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Abstract: We compute the vertical displacements in the Amazon Basin using the Gravity Recovery
and Climate Experiment (GRACE) and GRACE Follow-On (GRACE-FO) observations, including
both the gravity spherical harmonic (SH) solutions from the Center for Space Research (CSR), Ge-
oForschungsZentrum (GFZ) and Jet Propulsion Laboratory (JPL) and mascons from CSR, JPL and
Goddard Space Flight Center (GSFC). The correlation coefficients, annual amplitude and root mean
squares (RMS) reductions are calculated to assess the agreements between the GRACE/GRACE-FO
and Global Navigation Satellite System (GNSS) vertical displacements at 22 selected GNSS stations.
For the six GRACE/GRACE-FO products (i.e., CSR SH, GFZ SH, JPL SH, CSR mascon, GSFC mascon
and JPL mascon), the mean annual amplitude reductions are 77.6%, 76.4%, 76.3%, 78.6%, 78.5%
and 76.6%, respectively, the corresponding mean RMS reductions are 63.2%, 61.7%, 62.3%, 64.9%,
65.3% and 63.8%, respectively, and the mean correlation coefficients are all over 0.93. On the whole,
mascon solutions agree slightly better with GNSS solutions than SH solutions do. The CSR SH and
the GSFC mascon solutions show the best agreements with the GNSS solution among the 3 SH and
3 mascon products, respectively. We estimate GRACE/GRACE-FO noises using the three-cornered
hat (TCH) method and find that the CSR SH and GSFC mascons also have the smallest noise variances
among the SH and mascon products, respectively. By analyzing the GNSS stations from the central
and southern Amazon Basin, we find that: (1) the RMS reductions when the mascon solutions are
removed from GNSS height series are slightly larger than those using the SH solutions in the center,
while in south all the RMS reductions are fairly close; (2) for both SH solutions and mascon solutions,
the correlation coefficients in the center are slightly larger than those in the south, but conversely, the
mean annual amplitude reductions in the center are much smaller than those in the south.

Keywords: GRACE; GRACE-FO; mascon solutions; GNSS; vertical loading displacements; noise
variance; Amazon Basin

1. Introduction

Load deformation is caused by the Earth’s surface mass changes, and can be quantified
through the mass load theory [1,2]. The global water cycle contributes dominantly to the
mass changes at the Earth’s surface, such as precipitation, evapotranspiration, river runoff,
ocean mass change, etc. The mass changes in the atmosphere and cryosphere also cause
load deformations. In addition to these natural climate processes, human activities also lead
to surface mass redistributions, such as excessive groundwater depletion, dam construction,
etc. The Amazon Basin is the region with the largest rainforest on the Earth, which covers an
area of ~6.3 million km?. With the Amazon River and the enormous numbers of tributaries
flowing through the region, the Amazon system transports a huge volume of water and
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contributes to significant large-scale signals of climate-driven water mass redistributions,
as well as the induced load deformations.

The Global Navigation Satellite System (GNSS) stations, which are established on the
bedrock, can be utilized to monitor the surface deformations at specific sites with high
temporal and spatial resolutions through dense station distributions in a certain area. The
time series of GNSS solutions include not only tectonic but also non-tectonic deformations.
For the tectonic deformations, the plate-related crustal movements have been investigated
using GNSS technique in early studies, such as orogenic crustal movement [3], and seismic-
induced plate motion [4]. The residual non-tectonic deformations include signals from tides,
mass loading, thermal expansion, etc. [5]. For example, the hemispheric compressions and
expansions due to seasonal mass redistributions were detected using the precise positioning
data from the worldwide distributed GNSS sites [6]. The non-tidal atmospheric and oceanic
loading displacements were predicted by combining GNSS observations and other geodetic
data [7]. The rapid ice mass loss signals over the southeast of the Greenland were also
found in the in situ GNSS observations [8].

The Gravity Recovery and Climate Experiment (GRACE) and GRACE Follow-On
(GRACE-FO) satellite gravimetry missions, which are led by the National Aeronautics and
Space Administration (NASA) and GeoForschungsZentrum (GFZ), provide a new approach
to monitor and measure the Earth’s mass redistributions. GRACE/GRACE-FO provides
monthly global gravity field products in forms of gravity spherical harmonic (SH) coef-
ficients. After removing effects of the atmosphere and ocean, the residual variations in
GRACE/GRACE-FO observations can be used to monitor terrestrial water storage variations
over river basins [9,10], quantify global ocean mass changes over oceans [11], and validate
accelerated melting of ice sheets over polar regions [12]. GRACE and GRACE-FO observa-
tions have also been widely used to enrich the mass load studies. According to the loading
deformation theory [2], the GRACE/GRACE-FO observed mass changes can be used to
derive loading deformations, and then used to interpret the GNSS observations [13-15]. For
example, the elastic response to seasonal loading of rain water over the Amazon Basin was
investigated by combining GNSS and GRACE observations [16].

For scientific applications of GRACE/GRACE-FO observations, in addition to the
SH (also called GSM) products, the mascon (mass concentration) products have also been
provided and are playing an increasingly important role. The mascon products are obtained
using several reprocessing procedures, including spatial filtering, land-ocean constraints
and forward modeling of annual and trend signals from ice losses in polar and mountain
glaciers. The use of mascon products is more convenient than that of the SH products, as
the mascon solutions do not require any additional decorrelation and spatial filtering and
provide mass change results with higher spatial resolutions and signal-to-noise ratios (SNR).
The mascon products have been used in a series of previous studies, such as in studying
terrestrial water storage changes [17,18], in capturing seismic gravity signals induced by
earthquakes [19], and in analyzing the differences of ocean mass changes by combining
the mascon with altimeter and Argo measurements [20]. In terms of the comparison
among different mascon products, the CSR mascon and JPL mascon were evaluated by
comparing with CSR SH and GNSS observations in the Yangtze River Basin [21], and
the CSR and JPL mascons derived displacements were compared with five SH solutions
derived displacements and selected GNSS solutions at the global stations [22].

However, the studies of loading deformation using mascon products are notably less
than those using the SH products. The mascon products are provided in forms of gridded
data. It is more complicated and takes additional procedures to convert gridded mass
changes to deformations, compared to using the SH coefficients. Furthermore, the mascon
definitions and data processing methods at the three institutions in charge of releasing the
mascon products, including the Center for Space Research (CSR), Jet Propulsion Laboratory
(JPL), and Goddard Space Flight Center (GSFC) are largely different. Thus, the mascon
data’s accuracies and reliabilities need further verification.
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In this study, we take the Amazon Basin as the studied region to investigate the
loading deformations caused by the most significant seasonal mass change signals (on
Earth), using GNSS and GRACE/GRACE-FO observations. To compare the GNSS observed
and GRACE/GRACE-FO derived loading deformations, we use the root-mean-squares
(RMS) reduction, annual amplitude reduction and correlation coefficient between GNSS
and GRACE/GRACE-FO time series to evaluate the differences between the mascon and
SH products in loading deformation study. In addition, by analyzing the uncertainties
of different SH and mascon products using the Three-Cornered Hat (TCH) method, we
also quantify the noise level for each GRACE/GRACE-FO product in interpreting the
GNSS-observed surface deformations.

2. Materials and Methods
2.1. GNSS Data

We select 22 GNSS stations in the Amazon region according to the record length and
data quality, whose coordinates are shown in Table 1. The GNSS daily time series are
provided by the data products from Nevada Geodetic Laboratory (NGL), University of
Nevada, Reno, NV, USA. The data were processed by the GipsyX software following the
standard practice, i.e., the solid Earth tide and pole tide were corrected according to the
IERS 2010 Conventions, the ocean tide loading effect were corrected using the FES2004
model, and the final daily coordinates were transformed into IGS14 [23].

Table 1. Geographic coordinates and time spans at the 22 Global Navigation Satellite System
(GNSS) Stations.

. . . Time Span
Station Latitude Longitude (Decimal Year)
AMCO —49 294.7 2012.7-2021.1
AMHA -7.5 297.0 2015.1-2020.5
AMPR —2.6 303.3 2015.1-2018.8
AMTE -3.3 295.3 2013.9-2021.2
AMUA -3.1 300.0 2015.2-2021.1

APL]J —0.8 307.5 2014.9-2021.2
APS1 —0.1 308.8 2016.1-2021.2
ITAM -3.1 301.6 2015.1-2018.5
MTCN —13.6 307.7 2011.3-2021.2
MTCO —-10.8 304.5 2009.5-2019.5
MTJI —11.4 301.3 2014.8-2021.2
MTNX —14.7 307.7 2016.2-2019.9
MTSF —11.6 309.3 2008.3-2018.5
MTSR —12.5 304.3 2011.1-2021.2
PAAR -3.2 307.8 2017.5-2021.2
PAIT —4.3 304.0 2014.6-2021.1
PASM —2.4 305.3 2015.6-2021.2
POVE —8.7 296.1 2006.0-2021.2
RIOB —10.0 2922 2007.7-2021.2
ROCD -13.1 299.5 2010.3-2019.4
ROGM —-10.8 294.7 2008.0-2020.5
ROJI —10.9 298.0 2008.3-2021.2

In order to be comparable with GRACE/GRACE-FO data, we select the GNSS series
spanning the period 2006.6 to 2021.2 and average the GNSS daily series into monthly
temporal resolution. The shortest time span is 3.4 years at the ITAM station, which is
adequate to retrieve the annual signals that are dominated in the Amazon region. The
geographic coordinates and time spans of the 22 stations are listed in Table 1.
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2.2. GRACE and GRACE-FO Data

We use 6 GRACE/GRACE-FO Release 6 (RL06) products, including 3 SH products
from CSR, GFZ and JPL, and 3 mascon products from CSR, GSFC and JPL [24-26]. For the
3 SH products, we use the GSM monthly solutions up to degree and order 96. Following
the usual data processing standards, we have included the degree-1 SH coefficients Cj,
Ci1, and Sy; provided by the GRACE/GRACE-FO project (IN13), replaced the Cyy and
Cyp coefficients by satellite laser ranging (SLR) estimates [27], and corrected the GIA effect
using the ICE6G-D model [28]. To reduce the north-south stripe errors and noises of higher
degree/order coefficients, we first apply a P4AM6 decorrelation filter, which means that for
the SH coefficients with the orders 6 and above, the correlation errors are modeled by a
quartic polynomial fit and removed from the original coefficients (for those with even and
odd degrees, respectively) [29,30], and then a 300 km Gaussian smoothing are applied [31].

For the mascon products, we use the 0.25" x 0.25° CSR GRACE/GRACE-FO RLO06 v02
mascon [24], the 0.5 x 0.5° GSFC RL06 v02 mascon [25], and the 0.5" x 0.5  JPL RLO06
v02 mascon (CRI-filtered) [26]. For the JPL mascon, the recommended gain factors have
been applied. The degree-1 coefficients (geocenter) corrections are estimated by using the
method from Sun et al. and Swenson et al. [32,33]. For the CSR and GSFC mascons, the
Cy0/Cs coefficients are replaced by SLR solutions from TN14 [27,34], while for the JPL
mascon, only C20 coefficients are replaced [35]. The GIA corrections are applied by using
ICE6G-D data [28]. One thing to be noted is that all the 3 mascon data sets have restored
the GAD products, which means that the contribution of the ocean bottom pressure (OBP)
change is included.

In order to be comparable with the GNSS data, the atmospheric and non-tidal oceanic
effects are restored by adding the AOD1B products back to the data. For the SH products,
we add back the GAC contributions to the GSM SH coefficients, while for the mascon
products, we remove the GAD contributions and add back the GAC contributions. Since
the 3 mascon datasets all reflect anomalies relative to the 2004.0-2010.0 mean baseline, the
SH coefficients are also adjusted by subtracting the mean values over the same time span
for consistency.

2.3. Methods
2.3.1. GRACE/GRACE-FO SH and Mascon Derived Loading Deformation
The elastic vertical loading displacements (6, o) at the observation point with colati-

tude 6 and longitude o can be calculated using the SH coefficients based on the mass load
theory [2,13,36]:

o
~ . h
u(0,0) = Rli 1 ) Ole(cose)(AClmcos(me) + AS;,,sin(mo)) 7 —l—lkl
=1 m=

@)
where, R is the radius of the Earth, [ and m are the degree and order of the SH functions,
ACy,, and ASy, are Stokes coefficient changes relative to the 2004.0-2010.0 mean field, Dy,
is the fully normalized Legendre function with degree | and order m, and h; and k; are the
elastic load Love numbers corresponding to degree I. The load Love numbers are provided
by Farrell [2], which are based on the Gutenberg—Bullen Earth model.

To calculate the loading displacements using the mascon data, we convert the mascon
mass change distribution q(6’, ") (in which 6’ is the colatitude and o' is the longitude)
into Stokes coefficients up to degree and order 180 by calculating the spherical integrals in
Equations (2)-(4),

AC = Rpw yp #q (6,0 le (cost)cos (me')do ()

AS) = Rpw i #q le (cost)sin (me')do (3)
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where Aél,m and AS 1w are dimensionless coefficients, p, is the water density, p. is the mean
density of the Earth. Then the mascon derived loading displacements can be calculated
using Equation (1).

2.3.2. Agreement Assessments between GNSS and GRACE/GRACE-FO

The correlation coefficient, annual amplitude reduction, and RMS reduction are used
to assess the agreement between the GNSS height 1N and GRACE/GRACE-FO derived
vertical loading deformation u?RACE/ GRACE-FO Eor the two time series, we calculate the
correlation coefficient § with Equation (5),

& (uGNSS _ 1 GNSS) (| GRACE/GRACE-FO _ | GRACE/GRACE—FO)
= i mean i mean
1=
B = @)
L 2 GRACE/GRACE-FO ., GRACE/GRACE—FO\2
\/Z (”iGNSS - u%I;IaSnS) (ui / — Umean / )
i=1 i=1

where 7 is the total number of epochs, i represents the ith epoch of the time series, and
USNSS and uSRACE/GRACE-FO 416 the mean values of the GNSS and GRACE/GRACE-FO
time series, respectively.

The annual amplitude reduction and root-mean-squares (RMS) reduction are calcu-

lated with Equations (6) and (7), respectively,

A _ AGNss — AGNSS—GRACE/GRACE—FO 6
reduction — A 6)
GNSS
RMS _ RMSgnss — RMSGNss - GRACE/GRACE-FO 7
reduction — RMS, 7)
GNSS

where Agnss and AgNss—GRACE/GRACE—FoO are the annual amplitudes fitted from the time
series of “GNSS” and “GNSS minus GRACE/GRACE-FO”, respectively, while RMSgnss and
RMSGNss—GRACE/GRACE—FO are the RMS of “GNSS” and “GNSS minus GRACE/GRACE-
FO” series, respectively. The percentage of reductions represents how much the GNSS series
can be interpreted by GRACE/GRACE-FO predictions, and the large/small reduction means
good/bad agreement between GNSS and GRACE/GRACE-FO. The detailed descriptions
of the annual amplitude fitting are given in Section 3.1.1.

3. Results
3.1. Comparison of Loading Deformations between GNSS and GRACE/GRACE-FO
3.1.1. Annual Variations Estimated from GNSS and GRACE/GRACE-FO

Figure 1 shows the time series from six GRACE/GRACE-FO and one GNSS products
at the six selected stations. Among them, the AMTE, AMUA and PASM stations are located
in the central Amazon Basin, and the ROGM, ROJI and MTSR stations are located in the
southern Amazon Basin (relatively farther away from the Amazon River). All six time
series exhibit dominant annual signals and their amplitudes reach up to more than 10 mm.
Moreover, the difference between the stations located in the central Amazon Basin and
those located in the southern Amazon Basin is obvious. The annual amplitudes at the
stations in the center are much larger than those in the south, and the annual phases of the
former lag behind those of the latter.
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Figure 1. Time series of the vertical displacements at the six selected GNSS stations (a) AMTE,
(b) ROGM, (c¢) AMUA, (d) ROJI, (e) PASM, and (f) MTCO.

To further illustrate the annual signals and their spatial patterns, we show the annual
amplitudes and phases of GNSS and GRACE/GRACE-FO series using the phasor diagrams
in Figure 2. The 22 stations can be divided into two groups (i.e., central ones in red vectors
and southern ones in green vectors in Figure 2) based on their annual amplitudes and
phases from the GNSS series. The annual signals are determined using least squares
fitting together with the constant, linear, annual and semi-annual terms. The equal-weight
assumption has been used in the least squares fitting. The annual amplitude A and phase ¢
are defined as A cos|[w(t — ty) — ¢|, where tg is 2008.0 and w is the angular frequency equal
to 27t (1 cycle/yr). The length of vector in Figure 2 represents the annual amplitude, and
the direction of vector denotes the annual phase (i.e., the epoch of peak-value). The mean
GNSS annual amplitude of the time series at the 10 selected stations near the Amazon River
(marked as red arrows in Figure 2a) is 19.4 mm, and the corresponding mean annual phase
is 328" (which means the annual peak appears at the end of November). While for the other
stations located relatively farther away from the Amazon River (marked as green arrows
in Figure 2a), the mean GNSS annual amplitude is 12.7 mm, and the corresponding mean
annual phase is 288" (which means the annual peak appears at the middle of October).
The comparisons of annual amplitudes and phases of GNSS and six GRACE/GRACE-FO
estimates are shown in Table 2.
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Figure 2. Annual amplitudes and phases of vertical deformation from (a) GNSS, and predicted from
(b) GRACE/GRACE-FO SH solutions and (¢) GRACE/GRACE-FO mascon solutions. The length of
vector represents the value of annual amplitude, and the direction represents the peak-value counted
counterclockwise from the east (from January to December).
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Table 2. The annual amplitudes and phases of GNSS solutions and 6 GRACE/GRACE-FO products
derived displacements at the 22 GNSS Stations.

Annual Amplitudes (mm) Annual Phases (Degree)
Station CSR GFZ JPL CSR GSFC JPL CSR  GFZ CSR GSFC JPL
GNSS SH SH SH Mascon Mascon Mascon GNSS SH SH JPLSH Mascon Mascon Mascon
AMCO 127 16.7 16.2 16.3 19.7 20.2 19.3 3147 3049 303.5 303.8 301.3 301.7 301.0
AMHA 18.1 16.4 16.0 16.7 17.5 18.0 17.7 2914 2928 291.4 292.6 285.1 283.0 286.2
AMPR 25.2 18.4 16.5 18.3 21.8 22.3 19.3 336.9 3268 325.8 326.6 329.7 328.4 326.8
AMTE 19.8 16.4 15.8 16.2 20.3 20.6 19.4 3170 314.6 313.6 313.7 314.4 315.0 313.5
AMUA 294 20.0 19.3 20 25.3 25.6 26.0 3268 3179 317.7 316.8 321.8 321.7 321.8
APL] 14.2 13.1 12.5 13.0 14.9 14.7 15.3 335.0 3214 3209 319.7 321.0 322.8 319.3
APS1 9.5 11.6 10.9 11.9 12.8 12.3 13.6 3335 3171 3155 316.1 316.7 316.1 3153
ITAM 28.1 19.1 171 17.2 23.0 23.3 237 338.2 326 326.1 332.2 332.5 330.7 334.5
MTCN 7.8 11.0 10.5 10.8 11.6 11.6 11.8 291.8  284.1 281.2 281.9 284.8 284.0 284.4
MTCO 129 13.5 129 13.4 13.9 14.6 14.1 288.5 283 281.4 281.9 281.2 284.1 280.3
MTJI 12.8 13.2 12.7 13.3 13.3 14.1 14.0 292.6 286 283.2 284.9 285.9 287.0 285.5
MTNX 10.2 10.1 9.2 10.2 10.6 10.8 10.6 275.7  280.8 278.5 280 281.7 279.7 281.8
MTSF 13.5 11.5 11.1 11.3 12.6 12.8 12.9 278.7 2822 280 279.7 279.7 280.4 278.2
MTSR 11.9 12.2 11.7 12.2 13.0 13.0 13.2 2949 2859 283.8 283.6 285.8 286.6 285.2
PAAR 14.3 14.3 14.3 14.7 15.8 16.3 16.5 316.8  307.2 307.3 306.6 308.8 311.3 307.9
PAIT 15.8 16.7 159 16.9 17.7 18.9 18.2 3237 3145 313.1 313.9 314.2 316.0 313.5
PASM 24.5 15.7 15.1 15.8 17.7 19.0 17.4 3325  323.0 323.0 321.0 323.6 324.8 319.5
POVE 14.8 15.6 15.3 15.6 16.0 16.6 16.1 2854  287.0 286.2 285.8 281.3 281.4 281.0
RIOB 10.4 12.4 12.1 12.2 11.8 12.7 12.0 283.6 2843 283.6 282.4 282.9 285.1 280.4
ROCD 13.4 11.9 11.7 11.9 12.6 13.3 12.5 287.0 2849 282.8 281.9 286.8 285.5 286.6
ROGM 14.1 13.1 12.8 13.1 13.7 14.1 13.9 290.7  284.1 284.1 282.1 282.9 284.5 281.7
ROJI 12.1 14.0 13.6 13.9 14.5 14.8 14.9 2922 2853 284.4 283.9 283.3 284.5 283.2
Average 15.7 14.4 13.8 14.3 15.9 16.3 16.0 305.8  299.7 298.5 298.7 299.3 299.7 298.5

The phasor diagram of the GRACE/GRACE-FO annual signals in Figure 2 shows a
similar spatial pattern as in Figure 1, i.e., the larger amplitude and later month of peak-
value (phase) appear at the stations near the Amazon River, and the smaller amplitude
and earlier phase appear at the stations farther away from the Amazon River. Among the
annual signals of deformations derived from the 6 GRACE/GRACE-FO products, the mean
amplitude (of the time series at all the 22 stations) from the GSFC mascon product is the
largest and that from the GFZ SH product is the smallest, while the mean phase from the
GSFC mascon product is the latest and fairly close to that from the CSR SH product, and
the mean phase from the GFZ SH product is the earliest. In general, the amplitudes from
GRACE/GRACE-FO mascon products are larger than those from GRACE/GRACE-FO
SH products, while the phases of the former have little difference with the latter. Different
agreement percentages can be found when comparing the GNSS time series with those from
GRACE/GRACE-FO mascon and SH products. In other words, the annual amplitudes
from GRACE/GRACE-FO mascon products are much larger and agree better with GNSS
than those from GRACE/GRACE-FO SH products. Moreover, these differences are more
significant in the central Amazon Basin, and less significant in the southern Amazon Basin.

By fitting the annual terms from the GNSS and GRACE/GRACE-FO data, we ob-
tain the mean annual amplitudes of vertical deformations (for the time series of all the
22 stations), which are listed in the last row in Table 2. We find that the derived annual
amplitudes from the GRACE/GRACE-FO mascon products are larger than those from the
GRACE/GRACE-FO SH solutions in 21 of all 22 stations, with only one station RIOB as
an exception. Among the three mascon products, the annual amplitudes from the CSR
mascon products are closest to those from GNSS, with a mean difference of 0.21 mm for all
the 22 stations. Besides the annual amplitudes, the differences of the mean annual phases
between GRACE/GRACE-FO and GNSS are —6.0°, —=7.3°, =7.1°, —6.5", =6.1", and —7.3",
for the CSR SH, GFZ SH, JPL SH, CSR mascon, GSFC mascon and JPL mascon products,
respectively. This indicates that the annual phases derived from the GRACE/GRACE-FO
products lag behind those from GINSS. The CSR SH result shows the best agreement with
GNSS in annual phase among the 3 SH products, while the GSFC mascon result shows the
best agreement with GNSS in annual phase among the three mascon products.

In order to illustrate the agreement of annual signals between GNSS and GRACE/GRACE-
FO, we calculate the annual amplitude reductions following the Equation (6) at all 22 stations
(Figure 3). The background colors in Figure 3 denote the annual amplitudes of vertical loading
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deformations derived from GRACE/GRACE-FO, illustrating the amplitudes from the mascon
products are generally larger than those from the SH products. The spatial patterns of the
annual amplitudes from both GRACE/GRACE-FO mascon and GRACE/GRACE-FO SH
products are similar, which show strong annual variations in the central Amazon Basin. The
gray scales of the round dots represent the values of annual amplitude reductions, in which
larger values are denoted with lighter colors that correspond to better agreements. The mean
annual amplitude reductions for all the 22 stations are listed in the 2nd column in Table 3,
corresponding to the 6 GRACE/GRACE-FO products. As shown in Figure 3, the difference in
annual amplitude reduction is not significant among the different products.
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Figure 3. The annual amplitude reductions after removing GRACE/GRACE-FO derived displace-
ments from the GNSS heights at the 22 selected stations, using different products: (a) CSR SH, (b) GFZ
SH, (c) JPL SH, (d) CSR mascon, (e) GSFC mascon, and (f) JPL mascon. The gray scales of the round
dots represent the values of annual amplitude reductions. The background colors represent the
annual amplitudes of vertical loading deformation derived from GRACE/GRACE-FO.
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Table 3. Mean values of the correlation coefficients, annual amplitude reductions, and RMS reductions
at the 22 GNSS stations calculated in the central and southern parts of the Amazon Basin.

Annual Amplitude Reduction (%) Correlation Coefficient RMS Reduction (%)
thle Center South Wh(?le Center South thle Center South
Basin Basin Basin

CSR SH 77.6 70.4 83.6 0.944 0.963 0.928 63.2 63.8 62.7
GFZ SH 76.4 68.5 83.1 0.938 0.956 0.923 61.7 61.5 61.8
JPL SH 76.3 68.7 82.6 0.941 0.959 0.926 62.3 62.4 62.2
CSR Mascon 78.6 72.8 83.4 0.944 0.963 0.928 64.9 67.3 63.0
GSFC mascon 78.5 73.7 82.6 0.947 0.966 0.932 65.3 68.1 63.0
JPL Mascon 76.6 70.1 82.0 0.943 0.961 0.928 63.8 65.7 62.3

As to the difference in central and southern Amazon Basin, the mean annual amplitude
reductions using the 6 GRACE/GRACE-FO products are shown in the 3rd column and
4th column in Table 3, the annual amplitude reductions of the central Amazon Basin are
much smaller than that of the southern Amazon Basin. In the central Amazon Basin, the
annual amplitude reductions using the SH products are slightly smaller than those using
the mascon products.

3.1.2. Agreement Evaluation of GNSS and GRACE/GRACE-FO Loading Deformations

In order to quantify the agreement between the GRACE/GRACE-FO derived vertical
loading deformations and the GNSS displacement time series, we calculate the correlation
coefficients and RMS reductions using the method as described in Section 2.3.2.

Figure 4 shows the correlation coefficients between GRACE/GRACE-FO and GNSS
displacement series. The gray scales of the round dots represent the values of the correlation
coefficients. The correlation coefficients of the derived vertical displacement series at the
22 stations from the 6 GRACE/GRACE-FO products are all over 0.9 except for MTCN
and ROGM, which demonstrates the high correlation between GRACE/GRACE-FO and
GNSS in the Amazon region. The mean correlation coefficient of six GRACE/GRACE-
FO products in the central Amazon Basin is about 0.96, which is a little larger than that
in the southern Amazon Basin with a value of 0.93. The correlation coefficients using
GRACE/GRACE-FO mascon solutions and SH solutions are close.

The correlation coefficient is used to evaluate the correlation between two time series,
which focuses more on the characteristics of the temporal variations but less on the ampli-
tudes of the signals. The RMS reduction, which has been widely used in previous studies,
is used here to estimate the agreement between two time series.

Figure 5 shows the RMS reductions when GRACE/GRACE-FO derived displacements
are removed from the GNSS height time series. The gray scales of the round dots represent
the values of RMS reductions. The mean RMS reductions of the six GRACE/GRACE-
FO products are listed in the 8th column, for CSR SH, GFZ SH, JPL SH, CSR mascon,
GSFC mascon and JPL mascon, respectively, the results of 3 mascon products are a little
larger than that of three SH products in the central Amazon Basin, but the differences
become much more significant when removing the AMCO station, whose result seems to
be abnormal. Overall, the values at all the 22 stations are positive, which means that the
GNSS height variations can be explained by mass loading effects to a certain extent in this
region. Furthermore, the RMS reductions are relatively larger in the central Amazon Basin,
and relatively smaller in the southern Amazon Basin. This spatial feature is more apparent
for the stations near the Amazon River using GRACE/GRACE-FO mascon products (e.g.,
AMTE, AMUA, ITAM and AMPR in Figure 5b,d,f), which suggests that the observations
from the mascon products might be more informative in reflecting spatial patterns than the
SH products do.
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Figure 5. The RMS reductions after removing GRACE/GRACE-FO derived displacements from the
GNSS heights at the 22 selected stations, using different products: (a) CSR SH, (b) GFZ SH, (c) JPL SH,
(d) CSR mascon, (e) GSFC mascon, and (f) JPL mascon. The gray scales of the round dots represent
the values of RMS reductions. The background colors denote the same as in Figure 3.
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3.2. Uncertainty Assessment of Loading Deformations from Different GRACE Products

Since annual variations dominate the GRACE/GRACE-FO derived loading deforma-
tions in the study region, we remove the annual and trend terms by time series fitting to
eliminate the influence of the probable differences of annual/trend signals in estimating
noise of different GRACE/GRACE-FO products. The residuals include noise and other un-
fitted signals (e.g., the random spikes and the interannual variations). With the assumption
that the deformation derived from the six GRACE/GRACE-FO solutions are independent
of each other, we apply the “Three-Cornered Hat” (TCH) method [37] to calculate the noise
variances. Each deformation time series can be expressed as the sum of the true loading
deformation signal (i.e., unfitted signal here) plus noise as follows.

Deform®R SH = Deform™€ + Noise_Deform©SR SH
Deform®2 SH = Deform ™" + Noise_Deform©FZ SH
Deform/PL SH = DeformT™e + Noise_Deform/FL SH
Deform©SR mascon — Deform ™ + Noise_Deform SR mascon
DeformGSFC mascon — Deform1rue + NOiSG_DefOI‘mGSFC mascon
Deform/Pk mascon — Deform ™ + Noise_Deform/P mascon

®)

The subtraction of any two time series should eliminate the deformation signal in
common and formulate a set of fifteen linear variance equations:

var(Noise_Deform®R SH)  var(Noise_Deform®F% SH) = var(Deform©SR SH — Deform©FZ SH)
var(Noise_Deform®R SH) + var(Noise_Deform/’t SH) = var(Deform®R SH — Deform/T'L SH)

var(Noise_Deform®R SH) + var(Noise_Deform/TT mascon) — yar(DeformSR SH — Deform/PL mascon) ©)

var(Noise_Deform©SFC mascon) 1 yar(Noise_Deform/Pt mascon) — var(DeformGSFC mascon _ DeformIPL mascon)

We use the least squares estimation to compute the noise variance as well as the standard
deviation (STD), from the deformation time series derived from the six GRACE/GRACE-
FO products.

For all the six GRACE/GRACE-FO products in the Amazon Basin, the maximum
variance values occur in the middle reaches of the Amazon River, which demonstrates
that the noise of GRACE/GRACE-FO derived loading deformations is related to the
amplitude of the loading signal, the larger the annual amplitude, the larger the noise.
Because we only fit and remove the annual signals before applying the TCH method, the
difference of the unfitted signals may affect the noise variance (i.e., the Noise_Deform
terms in Equation (8) still have residual signals). For the results from the three SH products
as shown in Figure 6a,c,e, the magnitude and the spatial distribution of the noise have
a strong resemblance, which may be due to the following reasons: (a) The SH products
provided by the three institutions have little difference, and (b) The post-processing strategy
(decorrelation and spatial filtering) further attenuates the difference. For the results from
the three mascon products as shown in Figure 6b,d,f, the significant differences may be
caused by different data processing approaches in generating the mascon products, e.g., the
CSR mascon used the Tikhonov regularization along with L-ribbon approach to compute
the regularization parameter, and they applied the ellipsoidal correction [38], the GSFC
mascon divided the earth into several regions and used corresponding regional constraints
respectively, and a global hydrological model is applied as a priori model for iteration to
reduce signal leakage, to separate the land signal and ocean signal from each other, the
JPL mascon applies a CRI (Coastline Resolution Improvement) [39] filter approach in the
post-processing, and to aid in the interpretation of signals in sub-mascon resolution, JPL
mascon also provides gain factors data [40], which are derived from the CLM (Community
Land Model) hydrology model. Furthermore, the variances of the derived deformations
from the CSR SH and GSFC mascon products are significantly smaller than those from the
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other four GRACE/GRACE-FO products, while those from the JPL mascon products show
more notable spatial discontinuity compared to the results from the other products.
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Figure 6. The variances of the noises of the vertical deformation estimated using the TCH method,
derived from the 6 GRACE/GRACE-FO products provided by (a) CSR SH, (b) CSR mascon, (c) GFZ
SH, (d) GSFC mascon, (e) JPL SH, and (f) JPL mascon. The resolution of the gridded data is 1" x1°.

4. Discussion
4.1. Possible Reasons for the Agreement Differences over Different Regions and Using Different
GRACE/GRACE-FO Solutions

In general, the GRACE/GRACE-FO mascon derived vertical loading deformations
agree better with GNSS height series than those derived from SH solutions, according to the
RMS reduction and annual amplitude reduction analyses. This can be clearly demonstrated
by the results shown in Table 3, where the values in rows 4-6 (for mascons) are generally
larger than those in rows 1-3 (for SH). In addition, the filtering method of SH products is
an empirical one (P4M6 decorrelation +300 km Gaussian smoothing), while the changes in
these filtering parameters (e.g., PAM6 decorrelation, 500 km Gaussian smoothing) would
not significantly affect the comparison of the smoothed SH results with the mascon results.
Moreover, it is worth noting that this phenomenon is more obvious in the central Amazon
Basin, while in the southern Amazon Basin, the agreements with GNSS observations using
the mascon or SH solutions are comparable.

The differences in signal magnitudes (mainly annual variations in the Amazon Basin)
reflected by different GRACE/GRACE-FO solutions may be one reason for the above
phenomenon. In the central Amazon Basin, the dominant regional /local annual loading
signals can be observed by the in situ GNSS stations. However, the GRACE/GRACE-
FO solutions, due to their relatively low spatial resolution, are unlikely able to capture
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the signals in small spatial scales (such as those in the main river channels) and thus
underestimate the amplitudes of loading deformations in this region. This is confirmed
by a recent study [41] that compared GNSS observations with a high resolution mass
loads derived from combining GRACE SH solutions with river routing model in the
Amazon Basin.

Since the mascon products include additional constraints (as described in Section 2)
and reflect larger amplitudes of loading deformations than the SH products do, better
agreements between the mascon and GNSS over the central Amazon Basin can be obtained.
While in the southern Amazon Basin with smaller amplitudes of annual loading signals,
the GRACE/GRACE-FO solutions probably overestimate the signals due to the fact that
the annual amplitudes reflected by the SH and mascon data at most GNSS stations are
slightly larger than those observed by GNSS. Therefore, the agreements with GNSS for the
two GRACE/GRACE-FO products (mascon and SH) are much closer and fewer differences
are visible.

Moreover, when comparing the annual amplitude reductions from the GNSS stations at
the central Amazon Basin with those from the stations at the southern Amazon Basin, the
former are notably smaller than the latter for both the SH and mascon solutions, i.e., the
values in the 4th column are larger than those in the 3rd column in Table 3. In addition, for the
stations over the central Amazon Basin, the mean annual phase of the derived displacement
series from the 6 GRACE/GRACE-FO solutions is 9.9" smaller (that is, ~10-day earlier) than
that observed by GNSS, while for the stations over the southern Amazon Basin, the phase
difference is 4.1". The reason for the relatively larger annual phase lag in central Amazon is
unknown but may be also related to the complications of water storage in river channels in
GRACE-observed water mass loads.

4.2. Explanations for the Disagreements at Specific GNSS Stations

The statistical results show that the agreements between GNSS and GRACE/GRACE-
FO at AMCO, APS1 and MTCN are apparently lower than those at the other GNSS stations
(see the darker round dots at the three stations in Figures 3-5). We examine the reasons for
the disagreement for each of the three stations as below.

Figure 7a shows the comparison of time series from different products at the AMCO
station. The annual amplitudes derived from the GNSS time series and six GRACE/GRACE-
FO products of AMCO are listed in Table 2, the amplitude value of GNSS is much smaller
than that of GRACE/GRACE-FO. Any inaccuracy in the observations of either GNSS or
GRACE/GRACE-FO would contribute to the differences in annual amplitudes, and thus
lead to the above disagreement. The uncertainty assessment in Section 3.2 shows that the
noise level of GRACE/GRACE-FO is minor relative to the magnitude of the loading signals.
Moreover, local mass loading variations in the surrounding area or artificial perturbations of
ground motion at the AMCO station can be observed by GNSS but can hardly be detected by
GRACE/GRACE-FO. The mismodeling or errors in the data processing of GNSS at AMCO
may also contribute to the discrepancy from the observations of GRACE/GRACE-FO.

Figure 7b shows the comparison of time series from different products at the APS1
station. The insufficient length of observations (less than 5 years including the gap between
GRACE and GRACE-FO) is one of the reasons for the disagreement between GNSS and
GRACE/GRACE-FO. Furthermore, the APSI1 is located at the coastline, and is vulnera-
ble to the GRACE/GRACE-FO signal leakage effect (the signal over the land leaks into
the ocean and vice versa), which may also lead to large differences between GNSS and
GRACE/GRACE-FO.

The agreement at MTCN is the worst among all the selected stations in this study. The
time series comparison in Figure 7c shows that the interannual variation (an increase before
the end of 2016 and a decrease after 2017) is strong in the GNSS series, and relatively weaker
in GRACE/GRACE-FO series. We further divide the data period into two time spans, which
correspond to the increase and decrease of the interannual signal, and plot the time series in
Figure 8. The front segment of the time series (Figure 8a) shows good agreement, while the
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back segment of the time series (Figure 8b) shows notable discrepancies between GNSS and
GRACE/GRACE-FO. The RMS reductions using the average of the 6 GRACE/GRACE-FO
products are 62.3% and 25.3% for the former and latter time spans, respectively. Therefore,
the small-scale interannual signals, which can hardly be detected by GRACE/GRACE-FO,
as well as the possible inaccuracy in the observations during the GRACE-FO period, may

contribute significantly to the disagreement at MTCN.
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Figure 7. Time series at three specific GNSS stations: (a) AMCO, (b) APS1, and (¢) MTCN.



Remote Sens. 2023, 15, 252

16 of 19

\ - GNSS Daily —e—GNSS ——CSR SH GFZ SH JPL SH —e—CSR mascon —®—GSFC mascon —*—JPL mascon
30 -

(@) MTCN (2011.03-2017.05)

20

=
(=]
T

Displacements (mm)
[
S S

e L i

—30 i [ i I |
2011 2012 2013 2014 2015 2016 2017 2018
Time (years)

‘ - GNSS Daily —e—GNSS ——CSR SH GFZ SH JPL SH —e—CSR mascon —®—GSFC mascon —*—JPL mascon

40 -
(b) MTCN (2017.06-2021.02)

30

Displacements (mm)
— Do
o (=) (=}
T T

|
—
S)
T

|
%)
(=)

I I I L. i .
2018 2019 2020 2021
Time (years)

Figure 8. The front and back segments of the time series at the station MTCN in accordance with the
time span of GRACE and GRACE-FO: (a) before mid 2017, and (b) after mid 2017.

5. Conclusions

We compare the vertical displacements derived by GRACE/GRACE-FO from both
SH (including CSR, GFZ and JPL) and mascon (including CSR, JPL and GSFC) products to
interpret the loading signals observed by GNSS over the Amazon Basin. Overall, the good
agreements at most of GNSS stations demonstrate that the dominating annual signal in the
surface displacements can be interpreted using GRACE/GRACE-FO observations. Among
different GRACE/GRACE-FO products, the mascon solutions show better agreements with
the GNSS series than the SH solutions. In this study, three indicators are applied to evaluate
the agreements as follows: (a) The mean annual amplitude reduction is 77.9% when the
mascon solutions are removed from the GNSS series at the 22 stations, and 76.8% for the
SH solutions; (b) The mean RMS reduction is 64.7% for the mascon solutions, and 62.4%
for the SH solutions; (c) The mean correlation coefficients between GRACE/GRACE-FO
and GNSS series are 0.95 and 0.94 for the mascon and SH solutions, respectively. Among
the 3 SH products, the CSR solution shows the best agreement with the GNSS series, while
among the three mascon products the GSFC solution shows the best agreement with the
GNSS series.
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The agreements between GRACE/GRACE-FO and GNSS are notably different in the
central and southern parts of the Amazon Basin, which can be attributed to the difference in
signal amplitude of the loading displacements in different regions, as well as the difference
in spatial resolution of the different GRACE/GRACE-FO products. The agreements in
the central Amazon Basin are more significant when using the mascon solutions due to
the restoration of loading signals through the applied constraints, and less significant
when using the SH solutions due to the weaker loading signals caused by the spatial
filtering, while in the southern Amazon Basin, the GNSS height series are slightly smaller
than GRACE/GRACE-FO derived vertical loading deformations for both SH and mascon
solutions, suggesting the likely overestimation of loading signals by GRACE/GRACE-FO.
The mean annual amplitude reductions in the central Amazon Basin are smaller than those
in the southern Amazon Basin. This may be partly related to the relatively larger phase
lags between GNSS and GRACE/GRACE-FO in the central Amazon Basin, which could be
up to 9.9°. In addition to the annual signal, the interannual signal is significant in some
stations. Besides the few specific stations that have been discussed in this study, many
other stations with notable interannual variations over the entire Amazon Basin deserve
more comprehensive analysis in the future study.

The noise levels of vertical loading deformations derived from different GRACE/GRACE-
FO products are highly related to the loading signal of the region. With different signal
amplitudes as reflected by the SH and mascon products, the GSFC mascon shows the smallest
noise level among the three mascon solutions over the Amazon Basin, while the 3 SH solutions
show comparable noise variances as expected. Moreover, the significant discrepancy in noise
levels over the central Amazon Basin appears to exceed normal expectations, which is possibly
attributed to the influence of unfitted interannual variations in our uncertainty assessment
using the Three-Cornered Hat method. This also suggests that caution should be paid when
separating signals and noise using different GRACE/GRACE-FO products for regions with
multi-source mass-change effects.

Even though the GRACE/GRACE-FO mascon products provide higher-resolution and
easy-to-use data than the SH products, they are still unable to overcome the fundamental
limitation on measuring short-wavelength (or small spatial scale) mass variations of the
current satellite gravimetry technique. Moreover, the differences among different mascon
products are much more significant than those among different SH products. Careful
attention should be paid to the impact of small-scale loading effects when using the
mascons for loading deformation studies.
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