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Abstract: The regional sea level budget in the East China Sea (ECS) was investigated with
satellite gravimetry, altimetry, steric and sediment datasets over the period from April
2002 to December 2022. The “sediment effect” due to the difference between the change in
sediment mass and the displaced original seawater should be removed from the total mass
change observed by satellite gravimetry data to accurately estimate the manometric sea
level change associated with the variations in seawater mass. We divided the whole ECS
region into sediment and nonsediment areas. After accurately estimating the manometric
sea level change, specifically the change in seawater mass, the ECS regional sea level budget
could be closed within a 2-sigma uncertainty. Our results revealed that the linear trends of
the regional mean sea level change in the ECS can be attributed mainly to the change in the
manometric sea level (3.06 mm/year), followed by the steric component (0.44 mm/year),
which contributes only ~12.57% of the total ECS regional mean sea level change rate
observed via satellite altimetry. The linear trend residuals of the ECS regional sea level
budget ranged from −0.12 mm/year to 0.10 mm/year, all within a 2-sigma uncertainty.

Keywords: East China Sea; sea level budget; gravity field solutions; altimetry; steric

1. Introduction
Sea level change is one of the key indicators of global climate change. With continuous

global warming, the accelerated melting of polar ice sheets and mountain glaciers and
the thermal expansion of the ocean have led to a steady upward trend in the global
mean sea level, which has caused serious challenges in socioeconomic development and
protection of the living environment, especially in coastal areas [1–3]. Since 1993, the
global mean sea level has risen ~10 cm at a rate of ~3.5 mm/year according to satellite
altimetry observations [4,5], which is driven mainly by manometric sea level changes
related to atmosphere–ocean circulation, sea level factors and the global water cycle and
steric sea level changes due to seawater density changes caused by ocean temperature
and salinity variations [2,6–9]. The Gravity Recovery and Climate Experiment (GRACE)
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performed satellite-based gravity measurements from 2002 to 2017 [10], and GRACE Follow-
on (GRACE-FO) was successfully launched in May 2018 [11]. The GRACE/GRACE-FO
monthly temporal gravity field models can be used to directly estimate global and regional
land and ocean mass changes. In addition, steric sea level changes can be computed from
ocean temperature and salinity observations [12,13].

Ideally, closure of the sea level budget (SLB) implies that the manometric sea level
change plus steric sea level change should be close to the altimetry-based total sea level
change [2,14–16]. Many previous studies have shown that the SLB can be closed at the
global scale within uncertainty [6,16–18]. However, closure remains challenging at the
regional scale and can only be achieved in certain regions [19–23] because regional sea
level changes (e.g., in the East China Sea, ECS) can also be affected by other factors, such as
continental freshwater runoff [24], estuarine sediment [25] and sea bed deformation [26], in
addition to steric and manometric sea level change components [22,27]. Several previous
studies have focused on ECS regional sea level variation and its possible components and
drivers, such as wind stress, ocean circulation, El Niño–Southern Oscillation and other
factors, using altimetry, tide gauge and steric data [28–30]. Chang and Sun [31] estimated
that the ECS regional mean sea level change rate from 1993 to 2019 derived from satellite
altimetry was 3.3 ± 0.2 mm/year, with 3.21 mm/year for the period from 1993 to 2021.
Earlier studies revealed that steric effects accounted for approximately 40% of the observed
ECS trend from 1992 to 2002 [32].

The development of various observation technologies has promoted the study of
regional sea level change. Accurate identification of the causes and quantification of
their contributions to total sea level change in the ECS are crucial for comprehending
regional climate change. Additionally, this understanding can enhance predictions of sea
level rise and its effects on coastal areas, which are vital because of their high population
density [20,33]. However, few studies have focused on the ECS regional SLB. In addition to
directly studying the SLB using GRACE, altimetry and steric datasets, Rietbroek et al. [19]
proposed an inverse approach that combines GRACE and altimetry datasets to jointly
solve for mass change and steric variations; the estimated manometric sea level change
rates obtained with these methods were much lower than those obtained with the direct
approach from GRACE gravity field solutions [34]. In addition, a large amount of sediment
enters the ECS from major rivers, such as the Yangtze River, every year, making accurate
estimation of manometric sea level changes and closing the regional SLB in the ECS
challenging [35,36]. The sediment effect and seawater mass change (i.e., manometric sea
level change) are normally detected by GRACE/GRACE-FO as a whole. The fundamental
fact is that sediment does not contribute to sea level rise; it merely displaces the original
seawater. Therefore, in theory, the sediment effect must be corrected when estimating the
ECS manometric sea level change using GRACE/GRACE-FO datasets.

In this contribution, we use the latest release (version 3) of GRACE/GRACE-FO
mascon solutions developed by the Jet Propulsion Laboratory (JPL) and altimetry and steric
data products from April 2002 to December 2022, together with the estimated sediment
discharge rates of Qiao et al. [35], to investigate the closure of ECS regional SLB directly. The
remainder of this paper is structured as follows: Section 2 provides a concise overview of
the study area, adopted datasets and processing methods employed in this study. Section 3
presents the results and analysis, while the discussion and conclusion are presented in
Sections 4 and 5, respectively.
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2. Materials, and Methods
2.1. Study Area

The East China Sea (Figure 1) is part of the western Pacific marginal sea and is localized
between mainland China and Kyushu Island, the Ryukyu Islands, and Taiwan. Sea level
changes in the East China Sea have a significant impact on the nearshore marine ecological
environment of the southeastern coastal provinces and cities of China [37]. The long-term
variations in sea level anomalies in the East China Sea are influenced by factors such as
freshwater flux, sea surface wind stress, ENSO and the Kuroshio Current. The whole ECS
study region (red line area) and sediment area (gray dashed area) are shown in Figure 1.
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Figure 1. Whole ECS study region (red line area) and sediment area (the gray dashed area was
retrieved from Qiao et al. [35]).

2.2. Adopted Datasets
2.2.1. GRACE/GRACE-FO JPL Mascon Solutions

Various groups have developed GRACE/GRACE-FO mascon solutions to increase
the accuracy of observed mass changes and minimize land–ocean signal leakage [38–41].
Zhang et al. [42] evaluated different mascon solutions and reported that the Jet Propulsion
Laboratory (JPL) mascon solutions perform better in estimating manometric sea level
changes since they apply a coastline resolution improvement filter for reducing signal
leakage [40]. Therefore, we used the GRACE/GRACE-FO JPL mascon solutions in this
study. The glacial isostatic adjustment (GIA), geocentric motion (degree 1), C20 (degree 2,
order 0) and C30 (degree 3, order 0) gravity coefficients in the JPL RL06 mascon solutions
were all corrected. The specific details can be found in Watkins et al. [39] and Wiese
et al. [40]. Notably, the GAD product, which represents gravity changes over the ocean due
to nontidal atmospheric surface pressure and high-frequency oceanic mass variations, is
included in the GRACE/GRACE-FO JPL RL06 mascon solutions. However, to facilitate
direct comparison with satellite altimetry data, the average GAD over the ocean has
been subtracted.
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2.2.2. Satellite Altimetry Datasets

To estimate the regional sea level change in the East China Sea (ECS) from April 2002 to
December 2022, we utilized monthly gridded merged satellite altimetry sea level anomaly
products, which were developed using multiple satellite altimeter observations and dis-
tributed by the Copernicus Marine Environment Monitoring Service (CMEMS) and JPL
MEaSUREs, respectively [43]. We accounted for the GIA effect in the ECS by applying the
ICE6G-D GIA model [44], which involves adding a constant correction of −0.23 mm/year.
Additionally, following the approaches outlined by Vishwakarma et al. [26] and Fred-
erikse et al. [45], we subtracted the ocean bottom deformation (OBD) from the altimetry
observations. The OBD can be calculated as follows [46]:

∆h(θ, φ) = a
∞

∑
l=0

l

∑
m=0

plm(cos θ)
hl

1 + kl
(∆Clm cos mφ + ∆Slm sin mφ) (1)

where a is the average radius of the Earth; θ and φ are the colatitude and longitude,
respectively; plm(cos θ) is the fully normalized associated Legendre function with degree
l and order m; kl and hl are the load Love numbers of degree l within the center of the
frame; and ∆Clm and ∆Slm are the spherical harmonic coefficients converted from the
global mass changes in the GRACE/GRACE-FO JPL mascon solutions. According to the
abovementioned postprocessing strategies, the linear trend of the OBD effects from the
JPL mascon solutions is −0.25 ± 0.02 mm/year. Then, we computed the ECS regional
mean total sea level changes from the two altimetry sea level anomaly grids with cosine
latitude weighting and adopted the average values in the spatial and temporal domains as
the final estimates.

2.2.3. Steric Observation and Reanalysis Datasets

We utilized seven publicly accessible gridded datasets containing monthly ocean
temperature, salinity and pressure information to calculate the steric sea level change in the
East China Sea (ECS) from April 2002 to December 2022, with an average depth of 349 m.
These datasets include the global multiobservation ocean 3D temperature and salinity data
(ARMOR3D) [47,48], the Institute of Atmospheric Physics (IAP) [49], EN.4.2.2 (referred to as
EN4) [50] with corrections from Gouretski and Reseghetti [51] for Xpendable BathyThermo-
graph (XBT) and from Gouretski and Cheng [52] for Mechanical BathyThermograph (MBT),
the first generation of CORA released by the National Marine Data CORAV1.0 [53] cover-
ing the ocean from the surface to 2000 m depth and three reanalysis products: GLORYS
version 4 (GLORYS2v4) distributed by the Copernicus Marine Environment Monitoring
Service (CMEMS) [54], ocean reanalysis system 5 (ORAS5) from the European Centre for
Medium-Range Weather Forecasts [55], and version 7 of the Euro-Mediterranean Center on
Climate Change (CMCC) global ocean reanalysis system (C-GLORSv7) [56] extending to
a 5900 m depth. Using these ocean temperature and salinity datasets, the steric sea level
change can be calculated as follows [57]:

SLsteric = − 1
ρ0

·
∫ 0

−h
∆ρ · dz (2)

where ρ0 is the mean density of seawater (1.025 g/cm3) and ∆ρ is the density change as
a function of the temperature (T), salinity (S) and pressure (P). We used the spatial and
temporal averages as the final estimates, and their dispersion was used to evaluate the
uncertainty (Table S1).
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2.2.4. Sediment Estimates

As mentioned above, sediments originating from major rivers contribute to changes
in the ECS sea level. Chang et al. [36] combined GRACE, altimetry and other multisource
observations to estimate that the ECS sediment change rate is 0.82 ± 0.3 Gt/year (equal
to an ECS regional mean sea level change of 1.04 ± 0.4 mm/year), which is close to the
estimate of Qiao et al. [35], which was independently measured from sediment cores.
Therefore, to assess the consistency among the altimetry, GRACE/GRACE-FO and steric
datasets, we used the estimated ECS sediment change rate provided by Qiao et al. [35] to
remove the sediment effect.

2.3. Processing Methods
2.3.1. Manometric Sea Level Change Estimation Method

Similar to global SLB, the regional SLB implies that GRACE-based manometric
sea level changes (∆hmanometric) plus steric sea level changes (∆hsteric) should equal the
altimetry-estimated total sea level changes (∆haltimetry) [2,14–16], which can be expressed
as follows (Figure 1):

∆haltimetry = ∆hsteric + ∆hmanometric + ε (3)

where ε is the residual error.
Indeed, changes in seawater mass (referred to as the manometric sea level), sediment

and the displaced original seawater mass are simultaneously observed by GRACE/GRACE-
FO. Here, we represent the change in terms of the equivalent seawater height (EWH) by
multiplying the thickness variation by the corresponding density.

ρsw∆hgrace = ρsw∆hmanometric + ρsed∆hsed − ρsw∆hsed (4)

where ρsw and ρsed represent the seawater density and sediment density, respectively;
∆hgrace represents the GRACE equivalent seawater height; and ∆hsed represents the sedi-
ment change.

Therefore, the seawater mass change can be derived as follows:

ρsw∆hmanometric = ρsw∆hgrace − ∆hsed(ρsed − ρsw) (5)

Then, the actual manometric sea level change can be expressed as follows:

∆hmanometric = ∆hgrace − ∆hsed(ρsed/ρsw − 1) (6)

Note that the corrected term ∆hsed(ρsed/ρsw − 1) in Equation (6) is called the “sed-
iment effect” in this study. The seawater density (ρsw) and sediment density (ρsed) are
assumed to be 1.025 g/cm3 [35,36,58] and 1.59 g/cm3, respectively, as suggested by Chang
et al. [36].

A schematic illustration of the estimation of the actual manometric sea level
change by correcting for the sediment effect in the total mass change measured by the
GRACE/GRACE-FO mascon solutions and investigation of the ECS regional sea level
budget is shown in Figure 2.
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Figure 2. Regional sea level budget in the East China Sea. Note: The shadow of ρsed∆hsed represents
the sediment variations.

2.3.2. Time Series Analysis

Note that all the gridded datasets utilized were resampled to a uniform grid size and a
0.25◦ spatial resolution, enhancing the clarity of boundary distinctions. For the ECS regional
mean sea level changes derived from altimetry, steric data and GRACE/GRACE-FO JPL
mascon solutions, the annual and semiannual amplitudes, as well as the linear trends, were
jointly estimated using a least-squares fitting method. The associated uncertainties reflect
the fitting errors, with 1 sigma for the amplitudes and phases and 2 sigma for linear trends.

3. Results and Analysis
To evaluate and quantify the contributions of the ECS SLB components to the total sea

level change, in this section, we investigate the ECS sea level changes in three ECS regions,
namely, the sediment area, nonsediment area and whole ECS region (Figure 1).

3.1. Temporal Analysis

From April 2002 to December 2022, the ECS regional mean sea level changes were
assessed using two altimetry products: the GRACE/GRACE-FO JPL mascon solutions; and
seven steric observation and reanalysis datasets, which divided the whole ECS region into
sediment and nonsediment areas. The estimated regional mean sediment mass change rates
based on Qiao et al. [35] in the sediment area and whole ECS region are 1.39 mm/year and
0.94 mm/year in terms of the equivalent seawater height, respectively, and 0.88 mm/year
and 0.59 mm/year (i.e., the sediment replacement of original seawater), respectively,
indicating that the corrected rates due to the sediment effect are 0.51 mm/year (ECS
sediment area) and 0.35 mm/year (whole ECS region) and that these values should be
removed from the total mass change series. Figure 3 shows the ECS regional mean total
sea level changes derived from the altimetry and steric plus manometric sea level changes
after correction for the sediment effect. We found that the altimetry-estimated ECS regional
mean total sea level changes agreed well with those based on the steric plus manometric sea
level changes for the three ECS study regions, with a high correlation coefficient (altimetry
vs. steric plus manometric) of 0.97 and a root mean square error of 1.64 cm for the whole
ECS region and values of 0.96 and 2.13 cm, respectively, for the sediment area and 0.97 and
1.65 cm, respectively, for the nonsediment area.



Remote Sens. 2025, 17, 881 7 of 15
Remote Sens. 2025, 17, x FOR PEER REVIEW 7 of 16 
 

 

 

Figure 3. ECS regional mean sea level change and corresponding estimated linear trends from the 
altimetry, steric, GRACE/GRACE-FO JPL mascon solutions and sediment mass change estimates 
from Qiao et al. [36] (April 2002~December 2022). 

Table 1 presents the statistical results. To ensure consistency and ease of comparison, 
the 33 months of missing data in the GRACE/GRACE-FO JPL mascon solutions from April 
2002 to December 2022 were also removed from the altimetry and steric datasets. For the 
whole ECS region, the altimetry-estimated mean total sea level change rate is 3.50 ± 0.30 
mm/year, which is close to that of Chang and Sun [31], with a slight difference in the stud-
ied time spans. Considering the insufficient and relatively sparse steric observations, the 
ECS regional mean steric sea level change rates from seven steric estimates ranged from 
−0.29 ± 0.12 mm/year (IAP) to 0.99 ± 0.24 mm/year (EN4), which are consistent with 0.0 ± 
0.78 mm/year from Rietbroek et al. [19] and −0.05 ± 0.52 mm/year from Chang et al. [36]. 
The average steric sea level change rate of the seven steric estimates is 0.44 ± 0.12 mm/year, 
which contributed ~12.57% of the total sea level change rate from April 2002 to December 
2022. The estimated rate of ECS regional total mass change is 3.41 ± 0.24 mm/year. After 
the sediment effect (0.35 mm/year) was removed, the manometric sea level change rate 
was 3.06 ± 0.24 mm/year. In fact, the sediment signal causes a −0.35 mm/year correction of 
the linear trend, as confirmed by Qiao et al. [35] and Chang et al. [59]. The steric plus 
manometric sea level change rate is 3.50 ± 0.27 mm/year, which is close to the value of 3.50 
± 0.30 mm/year inferred from satellite altimetry. 

Furthermore, the annual amplitudes of regional mean steric and manometric sea 
level changes in the ECS are 7.65 ± 0.11 cm and 2.38 ± 0.21 cm, respectively, and the sum 
of these two estimates is 9.18 ± 0.24 cm, which is close to the annual amplitude of 9.24 ± 
0.26 cm for total sea level change derived from satellite altimetry. This suggests that the 
annual variability in the total sea level change in the ECS is caused mainly by steric sea 
level changes. Conversely, the semiannual amplitudes are chiefly influenced by mano-
metric sea level changes, with amplitudes of the ECS regional mean steric and manometric 
sea level changes of 0.09 ± 0.11 cm and 0.93 ± 0.21 cm, respectively, similar to the results 

2002 2006 2010 2014 2018 2022
-20

-10

0

10

20

[c
m

]

Whole ECS

Steric + Manometric sea level change Altimetry

2002 2006 2010 2014 2018 2022
-20

-10

0

10

20
[c

m
]

Sediment Area

2002 2006 2010 2014 2018 2022
-20

-10

0

10

20

[c
m

]

Nonsediment Area

0

1

2

3

4

[m
m

/y
ea

r]

Altimetry
Steric
Manometric
Uncertainty

0

1

2

3

4

[m
m

/y
ea

r]

0

1

2

3

4

[m
m

/y
ea

r]
Altimetry Steric + Manometric

Figure 3. ECS regional mean sea level change and corresponding estimated linear trends from the
altimetry, steric, GRACE/GRACE-FO JPL mascon solutions and sediment mass change estimates
from Qiao et al. [36] (April 2002~December 2022).

Table 1 presents the statistical results. To ensure consistency and ease of comparison,
the 33 months of missing data in the GRACE/GRACE-FO JPL mascon solutions from
April 2002 to December 2022 were also removed from the altimetry and steric datasets.
For the whole ECS region, the altimetry-estimated mean total sea level change rate is
3.50 ± 0.30 mm/year, which is close to that of Chang and Sun [31], with a slight difference
in the studied time spans. Considering the insufficient and relatively sparse steric obser-
vations, the ECS regional mean steric sea level change rates from seven steric estimates
ranged from −0.29 ± 0.12 mm/year (IAP) to 0.99 ± 0.24 mm/year (EN4), which are consis-
tent with 0.0 ± 0.78 mm/year from Rietbroek et al. [19] and −0.05 ± 0.52 mm/year from
Chang et al. [36]. The average steric sea level change rate of the seven steric estimates is
0.44 ± 0.12 mm/year, which contributed ~12.57% of the total sea level change rate from
April 2002 to December 2022. The estimated rate of ECS regional total mass change is
3.41 ± 0.24 mm/year. After the sediment effect (0.35 mm/year) was removed, the mano-
metric sea level change rate was 3.06 ± 0.24 mm/year. In fact, the sediment signal causes a
−0.35 mm/year correction of the linear trend, as confirmed by Qiao et al. [35] and Chang
et al. [59]. The steric plus manometric sea level change rate is 3.50 ± 0.27 mm/year, which
is close to the value of 3.50 ± 0.30 mm/year inferred from satellite altimetry.

Furthermore, the annual amplitudes of regional mean steric and manometric sea level
changes in the ECS are 7.65 ± 0.11 cm and 2.38 ± 0.21 cm, respectively, and the sum of these
two estimates is 9.18 ± 0.24 cm, which is close to the annual amplitude of 9.24 ± 0.26 cm
for total sea level change derived from satellite altimetry. This suggests that the annual
variability in the total sea level change in the ECS is caused mainly by steric sea level
changes. Conversely, the semiannual amplitudes are chiefly influenced by manometric sea
level changes, with amplitudes of the ECS regional mean steric and manometric sea level
changes of 0.09 ± 0.11 cm and 0.93 ± 0.21 cm, respectively, similar to the results estimated
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in both the sediment and nonsediment study areas. Thus, we can conclude that the ECS
regional sea level budget is essentially balanced in terms of linear trends, as well as annual
and semiannual amplitudes and phases, for the period from April 2002 to December 2022.
However, since the sediment mass change rates used are from Qiao et al. [35] without
associated uncertainties, this could result in an underestimation of the uncertainty in the
linear trend.

Table 1. The amplitudes of the annual and semiannual signals, as well as the linear trends, in the
regional mean sea level changes obtained from altimetry, steric data and GRACE/GRACE-FO JPL
mascon solutions for the period from April 2002 to December 2022.

Area ECS Regional Mean Sea
Level Change

Annual
Amplitude [cm] Phase

[deg]

Semiannual
Amplitude [cm] Phase

[deg]

Linear Trend
[mm/Year]

Whole ECS

Steric (7.65 ± 0.11) (239.2 ± 0.8) (0.09 ± 0.11) (209.3 ± 69.4) 0.44 ± 0.12

Total mass change (2.38 ± 0.21) (298.1 ± 5.0) (0.93 ± 0.21) (140.7 ± 11.6) 3.41 ± 0.24

Sediment effect

Sediment change (∆hsedρsed/ρsw ) in the form of equal
seawater height;

Sediment-replacement seawater change∆hsed;
Sediment effect : ∆hsed(ρsed/ρsw − 1)

0.94/0.59/0.35

Manometric (2.38 ± 0.21) (298.1 ± 5.0) (0.93 ± 0.21) (140.7 ± 11.6) 3.06 ± 0.24

Steric plus Manometric (9.18 ± 0.24) (253.6 ± 1.5) (0.98 ± 0.24) (145.4 ± 13.7) 3.50 ± 0.27

Altimetry (9.24 ± 0.26) (256.1 ± 1.6) (0.68 ± 0.26) (147.5 ± 21.4) 3.50 ± 0.30

Sediment

Steric (7.99 ± 0.08) (240.7 ± 0.6) (0.18 ± 0.08) (230.5 ± 29.5) 0.38 ± 0.09

Total mass change (2.99 ± 0.27) (302.5 ± 5.2) (1.01 ± 0.27) (136.9 ± 8.2) 3.56 ± 0.31

Sediment effect

Sediment change (∆hsedρsed/ρsw ) in the form of equal
seawater height;

Sediment-replacement seawater change∆hsed;
Sediment effect : ∆hsed(ρsed/ρsw − 1)

1.39/0.88/0.51

Manometric (2.99 ± 0.27) (302.5 ± 5.2) (1.01 ± 0.27) (136.9 ± 8.2) 3.05 ± 0.31

Steric plus Manometric (9.77 ± 0.28) (256.3 ± 1.6) (1.01 ± 0.28) (146.8 ± 15.5) 3.43 ± 0.32

Altimetry (9.47 ± 0.31) (256.7 ± 1.9) (0.41 ± 0.31) (169.1 ± 43.3) 3.31 ± 0.36

Nonsediment

Steric (7.91 ± 0.14) (241.4 ± 1.0) (0.09 ± 0.14) (126.8 ± 92.8) 0.53 ± 0.17

Manometric (1.64 ± 0.17) (278.3 ± 6.0) (0.88 ± 0.17) (131.4 ± 14.5) 2.99 ± 0.20

Steric plus Manometric (9.28 ± 0.23) (247.5 ± 1.4) (0.97 ± 0.23) (131.0 ± 17.2) 3.52 ± 0.27

Altimetry (9.28 ± 0.25) (250.6 ± 1.5) (0.86 ± 0.25) (120.9 ± 16.7) 3.62 ± 0.29

Note. Phase θ is defined as sin [2(t − t0) + θ], where t0 refers to h0 on 15 January. Considering that the sediment
change rates used are from Qiao et al. [36] without uncertainties, here, no uncertainty is given for the rates in
terms of sediment effect correction.

In a recent study, Hou et al. [60] highlighted that there has been a consistent rise
in suspended sediments near global river deltas over the past two decades. In fact, the
findings of this study provide evidence that correcting the sediment effect will improve the
closure of regional SLBs, and one may apply the methodology to other coastal oceans that
have large sediment fluxes from large rivers, such as the Amazon and Mississippi Rivers,
whose annual sediment fluxes reach 1 billion tons and 100 million tons, respectively.

3.2. Spatial Analysis

In Section 3.1, we investigated the closure of the ECS regional SLB at the temporal scale.
To compare the consistency among the three independent datasets in the ECS, we show the
linear trend spatial distributions of the ECS SLB components in Figure 4. The linear trend
distributions of the total mass change derived from the GRACE/GRACE-FO JPL mascon
solutions in the ECS are shown in Figure 4a. To accurately estimate the manometric sea
level change, the sediment signals need to be corrected in the total mass changes, and the
corrected rates due to sedimentation changes are estimated on the basis of data measured
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in situ [36], as shown in Figure 4b. After the sediment effect on the total mass change
in the ECS derived from the GRACE/GRACE-FO JPL mascon solutions was corrected,
the linear trend of the ECS manometric sea level change was determined, as shown in
Figure 4c. While the spatial patterns of sea level change rates obtained from altimetry and
the combination of steric and manometric sea level changes align in most areas, notable
differences in rate magnitude and pattern persist in some regions, as shown in Figure 4e,f.
In our view, these discrepancies likely stem from the uncertainties inherent in the four
independent observations. These include the higher altimetry uncertainty in coastal regions,
significant land–ocean signal leakage in GRACE/GRACE-FO solutions and inadequate
steric data. Further investigation into these factors is necessary in future research.
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rate. (e) Manometric plus steric. (f) Altimetry-estimated ECS total sea level change rate. (g) Trend
differences (e,f) between the altimetry (f) and manometric plus steric (e) methods.

In addition, we further show the spatial distributions in terms of annual and semi-
annual amplitudes in Figure 5. The results demonstrate that the annual amplitudes of
manometric sea level changes are notably smaller than those of steric sea level changes.
Conversely, the semiannual amplitudes exhibit the opposite relationship, a finding that
aligns with the outcomes detailed in Table 1. Furthermore, the annual and semiannual am-
plitudes of the sum of steric and manometric sea level changes are mostly consistent with
the altimetry-based estimates at the spatial scale; however, notable discrepancies between
the two independent estimates do exist in certain regions, similar to the discrepancies in the
linear trend distribution. Thus, it can be concluded that the annual variability in the ECS
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sea level can be attributed mainly to steric effects and that manometric sea level changes
contribute more to the ECS total sea level change rate and semiannual amplitude. Note that
the seasonal sediment change is neglected here because only sediment mass change trends
are available and used for comparison; this aspect will be further investigated in the future.
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4. Discussions
The closure of regional sea level budgets remains a significant challenge due to the

complex interplay of multiple factors influencing sea level variability. Our study suc-
cessfully reconciled the ECS SLB by incorporating satellite gravimetry, altimetry, steric
observations and sediment effect corrections, providing critical insights into the dominant
drivers of sea level rise in this region. The findings indicate that this study provides a proof
of concept that the sediment effect should be accounted for when investigating the closure
of regional SLBs in coastal regions. Below, we discuss the implications of our findings,
their alignment with previous studies and the remaining uncertainties that warrant further
investigation.

Our results highlight that manometric sea level change (3.06 ± 0.24 mm/year) domi-
nates the linear trend of ECS regional mean sea level rise, accounting for ~87% of the total
observed rate (3.50 ± 0.30 mm/year). This aligns with global studies emphasizing ice melt
and terrestrial water storage changes as primary contributors to sea level rise. However,
the steric component (0.44 ± 0.12 mm/year) plays a secondary role in the ECS, contrasting
with earlier regional estimates where steric effects contributed up to 40% during 1992–2002.
This discrepancy may reflect decadal-scale variability in ocean heat uptake or improved
observational constraints in recent datasets.

The correction for sediment effect proved critical in closing the SLB. Sediment depo-
sition (0.94 mm/year) and its displaced seawater (0.59 mm/year) introduced a net bias
of −0.35 mm/year in GRACE-derived mass trends. Neglecting this effect would have
overestimated manometric contributions, underscoring the necessity of accounting for sed-
iment dynamics in coastal regions with high fluvial sediment input, such as the ECS. This
finding supports recent global assessments emphasizing sediment-induced biases in deltaic
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regions. The annual amplitude of ECS regional mean sea level change is predominantly
steric-driven (7.65 ± 0.11 cm), likely tied to seasonal heating/cooling cycles and monsoon-
driven circulation changes. In contrast, semiannual variability is governed by manometric
processes (0.93 ± 0.21 cm), potentially linked to tidal forcing or intra-annual mass redistri-
bution. These phase-dependent contributions highlight the need to disentangle steric and
mass signals when interpreting short-term sea level fluctuations.

While temporal closure was achieved, spatial mismatches persist between altimetry
and steric plus manometric estimates (Figure 4). Coastal altimetry errors, GRACE signal
leakage near land-ocean boundaries and sparse steric data in shallow shelves likely con-
tribute to these discrepancies. For instance, the ECS’s complex bathymetry and strong
currents may amplify steric measurement uncertainties in reanalysis products. Addition-
ally, sediment correction relied on trend-based estimates from Qiao et al. [35], which lack
seasonal variability and uncertainty quantification. Incorporating transient sediment fluxes
and error propagation could refine future SLB assessments.

The dominance of manometric sea level rise in the ECS suggests that ice melt and
hydrological changes upstream (e.g., Yangtze River discharge) may disproportionately
impact coastal vulnerability. Our methodology—correcting sediment effects—provides
a template for other sediment-rich regions (e.g., Amazon Delta, Ganges–Brahmaputra).
However, the relatively small steric contribution implies that thermal expansion may play
a lesser role in future ECS sea level projections compared to global averages, necessitating
region-specific adaptation strategies.

5. Conclusions
In this study, we investigate the ECS regional sea level budget over the period from

April 2002 to December 2022 by integrating the GRACE/GRACE-FO JPL mascon solutions,
two altimetry products, seven steric estimates and sediment effect corrections. The linear
trend of ECS regional mean sea level rise (3.50 ± 0.30 mm/year) is primarily driven
by manometric sea level change (3.06 ± 0.24 mm/year, ~87% contribution), reflecting
mass redistribution from ice melt and hydrological changes. In contrast, steric effects
(0.44 ± 0.12 mm/year, ~12.6% contribution) play a secondary role, contrasting with earlier
regional estimates (e.g., 40% during 1992–2002), likely due to decadal variability in ocean
heat uptake. The sediment deposition brought a net bias of −0.35 mm/year in GRACE-
derived mass trends. Correcting this “sediment effect” was essential to closing the SLB,
highlighting the necessity of accounting for sediment dynamics in coastal regions with high
fluvial input, such as the Yangtze River-dominated ECS. The annual sea level fluctuations
are dominated by steric effects (7.65 ± 0.11 cm amplitude), linked to thermal expansion
and monsoon-driven circulation, while semiannual variability is governed by manometric
processes (0.93 ± 0.21 cm amplitude), potentially tied to tidal forcing or intra-annual mass
redistribution. Despite temporal closure, however, notable differences persist in certain
regions between altimetry and steric plus manometric estimates, which may primarily be
attributed to coastal altimetry uncertainties, GRACE signal leakage and sparse steric data
in shallow shelves. Consequently, we can conclude that the ECS regional sea level budget
can be closed within uncertainty. The application of the methodology to other coastal
regions with large sediment fluxes from major rivers has the potential to provide a more
comprehensive global perspective on the regional sea level budget.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/rs17050881/s1, Table S1: The annual, semiannual amplitudes
and phases, linear trends of ECS regional mean steric sea level change derived from seven steric
observation and reanalysis for ECS total regions, sediment and nonsediment areas.
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