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Abstract we investigate the benefits of future quantum accelerometers based on cold atom interferometry
(CAI) on current and upcoming satellite gravity mission concepts. These mission concepts include satellite-to-
satellite tracking (SST) in a single-pair (GRACE-like) and double-pair constellation as well as satellite gravity
gradiometry (SGG, single satellite, GOCE-like). Regarding instruments, four scenarios are considered: current-
generation electrostatic (GRACE-, GOCE-like), next-generation electrostatic, conservative hybrid/CAI and
optimistic hybrid/CAI. For SST, it is shown that temporal aliasing poses currently the dominating error source in
simulated global gravity field solutions independent of the investigated instrument and constellation. To still
quantify the advantages of CAI instruments on the gravity functional itself, additional simulations are
performed where the impact of temporal aliasing is synthetically reduced. When neglecting temporal aliasing,
future accelerometers in conjunction with future ranging instruments can substantially improve the retrieval
performance of the Earth's gravity field (depending on instrument and constellation). These simulation results
are further investigated regarding possible benefit for hydrological use cases where these improvements can also
be observed (when omitting temporal aliasing). For SGG, it is demonstrated that, with realistic instrument
assumptions, one is still mostly insensitive to time-variable gravity and not competitive with the SST principle.
However, due to the improved instrument sensitivity of quantum gradiometers compared to the GOCE mission,
static gravity field solutions can be improved significantly.

1. Introduction

Accelerometers play a crucial role when observing gravity from space since they allow to separate gravitational
from non-gravitational forces (e.g., atmospheric drag, solar pressure, etc.). Observing the Earth's gravity field
from space imposes particularly high requirements on the accelerometers due to the attenuation of the gravita-
tional signal at satellite altitude and due to the Earth's comparatively dense atmosphere, which basically in-
troduces two complications. On the one hand, the minimum altitude of satellites is practically limited to about
250 km due to technical reasons. At such altitudes, the gravitational signal energy of smaller features is already
significantly damped. On the other hand, atmospheric drag is still very prominent there. Eventually, this implies
that accelerometers suitable for satellite gravity missions need to measure strong non-conservative forces (i.e.,
they need a wide measurement range) with very high accuracy.

In current satellite missions that observe the Earth's gravity field (gravimetry missions), electrostatic acceler-
ometers are commonly utilized due to their minimal noise at high frequencies. However, they come with
drawbacks, such as drift at low frequencies and challenges in estimating biases and scale factors. Considering
these deficiencies, novel quantum sensors, specifically accelerometers based on cold atom-interferometry (CAI),
may further benefit satellite gravimetry: besides their high precision and sensitivity, quantum sensors exhibit a
complementary spectral behavior for improved gravity field observation (Knabe et al., 2022; Léveque et al., 2022;
Meister et al., 2022).

Up until now, several dedicated satellite gravity missions have been successfully conducted. Noteworthy among
these are their latest and most performant realizations, namely the GOCE mission (Drinkwater et al., 2003) and
the GRACE/-FO mission (Flechtner et al., 2017; Kornfeld et al., 2019; Tapley et al., 2004). The former (GOCE) is
based on the satellite gravity gradiometry (SGG) concept, where the gravitational gradient is directly observed by
an ensemble of accelerometers aligned in a 3D array. The latter (GRACE/-FO) is based on the low-low satellite-
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to-satellite tracking (SST) concept where two satellites are located on similar orbits in close vicinity to each other
(about 220 km in the case of GRACE/-FO) and observe the variation in their inter-satellite distance with very high
accuracy (e.g., through a micro-wave or laser instrument). Both concepts have their advantages and disadvan-
tages: SGG requires only one satellite, relies solely on gradiometers/accelerometers and is conceptually more
sensitive to shorter wavelengths of the gravity field. However, as of yet, gradiometers are not sensitive enough to
achieve a comparable performance to SST in the longer wavelengths. For the highest accuracy in the longer
wavelengths, SST is currently without competition and the only concept capable of detecting (non-tidal) time-
variable changes in the Earth's gravity field from space. Due to their individual strengths, both concepts are
viable options for future satellite gravity missions. Also, both concepts rely heavily on their accelerometer
performance, which is why they will possibly benefit from CAI instruments. For SGG, an ensemble of accel-
erometers, placed outside of the satellite's center of mass, observe non-gravitational as well as gravitational
accelerations (gravity gradients). In case of SST, one accelerometer is usually located at the center of mass of each
satellite to measure only the non-gravitational accelerations which are needed to separate the gravitational
component from the ranging observation.

Recognizing the potential of CAI instruments for satellite gravity missions, this contribution strives to quantify
the possible benefit of future hybrid/CAI accelerometers on current and upcoming SGG resp. SST mission de-
signs (see, e.g., Heller-Kaikov et al., 2023; Daras et al., 2024). To achieve this, the paper is structured as follows:
firstly, an overview of the investigated instruments (classical/hybrid/CAl) is provided, and the thereof derived
instrument (mission) scenarios (SST and SGG) are described (Section 2). Then, the SST mission simulator setup
and the simulation results of the previously defined SST instrument scenarios are presented for a future single-
and double-pair constellation (Section 3). In Section 4, the corresponding SGG mission simulator is introduced,
and the appropriate (single-satellite) SGG mission simulation results are shown and interpreted. Subsequently, in
Section 5, special attention is given to quantify the benefit on hydrological use cases when applying the simulated
time-variable gravity field solutions, which have been previously obtained (within Section 3). Eventually, the
main conclusions of this work are summarized in Section 6.

2. Instrument Scenarios

In this section, the different instrument scenarios investigated in this contribution are described. Since SST as well
as SGG missions require accelerometers, the different considered accelerometers (for both concepts) are intruded
in a first step in Section 2.1. To eventually enable a comparison between current and future accelerometers,
several different possible accelerometer types are taken into consideration (classical electrostatic and future
hybrid/CAI). Subsequently, based on these accelerometers, concrete instrument scenarios for SST missions
(including ranging instruments, see Section 2.2) and for SGG missions (i.e., gradiometers, see Section 2.3) are
derived.

2.1. Accelerometers

Electrostatic accelerometers. One limitation in current satellite gravimetry missions with significant error
contribution at lower frequencies is caused by the drift of the EA (Christophe et al., 2015; Kupriyanov
et al., 2024). Thus, two advanced electrostatic accelerometers are studied, which are characterized by enhanced
accuracy and spectral sensitivity. The first one is associated with the positive results achieved through the LISA
Pathfinder mission, where the sensor behavior has been adapted for low Earth orbits (Armano et al., 2018).
Alvarez et al. (2022) designed a scaled-down LISA Pathfinder accelerometer for superior performance in up-
coming satellite gravimetry missions with two different approaches. One assumes a drag-free system operating at
350 km altitude (Alvarez@350). Its (one-sided) amplitude spectral density (ASD) is given by

7.10  (3-104\* m
acc ) =3-10"%. '2+4~10—13\J1+ ( ) . 1)
2@350(f) I f f s2 \/Hz
The second one, without drag-free system and designed for 500 km altitude (Alvarez@500), has the ASD
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Figure 1. Amplitude spectral densities (ASDs) in terms of accelerations for different instruments: (a) ASDs of the different
considered accelerometers (solid: classical electrostatic accelerometers, bold dashed: CAI) and ranging instruments (for SST

scenarios, thin dashed). Accelerometer performance is normalized to line-of-sight accelerations (i.e., multiplied by \/5).
(b) Combined accelerometer and LRI (product) noise for the four selected SST instrument scenarios, reflecting the resulting
noise behavior on the SST ranging observations.
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Another advanced EA was proposed by the French aerospace company ONERA, that was also responsible for
designing and constructing the accelerometers utilized in satellite gravity missions such as GRACE, GOCE, and
GRACE-FO. This accelerometer, referred to as Dalin (Dalin et al., 2020), is characterized by

1 1
acep(f) = 2.4-107% - — +1-107%. — +.8.1071.f> -

F I 52 VHz

Next to these future accelerometers, also current generation instruments are considered for simulating the baseline

©)

scenarios. For the GRACE/-FO baseline scenarios, the performance of the ONERA SuperSTAR accelerometer
(Frommknecht et al., 2003; Touboul et al., 1999) is used:

0 [ 0.005 Hz m
aceg(f) =1-1071° 1+T e 4)

For simulating the projected performance of an upcoming next generation SST gravity field mission (NGGM, see
Heller-Kaikov et al., 2023) a performance fitting the ONERA MicroSTAR instrument (Cesare et al., 2022; Lenoir
et al., 2011) is adopted:

_ 4 _ 4 4
oo (S () ()

It is further assumed that all accelerometers exhibit the same performance on all three axes (and/or that tilting and

other introduced errors are already accounted for in the noise specification).

Figure la (solid curves) illustrates the ASDs of these accelerometers. Their different behaviors are evident,
particularly in the low-frequency and high-frequency parts.
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Table 1
Selected SST Instrument Scenarios/Classes and Not Selected Scenarios, Which Produce Very Similar Simulation Results
Acronym/Class Selected instrument scenario Similar scenarios
GRACE-FO—-current state of the art SuperSTAR + LRI_GraceFO -
NGGM-—next generation (currently being developed) MicroSTAR + LRI_NG30 MicroSTAR + LRI_NG33 (for single pair)
(MicroSTAR+) CAIl1 + LRI_NG30 (for double pair)
CAIl1—future (realistic) Alvarez@500 km + LRI_NG33 (MicroSTAR+) CAIll + LRI_NG33
CAIl12—future (optimistic) (Dalin+) CAI12 + LRI_NG33 Alvarez@350 km + LRI_NG33 (for single pair)

Dalin + LRI_NG33 (for double pair)

Note. Instruments in brackets may be considered for technical reasons but they do not influence the product noise as assumed for simulation.

CAI accelerometers. Cold Atom Interferometry employs atoms as test masses, which are manipulated by a
sequence of laser pulses to form an interferometer. The resulting phase shift of the atomic clouds following
different paths is directly proportional to the acceleration acting at the system (see Abend et al., 2020 for more
details). CAI accelerometers show high long-term stability and precise scale factor determination based on the
frequency stability of the laser system. Earlier simulation studies using CAI sensors, as presented by Abrykosov
etal. (2019) and Miiller and Wu (2020), indicate a promising potential for gravity field recovery. In this study, we
consider two CAI accelerometers with two different white-noise levels (cf. Figure 1a, bold dashed lines). One is
denoted as the realistic CAI accelerometer that is characterized by a constant noise level of 107!! # (CAID,

while the other one is referred to as the future CAI accelerometer, featuring a constant noise level of 10‘12%

(CAI 12).

4

Hybrid accelerometers. The precision and high stability of CAl-based accelerometers are promising but show
some shortcomings due to dead times and a relatively constrained dynamic range (Léveque et al., 2022). A
prospective strategy to resolve these limitations in atom interferometry can be achieved by hybridization with
electrostatic accelerometers (Abrykosov et al., 2019). The stable characteristics of CAI accelerometers, coupled
with their lower temporal resolution, complement the high temporal resolution of EA. The synergy between CAI
and electrostatic accelerometers presents a mutual advantage. CAI facilitates the calibration of electrostatic ac-
celerometers by determining its scale factor, while electrostatic accelerometers complement CAI accelerometers
by offering measurements at high frequencies beyond the operational range of CAI (Knabe, 2023). In this study,
we consider therefore hybrid accelerometers where the noise characteristic is obtained by optimally combining
the previously defined EA with specific appropriate CAI variants (e.g., see Table 1).

2.2. SST Instrument Scenarios

Inter-satellite ranging instruments. In case of SST, gravity field observations are obtained by measuring the
distance between two satellites as they orbit the Earth next to each other using an inter-satellite ranging instru-
ment. Since these inter-satellite measurements are still contaminated by non-gravitation forces, accelerometers in
the center of mass of each satellite are additionally needed to separate the gravitation component for the final
gravity field observable. Eventually, this implies that the SST principle requires not only precise accelerometers
(cf. Section 2.1) but also a very accurate ranging instrument. Since the introduced accelerometer performances
include projections into the future (these instruments still need to be developed), also future developments for the
assumed ranging instruments have to be taken into account. Hence, three different satellite (laser) ranging in-
strument (LRI) performance variants are considered: Firstly, an estimate of the current generation performance of
the LRI on board of GRACE-FO (LRI_GraceFO, see Hauk et al., 2023, also in terms of one-sided ASD):

10719 107"
lrig(f) = 2.2-—=—+

NN

As second variant, a next-generation instrument, which projects the development to the year 2030 (LRI_NG30):

(6)
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The third variant reflects an even further projection to the year 2033 (LRI_NG33):
10710 5.107% m
®)

lriNG33(f) = 1.1 ’74‘]072 E

All three variants are depicted in Figure 1a (thin dashed lines) in terms of range accelerations (to be comparable
with the accelerometers).

Combined instrument scenarios. Having now a set of accelerometer variants and a set of LRI variants, a new
combined set has to be defined to specify the final SST instrument scenarios, which will be used for the simu-
lations (Section 3). Even though a lot of combinations of accelerometers and LRIs are possible, only a few are
reasonable: Since the ASD of the combined LRI and accelerometer noise (hereafter denoted as the product noise)
is always dominated by the noisier component, it is reasonable to only combine instruments with comparable
noise levels. Further, several different combinations may result in a very similar product noise (cf. Figure 1a).
Eventually, also the degree of realism (resp. availability) between LRI and accelerometer needs to match (i.e., it is
not sensible to combine the current generation accelerometers with the LRI, which just becomes available by
2033). Taking into account all these guidelines, basically four rather distinct product noise scenarios (resp.
classes) can be identified where each reflects a certain degree of maturity (cf. Table 1 and Figure 1b): (a) the
GRACE-FO class, reflecting the current state of the art, (b) the NGGM class, reflecting the next generation of SST
missions, which is currently being developed, (c) the CAIl1 class, representing a realistic future (CAI) instru-
mentation, and (d) the CAI12 class, which stands in place of an optimistic future (CAI) instrument development.
Be aware that the acronym NGGM as used in this contribution defines an instrument class and is hence not
directly related to the ESA NGGM mission (which denotes the inclined pair of the ESA/NASA double-pair
MAGIC mission, see Daras et al., 2024).

When inspecting the ASDs of the combined (product) noise (Figure 1b), it is already discernible that for the higher
frequencies (starting around 0.01 Hz) the LRI becomes the limiting component while for the lower frequencies the
accelerometer is dominating for most combinations. Though, in case of CAI12, the LRI (even the best one) is
already dominating the whole noise spectrum. This implies that for SST scenarios, improving the accelerometer
even further will not result in any benefit for the final ranging observations as long as no better LRI instruments
become available. Further noteworthy, the electrostatic accelerometers proposed by Alvarez et al. (2022) are very
stable in the low frequency, thus, competing with the CAI instruments (which is why we put these in the same
class for the CAI11 SST instrument scenario, see Table 1).

2.3. SGG Instrument Scenarios

CAI gradiometer and attitude sensors. When applying the SGG principle, an array of accelerometers (cf.
Section 2.1), located symmetrically with respect to the satellite's center of mass, measure differential accelera-
tions along their baselines which contain information about the gravity field gradient (and rotational components).
Since all accelerometers are usually mounted on a rigid platform, the distances between the accelerometer pairs
are assumed to be known and constant. Such an accelerometer array is commonly referred to as a gravity
gradiometer. According to the operational complexity of CAI accelerometers, we assume to have only one
sensitive gradiometer axis in each direction (by using six single one-axis ACCs), which is why we only use the
diagonal components of the gradiometry tensor in our study. This then requires an alternative method to deter-
mine the gradiometer attitude and the angular velocities that enter he gradient observations (Siemes, 2018;
Stummer et al., 2011). Here, we consider two different gyroscopes with two different noise levels. One of them
has a white-noise level close to ]0_8% (Douch et al., 2018) in term of angular velocity that we call realistic

gyroscope (R Gyro). The second one is a CAl-based gyroscope and has different noise levels depending on its
interrogation time. Here, we take it as a future gyroscope with a white-noise level close to 10*9% (Savoie

et al., 2018).
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Table 2

Selected Satellite Gravity Gradiometry Instrument Scenarios/Classes

Class Selected accelerometer Selected gyroscope
GOCE—current state of the art 3D MicroSTAR - 0.2 (i.e., about 5 times better) Reconstructed from 3D gradiometer + R Gyro
Future EA—future 3D EA and gyroscope 3D EA*®

Realistic CAl—realistic 1D CAI and gyroscope EA® + CAIll R Gyro (1078 rad/s/+\/Hz)

Future CAl—future 1D CAI and gyroscope EA® + CAIlL2 CAI Gyro (107° rad/s/+/Hz)

“EA (electrostatic accelerometer): { Alvarez@350, Dalin}.

Instrument classes. Considering different noise levels of (CAI) accelerometers and the utilization of different
types of gyroscopes in the SGG concept, the instrument scenarios can be divided into four classes (cf. Table 2):

o The first class represents the status quo, resembling a GOCE-like instrument performance. The GOCE-like
setup consists of six 3D electrostatic accelerometers where each EA has an ASD shape similar to Micro-
STAR (see Figure la) but with an error level which is about five times lower (i.e., better, see Touboul
et al., 2016). The GOCE accelerometer performance is hence only slightly worse than the future Dalin
performance.

o The second class also consists of gradiometers in a GOCE-like setup (i.e., constructed through six 3D elec-
trostatic accelerometers) but now using future EA specifications in form of (a) the Dalin and (b) the
Alvarez@350 realization (cf. Figure 1a). For the first and the second class, angular velocities can be recon-
structed with sufficiently high accuracy directly through the off-axis accelerations measured by the 3D
electrostatic accelerometers.

o The third class comprises hybrid accelerometers, combining electrostatic accelerometers (Alvarez@350 and
Dalin) with CAIl1 (see Figure 1a). In this class, we use a realistic gyroscope, and given the use of both
realistic hybrid accelerometers and realistic gyroscope, this class is denoted as the Realistic CAI class.
Specifically, it includes (a) Alvarez@350 + CAIl11l + R Gyro and (b) Dalin + CAIl1 + R Gyro.

o The fourth class involves a fusion of a future hybrid accelerometer and a future gyroscope. The future
accelerometer is a combination of a future EA with CAI12 (cf. Figure 1a). Given the lower noise level of CAI
accelerometers, which might emerge from future technological advancements, coupled with the utilization of
a CAl-based gyroscope, this category is referred to as the Future CAI class. Concretely, it includes (a)
Alvarez@350 + CAI12 + CAI Gyro and (b) Dalin + CAI12 + CAI Gyro.

3. SST Simulations and Results

This section treats the implementation and evaluation of the conducted SST simulation scenarios. In Section 3.1,
the simulation setup for the various scenarios will be described, while in Section 3.2 the main results will be
presented and interpreted. In Section 3.3, the impact of temporal aliasing on the simulation results will be dis-
cussed in more detail by evaluating additional scenarios with reduced time-variable input signal.

3.1. SST Simulation Setup/Scenarios

SST-simulations are conducted by using an adapted version of the TUM full-scale SST simulator (Daras, 2016;
Daras et al., 2015). For the SST simulations, the selected scenarios are designed to be, in most aspects, similar to
current generation single-pair (GRACE/-FO) and next generation (MAGIC, being planned) double-pair SST
gravity field missions.

Orbits. For the single-pair (SP) scenarios, a polar GRACE-like orbit (89° inclination, 463 km altitude) is
assumed. For the double-pair (DP) scenarios, the same polar pair from the single-pair scenario is reused and
combined with an additional inclined pair (70° inclination, 432 km altitude). Both constellation scenarios are
designed to have (among other) a sub-cycle of 7 days in which period the ground-track pattern is nearly ho-
mogeneous. Concretely, the orbits (polar and inclined) correspond to the constellation scenario “3d_H” from the
ESA NGGM/MAGIC science support study (Heller-Kaikov et al., 2023). Since the present study aims to quantify
the benefit of quantum accelerometers for current and next-generation satellite gravity missions, larger satellite
constellations are not considered.

ZINGERLE ET AL.

6 of 21

8518017 SUOWILWIOD BAITea.0 3|qedl|dde au Aq pauienob aJe ssjolie VO ‘88N JO S3|N1 10} Aiq1T 8UIUO 8|1 UO (SUO R IPUOD-pUe-SWLBHWI0D" A3 | 1M ARIq U1 |UO//SONY) SUORIPUOD pue Swiie | 3y} 89S *[7202/60/60] U0 A%iqiTauliuo AB|IM ‘Z49 Wepsiod Wniuez-z}oyw pH Aq 0£9€00 Va202/620T 0T/10p/uiod A8 im Areiq1jeuluosgndnbe;/sdny wo.j papeojumod ‘6 ‘v20Z ‘v80SEEES



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2024EA003630

Forward modeling. To enable a high degree of realism within the SST-simulations, all important (time-variable)
gravity signal components are included in the forward modeling (“true world” simulation). These include a static
gravity field model (GOCOO05s, Mayer-Giirr et al., 2015), non-tidal time-variable gravity (components AOHIS
from the ESA Earth System Model, ESM, Dobslaw et al., 2015), and a tidal gravity field model (EOT1IIa,
Savcenko & Bosch, 2012). All forward modeled gravity field components are simulated up to the spherical
harmonic degree and order (d/o) 120. In the following, this forward modeling scenario (including all major time-
variable gravity field components) will be denoted as full-noise (forward) model, since the resulting gravity field
models will include instrument noise as well as temporal aliasing “noise”. Temporal aliasing is generated when
the signal cannot be reconstructed correctly due to an insufficient sampling and/or parametrization in the time
domain. Since the given full-noise forward model contains strong daily and sub-daily signal components (e.g.,
tides), it is expected that the temporal aliasing error plays a crucial role when estimating (static) weekly gravity
fields. Next to the full-noise scenario, also the so-called product-only forward modeling scenario will be
considered. It only contains the static (time-invariant) gravity field component (i.e., GOCOO05s) and omits all
time-variable parts (tidal and non-tidal). Thus, gravity field models resulting from product-only scenarios will just
include the instruments (assumed as product noise, see Section 2) as error source (meaning temporal aliasing
errors are excluded). This is useful when trying to assess the influence of the instruments alone on the final gravity
field solution (assuming temporal aliasing could be eliminated by other means).

Backward modeling. In the SST-simulations, the gravity field is retrieved (i.e., backward-modeled) through the
common least-squares adjustment approach by using a static spherical-harmonic parametrization. In the TUM
full-scale SST simulator, SST ranging observations are modeled in terms of range-rates by using the integral
equation approach based on short-arcs (brief short-arc approach, see Mayer-Giirr, 2006). In our approach the
observation are stochastically modeled also on an arc-wise basis through covariance matrices computed from the
instrument ASDs provided in Section 2. The default retrieval period for the gravity fields is set to 31 days, as this
roughly coincides with the period used in the standard GRACE processing (for all results shown in this Section 3).
For assessing the benefit for hydrological use cases (Section 5), a retrieval period of 7 days is chosen as it poses a
good compromise between ground-track coverage (i.e., maximum achievable resolution) and (minimum)
retrieval length for single- and double-pair SST missions. For monthly solutions and weekly double-pair solu-
tions, the max. d/o for the retrieved gravity field model is set to 120. For weekly single-pair solutions this max. d/o
is reduced to 100 (due to the limited ground track resolution). For the full-noise forward modeling scenarios, a
realistic de-aliasing is performed in the backward modeling (comparable to the standard GRACE-processing) by
removing non-tidal (de-aliasing products for components AO from the ESA ESM, Dobslaw et al., 2015) and tidal
(GOT4.7, Ray, 2008) de-aliasing models prior to the gravity field retrieval.

3.2. SST Simulation Result

When applying the simulation scenarios defined in Section 3.1, one ends up with four simulations per defined
instrument noise: (a) product-only/single-pair, (b) product-only/double-pair, (c) full-noise/single-pair, and (d)
full-noise/double-pair. Since each of these scenario classes shows rather homogeneous behavior (in terms of
retrieval performance), the simulations will be grouped according to these classes within the following discussion.

Product-only, single-pair. Figure 2 shows degree-dependent errors in terms of equivalent water heights (EWH,
see, e.g., Heller-Kaikov et al., 2023) for all conducted simulations. It demonstrates that the gravity field retrieval
error in case product-only scenarios scales basically directly with the instrument noise level (cf. Figure 2a, solid
lines). This is to be expected, because in this case the instruments pose the only error source. Comparing the
magnitudes of the single-pair product-only degree errors, large performance jumps between the different in-
strument scenarios are visible. Specifically, when comparing the NGGM to the CAIl1 instrument scenario, a
large improvement (about one order of magnitude) is discernible even though the instrument performances do not
differ strongly in the high and mid-frequencies (cf. Figures 1b and 2a). However, NGGM shows much worse
performance than CAIl1 in the low frequencies. This indicates that, for single-pair scenarios, the instrument
performance in the long wavelengths (i.e., low frequencies) is the dominant driver for the gravity field retrieval
error. To further underline this finding, additional instrument scenarios have been simulated (not included in the
figures for the sake of clarity) where the performance is just differing in the lower (<0.01 Hz) or higher fre-
quencies (>0.01 Hz). These simulations have confirmed this behavior and have further shown that the impact of
the instrument performance in the higher frequencies (>0.01 Hz) is minor in case of product-only single-pair
scenarios.

ZINGERLE ET AL.

7 of 21

8518017 SUOWILWIOD BAITea.0 3|qedl|dde au Aq pauienob aJe ssjolie VO ‘88N JO S3|N1 10} Aiq1T 8UIUO 8|1 UO (SUO R IPUOD-pUe-SWLBHWI0D" A3 | 1M ARIq U1 |UO//SONY) SUORIPUOD pue Swiie | 3y} 89S *[7202/60/60] U0 A%iqiTauliuo AB|IM ‘Z49 Wepsiod Wniuez-z}oyw pH Aq 0£9€00 Va202/620T 0T/10p/uiod A8 im Areiq1jeuluosgndnbe;/sdny wo.j papeojumod ‘6 ‘v20Z ‘v80SEEES



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2024EA003630

10 mL
1
» 13
§ 0.1 —— ref. monthly HIS
] *|—— GRACE-FO (SP)
= . ref. monthly HIS . ——NGGM (SP)
E 001 " _“——GRACE-FO (SP) ——CAI11 (SP)
: R ——NGGM (SP) 1 ——CAl12 (SP) ]
, 27 |——cAn1 (sp) ~-~~Error free (SP)
> ——CAI12 (SP) o S - - -GRACE-FO (DP)
0.001 4 i - - ‘NGGM (DP)
- = -CAl11 (DP)
- = CAl11 (DP) - - -CAl12 (DP)
- - -CAl12 (DP) Error free (DP)
0.0001 ’ . ' ' : 03 - : - ’ :
2 20 40 60 80 100 120 2 10 20 30 40 50 60
Degree Degree
(a) (b)

Figure 2. Degree errors in terms of equivalent water heights (EWH, see, e.g., Heller-Kaikov et al., 2023) for all conducted
simulations. The black curve shows the monthly reference mean signal (ESM components HIS + AO de-aliasing errors).
Colored curves correspond to the differences of the individual instrument scenarios to the reference. Solid lines depict single-
pair scenarios, dashed lines double-pair scenarios. (a) Product-only scenarios for single-pair (SP) and double-pair (DP)
constellations for all instrument scenarios. (b) Corresponding full-noise scenarios. Orange lines represent additional
scenarios where no instrument errors are included (i.e., assuming negligible small white-noise on range-rate level).

Product-only, double-pair. Similar to the product-only single-pair scenarios, also the product-only double-pair
scenarios scale with the instrument performance (cf. Figure 1a, dashed lines). All product-only double-pair in-
strument scenarios can outperform their single-pair counterparts by at least one order of magnitude. However, the
relative decrease of the retrieval error behaves differently than in the single-pair cases. When comparing for
instance again the NGGM and CAIl1 instrument scenarios, the relative performance jump is much smaller
compared to the product only single-pair jump. The same can be observed for CAIl11 and CAI12. Since the
performance of these instruments differs rather strongly in the low frequencies (<0.01 Hz) but not so in the high
frequencies (>0.01 Hz) it is suspected that for double-pair scenarios the instrument performance in the longer
wavelengths is of less importance than in case of single-pair scenarios. Thus, to proof this behavior, also for the
double-pair scenarios, additional simulations with instrument noises just differing in the lower or higher fre-
quencies have been performed (same as for single-pair). These simulations confirmed the smaller impact of the
instrument performance in the lower frequencies for double-pair scenarios and indicated a rather increased
sensitivity toward the higher frequencies compared to the single-pair scenarios.

It is supposed that the high sensitivity toward lower frequencies within (polar) single-pair scenarios is induced by
the decreased stability of the gravity field inversion (through unconstrained least-squares adjustment) in case of
unidirectional observations and no ground track crossings (except on the poles). In contrast, the second inclined
pair in the double-pair scenarios introduces two additional observation directions (one for ascending and
descending overflights) and ground track crossings (with itself and the polar pair). It is very intuitive that these
advantages help to intrinsically mitigate long-wavelength drifts of the instruments (i.e., a higher instrument noise
in the low frequencies). Due to the higher sensitivity of single-pair scenarios to the low frequencies of the
accelerometer, CAl instruments may be particularly helpful here: Figure 3 highlights the performance differences
between product-only single-pair scenarios NGGM and CAIl1, which are mainly driven by the improved
accelerometer performance in the long wavelengths (cf. Figure 1b). The improvement is particularly visible in the
sectorial region (i.e., toward higher orders, cf. Figures 3a and 3c), which translates to a reduction of the striping
patterns in the spatial plots (see Figures 3b and 3d).

Full-noise, single-pair. In contrast to the product-only scenarios, the full-noise scenarios include temporal ali-
asing as additional error source (through inclusion of time-variable gravity in the forward modeling). Hence, one
may not expect the same direct scaling with the instrument noise level as in case of product-only. When
comparing full-noise degree errors (cf. Figure 1b) to the product-only errors (Figure la) it is visible that all
product-only retrieval errors (except single-pair GRACE-FO) are one or more orders of magnitude lower than the
corresponding full-noise errors. This implicates that the retrieval error of all full-noise instrument scenarios
(except GRACE-FO) is strongly dominated by temporal aliasing, which is why the actual noise level of the
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Figure 3. Coefficient triangles and corresponding spatial distribution of the errors of the product-only single-pair scenarios NGGM and CAIl1 in terms of equivalent
water heights. In the coefficient triangles, negative orders represent SH sine coefficients and positive orders cosine coefficients. (a) Coefficient triangle of the empirical
errors of NGGM. (b) Spatial error distribution of NGGM. (c¢) Coefficient triangle of the empirical errors of CAI11. (d) Spatial error distribution of CAI11.

appropriate instrument is practically of no importance in case of full-noise (if equal or better than GRACE-FO).
However, even if the actual instrument noise level is not relevant, the retrieval errors between the full-noise
single-pair scenarios still differ. This is explained by the different shapes of the instrument ASDs since the
ASD shape eventually interacts (positively or negatively) with the time-variable gravity signal within the gravity
field retrieval (through a different weighting of the observations). Obviously, a steep slope in the low frequencies
(resp. a dominant low frequency noise) shows the least favorable interaction with temporal aliasing in case of
single-pair scenarios, since the NGGM instrument characteristics results in the worst full-noise retrieval error
(NGGM noise has the steepest low frequency slope, cf. Figure 1b). In general, it seems that the lower the long-
wavelength noise contribution in the instrument noise, the smaller the full-noise single-pair retrieval error (cf.
Figure 1b solid lines and Figure 2b). Though, the overall achievable performance gain is very limited and even a
scenario without instrument errors (cf. Figure 1b, orange dashed-dotted line) is bound by the same temporal
aliasing barrier.

Full-noise, double-pair. In case of full-noise double-pair scenarios, the gravity field retrieval error of all in-
strument scenarios (even GRACE-FO) is strongly limited (by one or more orders of magnitude) by temporal
aliasing (cf. Figure 1b dashed lines, similar to full-noise single-pair). However, in contrast to full-noise single-
pair, the retrieval errors of all full-noise double-pair instrument scenarios are practically identical. This widely
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Figure 4. Degree errors in terms of equivalent water heights for simulations of double-pair instrument scenarios GRACE-FO
(a) and CAI12 (b) with reduced time-variable input signal. The black curve shows the monthly reference mean signal (ESM
components HIS + AO de-aliasing errors). Colored curves correspond to the retrieval errors at specific attenuation levels (of
the time-variable components in the forward modeling, see legend).

agrees with the insights from the product-only scenarios, where the double-pair scenarios are also less influenced
by the long-wavelength behavior of the instruments compared to the single-pair scenario.

For full-noise, it is assumed that the explanation for the sensitivity to the long-wavelength instrument behavior of
single-pair scenarios is also related to the explanation given for the product-only scenarios: due to the decreased
stability of the gravity field recovery in case of single-pair scenarios, it can be assumed that the individual weight
of certain observations becomes stronger resp. weaker. Since an optimal time-averaging is generally obtained by
equally weighting all observations (assuming an equally sampling in time) it is supposed that a stronger individual
weighting (and also stronger correlations between observations) hampers the averaging process, thus, resulting in
stronger temporal aliasing.

3.3. SST Simulations With Reduced Time-Variable Input Signal

As shown in the previous section, in case of full-noise, temporal aliasing significantly superimposes the in-
strument errors for all investigated scenarios. While a double-pair constellation helps to mitigate temporal ali-
asing to some extent (see Figure 2b), it still poses the dominant error source even there. To quantify the level to
which temporal aliasing needs to be reduced that the instrument noise becomes relevant again, simulations with
reduced time-variable gravity signal in the forward modeling are performed (by simply applying an attenuation
factor to all time-variable components). Figure 4 shows the results of this test by comparing the worst-performing
instrument scenario (GRACE-FO, Figure 4a) against the best-performing (CAI12, Figure 4b): it can be seen that,
even in case of GRACE-FO instrument noise, temporal aliasing needs to be reduced to less than 10% before the
sensor noise starts to contribute to the resulting retrieval error. In case of CAI12, even at 1% time-variable signal
strength, temporal aliasing is still strongly dominating and the signal needs to be further reduced to less than 0.1%
to discern the impact of the sensor noise.

Since no relevant performance differences are visible between the different full-noise instrument scenarios (due to
temporal aliasing), further investigations of the benefits to the users (see Section 5) would also be futile. Hence, to
still allow a further reasonable investigation of the potential benefits of improved instruments, it needs to be
assumed that temporal aliasing could be reduced/eliminated by some means. Since the actual treatment of
temporal aliasing would require additional sophisticated studies (e.g., of larger constellations, better de-aliasing
and/or stochastic modeling), which cannot be covered by this contribution, achieving the product-only perfor-
mance (see Figure 2b) is simply assumed for further studies on the benefit. For these studies (cf. Section 5),
dedicated long-term product-only simulations (for the whole year 2002) have been performed for single- and
double-pair constellations using a 7-day retrieval period; the weekly single-pair solutions are only calculated up to
d/o 100 (instead of the default d/o 120) due to the limited ground-track coverage available after 1 week of
accumulation time.
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Figure 5. (a) Comparison between Realistic CAI, Future CAI, and Future electrostatic accelerometer instrument classes in
terms of geoid (i.e., height anomaly) determination. (b) Impact of different gyroscopes (realistic vs. future).

4. SGG Simulations and Results

This section covers the setup and evaluation of the performed SGG simulation scenarios. In Section 4.1, we will
describe the simulation setup and parameters, followed by the presentation and interpretation of the main results
in Section 4.2. Additionally, we will delve into a detailed discussion on the retrieval of time-variable gravity
signals.

4.1. SGG Simulator Setup

Simulation parameters/orbits. The simulation spanned a 2-month period, with data collected at 5-s intervals. To
ensure a meaningful comparison between our findings and the GOCE mission (which serves as the reference for
gradiometry) a GOCE-like orbit (96.7° inclination, 250 km altitude) was adopted, although a full polar orbit
would be more favorable for gravity field recovery. Since all results are hence affected by the polar gap problem
(i.e., an unresolvable zonal wedge in the SH coefficient triangle), the shown degree errors (Figures 5-7) are
specifically tuned to mitigate it (by excluding these near zonal coefficients, see Sneeuw, 2000).

Forward modeling. The closed loop simulation utilized the GOCOO05s model as the reference for the Earth's
gravity field (EGM). In order to incorporate time variability into the gradiometry concept, non-tidal time-variable
gravity components HIS from the ESA ESM is introduced in the forward modeling process, which represents the
simulation of the true world. Both, the static and time-variable components of the gravity field are extended up to
the spherical harmonic degree and order of 180 in the forward modeling.

Backward modeling. Similar to SST, for simulating the SGG concept, we also employ a common least-squares
adjustment approach to recover the gravity field through a static SH parametrization. In the functional model, all
three main diagonal components of the gravity gradient tensor are used according to the CAI gradiometer setup
described in Section 2.3. As an advantage of least-squares adjustment, a rigorous error propagation of the in-
strument noise to the gravity field solution is possible, which enables an additional validation of the obtained
empirical errors (by comparing to the formal errors). The formal errors of all results shown in Section 4.2 are in
good agreement with the depicted empirical errors (cf. Figures 5-7).

4.2. SGG Simulation Results

Static gravity field retrieval. Utilizing the simulation setup described in Section 4.1, a comparative analysis
between realistic and future scenarios has been conducted. Figure Sa presents the results for the scenarios defined
in Section 2.3 (see Table 2). Figure 5b specifically highlights the impact of a CAl-based gyroscope compared to a
realistic “external” gyroscope.

The realistic CAI cases, which are using different accelerometers reveal very similar results, which is attributed to
the dominant error contribution of the realistic gyroscope in this category: since the error contribution of the
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To highlight the explicit benefit of future CAI accelerometers in comparison
to future electrostatic accelerometers, Figure 5a also shows the results when
only using a future electrostatic instrument without a CAI hybridization: the
Dalin EA has an instrument ASD, which is very similar to the GOCE accelerometer with a slightly improved
magnitude. Hence, also the gravity field retrieval errors of the Dalin and GOCE instrument scenarios are very
similar and dominated by the long-wavelength instabilities of these electrostatic instruments (which obviously
impact the gravity field over the whole spectrum). In contrast, the Alvarez@350 EA yields superior results in the
low-frequency domain (similar to CAI instruments) but performs worse in the high-frequency domain due to the
capacitive sensing characteristics of the accelerometer. This behavior is directly reflected in the gravity field
retrieval performance where the Alvarez@350 EA can reach the (future) CAI error level in the low d/o but
deteriorates toward the higher d/o (where the performance gets even worse than GOCE).

Time-variable gravity field retrieval. For studying the feasibility of time-variable gravity field retrieval with
future SGG missions, three instrument scenarios are selected: (a) future CAI (without Gyro noise), (b) future CAIL
(with Gyro noise), and (c) only CAI 12 + CAI Gyro. Scenario (a) where the gyroscope noise is excluded is
introduced to illustrate the specific impact of the gyroscope on the time-variable gravity field retrieval.

Figure 6 presents the related simulation results. The comparison of scenarios (a) and (b) highlights the significant

impact of the gyroscope noise: in absence of attitude noise, temporal variations can be observed up to a spatial
resolution of d/o 35. However, in presence of gyroscope noise the retrieval of
time-variable gravity is almost impossible.

Achievable spatial resolution. By reducing the (static) gravity field retrieval

102 -

error, also higher maximum d/o become observable (since the signal-to-noise

scenario can increase the maximum d/o to 263 (corresponding to a spatial

— CAl N © . . . .
s i I | W ratio remains above one for these higher d/o). Eventually, this means that also
m—— Ref (GOCO05s) w . . . . .
I e 9 I the achievable spatial resolution can be increased, as a maximum SH degree
s= = MAXDIOorRutue CAL S 208 L0 I 2 1,.ax can be related to a minimum spatial wavelength (spherical distance) d,,,;,,
g by ~6,371[km]x/l,,,.. Figure 7 illustrates the improvement of the future CAI
g ! I scenario over GOCE for a two-monthly retrieval period: the future CAI
1 |
I

resolution of ~76[km]) in comparison to a maximum d/o of 223 (~90[km])
achievable by the GOCE scenario.

5. Benefits on Hydrological Use Cases

10 1
The purpose of this section is to discuss the potential of the proposed mission
0 5'0 1 (I)O 1 5'0 2(')0 2éo scenarios for scientific and service applications, in particular in the field of
Degree hydrology. Terrestrial water storage (TWS) is mainly composed of ground-
water, snow, ice, soil water, and of surface water in rivers, wetlands, natural
Figure 7. Maximum recoverable d/o with the future CAI satellite gravity lakes and man-made reservoirs (Giintner et al., 2007). In its capacity to

gradiometry scenarios in comparison to GOCE.

expose long-term impacts on the global water cycle the variable “TWS
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Table 3 anomalies” has been defined an essential climate variable (ECV) by the

Degree and Order (d/o) Where the Mean Weekly Retrieval Error of the
Different Instrument Scenarios Exceeds the Mean Signal of the HIS
Reference

Scenario Cut-off polar pair constellation Cut-off double pair constellation

GRACE 42 92

NGGM 73 120
CAIll 100 120
CAII2 100 120

Note. This d/o was used for each scenario as the cutoff for synthesizing the
simulation results to the 1° degree global TWS grid.

Global Climate Observing System (GCOS, https://gcos.wmo.int/en/essen-
tial-climate-variables/tws). Satellite gravimetry is the only available tech-
nology to measure this ECV on a global scale. As derivate from TWS further
ECVs can be monitored, as demonstrated for the ECV product “groundwater
storage change” by the project Global Gravity-based Groundwater Product
(G3P, Giintner et al., 2023). In the following, we want to address the question:
Do hydrological application cases benefit from quantum technology on future
gravimetry missions?

5.1. Input Data

From the simulated (product-only) time-variable gravity fields presented in
Section 3.3, global time series of TWS were derived by synthesizing the

simulation results in terms of EWH to regular 1° grids of 7-day mean TWS anomalies. The (product-only) in-
strument scenarios were resolved to the d/o where their mean (weekly) retrieval error exceeded the mean signal of

the HIS reference (see Table 3).

As a basis for the comparison, TWS anomaly time series from a real-world model were used, that is, the HIS-

component (hydrology, ice, solid earth) of the ESA ESM. Instrument scenarios were simulated for the year
2002. The HIS reference was provided for the period of 1995-2006 (12 years) and resolved up to d/o 120. When
introducing the reference up to d/o 120, omission errors induced by the limited spatial resolution are minimized, at
least for the double-pair scenarios (see Table 3). Furthermore, it is assumed that the signal separation between the
ESM components AO and HIS can be performed perfectly. Hence, in these scenarios, temporal aliasing, omission

errors, and signal separation errors are neglected, which allows to focus entirely on the instrument errors. This has

to be kept in mind when interpreting the following evaluations.

We removed the 12-year linear trend at the grid cell scale to minimize possibly disturbing effects of long-term
processes such as glacier melt or man-made groundwater depletion on the analysis of the short-term hydro-
meteorological phenomena considered here. The evaluation of hydrological application cases was focused on
474 of the 520 world's largest river basins from the data set “Major River Basins of the World” of the Global
Runoff Data Center (GRDC, 2020). 46 basins had to be discarded since their geometry did not allow for an
assessment with the 1° grid resolution.

5.2. Method

Area averages and RMSD calculation. Based on the basins we calculated latitude-dependent area averages for
all 1° grid data sets. From these the root mean squared deviation (RMSD) between the individual instrument
scenarios and the HIS reference were calculated for 2002 as an empirical estimate of the error of the instrument
scenarios. For comparison of the scenarios the RMSD values of the 474 river basins were scatter plotted against

their basin area and the performance of the instrument scenarios were compared.

Detection of hydrological extremes. To evaluate the individual instrument scenarios with respect to their po-
tential to detect hydrological extremes, the instrument scenarios were analyzed for time steps in which certain
thresholds that define wet or dry TWS extremes were crossed. The thresholds for wet (99th, 98th, and 95th
percentile) and dry extremes (1st, 2nd, and Sth percentile) were derived from percentiles of the 12-year HIS

reference (1995-2006). The 1-year instrument scenario simulations were then compared to those thresholds to

check if an extreme was detected by the scenario.

The following features were assessed for scenario comparison:

I. In how many of the 474 basins an extreme was correctly detected.

In these correctly identified basins.

II. How many peaks were detected in the correct 7-day time step (CP) and
III. How many peaks were detected in the wrong time step (IP).

IV. The mean deviation in TWS anomalies of the correctly detected peaks between scenario and reference.
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Figure 8. Root mean squared deviation values of the four instrument scenarios as single pair constellation (left) and double
pair constellation (right). Vertical lines in the right plot indicate the cut-offs and the approximate spatial resolution that
results from them, that is, the sizes of a basin that could reliably be assessed with the cut-off.
To fuse parameters II and III, we calculated a statistical score that benchmarks the capability of a scenario to
correctly detect peaks:
CP—1IP
Score = ——— O]
ref
with CP the correct peaks, IP the incorrect peaks, and N, the total number of peaks in reference.
Furthermore, it was evaluated:
V. How often a basin was registered as having an extreme when in the reference was having none at all and
VI. How many peaks crossed the threshold in that particular year. The latter has proven to be a good indicator for
the noisiness of a time series.
Please note that we define the term peak as a time step where TWS crosses the defined threshold. In case of the dry
extremes, this means a negative peak in the anomalies (a very low TWS value).
5.3. Results
102 RMSD of scenarios - double pairs Area averages and RMSD calculation. The RMSD values of the single-pair
H constellations differ only slightly among them and are not suited to differ-
.?. entiate between the error properties of the four instrument scenarios (compare
Figure 8). However, we have to point out the different cut-offs of the indi-
10! = T vidual instrument scenarios, which might lead to a dominance of the omission
g T error (see Table 3).
£ . T In double-pair constellation, the scenarios are well distinguishable. The dif-
3 10° ferences between the scenarios spread across 1.5 orders of magnitude, with
% : performance increase in the order from GRACE, over NGGM to CAIl1 and
E CAII12. Furthermore, it is clear that there is a performance increase with basin
10-1 size, which is probably linked to the spherical-harmonic cut-off degree and
the generally limited spatial resolution of the method (compare Table 3).
As mentioned above, with the scenarios with resolution below d/o 120, there
10-2 1 remains a possibility that the omission error is the dominating factor. This
GRACE NGGg" CAI1l  CAIl2 does not apply to CAI12, CAI11, and NGGM, which have been resolved up to
cenario

Figure 9. Box plot for the four instrument scenarios in double pair
constellation. The plot only includes the 237 basins that are on the right of
the red line in Figure 8, that is, larger than about 47,000 km? (d/o 92).

d/o 120. Considering the double pair constellations in more detail (Figure 8)
only GRACE remains below that resolution. Accordingly, the box plot in
Figure 9 focuses on the 237 basins that can be assessed by each of the four
scenarios in a similar way. However, the above observed pattern remains, and
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Figure 10. Number of basins with extremes in the year 2002 (parameter I, left) and mean deviation of the extremes from the ESM reference (parameter IV, right). Total
number of basins assessed in the study is 474.

Table 4

we see that the quantum-based accelerometers outperform the electrostatic accelerometers by about 1-1.5 orders
of magnitude. In the case of CAIl2 the difference is significant Figure 10.

Looking at Figure 8 from another perspective, we can say that the scenarios NGGM, CAIl1, and CAII2 in
comparison to GRACE would allow for an additional assessment of 91 basins with sizes between 28,000 and
47,000 km?. This is an increase of 38.4%.

Detection of hydrological extremes. As a first outcome, it became apparent that patterns in the results for the
different percentiles are similar and deviations from the ESM reference for each scenario remain stable across
percentiles. For the sake of briefness, we will hence focus on the 5th and 95th percentiles (Table 4). Tables A1 and
A2 with full results can be found in the appendix.

The results show that the general pattern of double pairs outperforming the single pairs persists for parameters I
and III to VI. Only for parameter II, results are rather similar across constellations and instrument scenarios.

The detection rate of extremes (parameter I) increases slightly in the same order as in the results for the RMSD
values, that is, from GRACE over NGGM to the two CAI scenarios (Figure 11). Again it should be noted that

Summary Statistics for the Hydrological Extremes

Dry extremes 5% Wet extremes 95%

I 1 1I (CP) III (IP) Score v \ VI I I 1I (CP) III (IP) Score v \'% VI
n %ol %* mm N %ol %o* mm
ESM 205 43.2/- 7.1 - 1 - - - 173 36.5/- 59 - 1 - - -
Single pair constellations
GRACE 79 16.7/38.5 5.5 79 —033 136 70 84 85 17.9/49.1 4.8 4 —0.06 203 39 43
NGGM 120 25.3/58.5 59 5.8 —0.21 9.1 59 69 128 27174 5.4 2.4 0.34 137 31 29
CAIll 161 34/78.5 6.1 4.1 0.24 7.2 38 57 146 30.8/71.2 5.6 1.9 0.56 8.2 14 24
CAIl2 160 33.8/78 6.2 42 0.24 7.3 37 57 144 304/832 5.7 1.8 0.56 8.3 13 26
Double pair constellations
GRACE 152 32.1/74.1 5.9 54 0.14 8.4 55 73 138 29.1/79.8 5.6 2.3 0.48 1.6 31 3
NGGM 193 40.7/94.1 6.4 29 0.49 3.0 30 35 161 34/93.1 5.6 1.3 0.72 3.6 11 1.4
CAIll 195 41.1/95.1 6.5 1.9 0.7 2.0 15 2.1 161 34/93.1 5.8 1.1 0.77 3.1 7 1
CAIl2 201 42.4/98 6.6 1.5 0.7 1.7 6 1.2 162  34.2/93.6 5.8 1.1 0.8 2.8 6 1.2

Note. For explanation of parameters I to VI and the score, see the main text at the beginning of this chapter. Parameter I is given as number (n) and as percentage in
relation to the total number of 474 basins (%) and to the number of basins with an extreme in the ESM (%*).
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Figure 11. Score (according to Equation 9) for detecting dry extremes (5% threshold) in 2002, for the difference scenarios in the double pair constellations.

different cut-offs have been used for the different scenarios (Table 3). As it is likely that results for the single pair
constellations are mainly influenced by the omission error, we will focus on the double pair constellations in the
following. Here it becomes apparent that the scenarios with equal cut-offs, that is, NGGM, CAIl1 and CAIl2,
have very similar detection rates and hence parameter I is not well suited to assess performance. To a slightly
lesser extent, this is also the case for parameter IV.

The order of performance of the different scenarios persists when looking at the detection of hydrological ex-
tremes, described by parameters II and III in Table 4. For both dry and wet extremes, the number of correctly
detected peaks (CP) in basins that had extremes in the study year 2002 increases while the number of incorrect
peaks (IP) decreases. The performance differences between the scenarios are a bit more pronounced in the single
pair constellations and for the IP.

A combination of parameters II and III is the score presented in Table 4 and plotted as maps of the basins in
Figure 11, for the example of the dry extremes and the double pair constellation. The order of performance
also persists here, with poorer performance of the GRACE scenario, and again a bit more pronounced for the
single pair constellations (not shown). The patterns show no clear geographical distribution. However, they
indicate that smaller river basins, often located in coastal regions, tend to have a lower performance, illustrated by
reddish colors or dark gray (the latter marks basins that have extremes in the scenario but none in the reference
data). As the signal-to-noise ratio tends to increase when averaging over larger areas, this behavior is to be
expected.

While the above results show rather moderate differences between the scenarios, the differences become much
clearer when looking at the number of false positive basins (parameter V in Table 4) and the number of peaks in
the false positive basins (parameter VI) (Figure 12). The latter is a good measure of the noisiness of a time series.
For the wet and dry extremes, we see the former pattern of performance increase between the scenarios. But
especially for the dry extremes, we see a clear improvement with a lower number of false positive basins toward
the quantum-based scenarios that previously were not so clearly discernible from the NGGM performance.
However, it is remarkable that for the wet extremes there is virtually no difference between the CAIl11 and the
CAI12 scenarios. Furthermore, it is remarkable that the detection of wet extremes tends to produce less false
positives than the dry extremes. The number of false positive peaks seems to closely correlate with the number of
false positive basins, which indicates that lower noisiness of a time series reduces errors in extreme detection.

Discussion. The definition of requirements for satellite gravimetry missions in respect to a desired performance
for hydrological application cases is very complex and can only be achieved in close exchange with all involved
scientific disciplines. A comprehensive result of such discussions are the current MAGIC mission requirements
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Figure 12. Number of basins where extremes in 2002 were seen in the scenarios when while there was no extreme in the ESM reference (“false positive basin”), and the
mean number of peaks in those basins (“false positive peaks”) for the dry (left) and the wet extremes (right) for the double pair constellations. Please note the two

differently scaled ordinates.

(Haagmans and Tsaoussi, 2020) based on Pail et al. (2015). This mission requirement document (MRD) gives a
threshold requirement for accuracy of 60 mm EWH and a target requirement for accuracy of 6 mm EWH for
weekly TWS data at the spatial resolution we are looking at in this study, that is, 166-217 km (d/o 120 and 92) in
the case of double pair constellations.

To achieve the desired comparability of scenarios, we made a series of far-reaching assumptions in terms of
background models and omission errors. Accordingly, we were looking at somewhat unrealistically optimized
simulations. The errors of the simulation, above expressed as RMSD values, hence widely ranged better than the
target requirements from the MAGIC MRD. Only some small basins in the GRACE scenario tested could not
meet the threshold mission requirements. Considering the accuracy of the detection of hydrological extremes, all
single pair scenarios and the GRACE double pair scenarios are worse than the target requirement of the MAGIC
MRD with accuracies going up to 20 mm, however still better than the threshold requirement. NGGM, CAI11,
and CAII2 as double pairs all perform better than the target requirement of 6 mm.

Another clear result is the overall superior performance of the larger constellation. With the better signal-to-noise
ratio of the double pair constellation, especially for NGGM, CAI11, and CAIl2, a significantly larger number of
small basins could be assessed. Accordingly, we support the planned double pair constellation of the
MAGIC MRD.

To answer our initially posed question, if hydrological application cases benefit from quantum technology on
future gravimetry missions, we can summarize that in parts the quantum-based technologies delivered better
results than the electrostatic accelerometers, especially than GRACE. While major improvements are seen by
adding a second satellite pair, additional quantum-based scenarios in comparison to the MAGIC double pair, are
seen by a lower number of false positives for the detection of hydrological extremes, for example, Additionally, it
has to be stated that the CAI11 scenario, which in general is considered to be more realistic from a technological
perspective than the CAI12 scenario, widely performed as fine as the latter.

6. Conclusions

In this contribution, the impact of future (quantum) accelerometers on the SST and SGG mission concept has been
investigated. For SST, this impact can be quantified on different processing levels: (a) on the in situ observation
level, (b) on the level of global gravity field models, and (c) on user product level (e.g., TWS grids).

The benefit on (a) the in situ observations can directly be inferred by inspecting the SST instrument product noise
(see Section 2.2) and is also reflected in the product-only gravity field solution (Section 3). Obviously, future
instrument scenarios enable smaller observation errors, and, thus, allow to observe the gravity field more pre-
cisely. However, one has to keep in mind that, in case of SST, the product noise is a combination of the accel-
erometer noise and the noise of the ranging instrument. Consequently, for improving the observation noise, also
improved ranging instruments need to be considered. When inspecting the combined (product) noise of the best-
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performing instrument scenario (CAI12), it is seen that it is completely dominated by the noise of the ranging
instrument. In this case, an additional improvement of the accelerometer would not reduce the final observation
errors any further.

When deriving (b) global gravity field models from in situ observations, certain accumulation times need to be
considered to achieve the necessary global observation coverage through the satellites' ground tracks. For single-
pair and double-pair missions, an accumulation time (retrieval period) of several days (e.g., 1 week) is usually
required (depending on the spatial target resolution and available orbital sub-cycles). This accumulation time
defines basically the maximum achievable temporal sampling rate. From the time-variable background models
(ESM, ocean tides) it is known that they contain significant signal content up to half-daily frequencies and beyond
(e.g., see Daras & Pail, 2017). Eventually, this implies that significant temporal aliasing is introduced when
deriving global gravity fields from single- and double-pair SST missions. In fact, the errors induced by temporal
aliasing are in all investigated instruments scenarios much larger than the errors induced by the instruments (see
Section 3.2). Hence, for small constellations, the benefit of improved (accelerometer) instruments is very limited
on thereof derived global gravity field models. To reduce the primary error source (i.e., temporal aliasing), larger
constellations are necessary, which enable a higher spatio-temporal resolution. Temporal aliasing could theo-
retically also be mitigated by improving the background/de-aliasing models. Though, the applied background
models would need to improve by at least a factor of 10 (cf. Section 3.3) which seems not achievable within the
near future.

As hydrological users are only interested in the components of the gravity signal that relate to hydrologically
induced, that is, TWS changes, processing requires signal separation. The task of signal separation can inherently
not be solved through gravity observations alone and requires additional information, for example, from models
and/or complementary data sets. The accuracy of this information poses an additional error source which,
eventually, supersedes the instrument errors. Hence, before improved technologies as discussed in this study may
have a beneficial impact on hydrological user applications, further progress in processing has to be made. This is
illustrated by the fact that only after ignoring the effect of temporal aliasing, the impact of better instruments on
hydrological applications could be quantified (see Section 5). Nevertheless, adding a second SST pair results in
the largest performance gain for hydrological applications.

Finally, for SST, it can be stated that instrument errors reflect one of the primary error sources. However, the
errors induced through temporal aliasing are currently significantly more prominent (when deriving global
gravity field models). Thus, from a general perspective, reducing temporal aliasing is at the moment a more
important task than further reducing the instrument noise level. Considering the investigated single- and double-
pair SST mission scenarios, a lower instrument noise could only be fully exploited by the users if they would be
able to work directly with in situ SST observations (since temporal aliasing would be completely mitigated then).
We emphasize that these findings are valid for all future instrument scenarios and are not peculiar to CAI

Similar to SST, also for SGG, it could be shown that improved accelerometers/gradiometers allow to observe the
gravity observable (i.e., the gradient) more precisely (see Section 4). Though, if not the complete gradient tensor
is observable (since this would basically require six 3D accelerometers), the satellite's attitude needs to be
determined with a very high accuracy through complementary instruments. Currently, the available attitude
sensors for this task are not sensitive enough to exploit the full performance gain achievable with future gradi-
ometers. On the other hand, even if the attitude problem could be solved somehow, the projected sensitivity of
future (CAI) gradiometers is still not high enough to compete with the performance of SST missions for time-
variable gravity field recovery. However, it could be shown that CAI SGG instruments can deliver a lower
noise than the GOCE gradiometer, which, consequently, would allow to derive higher-resolution static gravity
field models and with higher accuracy than currently available.
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Table A1

Count (n) of Basins That Contained a Dry Extreme in 2002 and Their Ratio (A) of the Total Number of Basins (474). B is the

Deviation of the Detected Extreme From the Extreme in the ESM Reference

Dry extremes

1% 2% 5%
A B A B A B
n % mm n % mm n % mm
ESM 73 15.4 110 232 205 43.2
Single pair constellations
GRACE 19 4 10.3 36 7.6 10.3 79 16.7 13.6
NGGM 31 6.5 35 55 11.6 5.4 120 253 9.1
CAIll 48 10.1 5.6 71 15 6.2 161 34 7.2
CAIlI2 46 9.7 5.5 72 15.2 6.1 160 33.8 7.3
Double pair constellations
GRACE 37 7.8 5.3 68 14.3 6.0 152 32.1 8.4
NGGM 60 12.7 2.3 92 19.4 2.4 193 40.7 3.0
CAIll 66 13.9 14 96 20.3 1.6 195 41.1 2.0
CAIl2 65 13.7 1.2 95 20 1.2 201 424 1.7
Table A2

Count (n) of Basins That Contained a Wet Extreme in 2002 and Their Ratio (A) of the Total Number of Basins (474). B is the

Deviation of the Detected Extreme From the Extreme in the ESM Reference

Wet extremes

99% 98% 95%
n A B n A B n A B
% mm % mm % mm
ESM 62 13.1 93 19.6 173 36.5
Single pair constellations
GRACE 17 3.6 142 32 6.8 16.8 85 17.9 20.3
NGGM 34 7.2 9.5 57 12 10.6 128 27 13.7
CAIll 40 8.4 7.1 83 17.5 7.5 146 30.8 8.2
CAIlI2 41 8.6 7.3 82 17.3 7.3 144 30.4 8.3
Double pair constellations
GRACE 34 72 9.1 71 15 9.9 138 29.1 11.6
NGGM 53 11.2 3.4 81 17.1 3.8 161 34 3.6
CAIll 55 11.6 2.8 84 17.7 3.0 161 34 3.1
CAIlI2 54 11.4 2.8 84 17.7 2.9 162 342 2.8
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