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 PREFACE 
 

This Final Report reports on the results of the project ñNGGM/MAGIC ï Science Support 

Study During Phase A. It addresses all tasks defined in the SoW and the corresponding work 

packages defined in the WBS: 

 

Part no. Title  Task WP TN 

1 Closed-loop simulations with baseline and 

improved software 

1 100 D2 

2 Generation of a 2nd baseline implementation for 

closed-loop simulations 

2 200 D4 

3 DORIS aided orbit and gravity field 

determination 

3 300 D7 

4 Closed-loop simulator improvement and 

analysis 

4 400 D8 

5 Elaborated alternative orbit scenarios 4 420 D9 

6 Analysis of results and match against 

requirements 

5 510, 

520 

D13 

7 Science impact analysis 6 520, 

600 

D15 

8 Calibration of accelerometers 7 700 D17 

9 Sensitivity Analysis on Inter-Satellite Distance Ad-hoc -- AH1 

 

 

A summary of the main findings of this project phase, the main conclusions, and an outlook to 

research topics that have been popped up during this project are given in the Executive 

Summary. 
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EXECUTIVE SUMMARY 
 

In November 2020 it was decided at ESAôs Ministerial 

Conference to investigate a European next-generation 

gravity mission (NGGM) in Phase A as first Mission of 

Opportunity in the FutureEO Programme. The Mass-

change And Geoscience International Constellation 

(acronym: MAGIC) is a joint investigation with 

NASAôs MCDO study resulting in a jointly accorded 

Mission Requirements Document (MRD) responding to 

global user community needs. On NASA side, a pre-

Phase A study to address these needs started in summer 

2021. On ESA side, the MAGIC concept is currently 

being investigated in two parallel industry Phase A 

studies, and was complemented by this 

ñNGGM/MAGIC ï Science Support Study during Phase 

Aò. Further information on this project can be found at 

the website: https://www.asg.ed.tum.de/iapg/magic/. 

 

1) Evaluation of various constellations and detail studies on specific subjects 

In the frame of this science study, several potential mission constellations were investigated 

and numerically simulated in great depth, in order to narrow down the trade space of a potential 

MAGIC constellation, to provide feedback to parallel system Phase A industry studies, and to 

identify an optimum constellation set-up regarding science return, technical feasibility, and 

costs. 

In order to study the impact of different values for the period of a repeat orbit or (sub)cycle and 

the impact of a change of height, several scenarios were defined for Bender-type constellations 

consisting of one pair flying in a (near-)polar orbit and one pair in an inclined orbit (Table 2-1). 

In addition, a few sun-synchronous orbital (SSO) and pendulum missions were defined. The 

nominal baseline length is equal to 220 km for all satellite pairs and scenarios. For the scenarios 

3d_H and 5d_LL also pendulum pairs with angles of 150, 300, and 450 were defined. 

https://www.asg.ed.tum.de/iapg/magic/
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Table E.1: Orbits sets for inclined and polar pairs. The ID shows the number of sub-cycle days for which the set 

is optimized and an additional information about the altitudes: (M)id, (H)igh. Note that the semi-major axis is 

reduced by 6378 km for highlighting differences in altitude. The other columns provide information about the 

homogeneity of the ground track patterns). 

ID  Sats 1 (IP) Sats 2 (PP) ▐■1 [-] ▐■2 [-] 
ȹ(Lon)1 

[deg] 

ȹ(Lon)

2 [deg] 
Sub-cycles [days] 

 Alt. 

[km]  

Incl. 

[deg] 

Alt. 

[km]  

Incl. 

[deg] 
 

3d_M 409 70 440 89 1.368 1.383 2.308 2.384 2, 3, 8, 11, 30 

3d_H 432 70 463 89 1.451 1.449 -3.076 -3.067 3, 7, 31 

5d_Ma 396 65 434 89 1.397 1.383 -1.499 -1.458 2, 3, 5, 13, 18, 31 

5d_Mb 397 70 425 87 1.168 1.167 0.736 0.733 2, 5, 27, 32 

5d_H 465 75 488 89 1.185 1.190 0.762 0.781 4, 5, 29 

7d_M 389 70 417 87 1.238 1.253 0.743 0.786 2, 7, 30 

7d_H 432 70 463 89 1.218 1.226 0.672 0.692 3, 7, 31 

SSO for 

3d_H 
477 97 463 89 1.454 1.449 -3.097 -3.067 3, 7, 31 

SSO for 

7d_H 
477 97 463 89 1.201 1.226 0.622 0.692 3, 7, 31 

5d_LL 344 70 376 89 1.423 1.410 -1.671 -1.628 1, 2, 5, 12, 29 

5d_LH 344 71.5 492 89 1.169 1.172 -0.732 -0.790 5, (32-31) 

 

Figure E-1 shows an overview of the performance of various constellation designs.  

 

 

These results, which are mainly based on the 3d_H scenario including realistic error models for 

the key instruments and tidal and non-tidal background errors, clearly demonstrate the superior 

performance of Bender double-pair mission concepts over all other potential constellations, 

Figure E.1: Degree error medians of various mission constellations. G means ñSuperStarò, N ñMicroStarò 

accelerometer performance. 
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such as single-pair inline or pendulum missions. There is no added value by flying a pendulum 

pair as part of a Bender-type constellation. Also the concept of a chronometric 3-satellite 

pendulum mission was ruled out by these results. In general, temporal aliasing errors are the 

dominant error source. However, an improved accelerometer (~10-11 m/s2/ÕHz) has relatively 

higher impact in double pair constellations (due to improved de-aliasing capabilities). 

Among others, detailed numerical studies were also performed regarding the following aspects: 

a) Dependence of performance on the altitude of the satellites/satellite pairs 

It could be confirmed that the altitude is the main performance driver. Since in a Bender double-

pair scenario the relative contribution of the inclined pair to the total performance is more than 

90% in the areas covered with measurements, a low altitude together with a high-performance 

instrumentation of the inclined pair is essential. 

b) Optimum inter-satellite distance 

The choice of the inter-satellite distance is a compromise between sensitivity (which improves 

with distance) and spatial resolution (which degrades with distance). As optimum an inter-

satellite distance of 200-250 km is recommended. 

c) Double-pair: sensitivity w.r.t. inclination of inclined pair 

A rather low inclination of second pair (Ò70Á) is paramount for the de-aliasing capability of the 

constellation. Raw (unfiltered) 70° solutions are more stripy (about 50%) than 65° solutions in 

the covered areas, due to worse estimates of (near-)sectorials, but are better (by about 50%) in 

the polar areas, due to smaller polar gaps and better estimates of the polar wedge. Post-

processed (filtered) 65° solutions are on global average up to 10% better than 70° solutions. 

This holds for both covered and polar regions. However, this percentage numbers vary with the 

choice of the filter. An obvious severe disadvantage of 65° inclined orbit is that it results into a 

larger unobserved region near the poles as stand-alone mission. Therefore, a more conservative 

70° inclination of the inclined pair is recommended. 

d) Impact of ground track sampling on gravity performance and heterogeneity 

Figure E.2 shows the simulation set-up for a 3-day solution using polar and inclined orbits with 

3-day and/or 5-day sub-cycles polar and inclined orbit (mixture of orbits of the scenarios given 

in Table 2-1), leading to homogeneous coverage (3d_H), spatial gaps of the polar tracks 

(U3d5d_H) or gaps in both pairs (U5d_H). Evidently, a non-homogeneous ground track pattern 

of the polar pair (blue curve in Figure E.3) is acceptable, but leads to slightly larger errors in 

higher spherical harmonic (SH) degrees compared to the homogeneous ground track sampling 

of both pairs (red curve). However, combining a polar pair having a non-homogeneous ground 

track pattern with an inclined pair also having a non-homogeneous ground track pattern with 

coinciding gaps in the 3-day ground tracks of both pairs results in a severe degradation over the 

whole spectral range, and thus hampers significantly the homogenous quality especially of 

short-term (NRT) solutions required for operational service applications.  
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Figure E.2: Ground track patterns of simulation set-ups with varying ground track homogeneity. 

 

 

Figure E.3: Degree error RMS of gravity field retrievals related to the scenarios shown in Figure 2. 

 

e) Impact on drag-free conditions and accelerometer performance 

Various scenarios representing a combination of the MicroSTAR instrument performance 

combined with different levels of imperfect drag compensation for the inclined satellite pair in 

regard to different atmospheric conditions ranging from a ñbest-caseò full 3D (blue curve in 

Figure E.4) to a ñworst-caseò 1D drag compensation in along-track direction and with 

maximum atmospheric conditions (red curve), have been analyzed. In all cases, the same 

assumption on the polar pair of a SuperSTAR ACC is applied. Figure E.5 a shows, that in the 

product-noise only case, a degradation of varying extent of all scenarios compared to the 

reference scenario (black curve) is visible, with the maximum impact up to degree/order 30. It 

should be emphasized, that a stochastic stochastic modelling of the tone error peaks at multiples 

of the orbital frequency (cf. Figure E.4) as part of the gravity adjustment process is 
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indispensable to avoid significant degradation of the retrieval performance.. In case of the full-

noise simulation scenario (Figure E.5 b) where de-aliasing is applied for the AO and OT 

components with the HIS component as target signal, the differences between the investigated 

scenarios are much smaller, because most of the impact of the drag compensation is covered by 

the temporal aliasing. 

 

 

Figure E.4: Product noise amplitude spectral densities (ASD) for various set-ups of ACC performance and drag-

free conditions. The terms ñMAXò and ñMINò denote a maximal or minimal atmospheric activity, respectively, 

while the terms ñ1Dò and ñ3Dò denote whether drag compensation is applied exclusively in along-track or in all 

three spatial directions. The ñreferenceò scenario denotes in essence the performance of a MicroSTAR-type 

accelerometer and differs from the ñMAX3Dò scenario only by its lower low-frequency noise increase (1/f instead 

of 1/f²). 

a)                    b) 

 

Figure E.5: Degree error RMS of gravity field retrievals related to the scenarios shown in Figure E.4, a) product-

noise only case, b) full noise case. 
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f) Scaling of performance with retrieval period 

As to be expected, in the product-noise only case the performance can be scaled linearly with 

the number of observations (= retrieval period). We found out that this linear scaling can also 

be roughly applied to the full-noise solutions (including background model errors) down to 

about 3 days. In contrast, co-estimated as well as stand-alone daily solutions perform even better 

than predicted by linear scaling. 

g) Capabilities of short-term (near-real time) retrieval 

Short-term daily co-estimates (proposed by Wiese et al. 2011) are possible up to SH degree 15 

to 20 for double-pair scenarios. In specific cases this parameterization causes ñbumpsò in the 

degree variance plots at higher degrees. This happens whenever the inclined pair has a very 

high weighting compared to the polar pair, for example if it has a significantly lower altitude 

or a much better instrument (accelerometer) performance. In this case, alternatives to the 

classical ñWiese parameterizationò will have to be applied, such as the DMD method (cf. 

section 4 c). 

h) Raw vs. post-processed (filtered) solutions, effect of filtering 

Depending on the post-processing strategy, a wide range of results can be achieved in 

comparison to the MRD/IUGG requirements. It is recommended to use the raw (unfiltered) 

solution as the baseline strategy for the evaluation of mission performances, keeping in mind 

that this composes the ñworst caseò compared to the IUGG requirements, which assumed a 

certain degree of post-processing.  

i) Effect of tone errors 

The effect of tone errors is clearly visible in product-only cases, where mainly the low-degree 

zonal SH coefficients are affected. An adequate stochastic modelling of tone errors is 

paramount to avoid significant degradation of higher-degree coefficients. Increasing the 

amplitude of tone errors by a factor of 10 w.r.t. the original SRD specifications, their impact 

reaches the error level of the full-noise solution, where the effect of tone errors is partly mixing 

with other error sources. Based on these results, it was recommended to relax the SRD 

requirements regarding tone error amplitudes by a factor of 10. 

 

2) Second software implementation 

In order to validate the TUM numerical simulation results and to prove that these results are 

reliable, a second implementation of the simulator was done at GFZ based on the EPOS 

software package. The inter-comparison was performed not only on the final result, but also 

selected intermediate products, such as orbits, background models and corrections. After some 

software adaption on both sides, a very good agreement both for product-only and full-noise 

scenarios could be achieved, even though these two packages are based on different evaluation 

methods (short-arc approach at TUM vs. numerical integration approach at GFZ). As an 

example, Figure E.6 shows the TUM and GFZ results for a 3d_H double pair scenario. In 

general, the RMS deviation between the two solutions is less than 5% of the resulting error 
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level of the simulation. Also co-estimated daily (ñWieseò) parameters show a very similar 

performance. 

With this, two very comparable software systems are available for further simulation studies. 

 

 

3) Match against MRD requirements 

All simulation scenarios performed in this study were evaluated in terms of cumulative EHW 

errors, and the results were compared against the MRD requirements, which are largely based 

on the IUGG user requirements (Pail et al., 2015).  

Figure E.7 a shows the cumulative EWH errors of various scenarios in the product-only noise 

case for a monthly (31 day) retrieval period. Evidently, in the absence of background model 

errors and related temporal aliasing the results come very close to fulfil even the very ambitious 

target requirements 

Figure E.7 b shows the same quantities for the full-noise scenarios. Here, the threshold 

requirements can largely be reached, with the exception of the low degrees. This significant 

reduction of performance for the full-noise case compared to the product-only noise case again 

demonstrates the dominant role of background model errors in the total error budget. However, 

it should be emphasized that the simulations are based on very conservative assumptions of the 

background model errors. Additionally, the cumulative error curves are based on the raw 

solutions, i.e. without any a-posteriori filtering, while the IUGG requirements assumed some 

degree of post-processing. It is expected that in the near future, the overall performance of the 

mission, which is currently not limited by the key payload and system design, will be improved 

by improvements of geophysical background models, going hand in hand with further 

improvements in processing methodology to reduce the impact of temporal aliasing. 

Figure E.6: Full noise solutions of the 3d_H Bender scenario simulated by GFZ (red and magenta) and TUM 

(blue and green) in terms of SH degree error amplitudes. The monthly averaged HIS signal is displayed in black. 
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a) b) 

  

Figure E.7: Cumulative RMS curves for a 31-day d/o 120 a) product-only noise, and b) full-noise simulation 

results, compared to the IUGG threshold and target requirements. For each individual scenario, the mean curve of 

the cumulative RMS curves of two subsequent 31-day solutions is shown. 

 

Also the match for sub-monthly periods was analyzed. As an example, Figure E.8 visualizes 

cumulative errors of simulations using a 3 day retrieval period (up to SH degree 100). The 

monthly MRD threshold and target requirements were scaled to a 3-day period (cf. 1f) by 

multiplying with a factor of sqrt(31/3). Similar conclusions as for the monthly retrieval period 

also hold for the sub-monthly period. 

a) b) 

  

Figure E.8: Cumulative RMS curves for a 3-day d/o 100 a) product-only noise, and b) full-noise simulation results, 

compared to the MRD threshold and target requirements (monthly req. scaled by sqrt(31/3)). For each individual 

scenario, the mean curve of the cumulative RMS curves of 20 subsequent 3-day solutions is shown. 
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4) Development of improved processing methods 

In the frame of this project, improved processing strategies have been developed, implemented, 

numerically analyzed and compared to the performance of the baseline strategy. 

a) Optimal application of de-aliasing models 

In order to investigate the impact of temporal aliasing errors in more detail, tidal and non-tidal 

aliasing errors were assessed individually, by excluding either the one or the other error signal 

from the simulation, but keeping the same product-error assumptions for all simulations. 

Results demonstrate that the orbit altitude is the main performance driver, either omitting ocean 

tide errors or omitting errors due to non-tidal aliasing. If non-tidal AO signals are included in 

the simulation, lower orbit altitudes lead to significantly reduced temporal aliasing errors, even 

in the longer wavelength spectrum, as temporal aliasing errors due to AO error is the dominating 

error contributor. In this context, it is to mention that the altitude of the inclined pair is crucial 

since an altitude, which is much lower (e.g. below 400 km) than the one of the polar pair, results 

into smaller retrieval errors, also in the high frequency spectrum. If no AO signals are included 

in the simulation and tidal aliasing errors are dominating, the performances of gravity field 

solutions of double pair formations having different altitudes show similar behavior at the low-

to-mid degree spectrum. In that case, the role of orbit altitude becomes more important for the 

performance at the mid-to-high frequency spectrum. For sub-monthly retrievals, the length of 

the respective retrieval period plays an important role as well, next to the altitude. This is 

especially true if non-tidal AO signals are included.  

b) Treatment of ocean tides in NRT analysis and post-processing 

It could be shown by Hauk and Pail (2018) that the co-estimation of ocean tide parameters is 

possible and reduces temporal aliasing errors. However, this method requires long observation 

time series and is therefore not applicable in near-real time (NRT) analysis. Therefore, an 

alternative method was developed and applied to Bender double-pair constellations. It is based 

on the idea to introduce ocean tide background model errors as additional stochastic model into 

the parameter adjustment, and to propagate it through the whole process to the parameter 

estimates. Details of the method and a detailed analysis for single- and double pair scenarios 

can be found in Abrykosov et al. (2021).  

a)        b) 
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The results of Figure E.9, which are based on a 3d_H Bender-type double-pair scenario, 

demonstrate that stochastic modelling of OT background errors has the potential to significantly 

improve the retrieval performance. This method can be applied not only to the retrieval of long-

term, e.g. monthly, solutions, but also short-interval fields. It thus poses a valid processing 

strategy for estimating NRT-type gravity field solutions. The main limiting factor are non-tidal 

(AOD) background model errors. In future research, it is planned to develop a similar strategy 

for stochastic modelling of non-tidal background model errors, and apply it together with the 

OT method discussed here. 

c) Optimal signal parametrization with respect to space and time 

An alternative method for the co-estimation of daily long-wavelength gravity fields together 

with coefficients of higher SH degrees (ñWiese approachò), the data-driven multi-step self-de-

aliasing (DMD) method, has been developed (Abrykosov et al. 2022a), originally for the ñself-

dealiasingò of the single-pair missions GRACE and GRACE-FO. In the course of this, a 

detailed analysis of the space-time pattern of temporal gravity signals was performed, showing 

that also long-term signals create high-frequency spatial structures. Therefore, the standard 

concept proposed by Wiese et al. (2011) is not able to fully capture these signals. It was 

demonstrated that especially in this case of a single-pair scenario  long-wavelength, high-

amplitude signal components are mapped into other spectral bands, thus degrading the retrieval 

performance. Therefore, the decoupling of daily low-degree and multi-daily higher-degree 

Figure E.9: Retrieval performance of scenarios including tidal and non-tidal gravity signal as well as instrument 

noise when stochastic modelling is applied for OT BM errors only, OT BM errors and instrument noise or no 

stochastic modelling of OT is applied at all. Retrieval period is a) 3 days (left), and b) 7 days. 
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estimates, as done in DMD, is of great benefit especially for single-pair scenarios, because the 

effect of aliasing reduction by means of daily estimates is larger than the spectral leakage due 

to decoupling of low and higher degrees.  

In the frame of this project, the DMD concept was transferred to double-pair constellations. 

Here, compared to single-pair constellations the behavior of DMD is somewhat different, 

because of the intrinsic aliasing reduction of the double-pair constellation due to the additional 

inclined pair, leading to a lower gain of additional de-aliasing relative to the spectral leakage 

effect. The DMD performance depends on the amplitude of the signal (being a potential source 

of aliasing) and the resolution of the gravity field product (defining the relative contribution of 

spectral leakage errors). Figures E.10 a and E.10 b show the results when using only AO or the 

full AOHIS signal as an input, respectively. Evidently, the classical Wiese parameterization 

performs slightly better for the present simulation set-up including the full AOHIS signal up to 

degree/order 50. However, both classical Wiese and DMD perform generally better than the 

nominal processing without additional parametrization.  

a)              b) 

 

Figure 10: Degree error RMS of gravity field retrievals related to various parameterization schemes. 

 

In addition, expanding the classic ñWiese approachò with additional intermediate steps in terms 

of successively longer periods increases the processing complexity, but has not shown any 

improvements in achievable gravity performance. In contrast, as shown in Figure E.10, a DMD 

multi-step approach has some potential to further improve the results. 

d) Analysis of need for long-term trend estimation 

Linear trend parameters have been co-estimated together with monthly temporal gravity fields 

for a 10-year period in the frame of a joint adjustment. Comparing the monthly solutions with 

and without co-estimation, there is no indication of a benefit when the long-term trend is co-

estimated. 
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e) Analysis of need for post-processing 

An optimal filter technique for post-processing of Bender-type gravity field solutions was 

developed. Methods based on non-isotropic smoothing by approximate decorrelation and 

regularization (DDK), and time variable decorrelation (VADER/VDK filters) were 

investigated. The VDK filter usually outperforms the DDK filter. Exemplarily, Figure E.11 

shows the results of a raw and a VDK-filtered solution of the Bender-pair scenario 3d_H. 

Comparing single and double-pair solutions, a much lower filter strength has to be applied to 

reduce the residual striping of double-pair missions. 

 

The filtered gravity fields are then further evaluated against the true reference signal as well as 

unfiltered fields at the example of river basins and ice sheets. Results demonstrate, that VDK 

filtering of Bender-type gravity fields can be useful in order to extract the signal of interest by 

reducing temporal aliasing effects significantly. Depending on the region to be investigated, it 

is advisable to look at the error distribution of the órawô retrieval on a spatial scale first and then 

decide which type of gravity field (filtered or unfiltered) to be used. 

 

5) Science impact analysis 

The science impact analyses for the fields of hydrology, cryosphere, oceanography and solid 

Earth revealed significant added value of MAGIC constellations for unravelling and 

understanding mass transport and mass change processes in the Earth system. For hydrological 

applications, the number of hydrological units, e.g. river basins, that can be analyzed for water 

storage variations within the limits of MRD requirements will markedly increase compared to 

a GRACE-like mission. At a comparatively high spatial resolution, the threshold accuracy (10.1 

cm at N=77) can be fulfilled by MAGIC for more than 90% of the river basins worldwide 

(compared to 2.5% with GRACE-type missions), and even higher accuracies that may be 

required for several hydrological applications can be met in a large number of basins 

(Figure E.12). In contrast, the current MRD requirement at the lower spatial resolution of 

400 km cannot be met by MAGIC for any river basin. However, relaxing this threshold 

accuracy to 2.5 cm or 3.5 cm, which can be expected to be still acceptable for many hydrological 

applications, will allow for resolving TWS variations in 67% and 90% (0.5% and 2.5% for 

Figure E.11: Spatial comparison of filtered and unfiltered monthly retrieval periods for Bender double-pair 

scenario 3dH. 
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GRACE-type missions) of the river basins, respectively. For the optimally filtered solutions, 

the improvement of MAGIC relative to GRACE in terms of RMSD errors of basin-average 

water storage variations worldwide amounts to a factor of 1.5 to 5, where the largest 

improvements occur for basin in low-latitude regions, which are hampered most by temporal 

aliasing errors. 

 

Figure E.12: Root-mean square deviations of weekly basin-average water storage variations for GRDC river 

basins worldwide, truncated at N= 50 (left) and N=77 (right), for the MAGIC 3d_H and a GRACE-like 

configuration. Different accuracy requirements are given by blue horizontal lines. The vertical blue lines represent 

the spatial extent of spherical caps with 400km and 260km diameter, respectively. 

Climate change impacts on the global water cycle such as its intensification will be markedly 

better be observed by a MAGIC double pair mission than by a GRACE-like mission. While, 

according to our simulations, a GRACE-like mission can only detect the projected changes of 

the annual amplitude of continental water storage in 36% of the land area after 30 years of 

observation, MAGIC-like missions would be able to identify such changes in 64% of the land 

area (Figure E.13). Similarly, the projected 30-years phase change of water storage can be 

detected by the single-pair scenario in 30% of the land area while a significant increase of this 

portion (56% of land area) can be achieved with the MAGIC constellation. 
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Figure E.13: Detectability of the projected climate-change induced annual amplitude change of terrestrial water 

storage after 30 years of satellite gravimetry observations: coloured pixels denote where projected amplitude 

change exceeds the magnitude of the GRACE or MAGIC accuracy. 

 

For cryosphere applications, our analysis shows that the double-pair MAGIC configurations 

will drastically improve our ability to monitor mass displacements on the ice sheets compared 

to what is currently possible. It is shown that it should be feasible to separate mass signals in 

the interior of Greenland or Antarctica from those in the coastal zones (Figure E.14), which is 

of high scientific interest. While for the hydrology, ocean and solid Earth analyses the MAGIC 

3d_H, 5d_Ma and 5d_Mb constellations performed very similar, the 5d_Mb configuration 

shows the best performance for the cryosphere applications, which is related to the lower 

altitude of the polar pair compared to scenario 3d_H, and the higher inclination of the inclined 

pair compared to scenario 5d_Ma. Correspondingly, scenario 5d_Mb shows the largest number 

of basins passing the threshold and target criteria and the lowest RMSE. At a 250 km resolution, 

the threshold accuracy for monthly time scales (5.5 cm RMSE) is met for 40 out of the 45 

basins, and at daily-to-weekly time scales (6.3 cm RMSE) still for 37 basins. For the Antarctic 

Peninsula as a region of rapid ice loss, the added scientific value of a double-pair mission is far-

reaching as the RMSE drops to an order of magnitude lower than what is currently achievable 

with a single-pair mission. 

     

Figure E.14: Mass variations in the ablation zone of Greenland basin 5 simulated by the HIS model and retrieved 

from the 4 mission configurations simulations. 

 



NGGM/MAGIC ï Science Support Study During  

Phase A 

Final Report 

Doc. Nr:  

Issue: 

Date: 

Page: 

MAGIC_FR 

1.0  

15.11.2022 

24 of 466 

 

 

 

In the field of oceanography, the MAGIC double-pair configurations produce a dramatic 

improvement in ocean bottom pressure determination over the single pair GRACE-style 

configuration. While the present state GRACE measurements cover only the large-scale 

fluctuations over the range of degrees from about 5 to 15-30 which are of little climatic interest, 

the new configurations extend the valuable information out to degrees up to between degree 50 

and 80, depending on the signal. This is a game-changing extension, permitting clear physical 

interpretation of aspects of the ocean circulation which are of most relevance to the Earth 

System, including the potential to monitor meridional overturning circulation changes on time 

scales of years and decades. The Caribbean Sea example shows a change from barely detectable 

signals (at about 1 cm RMS) to clearly detectable ones, increasing the explained variance from 

about 50% of the single-pair to 80%-90% with the double-pair configuration (Figure E.15). 

 

Figure E.15: Percentage variance explained, of the Caribbean Sea basin-averaged bottom pressure, by the 

pressures truncated at different spherical harmonic degrees and with noise of different amplitudes added. "4" 

means noise has been reduced by a factor of square root of 4 (in order to propagate the weekly values for the noise 

to 4-weekly (monthly) means). ñsmoothò means 4-week averages were used instead of weekly data. 

 

Our analysis of the MAGIC performance in detecting a gravity signal generated by an 

earthquake of a magnitude M shows that it will bring a definitive improvement compared to the 

present observation technologies of a GRACE-like configuration. When comparing single and 

double pair configurations with weekly solutions, the double pair significantly lowers the 

detectable moment magnitude from M=8.8 to M=8.2, and increases the highest observable 

degree up to about 60 (333 km resolution). Lowering the time resolution to 1 year, the Bender 

configuration would detect earthquakes with magnitude M=7.4 upwards (Figure E.16).  
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Figure E.16: Cumulative noise curves and cumulative spectral signal curves for some selected earthquake 

mechanisms. EWH amplitude spectra. The blue and red triangles correspond to the MRD threshold and target 

requirements (Table 12 of MRD-ESA document; threshold requirement monthly:of 0.15 cm EWH@degree 25, 

0.5 cm EWH@degree 50, 10 cm EWH@degree 100, and 50 cm EWH@degree 133, 500 cm EWH@degree 200 

(month). The monthly target curves are scaled by a factor 10. The long period error curves in cm/yr values 

correspond to a division by factor 10 of the monthly values. 

 

 

6) DORIS-aided orbit and gravity field determination 

The impact of embarking DORIS receivers on board of the gravity field satellites was 

investigated. It will be assessed if DORIS, in addition to precise cm-level kinematic orbit 

solutions derived from GNSS observations, has the capability to enhance the quality of retrieved 

temporal gravity field models. The use of satellite tandems allows to form differential DORIS 

observations, which mitigates some common errors such as tropospheric delay correction 

errors. Therefore, the gravity field retrieval simulations included solutions based on both 

absolute and differential DORIS observations. The gravity field retrieval simulations have been 

conducted for the scenario 3d_H. It was verified that TU Delft and CNES software lead to 

comparable gravity field retrieval simulation results. The DORIS differential measurement 

type, even the ideal case tested in the gravity field retrieval simulations, does not provide 

additional information, i.e. accuracy, to the solution. In reality, the errors in the DORIS 

differential measurements will be much larger as they will for an important part not cancel out, 

as was shown with real Sentinel 3A/3B data. The DORIS receiver can therefore only be 

considered as a back-up instrument for the GNSS receiver in the unlikely event of its failure. 

 

7) Accelerometer calibration 

Connected to the studies on the DORIS-aided orbit and gravity field determination (section 6), 

it was also investigated if such a scenario has the potential to enhance the calibration of 

accelerometers. Also in this case, the calibration simulations were based on scenario 3d_H and 
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included solutions based on both absolute and differential DORIS observations. The 

accelerometer calibration assessment was based on having one accelerometer in the center-of-

mass with a GRACE-type noise. The biggest contribution for precise accelerometer calibration 

comes from the kinematic orbit coordinates (GNSS). The addition of DORIS or ll-SST 

observation hardly improves the accelerometer calibration by POD. 

Drag-free flight leaves a very small non-gravitational signal to be observed by the 

accelerometers, which makes the estimation of accelerometer scale factors less crucial and also 

very unstable. A proper maneuver scheme allows a very accurate kinematic orbit based 

calibration of the scale factor of the accelerometers: very accurate values can be obtained for 

the X and Z axes (accuracy generally better than 0.001), and more reliable estimates for the Y 

axis scale factors are obtained (better than 0.05). Periods of a few hours with thrust of the order 

of 50 nm/s2 might be sufficient. Accurate estimates of scale factors can be obtained as well 

when not flying drag-free (e.g. during the commissioning phase), especially for the X axis 

(much better than 0.001 during solar maximum, better than 0.01 during solar minimum). For 

the Y and Z axes, the performance is an order of magnitude worth, even more so for the Z axis 

during solar minimum. 

A proposed implementation is to have 3 accelerometers on board of each satellite, with 1 

accelerometer in the center-of-mass of the satellite and the other two symmetrically located 

with respect to this center-of-mass. This possibly leads to a ã3 noise reduction when for 

example using a 3-accelerometer common-mode in case of accelerometer calibration by POD. 

The exact impact of such a possible reduction is yet to be assessed. Heritage from GOCE shows 

that similar results are obtained for 2-accelerometer and 1-accelerometer calibration by POD, 

but also that other calibration schemes, e.g. by comparison with star tracker observations, are 

feasible for at least the accelerometer scale factors. 

 

8) Conclusions 

In the frame of this MAGIC/Science project, which was performed in parallel to two industry 

system studies, the trade space of a wide range of satellite constellations could be narrowed 

down, leading to a clear recommendation for a Bender-type double pair mission concept. The 

performance of the constellation is mainly driven by the inclined pair. Therefore, at least the 

inclined pair has to fly a coordinated orbit with a ground-track pattern forming short sub-cycles, 

in order to guarantee homogeneous performance of short-term solutions which is an 

indispensable requirement for operational service applications. All simulation results were 

compared against the MRD requirements In the full-noise case, which includes very 

conservative assumptions especially regarding background model errors as the dominant error 

contributors, the double-pair results can largely meet the threshold requirements for monthly 

solutions, with the exception of the low degrees. This is also true for short-term solutions of a 

few days. 

The scientific potential was assessed in the main fields of applications continental hydrology, 

cryosphere, ocean, solid Earth, and climate research. Based on the analysis of single- and double 

pair simulation scenarios spanning over 1year, the latter could demonstrate significant added 

value in all analyzed thematic fields. This is reflected, e.g., by a much larger number of 
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hydrological units that can be analyzed for water storage variations within the limits of MRD 

requirements, an increase in capability to detect the projected climatic changes of the annual 

amplitude of continental water storage from 36% to 64% of the land area after 30 years of 

observation, a drastic improvement to monitor mass displacements on the ice sheets including 

the feasibility to separate mass signals in the interior of Greenland or Antarctica from those in 

the coastal zones, and the ability to detect earthquakes with magnitude M=7.4 upwards for a 

time resolution of 1 year. In the field of oceanography, the MAGIC double-pair configuration 

would be a game changer, permitting clear physical interpretation of aspects of the ocean 

circulation, including the potential to monitor meridional overturning circulation changes on 

time scales of years and decades. 

During this science study, several interactions with the parallel system Phase A studies existed, 

leading, e.g. to the identification of the optimum inter-satellite distance, the impact of various 

accelerometer and drag free scenarios, and a loosening of the requirements for tone errors. The 

reliability of the simulation results were guaranteed by an independent second implementation 

of a numerical simulator based on GFZôs EPOS software, which produces very comparable 

results to TUMôs numerical simulator for all tested scenarios. In the frame of this projects, also 

several methodological improvements were developed, implemented and assessed, such as the 

treatment of ocean tides (OT) in near-real time (NRT) processing based on the stochastic 

modelling of OT background model errors, Science impact analysis, a data-driven multi-step 

self-de-aliasing (DMD) method for better treatment of short-term atmosphere and ocean signals 

and corresponding reduction of temporal aliasing, or the optimal application of de-aliasing 

models. Additionally, impact of embarking DORIS receivers on board of the gravity field 

satellites was investigated. In full-scale simulation, it was found out that the DORIS differential 

measurement type does not provide additional information to GNSS. 

In summary, important lessons regarding the optimum set-up of a MAGIC double-pair mission, 

the tuning of its key parameters, and its optimized processing could be learnt during this project, 

providing also valuable feedback for the parallel system studies and paving the way for a 

significantly improved monitoring of mass transport processes from space.  
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ABBREVIATIONS AND ACRONYMS 
 

ACC  Accelerometer 

AO  Non-tidal atmosphere and Ocean 

AOD  Atmosphere and ocean de-aliasing 

AOerr  Atmosphere and ocean error 

AOHIS Atmosphere Ocean Hydrology Ice Solid-earth 

AP  Advanced Pendulum 

ASD  Amplitude Spectral Density 

ATT  Attitude 

BM   Background model 

d/o  degree and order 

DFC  Drag-Free Control 

DORIS Doppler Orbitography and Radiopositioning Integrated by Satellite 

EPOS  Earth Parameter and Orbit System software  

ESA  European Space Agency 

ESM  Earth System Model 

EWH  Equivalent Water Height 

GFZ  GeoForschungZentrum Potsdam ï Helmholtz Center for Geosciences 

GNSS  Global Navigation Satellite Systems 

GOCE  Gravity field and steady-state Ocean Circulation Explorer 

GRACE Gravity Recovery and Climate Experiment 

HCU  HafenCityUniversität Hamburg 

HIS  Hydrology, Ice and Solid-earth (temporal gravity) 

ICGEM International Centre for Global Earth Models 

IERS  International Earth Rotation Service 

ISD  Inter-satellite distance 

ITRF  International Terrestrial Reference Frame 

IUGG  International Union of Geodesy and Geophysics 

ll -SST  low-low Satellite-to-Satellite Tracking 

LRI  Laser ranging interferometer 

MAGIC Mass change And Geosciences International Constellation 

NGGM Next Generation Gravity Mission 

OT  Ocean tides 

PWL  Piecewise Linear 

RB  Requirements Baseline 

RMS  Root-Mean-Square 

SDS  Science Data System 

SF  Scale factor 

SH  Spherical Harmonic 

SST  satellite-to-satellite tracking 

TUD   Delft University of Technology 

TUM  Technical University of Munich 

ULP  The University of Liverpool 

URE  Université de Rennes 

UTR  University of Trieste 
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1 INTRODUCTION 
 

This Part 1 refers to Task 1 of the SoW and covers the work performed under WP 100 of the 

WBS. It refers to the deliverable document TN D2 ñClosed-loop simulations with baseline and 

improved softwareò.  

The main purpose is to investigate various MAGIC mission scenarios based on numerical 

closed-loop simulations and to interpret and assess the resulting performance. 

2 CONSTELLATION SCENARIOS 

2.1 INTRODUCTION 

 

In order to study the impact of different values for the period of a repeat orbit or (sub)cycle and 

the impact of a change of height, several scenarios were defined for Bender-type constellations 

consisting of one pair flying in a (near-)polar orbit and one pair in an inclined orbit (Table 2-1). 

In addition, a few sun-synchronous orbital (SSO) and pendulum missions were defined. The 

nominal baseline length is equal to 220 km for all satellite pairs and scenarios. For the scenarios 

3d_H and 5d_LL additional tandems were defined, including inline tandems with a baseline 

length of 100 km, 150 km, and 180 km, and pendulum pairs with angles of 150, 300, and 450 

(Table 2-2). 

 

Table 2-1 Orbits sets for inclined and polar pairs. The ID shows the number of sub-cycle days for which the 

set is optimized and an additional information about the altitudes: (M)id, (H)igh. Note that the semi-major 

axis is reduced by 6378 km for highlighting differences in altitude. The other columns provide information 

about the homogeneity of the ground track patterns (for more details is referred to [RD-1]). 

ID Sats 1 (IP) Sats 2 (PP) ▐■1 [-] ▐■2 [-] ȹ(Lon)

1 [deg] 
ȹ(Lon)2 

[deg] 
Sub-

cycles 
[days] 

 
Alt. 
[km] 

Incl. 
[deg] 

Alt. [km] Incl. 
[deg] 

 

3d_M 409 70 440 89 1.368 1.383 2.308 2.384 2, 3, 8, 
11, 30 

3d_H 432 70 463 89 1.451 1.449 -3.076 -3.067 3, 7, 31 

5d_Ma 396 65 434 89 1.397 1.383 -1.499 -1.458 2, 3, 5, 
13, 18, 31 

5d_Mb 397 70 425 87 1.168 1.167 0.736 0.733 2, 5, 27, 
32 

5d_H 465 75 488 89 1.185 1.190 0.762 0.781 4, 5, 29 

7d_M 389 70 417 87 1.238 1.253 0.743 0.786 2, 7, 30 

7d_H 432 70 463 89 1.218 1.226 0.672 0.692 3, 7, 31 

SSO for 
3d_H 

477 97 463 89 1.454 1.449 -3.097 -3.067 3, 7, 31 

SSO for 
7d_H 

477 97 463 89 1.201 1.226 0.622 0.692 3, 7, 31 
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5d_LL 344 70 376 89 1.423 1.410 -1.671 -1.628 1, 2, 5, 
12, 29 

5d_LH 344 71.5 492 89 1.169 1.172 -0.732 -0.790 5, (32-31) 

Table 2-2 Scenarios for which Kepler elements were computed for additional tandems. 

3d_H Inline baselines: 100, 150, 180 & 220 km 

Pendulum 150 & 300: baselines 100 & 220 km 

Pendulum 450: baseline 220 km 

5d_LL Inline baselines: 100, 150, 180 & 220 km 

 

2.2 GENERATION OF OSCULATING KEPLER ELEMENTS 

 

A procedure was established to obtain proper orbital initial conditions for the orbit scenarios 

outlined in Table 2-1. The procedure is largely identical to the one used in previous studies to 

a Next Generation Gravity Mission (NGGM) [RD-2][RD-3][RD-4]. The procedure 

incorporates the possibility of taking into account a common drift of the ground track pattern 

for the (near-)polar and inclined satellite pairs. The reason for this incorporation is the choice 

of a number of relatively short repeat periods or (sub)cycles, e.g., as low as 3 days for scenario 

3d_H in Table 2-1. In case such a repeat period would be exact, the associated ground track 

spacing would not allow for high-degree gravity field recoveries for longer periods. For 

example, typically 47 orbital revolutions are completed in a 3-day period, which allows for a 

homogeneous gravity field retrieval only to spherical harmonic degree 23 according to the 

Nyquist-Colombo sampling rule for space-borne gravimetry [RD-5]. Therefore, a common drift 

to both the polar and inclined orbits can be applied, such that over longer time spans the distance 

between adjacent tracks becomes smaller. For example, for the 3-day near-repeat 3d_H 

scenario the common ground track pattern shifts by about 3 degrees after 3 days. This way, it 

is guaranteed that for example after a month a gravity field retrieval up to, e.g., at least spherical 

degree and order 150 is possible.  

The procedure consists of the following steps: 

1. Simulation of time series of Cartesian X, Y and Z coordinates in a true-of-date pseudo-

inertial Earth-centered reference frame according to a perfectly circular drifting repeat 

orbit. The force model consists of the central and J2 terms of the Earthôs gravity field. 

The time step is 1 hr. The time series is nominally 30 days long. 

2. Estimation of osculating Kepler elements at epoch by a dynamic orbit fit through the 

Cartesian coordinates of step 1. The satellites are assumed to fly drag free, which means 

that only gravitational force models are taken into account (GOCO05s complete to 

degree and order 120 [RD-7], EGM-96 based model for the solid-earth and ocean tides 

[RD-8], 3rd body perturbations). The GEODYN software, version 0712, is used that was 

kindly provided by the NASA Goddard Space Flight Center, Greenbelt, Maryland [RD-

7].  

Typically, the fit of the Cartesian coordinates is of the order of a 1.5-5 km. The epoch of the 

Kepler elements is 1 January 2002, 00:00:00, GPS time. It has to be noted that largely the same 

dynamical models were used as those to be used in the analysis of the possible DORIS 

contribution (WPs 300 and 700 of this project). The differences between the used force model 
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consist of (1) different tide model, and (2) inclusion of remaining non-gravitational 

accelerations equivalent to as described in [RD-4]. These force model differences cause orbit 

differences that are typically less than 1 km after 30 days and do thus not significantly change 

the ground track pattern and baseline stability. The Kepler elements are provided in the J2000 

reference frame. 

 

3 VERIFICATION OF ORBIT GEOMETRIES 

For all the satellite tandems and Bender constellation scenarios listed in Table 2-1, the baseline 

stability has been checked by computing the mean and RMS-about-mean of the orbit 

differences in flight, radial and cross-track directions, and the distances, for the two satellites 

that form the associated tandem. This has been done for a 30-day period for all satellite pairs 

and the time series of orbit differences and distances has been plotted as well (GIF images). In 

addition, the maximum gap between adjacent tracks at the equator has been computed for 

several combinations of ground tracks (see, e.g., Table 3-1 for scenario 3d_H). For each 

scenario, the associated Figures and ground track information is provided in an electronic 

archive (3.1). It was found that for all scenarios and satellite pairs, the baseline never deviates 

more than typically a few hundreds of meters from the nominal length of 220 km for the inline 

pairs (also for other baseline lengths, the deviations were of this order of magnitude), and that 

the baselines for the pendulum pairs are in agreement with the desired 150 or 300 pendulum-

motion. 

In addition, for all scenarios in Table 2-1 it was checked if the ground track patterns are 

consistent with the specifications in [RD-1].  

 

Table 3-1 Check of ground track for scenario 3d_H. The maximum distance between adjacent tracks at 

the equator is indicated for only the ascending or descending tracks, or for all tracks, for sub-cycles of 3 

and 7 days. 

Satellite(s) 3-day subcycle 7-day sub-cycle 

 
Ascending 

  
Ascending 

  

 
Min (deg) Max (deg) Ratio Min (deg) Max (deg) Ratio 

Sat1/polar 6.82 9.91 1.45 0.67 3.76 5.58 

Sat1/inclined 6.77 9.87 1.46 0.85 3.95 4.63 

Sat2/polar 6.82 9.91 1.45 3.07 3.76 1.22 

Sat2/inclined 6.77 9.87 1.46 0.85 3.95 4.63 

 
Descending 

  
Descending 

  

Sat1/polar 6.82 9.91 1.45 3.07 3.75 1.22 
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Sat1/inclined 6.77 9.87 1.46 0.85 3.95 4.65 

Sat2/polar 6.82 9.91 1.45 3.07 3.75 1.22 

Sat2/inclined 6.77 9.87 1.46 0.94 3.95 4.21 

 
Asc & Des 

  
Asc & Des 

  

Sat1/polar 3.39 6.51 1.92 0.31 3.09 9.81 

Sat1/inclined 3.38 6.48 1.92 0.37 3.01 8.06 

Sat2/polar 3.39 6.51 1.92 0.32 3.09 9.81 

Sat2/inclined 3.38 6.49 1.92 0.37 3.01 8.04 

 
Bender 

  
Bender 

  

Sat1/pol+inc 0.54 3.38 6.43 0.21 2.43 11.57 

Sat2/pol+inc 0.53 3.48 6.56 0.20 2.42 11.97 

 

 

3.1 ELECTRONIC DELIVERABLES 

 

The products to be provided by WP 120 and 410 are the Keplerian elements. An example is 

provided in Figure 3-1.  

In addition, checks have been conducted to assess if the baselines for the different satellite pairs 

and scenarios are stable, i.e., do not drift away too much (e.g., more than a few km) from the 

nominal 220 km (or other length if so specified). For each satellite pair and for each scenario, 

Figures have been provided that demonstrate sufficient baseline stability (GIF format). An 

example is included below (Figure 3-2). 

 

Moreover, it has been verified that the ground track patterns of both polar and inclined pairs 

have an identical drift for each scenario and also satisfy the sub-cycle/repeat period 

specification. To this aim, Figures (animated GIF format) were produced and provided as well 

such as the one below in Figure 3-3. Finally, as stated in Section 2, for all scenarioôs the 

maximum gap between adjacent tracks has been computed for relevant sub-cycles. Associated 

numbers are included in ASCII text files. 

 

Thus, the electronic supplement incudes (all uploaded to TU Munich LRZ server [RD-9]): 

- Osculating Kepler elements at epoch in the J2000 reference frame (ASCII text files); 

- Information about the ground tracks for sub-cycles (ASCII text files); 

- Images displaying evolution of baselines (GIF); 

- Animated images of drifting ground track patterns for selected sub-cycles (GIF). 
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Figure 3-1 Osculating Kepler elements for scenario 3d_H from [RD-1] at epoch 1 January 2002, 00:00:00 

UTC time. 

 

Figure 3-2 Differences between the orbits of the two satellites of the 150 pendulum pair for scenario 3d_H 

(Table 2-1). The radial, along-track and cross-track differences are displayed for a 30-day period (1-30 

January 2002). The along-track difference does not deviate by more than a few hundreds of meters from 

the nominal baseline length of 220 km in the flight direction. The pendulum motion can be nice observed 

on the cross-track direction.  
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Figure 3-3 Ground track patterns (animated GIF in original Word document) for 10 consecutive 3-day sub-

cycles (scenario 3d_H in Table 2-1). 
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4  VALIDATION OF THE INTEGRATED ORBITS 

For each of the orbit configurations introduced in sections 1 and 2, orbit time series over the 2-

month time period starting from January 1st, 2002 were computed by TUM. The initial state 

parameters of the satellites are defined by the osculating Kepler elements provided by TUD. 

We numerically integrate force models for the static gravity field, the ocean tide signal and the 

AOHIS signal. In the following, we present a detailed analysis of the orbits obtained by 

numerical integration from the TUM full-scale simulation software, and thereby validate the 

properties of the orbits described in sections 1 and 2. 

The properties analysed are the inclination of the orbits and the presence of a ñpendulumò angle 

between the satellite orbits, the stability of the inter-satellite distance over a 2-month period, 

the longitude shift of the groundtracks, the duration of the repeat subcycles as well as the 

homogeneity of the groundtrack coverage in subsequent subcycles over time. 

The corresponding plots are given by Figure 4-1 to Figure 4-14. The respective panels a and b 

show the groundtracks of the leading satellite (in blue) and the trailing satellite (in green) over 

a time period of 1 day (January 1st, 2002). The global groundtrack plots (panels a) visualize the 

inclination of the orbits, as well as the data coverage within a one-day time span. The smaller 

section (panel b) visualizes the angle of the orbital planes of the two satellites, which is 0° for 

the in-line orbits and 15° or 30° for the pendulum orbits. 

The inter-satellite distance over the 2-month simulation time span starting from January 1st, 

2002 is shown by the respective panels c. The nominal inter-satellite distance of 220 km (or 

150 km, or 180 km, respectively) is marked as a red horizontal line. It can be seen that the 

distance between the two satellites stays within +/- 1km at the nominal distance for the in-line 

pairs.  For the pendulum pairs, the maximum deviation from the nominal inter-satellite distance 

is 8 km (15° opening angle) and about 25 km (30° opening angle) within the considered 2-

month period. Figure 4-15 additionally visualizes the stability of the inter-satellite distance in 

the case of the 3d_H and 5d_LL orbits with 150 km and 180 km inter-satellite distance. 

With respect to the analysis of the subcycle stability and longitude shifts, we give an overview 

of the nominal values in Table 4-1, which also includes which subcycles are explicitly validated 

in Figures Figure 4-1 to Figure 4-14. 

Panel d of Figure 4-1 to Figure 4-14 shows the longitude shift of the groundtrack after the 

completion of an integer number of subcycles, where the longitude shift is measured as distance 

between the groundtrack equator crossings at the beginning and the end of the subcycle interval. 

The lengths of the subcycles as well as the nominal longitude shift of the individual orbit 

configurations are given by Table 2-1 and are repeated for convenience in Table 4-1. The 

longitude shift for the individual subcycles determined from the computed orbit data can be 

read in the legend of the panel d plots. The comparison of the nominal shift value and the shift 

determined from the orbit data is given in the figure captions. For all orbit configurations, the 

deviations between the nominal and determined values are very small. 
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The stability of the subcycle lengths is shown by panels e and f of Figure 4-1 to Figure 4-14. 

We confirm the presence of the nominal subcycle lengths as well as their stability within 2 

months. 

Panels g to n of Figure 4-1 to Figure 4-14 visualize the homogeneity of the groundtrack 

coverage of individual subcycles, as well as the direction of the longitude shift. A green marker 

is plotted at the beginning of the respective groundtrack segment, and a red marker at the end 

of it. As an example, panel g of Figure 4-1 shows the groundtrack of the leading satellite from 

January 1st to January 3rd, 2002, which represents the first 3-day subcycle of the polar 3d_H 

orbit. The red marker is located to the west of the green marker, visualizing the negative 

(westward) longitude drift of the 3-day subcycle. Panel h of Figure 4-1 shows the groundtrack 

for day 4 to 6 and panel i shows the groundtrack for day 58-63, visualizing that the groundtrack 

coverage is stable over time. 

Equivalent observations can be made in panels j to l of Figure 4-1 for the 7-day subcycle, as 

well as in panels m and n of Figure 4-1 for the 31-day subcycle. 

 

Table 4-1 Longitude shift and subcycle lengths for selected orbit configurations. Data is extracted from 

Table 2-1. The last column gives the subcycles which are validated using integrated orbits in  

 Longitude shift 

(polar pair) 

Longitude shift 

(inclined pair) 

Subcycles in 

days 

Validated 

subcycles 

3d_H -3.076°/3 days -3.076°/3 days 3, 7, 31 3, 7, 31 

5d_LL -1.628°/5 days -1.671°/5 days 1, 2, 5, 12, 29 5, 29 

5d_LH -0.790°/5 days -0.732°/5 days 5, PP: 31, IP: 32 5, 31, 32 

5d_H 0.781°/5 days 0.762°/5 days 4, 5, 29 5, 29 

7d_M 0.786°/7 days 0.743°/7 days 2, 7, 30 7, 30 
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Figure 4-1 Orbit validation plots for the p olar in-line pair (pI, 3d_H). Determined longitude shift: -

3.0738°/3 days. Nominal longitude shift (3d_H): -3.076°/3 days. The stability of the 3- and 7-day subcycles 

is visualized in panels e and f. The groundtrack coverage within 3-day, 7-day and 31-day segments is 

shown by the panels g to i, j to l and m to n, respectively. 
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Figure 4-2 Orbit validation plots for the inclined in -line pair (iI, 3d_H). Determined longitude shift 

(leading satellite): -3.0276°/3 days. Nominal longitude shift (3d_H): -3.076°/3 days. The stability of the 3- 

and 7-day subcycles is visualized in panels e and f. The groundtrack coverage within 3-day, 7-day and 31-

day segments is shown by the panels g to i, j to l and m to n, respectively. 
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a b c 

 

 

 

Figure 4-3 Polar pendulum pair with 15° opening angle (pP15, 3d_H) 

 

a b c 

 

 

 

Figure 4-4 Polar pendulum pair with 30° opening angle (pP30, 3d_H) 

 

a b c 

 

 

 

Figure 4-5 Inclined pendulum pair with 15° opening angle (iP15, 3d_H) 
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Figure 4-6 Orbit validation plots for the sun-synchronous in-line pair (sI, 3d_H). Determined longitude 

shift (leading satellite): -2.77926°/3 days. Nominal longitude shift (3d_H): -3.076°/3 days. The stability of 

the 3- and 7-day subcycles is visualized in panels e and f. The groundtrack coverage within 3-day, 7-day 

and 31-day segments is shown by the panels g to i, j to l and m to n, respectively. 
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Figure 4-7 Orbit validation plots for the polar in -line pair (pI, 5d_LL). Determined longitude shift 

(leading satellite): -1.62721°/5 days. Nominal longitude shift (5d_LL): -1.628°/5 days. The stability of the 

5- and 29-day subcycles is visualized in panels e and f. The groundtrack coverage within 5-day and 29-day 

segments is shown by the panels g to i and j to k, respectively. 
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Figure 4-8 Orbit validation plots for the inclined in -line pair (iI, 5d_LL). Determined longitude shift 

(leading satellite): -1.67786°/5 days. Nominal longitude shift (5d_LL): -1.671°/5 days. The stability of the 

5- and 29-day subcycles is visualized in panels e and f. The groundtrack coverage within 5-day and 29-day 

segments is shown by the panels g to i and j to k, respectively. 
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Figure 4-9 Orbit validation plots for the polar in -line pair (pI, 5d_LH). Determined longitude shift 

(leading satellite): -0.811155°/5 days. Nominal longitude shift (5d_LH):  -0.790°/5 days. The stability of the 

5- and 31-day subcycles is visualized in panels e and f. The groundtrack coverage within 5-day and 31-day 

segments is shown by the panels g to i and j to k, respectively. 
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Figure 4-10 Orbit validation plots for the i nclined in-line pair (iI, 5d_LH ). Determined longitude shift 

(leading satellite): -0.768125°/5 days. Nominal longitude shift (5d_LH):  -0.732°/5 days. The stability of the 

5- and 32-day subcycles is visualized in panels e and f. The groundtrack coverage within 5-day and 32-day 

segments is shown by the panels g to i and j to k, respectively. 
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Figure 4-11 Orbit validation plots for the polar in -line pair (pI, 5d_H). Determined longitude shift 

(leading satellite): 0.710955°/5 days. Nominal longitude shift (5d_H): 0.781°/5 days. The stability  of the 5- 

and 29-day subcycles is visualized in panels e and f. The groundtrack coverage within 5-day and 29-day 

segments is shown by the panels g to i and j to k, respectively. 
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Figure 4-12 Orbit validation plots for the inclined in -line pair (iI, 5d_H). Determined longitude shift 

(leading satellite): 0.879945°/5 days. Nominal longitude shift (5d_H):  0.762°/5 days. The stability  of the 5- 

and 29-day subcycles is visualized in panels e and f. The groundtrack coverage within 5-day and 29-day 

segments is shown by the panels g to i and j to k, respectively. 
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Figure 4-13 Orbit validation plots for the polar in -line pair (pI , 7d_M). Determined longitude shift 

(leading satellite): 0.829101°/7 days. Nominal longitude shift (7d_M):  0.786°/7 days. The stability  of the 7- 

and 30-day subcycles is visualized in panels e and f. The groundtrack coverage within 7-day and 30-day 

segments is shown by the panels g to i and j to k, respectively. 
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Figure 4-14 Orbit validation plots for the inclined in -line pair (iI, 7d_M). Determined longitude shift 

(leading satellite): 0.954961°/7 days. Nominal longitude shift (7d_M):  0.743°/7 days. The stability of the 7- 

and 30-day subcycles is visualized in panels e and f. The groundtrack coverage within 7-day and 30-day 

segments is shown by the panels g to i and j to k, respectively. 
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Polar in-line pair (pI, 3d_H, ISD = 150 km) Polar in-line pair (pI, 3d_H, ISD = 180 km) 

  
Incl. in-line pair (iI, 3d_H, ISD = 150 km) Incl. in-line pair (iI, 3d_H, ISD = 180 km) 

  
Polar in-line pair (pI, 5d_LL, ISD = 150 

km) 

Polar in-line pair (pI, 5d_LL, ISD = 180 

km) 

  
Incl. in-line pair (iI, 5d_LL, ISD = 150 km) Incl. in-line pair (iI, 5d_LL, ISD = 180 km) 

  

Figure 4-15 Visualization of the stability of the inter-satellite distance for the polar and inclined in-line 

pairs for 3d_H and 5d_LL in the cases of 150 km and 180 km inter-satellite distance. 
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5  PERFORMANCE AND ANALYSIS OF SCENARIOS 1-13 
 

5.1 INTRODUCTION AND INITIAL ANALYSIS OF SCENARIOS 1-13 

 

In this section, we present the full-scale gravity retrieval simulation results for various single-

and double pair ll-sst configurations. Table 5-1 summarizes the orbit configurations for the 

scenarios 1 to 13. For scenarios 1 to 9, 3d_H orbits according to Table 2-1 are used. For scenario 

12 and 13, 5d_LL and 5d_LH orbits are used, respectively. 

 

The naming convention for the scenarios is as follows: ñ1ò stands for a single-pair scenario, 

ñ2ò for a double-pair scenario, respectively. ñpò stands for the polar satellite pair, while ñiò 

stands for the inclined satellite pair and ñsò for the sun-synchronous satellite pair, respectively. 

ñIò means that the satellites of a pair are flying in-line, while ñPò is denoting a pendulum 

formation with the opening angle of the orbital planes of the leading and trailing satellite being 

specified in degrees after the ñPò. The letter ñgò of ñnò specifies which instrument noise is 

assumed for the respective satellite pair. ñgò stands for GRACE-I noise and ñnò for NGGM 

noise. 

 

In the GRACE-I noise case, we assume three equally good accelerometer axes with a noise 

ASD of  

ὥὧὧȟȟ ρϽρπ ρ
Ȣ  

    
ȾЍ

 . (1) 

 

In the NGGM noise case, we assume an ACC noise model of  

 

ὥὧὧ ρϽρπ
ρπὌᾀ

Ὢ

ρπὌᾀ

Ὢ
ρ ρ

Ὢ

ρπὌᾀ
 
ά

ίȾЍὌᾀ
 (2) 

 

along the line of sight between the two satellites of a pair. 

 

For both the GRACE-I and the NGGM noise case, we assume a LRI performance of 

 

ὰὶὭρȢυϽρπ
Ȣ  

ρϽ

Ȣ  

Ȣ  
   
Ѝ

 . (3) 

 

and an orbit noise of  

 

ὫὴίρϽρπ  
Ѝ

 . (4) 

 

The analytical amplitude spectral densities (ASDs) given by Equations (1) to (3) are visualized 

in Figure 5-1. The reason why we assume three good accelerometer axes in the GRACE-I noise 

case instead of assuming a degraded y axis is that the simulation list includes scenarios 

involving pendulum formations. In the TUM full-scale simulation software, the x axis of the 

accelerometer coordinate system is aligned along the orbit of the respective satellite. In the case 
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of a pendulum formation, this means that the accelerometer component which is directed 

towards the respective other satellite of a pair is changing periodically. 

Table 5-1 Overview of the orbit configurations underlying the single- and double-pair full -scale 

simulations for the scenarios 1 to 13. 

No. Scenario Pair 1 Pair 2 

Incl.  In -line/ 

pend. 

ACC 

noise 

Incl.  In -line/ 

pend. 

ACC 

noise 

1 2_pIg_iIn 89 In-line GRACE-I 70 In-line NGGM 

1a 1_pIg 89 In-line GRACE-I --- --- --- 

1b 1_iIn 70 In-line NGGM       

2 2_pIn_iIn 89 In-line NGGM 70 In-line NGGM 

2a 1_pIn 89 In-line NGGM --- --- --- 

3 1_pP15g 89 Pendulum 

15° 

GRACE-I --- --- --- 

4 1_pP30g 89 Pendulum 

30° 

GRACE-I --- --- --- 

5 2_pP15g_iIn 89 Pendulum 

15° 

GRACE-I 70 In-line NGGM 

6 2_pP30g_iIn 89 Pendulum 

30° 

GRACE-I 70 In-line NGGM 

7 2_pIg_iP15n 89 In-line GRACE-I 70 Pendulum 15° NGGM 

8 2_pP15g_iP15n 89 Pendulum 

15° 

GRACE-I 70 Pendulum 15° NGGM 

9 2_pIg_sIn 89 In-line GRACE-I 97 In-line NGGM 

10* tbd 89 In-line GRACE-I 89 Pendulum 15 

or 30° 

NGGM 

11* tbd 89 In-line GRACE-I 89 Pendulum 15 

or 30° 

NGGM 

12 2_pIn_iln 

(5d_LL) 

89 In-line NGGM 70 In-line NGGM 

13 2_pIg_iln 

(5d_LH) 

89 In-line GRACE-I 71.5 In-line NGGM 
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Figure 5-1 Amplitude spectral densities of the GRACE-I and the NGGM accelerometer and laser ranging 

interferometer noise assumed for the full-scale simulations for the scenarios 1 to 13. The dashed blue 

curve is not used: Instead, we assume ACC_y = ACC_x/z in the GRACE-I noise case. [Path: 

Various_Data_and_Models/ACC_LRI_Noise/] 

between the x- and the y- axis, giving a significant reduction in the gravity retrieval performance 

of pendulum formations. As we assume that in a potential real pendulum satellite mission, either 

accelerometers with three well-performing axes or accelerometers which are able to rotate such 

that the accelerometer x-axis would be constantly aligned along the satellitesô line of sight 

would be used, we assume three equally good axes in our simulations. 

 

For all scenarios, we compare the simulation results in the instrument-only case (which just 

includes the static gravity field as signal and mainly shows the impact of the instrument noise 

specifications on the retrieved gravity field), the full noise nominal case (which additionally 

includes the temporal aliasing errors due to the ocean tide as well as the AOHIS signal as well 

as an estimate for the atmosphere and ocean background model error) as well as the full noise 

wiese case (in which daily gravity fields up to d/o 15 are co-estimated). The resulting retrieved 

gravity field coefficients represent a zero signal-field in the case of the instrument-only 

simulations, the estimated HIS field in the case of the full noise nominal simulations, and the 

estimated AOHIS field in the case of the full noise wiese simulations.  

 

For all cases, we compute two subsequent 31-day solutions and nine subsequent 7-day 

solutions, starting from January 1st, 2002. These retrieval periods correspond to the repeat orbit 

subcycles of the 3d_H orbits. As shown in Section 3, the groundtrack coverage is equally good 

for subsequent subcycles, which is the prerequisite for subsequent short-term gravity solutions 

of the same quality. 

 

In the following, we analyse the coefficients and the formal errors of the instrument-only case, 

the coefficient differences w.r.t. the mean HIS field of the full noise nominal case and the 

coefficient differences w.r.t. the mean AOHIS field in the full noise wiese case, thereby 

analysing the retrieval errors in all cases. All simulations are computed up to a maximum SH 

d/o of 120, except from the 7-day single pair simulations, where a reduced d/o of 100 is used 

because the groundtrack coverage of the single pair scenarios after 7 days does not suffice to 

resolve the coefficients of larger SH degrees. 

 

Figure 5-2 shows the retrieval errors of the instrument-only case in terms of degree amplitudes. 

Panels a and b show the formal errors, while panels c and d show the retrieved coefficients. The 
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single-pair scenarios are displayed by the dotted curves, the double-pair scenarios by the solid 

curves, respectively.   

First of all, we analyse the performance of the single-pair scenarios: 

 

Among the single polar pairs, the in-line pair with the improved NGGM noise assumption, 

1_pIn, shows the best performance and even outperforms the pendulum scenarios 1_pP15g and 

1_pP30g. This shows that in the instrument-only case, i.e. in the case of zero temporal aliasing 

and background model errors, the benefit of replacing the GRACE-I noise by the NGGM noise 

is larger than the benefit of multi-directional observations that the pendulum configuration 

provides. 

 

Considering the single polar pairs in the full noise case (Figure 5-3, panels a and b), we see that 

in the full noise case, the benefit of replacing an in-line by a pendulum configuration is larger 

than the benefit of reducing the accelerometer noise. This shows that the multi-directional 

observations of the pendulum configuration are especially beneficial for reducing the large 

temporal aliasing errors which are included in the full noise case. 

 

In both the instrument-only and the full noise cases, increasing the opening angle of the 

pendulum orbits from 15 to 30 degrees improves the results, as the observation direction 

changes over a larger angle during the pendulum motion. 

 

The solving of the normal equations for the single inclined pair scenario 1_iIn requires a 

regularization, because of the data gaps over the polar caps. We apply a spherical cap 

regularization, in which normal equations for a grid filling the polar gaps are assembled, the 

observations on which are set to zero such that the resulting gravity field solutions are pushed 

towards zero over the poles. This can be done with various weighting factors for the 

regularization matrix. We present three solutions for 1_iIn, which differ only in the weighting 

factor chosen for the regularization matrix. As shown by Figure 5-6, changing the regularization 

weight only affects the resulting solution over the polar caps. In the data-covered region, the 

resulting solution does not change, demonstrating that the regularization only applies where it 

should: in the regions of missing data. In the 2-dimensinal SH domain, the polar gaps map to 

the near-zonal coefficients, which can be seen by comparing the three 1_iIn solutions. 

 

Now, we analyse the double-pair scenarios: 

 

Comparing the double-pair scenarios in Figure 5-2 shows that the worst performing double pair 

is 2_pIn_sIn, which includes a satellite pair flying in sun-synchronous orbit as the second 

satellite pair. The reason for the bad performance of 2_pIn_sIn compared to the remaining 

double-pair scenarios is the too small angle between the orbital planes of the polar and the sun-

synchronous pair, the inclination of which is 97° compared to the 70° inclination of the inclined 

pairs included in the other double-pair scenarios. This effect is even more prominent in the full 

noise case (Figure 5-3 a and b), where the 2_pIn_sIn scenario is outperformed by the pendulum 

single pair scenario 1_pP30g. 

 

Figure 5-2 and Figure 5-3 show that the performance of most of the double-pair scenarios is 

very similar to each other. We especially note that including one or two pendulum pairs as part 

of a double-pair configuration does not show a large impact compared to the standard Bender 

configuration. The improvement by using the NGGM noise assumption for both satellite pairs 
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(which is done for scenario 2_pIn_iIn) which is visible in the formal errors (see Figure 5-2 a 

and b) becomes masked by the larger-amplitude temporal aliasing errors in the full noise case 

(see Figure 5-3 a and b). 

 

Comparing the 3d_H double pair scenarios to the 5d_LL and 5d_LH scenarios in Figure 5-2 

and Figure 5-3, we see an improvement by lowering the orbit altitude, especially in the large 

SH degrees. 

 

As can be seen in panels c and d of Figure 5-3, the relative behaviour of the double-pair 

configurations in the full noise wiese case is similar to the full noise nominal case. 

 

Figure 5-4 and Figure 5-5 show the degree median plots corresponding to the degree amplitude 

plots shown by Figure 5-2 and Figure 5-3. The reason why we show them additionally here is 

that the degree median curves are less dominated by individual worse-resolved SH coefficients 

compared to the degree amplitude curves. Thereby, e.g. the performance of the single inclined 

pair within the data-covered region can be assessed more realistically: The degree medians of 

scenario 1_iIn are smaller than the degree medians of the single polar pairs. Especially for SH 

degrees above about 50, the performance of 1_iIn as estimated from the degree medians comes 

close to the performance of the analysed double pair scenarios. 
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Figure 5-2 Degree amplitude plots of the instrument-only full -scale simulations of the scenarios 1 to 9 and 

12 to 13 of Table 5-1. Panels a and b show the formal errors scaled by the a posteriori variance factor. 

Panels c and d show the retrieved coefficients. The plots in the left column show the curves averaged over 

two 31-day solutions, while the plots in the right column show the curves averaged over nine 7-day 

solutions. Single-pair scenarios are shown by dotted lines while double-pair scenarios are shown by solid 

lines. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/] 
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Figure 5-3 Degree amplitude plots of the full-noise full-scale simulations of the scenarios 1 to 9 and 12 to 

13 of Table 5-1. Panels a and b show the coefficient differences of the full noise nominal simulations w.r.t. 

the mean HIS signal. Panels c and d show the coefficient differences of the full noise wiese simulations 

w.r.t. the mean AOHIS signal. The plots in the left column show the curves averaged over two 31-day 

solutions, while the plots in the right column show the curves averaged over nine 7-day solutions. Single-

pair scenarios are shown by dotted lines while double-pair scenarios are shown by solid lines. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 5-4 Degree median plots of the instrument-only full -scale simulations of the scenarios 1 to 9 and 12 

to 13 of Table 5-1. Panels a and b show the formal errors scaled by the a posteriori variance factor. Panels 

c and d show the retrieved coefficients. The plots in the left column show the curves averaged over two 31-

day solutions, while the plots in the right column show the curves averaged over nine 7-day solutions. 

Single-pair scenarios are shown by dotted lines while double-pair scenarios are shown by solid lines. 

[Path: Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/] 
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Figure 5-5 Degree median plots of the full-noise full-scale simulations of the scenarios 1 to 9 and 12 to 13 

of Table 5-1. Panels a and b show the coefficient differences of the full noise nominal simulations w.r.t. the 

mean HIS signal. Panels c and d show the coefficient differences of the full noise wiese simulations w.r.t. 

the mean AOHIS signal. The plots in the left column show the curves averaged over two 31-day solutions, 

while the plots in the right column show the curves averaged over nine 7-day solutions. Single-pair 

scenarios are shown by dotted lines while double-pair scenarios are shown by solid lines. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 5-6 Triangle plots and spatial EWH grids of the 31-day simulation results for the single inclined 

pair (1_iIn, 3d_H), with three different weighting factors of the regularization matrix applied. For the 

plots in the left column, the applied regularization is weakest; for the plots in the right column, it is 

strongest. Panels a to f show the instrument only solutions and panels g to l the full noise solutions, 

respectively. All plots are displayed with one consistent colour scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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The more detailed comparison of the performance of the individual scenarios can be done using 

the triangle plots and spatial EWH grids of the retrieval errors shown by Figure 5-7 to Figure 

5-14. Figure 5-7 and Figure 5-8 show the instrument only and full noise nominal simulation 

results for the four polar single pair scenarios. A comparison of the instrument only and full 

noise results reveals that the temporal aliasing errors included in the full noise results are 

especially visible in the sectorial coefficients in the triangle plots and show up as longitudinal 

striping pattern in the EWH grids. These errors become reduced in the pendulum scenarios. 

Since these errors are not included in the instrument only computations, the benefit of the 

pendulum is not as pronounced in Figure 5-7. In the instrument only results, as noted above, 

especially the benefit of an improved accelerometer is visualized, which is especially 

pronounced for the low SH degrees. 

 

The instrument-only, full noise nominal and full noise wiese results of the double-pair scenarios 

are shown by Figure 5-9, Figure 5-10 and Figure 5-11 for the double in-line pairs, and Figure 

5-12, Figure 5-13 and Figure 5-14 for the double pairs including at least one pendulum pair. 

Compared to the single-pair results, the double-pair formations show considerably smaller 

retrieval errors, which is expected due to the number of observations, the groundtrack coverage 

and the contained multi-directional observations. As already observed in the degree amplitude 

and median plots, the best-performing satellite configuration among the analysed scenarios is 

2_pIn_iIn (5d_LL), which can mainly be explained by the lower orbit of the satellites. Also, 

the observation that there is no added value by flying a pendulum pair as part of a Bender-type 

constellation can be repeated. 

 

In order to assess the contributions of the polar and the inclined pair in a standard Bender 

double-pair configuration, we plot the coefficient error triangles of the scenarios 1_pIn, 1_iIn 

and 2_pIn_iIn side by side in Figure 5-15. 

 

As the normal equation system of the double pair scenarios are computed by adding the normal 

equation systems of the polar and the inclined pair, we assume that the weight of the individual 

NEQ systems in the combined solution can be visualized by looking at the coefficient errors of 

the respective single-pair solutions. As the single inclined pair solution 1_iIn needs a 

regularization to be solved, we keep in mind that the coefficients in the 1_iIn solution that are 

affected by the regularization (these are the near-zonal coefficients) are actually given much 

smaller weights in the combination with the 1_pIn NEQ system than suggested by the errors in 

the regularized 1_iIn single-pair solution. 

 

As shown by Figure 5-15, the retrieval errors of the coefficients outside the ñpolar gap wedgeò 

of the 1_iIn solution are comparable to the respective coefficients in the 2_pIn_iIn solution. 

This is the case both for the instrument only and the full noise simulation results. That means 

that for the coefficients that can be resolved by the inclined pair, the 2_pIn_iIn solution is 

dominated by the 1_iIn NEQs. The 1_pIn NEQs are however required in order to achieve a 

global solution: For the near-zonal coefficients, the observations of the polar pair are needed. 

 

 

 

 

 



NGGM/MAGIC ï Science Support Study During  

Phase A 

Final Report 

Doc. Nr:  

Issue: 

Date: 

Page: 

MAGIC_FR 

1.0  

15.11.2022 

64 of 466 

 

 

 

a b     

 

   

 

  

 

 

 

 

 

c d   

  

 

 

 

 

 

 

 

 

e f 

  

 

 

 

 

 

 

 

 

g h  

 

 

  

 

 

 

 

 

 

Figure 5-7 Triangle plots and spatial EWH grids of the 31-day instrument-only simulation results for the 

single-pair scenarios 1_pIg (panels a and b), 1_pIn (panels c and d), 1_pP15g (panels e and f) and 1_pP30g 

(panels g and h). The scenarios are defined in Table 5-1. All plots are displayed with one consistent colour 

scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/] 
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Figure 5-8 Triangle plots and spatial EWH grids of the 31-day full noise nominal simulation results for the 

single-pair scenarios 1_pIg (panels a and b), 1_pIn (panels c and d), 1_pP15g (panels e and f) and 1_pP30g 

(panels g and h). The scenarios are defined in Table 5-1. All plots are displayed with one consistent colour 

scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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Figure 5-9 Triangle plots and spatial EWH grids of the 31-day instrument only simulation results for the 

double in-line pair scenarios 2_pIg_iIn (panels a and b), 2_pIn_iIn (panels c and d), 2_pIg_sIn (panels e 

and f), 2_pIn_iIn (5d_LL) (panels g and h) and 2_pIg_iIn (5d_LH) (panels i and j). The scenarios are 

defined in Table 5-1. All plots are displayed with one consistent colour scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/] 
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Figure 5-10 Triangle plots and spatial EWH grids of the 31-day full noise nominal simulation results for 

the double in-line pair scenarios 2_pIg_iIn (panels a and b), 2_pIn_iIn (panels c and d), 2_pIg_sIn (panels 

e and f), 2_pIn_iIn (5d_LL) (panels g and h) and 2_pIg_iIn (5d_LH) (panels i and j). The scenarios are 

defined in Table 5-1. All plots are displayed with one consistent colour scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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Figure 5-11 Triangle plots and spatial EWH grids of the 31-day full noise wiese simulation results for the 

double in-line pair scenarios 2_pIg_iIn (panels a and b), 2_pIn_iIn (panels c and d), 2_pIg_sIn (panels e 

and f), 2_pIn_iIn (5d_LL) (panels g and h) and 2_pIg_iIn (5d_LH) (panels i and j). The scenarios are 

defined in Table 5-1. All plots are displayed with one consistent colour scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_wiese/] 
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Figure 5-12 Triangle plots and spatial EWH grids of the 31-day instrument only simulation results for the 

double pair scenarios including at least one pendulum pair: 2_pP15g_iIn (panels a and b), 2_pP30g_iIn 

(panels c and d), 2_pIg_iP15n (panels e and f) and 2_pP15g_iP15n (panels g and h). The scenarios are 

defined in Table 5-1. All plots are displayed with one consistent colour scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/] 
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Figure 5-13 Triangle plots and spatial EWH grids of the 31-day full noise nominal simulation results for 

the double pair scenarios including at least one pendulum pair: 2_pP15g_iIn (panels a and b), 

2_pP30g_iIn (panels c and d), 2_pIg_iP15n (panels e and f) and 2_pP15g_iP15n (panels g and h). The 

scenarios are defined in Table 5-1. All plots are displayed with one consistent colour scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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Figure 5-14 Triangle plots and spatial EWH grids of the 31-day full noise wiese simulation results for the 

double pair scenarios including at least one pendulum pair: 2_pP15g_iIn (panels a and b), 2_pP30g_iIn 

(panels c and d), 2_pIg_iP15n (panels e and f) and 2_pP15g_iP15n (panels g and h). The scenarios are 

defined in Table 5-1. All plots are displayed with one consistent colour scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_wiese/] 
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Figure 5-15 Comparison of the retrieval errors in the instrument only (top row) and full noise nominal 

(bottom row) cases for the single-pair scenarios 1_pIn and 1_iIn and the double-pair scenario 2_pIn_iIn, 

in order to estimate the contributions of the NEQ systems of the polar and inclined pairs in the 2_pIn_iIn 

solution. [Path: Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 

 

 

 

5.2 COMPARISON OF SCENARIOS 1 AND 13 IN THE LOW SH 
DEGREES 

 

In this section, we analyze the retrieval error behavior of the scenarios 1 (2_pIg_iIn, 3d_H) and 

13 (2_pIg_iIn, 5d_LH) in the low SH degrees. In the orbit scenario 3d_H, the altitudes of the 

satellites are 463 km (polar pair) and 432 km (inclined pair), respectively, while in the orbit 

scenario 5d_LH, the altitudes of the satellites are 492 km (polar pair) and 344 km (inclined 

pair). Thus, the main difference of the scenarios 1 and 13 is the altitude of the inclined pair, 

which is much lower for the 5d_LH orbits. In the following, we analyze the impact of the lower 

altitude of the inclined pair of scenario 13 on the retrieved low-degree SH coefficients. 

 

Figure 5-16 shows the degree amplitudes of scenarios 1 to 13 up to SH d/o 50. By comparing 

the dark blue curve (corresponding to scenario 1) to the brown curve (corresponding to scenario 

13), we see the reduced formal errors for scenario 13 especially in the 31-day solutions. In the 

corresponding triangle plots shown by Figure 5-17, it can be seen that this improvement of the 

formal errors exists for all SH degrees and orders.  

 

Since the coefficient errors of the instrument-only simulations are much more noisy compared 

to the corresponding formal errors, the above-described improvement is more difficult to 

identify in the corresponding plots (panels c, d of Figure 5-16 and Figure 5-17). 

 

Comparing the performance of the scenarios 1 and 13 in the full noise nominal case, we do not 

see a very pronounced difference in the retrieval errors (see the panels e, f of Figure 5-16 and 

Figure 5-17).  
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In the corresponding full noise Wiese simulations, there is a visible difference in the behavior 

of scenario 1 and 13: As can be seen in panels g and h of Figure 5-16, the ñbumpsò in the degree 

amplitude curves of the full noise Wiese simulations are more strongly pronounced for scenario 

13, decreasing the performance of scenario 13 compared to scenario 1 in the full noise Wiese 

case. These bumps are caused by larger errors of (near-)sectorial SH coefficients of specific SH 

orders, as can be seen by investigating panels g and h of Figure 5-17. Additional analysis on 

this phenomenon is presented in Section 5.3. 

 

To summarize the findings of this section: We found an improved performance of scenario 13 

compared to scenario 1 in the formal errors of the instrument-only simulations, which is mainly 

caused by the lower orbit altitude of the inclined pair of the 5d_LH orbits compared to the 3d_H 

orbits and can be observed across the SH spectrum. This improvement is however smaller than 

the impact of temporal aliasing errors, which cause the retrieval errors of the full noise nominal 

simulations of most of the double-pair scenarios among the scenarios 1 to 13 to be very similar 

to each other. In the full noise Wiese case, differences in the strength of the ñbumpò artefacts 

in the degree amplitudes of scenario 1 and 13 were observed. 
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Figure 5-16 Degree amplitude plots showing the retrieval errors (a, b: formal errors, c, d: coefficient 

errors of instrument-only simulations, e, f: coefficient errors of full noise nominal simulations, g, h: 

coefficient errors of full noise Wiese simulations) for the double-pair cases among the scenarios 1 to 13 up 

to SH d/o 50. The dark blue curves correspond to scenario 1, the brown curves to scenario 13, 

respectively. The retrieval period is 7 days (left column) and 31 days (right column), respectively. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 5-17 Triangle plots showing the retrieval errors (a, b: formal errors, c, d: coefficient errors of 

instrument-only simulations, e, f: coefficient errors of full noise nominal simulations, g, h: coefficient 

errors of full noise Wiese simulations) for scenarios 1 (left column) and 13 (right column) up to SH d/o 50. 

[Path: Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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5.3 ARTEFACTS IN THE FULL NOISE WIESE SOLUTIONS 

 

As could be seen in the analysis of the scenarios 1 to 13 presented in the preceding sections, the 

full noise Wiese retrieval errors of (near-)sectorial SH coefficients of specific SH orders are 

anomalously large, leading to bump-shaped anomalies in the corresponding degree amplitude 

curves. In this section, we investigate this behavior and try to explain it. 

 

As a first step, we investigate the formal errors of the full noise nominal and full noise Wiese 

simulations in terms of degree amplitudes. As can be observed in Figure 5-18, the bump-shaped 

artifacts that we observed in the coefficient errors of the full noise Wiese results (e.g. see panels 

g and h of  Figure 5-16) indeed also occur in the corresponding formal errors of the full noise 

Wiese results. This indicates that the phenomenon could be related to an unstable inversion of 

the NEQ matrix ὃὖὃ, the inverse of which is formed both in order to compute the formal 

errors as well as to retrieve the SH coefficients. The fact that the formal errors of the full noise 

nominal results do not show this behavior indicates that the reason for the unstable inversion 

could be the additional daily gravity field coefficients that are co-parametrized in the case of 

the full noise Wiese solutions. 

 

We further investigate this presumption by computing several test cases for scenario 2_pIg_iIn 

(5d_LH), which showed the strongest anomalies in the corresponding Wiese solutions 

compared to the remaining scenarios. If it is true that the bump-shaped artifacts in the degree 

amplitude curves of the Wiese simulations are caused by an unstable inversion of the 

corresponding NEQ matrix, the amplitudes of the bumps should increase if the maximum SH 

degree of the co-parametrized Wiese daily solutions is increased (as more unknown parameters 

are solved for). By varying this so-called ñWiese degreeò between 0 and 20 (see Figure 5-19) 

we are indeed able to observe the presumed behavior. Also, we see that not only the amplitude 

of the bump feature is increasing with increasing Wiese degree, but also the range in SH degrees 

which are affected is increasing. In this specific scenario, the Wiese degree can maximally 

amount to 5 if the artifact should be avoided. 

 

Alternatively to decreasing the Wiese degree, the bump artifact can also be avoided if the 

instrument noise that is included in the simulation is increased (in which we also imply an 

adaptation of the used weighting matrix ὖ), which is visualized in Figure 5-20: If we replace 

the instrument noise as well as the P matrix in the scenario 2_pIg_iIn (5d_LH), the artifact is 

not visible any more, as the overall retrieval performance of the scenario is considerably 

decreased. 

 

In summary, regarding the ñbump artifactsò that we observed in the degree amplitudes of full 

noise Wiese simulations, we came to the interpretation that these effects are caused by an 

unstable inversion of the related NEQ matrix. The features can be avoided by either 

significantly decreasing the maximum SH degree of the daily Wiese solutions, or by decreasing 

the overall performance of the scenario (which e.g. is reached by worsening the assumed 

instrument noise performance). In order to further refine our interpretation of this behavior, we 

would need to investigate the numerical stability of the individual parts (i.e. the part related to 

the overall retrieved solution as well as the daily blocks related to the daily Wiese solutions) of 

the NEQ matrix in detail. 
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Figure 5-18 Degree amplitudes of the formal errors of the full noise nominal (panel a) and full noise Wiese 

(panel b) simulations for scenarios 1 to 13. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 

 

 

 

Figure 5-19 Degree amplitude plot based on the coefficient errors of 7-day d/o 120 full noise Wiese 

simulations for scenario 2_pIg_iIn (5d_LH). The maximum SH d/o of the daily Wiese solutions is varied in 

steps of 5 between 0 and 20. Additionally, the black curve shows the corresponding full noise nominal 

simulation result (including the usage of a background model for dealiasing) for comparison. 
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Figure 5-20 Degree amplitude plot based on the retrieval errors (solid lines: coefficient errors, dotted 

lines: formal errors) of 7-day d/o 70 full noise Wiese simulations for scenario 2_pIg_iIn (5d_LH). The 

maximum SH d/o of the daily Wiese solutions is varied in steps of 5 between 0 and 20. Additionally, the 

black curves show the corresponding full noise nominal simulation results (including the usage of a 

background model for dealiasing). The yellow curve shows the full noise Wiese simulation for a scenario 

similar  to scenario 2_pIg_iIn (5d_LH), but using a higher instrument noise level. 
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5.4 SCALING OF 3-DAY, 7-DAY AND 31-DAY SOLUTIONS 

 

In this section, we investigate if the scaling factor sqrt(x/y) between the retrieval errors of x-

day and y-day solutions is valid for instrument-only as well as for full noise nominal 

simulations. 

 

For this purpose, we show the results of 3-day, 5-day, 7-day and 31-day instrument only and 

full noise nominal simulations for the scenario 2_pIn_iIn in Figure 5-21. In order to check if 

sqrt(x/y) is indeed the factor between the solutions of retrieval periods x and y, we plot the up-

scaled error degree amplitudes of the 31-day solutions as dotted lines. By comparing the solid 

and dotted curves of the same color in Figure 5-21, we find that indeed the theoretical factor 

that reflects the decrease in the retrieval error by increasing the number of observations is valid 

both for instrument-only as well as for the full noise nominal simulations. Especially, we 

observe that this factor is also valid for the 5-day retrieval period which does not correspond to 

a subcycle of the 3d_H orbits underlying the 2_pIn_iIn scenario. This shows that for the global 

performance of a specific constellation, the chosen retrieval period for data processing does not 

have to correspond to a subcycle of the underlying orbits in order to provide error levels that 

scale according to the amount of data samples. 

 

It should be noted that for this study, the maximum d/o of the solutions for the individual 

retrieval periods has been adjusted in order to account for the decreasing spatial coverage for 

shorter retrieval periods. For the considered double-pair scenario 2_pIn_iIn, a maximum SH 

d/o of 120 for 31-day and 7-day solutions, d/o 100 for 5-day solutions and d/o 70 für 3-day 

solutions has been determined to give good results. 

 

In order to complete our investigation, we also show the error degree amplitudes of d/o 15 daily 

Wiese solutions in Figure 5-21, panel b. It can be seen that for these solutions, the error levels 

do not scale corresponding to the sqrt(x/y) rule but are smaller. This could be because in the 

full noise Wiese processing, the degree n > 15 signals are absorbed by the co-estimated higher-

resolved multiple-day solution and therefore do not disturb the daily solutions. 

 

To summarize, we found in this section that the global error levels of both the instrument-only 

as well as the full noise nominal solutions scale with the number of observations included, i.e. 

the retrieval period. This is only the case if the maximum SH degree for the specific solution is 

adjusted for the spatial coverage reached after the considered period of time. We especially note 

that the scaling of the errors with the number of observations is independent of a match of the 

retrieval period with one of the subcycles of the underlying satellite orbits. 
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Figure 5-21 Degree amplitudes of instrument-only (panel a) and full noise nominal (panel b) simulations 

for the scenario 2_pIn_iIn. The solid lines are computed based on the respective coefficient errors of 3-day 

d/o 70, 7-day d/o 100 and 31-day d/o 120 solutions, while the dotted lines show the 31-day curve upscaled 

by a factor of sqrt(31/x) to approximate the x-day curve. Panel b additionally shows the degree amplitude 

curve of a d/o 15 daily Wiese solution, to also visualize the error level for a retrieval period of 1 day. 

[Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/2_pIn_iI

n/ and 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pIn

_iIn/]  

 

 

 

 

 

 

(E
W

H
 i
n

 c
m

) 
(E

W
H

 i
n

 c
m

) 



NGGM/MAGIC ï Science Support Study During  

Phase A 

Final Report 

Doc. Nr:  

Issue: 

Date: 

Page: 

MAGIC_FR 

1.0  

15.11.2022 

81 of 466 

 

 

 

5.5 IMPACT OF MATCH BETWEEN RETRIEVAL PERIOD AND 
SUBCYCLE LENGTH 

 

As presented in Section 5.4, the retrieval errors of simulated scenarios differing by their 

retrieval period only scale with the number of observations included in a solution. Especially, 

it was found that this holds both if the retrieval period matches one of the subcycles of the 

underlying orbits or not. This was investigated based on degree amplitudes averaged among 

multiple subsequent solutions of the same retrieval period. 

 

Here, we additionally investigate the amount of scatter between individual solutions of a chosen 

retrieval period, using the scenario 2_pIn_iIn (5d_LL). The relevant subcycles of the underlying 

5d_LL orbits are 5 and 29 days. We compute multiple subsequent 5-day, 7-day, 29-day and 31-

day gravity field solutions and analyze if there is a dependency of the scattering of the 

performance of the individual subsequent solutions on their match between retrieval period and 

subcycle length. 

 

Figure 5-22 and Figure 5-23 show the global retrieval errors of 5-, 7-, 29- and 31-day 

instrument-only and full noise nominal solutions, respectively. By comparing the amount of 

scatter among the individual solutions for a retrieval period of 5 or 7 days and 29 or 31 days, 

we see that the global quality of the individual solutions does not differ depending on if the 

chosen retrieval period does or does not match the subcycles of the underlying orbits. 

In order to compare the quality of individual subsequent solutions in more detail, Figure 5-24 

and Figure 5-25 show the retrieval errors of selected individual instrument-only solutions in the 

SH and the space domain. By comparing the performance of the two depicted individual 

solutions of the same retrieval period, we cannot find an indication of a dependency of the 

scatter among individual solutions on their match between retrieval period and orbit subcycle 

length.  

 

To sum up, we compared the retrieval errors of subsequent individual solutions and did not find 

a dependency on the match between the chosen retrieval period and one of the subcycles of the 

underlying satellite orbits. In connection with the findings of Section 5.4, this shows that the fit 

between retrieval period and subcycle length does not have a major impact on the quality of the 

retrieved gravity field solutions. 
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Figure 5-22 Degree amplitudes of 5-day (panel a), 7-day (panel b), 29-day (panel c) and 31-day (panel d) 

instrument only simulations for the scenario 2_pIn_iIn (5d_LL). The curves for the individual solutions 

are depicted with light dotted curves while the mean of the individual curves is represented by the red 

curve. The relevant subcycles of the 5d_LL orbits are 5 and 29 days. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/2_pIn_iI

n_5d_LL/]  
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Figure 5-23 Degree amplitudes of 5-day (panel a), 7-day (panel b), 29-day (panel c) and 31-day (panel d) 

full noise nominal simulations for the scenario 2_pIn_iIn (5d_LL). The curves for the individual solutions 

are depicted with light dotted curves while the mean of the individual curves is represented by the red 

curve. The relevant subcycles of the 5d_LL orbits are 5 and 29 days. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pIn

_iIn_5d_LL/]  
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Figure 5-24 Triangle plots and spatial EWH grid plots visualizing the retrieval errors of individual 

instrument-only simulations for the scenario 2_pIn_iIn (5d_LL). Panel a: 5-day solution for 01.-

05.01.2002, panel b: 5-day solution for 06.-10.01.2002, panel c: 7-day solution for 01.-07.01.2002, panel d: 

7-day solution for 8.-14.01.2002. The relevant subcycle of the 5d_LL orbits is 5 days. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/2_pIn_iI

n_5d_LL/]  
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Figure 5-25 Triangle plots and spatial EWH grid plots visualizing the retrieval errors of individual 

instrument-only simulations for the scenario 2_pIn_iIn (5d_LL). Panel a: 29-day solution for 01.-

29.01.2002, panel b: 29-day solution for 30.01.-27.02.2002, panel c: 31-day solution for 01.-31.01.2002, 

panel d: 31-day solution for 01.01.-03.03.2002. The relevant subcycle of the 5d_LL orbits is 29 days. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/2_pIn_iI

n_5d_LL/] 
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6 COMPARISON OF 3D_H, 5D_H AND 7D_M SCENARIOS 
 

In this section, the impact of the orbit altitude on the retrieval errors is analysed by comparing 

the results for the single and double pair scenarios 1 to 2a (cf. Table 5-1) using 3d_H, 5d_H 

and 7d_M orbits as defined by Table 2-1. For convenience, we summarize the orbit altitude and 

subcycles of the analysed orbit scenarios in Table 6-1.  

 

As we already computed one scenario (2_pIn_iIn) using 5d_LL orbits and one scenario 

(2_pIg_iIn) using 5d_LH orbits, we additionally add these results to our comparison. 

 

Figure 6-1 shows the degree amplitude plots of the formal errors as well as the coefficient errors 

of the instrument only and the full noise nominal simulations. By comparing the retrieval errors 

of the same satellite configuration between the 3d_H, 5d_H and 7d_M orbit cases, we observe 

that mostly, the 7d_M orbits provide the best performance, followed by the 3d_H orbits and 

again followed by the 5d_H orbits. This order can be understood by comparing the orbit 

altitudes of the individual orbits in Table 6-1: The scenarios using the lowest orbit alitudes give 

the smallest retrieval errors. 

 

As can be seen in Figure 6-1, this effect becomes increasingly pronounced with increasing SH 

degree: The degree amplitude curves of the same colour (i.e., of the same satellite 

configuration) but different line styles (i.e., different orbit altitudes used) split up towards higher 

SH degrees. 

 

The only scenario for which this effect cannot be observed in Figure 6-1 is 1_iIn, as these curves 

are dominated by the near-zonal worse-resolved SH coefficients of the single inclined pair 

simulation. 

 

Comparing the individual single and double pair scenarios among each other (e.g. 2_pIg_iIn 

versus 2_pIn_iIn), we observe that the improving effect of the NGGM noise versus the 

GRACE-I noise which is visible for low SH degrees becomes secondary for increasing degrees, 

where a lower orbit altitude can compensate a worse instrument noise performance. This shows 

that the orbit altitude has to be considered as the main performance driver of satellite gravity 

missions. 

 

Comparing the instrument only and the full noise results, we observe again that as soon as 

temporal aliasing errors are included, the benefit of an improved instrument noise performance 

which can be especially seen in the instrument only single-pair results, becomes secondary as 

the temporal aliasing errors are larger compared to the errors introduced by the instrument 

noise: The difference between 1_pIg and 1_pIn becomes much smaller in the full noise case 

compared to the instrument only case. The effect of the orbit altitude, however, still remains 

significant in the full noise case. 

 

For completeness, we also show the corresponding degree median plots in Figure 6-2. They 

allow for the same observations as Figure 6-1 and additionally provide a more realistic 

evaluation of the scenario 1_iIn w.r.t. the other scenarios. 

 

Figure 6-3 and Figure 6-4 give the triangle plots and spatial EWH grids of the double in-line 

scenario 2_pIn_iIn for the orbit scenarios 5d_H, 3d_H, 7d_M and 5d_LL. We ordered them 
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with decreasing orbit altitude, to directly visualise the effect of increasing retrieval 

performance. The triangle plots show that this improvement is found throughout the SH 

spectrum. 

 

 

Table 6-1 Orbit altitude and subcycles of selected orbit types. Data is extracted from Table 2-1 and 

repeated here for convenience. 

 Altitude in km   

(polar pair) 

Altitude in km 

(inclined pair) 

Subcycles in 

days 

3d_H 463 432 3, 7, 31 

5d_LL 376 344 1, 2, 5, 12, 29 

5d_LH 492 344 5, PP: 31, IP: 32 

5d_H 488 465 4, 5, 29 

7d_M 417 389 2, 7, 30 
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Figure 6-1 Degree amplitude plots of the full-scale simulations of the scenarios 1_pIg, 1_pIn, 1_iIn, 

2_pIg_iIn and 2_pIn_iIn defined in Table 5-1. Compared are the results obtained when using 3d_H (solid 

curves), 5d_H (dashed curves) and 7d_M (dotted curves) orbits, as defined by Table 2-1. Additionally, the 

results for the scenarios 2_pIn_iIn (5d_LL orbits) and 2_pIg_iIn (5d_LH orbits) are shown. Panels a and 

b show the formal errors scaled by the a posteriori variance factor. Panels c and d show the retrieved 

coefficients of the instrument only case. Panels e and f show the coefficient errors of the full noise nominal 

case. The plots in the left column show the curves averaged over two 31-day solutions, while the plots in 

the right column show the curves averaged over nine 7-day solutions. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 6-2 Degree median plots of the full-scale simulations of the scenarios 1_pIg, 1_pIn, 1_iIn, 2_pIg_iIn 

and 2_pIn_iIn defined in Table 5-1. Compared are the results obtained when using 3d_H (solid curves), 

5d_H (dashed curves) and 7d_M (dotted curves) orbits, as defined by Table 2-1. Additionally, the results 

for the scenarios 2_pIn_iIn (5d_LL orbits) and 2_pIg_iIn (5d_LH orbits) are shown. Panels a and b show 

the formal errors scaled by the a posteriori variance factor. Panels c and d show the retrieved coefficients 

of the instrument only case. Panels e and f show the coefficient errors of the full noise nominal case. The 

plots in the left column show the curves averaged over two 31-day solutions, while the plots in the right 

column show the curves averaged over nine 7-day solutions. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 6-3 Triangle plots and spatial EWH grids of the 31-day instrument only simulations for the double 

in-line pair scenario 2_pIn_iIn, to analyse the effect of the orbit altitude on the retrieval errors. Shown are 

the results obtained by using 5d_H (panels a, b), 3d_H (panels c, d), 7d_M (panels e, f) and 5d_LL (panels 

g, h) orbits, as defined by Table 2-1. The solutions are ordered such that the orbit altitude is decreasing 

fr om top to the bottom row (cf. Table 6-1). [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/] 
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Figure 6-4 Triangle plots and spatial EWH grids of the 31-day full noise nominal simulations for the 

double in-line pair scenario 2_pIn_iIn, to analyse the effect of the orbit altitude on the retrieval errors. 

Shown are the results obtained by using 5d_H (panels a, b), 3d_H (panels c, d), 7d_M (panels e, f) and 

5d_LL (panels g, h) orbits, as defined by Table 2-1. The solutions are ordered such that the orbit altitude 

is decreasing from top to the bottom row (cf. Table 6-1). [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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7 ANALYSIS OF THE INTER-SATELLITE DISTANCE 
 

7.1 INITIAL ANALYSIS 

 

In this section, we analyse the impact of the inter-satellite distance (ISD) dependency of the 

LRI noise on the retrieved gravity field solution. For this analysis, we use four different 

simulation scenarios: Firstly, we show the results obtained if the ISD is 220 km, but the LRI 

noise remains without scaling (which corresponds to the LRI noise in the case of an ISD of 100 

km). This is the situation as used for the simulation scenarios 1 to 14, where the ISD dependency 

of the LRI noise is not taken into account. The remaining three cases show the results obtained 

for an ISD of 150, 180 and 220 km, respectively, and an appropriately scaled LRI noise for 

these ISD values. We scale the LRI noise by a factor of ISD/100 km, which represents an 

increase of the LRI noise with increasing ISD. 

 

The above described four cases w.r.t. ISD and LRI noise scaling are considered for the Bender 

double-pair configuration corresponding to scenario 2_pIn_iIn (two in-line pairs with MAGIC-

type accelerometers). We present the results both for the 3d_H orbits and the 5d_LL orbits, in 

order to compare the magnitudes of the ISD effect to the effect the orbit altitude has on the 

retrieved gravity field model. 

 

Figure 7-1 shows the amplitude spectral densities (ASDs) of the pre-fit range rate residuals in 

the instrument-only case. They include the instrument noise (as can be seen by comparing the 

pre-fit residuals ASDs to the analytical ASDs of the noise models) as well as numerical errors 

(which produce the deviations of the shape between the pre-fit residuals ASDs and the ASDs 

of the noise models). The curves show that the noise in the ll-sst residuals is dominated by the 

ACC noise for frequencies below 7*10^-4 Hz and therefore does not change between the 

considered scenarios. For larger frequencies, the scaling factor in the LRI noise is visible: For 

larger ISDs, the noise level is larger. 

 

Panels a and b of Figure 7-2 show the degree amplitudes of the retrieved coefficients in the 

instrument-only case, and panels c and d of Figure 7-2 the corresponding plot with the formal 

errors. For the three scenarios where the LRI noise is scaled according to the ISD, the retrieval 

errors are smaller if the ISD is larger. This shows that the increase of the signal-to-noise ratio 

(SNR) by increasing the ISD is dominating over the effect of the increased LRI noise by 

increasing the ISD. However, it has to be noted that the impact of the ISD on the retrieval errors 

is much smaller compared to the effect that the satellite orbit altitude has: Especially in the 

degrees larger than about 50, the decreased orbit altitude improves the retrieval errors 

significantly. For a fixed orbit altitude, the best performance is reached if ISD=220 km and the 

unscaled LRI noise is used, which is expected, as the positive effects of the increased ISD and 

the lower LRI noise levels are interfering. The fact that the curves for ISD=220 km, LRI noise 

scaled for 100 km distance and ISD=220 km, LRI noise scaled for 220 km distance are so close 

to each other demonstrates that the ISD-dependency of the LRI noise plays a secondary role in 

our simulations. 

 

If the errors due to temporal aliasing and background model errors are included (see panels e 

and f of Figure 7-2), both the effects of the ISD and the LRI noise scaling disappear, showing 
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that these effects play a secondary role after the errors introduced if temporal gravity signals 

are considered. 

 

 

 

Figure 7-1 Amplitude spectral densities (ASDs) of the instrument-only pre-fit range rate residuals for the 

polar in-line pair using MAGIC -type ACC and LRI noise (pIn), in the case of various inter-satellite 

distances (ISDs) and accordingly scaled LRI noise (blue solid lines) and in the case of ISD = 220 km and 

unscaled LRI noise (green solid line). The dashed black curve shows the corresponding pre-fit spectrum if 

no orbit, ACC and LRI noise is used. The dotted lines give the analytical noise ASDs of the used ACC and 

LRI noise models. 
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Figure 7-2 Degree amplitude plots of the coefficients (top row) and formal errors (middle row) of the 

instrument-only simulations, as well as the coefficient errors of the full noise simulations (bottom row). 

Panels a, c and e show the results for the 31-day retrieval period; panels b, d and f show the results for the 

7-day retrieval period.  
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7.2 REPEATED ANALYSIS USING CORRECTED SCALING FACTOR 

 

As has been pointed out in Milestone Meeting 1, the scaling factor for the LRI noise of ISD/100 

km, which has been used for the initial analysis presented in Section 7.1, is wrong and the 

correct scaling factor is supposed to be ISD/220 km. For this reason, the analysis presented in 

Section 7.1 is now repeated using the correct scaling factor for the LRI noise. 

 

First of all, we give an update for Figure 7-1 in Figure 7-3. By comparing the two figures, we 

see the expected effect that the noise amplitudes are now smaller with the new scaling factor of 

ISD/220 km. As smaller noise amplitudes are used, the relative importance of the instrument 

noise compared to the numerical errors in the software is decreasing, as can be seen in Figure 

7-3: Now, for all considered cases the numerical errors (visualized by the ASD of the no noise 

prefit residuals) are dominating for most of the spectral range except for the low frequencies < 

1e-4 Hz where the ACC noise is still stronger than the numerical errors. 

 

An update of Figure 7-2 is given in Figure 7-4. Qualitatively, the results are similar to the 

findings presented in Section 7.1: For larger ISDs, the improving effect of the gain in signal is 

predominating the degrading effect of the increased LRI noise, resulting in smaller coefficient 

errors for larger ISDs. The fact that the sigma 0-scaled formal errors are smaller compared to 

the instrument only coefficient errors (especially towards the larger SH degrees) could be due 

to the numerical errors which are contained in the coefficient errors but not in the formal errors.  

 

We note that in Figure 7-4, in contrast to Figure 7-2, we are using retrieval periods of 29 and 5 

days for the 5d_LL scenario, in order to show solutions with retrieval periods matching the 

subcycle lengths of the underlying orbits for all cases. The different amount of observations 

contained in the 5- and 7-day solutions of the 3d_H and 5d_LL scenarios is presumably the 

reason for the intersection of the corresponding degree amplitude curves which could be 

avoided by scaling the curves corresponding to their retrieval period. 

 

All in all, the repeated analysis of the ISD-dependence of the LRI noise and its impact on the 

retrieval errors could confirm our previous findings using the wrong scaling factor for the LRI 

noise. 
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Figure 7-3 Update of Figure 7-1, now using the correct scaling factor of ISD/220 km for the LRI noise. 
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Figure 7-4 Update of Figure 7-2, now using the correct scaling factor of ISD/220 km for the LRI noise. 

[Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/2_pIn_iI

n_5d_LL/]  
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8 ANALYSIS OF ADDITIONAL DOUBLE-PAIR SCENARIOS 
 

8.1 IMPACT OF THE ACC PERFORMANCE OF THE INCLINED PAIR 

 

In this section, we compare the previously investigated scenario 2_pIg_iIn (3d_H) to the new 

scenario 2_pIg_iIg (3d_H). The only difference between the two scenarios is the accelerometer 

noise assumed for the inclined satellite pair: In the newly computed scenario 2_pIg_iIg (3d_H), 

the NGGM-like ACC on the inclined pair is replaced by a GRACE-like ACC. The aim is to 

find out what the impact of the ACC performance of the inclined pair is on the retrieval errors 

of a double pair constellation. 

 

Figure 8-1 to Figure 8-3 give an overview of the instrument only and full noise nominal 

simulation results for retrieval periods of 7 and 31 days. As shown by Figure 8-1, the impact of 

the ACC performance of the inclined pair is clearly visible in the instrument only results: 

Especially towards the low SH degrees, 2_pIg_iIn outperforms 2_pIg_iIg by a factor of up to 

10 for the lowest degrees. This effect is both visible in the coefficient errors (solid lines) and 

the formal errors (dotted lines) in panels a and b of Figure 8-1. In the full noise nominal 

simulations, in contrast, this effect becomes overwhelmed by the amplitude of temporal aliasing 

errors (see panels c and d of Figure 8-1). 

 

In order to visualize in more detail which SH coefficients are mostly affected by the change in 

the ACC performance of the inclined pair, we plot the ratio of the coefficient errors as triangle 

plots in Figure 8-2. As shown by the respective panels a and b, mostly the (near-)sectorial 

coefficients of the instrument only results are affected. This is expected, since the sectorial 

coefficients are mainly determined by the inclined pair, which provides observations including 

a component in east-west direction. In the ratio of the retrieval errors of the full noise nominal 

simulations shown by panels c and d of Figure 8-2, we do not find any major difference between 

the two considered scenarios. 

 

For completeness, we also show the performance of the computed simulation results in space 

domain in Figure 8-3. The improvement of the (near-)sectorial coefficient in the instrument 

only case can be observed in panels a to d of Figure 8-3 in the form of reduced striping noise 

patterns for scenario 2_pIg_iIn compared to 2_pIg_iIg. As observed before, the full noise 

results do not show such an impact. 

 

Summing up, we found that the impact of an improved ACC for the satellites of the inclined 

pair in a double-pair constellation is mainly the improvement of the (near-)sectorial SH 

coefficients in instrument-only simulations. If temporal gravity signals are included in the 

simulation, this effect however disappears behind the temporal aliasing errors which are 

dominating the retrieval errors in the full noise case. For the reduction of temporal aliasing 

errors, mainly the inclination of the second pair plays a role. 
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Figure 8-1 Degree amplitudes of instrument-only (panels a, b) and full noise nominal (panels c, d) 

simulations for the double-pair scenarios 2_pIg_iIn and 2_pIg_iIg. The retrieval period amounts to 7 days 

(panels a, c) and 31 days (panels b, d), respectively. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 8-2 Triangle plots showing the ratio of the coefficient errors of instrument-only (panels a, b) and 

full noise nominal (panels c, d) simulations of the scenarios 2_pIg_iIn and 2_pIg_iIg on a logarithmic 

scale. Blue colors indicate that 2_pIg_iIn performs better than 2_pIg_iIg. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 8-3 Spatial plots visualizing the retrieval performance of the scenarios 2_pIg_iIn (left column) and 

2_pIg_iIg (right column) in terms of EWHs. Panels a to d show the results of the instrument only 

simulations, while panels e to f show the results of the full noise nominal simulations. The retrieval period 

amounts to 7 days (panels a, b, e, f) and 31 days (panels c, d, g, h), respectively. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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8.2 REPLACING THE POLAR BY A SUN-SYNCHRONOUS PAIR 

 

In this section, we compare the previously investigated scenario 2_pIn_iIn (3d_H) to the new 

scenario 2_sIn_iIn (3d_H) in which the polar pair (89° inclination) is replaced by a sun-

synchronous pair (97° inclination). The sun-synchronous orbit has polar gaps of 7° radius, 

which are not covered by any data in the scenario 2_sIn_iIn since the polar pair is missing. 

However, in the data-covered region of 2_sIn_iIn, the combination of the given inclinations 

could be beneficial in terms of the multi-directionality of the observations. 

 

Both for the 2_pIn_iIn and the 2_sIn_iIn scenario, we do not apply any regularization. In order 

to compare the global performance of 2_sIn_iIn to the previously computed 3d_H scenarios, 

we compute the degree medians of the respective retrieval errors, since the degree amplitudes 

of 2_sIn_iIn are strongly degraded by the near-zonal SH coefficients of the polar gaps of the 

2_sIn_iIn constellation. As can be seen from the plots in the left column of Figure 8-4, the 

global performance of scenario 2_sIn_iIn in terms of degree medians is very similar to the other 

depicted 3d_H double-pair scenarios in the full noise case. The formal errors of 2_sIn_iIn are, 

however, larger than the formal errors of 2_pIn_iIn up to degree 50 (which could be related to 

the missing data over the polar caps which are needed to constrain the long-wavelength features 

of the gravity field), and comparable to the formal errors of 2_pIn_iIn for degrees > 50. 

 

To obtain a more detailed picture of the relative performance of 2_pIn_iIn and 2_sIn_iIn, we 

plot the logarithmic ratio of the respective instrument only and full noise nominal retrieval 

errors in panels b and e of Figure 8-4. Blue colors indicate that 2_pIn_iIn outperforms 

2_sIn_iIn, while yellow colors indicate that 2_sIn_iIn outperforms 2_pIn_iIn. In the instrument-

only case, the main effect visible is the degradation of 2_sIn_iIn in the near-zonal SH 

coefficients, caused by the missing data in the polar gaps of the sun-synchronous orbit. In the 

full -noise case, besides the polar gap effect, we additionally see that 2_sIn_iIn outperforms 

2_pIn_iIn in the SH coefficients which are outside the polar gaps of the sun-synchronous orbit, 

but inside the polar gaps of the inclined orbit. That means that in the areas which are not covered 

by the inclined pair, and therefore the double-pair performance is solely determined by the first 

(i.e., the polar or the sun-synchronous pair), the larger inclination of the sun-synchronous pair 

is beneficial for reducing temporal aliasing errors (which are included in the full noise case). If 

no temporal aliasing errors are present (which is the case in the instrument only computation), 

no significant benefit of replacing the polar by a sun-synchronous pair could be found. 

 

To compare the performance of 2_pIn_iIn and 2_sIn_iIn in the spatial domain, we show the 

respective EWH grids as stereographic projections in Figure 8-5 and Figure 8-6. In the 

instrument-only case, 2_pIn_iIn shows a homogeneous performance, also above the poles, 

while 2_sIn_iIn shows large retrieval errors above the 7° polar gaps of the sun-synchronous 

pair. In the full noise nominal case, the additional effect that 2_sIn_iIn outperforms 2_pIn_iIn 

in the near-polar region between 70° and a bit less than 80° latitude can be seen (the zonal noise 

in the retrieval errors for 2_sIn_iIn slightly exceeds the 7° polar gaps of the sun-synchronous 

pair as probably the north-south-directed observations of the polar pair are missing). 

 

To sum up, by comparing 2_pIn_iIn and 2_sIn_iIn, we found that replacing the polar pair of a 

double-pair constellation by a sun-synchronous pair is beneficial to reduce temporal aliasing 

errors in part of the polar gap regions of the inclined pair, but introduces large zonal noise in 

the vicinity of the polar gap regions of the sun-synchronous pair. 
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Figure 8-4 Left: Degree medians of previously computed scenarios 1 to 13 (a: coefficient errors of 

instrument-only simulations, c: formal errors of instrument-only simulations, d: coefficient errors of full 

noise nominal simulations), with the newly computed results of scenario 2_sIn_iIn depicted by the cyan 

solid curves. Right: Logarithmic ratio of coefficient errors of scenarios 2_pIn_iIn and 2_sIn_iIn in the 

instrument only (panel b) and the full noise nominal (panel e) case. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 8-5 Stereographic projection of the instrument only retrieval errors in terms of EWHs, for the 

scenarios 2_pIn_iIn (left column) and 2_sIn_iIn (right column), in the northern (top row) and southern 

(bottom row) hemisphere. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/] 
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Figure 8-6 Stereographic projection of the full noise nominal retrieval errors in terms of EWHs, for the 

scenarios 2_pIn_iIn (left column) and 2_sIn_iIn (right column), in the northern (top row) and southern 

(bottom row) hemisphere. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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8.3 IMPACT OF THE INCLINATION OF THE SECOND PAIR 

 

The aim of this section is to analyze how the inclination of the second pair in a double-pair 

constellation affects the gravity retrieval errors. To this end, we compute 3-, 5- and 31-day 

instrument only and full noise nominal solutions for the scenarios 2_pIg_iIn (5d_Ma) and 

2_pIg_iIn (5d_Mb). The altitudes of the 5d_Ma and 5d_Mb orbits are comparable, such that 

the main difference between these two orbit scenarios is the inclination of the second pair: For 

scenario 5d_Ma, the inclined pair is flying at 65° inclination while for scenario 5d_Mb, the 

inclined pair is flying at an inclination of 70°. 

 

In general, a lower inclination of the inclined pair brings the benefit of a larger angle between 

the observation directions of the polar and the inclined pair, thereby reducing temporal aliasing 

errors in the latitudinal band where both satellites observe. This is, however, at the cost of a 

lower data coverage in the polar regions, where the double-pair performance is mainly given 

by the performance of the single polar pair. Therefore, the question is how small the inclination 

of the inclined pair could be made without decreasing the retrieval performance in the (near-

)polar areas too strongly. 

 

We start by investigating the error degree amplitudes of the computed solutions, although they 

only provide an insight into the global performance of the scenarios. As shown by Figure 8-7, 

the 5d_Ma scenario shows a better global retrieval performance than 5d_Mb for most cases. 

However, especially for the 5- and 31-day solutions, there are also intersections of the curves 

which indicate that the relative performance of the two investigated scenarios is not the same 

across the complete SH spectrum. 

 

In order to better see which SH coefficients are better resolved by the 5d_Ma or the 5d_Mb 

scenario, we show the corresponding triangle plots in Figure 8-8. It is visible that for the (near-

)sectorial coefficients, 5d_Ma performs better, which is due to the larger east-west component 

of the observation direction of the inclined pair of 5d_Ma that helps to constrain the variations 

of the gravity field in east-west direction. 

 

For the near-zonal coefficients, in general, there is a certain pattern that shows up especially in 

the full noise case: The very low order-SH coefficients are well constrained, due to the higher 

number of polar-pair observations close to the poles where the groundtracks of the polar pair 

converge. Going to slightly larger SH orders, bands of increased retrieval errors are visible in 

the 2-d SH domain. These bands of decreased performance reflect the large temporal aliasing 

errors in the polar gaps of the inclined pair, where only the north-south directed observations 

of the polar pair are available. This phenomenon occurs more strongly for the 5d_Ma scenario 

which has a larger polar gap of the inclined pair compared to the 5d_Mb scenario. These two 

counteracting effects that a lower inclination of the second pair improves the retrieval 

performance for the sectorial coefficients but degrades the performance in the above-described 

near-zonal band explains the observation that the degree amplitudes of the retrieval errors of 

5d_Ma and 5d_Mb show intersections, especially in the full noise case. 

 

Complementing this analysis in the SH domain, we show the reduction of temporal aliasing 

errors outside the polar gap regions and the error increase in the polar regions for 5d_Ma 

compared to 5d_Mb in the spatial domain, see Figure 8-9. 
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As described, the relative performance of the 5d_Ma and the 5d_Mb scenario is mainly 

dependent on latitude. Therefore, we build RMS values of the EWH grid values plotted in 

Figure 8-9 along parallels and plot them in Figure 8-10 as a function of latitude. This 

visualization could be used to decide, based on requirements given by the cryosphere 

community, which minimal inclination of the inclined pair in a double-pair constellation would 

be acceptable such that the performance in the polar regions is not too much degraded. 
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Figure 8-7 Degree amplitudes of the coefficient errors of instrument-only solutions (top row), the formal 

errors of instrument-only solutions (middle row) and the coefficient errors of full noise nominal solutions 

(bottom row), respectively. The retrieval period is 3 days (left column), 5 days (middle column) and 31 

days (right column), respectively. The red curves show the retrieval errors of scenario 2_pIg_iIn (5d_Ma) 

while the yellow curves show the retrieval errors of scenario 2_pIg_iIn (5d_Mb). [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 8-8 Retrieval errors of instrument-only (left column) and full noise nominal (right column) 

simulations for the scenarios 2_pIg_iIn (5d_Ma) and 2_pIg_iIn (5d_Mb). The retrieval period is 3 days 

(top row), 5 days (middle row) and 31 days (bottom row). Note the different maximum SH d/o until which 

the respective solutions are computed. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 8-9 Retrieval errors of instrument-only (left column) and full noise nominal (right column) 

solutions in terms of spatial EWH grids. Shown are the solutions for the scenarios 2_pIg_iIn (5d_Ma) and 

2_pIg_iIn (5d_Mb) for retrieval  periods of 3 days (top row), 5 days (middle row) and 31 days (bottom 

row). The red horizontal lines in the figures marks the inclination of the inclined pair of the respective 

constellation (65° for 5d_Ma and 70° for 5d_Mb). [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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Figure 8-10 Root-mean-square values of the EWH grid values computed along parallels based on the 

EWH grid points shown by Figure 8-9. On the x axes, 0 denotes the equator and 90 the north pole (for the 

solid curves) and the south pole (for the dashed curves). The blue curves correspond to the scenario 

2_pIg_iIn (5d_Ma) and the red curves to the scenario 2_pIg_iIn (5d_Mb), respectively. The vertical lines 

mark the inclination of the respective second pair (65° for 5d_Ma and 70° for 5d_Mb). [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/] 
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9 IMPACT OF ACC PERFORMANCE AND BM ERRORS 
 

9.1 FULL-SCALE RESULTS FOR SCENARIOS SR-1, SR-5 AND S-5  

 

In this section, we present results for some of the newly defined scenarios listed in Table 9-1. 

The main difference to the previously analyzed scenarios is the assumed ACC instrument: For 

the new scenarios, we consider the coarse- or fine-pointing superSTAR accelerometer as well 

as the fine-pointing microSTAR accelerometer. For each combination of an ACC instrument 

and an assumption for the drag compensation of the satellite (no drag-free, drag compensation 

along the x axis only, drag compensation along all three axes), the frequency-dependent ACC 

product noise (given along the satellitesô line of sight) has to be pre-specified in terms of an 

Amplitude Spectral Density (ASD). The dependence of the ACC ASD on the satellite altitude 

is rather weak. 

 

Figure 9-1 shows these given ACC ASDs for four cases, as the yellow curves in the four panels. 

Panels a and b show the coarse- and fine-pointing superSTAR ACC in no drag-free mode for a 

satellite altitude of 488 km. Panels c and d show the microSTAR ACC assuming drag 

compensation along the x-axis, for satellite altitudes of 465 and 488 km, respectively. 

 

Based on these ACC ASDs and the ASDs for the LRI instrument, combined ACC+LRI noise 

time series with a sampling rate of dt = 5 s have been computed. For that, our procedure to 

generate noise time series based on given ASDs has been adapted such that the factor of 

1/sqrt(2*dt) is now applied to the noise time series and not in the computation of the ASD. This 

was done in order to adjust the computation of noise time series to the industry partner TASI. 

In order to avoid an unrealistic increase in the derived retrieval errors due to ACC noise in the 

very low frequencies < 1e-4 Hz, we highpass-filter our noise time series such that their ASDs 

(orange curves in Figure 9-1) become flat for f < 1e-4 Hz and do not increase in amplitude 

towards lower frequencies, as it is shown by the given ACC ASDs (yellow curves in Figure 

9-1). This procedure can be justified as also real ACC data can be highpass-filtered to improve 

the gravity field retrieval in the real data processing case. 

 

The blue curves shown by Figure 9-1 are the ASDs of the instrument only pre-fit range rate 

residuals computed by our simulation software, which represent the observation vector of the 

associated NEQ system. The difference in amplitude between the pre-fit spectra shown by the 

blue curves and the input noise time series shown by the orange curves is caused by the 

numerical errors of the simulation. We note that due to the meanwhile very low instrument-

noise levels, which are additionally reduced by dividing the noise time series by sqrt(2*dt), the 

instrument noise levels are lower than the numerical noise levels across almost the full spectral 

range, except for the coarse-pointing superSTAR case where the instrument noise levels are 

still large enough. The limitation of the simulations due to the large numerical noise levels is a 

problem specific to the full-scale simulation software (version v009) used at TUM and is not 

present in the software used at GFZ. Meanwhile (towards the end of the project), the numerical 

noise in the TUM software could be significantly reduced, such that this limitation is not present 

any more when using the updated simulator version (v010). 

 

We show the d/o 120 31-day simulation results for the scenarios SR-1, SR-5 and S-5 in Figure 

9-2. By comparing the coefficient errors (panel a) and the formal errors (panel b) of the 
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instrument-only case, we see that especially for scenario S-5 where the microSTAR 

accelerometer is used, the coefficient errors are larger than the formal errors. This could be due 

to numerical errors which are contained in the coefficient errors (as they include the right-hand-

side of the NEQ system) but not in the formal errors. In the full noise nominal results shown by 

panel c, the error budget is dominated by temporal aliasing errors, therefore the difference 

between SR-5 and S-5 becomes minor. 

 

In order to find out if the impact of replacing a fine-pointing superSTAR ACC (no drag 

compensation) by a fine-pointing microSTAR ACC (drag compensation along the x-axis) 

becomes visible in the full noise nominal case if the amount of background model (BM) errors 

is reduced, we additionally consider the full noise case with only 75% of the BM errors 

included. With this, we attempt to obtain an idea of the performance of the individual scenarios 

if in several years, the BMs will have been improved. 

 

The full noise 75% BM error case is implemented as follows: To simulate an improvement of 

the ocean tide model errors by 25%, we still use the eot model for the forward computation. For 

the inversion, we use a newly created OT model which is created as eot + 0.75 * (got-eot), such 

that the new difference of the two used models amounts to 0.75 * (got-eot) which corresponds 

to 75% of the OT model error that we include in the usual full noise nominal computations. To 

simulate a 25% improvement of the atmosphere and ocean dealiasing model, we exchange the 

dealiasing model used for the usual full noise nominal computations (DEAL + 1 * AOerr) by 

DEAL + 0.75 * AOerr. 

 

Panel d of Figure 9-2 shows the results for the full noise (75% BM error) simulations. 

Comparing these to the retrieval errors of the 100% BM error case shown by panel c, we see a 

slight improvement if the BM errors are reduced. This impact, however, is rather small, as also 

in the 75% BM error case, the temporal aliasing errors lie well above the instrument-only error 

level. I.e., also in the case of 25% reduced BM errors, the impact of replacing the superSTAR 

by a microSTAR accelerometer is negligible, given the still much larger temporal aliasing 

errors. 

 

To summarize, we found that in the case of much reduced instrument error levels (especially 

the fine-pointing superSTAR and microSTAR ACC instruments), the numerical errors in our 

simulation software influence the instrument-only results significantly. In the full noise nominal 

case, independently of applying 100% or 75% BM errors, the impact of different accelerometers 

is hidden behind the much larger temporal aliasing errors. 
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Table 9-1 Overview on the additional scenarios SR-1 to S-8 using the superSTAR coarse (ssc), superSTAR 

fine (ssf) and microSTAR fine (msf) accelerometers in no drag-free, 1 axis drag-free and 3-axes drag-free 

mode. 

 Polar pair Inclined pair 

ID orbit alt./km incl./° ACC d.-free orbit alt./km incl./° ACC d.-free 

SR-1 5d_H 

 

488 89 ssc 

 

no      

SR-2 5d_H 488 89 ssf  

 

no      

SR-3 5d_H 

 

488 89 ssf  1 axis      

SR-4 5d_H 

 

488 89 ssf  no 5d_E 488 75 ssf no 

SR-5 5d_H 

 

488 89 ssf  no 5d_H 

 

465 75 ssf 1 axis 

S-1 5d_H 

 

488 89 msf  no      

S-2 5d_H 

 

488 89 msf 1 axis      

S-3 5d_H 

 

488 89 ssf  no 5d_H 465 75 msf 1 axis 

S-4 5d_H 

 

488 89 msf no 5d_H 465 75 msf 1 axis 

S-5 5d_H 

 

488 89 msf 1 axis 5d_H 465 75 msf 1 axis 

S-6 3d_H 

 

463 89 msf no 3d_H 432 70 msf 1 axis 

S-7 3d_H 

 

463 89 msf 1 axis 3d_H 432 70 msf 1 axis 

S-8 5d_LH 

 

492 89 msf no 5d_LH 344 71.5 msf 3 axes 
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Figure 9-1 Amplitude spectral densities (ASDs) of the combined ACC + LRI instrument noise along the 

line of sight of the two satellites. The panels differ by the ACC instrument noise included. Panel a: 

superSTAR coarse-pointing ACC in no drag-free mode (for an altitude of 488 km), panel b: superSTAR 

fine-pointing ACC in no drag-free mode (for an altitude of 488 km), panels c and d: microSTAR fine-

pointing ACC with drag compensation in x direction (for an altitude of 465 km for panel c and 488 km for 

panel d)). 
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Figure 9-2 Degree amplitudes of the retrieval errors for 31-day simulations for the scenarios SR-1, SR-5 

and S-5. Panels a and b show the retrieval errors of instrument-only simulations (a: coefficient errors, b: 

formal errors). Panels c and d show the retrieval errors of full noise nominal simulations (c: usual full 

noise nominal results, d: full noise nominal results if the AO and OT background model errors are 

reduced by 25%). [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/ and 

Deliverables/AdHoc/20220209_SR1_SR5_S5] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E
W

H
 i
n
 c

m
 

E
W

H
 i
n
 c

m
 

E
W

H
 i
n
 c

m
 

E
W

H
 i
n
 c

m
 



NGGM/MAGIC ï Science Support Study During  

Phase A 

Final Report 

Doc. Nr:  

Issue: 

Date: 

Page: 

MAGIC_FR 

1.0  

15.11.2022 

116 of 466 

 

 

 

 

 

9.2 REDUCED-SCALE RESULTS FOR SCENARIOS SR-5 AND S-5 

 

As has been shown in Section 9.1, the results for the scenarios SR-1, SR-5 and S-5 computed 

by the full-scale simulation software are partly strongly affected by numerical errors in the 

software. For this reason, we additionally show here some results computed using the reduced-

scale simulation software available at TUM. 

 

Figure 9-3 visualizes the relative magnitude of the error contributors for the SR-5 and S-5 

scenarios. The green and cyan curves show the retrieval errors introduced by the instrument 

noise in the two scenarios. We note that the error level of the instrument-only results as shown 

here would be larger if the instrument noise time series was not scaled by the factor 1/sqrt(10) 

(see Section 9.1 for more background information on this factor). By comparing the instrument-

only results for SR-5 and S-5, we see that contrary to the corresponding full-scale simulation 

results shown in panel a of Figure 9-2, the results computed by the reduced-scale simulator do 

not suffer from numerical errors that strongly, which is why we repeat part of our analysis 

presented in Section 9.1 in the present section. 

 

The impact of the temporal aliasing errors introduced in the full noise case due to non-tidal AO 

and ocean tide background model errors is separately shown by the blue and red curves in 

Figure 9-3. First of all, in comparison to the instrument-only curves, it is visible that the part of 

the retrieval errors that is caused by background model errors is up to 1-2 orders of magnitude 

larger compared to the part introduced by the instrument noise. Secondly, it can be seen that 

even if the background model errors were reduced by 25%, the impact of improving the 

accelerometer noise level is still negligible if background model errors of this magnitude are 

included.  

 

To summarize this section, using the reduced-scale simulation software which does not suffer 

from numerical errors as strongly as the full-scale simulation software, we could confirm our 

results on the relative importance of the instrument noise and the background model errors 

shown in Section 9.1: Even if the background model errors were reduced by 25%, the impact 

of replacing the superSTAR accelerometer used for SR-5 by the microSTAR accelerometer 

used for S-5 is negligible in view of the retrieval error levels introduced by background model 

errors. 
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Figure 9-3 Degree amplitudes of the simulation results for the double-pair scenarios SR-5 and S-5 using 

the reduced-scale simulation software. The green and cyan curves show the retrieval errors of the 

instrument-only simulations for the SR-5 and S-5 scenario, respectively. The blue curves show the 

retrieval errors if temporal aliasing errors due to non-tidal background model errors are included, while 

the red curves show the retrieval errors if temporal aliasing errors due to ocean tide background model 

errors are included. In the case of the dashed lines, the respective background model error is fully 

included, while in the case of the solid lines, the respective background model error is reduced by 25%. 

[Path: Deliverables/AdHoc/20220209_SR1_SR5_S5/reduced_scale/] 
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9.3 FULL-SCALE RESULTS FOR MICROSTAR INCLUDING DRAG 
COMPENSATION 

 

In this subchapter, we investigate the impact of various product noise scenarios on the double-

pair-based gravity retrieval performance. These scenarios represent a combination of the 

MicroSTAR instrument performance combined with different levels of imperfect drag 

compensation for the inclined satellite pair in regard to different atmospheric conditions ranging 

from a ñbest-caseò full, i.e. 3D, drag compensation (here, the performance does not depend on 

whether the atmospheric activity is minimal or maximal) to a ñworst-caseò 1D drag 

compensation, i.e. in along-track direction, considering maximum atmospheric conditions. The 

noise scenarios are denoted as MAX1D, MAX1D 50%, MAX3D (equivalent to MIN1D) and 

MIN1D (equivalent to MIN1D prima), and their specifications are depicted in Figure 9-4 in 

terms of ASDs. Note that the product noise performance for the polar pair remains unchanged 

to all other conducted simulations, i.e. here we consider the SuperSTAR ACC in combination 

with the LRI based on eq. (3). The retrieval is carried out for a time span of 7 days for a product-

noise-only as well as for a full-noise (i.e. including time-variable gravity field) case.  

 

 

Figure 9-4 Investigated product noise specifications 

 

The retrieval errors in case of a product-noise-only retrieval scenario are depicted in Figure 9-5. 

It is evident that the reference scenario shows ï as expected ï the best performance due to its 

overall lowest level of the product noise on the inclined pair. The scenarios MIN1D, MIN1D 

prima, MAX3D and MAX1D show a very similar noise performance among each other, but 

perform worse than the reference case up to d/o 30. It can thus be concluded that here an 

optimally applied stochastic modelling can for the most part compensate for the drag-related 

ñspikesò at multiples of the orbital frequency. A further degradation occurs if the MAX1D 50% 

scenario is considered, where a decreased gravity retrieval performance can be asserted 

primarily in the spectral bands up to d/o 50 in comparison to e.g. MAX3D. This behaviour 

could be expected due to the on one hand with the overall higher noise level in the low 

frequencies and on the other hand with the significantly increased drag-related spikes. This 

behaviour is even further amplified in the MAX1D scenario. It is also notable that both in case 

of MAX1D and MAX1D 50% the error curves shown in Figure 9-5 feature a high level of 

oscillation between subsequent spectral bands, which is evidently related to the extremely high 
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spikes which in this case cannot be optimally handled even through specifically tailored 

stochastic modelling.  

 

 

Figure 9-5 Retrieval error for the product -noise-only simulation scenarios 

 

 

Figure 9-6 Retrieval error for the full -noise simulation scenarios 

 

In case of the full-noise simulation scenario where de-aliasing is applied for the AO and OT 

components with the HIS component as target signal, the variations between the investigated 

scenarios are much smaller (cf. Figure 9-6). Clearly much of the impact of the drag 

compensation is covered by the temporal aliasing induced by the gravity fieldôs temporal 

variability. Here, only minor deviations to the reference scenario can be established for 

MAX3D, MIN1D and MAX1D 50% in the lowest spatial frequencies. Larger deviations can 

be seen up around to d/o 25 in case of MAX1D, which is, as already noted in the product-noise-

only simulations, related to the spikesô impact. However, although this behaviour is of course 

undesirable, the signal-to-noise ration remains well below 1 even in this case, and thus can be 

expected to not significantly hamper the gravity retrieval.  
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10 REPROCESSING WITH METHODOLOGY UPDATES 
AND ANALYSIS OF RESULTS (GFZ) 

 

In this chapter results related to the application of the 2-step or data-driven multi-step self-de-

aliasing (DMD) approach are assessed. Originally, the DMD approach was developed in order 

to improve single-pair-based gravity fields instead of using the Wiese approach. Tests based on 

real GRACE data have shown significant improvements in terms of reduced aliasing errors for 

a typical monthly solution compared to a nominally derived gravity field solution. In order to 

evaluate whether this approach is also able to improve Bender-type derived gravity field 

solutions, it has been applied in the simulation world using GFZôs EPOS software. The 

approach has been applied at the example of the Bender 3dH scenario for monthly and sub-

monthly retrievals. 

 

10.1 DMD APPROACH FOR SINGLE-PAIR FORMATION 

 

The strategy of the DMD approach is to capture the short-periodic long-wavelength signals, 

which are predominantly related to the time-variable AO component, within the interval fields 

and thus prevented from manifesting as temporal aliasing effects, i.e. striping, within the long-

term solution  

 

The gravity field observations are split into intervals of e.g. one day of length for which 

individual low-resolution gravity fields up to a certain harmonic degree (based on previous 

made tests for real GRACE and GFO data this value has been set to d/o 12) are estimated, 

disregarding the fact that the observations contain also high-degree signals and thus allowing 

for a certain amount of spectral leakage. Treating the latter prior to the estimation of the interval 

fields is crucial, as otherwise the entirety of the corresponding signal would be parametrized 

into the low-degree spectrum, thus inducing a large-scale error. Therefore, its short-wavelength 

components are reduced and retain the low-degree part, i.e. the estimation of the interval fields 

is done while fixing the high-degree spectrum to the static signalôs values.  

 

These fields then represent valid stand-alone gravity solutions for the respective interval and 

are further used to compute reference observations which in a subsequent step are reduced from 

the original ones. Based on the reduced observations a long-term, e.g. monthly, solution is 

estimated up to the usually chosen maximum d/o of 96 for real data solved fields and, in a final 

step, restore the mean of the interval estimates to the low degrees of the long-term solution. In 

fact, the latter is done in an alternative approach, where the interval fieldsô mean value can be 

computed already after the estimation of the short-term interval fields and already restored to 

them instead of restoring the low degrees of the long-term solution, so that the reference 

observations used for the de-aliasing step are only comprised of variations with respect to the 

total signalôs long-term mean. 

 

The approach has already been tested on real GRACE/GFO data showing significant reduction 

of retrieval errors for dedicated monthly periods. As an example, the monthly averaged gravity 

field recovery of the year 2007 together with the result when applying the DMD approach are 

displayed in Figure 10-1. It is to mention that the GFZ related results were computed based on 

the RL06 processing scheme. 
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In order to check whether the approach is working in the simulation world as well, it was applied 

to a single pair GFO-like formation flying at 490 km altitude, at first. Identical instrument noise 

assumptions were used as for all the polar pairs of the Bender-type formations simulated in this 

study. The fixing of the high-degree spectrum when estimating the daily fields (up to d/o 12) 

was done by means of a static field (GOCO05s). Figure 10-2 shows the performance of the 

single pair when applying the nominal processing scheme and when applying the DMD method. 

Results demonstrate that the DMD-processed solution benefits from reduced aliasing errors for 

the majority of the spectrum, except for the very low degrees. This result is consistent to the 

results obtained with real GRACE data.  

 

  

Figure 10-1: Monthly averaged degree amplitudes in mm geoid of the year 2007 for GFZ RL06 nominally 

processed fields (black) and for fields including the 2-step approach (blue). 

Figure 10-2: Degree error amplitudes in mm EWH for a single-pair formation based on a monthly retrieval 

when using the nominal processing scheme (green) and when applying the DMD approach (red). The 

reference signal is displayed in black.  
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10.2 DMD APPROACH FOR DOUBLE-PAIR FORMATION 

 

The test with the single pair formation has shown that the application of the DMD approach 

works in the simulation world as well. In a next step the approach was applied to the Bender 

3dH scenario. The gravity field recovery has been done in terms of estimating the full AOHIS 

signal (without using an AOD model) as well as estimating the HIS signal (when an AOD 

model is applied). Daily gravity fields were estimated up to d/o 12, 16 and 20 as the doubled 

amount of observations as well as the observation geometry allow for a higher maximum 

resolved daily retrieval. Figure 10-3 displays the performances of the daily fields used as 

additional de-aliasing model in the second step when performing the long-term (monthly or 

sub-monthly) gravity field recovery. The plotted retrieval errors show that the truth signal can 

be resolved up to d/o 20 without dominating error signals indicating a high quality of the daily 

estimated to be used in the second step. 

 

 

 

Figure 10-3; Degree error amplitudes in mm EWH for the 3dH scenario of all daily fields from January 

2002 resolved up to max. d/o 12 (blue) 16 (green) and 20 (cyan). Solid lines represent the average of the 

daily amplitudes, respectively. The reference signal HIS (top) and AOHIS (bottom) is displayed in black. 
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The differently resolved daily fields were applied as additional de-aliasing product for the 

gravity field recovery of the 3dH case. The resulting gravity fields were compared against the 

nominal solution and the Wiese solution, respectively.  

 

Figure 10-4 shows the monthly retrieval errors for the different solutions in case of not using 

an AOD model and resolving the full AOHIS signal. The DMD related solutions show a similar 

performance as the Wiese solution for the low degree spectrum indicating a successful de-

aliasing of AO signals in this wavelength spectrum. Further, it is seen that the DMD solutions 

degrade between degree 20 and 35 (the degradation is getting less prominent when solving the 

daily fields up to a smaller max. d/o) but show less error signals for degrees between 35 and 50 

compared to the nominal and the Wiese solutions. DMD results indicate that higher resolved 

daily fields lead to additional error signals in the monthly recovery for a dedicated bandwidth 

where the satellite constellation itself de-aliases the system due to the long time span of one 

month, already. The corresponding spatial representations are displayed in Figure 10-5.   

 

 

  

Figure 10-4: Degree error amplitudes in mm EWH of a monthly retrieval for the 3dH formation without 

using an AOD model. The reference signal (AOHIS) is plotted in black. 
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Figure 10-6 displays the monthly retrieval errors where an AOD model was included during 

the processing. All results perform relatively similar, however, the DMD solutions based on 

higher resolved daily fields (up to d/o 16 and 20) show again increased error signals in the 

spectrum between 20 and 35 due to the same reasons as stated before. The corresponding global 

grids are shown in Figure 10-7. Due to the fact of increased errors for the bandwidth between 

degrees 20 and 35, DMD related monthly solutions do not show an improved performance 

compared to the nominal and Wiese solutions, for both cases, with and without including an 

AOD model.  

  

Figure 10-5: Global grids of monthly retrieval errors of the 3dH formation solved up to d/o 60 without 

including an AOD model. 
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Figure 10-6: Degree error amplitudes in mm EWH of a monthly retrieval for the 3dH formation when using 

an AOD model. The reference signal (HIS) is plotted in black. 

Figure 10-7: Global grids of monthly retrieval errors of the 3dH formation solved up to d/o 60 including 

an AOD model. 



NGGM/MAGIC ï Science Support Study During  

Phase A 

Final Report 

Doc. Nr:  

Issue: 

Date: 

Page: 

MAGIC_FR 

1.0  

15.11.2022 

126 of 466 

 

 

 

The DMD approach has been tested for sub-monthly retrievals as well. Figure 10-8 and Figure 

10-9 show the retrieval errors for a solution based on the first 7 days of January 2002 when the 

AOD model was not included. Again, the DMD solutions perform similar compared to the 

Wiese solution for the low degree spectrum indicating a successful de-aliasing of A and O 

signals. Further, it is seen that the DMD solutions do not show increased error signals between 

degrees 20 and 35 anymore as it was seen for the monthly retrievals. This might be caused by 

the shorter retrieval period which hampers the system to further de-alias A and O signals so that 

the DMD additionally helps to de-correlate the system. The amount of retrieval error of the 

monthly nominal solution is significantly smaller than the retrieval error of the 7-day nominal 

solution, especially in the spectrum between degrees 2 and 40. Therefore, the potential of the 

DMD approach is exploited better for shorter retrievals (e.g. 7 days) compared to a monthly 

retrieval. The additional de-aliasing effect of the DMD approach can be even further increased 

when solving the underlying daily fields up to a higher spatial resolution (e.g. d/o 20).  

 

 

  

Figure 10-8: Degree error amplitudes in mm EWH of a 7-day retrieval for the 3dH formation without using 

an AOD model. The reference signal (AOHIS) is plotted in black. 
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Figure 10-10 and Figure 10-11 show the retrieval errors when an AOD model was included 

during processing. The performance of the DMD solutions among each other is similar and also 

the performance compared to the nominal and Wise solutions does not differ much. The 

possible benefit of the DMD approach is smaller or even not existent when using an AOD 

model for de-aliasing A and O signals as the signals, to which the DMD approach aims at (as 

well as the Wiese approach), are already de-aliased by the AOD model. However, a small 

benefit is visible for the DMD solution, which is based on d/o 20 resolved daily fields, wrt. the 

nominal solution 

 

  

Figure 10-9: Global grids of 7-day retrieval errors of the 3dH formation solved up to d/o 60 without 

including an AOD model. 
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The results for the retrieval of the first 3 days of January 2002 without using an AOD model 

can be seen in Figure 10-12 and Figure 10-13. Similar to the 7-day retrievals, the 3-day DMD 

results (especially the solutions based on higher resolved daily fields) show reduced aliasing 

signals between degrees 10 and 40 compared to the nominal and Wiese solutions. However, the 

DMD solution based on d/o 20 daily fields shows larger error signals at the very high frequency 

spectrum.  

Figure 10-10: Degree error amplitudes in mm EWH of a 7-day retrieval for the 3dH formation when using 

an AOD model. The reference signal (HIS) is plotted in black. 

Figure 10-11: Global grids of 7-day retrieval errors of the 3dH formation solved up to d/o 60 including an 

AOD model. 
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The 3-day solutions including an AOD model are displayed in Figure 10-14 and Figure 10-15. 

Similar to the 7-day solutions, the 3-day DMD solutions show only marginal improvements 

compared to the nominal and Wiese solutions as de-aliasing is mostly done by the AOD model. 

  

Figure 10-12: Degree error amplitudes in mm EWH of a 3-day retrieval for the 3dH formation without 

using an AOD model. The reference signal (AOHIS) is plotted in black. 

Figure 10-13: Global grids of 3-day retrieval errors of the 3dH formation solved up to d/o 50 without 

including an AOD model, 
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A quantitative overview about the results can be found in Table 10-1.  

  

Figure 10-14: Degree error amplitudes in mm EWH of a 3-day retrieval for the 3dH formation when using 

an AOD model. The reference signal (HIS) is plotted in black. 

Figure 10-15: Global grids of 3-day retrieval errors of the 3dH formation solved up to d/o 50 including an 

AOD model. 
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Table 10-1: Cumulative error in mm EWH for different retrieval periods  and different processing 

strategies for the 3d_H scenario. 

Scenario 
Cumul. error d/o 50 

ς no AOD  
[mm EWH] 

Cumul. error d/o 50 
ς with AOD  
[mm EWH] 

3 days nominal 42.7 -35.7 

3 days Wiese d/o 10 47.7 37.4 

3 days 2-step d/o 12 43.1 36.0 

3 days 2-step d/o 16 38.5 36.8 

3 days 2-step d/o 20 46.9 36.5 

7 days nominal 32.6 26.1 

7 days Wiese d/o 15 37.2 27.7 

7 days 2-step d/o 12 29.5 24.7 

7 days 2-step d/o 16 30.6 22.2 

7 days 2-step d/o 20 24.0 20.9 

30 days nominal 18.3 15.2 

30 days Wiese d/o 15 18.6 13.7 

30 days 2-step d/o 12 14.4 13.4 

30 days 2-step d/o 16 15.2 13.1 

30 days 2-step d/o 20 14.7 13.2 

 

 

10.3 APPLICATION OF THE DMD APPROACH BASED ON DAILY 
FIELDS WITH THE HIGH DEGREE SPECTRUM FIXED TO A VDK 
FILTERED MONTHLY/SUB-MONTHLY RECOVERY 

 

Results presented in the previous section are based on daily gravity fields whose high degree 

spectrum has been fixed to a static field (GOCO05s) when estimating them. A second set of 

simulations has been performed while fixing the high degree spectrum to a VDK filtered 

monthly/sub-monthly gravity field retrieval. This strategy was chosen in order to assess a 

possible benefit in the long-term recovery when using a gravity field, which represents the 

reality in a more appropriate way instead of a static field, when fixing the high degree spectrum 

for daily estimates. 
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Figure 10-17 depicts the monthly retrieval errors without an AOD model included. Compared 

to the monthly retrievals presented in the previous section, now the DMD related solutions 

show a much smoother behaviour in the spectrum between degree 20 and 35. Spatial grids for 

the three DMD results can be seen in Figure 10-16.  

 

 

 

Figure 10-18 shows the monthly results for the case with an AOD model included during 

gravity field recovery. Similar observations can be made as for the simulation case without 

using an AOD model. Additional de-aliasing can be achieved for the spectrum between degree 

40 and 60, especially when using daily estimates resolved up to d/o 20, compared to the nominal 

result. The corresponding spatial grids for the three DMD results can be found in Figure 10-19. 

  

Figure 10-17: Degree error amplitudes in mm EWH of a monthly retrieval for the 3dH formation without 

using an AOD model. Daily estimates are based on fixing the high degree spectrum to a VDK filtered 

monthly gravity field. The reference signal (AOHIS) is plotted in black. 

Figure 10-16: Global grids of monthly retrieval errors of the 3dH formation solved up to d/o 60 without 

including an AOD model. Daily estimates are based on fixing the high degree spectrum to a VDK filtered 

monthly gravity field.  
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The monthly DMD related retrievals indicate that the Bender formation benefits from daily 

estimates which are less affected by leakage error signals introduced from the fixing of the high 

degree spectrum. 

 

Figure 10-20 shows the results for the 7-day retrieval. The DMD related solutions perform 

similar compared to the solutions based on the fixing of the high degree spectrum to the static 

field. Additional benefit for the DMD based 7-day retrieval cannot be seen as it is seen for the 

monthly solutions when fixing the high degree spectrum to a VDK filtered solution. 

  

Figure 10-18: Degree error amplitudes in mm EWH of a monthly retrieval for the 3dH formation when 

using an AOD model. Daily estimates are based on fixing the high degree spectrum to a VDK filtered 

monthly gravity field. The reference signal (AOHIS) is plotted in black. 

Figure 10-19: Global grids of monthly retrieval errors of the 3dH formation solved up to d/o 60 including 

an AOD model. Daily estimates are based on fixing the high degree spectrum to a VDK filtered monthly 

gravity field.  
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The results representing a 3-day retrieval are shown in Figure 10-21. Again, DMD related 

retrieval errors perform similar to the solutions based on the fixing of the high degree spectrum 

to the static field. A quantitative assessment of the DMD results, which are based on daily 

estimated fixed to VDK filtered gravity fields, can be found in Table 10-2.  

  

Figure 10-20: Degree error amplitudes in mm EWH of a 7-day retrieval for the 3dH formation without 

using an AOD model (top) and when using an AOD model (bottom). Daily estimates are based on fixing the 

high degree spectrum to a VDK filtered monthly gravity field. The reference signal is plotted in black. 
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Figure 10-21: Degree error amplitudes in mm EWH of a 3-day retrieval for the 3dH formation without 

using an AOD model (top) and when using an AOD model (bottom). Daily estimates are based on fixing the 

high degree spectrum to a VDK filtered monthly gravity field. The reference signal is plotted in black. 
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Table 10-2: Cumulative error in mm EWH for differen t retrieval periods for the 3d_H scenario based on 

the DMD processing strategy when fixing the high degree spectrum to VDK filtered monthly/sub-monthly 

gravity fields. 

Scenario 
Cumul. error d/o 50 

ς no AOD  
[mm EWH] 

Cumul. error d/o 50 
ς with AOD  
[mm EWH] 

3 days 2-step d/o 12 40.9 34.3 

3 days 2-step d/o 16 36.3 32.9 

3 days 2-step d/o 20 32.8 29.2 

7 days 2-step d/o 12 29.8 25.0 

7 days 2-step d/o 16 31.0 22.3 

7 days 2-step d/o 20 22.9 20.7 

30 days 2-step d/o 12 14.6 13.3 

30 days 2-step d/o 16 14.7 12.4 

30 days 2-step d/o 20 14.0 11.5 

 

The application of the DMD approach at the 3dH Bender-type formation has shown some 

improvements wrt. the nominal and Wiese solutions if an AOD model is not included during 

processing. The benefit of this approach can be exploited for shorter or sub-monthly retrievals 

as the overall de-correlation of the system is damped by the shorter retrieval period. Additional 

benefit can be reached when solving the daily fields up to a higher maximum resolution (e.g. 

d/o 16 or 20). Results also showed that additional error signals arise for the monthly retrieval 

between degrees 20 and 35 if the high degree spectrum is fixed to a static field when solving 

for the daily fields. These coefficients already experienced de-aliasing, mainly from the 

optimized observation geometry of the Bender formation, due to the longer retrieval period. 

However, the monthly solutions based on DMD processing strategy can be improved when 

fixing the high degree spectrum to a time-variable VDK filtered gravity field retrieval including 

less leakage error signals. In case of sub-monthly retrievals, the benefit of using VDK filtered 

fields instead of using a static field is rather small. The DMD results including an AOD model 

show smaller improvements compared to the nominal and Wiese solutions for all different 

retrieval periods due to already de-aliased A and O signals 
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11 IMPACT OF VADER FILTERING ON SIMULATION 
RESULTS 

 

In order to evaluate the effect of post processing on the gravity retrieval errors derived in our 

simulations, we use time-variable decorrelation (VADER) filters as defined by Horvath et al. 

(2018): 

ὼ ὔ ‌ὓ  ὔ ὼ ὡ  ὼ  
 

where ὼ and ὼ are the vectors of unfiltered and filtered SH coefficients, respectively, ὔ is the 

NEQ matrix ὃὖὃ, which is equal to the inverse of the error variance-covariance matrix, ὓ 

is the inverse of the signal variance matrix, ‌ is the scaling factor and ὡ  is the filter matrix. 

The matrix ὓ is a diagonal matrix containing the reciprocal squares of the SH coefficients of 

the monthly HIS signal. The value of ‌ is determined as to minimize the RMS of the global 

error grid of the filtered model. 

 

The error ɝὼ of the VADER-filtered gravity field solution ὼ 

 

ɝὼ ὼ ὌὍὛ 
               ὡ  ὼ ὌὍὛ 

                                 ὡ  ὌὍὛɝὼ ὌὍὛ 
                                   ὡɝὼ ὡ ρ ὌὍὛ  

 

consists of two parts: The filtered retrieval error ὡɝὼ and the HIS signal dampening 

ὡ ρ ὌὍὛ. Applying a stronger filter (e.g. using a larger value for ‌) leads to a decrease of 

ὡɝὼ, as the error part contained in the retrieved field is increasingly dampened, but also to an 

increase of ὡ ρ ὌὍὛ, as also the (HIS) signal part contained in the retrieved field is 

increasingly dampened which also increases the value of ɝὼ. 

 

In the following sections 11.1 and 11.2, we analyze the effect of VADER-filtering on the 

retrieval errors of simulations being based on 5d_Ma and 5d_Mb orbits (section 11.1) and 3d_H 

orbits (section 11.2). 
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11.1 IMPACT OF THE SECOND PAIRôS INCLINATION IN POST-
PROCESSED SOLUTIONS 

 

As described in section 8.3, the consequences of choosing a lower value of the inclination of 

the second pair in a double-pair configuration are reduced temporal aliasing errors in the low-

latitude region covered by both pairs, as well as larger polar gaps of the inclined pairôs orbit 

leading to a larger region where only the single-polar pair performance is reached. In this 

section, the impact of applying VADER filters to the 31-day full noise simulation results for 

the scenarios 2_pIg_iIn (5d_Ma) and 2_pIg_iIn (5d_Mb) is analyzed. 

 

As shown by the defining formula of the VADER filter matrix (see the introduction of section 

11), the VADER filter of a solution is adapted to its specific error structure, as introduced by 

the matrix ὔ. That means for the present case that in the 5d_Ma scenario, especially the near-

zonal coefficients are filtered more strongly, while for the 5d_Mb scenario, this is the case for 

the sectorial coefficients. 

 

Figure 11-1 and Figure 11-2 show the impact of the filtering on the two considered solutions. 

For both solutions, the VADER filter considerably reduces the striping errors, leading to an 

increased SNR of the filtered solution. The striping errors in the low-latitude region contained 

by both unfiltered solutions are stronger for the 5d_Mb scenario. This difference in quality for 

the two solutions, however, becomes significantly reduced when comparing the filtered results. 

It has to be noted that, as described above, although after the filtering, the 5d_Mb solution is 

more similar to the 5d_Ma solution in the low-latitude region, this is achieved by a stronger 

filtering in the 5d_Mb case compared to the 5d_Ma case, as can be derived by comparing the 

error amplitudes of the unfiltered solutions. 

 

Figure 11-3 shows how the errors of the unfiltered and filtered solutions behave as a function 

of latitude. Also here, it is visible that the error levels of the two scenarios are more similar after 

filtering. The distinct peaks visible in the curves associated with the northern hemisphere are 

induced by the HIS signal dampening, as will be described below. With respect to the 

comparison of the filtered solutions of the scenarios 5d_Ma and 5d_Mb, we would like to note 

that their relative behavior (as a function of latitude) strongly depends on the chosen method 

for computing the signal variance matrix ὓ, which is why we do not further analyze the 

differences of the filtered solutions for 5d_Ma and 5d_Mb in more detail here. 

 

Figure 11-4 shows in more detail how the filtering affects the errors of the individual SH 

coefficients of the solutions. This visualizes how the VADER filter is adapted to the error 

structure of the respective solution: Less well determined coefficients are filtered more strongly, 

while better determined coefficients are much less affected by the filter. In the present case, in 

the 5d_Ma solution, especially the near-zonal polar gap coefficients are improved by the 

filtering, while in the 5d_Mb solution, especially the sectorial coefficients are improved. 

 

By considering the errors of the filtered solutions in Figure 11-1 and Figure 11-2, it is noticeable 

that their structure is determined by high-frequency signal-correlated errors. To analyze their 

origin, we investigate the error components of the VADER-filtered solutions in Figure 11-5 and 

Figure 11-6. This shows us that the observed high-frequency errors are introduced by the HIS 

signal dampening. As the VADER filter is constructed based on the error variance-covariance 

information of the retrieved solution, it especially eliminates high-SH degree model contents, 
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which, besides the high-degree noise, also include high-SH degree signal components. In our 

simulations where the signal corresponds to the HIS model, this effect can most prominently 

be seen in Greenland, where large-SH degree time-variable signal structures are present, as well 

as in the vicinity of the Nile, where the HIS models contain the signal of a newly built dam and 

the region of Sumatra, where the HIS models contain the signal of a strong earthquake. Both 

the dam as well as the earthquake events changed the gravity signature of the respective region 

permanently, which means that for real data applications, the error contributions in these two 

regions can be ignored. 

 

Finally, we analyze how the error of the filtered solutions and its components change if cutting 

the SH spectrum at some maximum degree ὔ . Figure 11-7 shows the errors as a function of 

latitude, for ὔ  values between 20 and 120. It can be observed that for increasing values of 

ὔ , the contribution of the HIS signal dampening to the error of the filtered solution is 

increasing. Up to about ὔ ψπ, the error budget of the filtered solutions is determined by 

the filtered retrieval errors. This effect can also be observed in the panels c of Figure 11-5 and 

Figure 11-6.  

 

To summarize, the performance of the 5d_Ma and 5d_Mb scenarios is comparable if 

considering VADER-filtered results. However, in the case of the scenario with the lower 

inclination of the second pair (i.e., 5d_Ma), a weaker filter is required to reach this performance. 

  

 

Figure 11-1 31-day full noise nominal simulation for scenario 2_pIg_iIn (5d_Ma). Top row: unfiltered 

solution (left) and its difference to the HIS reference field (right). Middle row: VADER-filtered solution 

(left) and its difference to the HIS reference field (right). Bottom row: HIS reference field. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pIg

_iIn_5d_Ma/] 
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Figure 11-2 31-day full noise nominal simulation for scenario 2_pIg_iIn (5d_Mb). Top row: unfiltered 

solution (left) and its difference to the HIS reference field (right). Middle row: VADER-filtered solution 

(left) and its difference to the HIS reference field (right). Bottom row: HIS reference field. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pIg

_iIn_5d_Mb/]  
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Figure 11-3 Root-mean-square values of the EWH grid values computed along parallels based on the 

EWH grid points shown by Figure 11-1 and Figure 11-2 (right column). On the x axes, 0 denotes the 

equator and 90 the north pole (for the solid curves) and the south pole (for the dashed curves). The blue 

curves correspond to the scenario 2_pIg_iIn (5d_Ma) and the red curves to the scenario 2_pIg_iIn 

(5d_Mb), respectively. The vertical lines mark the inclination of the respective second pair (65° for 5d_Ma 

and 70° for 5d_Mb). [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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Figure 11-4 Impact of applying a VADER filter to the 31-day full noise solutions of 2_pIg_iIn (5d_Ma, 

left) and 2_pIg_iIn (5d_Mb, right). Shown is the logarithm of the quotient of the errors of the VADER-

filtered solution and the errors of the unfiltered solution. The stronger the shade of blue, the stronger the 

error reduction from the unfiltered to the post-processed solution. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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Figure 11-5 Analysis of the error components of the VADER-filtered 31-day full noise solution for the 

scenario 2_pIg_iIn (5d_Ma). ● is the error of the unfiltered solution. ●♪ is the error of the filtered 

solution, consisting of the filtered retrieval error ╦♪ ● and the HIS signal dampening effect ╦♪
╗╘╢. Panel a shows the error components as spatial EWH grids, panel b shows the RMS values of the 

EWH grid values along the parallels, and panel c shows the degree amplitude curves associated to the 

individual fields. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pIg

_iIn_5d_Ma/] 
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Figure 11-6 Analysis of the error components of the VADER-filtered 31-day full noise solution for the 

scenario 2_pIg_iIn (5d_Mb). ● is the error of the unfiltered solution. ●♪ is the error of the filtered 

solution, consisting of the filtered retrieval error ╦♪ ● and the HIS signal dampening effect ╦♪
╗╘╢. Panel a shows the error components as spatial EWH grids, panel b shows the RMS values of the 

EWH grid values along the parallels, and panel c shows the degree amplitude curves associated to the 

individual fields. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pIg

_iIn_5d_Mb/]  
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Figure 11-7 RMS values of EWH error grids computed along the parallels, as a function of latitude, for 

the southern hemisphere. The underlying EWH grids are computed based on coefficient errors of SH d/o 

2 to ╝□╪●, where we vary ╝□╪● from 20 to 120 (top to bottom panel). The color coding of the left panel 

(scenario 2_pIg_iIn (5d_Ma)) corresponds to the color coding applied in Figure 11-5. The color coding of 

the right panel (scenario 2_pIg_iIn (5d_Mb)) corresponds to the one in Figure 11-6. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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11.2 POST-PROCESSED 3D_H SCENARIOS 

 

In this section, we present the effect of applying a VADER filter to 52 subsequent 7-day full 

noise nominal solutions for the scenarios 1_pIg (3d_H) (maximum degree: 100) and 2_pIn_iIn 

(3d_H) (maximum degree: 120). Figure 11-8 to Figure 11-11 show the effect of the filtering: 

The errors become smaller and less order-dependent. This can especially be seen in the triangle 

plots that show a much more homogeneous error structure for the filtered solutions compared 

to the unfiltered solutions. It should be noted that the formal errors of the filtered solutions only 

represent the propagated instrument noise and do not contain the errors produced by temporal 

aliasing and the filter bias. 

 

The filter bias (also: regularization bias) is a measure for the strength of the regularization 

introduced by the VADER filter. It is the part of the error of the filtered gravity field solution 

that is introduced by the filter (in contrast to the part of the error that is remaining from the 

unfiltered gravity field solution, which consists of a stochastic component (introduced by the 

instrument noise) and a deterministic component (introduced by temporal aliasing errors)). 

Further information on the VADER filter bias can be found in Horvath (2017). 

 

Comparing the effect of the filtering for the scenarios 1_pIg and 2_pIn_iIn reveals that the 

difference between the errors of the unfiltered and filtered solutions is smaller for the double-

pair than for the single-pair solution. This is explained by the fact the VADER filter is designed 

based on the variance-covariance information of the specific solution it is applied to, and the 

retrieval errors of the single-pair solution are larger than for the double-pair solution, such that 

the single-pair solution becomes filtered more strongly. 

 

Figure 11-12 shows the effect of the filtering as a function of latitude. Before the filtering, the 

1_pIg solution shows an error increase towards the equator, which is produced by the large 

striping errors contained in the single-pair solutions. The 2_pIn_iIn solution, in contrast, shows 

an error increase towards the poles, where only the data of the polar satellite pair is available. 

After the filtering, the latitude dependency of the errors becomes significantly reduced, and the 

performance of the two scenarios becomes more similar. 

 

Figure 11-13 shows how the error of the 52 subsequent solutions varies over time. Before the 

filtering, the quality variation among subsequent solutions is much larger for 1_pIg than for 

2_pIn_iIn. This variation of the errors over time is due to the Ărandomñ sampling of time-

variable signals that lead to aliasing. For the filtered solutions, the errors become more constant 

over time. 

 

The degree amplitude plots in Figure 11-14 show how the error of the solutions is globally 

reduced by the filtering. The error of the filtered solution can be split in the formal error, the 

filter bias and a contribution from temporal aliasing errors. The fact that the filter bias is smaller 

in the case of 1_pIg compared to 2_pIn_iIn shows one of the advantages of the double-pair 

configuration: a weaker filter is required than for the single-pair solution. 

Figure 11-15 shows the VADER filter bias spatially for the two scenarios. Also here, it can be 

seen that the bias is larger for the filter applied to the single-pair scenario 1_pIg compared to 

the double-pair scenario 2_pIn_iIn.  
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Figure 11-16 and Figure 11-17 show the error components of the filtered solutions. As the 

filter applied to 1_pIg is stronger than the filter applied to 2_pIn_iIn, the signal dampening 

component is larger for the 1_pIg filtered solution compared to the 2_pIn_iIn filtered solution. 

 

 

Figure 11-8 7-day d/o 100 full noise nominal simulation for scenario 1_pIg (3d_H). Top row: unfiltered 

solution (left) and its difference to the HIS reference field (right). Middle row: VADER-filtered solution 

(left) and its difference to the HIS reference field (right). Bottom row: HIS reference field. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1year

_solutions/1_pIg_3d_H/] 
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Figure 11-9 Coefficient (top row) and formal (bottom row) errors of a 7-day d/o 100 full noise nominal 

simulation for scenario 1_pIg (3d_H). Left: Errors of unfiltered solution, right: errors of VADER -filtered 

solution. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1year

_solutions/1_pIg_3d_H/] 

 

Figure 11-10 7-day d/o 120 full noise nominal simulation for scenario 2_pIn_iIn (3d_H). Top row: 

unfiltered solution (left) and its difference to the HIS reference field (right). Middle row: VADER-filtered 

solution (left) and its difference to the HIS reference field (right). Bottom row: HIS reference field. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1year

_solutions/2_pIn_iIn_3d_H/] 
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Figure 11-11 Coefficient (top row) and formal (bottom row) errors of a 7-day d/o 120 full noise nominal 

simulation for scenario 2_pIn_iIn (3d_H). Left: Errors of unfiltered solution, right: errors of VADER -

filtered solution. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1year

_solutions/2_pIn_iIn_3d_H/] 

 

Figure 11-12 RMS values of EWH error grids computed along the parallels, as a function of latitude. The 

underlying EWH error grids are computed based on 7-day full noise nominal solutions for the scenarios 

1_pIg (3d_H) and 2_pIn_iIn (3d_H), where SH coefficients from d/o 2 to 100 have been used. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1year

_solutions/] 
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Figure 11-13 Standard deviation of EWH error grids for the 52 subsequent 7-day d/o 100 full noise 

nominal solutions for the scenario 1_pIg (3d_H) (panel a) and 2_pIn_iIn (3d_H) (panel b), as a function of 

time. Top: EWH errors of the unfiltered solutions, bottom: EWH errors of the VADER-filtered solutions. 

[Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1year

_solutions/] 
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Figure 11-14 Degree amplitude curves for the 52 subsequent 7-day full noise nominal solutions for the 

scenarios 1_pIg (3d_H) (top) and 2_pIn_iIn (3d_H) (bottom). Shown are the curves for the unfiltered 

solutions (dark blue: coefficient errors, cyan: formal errors), the curves for the VADER-fil tered solutions 

(red: coefficient errors, magenta: formal errors) and the bias of the VADER filters applied to the solutions 

(green). The dark green dotted lines additionally show the HIS signal dampening for the filter applied to 

the first 7-day solution. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1year

_solutions/] 
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Figure 11-15 Spatial plots of the bias of the VADER filters applied to the 7-day full noise nominal 

solutions for the scenarios 1_pIg (3d_H) (panel a) and 2_pIn_iIn (3d_H) (panel b). [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1year

_solutions/] 

 

 

Figure 11-16 Error components of the VADER-filtered 7-day full noise solution for the scenario 1_pIg 

(3d_H). ● is the error of the unfiltered solution. ●♪ is the error of the filtered solution, consisting of the 

filtered retrieval error ╦♪ ● and the HIS signal dampening effect ╦♪ ╗╘╢. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1year

_solutions/] 
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Figure 11-17 Error components of the VADER-filtered 7-day full noise solution for the scenario 2_pIn_iIn 

(3d_H). ● is the error of the unfiltered solution. ●♪ is the error of the filtered solution, consisting of the 

filtered retrieval error ╦♪ ● and the HIS signal dampening effect ╦♪ ╗╘╢. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1year

_solutions/] 
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12 IMPROVEMENT OF DOUBLE-PAIR SOLUTIONS OVER 
THE POLES 

 

The motivation of this section is the observation that Bender-type double-pair (DP) solutions 

show larger errors in the polar areas compared to the corresponding single polar pair (SP) 

solutions. The reason for this is that, although only the observations of the polar pair are 

supposed to control the DP solutions for latitudes ȿ•ȿ Ὥ (Ὥ being the inclination of the 

inclined pair), correlations of the SH coefficients among each other are responsible for a 

degradation of the derived solution over the poles when the NEQs of the inclined pair are 

incorporated to the system. The latitude from which the SP solution is outperforming the DP 

solution is larger than Ὥ, since the knowledge derived from the inclined pairôs gravity data 
extends beyond ȿ•ȿ  Ὥ. 

 

Our solution strategy for improving DP solutions in the polar areas is to separately compute 

corresponding SP solutions up to the same SH degree and order ὔ  as the DP solution and 

use some of the SP solution coefficients as pseudo observations to regularize the DP NEQs. To 

this end, we exclusively use those coefficients of the SP solution that are related to the polar 

areas of latitudes ȿ•ȿ • , where the parameter • Ὥ is optimized, as will be described 

below. These polar-gap coefficients are defined by the degree n-dependent maximum order  

 

ά ὲ  
“

ς
 • ẗὲ 

 

The regularization NEQ system is defined as  

 

ὃὃ  ὼ ὃὰ  

 

where ὃὃ  is a ὔ -by-ὔ  diagonal matrix with diagonal entries ρ on the 

position of SH coefficients with orders ά ὲ and zero entries else, and ὃὰ  is a 

ὔ -by-1 vector that on the position of SH coefficients with orders ά ὲ contains the 

SP solution coefficients and is zero on all other positions.  

 

The regularized DP solution is computed using the equation 

 

ὼ ȟ   ὃὖὃ ‌ὃὃ ὃὖὰ ‌ὃὰ  

 

where ὃὖὃ ȟὃὖὰ  define the NEQ system of the DP and ‌ is the weighting parameter 

determining the strength of the regularization. 

 

The two parameters •  and ‌ are optimized using the criteria that the RMS value of the global 

EWH errors becomes minimal. 

 

To test our method, firstly we apply it to a 7-day d/o 100 full noise solution of the scenario 

2_pIn_iIn (3d_H). Figure 12-1 and Figure 12-2 show how the performances of the SP solution 

1_pIn and the DP solution 2_pIn_iIn compare. At about • ψσЈ, the SP solution starts to 

outperform the DP solution. As shown by Figure 12-2 c, the near-zonal SH coefficients are 

responsible for the relative performance of the two solutions over the poles. 
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Figure 12-3 shows the results of the regularization. As can be seen in panels a and b, the 

regularized DP solution performs at least as well as the original DP solution for all latitudes, 

and almost reaches the SP solution performance over the poles. Comparing the coefficient 

errors of the regularized and original DP solution by considering panel d reveals that our 

regularization method exclusively improves the polar gap-related coefficients of the DP 

solution, while the remaining coefficients stay unaffected. Thus, we conclude that for d/o 100 

7-day solutions, our method is able to improve DP solutions over the poles by using the 

corresponding SP solutions. 

 

As a second test, we apply our method to a 31-day d/o 120 full noise nominal solution of the 

same scenario as above. The longer retrieval period is chosen as the groundtrack coverage of 

the single polar pair within 7 days does not allow to retrieve the gravity field up to d/o 120. 

 

Figure 12-4 shows the results of our regularization method. It can be seen that by applying the 

found optimum values for the parameters ‌ and • , the regularized DP solution shows almost 

no difference to the original DP solution and the SP performance over the poles is not reached. 

 

In order to visualize why our method does not work as well for the d/o 120 solution as for the 

d/o 100 solution, we compare the spatial patterns produced by the polar gap-related SH 

coefficients of the d/o 120 SP and DP solution in Figure 12-5. Panel a shows that although over 

the poles, the SP solution contains smaller errors than the DP solution, the polar gap-related SH 

coefficients of the SP solution produce large errors in the lower-latitude region, showing that 

these coefficients are more correlated in the SP solution than in the DP solution. For this reason, 

a regularization of the d/o 120 DP solution using the polar gap-related coefficients of the SP 

solution would be able to decrease the errors of the DP solution over the poles, but at the same 

time would increase them for lower latitudes. As we optimize the regularization parameters ‌ 

and •  by minimizing the EWH errors globally, the determined parameter values lead to a 

rather weak regularization effect, which is why in the case of the d/o 120 solution, the 

regularized DP solution is very similar to the original DP solution.    

 

To conclude, we found that it is possible to improve DP solutions over the poles by regularizing 

them using those SH coefficients of the corresponding SP solution that are related to the polar 

areas. We showed that applying this method to a d/o 100 7-day solution significantly improves 

the DP solution over the poles, and also provides a slightly improved performance in a global 

sense (which, however, would only slightly impact the cumulative error curves of this solution). 

For a d/o 120 31-day solution, we found that the method cannot provide a global improvement 

of the DP solution when improving it over the poles, as the polar gap-related SH coefficients 

of the corresponding SP solution are strongly correlated. 
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Figure 12-1 RMS values of EWH error grids computed along the parallels, as a function of latitude. On 

the x axes, 0 denotes the equator and 90 the north pole (for the solid curves) and the south pole (for the 

dashed curves). The underlying EWH error grids for the scenarios 1_pIn (3d_H) (blue curves) and 

2_pIn_iIn (3d_H) (red curves) are shown by Figure 12-2. Panel b shows the same curves as panel a, for the 

latitude interval from 70° to 90°. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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b c 

Figure 12-2 EWH error grids for d/o 100 7-day full noise nominal simulations for the scenarios 1_pIn 

(3d_H) (panel a) and 2_pIn_iIn (3d_H) (panel b). Panel c shows the ratio of the coefficient errors of the 

scenario 2_pIn_iIn divided by the scenario 1_pIn, on a logarithmic scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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d 

Figure 12-3 Result of the regularization of the 7-day d/o 100 full noise nominal DP solution 2_pIn_iIn 

(3d_H) using the corresponding SP solution 1_pIn (3d_H) as described in the text. As optimal 

regularization parameters, we found ♪  and ⱴ Ј. In panels a and b, the regularized DP 

solution is shown by the green line. Panel c shows the global EWH error grid of the regularized DP 

solution, and panel d shows the ratio of the coefficient errors of the regularized DP solution divided by the 

original DP solution, on a logarithmic scale. 
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Figure 12-4 Result of the regularization of the 31-day d/o 120 full noise nominal DP solution 2_pIn_iIn 

(3d_H) using the corresponding SP solution 1_pIn (3d_H) as described in the text. As optimal 

regularization parameters, we found ♪  and ⱴ Ј. Panels are as in Figure 12-4. 
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Figure 12-5 EWH error grids computed based on the polar gap (defined by ⱴ Ј)-related SH 

coefficients of the 31-day d/o 120 full noise nominal solutions for the scenario 1_pIn (panel a) and 

2_pIn_iIn (panel b). [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/] 
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13 ORBIT DESIGN ASPECTS FOR 3-DAY GRAVITY 
RETRIEVAL 

 

In this section, we evaluate how the orbits of the polar and the inclined pair need to be designed 

for retrieving short-term (3-day) gravity solutions from the data of a Bender-type double-pair 

configuration. On the one hand, the necessity of the fit of the orbit subcycle lengths to the 3-

day retrieval period is tested. On the other hand, the impact of a common drift rate of the polar 

and inclined pair on the relative performance of subsequent solutions is investigated. 

 

To this end, we compute five subsequent d/o 70 3-day full noise nominal solutions for the 

scenario 2_pIg_iIn, for the four different orbit scenarios listed in Table 13-1. Our reference 

orbit scenario is 3d_H, in which both the polar and the inclined pair have 3-day subcycles and 

a common westward longitudinal drift of about 1 degree per day. To evaluate the impact of the 

3-day subcycle of the polar pair, we compare 3d_H to the scenario U3d5d_H. For investigating 

the impact of the 3-day subcycle of the inclined pair in the case of a missing 3-day subcycle of 

the polar pair, we compare U3d5d_H to the scenario U5d_H. To analyze how the common drift 

rate of the polar and the inclined pair impacts the relative performance of subsequent solutions, 

we compare 3d_H to the scenario U3d_H, in which both pairs have 3-day subcycles but their 

orbits drift at different rates such that the double-pair ground track pattern is different each of 

the subsequent 3-day periods. 

 

Figure 13-1 visualizes the double-pair ground track for the first 3-day period for the scenarios 

3d_H, U3d5d_H and U5d_H. It can be seen how missing 3-day subcycles of the polar and the 

inclined pair lead to gaps in the ground tracks and thereby to a spatially uneven data coverage 

within 3 days. For the scenario U3d5d_H, the ground track gaps of the polar pair are filled by 

the ground tracks of the inclined pair up to ȿ•ȿ χπЈ. As for U5d_H, both the polar and the 

inclined pair have no 3-day, but 5-day subcycles, the gaps in the 3-day ground tracks of the two 

satellite pairs coincide which leads to especially large gaps at low latitudes. 

 

The degree amplitude curves of the resulting full noise nominal solutions are shown by panel a 

of Figure 13-2. Panel b shows the corresponding curves after eliminating the impact of the 

varying orbit altitudes (cf. Table 13-1) between the scenarios from the curves. In the following, 

we describe our altitude correction method:  

 

The impact of the satellite altitude on the retrieval errors originates from the fact that the gravity 

signal decays with distance from the Earth, but at the same time the (instrument) noise 

obscuring the signal in the satellite data is altitude-independent. Assuming that in the case of 

low-low satellite-to-satellite tracking missions, the main quantity measured by the satellites is 

the range rate, which is related to gravity accelerations, i.e. the first spatial derivative of the 

gravity potential, the radius dependency of the signal in the data is given by the degree n-

dependent factor Ȣ For ὶ, we use the mean radius of the polar and inclined pair of the 

considered scenario (we found that the effect of using e.g. the inclined satellitesô height instead 

is very small). Assuming that the measured data is the sum of the - dependent signal and 

the noise, the retrieval error (being the difference between the SH coefficients derived from the 

noisy data and the true SH coefficients of the signal) contains the radius-dependent factor ὶ . 

Thus, the ratio of the retrieval errors of two scenarios due to the changed orbital height will be 
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. Using 3d_H (with mean radius of polar and inclined pair of ὶ ) as reference scenario, 

we correct the retrieval errors of a specific scenario (with mean radius of polar and inclined pair 

of ὶ) by multiplying them by . 

 

The impact of this height correction on the retrieval errors can be seen by comparing panels a 

and b of Figure 13-2. It can be seen that for n<40, the three better-performing scenarios move 

together in their performance after the height correction. In the following, we assume that after 

applying this height correction, the impact of the varying orbital heights between the scenarios 

is eliminated. 

 

Firstly, we investigate the necessity of a match between the subcycle lengths of the polar and 

inclined pair to the 3-day retrieval period by considering Figure 13-2, Figure 13-3 and Figure 

13-4.  

 

The comparison of the retrieval errors of 3d_H and U3d5d_H shows that the gaps in the polar 

pairôs ground track present for U3d5d_H slightly degrade the solution for larger n, while for 

small n, no impact can be seen. In the spatial plots, it can be seen that especially the resolution 

of small-scale features at low latitudes is affected, while the convergence of the polar pairôs 

ground tracks towards the poles prevents a significant degradation of the U3d5d_H solution 

over the poles. 

 

Comparing the retrieval errors of U3d5d_H and U5d_H shows that the common gaps in the 

ground track patterns of the polar and inclined pair of U5d_H significantly degrade the solution 

globally. The fact that the error amplitudes are spatially strongly correlated with the ground 

track gaps reveals that these gaps are responsible for the degradation of the 3-day solutions of 

U5d_H. As in the polar areas, the ground tracks of U3d5d_H and U5d_H are similar, also the 

error patterns in these areas are very similar between the scenarios. 

 

From these observations, we conclude that short-term (3-day) solutions are indeed affected by 

a match between the subcycle length and the retrieval period. A missing 3-day subcycle of the 

polar pair is acceptable, but affects the resolution of small-scale features at low latitudes. 

However, if the polar pair orbit is uncontrolled, an orbit control for the inclined pair to maintain 

the 3-day ground track subcycles is crucial for the homogeneous quality of the 3-day solutions. 

 

Finally, we investigate the necessity of a common longitudinal drift rate between the polar and 

the inclined pairôs orbits for a homogenous quality of subsequent 3-day solutions. For this, we 

compare the error spread of the five subsequent 3-day solutions for the scenarios 3d_H and 

U3d_H. As the inclination of the second satellite pair is different between these scenarios, the 

main impact on the relative retrieval errors between these scenarios is the inclination of the 

second pair. Therefore, for our purpose of analyzing the impact of the coordination of the 

longitudinal drift between the two pairs, we do not compare the retrieval errors themselves but 

only how the retrieval errors of the individual solutions scatter about their mean performance. 

As shown by Figure 13-5, no difference in the error spread of individual solutions about their 

mean performance can be observed between the scenarios 3d_H and U3d_H. Therefore, we 

conclude that if stable subcycles matching the retrieval period are provided for both pairs, a 

common longitudinal drift between the ground tracks of the two pairs is not necessary to 

provide a homogeneous quality of subsequent 3-day solutions. That means, the double-pair 
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ground track pattern does not need to be exactly equal between the subsequent 3-day solutions, 

as long as there is no strong spatial variation in the ground track density, as has been shown in 

the above-described analysis of the necessity of the orbit subcycles. 

 

Table 13-1 Orbit scenarios for evaluating the impact of orbit subcycles and drift rates on 3-day gravity 

retrieval. 

ID  Sats 1 (IP) Sats 2 (PP) 
▐■1 [-

] 

▐■2 [-

] 

ȹ(Lon)1 

[deg] 

ȹ(Lon)2 

[deg] 

Sub-

cycles 

[days] 

Retrieval 

period 

[days] 
MRD  

 Alt. 

[km] 

Incl. 

[deg] 

Alt. 

[km] 

Incl. 

[deg] 
  Requirements 

Coordinated 

3d_H 432 70 463 89 1.451 1.449 -3.076 -3.067 3, 7, 31 3 

MRD-040 ï 

Fulfilled  

MRD-050 ï 
Fulfilled  

MRD-060 ï 

Fulfilled  

Uncoordinated 

U3d5d_H 432 70 492 89 
1.451 

(3d) 

1.172 

(5d) 

-3.076 

(3d) 

-0.790 

(5d) 

IP: 3, 31 

PP: 5, 31 
3 

MRD-040 ï 

Violated 
MRD-050 ï 

Violated 

MRD-060 ï 
Violated 

U5d_H 460 70 492 89 
1.061 

(5d) 

1.172 

(5d) 

-0.284 

(5d) 

-0.790 

(5d) 

IP: 5 

PP: 5, 31 
3 

MRD-040 ï 
Violated 

MRD-050 ï 

Violated 
MRD-060 ï 

Violated 

U3d_H 402 65 463 89 1.382 1.449 2.380 -3.067 

IP: 3, 29-
30 

PP: 3, 7, 

31 

3 

MRD-040 ï 

Fulfilled  
MRD-050 ï 

Violated 

MRD-060 ï 
Violated 

 

 

 

a 

 

 

 

 

 

 

 

 

b c 

Figure 13-1 3-day double-pair groundtrack pattern for the orbit scenarios 3d_H (panel a), U3d5d_H 

(panel b) and U5d_H (panel c), as described in Table 13-1. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/full_noise_no

minal/]  
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a 

 

 

 

 

 

 

 

 

 

b c 

Figure 13-2 Degree amplitude curves of five subsequent d/o 70 3-day full noise nominal solutions for the 

scenario 2_pIg_iIn (3d_H, U3d5d_H, U5d_H and U3d_H). The characteristics of the underlying orbits are 

given in Table 13-1. Panel a shows the uncorrected cures, panel b the curves after the altitude correction 

as described in the text. Panel c gives the legend for both figures. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/full_noise_no

minal/]  
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a

 

b

 
c

 

d

 
e

 

f

 

Figure 13-3 EWH error grids of the first d/o 70 full noise nominal 3-day solution of the scenario 2_pIg_iIn 

using the orbit scenario 3d_H (panels a, b), U3d5d_H (panels c, d) and U5d_H (panels e, f). The left 

column shows global maps while the right column shows a selected regional section at the equator. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/full_noise_no

minal/]  
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Figure 13-4 EWH error grids of the first d/o 70 full noise nominal 3-day solution of the scenario 2_pIg_iIn 

using the orbit scenario 3d_H (panel a), U3d5d_H (panels b) and U5d_H (panels c). Shown are 

stereographic projections with a radius of 40° in latitude, centred about the north pole (left column) and 

the south pole (right column). [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/full_noise_no

minal/]  
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a b c 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13-5 Thin curves in panel a: Degree amplitude curves of five subsequent d/o 70 3-day full noise 

nominal solutions for the scenario 2_pIg_iIn (3d_H and U3d_H). Thin curves in panel b: ratio of the error 

curves of the five individual curves divided by their mean curve. The thick curves in both panels show the 

mean curve of the thin curves in the respective panel. Panel c shows the legend valid for both panel a and 

b. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/full_noise_no

minal/]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



NGGM/MAGIC ï Science Support Study During  

Phase A 

Final Report 

Doc. Nr:  

Issue: 

Date: 

Page: 

MAGIC_FR 

1.0  

15.11.2022 

165 of 466 

 

 

 

14 1-DAY GRAVITY RETRIEVAL 
 

As described in Section 5.4, the retrieval errors of 3-day, 5-day, 7-day and 31-day solutions for 

the scenario 2_pIn_iIn (3d_H) scale with their retrieval period, such that the retrieval error of a 

31-day solution can be multiplied by sqrt(x/31) to find the error level of the corresponding x-

day solution. In this section, our aim is to investigate 1-day full noise solutions for the same 

scenario. 

 

To this end, we compare three cases of 1-day solutions, in all of which we assemble and solve 

the respective NEQs up to SH d/o 15: 

 

1. 1-day solutions using gravity signals up to d/o 120 in the forward calculation, as has 

been done for the 3-, 5-, 7- and 31-day solutions presented in Section 5.4. This is the 

ñworst caseò, as the retrieval errors will contain the full spectral leakage effect of high-

degree errors leaking to the solution. 

2. 1-day solutions using gravity signals up to d/o 15 in the forward calculation. This is the 

ñbest caseò, as spectral leakage errors are excluded from the retrieval error budget. 

3. Daily Wiese solutions (DWS), which already have been presented in Section 5.4. These 

are computed along with 31-day d/o 120 full noise Wiese solutions. 

 

As done in Section 5.4, for all cases solutions for the 2-month simulation period starting on 

01.01.2002 are computed, and the mean of the degree amplitude curves of the individual 

solutions are plotted in Figure 14-1. This Figure also includes the solutions shown by Figure 

5-21 b. 

 

By comparing the relative differences of the curves shown by panels a and b of Figure 14-1, it 

can be observed that the formal errors only reflect the number of observations in the retrieval 

period, which is why all curves referring to 1-day solutions coincide. The coefficient errors 

shown by panel a, however, do not only include the retrieval period effect, but also the temporal 

aliasing and spectral leakage errors affecting the specific solutions. For example, it can be seen 

that for shorter retrieval periods, the temporal aliasing errors are reduced, which is the reason 

why the up-scaled retrieval error of the 31-day solution overestimates the retrieval errors of the 

1-day solutions. 

 

Comparing the coefficient errors of the 1-day solutions of the first two cases, we see that the 

spectral leakage effect manifests itself as an error increase towards the large-degree end of the 

parametrized SH spectrum in the case 1 solutions. Comparing the performance of the DWS to 

the best-case scenario 2 shows that the DWS outperform the best-case solution for degrees < 

10, which we interpret as an effect of the co-estimation of 31-day solutions which absorb part 

of the temporal aliasing errors. For degrees > 10, however, the effect of spectral leakage that is 

excluded in the best-case solutions but included in the DWS starts to dominate and leads to a 

worse performance of the DWS compared to the best case. 

 

Figure 14-2 shows the EWH error grids and the coefficient error triangles for the first of the 

computed 1-day solutions for case 1 (panels a, b), case 2 (panels c, d) and case 3 (panels e, f). 

Panels g and h additionally show the first 31-day solution up-scaled by the factor sqrt(31) and 

cut at ὔ ρυ. It is visible how the effect of spectral leakage degrades the case 1 compared 
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to the case 2 solution, the DWS is better for small degrees, and the up-scaled retrieval errors of 

the 31-day solution over-estimates the temporal aliasing errors present in the 1-day solutions. 

 

In order to visualize the effect of spectral leakage if choosing a too low maximum SH d/o in 

the gravity retrieval, we compute 3-, 5-, 7- and 31-day solutions parametrized up to d/o 15 (by 

stacking the daily NEQ systems of case 1 accordingly). The results can be seen in Figure 14-3. 

As for the case 1 solutions, the spectral leakage effect of large-degree signals contained in the 

data degrades the retrieved solution towards the large-degree end of the resolved spectrum. This 

visualizes the importance of parametrizing a solution up to the largest SH degree that is allowed 

by the ground track density in the respective retrieval period in order to avoid spectral leakage 

effects. 

 

Summarizing our findings on the choice of retrieval period and maximum SH degree 

parametrized, we firstly found that the shorter the retrieval period, the smaller the temporal 

aliasing errors degrading the retrieval performance, as the maximum temporal period that 

causes temporal aliasing is reduced. In the case of 1-day solutions, the reduction of temporal 

aliasing errors is that large such that an up-scaling of 31-day solution retrieval errors to find the 

performance of daily gravity retrieval is not possible. Secondly, the smaller the parametrized 

maximum SH d/o ὔ , the larger the effect of ὲ  ὔ  signals leaking into the solution. 

This effect however has only been observed to dominate the retrieval errors of d/o 15 1-day 

solutions. For retrieval periods of  3 days, temporal aliasing errors are dominating the error 

budget (assumed that the maximum possible ὔ  for the individual retrieval period has been 

used). Thirdly, we note that the maximum retrieved SH d/o is limited by the ground track 

density within the retrieval period.  
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Figure 14-1 Degree amplitudes of full noise nominal simulations for the scenario 2_pIn_iIn. The solid lines 

are computed based on the respective coefficient errors (panel a) and formal errors (panel b) of 1-day d/o 

15, 3-day d/o 70, 7-day d/o 100 and 31-day d/o 120 solutions, while the dotted lines show the 31-day curve 

upscaled by a factor of sqrt(31/x) to approximate the x-day curve. The three cases for the 1-day solutions 

are described in the text. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pIn

_iIn/ and 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_wiese/2_pIn_iI

n/31d/] 

 

 

 

 

 

 

 

 



NGGM/MAGIC ï Science Support Study During  

Phase A 

Final Report 

Doc. Nr:  

Issue: 

Date: 

Page: 

MAGIC_FR 

1.0  

15.11.2022 

168 of 466 

 

 

 

a 

 

 

 

 

 

 

 

 

 

b 

c 

 

 

 

 

 

 

 

 

 

d 

e 

 

 

 

 

 

 

 

 

 

f 

g 
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Figure 14-2 EWH grids (left column) and coefficient triangles (right column) showing the retrieval errors 

of the first daily solutions of case 1 (panels a, b), case 2 (panels c, d) and case 3 (panels e, f) as well as the 

first 31-day solution scaled by sqrt(31) and cut at SH degree 15 (panels g, h). The three cases for the daily 

solutions are described in the text. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pIn

_iIn/ and 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_wiese/2_pIn_iI

n/31d/] 
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b c 

Figure 14-3 Degree amplitude plot as shown by Figure 14-1 a, additionally including d/o 15 3-, 5-, 7- and 

31-day solutions to visualize the effect of spectral leakage to the solutions if not parametrized to a large-

enough maximum SH degree and order. Panel b shows the section of panel a up to SH degree 40. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pIn

_iIn/ and 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_wiese/2_pIn_iI

n/31d/] 
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15 IMPACT OF NOISE SCALING FACTOR ON RESULTS 
 

15.1 IMPACT ON RESULTS OF 1_PIG (3D_H) 

 

The aim of this section is to evaluate the impact of scaling the instrument (ACC, LRI and orbit) 

noise by a factor of 1/sqrt(10) (implying a scaling of the used P matrices by a factor of 10) on 

the retrieval errors of instrument only and full noise nominal results. 

 

To this end, we analyze the scenario 1_pIg (3d_H). As can be seen by comparing the curves 

shown by Figure 15-1 a, scaling the instrument noise used or scaling the retrieval errors of 

instrument only simulations by the same factor give the same results. That means that for 

instrument only results that contain un-scaled instrument noise time series, it is possible to 

directly derive the results that would be obtained in the case of a scaled instrument noise by 

applying the factor of 1/sqrt(10) to the retrieval errors. As shown by the green curve in panel a, 

the impact of scaling the orbit noise on the results is negligible, i.e. for new simulations that use 

the scaled instrument noise, it is possible to use the already computed orbit data. The reason for 

this is that the orbit noise is only introduced to the high-low satellite-to-satellite tracking NEQ 

systems which are dominated by the low-low satellite-to-satellite tracking NEQ systems. 

 

As shown by Figure 15-1 b, the impact of scaling the instrument noise by a factor of 1/sqrt(10) 

on the full noise results is very small, since in this case the much larger temporal aliasing errors 

are dominating the error budget. 
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Figure 15-1 Degree amplitudes of instrument-only (panel a) and full noise nominal (panel b) solutions for 

the scenario 1_pIg (3d_H). In panel a, the solid lines show the coefficient errors while the dotted lines 

show the formal errors. In both panels, the blue curves show the original results while the red curves show 

the results where the instrument noise has been scaled by a factor of 1/sqrt(10). In panel a, the black 

curves shows the blue curves multiplied by 1/sqrt(10) and the green curves show the results if only the 

ACC and LRI noise is scaled by 1/sqrt(10) but the same (un-scaled) orbit noise is used. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/ and 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/] 
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15.2 IMPACT ON RESULTS OF 2_PIG_IIG (3D_H) 

 

In addition to the analysis given by Section 15.1, we investigate the impact of scaling the noise 

time series by a factor of 1/sqrt(10) on the analysis performed earlier in Section 8.1 where the 

3d_H scenarios 2_pIg_iIn and 2_pIg_iIg are compared.  

 

As shown by Figure 15-2, the error reduction due to the noise scaling is smaller for 2_pIg_iIn 

than for 2_pIg_iIg. The reason for this are the numerical errors that dominate the error budget 

if using NGGM/MAGIC-type instrument noise specifications in the instrument only 

simulations performed using the old version of the full scale simulator. Therefore, the difference 

between the scenarios, which is produced by the improved ACC instrument on the satellites of 

the inclined pair, is more strongly masked by numerical errors when down-scaling the 

instrument noise by 1/sqrt(10). 

 

Figure 15-3 shows the corresponding full noise results. Here, as before, the instrument noise is 

dominated by the much larger temporal aliasing errors which mask the impact of the improved 

ACC instrument on the satellites of the inclined pair completely. 
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Figure 15-2 Retrieval errors of d/o 120 31-day instrument-only simulations for the scenarios 2_pIg_iIn 

(3d_H) and 2_pIg_iIg (3d_H). Left: original results (without scaling factor included in the instrument 

noise), right: results when a scaling factor of 1/sqrt(10) is applied to the instrument noise. Top: degree 

amplitude curves. Bottom: ratio of coefficient errors of 2_pIg_iIn divided by 2_pIg_iIg, on a logarithmic 

scale. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/ and 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/instrument_on

ly/]  
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Figure 15-3 Retrieval errors of d/o 120 31-day full noise nominal simulations for the scenarios 2_pIg_iIn 

(3d_H) and 2_pIg_iIg (3d_H). Left: original results (without scaling factor included in the instrument 

noise), right: results when a scaling factor of 1/sqrt(10) is applied to the instrument noise. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/ and 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/full_noise_no

minal/]  
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16 FURTHER ANALYSIS ON ANOMALIES IN FULL NOISE 
WIESE SOLUTIONS 

 

16.1 EFFECT OF P MATRICES AND NUMERICAL STABILITY 

 

In this section, we continue our investigations regarding the anomalies in the full noise wise 

solutions given in Section 5.3, in which we found that the anomalies can be avoided by either 

decreasing the maximum d/o of the daily wiese solutions (DWS) or by using a different P matrix 

(the latter, however, led to overall larger errors in the solution). Therefore, the anomalies in the 

full noise wiese solutions were interpreted as an effect of a numerically unstable inversion of 

the NEQs. 

 

In order to understand the role of the P matrix in the formation of the bump-shaped structures 

in the degree amplitude curves of the full noise wiese solutions, we compute d/o 120 7-day 

solutions for the scenario 2_pIg_iIn (5d_LH) in which the instrument noise and/or the P 

matrices are turned on or off (turning off the P matrix means to insert a unit matrix instead of 

the P matrix that fits the instrument noise characteristics). Figure 16-1 shows the results: The 

red curve (instrument noise off, P matrices off) shows the retrieval error level due to the (un-

weighted) temporal aliasing errors. If turning on the P matrices, the bump-shaped structures 

appear (independently of turning on or off the instrument noise). This indicates that the P 

matrices seem to introduce numerical instability to the system. 

 

The orange curves in Figure 16-1 show the results if instead of the P matrices corresponding to 

the used instrument noise, a different P matrix (as also tested in Section 5.3) is applied in the 

NEQ systems of both satellite pairs. These solutions have a much larger error level, but do not 

show the artefacts. For this reason, as a next step, we investigate the numerical stability of the 

3 P matrices involved in this analysis so far in Figure 16-2. Indeed, the inverse P matrices for 

the MAGIC and the GRACE noise show longer correlations in time domain compared to the 

other P matrix, and also the higher condition numbers imply a numerically more unstable 

behavior. 

 

Figure 16-3 shows the results of further tests, in which we apply numerically stabilized P 

matrices. These are computed by 

ὖ ὖ ὪὥὧὸέὶẗὍ 
 

where we insert values between ρπ and ρπ for Ὢὥὧὸέὶ. As can be seen in Figure 16-3, this 

numerical stabilization of the main diagonal of the MAGIC and GRACE P matrices indeed 

leads to a reduction of the bump-shaped artefacts. However, the decorrelation performance of 

the stabilized P matrices is decreased by changing the main diagonal of the P matrices, by which 

the retrieval errors are increased. 

 

This shows that numerical stabilizing the main diagonal of the P matrices does not solve the 

problem, as this increases the retrieval errors significantly. 

 

Pursuing the goal of numerically stabilizing the full noise wiese NEQ systems, an extensive 

analysis of the numerical stability of individual NEQ matrix parts has been performed to find 
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out where the bad conditioning of the used P matrices maps to. Thereby, the condition numbers 

of the individual NEQ matrix parts that are inverted in the course of the wiese processing have 

been computed. This, however, did not give conclusive results as the condition numbers of both 

the case using the MAGIC/GRACE noise P matrices and the case using the different P matrix 

are comparable. Also externally solving the NEQ systems using MATLAB without applying 

the parameter elimination algorithm used by the full scale simulation software was performed, 

which gave the same results as output by the full scale simulator. 

 

a 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

b 

Figure 16-1 Degree amplitude curves of d/o 120 full noise wiese solutions (d/o of DWS is 15) for scenario 

2_pIg_iIn (5d_LH) if applying varying P matrices and turning on or off the instrument noise. 
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 Ă102ñ P matrix 

cond(P) = 93 

 

MAGIC noise P matrix 

cond(P) = 6.6e4 

GRACE noise P matrix 

cond(P) = 1.9e7 

ὖ 

a 

 

 

 

 

 

 

 

 

 

b c 

ὖ  

d 

 

 

 

 

 

 

 

 

 

 

e f 

Figure 16-2 Analysis of the P matrices involved in the investigation on the artefacts in the full noise wiese 

simulation results. The values of the P matrices are normalized by their maximum values and visualized 

by the colour coding. All panels use the same axes and panels of the same row use the same colour bar. 

The values on the colour bars are the base-10 logarithms of the visualized matrix values. Left column: P 

matrix used for both the polar and the inclined pairôs NEQ systems for the solution visualized by the 

orange curve in Figure 16-1. Middle and right columns: P matrices used for the inclined (middle) and 

polar (right) pairôs NEQ systems for the ñregularò 2_pIg_iIn (5d_LH) simulations. At the top, the 

condition numbers computed as the ratio of the maximum divided by the minimum eigenvalue of the 

considered matrix are given. The top panels show the P (weighting) matrices, the bottom panels show the 

inverse P matrices (corresponding to the VCV matrices of the noise). 
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b 

Figure 16-3 Degree amplitude curves of d/o 120 7-day full noise wiese (d/o of DWS: 15) simulations for the 

scenario 2_pIg_iIn (5d_LH), applying various P matrices, as described in the text. 
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16.2 CHANGING THE RELATIVE WEIGHTING OF THE POLAR AND 
INCLINED PAIRSô NEQ SYSTEMS 

 

In this section, we show how a change of the relative weighting of the NEQ systems of the polar 

and the inclined pair in a double-pair formation can decrease the artefacts observed before in 

full noise wiese solutions. To this end, we again consider d/o 120 7-day solutions for the 

scenario 2_pIg_iIn (5d_LH), as this is the scenario that showed the strongest artefacts compared 

to the other scenarios, as can be observed in panels c and d of Figure 5-3.  

 

As shown by Table 16-1, the orbit scenario 5d_LH is the scenario combining the smallest orbit 

height of the inclined pair with the largest orbit height of the polar pair. The effect of this 

difference in orbital height is a lower weight of the NEQ system of the polar pair (ὔὉὗ) 

relative to the NEQ system of the inclined pair (ὔὉὗ) in the double-pair NEQ system. This 

strong weighting of ὔὉὗ relative to ὔὉὗ could become problematic because of the polar 

gaps of the inclined pairôs orbit. Although in the double-pair solution, the polar gaps of the data 

of the inclined pair are ñfilledò by the data of the polar pair, correlations of the coefficients in 

ὔὉὗ could lead to a degradation of the double-pair solution if ὔὉὗ is given a too high weight. 

 

Besides the orbital heights of the two pairs, also the instrument noise introduced to the NEQs 

of the two pairs leads (by the usage of P matrices fitting the individual noise characteristics) to 

a relative weighting of the two NEQ systems. In the so far considered scenario 2_pIg_iIn, ὔὉὗ 

is down-weighted relative to ὔὉὗ due to the larger ACC noise amplitudes introduced to ὔὉὗ. 

As shown by the blue curves in Figure 16-4, replacing the MAGIC-type ACC noise for the 

inclined pair by the higher-amplitude GRACE-type ACC noise leads to larger formal errors, 

but decreases the coefficient errors as well as the amplitudes of the bump-shaped artefacts in 

the full noise wiese results. We interpret this observation in the way that in the case of the 

scenario 2_pIg_iIg, ὔὉὗ is given a larger weight relative to ὔὉὗ than in the scenario 

2_pIg_iIn which helps to reduce the effects introduced by the polar gaps of ὔὉὗ to the double-

pair NEQs. 

 

To test if it is possible to improve the full noise wiese results of the scenario 2_pIg_iIn (5d_LH) 

without changing the noise assumptions for the two satellite pairs, we compute double-pair 

solutions by solving the modified NEQ system 

 

ὔὉὗ  
ύ ẗὔὉὗ ύẗὔὉὗ 

ύ ύ
 

 

Varying the weights ύ  and ύ between ρπ and ρπ, we found that the best-performing 

double-pair solution in terms of small coefficient errors can be found using ρππ. As 

shown by Figure 16-5, while the formal errors of the new solution are larger than for the original 

results, the coefficient errors and especially the bump-shaped artefacts are significantly reduced 

using the new weighting. This is also the case for the associated DWS. EWH grids of the 

retrieval errors as well as a visualization of the improvement of the double-pair solution are 

given by Figure 16-6. 
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Concluding the so-far-made analysis on the bump-shaped artefacts in the degree amplitude 

curves of full noise Wiese solutions, we found that these artefacts especially show up if the 

NEQ system of the inclined pair obtains a much larger weight relative to the NEQ system of 

the polar pair. It is possible to reduce the artefacts and also globally improve the double-pair 

solution if giving the polar pairôs NEQs a higher weight. 

 

 

Table 16-1 Orbit scenarios as defined in Massotti et al. (2021) 

 
 

 

 

Figure 16-4 Degree amplitude curves of d/o 120 7-day full noise wiese (d/o of the DWS is 15) solutions for 

the 5d_LH scenarios 2_pIg_iIn (Test 1, cyan curves), 2_pIn_iIn (Test 3, black curves) and 2_pIg_iIg Test 

5, blue curves). 
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Figure 16-5 Degree amplitude curves of d/o 120 7-day full noise wiese (d/o of the DWS is 15) solutions for 

the scenario 2_pIg_iIn (5d_LH). The blue curves show the previous results (corresponding DWS are 

shown by the cyan curves) and the red curves the results if an up-weighting of ╝╔╠▬ relative to ╝╔╠░ by a 

factor of 100 is applied (corresponding DWS are shown by the magenta curves). The green curves show 

the previous results of the corresponding full noise nominal solution, as a reference. 

 

a 

 

 

 

 

 

 

 

 

b c 
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e f 

Figure 16-6 Retrieval errors of d/o 120 7-day full noise wiese (d/o of DWS: 15) simulations for the scenario 

2_pIg_iIn (5d_LH). The top row refers to the first d/o 15 DWS, the bottom row to the d/o 120 7-day 

solution. Panels a and d show the previously computed results, panels b and e the results if an up-

weighting of ╝╔╠▬ relative to ╝╔╠░ by a factor of 100 is applied. Panels c and f show the ratio of the 

corresponding retrieval errors of the two solutions on a logarithmic scale (blue colors indicate an 

improvement by the up-weighting). 
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16.3 ORIGIN OF ARTEFACTS IN FULL NOISE WIESE SOLUTIONS 

 

In this section, we show how correlations between certain groups of sectorial coefficients of 

the multi-day solution and the coefficients of the DWS originating from the inclined pairôs 

NEQ system lead to the artefacts in the full noise wiese solutions described in the preceding 

subsections. To this end, we investigate a d/o 100 7-day solution for the scenario 2_pIg_iIn 

(5d_LH) with maximum d/o 15 for the DWS. 

 

Firstly, we identify the coefficient groups that lead to the increased full noise wiese retrieval 

errors of the coefficients around degrees 26 and 39 which have been observed in the degree 

amplitude plots of the full noise wiese solutions (see e.g. Figure 16-5). Comparing the 

coefficient errors of the nominal (Figure 16-10 e) and the wiese (Figure 16-11 e) double-pair 

solutions reveals increased retrieval errors for the near-sectorial coefficients around d/o 26 

and 39 in the wiese solution that are not present in the nominal solution. This specific error 

pattern seems to stem from the inclined pairôs NEQ system, since it is also shown by the 

corresponding single-inclined pair solution (cf. Figure 16-11 c). The fact that the 

corresponding DWS of the single-inclined pair solution (cf. Figure 16-12 e) shows large 

errors for the near-zonal, polar-gap related coefficients is a hint that the observed error pattern 

in the 7-day solution could be related to the co-estimation of the DWS in the wiese 

processing. 

 

As a side note, we compare the performance of the single-inclined pairôs DWS (cf. Figure 

16-12 d to f) to the performance of corresponding d/o 15 stand-alone 1-day solutions (cf. 

Figure 16-13 d to f). The fact that the large near-zonal errors observed in the DWS are not 

present in the stand-alone 1-day solution suggests that the missing data over the poles in the 

inclined pairôs system only lead to large near-zonal errors in the low degrees if the overall 

NEQ system is parametrized up to a larger (here: d/o 100) maximum degree. Also this 

observation suggests large correlations between the 7-day solution and the DWS in the NEQ 

system of the inclined pair. 

 

As a second step, to further investigate our before-made observations indicating large 

correlations between the coefficients of the 7-day solution and the DWS in the case of an 

inclined-pair dominated double-pair system, we plot the correlation matrix of the full wiese 

NEQ system in Figure 16-7 c. Indeed, increased correlation values between the sectorial 

coefficients around d/o 26 and 39 and the DWS can be observed. I.e., we indeed observe 

larger correlations between the worse-performing sectorial coefficient groups that produce the 

bump-shaped artefacts in the degree and order amplitude curves (cf. Figure 16-7 b and d) and 

the coefficients of the DWS.  

 

To confirm the hypothesis that these correlations are the reason for the error structure in the 

wiese solutions, we solve the same NEQ system in which we now set the entries representing 

the correlations between the DWS and the 7-day solution coefficients to zero in the NEQ 

matrix (cf. Figure 16-9 a), which leads to a block-diagonal structure of the corresponding 

coefficient correlation matrix (cf. Figure 16-9 c). Indeed, the bump-shaped artefacts in the 

degree and order amplitude curves of the retrieval errors of the modified NEQ system 

disappear (however, on the cost of the solutionôs performance in the low and high degrees, as 

shown by Figure 16-9 b and d). 
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As shown by Figure 16-5, it is possible to improve the full noise wiese double-pair solution of 

the investigated scenario by increasing the relative weight of the polar pairôs NEQ system by 

a factor of 100. For completeness, we show the NEQ matrix as well as the corresponding 

correlation matrix of this modified double-pair system in Figure 16-8. As expected, given the 

before-shown reduction of the bump-shaped artefacts in the degree amplitude curves, the 

correlation matrix of this modified system (Figure 16-8 c) shows smaller correlations between 

the 7-day solution and the DWS compared to the original system (Figure 16-7 c). 

 

To summarize, we could identify the origin of the bump-shaped artefacts that we observed in 

the degree amplitude curves of full noise wiese solutions for double-pair scenarios that are 

dominated by the NEQ system of the inclined pair: These artefacts correspond to larger 

retrieval errors of certain groups of near-sectorial coefficients, which are produced by 

correlations between these coefficient groups and the coefficients of the co-estimated DWS. 

These correlations are introduced by the instability of the inclined pairôs NEQ system due to 

the inclined pairôs polar gap. A mitigation of this problem is possible either in the processing, 

by slightly increasing the weight of the polar pairôs NEQ system (see Figure 16-5) or by 

decreasing the maximum d/o of the co-estimated DWS (see Figure 5-19). Or, in the mission 

design, by preventing a large performance difference between the polar and the inclined pair, 

which can be done by an appropriate choice of the orbits and the instrument performance of 

both pairs. 

 

Improving the numerical stability of the NEQs for the investigated double-pair scenario 

2_pIg_iIn (5d_LH) by applying a ñpolar gapò regularization (pushing the solution to zero or 

to the single-polar pair solution over the poles/in the near-zonal coefficients) has been tested. 

It yields a slight improvement of the double-pair solution, however does not reduce the 

above-described artefacts in full noise Wiese solutions. As shown by Figure 16-14, applying a 

polar gap regularization to the single inclined pair scenario 1_iIn (5d_LH) does not remove 

the artefacts in the Wiese solution. 
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b

 
c

 

d

 

Figure 16-7 d/o 100 7-day full noise wiese (d/o of DWS: 15) simulation for the scenario 2_pIg_iIn (5d_LH). 

Panel a shows the full Wiese NEQ matrix with the entries corresponding to the degree 0 to 15 coefficients 

of the 7 DWS in the top left blocks, and the entries corresponding to the degree 16 to 100 coefficients of 

the 7-day solution in the bottom right block. Within each block, the coefficients are sorted by order, then 

by degree, then by Cnm/Snm. Panel c shows the corresponding correlation matrix. Panels b and d show 

the retrieval errors of the simulation in terms of degree and order amplitudes, respectively.  
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Figure 16-8 Same as Figure 16-7, but for the modified scenario from 2_pIg_iIn (5d_LH) where the weight 

of the NEQ system of the polar pair is increased by a factor of 100. Panels b and d show the retrieval 

errors of this modified scenario as the red curves, while the blue curves are the same as shown by Figure 

16-7, for reference. 
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Figure 16-9 Same as Figure 16-7, but for the modified scenario from 2_pIg_iIn (5d_LH) where the off-

diagonal entries of the NEQ system (panel a) representing the correlations between the coefficients of the 

7-day solution and the DWS are set to zero, resulting in a block-diagonal correlation matrix (panel c). 

Panels b and d show the retrieval errors of this modified scenario as the orange curves, while the blue 

curves are the same as shown by Figure 16-7, for reference. 
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Figure 16-10 Retrieval errors of the d/o 100 7-day full noise nominal simulation for the scenario 2_pIg_iIn 

(5d_LH). Panels e and f show the original double-pair solution. Panels a and b (c and d) show the modified 

double-pair solution in which the relative weight of the NEQ system of the polar pair (inclined pair) is 

increased by a factor of 1e14, which approximates the performance of the respective single-polar (single-

inclined) pair scenario. 
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Figure 16-11 Retrieval errors of the d/o 100 7-day full noise wiese simulation (d/o of DWS: 15) for the 

scenario 2_pIg_iIn (5d_LH). Panels e and f show the original double-pair solution. Panels a and b (c and 

d) show the modified double-pair solution in which the relative weight of the NEQ system of the polar pair 

(inclined pair) is increased by a factor of 1e14, which approximates the performance of the respective 

single-polar (single-inclined) pair scenario. 
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Figure 16-12 Retrieval errors of the d/o 15 DWS of the d/o 100 7-day full noise wiese simulation for the 

scenario 2_pIg_iIn (5d_LH). Left column shows the formal errors, middle column the coefficient errors 

and right column the spatial plots computed based on the coefficient errors. Panels g, h and i show the 

original double-pair solution. Panels a, b and c (d, e and f) show the modified double-pair solution in 

which the relative weight of the NEQ system of the polar pair (inclined pair) is increased by a factor of 

1e14, which approximates the performance of the respective single-polar (single-inclined) pair scenario. 
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Figure 16-13 Stand-alone full noise nominal d/o 15 1-day simulation for the scenario 2_pIg_iIn (5d_LH). 

Left column shows the formal errors, middle column the coefficient errors and right column the spatial 

plots computed based on the coefficient errors. Panels g, h and i show the original double-pair solution. 

Panels a, b and c (d, e and f) show the modified double-pair solution in which the relative weight of the 

NEQ system of the polar pair (inclined pair) is increased by a factor of 1e14, which approximates the 

performance of the respective single-polar (single-inclined) pair scenario. 

 

  
Figure 16-14 Degree (left) and order (right) amplitude plots for 7-day full noise Wiese simulations for the single-

inclined pair scenario 1_iIn (5d_LH) using maximum degrees of 100 and 15 for the 7-day solutions and the DWS, 

respectively. A polar gap regularization has been applied that constrains the solution towards zero over the poles. 
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17 SCENARIOS U5D5D_HL AND COMPARISON OF 
SIMULATOR VERSIONS 

 

In this section, the scenario U5d5d_HL is investigated. This is a Bender-type double-pair 

scenario in which the polar pair is in the 5d_LH orbit (492 km orbit height, 89° inclination) and 

the inclined pair in the 5d_Ma orbit (396 km orbit height, 65° inclination), see Table 17-1 which 

is repeated here for convenience. For the polar pair, GRACE-like ACC noise is used, while for 

the inclined pair, either the before-used NGGM/MAGIC-like ACC noise (for U5d5d_HL_ref) 

or a MicroSTAR (MS) ACC noise time series delivered by TASI (for U5d5d_HL_ms) is used. 

For each of the two scenarios U5d5d_HL_ref and U5d5d_HL_ms, we compute one d/o 120 7-

day solution. The aim is to compare the retrieval errors of the two scenarios, i.e. see the effect 

of using either the theoretical MAGIC ACC noise or the simulated MS ACC noise time series 

delivered by TASI for the second pair. 

 

Figure 17-1 visualizes how the used types of instrument noise compare in the spectral domain. 

In particular, it can be seen that the MS noise follows the analytical specifications for the 

MAGIC ACC and LRI noise very closely.  

 

Figure 17-2 shows the ll-sst prefit residuals of the instrument-only simulations of the two 

scenarios. The blue curves show the prefit residuals of the polar pair, while the red and green 

curves show the prefit residuals of the inclined pair in the U5d5d_HL_ref and U5d5d_HL_ms 

scenario, respectively.  

 

For the instrument-only simulations of the two scenarios investigated in this section, we apply 

an updated version (v010) of the full-scale simulation software for the first time. In this software 

version, the numerical errors are much smaller compared to the software version used so far 

(v009), such that the numerical errors are not any more the limiting factor for some of the 

instrument-only simulations, which has been the case before. The software update strongly 

affects instrument-only solutions in which rather small noise amplitudes are assumed for the 

instruments, which in our project is mainly the case for the MAGIC-type ACC noise, but also 

for the GRACE-type ACC noise if the 1/sqrt(10)-downscaled version of it is used, as it is the 

case for the simulations in this section. 

 

Figure 17-2 visualizes how the software update affects the instrument-only prefit residuals 

relevant for the U5d5d_HL_ref and U5d5d_HL_ms scenarios. Comparing the data between the 

old and the new software versions shows the strong impact of the software update. With respect 

to the present scenarios, it can be seen that only by using the new software version, a small 

deviation between the MAGIC noise and the MS noise becomes visible. 

 

Figure 17-3 shows the retrieval errors of the instrument-only simulations for the two scenarios. 

It can be observed that the results obtained by the new software show much smaller retrieval 

errors compared to the results obtained using the old software. As a reference, we also included 

the results obtained for the same scenarios using the reduced-scale simulation software. As 

shown by panel a, the retrieval errors obtained using v010 of the full-scale software or using 

the reduced-scale software are very similar, as are the results obtained for the two scenarios. 

This observation can also be made by considering Figure 17-4 and Figure 17-5. 

 



NGGM/MAGIC ï Science Support Study During  

Phase A 

Final Report 

Doc. Nr:  

Issue: 

Date: 

Page: 

MAGIC_FR 

1.0  

15.11.2022 

191 of 466 

 

 

 

As the retrieval errors are very similar between the scenarios already when excluding temporal 

gravity signals, it is expected that also the retrieval errors of the full noise simulations for the 

scenarios U5d5d_HL_ref and U5d5d_HL_ms will be very similar to each other. This is 

confirmed by the plots shown in Figure 17-6 and Figure 17-7. 

 

From this, we can conclude that both in the instrument-only and the full-noise simulations, 

replacing the MAGIC ACC noise by the MS noise time series delivered by TASI does not 

change the retrieval errors of the simulation results significantly. 

 

 

Table 17-1 Orbit scenarios. 

 
 

 

 

Figure 17-1 Amplitude spectral densities of the instrument noise used in the simulations. The magenta 

curve shows the combination of the MicroSTAR ACC noise delivered by TASI and the LRI noise, which is 

used for the inclined pair in the scenario U5d5d_HL_ms.  
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Figure 17-2 Amplitude spectral densities of the instrument-only pre-fit residuals obtained using the full-

scale simulator. The solid (dotted) curves show the data obtained using the new (old) version of the 

software. Figure 17-3 shows the retrieval errors of the associated instrument-only simulations. 
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Figure 17-3 Degree amplitude curves for the d/o 120 7-day instrument-only retrieval errors for the 

scenarios U5d5d_HL_ref and U5d5d_LH_ms (see text). Panel a: The blue and red curves show the results 

obtained by the new version of the full -scale simulator, the light-blue and orange curves show the results 

obtained using the reduced-scale simulator. Panel b: Results obtained using the old version of the full-

scale simulator, for comparison. Note the different y axis limits between the panels. [Paths: 

Deliverables/D1/simulation_results/full_scale_simulator_v010/1_by_sqrt(10)_noise_scaling/instrument_on

ly/, 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/instrument_on

ly/ and 

Deliverables/D1/simulation_results/reduced_scale_simulator/1_by_sqrt(10)_noise_scaling/instrument_onl

y/] 
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Figure 17-4 EWH error grids of the d/o 120 7-day instrument-only solutions of the scenarios 

U5d5d_HL_ref (panels a, b) and U5d5d_HL_ms (panels c, d). The panels in the left (right) column show 

the results obtained using the new version of the full-scale simulator (using the reduced-scale simulator). 

[Paths: 

Deliverables/D1/simulation_results/full_scale_simulator_v010/1_by_sqrt(10)_noise_scaling/instrument_on

ly/ and 

Deliverables/D1/simulation_results/reduced_scale_simulator/1_by_sqrt(10)_noise_scaling/instrument_onl

y/] 
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Figure 17-5 Retrieval errors of the d/o 120 7-day instrument-only results for the scenarios U5d5d_HL_ref 

(panels a, b) and U5d5d_HL_ms (panels c,d) obtained using the new version of the full-scale simulator (a, 

c) or the reduced-scale simulator (c, d). Panel e shows the ratio of the retrieval errors shown in panels a 

and c. [Paths: 

Deliverables/D1/simulation_results/full_scale_simulator_v010/1_by_sqrt(10)_noise_scaling/instrument_on

ly/ and 

Deliverables/D1/simulation_results/reduced_scale_simulator/1_by_sqrt(10)_noise_scaling/instrument_onl

y/] 
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Figure 17-6 Degree amplitudes of the retrieval errors of the d/o 120 7-day full noise nominal solutions for 

the scenarios U5d5d_HL_ref and U5d5d_HL_ms described in the text. [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/full_noise_no

minal/]  
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Figure 17-7 Top row: EWH error grids of the d/o 120 7-day full noise nominal solutions for the scenarios 

U5d5d_HL_ref (panel a) and U5d5d_HL_ms (panel b) described in the text. Panel c shows the ratio of the 

retrieval errors.  [Path: 

Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by_sqrt(10)_noise_scaling/full_noise_no

minal/]  
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18 APPLICABLE DOCUMENTS, REFERENCE 
DOCUMENTS, AND PUBLICATIONS TO PART 1 

 

18.1 APPLICABLE DOCUMENTS 
 
[AD-1] Mission Requirements Document, Next Generation Gravity Mission as a Mass-change 

And Geosciences International Constellation (MAGIC) - A joint ESA/NASA double-pair 

mission based on NASA's MCDO and ESA's NGGM studies (2020). ESA-EOPSM-FMCC-

MRD-3785  

[AD-2] Scientific Readiness Levels (SRL) Handbook, Issue 1, Revision 0, 05-08-2015  

[AD-3] Statement of Work - ESA Express Procurement - EXPRO NGGM/MAGIC science 

support study during Phase A, Issue 1, Revision 0, 18/01/2021 Ref ESA-EOPSM-FUTM-

SOW-3813 

 

18.2 REFERENCE DOCUMENTS 
 
[RD-1] Statement of Work, ESA Express Procurement EXPRO, NGGM/MAGIC science 

support study during Phase A, Ref ESA-EOPSM-FUTM-SOW-3813, Date 

18/01/2021 

[RD-2] Assessment of a Next Generation Mission for Monitoring the Variations of Earthôs 

Gravity. Final Report, ESTEC Contract No. 22643/09/NL/AF, Issue 2, Date: 

22.12.2010 

[RD-3] Assessment of a Next Generation Gravity Mission to Monitor the Variations of 

Earthôs Gravity Field. Final Report, ESTEC Contract No. 22672/09/NL/AF, Issue 

1, Date: 10.10.2011. 

[RD-4] Assessment of Satellite Constellations for Monitoring the Variations in Earth 

Gravity Field ñSC4MGVò, ESA Contract No 4000108663/13/NL/MV, Final 

Report, 04 November 2015 

[RD-5] P.N.A.M. Visser, E.J.O. Schrama, N. Sneeuw, and M. Weigelt, Dependency of 

resolvable gravitational spatial resolution on space-borne observation techniques, 

International Association of Geodesy Symposia, DOI 10.1007/978-3-642-20338-

1_45, Vol. 136, Springer Verlag, pp. 373-379 

[RD-6] GOCO, Gravity observation combination (GOCO), www.goco.eu, accessed 23 

September 2021  

[RD-7] D.E. Pavlis, S. Poulouse, J.J. McCarthy, GEODYN operations manual, Contractor 

report, SGT Inc. Greenbelt, 2006 

[RD-8] Lemoine, F.G., S.C. Kenyon, and J.K. Factor et al. (1998), The Development of the 

Joint NASA GSFC and the National Imagery and Mapping Agency (NIMA) 

Geopotential Model EGM96, NASA/TP--1998--206861. 

[RD-9] TU Munich LRZ server (https://syncandshare.lrz.de/). 

http://www.goco.eu/
https://syncandshare.lrz.de/
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19 INTRODUCTION 
 

This Part 2 refers to Task 2 of the SoW and covers the work performed under WP 200 of the 

WBS. It refers to the deliverable document TN D4 ñGeneration of a 2nd baseline 

implementation for closed-loop simulations.  

The main purpose is to set-up a second independent implementation of the numerical simulation 

environment based on the EPOS software package for validating the results of the TUM 

numerical simulators. 

 

 

20 2ND NUMERICAL SIMULATION ENVIRONMENT 
 

In this chapter the 2nd numerical simulation environment is introduced and compared with the 

first environment used by TUM, denoted as full-scale simulator. This was done theoretically as 

well as based on simulated data. The second simulation software is defined by the Earth 

Parameter and Orbit System (EPOS) software package (https://www.gfz-

potsdam.de/en/section/global-geomonitoring-and-gravity-field/topics/ 

earth-system-parameters-and-orbit-dynamics/earth-parameter-and-orbit-system-software-

epos/) also applied for GRACE and GRACE-FO real data analysis.  

GFZ routinely processes monthly gravity fields as part of the Science Data System (SDS) by 

using the latest RL06 processing strategy. A detailed description of the GFZ RL06 gravity field 

processing can be found in [RD-1]. The processing of the simulations within this project is 

based on the GRACE-FO RL06 method, making use of some smaller adaptions in order to 

increase the speed of processing and to consider the corresponding mission specific 

preconditions. A complete description of the simulation processing with EPOS is addressed in 

D8 of the ESA TPM study. All the background models as well as instrument noise assumptions 

are described in D8. If diverging data was used, it is addressed in this document. 

 

20.1 SOFTWARE DEVELOPMENT 

 

At first, both simulation software packages, and in particular their differences, are evaluated on 

the theoretical point of view. The main individual processing steps and its differences are 

addressed in the following: 

¶ Orbit integration: The TUM full-scale simulator uses a multistep method which applies 

a modified divided difference form of the Adams-Bashford-Moulton-Predict-Evaluate-

Correct-Evaluate formulas and local extrapolation. The integration is performed in a 5 

sec step size integrating step-wise arcs of 6 hours length. EPOS uses a multistep method 

applying a symmetric, 2-times summed up Cowell approach of 8th order. The integration 

step size is 5 sec and the integration is performed as one continuous run without 

interruptions.  

¶ Generation of observations: The TUM full-scale simulator generates differential hl-SST 

observations which are derived geometrically from the integrated erroneous orbit 

positions/velocities, i.e. the positions/velocities are taken directly as hl-SST 

observations. Additionally, white noise of 1 cm was added on top of these observations. 

They can be also described as dynamic orbits. The ll-SST observations are computed 

geometrically by projecting orbit error free positions/velocities onto the line-of-sight. 
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Before the projection, instrument errors due to the accelerometer (ACC) and star camera 

is added. The satellite-to-satellite tracking (SST) noise of the inter-satellite ranging 

instrument is added after the projection. The observable is range-rate. The GFZ EPOS 

software uses hl-SST observations in an absolute sense by generating code and phase 

observations from a real GPS constellation. The uncertainty was assumed with 40 cm 

for the code observations and 0.3 cm for the phase observations. The ll-SST 

observations are computed geometrically by projecting error free positions/velocities 

onto the line-of-sight and adding the noise of the inter-satellite ranging instrument. In 

contrast to the TUM full-scale simulator, EPOS generates non-gravitational 

observations from background models which are affected by the noise of the ACC as 

well as the influence of the attitude uncertainty. As all simulations within this study 

were simulated drag-free, the non-gravitational observations express the noise of the 

ACC and the additional coupling effect of the attitude noise, exclusively.  

¶ Stochastic modelling: At the TUM full-scale simulator, weighting matrices are set up 

explicitly for hl-SST and ll-SST, by approximating sensor noise contributions with 

digital filter models based on pre-fit residuals. In that case, the pre-fits contain 

instrument noise, exclusively. The filter matrix F is chosen in such a way that FTF 

approximates the weighting matrix P. At EPOS, one weighting matrix for the ll-SST 

component is set up explicitly, by computing the covariance function of the combined 

product noise (ACC+SST) and deriving a variance-covariance matrix. The matrix is 

then inverted and decomposed via Cholesky decomposition and forms a triangular filter 

matrix. The stochastic modelling of the hl-SST component is done by setting up unit 

matrices according to the standard deviations of code and phase measurements.  

¶ Approach for gravity field retrieval: TUM full-scale simulator is based on the integral 

equation approach by dividing orbits into continuous short arcs of 6 hours length. The 

EPOS software is based on the variation equation approach or dynamic approach using 

arcs of 24 hours. 

¶ Parameterization: The parameterization at the TUM full-scale simulator was chosen to 

estimate the state vector (position/velocity) per arc as well as the gravity field 

coefficients up to degree and order (d/o) 120. The software at GFZ estimates the state 

vector per arc, ACC bias parameters in three directions per arc as well as gravity field 

coefficients up to d/o 120. GPS clock parameters and phase ambiguities are getting pre-

eliminated.  

 

The test scenario for the software comparison was chosen to be scenario 13 of the ESA 

ADDCON project (see D10 of the ADDCON study) by focussing only on the polar pair flying 

at an altitude of 355 km. The background models are identical to the ones applied for all other 

simulations in this study. Differences in the instrument uncertainties are addressed in chapter 

20.3.2. 

At first, the integrated orbits of this test scenario were compared against each other. The 

evaluation of the integrated orbits can be found in chapter 20.3.1. Closed-loop simulations were 

performed for the test scenario including gravity field signals, separately, in order to check the 

consistency between GFZ und TUM solutions wrt. individual error sources. Simulations were 

done for the product noise case, the product noise + AOHIS case (where an AO de-aliasing 

model was applied), the product noise + ocean tides case, and the full noise case. The evaluation 

of the corresponding results can be found in chapter 20.3.2.  
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20.2 SIMULATION OF SELETED SCENARIOS 
 

Next to the test scenario, selected scenarios were simulated as well which were chosen to be 

the 3d_H (2_plg_iln) Bender scenario and the 3d_H Advanced Pendulum (AP) scenario with a 

45° deviation angle where the latter includes the same polar pair as the Bender scenario. These 

scenarios refer to scenarios No. 1 and No. 2 of the ESA TPM study (see D8). The simulation 

assumptions are described in D2 of this study as well as in D8 of the ESA TPM study. The AP 

scenario was further simulated by CNES/GRGS and JPL. The Bender scenario was simulated 

by JPL as well. Therefore, both selected scenarios can serve as further validation wrt. 

consistency among simulated gravity fields from TUM and GFZ. Results are presented in 

chapter 20.4.  

 

20.3 COMPARISON OF TUM AND GFZ RESULTS 

 

The integrated orbits as well as the simulated gravity fields of the ADDCON test scenario were 

evaluated in 20.3.1 and in 20.3.2. In 20.3.3, the selected scenarios were assessed. 

 

20.3.1 EVALUATION OF THE INTEGRATED ORBITS OF THE TEST SCENARIO 

 

The orbit integration as part of the forward modelling defines the first main step in the gravity 

field simulation processing scheme. As all observations are computed from these orbits 

afterwards, the integrated orbits of both software packages should match to a certain extend in 

order to guarantee consistent satellite gravity field observations, especially with regard to the 

geographical position of the satellites. 

Figure 20-1 shows the differences among the integrated positions in three directions after 2 

months of integration time in the Earth-centered-Earth-fixed frame (ECEF). It is seen that the 

coordinate differences in the y and z direction (y points towards the cross-track axis, z points 

towards the radial axis) increase in time up to a value of about 1000 m after 2 months. For the 

x direction (x points towards the along-track axis) the difference reaches 8000 m after 2 months. 

The differences arise due to different integration software on the one hand but mainly due to 

the uninterrupted integration of the GFZ orbit over 2 months on the other hand. The TUM full-

scale simulator performs the orbit integration arc-wise, stopping and starting again, according 

to the arc length of 6 hours. This keeps the integration error at a certain level while for the EPOS 

software the error of integration increases along with the time. However, the differences after 

2 months are small in y and z direction. The slightly larger difference in x direction can be 

considered as uncritical as it affects the along-track component and the polar orbit geometry is 

maintained.  

In Figure 20-2 the difference in the geocentric distance of the TUM and GFZ orbit wrt. the 

mean Earth radius is displayed. It shows a change in the altitude between both orbits by about 

20 m after 2 months indicating that both orbits behave almost identical.  

Further, the separation of the polar pair is displayed in Figure 20-3 (left), respectively. The plot 

shows a slightly larger change of about 100 m in the inter-satellite-separation for the GFZ orbit 

compared to the TUM orbit after 2 months which is due to the larger integration error of the 

EPOS software. However, both pairs behave stable over time. On the right of Figure 20-3 the 

inter-satellite-separation of TUM satellite A wrt. GFZ satellite A is displayed. It changes up to 
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about 8 km after 2 months and is closely related to the x coordinate difference shown in Figure 

20-1.  

 

 

 

  

Figure 20-1: Coordinate differences after 2 months of integration for the polar pair of the ADDCON test 

scenario in x (top left), y (top right) and z (bottom) direction in terms of meters. 

Figure 20-2: Difference in the geocentric distance between the TUM ang GFZ orbits of the polar pair of 

ADDCON test scenario in terms of meters. 
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Figure 20-3: Left: Polar pair separation for the GFZ orbit (red) and the TUM orbit (blue) after 2 months. Right: 

Inter-satellite-separation between the satellites A of GFZ and TUM orbit after 2 months. 

Figure 20-4: Ground track of satellite A of the polar pair for the TUM orbit (blue) and the GFZ orbit (red) 

displayed on a global scale (top) and for a chosen geographical region (bottom) for the first 7 days (left) and the 

last 7 days (right) of the integration period.  
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Figure 20-4 shows the ground tracks of the TUM and GFZ orbits on a global grid as well as for 

a chosen geographical region for the first 7 days and the last 7 days of the integration period. 

Differences among both orbits are hardly visible on a global scale but can be seen for the last 7 

days of the integration period at smaller geographical scales. Here, the orbits diverge slightly 

in along-track direction as it was already visible in the inter-satellite-separation presented in 

Figure 20-3. However, the general picture of the integrated orbits demonstrates consistency 

among both software and as gravity field retrieval is done in terms of an adjustment process, 

smaller differences in the integrated orbits should not account for the estimated gravity fields. 

 

 

20.3.2 EVALUATION OF THE GRAVITY FIELD RETRIEVAL OF THE TEST 
SCENARIO 

 

In contrast to all other simulation scenarios executed within this study, the test scenario is based 

on the ADDCON scenario 13. Therefore, the underlying instrument noise assumptions 

according to the ADDCON study were used for this test scenario. The background models 

remain identical for all simulation scenarios, including the test scenario. The analytical noise 

model for the SST instrument noise assumed for the test scenario, given in terms of amplitude 

spectral density (ASD), reads 
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The consideration of the uncertainty of the ACC instrument was assumed with 
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It is to mention that the noise model of the ACC includes a steep rise (1/f2) of the noise signal 

for frequencies smaller than 1e-3 Hz. From the previous ADDCON study it is known that this 

effect causes a degradation of the retrieved gravity field solution by propagating additional 

erroneous signal into the observations and the resulting product noise solution (all time-varying 

gravity field signals were excluded) showed unrealistic high signal error amplitudes. This 

phenomenon could be somehow avoided by high-pass-filtering the ACC noise time series for 

frequencies below 1e-4 Hz without having an impact on the measurement bandwidth for the 

time-varying gravity field whose signal starts at the orbital frequency (~1.8e-4 Hz). The 

situation is demonstrated in Figure 20-5, showing the nominal ACC noise model and the high-

pass-filtered version of it. Consequently, the ACC noise assumptions for the test scenario were 

taken into account according to the high-pass-filtered version.  
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In the following, the estimated gravity field solutions are evaluated in terms of retrieval errors 

in the form of degree error amplitudes as well as cumulated errors. All results are presented in 

EWH unit. The results are related to a monthly gravity field retrieval covering the first 30 days 

of January 2002.  

 

In Figure 20-6 the gravity field retrieval error is displayed in terms of degree error amplitudes 

and cumulated errors for the product noise case. Results demonstrate consistency over the 

whole spectrum. However, the formal errors displayed in terms of degree amplitudes show an 

offset among each other where the GFZ related formal errors are assumed to be too optimistic. 

It is assumed that this is caused by the fact that no covariance information has been used for the 

GPS observations at the EPOS software so far. Figure 20-7 depicts the corresponding 

coefficient triangles in terms of residual unitless coefficients as well as the spatial representation 

of the results resolved up to d/o 50. The triangles show similar error pattern of the estimated 

coefficients with slightly increased error signals at the very high degrees for the TUM solution. 

The spatial plots show a similar amount of error pattern as well.  

A further consistency check can be made by comparing the pre-fit residuals for the product 

noise case. Figure 20-8 displays the pre-fit residuals in terms of ASD of the TUM and GFZ data 

(blue and red). In case of simulating only product noise, the pre-fit residuals should approximate 

the behavior of the assumed instrument uncertainties (mainly ACC and SST), ideally. The plot 

shows that the pre-fit residuals follow the behavior of the SST noise (green dashed line) at the 

high frequencies and follow the behavior of the sensitive ACC axis (black dashed line) at the 

lower frequency band. An offset is visible between the TUM and GFZ residuals for frequencies 

between 7e-4 Hz and 7e-3 Hz. A test simulation assuming 3 sensitive ACC axes (orange line) 

demonstrates that this effect is not caused by the inclusion of the non-sensitive cross-track axis. 

It is rather due to the numerical accuracy reached for the TUM solution for these frequencies, 

which can be seen from the pre-fit residuals based on a noise free simulation (purple line). 

However, the retrieved gravity field solutions for the product noise case discussed before show 

similar error performance indicating that the differences in the pre-fit residuals do not have an 

impact on the final solution in that case.  

Figure 20-5: ASD of the nominal ADDCON ACC noise model (dashed lines) and the high-pass-filtered version 

(solid lines) for the sensitive axes (blue) and the non-sensitive axis (red). 
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Figure 20-6: Product noise solutions of the test scenario simulated by GFZ (red) and TUM (blue) in terms of SH 

degree error amplitudes (left) and cumulated errors (right). The monthly averaged HIS signal is displayed in black. 

Figure 20-7: Residual coefficient triangles of unit-less coefficients case in a logarithmic scale (left) and global 

grids of gravity field retrieval errors resolved up to d/o 50 (right) simulated by GFZ (top) and TUM (bottom) for 

the product noise case. 
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The second simulation case includes the product noise and the signals from the non-tidal time-

varying gravity field, AOHIS. As an AO-de-aliasing model was applied during gravity field 

recovery, the recovered field contains mainly errors due to mismodelling of AO signals as well 

as hydrological errors, expressed in terms of temporal aliasing. Figure 20-9 displays the 

retrieval error of the TUM and GFZ simulated gravity fields in the spectral domain per degree 

and in a cumulated sense. Results demonstrate consistency over the whole spectrum. The GFZ 

solution shows a peak at degree 2 which is somehow caused by degraded estimation 

performance of the C20 coefficient. Simulations done with EPOS have shown that this effect 

arises for different satellite configurations and different signals included into the simulations 

(see also results of the TPM study) and is not related to a dedicated satellite configuration or to 

dedicated signals included. It is actually not clear where this effect comes from. Usually, the 

estimation of the very long wavelength signals is supported by measurements from SLR which 

improve the estimation performance of C20 as well. In the simulations SLR observations were 

not used. For the computation of the cumulative errors information of degree 2 coefficients 

were not included as the performance of the C20 coefficient would give a wrong picture of the 

overall cumulated retrieval error. 

Figure 20-10 shows the residual coefficients as well as the spatial grids of the product noise + 

AO case. The triangles of both solutions have the typical structure of a polar single-pair 

configuration showing well determined zonal and near-zonal coefficients and less well 

determined coefficients for dedicated order bands. The global grids of both solutions show 

similar error pattern with slightly increased errors for the GFZ solution. The signals are 

Figure 20-8: Arc-wise averaged ASD of pre-fit residuals of the test scenario in terms of range-rates for the product 

noise case simulated by GFZ (red) and TUM (blue). Pre-fit residuals based on a simulation done by TUM, 

assuming 3 sensitive ACC axes on the one hand (orange) and assuming no noise sources on the other hand (purple), 

are displayed as well. The analytical instrument noise models are displayed for SST (green dashed), ACC sensitive 

axes (black dashed) and ACC non-sensitive axis (grey dashed). 
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dominated by temporal aliasing errors due to mismodelling of AO error signals as well as 

hydrological signals.  

 

 

Figure 20-9: Product noise + AO solutions of the test scenario simulated by GFZ (red) and TUM (blue) in terms 

of SH degree error amplitudes (left) and cumulated errors (right). The monthly averaged HIS signal is displayed 

in black. 

Figure 20-10: Residual coefficient triangles of unit-less coefficients case in a logarithmic scale (left) and global 

grids of gravity field retrieval errors resolved up to d/o 50 (right) simulated by GFZ (top) and TUM (bottom) for 

the product noise + AO case. 
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The third case describes the simulation of the product noise and ocean tide signals. The 

recovered gravity field contains mainly aliasing errors due to imperfect ocean tide modelling. 

Figure 20-11 displays the degree amplitudes and the cumulated errors for this case. In contrast 

to the previous results, the retrieval errors do not perform consistently, especially for the lower 

and mid degrees where the GFZ solution shows larger amplitudes. However, the very short 

wavelength signals show similar performances and the cumulative errors have consistent values 

at the very small spatial scales, therefore. The triangle plots and spatial grids displayed in Figure 

20-12 confirm the performances of the solutions seen in Figure 20-11. The residual coefficients 

of the GFZ solution show some larger aliasing errors for dedicated order bands. This is reflected 

by an increased striping pattern in the spatial representation. As such a difference between the 

GFZ and TUM solutions was not seen for the product noise plus AO case, we assume that tidal 

aliasing signals are propagated in a somehow increased sense into the recovered gravity field 

at EPOS, compared to the TUM full-scale simulator. The reason for that could be the arc length 

of 24 hours, so that daily and half-daily tidal signal errors alias stronger into the solution than 

the signals at the full-scale simulator, which uses arcs of 6 hours. The daily arc length is related 

to about 15-16 orbit revolutions. These numbers and its multiples are known as resonance order 

bands arising for polar orbits at altitudes between 300 and 500 km. Figure 20-13 depicts the 

order amplitudes for both solutions. The GFZ solution shows increased amplitudes at the 

mentioned order bands, especially at orders 30-31, 46-47 and 61-62, indicating that the tidal 

error signals are propagated stronger into dedicated resonance order bands due to the daily arc 

length. 

 

In order to investigate whether forces from ocean tides are propagated correctly into the 

observation component of both processing software, the pre-fit residuals of both solutions were 

plotted globally using the underlying position information of the satellite orbits. Additionally, 

the pre-fit residuals were bandpass-filtered beforehand (frequencies below 0.3 mHz and above 

18 mHz were filtered out) in order to see the gravity related high frequency signals. Figure 

20-14 shows the spatial representation of the pre-fit residuals demonstrating consistent tidal 

error signals wrt. the geographical location after 1 month as well as wrt. the signal amplitudes. 

The standard deviation is given with 0.321 nm/s2 for the GFZ solution and with 0.339 nm/s2 for 

the TUM solution. As a reference, the difference between the two tide models used for the 

simulations is displayed for a dedicated epoch being representative for the tidal errors. The 

comparison among these differential signals and the pre-fit residuals shows consistent 

distribution of tidal signal errors, globally, indicating a correct propagation of signal into the 

observations at both software packages. Differences among the GFZ and TUM pre-fit residuals 

can be seen only at smaller scales. The differential plot shows few larger differences in terms 

of error signal along the orbit ground track originating from the TUM residuals but mainly 

noise. 

 

From this we conclude that the difference in the performance of the retrieved gravity fields is 

not related to incorrect implementation of tide model signals but rather to systematic reasons 

propagating tidal signal errors into the gravity field solution, differently.  
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Figure 20-11: Product noise + ocean tide solutions of the test scenario simulated by GFZ (red) and TUM (blue) 

in terms of SH degree error amplitudes (left) and cumulated errors (right). The monthly averaged HIS signal is 

displayed in black. 

Figure 20-12: Residual coefficient triangles of unit-less coefficients case in a logarithmic scale (left) and global 

grids of gravity field retrieval errors resolved up to d/o 50 (right) simulated by GFZ (top) and TUM (bottom) for 

the product noise + ocean tide case. 
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Figure 20-14: Bandpass-filtered pre-fit residuals in terms of nm/s2 for the product noise + ocean tide case 

simulated by GFZ (top left) and by TUM (top right) together with the difference among both data sets (bottom 

left). As a reference, the difference between the GOT4.7 model and the EOT11a model is displayed for the first 

epoch in January 2002 in terms of m EWH.  

Figure 20-13: Product noise + ocean tide solutions of the test scenario simulated by GFZ (red) and TUM (blue) 

in terms of SH order error amplitudes. 
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The combination of all error sources was simulated in the full noise case representing the most 

realistic picture of the retrieved gravity field. The degree error amplitudes and cumulative errors 

displayed in Figure 20-15 show consistent performances for both solutions with slightly 

increased amplitudes for the GFZ solution at the mid degrees. The full noise solutions are 

dominated mainly by the aliasing error from the AO error signal so that the differences seen for 

the product noise + ocean tides case play only a subordinate role at the full noise case. Figure 

20-16 displays the coefficient triangles and spatial representations for the full noise case 

showing consistent error behavior for both solutions. The slightly increased striping pattern at 

the GFZ solution is related to somehow larger error amplitudes for the mid degree and order 

coefficients.  

 

A quantitative assessment of the results was done by computing the latitude dependent weighted 

RMS up to two different maximum resolutions, listed in Table 20-1. The values confirm the 

previously made conclusions. For the full noise case, the solutions of TUM and GFZ diverge 

only about 1.5% when considering signals up to d/o 100.  

 

The results related to the test scenario have shown that consistency in terms of gravity retrieval 

error performance was reached to a certain extent for the TUM and GFZ simulations. This 

indicates that similar performances of recovered gravity field solutions can be expected for both 

software packages when identical simulation assumptions are met.  

 

 

  

Figure 20-15: Full noise solutions of the test scenario simulated by GFZ (red) and TUM (blue) in terms of SH 

degree error amplitudes (left) and cumulated errors (right). The monthly averaged HIS signal is displayed in black. 
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Table 20-1: Latitude dependent weighted RMS computed up to d/o 50 and 100 for the different simulation cases 

of the test scenario. 

Test scenario 
wRMS up to d/o 50 

[cm EWH] 
wRMS up to d/o 100 

[cm EWH] 

TUM (prod. noise) 0.09 0.65 

GFZ (prod. noise) 0.08 0.58 

TUM (prod. + AO error) 0.47 6.84 

GFZ (prod. + AO error) 0.59 6.32 

TUM (prod. + OT error) 0.15 2.22 

GFZ (prod. + OT error) 0.27 3.01 

TUM (full noise) 0.48 7.13 

GFZ (full noise) 0.65 7.02 

 

Figure 20-16: Residual coefficient triangles of unit-less coefficients case in a logarithmic scale (left) and global 

grids of gravity field retrieval errors resolved up to d/o 50 (right) simulated by GFZ (top) and TUM (bottom) for 

the full noise case. 
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20.3.3 EVALUATION OF THE GRAVITY FIELD RETRIEVAL OF THE POLAR PAIR 
OF THE 3DH BENDER SCENARIO 

 

The ADDCON test scenario for software comparison purposes has shown some discrepancies 

among TUM and GFZ solutions for the simulation of the product noise and ocean tide signals. 

In order to check if this effect is present in other simulation configurations using different 

simulation assumptions, simulations were performed for the Bender 3dH case using the polar 

pair, exclusively. Further, the generation of the instrument noise time series has not been done 

consistently thus showing an offset of a factor of 1/Ѝς. Therefore, the instrument noise has been 

re-scaled on TUM side. The simulation assumptions are described in D2 of this study as well 

as in D8 of the ESA TPM study. The setup between the ADDCON test scenario and the 3dH 

polar pair differs mainly by the orbits (now flying about 100 km higher), the instrument noise 

assumptions and the stochastic modelling. 

Figure 20-17 displays the degree amplitudes, the order amplitudes and the cumulated errors for 

this case for a 30-day retrieval.  

 

 

Figure 20-17: Degree error amplitudes (top left), order error amplitudes (top right) and cumulated errors (bottom) 

simulated by GFZ (solid) and TUM (dotted) for the product noise case (blue), the product noise + ocean tides case 

(red) and the full noise case (green). The monthly averaged HIS signal is displayed in black. 



NGGM/MAGIC ï Science Support Study During  

Phase A 

Final Report 

Doc. Nr:  

Issue: 

Date: 

Page: 

MAGIC_FR 

1.0  

15.11.2022 

214 of 466 

 

 

 

The corresponding coefficient- and spatial representations are shown in Figure 20-19 and 

Figure 20-20. A quantitative assessment has been made in terms of cumulated errors, listed in 

Table 20-2. Simulations have been performed for the product noise case, the product noise + 

ocean tides case, and for the full noise case. The full noise and product noise solutions of TUM 

and GFZ show consistency among each other, respectively. The order amplitudes and 

coefficient triangles related to the product noise solutions reveal slightly larger error signals for 

TUM for coefficients of lower orders and high degrees due to numerical accuracy issues. This 

phenomenon is still visible in the full noise solution. However, consistency is reached for the 

product noise case as the assumed ACC noise is larger than the numerical accuracy of the TUM 

full -scale simulator and dominates the majority of the spectrum. Figure 20-18 shows the pre-fit 

residuals for the product noise case demonstrating consistent performance, except for the high 

frequency spectrum, which causes larger retrieval errors at the high degree coefficients, and for 

the very low frequency spectrum. The product noise + ocean tides results show somehow larger 

discrepancies with larger error signals on GFZ side related to coefficients of specific resonance 

orders (e.g. around 30, 62, 76) and close to them. These coefficients cause additional error 

signals visible in the spatial grid of the GFZ related solution.  

 

Table 20-2: Cumulated error computed up to d/o 100 for the different simulation cases of the 3dH (polar pair) 

scenario. 

Scenario 3dH (polar pair) 
Cumulated error up to d/o 100 

[cm EWH] 

TUM (prod. noise) 28 

TUM (prod. noise + OT) 108 

TUM (full noise) 376 

GFZ (prod. noise) 34 

GFZ (prod. noise + OT) 141 

GFZ (full noise) 336 

Figure 20-18: Arc-wise averaged ASD of pre-fit residuals of the 3dH (polar pair) scenario in terms of range-rates 

for the product noise case simulated by GFZ (red) and TUM (blue). The analytical instrument noise models are 

displayed for SST (green dashed), ACC sensitive axes (black dashed) and ACC non-sensitive axis (grey dashed). 
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Figure 20-19: Residual coefficient triangles of unit-less coefficients case in a logarithmic scale simulated by GFZ 

(left) and TUM (right) for the product noise case (top), the product noise + ocean tides case (center) and the full 

noise case (bottom). 
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In order to investigate the differences among the product noise + ocean tides result further, tidal 

signals were included, exclusively, when setting up the pre-fit residuals. Figure 20-21 shows 

the pre-fit residuals for this case for both simulation groups. The spectrum demonstrates 

consistency for the majority of the frequencies but reveals a large offset of more than factor 100 

at the very short wavelengths caused by the limitations of numerical accuracy at the TUM 

software. Furthermore, the pre-fits residuals are displayed in the time domain for the first 24 

hours showing similar signal amplitudes for both, TUM and GFZ. The residuals can be 

evaluated in the spatial domain as well where the signals are plotted against the respective 

trajectory. Figure 20-22 shows the spatially distributes signals in terms of accelerations 

demonstrating equally distributed signals of tidal errors. The difference (TUM minus GFZ) 

plotted in an absolute sense reveals a slightly larger signal error level for TUM compared to 

Figure 20-20: Global grids of gravity field retrieval errors solved up to d/o 50 simulated by GFZ (left) and TUM 

(right) for the product noise case (top), the product noise + ocean tides case (center) and the full noise case 

(bottom). 


































































































