
1.  Introduction
The Gravity Recovery and Climate Experiment (GRACE; Tapley et al., 2004) and its successor, the GRACE 
Follow-On (GRACE-FO; Landerer et al., 2020) satellite missions have been providing invaluable data since 2002 
for monitoring the mass change at regional to global scales in various components of the Earth system such as 
oceans (Chen et al., 2019), cryosphere (e.g., Shepherd et al., 2018, 2020), hydrosphere (e.g., Rodell et al., 2018) 
and solid Earth (e.g., Han et al., 2006). GRACE and GRACE-FO have also played a vital role in understanding 

Abstract  GRACE-D accelerometer data show significant bias jumps since one month after the launch 
of the GRACE Follow-On (GRACE-FO) satellites in May 2018, making them inapplicable for correcting 
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GRACE-FO SDS implemented an updated transplant method, used in the latest release of GRACE-FO data. 
Here, we examine the impact of updated accelerometer transplant data (ACH) on GRACE-FO measurements 
at all levels: (a) Level-1B inter-satellite laser ranging residuals measured along satellite orbit, (b) Level-2 
time-variable gravity solutions from all SDS centers (JPL, CSR, and GFZ), and (c) Level-3 mascon solutions. 
We show that inter-satellite laser ranging residuals are modified at low frequencies below 1 mHz, affecting the 
along-orbit analysis of large-scale time-variable gravity signals. When mapped into monthly Level-2 spherical 
harmonic coefficients of geopotential, the low-frequency change in inter-satellite ranging residuals leads to 
substantial improvement of coefficients associated with resonant orders (i.e., 15, 30, 45, etc.) and C30. We also 
present an improved SLR-derived C30 which significantly improves the agreement with updated GRACE-FO 
C30 at seasonal and interannual timescales. Moreover, we demonstrate the noise reduction in mass change 
estimates from new GRACE-FO Level-2 data over oceans, Greenland, and Antarctica for all SDS solutions. 
GRACE-FO mascon solutions show a moderate change in the updated release. Our comprehensive analyses 
demonstrate high-quality estimates of non-gravitational accelerations by the updated transplant method, 
resulting in more accurate GRACE-FO time-variable gravity and mass change observations.

Plain Language Summary  GRACE Follow-On (GRACE-FO) consists of two satellites that 
orbit around the Earth at ∼500 km altitude, following each other at a distance of ∼200 km. The inter-satellite 
distance between the two satellites changes because of the gravitational as well as non-gravitational forces 
(e.g., air drag), and it is measured by high-precision sensors. To estimate time-variable gravity caused by mass 
change in the Earth system from inter-satellite ranging data, the effect of non-gravitational forces is reduced 
using on-board accelerometer measurements. The accelerometer on-board the GRACE-D satellite started to 
return erroneous measurements about 1 month after the launch. The GRACE-FO Science Data System (SDS) 
compensated this issue by transplanting the GRACE-C accelerometer data toward that of GRACE-D. An 
updated transplant accelerometer data set for GRACE-D was recently released by the GRACE-FO SDS and, 
consequently, new time-variable gravity and mass change solutions were released. In this paper, we demonstrate 
the improved accuracy of the new GRACE-FO time-variable gravity and mass change solutions caused by 
high-quality estimates of non-gravitational accelerations by the updated transplant method.
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the impact of climate change (Tapley et al., 2019). The conventional mass change data products from GRACE and 
GRACE-FO used for Earth system monitoring are given as global snapshots (or maps) of gridded mass variations 
with monthly sampling, that is, Level-3 (L3) data products. They are computed either from monthly time-variable 
gravity solutions, given in terms of spherical harmonic (SH) coefficients of geopotential to a maximum degree 
and order like 60 (i.e., Level-2 [L2] data products) following Wahr et  al.  (1998) or directly from Level-1B 
(L1B) observations of inter-satellite tracking, orbit, orientation, and non-gravitational accelerations measured 
by on-board accelerometers (Loomis, Luthcke, & Sabaka, 2019; Save et al., 2016; Watkins et al., 2015). The L3 
mass change data products derived directly from L1B measurements are usually referred to as the mass concen-
tration (mascon) solutions. Official L2 data products are released by the GRACE-FO Science Data System (SDS) 
teams, which include the NASA Jet Propulsion Laboratory (JPL; Yuan, 2019; see https://dx.doi.org/10.5067/
GFL20-MJ061), the Center for Space Research at the University of Texas at Austin (CSR; Yuan, 2019; see https://
dx.doi.org/10.5067/GFL20-MC061), and the German Research Center for Geosciences (GFZ; Dahle et al., 2019; 
see https://doi.org/10.5880/GFZ.GRACEFO_06_GSM). The accuracy of L2 time-variable gravity and L3 mass 
change solutions depends on the data quality from the accelerometers on-board both satellites that are used for 
reducing the effect of non-gravitational accelerations acting on the satellites caused by, for example,  air drag 
and solar-radiation pressure. The higher the accuracy of non-gravitational accelerations, the better the quality of 
resultant time-variable gravity and mass change data.

Since the launch of GRACE-FO, accelerometers on-board both of the satellites, namely, GRACE-C and 
GRACE-D, return spurious measurements associated with two types of high-frequency signals: (a) improper 
response at thruster firings and (b) the so-called Phantom Accelerations (McCullough et al., 2019). The Phan-
tom Accelerations indicate large, spurious measurements in the accelerometer data, which show geographical 
correlations as well as correlation with the β′ angle, and are not concurrent with the thruster firings (McCullough 
et al., 2019). β′ is defined as the angle between the satellite's orbital plane and Sun-Earth direction, and in the case 
of GRACE-FO, it has a cycle of 161 days. To correct the spurious, high-frequency accelerometer measurements, 
the GRACE-FO SDS teams (a) remove the Phantom Accelerations by applying a threshold and then using linear 
interpolation to replace them and (b) makes use of a thrust model to replace the accelerometer data near the long 
thruster firings, which are planned thruster calibration maneuvers (McCullough et al., 2019). The thrust model is 
computed from the regression of accelerometer data over long thruster firings.

In addition to the spurious, high-frequency measurements, the GRACE-D accelerometer shows significant bias 
jumps since after about 1 month in orbit, starting from 21 June 2018. The GRACE-FO SDS centers used the 
GRACE-C accelerometer data to replace that of GRACE-D using the so-called transplant approach. This situa-
tion has occurred previously, during two periods of the GRACE mission's lifetime: (a) several weeks in 2002 and 
2003 when only single accelerometer data from GRACE-A was available (Save et al., 2006) and (b) last several 
months at the end of the GRACE mission in 2017 when the GRACE-B accelerometer was turned off due to 
reduced battery load (Bandikova et al., 2019). Due to the along-track geometry and relatively small inter-satellite 
baseline of ∼200 km, both satellites of the twin-satellite missions GRACE and GRACE-FO pass over approxi-
mately the same location after a time interval of 20–30 s. As such, a transplant technique based on simple atti-
tude and time corrections provides good results, as Save et al. (2006) demonstrated. However, in addition to the 
non-gravitational accelerations acting on the satellite, the on-board accelerometers also measure the effects of 
spacecraft operations, such as the residual linear accelerations due to thruster firing (Bandikova et al., 2019; Flury 
et al., 2008). These residual linear accelerations need to be accounted for in the transplant technique. Bandikova 
et al. (2019) introduced an improved accelerometer transplant approach by modeling the residual linear accelera-
tions due to thruster firings, which resulted in enhanced GRACE L2 solutions with lower noise.

The official accelerometer data used for GRACE-FO gravity field processing are called ACT, and they are 
computed using the transplant technique by Bandikova et al. (2019) for all days starting from 21 June 2018, in 
addition to correcting for the Phantom Accelerations and accelerations at thrust firings (Harvey et al., 2022). The 
ACT data were applied for the SDS GRACE-FO L2 solutions published as data release 6 (RL06). The inefficacies 
in ACT data, in particular, adversely affect the low-degree geopotential SH coefficient 𝐴𝐴 𝐶𝐶30 in the GRACE-FO 
RL06 solutions. Hence, the recommendation from SDS teams is to replace the GRCAE-FO 𝐴𝐴 𝐶𝐶30 coefficient with 
values estimated from Satellite Laser Ranging (SLR) satellites (Loomis et al., 2020), as provided in Technical 
Note 14 (TN-14). Behzadpour et al. (2021) presented an alternative accelerometer transplant technique incor-
porating models for non-gravitational forces such as air drag and solar radiation pressure. The ITSG-Grace2018 
solutions from Graz University of Technology (Kvas et al., 2019) based on this alternative transplant technique 
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show a better agreement with SLR-derived 𝐴𝐴 𝐶𝐶20 and 𝐴𝐴 𝐶𝐶30 compared to the values from SDS solutions (Behzadpour 
et al., 2021).

Recently, GRACE-FO SDS teams released a new accelerometer transplant data called ACH, which also incorpo-
rates the GRACE-D accelerometer data to further improve the corrections for solar radiation and Earth radiation 
pressure forces (McCullough, Harvey, et al., 2022). Thus, it is referred to as a hybrid-transplant accelerome-
ter approach. Accordingly, the SDS teams published updated GRACE-FO solutions based on the ACH data as 
data release 6.1 (RL06.1). The GRACE-FO SDS teams encouraged the community to assess the impact of the 
ACH data on GRACE-FO time-variable gravity and mass change solutions and provide feedback (Landerer 
et al., 2022; McCullough, Fahnestock, et al., 2022). This is particularly important as the drag environment of the 
GRACE-FO satellites evolves with changes in the solar cycle and altitude decay (Landerer et al., 2022).

This paper responds to this call by presenting a comprehensive assessment of the impact of new accelerometer 
transplant data ACH on GRACE-FO measurements at all levels: (a) L1B inter-satellite ranging residuals from 
the Laser Ranging Interferometer (LRI, Abich et al., 2019), (b) L2 time-variable gravity solutions from all three 
SDS teams (JPL, CSR, and GFZ), and (c) L3 mass change solutions. In the case of L2 data, we present a compre-
hensive comparison of RL06 and RL06.1 solutions based on various analyses in the frequency, time and space 
domains and through comparison with independent data sets. In the case of L3 data, we examine the mascon 
solutions from JPL (Watkins et al., 2015) and NASA Goddard Space Flight Center (GSFC; Loomis, Luthcke, & 
Sabaka, 2019), which are directly computed from L1B data, as well as the L3 gridded mass change data from GFZ 
(Boergens et al., 2022; Sasgen et al., 2019; see http://gravis.gfz-potsdam.de/home), which are computed from L2 
data. While monthly L2 and L3 data observe slowly varying mass changes in the Earth system, the along-orbit 
analysis of inter-satellite tracking data has helped to broaden the applications of GRACE/GRACE-FO to rapid 
mass and gravity changes associated with various processes like Earth's free oscillations (Ghobadi-Far, Han, 
et al., 2019), tsunamis (Ghobadi-Far, Han, Allgeyer, et al., 2020), floods (Han, Ghobadi-Far, et al., 2021, Han, 
Yeo, et al., 2021), and oceanic gyres (Ghobadi-Far et al., 2022). Thus, we decided to include the inter-satellite 
laser ranging residuals in addition to the more frequently used L2 and L3 data to thoroughly assess the ACH 
impact on the GRACE-FO observations at all levels.

This paper is organized as follows. Section 2 examines the change in GRACE-FO inter-satellite laser ranging 
residuals caused by ACH. Quantification of the ACH impact on GRACE-FO L2 data from JPL, CSR and GFZ 
through comparison of RL06 and RL06.1 solutions is presented in Section 3. Section 4 analyses the ACH impact 
on the mascon solutions from NASA JPL (Watkins et al., 2015) and GSFC (Loomis, Luthcke, & Sabaka, 2019) 
and L3 gridded mass change data from GFZ. Conclusions are presented in the last section.

2.  Impact of ACH on GRACE-FO Inter-Satellite Laser Ranging Residuals
GRACE-FO is equipped with two inter-satellite tracking sensors: (a) a microwave-based K-band ranging (KBR) 
and (b) a LRI. The latter serves as a technology demonstration element of the mission to be used for future 
GRACE-like gravimetry missions (Landerer et al., 2020). Compared to KBR, the GRACE-FO LRI improves the 
gravitational perturbation measurements by ∼1 order of magnitude at high frequencies above 10 mHz, which 
makes it more suitable for along-orbit analysis of time-variable gravity signals (Ghobadi-Far, Han, McCullough, 
et al., 2020).

We computed two sets of dynamic orbits of the GRACE-FO satellites by numerical integration using the back-
ground force models of the Earth's static gravity field model GGM05C (Ries et al., 2016), solid Earth and ocean 
tides, solid Earth and ocean pole tides, atmosphere and ocean de-aliasing L1B (AOD1B; Dobslaw et al., 2017), a 
time-variable gravity model representing trend and annual variability (obtained from GRACE and GRACE-FO), 
and non-gravitational accelerations based on the original (ACT1B) and updated (ACH1B) L1B accelerometer 
transplant data (see Loomis, Luthcke, and Sabaka (2019) for more details). Moreover, the following empirical 
parameters were incorporated in this processing step: state vectors of the two satellites, accelerometers biases and 
scales in all three directions every 90 min, empirical accelerations at 1 cycle-per-revolution in all three directions 
every 90 min, and a bias, trend and 1 cycle-per-revolution periodic signal applied to inter-satellite range-rate data 
every 180 min. We then calculated two sets of reference range-rate data sets from the dynamic orbits associated 
with ACT and ACH. The LRI range-rate residuals were then obtained by subtracting the reference range-rate 
from the measured values. Such range-rate residuals are the basis of GRACE and GRACE-FO data processing 
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for estimating the monthly gravity field and mascon solutions. Since range-accelerations are more localized in 
space and, thus, better co-locate with the causative mass change (Ghobadi-Far et al., 2018; Ray et al., 2009), we 
performed our analyses based on the range-acceleration residuals obtained by numerical differentiation of range-
rate residuals. We compared the range-acceleration residuals referenced to ACT and ACH in the frequency, time 
and space domains to evaluate the impact of the new accelerometer transplant data on instantaneous along-orbit 
gravitational observations from the GRACE-FO LRI.

Figure 1a shows the amplitude spectral density of LRI range-acceleration residuals with respect to ACT and ACH, 
as well as their difference (ACH-ACT) for data on 9 January 2019. The LRI sensor noise (Abich et al., 2019) is also 
shown. The spectrum of LRI residuals is dominated by time-variable gravity signals at frequencies below 10 mHz 
and by residual static gravity signals, due to errors in the background model GGM05C, over the frequency band 

Figure 1.  Impact of the new accelerometer transplant data ACH on GRACE-FO laser ranging interferometer (LRI) ranging residuals. (a) Amplitude spectral density 
of GRACE-FO LRI range-acceleration residuals with respect to ACT (red), ACH (blue) as well as their difference (black). The LRI noise from Abich et at. (2019) 
is also shown. (b) Timeseries of LRI range-acceleration residuals with respect to ACT (red), ACH (blue) as well as their difference (black) for a 30 min arc along 
the GRACE-FO orbit on 9 January 2019. (c) Spatial map of GRACE-FO LRI range-acceleration residuals with respect to ACT. (d) Spatial map of difference of 
GRACE-FO LRI range-acceleration residuals referenced to ACH and ACT. Results are based on LRI data on 9 January 2019. ACH modifies the GRACE-FO 
along-orbit gravity observations from inter-satellite LRI tracking at low frequencies below 1 mHz.
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∼10–25 mHz (Ghobadi-Far, Han, McCullough, et al., 2020). The update by the new accelerometer transplant 
data ACH is manifested in the LRI residuals at low frequencies below 1 mHz or 5 cycle-per-revolution (CPR), 
equivalent to spatial scales larger than 8,000 km. The timeseries of LRI range-acceleration residuals shown in 
Figure 1b consistently indicates the long-wavelength nature of the update by ACH.

The spatial map of the LRI range-acceleration residuals referenced to ACT shown in Figure  1c illustrates 
low-frequency time-variable gravity signals above regions with expected mass change like Greenland and 
Antarctica, as well as high-frequency static gravity signals over regions like the Himalayas and Africa, where 
the GGM05C model is erroneous (Ghobadi-Far, Han, McCullough, et al., 2020). The difference in LRI residuals 
between ACT and ACH indicates the modification of large-scale spatial variability of along-orbit time-variable 
gravity signals due to the update by ACH (see Figure 1d), consistent with the frequency and time domain analy-
ses. The change in low-frequency or large-scale spatial components of LRI residuals mainly affects the analysis of 
phenomena with long-wavelength features like gravity changes caused by Earth's free oscillations (Ghobadi-Far, 
Han, et al., 2019) and the impact of seawater variable density on computing geopotential from ocean tides (Han 
et al., 2020).

The temporal and spatial inspection of the LRI range-acceleration residuals indicates that the magnitude of the 
update by ACH is ∼0.5 nm/s 2. We note that the magnitude of the update increases in times with near-zero β′ 
angle. For example, in April 2019, with β′ ≅ 0, the magnitude of the update increases to ∼1 nm/s 2 (not shown). 
Moreover, the amplitude of the update could vary depending on the details of the dynamic orbit computation, 
particularely the incorporated empirical parameters, which mainly affect the low-frequency part of the spectrum. 
However, we emphasize that low-frequency dominance of the ACH update does not depend on the processing 
details. For example, the change in low-frequency part of the inter-satellite ranging residuals caused by updating 
the accelerometer data can be seen in Figure 14 of Behzadpour et al. (2021) as well. The impact of ACH on the 
KBR inter-satellite ranging residuals is similar to that of LRI, as the main difference between measurements from 
these two sensors occurs at high frequencies (Ghobadi-Far, Han, McCullough, et al., 2020).

3.  Comparison of GRACE-FO Level-2 Time-Variable Gravity Solutions: RL06 
Versus RL06.1
GRACE-FO L2 data from SDS teams represent monthly mean time-variable gravity fields, expressed as geopo-
tential SH coefficients to the maximum degree 60 and 96 (Yuan, 2019). By comparing RL06 (computed from 
ACT) and RL06.1 (computed from ACH) L2 solutions from June 2018 to July 2022, we examined the impact of 
ACH on (a) low-degree SH coefficients 𝐴𝐴 𝐶𝐶20 and 𝐴𝐴 𝐶𝐶30 (Section 3.1), (b) the complete set of SH coefficients from 
degree 2 to 96 (Section 3.2), (c) noise reduction of mass change data in space and time domains (Section 3.3), 
and (d) ice-sheet mass change in Greenland and Antarctica (Section 3.4).

3.1.  Geopotential Coefficients 𝑨𝑨 𝑪𝑪𝟐𝟐𝟐𝟐 and 𝑨𝑨 𝑪𝑪𝟑𝟑𝟑𝟑

The accelerometer error is dominant at the low-frequency band of the spectrum of inter-satellite ranging resid-
uals, which leads to large errors in GRACE/GRACE-FO estimates of low-degree zonal SH coefficients 𝐴𝐴 𝐶𝐶20 and 

𝐴𝐴 𝐶𝐶30 (e.g., Kim,  2000). Consequently, the update in low-frequency content of inter-satellite ranging residuals 
from the new accelerometer transplant data ACH should result in improved estimates of these geopotential coef-
ficients. We compared the GRACE-FO 𝐴𝐴 𝐶𝐶20 and 𝐴𝐴 𝐶𝐶30 with SLR-derived values provided in the current version 
2 of the TN-14 (Loomis et al., 2020; available at ftp://isdcftp.gfz-potsdam.de/grace-fo/DOCUMENTS/TECH-
NICAL_NOTES) to examine their improvement by ACH. As stated earlier, the GRACE-FO SDS recommends 
replacing these two coefficients in the GRACE-FO L2 data with those provided in TN-14.

We compared 𝐴𝐴 Δ𝐶𝐶20 (=𝐴𝐴 𝐶𝐶
GRACE−FO

20 − 𝐶𝐶
GGM05C

20  ) timeseries from GRACE-FO RL06 and RL06.1 solutions with 
SLR values from the TN-14 for the solutions of JPL (Figure 2a), CSR (Figure 2b) and GFZ (Figure 2c). Figure 2 
also shows the GRACE-FO β′ angle. The largest deviation of GRACE-FO 𝐴𝐴 𝐶𝐶20 from the SLR reference values 
happens at times with near-zero β′ angle. That is because, during these times, GRACE-FO satellites are exposed 
to direct sunlight for half of the orbital revolution, while for the other half, they pass over the Earth's shadow, 
causing large temperature changes which consequently results in large variation in non-gravitational accelera-
tions over each revolution (∼90 min). In general, we see that GRACE-FO 𝐴𝐴 𝐶𝐶20 estimates from RL06.1 are still 
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Figure 2.  Impact of ACH on 𝐴𝐴 𝐶𝐶20 . Comparison of the 𝐴𝐴 Δ𝐶𝐶20 geopotential spherical harmonic coefficient from GRACE-FO (a) JPL, (b) CSR and (c) GFZ RL06 (red) and 
RL06.1 (blue) and Satellite Laser Ranging (SLR) (black) as provided in the current version 2 of TN-14. GRACE-FO β′ angle (yellow) is also shown. RL06 and RL06.1 
solutions are based on accelerometer transplant data ACT and ACH, respectively. The largest deviation from SLR reference values happens at times with near-zero β′ 
angle.
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significantly different from the SLR reference values. Among the three SDS solutions, GFZ RL06.1 shows the 
largest improvement with respect to RL06.

GRACE-FO and SLR estimates of 𝐴𝐴 Δ𝐶𝐶30 (illustrated by solid lines) are shown in Figures 3a–3c for JPL, CSR and 
GFZ solutions, respectively. The improvement by ACH reflected in RL06.1 estimates is visible for all three SDS 
solutions and they are the largest for periods with near-zero β′ angle, when RL06 𝐴𝐴 𝐶𝐶30 estimates show the largest 
deviation from SLR values. We also examined the annual cycle of the timeseries of GRACE-FO and SLR 𝐴𝐴 Δ𝐶𝐶30 to 
quantify the improvement at the seasonal timescale (dashed lines in Figure 3). Table 1 reports the values of annual 
amplitude and phase for various 𝐴𝐴 Δ𝐶𝐶30 estimates, indicating that the phase of the annual cycle of GRACE-FO 
RL06.1 𝐴𝐴 𝐶𝐶30 estimates is significantly improved when compared with SLR. Annual phase computed from JPL, 
CSR and GFZ 𝐴𝐴 𝐶𝐶30 timeseries changes from values of 259.21°, 250.74°, and 265.21° in the case of RL06 to 
288.40°, 284.45° and 288.48° in the case of RL06.1, respectively, with the latter being closer to the SLR value 
of 292.53°. JPL and GFZ solutions show the best agreement with SLR in terms of the phase of annual cycle. The 
annual amplitude of the 𝐴𝐴 𝐶𝐶30 timeseries is also slightly improved by the RL06.1 of all three solutions (see Table 1).

To accentuate the agreement between GRACE-FO RL06.1 and SLR 𝐴𝐴 𝐶𝐶30 estimates at interannual timescales, we 
removed the mean annual cycle shown in dashed lines in Figure 3 from the original timeseries. Solid blue and black 
lines in Figure 4 show the deseasonalized timeseries of 𝐴𝐴 Δ𝐶𝐶30 from GRACE-FO RL06.1 and SLR, respectively, and 
the dashed blue and black lines show the linear trend of 𝐴𝐴 Δ𝐶𝐶30 timeseries. This analysis reveals a notable discrep-
ancy in terms of interannual variability between GRACE-FO RL06.1 and SLR 𝐴𝐴 𝐶𝐶30 timeseries. The linear trend of 

𝐴𝐴 Δ𝐶𝐶30 timeseries from RL06.1 provided by JPL, CSR, and GFZ solutions is −1.41E−11, −1.50E−11, −1.60E−11, 
respectively, which is one order of magnitude larger than the SLR trend of −3.79E−12 (see Table 1). Any notable 
change in 𝐴𝐴 𝐶𝐶30 would, among others, significantly affect mass balance estimates of Antarctica Ice-Sheets. This can 
be seen from the isolated mass effect of 𝐴𝐴 Δ𝐶𝐶30 displayed in Figure S1 of Supporting Information S1 and it was 
discussed by Loomis et al. (2020). Thus, it is worth further investigation, which is presented in Section 3.4.

Loomis et al. (2020) demonstrated the validity of SLR 𝐴𝐴 𝐶𝐶30 estimates for the period after the launch of LARES in 
2012. They showed that including a high-quality background time-variable gravity model in the SLR data process-
ing plays a vital role in the accurate estimation of 𝐴𝐴 𝐶𝐶20 and 𝐴𝐴 𝐶𝐶30 (see also Loomis, Rachlin, & Luthcke, 2019). The 
currently used version 2 of TN-14 makes use of a regression model containing trend and annual terms up to degree/
order 10 (only retaining terms with statistical significance) from GRACE and GRACE-FO RL06 data through 
October 2019. We computed a new test release for version 3 of TN-14 by updating the background time-variable 
gravity used in the SLR data processing based on the GRACE and GRACE-FO RL06 solutions  to degree/order 
60 until July 2022. The updated SLR processing changes the linear trend of 𝐴𝐴 𝐶𝐶30 timeseries from −3.79E−12 to 
−1.19E−11, which is closer to the GRACE-FO RL06.1 estimates (see Table 1). The deseasonalized timeseries 
and linear trend computed from updated SLR 𝐴𝐴 𝐶𝐶30 estimates are shown in Figure 4 in solid and dashed magenta 
lines, respectively. The agreement between GRACE-FO and the updated SLR 𝐴𝐴 𝐶𝐶30 estimates in Figure 4 demon-
strates the accurate representation of interannual variability of this geopotential coefficient in RL06.1 solutions. 
We note that using the GRACE and GRACE-FO RL06.1 solutions (instead of RL06) to degree/orer 60 as the 
background time-variable gravity model in the SLR data processing leads to similar 𝐴𝐴 𝐶𝐶30 estimates (not shown).

We further validated the interannual variability of updated SLR 𝐴𝐴 𝐶𝐶30 timeseries through comparison with 
GRACE-FO 𝐴𝐴 𝐶𝐶30 estimates from ITSG-Grace2018 solutions, which are based on their own in-house accelerome-
ter transplant data (Behzadpour et al., 2021; see Figure S2 in Supporting Information S1). Moreover, the statisti-
cal significance of the difference between the linear trend of 𝐴𝐴 𝐶𝐶30 from GRACE-FO RL06.1 and SLR estimates is 
presented in Text S1 of Supporting Information S1.

We note that similar to the SLR 𝐴𝐴 𝐶𝐶30 estimates provided by the current version 2 of TN-14, the annual cycle of the 
updated SLR 𝐴𝐴 𝐶𝐶30 timeseries also agrees well with GRACE-FO RL06.1 (see Figure S3 in Supporting Information S1). 
Updating the background time-variable gravity in the SLR data processing further reduces the difference between the 
annual phase of GRACE-FO RL06.1 and SLR 𝐴𝐴 𝐶𝐶30 timeseries from ∼4 to ∼1° (see Table 1). This indicates a signif-
icant improvement in the GRACE-FO RL06.1 𝐴𝐴 𝐶𝐶30 estimates thanks to the new accelerometer transplant data ACH.

3.2.  Spectral Analysis of Level-2 Spherical Harmonic Solutions

We extended our analysis of L2 solutions from low-degree harmonics to the whole set of SH coefficients to 
examine the improvement by ACH on the full spectrum of time-variable gravity measured by the GRACE-FO 
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Figure 3.  Impact of ACH on 𝐴𝐴 𝐶𝐶30 . Comparison of the 𝐴𝐴 Δ𝐶𝐶30 geopotential spherical harmonic coefficient from GRACE-FO (a) JPL, (b) CSR and (c) GFZ RL06 (solid 
red line) and RL06.1 (solid blue line) and Satellite Laser Ranging (solid black line) as provided in the currently used version 2 of TN-14. The GRACE-FO β′ angle 
(yellow) is also shown. Annual cycle of the 𝐴𝐴 𝐶𝐶30 timeseries, shown by dashed lines, demonstrates the positive impact of ACH on recovery of the seasonal variability in 

𝐴𝐴 𝐶𝐶30 , particularly in terms of its phase.
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satellites. To that end, we performed spectral analysis of the GRACE-FO SDS L2 solutions from RL06 and 
RL06.1 to SH degree 96. Our study period consists of 48 monthly L2 solutions (from June 2018 to July 2022). 
The following spectral analyses were performed based on the average of the 48 monthly solutions. The anoma-
lous SH coefficients of degree l and order m, {𝐴𝐴 Δ𝐶𝐶𝑙𝑙𝑙𝑙 , 𝐴𝐴 Δ𝑆𝑆𝑙𝑙𝑙𝑙 }, representing time-variable gravity were obtained by 
removing the static gravity signal based on the background model GGM05C.

We computed the degree amplitude σl and order amplitude σm of L2 data using

𝜎𝜎𝑙𝑙 =

√

𝑙𝑙
∑

𝑚𝑚=0

Δ𝐶𝐶
2

𝑙𝑙𝑙𝑙 + Δ𝑆𝑆
2

𝑙𝑙𝑙𝑙; 𝑙𝑙 = 2, 3, . . . , 𝐿𝐿max� (1)

𝜎𝜎𝑚𝑚 =

√

𝐿𝐿max
∑

𝑙𝑙=𝑚𝑚

Δ𝐶𝐶
2

𝑙𝑙𝑙𝑙 + Δ𝑆𝑆
2

𝑙𝑙𝑙𝑙 ; 𝑚𝑚 = 0, 1, 2, . . . , 𝐿𝐿max� (2)

where Lmax is the maximum degree of L2 data, which is 96 in our case. The degree and order amplitudes indicate 
the power of the time-variable gravity spectrum associated with SH coefficients of the same degree and order, 
respectively. We note that while the degree amplitude is related to the energy of gravity signal (Kaula, 1966), the 
order amplitude does not carry any physical meaning. Despite that, we found the order amplitude analysis a handy 
spectral analysis tool for our purpose (see below).

Degree amplitudes of JPL, CSR, and GFZ L2 solutions from RL06 and RL06.1 as well as their difference, are 
shown in Figures 5a–5c, respectively. The degree amplitudes show a decaying behavior from degree 2 to ∼40, and 
then start to increase. This indicates that the spectrum of the L2 data is dominated by time-variable gravity signals 
from degree 2 to ∼40, and by noise from degree ∼40 to 96. We see that the degree amplitude curves of RL06 and 
RL06.1 start to deviate from each other, starting at degree ∼40, with that of RL06.1 showing a smaller magnitude, 
consistently for all the SDS solutions. This indicates that noise is reduced in RL06.1 for all L2 solutions from JPL, 
CSR and GFZ. Among the three SDS solutions, the GFZ data shows the largest noise in RL06 and RL06.1 and 
also the largest update (represented by black line) due to ACH. Examining the degree amplitudes of individual 
monthly L2 data over the study period indicates a β′ angle-dependent behavior, showing larger noise reduction 
for months with near-zero GRACE-FO β′ angle (not shown).

Figures 5d–5f show the order amplitudes of JPL, CSR and GFZ L2 data from RL06 and RL06.1 as well as their 
difference, respectively. The notable peaks in the order amplitudes of RL06 and RL06.1 data are associated with 
the resonant orders of GRACE-FO satellites being ∼15, 30, 45, 60, 75, and 90 (Kaula, 1966). These are multi-
ple integers of the basic resonant order (i.e., ∼15 or 16), approximately equal to the number of revolutions of 
GRACE-FO satellites per day. The order amplitudes of RL06.1 are particularly smaller than those of RL06 at the 

RL06 RL06.1 SLR (TN-14) SLR (updated TN-14)

JPL Annual amplitude 8.54E−11 8.18E−11 7.68E−11 7.88E−11

Annual phase (deg) 259.21 288.40 292.53 289.61

Trend −1.13E−11 −1.41E−11 −3.79E−12 −1.19E−11

CSR Annual amplitude 1.01E−10 8.80E−11 7.68E−11 7.88E−11

Annual phase (deg) 250.74 284.45 292.53 289.61

Trend −1.27E−11 −1.50E−11 −3.79E−12 −1.19E−11

GFZ Annual amplitude 7.99E−11 7.81E−11 7.68E−11 7.88E−11

Annual phase (deg) 265.21 288.48 292.53 289.61

Trend −9.33E−12 −1.60E−11 −3.79E−12 −1.19E−11

Note. “SLR (TN-14)” denotes the current version 2 of TN-14 and “SLR (updated TN-14)” denotes a new test release for 
version 3 of TN-14 providing SLR 𝐴𝐴 𝐶𝐶30 estimates computed by updating the time-variable gravity used in SLR processing. 

𝐴𝐴 Δ𝐶𝐶30 is computed from the difference between GRACE-FO and GGM05C 𝐴𝐴 𝐶𝐶30 .

Table 1 
Annual Amplitude, Annual Phase (in Degrees) and Trend of 𝐴𝐴 Δ𝐶𝐶30 From GRACE-FO and Satellite Laser Ranging (SLR) 
Computed for the Period of June 2018 to July 2022
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resonant orders. This shows that the largest improvement by ACH happens 
for the geopotential SH coefficients associated with resonant orders (see 
black lines) resulting from the specific orbit sampling of the Earth gravity 
field by GRACE-FO satellites.

JPL and GFZ L2 data also show notable improvement for SH orders next to 
the resonant orders, while CSR data only show a large improvement at the 
resonant orders. As can be inferred from Equation  2, order amplitude for 
a SH order m involves all the SH coefficients from degree m to Lmax = 96. 
The high degree coefficients above, for example, 60, are highly contaminated 
with noise. Thus, the high degree coefficients could significantly affect the 
order amplitude values. We truncated the L2 data at SH degree and order 60 
and recomputed the order amplitudes. The results shown in Figures 5g–5i 
clearly illustrate the distinct improvement at resonant orders for all the SDS 
solutions. A comparison of Figures 5g–5i indicates that GFZ RL06.1 shows 
the largest improvement at resonant orders compared to other SDS solutions. 
Also, CSR L2 data does not show a clear peak at the basic resonant order 
∼15, which could be related to the so-called 2-step procedure (i.e., sepa-
rate estimation of arc parameters and geopotential coefficients) applied in 
producing the CSR L2 solutions.

3.3.  Noise Reduction in GRACE-FO Mass Change Estimates Over 
Oceans From RL06.1

Surface mass change estimated from GRACE and GRACE-FO monthly L2 
data is frequently used to study various geophysical processes in the Earth 
system. We examined the noise of mass change data from GRACE-FO RL06 
and RL06.1 solutions to quantify the improvement by the new accelerome-
ter transplant data ACH. To that end, we used the GRACE-FO L2 data to 
a maximum degree of 60, replaced the 𝐴𝐴 𝐶𝐶20 and 𝐴𝐴 𝐶𝐶30 coefficients with the 
SLR-derived values from TN-14, added degree-1 SH coefficients from 
TN-13, and applied a Gaussian filter with a 300 km radius to reduce the noise 
(Jekeli, 1981). We then computed surface mass change in terms of equivalent 
water height on the reference ellipsoid from filtered L2 data on a global grid 
with 0.5° resolution (Ghobadi-Far, Šprlák, & Han, 2019). Next, we removed 
the climatology signal (by fitting and removing a model for linear trend plus 
semi-annual and annual variability) as well as interannual variability from 
mass change timeseries at each grid cell (e.g., Chen et al., 2021). The inter-
annual variability was removed by applying a high-pass filter to the residual 
timeseries (obtained after subtracting the climatology) with a cut-off period 
of 1 year. Finally, we considered the RMS of residual mass change timeseries 
for each grid cell over the oceans as an estimate of noise in the GRACE-FO 
mass change data (e.g., Chen et al., 2021; Kvas et al., 2019).

Figure  6 shows the spatial maps of noise estimates of GRACE-FO mass 
change over oceans from RL06 and RL06.1 for JPL (6A and B), CSR (6C 
and D) and GFZ (6E and F) solutions. The results show a clear noise reduc-
tion by RL06.1 that is more evident for JPL and GFZ solutions due to their 
higher noise level and, thus, higher noise reduction. We computed minimum, 
maximum and mean noise estimates over open oceans considering a 300 km 
buffer from land to reduce the leakage of strong land signals into the oceans. 

The results reported in Table 2 show that RL06.1 improves upon RL06 in terms of all statistics. For example, 
mean of noise estimates over the open oceans from JPL, CSR and GFZ solutions is reduced from 3.24 to 3.01 cm, 
from 2.54 to 2.4 cm, and from 3.98 to 3.75 cm, respectively. Figures 7a–7c show the spatial maps of improve-
ment in percentage by RL06.1 for JPL, CSR and GFZ data, respectively. We see up to a 20% reduction in noise 

Figure 4.  Impact of ACH on 𝐴𝐴 𝐶𝐶30 . Comparison of deseasonalized timeseries 
of the geopotential spherical harmonic coefficient 𝐴𝐴 Δ𝐶𝐶30 from GRACE-FO 
(a) JPL, (b) CSR and (c) GFZ RL06.1 (solid blue line) and Satellite Laser 
Ranging (SLR) (solid black line) as provided in the currently used version 2 
of TN-14. The deseasonalized SLR 𝐴𝐴 Δ𝐶𝐶30 timeseries from a new test release 
of version 3 of TN-14 (solid magenta line) is also shown. Dashed lines show 
the linear trend of the 𝐴𝐴 Δ𝐶𝐶30 timeseries. The updated SLR 𝐴𝐴 𝐶𝐶30 better fits the 
GRACE-FO value in terms of interannual variability and linear trend. The new 
SLR 𝐴𝐴 𝐶𝐶30 is computed by updating the background time-variable gravity model 
used in SLR data processing.
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Figure 5.  Spectral analysis of GRACE-FO L2 data. Degree amplitudes of GRACE-FO (a) JPL, (b) CSR, and (c) GFZ RL06 (red) and RL06.1 (blue) as well as their 
difference (black) computed from L2 spherical harmonic (SH) coefficients to degree 96. Order amplitudes of GRACE-FO RL06 (red) and RL06.1 (blue) as well as 
their difference (black) computed from L2 SH coefficients to degree 96 in the case of (d) JPL, (e) CSR and (f) GFZ data, as well as computed from L2 SH coefficients 
truncated to degree 60 in the case of (g) JPL, (h) CSR, and (i) GFZ data. The largest improvement by ACH occurs for the SH coefficients associated with resonant 
orders (i.e., 15, 30, 45, etc.).
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manifested as north-south stripes in all the SDS solutions. The average improvement along the parallels with 
constant latitudes is provided in Figure 7d, and it shows ∼5% to 10% noise reduction. JPL data shows the largest 
improvement by RL06.1 from −50° to +50° latitude.

We also examined the temporal evolution of noise in GRACE-FO mass change by computing the RMS of residu-
als over the open oceans for each monthly data. The timeseries of monthly noise estimates for JPL, CSR and GFZ 
data are shown in Figures 8a–8c, respectively. Timeseries of the GRACE-FO β′ angle is also shown. The noise 
estimates from RL06.1 are smaller than those from RL06 for almost all the months, indicating the positive impact 
of ACH on GRACE-FO L2 data. The largest noise in RL06 solutions and, consequently, the largest noise reduc-
tion by RL06.1 happens for months with near-zero β′ angle. The increased noise in GRACE-FO monthly data 
starting in late 2021 is due to increasing solar activity during this period, which is caused by an upramping of the 
nearly periodic 11-year solar magnetic activity cycle. This is expected to last over the next few years (Landerer 
et al., 2022), making an improved accelerometer transplant even more important.

To make sure the above results are not affected by the relatively weak filter applied (i.e., 300 km radius Gaussian 
filter) to L2 data, we repeated the GRACE-FO noise estimates analysis but this time after applying the decorre-
lation filter of Swenson and Wahr (2006) plus a Gaussian filter with 300 km radius. The decorrelation filter is 
more effective in reducing the north-south stripes in GRACE mass change fields. The results of the new anal-
yses are shown in Figures 9–11. Statistics of the spatial maps of noise estimates shown in Figure 9 indicate the 
noise reduction for all the SDS solutions (see Table 2). We see the largest improvement by RL06.1 in the space 
domain for GFZ data (see Figures 9e and 9f, and also Figure 10c). The new accelerometer transplant data ACH 
leads to an improvement of ∼5% in terms of the average noise estimates over the parallels (Figure 10d). The 
timeseries of monthly noise estimates again show a β′ angle-dependent behavior, with the largest improvement 

Figure 6.  Noise assessment of GRACE-FO mass change data in the space domain over oceans. Noise estimates of mass change data over oceans from RL06 and 
RL06.1 computed for (a and b) CSR, (c and d) JPL, and (e and f) GFZ solutions. Mass change is estimated from L2 data after applying a Gaussian filter with 300 km 
radius.
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happening for GFZ data (Figure  11). Overall, the results presented in 
Section  3.3 demonstrate the improvement in the quality of mass change 
data from all GRACE-FO SDS RL06.1 solutions caused by the high-quality 
non-gravitational accelerations provided in ACH.

3.4.  Quantification of the Impact of ACH on Greenland and Antarctic 
Ice-Sheet Mass Change From GRACE-FO L2 Data and Comparison 
With Altimetry

We quantified the impact of ACH on ice-sheet mass change in Greenland 
and Antarctica during the GRACE-FO period by comparing the RL06 and 
RL06.1 solutions. To that end, we used the mass change estimation method 
of tailored sensitivity kernels, which defines sensitivity kernels in a formal 
optimization by minimizing the sum of both the GRACE error effect and 
leakage error (Döhne et  al.,  2023; Groh & Horwath,  2021). The sensitiv-
ity kernels are then applied to the L2 SH coefficients in order to estimate 
integrated mass changes over the target regions. We used SH coefficients 
up to degree 90, added degree-1 coefficients derived from a combination 
of the monthly solutions and assumptions on ocean mass redistribution 
(Bergmann-Wolf et al., 2014; Sun et al., 2016; Swenson et al., 2008), and 
replaced the 𝐴𝐴 𝐶𝐶20 and 𝐴𝐴 𝐶𝐶30 coefficients with values from the TN-14 (Loomis 
et al., 2020). To account for glacial isostatic adjustment (GIA), we removed 
linear trends given by models from Ivins et al. (2013) and Caron et al. (2018) 
for Antarctica and Greenland, respectively. We then computed linear trends 
and noise levels of the resulting timeseries of mass changes. The trends 
were estimated by fitting a quadratic polynomial together with annual and 
semi-annual sinusoids to the timeseries. Uncertainty assessment of the trends 
includes the formal uncertainty of the fit, uncertainties associated with leak-
age, the GIA correction, and the degree-1 and 𝐴𝐴 𝐶𝐶20 coefficients. We refer to 
Groh and Horwath (2021) for details of the uncertainty assessment. Quantifi-
cation of the noise level was carried out based on filtering the residuals of the 
model fit with a high-pass filter based on a Gaussian average and using the 
scaled standard deviation of the filtered timeseries as an estimate of the noise 
level (see Groh et al. (2019) for more details).

Trend and noise level estimates for both ice-sheets are shown in Figure 12. For the Antarctic Ice-Sheet, the trend 
estimates from SDS RL06 solutions are −76 Gt/yr and −77 Gt/yr for JPL and CSR, respectively and −95 Gt/yr 
for GFZ. The RL06.1 trends are ∼20–25 Gt/year less negative than the RL06 trends for all three SDS solutions. 
Updating the 𝐴𝐴 𝐶𝐶20 and 𝐴𝐴 𝐶𝐶30 coefficients based on the new test release of version 3 of TN-14 results in a 9 Gt/year 
less negative trend for all three SDS solutions compared to using the current version 2 of the TN-14. In the case 
of the Greenland Ice-Sheet, trend differences between RL06 and RL06.1 are much smaller and range from −1 to 
+3 Gt/yr. The impact of switching to the updated TN-14 is an 11 Gt/year more negative trend for all three SDS 
solutions in this case. Note that the differences in trend estimates for Greenland and Antarctica from RL06 and 
RL06.1 and from switching to the updated TN-14 are smaller than the estimated trend uncertainties (i.e., 46 to 
48 Gt/yr for Antarctica and 16 Gt/yr for Greenland).

We see a significant noise reduction in RL06.1 estimates of ice-sheet mass change (Figure 12b). In the case 
of CSR and JPL RL06.1 solutions, the noise reduction is as large as 30 Gt. This number is ∼18 Gt in the case 
of GFZ RL06.1 data. Examining the mass change timeseries of the Antarctic Ice-Sheet clearly demonstrates 
the noise reduction by RL06.1 for multiple months, including September 2019 and January 2021 (see Figure 
S4 in Supporting Information S1). Moreover, Figure S4 in Supporting Information S1 shows that, due to its 
β′-dependent behavior, the update by ACH mainly affects the semi-annual and, to a lesser extent, annual vari-
ability in the ice sheet mass change timeseries, in particular in the case of Antarctica. We similarly observed a 
significant reduction of noise levels for the Greenland Ice-Sheet by switching from RL06 to RL06.1. JPL, CSR, 
and GFZ solutions show noise reduction by 4, 8, and 8 Gt in this case, respectively. We also quantified the change 

RL06 RL06.1 Improvement %

G300 km JPL Min. 1.16 1.11 4

Max. 6.75 5.73 15

Mean 3.24 3.01 7

CSR Min. 1.16 1.08 7

Max. 5.67 5.39 5

Mean 2.54 2.40 6

GFZ Min. 1.17 1.10 6

Max. 7.07 6.89 3

Mean 3.98 3.75 6

DC + G300 km JPL Min. 0.37 0.38 −3

Max. 2.59 2.44 6

Mean 1.10 1.06 4

CSR Min. 0.34 0.39 −15

Max. 2.52 2.55 −1

Mean 1.02 0.98 4

GFZ Min. 0.43 0.42 2

Max. 2.83 2.54 10

Mean 1.20 1.12 7

Note. Noise estimates are computed after applying two filtering methods to 
the L2 data: (a) A Gaussian filter with 300 km radius (G300 km) and (b) the 
Decorrelation (DC) filter of Swenson and Wahr (2006) plus a Gaussian filter 
with 300 km radius.

Table 2 
Minimum, Maximum, and Mean of Noise Estimates in cm of Equivalent 
Water Height Over Open Oceans (Considering a 300 km Buffer From Land) 
Computed From RL06 and RL06.1 of GRACE-FO Science Data System 
Solutions (See Figures 6 and 9)

 21699356, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026740 by N
asa G

oddard Space Flight, W
iley O

nline L
ibrary on [04/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

GHOBADI-FAR ET AL.

10.1029/2023JB026740

14 of 25

in trend and noise level by RL06.1 for the individual ice drainage basins defined by Zwally et al. (2012) in Antarc-
tica, confirming a similar noise reduction for most basins (see Figures S5 and S6 of Supporting Information S1).

For a tentative validation of the ACH impact on GRACE-FO L2 data, we compared GRACE-FO SDS estimates 
of ice-sheet mass change to independent results based on data from the CryoSat-2 and ICESat-2 satellite altimetry 
missions (updated from Helm et al., 2014). For this comparison, we defined a benchmark region within the East 
Antarctic Ice-Sheet (Figure S7 in Supporting Information S1). This region is the upper part of the East Antarctic 
Plateau with >3,500 m surface elevation given by REMA DEM data (Howat et al., 2019). We use this region for 
evaluation because we expect the mass change to be very small due to arid conditions. The annual average surface 
mass balance over the benchmark region amounts to 34 mm/yr in terms of equivalent water height during the time 
period 1979–2021 (updated according to van Wessem et al. (2018)). At the same time, errors of the altimetry 
results (which depend on topographic roughness) and of the GRACE-FO results (which include leakage errors 
and hence depend on regional mass change amplitudes) are expected to be small in this benchmark region.

We used surface elevation products derived from the CryoSat-2 and ICESat-2 altimetry data, which fully cover 
this region due to their orbit design. The volume changes were converted to mass changes with a time-independent 
firn density using the empirical Equation 2 in Ligtenberg et al. (2011). The mean firn density in our benchmark 
region is 331 kg/m³. We disregard elevation changes due to ice-flow dynamics as we assume they have no major 
impact on the mass balance in this region (Martín-Español et al., 2017). We then compared (a) mean rates of the 
GRACE-FO mass change and altimetry data, and (b) RMS difference between detrended GRACE-FO and altim-
etry mass change timeseries. GRACE-FO and altimetry timeseries are shown in Figure S7 of Supporting Infor-
mation S1. We assessed the uncertainty of the altimetry-based mass change rates similar to Willen et al. (2022). 

Figure 7.  Noise assessment of GRACE-FO mass change data in the space domain. Spatial maps of relative noise reduction in percentage from RL06 to RL06.1 in the 
case of (a) JPL, (b) CSR, and (c) GFZ data. (d) Average improvement in percentage over parallels with constant latitudes is also shown. Mass change is estimated from 
L2 data after applying a Gaussian filter with 300 km radius.
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Figure 8.  Noise assessment of GRACE-FO mass change data over oceans in the time domain. Timeseries of noise estimates 
of monthly mass change over open oceans from RL06 (red) and RL06.1 (blue) for (a) JPL, (b) CSR, and (c) GFZ data. 
Timeseries of GRACE-FO β′ angle (yellow) is also shown. The largest noise reduction in RL06.1 happens for months with 
near-zero β′ angle. Mass change is estimated from L2 data after applying a Gaussian filter with 300 km radius. Note the 
different y-axes used for (a–c).
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We propagated the error-covariance information derived from a CryoSat-2 trend ensemble to the basin mean 
trend. Currently, there is no rigorous uncertainty characterization of ICESat-2 data available. As a conservative 
uncertainty estimate, we consider the empirically characterized CryoSat-2 uncertainty as an upper limit for the 
ICESat-2 data. As a rough uncertainty assessment for the firn density, we assumed that its uncertainty is 10% 
of its magnitude, that is, 33 kg/m³. Additionally, we included the GRACE-FO ITSG-Grace2018 solutions (Kvas 
et al., 2019) in this analysis. Ditmar (2022) found that ITSG-Grace2018 solutions show the lowest noise level 
among available GRACE products. As such, we wanted to see if the GRACE-FO SDS solutions from RL06.1 are 
closer to ITSG-Grace2018 when compared to altimetry data.

For each of the three GRACE-FO SDS variants, GFZ and CSR show the smallest and highest mean rates, respec-
tively (see Figure 13a). The GFZ RL06 mean rate, −3.4 ± 4.2 mm/yr in terms of equivalent water height, deviates 
the most from the altimetry mean rates. The CryoSat-2 and ICESat-2 mean rates are 1.3 ± 2.8 and 5.5 ± 2.8 mm/
yr, respectively. In the case of ICESat-2 comparison, the mean rate derived from CSR RL06.1 based on the 
updated TN-14 shows the least deviation (5.7 ± 3.9 mm/yr). The RMS difference of the timeseries from RL06.1 
is significantly smaller than that from RL06 (Figure 13b). We note that RMS difference calculated with ICESat-2 
data is slightly smaller than that with CryoSat-2. The lowest RMS difference value of 9.3 mm equivalent water 
height arises between CSR RL06.1 (based on updated TN-14) and ICESat-2. In general, we see that the mean of 
the RL06.1 SDS and ITSG-GRACE-2018 solutions show a similar agreement to the altimetry data. Finally, the 
analyses presented in this section are further indications of the effectiveness of the ACH data product.

4.  Impact of ACH on GRACE-FO Mascon Data
Mascon solutions and L3 mass change data products from GRACE and GRACE-FO provide easy-to-use data sets 
for Earth system mass change monitoring without requiring post-processing. We investigated the impact of the 

Figure 9.  Same as Figure 6, but based on mass change data computed from L2 solutions after applying the decorrelation filter of Swenson and Wahr (2006) plus a 
Gaussian filter with 300 km radius.
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new accelerometer transplant data ACH on the GRACE-FO mascon solutions released by NASA JPL (Watkins 
et al., 2015) and NASA GSFC (Loomis, Luthcke, & Sabaka, 2019) and L3 gridded mass change data from GFZ 
(see http://gravis.gfz-potsdam.de/home). GRACE-FO mascon solutions from the Center for Space Research of 
the University of Texas at Austin (Save et al., 2016) based on ACT and ACH were not available to the public at the 
time of writing this paper. Figures 14a and 14c show the JPL and GSFC mascon solutions in terms of equivalent 
water height for January 2019. The change in the mascon solution of this month caused by updating the acceler-
ometer data from ACT to ACH is shown in Figures 14b and 14d in the case of JPL and GSFC data, respectively. 
The update by ACH causes stripe-like changes in mascon data with a magnitude as large as 1 cm, which amounts 
to ∼5% of the signal. Moreover, in the case of JPL mascon solution, we see a high correlation between the magni-
tude of the update and the signal; the larger the signal, the larger the update by ACH.

Figures 15a, 15c, and 15e show the trend, annual amplitude and RMS variability of the JPL GRACE-FO mascon 
solutions computed based on monthly data from June 2018 to July 2022. The impact of the ACH on mass change 
trends shown in Figure 15b is mainly manifested as north-south stripes with both positive and negative values 
ranging between ±0.5  cm/yr, indicating that ACH does not cause a significant change on JPL mascon trend 
over the GRACE-FO period. Inspecting the change in annual amplitude shown in Figure 15d leads to the same 
conclusion as for the trend. The RMS difference computed from mass change timeseries based on RL06.1 and 
RL06 shown in Figure 15f indicates values as large as 3 cm in locations where the RMS variability of the mass 
change signal (Figure 15e) is the largest (e.g., Amazon, Gulf of Carpentaria, Bangladesh, India and Caspian Sea). 
In general, we conclude that the change in mascon solutions by ACH is within the error budget of GRACE-FO 
mascon solutions from JPL and GSFC.

Finally, Figure 16 shows similar results as Figure 15, but based on GFZ L3 gridded data products of terrestrial 
water storage and ice sheet mass change. In the case of ice sheet mass change from GFZ L3 data, in addition 

Figure 10.  Same as Figure 7, but based on mass change data computed from L2 solutions after applying the decorrelation filter of Swenson and Wahr (2006) plus a 
Gaussian filter with 300 km radius.
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Figure 11.  Same as Figure 8, but based on mass change data computed from L2 solutions after applying the decorrelation 
filter of Swenson and Wahr (2006) plus a Gaussian filter with 300 km radius. Note the different y-axes used for (a–c).
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to using RL06.1 in the updated release, the C21, S21, and C30 coefficients from GRACE–FO RL06.1 were used. 
While, for ice sheet mass change from RL06, these coefficients were used from a SLR and GRACE–FO combi-
nation (see the changelog file at the GFZ GravIS website). The update by ACH is completely manifested as 
north-south stripes in the terrestrial water storage changes. In contrast, we see notable changes in the Greenland 
and Antarctic ice sheet mass change in terms of trend, annual amplitude and RMS variability, which could be 
partially related to the differences other than using RL06 and RL06.1 in the two estimates as noted above.

5.  Conclusions
We examined the impact of the new accelerometer transplant data ACH released by the GRACE-FO SDS on 
instantaneous inter-satellite ranging data measured along the satellite orbit as well as on monthly snapshots 
of time-variable gravity and mass change data provided by JPL, CSR and GFZ and GSFC. We showed that 
inter-satellite ranging residuals from GRACE-FO LRI sensor are modified at low frequencies below 1 mHz. The 
improvement at low frequencies could lead to more accurate observations of large-scale time-variable gravity 
signals, such as those from Earth's free oscillations (Ghobadi-Far, Han, et al., 2019) using the along-orbit analy-
sis approach. When mapped into SH domain as in the form of L2 time-variable gravity data, the low-frequency 
change in inter-satellite ranging residuals leads to improved SH coefficient 𝐴𝐴 𝐶𝐶30 as well as coefficients associated 
with GRACE-FO resonant orders (i.e., 15, 30, 45, etc.). The improvement in 𝐴𝐴 𝐶𝐶30 was demonstrated based on a 
comparison with SLR-derived values provided in the current version 2 of the TN-14. We also presented a test 
release for version 3 of TN-14, which better fits the GRACE-FO 𝐴𝐴 𝐶𝐶30 timeseries at both seasonal (particularly, 
in terms of phase) and interannual timescales. This demonstrates the high-quality estimates of GRACE-FO 𝐴𝐴 𝐶𝐶30 
caused by updating the accelerometer transplant data from ACT to ACH.

Our extensive noise analysis of GRACE-FO mass change estimates computed from L2 data over oceans as well 
as for the Greenland and Antarctic Ice-Sheets proved the significant noise reduction for all RL06.1 solutions from 
JPL, CSR and GFZ. We showed that the largest noise reduction happens for months with near-zero β′ angle. We 
also examined the impact of ACH on ice-sheet mass change over GRACE-FO period computed from L2 data and 
concluded that the update from RL06 to RL06.1 has a bigger impact on the mass change estimates of the Antarc-
tic Ice-Sheet than on that of the Greenland Ice-Sheet (on the order of 20–30 Gt/yr compared to −1 to +3 Gt/
yr, respectively). The results from altimetry have a similar uncertainty as the results from GRACE-FO. And the 

Figure 12.  Impact of ACH on ice-sheet mass change estimates. Comparison of (a) trends and (b) noise levels of mass change timeseries of the Antarctic and Greenland 
Ice-Sheets over the GRACE-FO period computed based on the L2 solutions from RL06 and RL06.1. The effect of the new test release for version 3 of TN-14 is also 
quantified.
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difference between ICESat-2 and CryoSat-2 is of similar magnitude as differences between RL06 and RL06.1, 
as well as differences between GFZ and CSR or JPL. Therefore, by comparison with altimetry results, we could 
not conclusively validate an improvement in ice-sheet mass trends through the update from RL06 to RL06.1. 
However, on average over the three SDS centers and on average over the two altimetry missions, the updated from 
RL06 to RL06.1 brings the ice mass trend closer to the altimetry result and also closer to the ITSG-Grace2018 
solutions, which use their own independent accelerometer transplant method. Assessment of the update by ACH 
on the mascon solutions from NASA JPL and GSFC showed up to 1 cm changes in terms of equivalent water 
height manifested mostly as north-south stripes.

Figure 13.  Comparison of ice-sheet mass change estimates based on GRACE-FO and based on satellite altimetry. 
(a) Comparison of trends in the benchmark region, derived from GRACE-FO Science Data System L2 solutions, 
ITSG-Grace2018 and satellite altimetry (CryoSat-2 and ICESat-2). See Figure S7 in Supporting Information S1 for the 
location of the benchmark region. The trends are determined for the time period from October 2018 to March 2022, which is 
the overlap period of all the data sets. (b) Comparison of the RMS difference between GRACE-FO and altimetry detrended 
timeseries for the same region and time period (see Figure S7 in Supporting Information S1).
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Figure 14.  Impact of ACH on GRACE-FO mascon data. GRACE-FO mascon solutions for January 2019 from (a) NASA JPL and (c) NASA GSFC based on the 
accelerometer transplant data ACT. Update in the mascon solutions caused by the ACH from (b) NASA JPL and (d) NASA GSFC for January 2019.

Figure 15.  Impact of ACH on GRACE-FO mascon data. (a) Trend, (c) annual amplitude, and (e) RMS variability of GRACE-FO JPL mascon solutions based on ACT 
for the period from June 2018 to July 2022. Difference between (b) trend and (d) annual amplitude of JPL mascon solutions from ACH and ACT. (f) RMS of difference 
between mass change timeseries at each grid cell from JPL mascon solutions based on ACT and ACH.
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All in all, we find the ACH data product very encouraging because, as our comprehensive analyses show, it 
leads to improved GRACE-FO time-variable gravity and mass change data. We hope our work (a) helps the 
SDS centers to evaluate the quality of ACH data product and (b) provides some hints for its further improve-
ment. We will also continue assessing GRACE-FO L2 and L3 data in the future as the solar activity evolves and 
GRACE-FO altitude decays.

The thrust model used in the new accelerometer transplant data ACH is the same as that used in ACT (McCullough, 
Harvey, et  al.,  2022). The thrust model assumes that attitude thruster firings can be modeled by a constant 
acceleration. As such, it is described by a single value per thruster type and accelerometer direction (Harvey 
et al., 2022; McCullough et al., 2019). This simplified thrust model is accurate enough for the purpose of monthly 
time-variable gravity and mass change estimation from GRACE-FO data. However, it causes high-frequency 
spikes in the LRI ranging residuals, in particular around the Earth's geomagnetic equator. This limits the 
high-resolution static gravity field analysis from the GRACE-FO LRI data (Ghobadi-Far, Han, McCullough, 
et al., 2020). Further improvement of the GRACE-FO accelerometer transplant data could also consider improv-
ing the thrust model for this purpose.

Data Availability Statement
All the datasets used in this paper are publicly available. GRACE-FO L2 solutions from RL06 and RL06.1: 
ftp://isdcftp.gfz-potsdam.de/grace-fo/Level-2 and https://search.earthdata.nasa.gov/search?portal=podaac-cloud  
(search for “Projects: GRACE-FO” and “Processing Levels: 2”). For SDS level-2 data description, see  
JPL: https://dx.doi.org/10.5067/GFL20-MJ061, CSR: https://dx.doi.org/10.5067/GFL20-MC061, and GFZ: 

Figure 16.  Impact of ACH on GRACE-FO L3 mass change data from GFZ (see http://gravis.gfz-potsdam.de/home). (a) Trend, (c) annual amplitude, and (e) RMS 
variability of GRACE-FO GFZ L3 mass change data based on ACT for the period from June 2018 to July 2022. Difference between (b) trend and (d) annual amplitude 
of GFZ L3 mass change data ACH and ACT. (f) RMS of difference between mass change timeseries at each grid cell from GFZ L3 mass change data based on ACT 
and ACH.
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https://doi.org/10.5880/GFZ.GRACEFO_06_GSM. GRACE-FO JPL mascon solutions from RL06 and RL06.1: 
https://podaac-tools.jpl.nasa.gov/drive/files/GeodeticsGravity/tellus/L3/mascon. GSFC mascon solutions: https://
earth.gsfc.nasa.gov/geo/data/grace-mascons. GFZ GravIS L3 gridded mass change data: http://gravis.gfz-pots-
dam.de/home. TN-13 and TN-14: https://podaac.jpl.nasa.gov/gravity/gracefo-documentation and ftp://isdcftp.
gfz-potsdam.de/grace-fo/DOCUMENTS/TECHNICAL_NOTES. ACH1B: https://search.earthdata.nasa.gov/
search?portal=podaac-cloud (search for “Projects: GRACE-FO” and “Processing Levels: 1B”). ICESat-2 data: 
https://nsidc.org/data/icesat-2/data. CryoSat-2 data: https://earth.esa.int/eogateway/catalog/cryosat-products.
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