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Abstract Gravity field solutions determined from the Gravity Recovery and Climate Experiment Follow-on
(GRACE-FO) are affected by the unexpected performance degradation of one accelerometer onboard, which is
circumvented by the accelerometer data transplant (ACT) technique. Three operational ACT products are
presently available: JPL-ACT and JPL-ACH from NASA Jet Propulsion Laboratory (JPL) and TUG-ACT from
Graz University of Technology (TUG). Considering the heterogeneous qualities of individual ACT products,
we propose to combine them to improve the gravity field models after a comprehensive assessment of individual
products using a consistent Level-1B data processing. The combination is carried out on the normal equation of
gravity field solutions. Spectral, temporal, and spatial evaluations over the period October 2018 to December
2022 demonstrate that the combined solution significantly reduces the noise relative to solutions using
individual ACT products, and the average noise reduction rates over JPL-ACT range from 5% to 12% with
varying post-processing filters and C,, and C;, coefficient treatments, which are double those of the second-best
JPL-ACH. Moreover, the C,, estimate exhibits significant improvement in the combined solution with its
deviation from the satellite laser ranging (SLR) solution showing a root mean square (RMS) value of

7.6 x 107", compared to similar RMS values of 15.9 x 107", 12.1 x 107", and 14.9 x 10™"! for JPL-ACT,
JPL-ACH, and TUG-ACT, respectively. This improvement helps greatly reduce the amplitude of the 161-day
spurious signal over polar regions. For Cs, the JPL-ACT gives degraded estimates with an RMS of differences
to SLR of 6.2 x 10™"", while the differences are greatly reduced to 2.6 X 107", 2.7 x 107" and 3.6 x 10" for
the combined solution, JPL-ACH and TUG-ACT, respectively, approaching the formal error of SLR estimates.

Plain Language Summary The Gravity Recovery and Climate Experiment Follow-on (GRACE-
FO) mission continues to provide global measurements of the Earth's gravity field to study large-scale mass
redistribution in the Earth system. Monthly snapshots of the Earth's mass changes are routinely provided in
terms of gravity field models based on GRACE-FO observation data. However, one accelerometer onboard,
used for measuring non-gravitational forces, does not provide the expected high-precision data, which requires
the so-called accelerometer data transplant (ACT) technique to copy measurements from the other normally
functioning accelerometer. There are currently three operational ACT products but of non-uniform qualities,
and, in this study, we combine them to make the best use of each one. Evaluations show that our combined
solution achieves consistently lower noise levels than other solutions derived from single ACT products over
different months. Moreover, the combined solution offers a significantly improved estimation of C,, the
coefficient reflecting the Earth's dynamic oblateness, as validated by the more reliable SLR technique, which is
beneficial to the study of mass changes at the largest spatial scale, such as the global mean ocean mass.

1. Introduction

Two decades have passed since the launch of the pioneering twin-satellite mission, the Gravity Recovery and
Climate Experiment (GRACE) in 2002, which has revolutionized our way of monitoring global mass changes
from seasonal to long-term time scales in the context of global climate change (Tapley et al., 2004, 2019). Based
on monthly gravity field models determined from GRACE observations, significant contributions have been
made to the quantitative studies of terrestrial water storage variations, global sea level changes, polar ice sheet
mass balance, and many others (Cazenave & Chen, 2010; Chen, 2019; Chen et al., 2022; Tapley et al., 2019;
Wouters et al., 2014). GRACE was decommissioned in November 2017, and its successor GRACE Follow-On
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(GRACE-FO) was successfully launched in May 2018, continuing the global mass change data record from a
unique geodetic perspective (Landerer et al., 2020).

The success of GRACE-FO gravity field recovery relies on its high-precision Level-1B (L1B) science data, which
mainly consists of inter-satellite measurements provided by both the K/Ka-band microwave instrument (MWI)
and the laser ranging interferometer, Global Positioning System data for precise orbit determination, acceler-
ometer (ACC) data recording non-gravitational forces, and satellite attitude data measured by star cameras (SCA)
(Landerer et al., 2020). Based on L1B data, monthly gravity field models in the form of unconstrained fully-
normalized spherical harmonic (SH) coefficients (and also constrained gridded mascon, but not the focus of
this paper) are routinely produced by GRACE-FO Science Data System (SDS), including the Center for Space
Research at the University of Texas at Austin (CSR), the NASA Jet Propulsion Laboratory (JPL), and the German
Research Center for Geosciences (GFZ). In addition, high-quality gravity field solutions are also provided by
various analysis centers (ACs) other than the SDS, such as Graz University of Technology (TUG) (Kvas
et al., 2019), Tongji University (Chen et al., 2019; Chen, Shen, et al., 2020), and University of Bern (Meyer
et al., 2016), etc. In general, different solutions have quite similar time-varying signal contents, however, their
noise levels can differ considerably, even for the SDS solutions using the same L1B data and similar background
geophysical models (Chen et al., 2021). The differences mainly come from their specific L1B data processing
strategies, in particular their methods of noise modeling as elaborated in Nie et al. (2022a).

One key component of GRACE-FO gravity field recovery involves reducing non-gravitational accelerations (e.g.,
those caused by atmospheric drag and solar radiation pressure (SRP)) through onboard measurements from two
accelerometers. However, starting from 21 June 2018, one of the accelerometers (in GRACE-D) has exhibited
significant bias jumps, rendering its data unusable for direct gravity field recovery (Harvey et al., 2022). To
address this challenging issue, accelerometer data transplant (ACT) techniques have been developed to “copy”
data from the other normal functioning accelerometer, which are based on the assumption that the space envi-
ronments are quite similar for the two satellites separated by approximately 220 km (Bandikova et al., 2019;
Behzadpour et al., 2021; McCullough et al., 2019). Additionally, the quality of ACT products significantly affects
the estimation of C,, and C;, coefficients. These coefficients are crucial in studying mass changes at large spatial
scales, such as the global mean ocean mass (GMOM) and the Antarctic ice sheet (Loomis et al., 2019, 2020).

At present, three operational ACT products are available, which are the JPL-ACT and JPL-ACH from JPL, and
the TUG-ACT from TUG. In producing JPL-ACT, insights are gained from comparable single-ACC situations in
the early and final operational stages of GRACE by implementing sophisticated thruster spike modeling and
correction, as well as time and attitude corrections (Bandikova et al., 2019; Harvey et al., 2022; McCullough
et al., 2019). Based on JPL-ACT, SDS has produced the Release 6 (RL06) series of gravity field models.
Recently, JPL released a new ACT product named JPL-ACH, which hybridizes the real observation data from the
GRACE-D accelerometer and the transplanted data (McCullough et al., 2022). As a result, SDS has updated its
RLO6 solutions to the latest versions, RL06.1 (GFZ and JPL) and RL06.2 (CSR), by substituting JPL-ACT with
JPL-ACH during L1B data processing (Flechtner et al., 2023). In a parallel development, TUG offers an alter-
native ACT product, where a novel remove-restore technique is introduced by first removing a major portion of
non-gravitational forces via the use of empirical models and then carrying out the data transplant at the residual
level (Behzadpour et al., 2021).

The quality of different ACT products has an important impact on the solved gravity field solutions. Behzadpour
et al. (2021) demonstrated that gravity field models derived from TUG-ACT have lower noise levels than those
from JPL-ACT. Additionally, the corresponding C,, and C;, coefficients are more consistent with those esti-
mated from SLR data. Ghobadi-Far et al. (2023) found that JPL-ACH leads to significantly improved Cs esti-
mates and consistently reduces solution noise compared to its predecessor, JPL-ACT, through systematic
comparisons between the SDS RL06 and RL06.1 solutions. However, independent assessments of all three
operational ACT products are still lacking in the current literature, which will require consistent L1B data pro-
cessing to give fair and meaningful results. This is one of the motivations for this study.

The other motivation arises from the above evaluation process that reveals heterogeneous performances of in-
dividual ACT products across different months, that is, a specific ACT product is not necessarily always the best
(see Figure 4). Therefore, we propose to optimally combine gravity field solutions derived from different ACT
products to reduce their individual errors in non-gravitational force modeling, which is expected to generate an
improved model series with consistently lowered noise levels. This is also the philosophy behind many geodetic
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solution combination campaigns. For example, the International GNSS Service integrates orbit solutions from
different ACs to provide the most precise products (Dow et al., 2009); the International Combination Service for
Time-variable Gravity Fields (COST-G) aims at delivering best-quality global gravity field model by incorpo-
rating contributions from several GRACE/GRACE-FO ACs worldwide (Jaggi et al., 2019, 2020).

This paper is structured as follows: Section 2 details our L1B data processing strategies for GRACE-FO gravity
field recovery. Moreover, we present the ACT product combination method via normal equations of gravity field
solutions and the descriptions of two corresponding weighting schemes. Section 3 examines the impacts of
different weightings on the combined solution, followed by comprehensive evaluations of individual single-ACT
solutions and the combined solution in spectral, temporal, and spatial domains. Furthermore, we evaluate the
quality of C,, and Cj;, estimates using SLR-derived values as the references. Finally, Section 4 outlines con-
clusions and discusses future research possibilities.

2. Data and Methods
2.1. Gravity Field Recovery From L1B Data

We use the classical dynamic approach for gravity field recovery, which links GRACE-FO observations to
gravity field parameters by numerically integrating the satellite's equations of motion and the variational equa-
tions (Bettadpur & McCullough, 2017; Reigber, 1989). During the orbit integration, a suite of background dy-
namic and geophysical models is utilized to reduce signals stemming from static gravity field, tides, and non-tidal
atmospheric and oceanic variations, all of which are outlined in Table 1. The RLO6 of the Atmosphere and Ocean
De-Aliasing Level-1B (AOD1B) product is adopted to be consistent with the SDS RL06 and RL06.1 solutions
(Dobslaw et al., 2017). The version 04 L1B data from JPL and kinematic orbits from TUG (Suesser-Rechberger
et al., 2022; Zehentner & Mayer-Giirr, 2015) are utilized to generate three sets of monthly gravity field model
series from October 2018 to December 2022 using JPL-ACT, JPL-ACH, and TUG-ACT respectively via
consistent L1B data processing.

The parameter estimation process involves two steps: orbit fitting and gravity recovery (Tapley et al., 2005).
Satellite initial states of each 6-hr orbit arc, accelerometer bias, and scale calibration parameters are estimated in
the orbit fitting step. In the gravity recovery step, these parameters are re-estimated along with gravity field
parameters in the form of fully-normalized SH coefficients up to degree and order (d/o) 96. The range rates from
MWI, consistent with SDS solutions, and kinematic orbit positions are used in the above steps. The accelerometer
bias is modeled as a third-order polynomial to account for its temporal variations and is estimated once per day,
while a fully-populated accelerometer scale matrix is estimated monthly to consider the cross-talk and
misalignment in the accelerometer frame (Chen et al., 2019; Klinger & Mayer-Gilirr, 2016). Instead of estimating
empirical parameters, either in the form of accelerations or range-rate parameters, stochastic modeling is
employed (Nie et al., 2022a). In stochastic modeling, an autoregressive model-based filtering approach is adopted
to properly model colored noise in the data during the weighted least-squares parameter estimation process,
detailed in Nie et al. (2022a). Additionally, relative weights between different observation groups are determined
based on the variance component estimation (VCE) (Koch & Kusche, 2002; Kusche, 2003), which is realized by
an efficient algorithm developed by Nie, Shen, Pail, and Chen (2022).

2.2. ACT Product Combination

We combine different ACT products based on normal equations (NEQ) of gravity field solutions derived from the
individuals. The combination is carried out at the level of NEQ instead of SH coefficients to fully consider
correlations among parameters (Meyer et al., 2019), which reads

i=1 i=1

where X is the vector of gravity field parameters to be estimated, N, and b; are normal matrix and right-hand-side
vector of NEQ, the construction of which is detailed in Nie et al. (2022a, 2022b). Three groups of NEQ are
derived from JPL-ACT, JPL-ACH, and TUG-ACT, respectively, and they are weighted based on corresponding
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Table 1
Background Dynamic and Geophysical Models Used in GRACE-FO Gravity Field Recovery

Background models Description

Static gravity field GOCOO06s (Kvas et al., 2021) with degree and order (d/o) 160
N-body perturbations JPL DE440 (Park et al., 2021)

Solid Earth tides IERS 2010 convention (Petit & Luzum, 2010)

Solid Earth pole tides IERS 2010 convention

Ocean tides EOT11a (Savcenko & Bosch, 2012) with d/o 120

Ocean pole tides IERS 2010 convention (Desai, 2002) with d/o 120

Non-tidal de-aliasing AODIB RL06 (Dobslaw et al., 2017) with d/o 120
Atmospheric tides AODI1B RLO06 with d/o 120

General relativistic corrections IERS 2010 convention

Non-gravitational forces JPL-ACT, JPL-ACH and TUG-ACT

factors w,. Two weighting schemes are introduced in this paper, one is based on VCE, and the other on empirical
noise estimation.

By VCE, the weight factor is derived as

_ n; — t,‘
#F'Nx - 2&"b, + 1P,

@

Wi

where (-)7 denotes the transpose operator, ; is the reduced observation data vector, and P; is the weight matrix
determined from the filtering approach in this study (Nie et al., 2022a); n, is the number of observations reduced
by local parameters, for example, initial states and accelerometer calibration parameters, and ¢; is contribution
number of each solution to the joint estimation of X, which is computed as (Nie, Shen, Pail, & Chen, 2022)

5 —1
= tr(WiNl‘( Z WiNi) ) (3)
i=1

where tr(-) denotes the trace operator of a matrix. The VCE is performed iteratively and starts with equal weights,
that is, w; = w, = w5 = 1.0.

For the empirical noise estimation-based weighting scheme, we use the open ocean residuals (OOR) to represent
the noise level of different solutions, which is the most commonly used metric in GRACE/GRACE-FO model
assessments (Chen et al., 2019, 2021; Kvas et al., 2019; Meyer et al., 2016). Here, the open ocean is defined as
oceanic areas more than 500 km away from the coastlines (Chen et al., 2021). For a specific set of model time
series, the ORR 1is derived as follows: we first convert SH coefficients, after subtracting a static or mean model, to
gridded values of equivalent water height (EWH) (Wahr et al., 1998), then use unweighted least squares to fit and
remove a climatology model, made up by bias, trend, annual and semi-annual sinusoids, from the EWH time
series of each grid over the available GRACE-FO period, which gives the grid-wise residuals; by calculating the
root mean square (RMS) value of residuals from all grids within the open ocean, we get the empirical estimation
of model noise o;, or what we abbreviate as OOR RMS in the following, with

Tieac0s(¢)) A
Zeacos(e;)

4)

where A#h; is the residual EWH of grid j with the latitude of ¢;; the scale cos(g)) is introduced to consider the
varying grid sizes at different latitudes and Q represents the open ocean. As a major part of time-variable signals
are already removed by the AOD1B product and ocean tide model during the L1B data processing, the remaining
non-steric signals over open oceans can be reasonably well modeled by the above simple climatology model
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(Chen et al., 2021). Therefore, OOR is dominated by noise, and its RMS value o; can be regarded as a proxy of the
upper bound of the solution noise level. Accordingly, the weight factor is simply the inverse of the squared noise

level as w; = 1/02.

3. Results and Analysis
3.1. Combined Solutions With Different Weighting Schemes

For the empirical noise estimation-based weighting, a 300-km Gaussian smoothing is applied (Wahr et al., 1998),
otherwise, the estimated noise level will solely reflect the highest SH degrees (Kvas et al., 2019). The Glacial
Isostatic Adjustment (GIA) effect, degree-0 and degree-1 coefficients are not considered as they have a common
impact on all individual solution noise estimates, while for the combination only relative weights matter.
Moreover, the C,, and C; are deliberately not replaced by SLR-derived values in Technical Note TN-14 (Loomis
etal., 2019, 2020), because their uncertainties are naturally part of the noise budget, and are what we would like to
address with different ACT products.

Figures 1a and 1b show monthly normalized weights of solutions derived from JPL-ACH and TUG-ACT with
respect to JPL-ACT based on VCE and empirical noise estimation (denoted as EMP in the figure), respectively. In
general, weights of different ACT products are comparable in both cases, while those derived from empirical
noise estimation show larger fluctuations with the JPL-ACH getting the largest weights. The relatively consistent
weights, that is, close to 1.0, estimated in the VCE case are within our expectation, because we have applied
stochastic modeling in the construction of individual NEQ, which already takes into account data heterogeneity
via fully-populated observation weight matrices (Brockmann et al., 2021; Nie et al., 2022a). Moreover, as VCE is
mainly driven by the internal (or formal) precision of the parameter estimation system, any deviation from the
truth in stochastic modeling cannot be self-calibrated (Lerch, 1991). This holds for our current study because error
information of background geophysical models, for example, ocean tide model and AOD product, has not been
fully considered (Abrykosov et al., 2022; Kvas & Mayer-Giirr, 2019). This also partially explains the non-
uniform, yet potentially more realistic, weights determined by the empirical noise estimation. Nevertheless, no
distinct difference can be observed between the two combined solutions, as reflected in the OOR RMS time series
after 300-km Gaussian smoothing in Figure 1c. Therefore, we use the empirical noise estimation in the following
to weigh different ACT products due to its ease of implementation.

3.2. Evaluations of the Combined Solution

In this section, we comprehensively evaluate three individual gravity field solutions, denoted as JPL-ACT, JPL-
ACH, and TUG-ACT, for compactness, generated by the corresponding ACT product, and the thereof combined
solution, denoted as COMB hereafter, in spectral, temporal, and spatial domains.

Figure 2 shows the average geoid heights from October 2018 to December 2022 of the four solutions with respect
to the static gravity field model GOCOO06s, in degree-wise (Figure 2a) and order-wise (Figure 2b) manner. In the
degree-wise plot, the four solutions are almost identical for degrees below 30 (except for degrees 2 and 3 to be
discussed in Section 3.3), indicating that they capture consistent time-varying gravity signals characterized by
decreasing energy at shorter wavelengths. At higher degrees, the geoid height steadily increases and is dominated
by noise due to the nature of satellite gravity inversion, a typical ill-posed problem where noise is amplified at the
high-frequency bands (Save et al., 2012). In the mid- and high-frequency bands, COMB has the lowest noise
level, while JPL-ACT has the highest; JPL-ACH outperforms TUG-ACT on average, especially for degrees
between 45 and 55. The order-wise plot shows similar results, with the combined solution giving less noise than
the other three for higher-order SH coefficients. In addition, distinct peaks appear at SH orders of multiples of ~15
due to the well-understood orbital resonance effect, where the combined solution is the least contaminated.

We further investigate two special groups of SH coefficients, the sectorial and the zonal coefficients, as shown in
Figures 3a and 3b, respectively. The sectorial coefficients are known to be prone to errors in dynamic force
models (Beutler et al., 2010), hence the generally lower noise levels of JPL-ACH and TUG-ACT than JPL-ACT
in this frequency band indicate better modeling of non-gravitational forces. Combining the three enables further
noise reduction, which takes advantage of individual ACT techniques. For zonal coefficients, however, we cannot
tell any difference among solutions except for C,, and Cs, indicating a smaller impact of the different ACT
products on this spectral group.
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Figure 1. (a) Normalized weights of JPL-ACH and TUG-ACT with respect to JPL-ACT in solution combination determined
by variance component estimation. (b) same as panel (a) but determined by empirical noise estimation (EMP). (¢c) Monthly
open ocean residuals root mean square (RMS) values of the two combined solutions with 300-km Gaussian smoothing
applied.

In the temporal domain, monthly OOR RMS values after 300-km Gaussian smoothing are shown in Figure 4.
Heterogeneous noise levels among the different ACT products and the non-uniform performance of individuals
over time are clearly presented. In general, improvements of JPL-ACH over its predecessor JPL-ACT are
apparent, consistent with the results of Ghobadi-Far et al. (2023), while the combined solution has the lowest
noise level for most of the months. When C,, and Cj, coefficients are excluded, as shown in Figure 4b, OOR
become slightly smaller and closer among different solutions. Besides, we also observe a systematic increase in
noise for all solutions starting in 2021, mainly due to the build-up of the 25th solar cycle (Landerer et al., 2022).
The National Oceanic and Atmospheric Administration (NOAA) total solar irradiance time series (Coddington
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Figure 2. Average geoid heights from October 2018 to December 2022 of four solutions with respect to GOCOOQ6s. (a) for
degree-wise plot, (b) for order-wise plot.
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Figure 3. Degree-wise average geoid heights from October 2018 to December 2022 of four solutions with respect to
GOCO06s. (a) for sectorial coefficients only, (b) for zonal coefficients only.
et al., 2016), shown as the gray curve in Figure 4, reflects the intensification of solar activity after 2021, which
leads to stronger non-gravitational forces and thus challenges the technique of ACT.
Figure 5 demonstrates the relative noise reduction rates of JPL-ACH, TUG-ACT, and COMB with respect to JPL-
ACT based on the results in Figure 4a. As expected, the combined solution achieves the greatest noise reduction for
almost all months, while there are several months where TUG-ACT shows larger noise than JPL-ACT and a few
months where JPL-ACH gives negative values. We also plot the 5’ angle, defined as the angle between the Earth-
satellite plane and the Earth-Sun plane, in Figure 5 to show the evolution of the improvements with it, which varies
between —90 and 90° with a period of approximately 161 days. From a visual inspection, the largest noise reduction
'E 5 T T (a) T T 1365
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Figure 4. Monthly open ocean residuals root mean square (RMS) values of four solutions. C,, and C5, coefficients are
included in panel (a) and excluded in panel (b). 300-km Gaussian smoothing is applied. The gray curve represents the total
solar irradiance.
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Figure 5. Monthly noise reduction rates of JPL-ACH, TUG-ACT, and COMB over JPL-ACT based on noise estimates in
Figure 4a. The gray curve represents the 4’ angle.

is achieved when f’ is close to zero, as pointed out by Ghobadi-Far et al. (2023). Furthermore, we present the noise
reduction rates of each month with respect to the corresponding ' angles in Figure 6. Specifically, Figure 6a is
based on the results of Figure 5, while Figure 6b additionally replaces C, and C;, with SLR estimates. Both cases
demonstrate that the largest improvements over JPL-ACT are indeed clustered around the zero ' angle (with a few
exceptions). To gain more insight into the ' dependency, we compare the L1B acceleration data of three ACT
products by setting the state-of-the-art JPL-ACH as the reference. The time series of differences for JPL-ACT and
TUG-ACT (both with respect to JPL-ACH) are zero-centered on a daily basis to account for their different
accelerometer bias treatments during the transplant (Behzadpour et al., 2021; Harvey et al., 2022). Figure 7 displays
the daily RMS values for each acceleration component, along with the #’ angles. It clearly demonstrates that the
largest along-track and radial acceleration differences occur near zero f#’. During this period, satellites undergo
significant temperature fluctuations, resulting in substantial variations in non-gravitational forces, particularly
SRP, and therefore challenging the accelerometer data transplant (Behzadpour et al., 2021; Cheng & Ries, 2017,
Ghobadi-Far et al., 2023; Harvey et al., 2022; Klinger & Mayer-Giirr, 2016). This largely explains why the most
noticeable improvements or degradations in gravity field solutions using different ACT products are observed with
zero f'. In the cross-track direction, the differences between TUG-ACT and JPL-ACH are about two orders of
magnitude larger than those between the two JPL products. This could be caused by SRP mismodeling and/or the

(a) C,, and C, from GFO (b) C,,and C, from SLR

30 30

20 t o 20 t
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>
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noise reduction rate [%]
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Figure 6. (a) Noise reduction rates in Figure 5 in terms of #’ angle. (b) same as panel (a) but with C,, and C;, replaced by
satellite laser ranging estimates.
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Figure 7. Daily root mean square (RMS) values of acceleration differences of JPL-ACT and TUG-ACT with respect to JPL-
ACH in along-track (a), cross-track (b), and radial (c) directions.

pitch offset, but further investigation is needed (Behzadpour et al., 2021; Harvey et al., 2022). Nevertheless, these
systematic cross-track deviations are expected to have minor impacts on gravity field solutions due to the co-
estimation of accelerometer calibration parameters and the along-track dominated observation pattern of
GRACE-FO (Harvey et al., 2022). Additionally, Figure 7 illustrates that JPL-ACT deviates from JPL-ACH more
and more after 2021 as a result of increased solar activities, which is exemplified in Figure S1 in Supporting In-
formation S1 for two randomly selected days in 2019 and 2022.

Table 2 summarizes the average noise reduction rates of all months for individual gravity field solutions with
different post-processing filters and treatments of C,, and Cs,. In addition to the 300-km Gaussian smoothing
(denoted as G300), the decorrelation filter (denoted as DC) proposed by Swenson and Wahr (2006) and modified
by Chen et al. (2010) is utilized to suppress the stripe noise, where fourth-order polynomials are fitted to remove
correlations among the odd (and even) order SH coefficients starting from degree 6. In the various cases in
Table 2, the average noise reduction rates of JPL-ACH over JPL-ACT are
between 2% and 7%, while those of the COMB are twice as high, indicating
that combining different ACT products can bring significantly more benefits

Mean Noise Reduction Rates (Unit: %) of Months From October 2018 to than using the up-to-date JPL-ACH alone. When using G300 alone, an
December 2022 of JPL-ACH, TUG-ACT, and COMB Over JPL-ACT average noise reduction of 10% or 12% is achieved, regardless of whether C,

Assessed by Different Post-Processing Filters and Treatments of C,,and Cs,

and Cj;, are replaced by SLR estimates or not. For TUG-ACT, the noise

JPL-ACH TUG-ACT COMB  reduction rates are minor on average when assessed with the G300 filter, and

G300

DC + G300

GFO C,/Cyy
SLR C,y/Csy
GFO C,/Cyy
SLR C,/Csy

6.1 1.1 12.0 are even negative when both DC and G300 filters are applied. This can be a
53 18 10.4 result of its heterogeneous noise behavior, based on our L1B data processing
47 17 9.7 strategy, across different months and hence canceling out positive and
24 —02 i negative values on average (see Figure 5), which justifies the motivation to

combine different ACT products to provide consistently better monthly

Note. G300 denotes the 300-km Gaussian smoothing, and DC denotes the model series.
decorrelation filter.
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Figure 8. Spatial distribution of noise in four solutions (unit: cm). 300-km Gaussian smoothing is applied, and C,, and C5, are
from Gravity Recovery and Climate Experiment Follow-on estimates.

Figure 8 further illustrates the spatial distribution of noise in different solutions, derived by taking the (temporal)
RMS of the monthly residual EWH for each grid (Chen et al., 2021). We can observe some large RMS values over
land, mainly due to intra-seasonal and possibly interannual signals not well captured by the simple climatology
model (Chen et al., 2021). In the open ocean, JPL-ACH has systematically less noise than JPL-ACT and TUG-
ACT, both in spatial extent and intensity, while COMB reduces it even further. Furthermore, JPL-ACH and
COMB show smaller values over polar regions than the other two, mainly due to their different C,, and C;,
estimates. By replacing them with SLR-derived values, four solutions are more consistent in polar regions (not
shown).

Finally, for external validation, we compare our combined solution (COMB) with the latest SDS solutions from JPL
(RL06.1), GFZ (RL06.1) and CSR (RL06.2). Figure 9 shows the degree-wise mean geoid heights of the individual
solutions, which are consistent in low degrees, while our solution shows remarkably lower noise, especially in
higher degrees. We attribute this to the employed stochastic modeling (Nie et al., 2022a, 2022b) and to the
combination of different ACT products. Figure 10 shows the noise estimates of each monthly solution, with C,,and
C; replaced by SLR-derived values and both DC and G300 filters applied. It indicates that the COMB consistently
achieves the lowest noise level. Besides, among the three SDS solutions, CSR generally shows superior perfor-
mance and is closely followed by JPL. To guarantee that the lower noise level of COMB does not come at the
expense of signal distortion, we estimate trends and annual amplitudes of 123 river basins (Scanlon et al., 2016),
with an area larger than 100,000 km?, for the four solution time series. Figure 11 shows the COMB estimates
compared to the reference SDS estimates, which are defined as the average of JPL, GFZ, and CSR. The values of
COMB are linearly regressed against SDS, following the methodology of Scanlon et al. (2016). The fitted slopes for
trend and annual amplitude are 1.00 and 0.98, respectively, confirming their consistent signal contents. Figure S2 in
Supporting Information S1 displays the EWH change time series for the Antarctic and Greenland ice sheets, as well
as some selected river basins, with GIA signals removed by the ICE6G-D model (Peltier et al., 2018).

3.3. Impacts on C,, and C;, Coefficients

Since non-gravitational forces exhibit distinct once-per-revolution and twice-per-revolution features in orbit
perturbations (Beutler et al., 2006; Scharroo & Visser, 1998), improvements in the ACT product or treatment are
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Figure 9. Degree-wise mean geoid heights with respect to GOCOO06s of the combined solution from this study (COMB) and
three SDS solutions (CSR/JPL/GFZ) averaged over months from October 2018 to December 2022.
expected to refine the C, estimate of GRACE-FO. In addition, recent investigations by Loomis et al. (2020) have
shown that the quality of the C; estimate based on JPL-ACT is degraded and recommended replacing it with the
SLR-derived one. Therefore, in the following we assess the impact of updated ACT products and their combi-
nation on these two coefficients.
Figure 12 shows the time series of C,, estimates from individual gravity field solutions using different ACT
products and from the combined solution. The SLR-derived values provided in TN-14 are plotted for reference as
they are believed to be more reliable. As indicated, JPL-ACH shows improvements over JPL-ACT and TUG-
ACT for generally reduced discrepancies with SLR. The RMS of its differences to SLR is 12.1 x 10™!!, while
3 T T T T
2.8
3
=26
I
=
uog
£
()
S 22
14
c
& 2
o
o
S18
Q.
o
1.6
1.4
2019 2020 2021 2022 2023
—6—GFZ RL06.1 —&—JPL RL06.1 —&—CSR RL06.2 —&— COMB
Figure 10. Monthly open ocean residuals root mean square (RMS) values of four solutions. Decorrelation filter and 300-km
Gaussian smoothing are applied, and C,, and C; are replaced by satellite laser ranging estimates.
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Figure 11. Estimates of trend (a) and annual amplitude (b) of 123 river basins. The SDS value represents the average of CSR,
JPL, and GFZ estimates. Slopes are fitted based on the displayed COMB and SDS values using least squares. Decorrelation
filter and 300-km Gaussian smoothing are applied, and C,, and Cs, are replaced by satellite laser ranging estimates.

itis 15.9 x 107" and 14.9 x 10" for JPL-ACT and TUG-ACT, respectively, as summarized in Table 3. By
combining different ACT products, the COMB further reduces the RMS value to 7.6 x 107", which is only half
that of JPL-ACT and significantly smaller than the state-of-the-art JPL-ACH, given the formal error of the SLR
estimates in TN-14 is about 2 x 107",

Figure 13 shows the results of C5,. Both JPL-ACH and TUG-ACT give significantly more reliable estimates than
JPL-ACT, as reported in Behzadpour et al. (2021) and Ghobadi-Far et al. (2023). Among the four, JPL-ACH and
COMB come closest to the SLR with RMS values less than 3 x 107! in Table 3, which is at the same level as the
C5, formal error of the SLR. This brings us to the consideration of whether it is still necessary to replace GRACE-
FO C;, with SLR for JPL-ACH or COMB, but this is beyond the scope of the present study. Moreover, when
presenting the absolute differences of C;, between GRACE-FO and SLR in terms of #’ angles, Figure 14 reveals
that their dependencies on ' are significantly reduced in JPL-ACH, TUG-ACT and COMB, compared to JPL-
ACT, which further indicates improvements in C;, estimates with the updated ACT products and treatments.
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Figure 12. C,, estimates of Gravity Recovery and Climate Experiment Follow-on in four gravity field solutions. The satellite
laser ranging values are given for reference.

NIE ET AL.

12 of 19

85UBD| SUOWILLIOD BAIERID 3|l dde 8L Ad pauRA0B B8 B YO 188N JO S9N o) ARIq1T 8UIIUO AB]IM UO (SUO 1 IPUCO-PLE-SWLBHWOY" A3 | 1M ARe1q) U UO//Sd1L) SUORIPUOD PUE SWB L 843 85 *[5202/50/22] U0 ARIqI8uiiuo ABIIM ‘INOH ON NH ALISEIAINN DINHO3LATOd ONOX ONOH Ad £T08208r€202/620T OT/10p/wod A 1w Areic| pu|uo'sandnfe//sduy Loy pepeojumoa ‘s *Z0z ‘95e669T2



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20237B028013

Table 3

To investigate what the improvements in C,, and C5, estimates can bring

Root Mean Square (RMS) Values of Differences in Cs, and Cs, Estimates about, we fit the 161-day sinusoids (along with bias, trend, annual, and semi-

Between Four GRACE-FO Solutions and the SLR

annual terms) for each grid of the four solutions and plot the grid-wise

(x107'h

JPL-ACT

JPL-ACH TUG-ACT COMB amplitudes in Figure 15. C,, and C;, are kept as GRACE-FO estimates,

CZO
C30

15.9
6.2

12.1
2.7

and a 300-km Gaussian smoothing is applied. The non-geophysical 161-day
signal is a known issue in GRACE/GRACE-FO gravity field solutions, the
origin of which has been commonly assumed to be the S2 ocean tide aliasing

14.9 7.6
3.6 2.6

(Chen et al., 2008; Han et al., 2005; Seo et al., 2008), while recent studies
suggest a close relationship with accelerometer errors caused by the 161-day angular evolution of ' (Cheng &
Ries, 2017; Klinger & Mayer-Giirr, 2016). Figure 15 shows that the amplitudes in the Antarctic are quite large
for JPL-ACT and TUG-ACT, while they are considerably attenuated for JPL-ACH and especially COMB. They
also show a latitudinal dependence, thus we compute the average amplitude of each latitudinal band and plot it
in Figure 16a along with the corresponding latitudes. It is clearly shown that COMB has the least latitude
dependence, and the latitudinal average amplitudes of JPL-ACT and TUG-ACT are larger than those of JPL-
ACH and COMB. To understand which factor contributes to the above results, Cs, is replaced with SLR-
derived value in Figure 16b, but the results remain basically the same. When both C,, and Cs are replaced,
Figure 16¢ shows that the four solutions now obtain consistent and insignificant 161-day amplitudes in all
latitude bands. This confirms that the greatly reduced artificial signals in JPL-ACH and COMB are attributed to
their improved estimation of C,,. Moreover, our preliminary results support the speculation that the 161-day
signal is highly associated with the accelerometer errors since we use the same ocean tide model in produc-
ing the four solutions. Nevertheless, further investigation with a longer time series is needed to address this
open issue fully.

To evaluate the effect of C,, and C5, improvements on mass change study, we use GMOM as a demonstration
example. We estimate the time series of GMOM changes in terms of EWH using the four gravity field solutions
mentioned above. After GIA correction using the ICE6G-D model, the solutions are smoothed with a 300-km
Gaussian filter, and an ocean mask with a 500-km buffer zone is applied to reduce leakage error (Chen, Tap-
ley, et al., 2020). C,, and C5 coefficients are kept as their own estimates by GRACE-FO to focus on their direct
impacts. The results are compared to the reference, which is defined as an ensemble mean of three SDS solutions
with C,4 and C; replaced by SLR estimates as recommended by Loomis et al. (2019, 2020). Figure 17 shows the
differences with respect to the reference. JPL-ACT and TUG-ACT deviate up to 5 mm from the reference, while
JPL-ACH and COMB have the smallest deviations, which aligns with the evaluations on C,, and C5 in Table 3.
However, when both C,, and C,, are replaced with SLR estimates, the four GMOM change time series become

9.5735 T
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¢
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9.5695

9.569 : ‘ ‘ ‘
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Figure 13. C;, estimates of Gravity Recovery and Climate Experiment Follow-on in four gravity field solutions. The satellite
laser ranging values are given for reference.
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Figure 14. Absolute differences between C; estimates from four Gravity Recovery and Climate Experiment Follow-on
solutions and the satellite laser ranging in terms of 8’ angle. Note that the magnitude is scaled by 1 x 10'".
highly consistent, and their differences from the reference are mostly limited to 2 mm, as shown in Figure S3 in
Supporting Information S1. This also alleviates our concerns about potential contaminations to GRACE-FO
science applications due to ACT product deficiencies, provided that reliable SLR estimates are available
(Cheng & Ries, 2023; Loomis et al., 2019, 2020).
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Figure 15. Amplitudes of the 161-day sinusoids in four gravity field solutions (unit: cm). C,, and C,, are from Gravity
Recovery and Climate Experiment Follow-on estimates, and 300-km Gaussian smoothing is applied.
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Figure 16. Average amplitudes of the 161-day signal for each latitudinal band in four gravity field solutions. 300-km
Gaussian smoothing is applied. (a) C,, and C are from Gravity Recovery and Climate Experiment Follow-on (GRACE-
FO) estimates. (b) C,, is from GRACE-FO, but C, is replaced by satellite laser ranging (SLR). (c) Both C,, and C; are
replaced by SLR values.

3.4. Discussions on ACT Product Combination

The ACT product combination presented above is performed on the NEQ level as described in Section 2.2, while
the direct combination of L1B-level accelerations is also feasible. Theoretically, both procedures should give
consistent results since NEQ and L1B data contain the same information. Figure S4 in Supporting Information S1
compares gravity field solutions derived from either procedure, which confirms their agreement for most months.

2019 2020 2021 2022 2023

—6— JPL-ACT —6—JPL-ACH —&—TUG-ACT —&— COMB

Figure 17. Differences in global mean ocean mass (GMOM) change estimates by four gravity field solutions with respect to
the reference. The C,, and C;, are kept as their own estimates by Gravity Recovery and Climate Experiment Follow-on. The
reference is defined as an ensemble average of three SDS solutions with C,, and Cs, replaced by satellite laser ranging
estimates. The GMOM change is given in terms of equivalent water height.
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Figure 18. Monthly open ocean residuals root mean square (RMS) values of the combined solutions with and without JPL-
ACT. Decorrelation filter and 300-km Gaussian smoothing are applied, and C,,, and C,, are replaced by satellite laser
ranging estimates.

Some noticeable discrepancies in the second half of 2021 and early 2022 are related to the nadir-pointing
operation mode of the two GRACE-FO satellites and need further investigations. While it may be more effi-
cient to process the weighted average of L1B data directly if their weights are known beforehand, we prefer to
work on the NEQ level for tuning purposes, such as testing different weighting schemes. Changing weights in
L1B-combination requires reintegrating satellite orbits and forming new normal equations for each time, which is
the most time-consuming part of GRACE-FO L1B data processing. It can, however, be most easily and efficiently
done at the NEQ level.

As the JPL-ACT will become outdated in future L1B data releases, it is important to assess the combination with
only JPL-ACH and TUG-ACT. In Figure 18, we compare two versions of combined solutions, with and without
JPL-ACT. The OOR values show almost negligible differences between the two, indicating that JPL-ACT
provides little extra information in the combination. Additionally, Figures S5 and S6 in Supporting Informa-
tion S1 display the time series of C,, and C;, estimates for both cases, along with SLR values. The RMS values of
the differences between the SLR and the combined solution using only JPL-ACH and TUG-ACT are 7.2 x 107"
and 2.7 x 107! for C,( and C;, estimates, respectively. These values are very close to those obtained using three
ACT products, that is, the COMB in Table 3. The results indicate that the improvements resulting from the
combined solution presented in previous sections are primarily attributed to the two advanced ACT products:
TUG-ACT and JPL-ACH. This also confirms that the improvements are driven by enhanced non-gravitational
force modeling via the combination rather than simply the accumulation of ACT data samples.

4. Summary and Conclusions

To address the GRACE-FO accelerometer issue, we comprehensively evaluate three operational ACT products,
two from JPL (JPL-ACT and JPL-ACH) and one from TUG (TUG-ACT), using a consistent L1B data pro-
cessing strategy, which serves as an independent and external validation in addition to the SDS team.
Furthermore, we propose combining different ACT products to provide uniformly improved time series of
monthly gravity field solutions by making the best of individuals. The combination is carried out by normal
equations of gravity field models. Regarding the relative weights among individual normal equations in the
combination, methods based on VCE and empirical noise estimation are compared and found to produce very
similar combined solutions.

Four sets of monthly model series over the period October 2018 to December 2022 are produced using three
different ACT products and their combination. Their qualities are evaluated in the spectral, temporal, and spatial
domains with an emphasis on the noise level. The combined solution clearly improves SH coefficients of middle-
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to-high degree and order, typically dominated by noise. Moreover, OOR, as a measure of noise level, indicate that
the combined model series consistently achieves the lowest noise level for most months, which proves the
strength of the ACT product combination. Compared to JPL-ACT, the noise reduction rates of JPL-ACH, TUG-
ACT, and the combined model are 6%, 1%, and 12%, respectively, on average when 300-km Gaussian smoothing
is applied. With different post-processing filters and C,, and C;, treatments, the average noise reduction rates of
the combined solution are always the highest and are twice those of the second-best JPL-ACH. The combined
solution is validated with the latest SDS solutions, further confirming its remarkably lower noise levels and their
consistent signal contents.

As the quality of the ACT products significantly impacts the C,, and C; estimates, we compare their values in
different solutions with respect to the more reliable SLR-derived values. For C,,, the RMS of the differences
between the SLR estimates and those of JPL-ACT, JPL-ACH, and TUG-ACT are 15.9 X 107“, 12.1 x 107“, and
14.9x 107", respectively, which indicates an improvement of JPL-ACH over its predecessor JPL-ACT as well as
the TUG-ACT. The combined solution provides even better C,, estimates with an RMS value reduced to
7.6 x 10™"", half that of JPL-ACH. This improvement greatly reduces the amplitudes of the 161-day spurious
signal, which is most likely due to the combined effects of S2 ocean tide aliasing and accelerometer errors, with
the latter dominating for GRACE-FO. For C;,, both JPL-ACH and TUG-ACT give more reliable estimates than
JPL-ACT. Their RMS differences from SLR are 2.7 x 10™"" and 3.6 x 10", respectively, while that of JPL-ACT
is quite large at 6.2 x 10™"'". Again, the combined solution gives very close estimates to SLR with an RMS of
2.6 x 107" Improvements in C,, and Cs, estimates are directly translated into closer GMOM estimates to the
reference, defined as an ensemble mean of three SDS estimates with C,, and C;, replaced by corresponding SLR
values.

With the onset of the solar cycle 25, larger non-gravitational forces are expected due to increased solar activity,
which demands an even more sophisticated technique of accelerometer data transplant. The previous
assumption behind JPL-ACT that differences in non-gravitational forces between two satellites can be
adequately handled by pure geometric corrections only may not hold well then; meanwhile, the remove-restore
technique in TUG-ACT may reach its limit because of the expected increasing discrepancies between modeled
and true non-gravitational forces in the context of intensifying solar activity. Therefore, before we can fully
exploit the GRACE-D accelerometer, the hybrid ACT method in JPL-ACH that incorporates at least part of its
real data should be preferred. In parallel, the ACT product combination strategy, as proposed in this study at the
gravity field solution level, can be considered as a promising yet simple option at the moment. Furthermore, the
combined use of only JPL-ACH and TUG-ACT yields results very close to those obtained using all three ACT
products. This suggests that JPL-ACT provides minimal additional information and that only the two advanced
ACT products (JPL-ACH and TUG-ACT) are necessary for the combination. In addition, the integration of
different transplant techniques to create an even better ACT product will be a more convenient and advanced
option in the future.

Data Availability Statement

The GRACE-FO Level-1B data, including JPL-ACT and JPL-ACH, are available through: https://podaac.jpl.
nasa.gov/dataset/GRACEFO_L1B_ASCII_GRAV_JPL_RL04. AODI1B RL06 models are from: https://podaac.
jpl.nasa.gov/dataset/GRACE_AODIB_GRAV_GFZ_RL06. GRACE-FO kinematic orbit data from TUG can be
downloaded via: https://ftp.tugraz.at/outgoing/ITSG/satelliteOrbitProducts/operational/. TUG ACT product can
be downloaded via: https:/ftp.tugraz.at/outgoing/ITSG/GRACE/L1B/ACT1B/. C,, and C;, estimates by SLR in
TN-14 can be accessed through: https://archive.podaac.earthdata.nasa.gov/podaac-ops-cumulus-docs/gracefo/
open/docs/TN-14_C30_C20_GSFC_SLR.txt. The SDS GRACE-FO model series are available at: https:/
podaac.jpl.nasa.gov/dataset/GRACEFO_L2_CSR_MONTHLY_0062 for CSR RL06.2, https://podaac.jpl.nasa.
gov/dataset/GRACEFO_L2_JPL_MONTHLY_0061 for JPL RLO06.1, and https://podaac.jpl.nasa.gov/dataset/
GRACEFO_L2_GFZ_MONTHLY_0061 for GFZ RL06.1.
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