
Citation: Wang, X.; Zheng, H.; Zhu,

X.-H.; Zhao, R.; Wang, M.; Chen, J.;

Ma, Y.; Nan, F.; Yu, F. Validation and

Evaluation of GRACE-FO Estimates

with In Situ Bottom Pressure Array

Measurements in the South China

Sea. Remote Sens. 2023, 15, 2804.

https://doi.org/10.3390/rs15112804

Academic Editors: Chung-Ru Ho,

Po-Chun Hsu, Shota Katsura,

Bingqing Liu and Jen-Ping Peng

Received: 3 April 2023

Revised: 23 May 2023

Accepted: 25 May 2023

Published: 28 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Validation and Evaluation of GRACE-FO Estimates with In Situ
Bottom Pressure Array Measurements in the South China Sea
Xuecheng Wang 1,2, Hua Zheng 2,3, Xiao-Hua Zhu 1,2,3,4,* , Ruixiang Zhao 2, Min Wang 2,3, Juntian Chen 1,2,
Yunlong Ma 2, Feng Nan 5,6,7 and Fei Yu 5,6,7,8

1 Ocean College, Zhejiang University, Zhoushan 316021, China
2 State Key Laboratory of Satellite Ocean Environment Dynamics, Second Institute of Oceanography,

Ministry of Natural Resources, Hangzhou 310012, China
3 School of Oceanography, Shanghai Jiao Tong University, Shanghai 200240, China
4 Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai 519000, China
5 Key Laboratory of Ocean Circulation and Waves, Institute of Oceanology, Chinese Academy of Sciences,

Qingdao 266071, China
6 Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao 266071, China
7 Marine Dynamic Process and Climate Function Laboratory, Pilot National Laboratory for Marine Science

and Technology (Qingdao), Qingdao 266237, China
8 University of Chinese Academy of Sciences, Beijing 101408, China
* Correspondence: xhzhu@sio.org.cn

Abstract: The Gravity Recovery and Climate Experiment (GRACE), and its follow-on mission
(GRACE-FO), provides a novel measurement of the variations in ocean bottom pressure (OBP)
at global and basin scales, including those in marginal seas. However, these measurements have
not yet been validated rigorously for the South China Sea (SCS). In this study, the accuracy in the
monthly GRACE-FO mascon solutions in the SCS from the Jet Propulsion Laboratory (JPL), Center
for Space Research (CSR), and Goddard Space Flight Center (GSFC) was validated with the results of
the comparison with the in situ OBP records from an array of 25 pressure-recording inverted echo
sounders (PIESs) that are located west of the Luzon Strait (LS). The correlation coefficient (Cor) and
root mean square difference (RMSD) between the 10-month period of GSFC and PIES, spanning
from July 2018 to June 2019 (with missing satellite data for August and September 2018), were 0.77
(p-value = 0.005) and 0.41 mbar (1 mbar = 100 Pa), respectively. These values suggest that the accuracy
of GSFC in the SCS in this period was substantially better than that of JPL (Cor = 0.35, p-value = 0.16;
RMSD = 0.74 mbar) and CSR (Cor = 0.25, p-value = 0.24; RMSD = 0.89 mbar). Moreover, the volume
transport anomaly of the SCS abyssal circulation was estimated and compared based on the OBP
records from GSFC and PIES observations, indicating that the GRACE-FO OBP (GSFC) can be used
to monitor seasonal or longer-period variations in the SCS abyssal volume transport. Additionally,
the variations in OBP from GRACE-FO were significantly overestimated on the continental shelf of
the SCS, which may be attributed to signal leakage. Our findings provide reliable evidence for the
application of long-term, fully covered OBP records from GRACE-FO in the SCS, and also offer a
valuable reference for the application of GRACE-FO in other regions.

Keywords: Gravity Recovery and Climate Experiment; pressure-recording inverted echo sounder;
abyssal circulation; ocean bottom pressure; South China Sea

1. Introduction

To monitor variations in the Earth’s gravity field, the National Aeronautics and Space
Administration (NASA) and the Deutsche Forschungsanstalt für Luft und Raumfahrt
jointly conducted the Gravity Recovery and Climate Experiment (GRACE) [1]. Launched
in March 2002, the GRACE satellite was decommissioned in October 2017. The GRACE-FO
mission [2], launched in May 2018, was a collaboration of NASA and the German Research
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Centre for Geosciences, and is continuing to conduct gravity recovery for studies of mass
changes in the Earth system. GRACE/GRACE-FO provides a new method for observing
the Earth’s time-varying gravity field. GRACE/GRACE-FO has been widely applied in
various fields, such as in the study of ice sheet mass [3,4], groundwater storage [5,6], and
global sea-level variations [7,8].

Ocean bottom pressure (OBP) is the combined weight of the seawater column and at-
mosphere [9,10]. Temporal variations in the gravity field recorded by the GRACE/GRACE-
FO measurements correspond to variations in atmospheric and oceanic masses—that
is, variations in OBP [11–13]. Understanding variations in OBP is crucial for predicting
variations in ocean circulation, heat content, and sea-level rise [14]. However, previous
studies on OBP were mostly based on small-scale in situ observations or numerical sim-
ulations, and large-scale observations were sparse at global and basin scales. In recent
years, GRACE/GRACE-FO, with its unprecedented measurement range and duration, has
ushered in a new era in OBP research.

Due to the limitations of the GRACE/GRACE-FO satellite orbit, it cannot contin-
uously monitor the entire Earth within one month. Instead, the satellite samples only
the time-variable gravitational field along its orbital path, which can lead to aliasing [15].
Specifically, GRACE/GRACE-FO monitors variations in the gravity field through changes
in inter-satellite distances, which are measured in conjunction with positions from the
Global Positioning System. Additionally, the accuracy of GRACE/GRACE-FO observa-
tions has been questioned because of measurement errors and the inherent horizontal
spatial resolution [16]. Although many geophysical background models have been added
and significant improvements in the performance of derived time variable gravity field
models have been achieved, the accuracy of GRACE/GRACE-FO still needs to be validated.
Therefore, some studies have compared in situ observations or numerical simulation re-
sults with GRACE OBP. Several of these studies reported significant correlations between
GRACE OBP and the in situ measurements of OBP recorders in various regions, including
the Arctic and Crozet-Kerguelen regions [15,17,18]. Ponte and Quinn (2009) found a good
agreement between fitting values for Estimating the Circulation and Climate of the Ocean
(ECCO) and GRACE OBP [19]. Volkov and Landerer (2013) reported a high correlation
between GRACE estimates and the ocean mass variations simulated by ECCO Phase II
in the Arctic [20]. However, some studies have indicated a weak relationship between
GRACE and in situ observations. For example, Kanzow (2005) compared the GRACE
OBP with the OBP from the Meridional Overturning Variability Experiment in the tropical
Northwest Atlantic and found that GRACE severely overestimated variations, and that the
satellite-derived OBP changes were too large in magnitude and poorly correlated with the
bottom gauge data [11]. Munekane (2007) concluded that GRACE OBP might have a weak
correlation with sparsely distributed in situ measurements owing to the spatial smoothing
inherent to GRACE products and the leakage of hydrological signals [21]. Park et al. (2008)
reported a weak relationship between GRACE OBP and the in situ observations in the
Kuroshio Extension region, which they attributed to the impact of mesoscale processes [22].

Global and basin-scale studies on OBP have been conducted based on GRACE ob-
servations [14,23–25]. Boening et al. (2011) revealed the cause of the increased OBP from
late 2009 to early 2010 in the Southeast Pacific, as observed by GRACE, highlighting the
potential of GRACE for studies of ocean circulation features at the basin scale [23]. Johnson
and Chambers (2013) analyzed seasonal and lower-frequency variations in global and
regional ocean masses from January 2003 to December 2012 using GRACE observations
and showed a spin down in the western boundary current extension in the North Pacific
and the Antarctic Circumpolar Current in the South Atlantic and South Indian Oceans [24].
Cheng et al. (2021) analyzed seasonal variations in global OBP using GRACE observations
and showed that local wind forcing is the main cause of the seasonal cycle [25].

Variations in the OBP are fundamentally related to variations in ocean circulation,
which, in turn, are closely tied to global heat balance and climate variations [26,27]. GRACE
OBP was used to calculate the transport variations in large-scale ocean currents. In the
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Southern Indian Ocean region, Makowski et al. (2015) used the GRACE OBP to estimate
transport variability, including the main fronts of the Antarctic Circumpolar Current [28].
In the Arctic Ocean, Peralta-Ferriz and Woodgate (2017) used GRACE OBP combined with
mooring data to study transport variations in the Bering Strait Throughflow from 2002 to
2016, and were driven primarily by sea-level variations [29]. Koelling et al. (2020) verified
the ten-year trend of the GRACE OBP from 2004 to 2014 and found that the abyssal current
in the North Atlantic has been strengthening for a decade [30].

The OBP has been the subject of some in situ observational studies in the South China
Sea (SCS) [31,32], but they are based on observations in limited areas. At the basin scale, our
understanding of long-term variations in the OBP remains limited, which means that the
response of SCS circulation to long-term variations in ocean mass is yet to be determined.
The SCS has a well-known three-layered circulation structure: upper cyclonic circulation,
middle anticyclonic circulation, and abyssal cyclonic circulation [33–37]. Abyssal circulation
in the SCS is crucial for water mass renewal, material cycling, and energy balance, as well
as has the potential to affect regional and global climates. GRACE/GRACE-FO has been
monitoring the long-term variations in the Earth’s gravity field, and its products have the
potential to monitor long-term variations in the abyssal circulation. However, its accuracy
in the SCS has not yet been verified.

To address this knowledge gap, 28 pressure-recording inverted echo sounders (PIESs)
were deployed west of the Luzon Strait (LS) to monitor the OBP records from June 2018 to
July 2019. In this study, GRACE-FO mascon solutions in the SCS were first validated with
the in situ observations, and the variations in the SCS abyssal volume transport were then
calculated from the GRACE-FO OBP (Goddard Space Flight Center (GSFC)) anomaly. The
remainder of this paper is structured as follows: Section 2 outlines the data and methods
employed in the study; Section 3 presents the results and discussion. Finally, Section 4
concludes this paper.

2. Data and Methods
2.1. PIES OBP Measurements

To characterize the temporal and spatial evolution of the three-dimensional oceano-
graphic features in the northeastern SCS, 28 PIESs were deployed west of the LS and oper-
ated for over 400 days, starting from June 2018 and concluding in July 2019
(Figure 1) [38–40]. This array covered an area of approximately 100,000 km2 from 18.5◦ to
22.5◦N and 118◦ to 120.5◦E. Long-term and high-precision OBP observations were collected
at each site during the campaign.

The PIES is an advanced device for measuring the round-trip acoustic travel time and
OBP; it consists of an Inverted Echo Sounder (IES) anchored to the seabed and is equipped
with a high-resolution pressure gauge. OBP records were measured by Digiquartz 410 K
series pressure sensors that were developed by Paroscientific Inc. (Redmond, DC, USA)
with a sampling interval of 10 min, an absolute accuracy of ±0.01%, and a resolution of
0.1 mbar (1 mbar = 100 Pa) (IES User Manual, http://www.po.gso.uri.edu/dynamics/IES/
index.html (accessed on 20 May 2022)).

Most of the PIES recorded OBP during the entire observation period, with the excep-
tion of C13, C19, and C32. Specifically, C13 may have moved, C19 was not successfully
recovered, and C32 had some missing data. Therefore, the OBP data from 25 stations
were used in this study. By employing the procedures proposed by Kennelly et al. (2007),
the raw OBP records were despiked, detided, and dedrifted [41]. All OBP records were
resampled at 1 h intervals and low-pass filtered for 72 h with a fourth-order Butterworth
filter. Finally, the recorded time tags were converted to Universal Time Coordinated (UTC).
The processed time series of the OBP anomalies are shown in Figure 2. The OBP anomaly
records provided by PIES almost entirely cover the area west of LS. These records indicate
that the spatial variability of OBP in the northeastern SCS is limited. Specifically, the maxi-
mum standard deviation of the spatial differences was only 0.54 mbar (Figure 3), with the
largest OBP anomaly amplitude observed at C14 reaching approximately 8 mbar, and the

http://www.po.gso.uri.edu/dynamics/IES/index.html
http://www.po.gso.uri.edu/dynamics/IES/index.html
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remaining stations showing amplitudes around 6 mbar. Notably, the maximum standard
deviation was much smaller than these observed amplitudes, which suggests that there
were no significant spatial differences in the OBP variations in the northeastern SCS.
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Figure 3. Comparison between the station-averaged PIES OBP anomaly (C14–C18, C20–C31, and
C33–C40) and the GRACE-FO OBP anomaly from July 2018 to June 2019. Note that the GRACE-FO
data for August and September 2018 were missing because of sensor failure. The PIES OBP anomaly
is represented by the black line, whereas the GRACE-FO OBP anomaly provided by JPL, CSR, and
GSFC are represented by the red, blue, and green lines, respectively. The Cor and RMSD between
PIES and GRACE-FO are displayed below the figure. The colors of the text correspond to the colors
of the lines JPL (red), CSR (blue), and GSFC (green). Bars indicate the standard deviations of the
spatial average.

2.2. GRACE-FO Mascon Solutions

The GRACE-FO mascon solutions provided by the Jet Propulsion Laboratory (JPL)
(https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC-GRFO_MASCON_CRI_GRID_RL0
6_V2 (accessed on 14 July 2022)), Center for Space Research (CSR) (https://www2.csr.
utexas.edu/grace/RL06_mascons.html (accessed on 14 July 2022)), and Goddard Space
Flight Center (GSFC) (https://earth.gsfc.nasa.gov/geo/data/grace-mascons (accessed on
19 July 2022)) were used in this study. The data are presented in an equivalent water height
with a temporal resolution of one month [42–44]. Detailed information on the mascon
solutions from the three institutions is presented in Table 1.

Table 1. The overview of the GRACE-FO mascon solutions.

Institution JPL CSR GSFC

Version RL06 2.0 RL06 2.0 RL06 1.0
Original Resolution 3◦ × 3◦ 1◦ × 1◦ 1◦ × 1◦

Grid size 0.5◦ × 0.5◦ 0.25◦ × 0.25◦ 0.5◦ × 0.5◦

https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC-GRFO_MASCON_CRI_GRID_RL06_V2
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC-GRFO_MASCON_CRI_GRID_RL06_V2
https://www2.csr.utexas.edu/grace/RL06_mascons.html
https://www2.csr.utexas.edu/grace/RL06_mascons.html
https://earth.gsfc.nasa.gov/geo/data/grace-mascons
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2.3. Validation of GRACE-FO’s Accuracy

GRACE-FO OBP anomalies at each PIES station were obtained using spatial interpola-
tion. As the GRACE/GRACE-FO mascon solutions are provided with monthly sampling,
the OBP records from the PIESs were averaged monthly before comparison.

Initially, station-averaged OBP anomalies from PIES and GRACE-FO were compared.
The accuracy of the GRACE-FO mascon solutions to represent the OBP variations in the
SCS was evaluated by calculating the root mean square difference (RMSD) and correlation
between PIES and GRACE-FO. To reduce the potential impact of the spatial average on the
comparison, and to identify the differences between the various sites, in situ comparisons
were conducted at each station, and the correlation and RMSD of PIES and GRACE-FO
were calculated.

2.4. Calculation of Abyssal Volume Transport

OBP anomalies have been used to estimate variations in abyssal ocean volume trans-
port in large-scale ocean currents [45–48]. Bingham and Hughes (2008) proposed a method
to calculate northward transport along a particular depth in the North Atlantic based on
the OBP difference between the east and west boundaries [45]. Landerer et al. (2015) uti-
lized this approach and GRACE records to determine the variability of the North Atlantic
meridional overturning transport between 3000 and 5000 m [46]. Similarly, based on OBP
data from the ECCO, Zhu et al. (2022) quantified long-term variations in the LS overflow
transport, which showed a downward trend in its strength during the last 20 years [47].
Moreover, comparable methods have demonstrated a weakening trend in the abyssal circu-
lation of the SCS over the past decade [48]. Based on these studies, the volume transport
variations of abyssal circulation via a particular section in the SCS can be estimated based
on the OBP difference between the two ends of the section. Assuming that barotropic
circulation exists in the abyssal SCS and that geostrophy governs the large-scale flow, the
transport processes can be expressed as an integral of the momentum equation [45]:∫ y1

y2

f Vdy =
1
ρ

∫ y1

y2

−∂P
∂y

dy, (1)

this integral is taken from one end of the section y2(y, h) to the other end y1(y, h), wherein
the depth h remains constant and y is a coordinate direction. Note here that the y-axis
is defined as the axis along the direction of section C26–C30 (Figure 1) rather than the
traditional meridian (South–North). On the left-hand side of the equation, the Coriolis force
is integrated in the y direction, whereas on the right-hand side, the pressure gradient force
is integrated in the same direction. Note that the acceleration terms and friction effects
were ignored. Where V is the flow perpendicular to the section, f and ρ are the Coriolis
parameter and the seawater density, respectively.

The horizontal integral of V is expressed as T, which is the volume transported through
a particular depth in a section. Thus Equation (1) can be abbreviated as

T =
P1 − P2

ρ f
, (2)

where P1 and P2 are the OBP anomalies at the two ends of the section. Note that the
transport T in Equation (2) is defined as positive in the direction perpendicular to the
cross-section and westward. Finally, the volume transport Q that is perpendicular to the
cross-section can be obtained by integrating from the lower boundary HL to the upper
boundary HU:

Q =
∫ HU

HL

(
P1 − P2

ρ f

)
dh (3)

Zheng et al. (2022) [40] characterized the structure of the abyssal circulation west of
the LS based on PIES observations. Their findings suggest that abyssal circulation flows
southwestward at the western boundary of the basin, and the abyssal volume transport
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can be estimated by the cross-sectional flow between C26 and C30 (indicated by the yellow
dashed line in Figure 1). Here, we also calculated the volume transport anomaly between
C26 and C30 with OBP records, and compared it with the volume transport variations
along the western boundary found by Zheng et al. (2022) [40].

3. Results and Discussion
3.1. Comparison of OBP between GRACE-FO and PIES

The comparison between the station-averaged OBP anomalies from PIES and GRACE-
FO is illustrated in Figure 3. The correlation coefficient (Cor) and RMSD between PIES and
GSFC were 0.56 and 0.71 mbar, respectively. The correlation is statistically significant when
the p-value = 0.04. The comparison between the mascon solutions provided by the other
two institutes (JPL and CSR) and the PIES observations showed that their correlation with
PIES observations was lower than that of GSFC, while their RMSD was higher. Specifically,
the Cor was 0.31 (p-value = 0.19) and 0.28 (p-value = 0.22) for JPL and CSR, respectively,
and the RMSD was 0.85 mbar and 1.07 mbar for JPL and CSR, respectively. As evident from
the vertical bars in Figure 3, the spatial variability of the GRACE-FO mascon solutions was
considerably more pronounced than that of the PIES observations.

The interpolated GRACE-FO OBP anomalies at each PIES station were then compared
to the in situ OBP series (Figure 4). With the exception of C36—C38, the RMSD between
GSFC and PIES was 0.4–1.0 mbar, and the Cor of most stations was above 0.4 (C27 and
C29 were relatively small at 0.2 and 0.38, respectively). The RMSD between PIES and JPL
(CSR) at all stations was 0.5–2.0 mbar (0.5–1.6 mbar) with the exception of C36—C38. The
Cor between PIES and JPL (CSR) was less than 0.6 (0.5), with the exception of C14, which
was approximately 0.2 (0.1). In addition, the Cor (RMSD) between the mascon solutions
of the three institutions and the PIES OBP anomaly was significantly reduced (increased)
at C36, C37, and C38. Despite the Cor between the GSFC and the PIES being 0.55 at C36,
the RMSD was high at 4.23 mbar. The correspondence between PIES and JPL (CSR) at C36
was also poor, with a Cor of 0.3 (0.18) and a RMSD of 1.94 mbar (4.87 mbar). Additionally,
GSFC had a low correlation with PIES at the C37 and C38, with a Cor of only −0.25 and
0.19 and a RMSD of 8.21 mbar and 4.35 mbar, respectively. JPL and CSR also showed a
very low correlation with PIES observations and a relatively large RMSD at C37 and C38.
Therefore, it can be seen that the mascon solutions from the three institutions had a poor
agreement with the PIES records at C36, C37, and C38.

The variations in OBP from GRACE-FO could have been considerably overestimated
on the continental shelf of the SCS, which resulted in significant discrepancies between
the mascon solutions from the three institutions and the PIES measurements at C36, C37,
and C38. Figure 5 shows maps of the winter, spring, summer, and autumn OBP changes
that were deduced from the three GRACE-FO mascon solutions in the SCS during the PIES
observation period (July 2018 to June 2019). Evidently, GRACE-FO overestimated the varia-
tions in the OBP near the SCS coast and northern slopes (stippled overlay areas in Figure 5).
This could be because of signal leakage from the continents, although hydrological signals
have been delimited (to some extent) from oceanic mass changes in the GRACE-FO mascon
processing strategy [49]. At C36, C37, and C38, which are situated on the northern slopes of
the SCS, the OBP anomalies obtained from GRACE-FO and PIES showed poor agreement.
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Figure 5. The seasonal pattern derived from the GRACE-FO mascon solutions in the SCS from July
2018 to June 2019 is represented at an equivalent water height. JPL (left), CSR (middle), and GSFC
(right) are listed, and rows represent winter (a–c), spring (d–f), summer (g–i), and autumn (j–l). Note
that the winter in (a–c) is the average of December 2018, January, and February 2019; spring in (d–f)
is the average of March, April, and May 2019; summer in (g–i) is the average of July 2018 and June
2019; and autumn in (j–l) is the average of October and November 2018. Red dots represent C36, C37,
and C38, whereas purple dots represent other stations. Note that only the GRACE-FO OBP anomaly
within the seasonal mean plus or minus the standard deviation of that season were retained. The
stippled overlay areas represent the regions in the ocean where the OBP variations were beyond the
range of the seasonal mean plus or minus the standard deviation.

Given their low quality, the GRACE-FO time series at stations C36, C37, and C38 are
henceforth excluded. The station-averaged records from the other 22 sites are shown in
Figure 6. It is evident from the bars (Figure 6) that the spatial variability of the GRACE-FO
mascon solution decreased significantly when compared to that seen in Figure 3, and is
comparable to the spatial variability observed in PIES stations, with the exception of JPL
in July 2018. When C36, C37, and C38 were removed from the analysis, the consistency
between the three GRACE-FO mascon solutions and the PIES measurements improved.
The GRACE-FO OBP anomaly provided by the GSFC (green line) shows high consistency
with the PIES station-averaged values (black line), with a Cor of 0.77 and an RMSD of
0.41 mbar. The correlation is statistically significant at a p-value = 0.005. In Figure 6, the
maximum variation in GSFC is approximately 2.0 mbar. With an RMSD of 20% relative to
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the maximum variation, these results indicate that the GRACE-FO OBP anomaly provided
by GSFC possesses sufficient accuracy to effectively capture the monthly variations in the
OBP in the SCS. In contrast, the GRACE-FO mascon solutions provided by JPL (red line)
and CSR (blue line) still exhibit some differences from the PIES measurements, with a Cor
of only 0.35 (p-value = 0.16) and 0.25 (p-value = 0.24) and a RMSD of 0.74 mbar and 0.89
mbar, respectively. Additionally, the difference in correlation between GSFC and JPL (CSR)
is 0.42 (0.52), which is deemed statistically significant at a p-value = 0.1 (0.08). Although
the RMSDs of these GRACE-FO products are significantly smaller than the comparative
results for the Kuroshio Extension region in Park et al. (2008) (1.4–1.7 mbar) [22], our
evaluation suggests that the OBP variations in the SCS are more accurately represented by
the GRACE-FO mascon solutions provided by the GSFC than those provided by JPL and
CSR between July 2018 and June 2019.

Remote Sens. 2023, 15, x FOR PEER REVIEW 12 of 20 
 

 

 
Figure 6. Same as Figure 3, but with spatial averages computed without estimates at C36, C37, and 
C38. 

Figure 7a–c present the Cor between the GRACE-FO mascon solutions and the in situ 
PIES measurements on a point-wise basis. Any doubtful data at C36, C37, and C38 were 
excluded from GRACE-FO prior to analysis. The GRACE-FO OBP anomaly (GSFC) 
showed a high correlation with the PIES OBP anomaly, with a Cor greater than 0.4 at most 
stations except for regions around C27—where the Cor was near 0.2. Meanwhile, the cor-
relation of other stations, except for C25, C27, C29, C33, and C35, was statistically signifi-
cant (p-value < 0.1). In contrast, the JPL and CSR OBP series had a lower correlation with 
the PIES OBP series, with a Cor mostly around 0.2 and 0.1, respectively (except near C14 
and C16, where the Cor is greater than 0.5). Additionally, the correlation between the JPL 
OBP series and the PIES OBP series was statistically insignificant except for C14, C16, C22, 
and C26 (p-value > 0.1). As for the CSR OBP series, its correlation with the PIES OBP series 
was statistically significant only for C14 (p-value < 0.1). Figure 7d–f shows the correspond-
ing point-wise RMSD between the three GRACE-FO mascon solutions and the PIES meas-
urements. The RMSD between GSFC and PIES is concentrated between 0.4–0.9 mbar at 

Figure 6. Same as Figure 3, but with spatial averages computed without estimates at C36, C37, and C38.

Figure 7a–c present the Cor between the GRACE-FO mascon solutions and the in
situ PIES measurements on a point-wise basis. Any doubtful data at C36, C37, and C38
were excluded from GRACE-FO prior to analysis. The GRACE-FO OBP anomaly (GSFC)
showed a high correlation with the PIES OBP anomaly, with a Cor greater than 0.4 at
most stations except for regions around C27—where the Cor was near 0.2. Meanwhile,
the correlation of other stations, except for C25, C27, C29, C33, and C35, was statistically
significant (p-value < 0.1). In contrast, the JPL and CSR OBP series had a lower correlation
with the PIES OBP series, with a Cor mostly around 0.2 and 0.1, respectively (except near
C14 and C16, where the Cor is greater than 0.5). Additionally, the correlation between
the JPL OBP series and the PIES OBP series was statistically insignificant except for C14,
C16, C22, and C26 (p-value > 0.1). As for the CSR OBP series, its correlation with the PIES
OBP series was statistically significant only for C14 (p-value < 0.1). Figure 7d–f shows
the corresponding point-wise RMSD between the three GRACE-FO mascon solutions and
the PIES measurements. The RMSD between GSFC and PIES is concentrated between
0.4–0.9 mbar at most stations, whereas JPL (CSR) is between 0.5–2.0 mbar (0.5–1.6 mbar).
These values indicate that the GRACE-FO mascon solutions (GSFC) better represent the
OBP variations in the SCS, which is consistent with the overall average results for the
stations. However, this does not mean that the GSFC has better accuracy in all ocean
regions as Mu et al. (2019) [50] proved: the accuracy of the GRACE-FO mascon solutions
provided by different institutions varies widely across different regions. This inference
underscores the need for more in situ measurements to assess the uncertainties of GRACE-
FO satellite products in representing long-term OBP variations.
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Figure 7. The Cor between the GRACE-FO OBP series from (a) JPL, (b) CSR, and (c) GSFC, as well
as the PIES OBP anomalies. Background colors represent the magnitude of the Cor. A black dot on
top of a circle indicates that the correlation at that station is statistically insignificant (p-value > 0.1),
while a circle without a black dot indicates that the correlation at that station is statistically significant
(p-value < 0.1). Panels (d–f) have the same form as (a–c), but show the spatial distribution of RMSD.

3.2. Application to Transport Monitoring

Variations in the SCS abyssal volume transport were calculated using GRACE-FO
(GSFC) mascon solutions and PIES records at C26 and C30, and the feasibility of employing
GRACE-FO (GSFC) for this purpose in the SCS was evaluated by adequate comparisons
to field measurements of transport. Prior to this comparison, it was necessary to verify
that the point-wise OBP anomalies allow for monitoring variations in the SCS abyssal
volume transport.

A cross-section of the topography between stations C26 and C30 is presented in
Figure 8a with depths of 3940 and 2600 m at C26 and C30, respectively. In the calculation,
the bottom boundary of the abyssal circulation in the SCS was assumed to be the average
depth of these two stations—that is, HL in Equation (3) was considered to be 3200 m. The
upper boundary HU was set at 2500 m [40]. As the depths of C26 and C30 are different, it
was assumed that the OBP anomaly has minimal depth-dependent variation in the deep
layers—that is, P1 = P′1 and P2 = P′2 [51]. Here, P′1 and P′2 are the measured OBP anomalies
from the PIES at the C30 and C26, respectively, and P1 and P2 represent the corresponding
OBP anomalies at a depth of 3200 m.
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Figure 8. (a) Profile map of the seabed between C26 and C30 (yellow dashed line in Figure 1), with red
dots indicating C26 and C30, and brown representing the seabed topography. (b) 30-day smoothed
abyssal volume transport anomaly in the SCS. The red line represents the abyssal volume transport
anomaly calculated using C30 and C26 observations projected onto points P1 and P2 at 3200 m depth,
whereas the black line is modified from Figure 14a in Zheng et al. (2022) [40].

The volume transport anomaly across C26–C30 (red line in Figure 8b) was calculated
from the difference between P1 and P2. The Cor between our calculation and the variations
in the deep-layer volume transport of the western boundary current are presented in
Figure 14a (from Zheng et al. (2022) [40]). The black line in Figure 8b is 0.51, with an
RMSD of 0.53 Sv (1 Sv = 106 m3/s). Although there are some differences between these two
estimates, the general agreement is encouraging and underpins the feasibility to monitor
the abyssal volume transport anomaly by using the differences in the OBP anomalies. In
other words, it is suggested that Equation (3) can be used to calculate the abyssal volume
transport variations in SCS as the observed differences may be attributed to the topography
effect between P1 (C30) and P2 (C26) (cf. Bingham and Hughes (2008) for a discussion [45].)

Following this verification, we then used the GSFC OBP anomalies to calculate the
abyssal volume transport variations in the SCS over a period of four years, from June 2018 to
June 2022. These transports, represented by the black line in Figure 9a, show a pronounced
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seasonal signal, with a sharp decrease in volume transport in late winter and early spring,
and a peak in late summer and early autumn, which is closely aligned with the findings of
Zheng et al. (2022) [40]. In addition, the seasonal cycle in the SCS abyssal volume transport
obtained in this study is similar to the seasonal variations in the LS overflow transport
calculated by Zhu et al. (2022) [47] (both studies used the ECCO OBP anomaly with the
same method). Comparing our monthly abyssal transport estimates with the monthly
averaged transport series from the PIES (red line in Figure 9), we find Cor = 0.57 and
RMSD = 0.56 Sv. The correlation is statistically significant at the p-value = 0.04. According
to the GRACE-FO computation, the monthly sampled SCS abyssal volume transport
changes exhibited a peak of approximately 3.2 Sv in summer 2020 (Figure 9a). Given that
the RMSD relative to the PIES transport estimates is much smaller than this and other
maxima, we conclude that GRACE-FO has sufficient accuracy to effectively capture the
monthly variations in SCS abyssal volume transport; in addition, the GRACE-FO mascon
solutions provided by the GSFC can be used for the long-term monitoring of seasonal or
longer-period variations in SCS abyssal volume transport.
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Figure 9. (a) The calculated volume transport anomaly from June 2018 to June 2022 of the C26–C30
section, based on OBP anomalies from PIES (red line) and GSFC mascon solutions (black line). The
black dotted line represents that the satellite data are missing here, including but not limited to
August 2018 and September 2018. (b) The volume transport anomaly from July 2018 to June 2019,
i.e., the shadowed part in (a). The Cor and RMSD are displayed in the lower left corner of the panel.
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4. Conclusions

This study utilized the long-term, high-precision, and high-resolution OBP measure-
ments provided by the PIES array west of the LS to validate the accuracy and applicability
of the GRACE-FO mascon solutions from the JPL, the CSR, and the GSFC over a period of
10 months from July 2018 to June 2019 (with satellite data missing for August and Septem-
ber 2018). In the northeastern SCS, both station-averaged and in situ comparisons showed
that the mascon solutions provided by the GSFC outperformed those of the CSR and JPL
in characterizing the OBP variations between July 2018 and June 2019. Additionally, this
study found that the OBP variations estimated by GRACE-FO near the coast of the SCS
and the northern continental slope were much larger than those in other regions, possibly
because of signal leakage.

This study further evaluated the feasibility of applying GRACE-FO (GSFC) mascon
solutions to the SCS by calculating the volume transport anomaly in the deep SCS. These
satellite-based volume transports were found to be consistent with the results that were
calculated via the PIES OBP anomaly. The SCS abyssal volume transport sharply decreased
in late winter and early spring, peaked in midsummer and early autumn, and exhibited a
seasonal cycle that is very similar to those documented in previous studies. This indicates
that the GRACE-FO mascon solutions provided by the GSFC can be effectively applied
to the study of seasonal or longer-period variations in the abyssal circulation in the SCS.
Note that although the grid size of GRACE-FO mascon from GSFC is 0.5◦ × 0.5◦, the
cross-section used to calculate variations in SCS abyssal volume transport must be long
enough to satisfy the spatial resolution limitations of GSFC. Moreover, the cross-section
should be as far away from land or regions with as steep terrain as possible to mitigate the
impact of signal leakage.

Currently, our understanding of the response of the SCS abyssal circulation to long-
term trends in ocean mass variations is still limited. The validation and evaluation of
the accuracy of the GRACE-FO estimates in the SCS are expected to provide a reliable
foundation for the application of long-term, spatially continuous OBP data from GRACE-
FO in the SCS. At the same time, this study also serves as a valuable reference for the
application of GRACE-FO mass change products in other regions.
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