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Understanding the sea level variability of the Bohai, Yellow Sea, and East China
Sea (BYECS) is crucial for the socio-cultural and natural ecosystems of the coastal
regions. In this study, based on satellite altimetry data, selected time range from
1993 to 2020, using the cyclostationary empirical orthogonal function (CSEOF)
analysis method distinguishes the primary sea level variability modes. The analysis
encompasses the seasonal signal, trend, and El Nifio-Southern Oscillation
(ENSO) associated mode of sea level anomaly. The amplitude of the annual
cycle demonstrates a non-stationary signal, fluctuating between -15% and 15%
from the average. Monsoons, atmospheric forcing, ocean circulation, wind-
driven Ekman transport, and the Kuroshio emerge as the primary factors
influencing BYECS variability on seasonal scales. The satellite altimetry sea level
exhibits an average trend within the range of 3-4 mm/year, while the steric sea
level trend is generally smaller, falling within the range of 0-2 mm/year.
Throughout the entire period, the contribution of steric sea level to the mean
sea level trend consistently remains below 25%. Furthermore, BYECS sea level
variations have a sensitive response to strong El Nifio years, with a clear
regionalization of the response, which is related to the intricate atmospheric
circulation and local wind pressures, as well as the influence of ocean circulation.
In conclusion, we gained a more comprehensive understanding of sea level
variability in the BYECS, especially the annual cycle of sea level amplitude and the
response of ENSO. However, more studies still need to be done to differentiate
the various factors in sea level variations.
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1 Introduction

Sea level change is one of the important indicators of global
climate and environmental change, which is influenced by human
activities and natural factors, and at the same time has an important
impact on human production and life. Global mean sea level
(GMSL) has been rising in recent years, and the impacts of sea
level change are already being felt by many coastal and island
populations, such as the pollution of land-based freshwater by
seawater (Hay and Mimura, 2005; Ranjan et al., 2006), the loss of
wetlands in coastal zones (Gardiner et al., 2007), erosion of beaches
and cliffs, and the frequency of extreme water levels, the rising of
extreme water levels (Araujo and Pugh, 2008).

Over the past three decades, satellite altimetry has allowed for
continuous and near-global ( + 66°N) measurements of sea surface
height, significantly advancing our understanding of the recent rise
in sea level (Church et al.,, 2013; Watson et al., 2015). Generally,
increases in ocean mass due to the melting of land-based glaciers
and ice sheets and the thermal expansion of warming ocean water
have dominated trends in GMSL (Marzeion et al., 2012; Shepherd
et al,, 2012). Regional sea levels, however, differ from GMSL over a
variety of timescales, some regional variations from the global mean
trend can exceed 50-100% along the world’s coastlines (Cazenave
and Llovel, 2010; Hamlington et al., 2016; Carson et al.,, 2017;
Hamlington et al, 2018). Processes such as atmosphere/ocean
dynamics, ocean/cryosphere/hydrosphere mass redistribution-
induced static-equilibrium effects on geoid height and Earth’s
surface, glacio-isostatic adjustment (GIA), sediment compaction,
tectonics, and mantle dynamic topography (MDT) all contribute to
regional sea level variations (Stammer et al., 2013; Bouttes et al,,
2014; Cazenave and Cozannet, 2014; Forget and Ponte, 2015; Chen
et al.,, 2017; Meyssignac et al., 2017; Hochet et al., 2023). These
driving processes exhibit spatial variability, resulting in regional sea
level changes that vary in rate and magnitude among regions. In
recent years, there has been an increased focus on regional sea level
variations and the different driving factors (Feng et al., 2011; Zhang
and Church, 2012; Hamlington et al., 2019a).

The Bohai, Yellow, and East China Seas (BYECS) (Figure 1) are
shallow marginal seas enclosed by China, the Korean Peninsula, and
Japan, with open connections to the Northwest Pacific and the
South China Sea. These seas are often referred to as China’s “wealth
belt” and “lifeblood belt” (Wang G. et al., 2015). The rate of sea level
rise is not uniform, studies have shown that GMSL is rising at a
higher rate than before (Cazenave and Llovel, 2010), and significant
sea level variability on seasonal and interannual scales since the
1950s in the BYECS (Yanagi and Akaki, 1994; Han and Huang,
2008; Wang X. H. et al,, 2015; Wang et al., 2018). Several studies
have investigated the driving factors, and the results show that the
sea temperature, the boundary current (Kuroshio), atmospheric
forcing, the El Nifo-Southern Oscillation (ENSO), the Pacific
Decadal Oscillation (PDO), and ocean currents all contribute to
the sea level variability in the BYECS (Cui and Zorita, 1998; Han
and Huang, 2008; Liu et al., 2010; Zuo et al,, 2012; Zhang et al,,
2014; Cheng et al., 2015; Wang et al.,, 2018; Liu Z. et al., 2021).
However, the understanding of driving factors and associated
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Study areas of this work, include the Bohai Sea, Yellow Sea, and East
China Sea.

mechanisms remains incomplete, and further studies are needed
to explore the contribution and the variations of the thermal and
dynamic processes to the intra-seasonal, decadal sea level
variability, and long-term changes.

Various methods have been employed to extract and analyze the
seasonal signal, decadal variability, and trend of sea level, such as
wavelet analysis, ensemble empirical mode decomposition (EEMD),
and empirical orthogonal function (EOF) techniques (Woodworth
et al,, 2017; Wang et al,, 2018; Lan et al,, 2021). The cyclostationary
empirical orthogonal function (CSEOF) has been utilized to
decompose geophysical data into spatial and temporal components,
effectively capturing both spatial time-varying patterns and longer-
timescale fluctuations. In comparison to traditional EOF analysis,
CSEOF demonstrates reduced mode mixing and provides a more
accurate representation of climate variability (Hamlington et al,
2011, 2015). Recent studies have highlighted the effectiveness of
CSEOFs in extracting robust modes that represent the modulated
annual cycle, ENSO variability, decadal variability, and long-term
trends in sea level at both global and regional scales (Hamlington
etal, 2011, 2012, 2016; Hamlington et al., 2019a; Kumar et al., 2020).
In the context of the BYECS, Cheng et al. (2015) identified significant
regional spatial distribution characteristics in the amplitude of the
annual sea level cycle using CSEOF analysis, with the zonal wind
anomaly playing a crucial role in the inter-annual changes of sea level.
Nonetheless, this study only analyzed the seasonal mode. To gain a
more comprehensive understanding of sea level variability and to
enhance the accuracy of predictions, a more thorough analysis
is warranted.
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In this study, the seasonal signal, trend and ENSO-related
variability of sea level anomaly in the BYECS were investigated
using the CSEOF method applied to satellite altimetry data
provided by AVISO. Additionally, the contributions of thermal
and dynamic processes were separately analyzed. The outline of this
paper is as follows: Section 2 provides a description of the data
utilized, encompassing satellite altimetry sea level data, three-
dimensional temperature and salinity data, and dynamic
atmospheric correction products. Section 3 focuses on the
analysis of the dominant modes of sea level variability and the
individual contributions of the thermal and dynamic processes.
Finally, the main conclusions drawn from the study are outlined in
section 4.

2 Data and methodology
2.1 Data

This paper primarily uses the satellite altimetry sea level data
which is archiving, validation, and interpretation of satellite
oceanographic (AVISO; www.aviso.oceanobs.com; Schneider
et al,, 2013) to study the sea level changes in the BYECS over the
past years. This dataset integrates information from several
altimetry satellites, including Jason-1, T/P, Envisat, GFO, ERS-1/
2, and GEOSAT. The spatial grid resolution is 1/4°x1/4°, and the
temporal resolution involves month-by-month averaging. The
temporal scope of this analysis spans from January 1993 to
December 2020, and the selected sea area encompasses 23°- 43°N
and 117°- 132°E.

To derive steric sea level, the three-dimensional temperature
and salinity data are obtained from the China Ocean reanalysis
version 2 (CORA2; Fu et al.,, 2023). This dataset is based on the
eddy-resolving MITgcm, which incorporates interactive sea ice in
high latitudes and tidal forcing. The assimilation process involves
in-situ T-S profiles, daily gridded satellite sea level anomaly (SLA),
and sea surface temperature (SST) using a high-resolution multi-
scale data assimilation method. Notably, CORA2 features a
horizontal spatial resolution of 9%km and a vertical resolution of
50 layers. The CORA/CORA2 datasets have been proven to have
good reliability and significant advantages in reflecting the
characteristics of China’s offshore areas, including the sea
temperature, sea level variations and mesoscale eddies (Han et al.,
2011; Zhang et al., 2014; Bai et al., 2020; Chao et al., 2021). They
adeptly capture the seasonal sea surface temperature variations,
encompassing the distinct characteristics influenced by monsoons
and seasonal transitions. Moreover, these datasets effectively
characterize the impact of ENSO on the Chinese offshore region
(Wuetal, 2014; Fu et al., 2023). The temporal scope covered in this
study spans from January 1993 to December 2020, totaling 336
months, and encompasses the sea area ranging from 23°-43°N,
117°-132°E, including the Bohai Sea (BS), the Yellow Sea (YS), and
the East China Sea (ECS).

The dynamic atmospheric correction (DAC) data were utilized
to investigate the variable sea levels influenced by high-frequency
(less than 20 days) atmospheric wind and pressure, as well as by
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low-frequency pressure (more than 20 days) from the static inverted
barometer (IB) effect, which is produced by CLS using the Mog2D
model from Legos and distributed by AVISO+, with support from
Cnes (https://www.aviso.altimetry.fr/; Carrere and Lyard, 2003).
This dataset features a spatial grid resolution of 1/4° x 1/4° and a
temporal resolution of 6 hours. The time range is subsequently
transformed into monthly average data, aligning with the temporal
resolution of the other two datasets. The temporal scope of this
analysis spans from January 1993 to December 2020, covering the
sea area from 23°- 43°N, 117°- 132°E.

2.2 Methodology

In general, the variability of sea level is influenced by two
primary factors. One component involves the variations in the
Ocean Bottom Pressure (OBP), resulting from circulation,
redistribution of seawater caused by tidal influence (Cummins
and Lagerloef, 2004; Cheng et al., 2013), or fluctuations in water
mass flows due to melting phenomena like glaciers and ice sheets
(Chambers, 2006). The other crucial component is the steric sea
level variability, associated with changes in the seawater density,
also referred to as the variations in the water column density as a
result of temperature and salinity changes (Carton et al.,, 2005;
Leuliette and Willis, 2011; Leuliette, 2015). In this study, we
undertake a quantitative analysis of satellite altimetry sea level
and steric sea level, and the OBP sea level can be regarded as the
difference between satellite altimetry sea level and the steric sea level
results. In this paper, combining thermosteric SLA (TSLA) and
halosteric SLA (HSLA) into steric sea level anomaly (SSLA) by
using integration in the depth, and with the help of the tool TEOS-
10 equations (Pawlowicz et al,, 2012) and the Gibbs Sea Water
(GSW) oceanographic toolbox (McDougall and Barker, 2011) by
using the Equation (1) (Gill and Niller, 1973; Wang et al., 2017;
Mohamed and Skliris, 2022):

_ 0 0
SSLA = TSLA + HSLA = p—l/ Ap dz = / (QAT - BAS)dz (1)
0 J-H -H

where z is the depth at each latitude/longitude grid point, p, T,
and S are the density, temperature, and salinity anomalies at each
point and are climatologically averaged for each layer (1993-2020),
and o and P are the coefficients of thermal expansion and salt
contraction, respectively, which are also calculated using TEOS-10,
as well as the GSW toolbox. The value of H is taken from the last
depth data with a value in the 50th layer at each latitude/longitude
grid point.

To analyze the seasonal, long-term variability of sea level in the
BYECS, CSEOF method has been adopted. This method has gained
prominence in recent years for its effectiveness in examining sea
surface temperature, wind, precipitation, and sea level changes
(Hamlington et al., 2011, 2014; Yeo and Kim, 2014; Kim et al,
2015; Mason et al., 2017). The fundamental principle of CSEOF
involves decomposing the spatio-temporal data of a given dataset
into a series of patterns comprising spatial and temporal
components. The spatial components are referred to as Load
Vectors (LVs), while the temporal components are termed
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Principal Component Time Series (PCTS). Load Vectors
characterize spatial variations in the data, whereas Principal
Component Time Series capture temporal variations.

In order to more precisely capture the time-varying spatial
patterns and longer period fluctuations prevalent in geophysical
data, Kim et al. (1996), Kim and North (1997), and Kim and Wu
(1999) established the theory of CSEOF analysis. The primary
distinction between CSEOF analysis and classic EOF analysis lies
in the behavior of the spatial modes (LVs) within CSEOF. The
“nested period” is a predetermined nested period that governs how
the spatial modes in CSEOF are allowed to change over time
(Hamlington et al., 2011). This divergence from the EOF method
recognizes that the natural responses of physical systems are
dynamic and ever-changing. Furthermore, CSEOF alleviates the
constraint of stationarity imposed on the LVs in EOF analysis,
enabling a more accurate representation of climate change. In
addition, EOF commonly leads to annual modes spanning
multiple modes and result in mode mixing, whereas CSEOF
minimizes this effect (Hamlington et al, 2014). In the CSEOF,
space-time T(r, t) is defined through Equations (2, 3) as

T(r,t) = >,LV(r,t)PCy(t) 2)

LV(r,t) =LV(r,t+d) (3)

Where T(r, t) represent the space-time data, PC is the stochastic
time series component, LV is the physical process, the T(r, t) is
periodic in time with a nested period of d, and d being the period of
the cyclic process (Kim et al., 1996), the LV varies over time within
the specified nested period. This is more suitable for solving
physical phenomena that change over time in addition to
fluctuating on longer time scales and have well-defined cycles.

The nested period utilized in CSEOF analysis is typically
predetermined and is often guided by knowledge regarding the
specific signal being examined. Nested period of one or two years is
frequently used in the context of satellite altimetry sea level
observations (Cheng et al., 2015; Hamlington et al., 2016;
Hamlington et al., 2019b). CSEOF divides the dataset into 12
spatial modes and one principal component time series when a
one-year nested period is selected, and into 24 spatial modes and
one principal component time series when a two-year nested period
is chosen (Hamlington et al., 2016; Hamlington et al., 2019b).
Notably, the outcomes derived from these two nested cycles
exhibit similarity. Prior research has elucidated that the third
CSEOF mode is intricately linked with the biennial oscillatory
transitions characteristic of the El Nifio-Southern Oscillation
(ENSO) dynamic (Yeo and Kim, 2014; Hamlington et al., 2015;
Cheng et al, 2016; Hamlington et al., 2016; Hamlington et al.,
2019a, 2019b; Cheon et al., 2021; Pei, 2021). Notably, investigations
such as those by have charted this association with respect to global
sea levels during the period from 1993 to 2010, and subsequent
studies by Hamlington et al. (2016) within the Pacific Ocean from
1993 to 2015, also the east and west coasts of the U.S. from 1993 to
2016. Two-year nested cycles were chosen so that the year-to-year
transition of the ENSO phenomenon could be well expressed, and
the LVs could well express the transition from the beginning of the
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first year of the El Nifo phenomenon to the end, or from the
beginning of the El Nifio phenomenon to the beginning/end of the
second year of the La Nifla phenomenon.

We recombine the LV and PCTS which in section 3.1 through
Equation (4) to estimate the difference between satellite altimetry
sea level anomalies and SSLA. Based on the following formula, for
individual points:

S(i) = X(i)+PCT(i) (4)

which i denote each month in the time series, X(i) denote the
LVs with CSEOF-processed data and S(i) denote the seasonal
sequence. The reorganized data were obtained by multiplying the
formula above each latitude and longitude in the study area and
doing seasonal averaging.

3 Results and discussions

In this research, a two-year nesting period is chosen in the
CSEOF decomposition of satellite altimetry sea level, steric sea level,
and DAC data from 1993 to 2020. The BYECS’s principal sea level
patterns are retrieved. The first three satellite altimetry data modes
—64.4%, 13.1%, and 3.8%, respectively—account for 81.3% of the
variability in the sea levels and are covered in detail below.

3.1 Annual mode

The annual cycle is described by the first CSEOF mode, with each
LV featuring 24 maps (one for each month of the 2-year nested period).
In the investigation, three months as a group were denoted as spring,
summer, autumn, and winter, which are DJF (December, January-
February) for spring; MAM (March-May) for summer; JJA (June-
August) for autumn; and SON (September-November) for winter. The
start date of the analysis is January 1993, so the first year of each LV
represents an odd-numbered year and the last year an even-
numbered year.

The majority of satellite altimetry sea level anomalies (depicted in
Figure 2A) are negative in DJF and MAM, and positive in JJA and
SON. The minimum amplitude was seen in the BS, and the maximum
amplitude was seen at the radiative sand ridge and coastal regions of
the Southern ECS. In the BS, the maximum and minimum amplitudes
were observed in JJA and DJF, respectively. In the North YS, the
minimum amplitude was also observed in DJF, and the maximum
amplitude was observed in SON. In the South YS and ECS, the
maximum and minimum amplitudes were observed in SON
and MAM.

The accompanying PCTS (Figure 3) provides information on the
strength of the annual cycle throughout the record. It can be seen that
satellite altimetry PCTS has four distinctly low values and three
distinctly high values from 1993 to 2020. To calculate the magnitude
of the PCTS float of each mode, the mean value of the time series over
28 years was computed. Subsequently, the maximum and minimum
values within this series were identified, and their deviations from the
mean were calculated. These deviations were then normalized by the
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FIGURE 2

The first CSEOF mode of the combined decomposition represents the annual variability of the three datasets. The seasonally averaged LVs shown in
the figure cover a 2-year nested period for satellite altimetry (A), SSLA (B), and DAC (C). Unit: cm. CSEOF, cyclostationary empirical orthogonal
function; LV, loading vector; SSLA, Steric Sea Level Anomaly; DAC, Dynamic Atmospheric Correction; DJF, December, January-February; MAM,

March-May:; JJA, June-August; SON, September-November.
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mean value to derive the amplitude of the PCTS varies from -15% to
15% from the average.

The first mode of the SSLA (depicted in Figure 2B) represents
66.6% of the total variance. Notably, akin to the satellite altimetry
sea level anomaly, the variations within the two-year nested cycle
are not pronounced. Negative values are predominantly observed
during DJF and MAM while contrasting positive values manifest
during JJA and SON.

Frontiers in Marine Science 05

The results of SSLA (Figure 2B) depicted that the BS region
shows negative values in DJF and MAM, while positive values in JJA
and SON, however, compare to Figure 2A, the variations are not
significant. These results suggest that steric sea level not be the
primary determinant driving the sea level variations in these areas,
aligning with the conclusion drawn by Zhang et al. (2014) and
Chang et al. (2017) that the influence of steric effects on the margins
of the BS is not markedly significant. We calculated the contribution
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of steric sea level for the BS region separately, which is 24.3%. To
quantitatively analyze the contribution of steric effects, we have
reorganized the LVs as presented in Figures 2A, B and the PCTS as
depicted in Figure 3, employing Formula (4). The difference
between the satellite altimetry sea level and steric sea level were
given in Figure 4. It can be seen that the difference between the
satellite altimetry sea level and steric sea level is most significant in
the BS region (Figure 4), which further indicates that steric is not a
primary influence on the sea level variation in the BS. Previous
studies have indicated that the influence of winds has a considerable
contribution to coastal sea level variations (Dangendorf et al., 2012,
2013). In the BS, in winter northerly winds prevail, resulting in
seawater being blown into the ocean and sea level falling in winter.
In summer, southeasterly winds prevail, leading to the
accumulation of seawater along the coastline (Mao and Sha,
2002) and a significant rise in sea level.

The YS region shows negative values in DJF and MAM, while
positive values in JJA and SON, and central YS reach the large
amplitude SON (Figure 2B). The mean value of the steric
contribution of the YS region was 45.7%. While the southern side

of the Shandong Peninsula and the Jiangsu coast exhibited the
maximum and minimum discrepancies between satellite altimetry
sea level and steric sea level in SON and MAM (Figure 4), indicates
that steric is not a dominant contribution to sea level variability in
shallow nearshore waters. Prior research has underscored the
significance of the monsoon, local atmospheric forcing, and wind-
driven Ekman transport in influencing the seasonal sea level
variability in the Yellow Sea (Marcos et al, 2012; Cheng et al,
2015; Liu et al, 2023). During summer, the YS experiences the
influence of the southwesterly monsoon, fostering a northeastward
littoral circulation (Liu and Gan, 2014). Conversely, winter brings
northerly winds creating a southward pressure gradient, leading to
the displacement of the central YS water mass from the shallow
Jiangsu coastal waters towards the Kuroshio mainstem, resulting in
decreased sea levels (Yuan and Hsueh, 2010). Figure 2C illustrates
that the BS/YS region is more susceptible to wind effects during DJF
and JJA. The monsoon-induced anomalous flow triggers inward
(outward) Ekman transport, thereby causing sea level rises
(lowering) (Liu et al., 2023). Furthermore, the northward
transportation of the Yangtze River runoff via the YS Cold Water

116°E 120°E 124°E 128°E 132°E116°E 120°E 124°E 128°E 132°E116°E 120°E 124°E 128°E 132°E116°E 120°E 124°E 128°E 132°E

FIGURE 4

The difference between satellite altimetry sea level and steric sea level after data reorganization. Unit: cm.
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Mass to the Tsushima Strait in Summer contributes to the observed
seasonal variations (Liu H. et al., 2021).

The ECS’s eastern region and the Taiwan Strait region exhibit
minimal amplitude during DJF. The northern ECS reaches
maximum amplitude during SON, while the Taiwan Strait region
achieves the maximum amplitude during JJA (Figure 2B). In
contrast to the BS and YS, the ECS’s steric sea level change is
notably significant, particularly in the Kuroshio basin and the
Taiwan Strait region. Independently calculated, the mean value of
the steric sea level percentage in the ECS region is 67%. Overall, the
disparity between AVISO and SSLA is small, although the Taiwan
Strait presents an exception (Figure 4). These findings align with
previous conclusions, emphasizing steric sea level as the primary
influencing factor of ECS sea level variation. The central and eastern
parts of the ECS are influenced by the high-temperature and high-
salinity outer seawater introduced by the Kuroshio (Zhang et al.,
2014; Changet al., 2017; Qi et al,, 2018; Qu et al., 2023). The Taiwan
Strait, due to its shallow depth, is affected by both circulation and
local wind (Qi et al,, 2017; Liu Z. et al, 2021). In summer, the
northward Taiwan warm current intensifies (Yang et al, 2018;
Wang et al., 2019), resulting in sea level rises along the coasts of
Fujian and Zhejiang. Conversely, in winter, the Fujian-Zhejiang
coastal current transports freshwater from the Yangtze River
southward, contributing to a reduction in sea level.

The fluctuation of PCTS of steric sea level, when compared with
satellite altimetry sea level, exhibits inconsistency between peak and
low values across different years (Figure 3). The SSLA PCTS
demonstrated a cyclical variation with a 4-6-year periodicity, and
it peaked in 2005/2006. The fluctuation trend of SSLA PCTS may be
related to the variation of Kuroshio flow. Previous studies have
indicated that the Kuroshio flow exhibits an oscillatory cycle
varying from 3-5 years (Yu et al, 2008; Qi et al, 2014) and the
Kuroshio summer current reached its maximum positive level in
2005 (Qi et al., 2014).

The first modal state of the DAC represents 95.5% of the total
variance. The LVs of the DAC (depicted in Figure 2C) illustrate sea
level changes that exhibit a more consistent pattern within the two-
year nested cycle. Analysis of the figure reveals that the contribution
of DAC on the BYECS sea level manifests as a positive anomaly with
a substantial amplitude in JJA, a negative anomaly with significant
amplitude in DJF, and positive and negative anomalies with smaller
amplitudes in MAM and SON, respectively. Seasonal effects
decreased from northwest to southeast in all four seasons. The
PCTS amplitude of the DAC is not significant compared to the
SSLA (Figure 3), and there are periodic oscillations with a period of
about 4-6a. With two low values in 1998 and 2010, as 1997/1998
and 2009/2010 belong to the Central Pacific (CP) ENSO, and the
Northern Hemisphere winds have a high correlation in response to
the CP ENSO events (Capotondi and Ricciardulli, 2021), it is
thought that these two low values are in response to CP ENSO
events. DAC was applied by AVISO processing algorithms to
correct satellite altimetry data. However, here, we found that the
variable sea levels forced by high-frequency (less than 20 days)
atmospheric wind and pressure, and by low-frequency pressure
(more than 20 days) from the static inverted barometer (IB) effect in
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the annual cycle was also quite large compared with the results from
satellite altimeter.

3.2 Trend mode

Sea level change is a non-stationary and non-linear process (Jin
et al, 2021), characterized by significant inter-decadal variability
influenced by natural physical phenomena. Since the 20th century,
the rate of GMSL rise has been on an accelerating trend (Llovel
et al., 2019). This acceleration varies across different geographic
locations and record periods, leading to disparate acceleration
values (Woodworth et al., 2009; Kemp et al., 2011). Additionally,
diverse regimes can result in varying response times under the
impacts of climate change and acceleration (Camuffo, 2022).
Consequently, a trend mode analysis was employed to investigate
the trend changes in the BYECS over 28 years, offering insights into
the complex non-linear variability of the system.

Figure 5A illustrates the second mode of CSEOF decomposition
applied to satellite altimetry data. The analysis reveals that the LV
maps exhibit minimal variability throughout the nested period.
Furthermore, the derived PCTS, as displayed in Figure 6,
demonstrates limited fluctuations around the linear trend.
Notably, the trend map excludes the impact of both biennial and
low-frequency modes. For discussion within this manuscript, we
designate this mode as the “trend mode”.

In Figure 5A, positive trends in the vast majority of regions in
all four seasons, with JJA and SON reaching negative trends in small
portions of ECS. Specifically, SON exhibits the maximum amplitude
in both the north and south of the BS, while in MAM, the maximum
amplitude is reached on the south side of the Shandong Peninsula
and the Jiangsu coast. Additionally, the ECS experiences more
pronounced variations than BYS during the two-year nested
cycle. Notably, the southern part of the ECS demonstrates
maximum amplitude during the first year of the nested cycle in
DJF, whereas the second year shows values near 0. Furthermore, the
southern part of the ECS reaches maximum amplitude in SON and
minimum amplitude in the second year of JJA.

The associated PCTS (Figure 6) presents data indicating that
satellite altimetry exhibits a distinct positive trend throughout the
record since 1996. On the other hand, the SSLA displays multiple
fluctuations, while also showcasing a positive trend with a notable
slope post-1993 and in 2005/2006.

Similar to the results of the second mode of CSEOF decomposition
applied to satellite altimetry data, the second mode of SSLA was also
designated as trend mode. Figure 5B illustrates the SSLA, which
predominantly exhibits positive anomalies across the four seasons
within the nested cycle. Specifically, the northeastern Taiwan Island
reaches the maximum amplitude in JJA and SON, while the
northeastern ECS reaches the minimum amplitude in MAM.

Figure 7 illustrates the rise rates of satellite altimetry sea level and
steric sea level spanning from 1993 to 2020, as well as the disparity
between the two. In Figure 7A, the observed sea level trends manifest as
positive values, with an average rate of approximately 4 mm/year in the
BYS and around 3 mm/year in the central ECS. The disparity in rise
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FIGURE 5

The second CSEOF mode of the combined decomposition represent the trend changes in the two datasets. The seasonally averaged LVs shown
cover a 2-year nested period of satellite altimetry (A), SSLA (B). Unit: cm. CSEOF, cyclostationary empirical orthogonal function; LV, load vector;
SSLA, Steric Sea Level Anomaly; DJF, December, January-February; MAM, March-May; JJA, June-August; SON, September-November.

rates across the entire BYECS is not substantial, with the maximum
value occurring in the south of the Shandong Peninsula. Additionally,
the west side of the Korean Peninsula exhibits a maximum rise rate of
about 6 mm/year, while near-shelf shallow-water areas such as the
Jiangsu, Fujian, and Zhejiang coastlines, as well as the Taiwan Straits,
demonstrate a rise rate of approximately 4.5 mm/year.

In Figure 7B, the rise rates of steric sea level from 1993 to 2020 are
depicted. The overall rise rate of steric sea level falls within the range of
0-2 mm/year, with minimal variation observed. Negative values of
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approximately -1 mm/year are evident in the western YS and the
northern part of the ECS, while the Kuroshio Basin exhibits a
substantial maximum of 5 mm/year. Notably, a considerable positive
acceleration is observed in the Kuroshio region, consistent with the
findings of Park et al. (2015) indicating a more pronounced rate of
increase in the shallow regions of the YS compared to the
deeper regions.

Figure 7C illustrates the disparity between the rates of satellite
altimetry sea level and steric sea level. It is evident that in most of
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the BYECS, except the Kuroshio basin, the satellite altimetry sea
level trends surpass the steric sea level trends. This suggests that
atmospheric factors, such as wind stress and obliquely-pressurized
circulation, may also contribute to the variability of sea level
(Marcos et al., 2012).

In Figure 7D, the lines following the LVs and PCTS
recombination and the adjusted steric component are fitted to the
curves, peaking around 2010, with a proportion ranging from 20%
to 25%, with an average value of 11.17%, in line with the findings of
Qu et al. (2019). Previous studies also found that increasing ocean
mass accounts for a greater proportion of the drivers of sea level

B
45°N

unit:MM/YEAR
Lz

change in the BYECS, and it dominates the contribution to the
change in sea level trend (Chang et al., 2017; Qu et al., 2023).

3.3 Biennial oscillation mode

The third mode of CSEOF is depicted in Figure 8A. This mode
exemplifies a biennial oscillation within the ENSO, specifically
characterized by an annual shift between its phases. As described
in Hamlington et al. (2016), this type of year-to-year transition was
particularly pronounced when a strong El Nifio event was
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FIGURE 7

Trends over the period 1993-2020 (satellite altimetry sea level (A), steric sea level (B), difference between the two (C), steric sea level contribution

ratio (D)).
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succeeded by a robust La Nifa episode, as evidenced in the 1997/
1998 ENSO cycle.

Upon analyzing Figure 8A, it becomes evident that the LVs
within the study area exhibit significant variation during the 2-year
nested cycle. Notably, the DJF period demonstrates the most
noteworthy variation during this mode, with positive anomalies
predominating in the first year, and amplitude maxima occurring in
the BS and offshore areas of the YS. Conversely, negative anomalies
dominate the second year of the mode, with amplitude minima
observed in the southern BS and the Yangtze River estuary,
similarly, MAM and JJA also exhibit an overall opposite pattern
of LV during the 2 years. The impacts of ENSO exhibit distinctive
regional characteristics in the BYECS, with the most pronounced
effects observed in the East China Sea, particularly at the continental
shelf's edge. Previous studies have demonstrated that the influence
of ENSO on sea levels in the BYECS is more prominent in the
southern area than in the northern area (Liu et al., 2010; Zuo et al.,
2012). During El Nifo events, the northwest wind intensifies,
leading to southeastward seawater transport, causing a reduction
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in sea levels in the southern ECS (Zuo et al, 2012; Wang et al,
2018). Additionally, sea level variation in the southern ECS is
notably impacted by the strengthening of the Kuroshio. When the
Kuroshio strengthens, the sea level in the ECS typically diminishes,
while it rises during periods of Kuroshio weakening (Hwang and
Kao, 2002; Kashino et al., 2009; Wang et al.,, 2014; Zhang
et al., 2017).

The results of the monthly value of Nifo 3.4 index reflect that the
PCTS provides an indication of the significant ENSO events
(Figure 8B). During El Nifio years, amplitudes diminish, leading to
lower sea level heights. Conversely, in the subsequent La Nifia years,
amplitudes increase, causing sea level heights to gradually rise above
normal levels. The PCTS delineates three major valleys occurring in
1997/1998, 2009/2010, and 2015/2016, aligning with the timing of
strong El Nifio events. Furthermore, the PCTS exhibited a considerable
decline from late 1997 to early 1998 and from late 2015 to early 2016,
corresponding to these strong El Nifio occurrences, followed by a rapid
resurgence from late 1998 to 1999 and early 2017, aligning with the
ensuing La Nifia phenomenon.
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4 Summary

The social, cultural, and natural ecosystems of the coastal regions
bordering the Bohai, Yellow Sea, and East China Sea (BYECS) are
significantly impacted by irregular sea level fluctuations and the
recurrent occurrence of catastrophic events. It is imperative to
comprehend the variability of sea level to accurately estimate and
predict regional sea level rise in the coming decades. Quantifying and
assessing the principal mechanisms of sea level change has long posed a
significant challenge in marine research. In this study, we endeavor to
differentiate the primary sea level variability modes from satellite
altimetry data employing the CSEOF analysis method. Additionally,
we utilize steric sea level data and DAC data as auxiliary sources for
simultaneous processing. The ensuing analysis yields the following
primary conclusions.

The sea level in the BYECS exhibits pronounced seasonal
variations, and the amplitude of the annual cycle displays a non-
stationary signal, fluctuating between -15% and 15% from the
average. Winter and spring denote periods of lower sea level,
while summer and fall exhibit higher sea levels. On a spatial scale,
the nearshore shallow waters of the BS, Jiangsu, Zhejiang, and
Fujian are particularly susceptible to seawater volume changes. In
contrast, the southern YS and the eastern ECS, especially the
Kuroshio flow area, are significantly impacted by steric effects.
The seasonal characteristics of the Dynamic Atmosphere and
Ocean Coupling’s (DAC) influence on sea level in the BYECS are
notable, with a more pronounced influence observed during winter
and summer.

The satellite altimetry sea level exhibits an average trend within
the range of 3-4 mm/year, with the most substantial trend observed
in the south of the Shandong Peninsula and the eastern YS, reaching
5-6 mm/year. Conversely, the steric sea level trend is generally
smaller, falling within the range of 0-2 mm/year. Throughout the
entire period, the contribution of steric sea level to the mean sea
level trend was consistently less than 25%.

BYECS sea level fluctuations are strongly sensitive to strong El
Nifio years, and the impacts exhibit distinct regional variations.
This influence is manifested through the intricate interplay of
atmospheric circulation on local wind stresses and ocean
circulation on sea level fluctuations in the BYECS.

In this paper, we make an effort to distinguish the primary sea
level variability modes of the BYECS from satellite altimetry data
using the CSEOF analysis method. This approach facilitated a more
nuanced comprehension of sea level variability in the BYECS,
particularly highlighting the annual cycle of sea level amplitude
and the influences of the Biennial Oscillation. Nonetheless, further
research is imperative to disaggregate the contributions of diverse
factors to sea level variability.
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