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ABSTRACT
In this study, we investigate systematic errors in our temporal gravity solutions computed using the

improved energy balance approach (EBA) (Shang et al. 2015) by reprocessing the GRACE JPL RL03 L1B
data product. Our processing consists of two steps: the first part is the estimation of in-situ geopotential
differences (GPD) at the satellite altitude using the energy balance formalism, the second part is the es-
timation of spherical harmonic coefficients (SHCs) of the global temporal gravity field model using the
estimated GPDs. The first step includes daily dynamic orbit reconstruction by readjusting the reduced-
dynamic (GNV1B) orbit considering the reference model, and estimating the accelerometer calibration
parameters. This is coupled with the alignment of the intersatellite velocity pitch from KBR range rate
observations. Due to the strategy of using KBR range-rate in our processing algorithm, the estimation of
in-situ geopotential differences (GPD) includes both the systematic errors and the high-frequency noise
that result from the range-rate observations. Since estimated GPDs are linearly connected with the spher-
ical harmonic coefficients (SHCs) of the global gravity field model, our temporal models are affected by
these errors, especially in high-degree coefficients of the temporal gravity field solutions (from n=25 to
n=60).

In order to increase our solution accuracy, we fit additional empirical parameters for different arc
lengths to mitigate the systematic errors in our GPD estimates, thus improving our temporal gravity field
solutions. Our EBA approach GRACE monthly gravity field models are validated by comparisons to
the official L2 data products, including the official solutions from CSR [Bettadpur, 2018] and also ITSG-
Grace2018 [Mayer-Gürr et al., 2018, Kvas et al., 2019].

A. SYSTEMATIC ERRORS IN TEMPORAL MODELS
• We investigate systematic errors in our temporal gravity solutions computed using the improved

energy balance approach (EBA) [Guo et al., 2015, Shang et al., 2015] by reprocessing the GRACE JPL
RL03 L1B data product [GRACE, ] as well as the Atmospheric-Oceanic Dealiasing (AOD1B) RL06
model [Dobslaw et al., 2017].
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Figure 1: The degree variance of the temporal models of this study, CSR RL06 [Bettadpur, 2018], and ITSG-Grace2018
[Mayer-Gürr et al., 2018, Kvas et al., 2019] for 2003-07 (a), 2009-02 (b) and 2015-08 (c) in terms of geoid undulations, re-
spectively

• The "Improved" EBA reformulates the potential rotation term including the time-variable part of the
gravitational potential and expressed with the following new formula

Figure 2: The detailed equation expression of the proposed potential rotational terms

• The processing steps and background force models considered in our approach using the EBA soft-
ware of the study [Shang et al., 2015].

Figure 3: (a): The descriptions of the processing steps and (b): used background models in our approach

B. NUMERICAL INVESTIGATION

• B.1 Before Gravity Inversion
• The basic purpose of the KBR alignment equation, which is a novel equation of [Shang et al., 2015],

is to replace the inter-satellite velocity pitch of orbit with that from KBR range-rate measurements
by considering the geometric relationship between the orbit velocity vectors and the range rate mea-
surements. Thus, the KBR range-rate data is used implicitly in the EBA equation via alignment
equations avoiding adjustment or any approximation for usage range-rate data.

Figure 4: (a): The geometric relationship between the orbit velocity vectors and the range rate measurements. (b): The
differences between the observed and nominal range-rates before and after KBR alignment.

• The daily estimated geopotential is illustrated in Fig. 5. The estimated GPDs include systematic
errors which appear as the so-called bow-tie pattern, which is sourced from the resonant effect of
orbits. The main reasons for this effect are explained by the errors in the initial state of positions
and velocities as well as the differences between the background force models and true models
[Colombo, 1984, Liu, 2008]. In order to eliminate these effects, the kinematic empirical parameter fit-
ting is applied to the differences between the observed and the nominal range, range-rate or range-
accelerations [Kim, 2000, Liu, 2008]. Thus, residual range-rates can be used to calculate the gravity
field models. In contrast to using the residual range rates, the residuals between the estimated GPDs
and the fitted model, i.e. fitting the kinematic empirical parameters at the estimated GPD level, are
calculated in our approach, since the aligned velocity components include these systematic errors
and transplant to the estimated GPDs. Hence, the estimated GPDs are eliminated from the system-
atic effects.
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Figure 5: (a): The daily estimated GPDs from the energy equation using the reconstructed and aligned orbits for 2009-02-
01, (b): The residuals in one full orbit revolution

• The Multiresolution Wavelet Decomposition (MWD) approach is used to understand the effects of
the error and the noise sources of our models fragmenting into two subparts in sense of before and
after gravity inversion. While the estimated GPD residuals are analyzed in the first part, the second
part is based on calculating the insitu predicted GPDs at satellite altitudes from L1C model (the cal-
culated models for this study) and CSR RL06 models and getting the differences of these predicted
GPDs. For this purpose, the residuals are fragmented into three time-scale band considering the
dominant frequency regions: the short-time scale ( frequency > 12.5 mHz), the medium-time scale
(3.125 mHz < frequency < 12.5 mHz ) and the long-timescale ( frequency < 3.125). The MWD is ap-
plied using discrete Daubechies wavelet transform considering 20 vanishing moments decomposing
the residual signal into 8 discrete approximation and detail levels. These detail levels are grouped
into three subbands w.r.t. time-scales bands as in the study of [Behzadpour et al., 2019].
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Figure 6: The L1C residuals MWD results in terms of relevant time-scales in February 2009

• According to Fig. 7a, 7b, 7c and 7d, the scattering plotting of L1C residuals are illustrated in terms
of GRACE-A/B K/Ka-band SNR values along with the daily time series of the 01 February 2009.
This type of comparison gives information about which band signal dominates the inter-satellite
velocity components and L1C residuals. The white and red color dots represent the measurements
or residuals below the minimum required SNR values w.r.t to different bands. Although all band
noises affect the observables, the dominant noise source is stemmed from GRACE-B K-band which
is related to the temperature changes of the satellite as in Fig 7c. While the GRACE-B Ka-band SNRs
vary randomly from 2004 to 2011, the other band SNRs vary periodically. Thus, the GRACE-B Ka-
band is not considered in the data processing [Goswami et al., 2018]. This band noises are stimulated
to whole time-series of observables with low-level SNRs. The detailed investigation of the high-
frequency noise sources is explained by the study of [Harvey et al., 2017, Goswami et al., 2018].
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Figure 7: The daily time series of L1C residuals in terms of the scattering of the GRACE-A/-B K/Ka-band SNR only for
01 February 2009

• B.2 After Gravity Inversion
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(b) L1CF model (c) L1C model (d) CSR RL06

(e) L1CF model - L1C model (f) L1CF model - CSR RL06 (g) L1C model - CSR RL06

Figure 8: (a): Degree variances of the models in terms of the geoid undulation without applying any filtering to SHCs
for February 2009, the spatial illustrations of (b): L1CF model (calculated using the AOD1B RL05 + L1B RL02), (c): L1C
model (calculated using the AOD1B RL06 + L1B RL03) and (d): CSR RL06. In addition, (d), (e) and (f): The differences of
model undulations using the same monthly models
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Figure 9: MWD results of the predicted GPD differences between the L1C model and CSR RL06, and between L1CF

model - CSR RL06 at satellite altitudes.

C. DISCUSSION AND CONCLUSION
• Our temporal gravity field solutions have comparable accuracy wlth CSR RL06 and ITSG-Grace2018

for low degrees up to d/o 20 but less accurate for higher degrees. In addition, the estimated SHCs
are highly correlated. This high correlation is stemmed from the low-frequency noise, i.e. the
orbital resonance directly affects the SHC estimates.

• To use the range-rate observation avoiding any adjustment or approximation, the KBR alignment
equation is used to calculate inter-satellite velocity differences. This equation enables the use of
range-rate data directly in the energy equation. However, the alignment process while intend to
take the advantage of high-precision range-rate observations, it also introduces the systematic errors
due to the relationship between the orbit and range-rates in the alignment equation.

• The kinematic empirical parameter is fitted and removed from the estimated GPDs. But there is
still effect of these systematic errors in our estimated SHCs, i.e. the resonant effect dominates and
reduces the model accuracy. In other words, it can be evaluated that the removal of the empirical
parameters at the estimated GPDs level is not sufficient and more rigorous work is required.

• On the other hand, the background models are evaluated two times in our processing chain: first,
the accelerations are calculated in orbit determination, second, the potentials using the background
models are also calculated in energy equations. This implementation might be increasing the
systematic effect of orbit resonance.

• MWD results of L1C residual and the predicted GPDs of models show that the main contributor
to lower model accuracy is the low-frequency noises. The handling of antenna offset correction is
also important to increase model accuracy. The high-frequency noise of L1C residuals is especially
correlated with the signal quality of GRACE-B K-band.

• To remove the low-frequency noise and increase our model accuracy, the empirical parameters can
be co-estimated during the gravity inversion considering the quasi-periodic characterization of the
differences between the predicted GPDs of ITU and CSR RL06 models in terms of the dominant
periods.

• The antenna offset corrections of KBR observations are calculated w.r.t. the reconstructed orbits to
reduce the medium time-scale subband errors. In contrast to eliminating the high-frequency noise
in L1C residuals, the frequency-dependent, i.e. considering the high-frequency subband of L1C in
the results of the MWD approach, correlations of residuals can be used to as a stochastic model of
gravity inversions.

• As a result, the lower model accuracy of estimated temporal gravity field models from improved
energy balance model approach is depends on both low - and high - frequency in our temporal
gravity solutions. Especially the background model uncertainties are the dominant error sources in
our temporal gravity solutions.
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