversion of the seis-
mic wave field. The event is modeled with a point source model
given the Earthquake moment tensor, which defines the source for
calculating the coseismic gravity field for a self-gravitating, spher-
ically symmetric, isotropic and viscoelastic layered standard Earth
model (Wang et al. 2017). If the focus would have been the exact
modelling of the specific source, a finite source model composed
of a series of patches, each defined by its moment tensor, would
be the choice, as well as the analysis of the effects of a refined
layered earth model. In the present study with the focus on demon-
strating the relative improvement of the four scenarios, we chose
to use a simple point source of given magnitude and fault plane
mechanism.

The global census of seamounts is based on the gravity field
derived from satellite altimetry (Wessel et al. 2010); while more
recently the SWOT mission has been proposed for detecting
seamounts through an automatic analysis of the vertical gravity
gradient (Yu et al. 2024). The problem of detecting unrest of sub-
marine volcanoes is of particular relevance for remote locations, and
is complicated by the fact that volcano growth up to several hun-
dreds of metres can occur without violent eruptions and degassing
of magma, when the pressure of the overlying water column is suf-
ficiently large. An example is the Fany Maoré submarine volcano,
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Figure 13. Sensitivity to a M 8.6 earthquake; (a) to (d): Observed coseismic signal for the four mission scenarios; (e) modelled coseismic gravity change for

the Singkil 2005 earthquake.

offshore Mayotte in the Indian Ocean (Berthod ef al. 2022). Here,
the space-gravimetric method would offer a global means to moni-
tor growth, through mass-change estimation, supposed the signal is
sufficiently large to emerge above the noise level of the gravity ob-
servations (Braitenberg & Pastorutti 2024). Evidently, knowledge
of the oceanic tidal and non-tidal variations is essential in sepa-
rating the volcano signal. The size of a submarine volcano itself
may be in the order of kilometres to a few tens of kilometres, thus
beyond the smallest wavelength resolved in these satellite gravity
data products. However, the gravity field that a seamount unrest
generates contains sufficient energy at low harmonic degrees, al-
lowing a detectability assessment (comparing the spectral content
of signal and retrieval errors) in the measurement bandwidth of the
satellites.

In this part, we compare the simulated truth earthquake signal,
that is, as implemented in the ESAESM S-upd, with the simulated
retrievals for the four mission scenarios. We illustrate maps of the
true coseismic signal to be recovered, and of the retrieved signals.
We then compare the earthquake and seamount signals with the
retrieval error, defined by subtracting the true HIS signal from the
retrieved signal in the spectral domain, with the help of the spectral
degree amplitude of the retrieval error of the respective signals.
Since the seamount signal is not included in the ESAESM, we
examine its detectability by requiring that at least for a portion of
the entire bandwidth, the signal spectrum amplitude is above the
retrieval error spectral curve.

The ‘true’ coseismic gravity change for the Singkil 2005 earth-
quake is shown in Fig. 13(e), whereas the retrieved coseismic signal
is seen in 13 (a to d). It is clearly seen that the retrieved signal
(Figs 13a to d) is dominated by the typical striping pattern of the
single-pair (GRACE-FO), greatly reduced in the MAGIC scenario
and no more visible in the CAI3 and CAI6 scenarios. The striping
pattern has amplitude of +35 microGals for the single-pair, render-
ing it a challenge to discern an earthquake signal of smaller size. It
is possible, but either filtering must be applied, or an a-priori gravity
pattern must be fitted to the data to allow one to extract the signal,
which otherwise is difficult to discern. The striping is reduced to
about =10 microGal for two pairs, drastically improving the de-
tectability of an earthquake. For the detection of our earthquake
case example, it appears that the coseismic signal would be well
visible already with two satellite pairs, with a further improvement
for the three-pair scenario, and another slight improvement for the
six-pair scenario.

Concerning the spectral representation of signal and retrieval er-
rors, we compare the signal spectrum in terms of spherical harmonic
degree amplitudes with the one-week spectrum of the retrieval er-
rors (Fig. 14j). We applied a localization procedure (Wieczorek
& Simons 2005; 9° localization radius) to the spherical harmonic
spectrum, in order to facilitate the comparison of the global noise
degree variances with the spectrum of the local signal. The reason
for this is that gravity signals due to an earthquake or a volcanic
eruption have a very local extent, with the consequence that the
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global spherical harmonic degree amplitude is not representative of
the local signal amplitude. The localization algorithm is discussed
in Wieczorek & Simons (2005) and its effect on the SH degree
amplitudes for seamounts was illustrated in (Braitenberg & Pas-
torutti 2024). Results from our spectral analysis are consistent with
the maps of the retrieved earthquake signal: considering one week
of data acquisition, the noise of the GRACE-FO mission is larger
than the signal and the signal is above the noise up to degrees 80
for the MAGIC mission, with the signal spectrum being above the
noise curves up to degrees 100 for the CAI3 and CAI6 constella-
tions. The earthquake gravity amplitude increases linearly with the
seismic moment (of which the moment magnitude M,, is a logarith-
mic scale), but depends nonlinearly on the source depth and fault
plane mechanism. While the latter have a smaller contribution to
the signal with respect to magnitude (Daras et al. 2024a), assign-
ing an absolute magnitude of detectability for any earthquake in
a given mission scenario is challenging. In any case, our example
shows that there is a marked increase in detectability from one to
two pairs due to the successive reduction of the disturbing striping
pattern. Advancing from three to six pairs gives only a minor re-
duction in the earthquake retrieval error, however the decrease in
error at the shorter wavelengths (apparent in the spectra of Fig. 14)
allows for a significant increase in spatial resolution. However, we
note here that the rupture process can continue as a slow afterslip
generating deformation, and inducing a viscoelastic relaxation re-
sponse in the crust without emission of seismic waves. Geodetic
measurements with GNSS, SAR capture this movement through
observations of the surface displacements, but the movement can-
not be seen if it occurs on the ocean bottom where the satellite
gravity observations can detect a signal which otherwise remains
elusive.

Switching to the second solid earth topic, in what follows we
describe the scenario sensitivity with respect to submarine volcano
unrests, choosing six seamounts distributed worldwide as example.
Estimates for seamount volume and mass change are described in
detail in Braitenberg & Pastorutti (2024), where they were based
on documented morphological changes following an eruption. The
mass change was then estimated assuming plausible density values,
or relying on published values. These data served as input for the
gravity field modelling, with which we obtained the target signals
for the seamount detection exercise. The mass change is mostly pos-
itive, due to a magma eruption typically placing mass at the top of
the seamount. Only for the Hunga Tonga 2022 explosion the mass
change is negative, since the upper top of the caldera in the volcano

summit remained at a lower level after the explosion. The estimated
mass changes range from a minimum of 0.04 Gt to a maximum
of 11.7 Gt. This mass change is modelled with a truncated cone,
of which the spherical harmonic expansion is determined, and the
localized spectrum is calculated, as done for the earthquake (6° lo-
calization radius). We refer to Braitenberg & Pastorutti (2024) for
details of the mass modelling and the spectral localization opera-
tion. The signal spectral amplitude is then compared with the noise
spectrum for the four satellite constellations, at weekly sampling.
As seen in Fig. 14(a), only seamounts of the size of Hunga Tonga
2022 (11.7 Gt) or Fany Maoré (7.68 Gt) can be detected; with the
smaller eruptions being too small and requiring a longer acquisi-
tion time to lower the noise curves. With MAGIC, a small part of
the signal spectrum of Hunga Tonga 2022 could be detected. The
detectability is greatly improved for the three- and six-pair constel-
lations, allowing us to capture the signal for degrees up to 60 or
above, for the two greatest eruptions Hunga Tonga and Fani Maor¢.
The useful spectral band is the one for which the signal spectrum is
above the noise spectrum.

4 CONCLUSIONS

We find significant improvements for the advanced mission scenar-
ios considered here over the GRACE-FO scenario, across a range of
scientific applications. In other words, our results suggest that the
MAGIC mission will provide data of an improved usability when
compared to GRACE and GRACE-FO, and solutions from future
quantum multipair solutions would again improve over MAGIC data
products and likely generate new applications. This is of course not
a surprise.

We find that these relative improvements will differ across ap-
plications, and they may be generally not as strong as a naive as-
sessment on the basis of formal errors would let one expect. For
example, errors in weekly basin-averaged total water storage will
drop by a factor of about ten from the GRACE-FO scenario to the
two-pair MAGIC scenario (with around 2 cm for 70 per cent of
the 400 largest basins worldwide) when the same post-processing is
applied, and then again by a factor of (only) two and slightly better
to the six-pair CAI scenario. This is partly due to the presence of
background model errors, which again is not a new result, and it
depends inevitably on the chosen geopotential retrieval (level-1 to
level-2) processing strategy and our assumptions on background
model errors. Our results are broadly consistent with recent pa-
pers that assumed similar error models, for example, Daras et al.

920z Aenuga4 90 uo Jasn BinquieH 1aeusianiun Al uajeH Aq G051518/S6 L1ebb/z/ziz/o1ome/1B/woo dno-olwapese/:sdiy wouy papeojumoq


art/ggaf195_f14.eps

Benefit of MAGIC and multipair quantum satellite gravity missions in Earth science applications 19

(2024b). However we do not know of any study hitherto that had
considered more complex applications such as involving data fusion
or assimilation.

We showcase a number of potential new targets in ocean and sea
level science, water resource management and geohazard monitor-
ing and potentially forecasting that appear achievable only with a
future multipair CAI mission. We strongly believe the societal and
scientific benefits would warrant the realization of such missions,
but we caution the reader here again that all our simulations are
likely on the conservative side, and more in-depth investigations
will be required.

We find stronger improvements for more ‘straightforward’ ap-
plications such as deriving time-series of basin-averaged TWSA
or ocean mass, and this is also confirmed in sensitivity studies
for geophysical signals. Extracting the simulated coseismic M 8.6
earthquake signal from the satellite observations is greatly improved
for MAGIC when compared to GRACE-FO, with further significant
improvement for CAI3 and minor improvement for CAI6. The spec-
tral representation demonstrates that the signal is below the noise
level of the weekly solutions for GRACE-FO, while being well
above the noise level for MAGIC. CAI3 and CAI6 constellations
would extent the smallest resolved wavelength significantly further
as compared to MAGIC. For seamount unrest, all studied cases ap-
pear below the noise level of the weekly GRACE-FO solution, the
largest unrest involving 11.7 Gt mass change being just above the
threshold of MAGIC and well above noise level for the simulated
CAI constellations.

We find improvements are less clear-cut in applications that in-
volve the fusion of gravimetric data with other EO data, here along-
track radar altimetry, or with hydrological and land surface models.
For example, after assimilation of MAGIC (or CAI multi-pair) data
into a 0.5° global hydrological model, we find that 20-yr trend errors
at the native grid scale 50 km drop to about 1 cmyr~!, about what
we expect from GRACE-FO assimilation at 300 km scale. In other
words, multipair TWSA maps, after assimilation, would resolve
much smaller signals, of about a factor of 30—40 in area smaller,
at the same noise level. For annual and semi-annual signals in total
water storage, MAGIC assimilation solution errors at 100 km would
be still lower than GRACE-FO assimilation errors at the 300 km
spatial scale. However, we found no significant benefit from the sim-
ulated six-pair CAI data as compared to three-pair CAI, and only
small from CAI3 compared to MAGIC—this is in contrast to the
TWSA retrieval with our assimilation, and we attribute it here to the
fact that we did not tune our assimilation specifically to each post
GRACE-FO scenario. In combination with radar altimetry, we find
a similar mixed picture with some sea level contributions already
now very well determined, where big improvements with advanced
missions in terms of ice sheet basin separability would not add
much in terms of ocean mass budget knowledge, whereas the most
uncertain component, that is, the barostatic ocean-internal mass re-
distribution, would improve only slightly with 10-20 per cent. We
suggest this is due to the fact that these applications need to weigh
mass change data against other satellite observations and/or model
data, and the synthesized results (e.g. from data assimilation) will
depend on both mass change data errors and model uncertainties
as well as the strategies to deal with these errors, potentially in
simplified ways, in scientific and potentially operational data anal-
ysis systems. This is in particular true when one is interested in
improvements in variables that a mass change mission cannot ob-
serve at all without integrating with other data sets, such as ocean

heat or groundwater change. We would like to add that formal data
fusion and assimilation approaches force the user to explicitly spec-
ify uncertainties for all model and observational quantities. This is
not the case for approaches that express unknown quantities (e.g.
ocean heat change or groundwater storage change) directly as a
residual; however since these approaches work essentially with the
same data as more formal approaches they tend to underestimate
error contamination.

Some obvious limitations of this study are related to the realism
of the simulated scenarios, the used sensor error and noise models,
the background model error assumptions, other assumptions that
we had to make about the processing, the number of simulations
that we could carry out within computational resources and finally
the resulting limitations in representing errors and error correla-
tions on the basis of a limited number of samples. In the assessment
of the potential of mass change data in new applications, further
limitations related to these analysis frameworks must be admitted;
for example, when integrating MAGIC or quantum mission data
with radar altimetry it is challenging to represent the entire com-
plexity in mission simulation assessments. The same is also true
in data assimilation frameworks. Our study here was still limited
in terms of integrating spatial observation correlations in data as-
similation (a limitation that many current real assimilation systems
face). It should also be noted that we did not account for potential
improvements in radar altimetry coverage, improvements in correc-
tions and noise levels, and we did not attempt to consider future
lower uncertainties of hydrological models resulting, for example,
from improved forcing data.

However, we would like to clarify again that we intentionally did
not tune our assessments towards the specific mission scenario sim-
ulations, for example, by choosing individually optimized (DDK)
filters. Our focus here was on assuming as a baseline the post-
processing that was developed for GRACE/-FO, for consistency in
the relative comparison. The simulated GRACE-FO errors in our
study are, even after applying DDK filters, somewhat on the conser-
vative side when compared to what many real-data analysis suggest
and that may lead one to speculate that all MAGIC and quantum
multipair results simulated here may also be on the conservative
side.

We believe this paper covers a few very relevant applications
that are often cited for showcasing the benefit of continued and en-
hanced mass change observation, with additional work required to
improve the representativeness across the full spectrum. It seems,
however, evident that with the NGGM mission in addition to the
upcoming GRACE-C continuation of GRACE-FO, that is, with the
MAGIC constellation, all science applications will benefit and new
applications will likely become possible. Dramatically improved
latency times and higher temporal resolution will likely enable op-
erational services, something which follow-on studies could explore
in more detail. What is additionally required to unlock this poten-
tial are background model improvements, gravity retrieval method
improvement, tailoring of data fusion and assimilation frameworks
and ways for representing and implementing error models better in
post-processing schemes. We note that the questions of ‘how ac-
curate are the GRACE/-FO data’ and ‘how correlated are TWSA
maps’ had hampered many applications and we urge that attention is
payed to these questions for MAGIC. As long as assessment studies
are limited to a quite finite number of simulations, we suggest that
also improved approaches for estimating error covariance matrices
need to be studied.
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