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PREFACE

This Final Report eport s on t he NEBGVMMAGIE i 8cence Bupporpr oj e «
Study During Phase At addessesll tasks defined in the SoW and the corresponding work
packages defined in the WBS:

Part no. | Title Task WP TN
1 Closedloop simulations with baseline ar 1 100 D2
improved software
2 Generation of a™¥ baseline implementation fq 2 200 D4
closedloop simulations
3 DORIS aided orbit and gravity fiel 3 300 D7
determination
4 Closedloop simulator improvement ar 4 400 D8
analysis
5 Elaborated alternative orbit scenarios 4 420 D9
6 Analysis of results and match again 5 510, D13
requirements 520
7 Science impact analysis 6 520, D15
600
8 Calibration of accelerometers 7 700 D17
9 Sensitivity Analysis on InteBatellite Distance| Ad-hoc -- AH1

A summary of the mainridings of thisprojectphasethe 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
I n November 2020 it was deci ded , ESAO6s Mi

Conference to investigate a Europesxtgeneration
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
NASAO0s MCDO study raecerded t ix
Mission Requirements Document (MRD) respondingg#g =
global user community needs. On NASA side, a pré
Phase A study to address these needs started in sum
2021. On ESA side, the MAGIC concept is currentl
being investigated in two parallel industBhase A
studies, and was complemented by this
A NGGM/ MA Gdiefice Support Study during Phase
A 0 Further information on this project can be found at
the websitehttps://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 tradeo§pguatential
MAGIC constellation, to provide feedback to parallel system Phase A industry studies, and to
identify an optimum constellation sep regarding science return, technical feasibility, and
costs.

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

the impact of a change of height, several scenarios were defined for Bgrmeleonstellations
consisting of one pair flying in a (negrolar orbit and one pair in an inclined orfiaple2-1).

In addition, a few swsynchronous 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 & 38°, and 48 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 afysild days for which the set

is optimized and an additional inforti@n about the altitudes: (M)id, (H)igh. Note that the semajor 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) Sats2 (PP) k1 [ cpéeLo : (f((jel‘o Sub-cycles [days]

Alt. Incl. Alt. Incl.

[km]  [deg] [km]  [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
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
7dM 389 70 417 87 1238 1253 0743  0.786 2,7,30

7dH | 432 70 | 463 89  1.218 1.226 0.672 = 0.692 3,7,31
S;? l:or 477 97 463 89 1454 1.449 -3.097 -3.067 3,7,31
8750? l:or 477 | 97 | 463 89 | 1201  1.226 0.622  0.692 3,7,31
5d LL 344 70 376 89  1.423 1410 -1671 -1.628 1,25 12, 29
5d LH | 344 | 715 492 @ 89 | 1.169  1.172 -0.732 | -0.790 5, (3231)

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

full noise nominal, 31-day solutions

= mean HIS signal
in-line single pair (G)

in-line single pair (N)
e pend. 15° (G)

——pend. 30° (G)

= MARVEL 3 sat.

Bender: pol. (G), incl. (N)
Bender: both pend. (G/N)
pol. + sun-sync. (G/N)
Bender: incl. low (G/N)
Bender: pol. + incl. low (N/N)

Degree error median (EWH /cm)

degree n

Figure E1: Degree error medi ans of various mission
accelerometer performance.

These results, which are mainly based on the 3d_H scenario including realistic error models for
the key instruments and tidal and ratal background errors, clearly demonstrate the superior
performance of Bender doubbair mission concepts over all othgotential constellations,
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such as singhkpair inline or pendulum missions. There is nho added value by flying a pendulum
pair as part of a Bendé¢ype constellation. Also the concept of a chronometrgatellite
pendulum mission was ruled out by thessules. In general, temporal aliasing errors are the
dominant error source. However, an improved accelerometet{ri/&/CHz) has relatively
higher impact in double pair constellations (due to improvealidsing capabilities).

Among others, detailed merical 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 withpetfmimance

instrumentation of the inclined pair is essential.

b) Optimum inteisaellite distance

The choice of the intesatellite distance is a compromise between sensitivity (which improves
with distance) and spatial resolution (which degrades with distance). As optimum an inter

satellite distance of 26R50km is recommended.

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

A rather | ow i nclination

of

-sliasing aaphbilipy afithe

(070

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

thecovered areas, due to worse estimates of {ysestorials, 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%thatier0° 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 palestanehlone mission. Therefore, a more conservative

70° inclination of the inclined pair is recommended.

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

FigureE.2 shows the simulation sap for a 3day solution using poland inclined orbits with
3-day and/or Eay subcycles polar and inclined orbit (mixture of orbits of the scenarios given
in Table 2-1), leading to homogneous coverage (3d_H), spatial gaps of the polar tracks

(U3d5d_H) or gaps in both pairs (U5d_H). Eviderdlyjorhomogeneous ground track pattern
of the polar pair (blue curve in FiguEe3) is acceptable, but leads to slightly larger errors in

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

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

track pattern with an inclined pair also having a-homogeneous ground track att with
coinciding gaps in the-8ay ground tracks of both pairs results in a severe degradation over the

whole spectral range, and thus hampers significantly the homogenous quality especially of
shortterm (NRT) solutions required for operational senapglications
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3d_H U3dSd_H USd_H
o 'I'.lll noise vnmninal.} 3d_H, 2?020101 to 200201'03 7 X 'ull_ noise m_)minal, l{3de_H,'2002010_1 to 2002'0103 i O 'l{ll noise l_wminal, gJSd_H, 2_0020101_!0 20020_103

Colatitude in

Colatitude in *
Colatitude in *
8
—

0 5‘0 100 150 2(‘)0 2;0 300 35'70‘ 0 5‘0 H;O 150 200 250 300 35;0 (; 56 1(;0 150 200 2;0 300 350
Longitude in * Longitude in * Longitude in *
PP: 3-day subcycle = === = === » PP: 5-day subcycle PP: 5-day subcycle
IP: 3-day subcycle IP: 3-day subcycle = = = = = = = = » |IP: 5-day subcycle

Figure E.2: Ground track patterns of simulation-ggts with varying ground track homogeneity.

full_noise_nominal, 3-day solutions, alt. diff. w.r.t. 3d_H (all
! ! ! ——— mean HIS signal

34 _H

3d_H, individual sol.
% — 3050_H
10 ] U3dSd_H, individual sol.
—USd_H

USd_H, individual sol.

Degree error amplitude (EWH /cm)

. . .
10 20 30 40 50 60 70
degree n

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

e) Impact on dragree 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
regardtodif er ent at mospheric cowndeseobomsl talB®i fdlf
FigureE4 ) to ®w®aadsievdor 4D dr ag C o-trapke directzoh anal rwithi n al
maximum atmospheric conditions (red curve), have been analyzed. In all cases, the same
assumption on the polar pair of a SuperSTAR ACC is applied. Figusa shows, that in the
productnoise only case, a degradation of varying extent of all scenarios compared to the
reference scenario (black curve) is visible, with the maximum impact up teedeglei30. It

should be emphasized, that a stochastic stochastic modelling of the tone error peaks at multiples
of the orbital frequency (cf. Figuie4) as part of the gravity adjustment process is
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indispensable to avoid significant degradation ofrétgeval performance.. In case of the {ull

noise simulation scenario (Figugsb b) where dealiasing is applied for the AO and OT
components with the HIS component as target signal, the differences between the investigated
scenarios are much smaller, Base most of the impact of the drag compensation is covered by
the temporal aliasing.
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Figure E.4: Product noise amplitude spectral densities (ASD) for variougpsedf ACC performance and drag

free conditions. The ter ms |di Mainabatneosplericiadlivityy tcespectvalypt e a |
while the terms fi1D0 and fi3D0 denote whe-trabkeorinalr ag cor
three spatial directions. The Areference®&TARymenari o d
accel erometer and differs fr om -frdgeenciindisedndrade (Bfingaachr i o0 o
of 1/f2).

a) b)

mean HIS
10'F refarance
——MAXID

degree {error) RMS [cm] EWH

T T T T T =
T MAXAD 50% v ]
E —— MAXID AN
= MIN1D M 1
w A 1
=
4 |
£ -~ 1
& e :
2 e ]
g’ A 4
g /

o | | | | | I 1 | | | |

10 20 30 40 50 80 70 80 a0 100 110 120 50 80 70 80 %0 100 110 120

SH degree SH degres

Figure E.5: Degree error RMS of gravity field retrievals related to the scenarios shdvigureE .4, a) product
noise only casdy) full noise case.
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f) Scaling of performance with retrieval period

As to be expected, in the produmaiise only case the performance can be scaled linearly with
the number of observations (= retrieval period). fdend out that this linear scaling can also
be roughly applied to the fuloise solutions (including background model errors) down to
about 3 days. In contrast,-estimated as well as staatbne daily solutions perform even better
than predicted by lirer scaling.

g) Capabilities of shorterm (neasreal time) retrieval

Shortterm daily ceestimates (proposed by Wiese et al. 2011) are possible up to SH degree 15

to 20 fordoublepai r scenari os. I n specific cases thi
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 dbes alternatives to the

cl assical AWi ese parameterizationo wil/|l hav
section 4c).

h) Raw vs. pogprocessed (filtered) solutions, effect of filtering

Depending on the pogrrocessing strategy, a wide range o$ules 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 t helUBGurequirents, avsioh assumednap a r e
certain degree of pogirocessing.

i) Effect of tone errors

The effect of tone errors is clearly visible in prodanty cases, where mainly the ledegree

zonal SH coefficients are affected. An adequate stochasticellimgd of tone errors is
paramount to avoid significant degradation of higthegree 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 fulbise soltion, 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 valida# 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 inteomparison 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 pomdlpeind fultnoise
scenarios could be achieved, even though these two packages are baeceohealaluation
methods (shofaérc approach at TUM vs. numerical integration approach at GFZ). As an
example, Figur€.6 shows the TUM and GFZ results for a 3d_H double pair scenario. In
general, the RMS deviation between the two solutions is lessS#aof the resulting error
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level of the simulation. Alsoee st i mated daily (AW eseo0) par a

performance.

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

2 Gravity field retrieval error - full noise
10°F .

b |[==—30d mean HIS (2002/01)
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Figure E.6: Full noise solutions of the 3d_H Bender scenario simulated by GFZ (red and magenta) a
(blue and green) iterms of SH degree error amplitudes. The monthly averaged HIS signal is displayed i

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).

FigureE.7 a shows th cumulative EWH errors of various scenarios in the preduigt 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 veiguesmbi
target requirements

Figure E.7b shows the same quantities for the -fudise scenarios. Here, the threshold
requirements can largely be reached, with the exception of the low degrees. This significant
reduction of performance for the fulbise caseompared to the produonly 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 avrs. Additionally, the cumulative error curves are based on the raw
solutions, i.e. without any-posteriori filtering, while the IUGG requirements assumed some
degree of posprocessing. It is expected that in the near future, the overall performaree of t
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 tempaosalalia
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instr only, 31-day solutions

full noise nominal, 31-day solutions
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Figure E.7: Cumulative RMS curves for a 3day d/o 120 a) produdnly noise, and b) fulhoise simulation
results, compared to the IUGG threshold and target requirements. For each individual scenario, the mean curve of
the cumulative RMS$urves of two subsequent-8iay solutions is shown.

Also the match for sumonthly periods was analyzed. As an example, FifBevisualizes
cumulative errors of simulations using a 3 day retrieval period (up to SH degree 100). The
monthly MRD thresholdand target requirements were scaled to-da period (cf. 1f) by
multiplying with a factor of sqrt(31/3). Similar conclusions as for the monthly retrieval period
also hold for the sumonthly period.

full noise nominal, 3-day solutions

instr only, 3-day solutions

Usd_H
1 ifpe—UGG monthly Threshold * sq
= @ = UGG monthly Target * sqai’

Cumulative degree amplitude (EWH/cm)
Cumulative degree amplitude (EWH /em)

2 7080 90 f00 110 120 10 2 3 40 50 60 70 80 80 100 110 120
degree N degree NV

Figure E.8: Cumulative RMS curves for&xday d/o 100 a) produanly noise, and b) fulhoise 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 subs8egmnsolutions 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) Optimalapplication of dealiasing models

In order to investigate the impact of temporal aliasing errors in more detail, tidal atidaion
aliasing errors were assessed individually, by excluding either the one or the other error signal
from the simulation, bukeeping the same produetror 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 nrbdal aliasing. If nortidal AO signals are included

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 mentiontthi@e 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 simudtion 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 becomesmporéant for the
performance at the mitb-high frequency spectrum. For saionthly retrievals, the length of

the respective retrieval period plays an important role as well, next to the altitude. This is
especially true if nottidal AO signals are incluetl.

b) Treatment obcean tides in NRT analysis and ppsbcessing

It could be shown by Hauk and Pail (2018) that thestimation 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 smeak time (NRT) analysis. Therefore, an
alternative method was developed and applied to Bender dpainleonstellations. It is based

on the idea to introduce ocean tide background model errors asadidstiochastic 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-samgledouble pair scenarios

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

a) b)
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Figure E.9: Retrieval performance of scenarios including tidal andtidad gravity signal as well as instrum
noise when stochastic modelling is applied for OT BM errors only, OT BM errors and instrument noi
stochastic modelling dDT is applied at all. Retrieval period is a) 3 days (left), and b) 7 days.

The results ofFigureE.9, which are based on a 3d_H Bentigre doublepair scenario,
demonstrate that stochastic modelling of OT background errors has the potential icasidyif
improve the retrieval performance. This method can be applied not only to the retrievat of long
term, e.g. monthly, solutions, but also skaterval fields. It thus poses a valid processing
strategy for estimating NRiype gravity field solutionsThe main limiting factor are netidal

(AOD) background model errors. In future research, it is planned to develop a similar strategy
for stochastic modelling of netidal 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 @stimation of daily longvavelength gravity fields together

with coefficients of higher -diwenmubtigiapeefdss ( i Wi e
aiasi ng (DMD) met hod, has been developed (Abr
deal i asi n g opaironiissiandy @RAGEI andy GRAGED. In the course of this, a

detailed analysis of the spatime pattern of temporal gravity signals was permed, showing

that also longerm signals create highequency 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 sipgilescenario longvavelength, high

amplitude signal components are mapped into other spectral bands, thus degrading the retrieval
performance. Therefore, the decoupling of daily -lbegree and mukidaily higherdegree
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estimates, as done in DMD, is of greanefit especially for singlpair 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 transteto doublepair constellations.
Here, compared to singfmir constellations the behavior of DMD is somewhat different,
because of the intrinsic aliasing reduction of the dephle constellation due to the additional
inclined pair, leading to a lowetag of additional daliasing 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). FiguEe40 a ande.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 simulationwgetncludingthe full AOHIS signal up to
degree/ordeb0. However, both classical Wiese and DMD perform generally better than the
nominal processing without additional parametrization.

a) b)
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Figure 10: Degree error RMS of gravity field retrievakslated to various parameterization schemes.

I n addition, expanding the classic fiWiese ap

of successively longer periods increases the processing complexity, but has not shown any
improvements in achievébgravity performance. In contrast, as shown in Figut®, a DMD
multi-step approach has some potential to further improve the results.

d) Analysis of need for loAgrm trend estimation

Linear trend parameters have beerestimated together with momyitemporal gravity fields

for a 10year period in the frame of a joint adjustment. Comparing the monthly solutions with
and without ceestimation, there is no indication of a benefit when the-teng trend is co
estimated.
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e) Analysis of need for peptocessing

An optimal filter technique for pogirocessing of Benddype gravity field solutions was
developed. Methods based oorisotropic 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, Fidufd
shows the results of a raw aadVDK-filtered solution of the Bendgair scenario 3d_H.
Comparing single and doubpmir solutions, a much lower filter strength has to be applied to
reduce the residual striping of dowgair missions.

Bender 432+463 km, unfiltered signal, day 01-30 Bender 432+463 km, filtered signal, day 01-30

CAAILL Tmamn 1

Figure E.11: Spatial comparison of filtered and unfiltered monthly retrieval periods for Bender eoail
scenario 3dH.

The filtered gravity fields are then further &yated 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 Bendettype gravity fields can be useful in order to extract the signal of interest by
reducingtemporal aliasing effects significantly. Depending on the region to be investigated, it

iI's advisable to |l ook at the error distributi
decide which type of gravity field (filtered or unfiltered) te bsed.

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 chanogesses 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 GRACElIlike missbn. 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 GRACHpe missions), and even higher accuracies that may be
required for several hydrological applications can be met in a large number of basins
(FigureE.12). In contrast, the current MRD requirement at the lower spatial resolution of
400km cannot be met by MAGIC for any river basin. However, relaxing this threshold
accuacy 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
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GRACEtype missions) of the river basins, respectively. For the optimiéiiyefd solutions,

the improvement of MAGIC relative to GRACE in terms of RMSD errors of bag@mage

water storage variations worldwide amounts to a factor of 1.5 to 5, where the largest
improvements occur for basin in lelatitude regions, which are h@ered most by temporal
aliasing errors.

RMSD of basin average time series vs. basin sizes

RMSD vs. basin size (7days, N50, unfiltered) RMSD vs. basin size (7days, N77, unfiltered)
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Figure E.12: Rootmean square deviations of weekly baaierage water storage variations for GRDC river
basins worldwide, truncated at N= 50 (left) and N=77 (right), for the MAGIC 3d_H and a GRK&E
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 GR&EHmnission. While,
according to our simulations, a GRAdIEe mission can only detect the peojed changes of

the annual amplitude of continental water storage in 36% of the land area after 30 years of
observation, MAGIGike missions would be able to identify such changes in 64% of the land
area (FigureE.13). Similarly, the projected 3@ears plase change of water storage can be
detected by the singigair 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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Detectabililty of 30-years amplitude change
MAGIC:

,_ > f
¢ 64% of land area ;
Figure E.13: Detectability of the projected cliate-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 apations, our analysis shows that the doydde 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 massirsigna
the interior of Greenland or Antarctica from those in the coastal zones (Eig4)e 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 similee 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. Corresjoglgt, scenario 5d_Mb shows the largest number

of basins passing the threshold and target criteria and the lowest RVESES0 km resolution,

the threshold accuracy for monthly time scales (5.5 cm RMSE) is met for 40 out of the 45
basins, and at daHip-weekly time scales (6.3 cm RMSE) still for 37 basins. FoAth@rctic
Peninsula as a region of rapid ice loss, the added scientific value of a-gaubtession is far
reaching as the RMSE drops to an order of magnitude lower than what is currergiable

with a singlepair mission.

Ablation zone region 5 (d/o 80)

mass anomaly [Gt]

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.
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In the field of oceanography, the MAGIC douplair configurations produce a dramatic
improvement in ocean bottom pressure determination over the single pair GRAEE
configuration. While the present state GRACE measurements cover only thesdalge
fluctuations over the range of degrees from aboatI®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 gah@ging extension, permitting clear physical
interpretation of aggrts 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 bareby detectabl
signals (at about 1 cm RMS) to clearly detectable ones, increasing the explained variance from
about 50% of the singlpair to 80%90% with the doublgair configuration (Figur&.15).

Percent of Caribbean Sea variance explained
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Figure E.15: Percentage variance explained, of the Caribbean S&a-dweraged bottom pressure, by the
pressures truncated at different spherical harmonic degrees and with noise of different amplitudes added. "4"
means nhoise has been reduced by a factor of square root of 4 (in order to propagate the weekly valneséor the
todweekly (mont hl y) meweekaeragesivenm ased irstéad of eveeklysdatal

Our analysis of the MAGIC performance in detecting a gravity signal generated by an
earthquake of a magnitutiéshows that it will bring a definitive impvement compared to the
present observation technologies of a GRAIRE configuration. When comparing single and
double pair configurations with weekly solutions, the double pair significantly lowers the
detectable moment magnitude frdvh=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 magnitdeé&.4 upwards (Figurg.16).
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Figure E.16: Cumulative noise curves arclmulative 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 MRBSA document; threshold requirement monthly:of 0.15 cmHE¥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 thenthly 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 preciséegel 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 trepasgelay 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 vedfithat 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.eaccuracy, 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
considereds a baclup instrument for the GNSS receiver in the unlikely event of its failure.

7) Accelerometer calibration

Connected to the studies on the DORI&ed orbit and gravity field determination (section 6),
it was also investigated if such a scenario ties potential to enhance the calibration of
accelerometer\lso 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 observaiibes.
accelerometer calibration assessinwas based on having one accelerometer in the ednter
mass with a GRACHype noise. The biggest contribution for precise accelerometer calibration
comes from the kinematic orbit coordinates (GNSS). The addition of DORISS8TII
observation hardly iproves the accelerometer calibration by POD.

Dragfree flight leaves a very small ngravitational signal to be observed by the
accelerometers, which makes the estimation of accelerometer scale factors less crucial and also
very unstable. A proper maneuvscheme 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 scaldactors are obtained (better than 0.05). Periods of a few hours with thrust of the order
of 50 nm/$ might be sufficient. Accurate estimates of scale factors can be obtained as well
when not flying dragree (e.g. during the commissioning phase), espgdatl 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 taVve 3 accelerometers on board of each satellite, with 1
accelerometer in the centef-mass of the satellite and the other two symmetrically located

with respect to this centef-ma s s . This possibly I eads to a
example using a-8ccelerometer commeamode 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 foa2celerometer and-dccelerometer calibration byOD,

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 thustiry

system studies, the trade space of a wide range of satellite constellations could be narrowed
down, leading to a clear recommendation for a Betyjsr double pair mission concept. The
performance of the constellation is mainly driven by the indlipair. Therefore, at least the
inclined pair has to fly a coordinated orbit with a grotraetk pattern forming short stdycles,

in order to guarantee homogeneous performance of -&rart solutions which is an
indispensable requirement for operationatvece applications. All simulation results were
compared against the MRD requirements In the-rfaike case, which includes very
conservative assumptions especially regarding background model errors as the dominant error
contributors, the doublpair resilts can largely meet the threshold requirements for monthly
solutions, with the exception of the low degrees. This is also true fortshmrsolutions of a

few days.

The scientific potential was assessed in the main fields of applications contineltdbdy,
cryosphere, ocean, solid Earth, and climate research. Based on the analysis-@irgirdpeble

pair simulation scenarios spanning over lyear, the latter could demonstrate significant added
value in all analyzed thematic fields. This is reflegte.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 watestorage 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 castal zones, and the ability to detect earthquakes with magmitade! upwards for a

time resolution of 1 year. In the field of oceanography, the MAGIC depdaleconfiguration

would be a game changer, permitting clear physical interpretation of agfbebis 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. tahe identification of the optimum inteatellite 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 segdathentation

of a numerical simulator based on GFZdés EPO
results to TUMO6s numerical simulator for all/l
several methodological improvements were developedemgnted and assessed, such as the
treatment of ocean tides (OT) in neaal time (NRT) processing based on the stochastic
modelling of OT background model errors, Science impact analysis, -alrilaga multistep
self-de-aliasing (DMD) method for bettéreatment of shotterm atmosphere and ocean signals

and corresponding reduction of temporal aliasing, or the optimal applicationadfadmg

models. Additionally, impact of embarking DORIS receivers on board of the gravity field
satellites was investaged. In fullscale simulation, it was found out that the DORIS differential
measurement type does not provide additional information to GNSS.

In summary, important lessons regarding the optimurmgetf a MAGIC doublepair mission,

the tuning of its keparameters, 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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PART 1:

CLOSED-LOOP SIMULATIONS WITH BASELINE
AND IMPROVED SOFTWARE
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1 INTRODUCTION

This Part Irefers to Task 1 of the SoW andvers the work performed under WP 100 of the
WBS. It refers to the deliverable document DN2 i C-loap simudations with baseline and
i mproved softwareo.

The main purpose is to investigate various MAGIC mission scenarios based on numerical
closedloop 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, severanarios were defined for Bendgpe constellations
consisting of one pair flying in a (negyolar orbit and one pair in an inclined orfiaple2-1).

In addition, a few swsynchronous 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_Hand5d_LL additional tandems were defined, including inltaedems with a baseline
length of 100 km, 150 km, and 180 km, and pendulum pairs with angle$,&d5and 48
(Table2-2).

Table 2-1 Orbits sets for inclined and polar pairs.The ID shows the number of sukcycle days for which the
set is optimized and an additional information about the altitudes: (M)id, (H)igh. Note that the seminajor
axis is reduced by6378 km for highlighting differences in altitude. The other columns provide information
about the homogeneity of the ground track patterns (for more details is referred tf(RD-1]).

Sats 1 (IP) Sats 2 (PP) k1 k[l ®(Lo o(Len Sub-

1 [deg] [ded] cycles
[days]

Alt. Incl. Alt. [km] Incl.

[km]  [deg] [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 a77 97 463 89 1.454 1.449  -3.097 -3.067 3,7,31
3d_H

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

7d_H
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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 344 715 492 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 1%& 30°% baselines 10& 220 km
Pendulum 4% 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 inTable2-1. 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 (neaf)polar and inclined satellite pairs. The reason for this incorporation is the choice
of a number of relatively short repeat period¢snib)cycles, e.g., as low as 3 days for scenario
3d_Hin Table2-1. In case such a repeat period would be exact, the associated ground track
spacing would not allow fohigh-degree gravity field recoveries for longer periods. For
example, typically 47 orbital revolutions are completed inda period, which allows for a
homogeneous gravity field retrieval only to spherical harmonic degree 23 according to the
NyquistColombo sampling rule for spatmrne gravimetryRD-5]. Therefore, a common drift

to both the polar and inclined orbits can be applied, such that over longer tmedlspdistance
between adjacent tracks becomes smaller. For example, for-dag Bearepeat3d 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 gravityrieétigbval 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 @frdate pseudo
inertial Earthcentered reference frame aatiog to a perfectly circular drifting repeat
orbit. The force model consists of the centraldnd er ms of t he Eart ho:
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 (GOCOQ05s complete to
degree and order 12BD-7], EGM-96 based model for the solehrth and ocean tides
[RD-8], 39 body perturbations). The GEODYN software, version 0712, is used that was
kindly provided by the NASA Goddard Space Flight Center, Greenbelt, Marjy#ind
7].

Typically, the fit of the Cartesian coordinates is of the order of @& k. 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 $#edun 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-granitational
accelerations equivalent to as désed 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 graund track pattern and baseline stability. The Kepler elements are provided#0@te
reference frame.

3 VERIFICATION OF ORBIT GEOMETRIES

For all the satellite tandems and Bender constellation scenarios lidtabl@®?-1, the baseline
stability has been checked by computing the mean and-&M8tmean of the orbit
differences in flight, radial and cret®ck directions, and the distances, for the two satellites
thatform the associated tandem. This has been done foidayperiod 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 equatbedrmssomputed for
several combinations of ground tracks (see, d.ghle 3-1 for scenario3d_H). For each
scenario, the associated Figures and ground track informiatiprovided in an electronic
archive B8.1). It was found that for all scenarios and satellite pairs, the baseline never deviates
more than typically a few hundredémeters 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 desired3B pendulum

motion.

In addition, for all scenarios ifmable 2-1 it was checked if the ground track patterns are
consistent with the specifications[RD-1].

Table 3-1 Check of ground track for scenario3d_H. The maximum distance between adjacent tracks at
the equator is indicated for only the ascendig or descending tracks, or for all tracks, for subcycles of 3
and 7 days.

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

Ascending Ascending

Min (deg) Max (deg) Ratio Min (deg) Max (deg) Ratio
Satl/polar 6.82 9.91 1.45 0.67 3.76 5.58
Satl/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
Satl/polar 6.82 9.91 1.45 3.07 3.75 1.22
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Satl/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
Satl/polar 3.39 6.51 1.92 0.31 3.09 9.81
Satl/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
Satl/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 elefemsample is
provided inFigure3-1.
In addition, checks have been conducted to assess if the baselines for the different satellite pairs
and scenarios are stable, i.e., dodrift 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 stabilityof@i&t). An

example isncluded belowKigure3-2).

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

have an identical drift foreach scenario and also satisfy the -sytle/repeat period

specification. To this aim, Figures (animated GIF format) were produced and provided as well
such as the one below Figure 3-3. Finally, as stated in Sectidd for

maximum gap between adjacent tracks has been computed for relevaytiesh Associated
numbers are included in ASCII text files.

al |

Thus, the electronic supplementudes (all uploaded to TU Munich LRZ seryeD-9]):
- Osculating Kepler elements at epoch in3B800reference frame (ASCII text files);

- Information about the graw tracks for sulzycles (ASCII text files);

- Images displaying evolution of baselines (GIF);

- Animated images of drifting ground track patterns for selecteatgcles (GIF).

scena
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PLEASE NOTE THAT TIME SYSTEM IS UTC, NOT GPS (USED FOR SP3 FILES)

DATE GREENWICH TIME A E I RA ASC NODE ARC PERIGEE MEAN ANOMALY
YYMMDD HHMM  SECONDS (METERS) (DEGREES) (DEGREES) (DEGREES) (DEGREES)
020101 0000 0.000000 6846058.138 ©.00165585454 88.997236132 359.981873073 28.199409842 331.085529881
020101 0000 0.000000 6846061.861 ©.00166631056 88.997236202 359.981889635 28.818288775 331.305620485
020101 0000 0.000000 6815259.195 ©@.00086208786 70.016625375 3.971420249 4.,992907115 354.288098763
020101 0000 ©0.000000 6815262.582 0.00086477282 70.016622926 3.971830396 6.359334258 353.764506377
020101 @000 0.000000 6858709.382 @.00150382295 96.991325534 359.986138963 24.054779405 335.237208935
020101 0000 0.000000 6858712.595 @.00151283437 96.991324206 359.985993073 24.757990347 335.371524929
020101 0000 0.000000 6846061.920 0.00166587189 88.997290256 0.198627364 28.814290182 331.3085925309
020101 0000 0.000000 6815263.056 @.00086458106 70.016649117 4.203534810 6.187443472 353.857257502
020101 @000 0.000000 6846061.972 @.00166548588 88.997341066 0.400594844 28.810508392 331.306275890
020101 @000 0.000000 6815263.430 ©.00086437889 70.016674082 4.419449141 6.0279487@7 353.943028009
020101 0000 0.000000 6846055.435 0.00167700488 88.997232771 359.981912706 29.576264262 331.554948941
020101 0000 0.000000 6815256.945 ©.00086682759 70.016604620 3.972322383 8.003702712 353.131544035
020101 0000 0.000000 6858705.688 ©.00152217161 96.991327473 359.985817952 25.622458300 335.512089669
020101 @000 0.000000 6846055.728 ©.00167611412 88.997352528 0.458735969 29.567453860 331.555656181
020101 Q000 0.000000 6815259.771 @.00086654572 70.016666414 4.482072712 7.626508408 353.334673827
020101 0000 0.000000 6846055.982 0.00167540886 88.997466144 0.903064692 29.558822790 331.556773136
020101 0000 0.000000 6815262.034 0.00086617013 70.016729002 4.957085727 7.279584607 353.519387415
020101 0000 ©0.000000 6846056.190 ©.00167490286 88.997565065 1.284618379 29.550869449 331.558293077
020101 @000 0.000000 6815263.655 @.00086577345 70.016789062 5.364988955 6.986294502 353.673285873

Figure 3-1 Osculating Kepler eements for scenaria3d_H from [RD-1] at epoch 1 January 2002, 00:00:00
UTC time.
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Figure 3-2 Differences between the orbits of the two satellites of the 4pendulum pair for scerario 3d_H
(Table 2-1). The radial, alongtrack and crosstrack differences are displayed for a 3@ay period (1-30
January 2002). The alongrack difference does not deiate 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 crosstrack direction.
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Figure 3-3 Ground track patterns (animated GIF in original Word document) for 10 consecutive 3day sub

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

For each of the orbit configurations introducedeactionsl and2, orbit time series over the 2
month time period starting from Januar; 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 tle following, we present a detailed analysis of the orbits obtained by
numerical integration from the TUM fuficale simulation software, and thereby validate the
properties of the orbits described in sectibr@nd2.

The properties analysed are the inclination
between theatellite orbits, the stability of the intsatellite distance over arionth 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 Bgure4-1 to Figure4-14. The respective panels a and b
show the groundtracks of theading satellite (in blue) and the trailing satellite (in green) over

a time period of 1 day (Januar§, 2002). The global groundtrack plots (panels a) visualize the
inclination ofthe orbits, as well as the data coverage within adayetime span. The smaller
section (panel b) visualizes the angle of the orbital planes of the two satellites, which is 0° for
the inline orbits and 15° or 30° for the pendulum orbits.

The intersatellte distance over the-onth simulation time span starting from Januaty 1
2002 is shown by the respective panels c. The nominatsatellite distance of 220 km (or
150 km, or 180 km, respectively) is marked as a red horizontal line. It can behatdmet
distance between the two satellites stays withirLkin at the nominal distance for theline
pairs. For the pendulum pairs, the maximum deviation from the nominasattdlite distance
is 8 km (15° opening angle) and about 25 km (30° ogeamgle) within the considered 2
month periodFigure4-15 additionally visualizes the stability of the inteatellite distance in
the case of the 3d_&hd 5d_LL orbits with 150 km and 180 km intatellite distance.

With respect to the analysis of the subcycle stability and longitude shifts, we give an overview
of the nominal values ihable4-1, which also includes which subcycles are explicitly validated
in FiguresFigure4-1to Figure4-14.

Panel d ofFigure 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 crossatdghe 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 byable 2-1 and are repeated for convenienceTable 4-1. The
longitude shift for the individual subcycles determined from thepmded 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 aretefmined values are very small.
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The stability of the subcycle lengths is shown by panels e an#&ifofe4-1 to Figure4-14.
We confirm the presence of the nominal subcycle lengths as well as their stability within 2
months.

Panels g to n oFigure 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 respectiveugidirack segment, and a red marker at the end
of it. As an example, panel g Bfgure4-1 shows the groundtrack of the leading satellite from
January ¥ to January '8, 2002, which represents the firsday 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-8ay subcycle. Panel h &igure4-1 shows the groundtrack

for day 4 to 6 and panel i shows the groundtrack for deyH&isualizing that the groundtrack
coverage is stable over time.

Equivalent oBervations can be made in panels j to Figlure4-1 for the #day subcycle, as
well as in panels m and n Bfgure4-1 for the 3tday 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 | Longitude shift | Subcyclesn Validated
(polar pair) (inclined pair) | days 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°/5days | 1,2,5,12,29 |5,29
5d_LH -0.790°/5 days | -0.732°/5 days | 5, PP: 31, 1P: 32 5, 31, 32
5d_H 0.781°/5days | 0.762°/5days |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 (pl, 3d_H). Determined longitude shift: -
3.0738/3 days. Nominal longitude shift (3d_H)=-3.076°/3 days. The stability of the 3and 7-day subcycles
is visualized in panels e and f. The groundtrack coverage within-8ay, 7-day and 3tday segments is
shown by the panet g to i, j to | and m to n, respectively.
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Figure 4-2 Orbit validation plots for the inclined in -line pair (il, 3d_H). Determinedlongitude 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 withid8y, 7-day and 3%

day segments is shown bthe panels g to i, j to | and m to n, respectively.
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Figure 4-6 Orbit validation plots for the sun-synchronous inline pair (sl, 3d_H). Determined longitude

shift (leading satellite):-2.77926/3 days. Nominal longitude shift (3d_H)=-3.076°/3days. The stability of
the 3- and 7-day subcycles is visualized in panels e and f. The groundtrack coverage withixd8y, 7-day
and 31-day segments is shown by the panels g to i, j to | and m to n, respectively.
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Figure 4-7 Orbit validation plots for the polar in -line pair (pl, 5d_LL). Determined longitude shift
(leading satellite):-1.62721°/5 days. Nominal longitude shift (5d_LL):1.628°/5 daysThe stability of the
5- and 29day subcycles is visualized in panels e and f. The groundtrack coverage witltirday and 29day
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 (il, 5d_LL). Determined longitude shift
(leading satellite):-1.67786°/5 days. Nominal longitude shift (5d_LL):1.671°/5 daysThe stability of the
5- and 29day subcycles is visualized in panels e and f. The groundtrack coverage withird&y and 29day
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 (pl, 5d_LH). Determined longitude shift
(leading satellite):-0.8111558/5 days. Nominal longitudeshift (5d_LH): -0.790°/5 days The stability of the
5- and 31-day subcycless visualized in panels e and f. The groundtrack coverage within8ay and 3tday
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 (il, 5d_LH). Determined longitude shift

(leading satellite):-0.768125/5 days. Nominal longitude shift (5dLH): -0.732°/5 daysThe stability of the
5- and 32day subcydes is visualized in panels e and f. The groundtrack coverage withinday and 32day
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 (pl, 5d_H). Determined longitude shift

(leading satellite):0.710955/5 days. Nominal longitude shift (5d_H: 0.781°/5 daysThe stability of the 5
and 29-day subcycles ivisualized in panels e and f. The groundtrack coverage within-8Bay and 29day

segments is shown by the panels g to i and j to k, respectively.




MAGIC_FR

1.0

15.11.2022
49 of 466

Final Report

Doc. Nr:
Issue:

Date:

Page:

Scenario: il,d,,

221

& £
s Ul BIUBISIP BlIjBIES-JaIu|

days in January 2002

12)

DIff 5days

@

4.95624 -

4.95622

48562 -

4.95618

10

Diff 28days.

285

Ground track 60-64 days, il d,, orbit, sat. B

136"W128"W120°W112°W104°W

NGGM/MAGIC i Science Support Study During

Phase A

b

il_5d_H orblit, sat. A and B

w) w
T - S
s N IS
& ¢ = a

126°W 108°W  90°W

54°W

2°W

il_5d_H orbit, sat. A and B

60°E 120°E 180°W

120°W 60°W  0°

sdH orbit

]

Longitude shift of 5 29 day subcycles

satA 5day 0.175989x

*
*
@]

satA 29day 0.0146236x
satB 5day 0.188441x

satB 29day 0.0146378x

12

10 -

o] o

[6ap] wiys jeuipnybuo

70

60

50

40

30

20

10

time in days

Ground track 510 days, I.d,, orbit, sat. B

136°W128"W120"W112°W104°W

W104°W

50

136°W128"W120°W1

Ground track 0-5 days, il,d, orbit, sat. B

136" W128"W120"W112°W104°W

136°W128°W120°W112°W104°W

-line pair (il, 5d_H). Determined longitude shift

(leading satellite):0.879945/5 days. Nominal longitude shift (5dH): 0.762°/5 daysThe stability of the 5
and 29-day subcycles is visualized in panels e and f. The groundtrack coverage withid&y and 29day

segments is shown by the panels g to i and j to k, respectively.

Figure 4-12 Orbit validation plots for the inclined in
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Figure 4-13 Orbit validation plots for the polar in -line pair (pl, 7d_M). Determined longitude shift
(leading satellite):0.829102/7 days. Nominal longitude shift (7dM): 0.786°/7 daysThe stability of the 7-
and 30-day subcycles is visualized in panels e and f. The groundtrack coverage withird@dy and 3Gday
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 (il, 7d_M). Determined longitude shift
(leading satellite):0.954962/7 days. Nominal longitude shift (7dM): 0.743°/7 daysThe stability of the 7

and 30-day subcycless visualized in panels e and f. The groundtrack coverage withinday and 30-day

segments is shown by the panels gtoiandjto k,
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Figure 4-15 Visualization of the stability of the inter-satellite distance for the polar and inclined inline
pairs for 3d_H and 5d_LL in the cases of 150 km and 180 km intesatellite digance.
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5 PERFORMANCE AND ANALYSIS OF SCENARIOS 1-13

5.1INTRODUCTION AND INITIAL ANALYSIS OF SCENARIOS 1-13

In this section, we present the fgltale gravity retrieval simulation results for various single
and double pair ikst configurationsTable 5-1 summarizes the orbit configurations for the
scenarios 1 to 13. For scenarios 1 to 9, 3d_H orbits accordlraipte2-1 are used. For scenario
12 and 13, 5d_LL and 5d_LH orbits are used, respectively.

The naming convention for the sc-parsacenars 1 S
NRn20 for-paidosbéreari o, respectivel y. Apo st at
stands for the incl i ne-dynchranous Eatellite pair, pspectivelya nd
Al 0 means that the sa-lineel,l iviheisl eofii Pa0 piasi rd eanroe
formation with the opening angle of the orbital planes of the leading and trailing satellite being
specified in degrees after the HAPO. The | et
assumed for the respectiseat el | i t e pair. -lAigoi sttamhd fAimro &
noise.

In the GRACEI noise case, we assume three equally good accelerometer axes with a noise
ASD of

GBrr pPT p = —— . &)

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

e p m Oq p 1 Od Q a @
ww PP T 0 0 p P o ou | TI/IUO(

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

For both the GRACH and the NGGMoise case, we assume a LRI performance of

i PR P T Y M — ©)

and an orbit noise of

i pPpm = (4)

The analytical amplitude spectral densities (ASDs) given by Equdfipts(3) are visualized

in Figure5-1. The reason why we assume three good accelerometer axes in the GRASE

case instead ofssuming a degraded y axis is that the simulation list includes scenarios
involving pendulum formations. In the TUM fudlcale simulation software, the x axis of the
accelerometer coordinate system is aligned along the orbit of the respective satdiidease
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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/ ACC Incl. | In-line/ ACC
pend. noise pend. noise
1 2 _plg_iln 89 |In-line GRACEI | 70 | In-line NGGM
la |1 _plg 89 |In-line GRACE!I | ---
1b (1 iln 70 [ In-line NGGM
2 2 pln_iln 89 |In-line NGGM 70 | In-line NGGM
2a [1 pln 89 |In-line NGGM
3 1 pP15g 89 | Pendulum | GRACEI | ---
15°
4 1 pP30g 89 | Pendulum | GRACEI | ---
30°
5 2_pP15g iln 89 | Pendulum | GRACEI |70 | In-line NGGM
15°
6 2_pP30g_iln 89 | Pendulum | GRACEI |70 | In-line NGGM
30°
7 2 _plg_iP15n 89 |In-line GRACEI | 70 | Pendulum 159 NGGM
2_pP15g_iP15n| 89 | Pendulum | GRACEI |70 [Pendulum 159 NGGM
15°
9 2_plg_sin 89 |In-line GRACEI |97 [ In-line NGGM
10* | tbd 89 | In-line GRACEI | 89 | Pendulum 15| NGGM
or 30°
11* | thd 89 | In-line GRACEI | 89 | Pendulum 15| NGGM
or 30°
12 |2 _pIn_iln 89 |In-line NGGM 70 | In-line NGGM
(5d LL)
13 |2 _plg_iln 89 |In-line GRACEI | 71.5 | In-line NGGM
(5d_LH)
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Figure 5-1 Amplitude spectral densities of the GRACEI and the NGGM accelerometer and laser ranging
interferometer noise assumed for the fullscale simulations for the scenarios 1 to 13. The dashed blue
curve is not used: Instead, we gsume ACC_y = ACC_x/z in the GRACH noise case. [Path:
Various_Data_and_Models/ACC_LRI_Noise/]

between thexand the yaxis, giving a significant reduction in the gravity retrieval performance

of pendulum formations. As we assume that in a potentighesaulum satellite mission, either
accelerometers with three wqlerforming axes or accelerometers which are able to rotate such
that the accelerometerxx i s woul d be constantly aligned
would be used, we assume theggially good axes in our simulations.

For all scenarios, we compare the simulation results in the instrronBntase (which just
includes the static gravity field as signal and mainly shows the impact of the instrument noise
specifications on the reaved 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 tise full noi
wiese case (in which daily gravity fields up to d/o 15 arestimated). The resulting retrieved
gravity field coefficients represent a zero sigheld in the case of the instrumeonly
simulations, the estimated HIS field in the case of the fulennominal simulations, and the
estimated AOHIS field in the case of the full noise wiese simulations.

For all cases, we compute two subsequent@i solutions and nine subsequentlay
solutions, starting from Januar$, 2002. These retrieval peri®dorrespond to the repeat orbit
subcycles of the 3d_H orbits. As shown in Sec8ptihe groundtrack coverage is equally good
for subsequent subcycles, which is finerequisite for subsequent shtatm gravity solutions
of the same quality.

In the following, we analyse the coefficients and the formal errors of the instromigrtase,

the coefficient differences w.r.t. the mean HIS field of the full noise noncims¢ 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 theday single pair simulationsyhere 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.

Figure5-2 shows the retrieval errors of the instrumenty 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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singlepar scenarios are displayed by the dotted curves, the dpalriecenarios by the solid
curves, respectively.
First of all, we analyse the performance of the sipgle scenarios:

Among the single polar pairs, the-line pair with the improved NGGM 1m&e assumption,

1 _plIn, shows the best performance and even outperforms the pendulum scenarios 1_pP15g and
1 pP30g. This shows that in the instrurrenly case, i.e. in the case of zero temporal aliasing

and background model errors, the benefit of replaitiagsRACEI noise by the NGGM noise

is larger than the benefit of mutlirectional observations that the pendulum configuration
provides.

Considering the single polar pairs in the full noise cesgi(e5-3, panels a and b), we see that

in the full noise case, the benefit of replacing afina by a pendulum configuration is larger
than the benefit of reducing the accelerometer noise. This showthéhatultidirectional
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 instrumerntnly and the full noise cases, increasing the wgelangle 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_iln 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 gravitgdlatibns 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_iln, which differ only in the weighting
factor chosen for the regularization matrix. As shawy&igure5-6, changing the regularization
weight only affects the resulting solution over the polar caps. In thecdaémed region, the
resulting salition does not change, demonstrating that the regularization only applies where it
should: in the regions of missing data. In thdiensinal SH domain, the polar gaps map to
the neaizonal coefficients, which can be seen by comparing the three 1_itiosslu

Now, we analyse the doubpmir scenarios:

Comparing the doublpair scenarios ifigure5-2 shows that the worst performing double pair

is 2_[dn_sIn, which includes a satellite pair flying in ssynchronous orbit as the second
satellite pair. The reason for the bad performance of 2_pin_sin compared to the remaining
doublepair scenarios is the too small angle between the orbital planes @ldhepd the sun
synchronous pair, the inclination of which is 97° compared to the 70° inclination of the inclined
pairs included in the other doukpair scenarios. This effect is even more prominent in the full
noise caseHigure5-3 a and b), where the 2_pIn_sin scenario is outperformed by the pendulum
single pair scenario 1_pP30g.

Figure5-2 andFigure 5-3 show that the performance of most of the doydale scenarios is

very similar to each otheWe especially note that including one or two pendulum pairs as part
of a doublepair 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_plIn_iln) which is visible in the formal errorsKgpee5-2 a
and b) becomes masked by the largeplitude temporal aliasinerrors in the full noise case
(seeFigure5-3 a and b).

Comparing the 3d_H double pair scenarios to the 5d_LL and 5d_LH scenaFiggiia5-2
andFigure5-3, we see an improvemeny kbbwering the orbit altitude, especially in the large
SH degrees.

As can be seen in panels ¢ and dFajure 5-3, the relative behaviour of the douigair
configurations in the full noise wiese case is similar to the full noise nominal case.

Figure5-4 andFigure5-5 show the degree median plots corresponding to the degree amplitude
plots shown byrigure5-2 andFigure5-3. The reason why we showetm additionally here is

that the degree median curves are less dominated by individuatresodeed SH coefficients
compared to the degree amplitude curves. Thereby, e.g. the performance of the single inclined
pair within the datacovered region can bessessed more realistically: The degree medians of
scenario 1_iln are smaller than the degree medians of the single polar pairs. Especially for SH
degrees above about 50, the performance of 1_iln as estimated from the degree medians comes
close to the perfonance of the analysed double pair scenarios.
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Figure 5-2 Degree amplitude plots of the instrumentonly full -scale simulations of the scenarios 1 to 9 and
12 to 13 ofTable 5-1. Panels a and b show the formal errors scaled kijie a posteriori variance factor.

Panels ¢ 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 ningl@y

solutions. Sinde-pair scenarios are shown by dotted lines while doublpair 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 fullnoise fullscale 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 ¢ and d show the coefficient differences of the full noise wiese sitians
w.r.t. the mean AOHIS signal. The plots in the left column show the curves averaged over two-@4y
solutions, while the plots in the right column show the curves averaged over nineddy solutions. Single
pair scenarios are shown by dotted lines wite 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 instrumenbnly full-scale simulations of the scenarios 1 to 9 and 12
to 13 of Table 5-1. Panels a and b showhe formal errors scaled by the a posteriori variance factor. Panels

¢ 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 ovéne 7-day solutions.
Single-pair scenarios are shown by dotted lines while doublpair scenarios are shown by solid lines.

[Path: Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/]




Final Report
NGGM/MAGIC i Science Support Study During Egﬁ'e!\": Y"S‘G'C—FR
Phase A Date: 15.11.2022
Page: 61 of 466
a 10 Degree median of coefficients, full noise nominal, 31-day solutions. 00 Degree mledlan olf coeﬂ'\c‘lems‘ full nolsg nomlr‘ual. T-day solutions ; —_—
e 7 i
';—i 10/ 107 7 2;::;55?;‘“5”
S
Q

120

W0 20 80 40 50 60 7D 80 80 400 110
degree n

o0 100 110 120

w2 a0 4 s s 7w 0
degree n

C Degree median of coefficients, full noise wiese, 31-day solutions
T T T T T T

(EWH incm)

3
|

',
.

2
Ve,
o

4
a
3

' |
10 20 a0 a0 50 60 0 80 9 100 110 120
degree n

d Degree median of coefficients, full noise wiese, 7-day solutions
T T T T T T

| ez pP30g i

s L — kg P50
{ 2_pP15g_iP1sn

1 m— g sin

1 2 _pin_iln (5d_LL)
e 2_pihg il (50_LH)|

10!

' ' I I I I |
10 20 a0 a0 50 60 0 a0 90 100 110 120
degree n

Figure 5-5 Degree median plots of the fulhoise 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 ¢ and d show the coefficient differences of the full noise wiese sitiorhs w.r.t.
the mean AOHIS signal. The plots in the left column show the curves averaged over two@dy solutions,
while the plots in the right column show the curves averaged over nineday solutions. Singlepair
scenarios are shown by dotted lines vile double-pair scenarios are shown by solid linegPath:
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 3Xday simulation results for the single inclined
pair (1_iln, 3d_H), with three different weighting factors of the regularization matrix applied. For the
plots in the left coumn, 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 | the full noise solutions,
respectively. All plots are displayed with one consistent colour ake. [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 shovingioye 5-7 to Figure

5-14. Figure5-7 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 erroraded! 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 imbdd in the instrument only computations, the benefit of the
pendulum is not as pronouncedHigure5-7. 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 instrumenbnly, full noise nominal and full noise wiese results of the depblescenarios
are shown byrigure5-9, Figure5-10 andFigure5-11 for the double idine pairs, andrigure

5-12, Figure5-13 andFigure 5-14 for the double pairs including at least one pendulum pair.
Compared tolte singlepair results, the doubdeair formations show considerably smaller
retrieval errors, which is expected due to the number of observations, the groundtrack coverage

and the contained muldirectional observations. As already observed in the degngdtude

and median plots, the bgserforming satellite configuration among the analysed scenarios is
2_plIn_iln (5d_LL), which can mainly be explained by the lower orbit of the satellites. Also,

the observation that there is no added value by flyingnalglum pair as part of a Bendgpe

constellation can be repeated.

In order to assess the contributions of the polar and the inclined pair in a standard Bender
doublepair configuration, we plot the coefficient error triangles of the scenarios 1_plim, 1

and 2_pIn_iln side by side Figure5-15.

As the normal equation system of the double pair scenarios are computed by adding the normal
equation sgtems 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 singlpair solutions. As the single inclined pair soluti@dniln needs a

regularization to be solved, we keep in mind that the coefficients in the 1_iln solution that are
affected by the regularization (these are the-meaal coefficients) are actually given much
smaller weights in the combination with the 1_NIBEQ system than suggested by the errors in

the regularized 1_iln singleair solution.

As shown byFigure5-15, the retrieval errors of the coefficient out si de

t he

Apol a

of the 1_iln solution are comparable to the respective coefficients in the 2_plin_iln solution.
This is the case both for the instrument only and the full noise simulation results. That means
that for the coefficients that rae resolved by the inclined pair, the 2_plIn_iln solution is
dominated by the 1 _iln NEQs. The 1_pIn NEQs are however required in order to achieve a
global solution: For the neaonal coefficients, the observations of the polar pair are needed.
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Figure 5-7 Triangle plots and spatial EWH grids of the 3tday instrument-only simulation results for the
single-pair scenarios 1_plg (panels a and b), 1_plIn (panels c and d), 1_pP15g (panels e and f) and 1_pP30g
(panels g and h). The scenarios are defined rable 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 3tday full noise nominal simulation results for the
single-pair scenarios 1_plg (panels a and b), 1_plIn (panels c and d), 1_pP15g (panels e and f) and 1_pP30g
(panels g and h). The scenarios are defined rable 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 3tday instrument only simulation results for the
double in-line pair scenarios 2_plg_iln (panels a and b), 2_plIn_iln (panels ¢ and d), 2_plg_sIn (panels e
and f), 2_plIn_iln (5d_LL) (panels g and h) and 2_plg_iln(5d_LH) (panels i and j). The scenarios are
defined in Table 5-1. All plots are displayed with one consistent colour scal¢Path:
Deliverables/D1/simulation_resultsffill_scale simulator_v009/old_noise_scaling/instrument_only/]
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Figure 5-10 Triangle plots and spatial EWH grids of the 3tday full noise nhominal simulation results for

the double inline pair scenarios 2_plg_iln (panels a and b), 2_plIn_iln (panels c and d), 2_plg_slIn (panels
eand f), 2_pIn_iln (5d_LL) (panels g and h) and 2_plgiln (5d_LH) (panels i and j). The scenarios are
defined in Table 5-1. All plots are displayed with one consistent colour scal¢Path:
Deliverables/D1/simulation_result&ull_scale_simulator_v009/old_noise_scaling/full_noise_nominal/]
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Figure 5-11 Triangle plots and spatial EWH grids of the 3tday full noise wiese simulation results for the
double in-line pair scenarios 2_plg_iln (panels a and b), 2_plIn_iln (panels ¢ and d), 2_plg_sIn (panels e
and f), 2_plIn_iln (5d_LL) (panels g and h) and 2_plg_ih (5d_LH) (panels i and j). The scenarios are
defined in Table 5-1. All plots are displayed with one consistent colour scal¢Path:
Deliverables/D1/simulation_resultsffill_scale simulator_v009/old_noise_scaling/full_noise_wiese/]
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Figure 5-12 Triangle plots and spatial EWH grids of the 3tday instrument only simulation results for the
double pair scenarios including at least one pendulum pair: 2_pP15g_iln (panels a and b), 2_pP30g_iln
(panels c and d), 2_plg_iP15n (panels e and f) and 2_pP19815n (panels g and h). The scenarios are
defined in Table 5-1. All plots are displayed with one consistent colour scal¢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 3tday full noise nhominal simulation results for
the double pair scenarios including at least one pendulum pair: 2_pP15g_iln (panels a and b),
2_pP30g_iln (panels c and d), 2_plg_iP15n (panels e and f) and 2_pB1#15n (panels g and h). The
scenarios are defined ifrable 5-1. All plots are displayed with one consistent colour scal¢§Path:
Deliverables/D1/simulation_results/full_scale _simulator_v009/old_noise_scaling/full_noise_nominal/]




Final Report

NGGM/MAGIC i Science Support Study During Egﬁ'e!\"' RAG‘G'C—FR
Phase A Date: | 15.11.2022
Page: 710of 466
a full noise wiese, 2_pP15g_iln, 31-days solution - b l)full noise ies, 2_pP15 31-days solution .
105 20| gy 25 s -
A1 a0 3 N 2
15 7 e it ; E
g g 80 ” i i i §
-12 E %100 il {1 i Y ! / ‘1[ ] \ Tl y %
125 8 8 i “ (4 f j 013
120 (8 ) : } T8 025
N 13 140 o ) 4 S Loa
y : . 38 160 FE= 527, > 5 oy 04
120 B2 . 14 180 05
-100 -50 0 50 100 0 50 100 150 200 250 300 350
C full noise wiese, 2 pP30g iln, 31-days solution d

log(coefr. errors)
Colatitude in
EWH of coeff. errors inm

-100 50 0 50 100 ' 0 50 100 150 200 250 300 350
e full noise wiese. 2 plg_iP15n, 31-days solution f
-105 200

o 40
60 [ff E
15 5 (] »
2 < e
g s 80 g
12 g E %
E T 100 8
> Q °
1125 2 © x
120 H

= 140

100
135 160
120 -14 180
-100 50 0 50 100 0 50 100 150 200 250 300 350
Longitude in °
g full noise wiese, 2_pP15g_iP15n, 31-days solution _ h full noise nominal, 2_pP15g_iP15n, 31-days solution

Kedfs ¥

log(coef!. errors)
Colatitude in °
EWH of coeff. errors inm

0 50 100 150 200 250 300 350

Longitude in ®

Figure 5-14 Triangle plots and spatial EWH grids of the 3tday full noise wiese simulation results for the
double pair scenarios including at least one pendulum pair: 2_pP15g iln (panels a and b), 2_pP30g_iln
(panels c and d), 2_plg_iP15n (panels e and f) and 2_pP1#15n (panels g and h). The scenarios are
defined in Table 5-1. All plots are displayed with one consistent colour scal¢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 singlgpair scenarios 1_pln and 1_iln and the doublgpair scenario 2_plin_iln,
in order to estimate the contributions of the NEQ systemsfdhe polar and inclined pairs in the 2_plIn_iln
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 ebvehavior of the scenarios 1 (2_plg_iln, 3d_H) and

13 (2_plg_iln, 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_LHthe 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 ingbdlce lower
altitude of the inclined pair of scenario 13 on the retrieveddegree SH coefficients.

Figure5-16 shows the degree amplitudes of secesgl 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-tfey 3blutions. In the
corresponding triarlg plots shown byigure5-17, it can be seen that this improvement of the
formal errors exists for all SH degrees and orders.

Since the coefficient errors of the instrumenty simulations are much more noisy compared
to the corresponding formal errors, the abdescribed improvement is more difficult to
identify in the corresponding plots (panels c, dFigiure5-16 andFigure5-17).

Comparing the performance of the scégmf and 13 in the full noise nominal case, we do not
see a very pronounced difference in the retrieval errors (see the panel$gures-16 and
Figure5-17).
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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 segpeanels g and h ¢figure5-16, t he Abumpso i n
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)@eedorial SH coefficients of specific SH

orders, as can be seen by investigating panels g an#igwg5-17. Additional analysis on

this phenomenon is presented in Sectdh

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 instrwo@gtsimulations, which is mainly

cawsed 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 retrievas efrthe full noise nominal
simulations of most of the doubpmir scenarios among the scenarios 1 to 13 to be very similar

to each ot her. I n the ful/l noi se Wiese case

in the degree amplitudes of scapak and 13 were observed.
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Figure 5-16 Degree amplitude plots showing the retrieval errors (a, b: formal errors, ¢, 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 doublgair 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 (righbtumn), 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 scenariog (left column) and 13 (right column) up to SH d/o 50.
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5.3ARTEFACTS IN THE FULL NOISE WIESE SOLUTIONS

As could be seen in the analysis of the scenarios 1poes&nted in the preceding sections, the
full noise Wiese retrieval errors of (nemectorial SH coefficients of specific SH orders are
anomalously large, leading to burapaped anomalies in the corresponding degree amplitude
curves. In this section, wavestigate 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 obseri#gglire5-18, the bumpshaped
artifacts that we observed in the coefficient errors of the full noise Wiese results (e.g. see panels
g and h of Figure5-16) 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 matrixd 0 § theinverse 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 unstablennversi
could be the additional daily gravity field coefficients that argpammetrized in the case of

the full noise Wiese solutions.

We further investigate this presumption by computing several test cases for scenario 2_plg_iln
(5d_LH), which showed the rsingest anomalies in the corresponding Wiese solutions
compared to the remaining scenarios. If it is true that the kslvaped artifacts in the degree
amplitude curves of the Wiese simulations are caused by an unstable inversion of the
corresponding NEQ ntiax, the amplitudes of the bumps should increase if the maximum SH
degree of the eparametrized Wiese daily solutions is increased (as more unknown parameters
are solved for). By varyingthissnal | ed AWi ese degr eRgoe54®t ween
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 degut 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 Hedaifcihe
instrument noise that is included in the simulation is increased (in which we also imply an
adaptation of the used weighting matbiy, which is visualized ifFigure5-20: If we replace

the instrument noise as well as the P matrix in the scenario 2_plg_iln (5d_LH), the artifact is
not visible any more, as the overall retrieval performance of the scenario is considerably
decreased.

Insummaryr egarding the Abump artifactso that we
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 interpmetattithis 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 13Path:
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Figure 5-19 Degree amplitude plot based on the coefficient errors of@ay d/o 120 full noise Wiese
simulations for scenario 2_plg_iln (5d_LH). The maximum SH d/o of the daily Wiese solutions is varied in
steps of 5 between 0 and0. 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_plg_iln (5d_LH). The
maximum SH d/o of the daily Wiese solutions is varied in eps of 5 between 0 and 20. Additionally, the

black curves show the corresponding full noise nhominal 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_plg_iln (5d_LH), but using a higher instrument noise level.
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5.4SCALING OF 3-DAY, 7-DAY AND 31-DAY SOLUTIONS

In this section, we investigate if the scaling factor sqrt(x/y) between the retrieval errers of x
day and yday solutons is valid for instrumeranly as well as for full noise nominal
simulations.

For this purpose, we show the results afay, 5day, #day and 3iday instrument only and

full noise nominal simulations for the scenario 2_pIn_ildrigure5-21. 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 thedd¥ solutions as dotted lines. By comparing the solid
and dotted curves of the same coloFigure5-21, we find that indeed the theoretical factor
thatreflects the decrease in the retrieval error by increasing the number of observations is valid
both for instrumenbnly as well as for the full noise nominal simulations. Especially, we
observe that this factor is also valid for thddy retrieval periogvhich does not correspond to

a subcycle of the 3d_H orbits underlying the 2_plIn_iln 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 subcyofethe 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 ordexcimount for the decreasing spatial coverage for
shorter retrieval periods. For the considered dephle scenario 2_plIn_iln, a maximum SH
d/o of 120 for 3iday and 7day solutions, d/o 100 for-&ay solutions and d/o 70 flurday
solutions has been detdmad to give good results.

In order to complete our investigation, we also show the error degree amplitudes of d/o 15 daily
Wiese solutions ifrigure5-21, 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 stienated iyher
resolved multipleday solution and therefore do not disturb the daily solutions.

To summarize, we found in this section that the global error levels of both the instamhent

as well as the full noise nominal solutions scale with the number efwai®ns 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 withie number of observations is independent of a match of the
retrieval period with one of the subcycles of the underlying satellite orbits.




Final Report
NGGM/MAGIC i Science Support Study During | P°¢- N | MAGIC_FR

Issue: 1.0
Phase A Date: 15.11.2022
Page: 80 of 466

RMS of coefficients, instronly
T T T

S
©

(EWH in cm)

nane

I As?

R

<

o

HIS, mean 31-day signal
— pin_iln, 3-day
2 pin_iin, 5-day
— pln_iln, 7-day
=——2_pin_iln, 31-day
------ 2_pln_in, 31-day * sqri(31/3)
2 pln_iin, 31-day * sqri(31/5)
------ 2 pln_iin, 31-day * sqrl(31/7)
. L 1 . . 1 . . 1 N N
10 20 30 40 50 80 70 80 %0 100 110 120

degree n

RMS of coefficients, full noise nominal
T T T T

HIS, mean 31-day signal
—2_pin_iln, 3-day

2 pln_iln, 5-day
2 pln_iln, 7-day

=——2 pin_iln, 31-day
----- 2 pln_iln, 31-day * sqri(31/3)

2 pln_iln, 31-day * sqri(31/5)
..... 2 pln_iin, 31-day * sq(34/7)
2 pln_in, 31-day * sqri(341)
2_pln_iln (DWS, mean)

(EWH in cm)

nm

I As?

R

o

! ! . ! ! . ! ! . 1 !
10 20 30 40 50 80 70 80 % 100 110 120
degree n

Figure 5-21 Degree amplitudes of instrumentonly (panel a) and full noise nominal (panel b) simulations
for the scenario 2_pln_iln. The solid lines are computed based on the respective coefficient errors afed/
d/o 70, #day d/o 100and 31-day d/o 120 solutions, while the dotted lines show the-8thy curve upscaled

by a factor of sqrt(31/x) to approximate the xday curve. Panel b additionally shows the degree amplitude
curve of a d/o 15 daily Wiese solution, to also visualize the errtevel for a retrieval period of 1 day.

[Path:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/2_pin_il
n/ and
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nomi2alpIn
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5.5IMPACT OF MATCH BETWEEN RETRIEVAL PERIOD AND
SUBCYCLE LENGTH

As presented in Sectiob.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 holdsoth 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 anmt of scatter between individual solutions of a chosen
retrieval period, using the scenario 2_pIn_iln (5d_LL). The relevant subcycles of the underlying
5d_LL orbits are 5 and 29 days. We compute multiple subsequay, *day, 29day and 31

day gravityfield 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/-, 29 and 31day
instrumentonly and fullnoise 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 &ejaile5-24
andFigure5-25show the retrieval errors of selected individual instrurzery solutions in the

SH and the space domaiBy 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 eft®n5.4, this shows that the fit
between retrieval period and subcycle length does not have a major impact on the quality of the
retrieved gravityfield solutions.
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Figure 5-22 Degree amplitudes of &day (panel a), 7day (panel b), 29day (panel c) and 3iday (panel d)
instrument only simulations for the scenario 2_pln_iln (5d_LL). The curves for the individual solutions

are depicted with light dotted curves while the mean of té individual curves is represented by the red
curve. The relevant subcycles of the 5d_LL orbits are 5 and 29 day®ath:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/2_pIn_il

n_5d_LL/
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Figure 5-23 Degree amplitudes of &day (panel a), 7day (panel b), 29day (panel c) and 3iday (panel d)

full noise nominal simulations for the scenario 2_pln_iln (5d_LL). The curves for the individual solutions
are depicted with light dotted curves while the mean athe individual curves is represented by the red
curve. The relevant subcycles of the 5d_LL orbits are 5 and 29 day®ath:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pIn

_iln_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_iln (5d_LL). Panel a: &day solution for 01-

05.01.2002, panel b: Blay solution for 06:10.01.2002, panel c:-dlay 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 dayBath:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/2_plIn_il
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_pln_iln (5d_LL). Panel a: 29ay solution for 01-
29.01.2002, panel b: 2@lay solution for 30.01-27.02.2002, panel c31-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 dayBath:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrument_only/2_plIn_il
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 2&afalie 5-1) using 3d_H, 5d_H

and 7d_M orbits as defined Byable2-1. For conveniencaye summarize the orbit altitude and
subcycles of the analysed orbit scenariofahle6-1.

As we already computed one scenario (2_pIn_iln) using 5d_LL orbits and one scenario
(2_plg_iln) using 5d_LH orbits, we additionally add these results to our comparison.

Figure6-1 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 cangpére 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 ordemdae understood by comparing the orbit
altitudes of the individual orbits ihable6-1: The scenarios using the lowest orbit alitudes give

the smallestetrieval errors.

As can be seen iRigure6-1, this effect becomes increasingly pronounced with increasing SH
degree: The degree amplitude curves of Hane 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 observEdjure6-1is 1_iln, as these curves
are dominated by the neaonal worseaesolved SH coefficients of the single inclined pair
simulation.

Comparing the individual single and doublerpsienarios among each other (e.g. 2_plg_iln
versus 2_pln_iln), we observe that the improving effect of the NGGM noise versus the
GRACEI noise which is visible for low SH degrees becomes secondary for increasing degrees,
where a lower orbit altitude canmpensate 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 a
temporal aliasing errors are included, the benefit of an improved instrument noise performance
which can be especially seen in the instrument only sipgleresults, becomes secondary as

the temporal aliasing errors are larger compared to the ertoosiuced by the instrument
noise: The difference between 1 _plg and 1_pln 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 conpleteness, we also show the corresponding degree median piftgiia 6-2. They
allow for the same observations Bgyure 6-1 and additionally provide a more realistic
evaluation of the scenario 1_iln w.r.t. the other scenarios.

Figure6-3 andFigure 6-4 give the triangle plots and spatial EWH grids of the doublena
scenario 2_pln_iln for therbit 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 froffable 2-1 and
repeated here for conveniece.

Altitude in km | Altitude in km | Subcycles in
(polar pair) (inclined pair) | 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




Final Report
NGGM/MAGIC i Science Support Study During :Dsgﬁ'e!\": QAQG'C—FR
Phase A Date: | 15.11.2022
Page: 88 of 466
a 0? RMS of formal errors (scaled with sigmao0), instr only, 31-day solutions 1b03 RMS of formal erro‘rs (scal‘eu ‘with sigma0), instr ?nly. 7-?ay solutions —
o
A =
'g 10? 102 5,15 1 = ;,.m(a;:won

10 1 1 1 L L 108 1 1 1 1 L
0 20 3 40 50 60 7O 80 94 160 110 120 0 20 30 40 50 60 70 BO 90 100 0 120
degree n degree n
C 108 RMS of coefficients, instr only, 31-day solutions q: RMS of coefficients, instr only, 7-day solutions

w0

€
5
£
I
H
[Z}

10!

10°

L
50 60 0 80 90 10 110 120

degree n

110

60 120

degree n

0 80 a0 100

53 LU 2_pln_iln
80_LH: 2_pig_iin
—d H: 1 plg
1.pin
Ailntsigo =0.1)
2.pig iln
2_pin_iln
5a_H:1_plg

1_pin
1iln (sigp =0.1)
2.pig i

1pin
iln (sign =01
2 plg iln
2.pin_iln

RMS of coefficients, full noise nominal, 31-day solutions

RMS of coefficients, full noise nominal, 7-day solutions

(EWH in cm)

07

10

10!

07
107 107
10° 1 I I L L 0% . I I . L
10 20 3% 40 50 60 70 BO 90 100 110 120 0 20 3 40 50 60 70 80 90 100 110 120
degree n. degree n

—IS

53 LU 2_pln_iln
50_LH: 2_plg_iln

—d H: 1 plg

—_— 1pin

— Ainisig =01

2 pin_iin

- 50 H 1 plg

] 1pin

] iln (sign =0.1)

- 2.pig in

2_pin_iin

170 1 plg

1pin

1_iln {sign =0.1)

2.plg iin

2_pln_iln

Figure 6-1 Degree amplitude plots of the fullscale simulations of the scenarios 1_plg, 1_pin, 1_iln,

2_plg_iln and 2_pIn_iln defined in Table 5-1. Compared are the results obtaied when using 3d_H (solid
curves), 5d_H (dashed curves) and 7d_M (dotted curves) orbits, as defined Dgble 2-1. Additionally, the
results for the scenarios 2_pln_iln $d_LL orbits) and 2_plg_iln (5d_LH orbits) are shown. Panels a and
b show the formal errors scaled by the a posteriori variance factor. Panels ¢ and d show the retrieved
coefficients of the instrument only case. Panels e and f show the coefficient errofghe full noise nominal

case. The plots in the left column show the curves averaged over twoddy solutions, while the plots in
the right column show the curves averaged over nine-d@ay solutions.[Path:
Deliverables/D1/simulation_results/full_scale_simator_v009/old_noise_scaling/]
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Figure 6-2 Degree median plots of the fullscale simulations of the scenarios 1_plg, 1_plIn, 1_iln, 2_plg_iln

and 2_pln_iln 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 Bpble 2-1. Additionally, the results

for the scenarios 2_plIn_iln (5d_LL orbits) and 2_plg_iln (5d_LH orbits) are shown. Panels a and b show
the formal errors scaled by the a posteriori variance factor. Panels ¢ and d show the retrieved coefficients

of the instrument only case. Panels enal f show the coefficient errors of the full noise nominal case. The
plots in the left column show the curves averaged over two 3fay solutions, while the plots in the right
column show the curves averaged over nineday solutions.[Path:
Deliverables/D¥simulation_results/full_scale_simulator_v009/old_noise_scaling/]
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Figure 6-3 Triangle plots and spatial EWH grids of the 3tday instrument only simulations for the double
in-line pair scenario 2_pln_iln, to analyse the effect of the orbit altitude on the retrieval errors. Shown are
the results obtained by using 5d_H (panels a, b3d_H (panels c, d), 7d_M (panels e, f) and 5d_LL (panels
g, h) orbits, as defined byTable 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/instrument_only/]
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Figure 6-4 Triangle plots and spatial EWH grids of the 3tday full noise nominal simulations for the
double in-line pair scenario 2_plin_iln, to analyse the effect of the orbit altitude on the retrieval errors.
Shown are the results obtained by using 5d_H (panels a),l8d_H (panels c, d), 7d_M (panels e, f) and
5d_LL (panels g, h) orbits, as defined byrable 2-1. The solutions are ordered such that the orbit altitude
is decreasingrom 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

7.1INITIAL ANALYSIS

In this section, we analgsthe impact of the intesatellite distance (ISD) dependency of the

LRI noise on the retrieved gravity field solution. For this analysis, we use four different
simulation scenarios: i&tly, 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 |I8@edepe

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 valuesNe scale the LRI noise by factor of ISD/10 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
doublepair configuration corresponding to scenario 2_pln_iln (twina 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.

Figure7-1 shows the amplitude spectral densities (ASDs) of thdiprange rate residuals in

the instrumenbnly case. They include the instrument noise (as can be seen by comparing the
prefit residuals ASDs to the analytical ASDs of the noise models) as well as numerical errors
(which produce the deviations of the shape between thét pesiduals ASDs and the ASDs

of the noise models). The curves show that the noise in-$is¢ flesiduals idominated by the

ACC noise for frequencies below 7*1@"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 bf Figure 7-2 show the degree amplitudes of the retrieved coefficients in the
instrumentonly case, and panels ¢ and drggure7-2 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 iserefathe signalo-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 effétat 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 LRnoise 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 kmogistee so close

to each other demonstrates that the-tfipendency 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 ofFigure7-2), 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.

ll-sst noise
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Figure 7-1 Amplitude spectral densities (ASDs) of the instrumenbnly pre-fit range rate residuals for the
polar in-line pair using MAGIC -type ACC and LRI noise (pIn), in the case of various intessatellite
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-fitespectrum if

no orbit, ACC and LRI noise is used. The dottd 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 @thy retrieval period; panels b, d and f show the results for the
7-day retrieval period.
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7.2REPEATED 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 Sé&ctiois wrong and the
correct scaling factor is supposed to be ISD/220 km. For this reason, the analysis presented in
Section7.1is now repeated using the correct scaling factor for the LRI noise.

First of all, we give an update f&igure7-1 in Figure7-3. 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 areduske relative importance of the instrument
noise compared to the numerical errors in the software is decreasing, as can bé&ggea in

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 <
le-4 Hz where the ACC noise is still stronger than the numerical errors.

An update ofFigure 7-2 is given inFigure 7-4. Quditatively, the results are similar to the
findings presented in Sectighl For larger ISDs, the improving effect of the gain in signal is
predomirating the degrading effect of the increased LRI noise, resulting in smaller coefficient
errors for larger ISDs. The fact that the sigmsc@led formal errors are smaller compared to
the instrument only coefficient errors (especially towards the largetegkees) could be due

to the numerical errors which are contained in the coefficient errors but not in the formal errors.

We note that ifrigure7-4, in contrast td-igure7-2, 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 ca3dw different amount of observations
contained in the 5and 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 corresgagdo their retrieval period.

All'in all, the repeated analysis of the ISBpendence 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.




Final Report
NGGM/MAGIC i Science Support Study During Egﬁ'e!\": QA'S‘GIC—FR
Phase A Date: 15.11.2022
Page: 97 of 466

s RMS of coefficients, instr only, 7/5-day solutions
E [ERERTES
2 pin_iIn (3d_H,1S0 = 150 km)

RMS of coefficients, instr only, 31/29-day solutions

2_pln_iln (5d_LL, 15D = 150 km}
107 L 4 107 - | m—2_pln_iln {5d_LL. 18D = 180 km}

3l (5d_LL, 18D = 220 k)

(EWH in cm)

10!,

| AsZ, (EWH in m)

P
B
<
+ 0 0
o et o 10! W
b H LR RS, . ST, R LT e tympa Ry mm,

s H L L L L L L 107 L L L
1 20 3 4p 50 60 70 BO 90 100 110 120 0 20 30 4 50 B0 70 BO 90 100 110 120

degree n degree n

RMS of formal errors (scaled with sigma0), Instr only, 31/29-day solutions RMS of formal errors (scaled with sigma), instr only, 7/5day solutions

3 3
10 s 07 =tHIS
2 pln iIn (3d_H, 1SD = 150 km)
= e 2 i1 (30_H. 1SD = 180 ko)
5 2 i 17 (34_H, 1SD = 220 km)
= 2_pln_iIn (54_LL, 15D = 150 k)
T o0?- 4 07 - o | —pin i (54_LL 1SE = 180 km)
= i — 2 pln_In (50_LL, 1SC = 220 k)|
o g
-8
=
= !
=
az
i
<
—
& kY e oo,
LTI oF H Tt
R LI LUVE NP SO oS 4 H T L e e msars Ny uma,
T 1
107
0 I L I I I I L 10 . L . I I I L
0 20 3 4p 50 B0 70 B0 90 100 110 120 0 20 a0 40 50 B0 70 BO 90 100 110 120
degree n degree n

D
—

’E‘ 5 RMS of coefficients, full ncise nominal, 31/29-day solutions 5 RMS of full noise nominal, 7/5-day solutions
L 10 s T
c 2 pln il (3d_H, 10 = 150 km)
:
w
= - 4 107 - 4 in_iir (5d_LL 1SD = 180 k)

H = : — 2_pln_iIn (54_LL.ISD = 220 k)
g g
£ =
= ol = .
— t = b
“2 P
i B
<1 <1
+ = 10Y g

farts,
B S, £ T RO OO
o2 Heote et af H i3 R e
3 PR, 4 i T e e e a e g AR
10 I L 1 L L L L 10 L I L 1 I I .
0 20 30 40 50 B0 70 8O 90 100 110 120 W 20 30 40 S0 60 7O B0 G0 100 110 120
degree n degree n

Figure 7-4 Update of Figure 7-2, now using the correct scaling factor of ISD/220 km for the LRI noise.
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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_plg_iln (3d_H) to the new
scenario 2_plg_ilg (3d_H). The only difference between the t@pagios is the accelerometer
noise assumed for the inclined satellite pair: In the newly computed scenario 2_plg_ilg (3d_H),
the NGGMIlike ACC on the inclined pair is replaced by a GRA(i& ACC. The aim is to

find out what the impact of the ACC perfornt@ 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
simulationresults for retrieval periods of 7 and 31 days. As showidnyre8-1, the impact of

the ACC performance of the inclined pair is clearly visible inittetrument only results:
Especially towards the low SH degrees, 2_plg_iln outperforms 2_plg_ilg 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 pdmea and b ofFigure 8-1. In the full noise nominal
simulations, in contrast, this effect becomes overwhelmed by the amplitude of temporal aliasing
errors (see panels ¢ and difjure8-1).

In order to visualize in more detail which SH coefficients are mostly affected by the change in
the ACC performace 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, mds#ly(neat)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 eastest direction. In the te of the retrieval errors of the full noise nominal
simulations shown by panels ¢ and drimfure8-2, we do not find any major difference between
thetwo considered scenarios.

For completeness, we also show the performance of the computed simulation results in space
domain inFigure 8-3. The improvenent of the (neaysectorial coefficient in the instrument

only case can be observed in panels a tokigire8-3 in the form of reduced striping noise
patterns for scenario 2_plg_iln compared to 2_plg_ilg. 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 doublegair constellation is mainly the improvement of the (Fsactorial SH
coefficients in instrumerdnly simulations. If temporal gravity signals are included in the
simulation, this effect however disappears behind the temporal aliasiong evhich 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 instrumerntonly (panels a, b) and full noise nominal (panels c, d)
simulations for the doublepair scenarios 2_plg_iln and 2_plg_ilg. The retrieval period amounts to 7 days

(panels a, c) and 31 days (panels b, d), respectivelyath:
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 instrumertonly (panels a, b) and
full noise nominal (panels c, d) simulations of the scenarios 2_plg_iln and 2_plg_ilg on a logarithmic
scale. Blue colors indicate that 2_plg_iln performs be#r than 2_plg_ilg. [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_plg_iln (left column) and
2_plg_ilg (right column) in terms of EWHSs. Panels a to d show the results of the instrument only
simulations, while panels e to f show the results of the fuloise nominal simulations. The retrieval period
amounts to 7 days (panels a, b, e, f) and 31 days (panels c, d, g, h), respecti{feith:
Deliverables/D1/simulation_results/full_scale simulator_v009/old_noise_scaling/]
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8.2REPLACING THE POLAR BY A SUN-SYNCHRONOUS PAIR

In this section, we compare the previously investigated scenario 2_plin_iln (3d_H) to the new
scenario 2_sIn_iln (3d_H) in which the polar pair (89° inclination) is replaced by-a sun
synchronous pair (97° inclination). The ssynchronous orbihas polar gaps of 7° radius,
which are not covered by any data in the scenario 2_sIn_iln since the polar pair is missing.
However, in the dataovered region of 2_siIn_iln, the combination of the given inclinations
could be beneficial in terms of the mutdlirectionality of the observations.

Both for the 2_plIn_iln and the 2_sIn_iln scenario, we do not apply any regularization. In order
to compare the global performance of 2_sin_iln to the previously computed 3d_H scenarios,
we compute the degree mediarighe respective retrieval errors, since the degree amplitudes
of 2_sIn_iln are strongly degraded by the asamal SH coefficients of the polar gaps of the
2_sIn_iln constellation. As can be seen from the plots in the left colurrigofe 8-4, the

global performance of scenario 2_sIn_iln in terms of degree medians is very similar to the other
depicted 3d_H doublpair scenarios in the full noise caseeThrmal errors of 2_sIn_iln are,
however, larger than the formal errors of 2_pln_iln up to degree 50 (which could be related to
the missing data over the polar caps which are needed to constrain thela@igngth features

of the gravity field), and congvable to the formal errors of 2_plIn_iln for degrees > 50.

To obtain a more detailed picture of the relative performance of 2_pin_iln and 2_slIn_iln, we
plot the logarithmic ratio of the respective instrument only and full noise nominal retrieval
errors inpanels b and e oFigure 8-4. Blue colors indicate that 2_plin_iln outperforms
2_sIn_iln, while yellow colors indicate that 2_sIn_iln outperforms 2_ipinin the instrument

only case, the main effect visible is the degradation of 2_siIn_iln in thezoealr SH
coefficients, caused by the missing data in the polar gaps of tkeysanhronous orbit. In the
full-noise case, besides the polar gap effectadditionally see that 2_sIn_iln outperforms
2_pIn_iln in the SH coefficients which are outside the polar gaps of theysghronous orbit,

but inside the polar gaps of the inclined orbit. That means that in the areas which are not covered
by the inclinedoair, and therefore the douhpair performance is solely determined by the first
(i.e., the polar or the stsynchronous pair), the larger inclination of the-synchronous pair

is beneficial for reducing temporal aliasing errors (which are includéeeifull 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-synchronous pair could be found.

To compare the performance of 2_plin_iln and 2_sIn_iln in the spatial domain, we show the
respective EWH grids as stereographic projection$igure 8-5 and Figure 8-6. In the
instrumentonly case, 2_plIn_iln shows a homogeneous performance, also above the poles,
while 2_sIn_iln shows large retrieval ersasbove the 7° polar gaps of the symchronous

pair. In the full noise nominal case, the additional effect that 2_sIn_iln outperforms 2_plin_iln
in the neaipolar region between 70° and a bit less than 80° latitude can be seen (the zonal noise
in the retreval errors for 2_sIn_iln slightly exceeds the 7° polar gaps of thewwhronous

pair as probably the nor$outhdirected observations of the polar pair are missing).

To sum up, by comparing 2_pIn_iln and 2_sIn_iln, we found that replacing theppolaf a
doublepair constellation by a stsynchronous 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 ssynchronous 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 resultsf scenario 2_slIn_iln depicted by the cyan
solid curves. Right: Logarithmic ratio of coefficient errors of scenarios 2_plIn_iln and 2_slIn_iln in the

instrument only (panel b) and the full noise nominal (panel e) casgRath:
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Figure 8-5 Stereographic projection of the instrument only retrieval errors in terms of EWHSs, for the
scenarios 2_pln_iln (left column) and 2_sIn_iln (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 EWHSs, for the
scenarios 2_pln_iln (left column) and 2_sIn_iln (right column), in the northern (top row) and southern

(bottom row) hemisphere.[Path:
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8.3IMPACT OF THE INCLINATION OF THE SECOND PAIR

The aim of this section is to analyze how the inclination of the second pair in a-gairble
constellation affects thgravity retrieval errors. To this end, we compute 3 and 3tday
instrument only and full noise nhominal solutions for the scenarios 2_plg_iln (5d_Ma) and
2_plg_iln (5d_Mb). The altitudes of the 5d_Ma and 5d_Mb orbits are comparable, such that
the maindifference 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 inirlation 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, howeves, cst of a

lower data coverage in the polar regions, where the dqabtgerformance 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 decreasdigretrieval 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 shawgurg8-7,

the 5d_Ma scenario shows a better global retrieval performance than 5d_Mb for most cases.
However, especially for the-@nd 31day solutions, there aralso 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 ploEguare8-8. It is visible that for the (near
)sectorial coefficients, 5d_Ma performs better, whgtue to the larger eastest component

of the observation direction of the inclined pair of 5d_Ma that helps to constrain the variations
of the gravity field in eastvest direction.

For the nearonal coefficients, in general, there is a certain patterhshows up especially in

the full noise case: The very low oreeH coefficients are well constrained, due to the higher
number of polapair observations close to the poles where the groundtracks of the polar pair
converge. Going to slightly larger Sttders, bands of increased retrieval errors are visible in
the 2d SH domain. These bands of decreased performance reflect the large temporal aliasing
errors in the polar gaps of the inclined pair, where only the 1sokh directed observations

of the mlar 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 improvesetheval
performance for the sectorial coefficients but degrades the performance in thelabovieed
nearzonal band explains the observation that the degree amplitudes of the retrieval errors of
5d_Ma and 5d_Mb show intersections, especially in thefise 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, Begire8-9.
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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 EWHvghiges plotted in
Figure 8-9 along parallels and plot them iRigure 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 doyhdér 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 instrumenbnly 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 is3 days (left column), 5 days (middle column) and 31
days (right column), respectively. The red curves show the retrieval errors of scenario 2_plg_iln (5d_Ma)
while the yellow curves show the retrieval errors of scenario 2_plg_iln (5d_Mb]JPath:
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_plg_iln (5d_Ma) and 2_plg_iln (5d_Mb). The retrieval period is 3 days
(top row), 5 days (middle row) and 31 days (bottom row). Note thaifferent maximum SH d/o until which
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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_plg_iln (5d_Ma) and

2 _plg_iln (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:
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Figure 8-10 Root-meantsquare 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 Yietnorth pole (for the
solid curves) and the south pole (for the dashed curves). The blue curves correspond to the scenario
2_plg_iln (5d_Ma) and the red curves to the scenario 2_plg_iln (5d_Mb), respectively. The vertical lines
mark the inclination of the respective second pair (65° for 5d_Ma and 70° for 5d_Mb])Path:
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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 |iSedalef-1.

The main difference to the previously analyzed scesasithe assumed ACC instrument: For

the new scenarios, we consider the coassdine-pointing superSTAR accelerometer as well

as the finepointing microSTAR accelerometer. For each combination of an ACC instrument
and an assumption for the drag compénseaof the satellite (no drafyee, drag compensation

along the x axis only, drag compensation along all three axes), the fregiegeydent ACC
product noise (given al ong t-$pecifiesl mttears bfiant e s 6
Amplitude Sgctral Density (ASD). The dependence of the ACC ASD on the satellite altitude

is rather weak.

Figure9-1 shows these given ACC ASDs for four caseshagellow curves in the four panels.
Panels a and b show the coalemed finepointing superSTAR ACC in no drdgee mode for a
satellite altitude of 488 km. Panels ¢ and d show the microSTAR ACC assuming drag
compensation along theaxis, for satellitaltitudes 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 basedgoren ASDs has been adapted such that the factor of
1/sqgrt(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 toavoid an unrealistic increase in the derived retrieval errors due to ACC noise in the
very low frequencies < 14 Hz, we highpas§lter our noise time series such that their ASDs
(orange curves ifrigure 9-1) become flat for f < 14 Hz and do not increase in amplitude
towards lower frequencies, as it is shown by the given ACC ASDs (yellow cur¥egure

9-1). This procedure can be justified as also real ACC data can be hiditeasd to improve

the gravity field retrieval in the real data processing case.

The blue curves shown ligure9-1 are the ASDs of the instrument only giterange rate
residuals computed by our simulation software, which represent the observation vector of the
associated EQ system. The difference in amplitude between thdipspectra 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 ingtrumen
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 coarpeinting superSTAR case whettee instrument noise levels are

still large enoughThe limitation of the simulations due to the large numerical noise levels is a
problem specific to the fubcale simulation software (version v009) used at TUM and is not
present in the software usedafZ. 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 3day simulaibn results for the scenarios RSR5 and S5 in Figure
9-2. By comparing the coefficient errors (panel a) and the formal errors (panel b) of the
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instrumentonly case, we see that especially for scenarib ®here 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 thegertble righthand

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 SF5 and S5 becomes minor.

In order b find out if the impact of replacing a firginting superSTAR ACC (no drag
compensation) by a firgointing microSTAR ACC (drag compensation along thaxis)
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%8BM 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 + 0.78df)(gaich

that the new difference of the two used models amounts to 0.75-&¢gotvhich 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 oceansilegimodel, we exchange the
dealiasing model used for the usual full noise nominal computations (DEAL + 1 * AQerr) by
DEAL + 0.75 * AQOerr.

Panel d ofFigure 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 ¢, we see a
slight improvement if the BM errors are reduced. This impact, however, is ratherasvafip

in the 75% BM error case, the temporal aliasing errors lie well above the instrontgptror

level. l.e., also in the case of 25% reduced BM errors, the impact of replacing the superSTAR
by a microSTAR accelerometer is negligible, given the stiich larger temporal aliasing
errors.

To summarize, we found that in the case of much reduced instrument error levels (especially
the finepointing superSTAR and microSTAR ACC instruments), the numerical errors in our
simulation software influence thestrumerionly 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 to S8 using the superSTAR coarse (ssc), sSuperSTAR
fine (ssf) and microSTAR fine (msf) accelerometers in no draffee, 1 axis dragfree and 3axes dragfree
mode.

Polar pair Inclined pair
ID orbit alt./km | incl./° | ACC | d.-free| orbit alt./km | incl./° | ACC | d.-free

SR1]5d H |488 89 SsC | no

SR2]5d H | 488 89 ssf | no

SR3]5d H | 488 89 ssf | 1 axis

SR4]5d H | 488 89 ssf | no 5d E | 488 75 ssf | no

SR5]5d H | 488 89 ssf | no 5d H | 465 75 ssf | 1 axis

S1 |5d H |488 89 msf | no

S2 |5d_H |488 89 msf | 1 axis

S3 |5d H | 488 89 ssf | no 5d H | 465 75 msf | 1 axis

S4 |5d H | 488 89 msf | no 5d H | 465 75 msf | 1 axis

S5 |5d H | 488 89 msf | 1axis |5d H | 465 75 msf | 1 axis

S6 |3d H |463 89 msf | no 3d H [432 70 msf | 1 axis

S7 |3d_H | 463 89 msf | 1axis|3d H | 432 70 msf | 1 axis

S8 |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 coarsepointing 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 ¢ and d: microSTAR fine
pointing ACC with drag compensation in x direction (for an altitude of 465 km for panel ¢ and 488 km for

panel d)).
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Figure 9-2 Degree amplitudes of the retrieval errors for 31day simulations for the scenarios SR, SR5
and S5. Panels a and b show the retrieval errors of instrumenbnly simulations (a: coefficient errors, b:
formal errors). Panels ¢ and d show the retrieval erors 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)_noisaling/ and
Deliverables/AdH0c/20220209_SR1_SR5_S5]
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9.2 REDUCED-SCALE RESULTS FOR SCENARIOS SR-5 AND S-5

As has been shown in Sectifri, the results for the scenarios-3RSR5 and S5 computed

by the fullscale simulation software are partly strongly affected by numerical errors in the
software. For this reason, we additibpahow here some results computed using the reduced
scale simulation software available at TUM.

Figure 9-3 visualizes the relative magnitude of theoe contributors for the SB and S5
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 instramignesults as shown

here would be larger if thestrument noise time series was not scaled by the factor 1/sqrt(10)
(see Sectiof.1for more background information on this factor). By compariegristrument

only results for SF6 and S5, we see that contrary to the correspondingdcdlle simulation

results shown in panel a Bigure9-2, the esults computed by the redueschle simulator do

not suffer from numerical errors that strongly, which is why we repeat part of our analysis
presented in Sectidh1in the present section.

The impact of the temporal aliasing errors introduced in the full noise case duetidah&©O

and ocean tide background model errors is separately shown by the blue and red curves in
Figure9-3. First of all, in comparison to the instrumantly curves, it is visible that the part of

the retrieval errors that is caused by background model errors is e aaérs 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 backgiwmodel errors of this magnitude are
included.

To summarize this section, using the reduseale simulation software which does not suffer
from numerical errors as strongly as the-gdhle simulation software, we could confirm our
results on the relate importance of the instrument noise and the background model errors
shown in Sectio®.1 Even if the background model errors were reduced by Bad4mpact

of replacing the superSTAR accelerometer used fob 3y the microSTAR accelerometer
used for S5 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 doublpair scenarios SR5 and S5 using
the reducedscale simulation software. The green and cyan curves show the retrieval errors of the
instrument-only simulations for the SR5 and S5 scenario, respectively. The blue curves show the
retrieval errors if temporal aliasing errors due to norttidal background model errors are included, while
the red curves show the retrieval errors if temporal aliasing errors due to ocean talbackground 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/2022Q@09 _SR1_SR5_Sb5/reduced_scale/]
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9.3FULL-SCALE RESULTS FOR MICROSTAR INCLUDING DRAG
COMPENSATION

In thissulchapter, we investigate the impact of various product noise scenarios on the double
pair-based gravity retrieval performance. These scenarios repraseombination of the
MicroSTAR instrument performance combined with different levelsinsperfect drag
compensation for the inclined satellite pair in regard to different atmospheric conditions ranging
from a« askeesti ul |l , i . e .(herg Ehe pedarn@agce doesmat depenchon i 0 n
whet her the atmospheric activitcyawsesd mMDnidma
compensation, i.e. in aloftgack direction, considering maximum atmospheric conditions. The
noise scenarios are denoted as MAXMAX1D 50%, MAX3D (equivalent to MIN1D) and

MIN1D (equivalent to MIN1D prima), and their specifications are depictdeigare 9-4 in

terms of ASDs. Note that the pradunoise 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 e@3). The retrieval is carried out for a time span of 7 days for a product
noiseonly as well as for a fulhoise (i.e. including time&ariable gravity field) case.

instrument noise specs inclined pair
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= 100 MAX1D 50%
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NQ | ‘ —LTINGGM req
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Figure 9-4 Investigated product noise specifications

The retrieval errors in case of a prodnoiseonly retrieval scenario are depictedHigure9-5.

It is evident that theeference scenario showsas expected 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
performworse 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 thesldtad

Aspi keso at multiples of the or lhe MAXID50% e quen
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 higies level in the low
frequencies and on the other hand with the significantly increasedelaaged 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 showm 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 carnbe optimally handled even through specifically tailored

stochastic modelling.

102 E T T T T T T
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Figure 9-5 Retrieval error for the product -noise-only simulation scenarios
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Figure 9-6 Retrieval error for the full -noise simulation scenarios

120

In case of the fulhoise simulation scenario where-aléasing is applied for the AO and OT
components with the HIS component as target signal, the variations between the investigated
scenarios are much smalléef. Figure 9-6). Clearly much of the impact of the drag

compensat.i

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

on is covered by the

t e mmporala |

be seen up around to d/o 25 in case of MAX1D, which is, as already néhediroducinoise
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10 REPROCESSING WITH METHODOLOGY UPDATES
AND ANALYSIS OF RESULTS (GFZ2)

In this chapter results related to the application of tetef or datairiven multistep seHde

aliasing (DMD) approach are assessed. Originally, the DMD approach welspid in order

to improve singlepair-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 nominalgrived gravity field solution. In order to

evaluate whether this approach is also able to improve Béyperderived gravity field
solutions, it has been applied in the si mul
approach has been applied at the eplanof the Bender 3dH scenario for monthly and-sub

monthly retrievals.

10.1 DMD APPROACH FOR SINGLE-PAIR FORMATION

The strategyf the DMD approaclis to capture the sheperiodic longwavelength signals,
which are predominantly related to the tiwaiableAO 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 test$or real GRACE and GFO dathis value has been set to d/o 12) are estimated,
disregarding the fact that the observations contain alsed@gkee signals and thalowing

for a certain amount of spectral leakafe=ating 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 lowdegree spectrum, thus inducing agkascale error. Therefore, its shavavelength
components are reduced and retain thedegree part, i.e. the estimation of the interval fields

is done while fixingthe highl e gr ee spectrum to the static si

These fields then represent idastandalone 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 e&dong e.g. monthly, solution is

estmated 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 therhorsglution. In

fact, the latter is done in an alternative approach, wherethe in v a | fieldsd mean
computed already after the estimation of the stearh interval fields and already restored to

them instead of restoring the low degrees of the-teng solution, so that the reference
observations used for the-dBasirg step are only comprised of variations with respect to the
total sitgmmdards | ong

The approach has already been tested on real GRACE/GFO data showing significant reduction
of retrieval errors for dedicated monthly periods. As an example, théipeneraged gravity

field recovery of the year 2007 together with the result when applyingNH2 approach are
displayed inFigure10-1. It is to mention that th&FZ related results were computed based on

the RLO6 processing scheme
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Figure 10-1: Monthly averaged degree amplitudes in mm geoid of the year 2007 for GFZ RLO6 nomina
processed fields (black) and foriélds including the 2step approach (blue).

In order to check whether the approach is working in the simulation world as well, it was applied
to a single pair GF@ike formation flying at 490 km altitude, at first. Identical instrument noise
assumptionsvere used as for all the polar pairs of the Bettglee formations simulated in this
study. The fixing of the higldegree spectrum when estimating the daily fields (up to d/o 12)
was done by means of a static field (GOCQ0Bbgure 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 DMiDocessed solution benefitsinaeduced 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.

. Gravity field retrieval error. Polar pair 490 km
10

—— HIS signal
—— nominal
1034 —— 2-step

102 4

SH degree amplitude [mm Hz0]
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Figure 10-2: Degree error amplitudes in mm EWH for a singlepair formation based on a monthly retrieva

when using the nominal processing scheme (green) and when applying the DMD approach (red).
reference signal is displayed in black.
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10.2 DMD APPROACH FOR DOUBLE-PAIR FORMATION

Thetest 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 doterms 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 thieservation geometry allow for a higher maximum
resolved daily retrievalFFigure 10-3 displays the performances of the daily fields used as
additional dealiasing modkin the second step when performing the lbeagn (monthly or
submonthly) 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.
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Figure 10-3; Degree error amplitudes in mm EWH for the 3dH scenario of all daily fields from Januar

2002 resolved up to max. d/o 12 (blue) 16 (green) and 20 (cya8olid lines represent the average of tl
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 additionahlidsing 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.

Figure10-4 shows the mahly 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
aliagng 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 doeele between 35 and 50
comparedo 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-deases the system due to the long time span of one
month, already. The corresponding spatial representations are displ&ygdrail0-5.

Gravity field retrieval error - 30 days - no AOD

——Mean ACHIS (2002/01)
2 ——nominal
10° [|—Wwiese (d/o 15)
——2-step (d/o 12)
——2-step (d/o 16)

2-step (d/o 20)

SH degree amplitudes [mm H,0]

80 100 120

SH degree

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 10-5: Global grids of monthly retrieval errors of the 3dH formation solved up to d/o 60 withou

including an AOD model.

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 ifrigure10-7. Due to the fact of increased errors tloe 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.

[ecm H,0]
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Gravity field retrieval error - 30 days - with AOD
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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.

Nominal - with AOD Wiese (d/o 15) - with AOD

lem H,0] fem H,01 fcm H,01

Figure 10-7: Global grids of monthly retrieval errors of the 3dH formation solved up to d/o 60 including
an AOD model.
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The DMD approach has been tested forswumthly retrievals as welkigure10-8 andFigure

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 satuts perform similar compared to the
Wiese solution for the low degree spectrum indicating a successhliadeng 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 is\waen for the monthly retrievals. This might be caused by
the shorter retrieval period which hampers the system to furtkeradeA and O signals so that

the DMD additionally helps to deorrelate the system. The amount of retrieval error of the
monthlynominal solution is significantly smaller than the retrieval error of tday’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 dayspared to a monthly
retrieval. The additional daliasing 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).

Gravity field retrieval error - 7 days - no AOD

——Mean AOHIS (2002/01)
——nominal
t——Wiese (d/o 15)
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——2-step (d/o 16)
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Figure 10-8: Degree error amplitudes in mm EWH of a #day retrieval for the 3dH formation without using
an AOD model. The reference signal (AOHIS) is plotted in black.
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Nominal - no AOD Wiese (d/o 15) - no AOD

Figure 10-9: Global grids of 7-day retrieval errors of the 3dH formation solved up to d/o 60 withou
including an AOD model.

Figure 10-10 and Figure 10-11 show the retrieval errors when an AOD model was included
during processing. The perfoance 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 dealiasng A and O signals as the signals, to which the DMD approach aims at (as
well as the Wiese approach), are alreadyalitssed by the AOD model. However, a small
benefit is visible for the DMD solution, which is based on d/o 20 resolved daily fields, evrt. th
nominal solution
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Gravity field retrieval error - 7 days - with AOD
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Figure 10-10: Degree error amplitudes in mm EWH of a #day retrieval for the 3dH formation when using
an AOD model. The reference signal (HIS) is plotted in black.

Nominal - with AOD Wiese (d/o 15) - with AOD
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Figure 10-11: Global grids of 7-day retrieval errors of the 3dH formation solved up to d/o 60 including an
AOD model.

The results for the retrieval of the first 3 days of January 2002 without using an AOD model
can be sen inFigure10-12 andFigure10-13. Similar to the 7day retrievals, the-day DMD

results (especially the solutions bdson 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.
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Gravity field retrieval error - 3 days - no AOD
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Figure 10-12: Degree error amplitudes in mm EWH of a 3day retrieval for the 3dH formation without
using an AOD model. The reference signal (AOHIS) is plotted in black.

Nominal - no AOD Wiese (d/o 10) - no AOD

[cm H,0] [em H,0] [cm H,0]

Figure 10-13: Global grids of 3-day retrieval errors of the 3dH formation solved up to d/o 50 withou
including an AOD model,

The 3day solutions including an AOD model are displaye#igure10-14 andFigure10-15.
Similar to the 7day solutions, the-8ay DMD solutions show only marginal improvements
compared to the nominal and Wiese solutions eaidsing is mostly done by the AOD model.
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Gravity field retrieval error - 3 days - with AOD
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Figure 10-14: Degree error amplitudes in mm EWH of a 3day retrieval for the 3dH formation when using
an AOD model. The reference signal (HIS) is plotted in black.

Nominal - with AOD Wiese (d/o 10) - with AOD
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Figure 10-15: Global grids of 3-day retrieval errors of the 3dH formation solved up to d/o 50 including an
AOD model.

A quantitative overview about the results can be founihisle10-1.
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Table 10-1: Cumulative error in mm EWH for different retrieval periods and different processing
strategiesfor the 3d_H scenario

Cumul. error d/o 50| Cumul. error d/o 50
Scenario ¢no AOD ¢ with AOD
[mm EWH] [mm EWH]

3 days nominal 42.7 -35.7

3 days nominal

21 3.0
9 3.5
26 261
206
240 209

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 habeen fixed to a static field (GOCOO05s) when estimating them. A second set of
simulations has been performed while fixing the high degree spectrum to a VDK filtered
monthly/submonthly gravity field retrieval. This strategy was chosen in order to assess a
possible benefit in the loAgerm 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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Figure10-17 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 behavion the spectrum between degree 20 and 35. Spatial grids for
the three DMD results can be seerrigure10-16.

Gravity field retrieval error - 30 days - no AOD
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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 filte
monthly gravity field. The reference signal (AOHIS) is plotted in black.

2-step (d/o 12) - no AOD 2-step (d/o 16) - no AOD 2-step (d/o 20) - no AOD
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Figure 10-16: Global grids of monthly retrieval errors of the 3dH formation solved up to d/o 60 withou
including an AOD model. Daily estimates are based on fixing the high degree spectrum to a VDK filter
monthly gravity field.

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 é&iasing can be achieved for the spectrum between degree
40 and 60, especially when using daily estimates resolved up to d/o 20, comparedraniaé n
result. The corresponding spatial grids for the three DMD results can be fdeigdriel0-19.
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Gravity field retrieval error - 30 days - with AOD
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Figure 10-18 Degree error amplitudes in mm EWH of a monthly retrieval for the 3dH formation wher
using an AOD model. Daily estimates are based on fixing the high degree spectrum to a VDK filte
monthly gravity field. The reference signal (AOHIS) is plotted in blag.

2-step (d/o 12) - with AOD 2-step (d/o 16) - with AOD

[cm H,0]
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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 filteredonthly

gravity field.

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 theday 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 basedday retrieval cannot be seen as it is seen for the

monthly solutions when fixing the high degree spectrum to a VDK filtered solution.
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Gra\nty field retrleval error 7 days no AOD

—Mean AOHIS (2002/01)
——nominal
f|——Wiese (d/o 15)
——2-step (d/o 12)
——2-step (d/o 16)

2-step (d/o 20)

=
o
[\S]
|

SH degree amplitudes [mm H,0]
'_\
o
2.

=
(=]
o

0 10 20 30 40 50 60 70 80
SH degree

Gravn:y field retrleval error 7 days - with AOD

—Mean HIS (2002101)
——nominal
t{——Wiese (d/o 15)
——2-step (d/o 12)
——2-step (d/o 16)
2-step (d/o 20)

=
o
N
|

SH degree amplitudes [mm H,0]
'_\
o
2.

=
o
O
L

0 10 20 30 40 50 60 70 80
SH degree

Figure 10-20: Degree erra 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
high degree spectrum to a VDK filtered monthly gravity field. The reference sigal is plotted in black.

The results representing aday retrieval are shown iRigure 10-21. Again, DMD related
retrieval errors perform similar to the solutidrased 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 able10-2.
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Gravity field retrieval error - 3 days - no AOD
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Figure 10-21: Degree error amplitudes in mm EWH of a 3day retrieval for the 3dH formation without
using an AOD model (top) and when using an AOD modébottom). Daily estimates are based on fixing tt
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/sutnonthly
gravity fields.

Cumul. error d/o 50| Cumul. error d/o 50

Scenario ¢ with AOD
[mm EWH]
3 days 2step d/o 12 40.9 34.3

3 days 2step d/o 16 36.3 32.9
3 days 2step d/o 20 32.8 29.2
7 days 2step d/o 12 29.8 25.0
7 days 2step d/o 16 31.0 22.3
7 days 2step d/o 20 22.9 20.7
30 days 2step d/o 12 14.6 13.3
30 days 2step d/o 16 14.7 12.4
30 days 2step d/o 20 14.0 115

The application of the DMD approach at the 3dH Bertgpee formation has shown some
improvements wrt. the nominal and Wiese solutions if an AOD model is not included during
processing. The benefit of this approaaim be exploited for shorter or saionthly retrievals

as the overall deorrelation 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 or20). 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 experiencedlidsing, nainly 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 thveriable VDK filteredgravity field retrieval including

less leakage error signals. In case ofsuimthly 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 coargd to the nominal and Wiese solutions for all different
retrieval periods due to already-dkased 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 retrreved derived in our
simulations, we use tirreariable decorrelation (VADER) filters as defined by Horvath et al.
(2018):

W 0 | 0 0w w o

wherewandw are the vectors of unfiltered and filtered SH coefficients, respectival/the
NEQ matrix & 0 6, which is equal to the inverse of the error variacoeariance matrix)

is the inverse of the signal variance matrixs the scaling factor an@ is the filter matrix.
The matrix0 is a diagonal matrix containing theciprocal squares of the SH coefficients of
the monthly HIS signal. The value |ofis determined as to minimize the RMS of the global
error grid of the filtered model.

The error3w of the VADERfiltered gravity field solutiorw

3w w 00
®w ® 00Y
®w '00%Vzw '0O0Y
w3 w poOoY

consists of two parts: The filtered retrieval erdor3w and the HIS signal dampening

®w p "OQApplying a stronger filter (e.g. using a larger value fpleads to a decrease of
W 3 as the error part containedtire retrieved field is increasingly dampened, but also to an
increase of @ p "O'Q"¥s also the (HIS) signal part containedtie retrieved field is
increasingly dampened which also increases the valsie of

In the following sectiond1.1and 11.2 we analyze the effect of VADERtering on the
retrieval errors of simulations being based on 5d_Ma and 5d_Mb orbits (sEctipand 3d_H
orbits (sectiorll.2).
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11.1 IMPACT OF THE SECONDP Al R6 S | NCLNPROATFI ON |
PROCESSED SOLUTIONS

As described in sectioB.3, the consequences of choosing a lower value of the inclination of

the second pair in a doubbair configuration are reduced temporal aliasing errors in the low
latitude region covered by bot pai r s, as wel |l as | arger pol a
leading to a larger region where only the sifgidar pair performance is reached. In this
section, the impact of applying VADER filters to the-@dy full noise simulation results for
thescenarios 2_plg_iln (5d_Ma) and 2_plg_iln (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 matrix0 . That means for the present case that in the 5d_Ma scenario, especially-the near
zonal coefficients are filtered more strongly, white the 5d_Mb scenario, this is the case for

the sectorial coefficients.

Figure11-1 andFigure11-2 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 solutidrhe striping errors in the Iovatitude 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 hasto be noted that, as described above, although after the filtering, the 5d_Mb solution is
more similar to the 5d_Ma solution in the katitude region, this is achieved by a stronger
filtering in the 5d_Mb case compared to the 5d_Ma case, as can baldgriecemparing the

error amplitudes of the unfiltered solutions.

Figure11-3 shows how the errors of the unfiltered and filtered solutions behavé&astan

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 wi#l 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 vamce matrixd , 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 rggctive 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 neanal polar gap coefficients are inped by the
filtering, while in the 5d_Mb solution, especially the sectorial coefficients are improved.

By considering the errors of the filtered solutionEigure11-1 andFigurell-2, it is noticeable
that their structure is determined by hilgaquency signatorrelated errors. To analyze their
origin, we investigate the error components of the VAEHRred solutions irFigurel1-5and
Figure11-6. This shows us that the observed kigggquency errors are introduced by the HIS
signal dampening. As the VADER filter is constructed based on the error vaciavegance
information of the etrieved solution, it especially eliminates hi§hl degree model contents,
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which, besides the higtlegree noise, also include hi§l degree signal components. In our
simulations where the signal corresponds to the HIS model, this effect can most prigminent

be seen in Greenland, where laffjd degree tim&ariable 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 timalsg 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 . Figure11-7 shows the errors as a function of
latitude, for0 values between 20 and 120. It can be observed that for increasing values of
0 , the contribution of the HIS signal dampening to the error of the filtered solution is
increasing. Up to abouik U 1tthe error budget of the filtered solutions is determined by
the filtered retrieval errors. This effect can also be observed in the pandtgyo@l1-5 and
Figurell-6.

To summarize, the performance of the 5d_Ma and 5d_Mb scenarios is comparable if
considering VADER(iltered 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.

2_plg_iln_5d_Ma_VADER_M_Jan2002_noavg_noapprox, alpha = 100

Unfiltered solution - Errors of unfiltered solution
3

o
EWH [cm]
=
EWH [em]

=)

EWH [cm]
=)

EWH [em]

=
EWH [cm]

Figure 11-1 31-day full noise nominal simulation fa scenario 2_plg_iln (5d_Ma). Top row: unfiltered
solution (left) and its difference to the HIS reference field (right). Middle row: VADERfiltered 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_plg
_iln_5d_Ma/]
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2_plg_iln_5d_Mb_VADER_M_Jan2002_noavg_noapprox, alpha = 100
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Figure 11-2 31-day full noise nominal simulation for scenario 2_plg_iln (5d_Mb). Top row: unfiltered
solution (left) and its difference to the HIS reference field (right). Middle row: VADERfiltered solution

(left) and its difference to the HIS reference field (righ}. Bottom row: HIS reference field.[Path:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_plg
_iln_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, O 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_plg_nil (5d_Ma) and the red curves to the scenario 2_plg_iln
(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 gise_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_plg_iln (5d_Ma,
left) and 2_plg_iln (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(iltered 31-day full noise solution for the
scenario 2_plg_iln (5d_Ma). e is the error of the unfiltered solution. e, is the error of the filtered
solution, consisting of the filtered retrieval errorsr , e and the HIS signal dampening effectsr ,

7 |=.-|Pane| a shows the error components as spatial EWH grids, parieshows the RMS values of the
EWH grid values along the parallels, and panel ¢ shows the degree amplitude curves associated to the
individual fields. [Path:

Deliverables/D1/simulation_results/full_scale simulator_v009/old_noise_scaling/full_noise_nominalifg
_iln_5d_Ma/]
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Figure 11-6 Analysis of the error components of the VADER(iltered 31-day full noise solution for the
scenario 2_plg_iln (5d_Mb). e is the error of the unfiltered solution. e, is the error of the filtered
solution, consisting of the filtered retrieval errorsr , e and the HIS signal dampening effectsr ,

7 |=.-|Pane| 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 ¢ 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_plg
_iln_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. Theinderlying EWH grids are computedbased on coefficient errors of SH d/o
2 tod | 4. Where we varyd | 4+ .from 20 to 120 (top to batom panel). The color coding of the left panel
(scenario 2_plg_iln (5d_Ma)) corresponds to the color coding applied iRigure 11-5. The color coding of
the right panel (scenario 2_plg_iln (5d_Mb)) corresponds to the one ifigure 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 subsequaayt fall

noise nominal solutions for the scenarios 1_plg (3d_H) (maximum degree: 100) and 2_pIn_iln
(3d_H) (maximum degree: 12@igure11-8 to Figure11-11 show the effect of the filtering:

The errors become smailand less ordetependent. 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 filteréidselonly
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 VADERIlter. 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 (iciddy 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_plg and 2_plrevieals that the
difference between the errors of the unfiltered and filtered solutions is smaller for the-double
pair than for the singtpair solution. This is explained by the fact the VADER filter is designed
based on the varian@®variance informatio of the specific solution it is applied to, and the
retrieval errors of the singlgair solution are larger than for the doupksr solution, such that

the singlepair solution becomes filtered more strongly.

Figure11-12 shows the effect of the filtering as a function of latitude. Before the filtering, the

1 plg solution shows an error increase towards the equator, which is produced by the large
stiiping errors contained in the singpair solutions. The 2_plIn_iln 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 errobees significantly reduced, and the
performance of the two scenarios becomes more similar.

Figure11-13 shows how the error of the 52 subsequenttsmia varies over time. Before the
filtering, the quality variationamong subsequesblutions is much larger for 1_plg than for
2_pln_iln. This variation of the errors over time is due toAheandomfi sampl i ng
variable signals that lead &tiasing For the filtered solutions, the errors become more constant

over time.

The degree amplitude plots Figure 11-14 show how the error of theolutions 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_plg comparenl 2_pIn_iln shows one of the advantages of the depiile
configuration: a weaker filter is required than for the sipge solution.

Figurell-15shows the VADERAIfter bias spatially for the two scenarios. Also here, it can be
seen that the bias is larger for the filter applied to the sjpgjlescenario 1_plg compared to

the doublepair scenario 2_pin_iln.
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Figurell-16 andFigurel11-17 show the error components of the filtered solutions. As the
filter applied to 1_plg is stronger tharethilter applied to 2_plIn_iln, the signal dampening
component is larger for the 1_plg filtered solution compared to the 2_pIn_iln filtered solution.
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Figure 11-8 7-day d/o 100 full noise nominal simulation for scenario 1_plg (3d_H). Top row: unfiltered
solution (left) and its difference to the HIS reference field (right). Middle row: VADERfiltered solution

(left) and its difference to the HIS reference field (ridpt). Bottom row: HIS reference field. [Path:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1lyear
_solutions/1_plg_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_plg (3d_H). Left: Errors of unfiltered solution, right: errors of VADER -filtered

solution. [Path:
Deliverables/D1/simulation_results/full_scale_simulator_v009/dl noise_scaling/full_noise_nominal_1lyear

_solutions/1_plg_3d_H/]
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Figure 11-10 7-day d/o 120 full noise nominal simulation for scenario 2_pIn_iln (3d_H). Top row:
unfiltered solution (left) and its differenceto 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_scalinglfunoise_nominal_lyear
_solutions/2_plIn_iln_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_pln_iln (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_1lyear
_solutions/2_plIn_iln_3d_H/]
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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 7day full noise nominal solutions for the scenarios

1 plg (3d_H) and 2_pln_iln (3d_H), where SH coeftients from d/o 2 to 100 have been usefPath:
Deliverables/D1/simulation_results/full_scale _simulator_v009/old_noise_scaling/full_noise_nominal_1lyear
_solutions/]
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Figure 11-13 Standard deviation of EWH error grids for the 52 subsequent ®tay d/o 100 full noise
nominal solutions for the scenario 1_plg (3d_H) (panel a) and 2_plIn_iln (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_1lyear

_solutions/]
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Figure 11-14 Degree amplitude curvesdr the 52 subsequent -tlay full noise nominal solutions for the
scenarios 1_plg (3d_H) (top) and 2_pIn_iln (3d_H) (bottom). Shown are the curves for the unfiltered
solutions (dark blue: coefficient errors, cyan: formal errors), the curves for the VADER(iltered 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_1lyear
_solutions/]
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Figure 11-15 Spatial plots of the bias of the VADER filters applied to the {day full noise nominal
solutions for the scenarios 1_plg (3d_H) (panel a) and 2_plIn_iln (3d_H) (panel b). [Path:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scalifigl_noise_nominal_lyear

_solutions/]
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Figure 11-16 Error components of the VADER-filtered 7-day full noise solution for the scenario 1_plg
(3d_H). eis the error of the unfiltered solution. e, is the error of the filtered solution, consisting of the
filtered retrieval error 5, e and the HIS signal dampening effects, 5 Ed[Path:
Deliverables/D1/simulation_results/full_scale_simulatorv009/old_noise_scaling/full_noise_nominal_1lyear

_solutions/]
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Figure 11-17 Error components of the VADER-filtered 7-day full noise solution for the scenario 2_pln_iln
(3d_H). eisthe error of the unfiltered solution. e, is the error of the filtered solution, consisting of the
filtered retrieval error 5, e and the HIS signal dampening effect s , 3 Eq[Path:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal_1lyear
_solutions/]
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12 IMPROVEMENT OF DOUBLE-PAIR SOLUTIONS OVER
THE POLES

The motivation of this section is the observation that Behyger doublepair (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 observatiotise polar pair are
supposed to control the DP solutions for latituges "Q ("Q 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 polde®en 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 thaif) since the knowledge derived fro
extends beyongg s Q

Our olution strategy for improving DP solutions in the polar areas is to separately compute
corresponding SP solutions up to the same SH degree andjordeas the DP solution and

use some of the SP solution coefficients as pseudo observations toizeghlaDP NEQs. To

this end, we exclusively use those coefficients of the SP solution that are related to the polar
areas of latitude® s < , where the parameter  "Qis optimized, as will be described
below. These polagap coefficients are defined the degree-dependent maximum order

a 3 A £
The regularization NEQ system is defined as
0 0 w O0a

where 0 O is a0 -by-0 diagonal matrix with diagonal entries p on the
position of SH coefficients with orders & ¢ and zero entries else, and & is a

0 -by-1 vector that on the position of SH coefficients with ordecs ¢ contains the
SP solution coefficients and is zero on all other tss.

The regularized DP solution is computed using the equation
W R 0OULO | 00 0OULa | O«

where 5 0 6 ho 0 & definethe NEQ system of the DP anib the weighting parameter
determining lhe 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 to7aday d/o 100 full noise solutioof the scenario
2_piIn_iln (3d_H)Figure12-1 andFigurel1l2-2 show how the performances of the SP solution
1 pln and the DP solution 2_pin_iln compare. At about | o, Jhe SP solution starts to
outperform the DP solution. As shown Bigure 12-2 c, the neazonal 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 polesa@wripe coefficient

errors of the regularized and original DP solution by considering panel d reveals that our
regularization method exclusively improves the polar-gdgted coefficients of the DP
solution, while the remaining coefficients stay unafelc 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 @&l d/o 120 full noise nominal solution of the
samescenario 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.

Figurel12-4 shows the results of our regularization method. It can be seen that by applying the
found optimum values for the parameterande , the regularized DP solution shows almost
no difference to the original D$blution 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 polezlaged SH
coefficients of the d/o 120 SP and DP solutiodrigure12-5. Panel a shows that although over

the poles, the SP solution contains smaller errors than tiselDfon, the polar gapelated SH
coefficients of the SP solution produce large errors in the Watiénde 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 120 DP solution using the polar gaglated 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 pasimeter
ande 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 -2 ®lution significantly improves

the DP solution over the poles, and also providglgghtly improved performance in a global
sensdéwhich, however, would only slightly impact the cumulative error curves of this solution)
For a d/o 120 3tay solution, wdound that the method cannot provide a global improvement

of the DP solution when improving it over the poles, as the polaredafed 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 nderlying EWH error grids for the scenarios 1_plIn (3d_H) (blue curves) and

2_pln_iln (3d_H) (red curves) are shown byFigure 12-2. Panel b shows the same curves as m, 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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Figure 12-2 EWH error grids for d/o 100 7-day full noise nominal simulations for the scenarios 1_pln

(3d_H) (panel a) and 2_pIn_iln (3d_H) (panel b). Panel ¢ shows the ratio of the coefficient errors of the
scenario 2_plin_iln divided by the scenario 1_plin, on a log&hmic scale.[Path:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/]




Final Report

" ; ; Doc. Nr: | MAGIC_FR
NGGM/MAGIC i Science Support Study During : —
Phase A Issue: 1.0
Date: 15.11.2022
Page: 156 of 466
a 12 full msl‘se numinal,f‘lrsl 7-day sa‘lulions, Nma‘x = mﬂ,alpl‘|a= 1e427, ||:\:| =83 } b 2

10 N jap-regularized (narth) || !

A = = 2.pin_iI regularized (south) N

) AY

v N S
8 \ ’ N 08y

E “ /! 4 AR H \
£ , - = -
2o \\. /7 NI AN
z = \ ’ i z N .
z ‘ \ = N .
z .. ‘ i N~ T -d
ab ' 0a- . N
’ by
\‘ ’ \.
v .
2l \\ 02- - IJ
N T o oET e
P e e B N = ! o o L L L L L T'
o 10 20 30 40 50 60 70 80 20 70 72 T4 76 8 80 82 B4 ] B8 a0
Latitude in * Latitude in *
C fuull noise nominal, z_pn_iln(reg), 7-days solution, Nmax = 100 d 0 full noise nominal, 7-days solution -

Colatitude in *

EWH of coeff. errors in m
log] errors 2_pin_iln(reg) / errors 2_plin_iin ]

0 50 100 150 200 250 300 350
Longitude in °

Figure 12-3 Result of the regularization of the 7day d/o 100 full noise nominal DP solution 2_pin_iln
(3d_H) using the corresponding SP solution 1_pln (3d_H) as described in the text. As optimal
regularization parameters, we found» and v J. In panelsa and b, the regularized DP

solution is shown by the green line. Panel ¢ 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 31day d/o 120 full noise nominal DP solution 2_pln_iln
(3d_H) using the corresponding SP solution 1_pln (3d_H) as described in the text. As optimal
regularization parameters, we found» and v J. Panels ae as inFigure 12-4.
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Figure 12-5 EWH error grids computed based on the polar gap (defined by J)-related SH

coefficients of the 31day d/o 120 full noise nominal solutions for the scenario 1_plIn (panel a) and
2_pIn_iln (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 shorterm (3day) gravity solutions from the data of a Bentigre doublepair
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 solutionessigated.

To this end, we compute five subsequent d/o -da full noise hominal solutions for the
scenario 2_plg_iln, for the four different orbit scenarios listeddble 13-1. Our reference

orbit scenario is 3d_H, in which both the polar and the inclined pair hdag Subcycles and

a common westward longitudinal drift of about 1 degree per day. To evaluate the impact of the
3-day subcycle ofte polar pair, we compare 3d_H to the scenario U3d5d_H. For investigating
the impact of the -8lay subcycle of the inclined pair in the case of a missidgy3subcycle of

the polar pair, we compare U3d5d_H to the scenario U5d_H. To analyze how the confitmon d
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 hdag S3ubcycles but their
orbits drift at different rates such that the doudér grour track pattern is different each of

the subsequent@ay periods.

Figure13-1 visualizes the doublpair ground track for the first-8ay period foithe scenarios

3d_H, U3d5d_H and U5d_H. It can be seen how missidgy3subcycles 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 tgaqls of the polar pair are filled by

the ground tracks of the inclined pair upgtg x 1 As for U5d_H, both the polar and the
inclined pair have no-8ay, but 5day subcycles, the gaps in the@y ground tracks of the two
satellite pairs coincide whidkads to especially large gaps at low latitudes.

The degree amplitude curves of the resulting full noise nominal solutions are shown by panel a
of Figure13-2. Panel b shows the corresponding curves after eliminating the impact of the
varying orbit altitudes (cfTable 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, btutthe same time the (instrument) noise
obscuring the signal in the satellite data is altitikependent. Assuming that in the case of
low-low satelliteto-satellite tracking missions, the main quantity measured by the satellites is
the range rate, whicis 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- gori, we use the mean radio$ the polar and inclined peof the
considered scenarfowe f ound that the effect of wusing

is very small). Assuming that the measured data is the sum cf the - dependent signal and

the noise, the retrieval error (being the diffeebetween the SH coefficients derived from the
noisy data and the true SH coefficients of the signal) contains the-thepasdent factar
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) as reference scenario,
we correct the retrieval errors of a specific scenario (with mean radius of polar and inclined pair

of i ) by multiplying them by —

The impact othis height correction on the retrieval errors can be seen by comparing panels a
and b ofFigure13-2. It can be seen that fax40, thethree betteperforming scenarios move
together in their performanedter 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 investigte the necessity of a match between the subcycle lengths of the polar and
inclined pair to the @lay retrieval period by consideriftigure13-2, Figure13-3 andFigure
134.

The comparison ahe retrieval errors of 3d_H and U3d5d_H shows that the gaps in the polar
pairés ground track present for U3d5d_H sl
small n, no impact can be seen. In the spatial plots, it can be seen that especslyititien

(

ofsmalls cal e features at |l ow | atitudes is affec

ground tracks towards the poles prevents a significant degradation of the U3d5d_H solution
over the poles.

Comparing the retrieval errors of U3d%4land 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 revealhat these gaps are responsible for the degradation ofdhg 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 obseations, we conclude that shaerm (3day) solutions are indeed affected by
a match between the subcycle length and the retrieval period. A misdmgstibcycle of the
polar pair is acceptable, but affects the resolution of secale features at lovwatitudes.
However, if the polar pair orbit isncontrolledanorbit control for the inclined pair to maintain
the3-daygroundtrack subcycles is crucial for the homogeneous qualitg@B8day solutions.

Finally, we investigate the necessity of a coom longitudinal drift rate between the polar and
the inclined pairds orbits 4{daysolusonshFemhisgnen o u s
compare the error spread of the five subsequatdy3solutions for the scenarios 3d_H and
U3d_H. As the inchation 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 coordioatios
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 byFigure13-5, 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 safcles 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 subsequedéay solutions. That means, the doupéer
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ground trak pattern does not need to be exactly equal between the subsedagrsdbutions,
as long as there is no strong spatial variation in the ground track density, as has been shown in
the abovedescribed analysis of the necessity of the orbit subcycles.

Table 13-1 Orbit scenarios for evaluating the impact of orbit subcycles and drift rates on-8lay gravity
retrieval.

Alt. Incl.  Alt. Incl. .
[km] [deg] [km] [deg] Requirements

Coordinated
MRD-0407
Fulfilled
MRD-0507
Fulfilled
MRD-06071
Fulfilled

3d_H 432 70 463 89 1451 1.449 -3.076 -3.067 3,7,31 3

Uncoordinated

MRD-0407

Violated
1.451 1.172 -3.076 -0.790 IP: 3, 31 MRD-0507
(3d) (5d) (3d) (5d) PP: 5, 31 Violated
MRD-0607

Violated
MRD-040i

Violated
1.061 1.172 -0.284 -0.790 IP: 5 MRD-0507
(5d) (5d) (5d) (5d) PP: 5, 31 Violated
MRD-0607

Violated
MRD-040i

IP: 3, 29 Fulfilled
30 MRD-0507

uU3d_H 402 65 463 89 1.382 1.449 2.380 -3.067 PP: 3.7, 3 Violated
31 MRD-0607

Violated

U3d5d_H 432 70 492 89

usd_H 460 70 492 89

a full noise nominal, 3d_H, 20020101 to 20020103 b 0 full noise nominal, U3d5d_H, 20020101 to 20020103 C 0 full noise nominal, U5d_H, 20020101 to 20020103
Sy e e S ey = & e = z 4 AR PR = . 2 2 L8, 4 —

L‘-”,‘.'..— -

Colatitude in *
=
Colatitude in °

H . H T < ¢ i . . s r s : i s : i
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 50 100 150 200 250 300 350
Longitude in Longitude in Longitude in

Figure 13-1 3-day doublepair groundtrack pattern for the orbit scenarios 3d_H (panel a), U3d5d_H

(panel b) and U5d_H (panel c), as described ifable 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 full_noise_nominal, 3-day solutions b full_neise_nominal, 3-day solutions, alL. diff. w.r.1. 3d_H corrected C

HIS
— 3d_H
3d_H, individual sol.
U3d5d_H
U3d5d_H, individual sol.
s J5d_H
U5d_H, individual sol.
s J3d_H
U3d_H, individual sol.

S w 5 w & 10 » 50 a0
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Figure 13-2 Degree amplitude curves of five subsequent d/o 76day full noise nominal solutions for the
scenario 2_plg_iln (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 ¢ gives the legend for both figuréBath:
DeliverablegD1/simulation_results/full_scale_simulator_v009/1_by sqrt(10) noise_scaling/full_noise_no
minal/]
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Colatitude in *

full noise nomlnal U3d5d_H, 20020101 toZODZDlI’ﬂ( IL -

-0,
0.06
0.04
002
0

f 1
LA 1

8

Colatitude in *

20
150 160 170 180 190 200 210 220 230 240 250
Longitude in * Longitude in *

Figure 13-3 EWH error grids of the first d/o 70 full noise nominal 3-day solution of the scenario 2_plg_iln
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 aleeted regional section at the equatofPath:
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_plg_iln
using the orbit scenario 3d_H (panel a), U3d5d_H (panels b) and U5d_H (panels c). Shown are
stereographic projections with a radus 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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Figure 13-5 Thin curves in panel a: Degree amplitude curves of five subsequent d/o 7@&y full noise

nominal solutions for the scenario 2_plg_iln (3d_H and U3d_H). Thin curves in panel b: ratio of the error
curvesof 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/ful_scale_simulator_v009/1_by_ sqrt(10)_noise_scaling/full_noise_no
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14 1-DAY GRAVITY RETRIEVAL

As described irfsection5.4, the retrieval errors of-8ay, 5day, #day and 34day solutions for

the scenario 2_pln_iln (3d_H) scale with their retrieval period, such that the retrieval error of a
31-day solution can beultiplied by sqrtk/31) to find the error level of the corresponding

day solution. In this section, our aim is to investight#ay full noise solutionsfor the same
scenario.

To this end, we compare three cases-d&g solutions, in all of which wassemble 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 calcula@sohas
been done for the-35-, 7- and 31day solutions presented in Sectod. This is the
Aworst caseo, as the retrieval errors wil
degree errors leaking to the solution.
2. 1-day solutions using gravity signals upd/o 15 in the forward calculation. This is the
Afbest cased, as spectral |l eakage errors a
3. Daily Wiese solution$DWS), which already have been presented in Se&uidnThese
are computealong with 3tday d/o 120 full noise Wiese solutions.

As done inSection5.4, for all cases solutions for ther2onth simulation period starting on
01.01.2002 are computed, and the mean of the degree amplitude curves of the individual
solutions are plotted iRigure 14-1. This Figure also includes the solutions showr-lgure

5-21b.

By comparing the relate differences of the curves shown by panels a andHigafe14-1, it

can be observed that the formal errors only reflect the number of obsesvatitve retrieval

period, which is why all curves referring teday 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 affertire 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 upscaled retrieval error of the dlay solution overestimates the retrieval errors of the
1-daysolutions.

Comparing the coefficient errors of theday solutions of the first two cases, we see that the
spectral leakage effect manifests itself as an error increase towards thaeigrge end of the
parametrized SH spectrum in the case 1 solutiGomparing the performance of the DWS to
the bestcase scenario 2 shows that the DWS outperform thechsstsolution for degrees <

10, which we interpret as an effect of theestimation of 3iday solutions which absorb part

of the temporal aliasing emrs. For degrees > 10, however, the effect of spectral leakage that is
excluded in the bestase 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 iday solutions for case 1 (panels a, b), case 2 (panels c, d) and case 3(danels
Panels g and h additionally show the firstdly solution upscaled by the factor sqgrt(31) and

cut atd p vltis 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 smatekes, and the vgcaled retrieval errors of
the 3kday solution oveestimates the temporal aliasing errors present in-theeylsolutions.

In order to visualize the effect of spectral leakage if choosing a too low maximum SH d/o in
the gravity retrievalwe compute 3 5, 7- and 31day solutions parametrized up to d/o 15 (by
stacking the daily NEQ systems of case 1 accordingly). The results can be Bigemath4-3.

As for the case 1 solutions, the spectral leakage effect ofdmgee signals contained in the
data degrades the retrieved solution towards the-té@geee end of the resolved spectrum. This
visualizes the importance of parametrgzasolution 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 tempdodl theit
causes temporal aliasing is reduced. In the casedaly lsolutions, the reduction of temporal
aliasing errors is that large such that arsagling of 3iday solution retrieval errors to find the
performance of daily gravity retrieval is not pitds. Secondly, the smaller the parametrized
maximum SH d/a)  , the larger the effect af 0 signals leaking into the solution.
This effect however has only been observed to dominate the retrieval errors of déay5 1
solutions. For retrieval periods of 3 days, temporal aliasing errors are dominating the error
budget (assumed that the maximpossiblel 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_pln_iln. The solid lines

are computed based on the respective coefficient errors (panel a) and formal errors (panel b) edldy d/o

15, 3day d/o 70, *day d/o 100 and 34day d/o 120 solutions, while the dotted lines show the -8thy curve

upscaled by a factor of sqrt(31/x) to approximate the xday curve. The three cases for the-tlay solutions

are described in the text[Path:

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_pin
iln/ and

_Deliverables/Dllsimulation_results/fuII_scale_simuIator_v009/old_noise_scaling/fuII_noise_Wiese/Z_pIn_iI
n/31d/]
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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) andut 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
iln/ and
Deliverables/D1/simulation_resultdull_scale_simulator_v009/old_noise_scaling/full_noise_wiese/2_pln_il
n/31d/]
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Figure 14-3 Degree amplitude plot as shown b¥igure 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 seantiof panel a up to SH degree 4QPath:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_nominal/2_plIn
_iln/ and
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/full_noise_wiese/2_pln_i
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) (implyingsaaling 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_plg (3d_H). As can be seen by comparing the curves
shown byFigure 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 1scaled 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 showneogrten 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 only introduced to the higlow satelliteto-satellite tracking NEQ
systems which are dominated by the {lomw satelliteto-satellite tracking NEQ systems.

As shown byFigure15-1 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 instrumerrtonly (panel a) and full noise nominal (panel b) solutions for
the scenario 1_plg (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 curveshow 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 ahly

ACC and LRI noise is scaled by 1/sqgrt(10) but the same (uscaled) orbit noise is usedPath:
Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/ and
Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by sqrt@) _noise_scaling/]
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15.2 IMPACT ON RESULTS OF 2_PIG_IIG (3D_H)

In addition to the analysis given by Sectildn], we investigate the impact of sicg the noise
time series by a factor of 1/sgrt(10) on the analysis performed earlier in S&dtiwhere the

3d_H scenarios 2_plg_iln and 2_pilg are compared.

As shown byFigure15-2, the error reduction due to the noise scaling is smaller for 2_plg_iln
than for 2_plg_ilg. The reason fdri$ are the numerical errors that dominate the error budget

if using NGGM/MAGICtype instrument noise specifications in the instrument only
simulations performed using the old version of the full scale simulator. Therefore, the difference
between the scerias, which is produced by the improved ACC instrument on the satellites of
the inclined pair, is more strongly masked by numerical errors when -scaling the

instrument noise by 1/sqrt(10).

Figurel15-3 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 tallites of the inclined pair completely.
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Figure 15-2 Retrieval errors of d/o 120 3tday instrument-only simulations for the scenarios 2_plg_iln
(3d_H) and 2_plg_ilg (3d_H). Left: original results (without scaling factor included in the instrument
noise), right: results when a scaling factor of 1/sqrt(10) iapplied to the instrument noise. Top: degree
amplitude curves. Bottom: ratio of coefficient errors of 2_plg_iln divided by 2_plg_ilg, on a logarithmic

scale.[Path:

Deliverables/D1/simulation_results/full_scale_simulator_v009/old_noise_scaling/instrumewnnly/ and
Deliverables/D1/simulation_results/full_scale_simulator_v009/1_by sqrt(10)_noise_scaling/instrument_on

ly/]




Final Report

NGGM/MAGIC i Science Support Study During Egﬁ'e!\"' RAS‘G'C—FR
Phase A Date: | 15.11.2022
Page: 1730f 466
a . b .
=——maan HIS signal ——mean HIS signal
=2 _plg_iln =2_plg_iln_newway
| 2wl (| 2 Pl newnay
10! 10
g g
§ 10° % 10°
107! 107!
10 107
0 0 = ® 40 s e 70 8 0 00 10 12 o? 2 @ 40 s 6 70 80 % 0 110 i
degree n degree n
c d
full noise inal, 31-days soluti full noise inal, 31-days soluti
0 b v 1.5 0 > . 15 =
1 = 1 §|
e e
05 t; 05 «E‘
: :
o = 0
5 :
05 E 05 g:
: g
4 B 1%
X
! A Smaed 18 {200 . 15 o G J - g
-100 -50 0 50 100 -100 -50 0 50 100

Figure 15-3 Retrieval errors of d/o 120 31day full noise nominal simulations for the scenarios 2_plg_iln
(3d_H) and 2_plg_ilg (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 noig@ath:
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 Sectioh.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 overtdkger 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-shagedstructures

in the degree amplitude curves of the full noise wiese solutions, we compute d/edag0 7
solutions for the scenario 2_plg_iln (5d_LH) in which the instrument noise and/or the P
matrices are turned on or off (turning off the P matrix meanssteri a unit matrix instead of

the P matrix that fits the instrument noise characteristtégiire 16-1 shows the results: The

red curve (instrumemoise off, P matrices off) shows the retrieval error level due to the (un
weighted) temporal aliasing errors. If turning on the P matrices, the-bhapged structures
appear (independently of turning on or off the instrument noise). This indicates tHat the
matrices seem to introduce numerical instability to the system.

The orange curves irigure16-1 show the results if instead of the P matricesesponding to

the used instrument noise, a different P matrix (as also tested in S&8idapplied in the

NEQ systems of both satellite paifhese 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 faFigure16-2. 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 aencally more unstable
behavior.

Figure 16-3 shows the results of further tests, in which we apply numerically stabilized P
matrices. These are computed by 3 _
0 0 QOWA®I

where we insert values betweernt andp 1t for "Qd ¢ 0As tan be seen Figure16-3, this
numerical stabilization of the main diagonal of the MAGIC and GRACE P matrices indeed
leads to a redttion of the bumgshaped 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 thmin 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 individUdEQ 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. Thiepwever, 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 paameter elimination algorithm used by the full scale simulation software was performed,

which gave the same results as output by the full scale simulator.
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Figure 16-1 Degree amplitude curves of d/o 120 full noise wiese solutions (d/o of DWS is 15) for scenario

2_plg_iln (5d_LH) if applying varying P matrices and turning on or off the instrument noise.
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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 apdnels of the same row use the same colour bar.

The values on the colour bars are the bast0 logarithms of the visualized matrix values. Left column: P

matrix used for both the polar and the inclined paird
orange curve inFigure 16-1. Middle and right columns: P matrices used for the inclined (middle) and

polar (right) pairoés NEQ systems for the Aregularo 2_
condition numbers canputed 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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Figure 16-3 Degree amplitude curves of d/o 120-day full noise wiese (d/o of DWS: 15) simulations for the

scenario 2_plg_iln (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
| NCLI NED PABYSIEMSNE Q

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 doubpair formation can decrease the artefacts observed before in
full noise wiese solutions. To thend, we again consider d/o 12@d&y solutions for the
scenario 2_plg_iln (5d_LH), as this is the scenario that showed the strongest artefacts compared
to the other scenarios, as can be observed in panels ¢ akibdre-3.

As shown byTable16-1, the orbit scenario 5d_LH is the scenario combitirggsmallest 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 (par)

relative to the NEQ system of the inclinpdir @ ‘O 0 in the doublepair NEQ system. This

strong weighting ofy ‘O Orelative tod ‘O 0 could become problematic because of the polar
gaps of the inclined p aparsdugiongalrepalatgaps éfthe data u g h
ofthencl i ned pair are Afilledo by the data of
0 ‘O Ocould lead to a degradation of the doupéer solution ifi ‘O Uis given a too high weight.

Besides the orbital heights of the two pairs, also tegument 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_pI¢iln,

is downweighted réative tod ‘O Odue to the larger ACC noise amplitudes introduced @ 0.

As shown by the blue curves kgure 16-4, replacing the MAGIG@ype ACC noise for the
inclined pair by the highemmplitude GRACRype ACC noise leads to larger formal errors,
but decreases the coefficient errors as well as the amplitudes of theshapgal artefacts in
the full noise wiese results. We interpret this obaton in the way that in the case of the
scenario 2_plg_ilg) ‘O0 is given a larger weight relative i ‘O 0 than in the scenario
2_plg_iln which helps to reduce the effects introduced by the polar gép®dto the double
pair NEQs.

To ted if it is possible to improve the full noise wiese results of the scenario 2_plg_iln (5d_LH)
without changing the noise assumptions for the two satellite pairs, we compute-plaiuble
solutions by solving the modified NEQ system
... U tO0O0 0 t6 00
v Ovu ; ;
0 0

Varying the weights) and0 betweenp 1T andp 1, we found that the begerforming
doublepair solution in terms of small coefficient errors can be found using p T.TAS

shown byFigurel6-5, while the formal errors of the new solution are larger than for the original
results, the coefficient errors and especially the bashgped artefacts are significantly reduced
usng 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 dpablsolution are

given byFigure16-6.
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Concluding the sdar-made analysis on the burspaped artefacts in the degmaplitude
curves of full noise Wése solutions, we found that these artefacts especially show up if the
NEQ system of thénclined 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 themuble

gi ving

s ol

ut

i on i

f

t he

pol ar

Table 16-1 Orbit scenarios as defined in Massaotti et al. (2021)

pairoés

NEQs

D Sats 1 (IP) Sats 2 (PP) hiy[[1 | hia[] | Ashie1 [deg] | Ashinz2[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 1,30
3d H 432 70 463 89 1.451 1.449 -3.076 -3.067 3,731
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,
SS0 for 3d H 477 97 463 89 1.454 1.449 -3.097 -3.067 3,731
S50 for 7d_H 477 a7 463 89 1.201 1.226 0.622 0.692 3,7, 31
5d_LL 344 70 376 89 1.423 1.410 -1.6T1 -1.628 1,2,5,12, 29
5d_LH 344 715 492 89 1.169 1.172 -0.732 -0.790 5, (32-31)
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Figure 16-4 Degree amplitude curves of d/o 120-@day full noise wiese (d/o of the DWS is 15) solutions for
the 5d_LH scenarios 2_plg_iln (Test 1, cyan curves), 2_pln_iln (Test 3, black curves) and 2_plg_ilg Test
5, blue curves).
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Figure 16-5 Degree amplitude curves of d/o 120-@day full noise wiese (d/o of the DWS is 15) solutions for
the scenario 2_plg_iln (5d_LH). The blue curves show the previous results (corresponding DWS are
shown by the cyan curves) and the red cues the results if an upweighting ofd [ [Erelative tod [ [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 referee.
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Figure 16-6 Retrieval errors of d/o 120 7day full noise wiese (d/o of DWS: 15) simulations for the scenario
2_plg_iln (5d_LH). The top row refers to the first d/o 15 DWS, the bottom row to the d/o 120-day
solution. Panels a and d show the previously computed ressil panels b and e the results if an up
weighting ofdl [ [trelative tod [ |kby a factor of 100 is applied. Panels ¢ 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 upweighting).
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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 multiday solution and the coefficients of the DWS originating from the ieatin pai r 6 s
NEQ system lead to the artefacts in the full noise wiese solutions described in the preceding
subsections. To this endg investigate a d/o 108day solution for the scenario 2_plg_iln
(5d_LH) with maximum d/o 15 for the DWS.

Firstly, we idenfy 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 (seerFegyure16-5). Comparing the

coefficient errors of the nominaFigure16-10 e) and the wiesd={gure16-11e) doublepair
solutions reveals increased retrieval errors for the-seetorial 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 st e msy$tampsincettis alsoshownlbytimkeed pai r
corresponding singlenclined pair solution (cfFigure1l6-11c). The fact that the

corresponding DWS of the singileclined par solution (cf.Figure16-12 e) shows large

errors for the neazonal, polaigap related coefficients is a hint that the observed error pattern
in the Z#day solutioncould be related to the -@stimation of the DWS in the wiese

processing.

As a side note, we compare the performance of thesingle | i ned p &gurebs DWS (
16-12d to f) to the performance of corresponding d/o 15 stdode tday solutions (cf.

Figure16-13d to f). The fact that the large neamonal errors observed in tbVS are not

present in the staralone tday solution suggests that the missing data over the poles in the

i nclined pairds sy waonalarorsinihglowdegeees iftheovdradlr ge ne
NEQ system is parametrized up to a larger (here: dip mdximum degree. Also this

observation suggests large correlations between-tlay Bolution and the DWS in the NEQ

system of the inclined pair.

As a second step, to further investigate our befiaaee observations indicating large
correlations between the coefficients of théag solution and the DWS in the case of an
inclined-pair dominated doubipair system, we plot the correlation matrix loé full wiese

NEQ system irFigure16-7 c. Indeed, increased correlation values between the sectorial
coefficients around d/o 26 and 39 and the DWS can be obseegtid.indeed observe

larger correlations between the womaforming sectorial coefficient groups that produce the
bumpshaped artefacts in the degree and order amplitude curvégy(oe16-7 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 tkaay solution coefficientto zero in the NEQ

matrix (cf.Figure16-9 a), which leads to a bloettiagonal structure of the corresponding

coefficient correlation matrix (cFigure16-9 c). Indeed, the bumgphaped artefacts in the

degree and order amplitude curves of the retrieval errors of the modified NEQ system

disappear (however, on the costofthe soluti6 s per f or mance in the | o
shown byFigurel6-9 b and d).
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As shown byFigurel16-5, it is possible to improve the full noise wiese dotyidé solution of

the investigated scenario by increasing the
a factor of 100. For completeness, we show the NEQ matrix lhasithe corresponding

correlation matrix of this modified doubfsir system irFigure16-8. As expected, given the
beforeshown reduction of the burmghaped artefas in the degree amplitude curves, the

correlation matrix of this modified systerhigure16-8 c) shows smaller correlations between

the #day solution and the DWS compared to the original syskegui(e16-7 c).

To summarize, we could identify the origintbe bumpshaped artefacts that we observed in

the degree amplitude curves of full noise wiese solutions for dpallescenarios that are

dominated by the NEQ system of the inclined pair: These artefacts correspond to larger

retrieval errors of certain gups of neasectorial coefficients, which are produced by

correlations between these coefficient groups and the coefficients of #stimated DWS.

These correlations are introduced by the ins
theinclinel pairés polar gap. A mitigation of this
by slightly increasing the wEgugltbody t he pol
decreasing the maximum d/o of theestimated DWS (sdeigure5-19). Or, in the mission

design, by preventing a large performance difference between thieapdléhe 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 depdulescenario

2 plg_iln (5d_LH)gapy appluyianrg za tiipoonl arpus hi ng
to the singlepolar pair solution over the poles/in the neanal coefficients) has been tested.

It yields a slight improvement of the doudgair solution, however does not reduce the
abovedescribed defacts in full noise Wiese solutiorss shown byFigure16-14, applyinga

polar gap regularization to the single inclined pair scenario 1_iln (5d_LH) does not remove

the artefacts in the Wiese solution.
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Figure 16-7 d/o 100 #day full noise wiese (d/o of DWS: 15) simulation for the scenario 2_plg_iln (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 entriesarresponding 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 ¢ shows the corresponding correlation matrix. Panels b anshdw

the retrieval errors of the simulation in terms of degree and order amplitudes, respectively.
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Figure 16-8 Same ag-igure 16-7, but for the modified scenario from 2_plg_iln (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, kile the blue curves are the same as shown Bjgure
16-7, for reference.
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Figure 16-9 Same ag-igure 16-7, but for the modified scenario from 2_plg_iln (5d_LH) where the off
diagonal entries of the NEQ system (panel a) representing the correlations between tdwefficients of the
7-day solution and the DWS are set to zero, resulting in a bloettiagonal 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 showy 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_plg_iln
(5d_LH). Panels e and f show the original doubkpair solution. Panels a and b (c and d) show the modified
double-pair solution in which the relative weight of the NEQ sytem of the polar pair (inclined pair) is
increased by a factor of 1e14, which approximates the performance of the respective singt#ar (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_plg_iln (5d_LH). Panels e and f show the original doublgair solution. Panels a and b (c and
d) show the modified dable-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-day full noise wiese simulation for the
scenario 2_plg_iln (5d_LH). Left column shows the formal errors, middle column the coeffient 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 doubpair solution in

which the relative weight of the NEQsystem of the polar pair (inclined pair) is increased by a factor of
lel4, which approximates the performance of the respective singbelar (single-inclined) pair scenario.




Final Report
NGGM/MAGIC i Science Support Study During | 20¢ N | MAGIC_FR
Phase A Date: 15.11.2022
Page: 1890f 466
C

Stand-alone 1d solution 1_plg (5d_LH)

Stand-alone 1d solution 1_plg (5d_LH)

Stand-alone 1d solution 1_plg (5d_LH)

5 45 004 ¢

w B an s 02 8

: g 3 £

m.s’g s § : ° g

ST -1 g 3 002 3

g B z

115 15 004 @
12 2 006
128 128 008
1 -3 01
Stand-alone 1d solution 1_iln (5d_LH) . Stand-alone 1d solution 1_iln (5d_LH) "
L a5 oca
s 006

s 004 ¢

w § = 002 8

H E :

] om23

"y 3 om 2

115 004 @
12 006
128 008
13 - 01

0o 50 10 1 20 250 30 B0
Longitude in *

Stand-alone 1d solution 2_plg_iln {5d_LH) . Stand.alone 1d solution 2_plg_iln (5d_LH) . Stand-alone 1d solution 2_plg__iln (5d_LH) "
{38 L85 oca
9 o 006

95 a5 004 ¢

10§ oo & b %

3 L E 3

s s § : ° 3

w2 a g 3 oo 2

g ° z

15 15 004 @
12 2 006

0 50 100 150 200 250 300 350

Longitude in *

Figure 16-13 Stand-alone full noise nominal d/o 15 4day simulation for the scenario 2_plg_iln (5d_LH).
Left column shows the formal errors, middle column the coefficient errors and right column the spatial
plots computed based on theaefficient errors. Panels g, h and i show the original doubipair solution.
Panels a, b and c (d, e and f) show the modified doubpair solution in which the relative weight of the
NEQ system of the polar pair (inclined pair) is increased by a factor afe14, which approximates the
performance of the respective singlgolar (single-inclined) pair scenario.

using w_reg = 1000000000000

;110 (5d_LH) full noise Wiese,

(EWH in cm)

2
T

+ As;

Chm,

2

0 20 30 40 &0 60 70 80
degree n

) (EWH in cm)

i

2 2
S+ DS

__)Q(Ac

1
ke

1ol (5_LH) full noise Wiese,

using w_reg =

ADHIS 7-day solution
MATLAB 7-day full solution (n par. el.)

*MATLAB 7-day full solution (o par. el) {formal errors)
MATLAB DWWS

=+=++ MATLAB DWS (formal emars)

10 20 30 40 50 60 70 80
order m

Figure 16-14 Degree (left) and order (right) amplitude plots for #day full noise Wiese simulations for the single
inclined pair scenario 1_iln (5d_LH) using maximum degrees of 100 and 15 for theday solutions and the DWS,
respectively. A polar gap regularization ha 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 Béymkerdoublepair
scenario in which the polar pairirsthe 5d_LH orbit (492 km orbit height, 89° inclination) and

the inclined pair in the 5d_Ma orbit (396 km orbit height, 65° inclination)Tabte17-1 which

is repeated here for convenience. For the polar pair, GRAERCC noise is used, while for

the inclined pair, either the befeused NGGM/MAGIClike ACC noise (for U5d5d_HL_ref)

or a MicroSTAR (MS) ACC noise time series delivered by TASI (féedid_HL ms) is used.

For each of the two scenarios U5d5d_HL _ref and U5d5d_HL_ms, we compute one dfo 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 noisetloe simulated MS ACC noise time series
delivered by TASI for the second pair.

Figurel7-1 visualizes how the used types of instrument noise compdhe ispectral 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 Hsst prefit residuals of the instrumesrily 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 intd5d_HL _ref and U5d5d_HL ms
scenario, respectively.

For the instrumenrbnly simulations of the two scenarios investigated in this section, we apply
an updated version (v010) of the fattale simulation software for the first time. In this software
verson, 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
instrumentonly simulations, which has been the case before. The softwdegeugtrongly
affects instrumenronly solutions in which rather small noise amplitudes are assumed for the
instruments, which in our project is mainly the case for the MAty@ ACC noise, but also

for the GRACEtype ACC noise if the 1/sqrt(1@ownscaledrersion 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 instrwo@gt 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 gnlysimg the new software version, a small
deviation between the MAGIC noise and the MS noise becomes visible.

Figure17-3 shows the retrieval errors of the instrumenty 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 refeveraiso included

the results obtained for the same scenarios using the redoaledsimulation software. As
shown by panel a, the retrieval errors obtained using v010 of thechl# software or using

the reducegcale software are very similar, ag @he results obtained for the two scenarios.
This observation can also be made by considdtiggre17-4 andFigurel7-5.
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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 sioigations for the
scenarios U5d5d _HL ref and U5d5d HL_ms will be very similar to each other. This is
confirmed by the plots shown Figurel7-6 andFigurel7-7.

From this, we can conclude that both in the instruroaiht and the fulnoise simulations,

replacing the MAGIC ACC noise by the M®ise time series delivered by TASI does not
change the retrieval errors of the simulation results significantly.

Table 17-1 Orbit scenarios.

ID Sats 1 (IP) Sats 2 (PP) ht[-1 | Pz | Asnie1 [deg] | Asniz[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 307 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
7dM 389 70 417 87 1.238 | 1.253 0.743 0.786 2,7,30
7d_H 432 70 463 89 1.218 | 1226 0.672 0.692 3,7, 31
§SOforad H | 477 97 463 89 1454 | 1.449 3.097 3.067 3,7, 31
SSOfor7d H | 477 97 463 89 1.201 1.226 0.622 0.692 3,7,31
5d_LL 344 70 376 89 1423 | 1.410 1.671 -1.628 1,2,5,12, 29
5d_LH 344 715 492 89 1.169 | 1.172 0.732 -0.790 5, (32-31)
107 T T :
108F g

ASD [mys?/sqrt(Hz)]

ACC,_, (GRACE-type) * sarl(2)
ACC,, (MAGIC-type)

LRI
ACC,_ MicroSTAR noise TASI * sri(2)
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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 instrumertonly pre-fit residuals obtained using the fult
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 instrumerndnly simulations.

instr only, 7-day solutions of U5d5d_HL_ref vs. U5d5d_HL_ms
T T T T T

== mean HIS signal
——U5d5d_HL_ref 10°

——mean HIS signal
—U5d5d_HL_ms = U5d5d_HL ref
"""" USdEd_HL _ref (scaled formal errors) et e pe o |~ USd5d_HL_ms

107 Fvenans USd5d_HL_ref (scaled formal errors)
= U5d5d_HL_ms (scaled formal errors)

7HL ms (scaled formal errors) P
_HL A ERG Y
USd5d_HL_ref (RS) G¥

Usdsd_HL_ms (RS)
USdsd_HL_ref (RS)

-1
10 USd5d_HL ms (RS)

EWH/cm
EWH/em

. . I I .
it 10 20 30 40 50 60 70 80 Q0 100 110 120
degree n

L L L 1 L
10 20 30 40 50 60 70 80 90 100 110 120
degree n

Figure 17-3 Degree amplitude curves for the d/o 120-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 thedll-scale simulator, the lightblue and orange curves show the results
obtained using the reduceescale simulator. Panel b: Results obtained using the old version of the full

scale simulator, for comparison. Note the different y axis limits between the pafs. [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
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Figure 17-4 EWH error grids of the d/o 120 7Zday instrument-only solutions of the scenarios
usd5d_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 fuicale simulator (usng the reducedscale simulator).
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Figure 17-5 Retrieval errors of the d/o 120 7day 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-8dale simulator (a,

c) or the reducedscale simulator (c, d). Panel e showhke ratio of the retrieval errors shown in panels a
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Figure 17-6 Degree amplitudes of the retrieval errors of the d/o 120-day full noise nominal solutions for
the scenarios U5d5d_HL_ref and U5d5d_HL_ms described in the tePath:
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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 ¢ shows the ratio of the

retrieval errors. [Path:
Deliverables/D1/simulation_resultéull_scale_simulator_v009/1 by sqrt(10) noise_scaling/full_noise_no
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19 INTRODUCTION

This Part 2refers to Task 2 of the SoW andvers the work performed under WP 200 of the
WBS. It refers to thedeliverable document TR4 fiGeneration of a " baseline
implementatiorfor closedloop simulations.

The main purpose is to sep 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 2NP NUMERICAL SIMULATION ENVIRONMENT

In this chapter the"d numerical simulation environmentiigtroduced and compared with the
first environment used by TUMIenoted as fulbcale simulatorThis was done theoretically as
well as based on simulated dafdhe second simulation software is defined by Haeth
Parameter and Orbit System (EPOS) software packafgtps://www.gfz
potsdam.de/en/section/globgd¢omonitoringandgravity-field/topics/
earthsystemparametersandorbit-dynamics/eartparametesandorbit-systemsoftware

epos) also applied for GRACE and GRAGHED real data analysis.

GFZ routinely processes monthly gravity fields as part of the Science Data $R&)yby
using the latest RLO6 processing strategy. A detailed description of the GRRZQRMty field
processing can be found in [RD). The processing of the simulations within this project is
based on the GRAGEO RL0O6 method, making use of some smaller adaptions in order to
increase the speed of processing and to consider the corregpomision specific
preconditionsA complete description of the simulation processing with ERCG@dressed 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,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
addressedhithe following:

1 Orbit integration: The TUM fulscale simulator uses a multistep method which applies
a modified divided difference form of the AdaiBashfordMoulton-PredictEvaluate
CorrectEvaluate formulas and local extrapolation. The integratioei®pned in a 5
sec step size integrating stegse arcs of 6 hours length. EPOS uses a multistep method
applying a symmetric,-imes summed up Cowell approach Bfd@der. The integration
step size is 5 sec and the integration is performed as one umugimun without
interruptions.

1 Generation of observations: The TUM fsltale simulator generates differentiaB8T
observations which are derived geometrically from the integrated erroneous orbit
positions/velocities, i.e. the positions/velocities ataken directly as REST
observations. Additionally, white noise of 1 cm was added on top of these observations.
They can be also described as dynamic orbits. FTB&T observations are computed
geometrically by projecting orbit error free positions/e#ties onto the linef-sight.
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Before the projection, instrument errors due to the accelerometer (ACC) and star camera
is added. The satellt®-satellite tracking (SST) noise of the intatellite ranging
instrument is added after the projection. Theasbable is rangeate. The GFZ EPOS
software uses HEST 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 phasseroations. The 46ST
observations are computed geometrically by projecting error free positions/velocities
onto the lineof-sight and adding the noise of the insatellite ranging instrument. In
contrast to the TUM fulbcale simulator, EPOS generate®n-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 drafyee, the norgravitational observations expsethe noise of the

ACC and the additional coupling effect of the attitude noise, exclusively.

1 Stochastic modelling: At the TUM fulicale simulator, weighting matrices are set up
explicitly for hl-SST and HSST, by approximating sensor noise contribigiovith
digital filter models based on pfi residuals. In that case, the gits contain
instrument noise, exclusively. The filter matrix F is chosen in such a way tRat F
approximates the weighting matrix P. At EPOS, one weighting matrix for-®&Tll
component is set up explicitly, by computing the covariance function of the combined
product noise (ACC+SST) and deriving a varianogariance matrix. The matrix is
then inverted and decomposed via Cholesky decomposition and forms a triangular filter
matrix. The stochastic modelling of the-8IST componenis done by setting up unit
matricesaccording to thestandard deviatigof codeandphase measurements

1 Approach for gravity field retrieval: TUM fulécale 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.

1 Parameterization: The parameterization at the TUMdtdlle simulsor 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 arellassvgravity 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) fogussing 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 addresbagter

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 ch2pt&:1 Closedloop simulations were
performed for the test scenario including gravity field signals, separately, in order to check the
consistency between GFZ und TUM solutions wrt. individireor sources. Simulations were

done for the product noise case, the product noise + AOHIS case (where anafi@sidg

model was applied), the product noise + ocean tides case, and the full noise case. The evaluation
of the corresponding results canfband in chapte0.3.2
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20.2SIMULATION 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 Pen¢Ri)scenario with a

45° deviation angle where the latter includes the same polar pair asrilerBcenario. 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 JR& 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
chapter20.4

20.3COMPARISON OF TUM AND GFZ RESULTS

The integrated orbits as well as the simulated gravity fields of the ADDCON test scenario were
evaluated ir20.3.1and in20.3.2 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 observatiares 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 thetsdlites.

Figure 20-1 shows the differences among the integrated positions in three directions after 2
months of integration time in the EartkntereeEarthfixed frame (ECEF). It is seen that the
coordinate differences in the y and z direction (y points towards thetcaoksaxis, 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 tledongtrack 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
scak simulator performs the orbit integration-arise, 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 titogvever, 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 altlagk 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 displayddgare20-3 (left), respectively. Thelot

shows a slightly larger change of about 100 m in the-sa&zlliteseparation 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@méhe right ofFigure20-3 the
inter-satelliteseparation 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 clyselated to the x coordinate difference showFigure
20-1.
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Figure 20-1: Coordinate differencesfter 2 months of integration for the polar pair of the ADDCON test
scenaridn x (top left), y (top ight) and z (bottom) direction in terms of meters.
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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. F
Inter-satelliteseparation between the satellites A of GFZ and TUM orbit after 2 months.
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Figure 20-4: Ground track of satellite A of the polar pair for the TUM orbit (blue) and the GFZ orbit
displayed on a global scale (top) and for a chosen geographical region (bottom) for the firsfl@flaysl thi
last 7 days (right) of the integration period.
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Figure20-4 shows the ground tracks of the TUM and GFZ orbits on a global grid as well as for

a chosergeographical 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. tHeretbits diverge slightly

in alongtrack direction as it was already visible in the irdatelliteseparation 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 differencein 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 ADCON 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

pm(U i
A nC U

334 ¢Ppm p

The consideration of the uncertainty of the ACC instrument was assumed with

pr (Y A i
I # 0 p T 'CE, P ey
pm (U pn(U Oom(U
—F P
| # 8 p ™A # &

It is to mention that the noise model of the ACC includes a steep ri¢ecflitie noise signal

for frequencies smaller than-BeHz. From the previous ADDCON study it is knovat 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 {aiirtymg
gravity field signals were excluded) showed unrealibigh signal error amplitudes. This
phenomenon could be somehow avoided by-pigssfiltering the ACC noise time series for
frequencies below 14 Hz without having an impact on the measurement bandwidth for the
time-varying gravity field whose signal sta at the orbital frequency (~1-8eHz). The
situation is demonstrated gure20-5, showing the nominal ACC noise model and the high
passfiltered version of it. Consequently, the ACC noise assumptions for the test scenario were
taken into account according to the higgssfiltered version.
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Figure 20-5: ASD of the nominal ADDCON ACC noise modelashedines) and the higipassfiltered versiol
(solidlines) for the sensitive axes (blue) and the-sensitive axis (red).

In the following, the estimated gravity field sbans 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 Q02.

In Figure20-6 the gravity field retrieval error is displayed in terms of degree error amplitudes
and cumulated errors for the product noise case. Results deatercsonsistency 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 theétlaat no covariance information has been used for the
GPS observations at the EPOS software so Fagure 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 inceased 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 thét pesiduals for the product

noise casd-igure20-8 displays the prdit residuals in terms of ASD of the TUM and GFZ data
(blue and red). In case of simulating only product noise, thétpesiduals should approximate
thebehavior of the assumed instrument uncertainties (mainly ACC and SST), ideally. The plot
shows that the prBt residuals follow the behavior of the SST noise (green dashed line) at the
high frequencies and follow the behavior of the sensitive ACC axasKlashed line) at the
lower frequency band. An offset is visible between the TUM and GFZ residuals for frequencies
between 7é Hz and 7& Hz. A test simulation assuming 3 sensitive ACC axes (orange line)
demonstrates that this effect is not causedhbyriclusion of the nesensitive crosgrack axis.

It is rather due to the numerical accuracy reached for the TUM solution for these frequencies,
which can be seen from the gieresiduals based on a noise free simulation (purple line).
However, the reteved gravity field solutions for the product noise case discussed before show
similar error performance indicating that the differences in thdiforesiduals do not have an
impact on the final solution in that case.
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Figure 20-6: Productnoise solutions athe test scenario simulated by Gf&d) and TUM(blue) in terms of St
degree error amplitudes (left) and cumulated errors (right.monthly averaged HIS signal is displayed in b
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Figure 20-7: Residual coefficient triangles of ud#@ss coefficientase in a logarithmic sca(eeft) and dobal
grids of gravity field retrieval errors resolved up to 80o(right) simulated by GF4top) and TUM (bottom)for
the product noise case
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Figure 20-8: Arc-wiseaveraged\SD of prefit residuals of the test scenario in terms of rarages for the produ
noise case simulated by GFZ (red) and TUbL€). Prefit residuals based on a simulation done by T
assuming 3 sensitive ACC axes on the one hand (orange) and assuming no noise sources on the other h
are displayed as well. The analytical instrument noise models are displayed fgr&Smdashed), ACC sensil
axes (black dashed) and ACC reansitive axis (grey dashed).

The second simulation case includes the product noise and the signals fromidealrtone-

varying gravity field, AOHIS. As an A@ealiasing model was applied during gravity field
recovery, the recovered field contains mainly errors due to mismodefl®@ signals as well

as hydrological errors, expressed in terms of temporal aliaBiggre 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 cdusedegraded 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) andasrelated 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 theestimation 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 pitthe

overall cumulated retrieval error.

Figure20-10 shows the residual coefficients as well as the spatial grids of the product noise +
AO case. The triangles dfoth solutions have the typical structure of a polar sipgie
configuration showing well determined zonal and remaral 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
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dominated by temporal aliasing errors due to mismodelling of AO error signals as well as
hydrological signals.

Gravity field retrieval error - Product noise + AO
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Figure 20-9: Productnoise+ AO solutions ofthe test scenario simulated by GE&d) and TUM (blue) in terms
of SH degree error amplitudes (left) and cumulated errors (righ€.monthly averaged HIS signal is displa
in black
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Figure 20-10: Residual coefficient triangles of udéss coefficientgase in a logarithmic sca(keft) and dobal
grids of gravity field retrieval errors resolved up to Bb(right) simulated by GFZ4top) and TUM (bottom)for
the poduct 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.
Figure20-11 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 whe 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 dispfagacei

20-12 confirm the performances of the solutions sedfignire20-11. Theresidual 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 tloe 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 faltale simulator. The reason for that could be the arc length

of 24 hoursso that daily and haffiaily tidal signal errors alias stronger into the solution than

the signals at the fulicale simulator, which uses arcs of 6 hours. The daily arc length is related
to about 1516 orbit revolutions. These numbers and its multiplekaown as resonance order
bands arising for polar orbits at altitudes between 300 and 506igore 20-13 depicts the

order amplitudes for both solutions. The GFZ solution shows increased amplitudes at the
mentioned order bands, especially at order8B04647 and 6162, indicating that the tidal

error signals are propagated stronger into dedicated resoorter 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, thitpesiduals of both solutions were
plotted globally using thanderlying position information of the satellite orbits. Additionally,

the prefit residuals were bandpagifered beforehand (frequencies below 0.3 mHz and above
18 mHz were filtered out) in order to see the gravity related high frequency sigigaise

20-14 shows the spatial representation of thefireesiduals demonstrating consistent tidal
error signals wrt. the geographical location after 1 month as welltathes signal amplitudes.

The standard deviation is given with 0.321 rfrfds the GFZ solution and with 0.339 nrifer

the TUM solution. As a reference, the difference between the two tide models used for the
simulations is displayed for a dedicated @pdeing representative for the tidal errors. The
comparison among these differential signals and thefitpmesiduals shows consistent
distribution of tidal signal errors, globally, indicating a correct propagation of signal into the
observations at bottoftware packages. Differences among the GFZ and TUMtpesiduals

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 butymain
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 fistdution, differently.
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Gravity field retrieval error - Product noise + Ocean tides
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Figure 20-11: Productnoise+ ocean tidesolutions ofthe test scenario simulated by GF&d and TUM (blue)
in terms of SH degree error amplitudes (left) and cumulated €rigis). The monthly averaged HIS signal i

displayed in black
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Figure 20-12: Residual coefficient triangles of uddss coefficientgase in a logarithmic scafkeft) and dobal
grids of gravity field retrieval errors resolved up to 80o(right) simulated by GF4top) and TUM (bottom)for

the product noise + ocean tide case.
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Gravity field retrieval error - Product noise + Ocean tides
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Figure 20-13: Productnoise+ ocean tidesolutions ofthe test scenario simulated by GF&d) and TUM (blue)
in terms of SH order error amplitudes.
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Figure 20-14: Bandpasdiltered prefit residualsin terms of nm/%for the product noise + ocean tide ¢
simulated by GFZ (top left) and by TUM (top right) together with the difference among both data sets
left). As a reference, the difference between the GOT4.7 model and the EOT11a model is displayeddi
epoch in January 2002 in terms of m EWH.
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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
displayedin 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 noisegoase.

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 somehawder error amplitudes for the mid degree and order
coefficients.

A guantitative assessment of the results was done by computing the latitude dependent weighted
RMS up to two different maximum resolutions, listedTable20-1. 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 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 expebteti for
software packages when identical simulation assumptions are met.
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Figure 20-15: Full noise solutions ofthe test scenario simulated by GEF&d) and TUM (blue) in terms of St
degree error amplitudes (left) and cumulated errors (righg.monthly averaged HIS signal is displayed in h
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Figure 20-16: Residual coefficient triangles of uréss coefficierg case in a logarithmic scafkeft) and dobal
grids of gravity field retrieval errors resolved up to 80o(right) simulated by GFZ4top) and TUM (bottom)for
the full noise case.

Table 20-1: Latitude dependent weighted RM8mputed up to d/o 50 and 100 for the different simulation cases
of the test scenario.

[cm EWH] [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
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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 othenwdation 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 afffset of a factor of 14¢. Therefore, the instrument noise has been
re-scaled on TUM sideThe 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 par differs mainly by the orbits (now flying about 100 km higher), the instrument noise
assumptions and the stochastic modelling.

Figure20-17 displays the degree amipides, the order amplitudes and the cumulated errors for
this case for a 3@ay retrieval.
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Figure 20-17: Degree error amplitudes (top left), order error amplitudes (top right) and cumulated errors)
simulated by GFZ (solid) and TUM (dotted) for the product noise case (blue), the product noise + ocean
(red) and the fulhoisecase (green)lhe monthly averaged HIS signal is displayed in hlack
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The corresponding coefficienand spatial representations are showrkigure 20-19 and
Figure20-20. A quantitative assessment has been made in terms of cumulated errors, listed in
Table20-2. Simulations have been performed for the prodheise 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 produnocise 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 nase case as the assumed ACC noise is larger than the numerical accuracy of the TUM
full-scale simulator and dominates the majority of the spectigure20-18 showsthe prefit
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 neiseean 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 thepatial grid of the GFZ related solution.
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Figure 20-18: Arc-wiseaveragedASD of prefit residuals of the 3dH (polar pair) scenario in terms of remages
for the product noise case simulated by GFefl) and TUM (blue). The analytical instrument noise mode
displayed for SST (green dashed), ACC sensitive axes (black dashed) and A€&hsitine axis (grey dashe

Table 20-2: Cumulated errocomputed up to d/o 100 for the different simulation cases of the 3dH (polar pair)

scenario.
. .| Cumulated error up to d/o 100
Scenario 3dH (polar pair) [cm EWH]

TUM (prod. noise) 28
TUM (prod. noise + OT) 108
TUM (full noise) 376
GFZ (prod. noise) 34
GFZprod. noise + OT) 141
GFZ (full noise) 336
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Figure 20-19: Residual coefficient triangles of udéss coefficientsase in a logarithmic scasémulated by GF
(left) and TUM (right) for the produatoise case (top), the product noise + ocean tides case (center) anc
noisecase (bottom).
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Figure 20-20: Global gridsof gravity field retrieval errors solved up to d/o &ithulated by GFZ (leftand TUNM

(right) for the product noise case (top), the product noise + ocean tides case (center) andhthise frdis
(bottom).

In order to investigate the differences among the product noise + ocean tides result further, tidal
signals were includedexclusively, when setting up the greresiduals.Figure20-21 shows

the prefit 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 limitationsuofenical accuracy at the TUM
software. Furthermore, the pfiés 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 whére signals are plotted against the respective
trajectory. Figure 20-22 shows the spatially distributes signals in terms of accelerations
demonstrating equally distuibed 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




















































































































































