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Abstract: The Earth’s time-variable gravity field is of great significance to study mass change within
the Earth’s system. Since 2002, the NASA-DLR Gravity Recovery and Climate Experiment (GRACE)
and its successor GRACE follow-on mission provide observations of monthly changes in the Earth
gravity field with unprecedented accuracy and resolution by employing low-low satellite-to-satellite
tracking (LLSST) measurements. In addition to LLSST, monthly gravity field models can be acquired
from satellite laser ranging (SLR) and high-low satellite-to-satellite tracking (HLSST). The monthly
gravity field solutions HLSST+SLR were derived by combining HLSST observations of low earth
orbiting (LEO) satellites with SLR observations of geodetic satellites. Bandpass filtering was applied
to the harmonic coefficients of HLSST+SLR solutions to reduce noise. In this study, we analyzed the
performance of the monthly HLSST+SLR solutions in the spectral and spatial domains. The results
show that: (1) the accuracies of HLSST+SLR solutions are comparable to those from GRACE for
coefficients below degree 10, and significantly improved compared to those of SLR-only and HLSST-
only solutions; (2) the effective spatial resolution could reach 1000 km, corresponding to the spherical
harmonic coefficient degree 20, which is higher than that of the HLSST-only solutions. Compared
with the GRACE solutions, the global mass redistribution features and magnitudes can be well
identified from HLSST+SLR solutions at the spatial resolution of 1000 km, although with much noise.
In the applications of regional mass recovery, the seasonal variations over the Amazon Basin and the
long-term trend over Greenland derived from HLSST+SLR solutions truncated to degree 20 agree
well with those from GRACE solutions without truncation, and the RMS of mass variations is 282 Gt
over the Amazon Basin and 192 Gt in Greenland. We conclude that HLSST+SLR can be an alternative
option to estimate temporal changes in the Earth gravity field, although with far less spatial resolution
and lower accuracy than that offered by GRACE. This approach can monitor the large-scale mass
transport during the data gaps between the GRACE and the GRACE follow-on missions.

Keywords: HLSST; SLR; satellite gravimetry; time-variable gravity

1. Introduction

The time-variable Earth gravity field provides information about mass redistributions
within the Earth system, which allows studying temporal changes in terrestrial water
storage associated with changes in terrestrial hydrology (soil moisture and groundwater)
and the mass balance of glaciers, sea level rise, and solid Earth movements, e.g., glacial
isostatic adjustment (GIA) and earthquakes [1]. The Gravity Recovery and Climate Experi-
ment (GRACE) mission [2,3], launched on March 17, 2002, and its successor, the GRACE
Follow-on mission [4], launched on May 22, 2018, determine the monthly global gravity
models with a spatial resolution of about 300 km with an accuracy of 2 cm [5] from precise
K-band ranging between two satellites separated by 220 km along their orbit track, i.e.,
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employing low-low aatellite-to-satellite (LLSST) measurements. Monthly GRACE LLSST
gravity field solutions, e.g., the official GRACE Level-2 products in the form of spherical
harmonic coefficients, are provided by three GRACE data processing centers: the Center for
Space Research (CSR) at the University of Texas at Austin, Geoforschungszentrum (GFZ)
in Potsdam, and NASA Jet Propulsion Laboratory (JPL). Data products and documents
are available from either GFZ’s Information System and Data Center (ISDC) [6] or JPL’s
Physical Oceanography Distributed Active Archive Center (PO.DAAC) [7]. However, there
are short data gaps of up to several months in the GRACE/GRACE follow-on mission
lifetime due to data loss during eclipsing periods and orbit resonance, and a long data gap
from June 2017 to June 2018 between the GRACE and the GRACE follow-on missions [8,9].

In addition to the GRACE LLSST, there are other methods for obtaining the time-
variable Earth gravity field. Satellite laser ranging (SLR) was typically used to recover
low-degree coefficients of the time-variable gravity field with high precision [10-13] before
the advent of dedicated gravimetric missions. However, the spatial resolution of SLR is
limited due to the high altitude of geodetic SLR satellites and scarce tracking data. Matsuo
et al. [14], Soénica et al. [15], and Cheng [16] recovered the time-variable gravity field using
several SLR satellites with coefficients up to degrees 4, 10, and 5, respectively. High-low
satellite-to-satellite (HLSST) is another method of obtaining the time-variable Earth gravity
field based on precise kinematic orbits of the LEO from GPS tracking data. The Challenging
Minisatellite Payload (CHAMP) mission [17] was a dedicated gravimetric mission based
on the HLSST concept. Many studies were conducted with the goal of recovering the
time-variable gravity field from GPS HLSST data of CHAMP [18], GRACE [19], GOCE [20],
Swarm [21-23], and a constellation of LEOs [24], resulting in the improved spatial resolution
of about 13002000 km. This improvement is attributed to the low altitude of LEOs,
global coverage of GPS tracking data, high observation density, and improved GPS data
processing. However, due to the poor accuracy of GPS observations with respect to GRACE
K-band ranging, the HLSST solutions are inferior to the GRACE LLSST solutions.

The very low degrees (up to degree 5) of the time-variable gravity field can be well
determined from SLR, whereas HLSST provides monthly solutions with a relative higher
spatial resolution. The combination of SLR and HLSST may result in improved solutions
over SLR-only and HLSST-only solutions. Moreover, the combination of SLR to multiple
geodetic satellites and HLSST to multiple low Earth orbiting satellites (LEOs) does not
depend on the use of a specific satellite. If a satellite finishes the operational phase of
the mission, the generation of monthly solutions will not be interrupted because many
other satellites are operated in the combination. Thus, continuous and uninterrupted
solutions can be guaranteed. In this study, we analyzed the combined monthly gravity
field based on HLSST and SLR data generated by Weigelt, et al. [25]. The solutions
HLSST+SLR are estimated from GPS HLSST data of multiple LEOs and SLR data of
multiple geodetic satellites over 13 years (January 2003 to August 2016). We investigated
the performance of the HLSST+SLR solutions compared with the GRACE LLSST solutions
and the improvement relative to solutions based on SLR-only and HLSST-only data. The
analysis was done both in the spectral and spatial domains. The goal of this paper is to
evaluate the accuracy and spatial resolution of the monthly solutions HLSST+SLR and
investigate the capability of mass transport recovery at that spatial resolution compared
with the GRACE LLSST solutions.

The paper is structured as follows. Section 2 briefly introduces the satellites utilized,
the solution methodology, and the analysis strategy. In Section 3, the characteristics of
the HLSST+SLR coefficients in the spectral domain are discussed, and the capability of
monitoring global and regional mass distributions from the HLSST+SLR solutions is
studied in the spatial domain. The main conclusions are drawn in Section 4.

2. Materials and Methods

The HLSST and SLR combined solutions are monthly gravity field estimates from
Institut fiir Erdmessung (IfE), Leibniz Universitiat Hannover, provided as sets of spherical
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harmonic coefficients up to degree and order 90, spanning from January 2003 to August
2016. A total number of 20 LEO satellites and 9 SLR geodetic satellites were utilized
in the computation, including four dedicated gravity satellites—CHAMP, GRACE A/B,
GOCE. Details of these used satellites are shown in Table 1 and Figure 1. SLR measures the
distances from ground stations to geodetic satellites with an accuracy of centimeters, or up
to millimeters for some high-performance stations. The SLR geodetic satellites are usually
spherical with low area-to-mass ratios and altitudes ranging from approximately 700 km
to 6000 km [26]. Such satellite features could significantly reduce the spacecraft complexity
and minimize the effects of non-conservative forces, which are difficult to model. The
LEO satellites are at relatively lower altitudes, especially for GOCE with an altitude of
only 260km. GPS receivers are installed onboard all LEO satellites, producing global
and high-density coverage of GPS tracking observations. Satellites at different altitudes
and inclinations are sensitive to different degrees of gravity field spherical harmonic
coefficients [27]. Thus, the combined gravity field solutions from many satellites with
different orbit properties may benefit from the advantage of individual satellites.

Table 1. Orbit and other properties of all the HLSST LEO satellites and SLR satellites used in the HLSST+SLR solutions.
“Present” in the Period column means that the mission is still in operation. The Swarm mission is a three-spacecraft

constellation in two orbital planes.

Satellite Period Altitude (km) Inclination (deg) GPS Receiver Satellite Type
CHAMP 2000.07-2010.09 450(300 EoL) 87 BlackJack Gravity
GRACE A/B 2002.03-2017.10 480(300 EoL) 89 BlackJack Gravity
GOCE 2009.03-2013.11 260 97 LAGRANGE Gravity
Swarm A, B, C 2013.11-Present 460/530 85/88 GPSR Geomagnetic
TanDEM-X 2010.06-Present 515 97 IGOR SAR
TerraSAR-X 2007.06-Present 515 97 IGOR SAR
SAC-C 2000.11-2013.08 705 98 GOLPE Environmental monitoring
Cosmic 1-6 2006.04-2020.05 800 72 IGOR Weather
Jason 1 2001.12-2013.06 1330 66 BlackJack Altimetry
Jason 2 2008.06-2019.10 1330 66 BlackJack Altimetry
MetOpA 2006.10-Present 817 99 GRAS Weather
MetOpB 2012.09-Present 817 99 GRAS Weather
LAGEOS 1 1976.05-Present 5850 110 - Geodetic SLR
LAGEQS 2 1992.10-Present 5620 53 - Geodetic SLR
LARES 2012.02-Present 1450 70 - Geodetic SLR
Starlette 1975.02-Present 800-1100 49 - Geodetic SLR
Stella 1993.09-Present 810 99 - Geodetic SLR
Larets 2003.09-Present 690 98 - Geodetic SLR
Ajisai 1986.08-Present 1500 50 - Geodetic SLR
Beacon-C 1965.04—Present 940-1300 41 - Geodetic SLR
BLITS 2009.09-2013.03 830 99 - Geodetic SLR

Orbit parameters refer to the mean orbital elements. EoL—End of Life. LAGRANGE—LABEN GNSS Receiver for Advanced Navigation,
Geodesy and Experiments. GPSR—GPS/GNSS Receiver. IGOR—Integrated GPS Occultation Receiver. GOLPE—GPS Occultation and
Passive Reflection Experiment. GRAS—GNSS Receiver for Atmospheric Sounding. SAR—Synthetic Aperture Radar.

The determination of the combined monthly solutions HLSST+SLR was based on the
previous work of Weigelt et al. [18] and So$nica et al. [15]. Weigelt et al. [18] studied the
time-variable gravity field from HLSST to CHAMP satellite, whereas Soénica et al. [15]
recovered the monthly models from SLR to multiple geodetic satellites. The principles of
the gravity field recovery are both based on the theory of satellite orbit perturbations [28],
but they differ in observation type and gravity field recovery approach. In simple terms,
for HLSST, precise kinematic LEOs orbits are first determined based on GPS tracking
measurements, then total accelerations acting on the satellite are obtained through numer-
ical second derivative of the kinematic satellite positions, namely acceleration method;
finally, the Earth gravitational accelerations, i.e., the gradients of the Earth’s gravitational
potential, are extracted by separating other measured or modeled forces acting on the
satellites. To recover solutions HLSST+SLR, LEOs kinematic orbits were employed from
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the Astronomical Institute of the University of Bern (AIUB), the Institute of Geodesy at
Graz University of Technology (ITSG) and IfE at Leibniz University Hannover. Accelerom-
eter data containing non-gravitational forces information were used if available. For SLR,
laser range measurements between ground stations and geodetic satellites are directly
used to construct the equations of motion and variational equations. By solving these
equations, gravity parameters, together with initial orbit states, station coordinates, etc.
were estimated simultaneously.
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Figure 1. Mission lifetimes for the satellites at different altitudes ranging from 260 km to 5850 km,
including HLSST dedicated gravity satellites (red bars), HLSST non-dedicated gravity satellites
(orange bars), and SLR geodetic satellites (blue bars). The grey area is the computation period from
January 2003 to August 2016.

The combination of HLSST and SLR was performed at the normal equation level.
Normal equations established from observation equations of single satellites were weighted
and stacked to form the combined normal equation system

N N
(Z wiNi> dx = Z a)ibi (1)
i=0 i=0

where N; is the normal equation matrix, dx is the estimated parameter vector containing
the spherical harmonic coefficients of the Earth gravity field, b; is the right-hand side vector,
and w; are the relative weights. Here, the relative weights were based on a priori variance
factors. The unknowns of harmonics were estimated in the least square adjustment in the
monthly batches.

In GRACE data processing, it is common to apply spatial filtering to suppress noise.
Likewise, spatial filtering will be needed for HLSST+SLR solutions with even stronger
filtering properties due to the higher noise level of the solution. Here, we apply temporal
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filtering, besides the spatial filtering, to each time series of coefficients, which enables us
to be less aggressive in the spatial domain filtering, i.e., we do not need to apply spatial
filtering with a larger scale filtering radius, and thus retain spatial resolution. Obviously,
this comes at the cost of a reduced temporal resolution. The short-term events such
as flooding are mostly occurring at smaller scales, e.g., river basins, which are largely
out of reach for HLSST+SLR solutions. Kalman filtering can be employed to achieve
improved results, e.g., as shown in Weigelt et al. [18]. The methodology for the Kalman
filter procedure is outlined in Chen, et al. [29].

Here, we employ a new way of filtering by using a simple bandpass filter instead
of the Kalman filter, thanks to the long time series, i.e., 13 years [30]. The processing
flow of filtering is shown in Figure 2. First, the secular trends, quadratic trends, annual
and semi-annual signals were extracted and removed from the original time series of a
single spherical harmonic potential coefficient in the least square adjustment, similar to
Equation (2) in [18]. Subsequently, bandpass filtering is applied to the residual harmonic
coefficient time series aiming primarily at retaining the interannual signals and reducing
the noise. The practical implementation is done by applying zero-shift filtering with a
Butterworth filter twice. In the first run, low frequencies below 0.25 cpy (cycles per year)
are filtered by reducing the low-pass filtered time series from the residuals. Subsequently,
high-frequency singles are removed by filtering signals with frequencies above 5 cpy. We
finally obtained the filtered solutions by adding the bandpass filter output to the extracted
mean signals recovered by the least square adjustment.

Least squares:
trend
+ quadratic trend
+ mean annual signal
+ mean semi-annual signal

Time series
Cim, Sim

A\

9+

\

y

+ i
Bandpass filtering > ® timFlelztfs:z?es

Figure 2. Processing flow of filtering. The mean signals, including trend, quadratic trend, mean
annual and semi-annual signals, are removed and restored. Bandpass filtering is implemented on the
residual harmonic coefficients to reduce noise.

In this paper, to analyze the performance of the HLSST+SLR solutions, other monthly
gravity field models were used for the comparison, including GRACE CSR RL06, SLR,
and CHAMP solutions. The GRACE CSR RLO06 solutions [31] are derived from GRACE
LLSST and can be considered as the standard monthly gravity field solutions for most of
the spherical harmonics, except for the Cyy and Cj coefficients. In the following analysis,
these two coefficients were replaced by the SLR-derived values as recommended [9]. The
SLR solutions are an extended version of the results from Soénica et al. [15], with a much
longer time series that dates back to 1995. Furthermore, the CHAMP solutions are derived
from CHAMP HLSST [18]. We include CHAMP and SLR solutions in the comparison
because HLSST+SLR solutions are determined based on CHAMP and SLR solutions; thus,
the estimation procedures are similar, making it reasonable to study the improvement of
HLSST+SLR solutions over the SLR-only and HLSST-only solutions.
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3. Results and Discussion
3.1. Coefficients of the Time-Variable Gravity Ffield

In this section, we evaluate the monthly gravity field solutions HLSST+SLR in terms
of spherical harmonic coefficients in the spectral domain. Degree-specific difference am-
plitudes and degree-specific correlations are two ways to quantify comparisons between
two sets of spherical harmonic coefficients. The degree-specific difference amplitudes are
calculated using the following equation:

n

Y (AC2, +AS3,)

2 m=0
i n>1 2
n 21’1—|—1 - ( )

where ACy;;, and AS,, denote the differences of spherical harmonic coefficients between
two solutions at degree n and order m.

The degree-specific correlations between two sets of coefficients denoted as a set A
and a set B are given by

1 n
Pn = ngo(cifmcﬁm + S?m&?m) 3)

In this study, the degree-specific difference amplitudes of the monthly gravity solu-
tions with respect to the static model EIGEN-6C4 were calculated. It is worth mentioning
that when using the degree-specific difference amplitudes, it is necessary to compare grav-
ity fields with the same a priori accuracy. Since the same reference model was used for the
comparison, the above limit did not apply. Here, EIGEN-6C4 was set as the reference model
because it is inferred from the combination of LAGEOS, GRACE, GOCE, and ground data,
and it is more precise and reliable within the spectrum we consider [32]. Figure 3 shows
the degree-specific difference amplitudes of the monthly gravity solutions with respect to
EIGEN-6C4 over the year 2005. For other periods, the performance characteristics are simi-
lar. The black line denotes the degree variances of coefficients of EIGEN-6C4. As expected,
GRACE CSR has the highest accuracy over the entire range of the spectrum. Unfiltered
HLSST+SLR solutions have the same processing as HLSST+SLR solutions but without
applying any filters. The comparison of HLSST+SLR unfiltered solutions and HLSST+SLR
solutions demonstrates the significant filtering effect, as in Weigelt et al. [18]. HLSST+SLR
solutions show comparable accuracy with GRACE CSR and SLR monthly solutions for
spherical harmonic coefficients below degree 10 (about the wavelength of 2000 km). The
average ratio of the amplitude of degree variance of HLSST+SLR to GRACE is about 1.5
for harmonics below degree 10, close to that of SLR to GRACE. Above degree 10, the
amplitude increases with the degree increases, suggesting that the noise is growing for
higher degrees. At degree 20 (about the wavelength of 1000 km), the relative accuracy
of HLSST+SLR solutions is 10 times worse relative to that of GRACE CSR. Compared
with CHAMP, HLSST+SLR has a visible improvement in the long wavelength of below
degree 20, particularly for degree 2 and 6, where the average ratio of amplitude of degree
variance of CHAMP to GRACE is greater than 3.0. However, the amplitudes of HLSST+SLR
solutions are close to those of CHAMP solutions for degrees above 20. Based on previous
studies by Sosnica et al. [15], Cheng and Ries [27], it is believed that SLR contributes to
the very long wavelengths (up to degree 10 with the largest impact to degree 5), and
multi-HLSST enhances the higher degrees (up to degree 20).
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Figure 3. Degree-specific difference amplitudes of the monthly gravity solutions with respect to EIGEN-6C4 over the year
2005. Figure (a) displays spectrum ranging up to degree 60, while (b) focuses on low degrees ranging up to degree 20.
Two sets of solutions—HLSST+SLR solutions and HLSST+SLR unfiltered solutions are shown here. CHAMP is the filtered
solutions by applying the Kalman filter. No filtering is applied to GRACE CSR and SLR solutions. The black line is the
degree variances of coefficients from EIGEN-6C4.

We adopted the concept of degree correlation for the annual cycle between two
time-variable spherical harmonic coefficient sets in the supporting material from Tapley,
et al. [33], which quantifies the level of correlation of the annual signals of each degree.
Indeed, in addition to annual signals, harmonic coefficients contain long-term trends,
interannual and other periodic signals, which are also important sources of information
for scientific analyses. Thus, the annual signals and long-term trends are considered
here. Figure 4 displays the degree correlations for the annual signals and long-term
trends of individual HLSST+SLR, SLR, CHAMP monthly solutions with the GRACE CSR
solutions during the common period from January 2003 to December 2009. The top,
middle, and bottom subgraphs of Figure 4 show the degree correlations of the annual
sine term, the annual cosine term, and the long-term trend, respectively. Since the sine
components dominate the annual variations, the correlations of the cosine terms (middle
plot) are generally smaller than those of the sine terms (top plot), which is in accordance
with the supporting material of Tapley et al. [33] and Bezdék et al. [21]. HLSST+SLR
and GRACE CSR are highly correlated for harmonics below degree 10, with a correlation
greater than 0.8 for the sine terms and mostly greater than 0.6 for the cosine and trend terms.
However, the correlation decreases rapidly as the degree increases, with the correlation
about 0.2 at degree 20, and becomes completely uncorrelated somewhere about degree 30
(corresponding to spatial features of ~667 km). Except for the trend of SLR, HLSST+SLR
solutions have higher correlations with GRACE CSR for harmonics below degree 20 when
compared with SLR and CHAMP solutions. Above degree 20, HLSST+SLR and CHAMP
solutions cannot describe well the temporal gravity field variations. It is worth noting that
the correlation of the SLR annual signals deteriorates above degree 6, but HLSST+SLR still
maintains a high correlation level at degree 10, which could be attributed to HLSST GPS
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data. With SLR dominating the very long wavelengths and HLSST enhancing the spatial
resolution, it leads the HLSST+SLR solutions to the comparable level with GRACE CSR
solutions for harmonics below degree 10, and in good agreement with the GRACE CSR
solutions, but with much noise up to degree 20.

l ‘f\ l ' ] = HLSST+SLR sin
08 1 ~—=— SLR sin ) 1
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Figure 4. Degree-specific correlations for the annual sine term (top), the annual cosine term (middle),
and the trend (bottom) of HLSST+SLR, SLR, CHAMP monthly solutions with GRACE CSR solutions
over the common period from January 2003 to December 2009.

Let us now discuss the spherical harmonic coefficient Cyg term. It cannot be well
determined by GRACE LLSST, possibly due to system error caused by the thermal effect in
the accelerometers onboard the GRACE satellites [27] or S1 and S2 tidal aliasing [34,35].
However, Cyg can be accurately obtained from SLR [36-38]. Thus, it is recommended that
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the GRACE Cy estimation should be replaced by the value from SLR in the applications
of GRACE-based mass recovery. Since HLSST+SLR solutions use SLR data, we expect
that the Cyg coefficient of HLSST+SLR solutions could be estimated accurately. While the
SLR data used and estimation strategy are different between the HLSST+SLR Cyg and the
replacement Cyg, an evaluation of HLSST+SLR Cyg is needed. Figure 5 shows a comparison
of the time series of the Cy( coefficient variations. The time series of HLSST+SLR Cyg
variation is in good agreement with that used for the replacement, with a correlation of
0.87 and root mean square (RMS) of 5 x 10~!!. Therefore, HLSST+SLR provides reliable
Cyp coefficients with no need to replace Cyp such as in GRACE solutions.

)
2.5 T T T T T T
= Replacement from SLj

N —— HLSST+SLR

75 1 1 1 1 1 1
2003 2005 2007 2009 2011 2013 2015
Year

Figure 5. Spherical harmonic coefficient Cy( variation of HLSST+SLR solutions and the replacement
value from SLR for GRACE CSR solutions covering period from January 2003 to August 2016.

3.2. Comparison and Analysis of Global Mass Redistribution Recovery

From the analysis in the spectral domain, we have a basic knowledge of HLSST+SLR
solutions that they perform comparably with GRACE CSR for degrees below 10, and worse
than GRACE CSR for degrees above 10 with much noise, and may be unreliable for degrees
above 20. Analysis can also be done in the spatial domain.

The time-variable Earth gravity field provides a novel application for monitoring
mass redistribution within the Earth system, both globally and regionally [39]. Therefore,
we investigated the capabilities of the HLSST+SLR solutions for measuring global and
regional mass transport by comparing them with GRACE CSR solutions. Based on the
above analysis, spherical harmonic coefficients of monthly solutions are truncated to degree
10, 15, and 20 to detect the spatial resolution and accuracy level of HLSST+SLR solutions in
the application of Earth’s mass change recovery.

In the process of the mass recovery from spherical harmonic coefficients of the gravity
field, filtering is usually used to reduce spatial noise, based, e.g., on the Gaussian filter.
By applying the filter, the high degree harmonic coefficients, which have great noise, are
downweighed; thus, the noise is reduced. In this study, however, to obtain both the original
signal content and noise level on the corresponding spatial scale, no filter was used in the
mass recovery from all solutions. Additionally, since our goal is not to estimate the true
mass change quantities but to make comparisons, some corrections such as post-glacial
rebound and leakage error are not made in the recovery process.

Figure 6 shows the global mass change distribution map derived from monthly
time-variable gravity field models (GRACE CSR, HLSST+SLR, SLR, and CHAMP) with
spherical harmonic coefficients truncated to degree 10, covering the 11 years of the common
period from January 2003 to December 2013. The average trend, annual amplitude, and
phase were fitted and displayed from column 1 to column 3 in terms of centimeters of
water height equivalent. The fourth column shows the spatial correlation coefficients
of mass redistribution with GRACE CSR. Information about the most large-scale mass
transport is clearly demonstrated in Figure 6. The trend features in the first column reveal



Remote Sens. 2021, 13, 3491

10 of 17

Trend

a long-term trend of negative ice sheet mass balance in Greenland. The amplitudes of the
annual signals in the second column demonstrate areas with the strongest continental water
storage variations, e.g., the Amazon Basin, the Ganges Basin, and the Congo Basin. Figure 6
demonstrates that among the three solutions, the global mass redistribution features from
HLSST+SLR agree best with GRACE CSR, not only in the geographical location but also
in the magnitude. Correlations between HLSST+SLR and GRACE CSR over Greenland,
the Amazon, Ganges, and Congo Basins are greater than 0.8, indicating perfect agreement
over these regions. Correlation in the Antarctic is about 0.6, slightly less than for the basins
mentioned above. It is mainly due to the difference in annual variations, with an amplitude
difference of about 3 cm and a phase difference of about 40 days.

GRACE CSR

Annual amplitude Annual phase Correlation

HLSST+SLR

SLR

CHAMP

cmlyr
6 0

T degree
25 0 60 120 180 240 300 360 10 -05 00 05 10

10 15 20

Figure 6. Trend, annual amplitude, and phase fitted from mass variations derived from GRACE CSR monthly (first row),
HLSST+SLR monthly (second row), SLR monthly (third row), and CHAMP monthly (fourth row) solutions in terms of
centimeters of water height equivalent. Spatial correlations of mass changes from each kind of solution with the standard
GRACE CSR solutions are in the fourth column. The maps are based on monthly solutions covering the 11-year period from

January 2003 to December 2013, with coefficients of all solutions truncated to degree 10.

On the whole, about 52% of the global land area is characterized by correlations
greater than 0.6 for HLSST+SLR solutions, while only 28% and 16% for CHAMP and SLR,
respectively (see Figure 6 and Figure 8). The mean spatial correlation over land reaches 0.58
for HLSST+SLR solutions, while only 0.27 and 0.28 for SLR and CHAMP solutions, respec-
tively. Although in the third and the fourth row CHAMP and SLR solutions show similar
features, CHAMP somehow overestimates, whereas SLR underestimates magnitudes of
gravity field variations over regions such as the Amazon Basin and Greenland. Moreover,
the CHAMP results provide spurious strong trend signals of about +6 cm/y in Northern
Africa and —6 cm/y in Southern Europe (row 4, column 1). The mass changes in the
ocean are uniformly distributed and weak in magnitude relatively, with the trend of mean
sea level rise about 2 mm/y. Thus, it could be an indicator to evaluate the noise level of
gravity field solutions. Compared with GRACE CSR, the trend from HLSST+SLR solutions
displays noise of 2 cm/y in some ocean regions, while that from CHAMP solutions reveals
more noise, up to 5 cm/y, in the middle of the Pacific Ocean.

We additionally examine the performance of the mass recovery from HLSST+SLR
solutions with spherical harmonic coefficients truncated to degrees 15 and 20. Figure 7a,b
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show the comparison between GRACE CSR and HLSST+SLR solutions with spherical
harmonic coefficients truncated to degree 15 and 20, respectively. For both cases, most of
the features have been captured well by HLSST+SLR solutions. Annual variation in the
Amazon, Ganges, and Congo Basins and long-term trends in Greenland from HLSST+SLR
match well with those from GRACE CSR. The spatial correlations over those regions
are larger than 0.8 when truncated to degree 15, and 0.6 when truncated to degree 20.
Significant errors lie in the spurious strong trend signals in Siberia and the overestimation
of the trend terms in the Amazon and Congo Basins, as we can see in the first column of
Figure 7. As the spatial resolution increases, the noise grows. Especially for degree 20,
the noise of HLSST+SLR solutions is dominant where the magnitude of mass transport is
small. The ocean and some places on land exhibit long-term trends up to 5 cm/y and the
annual amplitude up to 10 cm, which are attributed to the noise of spherical harmonics
of degree 10 to 20. Over the ocean area 750 km away from the coastline, the RMS of the
long-term trend is 2.5 cm/y for HLSST+SLR solutions truncated to degree 20, much larger
than 0.4 cm/y for the GRACE CSR solutions truncated to degree 20. Similarly, in terms of
amplitude over oceans, the RMS is 5.9 cm, higher than 1.5 cm for GRACE CSR. As a result,
the mean spatial correlation over land decreases to 0.35 for truncation to degree 15, and
drops to 0.28 for truncation to degree 20.

Annual amplitude Annual phase Correlation

ST degree
0 60 120 180 240 300 360

Degree 15

Annual amplitude Annual phase Correlation

[ECCEPEEEEE T T o [T degree
0 5 10 15 20 25 0 60 120 180 240 300 360 -1.0 -0.5 0.0 0.5 1.0

Degree 20

Figure 7. Trend, annual amplitude, and phase of mass variations derived from GRACE CSR monthly and HLSST+SLR
monthly solutions in terms of centimeters of water height equivalent. Spatial correlations of mass change from HLSST+SLR
with standard GRACE CSR are in the fourth column. (a) Coefficients of both solutions are truncated to degree 15.
(b) Coefficients of both solutions are truncated to degree 20.

Figure 8 compares the cumulative distribution function (CDF) of spatial correlations
from all solutions analyzed above. The spatial correlations only cover the land, since the
small mass variation signals over the oceans from HLSST+SLR are usually annihilated by
noise. HLSST+SLR solutions with coefficients truncated to degree 10 correlate with GRACE
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CSR quite well. The slope of cumulative spatial correlation of HLSST+SLR solutions with
coefficients truncated to degree 20 begins to steepen at a correlation of 0.2 and becomes
horizontal at a correlation of 0.8, illustrating the increase in noise. Despite much noise,
HLSST+SLR outperforms the CHAMP and SLR solutions with coefficients truncated to
degree 10 with less negative and weak correlations.

10 T T T T T T T ! >
—— HLSST + SLR degree 10 /
CHAMP degree 10 /
0.8} SLR degree 10 / -
——HLSST + SLR degree 15
----- HLSST + SLR degree 20 ]
N 0.6 | .
&)
O
04 .
0.2 .

0.0 : .
-10 -08 -06 -04 -02 00 02 04 06 08 1.0
CcC

Figure 8. CDF of spatial correlations derived from HLSST+SLR, CHAMP, SLR solutions with GRACE
CSR. CC stands for coefficient correlation.

3.3. Regional Mass Transport Recovery

To investigate the capability of recovering large-scale mass redistribution, we selected
two typical regions with strong seasonal variations and trends for regional mass transport
recovery: the Amazon Basin and Greenland. The Amazon Basin exhibits strong seasonal
mass changes, whereas Greenland has a pronounced trend and seasonal signals of ice mass
change. The time series of water storage variations over the Amazon Basin and ice mass
changes over Greenland derived from the monthly solutions are shown in Figure 9a,b,
respectively. The period covers January 2003 to August 2016. Aiming to evaluate the
accuracy of regional mass changes from HLSST+SLR solutions, the HLSST+SLR solutions
truncated to degree 20 were compared with the GRACE CSR solutions with nominal
degree 60, and the latter was used as the reference. The time series of regional mass
variations were calculated by multiplying the mass distribution field for a regional mask.
In the process of mass recovery, filtering was applied, and some corrections were made.
Based on the noise level shown in Figure 7b, the Gaussian filtering [39] with a radius of
500 km and 1000 km were applied to GRACE CSR and HLSST+SLR spherical harmonics,
respectively, to reduce the noise. A forward modeling method proposed by Chen, et al. [40]
was used to reduce signal leakage and restore the signal strength. A widely used GIA
model by A, et al. [41] was adopted to correct the GIA effect. The fitting trend and annual
amplitude signals of mass variation time series in those two regions are listed in Table 2, as
well as the RMS of the difference between HLSST+SLR and GRACE CSR and the correlation
with GRACE CSR.
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Figure 9. Time series of mass variations over the Amazon Basin (a) and Greenland (b) derived
from GRACE CSR and HLSST+SLR solutions, with coefficients truncated to degree 20 and GRACE
CSR nominal degree 60, respectively. Gaussian filtering with a radius of 500 km and 1000 km were
applied to GRACE CSR and HLSST+SLR, respectively. The forward modeling (FM) method was
used to reduce signal leakage and restore signal strength. The mass variations are values in gigatons.
Monthly uncertainties of the recovered mass variations are also shown in the figure. The period
covers January 2003 to August 2016.

Table 2. Trend and annual amplitude of mass flux over the Amazon and Greenland from HLSST+SLR
and GRACE CSR solutions, with coefficients truncated to degree 20 and GRACE CSR nominal
degree 60, respectively. Gaussian filtering with a radius of 500 km and 1000 km were applied to
GRACE CSR and HLSST+SLR, respectively. The RMS of the difference between HLSST+SLR and
GRACE CSR and the correlations with GRACE CSR were also calculated.

Annual
Region Solutions Trend Amplitude RMS Correlation
A HLSST+SLR 20 3+7 1019 + 42 282 0.95
mazon GRACE CSR 60 19+6 1162 + 36
G land HLSST+SLR 20 —245 + 24 58 + 19 129 0.99
reenian GRACE CSR 60 —243 +£23 87 £ 13
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Over the Amazon Basin, the seasonal variations derived from HLSST+SLR and
GRACE CSR are similar, showing distinct annual and interannual variations. The an-
nual amplitude of water storage change over the Amazon Basin from January 2003 to
August 2016 is 1019 £ 24 Gt (17 £ 1 cm of water height equivalent) for HLSST+SLR, 143 Gt
(2 cm) less than 1162 £ 36 Gt (19 + 1 cm) for GRACE CSR. Although the interannual
variations are displayed clearly, such as the floods in 2009 and the extreme drought in 2005
and 2010, there exist differences in the values of extreme points. The differences mainly
occurred in the minimum values in the years 2003, 2007, and 2008, and the maximum
values in the years 2004, 2005, and after 2010. Extreme values from HLSST+SLR are un-
derestimated by about 30% than from the GRACE CSR solutions. On the whole, the time
series of mass variation over the Amazon Basin shows the RMS of difference between the
two solutions of 282 Gt (4.6 cm) and the correlation with GRACE CSR of 0.95.

In Greenland, the trend and seasonal signals are clearly displayed, but some differ-
ences are visible. The mass loss trends in Greenland over the period January 2003 to August
2016 agree well, with —245 £ 24 Gt/y for HLSST+SLR and —243 + 23 Gt/y for GRACE
CSR. There is a difference of 29 Gt in the annual amplitude of ice mass variation over
Greenland. For HLSST+SLR, the annual amplitude equals 58 £ 19 Gt, whereas for GRACE
CSR, the annual amplitude is 87 &= 13 Gt. In general, the time series from HLSST+SLR
solutions agrees well with GRACE CSR, with the RMS of the difference between them of
129 Gt and the correlation of 0.99. For HLSST+SLR solutions even truncated to degree 20,
the long-term trends of ice sheet mass balance are well captured, while the seasonal signals
differ, resulting in a relatively large RMS of difference with GRACE CSR.

4. Conclusions

The HLSST+SLR monthly Earth gravity field solutions are the combination of HLSST
to multiple LEOs and SLR to multiple geodetic satellites at the normal equation level.
HLSST+SLR employs bandpass filtering with the extraction and restoration of the secular
and quadratic trends, annual and semi-annual signals. We analyzed the characteristics of
the coefficients of the HLSST+SLR solutions and investigated their capability to recover
global and regional Earth’s mass redistributions to determine the spatial resolution and
accuracy of the HLSST+SLR solutions.

Analyses in both spectral and spatial domains illustrate that the accuracy of HLSST+SLR
solutions below spherical harmonic degree 10 is comparable to that of GRACE CSR and has
a pronounced improvement over that of SLR-only and HLSST-only (i.e., CHAMP) solutions.
Moreover, the time series of coefficient Cpp term of HLSST+SLR solutions agrees well with
Cyo from SLR due to the contribution of the SLR data. Thus, there is no need to replace the
Cyo term, such as in the GRACE solutions. Therefore, the consistency of the whole band
is ensured. When it comes to the coefficients higher than degree 10 which characterize a
higher spatial resolution, the degree-specific difference amplitudes and degree-specific
correlations of HLSST+SLR solutions deteriorate, and more noise appears on the mass
transport diagram of the HLSST+SLR solutions. Up to degree 20, the HLSST+SLR solutions
agree with the GRACE solutions, and the advantage of HLSST+SLR over CHAMP remains.
For global mass distribution recovery, most annual amplitudes and some trends can be
well derived from HLSST+SLR at the spatial resolution of 1000 km, although the noise over
areas of weak mass transport are dominant. In the case of regional mass variation recovery,
the seasonal signal of the Amazon Basin and the long-term trend of Greenland derived
from HLSST+SLR are perfectly constructed from HLSST+SLR solutions with the spherical
harmonic coefficients truncated to degree 20 when compared with the results from GRACE
CSR without truncation. The RMS of the time series of mass variations over the Amazon
Basin and Greenland is 282 Gt (4.6 cm of water height equivalent) and 129 Gt, respectively.

We confirmed that the combined HLSST+SLR solutions benefit from the individual
strengths of HLSST and SLR solutions, enhancing the accuracy of very low degrees, i.e., be-
low degree 10, and improving the spatial resolution to 1000 km. The monthly HLSST+SLR
solutions could be another available alternative to study the time-variable Earth gravity
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field and can be used to monitor the large-scale mass transport such as the water storage
of the Amazon Basin and ice mass loss in Greenland during the data gaps between the
GRACE and GRACE follow-on missions.

HLSST and SLR, widely applied before the advent of the GRACE missions, can still
be seriously taken into consideration today thanks to the best PODs of satellites and the
best dynamic models currently available for orbit. Additional LEOs will be equipped
with GPS receivers in the future, providing a large number of global continuous and
evenly distributed HLSST observation data. The combination of satellites, distributed
over different orbital altitudes and inclinations and sensitive to Earth’s gravitational field
coefficients of different degrees and orders, may help to obtain a more comprehensive
picture of the time-variable Earth gravity field. Furthermore, with the optimization of data
processing strategies and further reduction in errors, the combination of HLSST and SLR
still has the potential to obtain a time-varying Earth gravity field with higher precision and
spatial resolution.
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