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1. Introduction
From March 2002 to October 2017, the Gravity Recovery And Climate Experiment (GRACE) has measured 
changes in the Earth's gravity field (Tapley et al., 2004). The GRACE mission included two satellites in a low, 
near-circular, near-polar orbit following each other at a distance of approximately 220 km. When the leading 
satellite passed over a sizable mass, it was pulled slightly more toward the mass than the trailing satellite and 
orbits were perturbed differently. By precisely measuring variations in the intra-satellites distance, it was possible 
to quantify the Earth's mass variations through the differential gravitational pull on the two satellites. GRACE 
proved relevant and rapidly became an essential tool for monitoring the movements of mass within and between 
Earth's atmosphere, oceans, land and ice sheets. In fact, over the past decades, GRACE has provided insights 
in various fields, from geophysics to hydrology. For example, observations of mass variations derived from 
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spatio-temporal information of Level-2 GRACE/-FO solutions, filtered using the DDK7 decorrelation and a 
new complementary filter, built based on the residual noise between fully processed data and a parametric fit 
to observations. Using an iterative M-SSA on Equivalent Water Height (EWH) time series processed by Center 
of Space Research, GeoForschungsZentrum, Institute of Geodesy at Graz University of Technology, and Jet 
Propulsion Laboratory, we replace missing data and outliers to obtain a combined evenly sampled solution. 
Then, we apply M-SSA to retrieve common signals between each EWH time series and its same-latitude 
neighbors to further reduce residual spatially uncorrelated noise. Comparing GRACE/-FO M-SSA solution 
with Satellite Laser Ranging and Swarm low-degree Earth's gravity field and hydrological model demonstrates 
its ability to satisfyingly fill missing observations. Our solution achieves a noise level comparable to mass 
concentration (mascon) solutions over oceans (3.0 mm EWH), without requiring a priori information nor 
regularization. While short-wavelength signals are challenging to capture using highly filtered spherical 
harmonics or mascons solutions, we show that our technique efficiently recovers localized mass variations 
using well-documented mass transfers associated with reservoir impoundments.

Plain Language Summary The Gravity Recovery and Climate Experiment and Follow-On 
(GRACE/-FO) satellite global measurements of changes in the Earth gravity field uniquely observe mass 
variations within and between the atmosphere, oceans, continental hydrology and ice. Yet, monthly data 
are polluted by noise in a North/South striping pattern, likely related to systematic errors and imperfect 
correction models. Moreover, the gap between missions hinders quantifying mass changes rates, which is 
essential for measuring and understanding the impacts of climate change and human activity on the evolving 
ice and freshwater resources. To overcome both issues, we present a new post-processing procedure of the 
GRACE/GRACE-FO gravity fields, that has potential for an improved spatial resolution. This is accomplished 
using a mathematical method that exploits spatio-temporal correlations in the gravity time series. We perform 
gap filling based on the most statistically correlated signals and efficiently filter gravity fields by discarding the 
less correlated ones. The final GRACE/GRACE-FO solution shows low residual noise level over the oceans and 
is able to retrieve short-wavelengths signals such as reservoir impoundments or small glaciers, which are often 
smeared out over large regions or masked out by other processing methods.
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GRACE have been used to monitor global and regional terrestrial water storage (J. Chen et  al.,  2016; Long 
et al., 2015; Longuevergne et al., 2013; Syed et al., 2008), global ocean mass changes (Gardner et al., 2013; 
Morison et  al.,  2007; Wouters et  al.,  2011), ocean bottom pressure (Johnson & Chambers,  2013), or recent 
ice melting (Luthcke et al., 2013; Wouters et al., 2019). Moreover, GRACE revealed valuable information on 
processes occurring within the solid Earth, including the seismic cycle (Bouih et al., 2022; J. L. Chen et al., 2007; 
Panet et al., 2007) or Glacial Isostatic Adjustment (GIA; Steffen et al., 2008; Velicogna & Wahr, 2013). The 
success of the GRACE mission overall motivated a follow-up mission, GRACE-Follow On (GRACE-FO; 
Flechtner et  al., 2016; Landerer et  al., 2020), launched in May 2018. Nonetheless a significant temporal gap 
between the two missions exists, in addition to the increasing missing observations toward the end of the GRACE 
mission. Yet, having a time series of measurements of sufficient length, consistency and continuity is essential 
to investigate long-term gravity changes occurring with the solid Earth processes and, even more so, monitor 
climate-related mass variations, such as the ongoing evolution of ice sheets and glaciers or land water storage.

However, due to the orbital geometry of both missions, observations bear a low-sensitivity in the East-West 
direction. As a result, instrumental errors, shortcomings and inaccuracies in the oceanic and atmospheric gravity 
field dealiasing models (Seo et al., 2006, 2007), or any other processing error translate into a distinctive noise 
with a North-South striping pattern, limiting GRACE measurements quality and potential use for even more 
geophysical applications (Han et al., 2004; Swenson & Wahr, 2006; Thompson et al., 2004). In order to reduce 
this characteristic noise, several signal processing methods have been developed using various mathematical 
tools (Werth et al., 2009). First, North-South stripes polluting the gravity fields derived from raw GRACE obser-
vations, expressed in terms of Stokes coefficients of their Spherical Harmonics (SH) decomposition, can be 
removed using different filtering methods. Examples of post-processing methods include: Gaussian filters (Seo 
et al., 2007; Wahr et al., 2004), a combination of them (Guo et al., 2010), or the widely used DDK decorrelation 
filters (Kusche, 2007; Kusche et al., 2009). DDK filters aim at reducing correlations between Stokes coefficients 
of the gravity field SH decomposition and are provided as convolution matrices. Since all filtering methods 
require a compromise between smoothing—hence spatial resolution and signal attenuation—and reducing noise, 
DDK filters offer a family of filters (DDK1 to DDK8), corresponding to different levels of filtering. To further 
reduce noise in the GRACE and GRACE-FO derived gravity fields, partly due to limitations in processing strat-
egies, solutions provided by various processing centers can be combined at the observations level (COST-G; 
Jäggi et al., 2020), or averaged during post-processing (Sakumura et al., 2014). Uncertainties related to solu-
tion processing and post-processing strategies can also be accounted for using an ensemble approach (Blazquez 
et al., 2018). Alternatively, the GRACE mass concentration (mascons) solutions have been developed to propose 
leakage-suppressed and ready to use solutions (Luthcke et al., 2013; Save et al., 2016; Watkins et al., 2015). 
However, achieving these solutions requires the introduction of potentially biased a priori information on the 
spatio-temporal distribution of the signal or noise structure, or regularization in the least-squares gravity inver-
sion (Loomis et al., 2019).

In parallel, statistical signal-processing techniques, namely statistical decomposition methods, have been used 
to identify patterns of variability in the GRACE time series. Most of these methods aim at retaining only a set 
of patterns representing most of the geophysical signal variability, in order to filter out less correlated parts of 
the signal dominated by North-South stripes. In particular, eigenspace techniques have been commonly applied 
to isolate geophysical signals in GRACE derived gravity field time series. First, Principal Component Analysis 
(PCA; Lorenz, 1956), also called Empirical Orthogonal Function analysis, has been used to extract dominant 
orthogonal modes from GRACE data, either for filtering noise (Chambers, 2006; Chambers & Willis,  2008; 
Schrama et  al.,  2007; Wouters & Schrama,  2007), or extracting signals of interest (De Viron et  al.,  2006; 
Rangelova et al., 2007; Rangelova & Sideris, 2008; Rieser et al., 2010). However, the physical interpretation of 
modes extracted using PCA can be biased by the superposition of independent source signals in the time series. 
Therefore, Independent Component Analysis (ICA), which aims at separating dominant modes based on the 
assumed statistical independence of signal sources, has been preferred over PCA (Forootan & Kusche, 2012; 
Frappart et al., 2010). Yet, both PCA and ICA only use information between existing time series, ignoring the 
potential lagged correlations between time series, and are thus limited to stationary processes. If they are effi-
cient at separating signals with various temporal behaviors, capturing the spatio-temporal evolving nature of 
geophysical signals encompassed in the GRACE data remains challenging (Forootan et al., 2014). Incorporating 
any lagged information on a single time series is fortunately possible using Singular Spectrum Analysis (SSA; 
Vianna et al., 2007; X. Wang et al., 2011). Moreover, the Multichannel (or multivariable)-SSA (M-SSA; e.g., 
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Ghil et al., 2002), a generalization of both the PCA and SSA, which uses time-lagged observations and multi-
ple time series, is particularly well adapted to capture the complex spatio-temporal modes of variability of the 
GRACE data and to filter processing-specific errors and noise (Prevost et al., 2019; Rangelova et al., 2012; F. 
Wang et al., 2020; Zotov & Shum, 2010).

The large number of missing observations toward the end of the GRACE mission and the 11-month observational 
gap between missions limit the potential use of GRACE and GRACE-FO data to their full potential. Conse-
quently, efforts have been carried out to fill temporal observational gaps of the GRACE gravity fields. First, 
independent observations have been used to fill GRACE data gaps. Particularly, direct observations from Satellite 
Laser Ranging (SLR) or Global Positioning System receivers onboard Swarm satellites can be exploited to recon-
struct low-degrees of the Earth's gravity field (Jäggi et al., 2016; Lück et al., 2018; Richter et al., 2021). Inversions 
of deformation fields, as measured for example, by Global Navigation Satellite System global networks can also 
lead to low-degree gravity field estimates through loading theory (Chanard et al., 2018; Rietbroek et al., 2014; 
Wu et al., 2020). Yet, independent data may contain specific technique-related errors or other physical processes 
that can bias GRACE gravity field gap filling (Dong et al., 2002; Mémin et al., 2020). GRACE temporal gaps 
can be reconstructed using data-adaptive statistical techniques, such as SSA and M-SSA, to decompose the 
time series into a subset of temporal or spatio-temporal components then used to reconstruct missing obser-
vations (Kondrashov & Ghil, 2006). SSA has been used in an iterative approach to perform gap filling on time 
series of the coefficients of GRACE gravity field SH decomposition (Li et al., 2019; Prevost et al., 2019; Yi & 
Sneeuw, 2021). M-SSA has also proven its ability to reconstruct missing observations, at least for low-degree SH 
coefficients of the Earth's gravity field, using Swarm observations (F. Wang et al., 2021), or part of the gravity 
variations, namely climate-driven water storage changes, using precipitation and temperature models (Humphrey 
& Gudmundsson,  2019; Yang et  al.,  2021). Recently, more advanced machine learning techniques have also 
been employed to perform gap filling in and between GRACE and GRACE-FO observational periods. Examples 
include reconstructing the terrestrial water component of the gravity field using an hydroclimatic data-driven 
Bayesian convolutional neuronal network (Mo et al., 2022) or an algorithm combining M-SSA with an artificial 
neural network (Lai et al., 2022). Nonetheless, these methods are more complex, computationally more challeng-
ing than classical statistical methods, and often limited to terrestrial water storage applications discarding mass 
change related to solid Earth processes.

In this study, we propose an improved post-processing strategy for gap filling based on previous work by Prevost 
et al. (2019). By combining and filtering four Level-2 GRACE and GRACE-FO gravity field solutions using a 
unique statistical method, the M-SSA, in a simpler yet more efficient way than Prevost et al. (2019), we propose 
a solution with an improved spatial resolution and minimal noise content. In the following, we first present, in 
Section 2, the GRACE/GRACE-FO datasets used and pre-M-SSA processings applied in this study. In Section 3, 
after briefly describing the M-SSA method, we explicit our post-processing strategy, in light of previous work, 
and present results. The method includes an iterative M-SSA algorithm for observational gap filling using multi-
ple Level-2 GRACE and GRACE-FO solutions, with synthetic tests for validation, a new filter in the spectral 
domain and a M-SSA-based spatio-temporal filtering procedure to efficiently reduce the persistent North-South 
stripes. Then, in Section 4, we first validate the M-SSA gap filling algorithm by comparing results to independ-
ent observations, namely SLR and Swarm for low-degree SH coefficients and a hydrological model. Finally, we 
compare our results with published GRACE and GRACE-FO solutions, using different processing strategies. In 
particular, we confront noise content of the gravity field solutions over the oceans, and assess solutions perfor-
mances for a selection of regional examples, including hydrological mass balance for reservoir impoundments.

2. GRACE and GRACE-FO Level-2 Solutions
2.1. GRACE and GRACE-FO Datasets

The GRACE and more recently, the GRACE-FO missions provide monthly maps of the Earth's gravity field 
with a spatial resolution of a few hundreds kilometers (Landerer et al., 2020; Tapley et al., 2004). But a substan-
tial 11-month temporal gap, from June 2017 to May 2018, exists between missions (Figure S1 in Supporting 
Information S1). The raw Level-1 data are processed by several processing centers to provide monthly Level-2 
solutions of the Earth's gravitational field. These solutions are distributed in terms of Stokes coefficients of the 
Earth's gravity field SH decomposition. Differences in processing strategies yield two major consequences. First, 
raw Level-1 monthly signal to noise ratio requirements cause differences in Level-2 temporal sampling between 

 21699356, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

025561 by C
ochrane France, W

iley O
nline L

ibrary on [09/05/2023]. 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

GAUER ET AL.

10.1029/2022JB025561

4 of 30

processing centers (Figure S1 in Supporting Information S1). Then, noise discrepancies arise from differences 
in processing strategies (Sakumura et al., 2014; Swenson & Wahr, 2002). In this study, we take advantage of 
Level-2 gravity field solutions from four different processing centers, expressed in Stokes coefficients of the 
SH decomposition up to the degree 96. We focus our study on the January 2003–September 2022 period, using 
the available GRACE data from January 2003–June 2017 and GRACE-FO data from June 2018–September 
2022, discarding here the starting period of the GRACE mission (February 2002–December 2002). Note that 
we discard the beginning of the GRACE mission because the post-processing method proposed in this study is 
mathematically more challenging when significant noise occurs at the beginning or end of the observational time 
series (Yi & Sneeuw, 2021). Finally, all GRACE and GRACE-FO solutions used in this study are corrected for 
non-tidal high-frequency atmospheric and oceanic mass variation models, namely the Atmosphere and Ocean 
Dealiasing Level-1B (AOD1B) model (Dobslaw et al., 2017) by the processing centers.

2.2. GRACE and GRACE-FO Data Pre-M-SSA Processing

Several pre-processing steps are required prior to using the GRACE and GRACE-FO datasets for geophysical 
applications. First, the non-observable degree-1 SH geocenter gravity coefficients are accounted for using the 
corresponding coefficients provided for each of the GeoForschungsZentrum (GFZ), Jet Propulsion Laboratory 
(JPL) and Center of Space Research (CSR) solutions in Technical Note 13 (TN-13; Swenson et al., 2008; Sun 
et al., 2016) and the average of those coefficients for the Institute of Geodezy at Graz University of Technology 
(GRAZ) solution. Then, C2,0 Earth oblateness and C3,0 gravity coefficients, which are difficult to observe due to 
the near polar orbit and accelerometer errors (Klinger & Mayer-Gürr, 2016), are substituted with SLR observa-
tions according to Technical Note 14 (TN-14; J. Chen et al., 2005; Loomis et al., 2020).

Moreover, to investigate variations in the Earth's gravity field, we remove its mean value estimated for each Level-2 
solution over the 2003–2022 period respectively. Consequently, the characteristic nonphysical North-South elon-
gated striping patterns, arising from instrumental errors or shortcomings in the gravity field correction models of 
known phenomena, dominate both GRACE and GRACE-FO solutions. Figures 1a and 1b show examples of the 
resulting GRACE and GRACE-FO gravity fields, expressed in Equivalent Water Height (EWH) for July 2008 and 
2019 respectively. The large amplitude of the North-South striping artifacts emphasizes the necessity for filtering 
the GRACE and GRACE-FO gravity fields prior to any geophysical application (Sakumura et al., 2014). Here, 
we start by using the non-isotropic decorrelation filter, known as DDK (Kusche, 2007; Kusche et al., 2009). DDK 
is based on a regularization using both the error and signal covariance information. The filter results in a single 
filtering matrix derived from the a priori error covariance of the August 2003 GRACE solution, that we apply to 
all GRACE and GRACE-FO monthly gravity fields. The filter offers 8 levels, from the strongest DDK1 to weak-
est DDK8 level, and impacts mainly the high degree coefficients of the SH decomposition which contain most of 
the stripping noise. An increase in the level of DDK filtering yields larger signal attenuation and leakage causing 
geophysical signals to smear out over larger regions. Thus, a compromise between solution filtering and noise 
reduction must be made. While the choice of DDK filter depends on the application, DDK5 appears to be the 
most commonly used for geophysical applications and using an average of solutions has proven to reduce process-
ing artifacts in earlier releases of Level-2 SH solutions (Sakumura et al., 2014). We thus show, as a reference 
solution, an example of the mean of the four solutions (CSR, JPL, GFZ, GRAZ), that we later combine to create 
the GRACE-MSSA solution, filtered using DDK5. DDK5 efficiently removes a large part of the North-South 
stripes while retaining geophysical signals, with a spatial resolution that can be compared to a 180 km Gaussian 
filter radius equivalent, obtained from the comparison of the isotropic part of the anisotropic DDK filters with the 
Gaussian ones (Cambiotti, 2020; Kusche et al., 2009; Figures 1c and 1d).

Here, we rather apply the DDK7 filter, with a spatial resolution that can be compared to a 145 km isotropic 
Gaussian filter radius equivalent (Figures 1e and 1f). Figure 2 shows an example of the impact of applying DDK5, 
compared to DDK7, on the intensity spectrum of the SH decomposition for the July 2008 GRACE CSR gravity 
field. DDK5 removes a larger part of the signal at high degrees which, while largely polluted by North-South 
striping artifacts, may still contain valuable geophysical information.

Here, we first combine the DDK7 filter with a complementary filter, the Lobe-Edge (LE) filter, for which coef-
ficients are provided in Figure S2 in Supporting Information S1. This filter is developed based on the residual 
noise between fully processed data and a parametric fit to observations, to further reduce persisting stripes. A 
full description of the LE filter is provided in Section 3.5. All results presented in the following are based on 

 21699356, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

025561 by C
ochrane France, W

iley O
nline L

ibrary on [09/05/2023]. 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

GAUER ET AL.

10.1029/2022JB025561

5 of 30

a DDK7 + LE filtering of the GRACE/GRACE-FO solutions, and results based on a DDK7 filtering only can 
be found in Supporting Information S1 undermentioned. Next, we propose to perform an additional filtering 
which involves no a priori information on the signal nor the noise structure. This additional filtering further 
reduces spurious noise while retaining smaller wavelengths signals and limits signal attenuation compared to the 
commonly used average of DDK5-filtered solutions (Sakumura et al., 2014). By doing so, we intend to broaden 
possibilities of using GRACE and GRACE-FO in various geophysical domains.

3. Methodology
Once the GRACE and GRACE-FO data have been pre-processed with DDK7 and LE filtering, solutions still 
contain significant North-South striping artifacts and missing data remain an issue for geophysical applications. 
The aim of the methodology developed in this study is to address both issues using a unique mathematical 
tool, namely the Multichannel-Singular Spectrum Analysis (M-SSA). In the following Section, we first briefly 
describe the M-SSA and then detail both steps of the proposed methodology to fill and filter the pre-processed 

Figure 1. Mean of surface mass anomaly of the unfiltered (a) and (b), the DDK5-filtered (c) and (d), and the DDK7-filtered (e) and (f) GRACE and GRACE-FO 
solutions processed by the CSR, GFZ, GRAZ and JPL centers, for July 2008 and July 2019 respectively, after removing its mean value estimated for each Level-2 
solution over the 2003–2022 period respectively. Surface mass anomalies are expressed in Equivalent Water Height (cm).
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GRACE and GRACE-FO data as objectively as possible, in light of previous work by Prevost et al. (2019) on 
which this procedure is based. This post-processing method is separated in two major steps: (a) data gap filling 
and (b) spatio-temporal filtering.

3.1. Multichannel Singular Spectrum Analysis (M-SSA)

M-SSA is a data-adaptive, non-parametric mathematical method that exploits spatial and temporal correlations 
associated with channels, or time series, to separate either signal from noise or signals from different origin 
(e.g., Ghil et al., 2002; Keppenne & Ghil, 1993; Plaut & Vautard, 1994). M-SSA decomposes time series into 
spatio-temporal modes of variability that can isolate nonlinear trends or oscillatory evolution from noise. These 
modes are derived from the eigenvectors of the covariance matrix between time series and their delayed copies. 
The projection of time series and their delayed copies upon the eigenvectors gives the Principal Components 
(PCs), that represent the temporal behavior of the determined modes of variability and are an efficient tool to 
identify geophysical components from noise. The variance of the mode described by each PC is given by the 
corresponding eigenvalues and reflect its relative importance to explain the original time series. The projection 
of a subset of PCs onto the eigenvectors, called Reconstructed Components (RCs), provides the opportunity to 
visualize the time series after filtering out low-variance components, likely associated with noise. A detailed 
description of the method is provided in Text S1 in Supporting Information S1. A more complete review of the 
methodology, including various examples of application, is given by Ghil et al. (2002).

Here, M-SSA is particularly interesting to (a) fill the GRACE and GRACE-FO data temporal gaps by simulta-
neously relying on the temporal evolution of EWH time series provided by several processing centers, and (b) 
reduce spurious uncorrelated noise in the data by retaining only the most correlated parts of the signal in space 
and time, without a priori information on the signal or noise structure.

3.2. An Improved GRACE/GRACE-FO M-SSA Gap Filling and Filtering Method

One of the current challenges of using GRACE and GRACE-FO data for various geophysical applications is 
accounting for missing observations, particularly between missions for various geophysical applications. Another 
important challenge is to further increase spatial resolution of the solutions while efficiently reducing their noise 
content. Indeed, while heavily filtered solutions lead to negligible noise, they suffer from signal amplitude atten-
uation and spatial leakage over large regions, which makes them unsuitable for geophysical applications such as 
regional mass balance. The potential of (M-)SSA for both temporal gap filling and spatio-temporal filtering of the 
GRACE data has previously been investigated by Prevost et al. (2019) to obtain a continuous GRACE solution 
with minimal noise content and maximal spatial resolution.

Figure 2. Stokes coefficients intensity spectra of the July 2008 GRACE CSR gravity filtered using (a) DDK5 and (b) DDK7 decorrelation filter. (c) Shows the 
difference between DDK7 and DDK5 filtering applied to the same July 2008 GRACE CSR gravity field.
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To do so, Prevost et al. (2019) used a 3-steps (M-)SSA based method on multiple Level 2 GRACE gravity field 
anomalies, previously filtered by DDK7. First, temporal gap filling was performed on time series of the SH coef-
ficients of each GRACE solution, using an iterative SSA scheme. Then, M-SSA was used to average the evenly 
spaced time series of SH coefficients from several processing centers simultaneously to retain their common 
modes of variability, while discarding their differences. Finally, M-SSA was used as a spatio-temporal filter 
applied to the averaged solution, converted into a grid of EWH, to remove residual North-South stripes by taking 
advantage of the spatial and temporal correlations of physically driven gravity changes. Figure S3 in Supporting 
Information S1 shows a diagram of the method proposed by Prevost et al. (2019).

Prevost et al. (2019) constitutes the basis of the method presented here. However, extending this method to the 
GRACE and GRACE-FO data and improving noise reduction is challenging, requiring an improved procedure 
(Figure 3). First, we develop and add the LE filter to complement the DDK7 filter (see Figure S2 in Supporting 
Information S1 and Section 3.4). Then, we directly perform an improved gap filling using M-SSA simultaneously 
on EWH time series from multiple processing centers. Moreover, we proceed to outliers detection and replacement. 
Finally we simplify the original temporal filtering and perform gap filling on spatially distributed time series of 
EWH rather than on their SH equivalent (Prevost et al., 2019; F. Wang et al., 2021) in order to simplify the method 
overall by performing both gap filling and spatial filtering on time series of EWH. Steps of our procedure are 
further described in Sections 2.2, 3.3, and 3.4. Comparisons of methods performances are provided in Section 4.

3.3. Temporal Gap Filling With M-SSA

We first convert the Level-2 GRACE and GRACE-FO Stokes coefficients of the Earth's gravity field, pre-processed 
according to Section 2.2., for each processing center c, at each date t, into global grids of surface mass anomaly σ c(t, 
λ, φ), where, c ∈ [CSR, GFZ, GRAZ, JPL], λ and φ are the longitude and latitude. σ c(t, λ, φ) is expressed in EWH. 
We then use a data-adaptive iterative gap-filling algorithm based on single-channel SSA (Kondrashov et al., 2010; 
Kondrashov & Ghil, 2006) and recently extended to (M-)SSA for GRACE and GRACE-FO applications (Prevost 
et al., 2019; F. Wang et al., 2020, 2021). We adopt a 3-step gap filling procedure: (a) we fill the gaps using an ordi-
nary least squares estimation-based interpolation (including third order polynomial, annual, and semiannual terms), 
(b) we remove outliers using M-SSA and (c) we perform an iterative M-SSA and replace missing observations 
using predictions increasingly correlated with the EWH time series. Each step is further described in the following.

1.  Our gap filling algorithm consists first in filling the observational gaps (Figure S1 in Supporting Informa-
tion S1) for each point of geographic coordinates (λ, φ) and each solution by performing an ordinary least 
squares estimation-based interpolation (including third order polynomial, annual, and semiannual terms) 
using all provided data. An example of this interpolation of EWH is shown in Figure 4a for a point located 
in the Caspian sea (more examples are provided in Figure S4 in Supporting Information S1). Using an inter-
polation model including a third order polynomial, annual and semiannual signals allows to capture signif-
icant long term mass loss and annual variations. For instance, the variation in trend in the Caspian sea, 
likely due to hydrological processes, between the artificially missing 2008 years, for method validation, and 
the 2017–2018 inter-mission period can be better recovered (Figure 4a). Here, we choose an ordinary least 
squares estimation-based interpolation (including third order polynomial, annual, and semiannual terms) over 
a linear, mean or zero value gap filling one (Prevost et al., 2019; Walwer et al., 2016) to optimize M-SSA 
performances.

2.  Once EWH time series are evenly spaced, thanks to the ordinary least squares estimation-based interpolation 
(including third order polynomial, annual, and semiannual terms), it is possible to apply the M-SSA algorithm. 
Nevertheless, the reconstructed data gaps by a first M-SSA are highly influenced by the entire EWH time 
series. Therefore, we detect and replace potential outliers, outside of data gaps, to further improve the iterative 
reconstruction by M-SSA and therefore, the gap filling performances. For this purpose, we start by retrieving, 
for EWH time series of each point of coordinates (λ, φ), the principal modes of variability of the four solutions 
used in this study. To do so, we perform a M-SSA analysis on the four EWH time series simultaneously, using 
a sliding window of M = N/2, where N = 237 is the length of the evenly sampled GRACE/GRACE-FO time 
series for the period considered. We retain the first 8 PCs to reconstruct the signal for each solution, that is, the 
first Nc = 8 RCs for each processing center c. A detailed analysis of M-SSA parameters selection is provided 
in the following for the gap filling method and also applies to outliers detection analysis. We then average the 
reconstructed EWH time series of all processing centers to obtain a unique mean M-SSA-based EWH time 
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series, 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴
(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) , capturing the principal modes of variability of the signal processed by the four different 

centers. The average is defined as:

𝜎𝜎𝑚𝑚

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) =

1

4

4
∑

𝑐𝑐=1

8
∑

𝑖𝑖=1

𝑅𝑅𝑅𝑅𝑖𝑖
𝑐𝑐(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡)𝑡 (1)

Figure 3. Diagram of the processing procedure developed in this study. The three major steps relate directly to a subsection 
of this article.
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 where 𝐴𝐴 𝐴𝐴𝐴𝐴𝑖𝑖

𝑙𝑙
 is the ith RC given by the M-SSA for the lth time series (see Text S1 in Supporting Information S1 

for additional information).
 We identify outliers in EWH time series processed by individual centers as larger than three times the standard 
deviation of the mean M-SSA EWH time series, 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴
 (see Figure S5 in Supporting Information S1 for tests 

on outliers detection criterion). Outliers, if they exists, are replaced by the corresponding value of 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴
 , 

Figure 4. Example of M-SSA gap filling method for time series of CSR GRACE/GRACE-FO surface mass anomalies, expressed in Equivalent Water Height (EWH) 
(cm), for a point located in the Caspian Sea (51°E, 41°N). Observational gaps are highlighted in light blue while the artificial gap for method validation is shown 
in light green. (a) Shows the original EWH time series filtered by DDK7 and the Lobe-Edge (LE) filter (green, LE filter is presented in Section 3.5), and its evenly 
sampled version filled by an ordinary least squares estimation-based interpolation (including third order polynomial, annual, and semiannual terms) using all data 
outside of observational gaps (orange). (b) Shows EWH time series of solutions processed by CSR, GFZ, GRAZ and JPL (orange, pink, khaki and cyan) and the area 
corresponding to 3 times the standard deviation of a mean M-SSA based EWH time series of all solutions (light gray), which is a criterion used to identify potential 
outliers. When they exist (see Figure S4.2 in Supporting Information S1 for a case where outliers are removed), outliers are replaced by their mean M-SSA based EWH 
time series value to build a filtered version of the EWH time series (dark blue). (c) Illustrates the iterative scheme to perform gap filling (blue to red). (d) Method 
performance is evaluated for year 2008, artificially removed from the original dataset and reconstructed, by comparing the final reconstruction (red) with the original 
GRACE observations (gray). Differences between the reconstructed and original signals for year 2008 are shown in dotted black line, and Root-Mean-Square value of 
the difference over 1 year is provided.
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while the rest of the time series remains identical for each processing center (Figure 4b and Figure S4 in 
Supporting Information S1 for additional examples).

3.  Once outliers have been identified and replaced, we seek to improve the gap filling values, initially inter-
polated (by including third order polynomial, annual, and semiannual terms), in the observational gaps. 
Therefore, we perform a M-SSA in an iterative scheme for each of the resulting four EWH time series 
simultaneously, corresponding to the four processing centers, filtered of their outliers and evenly spaced by 
interpolation (including third order polynomial, annual, and semiannual terms). We use, once again, a slid-
ing window of size M = N/2, half the length N of the GRACE/GRACE-FO period considered. M is chosen 
in order to capture the annual and long-term trends dominating the GRACE/GRACE-FO observations. To 
our knowledge, there is no optimal criterion to select M, but to provide separability of the series. Our value 
is chosen according to sensitivity tests summarized in Figure S6a in Supporting Information S1. Data gaps 
are then iteratively replaced, in all solutions, by the sum of the first Nc RCs resulting from the M-SSA on 
their combination. The value of Nc is chosen based on Figure 5, which shows the box plots of normalized 
eigenvalues obtained from M-SSA analyses for all four centers for a selected subset of 3309 EWH time series 
encompassing a variety of signals of interests (see Figure S7 in Supporting Information S1 for location of 
the chosen EWH). Eigenvalues rapidly decrease until a noticeable drop after rank 8, with the first 8 EOFs 
capturing 72.7% of the original EWH time series variance, motivating the choice of Nc = 8 (see also Figure 
S6b in Supporting Information S1 for additional tests on parameter Nc). Note that adding EWH time series of 
nearby points at the same latitude in the M-SSA gap filling procedure has only little impact on the reconstruc-
tion and is therefore not considered (Figure S6c in Supporting Information S1). Iterations are then performed 
until a convergence criterion, χc, between the reconstructed signal at iteration k, 𝐴𝐴 𝐴𝐴𝑐𝑐

𝑘𝑘
(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) , associated with 

Figure 5. Normalized first 113 eigenvalues of the M-SSA analyses performed on a selected subset 3309 Equivalent Water Height (EWH) time series of the Level-2 
GRACE and GRACE-FO gravity field processed by the CSR, GRAZ, GFZ and JPL centers simultaneously, after applying the DDK7 and Lobe-Edge filters and the 
first iteration of the M-SSA gap filling. Selected time series encompass a variety of signals of interest (see Figure S7 in Supporting Information S1 for a map of the 
chosen locations). The box plot shows the distribution of the normalized eigenvalues over the 3309 EWH time series. The dotted red line shows the variance reduction 
of the initial EWH time series given by the sum of Reconstructed Components (RCs). The red line highlights a drop in eigenvalues after rank 8, that is, the limit of 
eigenvectors we used for signal reconstruction.
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standard deviation 𝐴𝐴 𝐴𝐴
(

𝜎𝜎𝑐𝑐

𝑘𝑘

)

 , and its previous iteration k − 1 is reached. χc is defined, at iteration k, for n missing 
observations, n ≪ N, as:

𝜒𝜒𝑐𝑐(𝜆𝜆𝜆 𝜆𝜆) =

√

√

√

√

√

√

𝑛𝑛
∑

𝑡𝑡=1

(

𝜎𝜎𝑐𝑐

𝑘𝑘−1
(𝑡𝑡𝜆 𝜆𝜆𝜆 𝜆𝜆) − 𝜎𝜎𝑐𝑐

𝑘𝑘
(𝑡𝑡𝜆 𝜆𝜆𝜆 𝜆𝜆)

)2

𝜍𝜍
(

𝜎𝜎𝑐𝑐

𝑘𝑘−1

)

⋅ 𝜍𝜍
(

𝜎𝜎𝑐𝑐

𝑘𝑘

)

 (2)

 and satisfied for χc < 0.1 or n > 100. Figure 4c shows an example, for a single processing center, of the succes-
sive signal reconstruction iterations until the convergence criterion, typically ranging between 7 and 16, is met 
(see Figure S4 in Supporting Information S1 for more examples).

The proposed gap filling method benefits from using solutions arising from four different processing centers by 
reconstructing observational gaps using only common signals retrieved by all solutions, thus limiting potential 
processing artifacts. In order to validate the method for filling the long 11-month gap between GRACE and 
GRACE-FO missions, we perform a synthetic test. Because modeling GRACE or GRACE-FO noise content is 
challenging due to its unknown exact structure, we artificially remove year 2008 of the GRACE dataset and test 
our gap filling method by reconstructing this missing year, in addition to existing missing dates. The reconstruc-
tion for year 2008 of an EWH time series located in the Caspian Sea is consistent with the original signal, with 
differences between the original and reconstructed signals of the order of differences between different GRACE 
solutions (Figure 4d). The reconstructed time series captures particularly well the strong annual variations over 
the Caspian Sea, as well as the regional trend of decreasing mass. However only signals based on the statistical 
content of the entire time series can be reconstructed, discarding unusual events (ex: heavy rainfall, earthquakes, 
etc.). Additional examples are provided in Figure S4 in Supporting Information S1, and effects of the M-SSA 
parameters on the reconstruction of year 2008 are assessed in Figures S5 and S6 in Supporting Information S1. 
Overall, the iterative M-SSA reconstruction proves more efficient at signal reconstruction than a linear or an 
ordinary least squares estimation-based interpolation (including third order polynomial, annual, and semiannual 
terms) interpolation (Figure S8 in Supporting Information S1), except for EWH time series of low amplitude 
signals, where performances are equivalent (Figure S4b in Supporting Information S1). Once gaps in the EWH 
time series have been satisfyingly filled to obtain evenly sampled time series, spatio-temporal filtering using 
M-SSA can be performed.

3.4. Spatio-Temporal Filtering With M-SSA

The second step of our method consists in performing a spatial filtering using the M-SSA to remove the remain-
ing spatial noise. First, we average the four EWH time series obtained after gap filling, resulting from the four 
processing centers, into a single time series. Indeed, since applying the MSSA independently on the four time 
series does not improve the final result (see Figure S9 in Supporting Information S1), averaging them makes the 
method computationally more rapid. Then, as we aim at removing residual spatially correlated noise, namely the 
spurious North-South stripes, we apply the M-SSA on the EWH time series at each point of the global 1° × 1° 
grid and, simultaneously, at its 3 neighboring EWH time series in both east and west directions, at the same lati-
tude, 2° apart from each other (Prevost et al., 2019). Thus, to filter a single EWH time series, seven EWH time 
series are used. The number, distribution and distance between the neighbors of the reconstructed time series are 
defined by the spatial wavelength and shape of the spatially uncorrelated North-South stripes in order to extract 
only the correlated geophysical signals from the EWH time series through the M-SSA analysis. Parameters of the 
M-SSA for the spatial filtering step include a window size of M = 13 and a number of components for the recon-
struction of Nc = 8. Note that M for M-SSA filtering is significantly smaller than for gap filling since we are now 
more interested in retaining high frequency variations in the gravity fields rather than capturing its main features 
for reconstruction. Sensitivity tests on M-SSA filtering parameters M, Nc, number and distance of neighboring 
EWH time series are provided in Figure S10 in Supporting Information S1. Note that Nc is defined similarly to the 
M-SSA reconstruction method, but now based on the eigenvalues of the M-SSA analysis of a EWH time series 
and its neighboring time series (see Figure S11 in Supporting Information S1).

For example, Figure 6 shows the M-SSA decomposition of the CSR EWH time series obtained after gap filling, 
for a point located in the Caspian Sea. The first 8 RCs show the potential of the method to separate and retrieve 
the dominant long term variation of the Caspian Sea (RC1), strong annual (RC2, RC3, RC4) variations as well as 
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multi-annual variations (RC5, RC6). In fact, most of the variance of the filtered and evenly sampled EWH time 
series can be explained by the first 8 components (Figure 6f). The final EWH time series, after both the gap filling 
and spatial filtering steps, show that the complete method efficiently removes high frequency signal compared to 
the gap filling step and the initial DDK7-filtered time series (6a). The high frequency signal is unlikely related 
to changes in the Caspian sea level as supported by satellite altimetry measurements (J. Chen et al., 2017). Other 
examples of MSSA decomposition at various locations are provided in Figure S12 in Supporting Information S1.

Figure 6. M-SSA spatio-temporal decomposition of the surface mass anomalies for a point located in the Caspian Sea (51°E, 41°N). Time series (a) shows the final 
EWH time series, after the DDK7 and Lobe-Edge filtering (LE filter, presented in Section 3.4, further reduces striping noise), M-SSA gap filling, using information 
from four processing centers, and spatial filtering, using an EWH time series and its neighbors located at the same latitude (red), compared to the gap filling procedure 
only (blue), and the initial DDK7-filtered (dotted gray) time series. (b–f) display the first 8 RCs of the decomposition, sorted by their corresponding eigenvalue. (g) 
Shows the normalized eigenvalues obtained from the M-SSA spatial filtering.
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3.5. Complementary Filtering in the Spherical Harmonics Domain: Lobe-Edge Filter

As mentioned at the end of Section 2.2, in order to refine an initial GRACE/GRACE-FO M-SSA solution, based 
on DDK7 filtering, we have designed an additional filter, named LE, to be applied after the decorrelation filter 
and before the M-SSA gap filling and filtering procedures to further reduce North-South stripes. To build this 
filter, we investigated the noise content of our initial GRACE/GRACE-FO M-SSA solution by looking at the aver-
age GRACE/GRACE-FO surface mass anomalies, after an initial DDK7 filtering, M-SSA gap filling and spatial 
filtering, and once dominant geophysical signals have been removed using parametric functions. A degree-3 
polynomial function, representing linear trends and multi-annual signals, is removed while dominant seasonal 
signals are subtracted by their monthly averages throughout the observational period from each monthly solution, 
capturing the largest part of expected geophysical signals (Figure S13 in Supporting Information S1). Residuals 
between the gravity fields and the parametric functions are expressed in terms of Stokes coefficients 𝐴𝐴 𝐴𝐴 𝑟𝑟

𝑙𝑙𝑙𝑙𝑙
 , which 

is the mean value of 𝐴𝐴 𝐴𝐴𝑟𝑟

𝑙𝑙𝑙𝑙𝑙
 and 𝐴𝐴 𝐴𝐴𝑟𝑟

𝑙𝑙𝑙𝑙𝑙
 , for a given degree l and order m. One can see that for l > 25, the amplitude of 

SH sectoral or close to sectoral (l close to abs(m)) is amplified compared to the amplitude of zonal or tesseral 
harmonics (Figure 7a). We thus define the LE filter, for which each coefficient, 𝐴𝐴 𝐴𝐴𝐿𝐿𝐿𝐿

𝑙𝑙𝑙𝑙𝑙
 , for a given exponent α is:

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝐹𝐹𝐿𝐿𝐿𝐿

𝑙𝑙𝑙𝑙𝑙
=

⎛

⎜

⎜

⎜

⎜

⎝

1

6
⋅

1
∑

𝑛𝑛=−1

abs

(

𝑌𝑌 𝑟𝑟

𝑙𝑙−𝑛𝑛𝑙𝑙𝑙−𝑛𝑛
+ 𝑌𝑌 𝑟𝑟

𝑙𝑙−𝑛𝑛𝑙𝑛𝑛−𝑙𝑙

)

1

41
⋅

20
∑

𝑛𝑛=−20

𝑌𝑌 𝑟𝑟

𝑙𝑙𝑙𝑛𝑛

⎞

⎟

⎟

⎟

⎟

⎠

𝛼𝛼

for 𝐹𝐹𝑙𝑙𝑙𝑙𝑙 ≥ 1𝑙 𝑙𝑙 ≥ 25𝑙 𝑙𝑙 ≥ 25

𝐹𝐹𝐿𝐿𝐿𝐿

𝑙𝑙𝑙𝑙𝑙
= 1 otherwise.

 (3)

By averaging the residual signal 𝐴𝐴 𝐴𝐴 𝑟𝑟

𝑙𝑙𝑙𝑙𝑙
 , for l ≥ 25, m ≥ 25 and dividing its amplitude by the mean amplitude of 𝐴𝐴 𝐴𝐴 𝑟𝑟

𝑙𝑙𝑙𝑙𝑙
 , 

−20 ≤ m ≤ 20, we design a filter that is adapted to dampen the amplitude of the lobes of residual signal detected. 
The value of exponent α, here equal to 1.5, is chosen to ensure that the signal amplitude in the lobes for a given 
degree l, after LE filter has been applied, is comparable to its value over all orders m. Outside of the lobes, no 
additional filtering is performed. Coefficients of the LE filter are shown on Figure S2 in Supporting Informa-
tion S1 (see Figure S14 in Supporting Information S1 for LE filters coefficients for various values of alpha) and 
its effect on residual data on Figure 7b. By design, coefficients of order −20 ≤ m ≤ 20 are not impacted by LE 

Figure 7. (a) Intensity spectrum of Stokes coefficients of the average of GRACE/GRACE-FO monthly surface mass 
anomaly, after DDK7 and M-SSA gap filling and spatial filtering, and once dominant geophysical signals have been removed 
using parametric functions. These signals include a degree-3 polynomial function, reflecting linear trends and multi-annual 
signals. Dominant seasonal signals are accounted for by removing from each monthly solution, its monthly averaged over the 
observational period. (b) Intensity spectrum of (a) after applying the Lobe-Edge filter on it for α = 1.5.
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filtering, whereas coefficients of degrees l = 40 to 50 and orders m ≥ 25 can reach values up to 5 to efficiently 
filter persistent non-physical noise detected by our approach.

The LE filter is applied to monthly GRACE and GRACE-FO solutions Yl,m, after DDK7 filtering, as:

𝑌𝑌 𝐿𝐿𝐿𝐿

𝑙𝑙𝑙𝑙𝑙
=

𝑌𝑌𝑙𝑙𝑙𝑙𝑙

𝐹𝐹 𝐿𝐿𝐿𝐿

𝑙𝑙𝑙𝑙𝑙

 (4)

Figure 8 shows an example of the impact of applying the additional LE filter to the DDK7-filtered GRACE-FO 
July 2019 monthly solution in the spatial domain. LE filtering efficiently removes spurious North-South stripes 
with significant amplitude, reaching up to ∼10  cm. In fact, the amplitude of North-South stripes removal is 
determined by the choice of LE filter exponent parameter α and lies in a compromise between efficiently filtering 
noise and preserving signals of geophysical origin. In particular, we notice that the stripes amplitude is higher 
in the region affected by the 2004 Mw 9.1 Sumatra-Andaman earthquake (Figure 8). This illustrates the fact that 
while the LE filter dampens the noise, it also dampens some physical signal. However, the gain in removing noise 
is larger than the loss of signal improving the global signal to noise ratio. Examples of results for other values of 
α are provided in Figure S15 in Supporting Information S1 for July 2019, and a particular attention is given to 
the 2004 Mw 9.1 Sumatra-Adaman earthquake region (Figure S16 in Supporting Information S1). The impact of 
applying LE filter can also be evaluated on EWH time series, where it helps removing high amplitude spikes that 
are unlikely to have a geophysical origin (Figure 9).

Overall, the LE filter proves efficient at removing residual North-South striping noise, after DDK filter-
ing (Figure 8). We therefore include the LE filter in our GRACE/GRACE-FO post-processing strategy, after 
applying DDK7 and prior to perform M-SSA gap filling and filtering procedures. Examples of the full M-SSA 
spatio-temporal decomposition, after DDK7, with or without LE filtering, M-SSA gap filling and spatial filtering, 
are provided in Figures S12 and S17 in Supporting Information S1 respectively. Our final GRACE/GRACE-FO 
M-SSA solution, for which results are presented and discussed in following, is therefore a combination of DDK7 
and LE filtering, with M-SSA gap filling and local filtering.

3.6. Results

We compare our final GRACE/GRACE-FO M-SSA solution with two other solutions in SH, all corrected for 
GIA contributions using the ICE-6G-D model (Argus et al., 2014; Peltier et al., 2015, 2018). The first one is 

Figure 8. Map of the differences between the combined DDK7 + Lobe-Edge, with filter exponent α = 1.5, and DDK7 only 
filtered GRACE-FO July 2019 monthly solutions, expressed in Equivalent Water Height.
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the average of SH solutions processed by CSR, GRAZ, GFZ and JPL, filtered using DDK5, which is commonly 
used for geophysical applications (e.g., Sakumura et al., 2014). The second one uses DDK7, which is the initial 
filtering of the GRACE and GRACE-FO gravity fields before LE filtering, M-SSA gap filling and filtering proce-
dures developed in this study. Figure 10 shows maps of the GRACE EWH for the month of July 2007, relative to 
January 2007, for all three solutions, after removing the linear trend estimated over the 2003–2022 period. Differ-
ences between gravity fields, which highlight the noise content of solutions, proves the efficiency of the method 
proposed in this study to remove characteristic nonphysical North-South striping patterns in the GRACE gravity 
fields. While both the DDK5 (Figure 10a) and DDK7 (Figure 10b) filtered 2007 GRACE July–January solutions 
display persisting stripes, particularly visible in the oceans, the final M-SSA solution (Figure 10c) shows only 
negligible striping patterns. Note that this is also true without applying LE filtering, but with a higher noise level 
(Figure S18 in Supporting Information S1). Moreover, compared with a commonly used solution for geophysical 
applications (Figure 10a), the final M-SSA solution (Figure 10c) is initially filtered using DDK7 rather than 
DDK5, which further attenuates signals and smears them out over larger regions. While a simple DDK7 filtering 
of the gravity fields may retain smaller spatial wavelengths signals, the high noise content of the resulting solu-
tions prevents geophysical interpretations (Figure 10b). Since the final GRACE/GRACE-FO-MSSA is initially 
filtered using DDK7, in combination with an objective filtering approach through M-SSA, it successfully retains 
a higher spatial resolution than DDK5-filtered solutions, while removing sufficient North-South stripes to allow 
for geophysical interpretation. For example, the gravity signature of seasonal variations in surface and ground-
water in the Mississippi river basin in Central United States (J. Chen et al., 2007; Rodell et al., 2007; Larochelle 
et  al.,  2022) appears spatially more focused in the GRACE/GRACE-FO-M-SSA solution than in the DDK5 
averaged solution, and is undetectable in the DDK7 averaged solution.

Figure 11a shows the mean trend of surface mass anomaly of the final GRACE M-SSA solution, from January 
2003 to December 2021. While the noise content of the GRACE M-SSA trend solution reaches a level compara-
ble to the trend of the average of CSR, GFZ, GRAZ and JPL solutions filtered by DDK5, its spatial resolution, and 
therefore signal attenuation, is comparable to the DDK7-filtered one (Figure S19 in Supporting Information S1). 
Indeed, while major large scale long-term evolving phenomena, such as recent ice-sheets melting (ex: Greenland) 
or large variations in continental hydrology (ex: Caspian sea), are seen in all solutions, smaller spatial scales 
features consistent with regional geophysical processes are visible in the GRACE M-SSA solution including 
smaller magnitude earthquakes (ex: 2009 Mw 8.0 Samoa outer-rise earthquake) or smaller glaciers ice mass loss 
(ex: South Georgia; Prevost et al., 2019). Consequently, long-term trends between the commonly used average 
of CSR, GFZ, GRAZ and JPL solutions filtered by DDK5 and the GRACE M-SSA solution may locally differ. 
For example, Figure 11b shows comparisons of EWH time series for all solutions at a selected set of locations 
(see Figure S20 in Supporting Information S1 for differences with respect to our solution). While trends may 

Figure 9. Comparison of GRACE/GRACE-FO Equivalent Water Height time series after DDK7 filtering (gray), DDK7 
and Lobe-Edge filtering (orange), DDK7 filtering, M-SSA gap filling and spatial filtering (blue) or DDK7 and LE filtering, 
M-SSA gap filling and spatial filtering (red) for a point located in the Caspian Sea (51°E, 41°N).
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Figure 10. GRACE surface mass anomaly for the month of July 2007, relative to January 2007, expressed in Equivalent 
Water Height, corrected for Glacial Isostatic Adjustment contributions (ICE-6G-D, Peltier et al., 2018) for the average of 
CSR, GFZ, GRAZ and JPL solutions after applying (a) DDK5 filter, (b) DDK7 filter, and (c) the final GRACE M-SSA 
solution presented in this study.
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Figure 11. (a) Mean rate of surface mass anomaly of the final GRACE/GRACE-FO M-SSA solution presented in this study, 
from January 2003 to December 2021, expressed in Equivalent Water Height (EWH) per year. (b) Comparisons of EWH time 
series at points located in Greenland, the Caspian sea, the Amazonian basin and in the region of the 2011 Mw 9.1 Tohoku-
Oki earthquake, pointed out on (a). EWH are shown for the average of CSR, GFZ, GRAZ and JPL solutions after applying 
DDK5 filter (green), DDK7 filter (blue), and the final GRACE/GRACE-FO M-SSA solution presented in this study (red).
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agree in hydrological basins where mass variations occur at large scale such as the Amazonian basin, they tend 
to disagree in regions with more heterogeneity including for example, Greenland coastal area and the Caspian 
sea, potentially leading to an improvement in regional mass balance such as in Greenland using solutions with a 
higher spatial resolution. Nevertheless, the GRACE M-SSA solution does not retrieve abrupt mass change related 
for example, to the co-seismic gravity signal of the 2011 Mw 9.1 Tohoku-Oki earthquake, as well as the average 
of CSR, GFZ, GRAZ and JPL solutions filtered by DDK7. This is due to temporal filtering associated with the 
M-SSA method. A specific processing over regions affected by large earthquakes would be required to improve 
the final GRACE-M-SSA solution but is beyond the scope of this study.

Overall, the GRACE/GRACE-FO M-SSA solution, including DDK7, LE filtering, M-SSA gap filling and 
spatio-temporal filtering, efficiently removes characteristic North-South striping pattern, while retaining a higher 
spatial resolution than the widely used average of gravity fields SH solutions filtered by DDK5. Main features 
in trend and annual variability of the final GRACE/GRACE-FO M-SSA time series are comparable to those of 
DDK7 filtered gravity fields, consistent with the rest of the time series over reconstructed missing observations, 
and show a significantly lower noise content.

4. Discussion
We now focus on verifying consistency between our final GRACE/GRACE-FO M-SSA solution and independent 
datasets, including observations, models and different GRACE/GRACE-FO processing strategies, to assess the 
quality of both gap filling and spatio-temporal filtering at the global and local scale using the method developed 
in this study.

4.1. Global Scale Comparisons

4.1.1. Gap Filling Validation for Low Spherical Harmonics Gravity Field Coefficients: Comparison With 
SLR and Swarm Data

We seek to compare the final GRACE M-SSA solution with independent observation of low SH degrees, or 
long wavelengths signals, of the Earth's gravity field, namely with SLR observations and data from the Swarm 
mission.

SLR orbits are determined through the measure of the round trip time of a laser beam between satellites and 
ground tracking stations. Due to their spherical geometry and favorable area-to-mass ratio limiting a number 
of sources of uncertainties, SLR satellites are optimal for deriving accurate information on the Earth's gravity 
field. However, due to the limited distribution of ground tracking stations, the orbital height and the general 
measurement principle, SLR only gives access to temporal variations of the low SH degrees of the gravity field 
(Sośnica et  al.,  2015). Thus, here we compare the final GRACE/GRACE-FO M-SSA solution with the SLR 
Stokes coefficients of the gravity field provided by CSR up to the degree 6 order 1 (excepted the degree 6 
order 0) (Cheng et al., 2011). As a reminder, we have replaced the C2,0 and C3,0 coefficients, starting in January 
2003 and March 2012 respectively, according to the Technical Note 14 (TN-14; J. Chen et al., 2005; Loomis 
et al., 2020). Root Mean Square Deviation (RMSD) of the difference between low degree Stokes coefficients 
of the GRACE/GRACE-FO M-SSA solution and CSR SLR estimates are negligible except for C3,0 and C5,0 
over the January 2003–February 2012 period (Figure 12a). We attribute the abnormal high amplitude of C3,0 
prior to February 2012 to its replacement recommendation only after March 2012, likely due to considerable 
improvements in SLR derived C3,0 related to the launch of the LAser RElativity Satellite mission. Established 
anti-correlated resonance between C3,0 and C5,0 may explain the large discrepancies between the GRACE M-SSA 
and SLR solutions for C5,0 before March 2012 (Loomis et al., 2020; Sośnica et al., 2015). As a result, the annual 
mean amplitude of the RMSD between GRACE/GRACE-FO M-SSA and SLR Stokes coefficients (Figure 12b) 
decreases after March 2012 and more interestingly, remains at similar level during observational gaps filled by 
the method proposed in this study. This suggests that observational gaps filled by M-SSA are comparable to inde-
pendent SLR observations for low degree Stokes coefficients. Existing GRACE and GRACE-FO observations 
for low degree Stokes coefficients, which are unlikely impacted by our post-processing filtering approach, remain 
consistent with SLR observations throughout the entire time series.

Alternatively, the Swarm mission launched in November 2013 by the European Space Agency, and designed for 
exploring the Earth Magnetic Field, also constitutes an opportunity to compare GRACE/GRACE-FO M-SSA 
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Figure 12. Time dependent Root Mean Square Deviation of the difference between low degree Stokes coefficients of the 
GRACE/GRACE-FO M-SSA solution and (a) CSR SLR estimates and (b) Swarm, and a time series of their cumulative 
variation over the 2003–2022 period (right). Coefficients C2,0 and C3,0 have been replaced according to the Technical Note 
14 (TN-14; J. Chen et al., 2005; Loomis et al., 2020), starting in January 2003 and March 2012 respectively. GRACE and 
GRACE-FO observational gaps, reconstructed using the M-SSA approach proposed in this study, are highlighted in blue.
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solution with independent low-degree Stokes coefficients of the gravity field. Indeed, using non-gravitational 
force models and the trajectory of the three Swarm satellites in low earth polar orbit, it is possible to retrieve 
Stokes coefficients of the Earth gravity field up to SH degree 12 (Teixeira da Encarnação et al., 2016, 2020). In 
fact, the Swarm solution for the low-degree Earth gravity field has been initially validated using GRACE data 
(Teixeira da Encarnação et al., 2016). The RMSD between the GRACE/GRACE-FO M-SSA and Swarm Stokes 
coefficient up to degree 12 indicate that, a year after the launch of the Swarm mission, both datasets are and 
remain comparable. In particular, no significant difference is observed during GRACE/GRACE-FO original 
observational gaps reconstructed using the method described in this paper.

4.1.2. Comparison With Hydrological Model

We now want to assess performances of our final GRACE M-SSA solution gap filling method with an inde-
pendent dataset of higher spatial resolution. Since a large portion of the gravity field variations recorded by 
GRACE/GRACE-FO signal are driven by continental hydrology (Syed et  al.,  2008), GRACE solutions are 
commonly compared to independent estimates of variations in land hydrology such as the Global Land Data 
Assimilation System (GLDAS; Longuevergne et al., 2013). GLDAS provides estimates of land surface hydrology 
based on satellite and in-situ observations, combined with advanced land surface modeling and data assimila-
tion techniques (Rodell et al., 2004). In particular, GLDAS provides 1° × 1° grids of estimated variations in 
snow, canopy water and soil water components between the surface and 2 m depth but not deeper groundwater. 
We convert the GLDAS datasets into EWH, sum, and compare to the final GRACE/GRACE-FO M-SSA solu-
tion. Note that the GRACE/GRACE-FO M-SSA solution has been corrected for GIA contributions using the 
ICE6-G-D model Peltier et al. (2018) for comparison with GLDAS, which is not sensitive to GIA.

Significant discrepancies in RMSD between GRACE/GRACE-FO M-SSA and GLDAS averaged over continen-
tal areas, reaching up to 10 cm of EWH on global continental average, occur during the summer months, likely 
due to the absence of groundwater and ice components in GLDAS that bear large seasonal variations (Figure 13). 
Reconstructed months, through the M-SSA gap filling procedure, tend to reflect this feature, particularly during 
the 11-month gap between missions. Note that during this period, and toward the erratic end of the GRACE 
mission, GRACE/GRACE-FO M-SSA reconstructions also show large discrepancies with GLDAS from January 
to April, which are not annually recurrent, but do reach similar values in 2010 and 2011. In fact, the yearly RMSD 
between the final GRACE/GRACE-FO M-SSA solution and GLDAS, averaged over continental areas shows 
comparable values over the entire 2003–2022 time series, including M-SSA filled GRACE observational missing 
periods. While we do not argue that statistically reconstructed GRACE observations over missing months should 
be geophysically interpreted without caution, the final GRACE/GRACE-FO solution offers a continuous record 
of gravity field variations, that can help, for example, recovering the long-term evolution of some processes 
(earthquake cycle, GIA, recent ice melting, water depletion, etc.).

The gap filling procedure used to process the GRACE/GRACE-FO M-SSA is consistent, to first order, with 
independent observations including low degree Stokes coefficients derived from SLR and estimations of vari-
ations in land hydrology. We now seek to compare the quality of the GRACE/GRACE-FO M-SSA with other 
GRACE/GRACE-FO solutions to assess the potential of our final solution to efficiently remove North-South 
stripes while retaining smaller spatial wavelength geophysical signals.

4.1.3. Comparison With Other GRACE/GRACE-FO Solutions

A metric commonly used to quantify noise level in GRACE and GRACE-FO solutions is to compute the 
Root-Mean-Square Deviation (RMSD) value over the ocean (Bonin et al., 2012; Meyer et al., 2016). Since gravity 
fields have initially been corrected for non-tidal high-frequency atmospheric and oceanic mass variation models 
(AOD1B; Dobslaw et al., 2017) by the processing centers, signal over the ocean should be small, and dominated 
by remaining random errors. To further reduce any signal of geophysical origin, we first fit and remove a degree-3 
polynomial, annual and semi-annual sine functions to EWH time series at each point of a global 1° × 1° grid. This 
functions account for potential geophysical signals in the GRACE and GRACE-FO over the oceans, including 
leakage signals in coastal areas related to continental mass smeared out over large regions due to the missions' 
intrinsic spatial resolution and filtering approach. Note that we exclude regions of major earthquakes, by remov-
ing oceanic areas of observations around epicenters which size is determined based on the GRACE/GRACE-FO 
M-SSA mean rate of surface density anomaly. Earthquakes considered are the 2004 Mw 8.8 Sumatra-Andaman, 
2010 Mw 9.1 Maule and 2011 Mw 9.1 Tohoku-Oki earthquakes. Finally, we exclude latitudes above −45° and 
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below 45°, to exclude regions where significant leakage of the continental 
ice-sheets and glaciers into the oceans occurs.

Figure S21 in Supporting Information  S1 shows a map of the ocean 
region considered used to compute the RMSD. The noise level of the 
final GRACE/GRACE-FO M-SSA solution over the oceans remains low 
throughout the entire period considered (Figure  14a), with a mean EWH 
value of ∼0.30  cm and a standard deviation of 0.069  cm (Table  1). To 
compare performances with other solutions, we also compute the differ-
ence of RMSD over the oceans between the final GRACE/GRACE-FO 
M-SSA solution and the average of DDK7-filtered SH CSR, GFZ, GRAZ 
and JPL solutions, the DDK5-filtered COST-G combination solution (Jäggi 
et  al.,  2020; Meyer et  al.,  2019), the CSR mascons independent process-
ing strategy and the M-SSA SH (Figure S3 in Supporting Information S1; 
Prevost et  al.,  2019) (Figure  14). Absolute RMSD values over the oceans 
for all solutions are shown in Figure S22 in Supporting Information S1. The 
GRACE/GRACE-FO M-SSA solution efficiently removes noise compared 

Figure 13. Root Mean Square Deviation (RMSD) over continental areas between the final GRACE/GRACE-FO M-SSA 
solution and the Global Land Data Assimilation System (Rodell et al., 2004), expressed in Equivalent Water Height. 
Yearly averaged RMSD (top) and monthly RMSD (bottom) are shown over the 2003–2022 period. Missing periods of 
GRACE/GRACE-FO observations, reconstructed using the M-SSA procedure proposed in this study are highlighted in light 
blue (top) and white crosses (bottom).

Table 1 
Statistics of the Residual Signal Over the Ocean for Various Solutions 
Expressed in Equivalent Water Height (EWH) (cm)

Gravity Recovery And Climate 
Experiment (GRACE) solution Mean EWH (cm)

Standard deviation 
EWH (cm)

GRACE M-SSA 0.30 0.069

GRACE M-SSA SH 0.67 0.239

GRACE DDK5 0.90 0.405

GRACE DDK7 2.08 0.951

GRACE COST-G DDK5 0.92 0.918

GRACE MASCONS CSR 0.36 0.056

GRACE MASCONS JPL 0.34 0.055
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Figure 14. (a) Root-Mean-Square Deviation (RMSD) value of the final GRACE/GRACE-FO M-SSA solution over the ocean, expressed in terms of Equivalent Water 
Height (EWH), after fitting and removing a degree-3 polynomial, annual and semi-annual sine functions from EWH time series at each point of a global 1° × 1° grid. 
These functions account for potential signals of geophysical or leakage origin in the ocean. Regions of large earthquakes and latitudes below and above 45° are excluded 
from the RMSD computation (see Figure S21 in Supporting Information S1 for a map of the region considered). White crosses show the reconstructed periods using 
the M-SSA procedure. Difference of RMSD between the final GRACE/GRACE-FO M-SSA solution and (b) the average of DDK7-filtered CSR, GFZ, GRAZ and JPL 
solutions, (c) the DDK5-filtered COST-G combination solution, (d) the CSR mascons independent processing strategy and (e) the M-SSA SH solution from Prevost 
et al. (2019).
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to DDK7-filtered solutions, which are the starting point of the method (Figure 14b), and contains lower noise 
level than the combined COST-G even though it is filtered at a higher level, using DDK5 (Figure 14c). More 
importantly, the GRACE/GRACE-FO M-SSA solution noise level over the ocean reaches the CSR mascons 
noise level, which is low by construction due to strong regularization in oceans, but with no a priori constraints 
or regularization on the noise or signal distribution (Figure 14d). Comparison with the average of DDK5-filtered 
SH CSR, GFZ, GRAZ and JPL solutions and JPL mascons solution yield similar conclusions (Table 1 and Figure 
S23 in Supporting Information S1). Finally, improvements of the method proposed in this study compared to the 
one proposed by Prevost et al. (2019) show significant noise reduction over the oceans (Figure 14e and Table 1).

Overall, the M-SSA based gap filling and filtering methods lead to a final GRACE/GRACE-FO M-SSA solu-
tion that is consistent with independent datasets and contains a lower noise level than the other SH solutions 
presented here, independently of the choice of a DDK7 or DDK5 filter, reaching the level of mascons solutions 
(Table 1). However, any filtering of the GRACE/GRACE-FO gravity fields generated from SH Stokes coeffi-
cients necessarily causes signal attenuation and leakage. Thus, at the local and regional scales, we compare the 
final GRACE/GRACE-FO solution, as well as other SH solutions, with the independent mascons processing 
technique.

4.2. Local and Regional Scale Comparisons

4.2.1. Comparisons of Equivalent Water Height Time Series

We compare EWH time series at a selected set of locations in regions of geophysical interest (Figure 15, differ-
ence with respect to our solution are presented in Figure S24 in Supporting Information S1). On one hand, the 
overall features retrieved with the GRACE/GRACE-FO M-SSA solution agree with all SH solutions, despite 
discrepancies in the higher frequency content of the time series, likely due to the noise content of each solution. In 
particular, the method proposed in this study agrees well with the initial method proposed by Prevost et al. (2019), 
with a larger portion of the North-South stripes removed thanks to the LE filter, and a simplified processing with 
M-SSA applied on EWH only. On the other hand, major differences between SH solutions and the CSR mascons 
solution appear. First, for a point located on the western central coast of Greenland (Figure 15a), the rate of 
surface mass loss is surprisingly twice larger for the CSR mascons solution than for SH solutions, all corrected 
for GIA contribution, in a region that is not covered by ice and thus where no mass variation related to recent 
ice melting is expected. In fact, the CSR mascons solution appears to have an ocean/continent limit rather than 
a physical limit based on ice-sheet/glacier location (Figure S25 in Supporting Information S1). Furthermore, for 
a point located in the region of the 2011 Mw 9.1 Tohoku-Oki earthquake (Figure 15b), the co-seismic gravity 
signal is four times larger in the CSR mascons than in the SH solutions, driven by the parametrization of the 
regularization matrix used to develop the mascons solution (Save et al., 2012, 2016). Such differences raise the 
question of GRACE and GRACE-FO mass variations validation to ground truth independent measurements to 
quantitatively assess solutions performances. For points located in the Caspian sea and the Amazonian basin, 
where large long-term and/or seasonal signals are expected, all solutions are in a good agreement. However, even 
small discrepancies between solutions can lead to significant differences in hydrological mass balance over large 
areas. Validation of solutions against independent observations is thus essential to assess solution quality (J. Chen 
et al., 2017).

4.2.2. Method Validation Through Regional Hydrological Mass Balance

To assess performances of our final GRACE/GRACE-FO M-SSA solution, compared to others, we seek valida-
tion through comparison with independent information at the regional scale, with the example of hydrological 
mass balance over reservoir impoundments. However, validating GRACE/GRACE-FO SH solutions comes with 
two major challenges.

Firstly, finding independent measurements of mass variations comparable to GRACE/GRACE-FO is difficult. 
Indeed, GRACE/GRACE-FO measures large scale combined variations in surface and groundwater, as well as 
within the solid Earth. In some regions, with minimal solid Earth related gravity variations, dense networks of 
groundwater measurements and available estimates of surface water components (snow, canopy, soil moisture) 
from other sources, namely models of land surface hydrology (ex: GLDAS, Rodell et  al.,  2004), it has been 
possible to validate GRACE/GRACE-FO measurements (Feng et al., 2013; Scanlon et al., 2012). In addition, 
comparison with satellite altimetry, offers interesting opportunities to validate GRACE/GRACE-FO solutions. In 
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particular, due to its large spatial extent, significant signal amplitude and minimal groundwater variations in the 
region, the Caspian sea has become an ideal candidate to seek validation of mass change measurements with sea 
level variations measured by satellite altimetry (Swenson & Wahr, 2007; J. Chen et al., 2017). Nonetheless, the 
comparison of GRACE/GRACE-FO SH estimates at the regional scale with independent datasets suffers another 
challenge.

Any filtering strategy of the GRACE/GRACE-FO solutions, on top of the missions intrinsic resolution, which is 
necessary to reduce North-South striping noise, causes spatial leakage error. This error is responsible for signal 
amplitude attenuation and causes geophysical signals to smear out over large regions. Reducing leakage bias is 
therefore essential to quantify mass variations at the regional scale, and requires independent sources of infor-
mation. A commonly used method is the model-derived scaling factors, which model-dependency (Landerer & 
Swenson, 2012) can be overcome using data-driven methods (Dobslaw et al., 2020; Vishwakarma et al., 2017). 
Another well established method is forward modeling which uses a priori information on the source location to 
estimate the amplitude of the mass change through an iterative numerical scheme by minimizing differences of 
the truncated and filtered GRACE/GRACE-FO data and a priori model until an arbitrary threshold criterion is 
met (J. Chen et al., 2015; J. Chen, Wilson, Blankenship et al., 2006; J. Chen, Wilson, & Tapley, 2006). The latter 
method has been used for various geophysical applications, from changes in ice mass (Wouters et al., 2008), lake 
water storage (J. Chen et al., 2017) or ocean mass (Jeon et al., 2018).

Here, we develop a modified forward modeling approach and apply it to reservoir impoundments, for which the 
shape and maximum volume capacity are well known. We first apply both filters used in our GRACE/GRACE-FO 

Figure 15. Time series of surface mass anomaly, expressed in cm of Equivalent Water Height (EWH), at points located 
in Greenland, in the Caspian sea, in the Amazonian basin and in the region of the 2011 Mw 9.1 Tohoku-Oki earthquake 
(see location map on Figure 11). EWH time series are compared for four different solutions: the final GRACE/GRACE-FO 
M-SSA solution presented in this study (red), the GRACE/GRACE-FO M-SSA solution based on Prevost et al. (2019) (blue), 
the combined COST-G solution after applying DDK5 (orange) and the CSR mascons solution (green).

 21699356, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

025561 by C
ochrane France, W

iley O
nline L

ibrary on [09/05/2023]. 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

GAUER ET AL.

10.1029/2022JB025561

25 of 30

processing, namely DDK7 and LE, to the reservoir impoundment shape to obtain its theoretical filtered shape in 
the GRACE/GRACE-FO solution. We then perform, for each monthly gravity field, a linear regression between 
the DDK7+LE filtered GRACE/GRACE-FO observations and the filtered reservoir impoundment shape. The 
“true” reservoir impoundment volume variations are given by its actual surface times the time-dependent coef-
ficient of the linear regression, and can be easily compared to its known capacity and date of commissioning.

In particular, we first consider the Boguchany Reservoir, impounded by a dam at Kodinsk, Russia, which is 
part of a major water storage system, including multiple dams on the Angara River, which flows out from Lake 
Baikal. The dam began to fill its reservoir in May 2012, with an expected maximum capacity of 58.2 km 3 of water 
(Jaguś et al., 2015). We also consider the Bakun embankment dam in Sarawak, Malaysia, on the Balui River (Oh 
et al., 2010, 2018), which started to be filled in late 2010, and reached its maximum capacity of 43.8 km 3 in 2011 
(Tangdamrongsub et al., 2019). The Bakun dam has to be associated with the close by Murum reservoir, leading 
to non distinguishable signals at the GRACE/GRACE-FO spatial resolution. The Murum dam started to be filled 
in December 2014, up to its maximum capacity of 12.0 km  3. Figure 16 shows results of the method applied to 
several GRACE/GRACE-FO solutions for both reservoir impoundments. Particularly, we compared SH solutions 
using various filtering strategies, including the average of SH solutions processed by CSR, GRAZ, GFZ and JPL, 
filtered using DDK5, the M-SSA SH solution proposed by Prevost et al. (2019) and extended to GRACE-FO, and 
our final GRACE/GRACE-FO M-SSA solution. We also compare hydrological mass balance to CSR mascons 
solution, at its expected spatial resolution, and extending the mass balance over the same area used for SH solu-
tions, that is, accounting for leakage. SH solutions detect large mass variations related to reservoir impoundments 
for both Boguchany and Bakun reservoirs and the maximum volumes retrieved for the GRACE/GRACE-FO 
solution, over observing periods only, are 56.31 and 37.02 km 3. These results agree best with the true maximum 
capacity of the reservoirs, down to the 5 km 3 level. Note that we estimate the Bakun maximum capacity from 
GRACE/GRACE-FO solutions prior to the Murum lake filling to isolate its contribution. Moreover, since it is 
possible to characterize exactly the effect of both the DDK and LE filters on attenuation and leakage of a known 
source, regional mass balance based on SH solutions are consistent with independent datasets once corrected for 
these effects. In contrast, volume retrieved by the CSR mascons solution at their expected spatial resolution are 
close to zero. When hydrological mass balance are performed over a larger area for CSR mascons, similar to the 
area used for SH solutions, we observe signals consistent with reservoir impoundments, but with a much lower 
amplitude than expected. This may be related to a significant regularization of the CSR mascons solution in a 
region with little mass variations, and unexpected anthropogenic activity, and unknown exact transfer function 
between a known source and its mascons description which could impact regional mass budgets.

5. Conclusions
In this article we develop a post-processing strategy for gap filling, combining and filtering pre-processed multi-
ple GRACE/GRACE-FO Level-2 SH gravity field solutions, inspired by Prevost et al. (2019), with minimal a 
priori constraints on the signal or noise spatio-temporal evolution. First, we combine the DDK7 filter with a new 
LE filter, built to further reduce the remaining lobes of spurious errors, detected around SH degree 40. We then 
perform gap filling of missing observations in time series of EWH processed by four processing centers (CSR, 
GRAZ, GFZ, JPL), after identifying and removing outliers, and taking advantage of their common modes of vari-
ability using an iterative M-SSA. We then proceed to spatial filtering by applying the M-SSA on each averaged 
EWH time series, obtained from the four different solutions, and its near neighbors in the eastern and western 
directions to remove local striping artifacts.

We compare our final GRACE/GRACE-FO M-SSA solution with other solutions and seek ground truth through 
comparisons with independent observations. First, we ensure that gap filled periods, solely based on the iterative 
M-SSA scheme, are in agreement with low-degree Earth's gravity field derived from SLR, Swarm and GLDAS, 
a surface land hydrology model. Comparisons show the M-SSA method ability to satisfyingly reconstruct miss-
ing observations. Then, we investigate the noise content of the GRACE/GRACE-FO M-SSA solution over the 
oceans, which shows improvements compared to other SH solutions, and a level similar to mascons type solutions, 
that are regularized and/or constrained by construction. Finally, we show the potential of the method to retrieve 
short-wavelengths geophysical signals, often smeared out over large regions by highly filtered SH solutions or 
masked out by mascons solutions, using the example of hydrological mass balance of the Boguchany (Russia) and 
Bakun (Malaysia) reservoir impoundments. In turn, the GRACE/GRACE-FO M-SSA solution can reveal smaller 
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Figure 16. Volume variations of the (a) Boguchany Reservoir, impounded after the recent construction of a dam at Kodinsk, 
Russia, which is part of a major water storage system, including multiple dams on the Angara River, which flows out from 
Lake Baikal. The reservoir began to be filled in May 2012, with an expected maximum water capacity of 58.2 km 3 and (b) 
Bakun embankment dam in Sarawak, Malaysia, which started to be filled in late 2010, and maximum capacity of 43.8 km 3, 
associated with the close by Murum reservoir, which filling started in late 2014 for a maximum capacity of 12 km 3. Volume 
variations are computed using the modified forward model method proposed in this study, for the average of spherical 
harmonic solutions processed by CSR, GRAZ, GFZ and JPL, filtered using DDK5 (gray), the M-SSA SH solution proposed 
by Prevost et al. (2019) and extended to GRACE-FO (blue), and our final GRACE/GRACE-FO M-SSA solution (red). 
Estimates are compared to volume variations derived from the CSR mascons solution at its expected spatial resolution (solid 
green), and using a larger area accounting for leakage error (dashed green), based on the forward model proposed for SH 
solutions.
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spatial scale signals, including gravity changes induced by smaller melting glaciers or smaller magnitudes earth-
quakes. The GRACE/GRACE-FO M-SSA solution is freely available through IPGP Research Collection (https://
research-collection.ipgp.fr/) at the following DOI: https://doi.org/10.18715/IPGP.2023.lgquie56.

Data Availability Statement
Level-2 GRACE and GRACE-FO data used in this study are freely available and provided by the Center of Space 
Research (CSR) (https://dx.doi.org/10.5067/GRGSM-20C06 and https://dx.doi.org/10.5067/GFL20-MC060), 
the GeoForschungsZentrum (GFZ) (https://dx.doi.org/10.5880/GFZ.GRACE_06_GSM and https://dx.doi.
org/10.5067/GFL20-MG060), the Institute of Geodesy of the University of Graz (GRAZ) (http://ftp.tugraz.
at/outgoing/ITSG/GRACE/ITSG-Grace2018/monthly/monthly_n96/ and http://ftp.tugraz.at/outgoing/ITSG/
GRACE/ITSG-Grace_operational/monthly/monthly_n96/) and the Jet Propulsion Laboratory (JPL) (https://
dx.doi.org/10.5067/GRGSM-20J06 and https://dx.doi.org/10.5067/GFL20-MJ060). Stokes coefficient C1,0 
coefficients for GRACE and GRACE-FO are provided in the Technical Notes 13 (https://opendap.jpl.nasa.gov/
opendap/allData/grace/docs/contents.html). Stokes coefficients C3,0 and C5,0 are available in Technical Note 
14 (https://opendap.jpl.nasa.gov/opendap/allData/grace/docs/contents.html). GIA model used to compare with 
mascons and GLDAS model are provided by JPL https://opendap.jpl.nasa.gov/opendap/allData/tellus/L3/gia/1-
deg/Tellus_GIA_L3_PELTIER_ICE6G-D_1-DEG_v1.0.nc. SLR data used for comparison are provided by 
CSR http://download.csr.utexas.edu/pub/slr/degree_5/CSR_Monthly_5x5_Gravity_Harmonics.txt and GLDAS 
is freely available at https://hydro1.gesdisc.eosdis.nasa.gov/data/GLDAS/GLDAS_NOAH10_M.2.1/GLDAS. 
Processing of the data has been done using Python (https://www.python.org/) using the M-SSA pymssa pack-
age (https://github.com/kieferk/pymssa) and Python interface for the Generic Mapping Tools PyGMT (https://
www.pygmt.org/latest/). The final GRACE/GRACE-FO solution is freely available through IPGP Research 
Collection (https://research-collection.ipgp.fr/) at the following DOI: https://doi.org/10.18715/IPGP.2023.
lgquie56.
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