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Abstract 
 

The state-of-the-art electrostatic accelerometers (EA) used for the retrieval of non-
gravitational forces acting on a satellite constitute a core component of every dedicated gravity field 
mission. However, due to their difficult-to-control thermal drift in the low observation frequencies, 
they are also one of the most limiting factors of the achievable performance of gravity recovery. 
Recently, a hybrid accelerometer consisting of a regular EA and a novel cold atom interferometer 
(CAI) that features a time-invariant observation stability and constantly recalibrates the EA has been 
developed in order to remedy this major drawback. In this paper we aim to assess the value of the 
hybrid accelerometer for gravity field retrieval in the context of GRACE-type and Bender-type 
missions by means of numerical closed-loop simulations where possible noise specifications of the 
novel instrument are considered and different components of the Earth’s gravity field signal are 
added subsequently. It is shown that the quality of the gravity field solutions is mainly dependent on 
the CAI’s measurement accuracy. While a low CAI performance (10-8 to 10-9 m/s2/Hz1/2) does not lead 
to any gains compared to a stand-alone EA, a sufficiently high one (10-11 m/s2/Hz1/2) may improve the 
retrieval performance by over one order of magnitude. We also show that improvements which are 
limited to low-frequency observations may even propagate into high spherical harmonic degrees. 
Further, the accelerometer performance seems to play a less prominent role if the overall 
observation geometry is improved as it is the case for a Bender-type mission. The impact of the 
accelerometer measurements diminishes further when temporal variations of the gravity field are 
introduced, pointing out the need for proper de-aliasing techniques. An additional study reveals that 
the hybrid accelerometer is – contrary to a stand-alone EA – widely unaffected by scale factor 
instabilities.  
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1 Introduction 
 

Climate change is one of the biggest societal challenges today. Understanding the underlying 
processes, which are most frequently related to mass variations in the Earth system, is a prerequisite 
for climate modelling and forecast. As changes in gravity are directly related to mass variability, 
satellite missions observing the Earth’s time varying gravity field are a unique tool for observing mass 
redistribution among the Earth’s system components including global changes in the water cycle, the 
cryosphere and the oceans. These observations provide essential indicators of both subtle and 
dramatic global change and are complementary to many other Earth observation technologies and 
missions. We have gained essential experience in observing the Earth’s gravity field via the successful 
GRACE (Tapley et al., 2004) and GOCE (Drinkwater et al., 2003) missions, the former currently being 
extended through the successfully launched GRACE Follow-On mission (Flechtner et al., 2018). The 
need for sustained observation of mass transport from space was expressed by a resolution adopted 
by the Council of the International Union of Geodesy and Geophysics (IUGG, 2016). Besides 
requesting higher spatial resolution in order to allow for more regional applications, it was in 
particular the need for long and consistent time series that has been expressed by an international 
expert panel under the umbrella of IUGG representing all relevant geoscientific applications (Pail et 
al., 2015).  

Therefore, currently several concepts for next-generation gravity missions (NGGMs) are 
under investigation and discussion. One of the most promising constellations are double-pairs in 
Bender configuration (Bender et al., 2008), i.e. two GRACE/GRACE-FO-like pairs with high-precision 
inter-satellite ranging, where one pair is flying in a (near-)polar orbit and the other in an inclined one, 
where the inclination turns out to be optimal in a range of 60° to 70°. It can be shown that with such 
a configuration temporal aliasing effects, which are one of the dominant error contributors of single-
pair missions like GRACE and GRACE-FO and result in typical striping patterns, can be reduced 
significantly (in the order of a factor 5 to 10; Wiese et al., 2011, Daras and Pail, 2017). Another 
promising constellation is high-precision high-low tracking between high or medium orbiting and low 
orbiting satellites (Hauk et al., 2017), a concept which has been proposed to the European Space 
Agency (ESA) in response to the Earth Explorer 10 call (Pail et al., 2018). 

From the instrument and payload point of view, currently the most limiting factor to a 
dedicated gravity field mission, especially to the retrieval of long-wavelength signals, is the 
performance of the accelerometer (Flechtner et al., 2016), which is required to measure the non-
gravitational forces acting on the satellite. So far, in all gravity field missions, electrostatic 
accelerometers (EA) have been employed, offering some distinctive advantages such as an extremely 
high short-term sensitivity as well as robustness towards launch and space environment. However, 
they also suffer from certain drawbacks like (uncontrollable) thermal drift in the low frequency range 
below a few mHz and scale factor instabilities (Christophe et al., 2018, Klinger and Mayer-Gürr, 
2016).  

A new generation of instruments, relying on the manipulation of matter waves through atom 
interferometry, appears nowadays as very promising candidates for inertial measurements of high 
precision and accuracy. Cold Atom interferometers (CAI) have already proven on ground to be very 
high-performance sensors with the development of cold atom gravimeters (Peters et al., 2001), 
gravity gradiometers (McGuirk et al., 2002) and gyroscopes (Gustavson et al., 1997) in recent 
decades. This promising technology has demonstrated on-ground performances that compete with 
other state-of-the-art inertial sensors and is only expected to reach its full potential in space-based 
applications. In such a micro-gravity environment, the free fall time of the atoms in the instrument 
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and therefore, the measurement scale factor, can be increased by orders of magnitude compared to 
ground-based sensors. 

These two types of instruments have their own assets which are, for the electrostatic 
sensors, their demonstrated short-term sensitivity and their proven flight heritage, and for atom 
interferometers, amongst others, the time-invariant measurement stability as well as the absolute 
nature of the measurements, thus making calibration processes obsolete. These two technologies 
seem in some aspects very complementary and a hybrid sensor bringing together all their assets 
opens new perspectives in terms of space-based inertial measurements. Following this idea, we 
study an instrument configuration where the EA’s bias is periodically estimated through CAI 
measurements and then corrected with a specific gain. This gain then determines the rate at which 
the EA is recalibrated and is dependent on the EA and CAI performance. The hybridization is 
expected to be an important step towards significantly improving the quality of satellite-based 
gravity field retrieval. Its technological aspects as well as its impact on satellite gravimetry is subject 
of a currently ongoing joint ESA study between ONERA and TUM (Contract No. RFP/3-
15194/17/NL/FF/mg). 

This paper aims to evaluate and quantify the additional value of a hybrid accelerometer 
compared to a regular EA for the performance of satellite-based gravity field determination in the 
context of a GRACE-type and Bender-type mission and its corresponding requirements by means of 
numerical closed loop simulations which incorporate the novel instrument’s specifications. 

The manuscript is structured as follows. In chapter 2 the simulation environment alongside 
all relevant parameters is discussed. In chapter 3 the simulation results based on different signal and 
error contributions to the observation system are presented and analysed. Also, the influence of the 
scale factor uncertainty is investigated. Chapter 4 summarizes the key findings and draws conclusions 
towards future developments. 
 
 
2 Simulation environment and parameters 
 

The simulations presented in this study have been conducted on IAPG’s closed-loop reduced-
scale simulation software which is described in detail in Murböck (2015) and Murböck et al. (2014). 
Compared to a real gravity mission processing scheme this tool uses various simplifications as a 
trade-off for improved computation time. The most important aspects which are of relevance for the 
study are reviewed in the following. 

First, externally generated Keplerian orbits and gravity field background models consisting of 
a static component as well as its tidal and non-tidal temporal variations – the two latter being 
optional – are introduced. In this study, we use repeat orbits for both satellite pairs (Tab. 1) with a 
total mission period of 30 days and a sampling interval of 10 s. The initial mean anomaly for each 
satellite is selected in such a way that the inter-satellite distance within each satellite pair amounts 
to approximately 200 km. For the description of the static part of the gravity field the model 
GOCO03s (Mayer-Gürr et al., 2012, Pail et al., 2010) is used. The updated ESA Earth System Model 
(Dobslaw et al., 2014) represents non-tidal temporal variations induced by mass transport processes 
within atmosphere (A), ocean (O), continental hydrology (H), ice (I) and solid earth (S). Finally, the 
tidal variations are introduced through a difference of the models FES2004 (Lyard et al., 2006) and 
EOT08a (Savchenko and Bosch, 2008), both containing the eight major diurnal and semi-diurnal tidal 
constituents Q1, O1, P1, K1, N2, M2, S2 and K2. We note that the simulation results are evaluated on 
the level of residuals, meaning that the focus does not lie on the output gravity field but rather on its 
retrieval error (difference between output and input) resulting from the sum of error sources added 
to the simulation environment. Due to the implementation of the reduced-scale simulator (explained 
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in the following) this process is linear; it is therefore irrelevant whether the temporal variations are 
introduced on signal level and subtracted at the end (as done for AOHIS) or whether they are directly 
introduced on the level of errors (as done for the ocean tides). 

 
[placeholder for Table 1 – see attachment] 
 

Based on this information gravitational accelerations are calculated in a next step by means 
of a spherical harmonic (SH) synthesis for each satellite at every epoch and are then used to generate 
the final observations for the simulations. Within the reduced-scale simulator they are set up in 
terms of line-of-sight (LOS) acceleration differences which read, according to Murböck (2015), 

 
𝐼𝐼𝑙𝑙𝑙𝑙−𝑆𝑆𝑆𝑆𝑆𝑆 = 〈∆𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,∆𝑟𝑟𝐿𝐿𝐿𝐿𝐿𝐿〉 (1) 

 
Here, ∆𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is assumed to be free of any non-gravitational components, i.e. 
 

〈∆𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,∆𝑟𝑟𝐿𝐿𝐿𝐿𝐿𝐿〉 = 〈∆𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,∆𝑟𝑟𝐿𝐿𝐿𝐿𝐿𝐿〉 − 〈∆𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛−𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,∆𝑟𝑟𝐿𝐿𝐿𝐿𝐿𝐿〉 (2)  
 
In the equations above, Δ describes the difference between the satellites, ∆𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 the gravitational 
acceleration differences containing the gravitational potential gradient differences and ∆𝑟𝑟𝐿𝐿𝐿𝐿𝐿𝐿 the LOS 
vector pointing from one satellite’s centre of mass to the other’s. This observation type serves as an 
approximation of the main ll-SST observable – the range between satellites resp. its variation based 
on time and geolocation. However, contrary to those, range accelerations pose a direct functional of 
the gravitational potential, thus making the adjustment problem at hand a linear one, ultimately 
leading to a significantly improved computational efficiency. It will be shown in section 3.1 that the 
results are in accordance with those of a full-fledged gravity retrieval applying the short-arc method 
to range-rate observations, so that the results obtained by the reduced-scale simulator can be 
considered as representative and conclusive. 

In order to simulate realistic observation behaviour instrument accuracy needs to be taken 
into account. This is done by projecting the noise of each considered instrument in the simulation 
onto the LOS between a pair of satellites, accumulating the results into a single time series in terms 
of range accelerations and finally, adding it onto the error-free observations generated in the 
previous step. In this study, we only take into account the two most dominant instruments: the 
accelerometer and the laser ranging interferometer (LRI). The LRI’s noise specification is taken from 
ESA’s SC4MGV final report (Iran-Pour et al., 2015) and in terms of range accelerations reads 
 

𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝑎𝑎𝑎𝑎𝑎𝑎. = 2 ∙ 10−8 ∙ (2𝜋𝜋𝜋𝜋)2 ∙ ��
10−2𝐻𝐻𝐻𝐻

𝑓𝑓 �
2

+ 1
𝑚𝑚

𝑠𝑠2√𝐻𝐻𝐻𝐻
 (3)  

 
It is shown in terms of amplitude spectral densities (ASD) as a thick dashed grey curve in Figure 1. 
 
[placeholder for Figure 1 – see attachment] 
 

For the accelerometer noise we use the hybrid instrument’s specifications provided by 
ONERA. Figure 1 shows different hybridization options which deviate from each other by a different 
noise level of the CAI. As a reference, the error curve of a regular EA is shown (black solid curve). The 
scenario case 1 corresponds to achieved on-ground performance with state-of-the-art cold atom 
gravimeters (Farah et al., 2014, Freier et al., 2016), but is to be regarded as rather pessimistic in the 
context of a space-based application. Here, case 2 seems to be more realistic considering the current 
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level of CAI technology, while case 3 is to be regarded as rather optimistic. Additionally, we simulate 
a kind of an ideal hybridization scenario, case 4, where the noise level of the CAI is able to extend the 
white noise behaviour of the EA in the measurement bandwidth down to very low frequencies.  

Since the EA/CAI-hybridization is currently realized in just one axis, it is reasonable to use it 
for along-track measurements where due to atmospheric friction the majority of non-gravitational 
accelerations can be expected. We assume that each satellite (and hence its accelerometer) is 
oriented in a way where its (hybrid) X-axis is aligned with its current velocity vector which is 
tangential to the orbit (along-track), the Z-axis points in radial direction, and the Y-axis represents the 
cross-track direction normal to the plane spanned by X and Z to complete a right-handed system. 
Since the velocity vector and the LOS do not coincide (based on the parameters defined in Tab. 1 
their deviation constitutes between 0.9° and 3.9° depending on on geolocation), observations in Y 
and Z which are still done with the uncalibrated EA inevitably dominate the low-frequency spectrum 
of the LOS projection (Fig. 2a). This does not represent the full potential of the hybridization and can 
be regarded as a kind of a worst-case scenario. 

The advantages of the hybridization can be maximized if one assumes that both satellites of a 
pair are oriented along their LOS, which approximately is the case for the GRACE and GRACE Follow-
On missions. Here, the Y and Z measurements have no further contribution to the LOS projection of 
the accelerometer noise (Fig. 2b). This is to be considered as best-case, as in reality accelerations in 
any spatial direction directly impact the inter-satellite ranging and thus, the gravity retrieval 
performance. For the simulations at hand, this scenario can be seen as an equivalent of a full three-
dimensional hybridization under the assumption of the previously described satellite orientation in 
along-, cross- and radial direction. The results obtained by both scenarios are shown in this paper, 
the former being referred to as 1D- and the latter as 3D-hybridization. In order to quantify the gain in 
solution quality obtained through the hybrid accelerometer a reference scenario featuring a stand-
alone EA instead of a hybrid instrument is also simulated.  
 
[placeholder for Figure 2 – see attachment] 
 

For sake of completeness we note that in addition to the LRI and the accelerometer noise 
attitude reconstruction errors (star camera) may also become a relevant factor in case the 
accelerometer performance in the low-frequency bandwidth is substantially improved. In this study it 
could be shown that this effect would only become notable if case 4 is used (primarily if the 3D-
hybridization is assumed) and no temporal variations of the gravity field are considered in the 
simulations.   

The observation weighting is done by means of a cascade of digital Butterworth ARMA filters 
(Siemes 2008, Pail et al., 2011). The filter coefficients are chosen in such a way that the cascade’s 
frequency response optimally matches the inverse of the amplitude spectrum of the previously 
generated instrument noise time series. In the reduced-scale simulator the co-variance resp. the 
weighting matrix is never explicitly set up at any point. Instead, the filters are consecutively applied 
to each column of the design matrix and the right-hand side. This approach may suffer from filter 
warm-up effects, which can be counteracted by excluding a number of starting observations (e.g. 
1000) from entering the estimation process. This approach has no significant negative impact on the 
final gravity field solution as long as the number of the remaining observations significantly exceeds 
that of the omitted ones. Otherwise, methods for reconstruction of the omitted information could be 
employed (Siemes, 2008).  

In a last step – the spherical harmonic analysis – the previously generated normal equation 
system can be inverted and solved based on a regular Gauss-Markov least squares scheme producing 
an output gravity field model in terms of spherical harmonic coefficients. One can then subtract the 
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input models from the result in order to evaluate the retrieval errors. In case of the AOHIS model its 
mean value over the retrieval period must be considered, while the ocean tide model is not 
subtracted as it is already introduced in terms of residuals. It should be noted that in closed-loop 
simulations where the instruments constitute the only source of observation noise, SH coefficient 
residuals have approximately equal amplitudes as their formal errors. Because the latter precisely 
depict the instruments’ effect on the gravity field retrieval and due to their homogenous nature, it 
may be reasonable to base the evaluation of the results of such simulation scenarios on formal errors 
instead of the coefficients in this specifc case. 

Due to several simplifications of reduced-scale simulations their results should be validated 
against full-fledged simulation results. This can be accomplished by a comparison to IAPG’s full-scale 
simulation tool (Daras, 2016, Daras and Pail, 2017), where all relevant aspects of a real gravity field 
mission simulation and the subsequent gravity retrieval can be taken into account. The software is 
based on the short-arc approach (Schneider, 1969) with built-in numerical orbit integration. In 
contrast to the reduced-scale simulator, the stochastic model is not introduced via ARMA filtering, 
but an error auto-covariance matrix for each arc. Thus, the arcs are considered as uncorrelated, with 
the exception of boundary conditions applied to avoid jumps of the reference orbit at the transition 
of successive arcs. While for the majority of applications the full-scale simulator can be expected to 
yield the most reliable results, it is not optimally suited for this study. Depending on arc length it is 
possible that information concerning the long wavelengths of the spherical harmonic spectrum of the 
gravity field (periods longer than the chosen length of the short arc) where we expect the highest 
impact of the hybrid accelerometer cannot be handled adequately due to the artificial decorrelation 
of individual arcs. Theoretically, this issue can be remedied by increasing the arc length; however, it 
was shown that as a consequence of the current implementation of the full-scale simulator a greater 
arc length in combination with large variations in instrument noise amplitudes can lead to numerical 
instabilities due to the long-wavelength characteristics of the weighting matrix.  
 
 
3 Numerical Simulations and Results 
 

In this chapter the impact of the hybrid instrument on the performance of gravity field 
retrieval is assessed and quantified based on a number of numerical closed-loop simulations. In a 
first group of experiments, we disregard temporal gravity signals and thus also temporal aliasing 
errors, and only take instrument errors of the accelerometer and the LRI into account. Afterwards, 
we include also temporal gravity to compare the error contribution related to temporal aliasing with 
the instrument errors. At the end of this chapter, we address another important aspect that is 
related to a systematic error component induced by the accelerometer: the fact that the 
accelerometer scale factor cannot be determined perfectly, resulting in an imperfect scaling of the 
accelerometer measurements over the complete frequency bandwidth. One of the advantages of the 
hybrid accelerometer compared to an EA is that the scale factor can be determined more accurately.  
 
 
3.1 Instruments only 
 

We first conduct simulations taking into account only the observation errors induced by the 
accelerometer and the LRI according to Fig. 1. Figure 3 shows the results for these different scenarios 
in terms of degree RMS of the difference between the input and output model (c.f. chapter 2) for a 
GRACE-type mission scenario according to  
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𝑐𝑐𝑛𝑛,𝑅𝑅𝑅𝑅𝑅𝑅 = �� ��𝐶𝐶𝑛̅𝑛𝑛𝑛,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐶𝐶𝑛̅𝑛𝑛𝑛,𝑖𝑖𝑖𝑖�
2 + �𝑆𝑆𝑛̅𝑛𝑛𝑛,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑆𝑆𝑛̅𝑛𝑛𝑛,𝑖𝑖𝑖𝑖�

2�
𝑛𝑛

𝑚𝑚=0

 (4)  

 
where 𝑛𝑛 and 𝑚𝑚 are the SH degree resp. order and 𝐶𝐶𝑛̅𝑛𝑛𝑛 and 𝑆𝑆𝑛̅𝑛𝑛𝑛 are the fully normalized SH 
coefficients of the input resp. output model. Equivalently, the formal errors according to  
 

𝜎𝜎𝑐𝑐𝑛𝑛,𝑅𝑅𝑅𝑅𝑅𝑅 = �� �𝜎𝜎𝐶𝐶𝑛̅𝑛𝑛𝑛,𝑜𝑜𝑜𝑜𝑜𝑜
2 + 𝜎𝜎𝑆̅𝑆𝑛𝑛𝑛𝑛,𝑜𝑜𝑜𝑜𝑜𝑜

2 �
𝑛𝑛

𝑚𝑚=0

 

 

(5)  

are shown. As expected, the impact of the hybrid accelerometer measurements compared to the EA 
is mainly reflected in, but not limited to, the long-wavelength part of the gravity field solution. It is 
also evident that not all hybridization scenarios lead to an improvement of the solution quality 
compared to a standard EA. As can be seen in Fig. 3 no significant differences can be detected 
between the coefficient residuals of the reference EA scenario and those of case 1 and 2. This is 
further underlined in Table 2, which shows the RMS of global height anomaly differences calculated 
from the residual coefficients. This behaviour can be attributed to the fact that the accelerometer 
improvement obtained by case 1 lies below the frequency bandwidth that is relevant for gravity field 
retrieval. The lower boundary of this frequency band is defined by the satellites’ orbital frequency 
which is approximately 1.8⋅10-4 Hz (equivalent to one complete revolution in about 90 minutes) for 
both the polar and the inclined pair. In case 2 the recalibration of the EA occurs at a frequency that is 
very close to the edge of the retrieval band. Therefore, no significant difference to the reference 
scenario can be found here either. Due to the same reason the results of these two scenarios do not 
differ between 1D- and 3D-hybridization (cf. Fig. 3). First significant improvements with respect to 
the standard scenario become apparent when using case 3. Here, the degree RMS of the residuals 
improve by up to a factor 3 in the SH degrees below n=10 in case of a 3D- and marginally less in case 
of a 1D-hybridization. Case 4 offers the most substantial gain in performance: The flat noise spectrum 
in the 3D-scenario can be attributed for an improvement of up to over one order of magnitude in the 
spectrum below n=10. Compared to 3D, the assumption of a one-dimensional hybridization leads to 
an overall decrease in performance in the low to medium degrees. Nevertheless, the improvement 
with respect to the reference scenario is still substantial.  
 
[placeholder for Figure 3 – see attachment] 
 

It is notable that specifically for case 3 and 4 the gain in retrieval performance is not limited 
to the frequency bands specified in Fig. 1, but instead extends into higher degrees of the spectrum. 
To a lesser extent, a similar behaviour can be seen for case 2. The impact of hybridization can also be 
quantified in further detail by analysing the respective formal error triangles of the different cases. 
Figure 4 shows the relative improvement of the formal errors of case 3 and case 4 with respect to the 
reference EA scenario. While improvements made in a certain frequency band are almost linearly 
propagated into the corresponding (near-)zonal coefficients (cf. Fig. 1), they may significantly 
influence higher-degree sectorial as well as tesseral coefficients of higher orders. This is due to the 
fact that there is no one-to-one relation between the instrument’s frequency spectrum (related to 
time domain of the orbit track) and the spherical harmonic spectrum (related to the space domain of 
the sphere) (Rummel et al. 1993, Pail, 2017). Mathematically, it can be shown that sectorial 
coefficients of a certain degree contain more low-frequency information than zonal coefficients of 
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the same degree. Inversely, while the influence of an improved long-wavelength behaviour of the 
accelerometer is limited to rather low degrees for (near-)zonal coefficients, much higher degrees of 
(near-)sectorial coefficients are influenced. Physically, this behaviour can be explained by the fact 
that the along-track inter-satellite ranging measures close to North-South direction and therefore has 
the highest sensitivity for (near-)zonal coefficients, while the East-West direction (reflected by (near-
)sectorial coefficients) can be observed much worse. Beside temporal aliasing effects, this anisotropic 
error structure is the second main reason for the typical GRACE striping pattern. Consequently, a 
better decorrelation of the observation errors, which is in our case achieved by a reduction of along-
track long-wavelength accelerometer errors, has a relatively high impact on (near-)sectorial 
parameter groups. 
 
[placeholder for Figure 4 – see attachment] 
 

For a Bender-type mission the overall level of the coefficient residuals is significantly lower 
than for a GRACE-type one as can be seen in Fig. 5. This can mainly be attributed to the improved 
observation geometry which, amongst others, now allows for the registration of East-West-
components of the gravity field. Therefore, the accelerometer stability plays a much smaller role 
towards the solution quality than in case of a single-pair mission. Compared to the latter, case 3 
shows only marginal improvements with respect to the standard scenario which are now limited to 
SH degrees n<5. The performance gain granted by case 4 is now also limited to degrees below n=20. 
Nevertheless, it allows for improvements of up to one order of magnitude in the very low degrees up 
to n=5 which is still substantial with regard to time-variable gravity applications. The differences 
between 1D- and 3D-hybridization are basically non-existent for case 1 to 3 and can only be made 
out to some extent in the solutions of case 4, where a gain in performance of a factor of 3 at the very 
low degrees – gradually decreasing towards n=10 – can be seen.  
  
[placeholder for Figure 5 – see attachment]  
  

 
The results presented above are now validated by those obtained through full-scale 

simulations. Due to the problems concerning proper observation weighting in the full-scale simulator 
(cf. chapter 2) only simulation scenarios for case 2 to 4 under assumption of a 3D-hybridization could 
be properly computed. The full-scale results shown in Fig. 6 seem to exhibit a highly consistent 
behaviour with the reduced-scale ones depicted in Fig. 3 and 5. While the total amplitudes of the 
residuals and the rate at which the retrieval error increases with respect to SH degree differ slightly 
between full- and reduced scale, the relative behaviour among the solutions is very similar. These 
differences can be attributed to the different processing strategies as described in chapter 2. Based 
on these validation results, the results obtained through reduced-scale simulations can be 
considered as reliable. 
 
[placeholder for Figure 6 – see attachment] 
 
 
3.2 Instruments and temporal signal 
 

Adding temporal variations to the simulation system induces temporal aliasing which 
degrades the gravity retrieval performance. At first, we include only non-tidal HIS signals, thus 
optimistically assuming the atmosphere and ocean (AO) signals, which due to their rather short 
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periods contribute the most to temporal aliasing errors, can be perfectly reduced by a priori de-
aliasing strategies. 

Figure 7 shows that the introduction of the HIS component to the observations leads to a 
significant decrease in solution quality, as the temporal HIS aliasing superimposes instrument (mainly 
accelerometer) errors. Therefore, only the results of 3D-hybridization simulations are shown. Some 
improvements can be found in the solutions of case 3 and 4 below n=10 for the GRACE-type mission. 
From there onwards, variations between the respective difference degree RMS – constituting a 
factor 3 at maximum – can be distinguished up to about n=45, although the overall level of the 
difference degree RMS remains practically the same. Nevertheless, this behaviour suggests that the 
improved performance of the accelerometer may still have an influence on this part of the spectrum. 
As already for the previously shown instrument-only simulations, the overall retrieval error for a 
Bender-type mission is significantly lower than for a GRACE-type mission. While some gains due to an 
improved accelerometer can be seen for case 3 and 4 – case 4 once again showing the best 
performance – they are mostly limited to degrees below n=5 and are in direct comparison to a single-
pair mission far less distinctive. From n=5 upwards, none of the scenarios show any significant 
variations with respect to each other which indicates that for a double-pair mission the 
accelerometer does not impact the gravity field retrieval except for the very long-wavelength part of 
its spectrum. This behaviour can also be clearly seen in the global height anomaly error RMS in Table 
2: While case 4 shows an improvement of around 20% with respect to case 1 at n=5, it already 
decreases to below 5% at n=20. 
 
[placeholder for Figure 7 – see attachment] 
 
[placeholder for Figure 8 – see attachment] 
 
[placeholder for Figure 9 – see attachment] 
 

Adding the full non-tidal temporal signal (AOHIS) to the simulation environment once again 
increases the aliasing effects due to the short periods and at the same time high amplitudes of the 
AO-component, limiting the retrieval performance even further (Fig. 8). It is noted that this should be 
considered as an unrealistic worst-case scenario when not applying any AO de-aliasing strategies. 
While in case of HIS some notable differences between the simulations scenarios could be found for 
a GRACE-type mission, only marginal discrepancies well below a factor of 2 can be seen in the low 
degrees in case of AOHIS. For a double-pair mission practically no gains at all are to be found in the 
entire gravity field spectrum.  

Additionally including the ocean tides into the simulations further decreases the gravity 
solution’s sensitivity towards the improved accelerometer performance (Fig. 9). The retrieval error 
now does not depend on the accelerometer error level of each hybridization scenario due to the very 
high level of the temporal aliasing effects induced by the high-frequency tide signal. This holds for 
both a GRACE-type and a Bender-type mission.  

The results presented above clearly illustrate that a solution based on a double-pair mission 
is at best barely influenced by the accelerometer’s behaviour if temporal variations are included in 
the simulations. However, it is reasonable to assume that a reduction of the temporal aliasing to a 
sufficiently low level may amplify the accelerometer’s impact. We therefore apply the Wiese 
parametrization (Wiese et al., 2011; Daras and Pail, 2017) where low-resolution gravity fields for 
shorter time periods are estimated alongside the full solution, ultimately leading to an improvement 
of the latter. For this study, the best results could be obtained by co-estimating daily gravity fields up 
to degree and order 15. It should be noted that, according to the Nyquist theorem, this choice of 
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parameters mainly contributes towards the de-aliasing of the AO part, as the highly correlated A- and 
O-components’ periods average at around two days. On the other hand, no gain is to be expected for 
the reduction of the aliasing induced by tidal signals. In contrast to non-tidal signals, they are related 
to well-defined (mainly semi-diurnal and diurnal) excitation frequencies and are mapped to much 
longer aliasing periods along the satellite orbit. The gain of an additional daily parameterization is 
therefore very limited. Instead, they should rather be co-estimated by dedicated tidal 
parameterization (Hauk and Pail 2018). 

While the Wiese parametrization indeed leads to an overall decrease of temporal aliasing, 
the impact of the accelerometer does not become more prominent within the full gravity solutions 
than without this de-aliasing approach. However, its impact can now be seen to some extent in the 
co-estimated daily fields. In Fig. 10 the mean of the daily solutions as well as of daily variations are 
depicted, the latter being calculated from differences between every two consecutive days. The 
results suggest that while the daily solutions resp. variations cannot be resolved to a higher SH 
degree, they can nevertheless be retrieved with a higher accuracy when using the case 4 
hybridization scenario. In case of both HIS and AOHIS, it allows for an increase in retrieval 
performance of daily variations by around a factor 2 in terms of degree RMS of residuals towards the 
regular EA. This poses an important aspect with regard to NGGM requirements.  
 
[placeholder for Figure 10 – see attachment] 
 
[placeholder for Table 2 – see attachment] 
 
 
3.3 scale factor study 
 

Finally, we investigate the impact of the accelerometer scale factor. Per definition, the scale 
factor describes the ratio between an instrument’s input and output signal. For this study, we 
assume a gravity field mission flying in drag free mode as specified in many NGGM requirements. 
Therefore, only the (non-compensated) residual non-conservative accelerations (dominated by drag) 
are measured by accelerometer. This so-called residual drag is the part of the non-gravitational signal 
that can be detected by the accelerometer but not corrected by the satellite’s impulse thrusters due 
to their inability to generate a sufficiently small counter-thrust. Instead, this signal fraction is reduced 
from the observations during the data processing. By applying the scale factor to the residual drag 
we effectively describe its improper reduction conditioned by erroneous measurements. We then 
add the result to the total noise time series. Comparing the ASDs of the total noise with and without 
the addition of the scaled residual drag allows for a first insight into whether the scale factor 
uncertainty significantly contributes to the total retrieval error.  

The specifications of the residual drag are taken from ESA’s SC4MGV final report and are 
visualized in Fig. 11a. The scale factor is defined by ONERA as 10-5 for the calibrated (hybrid) axis due 
to the absolute nature of its measurements and as 10-2 for the uncalibrated (regular EA) ones. It is 
further assumed that the scale factor remains constant over the complete observation period. 
 
[placeholder for Figure 11 – see attachment] 
 

Fig. 11b shows that in case of a regular EA the scale factor negatively influences the overall 
noise level in the spectrum above 1 mHz. Here, a noise increase of 100% can be asserted. For the 
simulations at hand, however, it only plays a pronounced role over a small spectral range up to 
around 2-3 mHz where the LRI noise then becomes the dominant error component. In order to 
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quantify the scale factor’s impact on the retrieval error an additional simulation which uses a new 
stochastic model generated on the basis of the new total noise time series (cf. section 2) is carried 
out. We note that the scale factor is hereby implicitly treated as a stochastic effect. As can be 
deduced from Fig. 11d the small noise increase induced by the scale factor distinctly degrades the 
solution quality – the respective formal errors reveal a decrease in retrieval quality by a factor 2 
above SH degree n=10 for a GRACE-type mission and even earlier for a Bender-type mission. This 
behaviour is explained in detail in section 3.1. We note that these scale factor simulations are only 
presented for a scenario where the temporal variations of the gravity field are excluded, as the 
hereby induced temporal aliasing errors widely superpose the effect of the scale factor.  

If the observations are now assumed to be based on hybrid measurements, the scale factor 
uncertainty becomes widely negligible for the overall solution quality (cf. Fig. 11c). It is irrelevant 
whether the hybridization is realized in one axis (the only precondition being that the hybridization is 
implemented in along-track) or all three. 
 
 
4 Summary and Conclusions 
 

In this paper we investigate the impact of a novel hybrid accelerometer consisting of a 
standard electrostatic component and a cold atom interferometer on the performance of gravity 
field retrieval in the context of a GRACE- and Bender-type satellite formation. This is done by means 
of numerical closed-loop simulations where four different accelerometer noise specifications are 
considered and different components of the total gravity field signal (static, non-tidal and tidal 
temporal variations) are gradually added to the observation system. We also distinguish between a 
1D- and a 3D-hybridization, the former assuming hybrid measurements in along-track direction only, 
and the latter additionally in cross-track and radial directions.  

In an instrument-error-only simulation scenario the results indicate that retrieval 
performance depends primarily on the accuracy level that can be reached with the CAI and thus, the 
recalibration rate of the EA. If the recalibration (crossing point between the error curves of the CAI 
and the EA) happens below the orbital frequency (case 1) no gain in retrieval performance is 
achieved in comparison to a standard EA. Vice versa, if the CAI reaches a comparable error level as 
the EA in its designated measurement bandwidth, i.e. a flat noise spectrum is realized (case 4), the 
improvement is maximal with up to 80% in terms of global height anomaly difference RMS. It is also 
shown that improvements made at low frequencies propagate into high-degree sectorial and high-
degree and order tesseral spherical harmonics. As an example, for case 3 a gravity retrieval gain of a 
factor of 2 compared to a pure EA can be reached for (near-)sectorial coefficients around SH degree 
n=30, a further improved noise level of the CAI by one order of magnitude, as it is realized in case 4, 
leads to the same improvement of (near-)sectorial coefficients around degree 80 to 90. 

The results presented in this paper also clearly demonstrate that the relative impact of the 
accelerometer measurements decreases if the overall observation geometry is improved, e.g. by 
adding an inclined second satellite pair in Bender configuration. While an overall performance 
improvement of up to 30% (in terms of global height anomaly difference RMS) can be achieved by 
the optimistic hybridization scenario (case 3) even at degree n=50 for GRACE-type mission, the same 
hybridization scenario yields only a gain of 20% for a Bender-type formation at n=5. Still, a distinctive 
gain in retrieval performance can be yielded for a double-pair mission by assuming a flat 
accelerometer noise spectrum up to SH degree n=20 (75% in terms of global height anomaly error 
RMS). The reduced-scale results are validated by selected full-scale simulations with equal simulation 
parameters, revealing a high consistency in a relative as well as in an absolute sense. 



12 
 

Adding temporal variations of the gravity field to the simulation environment widely 
camouflages any gains obtained by the hybrid accelerometer. While in case of HIS aliasing some 
variations between the hybridization scenarios can be detected for a GRACE-type mission and even, 
to a far lesser extent, for a Bender-type one, they become marginal in case of additional AO and 
ocean tide aliasing. Regarding non-tidal (especially AO-induced) aliasing, for a Bender-type mission 
the reduction of temporal aliasing can be attempted by parametrizing daily signals (Wiese approach). 
While the results of all four accelerometer scenarios still cannot be distinguished in the full 30-days 
solution, at least the gain of case 4 can now clearly be seen in the daily fields, and most importantly, 
their variations obtained by this processing strategy. For HIS, the daily variations can be retrieved 
with up to a 25% higher accuracy (in terms of global height anomaly error RMS) in comparison to the 
standard EA, while for AOHIS the gain is at approximately 30%. 

Finally, the accelerometer’s scale factor uncertainty is investigated, where we implicitly 
assume the satellites to be flying in drag-free mode. It is shown that in a standard EA scenario a 
degradation of up to 15% in terms of global height anomaly difference RMS can be observed when 
including a 10-2 scale factor uncertainty in the simulation. In contrast, in the hybrid case it can be 
assumed that the scale factor can be determined down to 10-5. Numerical simulation results show 
that this small remaining uncertainty has effectively no impact on the total retrieval performance, 
provided that at least the along-track observations are done by a hybrid axis.  

The results presented in this paper prove that even under consideration of the most 
pessimistic hybridization scenario the retrieval performance is at worst equal to one where a stand-
alone EA is used. With an implementation of the optimistic hybridization scenario, the performance 
of the EA can be surpassed in a GRACE-type scenario and less distinctly in a Bender-type one. 
Contrary to the EA, however, the hybrid instrument with its current overall noise specifications also 
seems to be widely independent of scale factor uncertainties. The main aspect advocating the 
implementation of a hybrid accelerometer, especially with regard towards the conditions set for a 
NGGM, is that a flat accelerometer noise spectrum can ultimately be achieved, thus fully 
compensating the main drawback of a stand-alone EA. Hereby, the retrieval of the long-wavelength 
spectrum of the gravity field, which is of high interest for global mass variation studies, can be greatly 
improved. This advantage of the “perfect” hybridization is clearly underlined by the results in this 
paper, thus setting its realization an important future goal. In order to maximize its potential, the 
application of de-aliasing techniques, especially for non-tidal AO signals and the tidal component of 
the gravity field, shall be a decisive factor. This is a reasonable demand for the upcoming decades, as 
first results by Daras and Pail (2017) as well as Hauk and Pail (2018) have shown. The results of this 
study clearly encourage to further improve, in parallel to the processing strategies, also the 
performance of the key instruments, particularly the accelerometers. 
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Attachment – Tables and Figures 
 
 
Table 1 
Orbit parameters 

 Altitude 
[km] 

Inclination 
[°] 

Revolutions per 
nodal day 

Ascending 
node [°] 

Mean anomaly 
difference [°] 

GRACE/Bender 1A 467 89 412/27 0 - 
GRACE/Bender 1B 467 89 412/27 0 1.674 

Bender 2A 461 70 167/11 0 - 
Bender 2B 461 70 167/11 0 1.675 

 
 
Table 2 
Global height anomaly difference RMS (weighted with cosine of latitude) in [mm] for different simulation 
scenarios calculated up to degree 5, 20 and 50. 3D-hybridization is assumed for the hybrid accelerometer 
scenarios. The scenario where only the static part of the gravity field is considered is equivalent to the 
“instruments only” simulations 
  GRACE-type Bender-type 
Gravity 
signal 
contribution 

Accelerometer 
scenario 

nmax=5 nmax=20 nmax=50 nmax=5 nmax=20 nmax=50 

static EA 0.0056 0.0114 0.0205 0.0014 0.0015 0.0024 
case 1 0.0056 0.0114 0.0205 0.0014 0.0015 0.0024 
case 2 0.0055 0.0112 0.0203 0.0014 0.0015 0.0024 
case 3 0.0027 0.0057 0.0144 0.0011 0.0012 0.0022 
case 4 0.0004 0.0009 0.0040 0.0002 0.0004 0.0019 

Static 
HIS 

EA 0.0055 0.0253 0.0780 0.0024 0.0077 0.0149 
case 1 0.0092 0.0254 0.0759 0.0031 0.0080 0.0152 
case 2 0.0085 0.0249 0.0758 0.0038 0.0083 0.0152 
case 3 0.0054 0.0229 0.0759 0.0027 0.0078 0.0151 
case 4 0.0053 0.0217 0.0742 0.0024 0.0077 0.0150 

Static 
AOHIS 

EA 0.0462 0.1767 0.5987 0.0337 0.0770 0.1144 
case 1 0.0468 0.1737 0.5954 0.0341 0.0771 0.1145 
case 2 0.0463 0.1730 0.5956 0.0341 0.0771 0.1145 
case 3 0.0461 0.1741 0.5961 0.0339 0.0770 0.1144 
case 4 0.0460 0.1732 0.5959 0.0339 0.0770 0.1144 

Static 
AOHIS 
ocean tides 

EA 0.2767 0.3721 0.7199 0.0732 0.1126 0.1437 
case 1 0.2772 0.3717 0.7189 0.0738 0.1128 0.1440 
case 2 0.2769 0.3717 0.7192 0.0738 0.1129 0.1440 
case 3 0.2770 0.3723 0.7200   0.0739 0.1130 0.1441 
case 4 0.2768 0.3716 0.7193 0.0733 0.1126 0.1438 
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Figure 1. ASD of investigated EA/CAI hybridization scenarios and a regular EA. The dotted black line depicts the 
spectrum common to the respective hybrid scenario and the stand-alone EA. The thick dashed grey line 
represents the Laser Ranging Interferometer noise in terms of range accelerations. Vertical dashed grey lines 
represent the maximal contributing observation frequency to spherical harmonic coefficients of the given 
degree.  
 
 
a                                                                                           b 

   
Figure 2. ASD of the LOS projection of the total accelerometer noise assuming a 1D- (a) and a 3D-hybridization 
(b). 
 
  



18 
 

a            b 

  
Figure 3. Degree RMS of residual coefficients for a GRACE-type mission under consideration of the static gravity 
field signal and instrument errors assuming a 1D- (a) and a 3D-hybridization (b). The respective formal errors 
are shown as dashed lines of the corresponding colour. 
 
 
a              b 

      
Figure 4. Relative improvement of the formal errors of case 3 (a) and 4 (b) towards the EA scenario for a 
GRACE-type mission under consideration of the static gravity field signal and instrument errors assuming a 3D-
hybridization. 
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a            b 

 
Figure 5. Degree RMS of residual coefficients for a Bender-type mission under consideration of the static 
gravity field signal and instrument errors assuming a 1D- (a) and a 3D-hybridization (b). The respective formal 
errors are shown as dashed lines of the corresponding colour. 
 
 
a           b 

  
Figure 6. Degree RMS of residual coefficients obtained with the full-scale simulator for a GRACE-type (a) and a 
Bender-type (b) mission under consideration of the static gravity field signal and instrument errors assuming a 
3D-hybridization. The respective formal errors are shown as dashed lines of the corresponding colour. 
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a           b 

  
Figure 7. Degree RMS of residual coefficients for a GRACE-type (a) and Bender-type (b) mission under 
consideration of the static gravity field signal, its temporal variations induced by HIS and instrument errors 
assuming a 3D-hybridization. 
 
 
a           b 

  
Figure 8. Degree RMS of residual coefficients for a GRACE-type (a) and Bender-type (b) mission under 
consideration of the static gravity field signal, its temporal variations induced by AOHIS and instrument errors 
assuming a 3D-hybridization. 
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a           b 

  
Figure 9. Degree RMS of residual coefficients for a GRACE-type (a) and Bender-type (b) mission under 
consideration of the static gravity field signal, its temporal variations induced by AOHIS as well as ocean tides 
and instrument errors assuming a 3D-hybridization. 
 
 
a            b 

   
Figure 10. Degree RMS of residual coefficients of mean daily solutions (solid lines) as well as daily variations 
(dashed lines) obtained by Wiese parametrization of Bender-type-mission-based observations considering HIS- 
(a) and AOHIS-induced (b) temporal gravity field variations. A 3D-hybridization is assumed. 
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a             b 

   
c            d 

   
Figure 11. a) ASD of the residual drag specifications in along-track, cross-track and radial directions as specified 
in ESA’s SC4MGV project; b) input accelerometer noise for the reduced-scale simulator in case of a standard EA 
with and without considering the scale factor (10-2 for every axis); c) input accelerometer noise for the 
reduced-scale simulator in case of case 4 assuming a 1D-hybridization with and without considering the scale 
factor (10-5 for along-track, 10-2 for cross-track and radial), d) Degree RMS of residual coefficients for a GRACE-
type and Bender-type mission under consideration of the static gravity field signal and the standard EA 
instrument scenario with and without taking into account the scale factor according to b) 
 


